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Popular scientific summary

* DATS induces apoptosis in HepG?2 cells

* DATS induces autophagy in HepG2 cells

* DATS activates AMPK/SIRT1 signalling in HepG2 cells

Abstract

Background: Liver cancer is associated with a high mortality rate worldwide. Hepatocellular carcinoma (HCC)
constitutes a large proportion of primary liver cancers, and most of its alterations currently remain untreat-
able. Diallyl trisulfide (DATS), the main chemical constituent of allicin, affects tumour development by regu-
lating cell apoptosis. Allicin-induced autophagy could contribute to apoptosis in HepG?2 cells. We rigorously
examined the autophagy-related mechanism of allicin-induced apoptosis in HepG?2 cells. We treated HepG2
cells with DATS to explore the effect of DATS on pro-apoptotic autophagy in HepG2 cell lines and examine
its specific molecular mechanism.

Methods: HepG2 cells were treated with various concentrations of DATS for 24 and 48 h. Subsequently,
cell viability was measured using the cell counting kit-8 (CCK-8) assay and cell clone formation assay. The
HepG?2 cell apoptosis was measured using Hoechst 33258 staining and western blotting. Autophagy and the
AMP-activated protein kinase (AMPK)/NAD-dependent deacetylase sirtuin-1 (SIRT1) signalling pathway
were detected using western blotting.

Results: Our results indicated that DATS inhibited HepG2 cell growth. Moreover, the ability of DATS to
promote apoptosis in HepG2 cells increased with increasing concentration. We verified the phenomenon of
DATS-induced autophagy in HepG?2 cells and demonstrated that DATS treatment upregulated the protein
expression of LC3-II/I. By measuring the expression of potential autophagy stimulators, we documented that
DATS could induce pro-apoptotic autophagy by activating the AMPK/SIRT1 signalling pathway.
Conclusion: DATS induced pro-apoptotic autophagy via the AMPK/SIRT1 signalling pathway in the human
HCC HepG2 cell line. Our findings further implicate allicin as a potential therapeutic agent against liver tumours
in clinical settings, providing a basis for combining allicin with an autophagy agonist for treating liver cancer.
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iver cancer is the seventh most frequent malig-
nancy (1), has a high mortality rate and is the
fourth leading cause of cancer-related deaths

worldwide (1-3). Hepatocellular carcinoma (HCC)
reportedly accounts for 80-90% of primary liver cancer
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cases (2, 4). Currently, the majority of alterations in
HCC remain undruggable (4). Treatment based on
multi-targeted kinase inhibitor drugs is the current stan-
dard first-line therapy, which affords limited survival
benefits for patients (5).
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Autophagy, a type II form of programmed cell death,
is a self-protective mechanism known to be activated in
response to nutrient starvation and other stressful stimuli
(6, 7). During this dynamic process, cytoplasmic material
undergoes separation into autophagosomes and fuses
with lysosomes to form autolysosomes, which induce the
degeneration or ageing of proteins and defective organ-
elles to lysosomes for degradation (8-11). Autophagy is
closely related to human health and disease (12). One of
the best-documented cases is cancer, in which pathogenic
cellular remodelling is intricately mediated by autophagy
(13, 14). It is worth mentioning that autophagy is both
a tumour suppressor and a protective factor for cancer
cell survival. Thus, autophagy is a double-edged sword
in tumorigenesis (15). Autophagy can promote tumouri-
genesis at all stages, from proliferation to metastasis and
invasion, and can facilitate its improvement by providing
resistance to death mechanisms (16).

It is well-established that plants of the Allium genus,
such as garlic and onions, possess medicinal value (17).
However, recent studies have found that garlic does not
directly inhibit the growth and spread of cancer cells;
however, after cell membrane rupture, alliin can degrade
S(+)-allyl-L-cysteine sulfoxide, releasing organic sul-
phur compounds (18). Allicin is an allyl organic sul-
phide compound that can be extracted from garlic bulbs.
Furthermore, allicin has been shown to significantly
impact the treatment of liver cancer-related diseases,
indicating its potential as a natural therapeutic substance
(19, 20). The main chemical constituent comprising
allicin is diallyl trisulfide (DATS), which can modulate
disease states such as cancer, metabolic syndrome and
infection (21). Accumulating evidence has shown that
DATS regulates several cancer-related pathways. For
example, DATS affects tumour development by regulat-
ing cell apoptosis (17).

