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Allicin inhibits the growth of HONE-1 and HNE1 human nasopharyngeal
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Allicin (AL) is one of garlic-derived organosulfides and has a variety of pharmacological effects. Studies have reported
that AL has notable inhibitory effects on liver cancer, gastric cancer, breast cancer, and other cancers. However, there are no
relevant reports about its role in human nasopharyngeal carcinoma. Ferroptosis is an iron-dependent form of non-apoptotic
regulated cell death. Increasing evidence indicates that induction of ferroptosis can inhibit the proliferation, migration,
invasion, and survival of various cancer cells, which act as a tumor suppressor in cancer. In this study, we confirmed that
AL can inhibit cell proliferation, migration, invasion, and survival in human nasopharyngeal carcinoma cells. Our finding
shows that AL can induce the ferroptosis axis by decreasing the level of GSH and GPX4 and promoting the induction of toxic
LPO and ROS. AL-mediated cytotoxicity in human nasopharyngeal carcinoma cells is dependent on ferroptosis. Therefore,
AL has good anti-cancer properties and is expected to be a potential drug for the treatment of nasopharyngeal carcinoma.

Key words: allicin; nasopharyngeal carcinoma; ferroptosis

Nasopharyngeal carcinoma (NPC) is a malignant tumor
originating from the epithelial cells of the nasopharynx [1, 2].
NPC is characterized by distinct geographical distribution,
with significantly higher incidence rates in Southeast Asia
and southern China compared to Western countries [3-5].
Recently, the treatment for NPC is mainly radiotherapy, or
a combination of radiotherapy and platinum-based chemo-
therapy [6]. However, malignant NPC cells are characterized
by strong proliferative, migratory, and invasive capacities [7,
8], which severely constrain the therapeutic effect and result
in a poor prognosis [9]. In addition, clinical data suggest that
platinum therapy has a variety of adverse reactions, including
diarrhea, alopecia, and loss of appetite [10]. Therefore, more
novel effective treatment strategies and anticancer drugs for
NPC therapy are urgently required.

Traditional Chinese medicines have a variety of biological
activities and reliability compared with chemical medicines
[11, 12]. It gradually gets the research focus from the field of
antineoplastic drugs and has a great application future in the
anti-cancer area [13, 14]. The Chinese medicine monomer
allicin (AL), a product of hydrolysis and oxidation of primary
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sulfur-containing compounds y-glutamyl-S-alk(en)yl-L-
cysteines [15], which is one of the most biologically active
molecules extracted from garlic [16]. AL has been applied
in the clinic for decades with its pharmacological effects of
anti-inflammatory, anti-bacterial, cardiovascular protection,
and immunoregulatory activity [17-19]. Previous studies
have reported that AL has notable inhibitory effects on liver
cancer [20, 21], gastric cancer [22], ovarian cancer [23], breast
cancer [24], glioma [25], colon cancer [26], lung cancer [27],
renal clear cell carcinoma [28], and pancreatic cancer [29].
However, the inhibitory role and regulation mechanism of
AL on NPC are scarcely known.

The discovery of regulated cell death processes has facili-
tated advances in cancer therapy [30, 31]. Ferroptosis is an
iron-dependent form of non-apoptotic regulated cell death
accompanied by the excessive accumulation of lipid perox-
ides (LPO), the consumption of lipid droplets (LD), and the
production of reactive oxygen species (ROS) [32, 33], and
is highly effective in eliminating tumor cells. The induc-
tion of ferroptosis instead of apoptosis can reduce tumor
immune invasion and cancer-acquired drug resistance [34,
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35]. Furthermore, glutathione peroxidase 4 (GPX4), as a key
regulator of ferroptosis [36, 37], uses the depletion of GSH to
promote the induction of toxic LPO and the obvious inhibi-
tion of cancer cell proliferation [38, 39]. A growing number
of small molecules and approved drugs have been reported to
induce ferroptosis in cancer cells and inhibit the proliferation
of tumor cells [40-42]. However, whether AL can inhibit the
expression of GPX4 and result in the induction of ferroptosis
in NPC is still unclear. Thus, in the present study, we aimed
to explore the inhibitory role of AL on the proliferation,
migration, and invasion of NPC cells as well as to elucidate
whether the mechanism underlying the actions is involved in
the ferroptosis pathway.

