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Chinese agarwood petroleum ether extract suppressed gastric cancer = g
progression via up-regulation of DNA damage-induced G,/G; phase ar- g
rest and HO-1-mediated ferroptosis
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ARTICLE INFO ABSTRACT

Gastric cancer (GC) is characterized by high morbidity and mortality rates. Chinese agarwood
comprises the resin-containing wood of Aquilaria sinensis (Lour.) Gilg., traditionally utilized
for treating asthma, cardiac ischemia, and tumors. However, comprehensive research regard-
ing its anti-GC effects and underlying mechanisms remains limited. In this study, Chinese
agarwood petroleum ether extract (CAPEE) demonstrated potent cytotoxicity against human
GC cells, with half maximal inhibitory concentration (ICso) values for AGS, HGC27, and
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Keywords: _
Chinese agarwood petroleum ether extract MGC803 cells of 2.89, 2.46, and 2.37 pug-mL", respectively, at 48 h. CAPEE significantly in-
(CAPEE) duced apoptosis in these GC cells, with B-cell lymphoma-2 (BCL-2) associated X protein

(BAX)/BCL-2 antagonist killer 1 (BAK) likely mediating CAPEE-induced apoptosis. Further-
more, CAPEE induced G,/G; phase cell cycle arrest in human GC cells via activation of the
deoxyribonucleic acid (DNA) damage-p21-cyclin D1/cyclin-dependent kinase 4 (CDK4) sig-
naling axis, and increased Fe®", lipid peroxides and reactive oxygen species (ROS) levels,
thereby inducing ferroptosis. Ribonucleic acid (RNA) sequencing, real-time quantitative poly-
merase chain reaction (RT-qPCR), and Western blotting analyses revealed CAPEE-mediated
upregulation of heme oxygenase-1 (HO-1) in human GC cells. RNA interference studies
demonstrated that HO-1 knockdown reduced CAPEE sensitivity and inhibited CAPEE-induced
ferroptosis in human GC cells. Additionally, CAPEE administration exhibited robust in vivo
anti-GC activity without significant toxicity in nude mice while inhibiting tumor cell growth
and promoting apoptosis in tumor tissues. These findings indicate that CAPEE suppresses hu-
man GC cell growth through upregulation of the DNA damage-p21-cyclin D1/CDK4 signaling
axis and HO-1-mediated ferroptosis, suggesting its potential as a candidate drug for GC treat-
ment.

Gastric cancer

Go/Gy phase arrest

Ferroptosis

DNA damage-p21-Cyclin D1/CDK4 signaling axis
HO-1

1. Introduction Traditional Chinese medicine recognizes its effectiveness in pro-

moting qi circulation, alleviating pain, warming the body, and re-

Gastric cancer (GC) represents the fifth most prevalent can-
cer in terms of morbidity and mortality in China. Globally, it ranks
second only to lung cancer in mortality rates, presenting a signi-
ficant threat to public health '. Current GC treatment modalities
include conventional surgery, chemotherapy, targeted drug ther-
apy, radiotherapy, and immunotherapy . However, due to lim-
itations in these treatment approaches, the therapeutic outcomes
for GC remain suboptimal. Consequently, there is a critical need
to investigate and develop novel anti-GC therapeutic agents. Re-
search indicates that exploring traditional Chinese medicine for
anti-GC compounds represents a promising strategy.

Chinese agarwood, derived from the resinous wood of
Aquilaria sinensis (Lour.) Gilg., belongs to the Rafflesiaceae family.

* Corresponding author.
E-mail address: zdhu@bucm.edu.cn
® These authors contributed equally to this work.
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ducing vomiting. Contemporary pharmacological research has es-
tablished multiple therapeutic properties of Chinese agarwood,
including anti-inflammatory, antioxidant, and anti-tumor effe-
cts **. Given that oxidative stress and inflammation are estab-
lished mechanisms in cancer development °, the anti-GC proper-
ties of Chinese agarwood align with both traditional medicine
principles and modern research findings. Studies have identified
sesquiterpenes and chromones as primary constituents of
Chinese agarwood °. Moreover, methanol and ethanol extracts of
Chinese agarwood have demonstrated significant cytotoxicity
against various cancer cell lines, including colorectal, pancreatic,
prostate, and breast cancers ° Research has shown that Chinese
agarwood essential oil effectively inhibits the proliferation of
breast cancer * and colorectal cancer cells °. Based on these find-
ings, this study investigates the anti-GC effects of Chinese agar-
wood and its underlying mechanisms, aiming to identify poten-
tial therapeutic candidates and provide scientific evidence for im-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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proving current diagnostic and therapeutic approaches for GC
treatment.

Our findings demonstrate that Chinese agarwood petroleum
ether extract (CAPEE) inhibited human GC cell growth, enhanced
their apoptosis, arrested the cell cycle in the Gy/G; phase, and in-
duced ferroptosis. The deoxyribonucleic acid (DNA) damage-p21-
cyclin D1/cyclin-dependent kinase 4 (CDK4) pathway likely me-
diated CAPEE-induced cell cycle arrest in human GC cells. Iron ac-
cumulation resulting from heme oxygenase-1 (HO-1) activation
potentially regulated CAPEE-induced ferroptosis in human GC
cells. Furthermore, CAPEE demonstrated substantial anti-GC ef-
ficacy in vivo. These findings suggest CAPEE as a potential thera-
peutic agent for GC treatment.

