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Abstract: Oridonin, a bioactive diterpenoid isolated from Rabdosia species, exhibits broad-spectrum anticancer
activity across various tumor types. However, its impact on colon cancer and the underlying molecular mechanisms
remains poorly understood. Our study revealed that oridonin significantly suppressed the proliferation of HCT8
and HCT116 colon cancer cells by inducing G2/M phase cell cycle arrest. Moreover, oridonin triggered apoptotic
cell death, as indicated by elevated levels of cleaved caspase-3 and PARP. Simultaneously, it activated autophagy,
as evidenced by increased expression of Beclin 1 and LC3-Il, along with decreased LC3-l and p62 levels. In addi-
tion, inhibiting autophagy with 3-methyladenine (3-MA) reduced cell apoptosis, whereas blocking apoptosis using
Z-Val-Ala-Asp(OMe)-FMK (Z-VAD-FMK) enhanced autophagy. Furthermore, oridonin also induced the accumulation
of reactive oxygen species (ROS), which contributed to apoptosis; this effect was largely reversed by the ROS scav-
enger N-acetyl-L-cysteine (NAC). Mechanistically, oridonin increased phosphorylation of AMP-activated protein ki-
nase (AMPK) and suppressed phosphorylation of mammalian target of rapamycin (mTOR) and Unc-51-like kinase 1
(ULK2). Silencing AMPK with siRNA blocked oridonin’s effects on the AMPK/mTOR pathway, as well as its regulation
of autophagy and apoptosis. Moreover, co-treatment with NAC almost completely blocked activation of the AMPK-
mTOR-ULK1 signaling pathway. In vivo, oridonin significantly suppressed tumor growth in a xenograft model, ac-
companied by elevated expression of LC3-Il and cleaved caspase-3. Collectively, these findings demonstrated that
oridonin could exert potent anti-tumor effects in colon cancer by inducing cell cycle arrest and promoting autophagy-
dependent apoptosis via ROS-mediated activation of the AMPK-mTOR-ULK1 signaling pathway.
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Introduction cell survival, growth, differentiation, and prolif-

eration [3]. These pathways can be activated

Colorectal cancer is a leading cause of cancer-
related mortality worldwide, with incidence
rates continuing to rise [1]. Despite recent
advances in early detection and therapeutic
strategies, treatment outcomes for patients
with advanced colorectal cancer remain unsat-
isfactory, largely due to severe toxicity, multi-
drug resistance, and high rates of recurrence
and metastasis. Therefore, uncovering the me-
chanisms underlying tumor proliferation and
identifying effective anticancer agents remain
critical research priorities with significant clini-
cal implications [2].

Autophagy and apoptosis are two key forms of
programmed cell death closely linked to cancer

independently or simultaneously in response to
various cellular stresses [4]. Autophagy plays a
complex role in tumor biology, acting either as a
cytoprotective mechanism that supports can-
cer cell survival or as a cytotoxic process that
promotes cancer cell death [5]. The interplay
between apoptosis and autophagy may ulti-
mately determine the fate of cancer cells,
although the precise mechanisms governing
this crosstalk require further investigation.

Reactive oxygen species (ROS) function as criti-
cal signaling molecules that regulate numerous
intracellular pathways [6]. Elevated ROS levels
influence both autophagy and apoptosis, play-
ing a pivotal role in tumor initiation and progres-
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sion [7, 8]. AMP-activated protein kinase
(AMPK), a key energy sensor, maintains ATP
homeostasis and coordinates metabolic stress
responses. In cancer, AMPK exhibits dual roles
in tumor development and therapeutic resis-
tance, making it a promising target for antican-
cer interventions [9]. Mammalian target of
rapamycin (mTOR), a central regulator of cell
growth and metabolism, is frequently used by
tumor cells to sustain proliferation [10]. Ex-
cessive ROS can activate AMPK and related
pathways, inducing autophagy and apoptosis to
suppress tumor growth [11]. For example, arte-
sunate has been shown to promote autophagy-
dependent cell death in human bladder carci-
noma by elevating ROS and activating AMPK/
mTOR/Unc-51-like kinase 1 (ULK1) signaling
[12], while hernandezine induces autophagic
death in pancreatic cancer cells via ROS-
dependent AMPK activation [13]. Recent evi-
dence indicates that traditional Chinese medi-
cines can induce both apoptotic and autopha-
gic death in colorectal cancer through modula-
tion of the ROS-AMPK-mTOR axis [14, 15].

