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Abstract [ Objectives] To elucidate the mechanisms by which ginsenoside Rh2 inhibits the proliferation of breast cancer cells. [ Methods ]
The effects of ginsenoside Rh2 on bone marrow-derived dendritic cells (BMDCs) in breast cancer-bearing mice were assessed using network
pharmacology analysis, cytological assays, and protein histology techniques. The regulatory mechanisms of ginsenoside Rh2 on BMDCs were
further explored via flow cytometry, enzyme-linked immunosorbent assay (ELISA), Western blot (WB) , and reverse transcription polymerase
chain reaction (RT-PCR). [Results] Network pharmacology analysis identified ginsenoside Rh2 as a potential therapeutic agent that facilitates
dendritic cell (DC) maturation, with phosphoinositide 3-kinase regulatory subunit 1 ( PIK3R1) serving as a crucial mediator. Experimental re-
sults confirmed that ginsenoside Rh2 enhanced BMDC maturation in breast cancer models via the PIK3R1-PDKI1 signaling pathway. This en-
hancement coincided with decreased mRNA and protein expression levels of PIK3R1 and PDKI1 in mouse DCs. [ Conclusions ] This study elu-
cidates the potential molecular mechanisms of ginsenoside Rh2 through network pharmacology, which are subsequently validated by comprehen-
sive laboratory experiments. Our findings indicate that ginsenoside Rh2 enhances tumor immunity and exerts anti-tumor effects by promoting DC
maturation. Compared to conventional chemotherapy, ginsenoside Rh2 significantly reduces off-target toxicity while improving anti-tumor effica-
cy. In summary, this research provides novel insights and a theoretical foundation for the selection and development of breast cancer treatment
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1 Introduction

Over the past two decades, significant progress has been achieved
in the treatment of breast cancer. Therapeutic strategies have
evolved from radical mastectomy to breast-conserving surgery

-2 . .
', Advances in surgical

(BCS) and personalized therapies''
techniques have facilitated the widespread adoption of BCS as an
alternative to radical mastectomy, thereby minimizing physical
trauma and improving postoperative quality of life” ™*'. Further-
more, advancements in early detection and personalized therapies
have significantly increased patient survival rates” ™.
Therapeutically, endocrine therapy and immunotherapy have
provided additional options for breast cancer patients. Endocrine
agents, such as tamoxifen and letrozole, have been demonstrated
to effectively reduce the risk of breast cancer recurrence’” *’. Ad-
vances in immunotherapy have also introduced novel therapeutic
strategies. Antibody-drug conjugates ( ADCs ), including sacitu-
zumab govitecan-hziy, have been shown to significantly improve

10-12]

patient survival outcomes’ . These therapeutic advances have

contributed not only to enhanced survival rates, but also to im-
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provements in patients’ quality of life.

However, several challenges remain in the treatment of breast
cancer. First, the heterogeneity and invasiveness of certain breast
cancer subtypes present major clinical obstacles. Although chemo-
therapy is a primary treatment modality, its long-term prognostic

[13]

benefits need further enhancement In addition, treatment

strategies continue to evolve, with risk-tailored therapies emerging
L. .. (14
to minimize unnecessary toxicity' .
Ginsenosides, the primary bioactive components of ginseng,
exhibit extensive pharmacological properties, including immune

15-16
: However, research

enhancement and anti-tumor activities
on the effects of ginsenosides on DCs in breast cancer remains lim-
ited, and the underlying mechanisms are inadequately understood.
Previous studies involving bone marrow-derived dendritic cells
(BMDCs) from breast cancer-bearing mice have demonstrated that
ginsenosides significantly enhance immune responses. Specifical-
ly, ginsenosides markedly increased BMDC maturation, migratory
capacity, and stimulated T and B lymphocyte proliferation. Based
on prior research, ginsenosides Rh1, Rh2, Rh3, Rg3, and Rg5,
known for anti-tumor properties, were evaluated for their impact

[17-19]

on DC maturation in tumor-bearing mice Among these,

Rh2 exhibited the strongest effect on DC maturation and func-

tion'® ). Hence, this study focused on ginsenoside Rh2, aiming
to provide novel insights for the development of therapeutic agents

against breast cancer.

2 Materials and methods
2.1 Data sources and study methods

2.1.1 Chemical structure and target identification of ginsenoside
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Rh2. In March 2025, the SwissTargetPrediction platform (http://
www. swisstargetprediction. ch/) and the SuperPred tool (https://
prediction. charite. de/) were initially used to identify potential
targets of ginsenoside Rh2. The resulting targets were cross-refer-
enced with the UniProt database (https://www. uniprot. org/) to
ensure accurate classification and verification. Non-human genes
were eliminated, redundant entries were removed, and gene
names were standardized.

