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A B S T R A C T   

Ethnopharmacological relevance: Yiai Fuzheng formula (YAFZF), as a Traditional Chinese Medicine 
(TCM) prescription, has been used widely at Zhongnan Hospital of Wuhan University for its 
therapeutic effects and high safety on triple-negative breast cancer (TNBC). 
Objective: In this study, we employed ultra-high-performance liquid chromatography-quadrupole/ 
orbitrap high-resolution mass spectrometry (UPLC-Q-Orbitrap-HRMS), network pharmacology, 
and experimental validation to elucidate the underlying action mechanism of YAFZF in the 
treatment of TNBC. 
Methods: The key active ingredients in YAFZF were analyzed using UPLC-Q-Orbitrap-HRMS, and 
then the potential components, target genes and signalling pathways of YAFZF were predicted 
using the network pharmacological method. We then used molecular docking to visualize the 
combination characteristics between major active components and macromolecules in the crucial 
pathway. In vitro experiments were conducted to investigate the inhibitory effects of YAFZF 
treatment on the cell viability, invasion, and migration of 4T1 and MDA-MB-231 cells. The 
xenograft TNBC models were constructed using female Balb/c mice, and their body weights, 
tumour volumes, and weights were monitored during YAFZF treatment. Quantitative real-time 
PCR (qRT-PCR), Hematoxylin-eosin (HE), immunohistochemistry (IHC) staining, Western blot 
(WB), and terminal deoxynucleotidyl transferase (TdT)-dUTP nick-end labeling (TUNEL) staining 
were used for further experimental validation. 
Results: Based on UPLC-Q-Orbitrap-HRMS and network pharmacology analysis, 6 major bioactive 
components and 153 intersecting genes were obtained for YAFZF against TNBC. Functional 
enrichment analysis identified that the phosphatidylinositol 3-kinase (PI3K)-protein kinase B 
(Akt) signalling pathway might be the mechanism of action of YAFZF in the treatment of TNBC. 
Molecular docking results suggested that the main active compounds in YAFZF had strong 
binding energies with the proteins in the PI3K/Akt pathway. In vitro experiments showed that 
YAFZF inhibited the cell viability, invasion, and migration abilities of TNBC cells. Animal 
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experiments confirmed that YAFZF treatment suppressed tumour cell proliferation and increased 
apoptotic cells. PCR, HE, WB, and IHC results indicated that YAFZF could suppress xenograft 
tumour metastases by inhibiting the PI3K/AKT/mTOR pathway regulating the epithelial- 
mesenchymal transition (EMT) process. 
Conclusion: YAFZF therapy showed its potential for reducing proliferation, invasion, and migra-
tion abilities, increasing apoptosis of TNBC cells. Furthermore, YAFZF treated TNBC by inhibiting 
xenograft tumour distant metastases via the regulation of EMT by the PI3K/Akt/mTOR pathway, 
suggesting that it may be useful as an adjuvant treatment.  

Abbreviations  

AGE advanced glycation end products 
AKT protein kinase B 
AOD average optical density 
AR androgen receptor 
BC breast cancer 
BP biological process 
CASP3 caspase-3 
CC cellular component 
CCND1 cyclin D1 
DAB diaminobenzidine 
DL drug-likeness 
EGFR epidermal growth factor receptor 
EMT epithelial-mesenchymal transition 
ER estrogen receptor 
ERBB2 receptor tyrosine-protein kinase erbB-2 
ESR1 Estrogen receptor 1 
FoxO Forkhead box O 
HE Hematoxylin-eosin 
HER Human epidermal growth factor receptor 
HIF1 Hypoxia-inducible factor 1 
HnRNPA2 heterogeneous ribonuclear protein A2/B1 
HRAS HRas proto-oncogene GTPase 
HSP90AA1 Heat shock protein HSP 90-alpha 
IHC Immunohistochemistry 
IL6 interleukin-6 
JUN Jun proto-oncogene 
KEGG Kyoto Encyclopedia of Genes and Genomes 
KYP Kaiyu powder 
LC/MS liquid mass chromatography-mass spectrometry 
MAPK mitogen-activated protein kinases 
MF molecular function 
MW molecular weight 
OB oral bioavailability 
OMIM Online Mendelian Inheritance in Man 
PI3K Phosphatidylinositol 3-kinase 
PIK3CA Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform 
PIP2 Phosphatidylinositol (4,5)-bisphosphate 
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate 
PMSF phenylmethanesulfonyl fluoride 
PPI protein-protein interaction 
PR progesterone receptor 
qRT-PCR quantitative real-time PCR 
SIRT1 Sirtuin 1 
SRC proto-oncogene tyrosine-protein kinase Src 
STAT3 signal transducer and activator of transcription 3 
TCM traditional Chinese medicine 
TCMSP traditional Chinese medicine systems pharmacology 
TdT terminal deoxynucleotidyl transferase 
TFs transcription factors 
TNBC triple-negative breast cancer 
TNF tumor necrosis factor 
TP53 tumor protein p53 
TTD Therapeutic Target Database 
TUNEL terminal deoxynucleotidyl transferase dUTP nick-end labeling 
UPLC-Q-Orbitrap-HRMS ultra-high-performance liquid chromatography–quadrupole/orbitrap high–resolution mass spectrometry 
VEGFA vascular endothelial growth factor A 
WB Western blot 
YAFZF Yiai fuzheng formula   
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1. Introduction 

Triple-negative breast cancer (TNBC) is a rare and aggressive breast cancer (BC) that lacks estrogen receptors (ER), progesterone 
receptors (PR), and human epidermal growth factor receptors (HER) 2. This type of cancer accounts for 15–20 % of all BC cases and is 
more aggressive and invasive, with an earlier onset and a poor prognosis [1]. Unlike other BC subtypes, TNBC is more likely to recur 
and metastasize, more easily occurring in distant sites, such as the lung, liver, and brain [2,3]. Due to limited clinical treatment options 
and a lack of targeted therapies, TNBC patients have a low survival rate [4]. Therefore, the active search for effective treatments for 
TNBC is vital. 