Natural products, known for their high efficacy
and low toxicity, are widely explored as antican-
cer agents [2]. Oridonin, a bioactive diterpenoid
isolated from Rabdosia species, exhibits anti-
inflammatory, antibacterial, and potent anti-
cancer properties, and has been widely investi-
gated across various malignancies [16]. Its
anti-proliferative and pro-apoptotic effects in
colon cancer have been demonstrated both in
vitro and in vivo [17-19]. Our recent studies
have confirmed that oridonin triggers apoptosis
through autophagy-dependent mechanisms in
DLD-1 colon cancer cells by activating the
AMPK-mTOR-ULK1 axis [20]. However, whether
ROS accumulation contributes to this mecha-
nism remains unclear. In the present study, we
aimed to determine the role of ROS as a critical
mediator of oridonin-induced effects in colon
cancer, including apoptosis, autophagy activa-
tion, and cell cycle arrest. These findings may
offer new insights into the development of tar-
geted therapies for colon cancer.

Materials and methods
Reagents and antibodies

Oridonin (purity >98%, P0O290) was purchased
from Shanghai PureOne Biotechnology Co.,
Ltd. and dissolved in 0.5% dimethyl sulfoxide
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(DMSO) to prepare a 10 mM stock solution.
Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with penicillin/streptomycin,
10% fetal bovine serum (FBS), 0.25% trypsin,
and DMSO were obtained from Abcam (UK).
The Cell Counting Kit-8 (CCK-8), Annexin V-FITC/
propidium iodide (Pl) apoptosis detection Kit,
ROS assay kit, bicinchoninic acid (BCA) pro-
tein assay kit, fluorescent dye monodansyl-
cadaverine (MDC), N-acetyl-L-cysteine (NAC),
3-methyladenine (3-MA), Z-Val-Ala-Asp(OMe)-
FMK (Z-VAD-FMK), and radioimmunoprecipita-
tion assay (RIPA) lysis buffer were all purchas-
ed from Sigma-Aldrich (USA). The enhanced
chemiluminescence (ECL) detection kit was
acquired from PerkinElmer (USA). Rabbit mono-
clonal antibodies against GAPDH (Cat. No.
2118), cleaved caspase-3 (Cat. No. 94530),
cleaved PARP (Cat. No. 9664), LC3B (Cat. No.
2775), Beclinl (Cat. No. 3738), p62 (Cat. No.
5114), phosphorylated mTOR (p-mTOR, Cat. No.
3056), mTOR (Cat. No. 2971), phosphorylated
AMPK (p-AMPK, Cat. No. 2835), AMPK (Cat. No.
2532), phosphorylated ULK1 (p-ULK1, Cat. No.
6888), ULK1 (Cat. No. 8054), and horseradish
peroxidase (HRP)-conjugated goat anti-rabbit
IgG (Cat. No. 5064) were obtained from Cell
Signaling Technology (USA).

Cell culture

Human colon cancer cell lines HCT116 and
HCTS8, as well as the normal human colon epi-
thelial cell line CRL-1790, were obtained from
the American Type Culture Collection (ATCC).
Cells were cultured in DMEM supplemented
with 10% FBS, 100 ug/mL streptomycin, and
100 IU/mL penicillin at 37°C in a humidified
atmosphere containing 5% CO,. The medium
was replaced every 2-3 days. Cells were subcul-
tured using 0.25% trypsin when confluence
reached approximately 80%.

CCK-8 assay

HCT116, HCTS8, and CRL-1790 cells were seed-
ed into 96-well plates at 5x10° cells/well and
incubated overnight. Cells were treated with
various concentrations of oridonin (0, 5, 10, 15,
20, and 25 uM) for 24, 48, or 72 hours. At each
time point, 10 yL of CCK-8 solution was added
to each well, followed by a 4-hour incubation.
The absorbance at 450 nm was measured
using a microplate reader.
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Colony formation assay

HCT116 and HCTS8 cells (1x10° cells/well) were
seeded into 6-well plates and incubated over-
night. Cells were then treated with oridonin (O,
10, 15, or 20 uM) for two weeks. Colonies were
washed with phosphate-buffered saline (PBS),
fixed with methanol for 20 minutes, and stained
with 0.5% crystal violet. Colonies were imaged
and counted under a microscope.

EdU incorporation assay

HCT116 and HCTS8 cells (1x10* cells/well) were
seeded into 96-well plates and treated with ori-
donin for 48 hours. Cells were incubated with
10 uM EdU for 2 hours, then fixed, incubated
with 2 mg/mL glycine, and washed with PBS.
Cells were stained with Apollo reaction solu-
tion, followed by DAPI staining (1 mg/mL) for 30
minutes in the dark. EdU-positive cells were
visualized using fluorescence microscopy.

