Am J Cancer Res 2026;16(7):2763-2782
www.ajcr.us /ISSN:2156-6976/ajcr0171691

Original Article
MCPB-21 targets glycogenin-2 to regulate fatty
acid oxidation and promote ferroptosis of breast cancer

Mengjie Mao'*, Chunyu Wang®", Yingchun Lu?, Qingxiu Tao?, Long Zeng?, Jing Li3, Bin Liu*

1School of Medical and Life Sciences, Chengdu University of Traditional Chinese Medicine, Chengdu 611100,
Sichuan, China; 2School of Medicine, University of Electronic Science and Technology of China, Chengdu 610000,
Sichuan, China; *Department of General Internal Medicine, Sichuan Cancer Hospital and Institute, Sichuan
Cancer Center, School of Medicine, University of Electronic Science and Technology of China, Chengdu 610041,
Sichuan, China; *Department of Medical Oncology, Sichuan Cancer Hospital and Institute, Sichuan Cancer Center,
Affiliated Cancer Hospital of University of Electronic Science and Technology of China, Chengdu 610041, Sichuan,
China. "Equal contributors.

Received January 26, 2026; Accepted June 30, 2026; Epub July 15, 2026; Published July 30, 2026

Abstract: This study systematically evaluated the anti-breast cancer potential and mechanisms of the cannabidiol
(CBD) derivative MCPB-21. The structure of MCPB-21 was confirmed by nuclear magnetic resonance (NMR). The
study analyzed differentially expressed genes associated with breast cancer using public databases and verified the
binding affinity of MCPB-21 to glycogenin-2 (GYG2) through molecular docking. Additionally, the effects of MCPB-21
on apoptosis, invasion capacity, and lipid metabolism were evaluated in MDA-MB-231 and MCF-7 breast cancer
cells using flow cytometry, Transwell invasion assays, cell proliferation assays, and Oil Red O staining. Western
blot was employed to examine expression changes in proteins related to fatty acid B-oxidation and ferroptosis, in-
cluding Acyl-CoA Oxidase 1 (ACOX1), ATP Binding Cassette Subfamily D Member 3 (ABCD3), ATP Binding Cassette
Subfamily D Member 4 (ABCD4), Peroxisomal I|-bifunctional enzyme (EHHADH), Carnitine palmitoyltransferase 1a
(CPT1x), Glutathione Peroxidase 4 (GPX4), Solute Carrier Family 7 Member 11 (SLC7A11), and Acyl-CoA Synthetase
Long Chain Family Member 4 (ACSL4). The role of fatty acid oxidation in ferroptosis was further analyzed using the
ACOX1 inhibitor 10,12-Tricosadiynoic acid (500 nM). Additionally, the effects of MCPB-21 on fatty acid oxidation and
ferroptosis were evaluated by interfering with GYG2 expression. Ferrostatin-1 (Fer-1) rescue experiments were con-
ducted to verify the dependence of MCPB-21-induced cell death. Finally, the anti-tumor efficacy of various doses of
MCPB-21 was compared to the control drug CBD. In vitro experimental results showed that MCPB-21 can affect the
behavior of breast cancer cells by inducing cancer cell apoptosis, increasing reactive oxygen species (ROS) levels,
and promoting lipid accumulation. At the same time, Western blot detection showed that MCPB-21 could downregu-
late key enzymes of fatty acid B-oxidation (ACOX1, ABCD3, ABCD4, EHHADH, CPT1x) and antioxidant factors (GPX4,
SLC7A11), and upregulate the enzyme ACSL4 that promotes lipid peroxidation. Mechanistic studies further showed
that MCPB-21 affects the expression of ACOX1 by regulating GYG2, inhibits fatty acid B-oxidation, and induces fer-
roptosis. At the same time, the combined use of ACOX1 inhibitors enhanced lipid accumulation and ROS levels,
verifying its role in regulating fatty acid oxidation. In animal experiments, MCPB-21 (10 and 40 mg/kg) significantly
inhibited the growth of nude mouse transplanted tumors, caused tumor tissue necrosis, inhibited the proliferation
marker Ki67, and regulated the expression of ferroptosis-related proteins (GPX4 and SLC7A11 decreased, and
ACSL4 increased). Immunohistochemical analysis showed that MCPB-21 had a stronger anti-tumor effect than CBD,
mainly by regulating the fatty acid B-oxidation pathway to promote ferroptosis. In summary, MCPB-21 exhibits excel-
lent anti-breast cancer potential. Its mechanism of action is mainly to achieve anti-tumor effects by inhibiting fatty
acid B-oxidation and activating ferroptosis, which provides a theoretical basis and potential therapeutic strategy for
the development of new anti-breast cancer drugs.
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Introduction women worldwide, and it seriously threatens

women’s lives and health [1, 2]. Notably, despite
Breast cancer is a malignant tumor with the its lower incidence rate, breast cancer also
highest morbidity and mortality rate among affects men; in recent years, its unique epide-
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miological characteristics and prognostic out-
comes have garnered widespread attention
[3-5]. Although the current precision diagnosis
and treatment model has opened up a new sit-
uation for breast cancer treatment, due to the
high heterogeneity of tumors, there are still
realistic problems in the clinic, such as large
differences in survival prognosis, poor treat-
ment efficacy in the late stage, and primary/
secondary drug resistance [6, 7]. Therefore,
identifying gene targets for accurate prediction
of breast cancer survival prognosis and explor-
ing potential leading therapeutic drugs are still
research hotspots in breast cancer prevention
and treatment.

