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Xiaoaiping (XAP) Injection demonstrates the anti-prostate cancer (PCa) effects, yet the under-
lying mechanism remains unclear. This study aims to investigate the impact of XAP on PCa
and elucidate its mechanism of action. PCa cell proliferation was evaluated using a cell count-
ing kit-8 (CCK-8) assay. Cell apoptosis was assessed through Hoechst staining and Western
blotting assays. Proteomics technology was employed to identify key molecules and signific-
ant signaling pathways modulated by XAP in PCa cells. To further validate potential key genes
and important pathways, a series of assays were conducted, including acridine orange (AO)
staining, transmission electron microscopy, and immunofluorescence assays. The molecular
mechanism of XAP against PCa in vivo was examined using a PC3 xenograft mouse model. Res-
ults demonstrated that XAP significantly inhibited cell proliferation in multiple PCa cell lines.
In C4-2 and prostate cancer cell line-3 (PC3) cells, XAP induced cellular apoptosis, evidenced
by reduced B-cell lymphoma 2 (Bcl-2) levels and elevated Bcl-2-associated X (Bax) levels. Pro-
teomic, immunofluorescence, and quantitative reverse transcription-polymerase chain reac-
tion (qQRT-PCR) investigations revealed a strong correlation between forkhead box 03a
(Fox03a) autophagic degradation and the anti-PCa action of XAP. XAP hindered autophagy by
reducing the expression levels of autophagy-related protein 5 (Atg5)/autophagy-related pro-
tein 12 (Atgl12) and enhancing FoxO3a expression and nuclear translocation. Furthermore,
XAP exhibited potent anti-PCa action in PC3 xenograft mice and triggered FoxO3a nuclear
translocation in tumor tissue. These findings suggest that XAP induces PCa apoptosis via in-
hibition of FoxO3a autophagic degradation, potentially offering a novel perspective on XAP in-
jection as an effective anticancer therapy for PCa.

1. Introduction

ative medications for PCa treatment is of critical importance.
Traditional Chinese medicine (TCM) has demonstrated signi-

Prostate cancer (PCa), one of the most prevalent malignan-
cies in the male urogenital system, is a primary contributor to
cancer-related deaths in males '. The global burden of disease
(GBD) survey reports that the overall incidence and mortality of
PCa in China are gradually increasing, with a trend towards af-
fecting younger populations *. The treatment of PCa currently
faces significant challenges. Patients with PCa often do not exhib-
it overt symptoms until the disease has advanced. Furthermore,
PCa patients are prone to developing chemoresistance, which can
lead to fatal castration-resistant PCa, complicating treatment ef-
forts. Consequently, the development of safe and effective altern-
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ficant efficacy in cancer treatment, offering diverse targets, re-
duced adverse effects, and the ability to overcome drug resist-
ance **. Recent studies highlight the unique advantages of TCM
prescriptions in treating PCa, including tumor mass reduction
and prolonged survival rates > °. Xiaoaiping (XAP) Injection, a
TCM formulation derived from Marsdenia tenacissima (Roxb.),
originates from a plant predominantly cultivated in Yunnan,
Guanggxi, and Guizhou Provinces. This plant is known for its heat-
eliminating, diuretic, expectorant, and fire-purging properties.
Traditionally, the dried cane of Marsdenia tenacissima was em-
ployed to treat various conditions, including sore carbuncles,
rheumatic swelling discomfort, breast milk blockage, and cough ’.
In recent clinical applications across China, XAP Injection (also
known as Tong-Guan-Teng Injection) has exhibited multiple
therapeutic benefits for advanced non-small cell cancer (NSCLC)
and cancers of the esophagus, liver, stomach, and breasts L

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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Numerous investigations have explored the fundamental mech-
anisms by which XAP combats cancer '***. The anticancer effects
of XAP involve several processes, including the induction of cellu-
lar apoptosis '°, modulation of the tumor microenvironment
(TME) ", cell cycle arrest "/, and influence on angiogenesis ™.
However, recent research focusing specifically on XAP’s effects on
PCa remains limited.

Wang et al. "’ conducted the first clinical study of XAP treat-
ment for PCa, involving 100 patients. The results indicated that
XAP could be a viable anti-PCa treatment in clinical practice. Our
most recent research revealed that XAP suppresses PCa cell pro-
liferation via the ErbB2-GSK3p-HIF1a signaling axis *’. However,
the precise mechanisms of XAP treatment’s pharmacological
activity that induce PCa cell death remain unknown and require
further investigation. Consequently, this study primarily focused
on elucidating the mechanisms by which XAP causes PCa cell
death. The findings demonstrate that XAP inhibits Fox03a'’s auto-
phagic degradation, which enhances FoxO3a nuclear transloca-
tion and ultimately induces PCa cell apoptosis. Fox0O3a is recog-
nized as a tumor suppressor gene ' and is involved in multiple
cellular physiological activities, including apoptosis **, autoph-
agy , cell cycle progression *, and drug resistance **. Addition-
ally, FoxO3a participates in a homeostatic feedback surveillance
loop that maintains autophagy homeostasis, ensuring that cells
failing to re-establish proper autophagy levels are more likely to
undergo apoptosis when autophagy is inhibited ** *°. Thus, this
study demonstrates that XAP-induced apoptosis depends on
Fox03a accumulation, providing novel insights into XAP as a po-
tential clinical treatment for PCa.