2. Materials and methods

2.1. Reagents, antibodies, and drugs

Dulbecco’s modified Eagle’s medium (DMEM) (10-013-CV),
Roswell Park Memorial Institute (RPMI-1640) (30-002-CI), and
fetal bovine serum (FBS) (35-010-CV) were acquired from Corn-
ing Life Sciences (Steuben County, New York, USA). Deferoxam-
ine (DFO) (HY-B0988), z-VAD-fmk (HY-16658B), N-acetyl-
cysteine (NAC) (HY-B0215) and ferrostatin-1 (Fer-1) (HY-
100579) were procured from MedChem Express (Monmouth
Junction, New Jersey, USA). Methyl thiazolyl tetrazolium (MTT)
powder (BN30793) was sourced from Biorigin (Beijing, China).
BeyoClick™ 5-ethynyl-2'-deoxyuridine (EdU)-488 kit (C0071S),
cell cycle detection kit (C1052), apoptosis detection kit (C1062L),
DCFH-DA (S0033), and BDP 581/591 C11 (S0043) were ob-
tained from Beyotime Biotechnology (Shanghai, China). Fe*" as-
say kit (E-BC-K880-M) was purchased from Elabscience (Wuhan,
China). Cell/Tissue total ribonucleic acid (RNA) isolation kit
(RC101-01), all-in-one Q RT SuperMix (R333-01), and Taq Pro
Universal SYBR quantitative polymerase chain reaction (qPCR)
Master Mix (Q712-02) were acquired from Vazyme Biotech
(Nanjing, China). B-Actin (sc-47778) and HO-1 (sc-13696) anti-
bodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Cyclin D1 (2978), p21 (2947), CDK4 (12790), and
y-H2AX (9718) antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA).

2.2. Preparation of CAPEE

Chinese agarwood, the resinous wood of Aquilaria sinensis
(Lour.) Gilg, was collected in Hainan Province, China, and identi-
fied by the Professor Pengfei Tu of Peking University. The sample
was preserved at the Modern Research Center for Traditional
Chinese Medicine, Beijing University of Chinese Medicine, Beijing,
China, with the specimen sequence number 19101801. A quant-
ity of 10.0 kg of Chinese agarwood was weighed, pulverized, and
extracted through refluxing with 95% ethanol twice, each extrac-
tion continuing for 2 h, followed by a 2-h reflux with 70% ethanol.
The extracts were combined, and the solvents were recovered
through decompression. The resulting extracts were sub-
sequently dispersed in water and extracted with petroleum ether,
yielding 84.9 g of CAPEE °. Subsequently, CAPEE was dissolved in
DMSO to create 4 and 8 mg-mL™ stock solutions and stored at
-20 °C for short-term use. Previous research has established that
CAPEE primarily comprises 26 sesquiterpenes '’.

2.3. Cell culture

Human GC cells (AGS, HGC27, and MGC803) and human nor-
mal gastric epithelial cells (GES-1) were obtained from the Cell
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Culture Center of the Institute of Basic Medical Sciences of the
Chinese Academy of Medical Sciences. AGS and HGC27 cells were
maintained in the RPMI-1640 medium, while MGC803 and GES-1
cells in DMEM. Both media contained 10% FBS and 1% penicillin-
streptomycin. Cells were cultured at 37 °C with 5% CO,.

2.4. Cell viability assay

Human GC cells (2 x 10%/well) were seeded into 96-well
plates. After 24 h of culture, cells were treated with CAPEE at
various concentrations. Five replicate wells were established per
concentration. Inhibitors were applied at the following concen-
trations: z-VAD-fmk: 5 pmol-L™"; DFO: 10 pmol-L™; NAC: 50
umol-L"; Fer-1: 25 ymol-L™". Post-treatment, 5 ug-mL™" MTT solu-
tion (100 pL) was added to each well. Following 4 h of incubation,
the MTT mixture was aspirated, DMSO (150 pL) was added to
each well, and absorbance was measured at 490 nm.

2.5. EdU cell proliferation assay

Human GC cells (4 x 10°/well) were seeded in 6-well plates
and cultured for 24 h, followed by 48 h of treatment with 0 or 4
pg-mL™" CAPEE. Three replicate wells were established per con-
centration. Following BeyoClick™ EdU-488 kit protocols, EdU la-
beling, fixation, washing, permeabilization, and click reactions
were performed. The samples were double-labeled with Alexa
Fluor 488 and Hoechst 33342, and images were captured using a
fluorescence microscope.

2.6. Cell colony formation experiment

Human GC cells (300/well) were seeded into 6-well plates
and cultured for 24 h. Subsequently, 1 pg-mL™" CAPEE was added,
with medium changes every 3 days. Three replicate wells were
established per concentration. After 10 days of treatment, cells
were washed with phosphate-buffered saline (PBS), fixed with
49 paraformaldehyde for 15 min, stained with 0.1% crystal viol-
et for 30 min, washed with PBS, photographed, and counted.

2.7. Flow cytometry

Human GC cells (4 x 10°/well) were seeded in 6-well plates
and cultured for 24 h, followed by 48 h of treatment with 0, 4, or
8 ug'mL™" CAPEE. Three replicate wells were established per con-
centration. For cell cycle detection, cells were starved for 24 h
after wall adherence. For reactive oxygen species (ROS) level
measurement, 50 pg-mL™" Rosup served as the positive control.
Relevant indices were determined using corresponding kits. For
apoptosis detection, cells were stained with Annexin V-fluores-
cein isothiocyanate (FITC) and propidium iodide (PI) in darkness.
For cell cycle evaluation, cells were fixed with 95% ethanol and
stained with PI in darkness. For ROS detection, DCFH-DA was
used for light-protected staining, and for lipid peroxide detection,
alipid peroxidation probe (BDP 581/591 C11) was applied un-
der light-protected conditions. All indicators were analyzed via
flow cytometry at appropriate wavelengths.