Cell cycle analysis

HCT116 and HCT8 cells (5%10° cells/well) were
seeded into 6-well plates and treated with ori-
donin (0, 10, 15, or 20 uM) for 24 hours. Cells
were harvested, fixed overnight in 70% ethanol
at 4°C, washed, and stained with PlI/RNase
solution for 30 minutes in the dark. DNA con-
tent was analyzed by flow cytometry (BD, USA).

Cell apoptosis analysis

HCT116 and HCT8 cells (5x10° cells/well) were
treated with oridonin (0, 10, 15, or 20 uM) with
or without 2 mM 3-MA for 48 hours. Cells were
collected, resuspended in binding buffer (1x10°
cells), and stained with 5 uL Annexin V-FITC and
10 pL PI for 30 minutes in the dark at room
temperature. Apoptosis was analyzed using
flow cytometry.

MDC staining

HCT116 and HCTS8 cells (1x10* cells/well) were
seeded in 6-well plates and treated with orido-
nin (0 or 20 uM), alone or in combination with 2
mM 3-MA or 20 uM Z-VAD-FMK for 48 hours.
Cells were incubated with 50 uM MDC dye in
fresh medium for 30 minutes at room tempera-
ture in the dark, washed with PBS, and exam-
ined under a confocal microscope.
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Measurement of ROS

ROS levels were measured using a ROS assay
kit. HCT116 and HCTS8 cells were seeded into
6-well plates and treated with oridonin (with or
without 5 mM NAC) for 48 hours. After incuba-
tion with 10 uM DCFH-DA probe at 37°C for 30
minutes in the dark, cells were washed with
PBS, and fluorescence was measured using a
flow cytometer (excitation: 488 nm; emission:
535 nm).

RNA interference

HCT116 and HCT8 cells (~2x10%/well) were
transfected with AMPK-specific or scrambled
small interfering RNA (siRNA) oligonucleotides
(20 nM) using Lipofectamine 2000 according
to the manufacturer’s instructions. After 6-8
hours, the medium was replaced with fresh
medium containing 20 uM oridonin. Cells were
incubated for 48 hours before analysis.

Western blotting analysis

Cells or xenograft tumor tissues were lysed in
ice-cold RIPA buffer for 30 minutes and centri-
fuged at 12,000 rpm at 4°C for 5 minutes.
Protein concentration was determined by BCA
assay. Equal amounts of protein (40 ug) were
separated by 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and
then transferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were blocked
with 5% non-fat milk in TBST for 2 hours and
incubated with primary antibodies (1:1000) at
4°C overnight, followed by HRP-conjugated sec-
ondary antibodies (1:5000) for 2 hours. Protein
bands were visualized using ECL detection kit
and quantified with ImageJ software.

Xenograft mouse model

Eighteen male BALB/c nude mice (5-6 weeks
old, 18-20 g) were procured from Shanghai
Slack Experimental Animals Center and housed
under specific pathogen-free (SPF) conditions
(temperature: 21-25°C; humidity: 60-65%; 12 h
light/dark cycle) with free access to food and
water. After one week of acclimatization, HCT8
cells (2x10°) were subcutaneously injected into
the right flank of each mouse. When tumors
reached ~100 mm3, mice were randomly divid-
ed into three groups (n = 6 per group) and treat-
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ed intraperitoneally with oridonin (5 or 10 mg/
kg) or saline (control) for 3 weeks. Tumor size
was measured weekly using calipers, and vol-
ume was calculated as V = %2 x length x width?.
At the end of the experiment, mice were eu-
thanized by cervical dislocation, and their
tumors were excised, photographed, weighed,
and snap-frozen in liquid nitrogen for protein
analysis.

Statistical analysis

Data were presented as mean + standard de-
viation (SD). Statistical analyses were per-
formed using SPSS 18.0 and ImagelJ software.
Comparisons between two groups were made
using the unpaired Student’s t-test, while one-
way analysis of variance (ANOVA) was used for
multiple-group comparisons. A p-value of <0.05
was considered statistically significant.