Traditional Chinese medicine (TCM) is an effective complementary therapy for cancer because it promotes body energy, regulates 
metabolic pathways, and inhibits tumour cell proliferation [5]. It is recorded in the book “The Secret of the Cave” that Kaiyu powder 
(KYP) can effectively prevent and treat mammary gland hyperplasia and BC [6]. Yiai Fuzheng formula (YAFZF), which supplemented 
KYP with some meridian tropism, anti-cancer agents associated with mammary glands, was developed to optimize the treatment 
efficacy for TNBC. The whole YAFZF consists of 16 herbs: Astragalus membranaceus (Fisch.) Bunge. (Huang Qi), Poria cocos (Schw.) Wolf 
fruit (Fu Ling), Lycopodium japonicum Thunb. (Shen Jin Cao), Luffa cylindrica (L.) M. Roem. (Si Gua Luo), Laminaria japonica (Kun Bu), 
Fritillaria thunbergii Miq. (Zhe Bei Mu), Rohdea chinensis (Baker) N. Tanaka (Kai Kou Jian), Sparganium stoloniferum (Graebn.) 
Buch.-Ham. ex Juz. (San Leng), Curcuma phaeocaulis Valeton (E Zhu), Whitmania pigra Whitman (Shui Zhi), Curcuma longa L. (Yu Jin), 
Prunella vulgaris L. (Xia Ku Cao), Oldenlandia diffusa (Willd.) Roxb. (Bai Hua She She Cao), Taraxacum officinale (L.) Weber ex F.H.Wigg. 
(Pu Gong Ying), Gleditsia sinensis Lam. (Zao Jiao Ci), Sargentodoxa cuneata (Oliv.) Rehder & E.H.Wilson (Hong Teng). Among these 
herbs, Astragalus membranaceus (Fisch.) Bunge. has been used to treat multiple diseases by protecting against oxidative stress, 
inflammation, apoptosis, and fibrosis. Its anti-cancer properties are attributed to the activation of the immune system, inhibiting 
invasion, and preventing cancer cells from metastasizing [7]. Rohdea chinensis (Baker) N. Tanaka is described as a cancer-treating herb 
in the Chinese Materia Medica Dictionary. The agent inhibits cell cycle and migration and induces apoptosis as part of its anti-cancer 
activity [8]. Sparganium stoloniferum (Graebn.) Buch.-Ham. Ex Juz. and Curcuma phaeocaulis Valeton have been proven to be more 
effective when used in combination with TCM history on tumours, thrombotic conditions, estrogen symptoms, and pain [9]. Sar-
gentodoxa cuneata (Oliv.) Rehder & E.H.Wilson has long been used for treating inflammation, rheumatism, and appendicitis, and its 
extract might make tumour treatments more effective and less toxic [10]. A combination of YAFZF and other treatments has shown 
significant effects in clinical trials for treating TNBC patients. A previous study found that Chinese herbs contained in YAFZF inhibit 
cancer cell proliferation and induce caspase-3(CASP3)-mediated apoptosis in metastasis BC cells [11]. YAFZF appears to be a 
promising treatment option for TNBC, but its mechanism of action needs to be further elucidated. 

From a comprehensive, holistic, and predictive perspective, network pharmacology reveals that multiple targets, networks, and 
disease modules drive disease [12]. A large number of experimental data indicate that TCM network pharmacology could explain the 
deep mechanism as to why diseases and syndromes arise and develop, thus exploring the combination law and traditional efficacy 
mechanism of TCM formula, which may lead to more accurate TCM therapeutic interventions [13–15]. 

The main active ingredients of YAFZF were determined using ultra-high-performance liquid chromatography-quadrupole/orbitrap 
high-resolution mass spectrometry (UPLC-Q-Orbitrap-HRMS). Following that, we used TCM network pharmacological techniques and 
molecular docking to predict and visualize potential target genes and signalling pathways that might be involved in the action of 
YAFZF on TNBC. The in vitro and in vivo experiments confirmed the therapeutic effects and mechanisms of YAFZF against TNBC, 

Fig. 1. Flowchart of the study.  
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demonstrating its clinical utility (Fig. 1). 

2. Materials and methods 

2.1. Herbal sample preparation and administration 

Obtaining the herbs from Hubei Chenmei Chinese Traditional Medicine Co., Ltd. (Huanggang, China), we soaked all of these herbs 
(Table 1) proportionally in ultrapure water for 60 min and brought the combination to boil at 40–90 ◦C in an imported vacuum 
environment (Jingxi, South Korea). The mixture was decocted for 1 h, concentrated, and extracted for 200 μL of supernatant using a 
vacuum system. The supernatant was mixed with 1000 μL of 80 % methanol (Thermo Fisher Scientific, China), eddied, and centrifuged 
for 10 min at 4 ◦C. The supernatant was filtered to remove residue and stored at − 80◦Cuntil UPLC-Q-Orbitrap HRMS analysis. 
Moreover, the original herbs of YAFZF were soaked proportionally in 2500 mL of ultrapure water for 60 min. Then, the mixture was 
heated and concentrated to produce 49 mL of herbal solution in a vacuum system. The final concentration of herbal medicine solution 
was 4.4 g/ml and stored at 4 ◦C. 

2.2. Quantitative analysis of major components of YAFZF based on UPLC-Q-Orbitrap-HRMS 

In the liquid chromatography-mass spectrometry (LC/MS) detection of Chinese medicinal solution, an UltiMate 3000 RS Chro-
matography system (Thermo Fisher Scientific, China) was utilized in conjunction with Q Exactive Orbitrap High-Resolution Mass 
Spectrometer (Thermo Fisher Scientific, China). The AQ-C18 column (150 × 2.1 mm, 1.8 μm) (Shanghai Welch, China) was used for 
chromatographic separation with a flow rate of 0.30 mL/min at 35 ◦C. To finish chromatographic gradient elution, 0.1 % formic acid 
(A) (Shanghai Aladdin Biochemical Technology Co., Ltd., China) and methanol (B) were added to the mobile phase (Table 2). For MS 
analysis and identification, we used a full scope of (100.0～1500.0 m/z) and a resolution of 70000/17500 of full mass/dd-MS2 scan 
with positive and negative ion switching patterns. The specific parameters include a source of ions, an electrospray ionization source, 
spay voltage of 3.2 KV (positive), capillary temperature of 300 ◦C, collision gas of high purity argon, sheath gas (N2) flow rate of 40 
Arb, and auxiliary gas (N2) flow rate of 15 Arb at 350 ◦C. The data was collected in 30 min and organized using CD2.1 (Thermo Fisher 
Scientific, China), then searched and compared in the mzCloud database. 

2.3. Network pharmacological research 

2.3.1. Screening of active components of YAFZF and related targets 
Using the herbal names of YAFZF as keywords, we found the active components in TCMSP (https://tcmspw.com/tcmsp.php) [16]. 

In addition to Luffa cylindrica (L.) M. Roem., Rohdea chinensis (Baker) N. Tanaka, Whitmania pigra Whitman, and Taraxacum officinale 
(L.) Weber ex F.H.Wigg., whose active ingredients could not be obtained from TCMSP. The chemical structures of these herbs were 
identified through a literature search, and the final effective active components were confirmed by SwissADME (http://www. 
swissadme.ch) [17] and Lipinski Rules: lipophilic index (LogP≤5); molecular weight (MW) ≤500; number of OH + NH bonds≤5; 
number of Ns and Os ≤ 10. To obtain similar targets, SwissTargetPrediction (http://www.swisstargetprediction.ch) [18] was utilized 
to predict all active components. Predicted target genes were standardized based on the UniProt database (http://www.uniprot.org/) 
[19]. The “herb-component-target” network was visualized, analyzed, and constructed using Cytoscape 3.7.2 software (UC, Gladstone 
Institute, University of Toronto, etc., CA, USA). 

Table 1 
Herbs in YAFZF.  