2.8. Comet assay

Human GC cells (4 x 10°/well) were cultured in 6-well plates
for 24 h. Subsequently, cells were treated with 0 or 4 pg-mL™
CAPEE for 24 h. Three replicate wells were established per con-
centration. DNA damage was assessed according to kit instruc-
tions. A high-melting point gel layer was prepared before creat-
ing the single-cell suspension (1 x 10° cells/mL). Cells were com-
bined with low-melting-point gel and applied dropwise to the
high-melting-point gel. After solidification, another low-melting-
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point gel layer was added dropwise. The samples underwent lys-
is, electrophoresis, PI staining, and imaging using a fluorescence
microscope.

2.9. Detection of Fe** levels

Human GC cells (2 x 10°/well) were seeded into 6-well
plates, cultured for 24 h, and treated with 0, 4, or 8 pg-mL’1
CAPEE for 48 h. Three replicate wells were established per con-
centration. Intracellular Fe*" ions were labeled using the cell total
iron colorimetric assay kit. Following dark incubation at 37 °C,
absorbance was measured at 593 nm.

2.10. RNA sequencing

Human GC HGC27 cells were seeded into 6-cm dishes, and at
60% confluence, 0 or 8 pg-mL™" CAPEE was administered for 24 h.
Three replicate wells were established per concentration. Follow-
ing PBS washing, cells underwent lysis with RNA-Solv reagent on
ice for 5 min. The obtained samples were sequenced at Shanghai
Biotechnology Corporation. Subsequently, Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were conducted in R 4.2.2 using the clusterProfiler package.

2.11. Real-time qPCR (RT-qPCR)

Human GC cells were inoculated into 6-cm dishes and incub-
ated for 24 h, followed by treatment with either 0 or 8 pug-mL™
CAPEE for an additional 24 h. Total RNA was extracted using a
commercial RNA isolation kit according to the manufacturer’s in-
structions. RNA concentration and purity were determined using
a NanoDrop 2000 spectrophotometer. First-strand complement-
ary DNA (cDNA) was synthesized from total RNA via reverse
transcription. RT-qPCR was then performed in 20 pL reaction
volumes containing 10 pL of 2 x Taq Pro Universal SYBR qPCR
Master Mix, 4 uL of cDNA template, 0.4 pL each of forward and
reverse primers (10 umol-L™"), and 4 pL of RNase-free ddH,0.
Each treatment condition was assessed in five technical replic-
ates. The qPCR cycling protocol consisted of an initial denatura-
tion at 94 °C for 30 sec, followed by 40-45 amplification cycles of
94 °C for 5 sec and 60 °C for 15 seconds. Primer sequences used
in the analysis are listed below:

p21 Forward primer: 5'-TGCCCAAGCTCTACCTTCC-3',

p21 Reverse primer: 5'-CAGGTCCACATGGTCTTCCT-3';

HO-1 Forward primer: 5'-AAGACTGCGTTCCTGCTCAAC-3',

HO-1 Reverse primer: 5'-AAAGCCCTACAGCAACTGTCG-3;

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for-
ward primer: 5'-CAGTGCCAGCCTCGTCTCAT-3',

GAPDH reverse primer: 5'-AGGGGCCATCCACAGTCTTC-3".

2.12. Western blotting assay

Human GC cells were treated with varying doses of CAPEE
for 48 h. Following lysis on ice using pre-prepared cell lysis solu-
tion, the cells underwent heating at 98 °C for 10 min for protein
denaturation and subsequent storage at -40 °C. The samples
were then subjected to loading, electrophoresis, electrotransfer,
blocking, antibody incubation, and development. The experi-
mental procedure was repeated three times to obtain consistent
results for target protein expression changes. The cell lysate pre-
paration methods and detailed experimental procedures were
described previously "',

2.13. RNA interference

Human GC cells were transfected upon reaching 70%-90%
confluency in 6-well plates. The procedure involved adding Opti-
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MEM (125 pL) to Lipofectamine 3000 reagent (3.75 pL) per well
for liposome dilution; Opti-MEM (250 pL) was combined with
small interfering RNA (siRNA) reagent (5 pg) and P3000 reagent
(10 pL) for DNA dilution. A mixture of 125 pL diluted liposome
solution and 125 pL diluted DNA was incubated at ambient tem-
perature for 10-15 min, followed by 48 h of culture. Transfection
efficiency was evaluated through the Western blotting assay. The
siRNA sequences used were as follows.

Negative control (NC): 5'-UUCUCCGAACGUGUCACGUTT-3',

HO-1: 5'-AAGCCACACAGCACUAUGUAA-3'".

2.14. Nude mouse xenograft tumor model

Male BALB/c nude mice (4-5 weeks old) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd. and
maintained in SPF-grade conditions at 23-27 °C, 49%-51% relat-
ive humidity, with a 12-h/12-hlight/dark cycle. The mice re-
ceived sterilized feed and double-distilled water. Each nude
mouse received a subcutaneous injection of human GC HGC27
cells (3 x 10°) beneath the right forelimb. Once tumor volume
reached 100-200 mm?®, the animals were divided into the follow-
ing groups (n = 9 mice/group): blank control group (double-dis-
tilled water solution containing 2.5% Tween 80, once/day, i.g.),
CAPEE-treated group (200 mg-kg™', once/day, i.g.), and 5-FU-pos-
itive group (30 mg-kg™', once/2 days, i.p.). Daily monitoring in-
cluded observation of mouse condition, body weight, and tumor
volume (V = length x width®/2). Following drug administration,
samples were collected, and the major organs and tumor tissues
were preserved in 4% paraformaldehyde for hematoxylin and
eosin (H&E) staining and immunohistochemical analysis (Animal
experimentation ethics number: BUCM-4-2021031603-1072).