2. Materials and methods

2.1. Chemicals

XAP Injection, marketed under the trade name Tong-Guan-
Teng Injection, was obtained from Nanjing Sanhome Pharmaceut-
ical Co., Ltd. (Nanjing, China). Paclitaxel (PTX, Cat. 33069-62-4)
was procured from Med Chem Express (Monmouth Junction, NJ,
USA). Sigma (Milwaukee, WI, USA) supplied Rapamycin (Rapa,
Cat. V900-930-1MQG).

2.2. Characterization of XAP’s components

XAP (5 mL), after desiccation with nitrogen, was reconstit-
uted in methanol (1 mL). Following established protocols, the
chemical composition of XAP was determined using high-per-
formance liquid chromatography-charge aided detection-quadru-
pole time-of-flight mass spectrometry/mass spectrometry (HPLC-
CAD-QTOF-MS/MS) after filtration through a microporous mem-
brane (0.22 um) *.

2.3. Cell culture

The Research Center of Translational Medicine (Guangxi
Medical University, China) supplied PCa cell lines LNCap, DU145,
C4-2, and PC3. These PCa cell lines were cultured in RMPI-1640
medium (Cat. 350-006-CL, WISENT, Canada) supplemented with
10% fetal bovine serum (FBS, Cat. 10099141C, Gibco, USA) and
1% penicillin-streptomycin (Cat. 450-201-EL, WISENT, Canada).
The cells were maintained in a cell incubator at 37 °C with 5%
CO,.

2.4. Assessment of cell proliferation

C4-2 and PC3 cells were suspended in RPMI-1640 media and
seeded in 96-well plates (Costar) at a density of 3 x 10°
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cells/well. The cells were then treated with varying concentra-
tions of XAP (0, 10, 20, 40, 80, 160, and 320 mg'mL'l]. After 24
and 48 h of incubation, cell counting kit-8 (CCK-8) reagent
(AR1199, PerkinElmer, USA) was added to the cells and incub-
ated at 37 °C for 30 min. Subsequently, the absorbance (optical
density, OD) was measured at 450 nm using a microplate reader
[Model Multiskan Gene Ontology (GO), Thermo Fisher, USA]. Cell
viability was calculated using the following equation: cell viabil-

lty = [(ODsample - ODblank]/(ODcontrol - ODblank]] % 100%.
2.5. Analysis of proteomics comparison

Monitor Helix BioTech Co., Ltd. (Shanghai, China) conducted
a comparative proteome analysis. PC3 cells were treated with
XAP Injections (0 and 60 mg-mL™") for 24 h. Total protein was ex-
tracted from the samples using a lysis buffer (Cat. 89900, Thermo
Fisher, USA) and quantified using the Bradford protein assay kit
(Cat. PO006, Beyotime) according to the manufacturer’s instruc-
tions. Sequencing grade modified trypsin was used to digest each
sample’s protein pool at ratios of 50:1 for 4 h and 100:1
overnight at 37 °C. Following trypsin digestion, peptides were de-
salinated and vacuum-dried on Waters hydrophilic-lipophilic bal-
anced columns (HLB) columns. The dried and labeled peptides
were reconstituted in HPLC solution A (2% ACN, pH 10) and frac-
tionated using Waters Bridge Peptide BEH C;g by high pH reverse-
phase HPLC (130 A, 3.5 um, 4.6 mm x 250 mm), followed by li-
quid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. The MS/MS data were searched against the Homo Sapi-
ens database, comprising a reviewed Swissprot database contain-
ing 20 404 protein sequences (Taxon identifier: 9606). Differen-
tially expressed proteins (DEPs) were defined as those with fold
changes between the two comparison groups of > 1.2 or < 0.83
and a significant t-test P-value < 0.05. GO function and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses were subsequently performed on the identified DEPs.

2.6. Transmission electron microscopy (TEM)

PC3 cells were collected 24 h after XAP Injections (0 and 60
mg-mL™") and fixed overnight in 2.5% glutaraldehyde. Following
treatment with a fixative containing 2% osmium tetroxide, the
samples were dehydrated using gradient alcohol. The alcohol in
the sample was then replaced with anhydrous epoxy-propane or
acetone, repeating this process three times before adding epoxy
resin. A catalyst-epoxy resin mixture (3:4) was added to the em-
bedding mold, and the sample was oriented appropriately before
initiating polymerization in an oven. For TEM analysis, the
samples were cut into ultra-thin sections and mounted on copper
grids.

