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Lung cancer is the most common malignant tumor and is the leading cause of cancer-
related deaths worldwide. Extraction of bioactive substances from herbs is considered as
an alternative method to traditional treatment. 6-Gingerol is a naturally occurring phenol
found in ginger that can be used to treat tumors and suppress inflammation. To determine
whether 6-Gingerol can be used as a therapeutic agent for tumors. In this study, tumor-
bearing mice were used as an animal model and A549 as a cell model. Western blot was
used to detect the expression of autophagy related proteins ubiquitin-specific peptidase
14 (USP14), Beclin1, microtubule-associated protein light chain 3 (LC3) and ferroptosis
related proteins nuclear receptor coactivator 4 (NCOA4), ferritin heavy chain 1 (FTH1),
transferrin receptor 1 (TfR1), glutathione peroxidase 4 (GPX4), activating transcription
factor4 (ATF4) in vivo and in vitro. MTT and EdU were used to detect the viability of A549
cells. H&E and immunofluorescence were used to localize and detect the expression of
proteins. The detection of reactive oxygen species was performed using fluorescence
probes. It was found that the administration of 6-Gingerol decreased the expression of
USP14, greatly increased the number of autophagosomes, reactive oxygen species (ROS)
and iron concentration, decreased the survival and proliferation rate of A549 cells, and
significantly decreased tumor volume and weight. The results indicate that 6-Gingerol
inhibits lung cancer cell growth via suppression of USP14 expression and its downstream
regulation of autophagy-dependent ferroptosis, revealing the function and efficacy of 6-
Gingerol as a therapeutic compound in A549 and its possible mechanism of action.
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INTRODUCTION

Lung cancer has the highest incidence of all cancers, with a mortality rate accounts for 18.4% of
cancer related death (Siegel et al., 2017; Bray et al., 2018). Currently, traditional chemotherapy,
radiation therapy, targeted therapy and surgery are the main clinical strategies for the treatment of
lung cancer. However, in most cases, the clinical effects are not satisfactory (Maas et al., 2010).
Compared to these therapies, natural products usually have multiple benefits with minimal side
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effects, which makes them suitable for cancer treatment
(Shanmugam et al., 2017). Therefore, the discovery of new
anti-lung cancer drugs is necessary for the treatment of lung
cancer.

Cell death occurs in multicellular organisms and includes
necrosis, apoptosis and autophagy to maintain tissue function
and morphology (Majno and Joris, 1995). The autophagy process
has an important inhibitory effect on tumor survival and
proliferation (Wei et al., 2008). Beclin1 is an essential
molecule in the formation of autophagosomes and is also a
tumor suppressor (Yue et al., 2003). Expression levels of
Beclin1 tend to increase during autophagy. Ubiquitin-specific
protease (USP) is a cysteine protease, and both USP10 and USP13
mediate the deubiquitination activity of Beclin1 to control its
protein stability (Liu et al., 2011). USP19 is a deubiquitinase
localized to the endoplasmic reticulum that stabilizes Beclin1 for
deubiquitination (Tripathi et al., 2014). The deubiquitination of
USP14 inhibits the autophagic occurrence, and USP14 expression
is increased in a variety of cancers, these studies make USP14 a
potential approach to cancer treatment (Xu et al., 2016).

It has shown that autophagy can regulate ferroptosis by
degrading ferritin (Hou et al., 2016), and ferritin can promote
ferroptosis (Mancias et al., 2014). Ferroptosis is a new form of cell
death triggered by lipid peroxidation in an iron-dependent
manner (Angeli et al., 2017). Ferroptosis has been classified as
one of the regulated cell death (Galluzzi et al., 2018), and the
immune system may prevent tumorigenesis in part through
ferroptosis (Wang et al., 2019). The biomarkers lipid
peroxidation and lipid reactive oxygen species (ROS) can be
used to identify the occurrence of ferroptosis (Li et al., 2017).

6-Gingerol is a naturally occurring phenol in ginger (Zingiber
officinale Roscoe), that has been shown to have anti-
inflammatory, anti-tumor and antioxidant bioactivities (Koch
et al., 2017; Zhang et al., 2017; Alencar et al., 2018). 6-
Gingerol showed an anti-proliferative effect on cervical cancer
cells (HeLa, CaSki, SiHa) in vitro (Rastogi et al., 2015) and
induced TRAIL-mediated apoptosis in glioblastoma (U87)
tumor cell lines (Lee et al., 2014). 6-Gingerol attenuated
colorectal cancer via anti-inflammatory, anti-proliferative and
apoptotic mechanisms in mice (Farombi et al., 2020). During
treatment with 6-Gingerol, the content of ROS in tumors
increased, leading to the inhibition of growth and induction of
apoptosis.

The present research aimed to determine whether ferroptosis
is related to tumor death and to reveal its underlying mechanism.
We hypothesized that 6-Gingerol promotes rust disease and leads
to tumor death by modulating USP14 expression and inducing
Beclin 1-dependent autophagy.

MATERIALS AND METHODS

Reagents
For in vivo and in vitro experiment, 6-Gingerol (purity ≥ 98%)
from Aladdin Ltd (Shanghai, China) was dissolved in 50% DMSO
and diluted with double distilled water, the final concentrations of
DMSO were less than 0.1% to reduce cytotoxicity (Liu et al., 2020).