2.15. H&E staining and immunohistochemical analysis

The fixed major organs and tumor tissues underwent gradi-
ent dehydration, transparent treatment, and embedding to gen-
erate tissue section samples for subsequent staining. H&E, ter-
minal deoxynucleotidyl transferase-mediated dUTP nick end la-
beling (TUNEL), and immunohistochemistry staining for Ki67,
PCNA, p21, and HO-1 were conducted according to previously de-
scribed methods *.

2.16. Statistical analysis

Statistical analysis and plotting were performed using Graph-
Pad Prism 9.0 software, with data expressed as mean * SD.
Between-group differences were evaluated using t-tests, with P <
0.05 indicating statistical significance.

3. Results

3.1. CAPEE suppressed human GC cell proliferation

AGS, HGC27, and MGC803 cells were treated with CAPEE at
concentrations of 0, 1, 2, 3, or 4 ug-mL_l, and cell proliferation
was assessed using MTT assay. Results demonstrated that CAPEE
significantly inhibited human GC cell proliferation in both dose-
and time-dependent manner. The half maximal inhibitory con-
centration (ICso) values at 48 h for CAPEE in AGS, HGC27, and
MGC803 cells were 2.89, 2.46, and 2.37 ug-mL™", respectively
(Fig. 1A). EdU cell proliferation assays revealed that CAPEE
markedly decreased proliferation rates in AGS, HGC27, and
MGC803 cells (Fig. 1B). Additionally, CAPEE inhibited colony
formation in these cell lines (Fig. 1C), indicating its anti-prolifer-
ative effect on human GC cells. Notably, CAPEE exhibited signific-
antly lower cytotoxicity toward GES-1 compared to human GC
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Fig. 1 CAPEE suppresses the proliferation of human GC cell lines AGS, HGC27, and MGC803. (A) Cell viability was assessed by MTT assay following treatment with increas-
ing concentrations of CAPEE (0, 1, 2, 3, or 4 pg-mL") for 24, 48, and 72 h in AGS, HGC27, and MGC803 cells (n = 3). (B) AGS, HGC-27, and MGC803 cells were exposed to 48 h
of 0 or 4 pg-mL™" CAPEE treatment. BeyoClick™ EdU-488 was added for cell labeling, and photographs were taken under a fluorescence microscope (n = 3). Left panel: rep-
resentative images ( x 200); right panel: EdU-positive cell proportion. (C) AGS, HGC27, and MGC803 cells were exposed to 10 d of 0 or 1 pg-mL™" CAPEE treatment to ob-
serve colony formation (n = 3). Upper panel: representative images; lower panel: quantitative data. (D) 0, 1, 2, 3, or 4 pg:-mL™" CAPEE was added to treat human gastric epi-
thelial GES-1 cells and AGS, HGC27, and MGC803 cells for 48 h, and viability was determined using the MTT assay (n = 3). The results were expressed as mean # SD. P <

0.05, "P<0.01,and ""P < 0.001.

cells, demonstrating selective specificity for human GC cells (Fig.
1D). These findings confirm that CAPEE effectively suppresses
the proliferation of AGS, HGC27, and MGC803 cells.

3.2. CAPEE triggered apoptosis of human GC cells

Flow cytometry analysis with an Annexin V-FITC/PI dual
probe was utilized to measure human GC cell apoptosis. The res-
ults demonstrated that CAPEE induced apoptosis in AGS, HGC27,
and MGC803 cells in a dose-dependent manner (Fig. 2A). The ap-
optosis inhibitor z-VAD-fmk effectively suppresses apoptotic pro-
cesses . Following apoptosis inhibition by z-VAD-fmk, human GC
cells exhibited reduced sensitivity to CAPEE (Fig. 2B). These find-
ings indicate that CAPEE induced apoptosis in human GC cells.
The proapoptotic proteins B-cell lymphoma-2 (BCL-2) associated
X protein (BAX) and BCL-2 antagonist killer 1 (BAK) counteract
BCL-2-mediated apoptotic escape *. The simultaneous knockout
of BAX and BAK reduced CAPEE sensitivity in human GC HGC27
cells (Fig. 2C), indicating potential BAX/BAK involvement in
CAPEE-induced human GC cell apoptosis.

3.3. CAPEE induced G,/G; phase blockade of human GC cells by ac-
tivating the DNA damage-p21-cyclin D1/CDK4 signaling axis

Human GC AGS, HGC27, and MGC803 cells were treated with
CAPEE at concentrations of 0 or 4 pg-mL™". Flow cytometry ana-
lysis revealed that CAPEE administration induced cell cycle ar-
rest in the Go/G; phase of human GC cells (Fig. 3A). Transcrip-
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tome sequencing was performed to elucidate the molecular
mechanism underlying CAPEE’s inhibition of human GC cell
growth. The analysis revealed upregulation of the gene CDKN1A4,
which corresponds to p21, in CAPEE-treated human GC cells. RT-
gqPCR confirmed increased p21 mRNA levels in human GC cells
following CAPEE treatment (Fig. 3B). Immunoblotting analysis
demonstrated elevated p21 protein levels in CAPEE-treated hu-
man GC cells (Fig. 3C). Conversely, CAPEE treatment decreased
cyclin D1 and CDK4 protein expression in human GC AGS, HGC27,
and MGC803 cells (Fig. 3C). An investigation of the mechanism
behind CAPEE-mediated p21 upregulation revealed DNA damage
in human GC AGS, HGC27, and MGC803 cells, as demonstrated by
comet assay (Fig. 3D). Additionally, immunoblotting showed in-
creased expression of y-H2AX protein, a DNA damage marker, in
human GC cells (Fig. 3C). These findings indicate that CAPEE-in-
duced DNA damage activates the p21-cyclin D1/CDK4 signaling
axis, resulting in Gy/G; phase cell cycle arrest.

