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Cisplatin (DDP) remains a standard therapy for triple-negative breast cancer (TNBC), yet in-
trinsic or acquired resistance often limits its efficacy; here, we report that Ramulus Mori al-
kaloids (SZ-A), an approved botanical a-glucosidase inhibitors, synergize with DDP to sup-
press TNBC progression in vitro and in vivo by driving PLA2G2A-dependent ceramide accu-
mulation. Combining SZ-A with DDP synergistically inhibits viability, clonogenicity, migration,
and invasion, induces S-phase arrest and apoptosis, and attenuates tumor growth in xeno-
graft models. Mechanistically, SZ-A directly binds to and stabilizes PLA2G2A, blocking its
autophagic-lysosomal degradation, leading to accumulated PLA2G2A that suppresses fatty
acid oxidation and triggers ceramide accrual via ADIPOR2 inhibition. Genetic ablation of
PLA2G2A abrogates these effects. DDP further enhances SZ-A-induced PLA2G2A upregulation
and ceramide accumulation, resulting amplified cytotoxicity. Our findings reveal SZ-A as a
chemosensitizing agent that enhances the efficacy of DDP in TNBC.

1. Introduction

Triple-negative breast cancer (TNBC) represents a particu-
larly aggressive subtype of breast cancer, characterized by the
absence of estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2) expres-
sion '. Owing to its inherent resistance to conventional endocrine
and targeted therapies, TNBC treatment predominantly depends
on chemotherapy, with cisplatin (DDP) being among the most fre-
quently employed agents °. Nonetheless, the therapeutic effect-
iveness of DDP is frequently constrained by the emergence of
drug resistance and notable adverse effects. Consequently, in-
vestigating innovative adjuvant strategies to augment the effic-
acy of DDP while mitigating its toxicity is of paramount import-
ance for enhancing the prognosis of patients with TNBC.

Natural products serve as a prolific source of anti-tumor
agents, employing multi-target mechanisms to interfere with car-
cinogenic pathways °. Bioactive compounds derived from tradi-
tional medicinal plants, such as Ramulus Mori (Sangzhi, SZ), have
demonstrated significant potential. It is indicated that polysac-
charides extracted from SZ can induce apoptosis in ovarian and
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gastric cancer cells *. Furthermore, a distinct alkaloid component
found in SZ, known as Ramulus Mori alkaloid (SZ-A), which in-
cludes piperidine alkaloid 1-deoxynojirimycin (DN]), 1,4-dideoxy-
1,4-imino-D-arabinitol (DAB) and fargomine (FA), has received
clinical approval for the treatment of type 2 diabetes mellitus
(T2DM) °. SZ-A primarily exerts its hypoglycemic effects through
potent inhibition of a-glucosidase and modulation of lipid meta-
bolism. Emerging evidence also suggests that SZ-A ameliorates
metabolic disorders, including obesity and atherosclerosis,
via mechanisms involving the remodeling of intestinal microbi-
ota, bile acid signaling, and the inhibition of inflammatory cas-
cades “°,

Lipid metabolism reprogramming is a critical hallmark of
cancer progression and serves as a key mediator of chemother-
apy resistance in TNBC °. Considering the established role of SZ-A
in regulating systemic lipid homeostasis and its pleiotropic ef-
fects on interconnected metabolic and inflammatory networks,
we propose that SZ-A may target tumor-specific metabolic vul-
nerabilities to enhance the efficacy of chemotherapy. Neverthe-
less, the capacity of SZ-A to modulate lipid metabolism within the
TNBC microenvironment, thereby sensitizing tumors to cytotoxic
agents, and the potential molecular determinants of this interac-
tion remain entirely unexplored.

Secreted phospholipase A2 group IIA (PLA2G2A), a catalytic-
ally active hydrolase that liberates fatty acids and bioactive lipids
from membrane phospholipids, orchestrates fundamental
processes including membrane remodeling, cell death execution,
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lipid mediator production, and inflammatory cytokine secre-
tion '" '. Despite its well-defined biochemical functions,
PLA2G2A exhibits a paradoxical role in oncogenesis. In lung and
prostate cancer, elevated PLA2G2A expression correlates with
aggressive phenotypes and diminished patient survival '***. Con-
versely, in gastric cancer, elevated PLA2G2A expression is linked
to improved patient survival rates. The expression of PLA2G2A is
inversely correlated with infiltration depth, lymph node meta-
stasis, and the tumor-lymph node-metastasis stage '* '°. In breast
cancer, where the plant alkaloid stachydrine triggers cell apop-
tosis through PLA2G2A upregulation "/, yet whether SZ-A modu-
lates PLA2G2A to enhance DDP sensitivity in TNBC remains unex-
plored.

Herein, we establish that the combination of SZ-A and DDP
exerts potent anti-tumor activity against TNBC. Mechanistically,
SZ-A directly targets PLA2G2A, stabilizing it by inhibiting lyso-
somal degradation. This stabilization reprograms sphingolipid
metabolism, driving ceramide accumulation and ultimately trig-
gering TNBC cell apoptosis. The SZ-A/DDP combination syner-
gistically amplifies the PLA2G2A-ceramide axis, thus defining a
potent pharmacological strategy to chemosensitize refractory
TNBC.

