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Alpinia katsumadai Hayata induces growth inhibition and
autophagy-related apoptosis by regulating the AMPK and
Akt/mTOR/p70S6K signaling pathways in cancer cells
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Abstract. Alpinia katsumadai Hayata (AKH), a widely used
traditional Chinese medicine, exerts various biological func-
tions, including anti-inflammatory, antioxidant, anti-microbial
and anti-asthmatic effects. However, studies on its anticancer
activity and associated mechanisms are limited. The present
study investigated the effects of ethanol extract from AKHonthe
viability of various human cancer and normal liver LX-2 cells
using Cell Counting Kit-8 assay. Apoptosis was detected by
Hoechst 33342/PI staining and Annexin-V-FITC/PI double
staining. Autophagy was examined by Ad-GFP-LC3B trans-
fection. The association between AKH-induced autophagy
and apoptosis was investigated by pre-treatment of the cells
with the autophagy inhibitors, 3-methyladenine (3MA) and
bafilomycin Al (Baf-Al), followed by treatment with AKH.
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The expression levels of cleaved poly(ADP-ribose) polymerase
(PARP), caspase-8, caspase-3, caspase-9, phosphorylated (p-)
AMP-activated protein kinase (AMPK), Akt, mTOR and
p70S6K were examined using western blot analysis. The
in vivo antitumor activity of AKH was investigated in nude
mice bearing A549 lung cancer xenografts. The components
of AKH were detected by liquid chromatography mass
spectrometry-ion trap-time-of-flight mass spectrometry. The
results revealed that AKH significantly inhibited the prolifera-
tion of various cancer cells with the half maximal inhibitory
concentration (ICs,) values of 203-284 ug/ml; however, its
inhibitory effect was much less prominent against normal liver
LX-2 cells with an ICs, value of 395 pg/ml. AKH markedly
induced apoptosis and autophagy, and upregulated the protein
expression of cleaved-caspase-3, caspase-8, caspase-9 and
cleaved PARP in a concentration-dependent manner. Of note,
the autophagy inhibitors (3MA and Baf-Al) significantly
attenuated its pro-apoptotic effects on human pancreatic
cancer Panc-28 and lung cancer A549 cells. Furthermore,
AKH significantly increased the levels of p-AMPK, and
decreased those of p-Akt, p-mTOR and p-p70S6K in Panc-28
and A549 cells. AKH markedly inhibited the growth of
AS549 tumor xenografts in vivo. In addition, a total of nine
compounds were detected from AKH. The present study
demonstrates that AKH markedly inhibits the growth and
induces autophagy-related apoptosis in cancer cells by regu-
lating the AMPK and Akt/mTOR/p70S6K signaling pathways.
AKH and/or its active fractions may thus have potential to be
developed as novel anticancer agents for clinical use.

Introduction

Cancer is one of the major issues affecting public health and is
considered the leading cause of mortality worldwide (1,2). There
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were 1,806,590 new cancer cases and 606,520 cancer-related
deaths in the United States in 2020 (2). The major treatment
strategies for cancer include surgery, radiotherapy, chemo-
therapy, biotherapy and immunotherapy. Moreover, traditional
Chinese medicine (TCM) has gradually become a hot topic
of cancer research and therapy in recent years due to its
therapeutic efficacy (particularly in combination with Western
medicine), mild side-effects, its cost-effectiveness and widely
available sources. However, its scope of clinical application in
cancer therapy is limited by complex components and unclear
therapeutic targets (3,4). Therefore, the use of modern science
and technology to examine the effects of active components
from TCM and the associated molecular mechanisms in
cancer cells and animal models of human cancer is a crucial
and feasible strategy for the discovery and development of
novel anticancer drugs and cancer therapeutics.

Apoptosis is a type of programmed cell death accompa-
nied by cell membrane contraction, nucleus fragmentation,
chromatin condensation and chromosome DNA breakage (5).
The study of apoptosis has been an emerging field in cancer
research for several years (5). Apoptosis can be initiated either
through the extrinsic (death receptor-mediated) or the intrinsic
(mitochondria-mediated) pathway, which activates the initiator
caspases for the further activation of the caspase cascade and
caspase-3 to induce cellular apoptosis (6,7). Autophagy is a
highly self-regulated catabolic process in eukaryotic organ-
isms, and similar to apoptosis, it plays a critical role in the
growth and development of organisms (8,9). Autophagy
can potentially function as the dual nature mechanisms of
pro-survival and pro-death in the initiation and progres-
sion of cancer (10). The pro-survival effects of autophagy
on cancer are mainly due to a mechanism that permits
increased tolerance to stress, obtaining ATP and metabolic
intermediates (11). However, an increase in the autophagic flux
may induce cell death as a tumor-suppressive mechanism (12).
There are two well-known signaling pathways involved in the
autophagy progress, namely the PI3K/Akt/mTOR/p70S6K
and Ras/Raf/MEK1/2/ERK1/2 signaling pathways (13,14). It
has been reported that autophagy can be negatively controlled
by mTOR, while AMP-activated protein kinase (AMPK)
can inhibit mTOR to govern autophagy (15). Furthermore, a
connection between autophagy and apoptosis exists; on the
one hand, autophagy occurs before apoptosis and persistent
autophagy can induce cell death and increase apoptosis; on
the other hand, autophagy serves as a protector to prevent
cells from undergoing apoptosis by inhibiting the release of
apoptotic factors (16,17).

TCM has long been widely used for the prevention and
treatment of various diseases, including cancer in China and
other Asian countries. TCM has attracted increasing attention
and has become an emerging field for anticancer drug discov-
eries and development due to its wide availability in nature
and the fact that it can be easily obtained; moreover, some
active components isolated and extracted from TCM have
exhibited significant antitumor activity with less side-effects
compared to commonly used chemotherapeutic agents in
cancer therapy (3,18,19).

