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Introduction

Noni (Morinda citrifolia L.) fruit juice induces
ferroptosis in gastric cancer cells via the
Nrf2/HO-1-GPX4 axis

Zhihao Xie, &/ *+ Hejiao Li,f Weifeng Lu,
Xian Fu, Minni Zhang, Xiuying Tian, Xinbao Hao

* Lijie Liu, Dianxiao Liao, Chunmeng Mai,
*and Lu Xu @&2*

Noni (Morinda citrifolia L.) is a natural dietary therapeutic plant native to the selenium-rich tropical region
of Chengmai, Hainan, China. It exhibits anti-tumor, anti-aging, and lipid-lowering properties; however,
the precise mechanism by which it inhibits cancer progression remains unclear. This study investigates
the mechanism by which noni juice targets ferroptosis in gastric cancer (GC) and analyzes its bioactive
components. First, the efficacy of noni juice was evaluated using an in vivo orthotopic gastric cancer
model, while its blood-absorbed components were analyzed via UPLC-Q Exactive MS. Second, network
pharmacology and target validation were combined to identify the active ingredients, their targets, and
associated pathways. Finally, MKN-45 and SNU-216 cell lines were used to explore the mechanisms by
which noni juice inhibits cell proliferation, promotes lipid oxidation, and modifies mitochondrial mor-
phology, thereby inducing ferroptosis in vitro. Results showed that noni juice significantly suppressed
gastric cancer progression in mice. UPLC-Q Exactive MS analysis identified flavonoids—including api-
genin, naringenin, and curcumol—as major blood metabolites. Both in vivo and in vitro experiments
demonstrated that noni juice induced lipid peroxidation, leading to ferroptosis. Treatment with ferroptosis
inhibitors successfully reversed this effect. Mechanistically, noni juice regulates the GPX4/HO-1 axis to
induce ferroptosis. Pharmacological activation leads to the translocation of nuclear factor erythroid
2-related factor 2 (Nrf2) into the nucleus. This process increases the accumulation of lipid peroxidation
and malondialdehyde induced by noni. Together, these data support that noni fruit juice suppresses
gastric cancer progression and is associated with lipid peroxidation-driven ferroptotic injury involving the
Nrf2/HO-1-GPX4 axis.

emerged as a critical strategy in GC treatment.’ Thus, elucidat-
ing the signaling pathways associated with GC cell death and

Gastric cancer (GC) poses a significant global health challenge,
ranking as the fifth most common cancer worldwide and
accounting for over 700 000 deaths in 2018."* While surgical
resection remains the most effective treatment, targeted
therapy and immunotherapy have shown notable progress.
However, many patients are diagnosed at advanced
stages, where therapeutic options remain limited.** Given the
complexity of GC progression, inducing programmed cell
death—including apoptosis, pyroptosis, and ferroptosis—has
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developing targeted therapies are urgent research priorities.

Dietary intervention is now considered a nontoxic, side-
effect free anticancer strategy. Noni (Morinda citrifolia L.), a
plant of the Rubiaceae family, thrives in Hainan’s tropical
climate and has been traditionally used in Chengmai—a
renowned longevity town—for treating gastric ulcers, gastritis,
Helicobacter pylori infections, and metabolic disorders.® Rich
in bioactive compounds such as flavonoids, anthraquinones,
polyphenols, and terpenoids, noni has shown broad medicinal
properties.”® For over 2000 years, noni juice, produced
through natural fermentation, has served as both a functional
food and a therapeutic agent, with a well-established safety
profile. It is widely consumed as a health beverage for disease
prevention and immune modulation.’® Notably, noni exhibits
potent anti-tumor effects against various cancers, including
breast, lung, liver, and colorectal cancers."*™** Its anti-inflam-
matory, antioxidant, pro-apoptotic, and immunomodulatory
properties further underscore its clinical value.™
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Mechanistically, alcohol-precipitated noni extracts enhance
macrophage activity, stimulate nitric oxide synthesis, and upre-
gulate tumor necrosis factors (TNFs), interferons (IFNs), and
interleukins (ILs), thereby indirectly suppressing tumor growth
and metastasis through immune activation.'>'® Noni juice has
been shown to inhibit the proliferation of Bel7402 liver cancer
cells,"” suppress MCF7 breast cancer cell growth and migration
via mTOR pathway modulation,"® and impede A549 lung
cancer cell proliferation.'® Additionally, it regulates glucose
metabolism, lipid metabolism, inflammation, and oxidative
stress."®?° Based on these findings, we hypothesized that noni
juice may exhibit therapeutic potential against gastric cancer,
prompting the current investigation.

Materials and methods
Antibodies and reagents

The following primary antibodies and reagents were used in
this study: anti-Nrf2 (AF0639, Affinity Biosciences), anti-Keap1
(AF5266, Affinity Biosciences), anti-GPX4 (DF6701, Affinity
Biosciences), anti-xCT (DF12509, Affinity Biosciences), anti-
HO-1 (AF5393, Affinity Biosciences), lamin B1 rabbit polyclonal
antibodies (EA041, ELK Biotechnology), anti-GAPDH rabbit
pAb (GB11002, Servicebio), ferroptosis antibody sampler kit
(#29650, Cell Signaling Technology), BDPY 581/591 C11
(S1068S, Beyotime), ferrous ion assay kit (S0043S, Beyotime),
and ferrostatin-1 (HY-100579, MCE). Noni juice preparation:
noni (Morinda citrifolia L.) fruits were harvested from Qiaotou,
Chengmai County (Hainan Province, China), an area renowned
for its longevity population. The traditional fermentation
process was conducted by Hainan Fengxishu Noni Industry
according to the following protocol: fresh fruits were washed
and air-dried naturally. Whole fruits were fermented in sealed
containers for 14 months. The fermented pulp was filtered
through an 80-mesh sieve under sterile conditions. The juice
was centrifuged at 4000g for 10 minutes. The final product
underwent homogenization and sterilization.