Chinese name Scientific name Dosage(g) Origin (China) 

Huang Qi Astragalus membranaceus (Fisch.) Bunge. 15 Shanxi 
Fu Ling Poria cocos (Schw.) Wolf fruit 15 Yunnan 
Shen Jin Cao Lycopodium Japonicum Thunb. 12 Hubei 
Si Gua Luo Luffa cylindrica (L.) M.Roem. 15 Zhejiang 
Kun Bu Laminaria japonica 12 Zhejiang 
Zhe Bei Mu Fritillaria Thunbergii Miq. 15 Zhejiang 
Kai Kou Jian Rohdea chinensis (Baker) N.Tanaka 9 Hubei 
San Leng Sparganium stoloniferum (Graebn.) Buch.-Ham. ex Juz. 15 Jiangsu 
E Zhu Curcuma phaeocaulis Valeton 15 Sichuan 
Shui Zhi Whitmania pigra Whitman 6 Shandong 
Yu Jin Curcuma longa L. 15 Zhejiang 
Xia Ku Cao Prunella vulgaris L. 15 Henan 
Bai Hua She She Cao Oldenlandia diffusa (Willd.) Roxb. 15 Jiangxi 
Pu Gong Ying Taraxacum officinale (L.) Weber ex F.H.Wigg. 15 Zhejiang 
Zao Jiao Ci Gleditsia sinensis Lam. 15 Henan 
Hong Teng Sargentodoxa cuneata (Oliv.) Rehder & E.H.Wilson 12 Jiangxi  
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2.3.2. Screening of related targets for TNBC 
To gather related target data, we searched GeneCards (http://www.genecards.org/) [20], PharmGKB (http://www.pharmgkb.org/ 

) [21], Online Mendelian Inheritance in Man (OMIM) (http://www.omim.org/) [22], Therapeutic Target Database (TTD, http://db. 
idrblab.net/ttd/) [15,23], DisGeNET (https://www.disgenet.org/) [24] and DrugBank (http://go.drugbank.com/) 6 online databases. 
Duplicate targets were eliminated to obtain TNBC-related targets. 

2.3.3. Protein-protein interaction (PPI) network establishment 
All predicted targets of YAFZF were intersected with related targets of TNBC, and the intersecting target genes were subsequently 

imported into the STRING database (https://string-db.org/) [25]. The parameters involved in STRING database analysis are as follows: 
(1) Full STRING network as the network type; (2) Evidence as the meaning of network edges; (3) Medium confidence (0.400) as the 
minimum required interaction score; (4) Network display options: hide disconnected nodes in the network. A PPI network diagram was 
built after free targets were eliminated and the targets were restricted to “human species”. The key targets were identified by analyzing 
the PPI network file using the Network Analyzer function of the Cytoscape 3.7.2 software. 

2.3.4. Kyoto encyclopedia of genes and genomes (KEGG) and GO enrichment analyses 
Subsequently, the PPI network targets were uploaded onto the Metascape website(https://metascape.org/) [26] for analysis of GO 

function enrichment and KEGG pathway enrichment. Enrichment results were filtered by P < 0.05 and then sorted based on count 
values. Bioinformatics (http://www.bioinformatics.com.cn/) [27], showed the top 20 GO entries for BP, CC, and MF, and the top 20 
KEGG entries. 

2.4. Molecular docking analysis 

Through LC/MS analysis, mzCloud database best match ranking, and literature search, we identified YAFZF’s key active compo-
nents. Small molecule SDF structures were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov) [28] and converted to PDB 
format files using Open Babel (http://openbabel.org). The RCSB Protein Data Bank provided protein PDB structures (PIK3CA:7JIU; 
AKT1:1UNQ) (http://www.rcsb.org/pdb/) [29]. With AutoDock Tools 1.5.7 software, target proteins and small molecules were 
docked and determined binding ability. The docking results were visualized using PyMOL 2.5.0 software and bioinformatics (http:// 
www.bioinformatics.com.cn/). 

2.5. Cell culture 

Mouse fibroblast NIH/3T3, normal liver cell NCTC 1469, TNBC cell line 4T1 and MDA-MB-231 were purchased from Procell Life 
Science&Technology Co., Ltd. (CL-0007, CL-0150; Wuhan, China). The cells were cultivated in RPMI-1640 medium (HyClone, Logan, 
Utah, USA) with 10 % fetal bovine serum (FBS) (Invitrogen, USA) and 1 % penicillin/streptomycin (Biosharp, China) in 5 % CO2 at 
37 ◦C. The YAFZF employed in the in vitro experiment was diluted with PBS (HyClone, Logan, Utah, USA) to the corresponding 
concentration to stimulate cells for 24 h. 

2.6. Reagents and antibodies 

The following reagents were used: phosphatidylinositol 3-kinase (PI3K) agonist 740 Y-P (HY-P0175, MedChemExpress, NJ, USA); 
Primers (Beijing Tsingke Biotech Co., Ltd. Beijing, China); Phenylmethanesulfonyl fluoride (PMSF) (BL507A, Biosharp Biotechnology, 
Hefei, China); Buffer for RIPA lysis (P0013B), Assay kit for BCA protein analysis (P0012) (Beyotime Biotechnology, Shanghai, China); 
phosphorylase inhibitor, hematoxylin and eosin (Servicebio Technology Co., Ltd. Wuhan, China). Primary antibodies used in the work 
including:β-actin(66009-1-lg), PI3K(20584-1-AP),AKT(10176-2-AP),p-AKT(80455-1-RR), Vimentin (10366-1-AP), E-cadherin 
(20874-1-AP),mTOR(66888-1-lg),p-mTOR(67778-1-lg) (Proteintech, Wuhan, China); p-PI3K (#4228) and SNAIL (#3879) (Cell Sig-
nalling Technology, MA, USA); TWIST (RT1635) (Huaan Biotechnology Co., Ltd. Hangzhou, China). 

Table 2 
Chromatography gradient.  

Time(min) A (%) B(%) 

1 98 2 
5 80 20 
10 50 50 
15 20 80 
20 5 95 
27 5 95 
28 98 2 
30 98 2  

R. Li et al.                                                                                                                                                                                                               

http://www.genecards.org/
http://www.pharmgkb.org/
http://www.omim.org/
http://db.idrblab.net/ttd/
http://db.idrblab.net/ttd/
https://www.disgenet.org/
http://go.drugbank.com/
https://string-db.org/
https://metascape.org/
http://www.bioinformatics.com.cn/
https://pubchem.ncbi.nlm.nih.gov
http://openbabel.org
http://www.rcsb.org/pdb/
http://www.bioinformatics.com.cn/
http://www.bioinformatics.com.cn/


Heliyon 10 (2024) e36579

6

2.7. Cell viability assay 

The 4 × 103 cells were seeded in a 96-well plate and exposed to varying doses of YAFZF for 24 h and 48 h, respectively. Following 
that, 10 μL of the cell counting kit-8 (CCK-8) (MeilunBio, China) was added to each well before incubation for 0.5–4 h. To detect the 
absorbance at 450 nm, a microplate reader (SpectraMax M2, Molecular Devices, China) was utilized. Based on the half maximal 
inhibitory concentration (IC50) values of YAFZF, the cell experiment was divided into six groups: control group, 740 Y-P group (25 μg/ 
ml), YAFZF low-dose group (15 mg/ml), YAFZF medium-dose group (30 mg/ml), YAFZF high-dose group (60 mg/ml), and YAFZF 
medium-dose plus 740 Y-P group (25 μg/ml). 