2.7. Hoechst staining

PCa cells were seeded in 12-well plates and incubated
overnight. Following 24 h of exposure to XAP (0, 30, and 60
mg-mL "), the cells were fixed with 4% formaldehyde for 30 min.
Subsequently, the cells were rinsed with phosphate-buffered sa-
line (PBS) and stained with Hoechst 33258 (BL804A, Biosharp,
China) for 10 min. Cells were observed using a fluorescent micro-
scope at an excitation wavelength of 350 nm and an emission
wavelength of 461 nm. The fluorescence density of nuclei was
analyzed using Image] software, with a minimum of 200 cell
counts for each concentration.

2.8. Acridine orange (AO) staining

During autophagy, cytoplasmic proteins or organelles encap-
sulated by autophagosomes fuse with lysosomes to form auto-
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lysosomes, leading to the degradation of the encapsulated con-
tents. To visualize acidic intracellular compartments, supravital
AO staining was employed. Cells were exposed to XAP (0 and 60
mg-mL™") for 24 h, then rinsed in PBS, and labeled with 5 pg-mL™
AO (Cat. 10127-02-3, Macklin, China) at 37 °C for 10 min. Sub-
sequently, the cells were examined under a fluorescent micro-
scope (Model IX71, Olympus, USA).

2.9. Western blotting assay

A 24-h XAP treatment was administered to cells after seed-
ing them into a 10-cm petri dish. As described in a previous pub-
lication *’, a bicinchoninic acid (BCA) protein assay kit was em-
ployed to quantify the total proteins extracted via radioimmuno-
precipitation assay (RIPA) lysis (Cat. 23227, Thermo Fisher,
USA). Subsequently, equal quantities of proteins per sample were
electrophoresed using 8%-15% SDS-PAGE and then transferred
onto a polyvinylidene difluoride (PVDF) membrane (IPVH00010-
26, Solarbio). After blocking, the membranes were incubated
with primary antibodies at 4 °C overnight. The protein bands
were visualized following exposure to the relevant immunofluor-
escence secondary antibodies. Image] software was utilized to de-
rive and normalize the protein expression levels to the control.

2.10. Immunofluorescence

PCa cells were seeded onto 12-well plates and treated with
XAP (0, 30, and 60 mg-mL™) for 24 h. The cells were then fixed
with 4% paraformaldehyde (PFA), permeabilized with 0.5% Tri-
ton X-100 (P0096, Beyotime, Shanghai, China), blocked for 30
min with 5% FBS, and incubated overnight with an anti-FoxO3a
antibody (1:200, Cell Signaling, USA). After rinsing with PBS, the
cells were incubated for 1 h with a FITC-conjugated secondary
antibody. Nuclei were labeled with DAPI (Cat. 010020, Southern-
Biotech, USA), and the cells were examined using a fluorescent
microscope. The percentage of cells exhibiting FoxO3a-positive
expression in the nucleus was evaluated for each group, and
three independent experiments were conducted to obtain statist-
ical data.

2.11. Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) assay

Total RNA was extracted from PC3 cells using TRIzol reagent
(Cat. 15596026, Invitrogen, USA) and subsequently synthesized
into cDNA using the transcriptor first strand cDNA synthesis kit
(Cat. R323-01, Vazyme, USA). Relative gene expression profiles
were measured using SYBR Green Master Mix and an Applied
Biosystems 7300 Real-Time PCR System (Applied Biosystems).
GAPDH served as the internal reference. The specific details of
the primers are listed in Table S1.

2.12. PC3 xenograft mouse model and treatments

Male BALB/c-nude mice, aged 6 weeks, were obtained from
Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China) and main-
tained in the specific-pathogen-free (SPF)-grade Animal Laborat-
ory of Guangxi Medical University (Registration No. 202204003;
April 9, 2022-May 13, 2022). PC3 cells, resuspended in a 0.2%
Matrigel : PBS solution (W/W, 1:1), were implanted subcu-
taneously into the right flank of mice (1.8 x 10° cells/mouse)
while in an ice bath. Once tumor volumes exceeded 50 mm®, mice
were randomly assigned to the following groups: positive control
group (PTX, 20 mg-kg™"), high-dose treatment group (XAP, 26
g'kg™), low-dose treatment group (XAP, 13 g-kg™), and control
group (0.9% saline). Mice received intraperitoneal injections of
PTX once per week or daily administrations of 0.9% saline or
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XAP. Tumor volume and body weight were recorded every 3
days. After 15 consecutive days of treatment, the mice were euth-
anized in accordance with Institutional Animal Care and Use
Committee (IACUC) guidelines. Tumors and organs were re-
moved, and their weights were measured.