3.4. CAPEE induced human GC cell ferroptosis

Transcriptome sequencing analysis indicated that ferroptos-
is regulation might mediate the anti-GC efficacy of CAPEE (Sup-
plementary Fig. S1). Fe®" levels significantly increased within hu-
man GC AGS, HGC27, and MGC803 cells following CAPEE adminis-
tration (Fig. 4A). Flow cytometry analysis revealed that ROS
levels increased substantially in human GC AGS, HGC27, and
MGC803 cells after CAPEE treatment, with the increase compar-
able to that induced by the positive control drug Rosup (Fig. 4B).
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Moreover, lipid peroxide levels increased significantly within GC
cells following CAPEE administration (Fig. 4C). DFO, a ferric ion
chelator, effectively sequesters free intracellular ferric ions °
NAC functions as a scavenger of ROS generated during oxidative
stress /. Fer-1 reduces lipid peroxide formation '*. The inhibition
of ferroptosis through DFO, NAC, or Fer-1 diminished CAPEE
sensitivity in human GC cells (Fig. 4D). These findings demon-
strate that CAPEE induced ferroptosis in human GC cells.

3.5. HO-1 participated in inducing human GC cell ferroptosis by
CAPEE

Transcriptome sequencing revealed that HO-1 expression in-
creased significantly in HGC27 cells following CAPEE exposure
(Fig. 5A). RT-qPCR results confirmed that CAPEE administration
substantially elevated the mRNA level of HO-1 in human GC AGS,
HGC27, and MGC803 cells (Fig. 5B). Immunoblotting assay
demonstrated that HO-1 protein expression notably increased
within human GC AGS, HGC27, and MGC803 cells after CAPEE ad-
ministration (Fig. 5C). Subsequently, RNA interference techno-
logy was employed to investigate HO-1's role in CAPEE’s anti-GC
effect. Inmunoblotting experiments showed that siRNA targeting
HO-1 significantly reduced HO-1 expression levels within human
GC AGS, HGC27, and MGC803 cells (Fig. 5D). As CAPEE concentra-
tion increased, human GC cell viability in the siNC group de-
creased significantly, while the siHO-1 group exhibited a signific-
antly lower cell proliferation inhibition rate compared to the siNC
group (Fig. 5E), indicating that HO-1 knockdown reduced CAPEE
sensitivity in human GC cells. HO-1 knockdown significantly di-
minished CAPEE-induced Fe®* level elevation in AGS, HGC27, and
MGC803 cells (Fig. 5F). Moreover, HO-1 knockdown significantly
decreased CAPEE-mediated ROS content elevation in AGS,
HGC27, and MGC803 cells (Fig. 5G). Furthermore, HO-1 expres-
sion inhibition significantly reduced CAPEE’s ability to increase
lipid peroxidation levels within AGS, HGC27, and MGC803 cells
(Fig. 5H). These findings indicate that HO-1 up-regulation is asso-
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ciated with CAPEE-induced ferroptosis in human GC cells.

3.6. CAPEE treatment inhibited the tumorigenesis of human GC
cells within nude mice

To evaluate in vivo anti-GC effect of CAPEE, a nude mouse
xenograft tumor model was established using human GC HGC27
cells. CAPEE administration significantly inhibited tumor devel-
opment and reduced tumor weight in thexenograft model (Figs.
6A and 6B). Furthermore, CAPEE administration did not notably
affect mouse body weight, whereas mice in the 5-FU-positive
drug group exhibited some degree of weight loss (Fig. 6C). H&E
staining analysis demonstrated that CAPEE treatment caused no
substantial damage to major organ tissues, including the mouse
liver, heart, spleen, kidneys or lungs (Fig. 6D). The number of
Ki67-positive and PCNA-positive cells in the CAPEE-treated
group decreased significantly compared to the control group (Fig.
6E), indicating that CAPEE inhibited tumor tissue proliferation.
Moreover, TUNEL staining results demonstrated that CAPEE in-
duced apoptosis in mouse tumor tissue cells (Fig. 6E). The ex-
pression of p21 and HO-1 in the CAPEE-treated group increased
markedly compared to the control group (Fig. 6E), consistent
with the in vitro cellular experimental findings. These results
demonstrate that CAPEE exhibits effective in vivo anti-GC activity.