Alpinia katsumadai Hayata (AKH) has long been widely
used as a TCM in China and Korea. AKH was recorded in
Chinese Pharmacopoeia as being pungent in flavor, ‘warm’

in nature, and attributive to the stomach and spleen merid-
ians (20). AKH is believed to promote qi, disperse cold, relieve
pain, dry dampness and stop vomiting (20). AKH is commonly
used to treat internal obstruction, abdominal distension,
belching and retching counterflow, as well as to increase appe-
tite (20). Modern pharmacological studies have demonstrated
that AKH has anti-bacterial, antioxidant, anti-inflammatory
and anti-asthmatic activities (6,21). Previous studies have
also proven that the active components of AKH can induce
the apoptosis and autophagy of cancer cells (22,23). However,
studies on the effects of AKH on the proliferation, apoptosis
and autophagy of cancer cells, as well as on the associated
mechanisms are limited.

The present study investigated the in vitro effects of
an ethanol (EtOH) extract of AKH on cell proliferation
using a Cell Counting Kit-8 (CCK-8) assay, apoptosis using
Hoechst 33342/propidium iodide (PI) staining and
Annexin-V-fluorescein isothiocyanate (FITC)/PI double
staining and autophagy using Ad-GFP-LC3B transfection in
cancer cells, respectively. In addition, the association between
AKH-induced apoptosis and autophagy was examined using
the autophagy inhibitors, 3-methyladenine (3MA, M9281) and
Baflomycin Al (Baf-Al). The expression levels of cleavage
poly(ADP-ribose) polymerase (PARP), caspase-8, caspase-3
and caspase-9 were examined by western blot analysis.
Furthermore, the in vivo antitumor effects of AKH were evalu-
ated in the nude mice with A549 lung tumor xenografts. The
components of AKH were detected by liquid chromatography
mass spectrometry (LCMS)-ion trap (IT)-time-of-flight (TOF)
mass spectrometry.

Materials and methods

Preparation of AKH. The seeds of AKH (cat. no. TO00500063)
were purchased from Sichuan Hongpu Pharmaceutical Co.,
Ltd. A total of 10 kg dehydrated powdered seeds of AKH
were extracted with 95% EtOH (Chengdu Chron Chemicals
Co., Ltd.) for 48 h at room temperature. The EtOH extraction
was concentrated with a rotary evaporator under 50°C under
reduced pressure as previously described (24).

Chemicals and reagents. 3MA was purchased from
MilliporeSigma. RPMI-1640 medium, fetal bovine serum
(FBS) and dimethyl sulfoxide (DMSO) were purchased
from Gibco; Thermo Fisher Scientific, Inc. The Hoechst
33342/PI kit and Baf-Al were purchased from Beijing
Solarbio Science & Technology Co., Ltd. The Cell Counting
Kit (CCK)-8 kit, Ad-GFP-LC3B and actin mouse mono-
clonal antibody (cat. no. AF0003) were purchased from the
Beyotime Institute of Biotechnology. The Annexin V-FITC
apoptosis detection kit was purchased from BD Biosciences.
The pro-caspase-3 (cat. no. ab32150), cleaved caspase-3
(cat. no. ab32042), caspase-8 (cat. no. ab32397), caspase-9
(cat. no. ab32068), PARP (cat. no, ab32138) and cleaved
PARP (cat. no. ab32561) antibodies were purchased from
Abcam. LC3B (cat. no. 2775S), Beclin-1 (cat. no. 3738S),
AMPK (cat. no. 2532S), phosphorylated (p-) AMPK at Ser
485 (cat. no. 41848S), Akt (cat. no. 927285), p-Akt at Serd73
(cat. no. 9271S), mTOR (cat. no. 2972S), p-mTOR at Ser2448
(cat. no. 2971S), p70S6K (cat. no. 9202S) and p-p70S6K at



Thr389 (cat. no. 9205S) antibodies were purchased from Cell
Signaling Technology, Inc.

Cells and cell culture. The human lung cancer A549
(cat. no. CCL-185), breast cancer MDA-MB-468
(cat. no. HTB-132), cervical cancer HeLa (cat. no. CCL-2),
glioblastoma of unknown origin U87 (cat. no. HTB-14) and
colon cancer HCT-116 (cat. no. CCL-247) cell lines were
purchased from the American Type Culture Collection
(ATCC). The human melanoma A875 (cat. no. CL-0255) and
normal hepatic stellate LX-2 (cat. no. CL-0560) cell lines
were purchased from Procell Life Science & Technology. The
human pancreatic cancer Panc-28 cell line was kindly provided
by Dr Joshua Liao (University of Minnesota, Austin, MN,
USA). All cancer cells were cultured in RPMI-1640 medium,
whereas the LX-2 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% FBS and
1% penicillin/streptomycin and maintained in an atmosphere
of 5% carbon dioxide (CO,) at 37°C and renewed with new
medium every 3-5 days. The LX-2 cells were analyzed by
short tandem repeat profiling, cell morphology and karyo-
typing assay. All cell lines were verified on the Cellosaurus
database and it was confirmed that they were not considered
problematic for use.

Cell viability assay. The effect of AKH on the viability of
various cancer cells and normal hepatic stellate LX-2 cells was
evaluated by CCK-8 assay. Briefly, cells (>90% confluency,
5x10° cells/well) were seeded in 96-well culture plates.
Following overnight incubation, the cells were treated with
the solvent solution (vehicle control) or various concentra-
tions of AKH (50, 100, 150, 200, 300 and 400 pg/ml) for 48 h,
respectively. For the study of time-dependent effects of AKH
on cell growth inhibition, the Panc-28 and A549 cells (the two
most sensitive cells to AKH treatment (Table I and Fig. 1A)
were seeded (5x10° cells/well) and treated with the vehicle
control or AKH at 100, 150, 200, 250, 300 and 400 pg/ml
for 24, 48 and 72 h, respectively. Subsequently, 10% CCK-8
solution (10 ul/well) were added to each well and the cells
were incubated for an additional 1 h at 37°C. The products
of CCK-8 formazan were estimated by measuring the optical
density (OD) at a 450 nm absorbance using a microplate
reader (Model 680, Bio-Rad Laboratories, Inc.). Cell viability
was calculated as the OD of the drug-treated sample/OD
of the control sample x100%. The values of half inhibitory
concentration (ICs,) were calculated by regression analysis
using SPSS 20.0 statistical software (IBM Corporation).
All experiments were performed for at least three times in
triplicate.