2.1.2  Acquisition of DC maturation-related targets mediated by
ginsenoside Rh2. The intersection between potential Rh2 targets
predicted by SwissTargetPrediction and genes highly expressed in
immature DCs from the GSE15076 dataset was analyzed. This
analysis identified 20 genes as potential targets involved in Rh2-
mediated DC maturation.

2.1.3 Protein-protein interaction (PPI) analysis. The STRING
database (https://cn. string-db. org/) was used to analyze human
genetic data and extract PPl information. Interaction patterns were
thoroughly analyzed, with the species set as " Homo sapiens" and a
confidence threshold of 0. 7.

2.2 Construction of the target PPI network A "drug — DC
maturation — target" interaction network was built utilizing molecu-
lar interaction data from the STRING database ( https://string-
db. org/). The 20 identified genes were imported into STRING to
establish a PPI network, which was subsequently visualized and
analyzed using Cytoscape software (version 3.9.0). In the visual-
izations, node size and color indicated degree values, with larger
nodes denoting higher degrees. Edge thickness was proportional to
the combined score, with thicker edges indicating higher scores.
The final network was constructed based on core targets.

2.2.1 Molecular docking of ginsenoside Rh2 with pathway-relat-
ed targets. To determine the structure of Rh2, the study retrieved
its three-dimensional structure ( Mol2 format) from the PubChem
database (‘http://www. ncbi. nlm. nih. gov/). Crystal structures
of potential target proteins were acquired from the Protein Data
Bank (PDB, http://www. rcsb. org/). Structural processing was
performed with PyMOL ( version 2. 4.0), along with molecular
docking conducted using AutoDock Vina. Docking results were as-
sessed by free binding energy, with values below —5.0 kJ/mol
indicating strong interactions. Lower binding energy values corre-
sponded to more stable docking complexes. The docking result
with the lowest energy was selected for further analysis.

2.2.2 Molecular dynamics simulation of ginsenoside Rh2 with
pathway-related targets. To clarify the atomic-level binding mech-
anism of Rh2, molecular dynamics simulations were conducted.
Initially, the optimal complex from docking was immersed in a wa-
ter box, followed by energy minimization and equilibration. A 200
ns production simulation was carried out under the NPT ensemble
at 310 K and 1 bar. Trajectory analysis indicated that the complex
remained stable throughout the simulation. Further analysis
showed that Rh2 interacted with key amino acid residues through
stable hydrogen bonds and hydrophobic interactions. MM-PBSA

calculations confirmed a strong binding affinity. These simulations

provided dynamic insights into the binding mode and stabilization
mechanism of Rh2 at the atomic level.

2.2.3 Instruments and reagents. Instruments: Real-time fluores-
cence quantitative PCR system ( QuantStudio™ 3, Thermo Fisher
Scientific) ; inverted biological microscope (DMII, Leica) ; low-
speed desktop centrifuge ( TDZ4-WS, Changsha Xiangyi Centri-
fuge Instrument Co. , Ltd. ) ; high-speed microcentrifuge (D3024,
DragonLab Xingchuang Experimental Instrument Co. , Ltd. ) ; mi-
croplate reader ( ELx800, BioTek Instruments, Inc.); flow cy-
tometer ( Cytoflex, Suzhou Celegene Biological Technology
Co. , Ltd. ) ; and CO, incubator (311, Thermo Fisher Scientific).

Reagents: Total RNA Extraction Kit (100T, BLI365A, Bio-
sharp Biotechnology Co. , Ltd. ) ; RNA Extraction Auxiliary Rea-
gent (100 mL, BLI665A, Biosharp Biotechnology Co. , Lid.);
anhydrous ethanol ( analytical grade, Sinopharm Chemical Rea-
gent Co. , Ltd. ) ; B-actin primary antibody (AC026, Abclonal) ;
PDKI primary antibody ( A8930, Abclonal) ; PIK3R1 primary an-
tibody (AF6241, Abclonal) ; PrimeScript™ RT Reagent Kit with
gDNA Eraser (RR047A, Takara Bio Inc. ) ; TB Green Premix Ex
Taq™ I FAST qPCR Kit (CN830A , Takara Bio Inc. ) ; and Gin-
senoside Rh2 ( BZP0241-20 mg, HPLC purity = 98%,
BIOBOMEI). Fig.2A illustrates the molecular structure of ginsen-
oside Rh2.