2.13. Hematoxylin and eosin (H&E) staining

After obtaining the organ samples (kidney, lung, spleen, liv-
er, and heart), H&E staining was conducted as outlined before **.
The sections were stained with hematoxylin for 30 s, followed by
exposure to 0.5% eosin for 10 s. A fluorescent microscope (Cat.
010020, SouthernBiotech, USA) was utilized to visualize the sec-
tions. The cellular apoptosis ratio was determined by randomly
selecting six fields of view (200 x) per section.

2.14. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labeling (TUNEL) staining

The TUNEL assay was performed using an apoptosis detec-
tion kit (Cat. G1502; Servicebio), following previously described
protocols *°, to identify apoptotic cells. Examination of the sec-
tions was conducted using a fluorescent microscope (Cat.
010020, SouthernBiotech, USA).

2.15. Immunohistochemistry (IHC)

Initially, tumor samples were fixed using 4% PFA, and IHC
staining was performed according to previously established pro-
tocols * . Briefly, the sections were incubated overnight at 4 °C
with an anti-FoxO3a antibody (CST2496, 1:200), followed by a
50-min incubation at room temperature (RT) with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG polymer. DAB
color development was conducted at RT under microscopic ob-
servation with controlled reaction time. For each section, six
fields of view at 200 x magnification were randomly selected to
quantify positive cells and calculate the average.

2.16. Statistical analysis

Data were presented as the mean # standard deviation, and
all experiments conducted at least three times. Statistical analys-
is was performed using SPSS version 20. Variations were as-
sessed through one-way analysis of variance (ANOVA), followed
by least significant difference (LSD) or Dunnett’s T3 tests. A signi-
ficance threshold was established at P < 0.05.

3. Results

3.1. Analysis of XAP’s chemical composition

HPLC-CAD-QTOF-MS/MS was employed to analyze the chem-
ical composition of XAP. As shown in Fig. S1, analysis of m/z val-
ues revealed a total of 21 components in XAP, consistent with our
previously published findings *’. The MS and MS/MS spectra of
the 21 XAP compounds are presented in Fig. S1, while Table S2
provides detailed information for each component.

3.2. XAP inhibits PCa cell proliferation in vitro by triggering the ap-
optotic process

The antiproliferative effect of XAP on PCa cells was evalu-
ated using the CCK-8 assay. Fig. 1A illustrates that XAP signific-
antly reduced the viability of LNCap, C4-2, DU145, and PC3 cells.
This reduction was evidenced by the half maximal inhibitory con-
centration (ICsq) values of 149.6 *+ 6.83, 177.5 = 7.61, 177.2
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Fig. 1 XAP inhibits PCa cell proliferation in vitro by inducing apoptosis. (A) LNCap, C4-2, DU145, and PC3 cells were treated with various concentrations of XAP (0-320
mg-mL™") for 24 and 48 h, and cell viability was assessed using the CCK8 assay. PC3 and C4-2 cells were treated with XAP at 0, 30, and 60 mg-mL" for 24 h. (B-D) Hoechst
staining was performed to evaluate apoptosis in PCa cells. (E-H) Protein levels of Bax and Bcl-2 in PC3 and C4-2 cells were analyzed by Western blotting. Data are presented

asmean * SD (n = 3)."P<0.05,and ""P < 0.001 vs control.

6.71, and 283 * 4.16 mg-mL'1 after 24 h treatment, and 70.61 +
4.88, 115.8 £ 7.79, 71.87 + 3.91, and 102.1 + 2.36 mg-mL'1 after
48 h treatment, respectively. These results indicate that XAP sig-
nificantly and dose-dependently inhibits PCa cell proliferation. To
further investigate the mechanisms underlying the anticancer ef-
fects of XAP on PCa cells, C4-2 and PC3 cells were selected for
subsequent experiments.

Prior studies have shown that XAP induces apoptosis in vari-
ous cancer cells, including those from liver, gastric, and colorectal
cancers *"*. Consistent with our previous findings *, the apop-
totic process in PCa cells significantly increased following XAP

treatment. After XAP administration, characteristic morphologic-
al changes associated with cell death were observed, including
nuclear fragmentation and chromatin condensation (Fig. 1B).
Moreover, a dose-dependent increase in the apoptotic percent-
ages of PC3 cells was recorded after XAP treatment, rising from
2.75% * 0.72% to 31.43% * 5.96% (30 mg-mL" XAP) and
48.44% + 4.05% (60 mg-mL™" XAP) (Fig. 1C). Similarly, C4-2 cells
exhibited an increase in their apoptotic percentage from 4.57% +
1.72% to 15.64% + 4.21% (30 mg-mL’l XAP) and 56.63% * 6.97%
(60 mg-mL™" XAP) (Fig. 1D). Additionally, Western blotting ana-
lysis revealed that XAP administration significantly reduced B-
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cell lymphoma 2 (Bcl-2) protein levels while elevating Bcl-2-asso-
ciated X (Bax) protein levels (Fig. 1E-1H).