2.8. Transwell invasion and migration assay 

The cells were incubated in a 6-well plate with an inoculation density of 1.2 × 105 cells/well and stimulated with PI3K agonist 
740Y-P for 24 h. These cells were replated in a 24-well plate with 8 μm size transwell system after being exposed to a 24-h treatment of 
YAFZF. For the invasion assay, a 20 % FBS medium was put into the lower compartment, and a density of 1 × 105 cells with FBS-free 
medium were seeded into the upper chamber following coating with Matrix-Gel (C0372, Beyotime Biotechnology, Shanghai, China). 
For migration assay, these treated cells were planted with serum-free medium (5 × 104 cells) in the upper chamber and the following 
procedures were similar to the invasion assay. After incubation for 48 h, the cells on the underside were fixed with 4 % para-
formaldehyde and then stained with 0.1 % crystal violet for 20 min, respectively. The stained cells were photographed and counted 
under a light microscope (Olympus, Tokyo, Japan; magnification: 100×). The number of invaded or migrated cells was quantified by 
using Image J software to count the number of cells from 15 random fields. 

2.9. Animal, xenograft model establishment and drug administration 

Upon approval of Wuhan University’s Zhongnan Hospital Experimental Animal Welfare Ethics Committee, all animal experiments 
were conducted (Approval No. ZN2022059). This study used six-week-old female Balb/c mice obtained from SiPeiFu (Beijing) 
Biotechnology Co., Ltd., and housed in a setting with a stable temperature (22–25 ◦C), humidity (50 %), and 12-h light/dark cycle. The 
TNBC xenograft model was developed by injecting 2 × 105 4T1 cells suspended in an FBS-free medium into the left fourth mammary 
pad of each mouse. When tumour volume reached 50 mm3(volume = length × width2 × 0.52), mice were randomly divided into four 
groups to determine YAFZF’s therapeutic effects. According to the equivalent dose ratio of body surface area, we determined the 
animal dosage (g/kg) on the basis of human dosage multiplying the conversion factor (12.3). For the treatment groups, 11.07 g/kg, 
22.14 g/kg, and 44.28 g/kg of 200 μL YAFZF herbal solutions were administered intragastrically. Meanwhile, a 0.9 % sterile saline 
solution was gavaged once a day for 14 days to the mice in the model group. During treatment, all mice were weighed and measured 
every two days. On day 23, the whole lung, liver, and tumour of each mouse were collected, and their tumours were weighed 
simultaneously after sacrifice. 

2.10. Quantitative real-time PCR (qRT-PCR) 

The Trizol reagent (Vazyme, Nanjing, China) was utilized to extract total RNA from tumour tissues, and Synthesis Supermix 
(Yeasen Biotechnology Co., Ltd., Shanghai, China) was used to synthesize cDNA. For further amplification and detection, we mixed 
SYBR Green I, cDNA, and gene-specific primers with the FastSYBR Mixture PCR Kit (CWBIO, China) instructions and put them into 
Fluorescent Quantitative CFX96 Real-Time PCR System (Bio-Rad Laboratories, CA, USA). Taking β-actin as the control gene, miRNA 
expressions of target genes were measured based on the 2− ΔΔCT method. Table 3 shows the primers used for the target genes. 

2.11. Hematoxylin-eosin (HE) analysis 

The lung and liver tissues of mice were fixed in 4 % paraformaldehyde for 48 h. The tissues were embedded in paraffin and then 
sectioned at a thickness of 5 μm. After deparaffinizing, these slices were washed with water. Hematoxylin and eosin dye liquor were 
applied to lung and liver sections for 5 min, followed by dehydration and sealing. Observations and acquisitions of lung and liver 
images were conducted using a microscope (Olympus, Tokyo, Japan) and OLYMPUS cellSens Entry 3.1 software. The metastasis ratios 

Table 3 
The primer sequences of target genes.  

Gene Sequences (5′-3′) 

Vimentin Forward: GACCTCTACGAGGAGGAGAT 
Reverse: TTGTCAACATCCTGTCTGAA 

SNAIL Forward: CACACGCTGCCTTGTGTCT 
Reverse: GGTCAGCAAAAGCACGGTT 

TWIST Forward: CAGCTACGCCTTCTCGGTCT 
Reverse: CTGTCCATTTTCTCCTTCTCTG 

β-actin Forward:GCCACCCAGAAGACTGTGGAT 
Reverse: TGGTCCAGGGTTTCTTACTCC  
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in histological sections were calculated using Image J software (National Institutes of Health, MD, USA). 

2.12. Western blot (WB) 

Using RIPA, PMSF, and phosphorylase inhibitors at a ratio of 100:1:1, tumour tissues were lysed, and their concentrations were 
measured and then boiled with a loading buffer for 10 min. Afterward, these samples were concentrated, separated, shifted to PVDF 
membranes (Millipore, USA), and blocked for 60 min with 5 % Albumin Bovine (4240GR100, Biofroxx, Germany). Afterward, primary 
antibodies were incubated at 4◦C overnight. On the second day, TBST buffer was used to wash the membranes thrice at 10-min in-
tervals. The membranes were incubated with secondary antibodies for 60 min at room temperature. Immune bands were observed 
using an enhanced chemiluminescent detection kit (Bio-Rad Laboratories, CA, USA). 

2.13. Immunohistochemistry (IHC) staining 

Paraformaldehyde-fixed tissues were deparaffinized in xylene and washed with distilled water. Following antigen retrieval and 
blocking, tumour sections were incubated with primary antibodies against Ki67 (1:500), Vimentin (1:500), E-cadherin (1:400), and 
SNAIL (1:300), and secondary antibodies conjugated to HRP at room temperature for 120 min and 60 min, respectively. After three 5- 
min intervals of PBST rinsing, the tumor sections were stained with hematoxylin dye liquid and diaminobenzidine (DAB) from Maxin 
Biotech, LTD. in Fuzhou, China. These stained images were taken using a bright field of microscope using OLYMPUS cellSens Entry 3.1 
software (Olympus, Tokyo, Japan). The average optical density (AOD) values for Vimentin, E-cadherin, and SNAIL were calculated 
using Image J. 

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

Deparaffinization of tissue sections was performed using xylene and absolute ethyl alcohol. After boiling in citric acid antigen 
repair buffer (pH 6.0), the sections were washed three times in PBS (pH 7.4). A mixture of TdT and dUTP at a 1:10 ratio was applied 
overnight at 4 ◦C according to the TUNEL staining assay kit (11684817910, Roche, Basel, Switzerland). After three PBS washes, the 
sections were stained for 10 min at room temperature in the dark using DAPI solution (C1002, Beyotime, Shanghai, China). The 
sections were sealed with Fluoromount-G (0100-01, SouthernBiotech, Birmingham, USA), and imaged with a fluorescent microscope 
(Nikon, Tokyo, Japan) and Pannoramic Scanner 2.1.2 software. 