2. Materials and methods

2.1. Chemicals and antibodies

Anti-PLA2G2A (Cat. DF6366), Bcl-2 (Cat. AF6139), Bax (Cat.
AF0120) and GAPDH (Cat. AF7021) antibodies were from Affin-
ity Biosciences (Wuhan, China); anti-cleaved caspase-3 (Cat.
87055-4-RR) and Ki-67 (Cat. 27309-1-AP) from Proteintech
(Wuhan, China). ADIPOR1/2 siRNAs, PLA2G2A overexpression
plasmid, and shPLA2G2A lentivirus were obtained from GeneAdv
Biotechnology (Suzhou, China). Pronase E (Cat. S10014) was
sourced from Yuanye Bio-Technology (Shanghai, China); recom-
binant human TNF-a (Cat. DCO08) from Novoprotein (Suzhou,
China). Carmofur (Cat. C425087), chloroquine (Cat. C193834),
MG132 (Cat. M408577) and cycloheximide (Cat. C408230) were
purchased from Aladdin (Shanghai, China). Oil Red O (Cat.
G1262) was from Solarbio (Beijing, China); BODIPY 493 /503 was
from Beyotime (Cat. C2053S, Nanjing, China).

2.2. Cell lines

MDA-MB-231 and BT-549 cells were obtained from the Cell
Bank of the Shanghai Institute of Biochemistry and Cell Biology.
BT-549 cells were maintained in RPMI-1640 (Cat. C11875500BT,
Gibco, Suzhou, China) and MDA-MB-231 cells in DMEM (Cat.
BL304A, Biosharp, Beijing, China), each supplemented with 10%
fetal bovine serum (Cat. PWL217, MeilunBio, Dalian, China) and
1% penicillin-streptomycin (Cat. S0198, HaiGene, Harbin, China).
Cultures were incubated at 37 °C in 5% C0,/95% air with 2 95%
humidity.

2.3. SZ-A preparation

SZ-A was provided by Wehand Biotech (Cat. J202207014,
Beijing, China). The extract is characterized by its principal alkal-
oid constituents: DNJ, DAB and FA. HPLC analysis indicated a DNJ
content of 39.3% and a total alkaloid content > 60%. Aliquots
were stored at =80 °C until use.

2.4. Subcutaneous xenografts

MDA-MB-231 cells (2 x 10° cells/mouse) were subcu-
taneously inoculated into the right back of 4-week-old female

973

Chinese Journal of Natural Medicines 24 (2026) 972-986

BALB/c nude mice (Cavens, Changzhou, China, n = 8/group).
When tumor volumes reached 100 mm® (calculated as length x
width®/2), mice were randomized into four treatment groups:
Model, SZ-A (50 mg-kg™, p.0.), DDP (2 mg-kg™, ip. every other
day), and SZ-A/DDP combination. Tumor growth was monitored
for 28 days. Terminal tumors were excised, weighed, and pro-
cessed for further analysis. All procedures were approved by the
Wannan Medical College Animal Ethics Committee (Approval No.
WNMC-AWE-2025333) in compliance with ARRIVE guidelines.

2.5. Network pharmacology analysis

Putative targets of SZ-A bioactives (DNJ, FA, DAB) were re-
trieved from the SWISS Target Prediction platform (probability >
0.3). TNBC-relevant genes were mined from GeneCards, DisGeN-
ET and OMIM; redundant entries were collapsed to a non-re-
dundant disease gene set. Intersection of compound targets and
disease genes defined the pharmacological focus set. Protein-
protein interactions were imported into Cytoscape v3.9.1 to gen-
erate a compound-target-disease network, whose topological
parameters were computed with NetworkAnalyzer. GO biological
process and KEGG pathways annotation were performed with
clusterProfiler v4.0.5 in R v4.1.1.

2.6. Molecular docking

Three-dimensional structures of DNJ, FA and DAB were
downloaded from PubChem and the PLA2G2A crystal structure
(ID: 3U8B) was retrieved from the RCSB Protein Data Bank. All
ligands were energy-minimized with MMFF94, while the protein
was protonated and stripped of crystallographic water and non-
interacting ions. Blind molecular docking was performed by CB-
Dock2 (https://cadd.labshare.cn/cb-dock2/php/index.php), and
the results were visualized with PyMOL 2.6.

2.7. Quantitative RT-PCR

Total RNA was extracted with TRIzol reagent (Cat.
16096020, Invitrogen, Shanghai, China) and reverse-transcribed
using the ReverTra Ace® qPCR-RT kit (Toyobo, Osaka, Japan) fol-
lowing the manufacturer’s protocol. Quantitative PCR was per-
formed on a CFX96 system (Bio-Rad, Shanghai, China) with SGEx-
cel FastSYBR qPCR Mixture (Sangon Biotech, Shanghai, China)
and gene-specific primers (Table S1). Relative expression was
calculated by the 20**“) method, with B-actin as the endogenous
reference gene.

2.8. Immunofluorescence

Cells or cryosections were washed in PBS, fixed with 4% par-
aformaldehyde, and permeabilized with 0.5% Triton X-100 for 10
min. After blocking with 5% goat serum, specimens were incub-
ated overnight at 4 °C with anti-PLA2G2A and Ki67 primary anti-
bodies. Following PBS washes, slides were probed with species-
matched secondary antibodies (1:1000, Beyotime, Shanghai,
China) at 37 °C for 1 h and nuclei were counterstained with DAPI.
Images were captured on a microscope (Eclipse Ni, Nikon, Tokyo,
Japan).

