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Objective: This study investigated the effects of ALO on apoptosis and ferroptosis in colorectal cancer HCT116 and SW480 cells and
the underlying mechanisms.

Methods: Cells were treated with varying ALO concentrations. CCK-8 assay assessed proliferation. Flow cytometry detected apoptosis.
Lipid peroxidation was measured by BODIPY 581/591 C11 dye oxidation and TBA method. GSH content was determined by DTNB
method. ROS and intracellular iron levels were assessed using fluorescent probes and iron assays. Molecular docking analyzed ALO-Nrf2
binding. Immunofluorescence detected Nrf2 expression. Western blot quantified apoptosis-related proteins (Bax, Bcl-2) and ferroptosis-
related proteins (Nrf2, GPX4, xCT, DMT1). Effects of Nrf2 overexpression on ALO-treated cells were observed.

Results: ALO inhibited cell viability and increased apoptosis dose-dependently. It elevated lipid peroxidation and intracellular iron while
reducing GSH. Ferroptosis inhibitors DFO and Fer-1 reversed cell death and reduced apoptosis. ALO induced ROS production, upregulated
Bax/Caspase3, and downregulated Bcl-2. Molecular docking suggested ALO binds to Nrf2 via hydrogen bonding. Immunofluorescence and
Western blot showed ALO suppressed Nrf2, GPX4, xCT, and DMT1 expression concentration-dependently. Nrf2 overexpression sig-
nificantly attenuated ALO’s inhibitory effects on proliferation and its induction of ferroptosis and apoptosis.

Conclusion: ALO suppresses colorectal cancer cell proliferation by inducing apoptosis and ferroptosis via inhibition of the Nrf2
signaling pathway.

Plain Language Summary: Colorectal cancer is a leading global health problem, and new therapeutic strategies are urgently
needed. This study investigated the inhibitory effects of ALO on colorectal cancer cells and the underlying molecular mechanisms. We
treated two colorectal cancer cell lines (HCT116 and SW480) with different concentrations of ALO. ALO inhibited cancer cell
proliferation in a dose-dependent manner by inducing two forms of cell death: apoptosis (programmed cell death) and ferroptosis
(iron-dependent cell death). ALO increased reactive oxygen species (ROS) and lipid peroxidation, reduced the antioxidant GSH level,
and elevated intracellular iron content. At the molecular level, ALO binds to and inhibits the key protein Nrf2, which is critical for
cellular stress defense. This inhibition downregulated proteins that protect against ferroptosis. Overexpression of Nrf2 significantly
reversed the effects of ALO, confirming its key role in the mechanism. Our findings demonstrate that ALO induces apoptosis and
ferroptosis in colorectal cancer cells by suppressing the Nrf2 pathway, suggesting its potential as a promising candidate for colorectal
cancer treatment. This study provides a novel strategy for developing more effective anti-cancer therapies.

Keywords: colorectal cancer, ALO, ferroptosis, Nrf2 pathway, molecular docking

Introduction

Colorectal cancer (CRC), one of the world’s most prevalent malignancies, ranks third in global cancer incidence. According to
2023 statistics, 20% of new cases in the United States occur in individuals aged 50 or younger, with a notable tendency to
present as advanced-stage diseases.' Additionally, the anatomical distribution of CRC has shifted: the primary site has
transitioned from the right colon to the left colon. While tumor screening demonstrates greater efficacy in preventing left-sided
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CRC, this phenomenon may reflect underlying changes in disease risk profiles.” More than half of the cases can be attributed to
modifiable risk factors, such as smoking, unhealthy diet, excessive alcohol consumption, lack of exercise and obesity.** The

treatment methods for CRC include surgical treatment, chemotherapy, radiotherapy, targeted therapy™°

and traditional
Chinese medicine treatment.” Among them, surgical treatment has disadvantages such as greater trauma and a higher risk
of complications.® Although the combination of postoperative radiotherapy and chemotherapy has effectively improved the
survival period of patients,” drug resistance remains a major problem in clinical treatment.'®'? At present, the drugs used in
clinical practice to treat CRC also have disadvantages such as high cost, certain toxic and side effects.'> ' Therefore, seeking
safe and effective traditional Chinese medicine can not only reduce treatment costs, but also is of great value in improving the
survival period of patients.

Ferroptosis is a distinct form of regulated cell death characterized by iron-dependent phospholipid peroxidation,
which is marked by elevated intracellular iron levels and reactive oxygen species (ROS) accumulation.'” Lipid
peroxidation serves as a hallmark of ferroptosis, while abnormal iron metabolism represents a critical regulatory node
in its execution pathway.'®'® Emerging evidence has demonstrated that abnormally increased iron and ROS levels in
CRC cells can potently induce ferroptosis. Preclinical studies have further validated that modulating ferroptosis-related
signaling pathways effectively suppresses CRC cell progression.