2.3 Construction of breast cancer-bearing mouse model
Sixty specific pathogen-free ( SPF) female BALB/c mice [6 -8
weeks old, weighing (20 +2) g] were obtained from SPF Bio-
technology ( Beijing, China; animal production license No. :
SCXK [ Beijing | 2024-0001 ; animal use license No. : SYXK [ Si-
chuan ] 2024-0287). The mice were housed under barrier condi-
tions (temperature; 20 —26 °C, relative humidity; 30% —70% ,
12 h light/dark cycle) with free access to food and water. The
study protocol was approved by the Ethics Committee of the Hospi-
tal of Traditional Chinese Medicine in Qijiang District.

After an initial adaptation period of 1 d, mice were housed 5
per cage. Following one week of adaptive feeding, each mouse
was administered 0. 1 mL of 4T1 mouse breast cancer cell suspen-
sion (approximately 1 x 10° cells) by subcutaneous injection into
the axilla to establish a subcutaneous breast cancer xenograft mod-
el. The general condition of mice ( mental state, activity, hair lus-
ter, fecal characteristics, and urination) was monitored daily at
fixed times throughout the experimental period. Body weight was
measured weekly, and tumor diameter was recorded every 3 d after
tumor formation. When tumors reached approximately 200 mm’,
mice were anesthetized with 1% pentobarbital sodium (50 mg/kg)
administered via intraperitoneal injection. After confirming uncon-
sciousness (no response to toe compression) , mice were sacrificed
by bloodletting and cervical dislocation. Following confirmation of
cardiac and respiratory arrest, mice were immersed in 75% etha-
nol for 10 min, and femurs and tibias were collected aseptically.
2.3.1
of mice were collected aseptically and rinsed twice with 1 x PBS.

Isolation and induction of BMDCs. The femurs and tibias

The bone ends were cut, and the marrow was flushed repeatedly
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with PBS using a 1 mL syringe until the bones turned white. The
cell suspension was filtered through a 200 mesh cell strainer to re-
move debris and collected into a 15 mL centrifuge tube. After
centrifugation, red blood cells were lysed using red blood cell
lysis buffer, and the reaction was terminated with PBS. The cells
were centrifuged again, washed twice, and resuspended in RPMI
1640 complete medium containing recombinant mouse GM-CSF
(20 ng/mL) and IL4 (10 ng/mL). The cells were then cultured
in an incubator for 7 d to induce differentiation into immature den-
dritic cells (iDCs).

2.3.2 Flow cytometry for surface marker detection. DCs were
adjusted 1o 2 x 107 cells/well , seeded into 6-well plates (2 mL/well)
and cultured for a specified duration at 37 °C in a 5% CO, incu-
bator. After 24 h of treatment according to the experimental
groups, cell suspensions were collected and centrifuged for 5 min
at 250 x g, with supernatants discarded. Cells were washed with
PBS, transferred to 1.5 mL conical EP tubes, centrifuged again
(250 x g, 5 min) , and the supernatants were discarded. The cells
were resuspended in 100 pL of PBS and incubated with the corre-
sponding antibodies ( CD11b, CD11¢, MHC-II, CD80, CD86)
for 30 min at 4 °C in the dark. Subsequent to centrifugation at
300 x g for 5 min , the cells were washed once, resuspended in
300 wL of PBS, and analyzed using a flow cytometer.

2.4 Cell grouping and treatment After washing with PBS,
iDCs in the logarithmic growth phase were digested with trypsin
and centrifuged at 250 x g for 5 min. The cells were resuspended
in medium to prepare a single-cell suspension (5 x 10° cells/mL).
The suspension was then seeded into 6-well plates (2 mL/well ).
After adherence, two treatment protocols were conducted: (i)
Protocol 1 ¢ iDC group; iDC + LPS (1 pg/mL) group; iDC +
low-dose Rh2 (0. 625 pg/mL) group; iDC + high-dose Rh2
(6.25 pg/mL) group; iDC + LPS + low-dose Rh2 group; and
iDC + LPS + high-dose Rh2 group. Treatments were applied for
24 h. (ii) Protocol 2: iDC group; iDC + ov-NC (empty vector
control ) group; iDC + ov-PIK3R1 ( PIK3RI overexpression )
group; iDC + Rh2 group; and iDC + Rh2 + ov-PIK3R1 group. The
cells were transfected accordingly and treated with high-dose Rh2
for 24 h.

2.4.1 Cell transfection. Two 1.5 mL centrifuge tubes were pre-
pared, each containing 300 wL of Opti-MEM™ 1 medium. One
tube received 15 pg of plasmid, and the other received 30 wL of
Lipofectamine 2000 transfection reagent. The solutions were gently
mixed and allowed to stand for 5 min, followed by a combined in-
cubation for another 10 min. The medium was added to reach a to-
tal volume of 6 mL. Cells (2 x 10° cells/mL) were seeded into
6-well plates (2 mL/well) and cultured at 37 C, 5% CO, for a
specified period. After cell adherence, the supernatants were re-
placed with the transfection complexes. The cells were then incu-
bated for 6 h at 37 C and 5% CO,, after which the medium was
replaced with complete medium.