Cells and Animals Experiments
Cancer cell line (A549, Solarbio, China) originating from human
lung tumors were cultured in RPMI-1640 medium (Gibco, CA)
with 10% fetal bovine serum (FBS; Biological Industries, Israel)
and antibiotics (100 μg/ml penicillin -streptomycin, Beyotime,
China). The cell cultures were incubated in an environment
containing 5% CO2 at 37°C. Cells were divided into four
groups: the Con group (control, no treatment), 20-Gin group
(20 μM 6-Gingerol), 40-Gin group (40 μM 6-Gingerol) and 80-
Gin group (80 μM 6-Gingerol). The recombinant lentivirus
vectors for USP14 was provided by Genechem (Shanghai,
China) for subsequent USP14-OE experiments.

BALB/cNude (6–8 weeks of age) mice were purchased from
Hangzhou Ziyuan Experimental Animal Technology Co. Ltd.
(SYXK-20180049) for this study. The mice were housed under
specific pathogen-free conditions at 23°C and given free access to
food and water. The left flank of mice was subcutaneously
inoculated with A549 tumor-cell suspension (5 × 106 cells/
100 μL) to prepare A549 tumor xenografts (Zhang et al., 2016).
Three days after tumor cell inoculation, the mice were divided
into three groups (n � 8): Con group (control group, no
treatment), L-Gin group (0.25 mg/kg/day 6-Gingerol), H-Gin
group (0.5 mg/kg/day 6-Gingerol), which were administered
orally daily until the end of the experiments. Mice were killed
when their minor axis of tumors were longer than 20 mm. All
experiments with mice were approved by ethics committee.

Tumor Detection in Nude Mice
Tumor diameter was measured every 2 days and tumor volume
(V; mm3) was calculated using Eq. 1. After the mice were killed,
the tumors were removed and weighed.

V � major axis ×minor axis × height × 0.52 (1)

Determination of Iron Content,
Malondialdehyde and Superoxide
Dismutase
Total levels of iron in different groups were analyzed using the Iron
Assay kit (ab83366, Abcam, United Kingdom). Tissues
homogenates/cells were lyzed in four volume of iron assay buffer
and centrifuge at 16,000 × g for 10 min to remove insoluble
materials. Total iron (Fe3+ plus Fe2+) was determined by adding
5 µL of iron reducer were added to 50 µL of sample, and 100 μL iron
probe solution was added into samples and incubated in the dark at
25°C for 60 min. Absorbance was measured at 593 nm wavelength
using a micro spectrophotometer (Nanodrop, Thermo).

The content of MDA was measured using Malondialdehyde
(MDA) content detection kit (BC0025, Solarbio, China) and the
absorbance of the supernatant was determined at 532 nm. The
superoxide dismutase (SOD) activity detection kit (BC0175,
Solarbio, China) was used to measure the absorbance at
425 nm to detect the SOD activity in the sample.

Pathomorphological Detection
After being fixed in 4% paraformaldehyde for 24 h, each tumor
was embedded in paraffin and cut into 3 mm using a microtome
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(Histocore Biocut, Thermo Fisher Scientific, USA). Hematoxylin
and eosin (H&E) method was used to stain the paraffin sections
prepared by slicer (Histocore Biocut, Thermo Fisher Scientific,
America), and then the sections were dehydrated twice. The
sections were sealed with glass and the morphology of the
cells was observed under a microscope (Olympus, Japan).

For immunostaining, tumors were incubated with the ROS
fluorescent probe dihydroethidium (DHE, No. D1008; Us). DHE
was oxidized by ROS to ethidine oxide, which can be mixed with
DNA to produce red fluorescence. Red fluorescence was observed
with a fluorescence microscope (BX63, Olympus, Japan). To
detect ROS in the cells, cells were subjected to a ROS assay
using the DCFA-DA reactive oxygen ROS fluorescent probe
(D6470, Solarbio, China) according to the manufacturer’s
instructions.

Cell Viability and Proliferation Activity
Detection
The cells were spread in a 96-well plate with 5,000 cells per well.
After 24 h of adhesion culture, the cells were treated with 20, 40,
80 μM 6-Gingerol. After further culture for 48 h, the cell viability
rate was determined by MTT method. The viability of A549 cell
was measured byMTT (M1020, Solarbio, China) according to the
manufacturer’|’s instructions.

The EdU apollo 567 in vitro kit (CA1170, Solarbio, China) was
used to measure cell proliferation. The cells were spread in a 48-
well plate with 5,000 cells per well. After 24 h of adhesion culture,
20, 40, 80 μM 6-Gingerol were given. After continued incubation
for 48 h, the complete medium containing EdU was replaced and
incubated for 2 h, and fixed staining was conducted according to
the EdU kit instructions. The EdU-positive rate was recorded
according to merged pictures of EdU and DAPI.

Detection of Autophagy
The cells were spread in 24-well plates with 4 × 104 cells/well.
After 24 h of adhesion culture, ad-green fluorescent protein
(GFP)-microtubule-associated protein light chain 3 (LC3B)
(C3006, Beyotime, China) adenovirus transfection was
conducted. After 24 h of transfection, the culture containing
the corresponding concentration of 6-Gingerol in each group
was replaced. After 48 h of culture, the cells were fixed and stained
with DAPI for photographing.