Animal modeling and experimental design

All animal procedures were performed in compliance with the
institutional guidelines and approved by the Animal Ethics
Committee of Hainan Medical University (approval no.
HYLL-2024-108). Animals and housing conditions: female
C-NKG immunodeficient mice (n = 16) age: 7-8 weeks; weight:
20-25 g; housing: specific pathogen-free (SPF) facility; environ-
mental conditions: temperature: 25 + 1 °C, humidity: 50 + 5%
and light cycle: 12-hour light/dark. Orthotopic gastric cancer
model establishment: cell preparation: SNU-216-luc human
gastric cancer cells; cell suspension: 1 x 10° cells in 20 pL PBS/
Matrigel (1:1) mixture; surgical procedure: cells injected into
the gastric fundus serosal layer; post-operative monitoring for
3 days; experimental groups and treatment: grouping (days 6-9
post-implantation): treatment group (n = 8): noni juice (25 mL
kg™" day ', oral gavage) and control group (n = 8): PBS vehicle
(25 mL kg™' day ', oral gavage); treatment duration: 30 con-
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secutive days of monitoring and analysis: bioluminescence
imaging schedule: baseline: day 1; follow-up: days 10, 20, and
30; endpoint: euthanasia 72 hours post-final imaging and
tissue collection for subsequent analysis.

Histopathological examination and immunohistochemical
staining

Tissues were fixed in 4% paraformaldehyde for 24 hours and
then transferred sequentially to 15 g per 100 mL and 30 g per
100 mL sucrose solutions for dehydration. Sections of 8 pm
thickness were prepared using a cryostat. The sections were
blocked with 5% bovine serum albumin for 30 minutes and
incubated overnight at 4 °C with primary antibodies.
Following incubation with fluorescently labeled secondary
antibodies, the sections were visualized and analyzed using a
fluorescence microscope.

Analysis and identification of secondary metabolites in noni
juice

UPLC-Q Exactive MS technology was employed to identify the
major secondary metabolites in noni juice following previously
reported methods.”’>* Further details are provided in the SI.

Network pharmacology analysis

Collection of Morinda citrifolia compounds and putative
targets. Compositional identification revealed 45 components
in Morinda citrifolia (HBJ). The 2D structures and SMILES
structural formulae of these components were downloaded
from the PubChem database (https:/pubchem.ncbi.nlm.nih.
gov/). Targets were collected from Swiss Target Prediction
(https://www.swisstargetprediction.ch/) using a screening prob-
ability threshold of >0.

Screening of gastric cancer targets and ferroptosis targets.
Genes related to GC were obtained from the GeneCards data-
base (https:/www.genecards.org/) using the search term
“gastric cancer” and a gene score above the average.
Ferroptosis-related targets were retrieved from the FerrDb data-
base (https:/www.zhounan.org/ferrdb/).

Construction of core targets. The intersection of compound
putative targets and disease targets (OGEs) was mapped using
the Gene Jvenn tool (https:/jvenn.toulouse.inrae). All OGEs
were imported into the STRING database (https:/string-db.org/
) to construct protein-protein interaction (PPI) networks.
These networks were visualized using Cytoscape 3.7.2 software,
and the CytoNCA plug-in was used to perform topological ana-
lyses to filter targets based on degree, closeness centrality
(CC), and betweenness centrality (BC).

GO enrichment and KEGG pathway analysis. Functional
enrichment analyses of GO categories (biological process [BP],
molecular function [MF], and cellular component [CC]) and
KEGG pathways were performed using the GENEDENOVO
method. The filtering threshold for results was set at p < 0.05,
and the counts were sorted in descending order.

Molecular docking. The 2D structural formulae of the com-
pounds were downloaded from the PubChem database
(https:/pubchem.ncbi.nlm.nih.gov/). Protein structures of the

This journal is © The Royal Society of Chemistry 2026
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core proteins were retrieved from the PDB database (https:/
www.rcsb.org/). PDB format files with higher resolution and
crystallographically complex proto-ligands were selected, and
PyMol-2.5.2 software was used to remove water molecules and
optimize receptor protein structures. AutoDockTools-1.5.7 soft-
ware was employed for molecular docking, and the results
were visualized using PyMol-2.5.2 software to construct inter-
action patterns.

Cell culture

Human poorly differentiated gastric adenocarcinoma cells
(MKN45 and SNU216) were purchased from the Cell Bank of the
Chinese Academy of Sciences, Shanghai, China. Cells were cul-
tured in RPMI 1640 medium (C11875500BT, Gibco) sup-
plemented with 10% fetal bovine serum (100270-106, Gibco) and
1% penicillin/streptomycin (BL505A, Biosharp) at 37 °C under a
5% CO, atmosphere. Cells were passaged every 2-3 days.

Cell viability and colony formation assay

Cell viability was assessed using Cell Counting Kit-8 (CCK-8)
(Hanbio, Shanghai, China). A total of 3000 cells per well were
seeded in a 96-well plate and treated with varying concen-
trations of noni for 24 or 48 hours. According to the manufac-
turer’s protocol, 10 pL of CCK-8 reagent was added to each well,
followed by incubation at 37 °C for 1 hour. Subsequently, absor-
bance at 450 nm was measured using an ELISA reader (Thermo
Fisher Scientific), and the cell survival rate was calculated. For
the colony formation assay, 500 cells were seeded into each well
of a six-well plate, cultured for 24 hours, treated with noni for
48 hours, washed twice with PBS, and cultured for approxi-
mately two weeks. The cell cultures were fixed with 4% parafor-
maldehyde (Biosharp, Anhui, China) and stained with 0.1%
crystal violet (G1014, Servicebio, Wuhan). Representative bac-
terial colonies were photographed and quantified.