Materials and methods

Antibodies and reagents. Antibodies for -actin
(20536-1-AP) and GPX4 (ab125066) were purchased
from Proteintech Group (Rosemont, USA) and Abcam
(Cambridge, UK) respectively. Allicin (AL), a-tocopherol
(a-Toc), and ferrostatin-1 (Fer-1) were obtained from Med
Chem Express (NJ, USA). 2)7’-dichlorofluorescin Diace-
tate (DCFH-DA), a live/dead assay kit, Tetramethyl rhoda-
mine Ethyl Ester (TMRE) dye, and radioimmunoprecipi-
tation assay (RIPA) buffer were purchased from Beyotime
Biotechnology Co., Ltd (Shanghai, China). BODIPY
581/591-C11 (no. 27086) and BODIPY 493/503 (no.
25892) were purchased from Cayman Chemical (MI, USA).
A glutathione (GSH) assay kit and an EAU assay kit were
purchased from Keygen Biotechnology Co., Ltd (Nan-jing,
China). RPMI medium 1640, penicillin-streptomycin, fetal
bovine serum (FBS), and Dulbecco’s phosphate-buffered
saline (PBS) were purchased from Thermo Fisher (MA,
USA). Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo Laboratories (Tokyo, Japan).

Cell culture. The human NPC cell lines HONE-1 and
HNEI were obtained from the ATCC. HONE-1 and HNE1
cell lines were both derived from a poorly differentiated
NPC biopsy specimen and lost the Epstein-Barr virus
genome as cells were passaged [43]. These cell lines were
cultured in RPMI medium 1640 supplemented with 10%
FBS and 1% penicillin-streptomycin under a 37°C humid
atmosphere containing 5% CO,. The authenticity of all cell
lines was verified by short tandem repeat analysis within
the last 3years. All experiments were performed with
mycoplasma-free cells.

Cell viability assay. The CCK-8 assay was applied to test
the viability of HONE-1 and HNEL1 cells as described in a
previous study [44]. Cells (5x10°/well) were seeded into a
96-well culture plate (Corning, NY, USA) for 24 h. Then
cells were incubated with or without serial dilutions of
AL for 24h or 48 h and 72 h. Then the CCK-8 detection
reagent was added and incubated for 2 h. The absorbance
at 450 nm was measured by a microplate reader (Thermo
Fisher Scientific, USA).

EdU staining. The EdU staining assay was applied to test
cell proliferation of HONE-1 and HNE1 cells as previously
reported [45]. Cells (5x10%/well) were seeded into a 96-well
culture plate (Corning, NY, USA) for 24 h. Then cells were
incubated with AL (1.5 mM) for 24 h. Then the cell prolif-
eration was examined using an EdU kit (Shanghai KeyGene
Biotechnology Co., Ltd.) according to the manufacturer’s
instructions and quantified by the Image] software.

Plate colony formation assay. The colony forma-
tion assay was applied to test the colonies of HONE-1
and HNEI cells according to the protocol as described
in a previous study [46]. 500 viable cells were plated in
a 6-well plate and cultured overnight. Fresh RPMI 1640
medium with or without AL (1.5 mM) was added to the
plate and then cultured at 37 °C for 24 h. Then the medium
was replaced with RPMI 1640 containing 10% FBS and
1% penicillin-streptomycin every 3 d for approximately
14 d. To visualize and count the colonies, we separately
used 4% polyoxymethylene (Beijing Solarbio Biotech-
nology Co., Ltd., P8430) and 0.5% crystal violet (Beijing
Solarbio Biotechnology Co., Ltd., G1061) to fix and stain
the colonies. The colony numbers were quantified by the
Image] software.

Western blot analysis. Cell extracts were prepared using
RIPA lysis buffer containing phosphatase and protease
inhibitors as previously reported [47]. Lysates were centri-
fuged at 12,000xg for 30 min at 4°C, and the superna-
tant was collected. The concentration was determined by
using a BCA protein quantitative kit (Jiangsu KeyGene
Biotechnology Co., Ltd.). Concentration-normalized
lysates were mixed with loading buffer and then boiled at
100°C for 10 min. Proteins were separated by SDS-PAGE
(80 V for 30 min and 120 V for 1 h) and transferred to
PVDF membranes (400 mA for 45 min). The membranes
were blocked with a Quick blocking solution (Shanghai
Beyotime Biotechnology Co., Ltd.) for 15-20 min, followed
by incubating with indicated primary antibodies (anti-{3-
actin and anti-GPX4) at 4°C overnight. After washing
with TBST, the membranes were incubated with secondary
antibodies for 1-2 h at room temperature. After washing
with TBST, the membranes were visualized by an Enhanced
Chemiluminescence (ECL) Kit (Biosharp) according to the
manufacturer’s instructions. Images were captured with a
Bio-Rad imaging system. The relative density of each blot
was normalized to the corresponding B-actin levels using
the Image]J software.