Hoechst 33342/PI double staining assay. Apoptotic cancer
cells were initially detected using the Hoechst 33342/PI
double stain apoptosis detection kit (Beijing Solarbio Science
& Technology Co., Ltd.) following the manufacturer's instruc-
tions. Briefly, the Panc-28 or A549 cells (>90% confluency)
were seeded in six-well plates at a density of 3x10° cells/well.
The cells were treated with the vehicle control or AKH at 150,
200 and 250 pug/ml for 48 h following 24 h of culture. The
medium was then removed, and the cells were washed with
PBS for three times in 15 min (5 min each). Finally, the cells
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Table I. IC,, values of AKH in various cell lines determined by
CCK-8 assay.

Cell line Cell type ICs, (ng/ml)
Panc-28 Human pancreatic cancer 202.7+6 .4
A549 Human lung cancer 219.0£9.9
MDA-MB-468  Human breast cancer 234.7+8 .4
Hela Human cervical cancer 236.2+8.8
A875 Human melanoma cancer 259.6+11.3
us7 Human glioblastoma of 262.0£159
unknown origin
HCT-116 Human colon cancer 284.0£9.1
LX-2 Human hepatic stellate cell ~ 395.4+2.21
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Figure 1. AKH inhibits the proliferation of various cancer cells, as demon-
strated using CCK-8 assay. (A) Viability of Panc-28, A549, MDA-MB-468,
Hela, A875, U87, HCT-116 and LX-2 cells following treatment with the
vehicle control or various concentrations of AKH (50, 100, 150, 200, 300
and 400 pg/ml) for 48 h. (B) Time-effects of AKH on (a) Panc-28 and
(b) A549 cells. The cells were treated with the vehicle control or AKH at 100,
150,200,250,300 and 400 pg/ml for 24,48, or 72 h, respectively. The data are
representative of three independent experiments (n=3) run in triplicate and
are expressed as the mean + SD. "“P<0.001 vs. LX-2 cells in A and vs. 24 h in
B (determined using one-way ANOVA). AKH, Alpinia katsumadai Hayata.

were stained with Hoechst 33342/PI kit in the dark for 30 min
at room temperature and apoptotic cells were observed under
a Leica DM6 B fluorescence microscope (Leica Microsystems
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GmbH). All experiments were performed for at least three
times in triplicate.

Annexin V/PI staining assay. The detection of the apoptosis
of Panc-28 and A549 cells was also performed using flow
cytometric analysis with the Annexin V-FITC apoptosis
detection kit according to the manufacturer's protocol as
described in a previous study by the authors (25). Briefly,
~5x10° cells (>90% confluency) were seeded in each well of
six-well culture plates and cultured overnight at 37°C in an
incubator. Various concentrations (150, 200 and 250 pg/ml) of
AKH were added to the plates and incubated at 37°C for 48 h.
The cells were harvested by trypsinization, washed with PBS
twice, and resuspended in 1X binding buffer at a concentration
of 1x10° cells. Subsequently, 100 pl (1x10°) cells were mixed
with 5 ul of Annexin V-FITC and 5 ul PI and incubated at room
temperature in the dark for 15 min. The samples (500 pl) were
analyzed for apoptotic cells using a flow cytometer (Becton,
Dickinson and Company). All experiments were performed
for at least three times in triplicate.

Ad-GFP-LC3B transfection. To detect the formation of
autophagosomes, the Panc-28 and A549 cells were transfected
with Ad-GFP-LC3B (Beyotime Institute of Biotechnology)
following the manufacturer's instructions. Briefly, the cells
(>90% confluency) were seeded in a 24-well plate at a density
of 5x10* cells/well and transfected with Ad-GFP-LC3B at
a multiplicity of 40 with 2x10° plaque forming units (pfu)
adenovirus for 24 h at room temperature. The cells were then
treated with medium (control) or AKH (250 pg/ml) for 24 h,
respectively. They were then fixed with 4% polyoxymethylene
and observed under a Leica DM6 B fluorescence microscope
at x40 magnification (Leica Microsystems GmbH). All
experiments were performed for at least three times in
triplicate.

Western blot analysis. The Panc-28 and A549 cells
(>90% confluency) were seeded in six-well plates at a density
of 5x10° cells/well. Following 24 h of incubation, the cells
were treated with the solvent solution or AKH at 150, 200
and 250 pg/ml for 48 h. The cells were then collected by
centrifugation at 1,500 x g at room temperature for 5 min
and lysed in ice-cold RIPA lysate buffer as described in a
previous study by the authors (25). The protein concentrations
were determined using the BCA method. Subsequently, equal
amounts of proteins (30-40 ug) were separated by 10% sodium
dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and transferred onto polyvinylidene fluoride (PVDF)
membranes (EMD Millipore). Non-specific binds were
blocked with 5% non-fat dry milk in 1X TBST buffer (1X TBS
and 0.1% Tween-20) for 1 h at room temperature and subse-
quently incubated with the corresponding primary antibodies
(1:1,000) of caspase-8, caspase-3, caspase-9, PARP, LC3B,
Beclin-1, Akt, p-Akt, mTOR, p-mTOR, AMPK, p-AMPK,
p70S6K, p-p70S6K or actin overnight at 4°C. The membranes
were washed four times (10 min each) with 1X TBST buffer
and incubated with horseradish peroxidase (HRP)-conjugated
goat anti-mouse (cat. no. A0216) or anti-rabbit secondary anti-
bodies (cat. no. A0208, Beyotime Institute of Biotechnology)
at 1:1,000 for 1 h at room temperature on a shaker and washed

four times with 1X TBST buffer for 40 min. Actin was used
as a loading control. Finally, the membranes were developed
and visualized using the ECL Western Blotting detection kit
(cat. no. 32109, Thermo Fisher Scientific Inc.) after washing
with 1X TBST four times. The OD values of the blots were
measured using ImageJ software version 1.52a (National
Institutes of Health). All samples were performed for three
times in triplicate.