Western Blot Assay
The tumor and A549 cell lysates were prepared, washed with cold
PBS, resuspended in a lysis buffer and sonicated the lysate. The
proteins were separated on 10–15% SDS gels and transferred to
nitrocellulose membranes. After incubation with 1:1,000 primary
antibody dilution buffer for 1 h, Goat Anti-Mouse IgG (H + L)
HRP (1:5,000, No. S0002, Affinity) or Goat Anti-Rabbit IgG (H +
L) HRP (1:5,000, No. S0001, Affinity) were used as secondary
antibodies and developed by enhanced chemiluminescence. The
antibodies used for immunoblotting were ubiquitin-specific
peptidase 14 (USP14, 1191S, CST, USA), Beclin 1 (3,738, CST,
USA), nuclear receptor coactivator 4 (NCOA4, ab86707, Abcam,
United Kingdom), microtubule-associated protein light chain 3

(LC3 I and LC3 II 12741, CST, USA), ferritin heavy chain 1
(FTH1, 3,998, CST, USA), transferrin receptor 1 (TfR1, ab1086,
Abcam, United Kingdom), glutathione peroxidase 4 (GPX4,
ab125066, Abcam, United Kingdom), activating transcription
factor4 (ATF4, ab184909, Abcam, United Kingdom) and
β-tubulin (2146S, CST, USA).

Co-Immunoprecipitation (Co-IP) and
Ubiquitylation Assay
Co-IP was conducted following the methods described previously
(Dixit et al., 2014). 1 μg of Beclin 1 (3,738, CST, USA) antibody
was added to the lysis buffer and incubated overnight at 4°C. 10 μL
of Protein A/G Plus agarose beads were added to the lysate buffer
and incubated with slow shaking for 2 h at 4°C. At the end of the
immunoprecipitation reaction, the supernatant was removed by
centrifugation at 3,000 rpm for 3 min at 4°C. Precooling PBS was
used to wash the precipitate for several times. 2 × loading buffer
was added to the precipitate and denatured for 5 min at 95°C. The
supernatant was subjected to western blot with a K63-linked
specific polyubiquitin (12,930, CST, USA) antibody to detect the
target protein.

Statistical Analysis
The unpaired t-test were used for comparison between two
groups. All data are presented as mean ± standard deviation
(mean ± SD) of three independent experiments. For multiple
comparison, the one-way ANOVA followed by the post-hoc test
was used. All statistical analysis was performed using GraphPad
Prism 7.0 software. Results were considered to be statistically
significant for values *p < 0.05, **p < 0.01.

RESULTS

6-Gingerol Suppresses Tumor Growth in
Tumor
The chemical structure of 6-Gingerol was showed in Figure 1A.
Figure 1B showed a picture of the tumor mass collected on the
20th day. The L-Gin and H-Gin group had effective and dose-
dependent inhibition of tumor growth, and the H-Gin group had
greater inhibition than the of L-Gin group (Figures 1C,D). As
seen in Figure 1E, 6-Gingerol treatment of tumor-bearing mice
caused massive infiltration of cells in the tumor. The above results
demonstrate that 6-Gingerol had great anti-tumor activity in vivo.

6-Gingerol Enhances the Accumulation of
Reactive Oxygen Species and Iron in Tumor
Since lipid peroxidation and iron accumulation are features of
ferroptosis (Stockwell et al., 2017), we next measured the iron
content and lipid peroxidation levels of tumor tissues. In
Figure 2A, the SOD activity of the L-Gin and H-Gin groups
was significantly lower than that of the control group (p < 0.05). On
the contrary, the MDA contents in the L-Gin and H-Gin groups
were observably higher than that in the control group (p < 0.05,
Figure 2B). The brightness of ROS-DHE probe in the L-GIN and
H-GIN groups was remarkably higher than that in the control
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group (p < 0.05, Figures 2C,D). Compared with the control group,
there was a significant accumulation of Fe2+ in the tumor tissue of
6-Gingerol treatment of tumor-bearing mice (Figure 2E).

6-Gingerol Inhibits the Growth of A549 Cells
Before studying the effect of 6-Gingerol treatment on the viability
of A549 cells, the effect of different concentrations (0–320 μM) of

FIGURE 1 | 6-Gingerol suppresses growth of tumor. (A) Chemical structure of 6-Gingerol; (B) The pictures of tumor masses in nude mice; (C) 6-Gingerol inhibited
the increase of tumor volume in nudemice; (D) 6-Gingerol inhibited the increase of tumor weight in nudemice; (E) The histological features of tumor tissues. Con: control,
L-Gin: 0.25 mg/kg/day 6-Gingerol, H-Gin: 0.5 mg/kg/day 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed asmean ± SD (n � 8).