2.4.2 CCK-8 cell viability assay. DCs were seeded into 96-well
plates at a density of 5 x 10* cells/mL (100 wI/well) ). The mar-

ginal wells were filled with sterile PBS. After incubation at 37 C
with 5% CO,, the cells were treated for 24, 48, and 72 h with
varying concentrations of ginsenoside Rh2 (0, 6.25, 12.5, 25,
50, 100, 200, and 400 pg/mL) , with four replicates per group.
Following treatment, the supernatant was removed, and 110 pL of
CCK-8 reagent (diluted 1 : 10 with serum-free medium) was add-
ed to each well. The plates were gently shaken and incubated for
another 2 h at 37 °C, 5% CO,. Absorbance was measured at 450
nm using a microplate reader to calculate cell viability.

2.4.3 ELISA for inflammatory cytokine detection. The collected
cell culture supernatants were analyzed using ELISA. The kit was
equilibrated to room temperature for 30 min, and the necessary
plate strips were removed from the foil packaging. Standard and
sample wells were prepared by adding 50 pL of standards or sam-
ples, while blank wells were left empty. Except for the blank
wells, each well was added with 100 L of HRP-labeled detection
antibody. The plates were sealed and incubated for 60 min at
37 C. After discarding the liquid, the plates were washed 5 times
with washing solution. Each well was added with substrates A and
B (50 pL each) and incubated for 15 min at 37 C in the dark.
50 wL of stop solution was added, and absorbance (OD) was
measured at 450 nm within 10 min.

2.4.4 Western blotting (WB) for pathway protein expression.
Total protein was extracted using RIPA lysis buffer, and concen-
trations were quantified by BCA assay. After denaturation, pro-
teins were separated by SDS-PAGE and transferred onto PVDF
membranes. Subsequent to 1 h of blockage in 5% non-fat milk,
membranes were incubated overnight at 4 °C with primary antibod-
ies; PDK1 (1 : 10 000), PIK3RI (1 : 2 000), and B-actin
(1 :50000). This was followed by a 1 h incubation at room tem-
perature with an HRP-conjugated goat anti-rabbit secondary anti-
body (1 :8 000). Protein bands were visualized using ECL rea-
gent and analyzed by an automated chemiluminescence imaging
system. Band intensities (10D ) were quantified using Gel-Pro
Analyzer 4 software.

2.4.5 RT-PCR for gene expression detection. A total RNA ex-
traction kit was employed to isolate total RNA from cells. Genomic
DNA was removed by incubation at 42 °C for 2 min, followed by
reverse transcription into cDNA at 37 °C for 15 min and 85 °C for
5 sec, according to the kit instructions. PCR amplification was
conducted using a real-time PCR instrument. The primers used are
listed in Table 1. Relative mRNA expression levels were calculat-
ed using the 2 7**“ method.

Table 1 Primers and base sequences used in this study

. Amplicon
Gene Forward (5°—3") Reverse (5°—37)
length //bp
B-actin ctacctcatgaagatcctgacc cacagcttctctttgatgtcac 90
PDKI cltagagggctacgggacagatg atgcttecaggeggctttattg 100
PIK3RI  acagtaggaggaggliggaag tgegtcagecacatcaagtattg 139

2.5 Statistical analysis Experimental data are expressed as

mean + standard deviation (SD). Statistical analyses were per-
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formed using SPSS 20. 0 software. Between-group difference was
analyzed by one-way ANOVA, and pairwise comparisons used the
least significant difference (LSD) test. P <0.05 denoted statisti-

cal significance.

3 Results and analysis

3.1 Isolation, induction, and identification of BMDCs from
breast cancer-bearing mice During cell culture, obvious mor-
phological alterations were detected under an inverted microscope,
showing the typical irregular shapes and protrusions characteristic
of DCs (Fig. 1A). Flow cytometry analysis confirmed that the ex-
pression rate of CD11c” cells in the induced population was as
high as 80.68% +0.76% , while the expression rates of CD80 ",
CD86 ", and MHC-II " were low, at 0.22% +0.04% , 2.38% =+
0.15% , and 0.02% +0.01% , respectively (Fig. 1B). This phe-
notype (high CDIllc expression, low costimulatory molecule and
MHC-II expression) matches the characteristics of iDCs, confirming
successful isolation and induction from mouse bone marrow.