The glutathione peroxidase 4 (GPX4) axis represents one of the canonical ferroptosis regulatory pathways.>**' For
instance, Zheng? et al found that the combined treatment of luteolin and erastin significantly upregulated the expression of
HIC1; overexpression of HIC1 significantly enhanced the inhibition of GPX4 expression and promoted ferroptotic cell death.
In contrast, silencing of HIC1 weakened the inhibition of GPX4 expression and eliminated ferroptosis. Additionally, Solute
Carrier Family 7 Member 11 (xCT) is a factor related to the ferroptosis pathway, which can promote the synthesis of
glutathione and reduce the impact of oxidative stress on cells. Mechanistically, Erastin exerts its anti-CRC efficacy by directly
targeting xCT, thereby overcoming chemotherapy resistance.”® These evidences indicate that ferroptosis has broad application
prospects in the treatment of CRC. Collectively, these findings highlight the promising therapeutic potential of ferroptosis
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modulation in CRC management. The development of safe, effective, and low-toxicity novel agents capable of inducing both
ferroptosis and apoptosis in CRC cells holds great promise for providing innovative clinical treatment options and improving
patient prognosis.

Sophora alopecuroides L., a species of the genus Sophora in the family Fabaceae, is predominantly distributed in
Inner Mongolia, Xinjiang, Xizang (Tibet) and other regions of China. Its core pharmacological effects include clearing
heat, exerting antibacterial and anti-inflammatory activities, relieving pain, exhibiting insecticidal properties and anti-
tumor effect.”* Alkaloids are the main active components of Sophora alopecuroides L. Aloperine (ALO) is
a quinolicidine alkaloid extracted from Sophora alopecuroides L.*° In recent years, there have been a large number of
reports on its anti-tumor effect, and the efficacy is well-documented.?®2° Previous studies have shown that ALO can
inhibit tumor proliferation by regulating the JAK-STAT signaling pathway.”® Yu *' et al demonstrated that ALO can
promote autophagy in tumor cells by inhibiting the Akt/mTOR signaling pathway. Qiu>? et al found that ALO suppressed
migration, invasion, and adhesion in bladder cancer cells by upregulating the expression of TIMP-4. Han” et al clarified
that miR-296-5p was lowly expressed in CRC cells, and ALO could up-regulate the expression of miR-296-5p and
thereby inhibit the expression of STAT3, thereby suppressing the proliferation of CRC cells. However, the effect of ALO
on ferroptosis in colorectal cancer cells is currently unclear. This study aims to explore the effects of ALO on the
proliferation, apoptosis and ferroptosis of colorectal cancer cells, and further clarify the mechanism by which ALO
regulates apoptosis and ferroptosis of CRC cell.

Materials and Methods

Materials

Cell Lines

Human colorectal cancer HCT116 (CL-0096) cell line and SW480 (CL-0223) cell line were purchased from Wuhan
Procell Life Science & Technology Co., Ltd. (China).

Drugs

ALO (52420 purity: 97%), purchased from Selleck Chemicals Company, Deferoxamine mesylate (DFO) (HY-B0988
purity: 99.94%), purchased from MedChemExpress Company, Ferrostatin-1 (Fer-1) (HY-100579 purity: 99.71%),
purchased from MedChemExpress Company.

Molecular Docking Technology Website and Software
PDB (https://www.rcsb.org), PubChem (https://pubchem.ncbi.nlm.nih.gov) and CavityPlus (https:/www.pkumdl.
cn:8000/cavityplus), AutoDOCK Tools (https://autodock.scripps.edu), PyMol (https://www.pymol.org).

Methods

Cell Culture

Colorectal cancer cell lines HCT116 and SW480 were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) (164,210-50, Procell) and 1% penicillin-streptomycin (P1400, Solarbio). The cells were incubated
in a constant temperature incubator at 37 °C with 5% CO,. When the cell confluency reached 70%-80%, the cells were
digested with 0.25% trypsin-EDTA and seeded into appropriate culture dishes. On the following day, the cells were
treated with ALO at concentrations of 0 pM, 200 uM and 300 puM, followed by an additional 24 hours incubation. The
cells were then harvested for subsequent experiments.

CCK-8 Detection

HCT116 cells were seeded in 96-well plate at 4,500 cells/well and SW480 cells at 4,000 cells/well, respectively, with
each well containing 100 pL of cell suspension. Five replicate wells were prepared for each treatment group, and a blank
group was also set up. Place the culture plate in the incubator for pre-culture (37 °C, 5%CO,) for 24 hours. Culture media
were replaced with fresh media containing ALO at different concentrations (0 uM, 10 uM, 50 uM, 100 uM, 200 uM,
400 pM, 800 pM). After 24 hours of treatment, 10 pL of CCK-8 reagent (K1018-2x5mL, APExBIO) was added to each
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well, Place the culture plate in the incubator and continue to culture for 1 hour. Use an enzyme-linked immunosorbent
assay (ELISA) reader (ELX808, Berton Instruments, Inc., USA) to measure the absorbance at a wavelength of 450 nm.