Results

Oridonin inhibited proliferation in colon cancer
cells

Cell viability was assessed using the CCK-8
assay after treatment with varying concentra-
tions of oridonin in HCT116, HCTS8, and CRL-
1790 cells for 24, 48, and 72 hours, respec-
tively. As shown in Figure 1A, oridonin exerted
dose- and time-dependent antiproliferative
effects on both HCT8 and HCT116 cell lines,
with 48-hour half-maximal inhibitory concen-
tration (IC,)) values of 18.64+2.26 pyM and
23.75+3.07 uM, respectively. In contrast, ori-
donin showed no significant cytotoxic effects
on normal human colon epithelial cells (CRL-
1790). Based on these findings, concentrations
of 10-20 uM were selected for subsequent
experiments. Colony formation assays demon-
strated a concentration-dependent reduction
in colony-forming ability in HCT116 and HCT8
cells following oridonin treatment (Figure 1B).
Similarly, EdU incorporation assays revealed a
significant decrease in the proportion of EdU-
positive cells in both cell lines (Figure 1C).

Oridonin induced G2/M phase cell cycle arrest
in colon cancer cells

Flow cytometry analysis was performed to eval-
uate cell cycle distribution in HCT116 and HCT8
cells treated with increasing concentrations of
oridonin (0, 10, 15, and 20 uyM) for 24 hours.
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The proportion of cells in the G2/M phase
increased significantly in both cell lines follow-
ing oridonin treatment, indicating that oridonin
induces cell cycle arrest at the G,/M phase
(Figure 2).

Oridonin triggered apoptosis and autophagy in
colon cancer cells

Following 48 hours of treatment with oridonin
(0-20 uM) and/or 3-MA (2 mM), apoptosis was
evaluated in HCT8 and HCT116 cells using flow
cytometry and Annexin V-FITC/PI staining. As
shown in Figure 3A and 3B, oridonin induced
apoptosis in a dose-dependent manner, which
was significantly reversed by co-treatment with
3-MA.

MDC, an eosinophilic dye that selectively binds
to autophagic vesicles and stains acidic vacu-
oles, was used to evaluate autophagy forma-
tion. Under confocal microscopy, MDC fluores-
cence appears as punctate staining around the
nucleus, allowing assessment of autophagic
activity based on fluorescence intensity. After
48 hours of oridonin treatment, MDC staining
revealed a significant increase in fluorescence
intensity in both cell lines, indicating enhanced
autophagic activity (Figure 3E).

Western blot analysis further demonstrated
that oridonin treatment upregulated the ex-
pression levels of autophagy-related proteins
Beclin-1 and LC3-Il in a dose-dependent man-
ner, while downregulating LC3-1 and p62. Pro-
apoptotic markers including cleaved caspase-3
and poly (ADP-ribose) polymerase (PARP) were
significantly elevated. These effects were com-
pletely reversed by co-treatment with 3-MA
(Figure 3H).

Oridonin induced autophagy-dependent apop-
tosis in colon cancer cells

HCT116 and HCTS8 cells were treated with ori-
donin (0, 20 uM) with or without 3-MA (2 mM) or
the pan-caspase inhibitor Z-VAD-FMK (20 uM)
for 48 hours. The CCK-8 assay showed that
3-MA significantly reversed the anti-prolifera-
tive effects of oridonin (Figure 3C and 3D).
MDC fluorescence staining revealed that 3-MA
significantly reduced the oridonin-induced
accumulation of autophagosomes (Figure 3F)
but had no effect on cell viability or autophagy.
In contrast, co-treatment with Z-VAD-FMK
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Figure 1. Oridonin inhibited proliferation in colon cancer. A. The chemical structure of oridonin. HCT116, HCT8 and
CRL-1790 cells were exposed to various concentrations of oridonin (0, 5, 10, 15, 20 and 25 uM) for 24, 48 hand 72
h, respectively, and the cell viability of cells was assessed by CCK-8 assay. B. The colony formation was counted in
HCT116 and HCTS8 cells treated with oridonin. C. After 48 h of exposure to oridinin, and cell proliferation was further
evaluated by EdU incorporation assay *P<0.05 vs control group.

increased oridonin-induced autophagosome nin-induced cleavage of caspase-3 and PARP,
accumulation (Figure 3G). Western blot analy- while further increasing LC3-1l expression
sis revealed that Z-VAD-FMK attenuated orido- (Figure 3I).
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Figure 2. Oridonin caused G,/M arrest in colon cancer. HCT116 and HCT8 cells were exposed to various concen-
trations of oridonin (0, 10, 15 and 20 umol/L) for 24 h, and cell cycle was analyzed by flow cytometry. *P<0.05 vs

control group.

ROS were involved in oridonin-induced apopto-
sis in colon cancer cells

After 48-hour treatment with oridonin (O, 10,
15, 20 yM) with or without the ROS scavenger
NAC, flow cytometry analysis revealed a dose-
dependent increase in intracellular ROS levels
in both HCT8 and HCT116 cells, which was
effectively suppressed by NAC (Figure 4A). In
addition, oridonin-induced apoptosis was par-
tially inhibited by NAC co-treatment (Figure 4B).