Glycogenin-2 (GYG2) is a protein encoded by
the human GYG2 gene, functioning as an auto-
glycosylase that facilitates the attachment of
glucose monomers to itself, thereby forming
short glucose polymers [8]. These polymers, or
primers, serve as the initiation point for glyco-
gen synthase to further elongate the glucose
chain. GYG2 is integral to glycogen biosynthesis
and has recently been implicated in metabolic
disorders and cancer progression [9, 10]. Be-
yond its conventional role in glycogen synthe-
sis, emerging evidence indicates that GYG2
may also participate in lipid metabolism
through interactions with key enzymes in the
fatty acid utilization pathway [11]. Specifically,
the knockdown of GYG2 in adipocytes results in
decreased expression of Acyl-CoA Oxidase 1
(ACOX1), a rate-limiting enzyme in peroxisomal
fatty acid [B-oxidation, thereby highlighting
GYG2's regulatory role in fatty acid -oxidation
within adipocytes [12].

In breast cancer, ferroptosis is a potential ther-
apeutic target [13]. Besides the Warburg effect
of glycolysis in tumors, fatty acid metabolism is
also a hot topic in the field of tumor research
[14, 15]. Fatty acid oxidation (FAO) is a key
energy source for tumor cells under nutritional
stress; its metabolic imbalance can disrupt
redox homeostasis and potentially increase
the sensitivity of cells to ferroptosis [16, 17].
Ferroptosis is a form of iron-dependent cell
death characterized by lipid peroxidation; as a
highly promising cancer treatment strategy, it
has attracted much attention in recent years.
Unlike apoptosis or necrosis, ferroptosis is
characterized by depletion of glutathione (GSH)
and inactivation of glutathione peroxidase 4
(GPX4), leading to accumulation of lipid perox-
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ides and ultimately cell membrane rupture [18,
19]. It is noteworthy that the metabolic repro-
gramming of cancer cells (especially the chang-
es in FAQ) is closely related to ferroptosis sensi-
tivity [18]. Moreover, research on ferroptosis in
breast cancer has become an important direc-
tion in the field of breast cancer research [20].

Natural products hold significant importance
in drug development, particularly as leading
active compounds with anti-tumor properties
[21]. These compounds offer advantages such
as structural diversity, rich biological activity,
and natural origin, making them valuable re-
sources for the discovery of novel anti-tumor
drugs [22]. Cannabidiol (CBD), the second
most abundant component of cannabis, has
been shown to reduce the expression of the
Id-1 gene in invasive human breast cancer
cells, thereby inhibiting tumor cell proliferation
and invasion [22-24]. Research by Sreevalsan
et al. [25] demonstrated that CBD can inhibit
prostate cancer cells in a concentration-depen-
dent manner. Despite these promising findings,
CBD has not been adopted in the clinical treat-
ment of cancer patients due to its high lipophi-
licity, poor solubility in the gastrointestinal
system, and susceptibility to first-pass metabo-
lism in the liver [26]. Studies indicate that
the liver metabolizes CBD at a rate of 65% to
70%, resulting in extremely low bioavailability
following oraladministration[27]. Consequently,
CBD was chemically modified to develop can-
nabidiol derivatives, leading to the identifica-
tion of a novel compound, MCPB-21, which
exhibits cytotoxic effects on breast cancer
cells.

This study aims to elucidate the interaction
between FAO and ferroptosis in breast cancer
mediated by ACOX1 by targeting GYG2 by
MCPB-21 and validate MCPB-21 as a first-in-
class GYG2 inhibitor with therapeutic potential.

Materials and methods

This study was approved by the Experimental
Animal Ethics Committee of West China
Hospital, Sichuan University, with the ethics fil-
ing number: 20250528007.

CBD synthesis of MCPB-21

The compound cannabidiol (CBD, 2.0 g, 1.0
equivalent) was dissolved in 150 mL of metha-
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nol as the solvent. Subsequently, 1-methylpi-
peridin-4-amine (1.8 g, 2.5 equivalents) and
formaldehyde (40% aqueous solution, 1.5 mL,
2.5 equivalents) were added with continuous
magnetic stirring. The reaction was conducted
under a nitrogen atmosphere at 80°C for 16
hours. The progress of the reaction was moni-
tored using thin-layer chromatography (TLC) in
conjunction with ultraviolet (254 nm UV) analy-
sis. Upon completion of the reaction, the mix-
ture was allowed to cool to room temperature
and concentrated under reduced pressure to
remove the solvent. The crude product was dis-
solved in 100 mL of ethyl acetate (EA) and
washed three times with 100 mL of saturated
saline solution. The organic phase was collect-
ed and subjected to separation and purification
via silica gel column chromatography, using a
petroleum ether to ethyl acetate ratio of 10:1.
This process yielded a light yellow foamy solid
weighing 1.12 g, corresponding to a yield of
30%. The structure of the compound was char-
acterized using nuclear magnetic resonance
(NMR) spectroscopy.

Bioinformatics analysis

In this study, the differences in GYG2 gene
expression between cancerous and paracan-
cerous tissues of breast cancer patients were
analyzed through the UALCAN platform (https://
ualcan.path.uab.edu/index.html) to assess the
changes in its expression in breast cancer.
Kaplan-Meier survival analysis (https://kmplot.
com/analysis/) was then used to compare the
survival of patients with different GYG2 expres-
sion levels and to explore its correlation with
patient prognosis.

Molecular docking

Autodock4 was employed for semi-flexible
molecular docking between ligands and recep-
tors. MCPB-21 served as the small molecule
ligand for docking with the GYG2 protein. The
MCPB-21 structure was created and conver-
ted to 3D using Chem3D 20.0 (Perkin Elmer),
then saved as a mol2 file post-energy optimiza-
tion. The GYG2 protein receptor’s PDB file (PDB:
4UEG) (https://www.rcsb.org/annotations/4U-
EG) was downloaded from the PDB website,
and water molecules along with the original
ligands were removed using Discovery Studio
(https://www.discover.3ds.com). The protein
receptor underwent hydrogenation, and the file
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format was changed using Autodock4 (https://
autodock.scripps.edu/download-autodock4/),
which also determined the active pocket and
executed the docking.