Survival, migration, and invasion assay. For survival
experiments, the live/dead assay was applied to test cell
survival of HONE-1 and HNE1 cells. Cells (5x10%/well)
were seeded into a 96-well culture plate (Corning, NY,
USA) for 24 h. Then cells were incubated with AL (1.5 mM)
with or without ferrostatin-1 (Fer-1, 2 uM) or a-tocopherol
(a-Toc, 25 uM) for 24 h. The cells were observed under a
microscope. Then the cell survival was examined using a
live/dead kit (Shanghai Beyotime Biotechnology Co., Ltd.)
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according to the manufacturer’s instructions and observed
by an inverted fluorescent microscope (Olympus).

For migration and invasion experiments, the Transwell
without and with Matrigel pre-coated filter membranes
were employed respectively as previously reported [48,
49]. Both migration and invasion are two major features
of cancer cells [50]. Migration refers to the ability of cells
to move, while invasion is the ability of cells to move while
secreting proteins that digest the extracellular matrix
(ECM) and remove movement disorders [50]. So Transwell
assay without Matrigel was used to detect the migration
ability of cells, and the Transwell assay with Matrigel was
used to detect the invasion ability of cells [51, 52]. HONE-1
and HNEIL cells (1x10* cells/well) were suspended in
serum-free medium and plated into the upper chamber
with or without AL (1 mM). In the lower chamber, 500 ul
complete medium containing 10% FBS were added. After
24 h, cells on the reverse side of the upper chamber were
fixed with 4% paraformaldehyde for 20 min, washed with
PBS and stained with 0.5% crystal violet for 10 min. Finally,
cells were washed with PBS and dried by air. Cells that had
migrated and invaded through the filter membranes were
observed by a microscope (100x Olympus).

Lipid peroxidation measurement. The intracellular
lipid peroxidation levels were measured with C11-BODIPY
(581/591). C11-BODIPY (581/591) is a fluorescent radio-
probe for indexing lipid peroxidation in living cells [53].
Briefly, the HONE-1 and HNEI cells were incubated with
AL (1.5 mM) with or without ferrostatin-1 (Fer-1, 2 pM)
or a-tocopherol (a-Toc, 25 uM) for 24 h. Then serum-free
medium containing 5 uM C11-BODIPY (581/591) was
added into the cells and incubated for 20 min. Finally, the
fluorescence intensity was then measured with an inverted
fluorescent microscope (Olympus) and quantified by the
Image] software.

Lipid droplets assay. The intracellular lipid droplet
levels were measured with BODIPY 493/503. BODIPY
(493/503) is a cell permeable lipophilic fluorescence dye
emitting green fluorescence and it stains neutral LD in live
or fixed cells [54]. Briefly, the HONE-1 and HNE1 cells
were incubated with AL (1.5 mM) with or without ferro-
statin-1 (Fer-1, 2 uM) or a-tocopherol (a-Toc, 25 pM) for
24 h. Then the cells were fixed with 4% paraformaldehyde
for 15 min at room temperature and then stained with
BODIPY 493/503 working solution (2uM) for 15 min at
37°C. After washing with PBS, cells were subjected to an
inverted fluorescent microscope (Olympus) observation
and quantified by the Image] software.

In vitro ROS study. Briefly, the HONE-1 and HNE1 cells
were incubated with AL (1.5 mM) with or without ferro-
statin-1 (Fer-1, 2 uM) or a-tocopherol (a-Toc, 25 uM) for
24 h. DCFH-DA (10 uM) was incubated with the HONE-1
and HNE1 cells for 30 min. After washing, the cells were
observed by an inverted fluorescent microscope and
quantified by the Image] software. Because non-fluorescent

DCFH-DA could be oxidized to fluorescent DCF by ROS,
the fluorescence change indicated the generation of ROS.