2.9. Oil Red O staining

Cells were rinsed with PBS, fixed in 4% paraformaldehyde,
washed with distilled water, and equilibrated with 60% isopro-
panol for 5 min. Lipid droplets were stained with freshly filtered
0il Red O working solution for 15 min, followed by three washes
in distilled water to remove unbound dye. Images were acquired
on a microscope .
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2.10. Calcein/EthD cytotoxicity detection

Cell viability was evaluated with a calcein-AM/ethidium ho-
modimer-III (EthD-III) dual-fluorophore (Solarbio, CA1632) as-
say. Chemically treated cells were incubated with calcein-AM
(2 umol-L™") and then exposed to EthD-III (4 pumol-L™") for 3 min
at 37 °C. Live (green fluorescence, Ex/Em 490/515 nm) and dead
(red fluorescence, Ex/Em 530/645 nm) cells were imaged on a
microscope.

2.11. Transwell invasion assay

1 x 10* MDA-MB-231 or BT-549 cells were seeded in 8-um
transwell inserts pre-coated with matrigel, and treated with SZ-A,
DDP, or their combination in serum-free medium. The lower
chamber contained 500 pL complete medium. After 24-48 h at
37 °C, cells on the underside were fixed in 4% paraformaldehyde,
stained with 0.1% crystal violet, and enumerated per insert un-
der a light microscope.

2.12. Western blot

Proteins were extracted with RIPA buffer, quantified by BCA
assay, and denatured in loading buffer. Equal amounts were re-
solved on SDS-PAGE gels and transferred to nitrocellulose mem-
branes (Cat. FFN08, Beyotime, Shanghai, China). Membranes
were blocked with 5% skim milk, incubated with primary anti-
bodies, and probed with HRP-conjugated secondary antibodies
(1:8000, Cat. BA1054, Boster, WuHan, China). Immunoreactive
bands were visualized using Image Quant 800 (Cytiva, MA, USA).

2.13. Wound-healing assay

MDA-MB-231 or BT-549 cells were plated in 6-well plates to =
90% confluence. A uniform scratch was generated with a sterile
tip, debris was removed by PBS wash, and cells were exposed to
SZ-A, DDP, or the indicated combinations in serum-free medium.
Images were acquired at 0, 12 and 24 h with an inverted micro-
scope.

2.14. Flow cytometry

For analyzing the cell apoptosis, cells were trypsinized after
treatment with SZ-A, DDP or the indicated agents, resuspended in
100 pL binding buffer and stained with Annexin V-FITC/PI (An-
nexin V-FITC/PI kit, Cat. XP018Pro-100, 4A Biotech, Suzhou,
China) in the dark. Samples were diluted to 300 pL and analyzed
on flow cytometer; Annexin V'/PI” and Annexin V'/PI" popula-
tions were recorded as early and late apoptotic cells.

For analyzing the cell cycle, cells were fixed in 70% ice-cold
ethanol, washed and incubated with PI plus RNase A for 30 min
in the dark. DNA content was acquired on a flow cytometer (BD
FACSVerse, NJ, USA) and modeled using Flow]o.

2.15. TUNEL apoptosis detection

Paraffin-embedded xenograft sections were deparaffinized,
rehydrated through graded ethanol, and subjected to antigen re-
trieval by microwaving in 10 mmol-L™" sodium citrate (pH 6.0).
Endogenous peroxidase activity was quenched with 3% H,0,.
Sections were permeabilized with proteinase K, then labelled
with the TUNEL reaction mixture (Cat. 40306ES20, Yeasen,
Shanghai, China) at 37 °C for 60 min, and incubated with DAPIL.
The percentage of TUNEL-positive cells was quantified by Image]
software.

2.16. Lipid metabolism quantification and lipidomics

Cell or tissue lysates prepared after the indicated treatments
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were subjected to colorimetric (FAO, Cat. E-BC-K784-M, Elab-
science, Wuhan, China), fluorometric (FFAs, Cat. S0215S,
Beyotime, Shanghai, China) and ELISA-based (ceramides, Cat.
CB11256, Coibio, Shanghai, China) assays according to the manu-
facturers’ protocols. Absorbance/fluorescence was read on a Bi-
oTek microplate reader against freshly generated standard
curves to obtain absolute concentrations. Untargeted lipidomics
was performed by Majorbio Biotech (Shanghai, China).

2.17. Cellular thermal shift assay (CETSA)

Cells were treated with SZ-A or vehicle control for 1 h prior
to harvesting. Washed cells were resuspended RIPA buffers and
aliquoted into PCR tubes. Samples were subjected to a temperat-
ure gradient (37, 43, 47, 55, 61 and 67 °C) for 3 min in a thermal
cycler (Applied biosystems VeritiPro, Thermofisher, Shanghai,
China). Lysates were clarified by centrifugation and PLA2G2A
proteins in supernatants were detected by immunoblotting.

2.18. Statistical analysis

Statistical analyses were performed in GraphPad Prism
10.0.2. Data are expressed as mean * SEM. Comparisons between
two groups were assessed by two-tailed Student’s t-test; multiple
groups were evaluated using one-way ANOVA. P < 0.05 was con-
sidered statistically significant.

3. Result

3.1. SZ-A synergistically enhances DDP-induced apoptosis and sup-
presses malignant phenotypes in TNBC cells

To evaluate the cytotoxic effects of SZ-A on TNBC, BT-549
and MDA-MB-231 cells were exposed to graded concentrations of
10, 30, and 100 pg-mL™". Even at the 100 pg-mL™" concentration,
SZ-A did not reduce cell viability by more than 50% in either cell
line, indicating limited monotherapeutic potential (Fig. 1A).
These findings prompted exploration of SZ-A combination regi-
mens with conventional chemotherapeutics to enhance antitu-
mor activity. Consequently, combinatorial regimens with conven-
tional chemotherapeutics were assessed. Co-treatment with SZ-A
(50 pg'mL™") and DDP (2 pmol-L™) significantly decreased cell vi-
ability relative to either agent alone (Fig. 1B). The HSA synergy
score for the SZ-A and DDP combination, calculated using Syn-
ergyFinder+, was 14.023, confirming a notable synergistic inter-
action (Fig. 1C). This combination dose induced > 50% cytotox-
icity and was selected for subsequent mechanistic studies. SZ-
A/DDP co-treatment induced S-phase cell cycle arrest in both TN-
BC lines, significantly suppressing proliferation (Figs. 1D and 1E).
Consistently, EdU incorporation and Ki-67 expression were
markedly reduced (Figs. 1F-11), and clonogenic survival was di-
minished by > 70% (Figs. 1] and 1K), collectively indicating im-
paired proliferative capacity.