Antitumor activity of AKH against A549 tumor xenografts
in nude mice in vivo. Female athymic Balb/C nude mice
(6-8 weeks old; body weight, 18-20 g) were purchased from
Chengdu Dasuo Laboratory animal Co., Ltd. and housed in a
specific pathogen-free (SPF) facility with a constant labora-
tory condition of a 12-h light/dark cycle and provided with
food and water ad libitum. A549 tumor xenografts were
initially established in nude mice by a subcutaneous (s.c.)
injection of cultured A549 cells (1x107 cells/ml in the loga-
rithmical stage with >90% confluency) in 150 ul of serum-free
RPMI-1640 medium into the right flanks of the mice. The
tumor xenografts were subsequently passed several genera-
tions by transplantation of ~50 mg non-necrotic tumor tissues
into the right flanks of mice with the help of a trocar prior to
treatment, which was initiated 2 weeks later when the tumors
reached ~100 mm? (mg) as previously described (26,27). The
mice were randomly divided into four groups with 5 mice in
each group and treated as follows: i) Normal saline (negative
vehicle control); ii) cisplatin (Jiangsu Hansoh Pharmaceutical
Co., Ltd.) 5 mg/kg (positive control); iii) AKH at 100 mg/kg;
and iv) AKH at 400 mg/kg. The powder of AKH EtOH
extract was first dissolved in normal saline and the solution
was administered to the mice so there was no converted into
an EtOH extract in the body. AKH and normal saline were
orally administered by gavage once a day for 12 consecutive
days and cisplatin by intraperitoneal (i.p.) injection every
3 days (on days 0, 3, 6, 9 and 12, for a total of five doses)
with an ~0.2 ml volume per 20 g mouse weight (28). The
body weights of the mice and tumor volumes were monitored
every 3 days during treatment. The tumors were measured
by the longest axis (L) and shortest axis (W) with the help
of a Vernier caliper and the tumor volume (mm?®) or weight
(mg) was calculated using the following formula: 1/2 (L x
W?) (mm?®) (26,28). At the end of the experiment (24 h after
the final treatment) for a duration of 4 weeks, all mice were
euthanized by rapid cervical dislocation, and the tumors were
removed and weighed to obtain images and calculate the rate
of tumor inhibition. The specific criteria used to determine
euthanasia timepoints for the mice was when the tumor
reached ~2,000 mg (mm?®) or 20% of body weight loss. Death
was verified by monitoring breathing, heartbeat, flexor reflex
and corneal contact response. The tumor growth inhibition
(TGI) was calculated by the mean tumor volume (weight)
of the treatment group (TG)/relative to the control group
(CG) using the following formula: (MTWTG-MTWCG) +
MTWCG x100% (26,27).

All animal experiments were approved
(permit no. 201802-112) by the Institutional Animal Care
and Use Committee of Southwest Medical University
(Luzhou, China) and strictly followed the guidelines
for the investigation of experimental pain in conscious
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animals for improving animal welfare to minimize animal
suffering (29).

Analysis of the composition of AKH by LCMS-IT-TOF
assay. LC-MS analysis of the composition of AKH was
performed using a Shimadzu LCMS-IT-TOF mass spec-
trometer (Shimadzu Corp.). The samples of AKH were
separated on an Agilent Eclipse plus C18 column (100x2.1
mm i.d. 1.8 uM particle size; Agilent Technologies, Inc.).
The separation process was followed the gradient elution
procedure. Chromatographic analysis was used the mobile
phase A, which was composed of acetonitrile modified with
0.5% formic acid, while the mobile phase B was composed of
water modified with 0.5% formic acid. The linear gradient was
as A:B=40-90% for 24 min. The flow rate was 0.2 ml/min and
the column temperature was 30°C. The injection volume was
5 ul. For mass detection, the following parameters were used
for analytical MS: Nozzle voltage, 4.5 KV (+)/-3.5 KV (-) in
the detection modes of positive ion and negative ion; electro-
spray ionization (ESI) voltage, 1.65 KV; nebulizing gas (N2)
flow rate, 1.5 I/min; and drying gas flow rate, 10.0 1/min. The
desolation line was heated to 250°C and the heat block was
heated to 450°C. Collision-induced dissociation gas pressure
was set to 230 kPa. The MS data were acquired from m/z 100
to 2,000. The data were analyzed using Lab Solutions software
(version 5.75, Shimadzu Corp.).

Statistical analysis. Data were analyzed using SPSS 20.0
statistical software (IBM Corporation) and presented as
the mean + standard deviation (SD). One-way analysis of
variance (ANOVA) and the univariate analysis of general
linear model were used to determine statistical significance.
Tukey's test was applied as the post hoc test. The data of
western blot analysis were quantified using Image J soft-
ware version 1.52a (National Institute of Health). A value of
P<0.05 was considered to indicate a statistically significant
difference.

Results

AKH inhibits the proliferation of various cancer cells.
The present study first investigated the inhibitory effects
of AKH at multiple concentrations (0, 50, 100, 150, 200,
300 and 400 pg/ml) on the proliferation of various cancer
cells and compared to normal hepatic stellate LX-2 cells by
CCK-8 assay. The results revealed that AKH significantly
(P<0.001) inhibited the growth of various cancer cells in a
concentration-dependent manner; however, it exerted a weak
inhibitory effect on the LX-2 cells (Fig. 1A). The ICs, values
of AKH were 202.7+6.4, 219.7+£9.9, 234.7+8.4, 236.2+8.8,
259.6+11.3, 262.0+15.9, 284.0+9.1 and 395.4+2, 21 ug/ml
for the Panc-28, A549, MDA-MB-468, HelLLa, A875, U87,
HCT-116 and LX-2 cells, respectively (Table I). These results
indicated that AKH exerted the most potent cytotoxic effect on
the Panc-28 and A549cells. Subsequently, the time-dependent
effects of AKH on the growth inhibition in Panc-28 and
AS549 cells were examined by treating the cells with AKH
at 0 (control), 100, 150, 200, 250, 300 and 400 ug/ml for
24,48 and 72 h, respectively. The results revealed that the
inhibitory effects of AKH on the Panc-28 and A549 cells
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were time-dependent; AKH was more effective at 48 and 72 h
than at 24 h (P<0.001); no statistically significant difference
was observed between the 48 and 72 h time points (P>0.05),
although the inhibitory effect of AKH was the most prominent
at 72 h (Fig. 1Ba and Bb).