Wound-healing and Transwell assays

Cells were seeded at a density of 6000 cells per well in a six-
well plate. Upon reaching full confluence, a straight scratch
was made using a 200 pL pipette tip, followed by washing with
PBS. Cells were treated with varying concentrations of noni,
and the wound area (BZ-X800LE, Keyence) was photographed
at 0, 24, and 48 hours. Dashed lines were used to delineate the
wound boundaries, and the wound healing rate was quantified
using Image]J software. For the Transwell assay, Matrigel (R&D,
USA) was diluted (1:1), and 100 pL was added to the upper
chamber of each Transwell insert and allowed to solidify in an
incubator for 2-3 hours. For migration experiments, this step
was omitted. A cell suspension (200 pL per well) containing
approximately 3000-5000 cells was added to the upper
chamber, while 20% FBS cell culture medium and varying con-
centrations of noni were added to the lower chamber. After
24 hours of incubation at 37 °C under a 5% CO, atmosphere,
cells were fixed with 4% paraformaldehyde and stained with
0.5% crystal violet. Images were captured using an inverted
microscope (Olympus IX73, Japan), and cell numbers were
analyzed.

This journal is © The Royal Society of Chemistry 2026
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Cell apoptosis and cell cycle analyses by flow cytometry

Apoptosis of gastric cancer cells was assessed via flow cytome-
try. Cells were incubated with noni for 48 hours, followed by
double staining with annexin V-FITC and PI, and subsequently
analyzed using a flow cytometer. Additionally, cell cycle arrest
was analyzed via flow cytometry. Data visualization and statisti-
cal analyses were performed using GraphPad Prism (version 8,
GraphPad Software), employing two-tailed t-tests.

RNA-Seq

RNA-Seq was conducted as previously described by Cai et al.**

Detailed procedures are provided in the SI.

Detection of lipid peroxidation levels and glutathione assays

The levels of GSH and MDA in cell or tissue lysates were deter-
mined according to the manufacturer’s instructions. Details
are provided in the SI.

Western blot analyses

Western blotting (WB) was performed as previously described
by Cai et al.>* Detailed procedures are included in the SI.

Mitochondrial membrane potential measurement

The mitochondrial membrane potential was evaluated using a
JC-1 probe (Beyotime). Cells were labeled with JC-1 staining
dye at 37 °C for 20 minutes, washed twice to remove residual
fluorescent probes, and examined using a laser-scanning con-
focal microscope (Zeiss).

Measurement of reactive oxygen species (ROS)

ROS levels in gastric cancer cells were measured using the
DCFH-DA fluorescent probe. Cells were treated with noni for
48 hours and stained with the DCFH-DA probe according to
the commercial kit instructions. Fluorescence signals were
captured and analyzed using a fluorescence microscope or
flow cytometry.

Transmission electron microscopy (TEM)

TEM was conducted as previously described by Chen et al.*®

Details are provided in the SI.

Immunofluorescence staining

During immunofluorescence staining, the treated cells were
fixed in 4% formaldehyde and then permeabilized with 0.1%
Triton X-100. After removing the permeabilization solution by
washing, the cells were blocked with 5% goat serum for 1 hour
at room temperature. Subsequently, incubation was carried
out with GPX4 (DF6701, Affinity Biosciences) antibodies at
4 °C for 12-16 hours. The cells were washed five times for
5 minutes each at room temperature in PBST, followed by incu-
bation with YS Fluor™ 594 goat anti-rabbit antibodies
(33112ES60, Yeasen) for 2 hours at 37 °C. The dish was washed
five times for 5 minutes at room temperature in PBST and
then incubated with 4',6-diamidino-2-phenylindole (DAPI) for
10 minutes. Following the final staining and washing steps,
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images were acquired using a microscope. The EdU assay,
ferrous ion assay, and C11-BODIPY 581/591 staining were per-
formed following the manufacturer’s instructions (Beyotime).

Statistical analysis

All results are expressed as mean + SD. Statistical analyses
were conducted using two-tailed unpaired ¢-tests and one-way
analysis of variance (ANOVA) using GraphPad Prism software.
Differences with p-values <0.05 were considered statistically
significant.

Results

Effect of noni juice on histopathological changes in gastric
cancer

An in situ gastric cancer model was successfully established
through the cultivation of gastric cancer cells and subsequent
treatment studies in C-NKG mice. Each C-NKG mouse was
injected with 20 pL of a cell suspension containing 1 x 10°
cells (suspended in PBS and Matrigel) into the serosal layer of
the gastric fundus. Fluorescence values were monitored on the
third postoperative day. In vivo imaging confirmed the success-
ful establishment of the in situ gastric cancer model in C-NKG
mice. Based on fluorescence intensity, mice were randomly
assigned to two groups: a control group, which received daily
gavage with PBS, and a treatment group, which received daily
gavage with 25 mL kg™ noni juice, as illustrated in Fig. 1A.

As shown in Fig. 1B, noni juice did not suppress tumor
growth by day 10; however, by day 20, imaging data indicated
that noni juice significantly inhibited the growth of gastric
cancer cells, evidenced by a marked reduction in the region of
interest (ROI) values. By day 30, the ROI values in the treat-
ment group exhibited an even greater reduction compared to
the control group. Fig. 1C and D show the stomach weight of
the control group and the noni treatment group. Fig. 1E pre-
sents the anatomical diagram. Weight analysis revealed that
weight gain in the later stages of the study was attributable to
the accumulation of abdominal fluid. Anatomical analysis of
the gastric tissue demonstrated that gastric cancer progression
was significantly reduced in the treatment group compared
with the control group. These findings indicate that active
compounds in noni juice effectively inhibit tumor growth in
gastric cancer.

Analysis revealed that after noni treatment, the pathological
changes in the stomach were alleviated and the overall tumor
size decreased. Histopathological examination using H&E
staining revealed distinct differences between the groups. As
shown in Fig. 1F, the H&E-stained sections of gastric cancer
tissue from control mice treated with PBS exhibited infiltrative
growth of cancer cells, often as single entities, accompanied by
the proliferation of surrounding fibrous tissue. Conversely, in
mice treated with noni juice for 30 days, gastric cancer tissue
displayed significant differentiation, with evidence of coagula-
tive necrosis. These findings suggest that noni juice induces
necrosis in gastric cancer tissue.
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Blood component analysis

Using UPLC-Q Exactive MS, a total of 362 components were
identified in the traditional Chinese medicine formula.
Among these, 45 were prototype blood components. Table 1
summarizes the retention time (RT), predicted chemical for-
mulae, average mass-to-charge ratios, ion modes, and identifi-
cation scores of the detected ion components. The most abun-
dant component classifications were carboxylic acids and
derivatives (13.81%), fatty acyls (13.33%), prenol lipids
(11.43%), and organooxygen compounds (10%). The positive
and negative ion spectra of the serum containing the formula
are shown in Fig. 2A.