3.3. The anti-PCa effect of XAP is associated with the autophagy-re-
lated pathway

To comprehensively examine how XAP induces apoptosis in
PCa cells, we conducted a comparative proteomics study, identi-
fying 4982 proteins. Following XAP treatment, 59 DEPs were de-
tected, comprising 20 downregulated and 39 upregulated pro-
teins (Fig. 2A). The most enriched DEPs in XAP’s anticancer effect
included Atgl2, PARP1 binding protein (PARPBP), ataxia tel-
angiectasia mutated (ATM), and CUB and Sushi multiple domains
3 (CSMD3). Among these, Atgl2, a crucial autophagy molecule,
regulates autophagosome formation through Atg12-Atg5 and LC3-
Il (Atg8-1I) complexes . PARPBP and ATM are involved in cell
cycle checkpoint, DNA repair, and apoptosis ****. CSMD3, an on-
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cogene, may serve as a biomarker for immunotherapy selection
and regulate autophagy *’. We performed GO function and KEGG
pathway enrichment analyses on the 59 identified DEPs.

The growth and homeostasis of cancer cells were associated
with aggrephagy, which ranked fourth in the GO enrichment ana-
lysis (Fig. 2B). Furthermore, the vacuolar component (Fig. 2C)
emerged as the most highly enriched cellular component and is
primarily linked to chlamydia infection, selenium, apoptosis, and
autophagy “***, indicating that autophagy could be one of XAP’s
key anticancer mechanisms. Moreover, the KEGG pathway en-
richment analysis revealed that XAP-induced PCa suppression
was closely related to the FOXO signaling pathway (Fig. 2D).
FOXO transcription factors are considered tumor suppressors in
malignancies due to their ability to induce cell cycle arrest and
apoptosis *’. The FOXO pathway has been reported to play a cru-
cial role in regulating apoptosis and autophagy “**. Additionally,
XAP significantly reduced the expression of Atgl2, whichis es-
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Fig. 2 XAP’s anti-PCa effect may be mediated through an autophagy-related mechanism. PC3 cells were harvested for comparative proteomics analysis after 24 h exposure
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points) proteins, were identified using threshold values of FC = 1.2 or < 0.83 and
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sential for the initiation of autophagy and the formation of auto-
phagy vesicles “° (Fig. 2E), suggesting that XAP may inhibit auto-
phagy in PCa cells.

3.4. XAP substantially suppresses autophagy in PCa cells
TEM was employed to examine cellular autophagic vesicles to
determine if XAP inhibits autophagy in PCa cells. Compared with

control group cells, which exhibited monolayer membrane-struc-

A Control

Chinese Journal of Natural Medicines 23 (2025) 64-76

tured lysosomes and numerous autophagosomes with vacuolar
bilayer characteristics, cells in the XAP group demonstrated nuc-
lear fragmentation, decreased cell size, and cellular membrane
shrinkage, indicating apoptotic processes (Fig. 3A). AO staining,
which changes color from green to red within acidic compart-
ments such as lysosomes and autolysosomes, is frequently util-
ized as a marker for acidic vesicular organelles . XAP adminis-
tration reduced red fluorescence in PC3 cells compared with the
control group, indicating that XAP treatment significantly de-
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creased the number of acidic vesicles (Figs. 3B and 3C).

Furthermore, Western blotting analysis was employed to
evaluate the classic autophagic markers: LC3-1I, LC3-I, and P62.
The adaptor protein P62 not only serves as a bridge between ubi-
quitinated substrates and LC3 but also functions as an autophagy
reporter **. Both C4-2 and PC3 cells treated with XAP Injection ex-
hibited elevated P62 protein levels (Figs. 3D and 3E), suggesting
that XAP treatment impeded autophagic flux and substrate de-
gradation. Following XAP administration, a decrease in the LC3-
II/LC3-I ratio was observed (Figs. 3D and 3E), further demon-
strating that XAP inhibited autophagy in PCa cells. Collectively,
these findings indicate that XAP simultaneously suppresses auto-
phagy and promotes apoptosis.

3.5. Atg5/Atg12 is downregulated by XAP in PCa cells, which also
translocates FoxO3a into the nucleus

The synthesis of autophagosomes depends heavily on the
Atg5/Atg12 conjugate . XAP downregulated Atg5 and Atgl2
protein expression levels (Figs. 4A-4D) without notable changes
in other Atg proteins’ expression levels, such as Atg3 and Atg7
(Fig. S2). Furthermore, the levels of ATG5 and ATG12 mRNA ex-
pression were markedly decreased in PC3 and C4-2 cells follow-
ing XAP treatment for 48 h (Fig. 4E). These results indicate that
XAP inhibits autophagosome formation by reducing both mRNA
and protein expression levels of ATG5 and ATG12.