Cell culture

Human breast cancer cells MCF-7 (iCell-h129,
iCell, Shanghai, China) were cultured in RPMI-
1640 (iCell-h129-001b, iCell, Shanghai, China)
medium containing 10% fetal bovine serum
(C04001-500, Vivacell, Shanghai, China), and
MDA-MB-231 (iCell-h133, iCell, Shanghai,
China) were cultured in L15 (PM151010,
Procell, Shanghai, China) medium containing
10% fetal bovine serum in an incubator with
95% saturated humidity, 37°C, and 5% CO.,,.

Transfection experiment

A 1.5 mL centrifuge tube was supplemented
with 360 pL of 1X riboFECT™ MCP Buffer to
dilute 15 pL of siRNA, followed by gentle mix-
ing. Subsequently, 36 pL of riboFECT™ MCP
Reagent was added, mixed gently, and incu-
bated at room temperature for 15 minutes
to prepare the riboFECT™ MCP transfection
complex, achieving a final siRNA concentration
of 50 nM. Once the cells adhered to the
surface, the supernatant in the well was aspi-
rated, and the riboFECT™ MCP transfection
complex was combined with an appropriate
volume of complete medium lacking dual anti-
bodies. This mixture was added to the well
plate and incubated at 37°C with 5% CO,. The
transfection sequence: Si-GYG2 Sense-GUU-
GGACUCUCACUCACUATT, Si-GYG2 Antisense-
UAGUGAGUGAGAGUCCAACTT. Si-NC Sense-UU-
CUCCGAACGUGUCACGUTT; Si-NC Antisense-
ACGUGACACGUUCGGAGAATT-3". The siRNAs
used in this study were purchased from
Shanghai GenePharma Co., Ltd. (Shanghai,
China).

Flow cytometry apoptosis assay

Cells from the logarithmic growth phase of
MDA-MB-231 and MCF-7 were collected, and
the cell density was adjusted to 2x10° cells per
well. The cells were inoculated into 6-well plates
at a volume of 2 mL per well and cultured at
37°Cand 5% CO,. After the transfection experi-
ment was completed, the cells were digested,
washed, and collected. The cells were resus-
pended in 500 pL of binding buffer (Binding
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Buffer), and 5 uL of Annexin V-APC (KGA1107,
Keji Biology, Jiangsu, China) was added and
thoroughly mixed; then 5 pL of Pl was added
and thoroughly mixed. The cells were incubated
at room temperature in the dark for 15 min-
utes. After incubation, cell apoptosis in each
group was analyzed by flow cytometry.

Transwell assay

The MDA-MB-231 and MCF-7 cells were enzy-
matically digested and centrifuged, and then
resuspended in serum-free medium. Subse-
quently, the cells were seeded at a density of
5x10° cells per well in the upper chamber of
the Transwell chamber (3422, Corning, New
York, USA), with each well containing 200 pL of
medium. 600 pL of medium containing 20%
serum was added to the lower chamber. The
Transwell chamber was placed under specific
conditions (37°C, 5% CO,) for 48 h of culture.
After the culture was completed, the upper
chamber was carefully removed and washed
multiple times with PBS. The cells were then
fixed using 4% paraformaldehyde for 30 min-
utes and stained with crystal violet (JC3913,
Bomei, Hefei, China) for 5 minutes. Non-
migrated cells in the upper chamber were gen-
tly removed using a PBS-moistened cotton
swab. Subsequently, five random fields of view
at 200x magnification were selected to observe
and quantify the number of cells that had tra-
versed the chambers.

Oil Red O staining

MCF-7 and MDA-MB-231 cells were seeded in
6-well plates (3x10°%/well) and cultured for 24
hours. The cells were then given drugs accor-
ding to the experimental groups. Group 1:
Control, 5 yM MCPB-21, 10 uM MCPB-21, 20
UM MCPB-21. Group 2: Control, MCPB-21,
10,20-Tricosadiynoic acid, MCPB-21 + 10,20-
Tricosadiynoic acid. Group 3: Control, MCPB-
21, MCPB-21 + si-NC, MCPB-21 + si-GYG2.
After the drug administration, the cells were
washed with PBS, fixed with 4% paraformalde-
hyde for 20 minutes, rinsed with distilled water,
and briefly soaked in 60% isopropanol (20-30
s). Then, the cells were stained with freshly pre-
pared Oil Red O staining solution (G1262,
Solarbio, Beijin, China) for 15 minutes, rinsed
with 60% isopropanol to remove excess dye,
and finally washed with distilled water 2-5
times [28]. The lipid deposition was observed
under a microscope and photographed.
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Flow cytometry for ROS

MCF-7 and MDA-MB-231 cells were cultured
in 6-well plates, with 1x10° cells from each
group subjected to two washes with PBS.
Subsequently, the cells were incubated with
a probe, prepared as a 500 pul suspension
containing 5 mol/L DCFH-DA (78EA10007,
Shanghai QIFA, Shanghai, China), and allowed
to react for 30 minutes in the dark at 37°C.
After incubation of MDA-MB-231 and MCF-7
cells, they were washed twice with PBS. The
changes in reactive oxygen species (ROS)
among the groups were evaluated using the
FITC channel, and the changes in ROS levels
were quantitatively analyzed based on the opti-
cal density values measured by the FITC
channel.