Previous studies have reported that these compounds exert
cytotoxic effects on tumor cells, potentially contributing to the
antitumor activity of noni juice.>® A detailed analysis of the
primary blood components of noni juice, as summarized in
Table 1, identified flavonoids such as apigenin 7-O-glucuro-
nide, genistein, naringenin-7-O-beta-p-glucuronide, and curcu-
mol as key contributors to tumor inhibition.

The content of the active component apigenin 7-O-glucuro-
nide was quantified using a Waters Acquity UPLC I-Class ultra-
performance liquid chromatograph. The total ion chromato-
gram (TIC) of the standard solution, the standard curve of api-
genin 7-O-glucuronide, and the TIC of the sample are pre-
sented in Fig. 2B-D. Using TargetLynx quantitative software
with a retention time error tolerance of 15 seconds, the con-
centration of apigenin 7-O-glucuronide in noni juice was calcu-
lated as 0.9643 ng mL™".

Literature analysis reveals that apigenin 7-O-glucuronide
possesses anti-inflammatory, antioxidant, and anticancer pro-
perties. Previous studies have demonstrated that this com-
pound inhibits HeLa cell proliferation by inducing apoptosis,
arresting the cell cycle at the GO/G1 phase, reducing mitochon-
drial membrane potential (MMP), and increasing intracellular
ROS production. This cascade leads to mitochondrial dysfunc-
tion and triggers ferroptosis.”’ " These findings support the
validation of the antitumor effects of noni juice from the per-
spective of ferroptosis.

Network pharmacology analysis and validation

Based on the analysis of blood component metabolic products,
combined with GC-related genes obtained from the GeneCards
database (https:/www.genecards.org/), genes with scores above
the average threshold for gastric cancer were selected.
Ferroptosis-related targets were filtered from the FerrDb data-
base (https:/www.zhounan.org/ferrdb/), resulting in the identi-
fication of 71 target genes associated with GC (Fig. 3A). Eleven
core targets with potential therapeutic relevance for gastric
cancer through ferroptosis were identified, as shown in
Fig. 3B.

These eleven core targets were imported into the DENOVO
tool for GO enrichment and KEGG pathway analysis. The GO
enrichment analysis identified a total of 3038 items, of which
2458 were statistically significant. Specifically, GO-Biological
Process (GO-BP) enrichment analysis yielded 2636 items, with

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Antitumor effects of noni juice on mice. The model group (administered daily with PBS) and the noni group (administered daily with 25 mL

kg‘1

noni juice) were compared. (A) Schematic of the experimental design and timeline. (B) Bioluminescence imaging of mice in vivo (n = 5),

showing tumor luciferase signals at days 0, 10, 20, and 30. (C) Weight analysis of GC xenograft mice in each group. (D) Tumor weight analysis in GC
xenograft mice. (E) Representative images of xenograft tumors after treatment with noni juice. (F) H&E-stained sections of tumor tissue from each
group. Scale bar is 50 pm. Data are presented as mean + SD. Statistical significance is indicated as follows: *p < 0.05 and **p < 0.01 compared to the

control group.

2201 being statistically significant; GO-Molecular Function
(GO-MF) analysis identified 218 items, with 171 being statisti-
cally significant; and GO-Cellular Component (GO-CC) analysis
revealed 184 items, with 86 being statistically significant. The
KEGG enrichment analysis identified 179 signaling pathways
associated with the eleven core targets. Applying a significance
threshold of P < 0.05, 132 pathways were selected, with the top
20 presented in a bubble chart. After excluding pathways
related to diseases, three key signaling pathways were identi-
fied: the HIF-1 signaling pathway, the C-type lectin receptor
signaling pathway, and the thyroid hormone signaling

This journal is © The Royal Society of Chemistry 2026

pathway. These three pathways are predicted to be central
mechanisms for HBJ’s therapeutic effects on GC.