In vitro GSH study. The HONE-1 and HNEI cells were
seeded in 6-well plates and incubated overnight. After
treating with AL (1.5 mM) for 24 h, the GSH content of
different groups was measured using a GSH Assay Kkit,
and the absorbance was measured by a microplate reader
(Thermo Fisher Scientific, USA). The relative content of
GSH was acquired based on the comparison to the GSH
content of untreated cells.

Transmission electron microscopy experiment.
The morphology of cells treated with AL (1.5 mM) was
observed by a transmission electron microscope (TEM,
EMI10CR, Zeiss, Imagery facility, Institut Cochin). The
HONE-1 and HNEI cells (about 5x10°/well) were plated in
a 6-well culture plate (Corning, NY, USA) and incubated
overnight. Then AL was added into the 6-well culture plate
and incubated for 24 h. The culture medium was poured
off the cells and 2-3 ml of 2.5% glutaraldehyde fixative
that had returned to room temperature was added. After
the cells are fixed at room temperature in the dark for 5
min, they are quickly shoveled down in one direction with
a cell scraper at an oblique angle of 45°. The obtained
cell suspension was sucked into a centrifuge tube, centri-
fuged (1,500-3,000xg) for 3-5 min, and the supernatant
was discarded. A new 2.5% glutaraldehyde fixative was
then added. If the cells failed to agglomerate, about 5 ul of
blood could be added. The clear mixture was centrifuged
again until a dense cell mass appeared at the bottom of
the tube. After fixation at room temperature in the dark
for 30 min, the plates were stored at 4 °C. Finally, ultrathin
sections were made and TEM was performed to visualize
cell morphology changes.

Mitochondrial activity assay. Tetramethyl rhodamine
ethyl ester (TMRE) dye was used to label the mitochon-
dria of living cells [55]. When the mitochondrial structure
was damaged, the red fluorescence of TMRE was weakened
or even disappeared. The HONE-1 and HNE1 cells were
seeded in 96-well plates and incubated overnight. Then the
HONE-1 and HNEI cells were treated with AL (1.5 mM)
for 24 h and incubated in a serum-free medium containing
TMRE (5 pg/ml) at 37°C for 20 min. After washing with
serum-free medium, cells were observed by an inverted
fluorescent microscope (Olympus) and quantified by the
Image] software.

Statistical analysis. The statistical analysis was
performed using SPSS version 17.0. Quantitative data were
representative of three independent replicates. One-way
ANOVA was used for multiple comparisons between
groups and a two-tailed independent t-test for a single
comparison between two groups as described in a previous
study [56]. Statistical tests are justified as appropriate, and
the data meet the assumptions of the tests. All values are
presented as the mean + SEM. p-value <0.05 was consid-
ered statistically significant.
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Results

Allicin inhibits the proliferation of human nasopha-
ryngeal carcinoma cells. To explore the effect of AL on the
proliferation of human NPC cells, we set up different concen-
trations by consulting the literature. The control group was
DMSO. Two human NPC cell lines HONE-1 and HNE1 were
treated with AL for 24 h, and then performed CCK-8 cell
viability assay experiments. Compared to the control group,
the cell viability showed a significant drop in 1.5 mM, 2 mM,
and 2.5 mM AlL-treated cells (Figure 1A). Thus, we choose

the minimal effective concentration of 1.5 mM for the further
experiment. The results showed that the cell viability was
inhibited in a time-dependent manner after treatment with
1.5 mM AL (Figure 1B). To verify this result, we performed
EdU incorporation experiments and plate colony formation
experiments. The results of the EAU incorporation experi-
ments showed that compared with the control group, the
EdU-positive percentage of the cells in the treatment group
was significantly decreased (Figures 1C, 1D). Plate colony
formation experiments also showed that the cloning ability
of NPC cells was obviously weakened after treatment with
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Figure 1. The cytotoxic effect of AL on HONE-1 and HNEI cells. A) The cell viability of HONE-1 and HNEI cells treated by AL with different concen-
trations was examined by the CCK-8 assay. B) The cell viability of HONE-1 and HNEI cells treated by AL (1.5 mM) at different times was examined by
the CCK-8 assay. C, D) EdU-positive HONE-1 and HNEI] cells treated by AL (1.5 mM) were examined by the EdU staining (C-D), scale bar = 200 um.
E) The colony formation of HONE-1 and HNE1 cells treated by AL (1.5 mM) was examined by the colony formation experiments (scale bar = 5 mm).
**p<0.01; ***p<0.001 vs. Con. Error bars represent the standard error of the mean.
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AL (Figure 1E). These results proved that AL significantly
inhibited the growth and proliferation of NPC cells.