Oridonin inhibited cell proliferation via ROS-
dependent activation of AMPK-mTOR-ULK1
axis

Western blot analysis demonstrated that
48-hour treatment with oridonin upregulated
p-AMPK and downregulated p-mTOR and
p-ULK1 in HCT8 and HCT116 cells (Figure 5A).
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Silencing AMPK reversed these changes, sig-
nificantly decreasing p-AMPK, LC3-1l, and apop-
totic markers (cleaved caspase-3/PARP), while
increasing p-mTOR, p-ULK1, and LC3-I expres-
sion compared to oridonin treatment alone
(Figure 5B). CCK-8 results confirmed that
AMPK knockdown partially restored cell via-
bility compared to oridonin treatment alone
(Figure 5D). Flow cytometry also showed a
decrease in apoptosis upon AMPK silencing
(Figure 5C). Furthermore, NAC co-treatment
reduced p-AMPK expression and increased
p-mTOR and p-ULK1 levels compared to orido-
nin treatment alone (Figure 6).

Oridonin suppressed xenograft tumor growth
in vivo

To evaluate the in vivo anti-tumor effects of ori-
donin, a mouse xenograft model was estab-
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Figure 3. Oridonin triggered autophagy-dependent apoptosis in colon cancer. HCT116 and HCTS8 cells were exposed to various concentrations of oridonin (O, 10,
15 and 20 uM) or/and 2 mM 3-MA, 20 uM Z-VAD-FAMK for 48 h. A and B. Cell apoptosis was detected by flow cytometry with Annexin V-FITC/PI staining. C and D.
Cell viability of cells was assessed by CCK-8 assay. E-G. Cell autophagy was evaluated by MDC staining. H and I. The expression levels of apoptosis- and autophagy-
related proteins were measured by western blot analysis. *P<0.05 vs control group, **P<0.05 vs oridonin (20 uM) group.
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Figure 5. AMPK-mTOR-ULK1 signaling pathway was involved in oridonin-induced apoptosis in colon cancer. A.
HCT116 and HCTS8 cells were exposed to various concentratios of oridonin (0, 10, 15 and 20 uM) for 48 h, protein
expression levels were detected by western blot analysis. B. Cells were transfected with AMPK-specific siRNA and
scrambled siRNA, then incubated with or without 20 uM oridonin for 48 h, and protein expression levels were de-
tected by western blot analysis; C, D. Cell apoptosis and viability were detected by flow cytometry and CCK-8 assay,
respectively. *P<0.05 vs Con; **P<0.05 vs Con-siRNA+Qri. Control: Con; Oridonin: Ori.
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Figure 6. Oridonin-triggered ROS was associated with activation of AMPK-mTOR-ULK1 axis in colon cancer. HCT8
cells were exposed to oridonin (20 uM) with the absence or presence of NAC (5 mmol/L) for 48 h, and protein ex-
pression levels were detected by western blot analysis. *P<0.05 vs control group, **P<0.05 vs oridonin (20 uM)

group.

lished using HCT8 cells. Compared to the
control group, oridonin treatment (5 mg/kg and
10 mg/kg) significantly suppressed tumor
growth, with tumor inhibition rates of 39.2%
and 66.7%, respectively, without significantly
affecting body weight (Figure 7). In addition,
western blot analysis confirmed increased
expression of autophagic (LC3-1l) and apoptotic
(cleaved caspase-3) markers in tumor tissues
following oridonin treatment.

Discussion

Colorectal cancer incidence has been continu-
ously rising globally and remains a major con-
tributor to cancer-related mortality despite
advances in treatment. Among the four major
modes of cell death (necrosis, apoptosis, au-
tophagy, pyroptosis), apoptosis and autophagy
play pivotal roles in tumorigenesis, metastatic
progression, and cellular homeostasis. In this
study, the effects of oridonin on cell prolifera-
tion, cell cycle distribution, autophagy, and
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apoptosis in colon cancer cells, along with the
underlying molecular mechanisms, were inves-
tigated. Our results demonstrated that oridonin
inhibited proliferation, induced G2/M cell cycle
arrest, and triggered both autophagy and apop-
tosis in colon cancer HCT116 and HCTS8 cells.
These effects were mediated by the regulation
of the ROS-dependent AMPK-mTOR-ULK1 sig-
naling axis.