Western blot assay

MCF-7 and MDA-MB-231 cells, as well as tumor
tissue from transplanted tumors, were collect-
ed for protein analysis. Total proteins from each
group were extracted using RIPA protein lysis
buffer, and the protein concentration was
determined by the BCA method; subsequently,
50 ug of protein from each well was separated
by 10% SDS-PAGE and transferred to a PVDF
membrane for electrophoretic separation. The-
se membranes were then incubated with a
TBST-blocking solution containing 5% skim milk
at room temperature for 2 hours. Following this,
the membranes were incubated overnight at
4°C with primary antibodies: ABCD3 (ATP
Binding Cassette Subfamily D Member 3,
Huabio, HA721969, 1:2000, Hangzhou, China),
ABCD4 (ATP Binding Cassette Subfamily D
Member 4, Huabio, ER62551, 1:2000, Hang-
zhou, China), ACOX1 (Zenbio, R23371, 1:1000,
North Carolina, USA), ACSL4 (Acyl-CoA Syn-
thetase Long Chain Family Member 4, Pro-
teintech, 22401-1-AP, 1:2000, Wuhan, China),
CPT1a (Carnitine palmitoyltransferase 1a, Bio-
ss, BS-23779R, 1:2000, Beijin, China), EHHA-
DH (Peroxisomal I-bifunctional enzyme, Cu-
sabio, CSB-PA600104LA01HU, 1:2000, Wu-
han, China), GPX4 (Abclonal, A1933, 1:15000,
Wuhan, China), GYG2 (Proteintech, 13150-1-AP,
1:1000, Wuhan, China), SLC7A11 (Solute
Carrier Family 7 Member 11, Abclonal, A2413,
1:1000, Wuhan, China), and B-actin (Abclonal,
AC026, 1:50000, Wuhan, China). Post-incu-
bation, the membranes were washed with TBST
and then incubated with a secondary IgG anti-
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body (Affinity, SO001, 1:8000, Wuhan, China)
at room temperature for 2 hours. After further
washing with TBST, the analysis proceeded
[29].

Animal experiments

8-week-old BALB/c female nude mice (18 + 2
g) were used for subcutaneous tumor xenograft
experiments. The mice were raised with free
access to food and water, and the lighting con-
ditions were a 12-h light/dark cycle. The mice
were divided into control group, 10 mg/kg
MCPB-21 group, 40 mg/kg MCPB-21 group,
and 10 mg/kg CBD group. A total of 1x10°
MDA-MB-231 breast cancer cells were inocu-
lated into the right lower limb of mice. Upon
reaching an average tumor volume of 50-100
mm3, the mice were randomly allocated into
four groups (n =5 per group). The experimental
groups received intraperitoneal injections of
MCPB-21 at doses of 10 and 40 mg/kg, or 10
mg/kg of CBD [30], administered once daily for
21 days. The control group received equivalent
volumes of saline. The health status and behav-
ior of the nude mice were monitored daily. Body
weight and tumor dimensions were monitored
every three days following the initiation of treat-
ment. Animals are humanely euthanized once
they reach predetermined humane endpoints
[31-33]. Humane endpoints are defined as a
tumor measurement of > 1.5 cm in any dimen-
sion accompanied by a body weight loss of >
20% from baseline, or a body weight loss of
10% accompanied by severe signs of clinical
distress (e.g., thinning fur, loss of appetite, or
reduced vitality). Mice reaching these end-
points are euthanized [34]. Upon conclusion of
the experiment, both tissue and tumor weights
were recorded, and tumor volumes were mea-
sured and documented photographically. Fo-
llowing the experimental procedures, mice
were anesthetized via an intraperitoneal injec-
tion of sodium pentobarbital (50 mg/kg) and
subsequently euthanized by cervical disloca-
tion. Euthanasia was confirmed by the cessa-
tion of cardiac and respiratory activity, along-
side the loss of corneal reflexes. Subsequently,
tumor tissues were harvested for further analy-
sis. Animal experiments were conducted in
accordance with Animal Research: Reporting of
In Vivo Experiments.

H&E staining

Tumor tissues from nude mice in each group
were collected and fixed in 4% neutral formal-
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dehyde solution for 24 hours. The tissues
were then dehydrated with alcohol, cleared
with xylene, and embedded in paraffin wax.
Paraffin-embedded tissue blocks were sec-
tioned into 5 pm-thick slices using a micro-
tome, mounted onto glass slides, and dried.
Tissue sections were first stained with hema-
toxylin for 5 minutes, followed by differentia-
tion with 1% ethanol acid solution (H9627,
Sigma-Aldrich, USA) for 3 seconds; subse-
quently, they were counterstained with eosin
solution (YE2080, Bomeibio, Hefei, China) for
1 minute. Finally, after dehydration, clearing,
and drying, the sections were coverslipped
with neutral gum [35]. The prepared slides
were then examined and imaged under a
microscope.

Immunohistochemical staining

Transplanted tumors from each group of nude
mice were collected and fixed in 4% neutral
formaldehyde solution for 24 hours. The tis-
sues were then dehydrated with alcohol,
cleared with xylene, and embedded in paraffin
wax. Paraffin-embedded tissue blocks were
sectioned into 5 um thick slices using a micro-
tome, mounted onto glass slides, and dried.
Tumor sections from each group were treated
with microwave irradiation in citrate buffer, fol-
lowed by incubation with 3% hydrogen peroxide
to block endogenous peroxidase activity, and
then blocked with bovine serum blocking solu-
tion. Primary antibodies including Ki67 (1:400,
HA721115, HUABIO, Wuhan, China), ACSL4
(1:50, Proteintech, 81196-1-RR, Wuhan, China),
GPX4 (1:200, Proteintech, 67763-1-1g, Wuhan,
China), and SLC7A11 (1:100, Proteintech,
26864-1-AP, Wuhan, China) were added and
incubated overnight at 4°C. Subsequently, the
sections were incubated with HRP-conjugated
secondary antibody (1:100, GB23301, Servi-
cebio, Wuhan, China) at room temperature for
30 minutes, followed by addition of DAB sub-
strate and incubation at room temperature for
10 minutes. Sections were counterstained with
hematoxylin for 3 minutes, rinsed with tap
water, and differentiated with hematoxylin dif-
ferentiation solution for 3 seconds [36]. The
sections were then sealed with a mounting
medium. Images of the sections were captured
using a microscopic camera system, and all col-
lected images were analyzed using the Image)
software.
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Statistical analysis

Statistical analyses of the experimental results
were conducted using SPSS software version
22.0 (version 22.0, SPSS Inc., Chicago, IL, USA).
The Shapiro-Wilk test was used to assess nor-
mality, and data are presented as mean + stan-
dard deviation (X * s). Multiple-group compari-
sons were performed using one-way ANOVA
(Levene’s test of variance); the Tukey test was
applied when variances were homogeneous,
while Welch’s ANOVA followed by Tamhane’s T2
was used when variances were heterogeneous.
A p-value of less than 0.05 was considered
indicative of statistical significance.