Apoptosis Detection

After treating the cells with ALO (0 uM, 200 pM, 300 uM) for 24 hours, the cells were digested with trypsin without
EDTA (T1350, Solarbio), collected by centrifugation, resuspended twice in PBS, centrifuged at 4,000xg for 5 minutes,
and the supernatant was discarded. The pellet was resuspended thoroughly in 1xbinding buffer. Double staining of FITC
and PI was performed using the Annexin V-FITC/PI Apoptosis Detection Kit (KGA1107-100, KeyGEN), and the
apoptosis rate was detected by flow cytometry (FACSCalibur, Becton, Dickinson and Company, USA). The key
parameters for flow cytometry detection were as follows: Gate the target cell population via the FSC/SSC dot plot,
with exclusion of cell debris and aggregates; The FL1 channel was used to detect FITC signals and the FL2 channel for
PI signals. Dividing the cells into four subpopulations: viable cells (Annexin V /PI"), early apoptotic cells (Annexin V
/PT"), late apoptotic cells (Annexin V*/PI"), and necrotic cells (Annexin V /PI"). The total apoptotic rate was calculated
as the sum of the proportions of early and late apoptotic cells. Single-stain controls (Annexin V-FITC, PI) and unstained
cell controls were established for correction of fluorescence spectral overlap between FL1 and FL2 channels, guarantee-
ing accurate signal detection. 10,000 cells within the gated cell population were collected for each sample. The
experimental results were expressed as the percentage of positive cells in each cell subpopulation.

Lipid Peroxidation Measurement

HCT116 and SW480 cells were seeded in 24-well plate containing coverslips and cultured at 37 °C with 5% CO, until reaching
50%-70% confluency. Subsequently, cells were treated with ALO at concentrations of 200 uM and 300 uM, with an untreated
group set as the control. After 24 hours of treatment, lipid peroxidation sensor BODIPY ™ 581/591 C11 (D3861, ThermoFisher)
dye stock solution was diluted to a working concentration of 20 uM with serum-free medium, and 500 pL of the probe working
solution was added to each well to completely cover the coverslips. The cells were then incubated at 37 °C with 5% CO, for
30 minutes in the dark. The probe working solution was discarded, and the cells were washed three times with pre-warmed PBS
for 5 minutes each to remove uninternalized probes. Coverslips were mounted with an anti-fluorescence quenching agent, and
images were immediately acquired using a laser scanning confocal microscope (FV3000, Olympus Corporation, Japan).
Separate channels were set to detect the oxidized form of the C11 probe (excitation/emission: 488/510 nm) and the non-
oxidized form (excitation/emission: 581/591 nm). Experimental results were analyzed using ImageJ software.

Detection of MDA by Thiobarbituric Acid (TBA) Method

After treating the cells with ALO (0 uM, 200 pM, 300 uM) for 24 hours, discarded the cell culture supernatant, scraped
off the cells with a cell scraper, transferred the cells to an EP tube with a pipette, add 0.5 mL of extract, mixed well for
2 minutes, ultrasonically broke the cells to form a suspension, and determined the protein concentration by the BCA
method. Added the reagents one by one in accordance with the instructions of the Cell Malondialdehyde Determination
Kit (A003-4-1, Nanjing Jiancheng Institute of Bioengineering). Soaked in water at 95 °C for 80 minutes. After cooling,
centrifuged at 4,000xg for 10 minutes. Took 250 pL of each sample of the supernatant into a 96-well plate. Measured the
absorbance of each well at 532 nm with an enzyme-linked immunosorbent assay. The MDA content of each sample was
subsequently calculated based on the measured absorbance values (4) and quantified protein concentrations (C;).

Asamp]e — Aplank

MDA content (nmol/mgprot) = X Cstandard X Cpr

Astandard - Ablank

Method for Determining Iron Content in Cells

After 24 hours of ALO (0 pM, 200 uM, 300 pM) treatment as described above, cells were counted, and 1x107 cells were
collected. 0.5 mL of lysis buffer was added, and the cells were disrupted via ice-bath ultrasonication (power: 200 W,
5 seconds of work /5 seconds off, total duration 5 minutes) to prepare a cell suspension. The suspension was then
centrifuged at 10,000xg for 10 minutes at 4 °C, and the supernatant was collected and kept on ice for subsequent assays.
The 40 mM standard solution was serially diluted with distilled water to obtain working standards with concentrations of
100 uM, 50 puM, 25 uM, 12.5 pM, 6.25 pM, 3.125 pM, 1.5625 uM and 0.78125 pM, respectively. Samples were added to
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1.5 mL centrifuge tubes according to the reaction system table After vigorous vortexing for 5 minutes, the mixture was
centrifuged at 12,000xg for 10 minutes at room temperature. 200 pL of the upper inorganic phase was transferred to a 96-
well plate, and the absorbance was measured at a wavelength of 593 nm. A standard curve was established using the
concentrations and corresponding absorbance values of the standard solutions. We determined the intracellular iron
content using a Cell Iron Content Assay Kit (BC5315, Nanjing Jiancheng Institute of Bioengineering) and the sample
concentrations (X) were calculated from this standard curve. The protein concentration of the samples (C,;) was
determined by the BCA method. Finally, the ferrous ion content was calculated using the corresponding formula. Cell
Iron Content Detection Kit (BC5315, Nanjing Jiancheng Institute of Bioengineering.
X X 1072 X Vexyaer  0.001x

Ferrousion content (umol/mg prot) = =
Cpr X Vextract Cpr

Experimental Method for the Determination of Glutathione (GSH) Content

After treating the cells with ALO (0 uM, 200 uM, 300 pM) for 24 hours, the cells were digested and collected. An equal
volume of pre-cooled 5% Trichloroacetic acid (TCA) (containing | mM EDTA) was added and vortex mixed evenly.
Centrifuged at 12,000xg for 15 minutes at 4 °C, and took the supernatant for later use. The intracellular GSH content was
detected in accordance with the instructions of the reduced glutathione Assay Kit (Microplate Method) (A006-2-1,
Nanjing Jiancheng Institute of Bioengineering). The absorbance at 412 nm was measured by the ELISA reader, and the
concentration of GSH in the cell supernatant was calculated based on the standard curve.