4. Discussion

Chinese agarwood, avaluable medicinal material with ex-
tensive historical significance, has been utilized globally for cen-
turies in treating various ailments. In ancient India and Egypt,
agarwood incense served as a primary method for mental purific-
ation and tranquility . Traditional Arabic medicine employs
Chinese agarwood for treating neurodegenerative diseases and
digestive disorders, recognizing its calming and sedative effe-
cts *°. In traditional Chinese medicine, Chinese agarwood serves
as an essential remedy for gi regulation, pain management,di-
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gestive enhancement, anti-emetic effects, and asthma treatm-
ent °'. Contemporary pharmacological research has demon-
strated that Chinese agarwood exhibits multiple biological activit-
ies, including anti-bacterial, anti-inflammatory, sedative, hypnot-
ic, digestive, anti-depressant, and anti-tumor properties *. The
aromatic composition of Chinese agarwood primarily comprises
sesquiterpenes and 2-(2-phenylethyl)-chromones, with sesquit-
erpenes displaying greater variation in both fragrance and biolo-
gical activity. Research has identified and characterized more
than 200 varieties of sesquiterpenes and their derivatives from
Chinese agarwood **"*°. Studies indicate that Aquilaria crassna
essential oil extract significantly reduces the survival rate of hu-
man breast cancer MCF-7 cells ** and human colorectal cancer
HCT116 cells. The extract also demonstrates inhibitory effects on
colorectal cancer HCT116 cell growth in subcutaneous tumors of
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nude mice. Toxicological studies reveal that the LDs, of the ex-
tract exceeds 2000 mgkg™. The essential oil treatment group
showed no significant variations in food and water intake, weight
changes,hematological and biochemical parameters, relative or-
gan weight, or histopathological findings compared to controls °.
Both in vitro and in vivo toxicity analyses of various agarwood
plant components confirm their safety at tested doses °. Further-
more, -caryophyllene, isolated from Aquilaria crassna essential
oil extract, demonstrates inhibitory effects on colorectal cancer
cell proliferation and migration while inducing apoptosis

Aquilariperoxide A, a diterpene dimer present in Chinese agar-
wood, significantly inhibits human cancer cell proliferation and
migration while suppressing epithelial-mesenchymal transi-
tion . Considering Chinese agarwood’s extensive medicinal his-
tory, demonstrated clinical efficacy, and established safety pro-
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file, particularly regarding its sesquiterpene components with
notable anti-tumor properties, CAPEE shows promise for clinical
applications with potentially enhanced therapeutic effects. As a
sesquiterpene-enriched extract of Chinese agarwood, CAPEE
demonstrates significant potential against GC and merits further
investigation.

Apoptosis functions as a crucial mechanism for cellular popu-
lation regulation, tissue homeostasis maintenance, and elimina-
tion of potentially harmful cells. The induction of tumor cell apop-
tosis establishes equilibrium between cell proliferation and death
rates, thereby inhibiting tumor growth *’. Apoptotic processes
can be initiated through intracellular or extracellular signaling
pathways. The regulation of endogenous apoptosis primarily in-
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volves mitochondrial processes and the activation of proapoptot-
ic proteins, includingBAK and BAX *’. BCL-2 effectively inhibits
the mitochondrial apoptotic pathway *’. BAX and BAK counteract
BCL-2-mediated apoptotic escape '". The experimental results
demonstrate that CAPEE significantly induced apoptosis in hu-
man GC AGS, HGC27, and MGC803 cells, while the double knock-
out of BAX and BAK reduced CAPEE sensitivity in human GC cells.
These findings suggest that the mitochondrial pathway may be
involved in CAPEE-induced apoptosis of human GC cells.

Several anti-tumor drugs approved by the FDA for clinical
use effectively block cancer cell cycle in Go/G; phase *'. Similarly,
numerous natural products derived from traditional Chinese
medicine demonstrate the ability to arrest cancer cell cycle in

A 1254, HMOX1 B
(HO-1) HGC27 MGC803
51004  SENP3-EIF4A1 AGOOT192.1 AGS e
) S ] = 807 = = 60 = 60
7§ ARP\N—APSS2 osG\N1\.HTRA3’—0 ~ .8 60 ~ .2 50 ~.2 50
& 754 100/ HSPAIB~——__ 'z I—I $% 40 |'"| % 40
~ 50/ GRS~ o—— MAFF X £ 40 T 230 T £ 30
o o o
a 0 Hspho_ e REPIRISA ,;E 3 ,;E 3 ;3 3
= 501 M5 noTCHaNLA e o GYParTT £Z 2 $Z 2 £z 2
g ~100” 6'\NEURU? =E k- -
T 254 SFRP‘. A 07 5 0 . 0 T
4 o (- O (7 O (7
Qo““%-d‘\’ Co““%-&“\’ Qc““ <~
01 &V @V &V
T T T T T Q@Q’ Q@?’ ?369
-10 -5 0 5 10 c o ¢
Log, FC
c 3
5 AGS 5 HGC27 = MGC803
CAPEE AGS HGC27 MGC803 E . E 10 E s
MugmL) 0 4 8 0 4 8 0 4 8 = = = 8 =
iz 3 514 b 6
Ho- el mleaml < 22 2o
~ 2% 1 2% 5 2% 2
T LTI N 5 5
& 0 4 8 & 0 4 8 & 0 4 8

CAPEE/(ug-mL ")

CAPEE/(ug-mL ") CAPEE/(ug-mL ")