Furthermore, the combination significantly increased dead
(Ethd-III") and apoptotic (Annexin V*/PI") cell populations and
modulated key apoptotic markers: upregulation of Bax and
cleaved caspase-3, with concomitant Bcl-2 downregulation (Figs.
2A-2E). Functional assays demonstrated that SZ-A/DDP co-treat-
ment also significantly inhibited migration and invasion in both
cell lines (Figs. 2F-2I). These data demonstrate that SZ-A potenti-
ates DDP-mediated cytotoxicity in TNBC cells in vitro.

3.2. PLA2G2A is identified as a central mediator of SZ-A-induced
apoptosis in TNBC

To identify molecular targets of SZ-A in TNBC, we integrated
network pharmacology with pathway enrichment analysis. Tar-
get genes associated with TNBC were systematically retrieved
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Fig. 1 SZ-A synergistically inhibits TNBC cell proliferation with DDP. (A) Cell viability of BT-549 and MDA-MB-231 lines diminished progressively following exposure to a
concentration gradient of SZ-A (10, 30, 100 pug-mL™, n = 6). (B) After 24 h of treatment, both SZ-A and DDP, alone or in combination, inhibited the growth of MDA-MB-231
cells (n = 6). (C) Synergy analysis performed using SynergyFinder+ revealed a synergistic interaction between SZ-A and DDP, with a HAS synergy score of 14.023. SZ-A was
evaluated at 0, 12.5, 25, 50, 100, and 200 ug-mL’l, combined with DDP at 0, 0.15, 0.3, 0.6, 1.2, and 2.4 pmol-L’l. (D and E) Cell cycle distribution of BT-549 and MDA-MB-231
cells after 24 h combination treatment, showing arrest in S phase. (F and G) EdU incorporation assay showing reduced proliferation in BT-549 and MDA-MB-231 cells fol-
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(J and K) Colony formation assay demonstrating impaired clonogenic survival of BT-549 and MDA-MB-231 cells after 24 h combination treatment. For all graphs, unless oth-
erwise specified, the data are presented as mean + SEM of three independent experiments. Statistical analyses were conducted utilizing one-way ANOVA.

from GeneCards, DisGeNET, and OMIM databases. Concurrently,
putative targets of the core bioactive constituents of SZ-A (DN],
FA and DAB) were predicted using SwissTargetPrediction (Fig.
3A). Intersection analysis identified 52 overlapping targets
between TNBC and SZ-A, including MAGM, GLA, and PLA2G2A
(Fig. 3B). KEGG and GO enrichment analyses revealed significant
association of these targets with lipid metabolism, carbohydrate
metabolism, and sphingolipid signaling pathways (Figs. 3C and
3D). Notably, PLA2G2A emerged as a high-ranking candidate in
the target screening of SZ-A and was found to be implicated in lip-
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id metabolism (Fig. 3E). These findings suggest that SZ-A may
modulate lipid homeostasis through PLA2G2A-mediated mechan-
isms, potentially influencing the progression of TNBC.

3.3.SZ-A stabilizes PLA2G2A by inhibiting autophagic-lysosomal
degradation

Analysis of TCGA breast invasive carcinoma data confirmed
significant downregulation of PLA2G2A in tumor tissues versus
adjacent normal controls (Fig. 4A). Elevated PLA2G2A expres-
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showing upregulation of Bax and cleaved caspase-3 and downregulation of Bcl-2. (E) Combination treatment with SZ-A and DDP further modulated the protein levels of Bax,
Bcl-2, and cleaved caspase-3 in BT-549 and MDA-MB-231 cells. (F and G) Wound healing assay demonstrating impaired migration of BT-549 (F) and MDA-MB-231 (G) cells
after 12 and 24 h treatment with SZ-A and DDP. (H and I) Transwell invasion assay showing suppressed invasion of BT-549 (H) and MDA-MB-231 (I) cells after 24 h treat-
ment with SZ-A and DDP. Data are presented as mean + SEM of three independent experiments. Statistical analyses were conducted utilizing one-way ANOVA.

sion correlated with improved overall survival in GSE2034 (P =
0.035) and GSE3494 (P = 0.028) cohorts (Figs. 4B and 4C). Path-
way enrichment analysis revealed positive association with apop-
tosis (Pspearman = 0.38, P = 2.80 x 107) and inverse correlation
with proliferation signatures (pspearman = ~0.15, P = 2.87 x 107,

976

supporting tumor-suppressive role of PLA2G2A (Figs. 4D and 4E).