Detection of ROS by Fluorescent Probes

After treating the cells with ALO (0 uM, 200 uM, 300 pM) for 24 hours, the cells were digested and collected. They were
centrifuged at 800xg for 10 minutes, washed with serum-free medium, and centrifuged at 800xg for 10 minutes.
Resuspended the cells with DCFH-DA reagent, stained them at 37 °C in the dark for 2 hours, and mixed the cells
every 5 minutes during this period. Centrifuged at 800xg for 10 minutes, and washed the cells twice with serum-free
medium. Intracellular ROS levels were measured using the Reactive Oxygen Species Assay Kit (E004-1-1, Nanjing
Jiancheng Institute of Bioengineering). DCF fluorescence was detected by flow cytometry.

Western Blotting

Cells were harvested after 24 hours treatment with ALO at different concentrations (0 pM, 200 uM, 300 uM). Cells were lysed
using RIPA buffer (RIPA:PMSF=100:1), followed by ultrasonic disruption (power: 200 W, 3 seconds of work /3 seconds off,
total duration 2 minutes). The lysate was centrifuged at 12000 rpm and 4 °C for 10 minutes, and the supernatant was collected.
Total protein was quantified to a concentration of 2 pg/puL using the BCA Protein Concentration Assay Kit (PC0020, Solarbio).
Protein samples were heated at 100 °C for 10 minutes to induce protein denaturation. Then 40 ug of protein was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% separating gel at a constant voltage of 120
V. Subsequently, proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (0.45 um pore size) under a constant
current of 200 mA. The membranes were blocked with 5% non-fat milk powder at room temperature for 2 hours, and then
included with diluted primary antibodies (Table 1) at 4 °C overnight. The membranes were incubated with corresponding
secondary antibodies (1:5000 dilution) at room temperature for 1 hour and washed. Finally, protein bands were developed using
an enhanced chemiluminescence (ECL) substrate on a Tanon-6100 chemiluminescence imaging system, and images were
captured for subsequent analysis.

Molecular Docking

The three-dimensional crystal structure of the protein was taken from the PDB database, and the three-dimensional structure of
ALO was obtained from the PubChem database (SDF format). First, the small molecule PDB number was entered using the
Cavity plus website to predict the protein docking active pocket site, and the protein and ligand molecules were processed
using AutoDock Tools 1.5.7 software, and semi-flexible molecular docking was performed. After docking, the conformation
with the lowest binding free energy was screened out, and the docking results were visualized by PyMOL software.
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Table | Detailed Description of Antibodies

Target Molecular Dilution | Source | Catalog Manufacturer
Protein Weight (kDa) | Ratio Number

B-Actin 42 1:3000 Rabbit AC026 ABclonal

Bax 21 1:1000 Rabbit Ab32503 Abcam

Bcl-2 26 1:1000 Rabbit Ab32124 Abcam

Total Caspase-3 | 32,35 1:5000 Rabbit Ab32351 Abcam

GPX4 20-23 1:1000 Mouse 67763-1-Ig Proteintech
XCT 35-40 1:500 Rabbit 26864-1-AP Proteintech
DMTI 60-70 1:1000 Rabbit 20507-1-AP Proteintech
Nrf2 68,110 1:500 Rabbit 80593-1-RR Proteintech

Immunofluorescence

HCT116 and SW480 cells were seeded in 24-well plate with coverslips and cultured at 37 °C with 5% CO, to 50%-70%
confluency, then treated with ALO at 200 uM and 300 pM for further incubation, with a 0 pM ALO group as the control.
After 24 hours of drug treatment, 500 pL of 4% paraformaldehyde was added to each well for fixation at room temperature
for 15 minutes. The cells were incubated with 0.1% Triton X-100 at room temperature for 10 minutes, followed by blocking
with 5% BSA at room temperature for 60 minutes. The coverslips were incubated with Nrf2 primary antibody (1:200
dilution) at 4 °C overnight. On the next day, ABflo® 488-conjugated Goat anti-Rabbit IgG (H+L) fluorescent secondary
antibody (1:200 dilution) (AS053, ABclonal) was added and incubated at room temperature for 1 hour in the dark. DAPI
solution (C0060, Solarbio) was added dropwise to cover the coverslips and incubated at room temperature for 10 minutes in
the dark. After each reagent treatment, the cells were washed three times with PBS for 5 minutes per wash. The coverslips
were mounted with an anti-fluorescence quenching agent (S2100, Solarbio) and observed under a laser scanning confocal
microscope. Images were acquired at the excitation/emission wavelength of 488/510 nm, and the fluorescence intensity and
intracellular distribution of Nrf2 protein were analyzed. Experimental results were analyzed using ImageJ software.