Fig. 2. Total ion chromatogram and major active components analysis of YAFZF by UPLC-Q-Orbitrap-HRMS. Black showed the total ion chro-
matogram of the negative mode; red showed the total ion chromatogram of the positive mode. 
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Fig. 3. The relative molecular weights and MS structural analyses of oleanolic acid (A), formononetin(B), apigenin(C), quercetin(D), hypoxanthine 
(E), and luteolin(F). 
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2.15. Statistical analysis 

After three independent experiments, data are presented as a mean ± SD. Prism 8.0.2 software (GraphPad, CA, USA) was utilized 
for statistical analysis to compare different groups based on student’s t-tests and one-way ANOVA. Statistical significance was pre-
sented by a P value < 0.05. 

3. Results 

3.1. UPLC-Q-Orbitrap-HRMS analysis of YAFZF 

In the mzCloud database, the YAFZF sample solution matched 628 components, and the best match scores for 372 components 
exceeded 60. Compound structures with more than 80 mzCloud best match scores were analyzed using LC/MS [30]. It was only 
oleanolic acid, formononetin, apigenin, quercetin, hypoxanthine, and luteolin that ranked in the top mzCloud best match score, with 
high content in Chinese herbal medicine and were proven therapeutic effectiveness based on searching documents [31–35]. Therefore, 
the six small molecular components were crucial to the therapeutic efficacy of YAFZF (Table S1). Due to its good peak shape, 0.1 % 
formic acid was chosen to mix with water to analyze these small molecular components. Mobile phase and full mass/dd-MS2 scans 
helped collect ion peaks and improve ionization efficiency. Formononetin, apigenin, and hypoxanthine peaks were collected using 
positive ion mode, while the remaining three components were collected using negative ion mode. After the total 30 min running time 
of chromatography analysis, retention times of 18 common Chinese medicine components were shown in Fig. 2 and their mass 
spectrometry parameters were shown in Table S2. In terms of MS structural analysis, relative molecular weights and MS1 structures of 
oleanolic acid (Fig. 3A), formononetin (Fig. 3B), apigenin (Fig. 3C), quercetin (Fig. 3D), hypoxanthine (Fig. 3E), and luteolin (Fig. 3F) 
were analyzed separately. 

3.2. Active ingredients and target-disease network construction in YAFZF 

Firstly, we input every herbal name in the Traditional Chinese Medicine Systems Pharmacology (TCMSP) database and screen their 
main components based on OB ≥ 30 % and DL ≥ 0.18. Subsequently, we incorporated all components and deleted the duplicated parts 
to obtain a total of 73 ingredients and 185 targets for YAFZF. The literature search also revealed 4 active ingredients and 79 targets for 
Luffa cylindrica (L.) M. Roem.; 10 active ingredients and 610 targets for Rohdea chinensis (Baker) N. Tanaka; 17 active ingredients and 
960 targets for Taraxacum officinale (L.) Weber ex F.H.Wigg.; 11 active ingredients and 253 targets for Whitmania pigra Whitman. In 
total, 109 active ingredients and 920 targets were obtained after combining and removing duplicate values for 16 herbs in YAFZF 
(Fig. 4A). 

A total of 688 gene targets related to TNBC were identified in disease databases. A “drug-target-disease” network (Fig. 4B), con-
sisting of 248 nodes and 1621 edges, was built using Cytoscape 3.7.2 software to clarify the therapeutic effects of YAFZF on TNBC. 

Fig. 4. (A) In the “herb-component-target” network, the purple circle represents 16 herbs, the rose red diamond represents drug active components, 
the blue arrow represents intersecting components, and the green rectangle represents related targets. (B) The “drug-target-disease” network in-
cludes 16 herbs, 94 active ingredients and 154 target genes. The rose red circle represents the main components of 12 herbs searched in the TCMSP, 
and the purple circle represents 23 active components of 4 herbs with a literature search. The blue triangle represents the disease-related 
target genes. 
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3.3. PPI network construction and key targets 

To demonstrate the intersection of targets between TNBC and YAFZF, a Venn diagram of 154 intersecting targets was constructed 
(Fig. 5A). To identify the crucial protein of YAFZF treating TNBC, 154 intersecting targets were imported into the STRING network 
platform. After removing the free targets, the PPI network had 153 nodes and 2327 edges, with an average node degree of 30.4 and an 
average local clustering coefficient of 0.616, P < 1.0e-16(Fig. 5B). Due to the close connection between intersecting targets, a network 
was formed (Table 4). A topology analysis was performed on the PPI network using Cytoscape 3.7.2 software. The top 20 targets were 
filtered based on their high degree values, including tumour protein p53 (TP53), protein kinase B (AKT)1, estrogen receptor 1(ESR1), 
epidermal growth factor receptor (EGFR), proto-oncogene tyrosine-protein kinase Src (SRC), HRas proto-oncogene GTPase (HRAS), 
vascular endothelial growth factor A (VEGFA), cyclin D1 (CCND1), Jun proto-oncogene (JUN), receptor tyrosine-protein kinase erbB-2 
(ERBB2), signal transducer and activator of transcription 3 (STAT3), heat shock protein HSP 90-alpha (HSP90AA1), interleukin-6 
(IL6), CASP3, hypoxia-inducible factor 1 (HIF1)A, tumour necrosis factor (TNF), serine-threonine protein kinase (MTOR), phospha-
tidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform (PIK3CA), sirtuin 1 (SIRT1) and androgen receptor (AR), which 
were closely associated with TNBC(Fig. 5C). 

3.4. Functional enrichment detection 

To detect functional enrichment in TNBC, biological processes underlying the therapeutic effects of YAFZF were investigated. The 
GO analysis includes three components, biological process (BP), cellular component (CC), and molecular function (MF), which 
describe the functions of gene products together. A total of 153 intersecting targets were associated with 1728 BPs, 79 CCs, and 169 
MFs. As shown in Fig. 5D, we selected the top 20 representative enrichment clusters based on P < 0.01, gene number ≥3 and 
enrichment factor >1.5. In GO analysis, BP was mainly enriched in positive regulation of cell migration, protein phosphorylation, 

Fig. 5. Network pharmacology analysis results of YAFZF. (A) The Venn diagram shows the intersecting targets of YAFZF and TNBC. (B) The protein- 
protein intersection network of YAFZF and TNBC consists of 153 nodes and 2327 edges. (C) The top 20 core target genes of YAFZF in the treatment 
of TNBC. The node size depends on the degree values of potential targets. (D–E) GO (BP, CC, and MF) and KEGG functional enrichment detection. (F) 
The targets of YAFZF enriched in the PI3K/Akt pathway against TNBC. 

R. Li et al.                                                                                                                                                                                                               



Heliyon 10 (2024) e36579

11

reaction to xenobiotic stimulus, gland development, response to hormones, etc. CC in GO analysis was primarily composed of mem-
brane raft, receptor complex, transcription regulator complex, mitochondrial membrane, transferase complex, transferring 
phosphorus-containing groups, etc. Furthermore, MF in GO analysis was mainly enriched in protein kinase activity, kinase binding, 
protein homodimerization activity, protein domain-specific binding, protein tyrosine kinase activity, heme binding, etc. 