SZ-A treatment significantly increased PLA2G2A protein, but
not mRNA levels in BT-549 and MDA-MB-231 cells (Figs. 4F and
4G), with cycloheximide chase assays demonstrating extended
PLA2G2A half-life (Fig. 4H), confirmed SZ-A-mediated stabiliza-
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tion of PLA2G2A. Co-treatment with autophagy-lysosome inhibit-
or chloroquine (CQ) conferred no additional increase of SZ-A-in-
duced PLA2G2A accumulation, whereas proteasome inhibitor
MG132 synergistically enhanced PLA2G2A stabilization (Figs. 41
and 4]), establishing that SZ-A stabilizes PLA2G2A by antagoniz-
ing autophagic-lysosomal degradation. Molecular docking con-
firmed high-affinity binding of SZ-A constituents to PLA2G2A’s
catalytic pocket, while CETSA or DARTS confirmed enhanced pro-
tein stability and protease resistance (Figs. 4K-4N). Critically, SZ-
A/DDP combination treatment elevated PLA2G2A protein levels
1.4-fold beyond DDP monotherapy (Fig. 40), concomitant with
enhanced apoptosis. These findings indicate that direct PLA2G2A
targeting and stabilization constitutes a key mechanism whereby
SZ-A potentiates DDP efficacy in TNBC.

3.4. PLA2G2A is essential for SZ-A-mediated suppression of malig-
nant phenotypes in TNBC

Stable PLA2G2A knockdown via shRNA significantly in-
creased MDA-MB-231 cell proliferation, clonogenicity, migration,
and invasion (Figs. 5A-5K), confirming its tumor-suppressive
function. Critically, PLA2G2A knockdown abolished SZ-A-in-
duced phenotypic suppression, as evidenced by the loss of SZ-A
efficacy in knockdown cells relative to shNC + SZ-A: EAU" cell re-
duction decreased 4.82-fold, Ki-67" nuclei suppression dimin-
ished 2.87-fold, colony formation inhibition dropped 2.57-fold,
and invaded/migrated areas decreased by 3.39/1.79-fold (Figs.
5A-5K). Cell cycle analysis revealed that PLA2G2A knockdown
prevented SZ-A-induced S-phase arrest (Figs. 5L and 5M), while
the percentage of Annexin® V/PI" cells was reduced from 22.5%
to 12.4% (Figs. 5N and 50). Concomitantly, SZ-A-mediated upreg-
ulation of PLA2G2A, Bax and cleaved caspase-3, with Bcl-2 down-
regulation, was abolished in PLA2G2A-deficient cells (Figs.
5P-5R). These data establish PLA2G2A as the molecular mediat-
or of SZ-A-induced apoptosis in TNBC cells.
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3.5. SZ-A inhibits fatty acid oxidation (FAO) via PLA2G2A to drive
lipid accumulation in TNBC

Considering the involvement of PLA2G2A in cellular lipid
metabolism, we further explored the effects of SZ-A on lipid
metabolism in TNBC cells. BODIPY staining revealed that the
combination of SZ-A and DDP significantly elevated lipid content
in TNBC cells, a finding corroborated by Oil Red O staining (Figs.
6A-6F). Lipid accumulation in tumor cells is predominantly
linked to de novo fatty acid synthesis and degradation pathways.
DDP has been shown to inhibit FAO and reduce the levels of free
fatty acids (FFA) in MDA-MB-231 cells, which aligns with prior
evidence demonstrating DDP’s suppressive effect on tumor lipid
metabolism '°. However, treatment with SZ-A alone did not signi-
ficantly alter FFA levels. Furthermore, compared to monother-
apy, the combination of DDP and SZ-A only further inhibited FAO
(Figs. 6G and 6H). Transcriptomic analysis of TNBC specimens in
the TCGA cohort revealed no significant correlation between
PLA2G2A expression and fatty acid biosynthesis pathways
(Pspearman = 0.13, P > 0.05, Fig. 61). This was confirmed by PCR,
which indicated that SZ-A selectively downregulated the expres-
sion of genes associated with FFA oxidation, while having minim-
al impact on genes related to fatty acid biosynthesis. The combin-
ation of SZ-A and DDP only further downregulated the expres-
sion of lipid oxidation-related gene compared to monotherapy
(Fig. 6]). Knockdown of PLA2G2A elevated FAO flux in MDA-MB-
231 cells and concomitantly up-regulated FAO-related tran-
scripts, whereas overexpression of PLA2G2A repressed FAO flux.
Notably, SZ-A failed to suppress FAO activity following PLA2G2A
knockdown, indicating that SZ-A requires PLA2G2A to modulate
lipid catabolism in TNBC cells (Figs. 6K-6M).

3.6. SZ-A reprograms sphingolipid metabolism to drive ceramide
accumulation in TNBC

To elucidate the impact of SZ-A on intracellular lipid compos-
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(https://tnmplot.com/analysis/). (B and C) Kaplan-Meier analysis based on GSE3493 (B) and GSE2034 (C) datasets showing that high PLA2G2A expression is associated
with improved survival in breast cancer patients (https://kmplot.com/). (D) Positive correlation between PLA2G2A expression and apoptosis-related pathways (www.home-
for-researchers.com). (E) Negative correlation between PLA2G2A expression and cell proliferation pathways (www.home-for-researchers.com). (F) PLA2G2A mRNA levels
in BT-549 and MDA-MB-231 cells are not increased by SZ-A treatment 24 h. (G) Western blot analysis shows a dose-dependent increase in PLA2G2A protein levels in MDA-
MB-231 cells treated with SZ-A. (H) Cycloheximide (CHX, 2 pumol-L™") chase assay in MDA-MB-231 cells shows that SZ-A inhibits PLA2G2A protein degradation. (I) Com-
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and SZ-A synergistically increases PLA2G2A protein levels in MDA-MB-231 cells. (K) Molecular docking visualization of principal constituents of SZ-A (DNJ, FA, DAB) with
the PLA2G2A protein. (L and M) Cellular thermal shift assay (CETSA) showing enhanced thermal stability of PLA2G2A in MDA-MB-231 cells after SZ-A treatment. (N) Drug
affinity responsive target stability (DARTS) assay indicating enhanced resistance of PLA2G2A to proteolysis following SZ-A treatment. (0) Immunofluorescence staining re-
veals maximal upregulation of PLA2G2A in MDA-MB-231 cells after 24 h combined treatment with SZ-A and DDP. Data are presented as mean + SEM of three independent
experiments. Statistical analyses were conducted utilizing one-way ANOVA for F and O, Student’s t-test for M.