AKH induces the apoptosis of Panc-28 and A549 cells.
Apoptosis is closely related to the fate of cancer and is
one of the key targets for novel anticancer drug discovery
and development (19). Therefore, the present study exam-
ined the effects of AKH on the apoptosis of Panc-28 and
A549 cells using Hoechst 33342/PI staining assay. The results
demonstrated that treatment with AKH at 150, 200 and
250 pug/ml for 48 h significantly induced cellular apoptosis
in a concentration-dependent manner; the cells displayed
typical morphological features of apoptosis, including chro-
matin condensation, nuclear shrinkage, and the formation of
apoptotic bodies (Fig. 2A and B).

For the quantitative analysis of the effects of AKH on
apoptosis induction, flow cytometric analysis was then
performed using Annexin-V-FITC/PI double staining assay
in the Panc-28 and A549 cells. The data demonstrated that
treatment with AKH for 48 h markedly induced apoptosis in
a concentration-dependent manner; the apoptotic rates were
7.23+0.45 and 7.58+0.93%, 9.68+0.73 and 12.68+0.53%,
16.89+1.22 and 16.23+0.52%, and 36.45+1.65 and 32.35+.26%
for the Panc-28 and A549 cells treated with the vehicle
(control), or 150, 200 and 250 pg/ml of AKH, respectively
(Fig. 2C-F).

To further investigate the underlying mechanisms of the
AKH-induced apoptosis of the cancer cells, the expression
of cleaved PARP, caspase-8, caspase-3 and caspase-9 was
examined using western blot analysis of the Panc-28 and
A549 cells. The results revealed that the relative expression
levels of the apoptotic proteins, cleaved PARP, caspase-8,
cleaved caspase-3 and caspase-9, were significantly increased
in a concentration-dependent manner following treatment
with AKH (Fig. 2G and H). These data indicate that AKH
markedly induced apoptosis and that apoptosis plays a crucial
role in the inhibitory effects of AKH on the proliferation of
cancer cells.

AKH induces autophagy and autophagy plays a role in
the regulation of the apoptosis of Panc-28 and A549 cells.
Autophagy plays a dual role in cancer initiation and progres-
sion, autophagy and apoptosis are highly interconnected in
determining the fate of cancer cells (30,31). Therefore, the
present study evaluated the effects of AKH on autophagy
induction and the role of AKH-induced autophagy in the
regulation of apoptosis. To examine the effects of AKH on
autophagy, Panc-28 and A549 cells were transfected with
Ad-GFP-LC3B and treated with the vehicle solution (control)
and AKH (250 ug/ml) for 24 h. The results revealed that there
were diffuse green spots in the control cells and evident green
autophagy spots in the AKH-treated cells (Fig. 3A), indicating
that AKH induced autophagy. The present study then further
detected LC3-II formation after the transfected cells were
treated with various concentrations of AKH (150, 200 and
250 pug/ml) for 48 h. The results revealed that the conversion
of LC3-II and the expression of Beclin-1 were markedly
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Figure 2. Effects of AKH on apoptosis and the expression of apoptosis-related proteins in Panc-28 and A549 cells. (A) The morphological features of apoptosis
induced by AKH in Panc-28 by Hoechst 33342/PI staining assay. (B) The morphological features of apoptosis induced by AKH in A549 cells by Hoechst
33342/PI staining assay. (C) Analysis of apoptosis of Panc-28 cells examined by flow cytometry with Annexin-V-FITC/PI double staining assay. (D) Analysis
of apoptosis of A549 cells by flow cytometry with Annexin-V-FITC/PI double staining assay. (E) Percentage of apoptotic Panc-28 cells. (F) Percentage of
apoptotic A549 cells. (G) The expression of apoptosis-related proteins PARP, cleaved-PARP, caspase-8, pro-caspase-3, cleaved-caspase-3 and caspase-9 in
Panc-28 cells by western blot analysis. (H) The expression of apoptosis-related proteins PARP, cleaved-PARP, caspase-8, pro-caspase-3, cleaved-caspase-3
and caspase-9 in A549 cells by western blot analysis. (I) The protein expression of cleaved-PARP/PARP, caspase-8, cleaved-caspase-3/pro-caspase 3 and
caspase-9 in Panc-28 cells. (J) The protein expression of cleaved-PARP/PARP, caspase-8, cleaved-caspase-3/pro-caspase-3 and caspase-9 in A549 cells. Actin
was used as a loading control. The cells were treated with the vehicle control or AKH at 150, 200 and 250 pg/ml for 48 h. The data are representative of three

independent experiments (n=3) run in triplicate and are expressed as the mean = SD. "P<0.05, “P<0.01 and

P<0.001 vs. vehicle control (determined using

one-way ANOVA). AKH, Alpinia katsumadai Hayata; PARP, poly(ADP-ribose)polymerase.

enhanced in a concentration-dependent manner in the Panc-28
and A549 cells (Fig. 3B-E).

To further investigate the association between
AKH-induced autophagy and apoptosis, the Panc-28 and
A549 cells were pre-treated with the autophagy inhibitors,
3MA (5 mM) or Baf-Al (10 nM), for 24 h followed by treat-
ment with AKH (250 pg/ml) for 48 h. The cells were then
examined by flow cytometry and western blot analysis. The
results of CCK-8 assay revealed that both the autophagy inhib-
itors, 3MA and Baf-Al, significantly decreased the inhibitory
effects of AKH on the viability of the Panc-28 (P<0.001;
Fig. 4A) and A549 (P<0.05 or P<0.01; Fig. 4B) cells. The flow
cytometry data revealed that both 3MA and Baf-Al signifi-
cantly inhibited the apoptosis induced by AKH in the Panc-28
(P<0.01 or P<0.001; Fig. 4C) and A549 (P<0.05; Fig. 4D) cells.
Moreover, the data of western blot analysis also demonstrated
that 3MA and Baf-Al markedly reduced the expression level
of apoptosis- and autophagy-related proteins, such as cleaved
PARP, pro- and cleaved caspase-3 and Beclin-1 in the Panc-28
and A549 cells (Fig. 4E and F). However, 3MA decreased the
expression of LC3 due to inhibiting autophagosome forma-
tion; however, Baf-Al increased the expression of LC3 by
preventing lysosome degradation (Fig. 4E and F).