Plasmid Transfection

Prepare for plasmid transfection when the density of HCT116 and SW480 cells reaches 80%, Tube 1 was prepared by
mixing 125 pL Opti-MEM (serum-free medium) with 10 pL Lipofectamine 3000. Tube 2 was prepared by mixing
125 pL Opti-MEM with 2.5 ug DNA plasmids and 5 uL. P3000. Combine the solutions from Tube 1 and Tube 2, and
incubate the resultant mixture at room temperature for 15 minutes. Supplement the transfection complex with culture
medium to a final volume of 2 mL, then add the mixture to the 6-well plate. The empty vector (mock) was transfected
simultaneously into the cells as a negative control. Replace the culture medium 48 hours post-transfection, and subject
the cells to selection using G418 at concentrations of 600 pug/mL (HCT116 cells) and 400 pg/mL (SW480 cells).

Quantitative Reverse Transcription Polymerase Chain Reaction (qQRT-PCR)

Total RNA was extracted using the Trizol reagent. The purity and concentration of RNA were detected using a NanoDrop
spectrophotometer (K5600, KAIAO, China), RNA samples with an ratio of 1.8-2.0 were deemed quantified for further
experiments. RNA was reverse-transcribed into cDNA using a reverse transcription kit containing gDNA Eraser (for
removing genomic DNA). gqRT-PCR was then carried out using the SYBR Green | fluorescence dye method for target
gene (100ng) amplification. Primer sequences for target genes were as follows: GAPDH (internal control): Forward: 5'-
GCACCGTCAAGGCTGAGAAC-3', Reverse: 5-TGGTGAAGACGCCAGTGGA-3'. Nrf2: Forward: 5'-GTCACAT
CGAGAGCCCAGTC-3', Reverse: 5'-AGCTCCTCCCAAACTTGCTC-3". Reactions were cycled under standard condi-
tions (95 °C for 30 seconds, followed by 40 cycles of 95 °C for 5 seconds and 60 °C for 30 seconds). Relative gene
expression was calculated using the 22" method,** normalized to GAPDH.
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Statistical Processing

Data were analyzed using GraphPad Prism 8.0 (GraphPad Software, Inc). Normality of distributions was verified prior to
statistical testing. For comparisons between two groups, unpaired Student’s t-tests were performed. For multi-group
analyses, one-way analysis of variance (ANOVA) was used to assess significant differences, followed by Tukey’s post-
hoc test for multiple pairwise comparisons. Statistical significance was defined as P < 0.05. All experiments were
performed independently in at least three biological replicates, and data are presented as mean + standard deviation (SD).

Result

ALO Induces Proliferation Inhibition and Apoptosis in CRC Cells

We used CCK-8 to detect the effects of ALO on cell proliferation. Compared with the control group (0 uM), HCT116
and SW480 cells treated with different concentrations of ALO showed significantly reduced cell proliferation in
a concentration-dependent manner (Figure 1A, P < 0.05). Finally, we chose 200 uM and 300 uM ALO concentrations
for the subsequent experiments. The apoptosis detection results showed that compared with the control group (0 uM), the
apoptosis rates significantly increased in HCT116 and SW480 cells treated with 200 pM and 300 uM ALO. Moreover,
the apoptotic rate of 300 uM ALO increased more significantly (Figure 1B and C, P < 0.05).

ALO Induces Ferroptosis in CRC Cells

To observe the effect of ALO on ferroptosis in CRC cells, after treating the HCT116 and SW480 cells with 0 pM,
200 uM and 300 uM for 24 hours, the lipid peroxidation sensor BODIPY 581/591 C11 dye was employed to further
detect the Lipid peroxidation levels. The results showed that compared with the 0 pM group, green fluorescence was
significantly enhanced and red fluorescence was attenuated after treatment with 200 uM and 300 pM ALO, demonstrat-
ing an increase in ROS expression levels (Figure 2A-D, P < 0.05). Meanwhile, we detected the MDA, iron content and
GSH of the cells. Compared with the control group (0 uM), the levels of MDA and iron content in cells treated with
200 uM and 300 uM ALO significantly increased (Figure 2E-H, P < 0.05), and the content of GSH significantly
decreased (Figure 21 and J, P < 0.05).

Iron Death Inhibitors DFO and Fer-1 Reverse ALO-Induced Ferroptosis

Cell proliferation was detected using the CCK-8 assay in HCT116 and SW480 cells treated with ALO (300 pM) alone or
in combination with the iron death inhibitors DFO (20 uM) and Fer-1 (10 pM). The results showed that cell viability was
significantly improved in the groups co-treated with ALO plus DFO or Fer-1 compared with the group treated with ALO
alone (Figure 3A and B, P < 0.05). After 24 hours of co-treatment with ALO and iron death inhibitors (DFO or Fer-1) in
HCT116 and SW480 cells, cell apoptosis was analyzed by flow cytometry. The results demonstrated that the apoptotic
rate was significantly reduced in the co-treatment groups compared with the ALO alone treatment group (Figure 3C-F,
P < 0.05).