FIGURE 2 | 6-Gingerol enhances the accumulation of ROS and iron in tumor. (A) The activity of SOD in tumor tissues; (B) The content of MDA in tumor tissues; (C)
The ROS fluorescence (DHE) of tumor tissues; (D) The histogram of ROS content of tumor tissues; (E) The iron concentration in tumor tissues. Con: control, L-Gin:
0.25 mg/kg/day 6-Gingerol, H-Gin: 0.5 mg/kg/day 6-Gingerol. Compared with the control group,*p < 0.05, **p < 0.01. Data are expressed as mean ± SD (n � 3).
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6-Gingerol on the viability of CCD19-Lu cells was determined. 6-
Gingerol at concentrations from 0 to 160 μM did not significantly
activity inhibit the viability of on CCD19-Lu cells (Figure 3A).
Figure 3B showed that the viability of A549 cells were
significantly inhibited by 6-Gingerol (p < 0.05). EdU analysis
was used to evaluate the proliferative capacity of A549 cells
treated with different concentrations (20–80 μM) of 6-
Gingerol. The EdU incorporation test showed that 6-Gingerol
reduced the positive rate of EdU in A549 cells, indicating that 6-
Gingerol could inhibit the proliferative activity of A549 cells
(Figures 3C,D).

6-Gingerol Exacerbates Autophagy and
Enhances the Accumulation of Reactive
Oxygen Species and Iron in A549 Cells
From the TEM image in Figure 4A, it could be found that more
autophagosomes were observed in the A549 cells treated with 6-
Gingerol than that in the control group, which may be due to the
up-regulation of autophagy by 6-Gingerol. In Figure 4B, the SOD
activity of the 20-Gin, 40-Gin and 80-Gin groups was
significantly lower than that of the control group (p < 0.05).
With the decrease of SOD activity, the MDA content in the 20-
Gin, 40-Gin and 80-Gin groups was higher than that in the
control group observably (p < 0.05, Figure 4C). The brightness of

ROS-DCF probe in the 20-Gin, 40-Gin and 80-Gin groups was
significantly higher than that in the control group (Figures 4D,E,
p < 0.05). In addition, TfR1 has been regarded as a marker of
malignant phenotype for tumor (Li et al., 2010), promoting the
entry of Fe3+ into cells to become Fe2+ for the Fenton reaction. As
shown in Figure 4E, as the concentration of 6-Gingerol increased,
the intracellular Fe2+ content increased. The above results
indicated that 6-Gingerol could promote autophagy and
increase the accumulation of intracellular ROS and Fe2+ content.

6-Gingerol Regulates the Expression of
Autophagy and Ferroptosis Related
Proteins in vivo and in vitro
In view of the aforementioned autophagy phenomenon and
changes in iron concentration, western blot was performed to
detect the related proteins. Moreover, we confirmed that 6-
Gingerol could increase the expressions of Beclin-1, LC3 I,
LC3 II, NCOA4 and TfR1, and down-regulate the expressions
of USP14, FTH1, GPX4 and ATF4 in vivo (Figures 5A,B). Similar
to the in vivo results, 6-Gingerol could increase the expression of
Beclin-1, LC3 I, LC3 II, NCOA4 and TfR1, and down-regulate the
expression of USP14, FTH1, GPX4 and ATF4 (Figures 6A,B)
in vitro. As shown in Figure 6C, 6-Gingerol promoted autophagy
by inhibiting the deubiquitination of the K63 site of beclin1 by

FIGURE 3 | 6-Gingerol inhibits the growth of A549 cells. (A) The viability of CCD19-Lu cells with 6-Gingerol at different concentrations (0–320 μM); (B) The viability
of A549 cells with 6-Gingerol at different concentrations; (C) The representative images of EdU and DAPI; (D) The quantitative positive rate of EdU. Con: control, 20-Gin:
20 μM 6-Gingerol, 40-Gin: 40 μM 6-Gingerol, 80-Gin: 80 μM 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed as mean ± SD
(n � 3).
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FIGURE 4 | 6-Gingerol exacerbates autophagy and enhances the accumulation of ROS and iron in A549 cells. (A) The autophagy electron microscope image of
A549 cells, and yellow arrows marked the autophagy structure; (B) The activity of SOD in A549 cells; (C) The content of MDA in A549 cells; (D) The ROS fluorescence
(DCF) of A549 cells; (E) The histogram of ROS content of A549 cells; (F) The iron concentration in A549 cells. Con: control, 20-Gin: 20 μM 6-Gingerol, 40-Gin: 40 μM 6-
Gingerol, 80-Gin: 80 μM 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed as mean ± SD (n � 3).

FIGURE 5 | 6-Gingerol regulates the expression of autophagy and ferroptosis related proteins in tumor. (A) The western blot analysis of USP14, Beclin 1, NCOA4,
LC3 I, LC3 II, FTH1, TfR1, GPX4 and ATF4, Co-IP analysis of ubiquitination of K63 on Beclin one; (B) The densitometric analysis of the bands was presented as the
relative ratio of USP14, Beclin 1, NCOA4, LC3 II/LC3 I, FTH1, TfR1, K63 ubiquitination on Beclin one to Beclin 1. Con: control, L-Gin: 0.25 mg/kg/day 6-Gingerol, H-Gin:
0.5 mg/kg/day 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed as mean ± SD (n � 3).
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USP14. The above results suggested that 6-Gingerol inhibited the
expression of USP14 and FTH1 and up-regulated the expression
of other proteins in vivo and in vitro.