Results
Synthesis and characterization of MCPB-21

Synthetic route of MCPB-21 from CBD, 1-meth-
ylpiperidine-4-methylamine, and formaldehyde
(Figure 1A). Nuclear Magnetic Resonance
(NMR) spectrum of MCPB-21: *H NMR (400
MHz, DMSO-d6) & 5.01 (s, 1H), 4.76 (s, 4H),
4.40 (d, J=5.7 Hz, 2H), 3.88 (d, J = 5.1 Hz, 4H),
3.77 (d, J = 12.6 Hz, 1H), 2.84 (t, J = 10.1 Hz,
1H), 2.74 (d, J = 9.8 Hz, 4H), 2.28 (d, J = 29.1
Hz, 3H), 2.11 (s, 6H), 1.89 (d, J = 16.8 Hz, 2H),
1.78 (d, J = 9.6 Hz, 8H), 1.64 (s, 2H), 1.57 (s,
3H), 1.54 (s, 3H), 1.42 (d, J = 7.2 Hz, 4H), 1.32
(s, 7H), 0.87 (d, J = 6.7 Hz, 3H) (Figure 1B). The
above experimental results show that MCPB-21
was successfully synthesized.

Expression of GYG2 in breast cancer and its
targeting relationship with MCPB-21

The analysis of differential gene expression
between cancerous and adjacent non-cancer-
ous tissues in breast cancer patients, as con-
ducted using UALCAN (uab.edu), revealed a sig-
nificant downregulation of the GYG2 gene in
cancerous tissues (Figure 2A). Furthermore,
survival prognosis analysis using the Kaplan-
Meier plotter (kmplot.com) demonstrated a
markedly reduced survival period in patients
exhibiting low GYG2 expression levels (log-rank
P = 0.045) (Figure 2B). These findings suggest
that GYG2 may play a pro-oncogenic role in the
pathogenesis of breast cancer. In previous
studies, we found that MCPB-21 can inhibit the
proliferation of breast cancer cells. To evaluate
the regulation of MCPB-21 on GYG2, molecular
docking experiments were conducted. The
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results showed that MCPB-21 formed hydro-
gen bond interactions with residue ARG3O0;
MCPB-21 formed van der Waals interactions
with residues LEU74, LYS78, SER111, ILE6GG,
THR254, VAL255, LEU108, and GLU81; MCPB-
21 formed hydrogen bonds with residues
LEU77, SER208, and GLY207; and MCPB-21
formed Pi-Cation interactions with residue
HIS31 (Figure 2C and 2D). Molecular docking
results showed that the binding energy of
MCPB-21 and GYG2 was -10 kcal/mol, indicat-
ing that MCPB-21 bound well to GYG2.

Effects of MCPB-21 on cell behavior of breast
cancer cells

As shown in Figure 3A and 3B, compared with
the control group, 5, 10, and 20 uM MCPB-21
could induce apoptosis of breast cancer cells
MDA-AB-231 and MCF-7. Compared with the
control group, 5, 10, and 20 uM MCPB-21 could
promote the invasion ability of MDA-AB-231
and MCF-7 (Figure 3C and 3D). Qil red O stain-
ing showed that compared with the control,
lipid droplet formation was observed in MDA-
AB-231 and MCF-7 treated with 10 and 20 uM
MCPB-21 (Figure 3E and 3F). Flow cytometry
detected ROS. Compared with the control
group, the ROS levels of MDA-AB-231 and
MCF-7 increased after 5, 10, and 20 uM MCPB-
21 (Figure 3G and 3H).

Effects of MCPB-21 on fatty acid B-oxidation
and ferroptosis

Figure 4A-C shows the enzymes related to the
fatty acid B-oxidation metabolic pathway in
breast cancer. Compared with the control
group, 5, 10, and 20 yM MCPB-21 can inhibit
the expression of ACOX1, ABCD3, ABCDA4,
EHHADH, and CPTl1a in MDA-AB-231 and
MCF-7 cells. In terms of ferroptosis response
elements, compared with the control group, 5,
10, and 20 yM MCPB-21 inhibited the expres-
sion of GPX4 and SLC7A11 in MDA-AB-231 and
MCF-7, and upregulated the expression of
ACSL4 in MDA-AB-231 and MCF-7 (Figure
4D-F).

MCPB-21 regulates ferroptosis via ACOX1
in breast cancer by modulating fatty acid
B-oxidation

As shown in Figure 5A and 5B, the Oil Red
O-stained lipid droplets of MDA-AB-231 and
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Figure 1. Synthesis and identification of MCPB-21 synthesized from CBD. A. Route of MCPB-21 synthesized from

CBD. B. H-NMR spectrum of MCPB-21.