ALO Induces Mitochondrial Apoptosis in CRC Cells

Lipid peroxidation caused by ferroptosis generates a large amount of ROS to induce mitochondrial apoptosis in cells.
Therefore, we detected the intracellular ROS level and the expression of mitochondrial apoptotic proteins. The ROS
levels of HCT116 and SW480 cells were detected by flow cytometry. The results showed that compared with the 0 uM
group, the ROS expression levels in HCT116 and SW480 cells in the 200 pM and 300 uM groups were significantly
enhanced (Figure 4A-D, P <0.05). Western blotting was used to detect the expression of anti-apoptotic protein Bcl-2 and
pro-apoptotic proteins (Bax and Caspase3). In HCT116 and SW480 cells, 200 uM and 300 uM ALO treatments led to
a significant increase in the ratio of Bax/Bcl-2. Meanwhile, the protein expression level of Caspase3 increased
significantly (Figure 4E-J, P < 0.05).
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Figure |1 ALO induced inhibition of CRC cell proliferation and apoptosis After treating HCT 116 and SW480 cells with different concentrations of ALO for 24 hours, cell
viability (A) was detected by CCK-8; After HCT | 16 and SW480 cells were treated with 0 uM, 200 uM and 300 uM ALO for 24 hours, apoptosis (B and C) was detected by
double staining with FITC and Pl.The data were expressed as mean + SD (n = 3). *p < 0.05, compared with the control group (0 uM); *p < 0.05, compared with the 200 uM
treatment group.

ALO Induces Ferroptosis in CRC Cells by Inhibiting the Nrf2 Pathway

The analysis confirmed the preferred 3D protein structure of the ALO target molecule (Nrf2:2FLU). The molecular
docking of ALO and Nrf2 protein showed that the small molecule of the protein showed a high degree of compatibility
with the receptor-binding pocket and had hydrogen bonds under natural conditions (Figure 5A). The group with the
minimum binding energy of —8.7 kcal/mol was selected as the most favorable conformation of the two binding (Table 2),
and the pKd/pKi was calculated to be 6.524 pKd/pKi. Cavity plus evaluated possible active pockets of ALO in Nrf2, and
natural ligands could dock to the GLY364-ALA670 domain of the same Nrf2, which was the active binding pocket of
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Figure 2 ALO induced ferroptosis in CRC cells After treatment with 0 uM, 200 pM and 300 uM ALO for 24 hours, the lipid peroxidation levels in HCT| 16 (A) and SW480 (B)
cells were detected by the BODIPY CI | fluorescent probe. (C and D) Present the quantitative analysis of the corresponding fluorescence intensity ratios. (E and F) show the
relative MDA contents in HCT | 16 and SW480 cells, respectively. (G and H) indicate the ferrous ion (Fe*) contents in HCT1 16 and SW480 cells, respectively. (I and J) display
the GSH contents in HCT 116 and SW480 cells, respectively. The data were expressed as mean % SD (n = 3). *p < 0.05, compared with the control group (0 pM); #p < 0.05,
compared with the 200 pM treatment group.

Nrf2 proteins (Figure 5B), including the amino acids ALA-510, GLY-367, LEU-365, VAL-463, ILE-416, GLY-462,
LEU-557. These data indicate that ALO has a good affinity for the Nrf2 protein, which occurs by forming an
intermolecular force between its polar part and the conserved amino acid residue. Meanwhile, immunofluorescence
assay detected Nrf2 expression levels. Compared with the 0 uM group, in HCT116 cells, treatment with 200 uM and
300 uM ALO significantly downregulated Nrf2 expression in a concentration-dependent manner; in SW480 cells, the
same concentrations of ALO also markedly reduced Nrf2 expression, with no concentration dependence observed
(Figure 5C—F, P < 0.05). Nrf2, as an important regulatory factor of ferroptosis, can inhibit ferroptosis by regulating
the transcription and translation of DMT1, xCT and GPX4. Furthermore, Western Blotting analysis revealed the protein
expression of Nrf2, DMT1, xCT and GPX4. In HCT116 cells, 200 and 300 uM ALO reduced the expression of these four
proteins in a concentration-dependent manner (Figure 5G and H, P < 0.05). In SW480 cells, the same ALO concentra-
tions decreased Nrf2, DMT! and GPX4 expression in a concentration-dependent way, whereas xCT expression was
inhibited with no concentration dependence (Figure 51 and J, P < 0.05).
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Figure 4 ALO induces mitochondrial apoptosis in CRC cells After treating HCT |16 and SW480 cells with different concentrations of ALO (0 uM, 200 yM and 300 uM) for
24 hours, the ROS levels of the cells (A-D) were detected by flow cytometry. Western blotting was used to detect the protein expressions of Bcl-2, Bax and Caspase3
(E-J). The data were expressed as mean + SD (n = 3). *» < 0.05, compared with the control group (0 uM); *p < 0.05, compared with the 200 uM treatment group.
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Figure 5 ALO induces ferroptosis in CRC cells by inhibiting the Nrf2 pathway The binding conformation between ALO and the Nrf2 receptor was analyzed using
AutoDock Tools. The lowest binding energy conformation was identified at the ALA-510 binding site, which interacts via a hydrogen bond with a length of 1.9 (A). Potential
active pockets of ALO in the Nrf2 protein were evaluated using CavityPlus software; the GLY364-ALA670 domain was identified as the active binding pocket of Nrf2, and
ALO bound to this pocket as expected (B). After treating HCT 116 and SW480 cells with ALO (0 uM, 200 yM and 300 uM) for 24 hours, immunofluorescence was used to
detect intracellular Nrf2 changes in HCT116 (C and D) and SW480 (E and F) cells treated with different concentrations of ALO. Western Blotting was used to detect the
protein expression levels of Nrf2, DMTI, xCT and GPX4 (G-J). The data were expressed as mean + SD (n = 3). *p < 0.05, compared with the control group (0 uM);
#p < 0.05, compared with the 200 uM treatment group.