Reportedly, allicin-induced autophagy contributes to
the apoptosis in HepG2 cells, which involves the p53,
mammalian target of rapamycin (mTOR) and AMP-
activated protein kinase (AMPK) signalling pathways (7).
However, the effect of allicin-induced autophagy on apop-
tosis and the possible autophagy mechanism of allicin in
HCC remain poorly examined; this process may include
multiple factors. In the present study, we refined the
experimental design and treated HepG2 cells with DATS,
aiming to explore the effect of DATS-induced pro-apop-
totic autophagy in the HepG?2 cell line and determine its
specific molecular mechanism.

Materials and methods
Reagents and antibodies
High-glucose Dulbecco’s modified Eagle’s medium

(DMEM) was purchased from Gibco (USA). Penicillin was

2
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purchased from Wanle Pharmaceutical Co. Ltd. (China).
Fetal bovine serum (FBS) was purchased from Zhejiang
Tianhang Biotechnology Co., Ltd. (China). Dulbecco’s
phosphate-buffered saline (D-PBS), phosphate-buffered
saline (PBS) and trypsin cell digestion solution were pur-
chased from Gibco (USA). Cell counting kit-8 (CCK-
8) was purchased from Dongren Chemical Technology
Co., Ltd. (China). DATS was purchased from LKT
Laboratories (USA). Dimethyl sulfoxide (DMSO) was
purchased from Sigma (USA). Western blot reagents and
Hoechst 33258 were purchased from Shanghai Biyuntian
Biotechnology Company (China). Bcl-2-associated X pro-
tein (Bax), B-cell lymphoma 2 (Bcl-2), MAPILC3 (LC3),
AMPK, phosphorylated AMPK (p-AMPK) and NAD-
dependent deacetylase sirtuin-1 (SIRT1) antibodies were
purchased from Cell Signalling Technology (USA).

Sample preparation

The molecular weight and purity of DATS were 178.34
and 99.2%, respectively. The DATS (50 uL) was weighed
to calculate the mother liquor concentration, which was
6.27 mol/L. DMSO was used to dilute the DATS con-
centration to 10, 20, 40, 80, 160 uM in 1.5 mL centrifuge
tubes (Corning, USA); the prepared concentrations
were stored in a refrigerator (Siemens AG, Germany) at
-20°C, protected away from light.

Cell culture

HepG2 cells were obtained from the Chinese Academy of
Sciences (China). Cells were cultured in DMEM complete
culture medium, supplemented with 10% FBS, 100 U/mL
penicillin and 100 U/mL streptomycin at 37°C in a tem-
perature incubator (Thermol Formal, USA) containing
5% CO.,.

Cell proliferation assay

The CCK-8 assay was used to assess the viability of
HepG2 cells. Briefly, HepG2 cells were seeded in 96-well
plates (Corning, USA) at a density of 1 x 10° cells/well.
The cells were treated with different concentrations of
DATS (0, 10, 20, 40, 80, 160 uM) for 24 and 48 h at 37°C.
Next, 10 uL of the CCK-8 solution was added to cultures
and incubated for 2 h at 37°C. Absorbance was measured
at 450 nm using a microplate reader (BioTek, USA).

Cell clone formation assay

HepG2 cells were seeded in a 6-well plate (Corning,
USA) at a density of 500 cells per well, with a volume
of 50 pL/well. Then, 2 mL of different concentra-
tions (0, 10, 20, 40, 80 and 160 uM) of drug-contain-
ing culture medium was added, and the medium
was replaced every 3 days. After 3 weeks, the culture
medium was removed, and cells were washed with PBS.
Subsequently, 4% paraformaldehyde was added to fix
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the cells for 20 min. After removing the paraformalde-
hyde, cells were stained with Giemsa staining solution
for 30 min, washed with water to remove the staining
solution and counted after drying.