Effects of AKH on AMPK and Akt/mTOR/p70S6K in Panc-28
and A549 cells. AMPK and Akt/mTOR/p70S6K play a
critical role in regulating both the apoptosis and autophagy of
cancer cells (31-34). Therefore, the present study investigated
the effects of AKH on the expression of proteins related to
the AMPK and Akt/mTOR/p70S6K signaling pathways in
Panc-28 and A549 cells by western blot analysis. The data
demonstrated that AKH significantly increased the levels of
p-AMPK and decreased those of p-Akt (P<0.01 or P<0.001)
and subsequently decreased the levels of downstream target
proteins of Akt, such as p-mTOR and p-70S6K (P<0.01 or
P<0.001) in a concentration-dependent manner in both the
Panc-28 and A549 cells (Fig. 5).

These data indicated that AKH significantly increased
the levels of p-AMPK and decreased those of p-Akt, and its
downstream target proteins, such as p-mTOR and p-70S6K in
the Panc-28 and A549 cells.

AKH inhibits the growth of A549 tumor xenografts in nude
mice in vivo. After completing the experiments to determine
the effects of AKH on the growth inhibition and apop-
tosis/autophagy induction of the Panc-28 and A549 cells
in vitro, the present study further evaluated the in vivo
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Figure 3. Alpinia katsumadai Hayata (AKH) induces autophagy in Panc-28 and A549 cells. (A) The formation of GFP-LC3 puncta in Panc-28 and A549
was examined under a fluorescence microscope (magnification, x200; white arrows indicate autophagic cells). The cells were treated with the vehicle control
or AKH (250 ug/ml) for 48 h. (B) The bands of LC3, Beclin-1 and actin in Panc-28 cells were examined using western blot analysis. (C) The bands of LC3,
Beclin-1 and actin in A549 cells by western blot analysis. Actin was used as a loading control. (D) Relative protein expression of LC-3 and Beclin-1 in
Panc-28 cells. (E) Relative protein expression of LC-3 and Beclin-1 in A549 cells. (B-E) The cells were treated with the vehicle control or AKH at 150, 200 and
250 pg/ml for 48 h. Results are representative of three independent experiments (n=3) run in triplicate and are expressed as the mean + SD. "P<0.05, “P<0.01
and “"P<0.001 vs. vehicle control (determined using one-way ANOVA).

antitumor activity of AKH (100 and 400 mg/kg) compared to  xenografts; the results are illustrated in Fig. 6. The data
that of normal saline (negative vehicle control) and cisplatin  indicated the kinetics of tumor growth (Fig. 6A) and the
(5 mg/kg, positive control) in nude mice bearing A549 tumor images of tumors (Fig. 6B) at the end of experiment following
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Figure 4. Effects of the autophagy inhibitors, 3MA and Baf-A1l, on AKH-induced cell growth inhibition, apoptosis, and the expression of apoptosis- and
autophagy-related proteins in Panc-28 and A549 cells. (A) The viability of the Panc-28 cells by CCK-8 assay. (B) The viability of the A549 cells by CCK-8 assay.
(C) Flow cytometric analysis of Panc-28 cells. (D) Flow cytometric analysis of A549 cells. (E) The bands of apoptosis-related proteins PARP, cleaved-PARP,
pro-caspase-3 and cleaved-caspase-3; autophagy-related proteins LC3, Beclin-1 and actin following treatment of 3MA and AKH alone or in combination in
Panc-28 and A549 cells by western blot analysis. (F) The bands of apoptosis-related proteins PARP, cleaved-PARP, pro-caspase-3 and cleaved-caspase-3,
autophagy-related proteins LC3, Beclin-1 and actin following treatment of Baf-A1 and AKH alone or in combination in Panc-28 and A549 cells by western blot
analysis. Actin was used as a loading control. The cells were pre-treated with the vehicle control, 3MA (5 mM) or Baf-A1 (10 nM) for 24 h followed by the vehicle
control or AKH (250 pg/ml) for 48 h. The data are representative of three independent experiments (n=3) run in triplicate and are expressed as the mean + SD.
“P<0.05, “P<0.01 and ““P<0.001 vs. vehicle control (determined using one-way ANOVA). AKH, Alpinia katsumadai Hayata; PARP, poly(ADP-ribose)poly-
merase; 3MA, 3-methyladenine; Baf-A1l, baflomycin Al.
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ok

of three independent experiments (n=3) run in triplicate and are expressed as the mean = SD. “P<0.01 and “"P<0.001 vs. vehicle control (determined using
one-way ANOVA). AKH, Alpinia katsumadai Hayata; AMPK, AMP-activated protein kinase.

the completion of treatment with normal saline, cisplatin
or AKH in nude mice bearing A549 tumor xenografts. The
results indicated that while normal saline had no significant
antitumor effect, cisplatin and AKH significantly inhibited the
growth of A549 tumor xenografts (P<0.01 or P<0.001). The
mean tumor inhibitory rates were 50.40+8.23, 42.40+9.87 and
72.72+4.96% for cisplatin, 100 mg/kg AKH and 400 mg/kg
AKH, respectively. Of note, the antitumor effects of AKH
occurred in a dose-dependent manner and the antitumor effi-
cacy of high-dose AKH (400 mg/kg) was significantly more
prominent than that of cisplatin (P<0.01). Furthermore, no
treatment-related death occurred, and the body weight loss of

the mice was much less with AKH treatment (<10%) compared
to that of cisplatin treatment (>15%; data not shown). These
data indicated that AKH was effective against A549 tumor
xenografts and safe to the hosts with better antitumor activity
and less toxicity compared to that of cisplatin in vivo.

Analysis of the compositions of AKH by LCMS-IT-TOF.
Finally, the present study determined the compositions of AKH
using LCMS-IT-TOF assay with 0.5% formic acid in water
and acetonitrile for separation. A total of nine components
were detected from AKH using this assay (Fig. 7A). The nine
compounds on their UV spectra were identified as pinocembrin,
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Figure 6. AKH inhibits the tumor growth of A549 xenografts in nude mice
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of experiment. The mice were administered normal saline (vehicle control),
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AKH, Alpinia katsumadai Hayata.

trans,trans-1,7-diphenyl-1,3-heptadien-5-ol,cardamomin,
(-)-2-(1,2,3,4,4a,7-hexahydro-4a,8-di-
methyl-1,7-dioxo-2-naphthyl)- propionic acid,
(1E 4Z)-5-hydroxy-1-phenylhexa-1,4-dien-3-one, trans trans-1,
7-diphenyl-5-hydroxy-4,6-hepten-3-one, 1,7-diphenyl-4,
6-heptadien-3-one, katsumadain B and (4E,6E)-5-hydroxy-1,
7-diphenylhepta-4,6-dien-3-one, respectively. The chemical
structures and characteristics of compounds identified from
AKH are summarized in (Fig. 7B and Table II).