MCEF-7 increased after the treatment of MCPB-
21 and 500 nM 10,12-Tricosadiynoic acid com-
pared with the control group. Compared with
MCPB-21, the stained lipid droplets increased
after combining MCPB-21 and 10,12-Tricosa
diynoic acid. An investigation into the effects
of MCPB-21 and 10,12-Tricosadiynoic acid
revealed a significant increase in ROS produc-
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tion compared to the control group. This
increase was further amplified following the
co-incubation of MDA-AB-231 and MCF-7 cells
with MCPB-21 and 10,12-Tricosadiynoic acid,
as illustrated in Figure 5C and 5D. When we
shifted our focus to the protein levels, com-
pared with the control group, MCPB-21, and
10,12-Tricosadiynoic acid inhibited the expres-
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C, D. Molecular docking results of MCPB-21 and GYG2.

sion of ACOX1, ABCD3, ABCD4, EHHADH, and
CPT1a in MDA-AB-231 and MCF-7, and the
combination of the two further decreased the
expression of these proteins (Figure 5E-G).
Evidently, from Figure 5H-J, MCPB-21 and
10,12-Tricosadiynoic acid-induced ferroptosis
in MDA-AB-231 and MCF-7, and the combina-
tion of MCPB-21 and 10,12-Tricosadiynoic acid
increased ferroptosis in breast cancer cells
(Figure 5H-J).
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MCPB-21 modulates ACOX1 via GYG2 to alter
fatty acid B-oxidation and ferroptosis in breast
cancer

In MDA-AB-231 and MCF-7, 5, 10, and 20 uM
MCPB-21 induced the expression of GYG2 com-
pared with the control group (Figure 6A and
6B). Additionally, GYG2 was silenced to observe
the effect of MCPB-21 on fatty acid 3-oxidation
and ferroptosis in breast cancer (supplementa-
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Figure 3. Effects of MCPB-21 on cell behavior of MDA-AB-231 and MCF-7. A. Flow cytometry was used to detect
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ry). As shown in Figure 6C and 6D, compared breast cancer cells increased after MCPB-21
with the control group, the lipid droplets of incubation. Compared with the MCPB-21 group,
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MCPB-21 combined with si-NC did not affect
the lipid droplet formation of breast cancer, and
MCPB-21 combined with si-GYG2 reduced lipid
droplets. Probing into ROS, compared with the
control group, breast cancer ROS was enhanced
after MCPB-21 treatment. On the contrary, ROS
was attenuated after silencing GYG2 based on
MCPB-21 (Figure 6E and 6F). Moreover, com-
pared with the control group, the expression of
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ACOX1, ABCD3, ABCD4, EHHADH, and CPT1a
was increased after MCPB-21 incubation of
breast cancer cells, and the expression of
these proteins was reduced after transfection
of si-GYG2 (Figure 6G-I). Remarkably, MCPB-21
inhibited the expression of GPX4 and SLC7A11
in breast cancer cells and induced the expres-
sion of ACSL4. After silencing GYG2, the expres-
sion of GPX4 and SLC7A11 increased, and the
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Figure 5. MCPB-21 induces ferroptosis by regulating fatty acid B-oxidation through ACOX1. (A) Qil red staining results
of MDA-AB-231 and MCF-7. (B) Statistical results of Oil red staining of MDA-AB-231 and MCF-7. (C) Representative
images of ROS in MDA-AB-231 and MCF-7. (D) Statistical results of ROS in MDA-AB-231 and MCF-7. (E) Representa-
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expression of ACSL4 decreased (Figure 6J-L).
These experimental results suggest that MCPB-
21 regulates GYG2 to affect ACOX1 and inhibit
fatty acid oxidation in breast cancer cells, and
ROS enrichment induces cell ferroptosis.

2773

MCPB-21 inhibits breast cancer cell growth by
inducing ferroptosis

Flow cytometry analysis of cell death revealed
(Figure 7A and 7B) that, compared to the con-
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Figure 6. MCPB-21 regulates fatty acid oxidation and ferroptosis in breast cancer cells via GYG2. (A) Representative
bands of GYG2 in MDA-AB-231 and MCF-7. (B) Relative expression statistics of GYG2. (C) Oil red staining results of
MDA-AB-231 and MCF-7. (D) Oil red staining results of MDA-AB-231 and MCF-7. (E) ROS statistics of MDA-AB-231
and MCF-7. (F) Representative images of ROS in MDA-AB-231 and MCF-7. (G) Representative protein bands of
ACOX1, ABCD3, ABCD4, EHHADH, and CPT1a in MDA-AB-231 and MCF-7. Relative expression statistics of ACOX1,
ABCD3, ABCD4, EHHADH, and CPT1a in MDA-AB-231 (H) and MCF-7 (l). (J) Representative protein bands of GPX4,
SLC7A11, and ACSL4 in MDA-AB-231 and MCF-7. Statistical results of relative expression of GPX4, SLC7A11, and
ACSL4 in MDA-AB-231 (K) and MCF-7 (L). Compared with the control group, *P < 0.05, **P < 0.01, and ***P <
0.001. Compared with MCPB-21, #P < 0.05, ##P < 0.01, and ###P < 0.001.

trol group, treatment with 10 yM MCPB-21 sig- death induced by MCPB-21 is ferroptosis-
nificantly increased the proportion of dead cells dependent. Detection using the DCFH-DA
in both MDA-MB-231 and MCF-7 cell lines. probe demonstrated (Figure 7C and 7D) that
However, when combined with the 1 uM ferrop- the fluorescence intensity in the MCPB-21-
tosis inhibitor Fer-1, the proportion of MCPB- treated group was higher than that in the con-
21-induced cell death decreased markedly, trol group, indicating a substantial increase in
providing preliminary evidence that the cell intracellular ROS levels. Upon the addition of
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Fer-1, ROS production was effectively inhibited. control group, 10 and 40 mg/kg MCPB-21
This result confirms that MCPB-21 is capable could inhibit tumor growth, which was better
of inducing ferroptosis by triggering an oxida- than 10 mg/kg CBD (Figure 8A and 8B). The
tive stress response. Furthermore, compared values of xenografted tumor showed that the
to the control group, MCPB-21 downregulated volume of xenografted tumor decreased after
the protein expression levels of GPX4 and MCPB-21 and CBD treatment (Figure 8C). The
SLC7A11 while upregulating ACSL4. When com- maximum volume of the xenograft tumors was
bined with Fer-1, these alterations in protein 692 mm?3, with a diameter of 9.99 mm. H&E
expression were reversed to varying degrees staining results showed that compared with the
(Figure 7E-G). In summary, MCPB-21 induces control group, focal necrosis occurred in the
ferroptosis in breast cancer cells by downregu- tumor tissues of the MCPB-21 and CBD treat-

lating GPX4 and SLC7A11 and upregulating
ACSL4, thereby leading to the abnormal accu-
mulation of ROS.