D E
AGS HGC27 MGC803
N CAPEE + siNC [ CAPEE + siNC N CAPEE + siNC
N > o AGS B3 Capte + sitio-1 HGC27 _CAPEE+:,H0—1 MGC803 -CAPEE:;HOJ
éQ QQ éQ «2‘0 é@ «29 120 120 120
™ BT oE 2 2 2
. — - -— = 80 = £ 80
HO-1 ' ” ' -_:.-; 4_5 4_{.: .
[-Actin R ——— 0 2 Z 40 o
3, 3 3,
0 1 2 3 4 0 1 2 3 4 o 1 2 3 4
CAPEE/(ug'mL™) CAPEE/(ug'mL™) CAPEE/(ug'mL™)
F AGS HGC27 MGC803
i siNC . mEmmsiNe == siNC
= —=siHO-1 % 3 5siHO-1 = = 5iHO-1
e 8 - B 8 e e 4 e
X — < <
3 6 3 6 5 3
2 z 2
= =2 =2
L4 L4 L2
4 & &
v 2 o 2 o 1
2 2 2
=0 =0 =0
~ 0 8 ~ 0 8 ~ 0 8
CAPEE/(ug'mL™) CAPEE/(ug'mL™") CAPEE/(ug'mL™)
G AGS HGC27 MGC803
Control  / \ Control /\ Control/ \
siNC siNC siNC
_A_CAPEE cAvEE A ﬂzA_
@ @ @
g [cControl S\ g CD""OIA g M )
3 siHO-1 3 siHO-1 3 siHO-1
T | CAPEE A 3 |CAPEE . = |cAPEE
] &} &}
L L
10! 10° 10° 10! 10° 10° 10! 10° 10°
DCFH-DA DCFH-DA DCFH-DA
AGS HGC27 MGC803
- E=msiNC ~  mmm siNC . E=msiNG
= 3 5iHO-1 = 3 siHO-1 = 3 6iHO-1
£ g < g < g
T 6 N EXC
= 2 =
g g ¢ g’
~ ~
o 2 o 2 l:ﬂf 2
B 2 B
20 20 20
~ 0 8 ~ 0 8 ~ 0 8

CAPEE/(ug-mL™")

CAPEE/(ug-mL™")

1217

CAPEE/(ug-mL™")



L. Ouyang et al. Chinese Journal of Natural Medicines 23 (2025) 1210-1220

H AGS HGC27 MGC803
Control /- \ NG C(mlmlj\ iNC Control / '\ SINC
CAPEE ‘ CAPEE A CAPEE A
2 / \ £|conrol /S \ £ |Contral/” N\ i
£ | Control SHO-1 g ontrol lsiHO-1 = Control SiHO-1
o =} o
S 51 51
B | CAPEE 3 | CAPEE = |cApEE
] O O
10° 10? 10* 10° 10° 10? 10 10° 10° 10? 10* 100
BDP 581/591 C11 BDP 581/591 C11 BDP 581/591 C11
AGS HGC27 MGC803
= siNC = siNC == siNC
C—JsiHO-1 C=IsiHO-1 3 siHO-1
3 2 — T 2 T 2 L
2 ] — 5
v © v
=N =N =N
® = %= =)
gl g9 1 ge!
a x ax o x
L~ o L~
2 2 2
- 0 = 0 3 0
23 33 23
o~ o ~
0 8 0 8 0 8

CAPEE/(ug'mL™)

CAPEE/(pg-mL™)

CAPEE/(pg-mL™)

Fig. 5 HO-1 was involved in the induction of ferroptosis by CAPEE in human GC AGS, HGC27, and MGC803 cells. (A) HGC27 cells were exposed to 24 h of 0.8 pg-mL™" CAPEE
treatment. RNA-seq assay was carried out for mapping alterations of gene expression and comparing the changes in HO-1 expression (n = 3). (B) AGS, HGC-27, and MGC803
cells were exposed to 24 h of 0 or 8 pg-mL™" CAPEE treatment. HO-1 mRNA expression was measured through qRT-PCR (n = 3). (C) AGS, HGC-27, and MGC803 cells were ex-
posed to 48 h of 0, 4, or 8 pg-mL™" CAPEE treatment. HO-1 protein expression in the cells was detected by immunoblotting (n = 3). Left panel: representative images; right
panel: quantitative data. (D) The siRNAs targeting the HO-1 gene (siHO-1) and the control siRNAs (siNC) were transfected into human GC cells, followed by 48 h of incuba-
tion. HO-1 protein level was measured through immunoblotting (n = 3). (E) AGS, HGC27, and MGC803 cells transfected with siHO-1 or siNC were exposed to 72 h of 0, 1, 2, 3,
or 4 pg-mL™" CAPEE treatment. MTT assay was conducted to determine cell viability (n = 3). (F) AGS, HGC27, and MGC803 cells transfected with siHO-1 or siNC were ex-
posed to 48 h of 0 or 8 ug'mL™" CAPEE treatment. Fe** contents were measured (n = 3). (G) AGS, HGC27, and MGC803 cells transfected with siHO-1 or siNC were exposed to
48 h of 0 or 8 pg:-mL™" CAPEE treatment. ROS contents were detected (n = 3). Upper panel: representative images; lower panel: quantitative data. (H) AGS, HGC27, and
MGC803 cells transfected with siHO-1 or siNC were exposed to 48 h of 0 or 8 pg-mL™" CAPEE treatment. Lipid peroxide contents were analyzed (n = 3). Upper panel: repres-
entative images; lower panel: quantitative data. The results were expressed as mean + SD. P < 0.05, "P < 0.01, and ""P < 0.001.