3.2 Effect of ginsenoside Rh2 on BMDC differentiation To
evaluate the effect of Rh2 on BMDC function in breast cancer
models, dose- and time-dependent effects on cell viability were
first assessed. Cells were treated with Rh2 (0, 6.25, 12.5, 25,
50, 100, 200, 400 wg/mL) for 24, 48, and 72 h, and cell via-
bility was measured with the CCK-8 assay. Rh2 significantly in-
hibited cell viability at concentrations of 12.5 pg/mL and above
after 24 h (P <0.01, Fig. 2A). Therefore, a low dose (0. 625
pwg/mL) and a high dose (6.25 pg/mL) of Rh2 with a 24 h treat-

ment were selected for subsequent experiments.
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Mouse bone marrow cells cultured with rmGM-CSF (20 ng/ml.)

and rmIL4 (10 ng/mL) were treated with Rh2 (low and high do-
ses) or left untreated for 7 d. The proportions of CDllc and
CDI11b expressing cells were analyzed via flow cytometry (Fig. 2B —
C). The proportion of CD11c¢ " cells significantly increased in the
high-dose Rh2 group compared to the control (P <0.01) , sugges-
ting that Rh2 promotes DC differentiation. Additionally, the pro-
portion of CD11¢ " CDI11b " cells increased, while the proportion of
CD11¢*CD11b ™ cells correspondingly decreased in the high-dose
group (P < 0. 01). This phenotypic change suggests that Rh2
preferentially stimulates differentiation toward ¢DC2-like cells.
Collectively, these results indicate that ginsenoside Rh2 enhances
overall DC differentiation and affects the balance between ¢DCl
(CD11b™ ) and ¢DC2 (CD11b" ) subsets through subset-specific
pathways.
3.3 Effect of ginsenoside Rh2 on BMDC maturation in
breast cancer models To further explore the effect of Rh2 on
DC maturation, BMDCs were treated with various concentrations
of Rh2 | either alone or in combination with LPS (1 pg/mL) to
induce maturation. Flow cytometry results (Fig.3 A - B) demon-
strated significant increases in the populations of CD11c¢* CD80*
and CD11c " MHC-II* cells in the LPS alone, low-dose Rh2, and
high-dose Rh2 groups compared to controls (P <0.05). The pro-
portion of CD11c¢* CD86 " cells showed an obvious elevation in the
LPS and low-dose Rh2 groups (P <0.05) but not in the high-dose
Rh2 group (P >0.05), suggesting potential signal saturation or
feedback inhibition at higher Rh2 doses. Synergistic analysis
showed that combining LPS with low-dose Rh2 significantly in-
creased the proportions of CD11¢*CD80", CDIlc* CD86" , and
CD11c¢*MHC-IT" cells compared to Rh2 alone (P <0.001), in-
dicating a synergistic effect between low-dose Rh2 and LPS. The
combination of LPS with high-dose Rh2 significantly enhanced the
proportions of CDIlc* CD80* and CD1lc”™ CD86" cells (P <
0.001) but did not significantly affect CD11c™ MHC-II* cells
(P>0.05), possibly due to inhibitory effects on specific path-
ways. Furthermore, compared to LPS alone, combinations of LPS
with either low- or high-dose Rh2 significantly increased the pro-
portions of CD11¢*CD80" and CD11c*CD86" cells (P <0.001),
while CD11c¢ " MHC-II " cells increased significantly only with low-
dose Rh2 (P <0.001). These findings demonstrate dose-depend-
ent effects of Rh2 on DC surface marker expression and suggest
that Rh2 promotes DC maturation both independently and synergis-
tically with LPS.

Fig. 3C illustrates the cytokine secretion results. Compared to
the control group, treatments with LPS alone, low-dose Rh2, and
high-dose Rh2 remarkably stimulated the secretion of the pro-
inflammatory cytokines IL-12 and TNF-a, while inhibiting the an-
ti-inflammatory cytokine I1-10 (P <0.05). Compared to Rh2
alone, combinations of LPS with either low- or high-dose Rh2
synergistically enhanced IL-12 and TNF-a secretion and further
inhibited I1.-10 (P <0.05). Similarly, relative to LPS alone,
the addition of Rh2 (at either dose) significantly enhanced the

expression of IL-12 and TNF-o and lowered IL-10 levels
(P<0.05).

These findings indicate that ginsenoside Rh2, either alone or

in combination with LPS, promotes DC maturation and induces a
pro-inflammatory activation state. This conclusion is supported by
the increased expression of key co-stimulatory molecules (CD80,
CD86) and MHC-II, along with polarization toward a pro-inflam-
matory cytokine profile.
3.4 Effect of ginsenoside Rh2 on the PIK3R1-PDK1 path-
way in BMDCs from breast cancer models To investigate the
molecular mechanisms underlying Rh2-induced DC maturation, a
" drug-DC maturation-target" regulatory network was established
using network pharmacology (Fig.4). This analysis identified 20
potential target genes involved in Rh2-mediated DC maturation.
Among these, PIK3R1 occupied a key position in the network,
suggesting its crucial role in the process.