The KEGG analysis was conducted to explore the representative pathways of YAFZF treating TNBC. A total of 179 pathways were 
acquired from KEGG enrichment, and 20 representative KEGG pathways were screened according to P < 0.01, gene number ≥3 and 
enrichment factor >1.5. The 20 key KEGG pathways were made up of 5 signalling pathways related to TNBC onset and progression: 
pathways in cancer, PI3K-Akt signalling pathway, HIF-1 signalling pathway, mitogen-activated protein kinases (MAPK) signalling 
pathway and forkhead box O (FoxO) signalling pathway; 11 disease pathways unrelated to TNBC, such as microRNA in cancer, 
proteoglycan in cancer, central carbon metabolism in cancer, endocrine resistance, chemical carcinogenesis-receptor activation, EGFR 
tyrosine kinase inhibitor resistance, lipid and atherosclerosis, Kaposi’s sarcoma-associated herpesvirus infection, hepatitis B, advanced 

Table 4 
Top 20 hub genes information.  

Gene Symbol Degree Betweenness Centrality Closeness Centrality 

TP53 99 0.048 0.734 
AKT1 98 0.063 0.731 
ESR1 93 0.057 0.707 
EGFR 90 0.037 0.697 
SRC 87 0.033 0.694 
HRAS 86 0.029 0.682 
VEGFA 86 0.026 0.691 
CCND1 81 0.020 0.676 
JUN 79 0.018 0.670 
ERBB2 78 0.022 0.661 
STAT3 77 0.040 0.664 
HSP90AA1 77 0.019 0.661 
IL6 77 0.023 0.664 
CASP3 75 0.014 0.658 
HIF1A 74 0.017 0.650 
TNF 73 0.018 0.652 
MTOR 72 0.026 0.641 
PIK3CA 66 0.009 0.610 
SIRT1 61 0.009 0.606 
AR 59 0.010 0.608  

Fig. 6. The docking results of PIK3CA and AKT1 with oleanolic acid (A, G), formononetin (B, H), apigenin (C, I), quercetin (D, J), hypoxanthine (E, 
K) and luteolin (F, L), respectively. 
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glycation end products(AGE)-receptor for AGE signalling pathway in diabetic complications, cellular senescence; 4 other carcinomas, 
namely prostate cancer, non-small cell lung cancer, bladder cancer and melanoma (Fig. 5E). In total, 153 intersecting target genes were 
enriched in PI3K-Akt, HIF-1, MAPK and FoxO pathways, suggesting that YAFZF may exert therapeutic effects on TNBC by acting on 
multiple targets within multiple signalling pathways. According to enrichment analyses, the PI3K-Akt pathway had a higher biological 
significance based on the P value. A “target-pathway” network involving enriched target genes and the PI3K-Akt pathway was con-
structed to assess YAFZF’s effectiveness against TNBC (Fig. 5F). 

3.5. Molecular docking 

Binding energies < -5.00 kcal/mol and <− 7.00 kcal/mol indicate good binding and satisfactory binding effects, respectively. The 
six core active molecules were oleanolic acid, formononetin, apigenin, quercetin, hypoxanthine and luteolin. As shown in Fig. 6, the six 
core active molecules were docked and evaluated with PIK3CA and AKT1, respectively. In terms of the docking results, the six core 
active components formed hydrogen bonds with PIK3CA and AKT1, with a strong binding energy, as shown in Table 5. 

3.6. Effects of YAFZF on TNBC cells viability, invasion and migration in vitro 

To detect the effect of YAFZF on 4T1 and MDA-MB-231 cells, the cell viability and inhibition rate of 4T1 and MDA-MB-231 cells 
treated with different concentrations of YAFZF treatment were evaluated by CCK-8 (Fig. 7A–D). The results indicated that YAFZF 
exposure markedly suppressed TNBC cell line 4T1 and MDA-MB-231 viability. The IC50 values of 4T1 cells at 24 h and 48 h were 31.07 
and 24.13 mg/ml, while those of MDA-MB-231 cells were 31.25 and 21 mg/ml, respectively. The inhibiting rates of 4T1 cells and 
MDA-MB-231 cells significantly increased at concentrations of 30 mg/ml of YAFZF. In vitro cytotoxicity of YAFZF was also evaluated 
against mouse fibroblasts (NIH/3T3) and normal liver cell line (NCTC 1469) in the different concentrations of 15–75 mg/ml. The IC50 
values of YAFZF against NIH/3T3 and NCTC 1469 cell lines were found to be 64.36 and 62.58 mg/ml, respectively (Fig. 7E and F). 
Thus, even at high dose (60 mg/ml), YAFZF demonstrated little harmful effects on negative-normal cell lines. 

As shown in Fig. 8A-F, pre-treatment with PI3K agonist slightly enhanced the invasion and migration abilities of 4T1 and MDA-MB- 
231 cells. YAFZF treatment further reduced the number of invaded and migrated cells. Collectively, these results indicated that YAFZF 
induced cell death, and reversed the effects of PI3K agonist 740 Y-P on the invasion and migration abilities of 4T1 and MDA-MB-231 
cells, which may be associated with the downregulation of the PI3K-related pathway. 

3.7. YAFZF treatment suppressed the proliferation of TNBC cells and induced their apoptosis in Balb/c mice 

The treatment of breast xenograft tumour models with YAFZF was conducted in animal experiments on Balb/c mice over 14 days 
(Fig. 9A). Different doses of treatment group mice gained varying amounts of body weight compared to the model group mice (Fig. 9B). 
YAFZF administration suppressed xenograft tumour growth, both in terms of weight and volume. YAFZF-44.28 g/kg group reduced 
tumour weights and volumes significantly compared with untreated groups, while YAFZF-22.14 g/kg group only reduced xenograft 
tumour weights (Fig. 9C–E). IHC can determine ki67 expression in BC samples, which is now considered to be a popular biomarker for 
the detection of cancer proliferation [36]. The IHC results of this work suggested that Ki67-positive cells were markedly reduced in 
tumour tissue of the YAFZF-44.28 g/kg treatment group (Fig. 9F and G). 

Furthermore, the TUNEL assay enables the determination of genomic DNA breakage caused by anti-cancer agents at early and late 
stages of apoptosis, establishing them as measures of apoptotic cell death [37]. The YAFZF-22.14 g/kg and 44.28 g/kg groups showed 
an increase in apoptosis cells when compared with the model group, especially the YAFZF-44.28 g/kg group (Fig. 9H and I). The 
anti-cancer effect of YAFZF in TNBC mice was confirmed by its ability to suppress proliferation and induce apoptosis of TNBC cells. 

3.8. Effects of YAFZF on TNBC metastasis through the PI3K/Akt/mTOR pathway regulating epithelial-mesenchymal transition (EMT) 

EMT is linked with loss of adhesion and polarity between cells, which leads to tumour invasion, metastasis, and progression. The 
process of EMT is triggered by EMT-transcription factors (EMT-TFs) such as SNAIL and TWIST, which cause the conversion of epithelial 
cells into mesenchymal cells with reduced expression of E-cadherin and growing expression of Vimentin [38]. A large number of 
studies have elucidated that PI3K/Akt/mTOR is a classic signalling pathway that promotes tumour migration and metastasis by 
regulating EMT [39,40]. 