6-Gingerol Up-Regulates the Expression of
Light Chain 3 and Ferritin Heavy Chain 1 in
USP14-OE Cells
To further investigate the role of USP14 on autophagy in A549
cells, we overexpressed USP14 in cells. USP14 was successfully
overexpressed in cells (Figure 7A), and the expression of USP14
in the USP14-OE treated with 6-Gingerol group was lower than
that in the control group (Figure 7B). The LC3 protein is
involved in the formation of autophagosomes, so it is usually

characterized as an autophagy marker (Rao et al., 2019). In
Figures 7C,D, after 6-Gingerol treatment, the GFP
fluorescence brightness of the 80-Gin group was significantly
higher than that of the untreated control group, whereas the
USP14-OE + 80-Gin group was significantly lower than the 80-
Gin group (p < 0.05). Since USP14 could regulate autophagy in a
Beclin 1-dependent manner (Lee et al., 2016), we futher
investigated whether six gingerol regulates autophagy through
Beclin1 de-ubiquitylation of K63 ubiquitin. The expressions of
LC3II/LC3I and K63 ubiquitination of Beclin one in USP14-OE +
80-Gin group were higher than that in 80-Gin group, and
expression of FTH1 in 80-Gin group was significantly lower
than that in USP14-OE + 80-Gin group (p < 0.05, Figures
7E,F). These results all demonstrated 6-Gingerol could

FIGURE 6 | 6-Gingerol regulates the expression of autophagy and ferroptosis related proteins in A549 cells. (A) The western blot analysis of USP14, Beclin 1,
NCOA4, LC3 I, LC3 II, FTH1, TfR1, GPX4 and ATF4, Co-IP analysis of ubiquitination of K63 on Beclin one; (B) The densitometric analysis of the bands was presented as
the relative ratio of USP14, Beclin 1, NCOA4, LC3 II/LC3 I, FTH1, TfR1, K63 ubiquitination on Beclin one to Beclin 1. (C) In vitro K63-linked deubiquitination of Beclin one
by USP14. Con: control, 20-Gin: 20 μM 6-Gingerol, 40-Gin: 40 μM6-Gingerol, 80-Gin: 80 μM 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01.
Data are expressed as mean ± SD (n � 3).
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promote autophagy and ferroptosis by inhibiting the
deubiquitination of the K63 site of USP14-mediated Beclin1
ubiquitination.

DISCUSSION

Lung cancer is the most common malignancy and the leading
cause of cancer-related deaths worldwide. Lung cancer is mainly
treated with Cisplatin, Permetrexide and erlotinib (Li et al., 2018),
but the clinical application of these drug is limited due to their
toxicity and resistance, so new anti-lung cancer drugs are urgently
needed. 6-Gingerol is a phenolic substance naturally present in
ginger (Zingiber officinale Roscoe) that has been shown to have
anti-inflammatory, anti-tumor and antioxidant biological
activities (Koch et al., 2017; Zhang et al., 2017; Alencar et al.,
2018). Therefore, in the study, the effects and possible mechanism
of action of 6-Gin on A549 tumor were investigated. The major
novel findings in the present study were that 6-Gingerol
suppresses A549 cells survival and proliferation in vitro, and
reduced the size of tumor in vivo. Further studies implied that 6-
Gingerol ameliorated autophagy-dependent ferroptosis by
suppressing the expression of USP14, increasing ROS and Fe2+

content.
Six- Gingerol has been considered as a potential therapeutic

agent due to its inhibitory effects on inflammation, oxidative

stress and carcinogenesis (Koch et al., 2017; Alencar et al., 2018).
Our study showed that 6-Gingerol treatment could decrease
tumor volume, reduce the accumulation of ROS and iron in
the tumor, and reduce the expression levels of autophagy and
ferroptosis related proteins. We further studied the effect of 6-
gingerol on A549 cells in vitro and showed that 80 μM of 6-
Gingerol was the most effective in inhibiting cell survival and
proliferation.

Both tumor-bearing mice and A549 cells displayed a panel of
biomarkers based on autophagy and ferroptosis, such as
upregulation of Beclin one and LC3II/LC3I, iron overload,
lipid peroxidation, inhibition of USP14 activity and induction
of the autophagy-related and ferroptosis-related proteins
expression, supporting that USP14 is capable of regulating
autophagy and ferroptosis. Notably, 6-Gin treatment
significantly supressed USP14 expression, indicating that 6-Gin
promoted autophagy effects by inhibition of USP14-Beclin 1,
which was consistent with previous study (Xu et al., 2016).
However, how 6-Gin affects autophagy in tumors involved in
rust remains unresolved.

The induction of ferroptosis is an approach to suppressing
tumor growth. Ferroptosis has been shown to promote cell death
in a variety of cancer cell lines (Hou et al., 2016; Xie et al., 2016).
Iron is essential for oxygen transmission, redox reactions and
synthesis of metabolites (Ganz and Nemeth, 2012). Normally,
iron is stored in the form of transferrin or ferritin. Ferritin is a