The FOXO signaling pathway, which regulates apoptosis and
autophagy, was found to be strongly associated with XAP-in-
duced PCa suppression, according to KEGG pathway enrichment
analysis ***°. This study investigated whether XAP-induced cellu-
lar apoptosis and autophagy suppression were mediated through
the FOXO pathway. The results demonstrated that XAP signific-
antly increased FoxO3a expression in C4-2 and PC3 cells (Figs.
4A-4D) without affecting FoxO1 expression (Fig. S3). To further
validate the impact of XAP on elevated Fox03a protein, the mRNA
levels of FOX03A were examined. The findings revealed no signi-
ficant change in the mRNA expression levels of FOXO3A in PC3
and C4-2 cells after XAP treatment for 24 and 48 h (Fig. S4A).
Therefore, the increased FoxO3a protein may result from re-
duced autophagy degradation rather than enhanced gene expres-
sion. In addition to inhibiting autophagy, Fox0O3a translocates to
the nucleus as an autophagy substrate and enhances apoptosis
sensitization **. Following XAP administration, FoxO3a accumu-
lated significantly and dose-dependently in the nucleus com-
pared to the control group (Figs. 4E-4H).

To further validate the impact of XAP on FoxO3a transcrip-
tion activity, we examined the mRNA levels of PUMA, BIM, and
NOXA, downstream genes transcribed by FoxO3a, which have
been identified as critical in promoting PCa cell apoptosis “**".
Our analysis revealed a significant increase in NOXA mRNA ex-
pression in C4-2 and PC3 cells (Fig. 41) following XAP administra-
tion for 24 and 48 h, while PUMA and BIM expression levels re-
mained unchanged after XAP treatment (Figs. S4B-S4C). These
findings collectively demonstrate that XAP-induced suppression
of Atg5/Atg12 conjugation promotes FoxO3a nuclear transloca-
tion, leading to NOXA transcription and subsequent PCa cell ap-
optosis.

3.6. Suppression of autophagy and accumulation of Fox0O3a is re-
quired for XAP-elicited apoptosis in PCa cells

To explore the connection between XAP-induced apoptosis
and autophagy inhibition, the autophagy activator Rapa was em-
ployed. For 24 or 48 h, PC3 cells were treated with 20 nmol-L™
Rapa, 30 mg-mL™" XAP, or a combination of Rapa and XAP for 24
or 48 h. XAP significantly reduced PC3 cell proliferation com-
pared to the control, but Rapa partially mitigated this effect (Figs.
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5A and 5B). The XAP group exhibited morphological characterist-
ics of cell apoptosis, such as nuclear fragmentation and chromat-
in condensation, in contrast to the control group. However, these
changes were reversed following Rapa administration (Fig. 5C).
Apoptotic PC3 cell percentage rose from 3.10% * 1.53% in the
control group to 44.6% * 7.68% in the group that received XAP
treatment and then dropped to 11.72% * 2.55% in the XAP +
Rapa group (Fig. 5D). Moreover, Rapa treatment decreased the
microtubule-associated protein 1 light chain 3 beta II/microtu-
bule-associated protein 1 light chain 3 beta I (LC31I/LC3I) ratio
and reversed the XAP-induced P62 accumulation (Figs. 5E and
5F). These results indicated a relationship between autophagy
suppression and XAP-induced apoptosis.

Research has demonstrated the role of Rapa in stimulating
the initiation and occurrence of autophagy, which results in pha-
gocytosis and significant FoxO3a autophagy substrate consump-
tion **. In the present study, Rapa administration substantially re-
duced the XAP-induced FoxO3a accumulation, although XAP in-
creased FoxO3a buildup in PCa cells (Fig. 5G). In summary, XAP’s
suppression of autophagy promoted the accumulation of FoxO3a
and apoptosis of PCa cells, while Rapa’s promotion of autophagy
significantly reduced FoxO3a accumulation and decreased the
proportion of XAP-induced apoptosis. These findings indicate a
connection between Fox03a accumulation caused by autophagy
suppression and XAP-induced apoptosis.

3.7. XAP inhibits the proliferation of PCa in vivo

The efficacy of XAP in cancer treatment was assessed in vivo
using a PC3 xenograft tumor model (Fig. 6A). Following exposure
to XAP and PTX, tumor size (Fig. 6B) and volume (Fig. 6C) were
significantly reduced compared to the control sample. However,
no notable differences in body weight were observed between
the XAP-treated group and the control group (Fig. 6D). Addition-
ally, XAP did not induce substantial changes in organ indices (Fig.
6E) or in the morphology of the spleen, liver, heart, lung, or kid-
ney (Fig. 6F), demonstrating its low systemic toxicity in vivo.