ition and metabolism, we performed untargeted lipidomics ana-
lysis. PCA and OPLS-DA demonstrated distinct clustering between
the SZ-A and control groups, with significant intergroup separa-
tion and robust intragroup clustering, confirming the stability
and reliability of the models for subsequent metabolite and path-
way analyses (Figs. 7A and 7B). A total of 191 differential lipids
were identified in both positive and negative ion modes, compris-
ing 77 upregulated and 114 downregulated lipids (Fig. 7C). KEGG
pathway enrichment demonstrated predominant association
with sphingolipid metabolism, glycerophospholipid metabolism,
and sphingolipid signaling pathways, with divergent directional
regulation evidenced by negative enrichment scores for glycero-
phospholipid metabolism versus positive scores for sphingolipid
metabolism (Figs. 7D and 7E). Sphingolipid metabolism was also
significantly enriched in our network pharmacology analysis
centered on SZ-A, suggesting that SZ-A can modulate sphingol-
ipid metabolism. Given the significant elevation in differential
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abundance scores for sphingolipid metabolism and sphingolipid
signaling pathways, we focused on the effects of SZ-A on sphin-
golipid metabolism. Ceramides, as representative sphingolipids,
are known to promote apoptosis in tumors. Further analysis of
differential lipids revealed that SZ-A treatment led to the upregu-
lation of all detected ceramides (Figs. 7F and 7G). ELISA con-
firmed a significant increase in total ceramide content in TNBC
cells treated with SZ-A. Co-treatment with DDP further amplified
ceramide levels beyond SZ-A monotherapy, correlating with en-
hanced apoptotic induction in TNBC cells (Figs. 7H-7K). These
results demonstrate that SZ-A can synergize with DDP to pro-
mote ceramide contents and induce apoptosis in TNBC cells.

3.7.5Z-A promotes TNBC cell apoptosis via PLA2G2A-dependent
modulation of ADIPOR2-mediated ceramide degradation

Next, we investigated the potential role of SZ-A in inducing
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Fig. 5 PLA2G2A is essential for SZ-A-mediated suppression of malignant phenotypes in TNBC. (A) Efficiency validation of knocking down PLA2G2A lentivirus-shRNA. (B-E)
PLA2G2A knockdown reverses the inhibitory effect of SZ-A on the proliferation of MDA-MB-231 cells, as measured by EdU (B, C) and Ki-67 (D, E) positivity. (F-I) PLA2G2A
knockdown abrogates the SZ-A-mediated suppression of colony formation (F, G) and invasion (H, I) in MDA-MB-231 cells. (J and K) PLA2G2A knockdown abolishes the in-
hibitory effect of SZ-A on the migration of MDA-MB-231 cells. (L and M) Flow cytometry analysis of cell cycle distribution shows that SZ-A fails to induce S-phase arrest in
PLA2G2A-knockdown cells. (N and O) Flow cytometry analysis of apoptosis indicates that PLA2G2A knockdown blocks the pro-apoptotic effect of SZ-A in MDA-MB-231 cells.
(P and Q) Immunofluorescence staining of PLA2G2A in control and PLA2G2A-knockdown cells with or without SZ-A treatment. (R) Western blot analysis shows that
PLA2G2A knockdown prevents the SZ-A-induced upregulation of PLA2G2A, Bax, and cleaved caspase-3, as well as the downregulation of Bcl-2. Data are presented as
mean * SEM of three independent experiments. Statistical analyses were conducted utilizing one-way ANOVA.

cellular apoptosis via the regulation of ceramide mediated by whereas overexpression yielded a marked accumulation (Figs. 8A
PLA2G2A. PLA2G2A knockdown reduced cellular ceramides, and 8B), establishing PLA2G2A as a determinant of ceramide
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homeostasis. PLA2G2A overexpression also amplified TNF-a-in-
duced ceramide synthesis, indicating regulation of ceramide de-
gradation rather than biosynthesis (Figs. 8C and 8D). Instead, we
hypothesize that PLA2G2A may impact ceramide degradation.
Ceramides can be hydrolyzed to sphingosine by acid ceramidase
(ASAH1) and adiponectin receptors (ADIPOR1/2) '**, Analysis of
TCGA breast cancer data revealed no significant correlation
between PLA2G2A and ASAH1 expression but exhibited negative
correlations with ADIPOR1 and ADIPOR2 (Figs. 8E-8G).
PLA2G2A overexpression combined with ASAH1 inhibitor carmo-
fur or ADIPOR1 silencing further increased ceramide levels,
whereas ADIPOR2 silencing abolished this enhancement (Figs.
8H-8]). These findings indicate that PLA2G2A-induced ceramide
accumulation is ADIPOR2-dependent. SZ-A co-treatment with
ADIPOR1 silencing, TNF-a, or carmofur induced cleaved caspase-
3 upregulation, but ADIPOR2 silencing prevented additional cer-
amide accumulation and cleaved caspase-3 elevation beyond SZ-
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A monotherapy (Figs. 8K-8R). Crucially, these manipulations did
not alter PLA2G2A expression (Fig. 8S). These results establish
that SZ-A-induced apoptosis concomitant with ADIPOR2-depend-
ent ceramide dynamics.