Overexpression of Nrf2 Inhibits ALO-Induced Ferroptosis
To investigate the effect of Nrf2 on ALO-induced ferroptosis, we overexpressed Nrf2 in SW480 cells. The results showed
that in the cells overexpressing Nrf2, the expression levels of Nrf2 mRNA and protein were significantly increased

Table 2 Nine Different Conformations of ALO and
Nrf2 Binding Were Obtained by Autodock Tools

Mode | Affinity (kcal/mol) | Msd I.b | Msd u.b
[ -8.7 0 0

2 -84 1.808 2.809

3 -8.2 2018 5.776

4 -8 1.759 2.954

5 =77 3.988 6.485

6 -74 4.13 6.938

7 -74 3.944 6.518

8 -74 4.077 7.898

9 —6.9 6.153 10.145

Note: In this context, msd refers to the maximum spatial dis-
tance, where |.b. stands for lower bound and u.b. for upper bound.
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Figure 6 Overexpression of Nrf2 inhibits ALO-induced ferroptosis HCT | |6 and SW480 cells were transfected with pcDNA3.1-Nrf2 plasmid; Nrf2 mRNA expression was
detected by qRT-PCR (A), and Nrf2 protein expression by Western blotting (B). After 24 hours treatment of mock and Nrf2-overexpressing cells with ALO (300 pM), cell
viability was measured by CCK-8 (C), and intracellular MDA (D), iron (E), GSH (F) levels were detected; intracellular ROS levels were analyzed by flow cytometry (G), and
cell apoptosis was assessed by FITC-PI double staining (H and ). The data were expressed as mean + SD (n = 3). *p < 0.05, compared with the mock group.

(Figure 6A and B, P < 0.05). After ALO (300 uM) treated the mock and Nrf2 overexpressing cells for 24 hours, the results
showed that the viability of Nrf2 overexpressing cells was significantly increased compared with mock (Figure 6C,
P < 0.05); The lipid peroxidation level and iron content of the cells decreased significantly (Figure 6D and E, P < 0.05);
Meanwhile, the level of GSH increased significantly (Figure 6F, P < 0.05). The ROS production of Nrf2 overexpressing
cells treated with ALO decreased (Figure 6G, P < 0.05), and the apoptotic level was significantly reduced (Figure 6H and I,
P < 0.05).

Discussion

CRC, a prevalent malignant tumor of the gastrointestinal tract, ranks as the second leading cause of cancer-related deaths
globally.®® In 2022, global estimates indicated approximately 1.932 million new CRC cases and 935,000 deaths.*® In the
same year, data from the National Cancer Center showed that there were 517,100 new cases of colorectal cancer and 240,000
deaths in China. Among malignant tumors in China, CRC exhibits the second-highest incidence and the fourth-highest
mortality.*® Although the continuous progress of treatment plans and the emergence of new treatment methods have improved
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the survival rate of CRC patients, the current treatment methods cannot benefit all colorectal cancer patients. Notably,
a substantial proportion of CRC patients still face poor prognoses.”*39 The SW480 and HCT116 human CRC cell lines,
renowned for their genetic stability, are widely utilized in physiological and pathological research on CRC. In this study, these
cell lines were employed to investigate the effects of ALO on CRC cell apoptosis and ferroptosis, while elucidating the
underlying molecular mechanisms. Experimental results demonstrated that ALO significantly inhibited the proliferation of
SW480 and HCT116 cells and promoted cellular apoptosis. Mechanistically, ALO induced lipid peroxidation to inhibit key
regulatory factors (eg., Nrf2 and GPX4), thereby facilitating ferroptosis in CRC cells.

ALO is a quinolizidine alkaloid extracted from bitter beans. In recent years, there have been various reports on its
anti-tumor properties, and it has therapeutic effects on multiple tumors such aslung cancer, kidney cancer, bladder cancer,
prostate cancer, breast cancer, ovarian cancer, cervical cancer, thyroid cancer, colorectal cancer, and gastric cancer. 2?3240
Among them, Liu?’ et al found that ALO inhibits the proliferation, migration and invasion of A549 and H1299 cells
through the PI3K/Akt signaling pathway and induces cell apoptosis. Guo*' et al found that ALO inhibits the autophago-
some-lysosome fusion of non-small cell lung cancer by interacting with VPS4A, thereby suppressing the proliferation
and migration of tumor cells. Furthermore, Zhang*? et al found that ALO could induce growth arrest and apoptosis of
HCT116 cells. Wang®® et al proved that ALO can induce apoptosis of SW480 and HCT116 cells, but its molecular
mechanism remains incompletely elucidated. Other studies have shown that ALO, through the mitochondrial apoptotic
pathway, induces cell cycle arrest at the G2/M phase and has a significant inhibitory effect on the proliferation of CRC
cells.*® This study confirmed that ALO could significantly inhibit the proliferation ability of SW480 and HCT116 cells in
a dose-dependent manner and induce apoptosis.