FIGURE 7 | 6-Gingerol up-regulates the expression of LC3 and FTH1 in USP14-OE cells. (A) The western blot analysis of USP14 overexpression; (B) The cell
viability of USP14-OE cells treated with 6-Gingerol; (C) The representative images of GFP-LC3 and DAPI; (D) The quantitative positive rate of GFP-LC3; (E) The western
blot analysis of FTH1 in USP14-OE cells; (F) The western blot analysis of LC3 in USP14-OE cells; (G) The Co-IP analysis of ubiquitination of K63 on Beclin one in USP14-
OE cells. Data are expressed as mean ± SD, *p < 0.05, **p < 0.01 (n � 3).
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multimeric protein complex composed of 24 H and L
polypeptide subunits that are freely organized in different
proportions to form a shell-like nanocage in which Fe3+ is
stored (Arosio et al., 2009; Bellelli et al., 2016). NCOA4 was
identified as a key player in ferritin phagocytosis (Dowdle
et al., 2014), which promotes degradation of autophagic
ferritin to release Fe2+ from ferritin (Mancias et al., 2014).
We found that the expression of NCOA4 in vivo and in vitro
was down-regulated and the expression of FTH1 was up-
regulated in vivo and in vitro after treatment with 6-
Gingerol (Figures 5A,B,6A,B), which further supported this
opinion. GPX4 is an important selenoprotein, which regulates
the death of ferroptotic cell by reducing lipid peroxidation
(Yang et al., 2014). In our study, the expression of GPX4
decreased significantly, while the ROS content increased. The
content of Fe2+ was increased, and Fe2+ could generate reactive
hydroxyl radicals through Fenton chemical reaction, which in
turn caused lipid peroxidation and ferroptosis. 6-Gin could
effectively up-regulate ferroptosis by inhibiting the expression
of USP14. After USP14 overexpression, the A549 cells were
more sensitive to ferroptosis with the increased levels of LC3
II/LC3 I.

In summary, this study shows for the first time that 6-Gingerol
blocks the proliferation and survival of A549 cells through the
autophagy-ferroptosis pathway. The accumulation of iron in cells
contributes to the death of A549 cells. These findings suggested
that 6-Gingerol could be a potentially useful natural drug against
lung cancer.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article, and further queries can be directed to the
corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
Experiment Ethics Committee of Nanjing University of
Chinese Medicine.

AUTHOR CONTRIBUTIONS

SZ and TY designed the study. XC performed the experiments. SZ
and TY wrote the manuscript. All authors read and approved the
submitted version.

FUNDING

The present study was supported by the Priority Academic
Program Development of Jiangsu Higher Education
Institutions (PAPD)[2018] No. 87 and the Discipline of
Chinese Medicine of Nanjing University of Chinese Medicine
Supported by the Subject of Academic Priority Discipline of
Jiangsu Higher Education Institutions No. ZYX03KF14.

REFERENCES

Alencar, M. V. O. B., Mata, M. A. O. F., Khan, I. N., Islam, M. A., Uddin, S. J., Ali, E.
S., et al. (2018). Protective and therapeutic potential of ginger (Zingiber
officinale) extract and [6]-Gingerol in cancer: a comprehensive review.
Phytother. Res. 32 (10), 1885–1907. doi:10.1002/ptr.6134

Angeli, J. P. F., Shah, R., Pratt, D. A., and Conrad, M. (2017). Ferroptosis inhibition:
mechanisms and opportunities. Trends Pharmacol. Sci. 38 (5), 489–498. doi:10.
1016/j.tips.2017.02.005

Arosio, P., Ingrassia, R., and Cavadini, P. (2009). Ferritins: a family of molecules for
iron storage, antioxidation and more. Biochim. Biophys. Acta 1790, 589–599.
doi:10.1016/j.bbagen.2008.09.004

Bellelli, R., Federico, G., Matte’, A., Colecchia, D., Iolascon, A., Chiariello, M., et al.
(2016). NCOA4 deficiency impairs systemic iron homeostasis. Cell Rep. 14 (3),
411–421. doi:10.1016/j.celrep.2015.12.065

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CAA Cancer J. Clin. 68 (6),
394–424. doi:10.3322/caac.21492

Dixit, U., Liu, Z., Pandey, A. K., Kothari, R., and Pandey, V. N. (2014). Fuse binding
protein antagonizes the transcription activity of tumor suppressor protein p53.
BMC Canc. 14, 925. doi:10.1186/1471-2407-14-925

Dowdle, W. E., Nyfeler, B., Nagel, J., Elling, R. A., Liu, S., Triantafellow, E., et al.
(2014). Selective VPS34 inhibitor blocks autophagy and uncovers a role for
NCOA4 in ferritin degradation and iron homeostasis in vivo. Nat. Cell Biol. 16,
1069–1079. doi:10.1038/ncb3053

Farombi, E. O., Ajayi, B. O., and Adedara, I. A. (2020). 6-gingerol delays
tumorigenesis in benzo pyrene and dextran sulphate sodium-induced
colorectal cancer in mice. Food Chem. Toxicol. 142, 111483. doi:10.1016/j.
fct.2020.111483

Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al.
(2018). Molecular mechanisms of cell death: recommendations of the
nomenclature committee on cell death 2018. Cell Death Differ. 25 (3),
486–541. doi:10.1038/s41418-017-0012-4

Ganz, T., and Nemeth, E. (2012). Iron metabolism: interactions with normal and
disordered erythropoiesis. CSH. Perspect. Med. 2 (5), a011668. doi:10.1101/
cshperspect.a011668

Hou, W., Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J., et al. (2016). Autophagy
promotes ferroptosis by degradation of ferritin. Autophagy 12 (8), 1425–1428.
doi:10.1080/15548627.2016.1187366