Subsequently, the expression levels of molecules related to

the PIK3R1-PDK1 pathway were measured by WB and RT-PCR
(Fig. 5). Compared to the control group, treatment with LPS
alone, low-dose Rh2, and high-dose Rh2 significantly inhibited
the protein expression of PIK3R1 and PDKI (P <0.05, Fig. 5A -B).
Additionally, combinations of LPS and Rh2 (low or high dose)
further suppressed the protein expression of these molecules com-
pared to single-agent treatments (P <0.05, Fig. 5A - B). The
gene expression results were consistent with the protein data: both
single treatments ( LPS alone, low-dose Rh2, high-dose Rh2) and
combined treatments ( LPS + Rh2) significantly downregulated
PIK3R1 and PDKI mRNA expression (P <0.05, Fig. 5C). Ac-
cording to the above findings, at both the protein and gene levels,
ginsenoside Rh2, either alone or in combination with LPS, signifi-
cantly inhibits activation of the PIK3R1-PDK1 pathway in BMDCs
from breast cancer models.
3.5 Ginsenoside Rh2 promotes BMDC maturation via the
PIK3R1-PDK1 pathway To clarify the role of the PIK3R1-
PDK1 pathway in Rh2-induced DC maturation, a PIK3R1 overex-
pression plasmid (ov-PIK3R1) was constructed and transfected
into BMDCs. WB results (Fig. 6A — B) showed that Rh2 signifi-
cantly reduced PIK3R1 and PDKI protein expression (P <0.05),
consistent with previous findings. Overexpression of PIK3R1 sig-
nificantly increased the protein levels of PIK3R1 and PDKI, re-
versing the Rh2-induced suppression (P < 0.001). The empty
vector (ov-NC) had no significant effect (P >0.05). RT-PCR
results mirrored these protein expression trends ( Fig. 6C) : ov-
PIK3R1 significantly increased the mRNA expression levels of
PIK3R1 and PDKI, and reversed the reductions induced by Rh2
(P<0.05).

Further analysis indicated that neither Rh2 nor ov-PIK3R1
alone influenced cell viability (P >0.05, Fig. 7A). Flow cytome-
try revealed that Rh2 significantly increased proportions of CDI1c "
CD80* and CDI11¢*MHC-IT" cells (P <0.001, Fig.7B —C), confir-
ming its effect in promoting DC maturation. However, PIK3R1

overexpression (ov-PIK3R1 group) significantly decreased the
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NOTE A. Representative flow cytometry plots showing the expression of surface markers (CD80, CD86, MHC-II) on BMDCs in each treatment group;
B. Statistical bar graphs illustrating percentages of CD11¢* CD80 ", CDl1c ™ CD86 ", and CD1lc* MHC-II* cells; C. Levels of IL-12, TNF-a,
and IL-10 in cell supernatants measured by ELISA. Groups: I. IDC; II. IDC + LPS; III. IDC + Rh2 low-dose; IV. IDC + Rh2 high-dose; V. IDC
+LPS + Rh2 low-dose; VI. IDC + LPS + Rh2 high-dose. * P <0.05, **P<0.01, *** P <0.001.

Fig 3 Effect of ginsenoside Rh2 on BMDC maturation in breast cancer models

proportion of CD11c™CD80 " cells (P <0.001) and slightly in-
creased CD11c " MHC-II" cells (P <0.05) , indicating differenti-
al regulatory effects on maturation markers. Critically, co-treat-
ment with Rh2 and ov-PIK3RI significantly reversed the Rh2-in-
duced increase in CD11¢* MHC-II" cells (P <0.001), and also
decreased the proportion of CD11c® CD80" cells, although this
decrease was not statistically significant (P >0.05). These find-

ings suggest that PIK3R1 overexpression can counteract the effects
of Rh2 on DC maturation.

These results confirm that the PIK3R1-PDKI1 pathway serves
as a key negative regulatory mechanism in Rh2-induced DC matu-
ration. In summary, ginsenoside Rh2 promotes DC maturation in
breast cancer-bearing mice primarily by inhibiting the PIK3RI-
PDKI1 signaling pathway (Fig.8).