Ferroptosis is an iron-dependent programmed cell death, characterized by: rounded cell shape with reduced volume
and intact membrane; mitochondrial shrinkage, cristae loss, outer membrane rupture, and matrix densification; mitochon-
drial respiratory chain dysfunction leading to reduced ATP production, enhanced ROS accumulation, and aggravated
lipid peroxidation.'® Lipid peroxidation is a hallmark of ferroptosis, and abnormal iron metabolism is a key regulatory
node in its executive pathway.'*'® Emerging evidence has demonstrated that abnormally increased iron and ROS levels
in CRC cells can potently induce ferroptosis. Preclinical studies have further validated that modulating ferroptosis-related

signaling pathways effectively suppresses CRC cell progression.** Fu *°

et al found that ATF3 might induce ferroptosis
by blocking Nrf2/Keap1/xCT signal transduction and increase the sensitivity of gastric cancer cells to cisplatin. Zheng™*®
found that donafenib and GSK-J4 synergistically promote the expression of HMOX1 and increase the intracellular Fe**
level, ultimately leading to ferroptosis in hepatoma cells. Kuang®’ et al found that palmitic acid exerts its anti-cancer
properties by activating endoplasmic reticulum stress/endoplasmic reticulum calcium release/cytoplasmic calcium level
to regulate transferrin-dependent ferroptosis. Our results showed that ALO increases the intracellular iron content in
colorectal cancer cells, promotes lipid peroxidation, and consumes a large amount of intracellular GSH, thereby inducing
cell ferroptosis. Our research results indicate that ALO increases the iron content within colorectal cancer cells, promotes
lipid peroxidation, and depletes a large amount of intracellular glutathione, thereby inducing ferroptosis in the cells.
Additionally, we have discovered that the ferroptosis inhibitor Ferrostatin-1 or the iron chelator DFO can counteract the
inhibitory effect and pro-apoptotic action of ALO, suggesting that ferroptosis is the key mechanism by which ALO
induces apoptosis in colon cancer cells.

Nrf2, as a core transcription factor against oxidative stress, plays a key role in regulating ferroptosis and lipid
peroxidation.*® The light and heavy chains (FTL/FTH]1) of ferritin and iron transporter (SLC40A 1) play key roles in iron
metabolism, and they are all regulated by the transcription factor Nrf2.**>° Nrf2 also regulates enzymes involved in
glutathione synthesis and metabolism, including the catalytic subunit (GCLC) and regulatory subunit (GCLM) of
glutamate-cysteine ligase, glutathione synthase (GSS), and the subunit of cystine/glutamate transporter xCT.>'™>>
GPX4 is not only a potent iron-lowering agent against lipid peroxides but also an identified transcriptional target of
Nrf2.°® Nrf2 is a core regulator of cellular stress defense and cell death pathways. It can inhibit ferroptosis and
bidirectionally regulate apoptosis. In cancer therapy, inhibiting Nrf2 can simultaneously enhance the sensitivity of tumor
cells to ferroptosis inducers, radiotherapy, and chemotherapy, achieving synergistic killing effects. Thus, it has become an
important direction for improving the efficacy of cancer treatment. Our research found that ALO reduced the expression
of Nrf2, DMT1, xCT and GPX4 proteins in SW480 and HCT116 cells, significantly decreased intracellular GSH, and

OncoTargets and Therapy 2026:19 htps: 13



An et al

increased intracellular iron and ROS levels. Further molecular docking experiments confirmed that ALO can directly
bind to Nrf2 protein, which may directly inhibit the function of Nrf2 and reduce its protein stability. However, this part
needs to be further verified. After overexpression of Nrf2 in colorectal cancer cells, the ability of ALO to inhibit
proliferation and induce ferroptosis and apoptosis is significantly reduced, indicating that Nrf2 is the core action point
of ALO.

At present, there is still a lack of extensive experimental verification regarding the toxicity and side effects of ALO.
Based on the results of the CCK-8 assay, we ultimately selected a low dose to determine its anti-tumor effect in order to
reduce the impact of its cytotoxicity. Modern research has confirmed that toxic traditional Chinese medicines, especially
alkaloid-based ones, exhibit direct tumor-killing effects despite their cytotoxicity; therefore, the development of low-
toxicity and high-efficiency anti-tumor drugs is of great importance. Building on existing research, we have clarified the
regulatory network of ferroptosis and apoptosis induced by ALO. Studies have demonstrated that ALO may exert
a synergistic killing effect by inhibiting the Nrf2 pathway, while increasing the apoptotic rate and inducing ferroptosis —
this is presumably the key mechanism underlying its effective suppression of CRC cell proliferation. In the future, we
will further investigate the crosstalk between ALO, apoptosis, and ferroptosis, verify its appropriate concentration
through animal and clinical experiments, and explore more positive roles of ALO in tumor therapy. This study clarified
that ALO exerts an anti-colorectal cancer effect by inhibiting the Nrf2 signaling pathway. However, the further regulatory
mechanism awaits further research and lacks confirmation from in vivo studies. We will refine it in the next stage of
research.

Conclusion
ALO inhibits colorectal cancer cell proliferation and induces ferroptosis and mitochondrial apoptosis by suppressing the
Nrf2 signaling pathway.
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