Discussion

Cancer is one of the most critical public health concerns and
a leading cause of morbidity and mortality worldwide (2). It
caused almost 10 million deaths worldwide in 2020 (35). Lung
cancer is the second most diagnosed cancer with an estimated
2.2 million new cases and the leading cause of cancer death
(1.8 million) globally in 2020 (35). Pancreatic cancer has a
poor prognosis and a low survival rate, with 466,000 deaths
reported 2020 worldwide (35). It has been indicated that only
~15% of patients with pancreatic cancer are diagnosed at the
early stages upon disease progression (36). Therefore, the
present study focused on the anticancer effects of AKH and
associated molecular mechanisms in A549 lung cancer and
Panc-28 pancreatic cancer cells.

Firstly, the present study investigated the anticancer
effects of AKH in seven cancer cell lines, including Panc-28,
A549, MDA-MB-468, Hela, A875, U87 and HCT-116, and
compared these to those in normal human hepatic stellate
LX-2 cells using CCK-8 assay. The results revealed that AKH
displayed potent cytotoxicity against the tested cancer cells
with ICs, values of 203-284 ug/ml; the Panc-28 and A549 cells
were the most sensitive cells as regards the response to AHK
treatment (Fig. 1A and Table I). Notably, AHK was much less
cytotoxic against normal liver LX-2 cells with an ICs, of value
of 395 ug/ml (Fig. 1A and Table I). These results indicated
that AKH could selectively inhibit cancer cells. Subsequently,
the time-dependent effects of AKH on the growth inhibition
in Panc-28 and A549 cells were examined following treatment
with AKH at 0 (control), 100, 150,200,250, 300 and 400 zg/ml
for 24, 48 and 72 h, respectively. The results revealed that the
inhibitory effects of AKH occurred in a concentration- and
time-dependent manner; AKH was more effective at 48 and
72 h than at 24 h (P<0.001) in the Panc-28 and A549 cells
(Fig. 1Ba and Bb).

Apoptosis and autophagy play a critical role in the fate
of cancer and cancer therapy (19,31,37). Previous studies
have demonstrated that apoptosis and autophagy are highly
connected, and their association is very complex (28,35).
Some active components from TCM have been proven to
be effective against various types of cancer by inducing
apoptosis and autophagy-related apoptosis (19,31,38-41). The
present study found that AKH induced typical morphological
features of apoptosis, such as chromatin condensation,
nuclear shrinkage and apoptotic body formation in the
Panc-28 and A549 cells by Hoechst 33342/PI staining assay
(Fig. 2A and B). AKH also significantly increased the apop-
totic rate in a concentration-dependent manner in the Panc-28
and A549 cells by quantitative analysis of flow cytometry
with Annexin V-FITC/PI double staining assay (Fig. 2C-F).
Furthermore, AKH significantly increased the expression of
apoptosis-related proteins, such as cleaved PARP, caspase-8,
cleaved caspase-3 and caspase-9 in a concentration-dependent
manner in the Panc-28 and A549 cells, as demonstrated by
western blot analysis (Fig. 2G and H). Moreover, treatment
with AKH (150-250 pg/ml) for 48 h significantly induced
autophagy, as evidenced by increased diffuse green spots,
the formation and conversion of LC3-II and the increased
expression of Beclin-1 in a concentration-dependent manner
(Fig. 3).

It has been demonstrated that oridonin-induced apoptosis is
attenuated by 3MA (an autophagy specific inhibitor) in human
breast cancer cells, indicating that oridonin-induced autophagy
participated in the upregulation of apoptosis (38). Another study
also demonstrated that treatment with 3MA and Baf-A1 (another
autophagy specific inhibitor) enhanced the salidroside-induced
apoptosis of HT-29 colon cancer cells, indicating that salidro-
side-mediated autophagy may negatively regulate apoptosis
to protect cancer cells from programmed cell death (40). In
the present study, it was demonstrated that 3MA and Baf-Al
significantly decreased the effects of AKH on cell growth inhi-
bition, apoptosis and autophagy induction, and the expression
of apoptosis- and autophagy-related proteins, including cleaved
PARP, pro- and cleaved caspase-3 and Beclin-1 in the Panc-28
and A549 cells (Fig. 4). Therefore, these results confirmed that
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Figure 7. Analysis of the composition from AKH by LCMS-IT-TOF. (A) The BPC spectrum of AKH. (B) Chemical structures of AKH compounds detected
by LCMS-IT-TOF. The nine compounds (1-9) are indicated in the figure and also listed in Table II. AKH, Alpinia katsumadai Hayata; LCMS-IT-TOF, liquid

chromatography mass spectrometry-ion trap-time-of-flight mass spectrometry.

AKH induced autophagy-related apoptosis and the data are
consistent with those of previous studies (38,40).
Akt/mTOR/p70S6K is one of the major pathways of
autophagy and the activation of Akt/mTOR/p70S6K can
inhibit autophagy (41). mTOR plays a central role by nega-
tively controlling autophagy and phosphorylation of AMPK
inhibits the mTOR signaling pathway, thereby activating
autophagy (15,42). AMPK can also regulate apoptosis and
autophagy by affecting the activation of p53, Bax, Bak and
the caspase cascade (37). The present study found that AKH
significantly increased the levels of p-AMPK and decreased
those of p-Akt and its downstream target proteins, p-mTOR
and p-70S6K in the Panc-28 and A549 cells (Fig. 5). Therefore,
the AMPK and Akt/mTOR/p70S6K signaling pathways
play key roles in the AKH-induced growth inhibition and
apoptosis/autophagy induction in cancer cells.