3.8. XAP triggers apoptosis in vivo by inhibiting autophagy and pro-
moting FoxO3a movement into the nucleus

XAP significantly enhanced tumor cell apoptosis in a TUNEL
assay, confirming its anti-PCa properties in vivo (Fig. 7A). Treat-
ment with XAP increased the proportion of apoptotic cancer cells
from 1.46% + 0.25% in the control group to 28.82% + 5.86% in
the group receiving moderate doses of XAP (Fig. 7B). Western
blotting of apoptosis-related proteins (Fig. 7C) revealed that XAP
administration elevated cleaved-caspase 9 protein expression
levels, while PTX exposure upregulated both caspase 9 and
cleaved-caspase 9 protein levels. All treatment groups exhibited
reduced Bcl-2 protein levels, though only the low-dose XAP group
showed a significant increase in Bax protein level. Atg5 protein
levels decreased in all treatment groups relative to the control.
The low-dose XAP and PTX groups demonstrated notably higher
Fox03a protein expression. Monitoring of the classical auto-
phagy indicators LC3II/LC3I and P62 confirmed elevated P62
protein levels in the low-dose XAP group, while LC31I/LC3I ra-
tios decreased in all treatment groups (Fig. 7D). Furthermore,
[HC analysis showed that low-dose XAP treatment increased the
proportion of nuclear Fox03a" cells in malignant tissues (Fig. 7E).
These findings collectively suggest that XAP suppresses auto-
phagy and induces apoptosis in vivo, exerting an anti-growth ef-
fect on PCa. FoxO3a appears to play a crucial role in elucidating
the relationship between autophagy and apoptosis.

4. Discussion

PCaremains the most prevalent malignant neoplasm affect-
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ing older men globally *. In China, PCa has emerged as a signific-
ant health concern, substantially reducing both life expectancy
and quality of life (QoL) due to its steadily increasing incidence °.
Current PCa treatments, such as medroxyprogesterone acetate
and bicalutamide, often result in unavoidable and adverse side ef-
fects, including intestinal damage, liver function impairment, and
compromised immune response, which negatively impact pa-
tients’ overall health and QoL **. Consequently, there is a critical
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need to develop novel, highly effective, and low-toxicity thera-
peutics for PCa. Recently, XAP has garnered considerable atten-
tion in cancer therapy due to its significant therapeutic benefits,
including reduction of tumor metastasis, modulation of the TME,

. . . 8,16, 55
and counteraction of anti-tumor drug resistance * °

. However,
the mechanisms by which XAP inhibits PCa cell proliferation re-
main largely elusive, significantly limiting its therapeutic applica-

tions in PCa. Our previous research, combining metabolomics and
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0.001 vs control; *P < 0.05 and ***P < 0.001 vs XAP.

network pharmacology, revealed that XAP inhibits PCa cell prolif-
eration via the human epidermal growth factor receptor 2
(ErbB2)-glycogen synthase kinase 3 (GSK3)-hypoxia-inducible
factor 1 (HIF1) signaling axis *’. The present study elucidates a
novel mechanistic basis for XAP in the suppression of PCa.

Apoptosis, triggered by internal and external factors, is a pre-
existing death process that eliminates damaged, mutational, or
aged cells to maintain cellular homeostasis in normal tissues ***°,
The promotion of apoptosis is a key strategy for the development
of anticancer medications, as the inactivation of the apoptotic
process is considered a fundamental hallmark of cancer *°. Our
previous research demonstrated that XAP may lower the mito-
chondrial membrane potential (MMP) and induce apoptosis in
PCa cells **, suggesting that XAP may activate the intrinsic apop-
tosis pathway. To validate this hypothesis, this study assessed the
expression of proteins implicated in mitochondrial apoptosis,
such as Bcl-2 and Bax. Our findings revealed that PCa cells and
tissue samples treated with XAP exhibited significantly upregu-
lated levels of Bax protein and markedly reduced levels of Bcl-2
protein, indicating a correlation between mitochondrial apoptos-
is and XAP-induced apoptosis.

Furthermore, this study demonstrates that XAP inhibits auto-
phagy in PCa cells. Autophagy, a highly conserved catabolic pro-
cess, initiates with the formation of double-membrane vesicles
called autophagosomes, which engulf cellular organelles and pro-
teins before their delivery to lysosomes °>°'. Autophagy plays a
crucial role in tumor initiation and progression, enabling cancer
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cells to maintain homeostasis and adapt to stress “*. Numerous
studies have shown that autophagy inhibition suppresses prolif-
eration, metastasis, and invasion in various malignancies, while
autophagy promotion yields opposite effects “**. In this study,
comparative proteomics findings suggest that XAP’s suppression
of PCa may be associated with autophagy inhibition in addition to
apoptosis induction. Consistent with this observation, TEM and
AO staining experiments revealed that XAP treatment reduced
autophagic vesicle formation. The significant decrease in the
LC3II/LC3I ratio caused by XAP, along with increased P62 accu-
mulation, further demonstrated XAP’s inhibition of autophagy in
PCa cells and tumor tissues. Moreover, XAP decreased protein
levels of autophagosome formation markers Atg5 and Atgl2, im-
peding autophagosome production .. Thus, XAP suppresses auto-
phagy while promoting apoptosis. Previous reports indicate that
XAP modulated autophagy and apoptosis to exert potent antican-
cer effects in stomach and lung cancers. Mechanistically, its anti-
carcinoma activities were attributed to the activation of the ERK
or AKT signaling pathways °**". However, the fundamental rela-
tionship between XAP-induced autophagy suppression and apop-
tosis stimulation in PCa remains uncertain.