Allicin inhibits the migration and invasion of human
nasopharyngeal carcinoma cells. NPC is a common and
highly aggressive malignant tumor worldwide. Therefore, we
explored the influence of AL on the migration and invasion
of NPC cells. Cell migration is the movement of cells from
one region to another in response to external signals such as
chemokines. This process plays an important role in physi-
ological and pathological aspects, such as injury repair, cell
differentiation, malignant tumor metastasis, immune cell
migration, tissue repair, and so on. Cell invasion is similar
to cell migration, but cell invasion requires cells to move
through the ECM layer, enzymatically removing the ECM
barriers, and then moving from one place to another driven
by a gradient of chemokine concentration. So, we conducted
the Transwell experiments to verify the migration and
invasion ability of NPC cells with and without Matrigel.
The results showed that the migration ability of NPC cells
after AL treatment for 24 h was significantly lower than that
of the control group (Figures 2A, 2B). It indicated that AL
obviously prevented the movement of NPC cells. Besides,
the invasion ability of NPC cells after AL treatment for 24 h
was also significantly lower than that of the control group
(Figures 2C, 2D). It is demonstrated that AL effectively
inhibited the ability of NPC cells to move after removing the

Migration

C HONE-1

Invasion

Con AL

ECM barriers. These results confirmed that AL significantly
inhibited the migration and invasion of NPC cells.

Allicin inhibits the survival of human nasopharyngeal
carcinoma cells. To investigate the effect of AL on the survival
of human NPC cells, the HONE-1 and HNEI cell lines were
treated with AL for 24 h and then observed under a micro-
scope. The results showed that the quantity and morphology
of NPC cells changed obviously (Figures 3A, 3B). Then, we
designed a live/dead assay to further detect whether AL has
the ability to inhibit the survival of NPC cells in vitro. The
results showed that compared with the control group, the
live NPC cells were significantly reduced after AL treatment
for 24 h (Figures 3C, 3D). These results confirmed that AL
significantly inhibited the survival of NPC cells.

Allicin induces ferroptosis of human nasopharyngeal
carcinoma cells. To test whether AL can induce ferroptosis of
human NPC cells, we performed the biology TEM (Bio-TEM)
experiments. The images showed evident shrinkage of
mitochondrial volume and reduction of mitochondria crista
in the AL-treated cells (Figure 4A), which were recognized as
morphological features of ferroptosis [2, 35]. Furthermore,
we used TMRE staining to further confirm the changes of
mitochondria. The results showed that the red fluorescence of
mitochondria in the AL-treated cells was reduced obviously
compared with the control group (Figure 4B). It indicated
that AL could significantly inhibit the mitochondria activity
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Figure 2. The effect of AL on migration and invasion of HONE-1 and HNEI1 cells. A, B) The Transwell experiment without Matrigel detected the migra-
tion ability of HONE-1 and HNE1 cells treated with AL (1 mM). Cells that had migrated through the filter membranes were stained with 0.5% crystal
violet for 10 min and observed by a microscope. C, D) The Transwell experiment with Matrigel detected the invasion ability of HONE-1 and HNE1
cells treated with AL (1 mM). Cells that had invaded through the filter membranes were stained with 0.5% crystal violet for 10 min and observed by a

microscope (scale bar = 100 um).
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Figure 3. The effect of AL on survival of HONE-1 and HNEI cells. A, B) Phenotypes of HONE-1 and HNE]1 cells treated with AL (1.5 mM) were ob-
served by a microscope. C, D) The survival of HONE-1 and HNEI cells treated by AL (1.5 mM) were examined by a live/dead assay and observed by an