To elucidate the interactions among HB]J, ferroptosis, and
GC, a key herbal medicine-compound-target-pathway inter-
action network was constructed. Using Cytoscape 3.7.2, the top
three signaling pathways with the smallest P-values and their
corresponding targets were visualized, resulting in a network
graph comprising 39 nodes and 116 edges. A Sankey diagram
was also constructed, representing hub genes associated with
the three core signaling pathways and relatively active com-
pounds (Fig. 3C and D).
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Table 1 Summary of prototype main blood entering components
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Retention
Serial time Fragmentation
number Metabolite (min) Mode Adducts Formula mjz  score
1 Apigenin 7-O-glucuronide 6.00 Pos M+H Cy1H13041  447.09 97.20
2 Cholic acid 9.12 Pos M +H-2H,0, M + NH,, CpHioOs  373.27 94.40
M + Na, M + H-H,0, 2M + H
3 Wogonoside 5.42 Pos M+H Cy,H,0041  461.11 92.80
4 Genistein 7.88 Pos M+H Cyi5H100s  271.06 92.30
5 Enniatin B 13.79 Pos M+ NH, C33H5,N;00 657.44 90.50
6 Thunberginol C 7.69 Pos M+H Cy5H1,05  273.08 78.60
7 sec-O-Glucosylhamaudol 6.22 Neg M-H,O-H Cy1H,6040 419.13 78.50
8 3-Hydroxy-12-oxochol-9(11)-en-24-oic acid 8.50 Pos M+ H-2H,0,M +H-H,0,M+H C,,H;,0, 353.25 78.20
9 Ginkgolic acid C17:2 7.57 Pos M +H-2H,0,M +H, M+ H-H,0 C,,H;c0; 337.25 77.50
10 Vicine 0.80 Neg M-H,O-H, M + Na-2H C1oH;16N,O; 325.08 76.30
11 Curcumenol 12.15 Pos M+H C15H,,0, 235.17 75.40
12 Ketolithocholic acid 8.34 Pos M +H-H,0 Cy4H330,  373.27 74.00
13 Hydroxyisolathyrol 8.47 Pos M + H-H,O Cs0H3005 333.21 73.80
14 Hydrangenol 8-O-glucoside 6.35 Pos M+H,M+NH,;, M+ H-2H,0 C,H;,0, 436.16 73.40
15 Naringenin-7-O-beta-p-glucuronide 5.72 Pos M + H-H,O Cy1H50041  431.10 72.60
16 Lactucin 8.66 Pos M+ H-H,O C15H1605 259.10 71.90
17 Deoxy-11-oxoandrographolide 10.47 Pos M+ NH, C,oH,505 366.23 68.90
18 Pterisolic acid F 8.25 Pos M + H-2H,0 CyoH300s  331.19 68.80
19 Curcumol 11.84 Pos M+H Cy;sH,,0,  237.19 68.50
20 Neoruscogenin 10.18 Pos M+ ACN + Na Cy7H4004 492.31 67.70
21 Isosteviol 10.95 Pos M+H CsoH3003 319.23 67.20
22 Gingerol 10.01 Pos M+H C,H340,  351.25 66.80
23 Triptotin F 9.37 Pos M+ ACN + Na C;1Hi, 05 560.33 66.50
24 O-Acetylisocalamendiol 10.50 Pos M +H-H,0 Cy7H303  263.20 65.90
25 3,14,20-Trihydroxypregn-5-en-15-one 7.35 Pos M+H C,1H3,0, 349.24 62.00
26 Albatrelin G 11.71 Pos M+ 2Na-H C,,H;,0;  389.21 61.70
27 Sambunigrin 1.61 Neg M +FA-H C1,HsNOg  340.10 61.60
28 Periplocoside N 8.85 Pos M +H-2H,0 Cy;H 406  429.30 61.40
29 Indolepropionic acid 7.48 Pos M+H,2M+H C11H1(NO, 189.08 60.40
30 Longifloroside A 5.34 Neg M-H,O-H C,,H;3,04; 515.19 59.90
31 6alpha-Hydroxynidorellol 12.39 Pos M + H-H,O CyoH3405 305.25 59.20
32 Sarcostin 7.15 Pos M+ H-2H,0 C,1H3406¢ 347.22 58.90
33 Salaspermic acid 12.12 Pos M +ACN + Na C30H4504 536.37 57.10
34 Siraitic acid B 9.02 Pos M+ACN+H CyoH,,05  512.33 55.90
35 Digoxigenin 7.80 Pos M+ CH;OH +H C,3H3,05  423.27 54.70
36 8alpha-Hydroxylabda-13(16),14-dien-19-yl 9.81 Pos M+ACN+H Cy9Hs004  494.32 54.00
p-hydroxycinnamate
37 Cortodoxone 8.22 Pos M+H-H,O0,M+H Cy1Hj3004 347.22 53.40
38 N-Acetyl-L-tyrosine 6.11 Pos M +H-2H,0 C,;1H,;3NO, 188.07 52.50
39 Acetylintermedine 9.05 Pos M+ NH, Cy7Hy,NOg  359.22 52.40
40 Germacrone 4,5-epoxide 10.37 Pos M + H-H,O C15H5,0, 217.16 52.30
41 N-Acetyl-phenylalanine 5.93 Neg M +FA-H C11H13NO;  252.09 51.90
42 Desferrioxamine H 1.35 Pos M +2Na-H C,oH36N,Og 505.23 51.60
43 Estrone sulfate 8.02 Pos M +2Na-H CysH,0,  315.13 51.50
44 18-Nor-4,15-dihydroxyabieta-8,11,13-trien-7-one  6.78 Pos M+ CH;OH +H C1oH5605 335.22 51.10
45 Melliferone 11.48 Pos M+ACN+H CsoH, 0,  510.36 50.40

The active ingredients of noni juice—apigenin 7-O-glucuro-
nide, genistein, naringenin-7-O-beta-p-glucuronide, and curcu-
mol—were evaluated for their binding energy with the core
proteins EGFR and MAPK3 (Fig. 3F). Among these, apigenin 7-
O-glucuronide and naringenin-7-O-beta-p-glucuronide exhibi-
ted stable binding. Analysis revealed that the HIF-1 signaling
pathway influences ferroptosis. To validate the reliability of the
network pharmacology findings, noni-treated cells were ana-
lyzed using western blotting (Fig. 3E). The results showed that
the active ingredients of noni juice affect key targets, including
STAT3 and HIFla. Expression levels of STAT3 and HIFla
decreased following treatment with noni juice, but partially
rebounded upon the addition of Fer-1. HIF1la expression was

Food Funct.

reduced, thereby inhibiting glycolysis. The STAT3/HIF-1a sig-
naling pathway was shown to inhibit energy metabolism and
the secretion of inflammatory factors in gastric cancer cells,
resulting in irreversible oxidative stress and the induction of
ferroptosis.

Effect of noni juice on the activity of gastric cancer cells

Cellular functional experiments using noni juice were con-
ducted, and the results are presented in Fig. 4. As shown in
Fig. 4A, a CCK-8 assay was used to evaluate the effect of noni
juice at different concentrations. When MKN45 gastric cancer
cells were treated with 15% noni juice for 24 hours, cell viabi-
lity was reduced to 53.99%, while SNU216 cells exhibited a via-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Identification of serum metabolic components using UPLC-Q Exactive MS. (A) The serum metabolic components identified using UPLC-Q
Exactive MS in both positive and negative ion modes. (B) The total ion chromatogram (TIC) of the standard solution along with the corresponding
standard curve. (C) The TIC of noni juice.

bility of 61.91%. After 48 hours of treatment with 15% noni reduction in cell viability was observed up to a concentration
juice, cell viability decreased further, reaching 28.41% for of 20% noni juice, beyond which the cells became nearly com-
MKN45 cells and 49.3% for SNU216 cells. A dose-dependent pletely inactive.
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A clonogenic assay (Fig. 4B) revealed a progressive decline
in the number of cell colonies with increasing concentrations
of noni juice. At a concentration of 10%, no significant clonal
growth was observed, confirming the ability of noni juice to
inhibit gastric cancer cell proliferation at low doses.