Go/G; phase. For instance, Picrasidine induces colon cancer cell
cycle arrest in Gy/G; phase, thereby exhibiting anti-colon cancer
properties *°. Rutin demonstrates G,/G; phase blockade in vari-
ous cancer cells, including prostate, colon, and cervical cancer
cells, manifesting anti-tumor effects **. The p21 protein, a mem-
ber of the Cip/Kip family of cell cycle protein-dependent kinase
inhibitors, and its regulated downstream proteins represent cru-
cial targets for anti-cancer drug development *. Cyclin D1 forms a
complex with CDK4, functioning as a critical regulator of cell
cycle transition from G, to S phases *°. Upon activation, p21 ar-
rests tumor cells in G; phase through inhibition of cyclin/CDK
complex expression *°. The cell cycle blockade mediated by p21-
cyclin/CDKs represents a fundamental molecular mechanism for
numerous anti-tumor drugs. Pirfenidone enhances p21 expres-
sion and induces G,/G; phase blockade in human pancreatic can-
cer cells by suppressing cyclin D/CDK4/6 complex expression */.
Tumor cells typically exhibit genetic instability due to defective
gene damage response, rendering them vulnerable, and drug-in-
duced DNA damage represents a key anti-tumor strategy **. DNA
damage constitutes the primary cause of cell cycle blockade *’.
Following DNA damage, p21 transcript levels increase signific-
antly . DHMMF, a flavonoid compound isolated from Chinese
dragon’s blood, induces DNA damage and elevates p21 expres-
sion, subsequently arresting cell cycle and demonstrating anti-
hepatocellular carcinoma effects *'. In this investigation, CAPEE
arrested the cell cycle of human GC cells in Gy/G; phase. Further-
more, RT-qPCR and immunoblotting assays revealed that CAPEE
enhanced p21 expression in human GC cells. Additionally, CAPEE
suppressed cyclin D1/CDK4 signaling in human GC cells. Comet
and immunoblotting assays demonstrated that CAPEE induced
DNA damage within human GC cells. In conclusion, CAPEE may
induce Gy/G; phase blockade of human GC cells through activa-
tion of the DNA damage-p21-cyclin D1/CDK4 signaling axis,
thereby inhibiting human GC cell proliferation.

Ferroptosis represents an iron-dependent programmed type
of cell death distinct from autophagy and apoptosis, character-
ized by iron-dependent oxidative stress. The accumulation of
iron, release of free radicals, lipid peroxidation, and fatty acid
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production are crucial factors in ferroptosis induction **. Multiple
tumor-related genes and pathways can regulate ferroptosis, and
various anti-tumor drugs demonstrate efficacy through ferrop-
tosis activation **. Consequently, the development of ferroptosis-
targeting anti-tumor drugs presents significant potential. HO-1
functions as a rate-limiting enzyme in heme metabolism. Elev-
ated HO-1 expression can trigger tumor cell death and suppress
tumor growth *“. HO-1 catalyzes heme’s oxidative cleavage to
produce equimolar CO, Fe?*, and biliverdin, with accumulated
Fe®* generating ROS through the Fenton reaction. Additionally,
HO-1 cleaves biliverdin to release substantial Fe*", leading to ROS
accumulation and subsequent DNA damage or ferroptosis .
Quercetin administration enhances HO-1 protein levels and Fe**
accumulation in GC cells, inducing ferroptosis and exhibiting anti-
GC effects *. In osteosarcoma cells, mitochondrial ROS enhance
HIF-1a expression, leading to HO-1 and Fe?* overexpression, ROS
accumulation, glutathione peroxidase depletion, and ferroptosis
induction “’. Moreover, -elemene combined with cetuximab in-
duces iron-dependent ROS accumulation, lipid peroxidation, and
HO-1 upregulation in colorectal cancer cells **. Tagitin C in-
creases ROS and lipid peroxidation through the endoplasmic re-
ticulum stress-mediated PERK-Nrf2-HO-1 signaling pathway, in-
ducing ferroptosis in human colorectal cancer cells *’. Further-
more, abietic acid elevates ROS, intracellular iron, and malondial-
dehyde levels in bladder cancer cells, inducing ferroptosis by
downregulating GPX4 and upregulating HO-1 *°. This study
demonstrates that CAPEE increases Fe*" levels within human GC
cells, triggering the Fenton reaction, leading to ROS accumula-
tion and enhanced lipid peroxidation, thereby inducing ferroptos-
is. Additionally, transcriptome sequencing, RT-qPCR, immun-
oblotting, and immunohistochemical staining assays revealed
CAPEE-induced HO-1 upregulation within human GC cells. RNA
interference-mediated HO-1 knockdown significantly reduced
CAPEE-induced increases in Fe®*, ROS, and lipid peroxidation in
human GC cells. In summary, CAPEE upregulates HO-1 expres-
sion, resulting in Fe*" accumulation, increased ROS production,
enhanced lipid peroxidation, and ferroptosis induction, thereby
exerting anti-GC effects.
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Fig. 6 Anti-gastric cancer effect of CAPEE in vivo. A nude mouse xenograft tumor model was constructed using human GC HGC27 cells and classified as 3 groups, namely,
control group (double-distilled water solution containing 2.5% Tween 80, once a day, i.g.), the CAPEE administration group (200 mg-kg™, once/day, i.g.), and the 5-FU-posit-
ive group (30 mg-kg ™', every other day, i.p.). Tumor volume growth curves of the mice (A), mouse tumor weight (B), and mouse body weight curves (C). n = 9 for each group.
(D) H&E staining for the nude mouse liver, heart, spleen, kidney and lung tissues of CAPEE-treated and control groups (n = 3); scale bar: 50 pm. (E) Immunohistochemistry
analysis for determining expression of Ki67, PCNA, p21, and HO-1 in tumor tissues of CAPEE-treated and control groups (n = 3). Upper panel: representative images; lower
panel: quantitative data. scale bar: 50 um. The results were expressed as mean + SD. P < 0.05, "P < 0.01, and ""P < 0.001.
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