Hoechst 33258 staining

The single-cell suspension (counted and diluted sus-
pension concentration was 1 X 105mL) was inoculated
in a 6-well plate (Corning, USA) and incubated at
37°C for 24 h. After removing the old culture medium
from each well, the drug-containing culture medium
was added at different concentrations (0, 10, 20, 40, 80
and 160 uM). After incubation at 37°C for 24 h, the
drug-containing culture solution was removed. After
washing with PBS, 1 mL Hoechst 33258 reagent (10 pg/
mL) was added to each well. After incubation for 30
min, the Hoechst reagent was removed. Under 352
nm ultraviolet irradiation, a fluorescence microscope
(OLYMPUS, Japan) was used to observe the apoptotic
morphology of each well. Five fields were selected for
each concentration of culture wells, and the average
value of the five fields was used to calculate the cell
apoptosis rate (number of apoptotic cells/total number
of cells X 100%).

Western blot analysis

HepG2 cells, treated with different DATS concentra-
tions (0, 40 and 80 uM) for 48 h, were lysed using RIPA
buffer (50 mM Tris pH 7.4, 150 mM NacCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
phate [SDS], sodium orthovanadate, sodium fluoride,
ethylenediaminetetraacetic acid [EDTA] and leupeptin)
containing protease inhibitors. The cell lysate was centri-
fuged at 12,000 X g at 4°C for 30 min to pellet the debris,
and the protein concentration of the supernatant was
estimated using a BCA Kit. Proteins were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
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and transferred to a polyvinylidene fluoride (PVDF)
membrane. The membranes were incubated overnight at
4°C with primary antibodies specific for Bax, Bcl-2, LC3,
AMPK, p-AMPK, SIRT1 and B-actin, followed by incu-
bation with secondary antibodies for 1 h at room tempera-
ture. Images were captured using film cassette exposure
and chemiluminescence imager exposure (Tanon, China).
The relative protein levels were normalised to those of
B-actin, used as an internal control.

Statistical analysis

Data are expressed as the mean * standard deviation
(SD). The Statistical Product and Service Solutions
software (SPSS version 22.0) was used for data analy-
ses. Differences amongst groups were determined using
a one-way analysis of variance, followed by the post-
hoc Dunnett’s ¢-test. Statistical significance was set at
P <0.05.

Results

DATS inhibits HepG2 cell proliferation

HepG2 cells were treated with different concentra-
tions of DATS (0, 10, 20, 40, 80, 160 uM) for 24 and
48 h, and cell viability was measured using a CCK-8
assay. The cell viability of each concentration group
was time dependent, and cell viability at the same treat-
ment time was dose-dependent (Fig. 1A). Comparing
the results of HepG2 cell viability at 24 and 48h,
DATS treatment for 48h at 20 uM (P < 0.05), 40 uM
(P <0.05), 80 uM (P <0.05) and 160 uM (P < 0.05)
reduced cell viability. Thus DATS treatment for 48 h
enhanced the inhibition rate. Furthermore, starting
from a DATS concentration of 20 uM, the number of
viable cells decreased significantly as the DATS concen-
tration increased. Treatment with 80 uM DATS resulted
in the absence of viable cells (Fig. 1B).

Fig. 1. DATS inhibits proliferation in HepG?2 cells. (A) The effect of DATS on the cell viability of HepG2. ( *P < 0.05 versus
group of different intervention duration with the same treatment concentration). (B) The inhibitory effect of different drug con-

centrations on the proliferation ability of HepG?2.
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DATS induces apoptosis in HepG2 cells

Compared with the uniformly dyed light-stained
particles in the blank group, scattered dark-stained
strong blue fluorescent particles were observed in the
10, 20, 40, 80 and 160 uM groups (Fig. 2A). In addi-
tion, the 160 uM group exhibited the highest apoptotic
rate, whereas the 10 uM group presented the lowest
apoptotic rate, showing a concentration-dependent
relationship (Table 1).