To successfully develop an effective novel anticancer drug
clinically, it must be validated using in vivo animal studies
and clinical trials in order to confirm whether it is highly
active against tumors with tolerated toxicity to the host. The
establishment of transplanted human tumors in nude mice is
an ideal approach to carry out studies on antitumor activity
and subsequently, pharmacology in vivo (43). Therefore,
the present study established the A549 xenograft model to
investigate the antitumor effects of AKH in vivo. The result
revealed that AKH was active against A549 human lung
cancer tumor xenografts with tolerated toxicity to the host
(Fig. 6). AKH displayed significant in vivo antitumor activity
in a dose-dependent manner and high-dose AKH (400 mg/kg)
exerted more prominent antitumor effects and less toxicity
compared with cisplatin, with the tumor inhibition rates of
72.72% for AKH and 50.40% for cisplatin. According to the
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formula of human equivalent dose (HED) calculation as HED
(mg/kg)=Animal does (mg/kg) x (animal Km/human Km)
Eq, 400 mg/kg of AKH in mice is equal to 1,626 mg in an
individual of 50 kg (44). AKH is a preparation of TCM and
the used dosage of the ingredients of TCM is relatively high
for the treatment of various diseases clinically. For example,
the daily dose of Jinlida granule is ~27 g for diabetes mellitus
treatment (45). Hua Shi Bai Du granule is used at a daily dose
of 20 g in the treatment of coronavirus disease (46). Therefore,
the preparations of TCM, including AKH can be applied to a
dose of 20 g clinically. However, the clinical doses of AKH
and/or its active components should be based on the results
of preclinical pharmacodynamics, pharmacokinetics, efficacy
and toxicology, as well as phase I clinical trials. Therefore,
AKH has the potential to be further developed for the treat-
ment of patients with lung cancer clinically. However, further
studies on AKH and/or its active fractions for the antitumor
efficacy and toxicity are warranted, with various animal
models of human tumor xenografts in vivo and validation
by clinical trials. In the in vivo experiments from the present
study, AKH only significantly suppressed the growth of A549
lung cancer xenografts but did not shrink the original size
of the tumors. In general, the combination of an anticancer
agent extracted from TCM and a chemotherapeutic drug could
enhance the antitumor efficacy and reduce the side-effects of
chemotherapy. Therefore, the clinical application of AKH in
cancer therapy is expected to be combined with chemothera-
peutic, targeted therapeutic and/or immunotherapeutic agents.

Furthermore, the compositions of AKH were determined
by LCMS-IT-TOF analysis and nine compounds were
detected from AKH namely pinocembrin, trans,trans-1,
7-diphenyl-1,3-heptadien-5-ol, cardamomin, (-)-2-(1,2,3,4,4a,
7-haxahydro-4a,8-dimethyl-1,7-dioxo-2-naphthyl)-propionic
acid, (1E,4Z)-5-hydroxy-1-phenylhexa-1,4-dien-3-one,
trans,trans-1,7-diphenyl-5-hydroxy-4,6-hepten-3-one, 1,
7-diphenyl-4,6-heptadien-3-one, katsumadain B and (4E,6E)-
5-hydroxy-1,7-diphenylhepta-4,6-dien-3-on-e, respectively
(Fig. 7 and Table II). These findings indicated that AKH
mainly contains chalcones and diarylheptanoids. Pinocembrin
exerts anti-inflammatory, anti-bacterial and anticancer
effects (47,48). Studies have shown that pinocembrin inhibits
the proliferation, migration and invasion of breast cancer
cells at non-cytotoxic concentrations by inhibiting the STAT3
signaling pathway (48). Cardamonin is the main flavonoid
derived from AKH and exerts anti-proliferative effects against
various cancer cells (49). Another study demonstrated that
the anticancer effects of cardamonin were associated with
autophagy in HCT-116 cells (23). In a previous study by the
authors, it was also shown that cardamonin induced the apop-
tosis of glioblastoma stem cells by suppressing the STAT3
signaling pathway (30). However, the study of katsumadain B
is only limited to its anti-emetic effect (50). Therefore, pino-
cembrin and cardamonin may play key roles in the anticancer
activity of AKH. IT has been indicated that alpinetin is one
of the main constituents of AKH and that it is involved in its
antitumor effect (51,52). However, the present study could not
detect alpinetin using LCMS-IT-TOF, which is inconsistent
with the aforementioned studies.

Finally, the model of the possible underlying molecular
mechanisms associated with the effects of AKH on the
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Figure 8. A proposed schematic model of the underlying molecular mecha-
nism associated with the effects of AKH on apoptosis and autophagy in human
cancer cells. The black lines indicate activation and the green lines indicate
inhibition. AKH, Alpinia katsumadai Hayata; AMPK, AMP-activated
protein kinase; PARP, poly(ADP-ribose)polymerase; 3MA, 3-methylad-
enine; Baf-Al, baflomycin Al; Casp, caspase.

apoptosis and autophagy in human cancer cells was proposed
in (Fig. 8). AKH induces caspase-mediated apoptosis by
increasing the expression of caspase-8, caspase-9, cleaved
caspase-3 and cleaved PARP. Moreover, AKH not only
promotes apoptosis, but also activates autophagy. AKH
inhibits the activation of the Akt/mTOR/p70S6K signaling
pathway by increasing the levels of p-AMPK, and decreasing
those of p-Akt, p-mTOR and p-70S6K, thereby activating
autophagy.

In conclusion, the present study demonstrated that
AKH selectively inhibited the proliferation of various
cancer cells, whereas it exerted much less potent inhibitory
effects on normal liver cells. AKH significantly induced
cellular apoptosis and autophagy by regulating the AMPK
and Akt/mTOR/p70S6K signaling pathways in Panc-28
pancreatic cancer and A549 lung cancer cells in vitro.
Furthermore, AKH significantly inhibited tumor growth
with better antitumor efficacy and less toxicity compared
to that of cisplatin (a commonly used anticancer drug in
clinic) in nude mice bearing A549 tumor xenografts in vivo.
In addition, nine components were identified from AKH
by LCMS-IT-TOF assay. Therefore, the findings presented
herein may provide the scientific rationale for the under-
standing of the anticancer effects of AKH and associated
mechanisms of action. AKH and its active fractions may
have the potential to be developed as novel anticancer
agents clinically.
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