Table 5 
Binding energies of molecular docking.  

Components PIK3CA AKT1 

Oleanolic acid − 8.86 − 7.13 
Formononetin − 7.67 − 6.63 
Apigenin − 6.95 − 6.37 
Quercetin − 6.17 − 5.21 
Hypoxanthine − 5.09 − 5.26 
Luteolin − 7.34 − 6.02  
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Our study found that the PI3K/Akt/mTOR pathway inhibition was observed after YAFZF administration at different doses 
(Fig. 10A–D). To examine the effects of YAFZF on TNBC metastasis, qRT-PCR and WB methods were used to examine mRNA levels and 
protein expressions of EMT-TFs and related markers. YAFZF-22.14 g/kg and YAFZF-44.28 g/kg significantly suppressed mRNA levels 
and expressions of EMT-TFs and Vimentin, whereas E-cadherin protein expression only increased in the YAFZF-44.28 g/kg group 
(Fig. 10E–J). After YAFZF therapy, SNAIL expression was decreased, while only the YAFZF-44.28 g/kg group had down-regulation and 
up-regulation of Vimentin and E-cadherin in the IHC staining (Fig. 11A–D). 

The lung and liver tissues of TNBC tumour models were observed for pathological changes to further investigate the therapeutic 

Fig. 7. (A–B) IC50 values of 4T1 and MDA-MB-231 cells after YAFZF administration for 24 h and 48 h. (C–D) Cell inhibition rates of 4T1 and MDA- 
MB-231 cells under different concentrations of YAFZF treatment (24 h). (E–F) Cytotoxic activity of YAFZF treatment (24 h) against mouse fibroblasts 
(NIH/3T3) and normal liver cell (NCTC 1469). Data were expressed as mean ± SD, *P < 0.05, ***P < 0.001 vs. control group. 
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effects of YAFZF on TNBC metastasis. HE stained lung sections of mice bearing breast xenograft tumours showed several tumour 
metastatic areas and severe destruction of their lungs. In contrast, after YAFZF intervention, tumour metastatic areas significantly 
diminished, and these pulmonary tissues recovered to normal morphology. A significant decrease in the ratio of TNBC lung metastasis 
was also observed after administering YAFZF-44.28 g/kg over the model and YAFZF-11.07 g/kg groups (Fig. 11E and F). Liver-stained 
tissues of mice with 4T1 xenograft tumours showed fragmented hepatic lobes and dense tumour metastatic lesions. YAFZF intervention 
significantly reduced the ratio of these metastatic areas, especially in the YAFZF-44.28 g/kg group (Fig. 11G and H). Thus, YAFZF may 
inhibit TNBC metastasis by the PI3K/Akt/mTOR pathway regulating EMT. 

4. Discussion 

Several factors are involved in the progression of TNBC biology, including low socioeconomic status, limited access to healthcare, 
complex genetic architecture, imbalanced body’s internal environment, and negative lifestyle [23,41]. Natural medicine and TCM 
have been used postoperatively and adjuvantly for carcinomas owing to their low toxicity, anti-cancer properties, and unique phar-
macological properties. In light of the compatibility of KYP and several clinical experiences with TNBC treatment, YAFZF has been 
built and verified to improve spleen function, strengthen Qi, resolve phlegm and remove blood stasis, remove heat and detoxify, and 
maintain the body’s internal environment in a homeostasis state. The apparent efficacy of YAFZF in TNBC patients with regard to 
alleviating their pain, prolonging their survival period, and improving their quality of life was verified in clinical practice. However, 
the deep mechanism by which YAFZF fights TNBC remains unclear. In the present study, TNBC was successfully treated using YAFZF, 
which effectively inhibited cell proliferation, induced apoptosis, caused cell death and reduced the invasion, migration and metastasis 
potential of tumour cells. In particular, it appears that the anti-invasion, anti-migration and anti-metastasis potential of YAFZF is 
influenced by the PI3K/Akt/mTOR pathway modulating EMT (Fig. 12). 

To explore the bioactive components of YAFZF, UPLC-Q-Orbitrap-HRMS analysis was conducted. The following components of 
YAFZF were found to have bioactive properties in treating TNBC: oleanolic acid, formononetin, apigenin, quercetin, hypoxanthine, 
and luteolin. Oleanolic acid is a pentacyclic triterpenoid originating from plants, which is low toxic and has anti-cancer properties, 
making chemotherapy and radiation therapy more effective [42]. A study demonstrated that oleanolic acid suppresses BC cell growth 
and induces apoptosis to treat BC [43]. Formononetin, an isoflavone, has shown therapeutic potential in various diseases, including 
neurodegenerative diseases, metabolic syndrome, and cancer. The effects of formononetin on tumour cell cycle, proliferation, and even 
apoptosis may make it a promising anti-cancer agent [44]. Due to its low toxicity, apigenin, a flavonoid enhances the immune system 
and has antioxidant, antiviral, and anti-cancer properties. The presence of apigenin sensitizes TNBC spheroids to doxorubicin-induced 

Fig. 8. (A–C) The invasion and migration images and quantitative analysis of 4T1 cells upon 740Y-P (25 μg/ml), YAFZF exposure (30 mg/ml). (D–F) 
The invasion and migration images and quantitative analysis of MDA-MB-231 cell upon 740Y-P (25 μg/ml), YAFZF exposure (30 mg/ml). The scale 
bar was 100 μm. Data were expressed as mean ± SD, *P < 0.05, **P < 0.01 vs. control group, ns means no statistical significance. 
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apoptosis through heterogeneous ribonuclear protein A2/B1 (HnRNPA2), emphasizing its importance in chemotherapy [45]. Flavo-
noids such as quercetin are beneficial to cancer cells, which may lower BC risk. Quercetin provides anti-cancer properties for BC 
treatment, including antioxidant, anti-inflammation, apoptosis, growth inhibition, and angiogenesis inhibition [46]. In experimental 
studies, the antioxidant properties of flavonoids, like luteolin, appear to benefit cancer cells [47]. In a previous study, luteolin reduced 
matrix metalloproteinase (MMP) 9 levels through the AKT/mTOR pathway, inhibiting the proliferation and metastasis of androgen 
receptor-positive TNBC [48]. Overall, these YAFZF active components exert their unique anti-cancer properties through various 
mechanisms, making them promising candidates for treating TNBC. 