The HepG2 cells were treated with various DATS con-
centrations. Following treatment for 48 h, with increasing
DATS concentration, the expression of Bax in liver can-
cer HepG2 cells showed an upward trend, and the expres-
sion of Bcl-2 revealed a downward trend. Furthermore,
the Bax/Bcl-2 ratio gradually increased in a concentra-
tion-dependent manner (Fig. 2B and C).

DATS induces autophagy in HepG2 cells

To evaluate whether DATS induces autophagy, we treated
HepG2 cells with various concentrations of DATS and
examined molecular markers of autophagy using west-
ern blot analysis. Based on the results, DATS treatment
significantly increased the protein expression level of the
LC3II-LC3I ratio (Fig. 3).

A

DATS activates the AMPK/SIRT | signalling in HepG2 cells

Under various stressful conditions, SIRT1 and AMPK are
potent stimulators of autophagy in most cells. Western blot
analysis was used to determine whether DATS-induced
autophagy was mediated by the AMPK/SIRT1 signal-
ling pathway in HepG2 cells. After treatment with vari-
ous DATS concentrations, the protein expression levels
of p-AMPK, AMPK and SIRT1 in HepG2 cells were
altered when compared with those in the blank control
group. The expression level of p-AMPK protein showed
an upward trend and was concentration-dependent (40 uM
group vs. blank group, P < 0.01; 80 uM group vs. blank
group, P <0.001; 80 uM group vs. 40 uM group, P < 0.01).
There were significant changes in expression levels of the

Table 1. Apoptosis rate of HepG2 cells in each group (%)

Group Apoptosis rate (24 h)
10 uM 3.18+£225
20 pM 10.28 + 1.98
40 uM 26.67 +2.08
80 uM 40.89 + 3.35
160 uM 5248 + 401
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Fig 2. DATS induces apoptosis in HepG?2 cells. (A) HepG2 cells apoptosis in each group (view per hole) (Hoechst 33258, 100X mag-
nification). (B and C) Protein expression levels of Bax and Bcl-2. 3-Actin was used as an internal control for equal amounts of protein
applied. Data are represented as means = SD; n = 3 per group (¥*P < 0.05, **P < 0.01,*** P < 0.001 versus respective control cells).
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Fig. 3. DATS induces autophagy in HepG2 cells. Protein expression level of LC3II-LC3I ratio. B-Actin was used as an internal
control for equal amounts of protein applied. Data are represented as means £ SD; n = 3 per group (***P < 0.001 versus respec-

tive control cells).
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Fig. 4. DATS activates AMPK/SIRT1 signalling in HepG?2 cells. Protein expression levels of p-AMPK, AMPK and SIRT1.
B-Actin was used as an internal control for equal amounts of protein applied. Data are represented as means £ SD; n = 3 per
group (*P < 0.05, **P < 0.01, ***P < 0.001 versus respective control cells).

AMPK protein. Compared with the blank group (P <0.01)
and the 40 uM group (P < 0.05), the AMPK protein expres-
sion level of the 80 uM group was significantly reduced;
the expression level of the 40 uM group also exhibited a
downward trend when compared with the blank group
(P < 0.01).The expression of SIRT1 showed a notable
upward trend, accompanied by a DATS concentration-
dependent trend (the SIRT1 expression level in the 80 uM
group vs. the blank group, P < 0.001; the 80 uM group vs.
the 40 uM group, P < 0.01; the 40 uM group vs. the blank
group, P < 0.05). Accordingly, with increasing phosphor-
ylation of AMPK to form p-AMPK, SIRT! expression
also increased (Fig. 4).