Long ZHANG et al. Network Pharmacology and Experimental Validation of the Anti-tumor Mechanisms of Ginsenoside Rh2 31

A
Ginsenoside Rh2-2D structure Ginsenoside Rh2-3D structure
(v D E ® ® o
LoaLsy < @D B
- L J L
Gil ide
@ &
N PTARR
€acp

Upregulation genes @ww @“Pm @
o P
NOTE A -B. 2D and 3D chemical structures of ginsenoside Rh2; C. Venn diagram demonstrating the intersection between predicted Rh2 targets ( Swis-
sTargetPrediction platform) and highly expressed genes in immature DCs ( GEO dataset GSE15076) for identifying key genes; D. PPI network of the
20 identified genes built utilizing the STRING database; E. " Drug-DC maturation-target" regulatory network.
Fig.4 Potential mechanisms of ginsenoside Rh2-mediated DC maturation predicted by network pharmacology
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NOTE A. WB images showing PIK3R1 and PDKI protein expression; B. Statistical analysis of relative protein expression levels of PIK3R1 and PDKI ;
C. Relative mRNA expression levels of PIK3R1 and PDKI under RT-PCR measurement. Groups: I. IDC; II. IDC + LPS; III. IDC + Rh2 low-
dose; IV. IDC + Rh2 high-dose; V. IDC + LPS + Rh2 low-dose; VI. IDC + LPS + Rh2 high-dose. * P <0.05, **P<0.01, ***P<0.001.

Fig.5 Ginsenoside Rh2 inhibits activation of the PIK3R1-PDK1 pathway in BMDCs from breast cancer models
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NOTE A. WB images of PIK3RI and PDKI proteins; B. Statistical analysis of relative protein expression levels; C. Relative mRNA expression levels of
PIK3R1 and PDKI under RT-PCR detection. Groups: I. IDC; II. IDC + ov-NC; III. IDC + ov-PIK3R1; IV. IDC + Rh2; V. IDC + Rh2 + ov-
PIK3R1. *P<0.05, **P<0.01, ***P<0.001.

Fig.6 Expression of the PIK3R1-PDKI1 pathway in BMDCs following PIK3R1 overexpression
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Fig.7 Effect of PIK3R1 overexpression on Rh2-induced BMDC maturation in breast cancer models
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Fig.8 Schematic representation of GS-Rh2 effects on the PIK3R1-
PDKI1 signaling pathway ( created with Figdraw)

4 Discussion

This study provides robust evidence that ginsenoside Rh2, a bioac-
tive compound derived from ginseng, promotes the maturation of
BMDCs in a breast cancer mouse model by primarily inhibiting the
PIK3R1-PDKI1 signaling pathway. These findings enhance our un-

derstanding of the immunomodulatory and anti-tumor mechanisms

of ginsenoside Rh2, offering new perspectives and suggesting po-
tential applications in breast cancer immunotherapy.
DCs are critical regulators of adaptive immune responses, es-

[23-25]

pecially in tumor immunology . The maturation status of DCs

directly influences the efficacy of anti-tumor immune respon-
es™ 7' 1In this study, Rh2 significantly increased the expres-
sion of DC maturation markers (CD80, CD86, MHC-II) and in-
duced a pro-inflammatory cytokine profile (increased IL-12 and
TNF-o, decreased IL-10) in BMDCs.

strated synergistic effects with LPS, a classical inducer of DC mat-

Importantly, Rh2 demon-

uration, further enhancing DC maturation and activation. These
results suggest that Rh2 could serve as an adjuvant to strengthen
DC-based immunotherapies.

Network pharmacology identified PIK3R1 as the central node
within the " drug-DC maturation-target" network, highlighting its
potential role in mediating the effects of Rh2. Subsequent experi-
ments confirmed that Rh2 reduced both the mRNA and protein ex-
pression levels of PIK3R1 and its downstream effector PDK1. The
PIK3R1-PDK1 axis is an essential upstream regulator of the PI3K/
AKT pathway, which modulates cell survival, proliferation, and
28-%1 " Rh2-mediated inhibition of this pathway

may alleviate inhibitory signals that restrict DC maturation within
(31-32]

immune functions

the tumor microenvironment

Functional rescue experiments further validated the causal re-
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lationship between the inhibition of PIK3R1-PDK1 pathway and
Rh2-induced DC maturation, as overexpression of PIK3RI re-
versed the effects of Rh2. Interestingly, PIK3R1 overexpression
alone showed differential effects on DC maturation markers: it
slightly enhanced MHC-II expression but inhibited CD80 expres-
sion. These findings underscore the complexity of PIK3R1 signa-
ling in DC biology, indicating that precise modulation of this path-
way may differentially affect specific DC functions.

Compared to traditional chemotherapeutic agents, Rh2 exhib-
ited a favorable safety profile, exhibiting no significant cytotoxicity
at effective doses. This finding aligns with the growing emphasis
on natural compounds as safer adjuvants or alternatives to conven-
tional therapies, aiming to reduce off-target toxicity and improve
clinical outcomes in cancer treatment ™ /.