inverted fluorescence microscopy (Calcein (green) = live cells, PI (red) = dead cells; scale bar = 100 pm).
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treated by AL (1.5 mM) were examined by an inverted fluorescence microscopy (scale bar = 50 pm). C) The GSH level of HONE-1 and HNEI cells
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(1.5 mM) were assessed by western blotting assay (antibodies: GPX4 and p-actin) using a Bio-Rad imaging system and the relative density of each blot
was normalized to the corresponding B-actin levels. E) The LD level of HONE-1 and HNEI cells treated by AL (1.5 mM) were stained with BODIPY
493/503 working solution (2 uM) and assessed by an inverted fluorescence microscope. F) The LPO level of HONE-1 and HNE1 cells treated by AL (1.5
mM) were stained with C11-BODIPY (581/591) working solution (5 uM) assessed by an inverted fluorescence microscope. G) The ROS level of HONE-
1 and HNEI cells treated by AL (1.5 mM) were stained with DCFH-DA working solution (10 uM) and assessed by an inverted fluorescence microscope
(scale bar = 25 um). *p<0.05; **p<0.01; ***p<0.001 vs. Con. Error bars represent the standard error of the mean.
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of human NPC cells. In view of that GSH depletion, GPX4
downregulation, the consumption of LD, and the promotion
of LPO and ROS are four crucial events during ferroptosis
[36, 37], we further evaluated the changes of GSH, GPX4,
LD, LPO, and ROS in AL-treated cells. As expected, our
results showed that AL treatment obviously reduced cellular
GSH level (Figure 4C). It suggested that the oxidative stress
was increased in cells after AL treatment. GPX4 is a key
negative regulator of ferroptosis. As shown in Figure 4D, AL
significantly downregulated GPX4 expression in HONE-1
and HNEI1 cells, promoting the occurrence of ferroptosis.
LD could be used to combat oxidative stress damage and
promote the survival of cancer cells, while ROS-induced
LPO accumulation would destroy the function of normal
cells and eventually promote the occurrence of ferroptosis.
Finally, the results showed that AL treatment obviously
decreased cellular LD levels, while increasing the levels of
LPO and ROS (Figures 4E-4G). It implied that the cells lost
the LD resistance to oxidative stress while accumulating

large amounts of ROS and LPO accelerated the occurrence
of ferroptosis. Together, all these results clearly indicated that
AL could induce ferroptosis in human NPC cells.

Allicin-mediated cytotoxicity in human nasopharyn-
geal carcinoma cells is dependent on ferroptosis. To further
investigate the effect of AL on ferroptosis, we assessed the
effects of AL on the survival, LPO, ROS, and LD of HONE-1
and HNEL cells in the presence and absence of ferrostatin-1
(Fer-1, a ferroptosis inhibitor) or a-tocopherol (a-Toc, one
type of vitamin E that can eliminate LPO). Interestingly, in
comparison with the cytotoxic effect of AL alone, co-treat-
ment of Fer-1 or a-Toc significantly alleviated the cytotoxic
effect of AL in HONE-1 and HNEI cells (Figures 5A, 5B).
Notably, Fer-1 or a-Toc observably reversed the accumula-
tion of intracellular LPO and ROS induced by AL (Figures 5C,
5D). Moreover, Fer-1 or a-Toc also inhibited the reduction
of LD induced by AL (Figure 5E). Taken together, these
data demonstrated that AL was indeed capable of inducing
ferroptotic cell death in human NPC cells.
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bar = 25 pm). E) The LD level of AL-treated HONE-1 and HNE] cells co-treatment with Fer-1 (2 uM) or a-Toc (25 pM) were examined by an inverted
fluorescence microscope (scale bar = 25 um). *p<0.05; **p<0.01; ***p<0.001 vs. AL. Error bars represent the standard error of the mean.
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Discussion