This study revealed that FoxO3a plays a crucial role in the in-
hibition of autophagy and the induction of apoptosis by XAP in
PCa. The FOXO pathway, particularly Fox01 °**’ and Fox03a """,
regulates both apoptosis and autophagy. KEGG pathway enrich-
ment analysis of 59 identified proteins in the current study indic-
ated that FOXO could be a key signaling pathway in XAP-induced
PCa suppression. XAP significantly enhanced Fox0O3a expression
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both in vitro and in vivo without altering FoxO1 levels, suggesting
a critical role for FoxO3a in XAP’s anti-tumor activity against PCa.
When Fox03a, a non-degradable autophagy substrate, is inhib-
ited in PCa cells, it accumulates and subsequently translocates to
the nucleus to activate pro-apoptotic proteins and initiate the ap-
optosis cascade **’*”°, This study demonstrates that XAP stimu-
lated Fox0O3a nuclear translocation and increased its overall cel-
lular expression both in vitro and in vivo. Furthermore, XAP signi-
ficantly elevated the mRNA level of NOXA, a FoxO3a downstream
gene, consequently promoting apoptosis in PCa cells. These find-
ings, combined with XAP’s ability to induce apoptosis and inhibit
autophagy, confirmed that FoxO3a nuclear translocation and ac-
cumulation due to autophagy suppression could be the mechan-
ism via which XAP sensitizes cells to apoptosis. To further sup-
port the relationship between FoxO3a autophagic degradation
and apoptosis in XAP-treated PCa cells, the autophagy agonist
Rapa was employed. The results showed that Rapa inhibited XAP-
induced Fox03a accumulation and apoptosis. These findings sug-
gest that autophagy suppression and FoxO3a accumulation in PCa
cells are essential for XAP-induced apoptosis.

A Control group (0.9% saline)
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Our recent studies employed molecular docking to predict
the active components of XAP against PCa. The analysis identi-
fied several potential active components: tenacissoside B, ten-
acissimoside E, marstenacisside A4, marsdenoside H, tenacissos-
ide D, cryptochlorogenic acid, scopoletin, marsdenoside D and
12-0-acetyl-3-0-(6-deoxy-3-0-methyl-$-dallopyran-osyl-(1-4)-
D-oleandronyl)-11a-0-isobutyryltenacigenin B *> **. Tenacissos-
ide B, along-acting and primary bioactive constituent in XAP In-
jection, has been used in treating leukocythemia, malignant tu-
mors, and asthma "', While there is limited research on the phar-
macological effects of tenacissimoside E, marstenacisside A4,
marsdenoside H, and tenacissoside D, other identified compon-
ents have been studied more extensively. Chlorogenic acid, an im-
portant phenolic compound found in various plants, including
Honeysuckle, Pyrrosiae Folium, and Lonicerae Japonicae Caulis ,
plays a role in regulating oxidative stress and autophagy . Sco-
poletin, a coumarin compound, has demonstrated inhibitory ef-
fects on the proliferation of cancer cells, including PCa, by con-
trolling cell cycle and apoptosis "°. However, further experiment-
al validation is necessary to elucidate the precise mechanisms of
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these components against PCa cells.
5. Conclusion

In conclusion, XAP inhibits autophagy by reducing
Atg5/Atgl2 levels, leading to FoxO3a accumulation and nuclear
translocation. This process subsequently induces NOXA expres-

sion and promotes apoptosis in PCa cells (Fig. 8). These findings
provide novel insights into the potential of XAP as a therapeutic

Chinese Journal of Natural Medicines 23 (2025) 64-76

approach for PCa treatment.
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using TUNEL labeling according to the protocol described in section 2. Representative images are shown (scale bar = 100 pm). (C, D) Levels of apoptotic and autophagy-re-
lated proteins in cancerous tissues were analyzed by Western blotting. (E) The percentage of nuclear Fox0O3a" cells in malignant tissues was determined using immunohisto-
chemical labeling (scale bar = 50 um, below; scale bar = 100 um, above). Data are presented as mean + SD (n = 3). P <0.05, "P < 0.01, and ""P < 0.001 vs control.
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Fig. 8 Diagrammatic representation of the mechanisms underlying the inhibitory effect of XAP on PCa. XAP decreases Atg5/Atgl2 expression levels, suppressing auto-
phagy. This leads to the accumulation and nuclear translocation of the FoxO3a autophagy substrate, which activates NOXA transcription and subsequently triggers apoptos-
is in PCa cells.
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