Oridonin, a bioactive diterpenoid compound,
exhibits broad pharmacological activities such
as inhibition of proliferation, cell cycle arrest,
induction of apoptosis and autophagy. Its anti-
cancer activity is largely attributed to its unique
molecular structure, particularly its key phar-
macophore, which is the a-methylene cyclopen-
tanone (enone) moiety on the D-ring. Due to its
high efficacy, low toxicity, and ability to syner-
gize with chemotherapeutic agents while mini-
mizing adverse effects, oridonin has been
widely used in Chinese clinical practice to treat
various malignancies [16].
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weight in oridonin (5 or 10 mg/kg)-treated tumor-bearing nude mice. F. The expression of cleaved caspase-3 and
LC3-I/1l were examined by western blot analysis. *P<0.05 vs control group.

Cancer cells can proliferate indefinitely, becom-
ing essentially immortal under suitable condi-
tions. This uncontrolled growth not only dis-
rupts surrounding tissues and organs but also
elicits immune responses, causing further
damage. In our study, Oridonin inhibited the
proliferation of HCT116 and HCT8 cells in a
dose- and time-dependent manner, as con-
firmed by CCK-8, colony formation, and EdU
incorporation assays.

Cell cycle dysregulation is a hallmark of tumori-
genesis. The cell cycle comprises four stages,
with two major checkpoints at the G1/S and
G2/M phases. When abnormalities occur,
these checkpoints halt the cycle, allowing DNA
repair. If damage persists, the cell undergoes
senescence or apoptosis. Flow cytometry anal-
ysis in our study showed that oridonin induced
G2/M phase arrest, suggesting that it prevents
mitosis, thereby contributing to growth inhibi-
tion in colon cancer cells.

Cell cycle arrest is often accompanied by apop-
tosis, a fundamental process in tumor suppres-
sion and therapy response [21]. Caspase-3, a
key executioner protease, is activated from its
inactive form to initiate apoptotic cascades
[22]. Flow cytometry and western blot analysis
demonstrated that oridonin triggered apopto-
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sis in HCT8 and HCT116 cells, evidenced by
increased levels of cleaved caspase-3 and
PARP, suggesting caspase-dependent apopto-
sis. These findings were consistent with previ-
ous studies showing that oridonin induces
apoptosis in colon cancer cells through differ-
ent signaling pathways [17-19]. In addition, inhi-
bition of autophagy with 3-MA significantly
attenuated oridonin-induced apoptosis, indi-
cating that autophagy is involved in the apopto-
Sis process.

As a critical regulator of cellular homeostasis,
autophagy plays context-dependent roles in
tumor biology, demonstrating both tumor-sup-
pressive and tumor-promoting capacities.
Numerous chemotherapeutic agents have
been shown to activate autophagy, which can
either promote cell survival or lead to cell
death, depending on the cellular context [23].
Autophagy is tightly regulated by autophagy-
related genes, with ATG7, LC3, Beclin-1, and
p62 as major markers of autophagic activity
[24]. ATG7 is crucial for autophagy initiation
and autophagosome formation. The develop-
ment of autophagosomes involves the lipida-
tion of LC3-I to LC3-Il, a hallmark of autophagy.
Beclin-1, as a core component of the autopha-
gy initiation complex, regulates autophago-
some formation and autophagic flux. During
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autophagic flux, p62 disrupts the inhibitory
interaction between Bcl-2 and Beclin-1, binds
to LC3-I/1l, and exhibits an inverse relationship
with autophagic activity [25]. Evidence also
suggests that p62 participates in apoptosis
through autophagy-dependent mechanisms,
as deletion of its ZZ domain restores sensitivity
to apoptotic stimuli [26]. Studies have demon-
strated that inducing autophagy can trigger
colon cancer cell death [27]. In our study, MDC
staining and western blot analysis confirmed
that oridonin activated autophagy in HCT8 and
HCT116 cells, with reduced p62 and LC3-I lev-
els and increased Beclin-1 and LC3-Il expres-
sion. Co-treatment with 3-MA reversed these
effects by downregulating Beclin-1 and LC3-Il,
while increasing LC3-land p62 levels. Apoptosis
markers (cleaved caspase-3 and PARP) were
also reduced. These findings suggest that au-
tophagy may facilitate oridonin-induced apop-
tosis in colon cancer cells.