The malignant proliferation of cancer cells is conducive
to the occurrence and development of tumors [7, 57]. To
achieve cancer treatment by inhibiting the proliferation of
cancer cells by drugs is impressive [58, 59]. AL has potential
anti-tumor activities, one of which involves cell proliferation.
A large number of previous investigations reported that AL
could inhibit the proliferation of various cancer cells. In oral
tongue squamous cell carcinoma, AL was reported to repress
cancer cell proliferation via induction of cell apoptosis [16].
In glioma, AL effectively inhibited the U87 glioma cell
proliferation through an ERK-dependent pathway or by
reducing IFN-B and IL-6 [25, 60]. In lung cancer, AL signifi-
cantly decreased the A549 cell proliferation in both hypoxia
and normoxia via autophagy and apoptosis pathways [61].
In neuroblastoma, AL inhibited human neuroblastoma
cell proliferation by repressing ornithine decarboxylase
enzyme activity [62]. In cholangiocarcinoma, AL obviously
suppressed the cholangiocarcinoma cell proliferation by
reducing the STAT3 signaling activation [63]. In ovarian
cancer, AL affected the human ovarian cancer SKOV3 cell
proliferation by mitochondrial Bax translocation and JNK
activation [28]. In gastric cancer, AL inhibited the gastric
cancer cell MGC-803 proliferation via the p38 MAPK/
caspase-3 pathway [22]. In our study, we demonstrated that
AL significantly inhibited the proliferation of human NPC
cells in the time and concentration-dependent manners. In
our experiment, we chose a relatively wide concentration
range of the tested substances, which is not a problem for
all natural substances. In fact, as for the achievable concen-
tration of AL in plasma in humans or in laboratory animal
models, it is worth further exploration for applying AL for
the anti-tumor effect and safety in vivo. In the nude mice
models of cholangiocarcinoma, AL at 10 and 20 mg/kg doses
was administered daily for four weeks [63]. In the mouse
model of colorectal cancer, AL at 48 mg/kg dose was admin-
istered to achieve 5 g/day [64]. In the nude mice models
of liver cancer, AL at 5 mg/kg/day dose was administered
every 2 days for three weeks [20]. In the nude mice model
of pancreatic cancer, AL at 10 mg/kg dose was administered
weekly for four weeks [28]. All of these demonstrated the
efficacy and safety of AL in vivo. It has been reported in the
literature that there is a certain difference in the concentra-
tion of the drug between the in vivo model and the in vitro
model. It is suggested that the concentration selection of
natural substances should be considered more comprehen-
sively in the in vivo model.

Furthermore, migration and invasion are also very impor-
tant for cancer cells, especially for the poor prognosis of
patients, which is very related to the metastasis of cancer cells
[65, 66]. The metastasis of cancer cells depends on the migra-
tion and invasion ability of cancer cells. Therefore, inhibiting
the migration and invasion of cancer cells is also a neces-
sary means to achieve cancer therapy. Some drugs can only

affect the proliferation of cancer cells, and some drugs can
only affect the migration and invasion of cancer cells, which
will limit their efficacy and thus affect their clinical applica-
tion. In addition to inhibiting cancer cell proliferation, AL
has also been reported to affect the migration and invasion
of some cancer cells. AL obviously suppressed the migration
and invasion in cholangiocarcinoma cells, cervical cancer
cells, and gastric cancer cells [63, 67, 68]. Although it has
been shown that some cancer cells are only regulated by AL
for proliferation or migration and invasion, we demonstrated
that AL can also affect the migration and invasion of NPC
cells at concentrations that do not affect their proliferation.

It is obvious that drugs that only inhibit the prolifera-
tion, migration, and invasion of cancer cells can only curb
the occurrence and development of tumors, and that drugs
that directly kill cancer cells can achieve better results in
cancer therapy. It is interesting to investigate whether AL
can directly induce tumor cell death in addition to its effects
on proliferation, migration, and invasion. In our study, we
proved that AL significantly induced cell death of NPC cells.
It is well known that tumor cell death takes many forms.
Apoptosis is the most common form of cancer cell death
induced by anticancer drugs [69]. In fact, a large number of
studies reported that AL could induce apoptosis of various
tumor cells, such as gastric cancer cells [70-72], glioma cells
[25, 73], and ovarian cancer cells [23, 28]. Ferroptosis is a
new form of cell death [74, 75]. Many drugs can induce cell
death through the apoptosis pathway, which is easy to form
drug resistance, but cannot induce cancer cell death through
the ferroptosis pathway. It is worth verifying that whether
AL has the potential to act as an inducer of ferroptosis in
cancer cells. Therefore, we verified whether AL could induce
ferroptosis in NPC. Interestingly, we demonstrated that AL
obviously induced ferroptosis in human NPC HONE-1 and
HNE] cells. Furthermore, we found that AL-induced ferrop-
tosis in NPC cells was dependent on LPO and ROS. We used
LPO and ROS inhibitor to reverse the ferroptosis index and
found that AL-induced ferroptosis in NPC cells could be
reversed by these inhibitors.

In conclusion, AL could significantly inhibit the prolif-
eration, migration, and invasion of human NPC HONE-1
and HNE1 cells. Furthermore, AL could induce cell death of
human NPC HONE-1 and HNEI1 cells through the ferrop-
tosis pathway. It indicated that AL could be used as a ferrop-
tosis inducer in the treatment of NPC, which provides a new
idea for the therapy of NPC.
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