Koch, W., Kukula-Koch, W., Marzec, Z., Kasperek, E., Wyszogrodzka-Koma, L.,
Szwerc, W., et al. (2017). Application of chromatographic and spectroscopic
methods towards the quality assessment of ginger (zingiber officinale) rhizomes
from ecological plantations. Int. J. Mol. Sci. 18 (2), 452. doi:10.3390/
ijms18020452

Lee, B. H., Lu, Y., Prado, M. A., Shi, Y., Tian, G., Sun, S., et al. (2016). USP14
deubiquitinates proteasome bound substrates that are ubiquitinated at multiple
sites. Nature 532, 398–401. doi:10.1038/nature17433

Lee, D. H., Kim, D. W., Jung, C. H., Lee, Y. J., and Park, D. (2014). Gingerol
sensitizes TRAIL-induced apoptotic cell death of glioblastoma cells. Toxicol.
Appl. Pharmacol. 279, 253–265. doi:10.1016/j.taap.2014.06.030

Li, J. N., Weng, X. F., Liang, Z. H., Zhong, M. H., Chen, X. L., Lu, S. J., et al. (2010).
Viral specific cytotoxic T cells inhibit the growth of TfR-expressing tumor cells
with antibody targeted viral peptide/HLA-A2 complex. Cell. Immunol. 263 (2),
154–160. doi:10.1016/j.cellimm.2010.03.008

Li, Q., Han, X., Lan, X., Gao, Y., Wan, J., Durham, F., et al. (2017). Inhibition of
neuronal ferroptosis protects hemorrhagic brain. JCI Insight 2, 90777–90796.
doi:10.1172/jci.insight.90777

Li, X., Sun, J., Li, X.,Dai, Y., Zhao,C.,Man, S., et al. (2018). Dioscin-6’-Oacetate impairs
migration of lung cancer cells through attenuations ofMMP-2 andMMP-9 viaNF-
κB suppression. Med. Chem. Res. 28, 1–12. doi:10.1007/s00044-018-2257-y

Frontiers in Pharmacology | www.frontiersin.org November 2020 | Volume 11 | Article 5985559

Yun et al. 6-Gingerol Inhibits Tumor

https://doi.org/10.1002/ptr.6134
https://doi.org/10.1016/j.tips.2017.02.005
https://doi.org/10.1016/j.tips.2017.02.005
https://doi.org/10.1016/j.bbagen.2008.09.004
https://doi.org/10.1016/j.celrep.2015.12.065
https://doi.org/10.3322/caac.21492
https://doi.org/10.1186/1471-2407-14-925
https://doi.org/10.1038/ncb3053
https://doi.org/10.1016/j.fct.2020.111483
https://doi.org/10.1016/j.fct.2020.111483
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1101/cshperspect.a011668
https://doi.org/10.1101/cshperspect.a011668
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.3390/ijms18020452
https://doi.org/10.3390/ijms18020452
https://doi.org/10.1038/nature17433
https://doi.org/10.1016/j.taap.2014.06.030
https://doi.org/10.1016/j.cellimm.2010.03.008
https://doi.org/10.1172/jci.insight.90777
https://doi.org/10.1007/s00044-018-2257-y
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Liu, J. L., Xia, H. G., Kim, M. S., Xu, L. H., Li, Y., Zhang, L. H., et al. (2011). Beclin1
controls the levels of p53 by regulating the deubiquitination activity of USP10
and USP13. Cell 147 (1), 223–234. doi:10.1016/j.cell.2011.08.037

Liu, Y., Deng, S. J., Zhang, Z., Gu, Y., Xia, S. N., Bao, X. Y., et al. (2020). 6-Gingerol
attenuates microglia-mediated neuroinflammation and ischemic brain injuries
through Akt-mTOR-STAT3 signaling pathway. Eur. J. Pharmacol. 883, 173294.
doi:10.1016/j.ejphar.2020.173294

Maas, K. W., Sharouni, S. Y. E., Phernambucq, E. C. J., Stigt, J. A., Groen, H. J. M.,
Herderet, G. J. M., et al. (2010). Weekly chemoradiation (docetaxel/cisplatin)
followed by surgery in stage III NSCLC; a multicentre phase II study. Anticancer
Res. 30 (10), 4237–4243. doi:10.1097/CAD.0b013e32833db1bb

Majno, G., and Joris, I. (1995). Apoptosis, oncosis, and necrosis. An overview of
cell death. Am. J. Pathol. 146 (1), 3–15. doi:10.1097/00002093-199509020-
00009

Mancias, J. D., Wang, X., Gygi, S. P., Harper, J. W., and Kimmelman, A. C. (2014).
Quantitative proteomics identifies NCOA4 as the cargo receptor mediating
ferritinophagy. Nature 509, 105–109. doi:10.1038/nature13148

Rao, J. D., Mei, L., Liu, J., Tang, X., Yin, S., Xia, C. Y., et al. (2019). Size-adjustable
micelles co-loaded with a chemotherapeutic agent and an autophagy inhibitor
for enhancing cancer treatment via increased tumor retention. Acta Biomater.
89, 300–312. doi:10.1016/j.actbio.2019.03.022