The scratch assay (Fig. 4C) was employed to evaluate the
effect of noni juice on wound healing in gastric cancer cells.
Results indicated that the intervention significantly impaired
scratch closure, suggesting that noni juice inhibited both the
repair of scratch-induced injury and the migration of gastric
cancer cells.

Additionally, the Transwell assay (Fig. 4D) demonstrated that
the migratory and invasive abilities of MKN45 and SNU216 cells
were markedly reduced in a concentration-dependent manner
with increasing amounts of noni juice. These results were statisti-
cally significant, indicating the potent inhibitory effect of noni
juice on the migration and invasion of gastric cancer cells.

Effects of noni juice on apoptosis, cell cycle, and the
transcriptome of gastric cancer cells

SNU-216 cells were treated with 0% noni juice (control group)
and 15% noni juice (treatment group) for 48 hours. The apop-
tosis of cells in both groups was analyzed using annexin FITC
and PI dual staining, as shown in Fig. 5A. The 15% noni treat-
ment group exhibited a statistically significant increase in
apoptosis compared to the PBS control group.

The effects of noni juice on the cell cycle of SNU-216 cells
were evaluated using the PI staining method and flow cytome-
try. As shown in Fig. 5B, significant changes were observed in
the GO/G1 and S phases of the cell cycle between the 15% noni
treatment group and the PBS control group. Specifically, the
proportion of cells in the GO/G1 phase decreased by 25.66%,
while the proportion of cells in the S phase increased by
76.57%. These results indicate that noni juice reduces the
number of G0/G1 phase cells, increases S phase cells, disrupts
DNA synthesis, and promotes cell death.

To further investigate the effects of noni juice on gastric
cancer cells, transcriptome sequencing was performed on
SNU-216 cells after treatment with it. The experiments were
repeated in triplicate. The results are shown in Fig. 5C; specifi-
cally, Fig. 5C1 presents the clustering heatmap of the tran-
scriptome analysis. RNA-seq analysis identified significant
changes in gene expression, with 634 genes upregulated and
550 genes downregulated. Among these, ferroptosis-related
genes, including SAT1, HMOX1, SAT2, and MAP1LC3B2, were
upregulated. Fig. 5C2 shows the volcano plot of differential
gene expression, highlighting HSPA6 as the most significantly
upregulated gene. HSPA6, a heat shock protein, mediates cellu-
lar stress responses, induces protein misfolding, and promotes
the expression of molecular chaperones that regulate lysoso-
mal autophagy and mitochondrial ATP functions.

GO enrichment analysis is presented in Fig. 5C3 and C4.
Fig. 5C3 reveals downregulation in biological processes associ-
ated with calcium ion regulation, respiratory chain com-
ponents, and transmembrane protein functions. In contrast,
Fig. 5C4 shows upregulation in biological processes linked to
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cellular adaptive response signaling, nucleosome organization,
DNA packaging complexes, protein-DNA complexes, and mole-
cular functions related to protein folding chaperones.

KEGG pathway enrichment analysis (Fig. 5C5 and C6) indi-
cates a significant downregulation of the oxidative phosphoryl-
ation signaling pathway and an upregulation of the MAPK signal-
ing pathway. These pathways are associated with cell proliferation
and metastasis. The oxidative phosphorylation pathway, as a criti-
cal site for mitochondrial energy exchange, influences cellular
metabolism, tumorigenesis, and tumor progression.

These RNA-seq findings provide a foundation for sub-
sequent experiments. Based on the results, it is inferred that
the active components of noni juice may activate ferroptosis in
gastric cancer cells.

Noni Juice activates ferroptosis in gastric cancer research

SNU-216 and MKN-45 cells were treated with noni juice for
48 hours, while PBS-treated cells served as the control group.
The intracellular levels of glutathione (GSH) and malondialde-
hyde (MDA) were analyzed. As shown in Fig. 6A, the GSH
content decreased significantly, while the MDA content
increased following noni juice treatment. Reactive oxygen
species (ROS) production was assessed using the fluorescent
probe DCFH-DA, and the results, depicted in Fig. 6B, showed a
significant increase in ROS levels in the noni-treated group
compared to the control group.

The mitochondrial membrane potential (MMP) was evalu-
ated using the fluorescent probe JC-1. As shown in Fig. 6C,
cells treated with noni juice exhibited a significant increase in
mitochondrial membrane potential compared to the control
group, indicating altered mitochondrial function. Western blot
(WB) analysis was employed to study the expression of ferrop-
tosis-related proteins. As shown in Fig. 6D, noni juice treat-
ment upregulated the expression of heme oxygenase-1 (HO-1),
leading to a significant accumulation of MDA and a reduction
in glutathione peroxidase 4 (GPX4) levels.

Further analysis of the expression of Kelch-like ECH-associ-
ated protein 1 (Keap1), nuclear factor erythroid 2-related factor
2 (Nrf2), and GPX4 proteins revealed that noni juice disrupted
the Keap1-Nrf2 complex in gastric cancer cells. This disrup-
tion resulted in the degradation of Keapl and the nuclear
translocation of Nrf2. Increased HO-1 expression and
decreased GPX4 levels led to the accumulation of nuclear Nrf2,
which inhibited cystine import, reduced GSH synthesis, and
promoted the accumulation of lipid hydroperoxides (PLOOHS).
These processes caused irreversible damage to cell membranes
and induced ferroptosis.

The system Xc-GSH-GPX4 pathway, a critical cellular
defense mechanism against ferroptosis, was disrupted due to
the inhibition of cystine transport by the Xc-system. This col-
lapse of ferroptosis defense mechanisms led to excessive lipid
peroxidation on the cell membrane and ultimately ferroptosis.
The Xct-4F2hc complex has been identified as a potential
therapeutic target for anticancer drug development.
Additionally, noni juice treatment decreased the expression of
nuclear receptor coactivator 4 (NcoA4) and increased the
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Fig. 5 Effects of noni juice on apoptosis and the cell cycle in SNU-216 cells. (A) Apoptotic analysis of SNU-216 cells treated with noni juice. (B)
Effects of noni juice on the cell cycle of SNU-216 cells. (C1) Gene clustering heatmap. (C2) Volcano plot of differentially expressed genes. (C3 and
C4) GO enrichment analysis of differentially expressed genes. (C5 and C6) KEGG pathway enrichment analysis of differentially expressed genes. Data
are presented as mean + SD. Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to the
control group.
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expression of ferritin heavy chain 1 (FTH1), thereby affecting
lysosomal autophagy.