Discussion

The antitumour effect of allicin mainly inhibits cell
growth, promotes cell apoptosis and prevents tumour cell
metastasis and spread (18). Reportedly, garlic allicin has
considerable potential as a novel chemopreventive agent
for inhibiting liver cancer (7). Allicin preparations are typ-
ically used directly in traditional allicin experiments, and
their effective ingredients are poorly defined. The effects
and pathways of specific ingredients in allicin prepara-
tions on liver cancer HepG2 cells remain unexplored.
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Therefore, we focused on DATS, the active ingredient in
allicin. We examined whether DATS had an inhibitory
effect on the growth of HepG2 cells, as well as the mech-
anism of DATS-induced pro-apoptotic autophagy, and
clarified the potential role of the AMPK/SIRT1 signal-
ling pathway.

To clarify whether DATS could inhibit the growth of
HepG2 cells, we treated HepG2 cells with different con-
centrations of DATS. Subsequently, we demonstrated
that DATS suppressed liver cancer cell growth using the
CCK-8 assay, cell clone formation assay. In addition, we
examined the inhibitory effect of DATS on HepG?2 cells.
All DATS-treated groups exhibited apoptosis of HepG2
cells. This suggested that DATS promoted HepG2 cell
apoptosis, and the pro-apoptotic ability increased with
increasing concentrations. To determine whether DATS-
induced cell death is associated with apoptosis and auto-
phagy, we selected the appropriate DATS concentration
and time point and extracted HepG2 cell protein under
corresponding conditions to perform a western blot assay.
We analysed the associated markers and verified the
effects of the AMPK/SIRT1 pathway.

It has been reported that DATS can regulate cell apop-
tosis and play a role in tumours (17). Herein, the CCK-8
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assay confirmed that DATS had an inhibitory effect on
human liver cancer HepG?2 cells. After determining the
dosing time and optimal concentration, DATS concen-
trations were selected as 0 (blank control group), 40 and
80 uM. After 48 h of treatment with HepG2 cells, the
protein was extracted, and the expression levels of Bax
and Bcl-2 were measured by western blotting. Bax and
Bcl-2 are important apoptotic components. Comparing
and analysing grey values, we observed that the expres-
sion level of Bax was increased, whereas that of Bcl-2
showed a downward trend. Accordingly, DATS may
inhibit tumour cell growth by increasing the expres-
sion of Bax in HepG2 cells whilst inhibiting the Bcl-2
expression, thereby inducing apoptosis and Kkilling
tumour cells. Combined with the aforementioned evi-
dence regarding allicin, the current study revealed that
DATS could inhibit growth and promote apoptosis in
the human HCC HepG?2 cell line.

Autophagy is an intracellular recycling process that
maintains basal levels of metabolites and biosynthetic
intermediates under starvation or other forms of stress;
therefore, it is an important mechanism for metabolic
adaptation in cancer cells (8). LC3 is a key molecular
marker protein for autophagy. These findings indicate that
DATS could promote autophagy in HepG?2 cells. In the
present study, DATS treatment upregulated the protein
expression of LC3II/LC3I. Allicin was recently identified
as an autophagy inducer in HepG2 human liver cancer
cells (7). Allicin can increase the protein level of LC3II
in HepG2 cells. Treatment of HepG2 human liver can-
cer cells with allicin could induce LC3II-FITC punctate
and colocalization with mitochondria. In addition, Atg7,
TSC2 and Beclin-1 have shown similar results to those
of pharmacological inhibition, and allicin-induced colo-
calization of LC3-II-FITC punctate and mitochondria
could be suppressed by 3-MA (autophagy inhibitor) pre-
treatment, which confirmed the induction of autophagy
by allicin in HepG2 human liver cancer cells (7). Other
detailed studies have examined autophagy. Accordingly,
we refined the research objective to further verify the phe-
nomenon of DATS-induced autophagy in HepG?2 cells.
It must be emphasised that our focus was to explore the
relevant mechanisms.