3.8. SZ-A suppresses TNBC tumor progression through PLA2G2A-
dependent ceramide accumulation in vivo

To validate PLA2G2A-dependent ceramide accumulation as
the mechanism of SZ-A-induced apoptosis in vivo, we established
PLA2G2A-knockdown MDA-MB-231 xenografts, and admin-
istered SZ-A at a dose of 50 mg-kg ™' for a duration of 4 weeks.
Knockdown of PLA2G2A significantly accelerated tumor growth
and partially mitigated the tumor-suppressive effects of SZ-A, as
confirmed by bioluminescent imaging (Figs. 9A-9C). Excised tu-
mors from PLA2G2A-deficient groups exhibited increased volume
and weight relative to control cohorts (Figs. 9D-9F). SZ-A-in-
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Fig. 6 SZ-A inhibits FAO via PLA2G2A to drive lipid accumulation in TNBC. (A and B) BODIPY 493 /503 fluorescence staining revealed that the combination of SZ-A and DDP
significantly enhances intracellular lipid accumulation in MDA-MB-231 cells. (C and D) Flow cytometry analysis of BODIPY 493/503 fluorescence confirms elevated lipid
levels in MDA-MB-231 cells following SZ-A/DDP treatment. (E and F) Oil Red O staining corroborated the significant promotion of intracellular lipid deposition following SZ-
A/DDP administration. (G and H) Free fatty acid (FFA, G) and fatty acid oxidation (FAO, H) levels in MDA-MB-231 cells after 24-h treatment with SZ-A, DDP, or SZ-A/DDP.
(I) Analysis of the TCGA BRCA cohort reveals no significant correlation between PLA2G2A expression and fatty acid biosynthesis pathway activity (P = 0.108). (J) mRNA
levels of key lipid metabolism genes (ACSS2, ACLY, FASN, SCD1, ATGL, CPT1A, ACSL4, ACOX2) in MDA-MB-231 cells after indicated treatments. (K) PLA2G2A knockdown res-
cues the SZ-A-mediated suppression of FAO in MDA-MB-231 cells. (L) PLA2G2A knockdown abrogates the downregulation of FAO-related genes (ATGL, CPT1A, ACSL4,
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istical analyses were conducted utilizing one-way ANOVA for B, D, F-H, and J-L, St

udent’s t-test for M.
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duced upregulation of PLA2G2A protein, downregulation of Ki-67-
positive cell count and apoptotic activation were abolished in
PLA2G2A-knockdown tumors, concomitant with significantly re-
duced ceramide levels that remained unaltered following SZ-A
treatment (Figs. 9G-9K). These observations confirm the essen-
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driven tumor suppression.

3.9. SZ-A and DDP synergistically inhibit TNBC progression in vivo

Finally, we evaluated the combinatorial efficacy of SZ-A and

tial role of PLA2G2A-mediated ceramide accumulation in SZ-A- DDP against TNBC xenografts. Co-treatment significantly sup-
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pressed tumor growth compared to monotherapy regimens, evid- including Bax and cleaved caspase-3, alongside reduced Bcl-2 ex-
enced by marked reductions in flux of bioluminescence, tumor pression and Ki-67 proliferation indices (Figs. 10H-10L). Not-
volume and weight (Figs. 10A-10G). This treatment cohort exhib- ably, co-treated mice maintained stable body weights compar-
ited elevated apoptotic activity concomitant with increased cer- able to untreated controls and SZ-A monotherapy groups, with
amide levels, PLA2G2A expression, and pro-apoptotic markers no significant weight loss observed during the treatment period
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(Fig. 10M). These results demonstrate that SZ-A synergizes with
DDP to activate the PLA2G2A-ceramide axis, inducing apoptosis
while reducing chemotherapy toxicity, ultimately suppressing
TNBC progression.

4. Discussion

Despite the approval of poly ADP ribose polymerase inhibit-
ors, immune checkpoint inhibitors, and antibody-drug conjug-
ates for the treatment of TNBC, chemotherapy agents such as an-
thracyclines, taxanes, and platinum compounds continue to be
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due to the paucity of therapeutic targets and the emergence of
drug resistance. Nonetheless, these conventional treatments are
frequently associated with considerable toxic side effects and a
high propensity for resistance, underscoring the critical need for
novel therapeutic strategies *°. Here we show that the potential of
an extract from the traditional Chinese medicine, SZ-A, to act syn-
ergistically with DDP in inhibiting the progression of TNBC.

SZ-A, an approved a-glucosidase inhibitor for T2DM mechan-
istically analogous to acarbose, exhibits reported anti-tumor
properties including glucose deprivation-dependent cytotoxicity
and gut microbiota-mediated enhancement of immunotherapy ef-

23, 24 . . . . . . . . . 26 -
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established interconnections between carbohydrate and lipid
metabolic pathways in oncogenesis, and the known lipid regulat-
ory capacity of acarbose “**’, we sought to investigate whether SZ-
A possesses similar anti-tumor activity. Our findings demon-
strate SZ-A induces apoptosis in TNBC cells, although monother-
apy yields insufficient efficacy at clinically relevant doses. Non-
etheless, SZ-A synergizes with DDP, enabling potent tumor sup-
pression at reduced chemotherapeutic exposure. Network phar-
macology analysis implicates PLA2G2A as a putative SZ-A target,
influencing lipid and sphingolipid metabolism in breast cancer.
However, our study did not explore whether SZ-A could affect the
progression of TNBC through the regulation of carbohydrate
metabolism. This area warrants further investigation to fully elu-
cidate the multifaceted mechanisms by which SZ-A exerts its anti-
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tumor effects.