Transmission electron microscopy (TEM) was used to
observe SNU-216 cells before and after noni juice treatment, as
shown in Fig. 6E. In the control group, cells exhibited regular
morphology, with nuclei (N) having an irregular oval shape,
distinct nucleoli, and short rod- or oval-shaped mitochondria
(M) with clear inner cristae and intact structures. The endo-
plasmic reticulum (ER) structure was also well-defined. In con-
trast, cells in the noni-treated group displayed an irregular
morphology, including irregularly shaped nuclei (N), reduced
nucleoli, and perinuclear condensation of heterochromatin.
Most mitochondria (M) were oval, with slightly blurred cristae,
and some mitochondria were abnormally shaped. The ER
structure remained clear, and numerous autophagosomes (AP)
were observed in the cytoplasm. A blind semiquantitative ana-
lysis method was used to conduct the quantification of trans-
mission electron microscopy (TEM) images. The results
showed that after noni treatment, the crista density of gastric
cancer cell mitochondria decreased, the number of damaged
mitochondria increased, and the mitochondria exhibited
characteristics of ferroptosis. Biochemical markers included
ROS accumulation, extensive MDA production, mitochondrial
shrinkage, and reduced or absent cristae. Noni juice induces
the accumulation of reactive oxygen species (ROS), elevated
levels of malondialdehyde (MDA), mitochondrial contraction,
and loss of cristae; these findings confirm that noni juice trig-
gers ferroptosis in gastric cancer cells.

To further demonstrate that noni juice induces ferroptosis
in gastric cancer cells, a rescue experiment was conducted
using noni juice and a ferroptosis inhibitor. Five groups (PBS,
5% noni, 5% noni + Fer-1, 10% noni and 10% noni + Fer-1)
were established using two gastric cancer cell lines. After
48 hours of treatment, proliferation was detected, lipid peroxi-
dation levels were measured using the C11 BODIPY probe, and
cellular iron ion content was determined by colorimetry, and
the results are shown in Fig. 7. Through an EdU proliferation
assay, it was found that cells treated with noni juice experi-
enced varying degrees of death and decreased proliferation.
However, after treatment with Fer-1, proliferation further
increased, as shown in Fig. 7A. The lipid peroxidation levels of
gastric cancer cells in each group after treatment were detected
using the C11 BODIPY probe, as shown in Fig. 7B. Noni juice
treatment elevated lipid peroxidation levels in gastric cancer
cells, while the addition of Fer-1 reduced lipid peroxidation
levels, indicating that Fer-1 can reverse the ferroptosis induced
by noni juice. Downregulation of GPX4 leads to decreased
clearance of lipid peroxides, causing oxidative stress accumu-
lation and directly driving ferroptosis. The expression of GPX4
was studied using cellular immunofluorescence, as shown in
Fig. 7C. Noni juice treatment induced a reduction in GPX4
expression in gastric cancer cells, while the addition of Fer-1
increased GPX4 expression, with a significant increase in the
positive rate. Cellular iron ion content in gastric cancer cells
was quantified using colorimetry, as shown in Fig. 7D. Noni
juice treatment increased cellular iron ion content, which

This journal is © The Royal Society of Chemistry 2026
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decreased after Fer-1 treatment, indicating that Fer-1 has a res-
cuing effect on ferroptosis in gastric cancer cells.

To investigate the safety of noni juice in vivo, H&E staining
was performed on the liver and kidneys of mice. The results,
as shown in Fig. 7E, revealed that following treatment with a
dose of 25 mL kg™' day ', no pathological changes were
observed in the liver or kidneys. H&E staining of kidney tissues
revealed well-preserved glomeruli and renal tubules both
before and after treatment; similarly, no significant inflam-
mation was detected in the liver. Immunohistochemical ana-
lysis of cancer tissues before and after animal intervention
experiments further supported these findings. Differences in
the positive expression rates of HO-1, GPX4 and Ki67 anti-
bodies were observed. Following noni juice treatment, the
expression levels of HO-1 were significantly elevated compared
to the control group, and the expression levels of GPX4 and Ki
67 were significantly decreased compared to the control group,
as shown in Fig. 7F. These results indicate that noni juice can
modulate the growth of gastric cancer cells and promote fer-
roptosis in these cells.

Discussion

Research has found that key regulatory factors related to diges-
tive system tumors, including Helicobacter pylori infection and
transmission, are associated with the occurrence and develop-
ment of gastric cancer, highlighting the critical role of ferrop-
tosis in its treatment. Natural compounds including apigenin,
quercetin, and curcumin have been found to have the potential
to combat gastric cancer by inducing ferroptosis.*” Plant com-
pounds such as flavonoids, terpenes, and alkaloids inhibit
system Xc~, down regulate GPX4, and regulate iron metab-
olism, thereby inducing ferroptosis. Therefore, natural pro-
ducts or dietary components are important in inducing ferrop-
tosis in gastric cancer.?