Autophagy and apoptosis play critical roles in
determining the fate of neoplastic cells, with
their interaction that influences tumor develop-
ment and resistance mechanisms [28]. In
colorectal cancer, their functional interactions
can be categorized into three primary modali-
ties based on regulatory mechanisms: (a)
autophagy and apoptosis both induce cell
death synchronously, or one plays a leading
role in promoting cell death (synergistic or col-
laborative effects); (b) autophagy promotes cell
death by inducing apoptosis (promoting effect);
and (c) autophagy inhibits apoptosis-induced
cell death (antagonistic or inhibitory effect)
[29]. Notably, the final classification plays a cru-
cial role in the emergence of cellular drug resis-
tance, contributing to the development of ther-
apy-resistant neoplasms, which pose signifi-
cant clinical challenges and result in poor sur-
vival outcomes [30]. The efficacy of chemo-
therapy-induced autophagic cell death in malig-
nancies is influenced by multiple factors,
including tumor staging, histological origin, and
the intensity and persistence of autophagic flux
[31]. In tumors, the interplay between autopha-
gy and apoptosis can either act synergistically
or antagonistically, depending on the initiating
stimulus, which is known as the stressor. Under
conditions of nutrient starvation, cellular stress
responses typically lead to autophagic cell
death as the predominant pathway [32]. The
autophagic clearance of damaged organelles
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facilitates cellular repair and adaptive res-
ponses, sustaining viability and homeostasis,
whereas defective clearance results in delayed
apoptotic activation. In contrast, genotoxic
stress or death receptor engagement preferen-
tially triggers rapid apoptotic cascades, with
concurrent autophagy supporting the process
[33]. Studies have also shown that autophagy
and apoptosis are interrelated processes,
where suppression of one does not prevent the
other, as their respective signaling cascades
can activate compensatory mechanisms [34].
If autophagy plays a driving role and precedes
apoptosis, it establishes a catabolic state that
sustains elevated ATP production, thereby facil-
itating accelerated apoptotic execution through
bioenergetic support [33].

However, the effects of autophagy on tumors
and its relationship with apoptosis mainly
depend on the intracellular environment, tumor
type and tumor development stage. Studies
have observed that apoptosis and autophagy
occur simultaneously in colorectal cancer cells
and tumor-bearing nude mice exposed to che-
motherapy or gene interference, causing cell
death through their respective regulatory path-
ways [35-37]. They can also serve as substi-
tutes for each other to cause cell death. For
example, autophagy can act as an alternative
cell death mechanism in apoptosis-deficient
colon cancer HCT116 cells, or promote cell
death in apoptosis-resistant SW620 Ad300
cells. Similarly, apoptosis can induce cell death
in autophagy-deficient colon cancer HCT116
cells [38-40]. Autophagy inhibitors or silencing
of autophagy genes can inhibit apoptosis, sug-
gesting that autophagy may promote apopto-
sis. For example, the natural compound trifoli-
rhizin induces autophagy-associated apoptosis
in colon malignancies by modulating the AMPK-
mTOR signaling axis [41]. In addition, autopha-
gy inhibitors or gene silencing can promote
apoptosis. For example, artesunate and myric-
etin induce both autophagy and apoptosis in
colon cancer cells, and inhibition of autophagy
can enhance the induced apoptosis, suggest-
ing that autophagy may protect cells by inhibit-
ing apoptosis [42, 43]. Studies have shown that
inhibition of autophagy in colon cancer cells
treated with the pan-caspase inhibitor Z-VAD-
FMK leads to a reduction in autophagic activity,
indicating that apoptosis may act as an
upstream activator of autophagy in cells of
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colon cancer [44]. Our experimental data dem-
onstrated that oridonin treatment simultane-
ously triggered apoptotic and autophagic
responses in HCT8 and HCT116 cells, although
the relationship between the two processes
was unclear. Further investigation of the effects
of oridonin combined with the autophagy inhibi-
tor 3-MA on cell proliferation, apoptosis, and
autophagy revealed that 3-MA reduced the
number of autophagic cell deaths. MDC-based
autophagic vesicle detection showed a signifi-
cant reduction in autophagosomes in the pres-
ence of 3-MA, while western blotting revealed
reversible changes in autophagy-related pro-
teins (p62, Beclinl, LC3-I/11) after co-treatment
with oridonin and 3-MA, highlighting the role of
autophagy in oridonin-induced antiprolifera-
tion. In addition, flow cytometry and western
blot analysis demonstrated that co-treatment
with 3-MA reversed the apoptotic effects of ori-
donin in HCT8 and HCT116 cells. These find-
ings suggest that inhibition of autophagy could
reduce oridonin-induced apoptosis. To explore
the role of autophagy in oridonin-induced apop-
tosis, MDC staining revealed increased auto-
phagosomes after the addition of the apoptosis
inhibitor Z-VAD-FMK. Western blot analysis
showed that co-treatment with ZVAD-FMK
attenuated the proteolytic activation of cas-
pase-3 and PARP but promoted LC3-Il expres-
sion, suggesting that suppression of apoptosis
increases autophagic activity and that autoph-
agy may compensate for apoptotic cell death.
These findings indicate that oridonin’s antipro-
liferative effects arise from its dual induction of
apoptotic and autophagic pathways. Autophagy
may enhance cell death through synergistic
interactions with apoptosis.