Nevertheless, this study has several limitations. First, the
research primarily relied on a mouse breast cancer model and in
vitro DC cultures. The translational relevance to human breast
cancer and primary human DCs needs further validation. Second,
although the current study focused on the PIK3R1-PDKI axis,
other pathways and molecular targets identified through network
analysis may also mediate the immunomodulatory effects of Rh2.
Further studies using multi-omics and in wvivo validation are re-
quired to fully elucidate the comprehensive mechanisms of Rh2.
Finally, the long-term therapeutic efficacy of Rh2 and its potential
combinations with existing immunotherapies, such as immune

checkpoint inhibitors, shall be well elucidated.

5 Conclusions

To sum up, this study demonstrates that ginsenoside Rh2 promotes
DC maturation and functional activation in breast cancer models by
inhibiting the PIK3R1-PDK1 signaling pathway. These findings
reveal a previously unrecognized immunomodulatory mechanism of
Rh2 and highlight its potential as a natural adjuvant to enhance
anti-tumor immunity. This work provides a theoretical foundation
for the application of Rh2 in DC-based immunotherapy, contribu-
ting to the development of novel and low-toxicity therapeutic strat-
egies for breast cancer. Future clinical studies shall be conducted
to verify these preclinical findings and evaluate the translational

potential of ginsenoside Rh2 in oncology.
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(2020 Edition, General Chapter 0502). Aliquots of 2 L each of
the test solution, negative control, and reference medicinal mate-
rial solution were spotted onto the same plate. The plate was de-
veloped with a mixture of cyclohexane, ethyl acetate, and formic
acid (13 : 6 : 1), removed, and air-dried. It was then sprayed
with 10% sulfuric acid in ethanol and heated at 105 °C until the
spots became clearly visible. The plate was examined under ultra-
violet light at 365 nm. As shown in Fig. 3, the test solution exhib-
ited fluorescent spots of the same color at positions corresponding
to those in the reference medicinal material chromatogram.

4 Discussion
4.1 Rationality of the extraction process
tion method was chosen for this study not only to maintain consis-

The water decoc-

tency with the traditional decoction, but also to meet the require-
ments of industrial production. The orthogonal experimental results
showed that extraction frequency was the key factor affecting both
the dry extract yield and the transfer rates of the marker compo-
nents (P <0.05 or P <0.01), whereas water addition amount
and extraction time had no significant effects. With consideration
for energy conservation and production cycle reduction, two decoc-
tion cycles were selected instead of three, reflecting a process de-
sign principle that prioritizes therapeutic efficacy while taking effi-
ciency into account. Validation experiments confirmed that the
process was stable and feasible, with all RSD values within ac-
ceptable limits.

4.2 Characteristics of the quality standard The established
TLC identification method covers the three main medicinal materi-
als (Lonicerae Japonicae Flos, Forsythiae Fructus, and Glycyrrhi-
zae Radix et Rhizoma) with strong specificity, no interference
from negative controls, and simple operation. It can serve as a
qualitative control indicator for the preparation. The results of all
inspection items met the requirements for oral liquids ( mixtures )
specified in the Chinese Pharmacopoeia (2020 Edition), and the
microbial limits were within the prescribed standards, indicating
that the quality of this preparation is controllable.

4.3 Future research prospects As the principal herb in the
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dendritic cell activation and the induction of adaptive immunity[ J]. Im-
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formula, Clerodendrum japonicum currently lacks a well-estab-
lished TLC identification method. Further efforts are needed to ex-
plore more favorable conditions for extraction, separation, and de-
velopment, so as to establish a highly specific TLC or HPLC iden-
tification method for this herb. In addition, it is recommended that
quantitative studies be carried out on forsythiaside and chlorogenic
acid, and that a multi-component quality standard be developed to
provide a more comprehensive basis for the quality control of the
preparation.

5 Conclusions

The optimal extraction process for Chengyin Mixture established in
this study was as follows: decocting twice with 10 times the
amount of water, one hour for each decoction. Validation experi-
ments confirmed that the process was stable and feasible, with a
mean dry extract yield of 24.24% , and mean transfer rates of
71.86% for forsythiaside and 69. 48% for chlorogenic acid, all
with RSD values below 5% . The TLC identification methods de-
veloped were highly specific with no interference from negative
controls. The appearance, relative density, pH, filling volume,
and microbial limits of the preparation all met the requirements of
the Chinese Pharmacopoeia. This process and the associated quali-
ty standards can serve as a basis for the hospital preparation regis-
tration and standardized production of Chengyin Mixture.
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