Noni exerts broad-spectrum anticancer effects through
diverse molecular mechanisms. However, its relationship with
GC has not been extensively studied. This research represents
the first comprehensive investigation into the potential role of
noni as a suppressor of GC cells in both in vivo and in vitro
models. The study elucidates molecular mechanisms that are
critical and novel in GC therapy. At the cellular level, the find-
ings indicate that noni mediates ferroptosis in GC cells. This
process involves iron-dependent phospholipid peroxidation
and oxidative damage to cell membranes. The upregulation of
HO-1 and the downregulation of GPX4 inhibit cysteine import,
blocking the accumulation of phospholipid hydroperoxides
(PLOOHS). This results in rapid and irreversible damage to the
cell membrane, mitochondrial shrinkage, loss of cristae,
increased membrane density, mitochondrial membrane
rupture, altered levels of MDA and GSH, and an imbalance in
the production and degradation of lipid-reactive oxygen
species (ROS). Noni enhances the clearance of ROS and
induces cell cycle arrest, thereby mitigating the initiation
phase of carcinogenesis. It promotes apoptotic pathways, limit-
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Fig. 7 Study on noni juice inducing ferroptosis in gastric cancer cells. (A) EJU cell proliferation (scale bar: 50 um). (B) Representative images of C11-
BODIPY immunofluorescence (scale bar: 50 pm). (C) Immunofluorescence images of GPX4 and DAPI (scale bar: 50 um). (D) Detection of noni juice-

induced ferrous ions in gastric cancer cells. (E) H&E staining of liver and kidney tissues in the mouse models (scale bar:

50 pum). (F)

Immunohistochemical staining of HO-1, GPX4, and Ki67 in the mouse model. Data are presented as mean + SD. Statistical significance is indicated
as follows: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to the control group.

ing tumor promotion. Additionally, noni reduces DNA damage
and inhibits angiogenesis, cellular proliferation, and meta-
stasis—processes that are pivotal in tumor progression. These
changes collectively lead to ferroptosis, effectively controlling
the progression of GC.**7*

Food Funct.

This study concluded that the active components of noni
influence mitochondrial function in GC cells and induce fer-
roptosis through the Nrf2/HO-1 signaling pathway.
Furthermore, the active components affect the autophagic
function of normal cells. Specifically, noni treatment signifi-
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cantly decreased the proportion of GO/G1l-phase cells by
25.66% and increased the proportion of S-phase cells by
76.57%. This alteration affected DNA synthesis, resulting in
reduced GSH content, MDA accumulation, and mitochondrial
damage. Treatment with ferroptosis inhibitors can further
reverse this phenomenon. The active components of noni
juice induce mitochondrial dysfunction, leading to the dis-
sociation of Nrf2 and Keapl. This allows Nrf2 to translocate
into the nucleus, resulting in the upregulation of HO-1
expression, which acts as an activator of ferroptosis.
Consequently, MDA levels increase, ROS accumulate, GPX4 is
depleted, and cellular oxidative phosphorylation and auto-
phagy are disrupted. These changes also impact the expression
of STAT3 and HIF1q, further contributing to the progression of
ferroptosis. HO-1 has a “dual role” in ferroptosis, exhibiting
antioxidant and cytoprotective effects under specific con-
ditions, but when excessively activated, it may trigger ferropto-
sis by promoting iron release and iron overload. In this study,
treatment with high concentrations of noni fruit extract rep-
resents sustained and intense stress stimuli, under which
excessive or persistent activation of HO-1 may push cells
toward ferroptosis. Nitti et al. reviewed the “double-edged
sword” role of HO-1 in cell fate. Noni fruit is rich in bioactive
components such as polysaccharides, flavonoids, cycloartanes,
and organic acids.”” The overall efficacy of its extracts is often
not attributable to any single compound, but is more likely
due to the complex synergistic effects among multiple com-
ponents. The theoretical advantages of this synergy include

Noni Juice

olele)

View Article Online

Paper

multi-target effects, improved pharmacokinetics, reduced risk
of drug resistance, balanced efficacy, and reduced toxicity. The
study demonstrated that noni (Morinda citrifolia L.) fruits are
more effective at stimulating immune responses than isolated
polysaccharide components.®® This provides a new idea for the
treatment of GC using noni. In addition, the molecular mecha-
nism of noni treating GC is via the Nrf2/HO-1 axis (Fig. 8).
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a stress-
inducible transcription factor that undergoes degradation by
Kelch-like ECH-associated protein 1 (Keapl). Upon dis-
sociation from Keapl, Nrf2 translocates to the nucleus to
initiate the transcription of antioxidant response element
(ARE)-containing genes, such as heme oxygenase-1 (HO-1).*”
In conclusion, this study demonstrated that the active com-
ponents of noni induce ferroptosis in gastric cancer cells via
the GPX4/HO-1 signaling pathway. However, further research
is required to validate the mechanisms underlying the
pharmacological effects of noni juice. This study highlights
the potential therapeutic value of noni juice in GC treatment
and deepens the understanding of its molecular mechanisms,
contributing valuable insights for future cancer therapies.
Additionally, the natural chemical composition, medicinal
applications, and comprehensive utility of noni juice as a
potent therapeutic agent for gastric cancer warrant further
investigation. In many cancer treatments, ferroptosis often
occurs simultaneously or sequentially with apoptosis, auto-
phagy, and other forms of programmed cell death, forming a
complex “death network”. Ferroptosis may be one of the key
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Fig. 8 The potential mechanism underlying the action of noni juice against GC.
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mechanisms by which noni juice induces gastric cancer cell
death, although other forms of cell death may also be involved in
this process. This study aims to inhibit the development of
gastric cancer at different stages by regulating, intervening in
early gastric mucosal lesions, reversing precancerous lesions, and
inducing cell apoptosis, autophagy, and ferroptosis.*® Noni fruit
can also be concentrated and freeze-dried using modern techno-
logy as a complementary therapy for tumors, and its feasibility as
a daily dietary supplement supports the potential for clinical
translational research.*"** Noni juice has the potential to become
a nutritional supplement and a potential drug for cancer patients.
The findings provide a theoretical foundation for the develop-
ment and utilization of noni, highlighting the significant role of
natural compounds in food for treating diseases.

Abbreviations

Fer-1 Ferrostatin-1

GSH Glutathione

GPX4 Glutathione peroxidase 4

H&E Hematoxylin-eosin

HO-1 Heme oxygenase-1

MDA Malondialdehyde

MMP Mitochondrial membrane potential

Nrf2 Nuclear factor erythroid 2-related factor 2

PBS Phosphate-buffered saline

UPLC-Q Ultra-high-performance liquid chromato-

Exactive MS graphy-quadrupole Exactive mass
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WB Western blotting
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