Substantial evidence supports the idea that
supraphysiological ROS levels trigger cytotoxic
effects in malignant cells, culminating in oncot-
ic cell death [18, 45, 46]. Our experimental
data demonstrated a significant ROS accumu-
lation in HCT116 and HCTS8 cells treated with
oridonin. Notably, NAC-mediated ROS scaveng-
ing significantly reduced apoptotic rates, sug-
gesting that ROS are a key mediator of orido-
nin’s antitumor effects.

Autophagy is regulated by several signaling net-
works, with the AMPK-mTOR-ULK1 pathway
being particularly influential [47]. mTOR, a ser-
ine/threonine kinase, regulates cellular growth
and proliferation. Under nutrient deprivation,
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mTORC1 is inhibited, stimulating autophagy.
Conversely, mTOR activation inhibits autophagy
by phosphorylating ULK1 at Ser757 [48]. AMPK,
a key regulator of cell energy homeostasis, acts
as a tumor suppressor by regulating inflamma-
tory responses, programmed cell death, and
autophagic flux [49]. AMPK activation relieves
mTOR-dependent inhibition at ULK1 Ser757,
promoting autophagy [50-52]. Our western blot
analysis showed that oridonin induced AMPK
activation, leading to reduced p-mTOR and
p-ULK1 levels, thereby triggering autophagy in
colon cancer cells. This finding was also consis-
tent with previous studies showing that AMPK
can promote cell death by inhibiting mTORC1
and activating ULK1 [20, 51]. To further verify
the role of AMPK in this pathway, AMPK-specific
siRNA was used to silence AMPK. Western blot
analysis revealed that AMPK silencing abol-
ished oridonin’s effects, reversing the activa-
tion of p-AMPK and inhibition of p-mTOR
AMPK. Moreover, the effects of oridonin on
autophagy-related proteins (LC3-I/1I) and pro-
apoptotic proteins (cleaved caspase-3/PARP)
were reversed after AMPK silencing. CCK-8
assays and flow cytometry confirmed that
AMPK silencing partially attenuated oridonin’s
antiproliferative and pro-apoptotic effects in
colon cancer cells, suggesting that activated
AMPK negatively regulates the mTOR pathway,
influencing downstream apoptosis- and autoph-
agy-related proteins and inhibiting cell growth.
These data indicate that the AMPK-mTOR cas-
cade plays an important role in the initiation of
autophagy and apoptosis, contributing to the
growth inhibition induced by oridonin.

The AMPK-mTOR-ULK1 signaling pathway, the
main pathway regulating autophagy, can be
activated by ROS [11-13]. Previous studies
have reported that oridonin could increase ROS
levels in colon cancer cells [14, 15], which was
also confirmed in our study using HCT116 and
HCTS8 cells. In addition, the ROS scavenger NAC
effectively suppressed both oridonin-induced
ROS generation and activation of the AMPK-
mTOR-ULK1 pathway, consequently reducing
apoptosis. These results suggest that ROS gen-
eration is a prerequisite for the activation of the
AMPK-Mtor-ULK1 pathway, acting as the criti-
cal mediator of oridonin’s antitumor activity in
colon cancer.

Finally, in vivo studies demonstrated that orido-
nin dose-dependently inhibited the growth of
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HCT8 xenograft tumors in nude mice without
significant loss of body weight. Western blot
analysis of tumor tissues showed increased
expression of LC3-1l and cleaved caspase-3 fol-
lowing oridonin treatment, indicating that orido-
nin also induces autophagy and apoptosis in
vivo, thereby contributing to colon cancer
suppression.

Conclusion

In summary, oridonin induced ROS-mediated
activation of AMPK, which inhibited the mTOR-
ULK1 axis, thereby inducing both autophagy
and apoptosis in colon cancer cells. Autoph-
agy further promoted apoptotic cell death.
Collectively, our findings revealed that ori-
donin exerted antitumor effects through ROS-
dependent activation of the AMPK-mTOR-ULK1
axis, ultimately triggering autophagy-depen-
dent apoptosis. These results provide an exper-
imental basis for colon cancer treatment and a
theoretical foundation for the anticancer poten-
tial of other terpenoids and traditional Chinese
medicines targeting autophagy-related signal-
ing pathways.
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