Rastogi, N., Duggal, S., Singh, S. K., Porwal, K., Srivastava, V. K., Maurya, R., et al.
(2015). Proteasome inhibition mediates p53 reactivation and anti-cancer
activity of 6-gingerol in cervical cancer cells. Oncotarget 6 (41),
43310–43325. doi:10.18632/oncotarget.6383

Shanmugam, M. K., Warrier, S., Kumar, A. P., Sethi, G., and Arfuso, F. (2017).
Potential role of natural compounds as anti-angiogenic agents in cancer.
Curr. Vasc. Pharmacol. 15 (6), 503–519. doi:10.2174/
1570161115666170713094319

Siegel, R. L., Miller, K. D., and Jemal, A. (2017). Cancer statistics. CA Cancer J. Clin.
67 (1), 7–30. doi:10.3322/caac.21387

Stockwell, B. R., Angeli, J. P. F., Bayir, H., Bush, A. I., Conrad, M., Dixon, S. J., et al.
(2017). Ferroptosis: a regulated cell death nexus linking metabolism, redox
biology, and disease. Cell 171 (2), 273–285. doi:10.1016/j.cell.2017.09.021

Tripathi, R., Ash, D., and Shaha, C. (2014). Beclin-1-p53 interaction is crucial for
cell fate determination in embryonal carcinoma cells. J. Cell Mol. Med. 18 (11),
2275–2286. doi:10.1111/jcmm.12386

Wang, W., Green, M., Choi, J. E., Gijón, M., Kennedy, P. D., Johnson, J. K., et al.
(2019). CD8+ T cells regulate tumour ferroptosis during cancer
immunotherapy. Nature 569, 270–274. doi:10.1038/s41586-019-1170-y

Wei, Y., Pattingre, S., Sinha, S., Bassik, M., and Levine, B. (2008). JNK1-mediated
phosphorylation of Bcl-2 regulates starvation-induced autophagy.Mol. Cell 30,
678–688. doi:10.1016/j.molcel.2008.06.001

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis:
process and function. Cell Death Differ. 23 (3), 369–379. doi:10.1038/cdd.2015.
158

Xu, D., Shan, B., Sun, H., Xiao, J., Zhu, K., Xie, X., et al. (2016). USP14 regulates
autophagy by suppressing K63 ubiquitination of Beclin 1. Genes Dev. 30 (15),
1718–1730. doi:10.1101/gad.285122.116

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R.,
Viswanathan, V. S., et al. (2014). Regulation of ferroptotic cancer cell death
by GPX4. Cell 156 (1-2), 317–331. doi:10.1016/j.cell.2013.12.010

Yue, Z., Jin, S., Yang, C., Levine, A. J., and Heintz, N. (2003). Beclin 1, an autophagy
gene essential for early embryonic development, is a haploinsufficient tumor
suppressor. Proc. Natl. Acad. Sci. U.S.A. 100, 15077–15082. doi:10.1073/pnas.
2436255100

Zhang, B., Jiang, T., She, X. J., Shen, S., Wang, S., Deng, J., et al. (2016). Fibrin
degradation by rtPA enhances the delivery of nanotherapeutics to A549 tumors
in nude mice. Biomaterials 96, 63–71. doi:10.1016/j.biomaterials.2016.04.015

Zhang, F., Ma, N., Gao, Y. F., Sun, L. L., and Zhang, J. G. (2017). Therapeutic effects
of 6-gingerol, 8-gingerol, and 10-gingerol on dextran sulfate sodium-induced
acute ulcerative colitis in rats. Phytother Res. 31 (9), 1427–1432. doi:10.1002/ptr.
5871

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Tsai, Xia and Sun. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org November 2020 | Volume 11 | Article 59855510

Yun et al. 6-Gingerol Inhibits Tumor

https://doi.org/10.1016/j.cell.2011.08.037
https://doi.org/10.1016/j.ejphar.2020.173294
https://doi.org/10.1097/CAD.0b013e32833db1bb
https://doi.org/10.1097/00002093-199509020-00009
https://doi.org/10.1097/00002093-199509020-00009
https://doi.org/10.1038/nature13148
https://doi.org/10.1016/j.actbio.2019.03.022
https://doi.org/10.18632/oncotarget.6383
https://doi.org/10.2174/1570161115666170713094319
https://doi.org/10.2174/1570161115666170713094319
https://doi.org/10.3322/caac.21387
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1111/jcmm.12386
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1016/j.molcel.2008.06.001
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1101/gad.285122.116
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1073/pnas.2436255100
https://doi.org/10.1073/pnas.2436255100
https://doi.org/10.1016/j.biomaterials.2016.04.015
https://doi.org/10.1002/ptr.5871
https://doi.org/10.1002/ptr.5871
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


GLOSSARY

ATF4: activating transcription factor 4

DHE: dihydroethidium

FBS: fetal bovine serum

FTH1: ferritin heavy chain

GFP: green fluorescent protein

GPX4: glutathione peroxidase four

H&E: hematoxylin-eosin

LC3: microtubule-associated protein light chain three

MDA: malondialdehyde

MTT: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide

NCOA4: nuclear receptor coactivator four

ROS: reactive oxygen species

TfR1: transferrin receptor one

USP14: ubiquitin-specific peptidase 14
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