ment groups. The tumor cells in the necrotic
foci disintegrated, the nuclei condensed and
fragmented, and the cytoplasm dissolved
(Figure 8D). Immunohistochemistry results
showed that compared with the control group,
MCPB-21, and CBD could inhibit the level of
The results of nude mouse tumor formation Ki67, and the expression of Ki67 was the low-
experiments showed that compared with the estin the 40 mg/kg MCPB-21 treatment group.

Analysis of the anti-breast cancer activity of
MCPB-21 in transplanted tumor experiments
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As for GPX4, SLC7A11, and ACSL4, compared
with the control group, MCPB-21, and CBD
inhibited the expression of GPX4 and SLC7A11
and upregulated ACSL4 (Figure 8E-G). Notably,
MCPB-21 and CBD upregulated the expression
of GYG2, while inhibiting the expression of
ACOX1, ABCD3, ABCD4, EHHADH, and CPT1a
in MDA-AB-231 transplanted tumors (Figure
8H-J). This ensemble of data underlines that
the CBD derivative MCPB-21 has a stronger
anti-tumor capacity, predominantly via the
modulation of the fatty acid (-oxidation-
mediated ferroptosis.

Discussion

Breast cancer remains one of the predominant
causes of cancer-related mortality globally,

2776

with its incidence rising annually, particularly
among young and middle-aged women [37, 38].
Its incidence is expected to increase by more
than 46% by 2040 and will constitute nearly
one-third of all new cancer diagnoses in women
[38]. Current therapeutic modalities primarily
encompass surgery, chemotherapy, endocrine
therapy, and targeted drug treatments. Fur-
thermore, identifying key molecular markers
involved in the initiation and progression of
tumors has become a crucial means for pre-
cisely assessing the efficacy of immunotherapy
and exploring the mechanisms of cell death
[39, 40]. However, the emergence of drug resis-
tance poses a significant challenge, undermin-
ing treatment effectiveness and diminishing
patient survival rates [6]. Consequently, there
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is a pressing need to identify and develop no-
vel therapeutic targets and pharmacological
agents to circumvent drug resistance, thereby
enhancing treatment outcomes and improving
the prognosis and quality of life for breast can-
cer patients. This underscores the critical
importance of advancing drug development in
the management of breast cancer.

Active molecules derived from natural Chinese
medicinal herbs are widely utilized in basic
medical research [41]. CBD is a pure natural
ingredient extracted from the cannabis plant
and is one of the most widely studied phytocan-
nabinoids [42]. As research deepens, in addi-
tion to its anti-inflammatory, antiemetic, and
analgesic effects, CBD’s anti-tumor activity has
attracted increasing attention [43, 44]. Cell
proliferation is regulated by the cell cycle, and
blocking the division cycle of tumor cells is an
important anti-tumor mechanism. Studies have
confirmed that CBD has a cell cycle-regulating
effect on many types of cancer, such as thyroid
cancer and breast cancer cells, pancreatic can-
cer, gastric cancer [25, 45-47]. Although CBD
has certain anti-tumor effects by inducing cell
cycle arrest and autophagy, promoting cell
apoptosis, regulating angiogenesis, and inhibit-
ing tumor cell migration and invasion, its simple
structure, poor water solubility, low bioavailabil-
ity, and significant inhibition of its antioxidant
properties and stability limit its clinical applica-
tion, so structural optimization is urgently need-
ed. Our research team has previously modified
CBD, established a library of cannabidiol deriv-
atives, and screened out a new compound
MCPB-21, which has been proven to have the
effect of treating breast cancer. The synthesis
of MCPB-21 follows the principles of the
Mannich reaction. This strategy constitutes a
well-established method for the structural
diversification of natural phenolic compounds,
aimed at enhancing their biological activity and
water solubility [48]. In breast cancer cells
MDA-AB-231 and MCF-7, MCPB-21 was able to
induce apoptosis and inhibit the invasiveness
of tumor cells at concentrations of 5, 10, and
20 uM. In addition, the formation of lipid drop-
lets was observed after treatment, suggesting
that fatty acid metabolism was inhibited and
metabolic reprogramming of cells occurred.
Flow cytometry results showed that MCPB-21
treatment enhanced the production of ROS,
which may exert anti-tumor effects by inducing
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oxidative stress. Therefore, MCPB-21 has mul-
tiple effects of promoting tumor cell apoptosis,
enhancing ROS levels, and regulating fat
metabolism, showing potential anti-tumor
effects.