The action mechanism of YAFZF treating TNBC is further demonstrated through network pharmacological analysis and molecular 
docking. Based on the “component-target-pathway” regulatory interaction network construction of network pharmacology [49], we 
screened 153 YAFZF potential targets affecting TNBC, and of those, TP53, AKT1, ESR1, EGFR, SRC and VEGFA may play a crucial role. 
TP53 gene mutations are frequent in cancer, including BC, and contribute to its pathogenesis [50]. Due to its excessive activation of 
stimulated signals and its role in cell-cycle arrest, DNA repair, etc., TP53 is considered an important symbol in cancer biology [51]. 
Activated AKT protein kinases are secreted into the nucleus and catalyze several substrates that regulate various cell functions, 
including metabolism, survival, angiogenesis, migration, invasion, and more [52]. Mutations in AKT1 are strongly related to BC onset 
for its important role in cell proliferation and metastasis. The ESR1 mutations exhibit a distinctive transcriptional profile, easily 

Fig. 9. YAFZF suppressed proliferation and induced apoptosis of cancer cells in xenograft tumour models. (A) Flow diagram of the animal 
experiment. (B) The weight changes in TNBC mice treated with YAFZF (11.07, 22.14 and 44.28 g/kg). (C–E) Tumour volume and weight changes 
after YAFZF interventions of 11.07, 22.14 and 44.28 g/kg (F–G) Representative IHC images of tumour proliferation and quantification of Ki67 
expression (magnification: ×400; scale bar:20 μm). (H-I) Representative images of TUNEL staining and apoptosis-positive cells were calculated 
(magnification: ×400; scale bar: 20 μm). Data were expressed as mean ± SD, *P < 0.05, ***P < 0.001, ****P < 0.0001vs. model group. 

Fig. 10. (A–D) Related protein expressions were detected by WB in the PI3K/Akt/mTOR pathway. (E–J) mRNA levels and protein expressions of 
EMT-TFs and related markers were detected in xenograft tumour tissues. Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001vs. model group. All of the original, non-adjusted blot images for A and F were provided in supplementary material. 
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enriched during tumour metastasis. This mutation resulted in constitutive transcriptional activity and decreased endocrine therapy 
sensitivity, leading to therapeutic resistance and BC recurrence [53]. As a member of the HER family, EGFR promotes cancer metastasis 
and worse prognoses. Due to its altered effect on cell growth and motility, EGFR is an ideal target for treating TNBC due to its high 
expression in the disease [54]. The SRC regulates several cell activities that influence tumourigenesis, progression, and prognosis in 
BC. The activity of SRC-induced phosphorylation is associated with cell adhesion and even metastasis of BC, which makes SRC in-
hibitors excellent candidates for treating this disorder [55]. The up-regulation of VEGFA in hypoxic environments triggers tumour 
angiogenesis due to cell proliferation and migration, vascular permeability, and endothelium inflammation [56]. These targeted genes 
were closely associated with tumour proliferation, migration and metastasis. These tumour-related genes might be targeted by YAFZF 
to exert therapeutic effects, further influencing TNBC. 

Based on GO and KEGG functional analyses, YAFZF inhibiting TNBC primarily affected cell migration, protein phosphorylation, 
protein kinase activity, protein homodimerization activity, protein tyrosine kinase activity and heme binding, as well as several 
signalling pathways: PI3K-Akt, HIF-1, MAPK and FoxO pathway. PI3K-Akt is the pathway enriched with the most targeted genes, 
making it the main pathway of YAFZF that affects TNBC. The PI3K family of three lipid kinases regulates various biological functions in 
cells. In response to stimulation of PIK3CA, phosphatidylinositol (4,5)-bisphosphate (PIP2) and phosphatidylinositol (3,4,5)- 
triphosphate (PIP3) are produced, which activate AKT and the mTOR complex. EMT and tumour cell metastasis are mediated by the 
mTOR kinase, one of the downstream proteins of Akt. EMT is accelerated in BC when PIK3CA is activated, increasing the ability of 
tumour cells to metastasize [57]. TNBC invasion and metastasis can be inhibited by several active components found in plants and their 
extracts that regulate the EMT process and the PI3K/Akt/mTOR pathway [58,59]. Our study identified six YAFZF active components 
that bind strongly to proteins in the PI3K/Akt pathway. YAFZF significantly induced cell death and exerted inhibitory effects on the 
invasion and migration capacities of 4T1 cells, potentially through the modulation of the PI3K/Akt/mTOR signalling pathway. 
Additionally, YAFZF treatment decreased the expressions of the PI3K/Akt/mTOR pathway and the levels of Vimentin, SNAIL, and 
TWIST while enhancing E-cadherin expression. Furthermore, YAFZF reduced lung and liver metastases in TNBC mice models. 
Therefore, it is possible that YAFZF could exert a significant inhibitory effect on tumour cell invasion and migration, and xenograft 
tumour metastasis by modulating the PI3K/Akt/mTOR pathway to treat TNBC. This mechanism of action may be associated with the 
regulation of the EMT program. 

The processes of proliferation and apoptosis are crucial to tumourigenesis and tumour development. Resveratrol, a natural sub-
stance, inhibited the proliferation of BC cells by slowing tumour growth and triggering apoptosis in 4T1 cells in a dose- and time- 
related manner [60]. In our study, the decrease in weights and volumes of xenograft tumours after YAFZF treatment and the reduc-
tion of Ki67 expression in mice expressing TNBC further supported the idea that YAFZF inhibited TNBC cell proliferation. A growing 
number of apoptosis cells were observed in xenograft tumour tissues treated with YAFZF, which indicates that YAFZF could induce 

Fig. 11. (A–D) Representative images and expression levels of Vimentin, E-cadherin and SNAIL were detected in tumour tissue sections by IHC 
staining; the scale bar was 4 μm.(E–F) Representative images and semi-quantitative analysis of lung metastatic areas in HE staining of TNBC mice 
models. Scale bars were 50 and 10 μm, respectively. (G–H) Representative images and semi-quantitative analysis of liver metastatic areas in HE 
staining of TNBC mice models. Scale bars were 50 and 10 μm, respectively. Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ****P <
0.0001vs. model group; #P < 0.05, ###P < 0.001 vs. YAFZF-11.07 g/kg group. 

Fig. 12. Anti-cancer mechanism of YAFZF on TNBC through pathway suppression and alteration in tumour cell numbers.  

R. Li et al.                                                                                                                                                                                                               



Heliyon 10 (2024) e36579

19

tumour cell apoptosis in TNBC. TNBC mice treated with YAFZF gained weight, suggesting that YAFZF could improve patients’ clinical 
outcomes. Therefore, YAFZF exerts its anti-cancer effects on TNBC by suppressing proliferation and inducing apoptosis of tumour cells. 

We have limited information about YAFZF’s metabolite and side effects when treating TNBC. In addition to its complex active 
ingredients, YAFZF also targets multiple genes and signalling pathways against TNBC. Further studies are needed to investigate 
YAFZF’s pharmacokinetics and specific targets on TNBC cells. 

5. Conclusion 

UPLC-Q-Orbitrap-HRMS analysis, network pharmacology, molecular docking, in vitro and in vivo experiments revealed how YAFZF 
acted against TNBC in this study. It has been demonstrated that YAFZF exhibited a significant inhibitory effect on tumour cell invasion 
and migration as well as xenograft tumour metastasis, which may be mediated by the PI3K/Akt/mTOR pathway and associated with 
EMT regulation. Furthermore, YAFZF exerted anti-cancer activity against TNBC by inducing apoptosis, leading to cell death and 
suppressing the proliferation of cancer cells. The findings in our study enhance the understanding of the pharmacological mechanism 
of YAFZF, offering new perspectives for TNBC treatment with TCM. 
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