PLA2G2A exhibits low expression levels in breast cancer. El-
evated PLA2G2A correlates with improved overall survival in
breast cancer, yet it is highly expressed in gastric cancer and pro-
motes de novo lipogenesis and energy metabolism to drive prolif-
eration in K-Ras-mutant pancreatic ductal adenocarcinoma,
where it is therapeutically targeted by inhibitors like tanshin-
one I *. In this study, we uncover a novel mechanism by which
PLA2G2A is regulated in TNBC: SZ-A directly binds PLA2G2A, in-
hibiting its lysosomal degradation and inducing post-translation-
al stabilization. This results in suppressed lipid oxidation and
consequent intracellular lipid accumulation, independent of ef-
fects on de novo fatty acid synthesis. In contrast, DDP concur-
rently inhibits both de novo lipogenesis and fatty acid oxidation.
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The complementary metabolic blockade, SZ-A impairing lipid
catabolism and DDP disrupting anabolic/catabolic pathways,
provides a mechanistic basis for their synergistic suppression of
TNBC progression.

Inhibition of FAO drives intracellular lipid accumulation *'
Lipidomic profiling revealed that SZ-A treatment significantly re-
duces glycerophospholipid species. This depletion attenuates
fatty acid flux into phospholipid biosynthesis, resulting in cytoso-
lic retention of fatty acids that would otherwise be incorporated
into membrane lipids **. While FAO represents the primary cata-
bolic pathway for surplus fatty acids, this route is paradoxically
suppressed by SZ-A. Critically, we observe concomitant elevation
of ceramides, indicating a metabolic rerouting wherein accumu-
lated fatty acids are preferentially channelled into de novo sphin-
golipid biosynthesis *’. Thus, SZ-A-mediated blockade of fatty
acid oxidation drives fatty acid diversion into the ceramide meta-
bolic pathway, culminating in minimal net change in free fatty
acid pools but pathological ceramide accumulation.

Ceramides function as signaling molecules, orchestrating
critical physiological processes such as energy homeostasis and
cell death through pleiotropic mechanisms ** *. Stress-induced
ceramide accumulation drives cancer cell demise via apoptosis,
necroptosis, autophagy, and oxidative stress **. A prevailing
mechanistic paradigm posits that ceramides self-assemble into
barrel-stave pores within the mitochondrial outer membrane,
thereby increasing permeabilization and releasing cytochrome C,
SMAC/DIABLO, and other pro-apoptogenic factors to initiate the
caspase-mediated apoptotic cascade *”**. Increased generation of
C14:0, C16:0, and C18:0 ceramides via ceramide synthase 6
(CERS6) overexpression antagonizes mTOR signaling and cur-
tails proliferation in MCF-7 breast cancer cells *°. Microbial ribo-
flavin produced by the gut microbiota also inhibits CERS3-de-
pendent synthesis of very-long-chain ceramides (d18:1/26:0)
and EGFR signaling, and restrains colorectal cancer progres-
sion *’. This aligns with our observations linking ceramide accu-
mulation to apoptosis induction and proliferation arrest.

Ceramide accumulation arises from imbalances in biosyn-
thesis versus degradation. Mammalian ceramide, a major plasma
membrane sphingolipid, is de novo synthesized at the ER cytosol-
ic leaflet via sequential catalysis by serine palmitoyltransferase
(SPT), CerS, and dihydroceramide desaturase, utilizing palmitoyl-
CoA and L-serine *". Degradation of ceramide, on the other hand,
is regulated by enzymes such as ASAH1 and ADIPOR1/2, which
hydrolyze ceramide into sphingosine and FFAs. Sphingosine can
be further metabolized to sphingosine-1-phosphate (S1P) by
sphingosine kinase, thereby influencing cellular signaling path-
ways “**. Inflammatory stimuli, including TLR4 agonists, TNF-a,
and interleukins, elevate ceramide by inducing de novo biosyn-
thetic enzymes and activating sphingomyelinases, while ASAH1
inhibitors like camofur promote apoptosis by blocking degrada-
tion. Critically, we demonstrate that TNF-a, camofur, and
ADIPOR1 knockdown functionally synergize with SZ-A to amplify
ceramide synthesis in TNBC. However, ADIPOR2 knockdown
uniquely abrogated SZ-A-driven ceramide accumulation, estab-
lishing ADIPOR2 signaling as the essential conduit for SZ-A’s cer-
amide-elevating effect downstream of PLA2G2A. While the sal-
vage pathway represents an additional ceramide source, the im-
pact of SZ-A/PLA2G2A on salvage enzymes and key de novo
factors, like SPT or CerS, remains undefined. In addition, the mo-
lecular mechanism by which PLA2G2A regulates ADIPOR2, such
as affecting its activity or expression, also requires further invest-
igation.

5. Conclusion

In summary, our study demonstrates that SZ-A directly tar-
gets PLA2G2A, enhancing its protein stability and modulating
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FAO. This interaction inhibits ceramide degradation, leading to
intracellular ceramide accumulation, induction of apoptosis, and
subsequent suppression of TNBC progression. Our findings define
a novel chemosensitization strategy through pharmacological ac-
tivation of the PLA2G2A-ceramide axis, thereby significantly en-
hancing DDP efficacy in refractory TNBC and highlighting its po-
tential to improve outcomes for patients with limited options.
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