Bioinformatics analysis revealed a significant
downregulation of GYG2 in the cancerous tis-
sues of breast cancer patients, with a notable
reduction in survival rates among those exhibit-
ing low GYG2 expression. This suggests a
potential anti-cancer role for GYG2 in the patho-
genesis of breast cancer. Furthermore, building
on previous findings that MCPB-21 inhibits
the proliferation of breast cancer cells, we
employed molecular docking techniques to
examine the interaction between MCPB-21 and
GYG2. The analysis demonstrated that MCPB-
21 forms a stable complex with GYG2, charac-
terized by a binding energy of -10 kcal/mol, indi-
cating that MCPB-21 may exert its anti-tumor
effects through its interaction with GYG2. GYG2
is an auto-glucosylation protein involved in
glycogen biosynthesis, which facilitates the
metabolism of glucose and galactose [49].
Notably, tumor cells exhibit elevated expres-
sion of glucose transporters, such as GLUT1,
enabling them to uptake substantial quantities
of glucose to supply energy and biosynthetic
precursors necessary for rapid proliferation
[50]. Moreover, fatty acid metabolism is intri-
cately linked to tumorigenesis. Recent studies
indicate that the energy derived from fatty
acids in cancer cells may enhance tumor initia-
tion, progression, and metastasis [51, 52].
Furthermore, the knockdown of GYG2 in adipo-
cytes resulted in a concurrent decrease in the
expression of the peroxidase ACOX1, suggest-
ing that GYG2 may play a regulatory role in the
expression of ACOX1, a rate-limiting enzyme
in peroxisomal fatty acid [B-oxidation [12].
Conversely, research on glycogen dynamics in
adipocyte differentiation revealed that inhibit-
ing glycogen production significantly reduces
lipid droplet formation [11], implying that sup-
pression of GYG2 expression may hinder the
formation of intracellular lipid droplets. Lipid
droplets serve as storage organelles for fatty
acids, and the promotion of fatty acid
B-oxidation is known to decrease the intracel-
lular lipid droplet content [53].

Fatty acid metabolism is a crucial link in lipid
metabolism, not only being essential for the
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growth and development of normal cells, but
also playing a significant role in tumor occur-
rence, progression, and metastasis [54].
Compared to normal cells, tumor cells exhibit
accelerated proliferation and increased energy
demands, and their energy production is close-
ly related to the metabolic process [55]. Fatty
acid metabolism is particularly closely related
to tumor development. Recent studies have
shown that the energy derived from fatty acids
in cancer cells may promote tumor occurrence,
progression, and metastasis [56]. ACOX1 cata-
lyzes the initial oxidation of long-chain fatty
acids; ABCD3 and ABCD4 are responsible for
fatty acid transport; EHHADH is located in the
mitochondrial matrix and plays a key role in the
B-oxidation pathway; and CPT1x is located on
the outer mitochondrial membrane and regu-
lates the entry of fatty acids into mitochon-
dria for subsequent oxidation [57, 58]. These
enzymes jointly regulate the B-oxidation path-
way of fatty acids. This study found that after
treatment with MCPB-21, the expression of
ACOX1, ABCD3, ABCD4, EHHADH, and CPT1a
in breast cancer cells was significantly reduced.
Additionally, the combination of MCPB-21 and
12-tricosadiynoic acid (12-Tricosadiynoic acid)
with GYG2 gene silencing further led to a
decrease in the protein expression levels of
these enzymes. This indicates that the
B-oxidation function of fatty acids is inhibited,
which in turn causes intracellular lipid accumu-
lation and oxidative stress, ultimately inducing
ferroptosis and demonstrating potential anti-
tumor effects.

Recent studies [59] have shown that breast
cancer cells exhibit significant metabolic plas-
ticity. Unlike normal cells, cancer cells rely on
FAO to generate energy and maintain redox
homeostasis [60]. Our research has found that
MCPB-21 inhibits FAO by targeting GYG2; this
effect not only blocks the energy supply of the
tumor but also disrupts lipid homeostasis,
thereby creating necessary conditions for
inducing ferroptosis.

Lipid metabolism reprogramming has been
proven to be not only a metabolic marker of
malignant tumors but also a core molecular
switch that regulates ferroptosis, a new type of
cell death [61]. Ferroptosis is characterized by
the accumulation of iron and ROS [62]. The fer-
roptosis process mainly includes the destruc-
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tion of iron metabolism leading to the induction
of the Fenton reaction, imbalance of redox
homeostasis, and the triggering of lipid peroxi-
dation, which ultimately leads to cell mem-
brane damage and cell death [63]. GPX4 is the
main antioxidant enzyme that can reduce lipid
peroxides and inhibit ferroptosis [64]. SLC7A11
is responsible for thiothreitol uptake, synthesis
of glutathione (GSH), and protection of cells
from oxidative stress-induced lipid peroxida-
tion [65]. ACSL4 regulates lipid metabolism,
promotes lipid peroxidation, and is a triggering
factor of ferroptosis [66]. Moreover, GPX4 and
SLC7A11 are often upregulated in breast can-
cer, which helps cell anti-oxidation and survival
and may be related to treatment resistance
[67, 68]. ACSL4 is frequently regarded as a bio-
marker for ferroptosis, with its upregulation
potentially facilitating lipid peroxidation and
subsequent cell death [69]. In vitro studies
have demonstrated that MCPB-21 can inhibit
GPX4 and SLC7A11, while simultaneously
upregulating ACSL4 via GYG2. The in vivo
experiments further demonstrated that MCPB-
21 and CBD could enhance lipid peroxidation
by down-regulating antioxidant proteins GPX4
and SLC7A11 and up-regulating the enzyme
ACSL4, thereby inducing ferroptosis and exert-
ing anti-tumor effects. As a derivative of CBD,
MCPB-21 exhibited stronger anti-tumor effica-
cy, which was related to its regulatory role in
the ferroptosis process mediated by fatty acid
[-oxidation.

Conclusion

In summary, this study confirmed that MCPB-
21 can inhibit breast cancer cell invasion and
promote apoptosis through in vitro and in vivo
experiments. Mechanism analysis found that
MCPB-21 inhibits fatty acid [-oxidation by tar-
geting GYG2 to inhibit ACOX1, leading to ROS
enrichment and inducing ferroptosis of breast
cancer cells. This study provides a new direc-
tion and theoretical basis for anticancer drugs.
However, utilizing biological or biophysical
methods to validate the direct binding affinity
between MCPB-21 and GYG2 and constructing
a robust gene rescue model will be the primary
focus of future research.
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