AMPK is a major energy sensor that controls cellu-
lar metabolism and energy homeostasis (7). Given its
key role in controlling energy homeostasis, AMPK has
attracted widespread attention as a potential therapeu-
tic target for metabolic diseases (22). AMPK regulates
energy levels, enhances metabolic checkpoints and inhib-
its cell growth, possibly by inhibiting tumour metabo-
lism. Several studies have demonstrated the tumour
suppressor function of AMPK in lung, colorectal and
liver cancers (23). AMPK can inhibit HCC by inducing
cell senescence and autophagy (24). AMPK promotes
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autophagy via phosphorylation (25). In HepG2 cells,
allicin can significantly increase AMPK phosphoryla-
tion in 1,3-dichloro-2-propanol-induced lipid metabo-
lism disorder (26).

Histone deacetylases (HDACS) play a key role in reg-
ulating various events in tumour cells, and studies have
shown that HDACs are abnormally expressed during
tumorigenesis (27). In HDACS, the sirtuin protein fam-
ily (SIRT1-SIRT7) plays a unique and important role.
SIRT1, a homologue of silent information regulator 2,
is an NAD*-dependent deacetylase expressed in all tis-
sues (28). SIRT1 can alter its metabolic programme via
deacetylation in response to diverse physiological stresses
and is considered a key regulator of various biological
processes (27-29). SIRT1 is associated with multiple dis-
eases, including cancer, vascular diseases and neurodegen-
erative disorders (12). In addition, SIRT1 plays a role in
gene regulation, genome stability maintenance, apoptosis,
autophagy, senescence, proliferation, and tumourigenesis
(30, 31).

Following phosphorylation, AMPK can activate
SIRT1 by altering the ratio of NAD*/NADH. In the
present study, after 48 h of DATS treatment, we found
that with increasing DATS concentration, the level of
p-AMPK increased significantly, as determined by west-
ern blotting. Accordingly, AMPK undergoes activa-
tion and phosphorylation. Simultaneously, the level of
SIRT1 also showed an upward trend, consistent with the
expression of p-AMPK. Based on this experiment, the
pro-apoptotic autophagy effect mediated by DATS on
HepG?2 cells may be related to the AMPK/SIRT1 signal-
ling pathway.

Reportedly, allicin induces p53-mediated autophagic
cell death in liver cancer cells by activating the p-AMPK
and TSC2 signalling pathways and inhibiting the mTOR
and cytoplasmic p53 signalling pathways (7). We specu-
late that SIRT1 is also directly involved in the process of
autophagy flow formation; therefore, we conducted an
in-depth assessment of signalling pathways to explore
the role of AMPK-SIRT! in HepG2 autophagy. SIRT1
can be modified by deacetylation to regulate p53 activity.
Therefore, the observed phenomenon could explain how
DATS regulates the activity of p53 via AMPK.

Previous studies have reported the effects of allicin
intervention by adding AMPK inhibitors to HepG2 cells.
The expression of AMPK and p-AMPK was detected
by pre-incubating HepG2 cells for 1 h in the absence
or presence of an AMPK inhibitor (Compound C).
Pretreatment with an AMPK inhibitor could inhibit the
restorative effect of allicin on p-AMPK expression in
HepG?2 cells (26). This result supports the hypothesis that
AMPK inhibitors, to a certain extent, can affect autoph-
agy following DATS treatment. However, given that no
AMPK/SIRT1 inhibitor was added to confirm the role of
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AMPK/SIRTI in DATS-mediated inhibition of HepG2
cell growth in our current experimental study, we cannot
exclude the possibility that AMPK phosphorylation can
increase SIRT1 and jointly inhibits the growth of HepG2
cells. Further experiments are warranted to confirm this
hypothesis.

In summary, our study provides evidence that DATS
induces pro-apoptotic autophagy by activating the
AMPK/SIRT]1 signalling pathway. These findings support
the notion that allicin may represent a potential therapeu-
tic candidate for treating HCC. The possibility of employ-
ing allicin as an anti-liver tumour agent in clinical settings
has greatly increased. Moreover, our study may provide
a new strategy for treating liver cancer, using combined
therapy with allicin and autophagy agonists.
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