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A B S T R A C T   

Objective: To explore the mechanism of ursolic acid (UA) against acute B lymphoblastic leukaemia 
(B-ALL) based on network pharmacological analysis, molecular docking and experimental 
verification. 
Methods: The core targets, functional processes, and biological pathways of UA in B-ALL were 
predicted by network pharmacology and molecular docking. The efficacy and mechanism of UA 
against B-ALL were verified through in vitro experiments such as cell viability assays, CCK-8 
assays, LDH assays, AO/EB staining, flow cytometry, and Western blot assays. 
Results: Network pharmacology analysis of the core targets indicated that the effects of UA on B- 
ALL were related to programmed cell death (apoptosis and pyroptosis). Molecular docking results 
showed that FOS, CASP8, MAPK8, IL-1β and JUN were the key targets of UA against B-ALL. The 
MTS assay showed that UA decreased the viability of Reh cells in a concentration- and time- 
dependent manner. Cellular and Western blot experiments found that UA induced Reh cell 
apoptosis and pyroptosis by upregulating the JNK signalling pathway. 
Conclusions: Our findings demonstrated that UA could induce Reh cell apoptosis and pyroptosis by 
activating the JNK signalling pathway to exert anti-B-ALL effects. This indicates that UA may 
become a potential drug for the effective treatment of B-ALL.   

1. Introduction 

Acute B lymphoblastic leukaemia (B-ALL) is recognized as the disease with the highest morbidity rate in acute lymphoblastic 
leukaemia and is caused by genetic variation and polymorphism of B-lineage lymphoid precursor cells and abnormal proliferation of 
leukaemia cells in the bone marrow [1,2]. At present, the clinical treatment of B-ALL is mainly based on chemotherapy; approximately 
80 % of children and 30 % of adults have long-term survival as well as a chance of cure [3,4]. However, inducing a single form of 
programmed cell death (PCD), such as apoptosis, is prone to develop chemoresistance and results in leukaemia relapse [5]. At the same 
time, chemotherapy causes certain damage to normal cells. Therefore, finding natural compounds with low toxicity that can induce 
multiple types of PCD has become a new perspective to overcome leukaemia relapse, which is expected to solve the chemoresistance of 
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B-ALL treatment. In clinical treatment, traditional Chinese medicine is expected to be an alternative therapy or an adjunctive therapy 
for chemotherapy, due to its low toxicity and significant efficacy [6–8]. 

Ursolic acid (UA), a pentacyclic triterpenoid (Fig. 1), which is a major active component of the antitumour Chinese herbs Cornus 
officinalis and Ligustrum lucidum [9]. It has been reported that UA has strong inhibitory effects on a variety of tumours, including colon 
cancer, gastric cancer, liver cancer, breast cancer, and leukaemia [10,11]. UA exerts antitumour effects by inhibiting the cell cycle and 
proliferation, inducing differentiation and PCD, reversing drug resistance, and inhibiting invasion [12,13]. Therefore, UA is considered 
as one of the classic drugs for the treatment of tumours [14]. Previous studies have demonstrated that UA was able to inhibit the 
proliferation of the B-ALL cell line Reh [15]. However, the mechanism of action of UA against B-ALL is still unclear. 

Thus, this study aimed to use network pharmacology and molecular docking to analyse the targets, biological functions, and 
signalling pathways of UA in B-ALL. Meanwhile, in vitro experiments with Reh cells exposed to UA were performed to further explore 
the mechanism of UA against B-ALL. 

2. Materials and methods 

2.1. Network pharmacology 

The potential targets of UA were collected from the TCMSP database (http://tcmspnw.com/) and DrugBank database (https:// 
www.drugbank.ca/). Additionally, the disease target information related to B-ALL was searched from web databases, including 
Genecards (https://www.genecards.org/) and OMIM (https://omim.org/). The targets of UA and B-ALL were analysed through the 
proportional Venn diagram in the bioinformatics database (http://www.bioinformatics.com.cn/) to obtain the overlapping gene 
targets. The intersecting targets between UA and B-ALL were imported into the STRING database (https://string-db.org/) and Cyto-
scape 3.7.2 software for protein‒protein interaction (PPI) analysis. The Metascape database (https://Metascape.org/gp/index.html) 
was used for GO enrichment and KEGG pathway analysis. The whole Homo sapiens gene was chosen as the background gene dataset. A 
"UA-core targets-KEGG pathways-B-ALL" network diagram was constructed using Cytoscape 3.7.2 software (http://www.cytoscape. 
org/) and represented graphically. 

2.2. Molecular docking 

Molecular docking was used to further explore the possibility of drug regulation of key proteins in the signalling pathway of in-
terest. The 3D crystal structure of the core target was downloaded from the RCSB PDB database (https://www.rcsb.org/), and 
AutoDock Vina 1.2.2 was used to evaluate the binding energy of the ligand and receptor. A binding energy ≤7.0 kcal/mol was 
considered to indicate strong binding ability [16]. PYMOL software was used to visualize the optimal binding mode. 

2.3. In vitro experiments 

2.3.1. Antibodies 
Primary antibodies included anti-Caspase-8 (Proteintech, 13423-1-AP), anti-Bax (Proteintech, 50599-2-Ig), anti-Bcl-2 (26593-1- 

AP), anti-Caspase-1 (Arigo, ARG57293), anti-Cytochrome C (Cyt C) (Abcam, Ab133504), anti-Cleaved-Caspase-9 (Abcam, Ab2324), 
anti-Cleaved-PARP (Abcam, Ab32561), anti-NLRP3 (Abcam, Ab263899), anti-p-JNK (Abcam, Ab124956); anti-PARP (Beyotime 
Biotechnology, AF1657), anti-Caspase-3 (Beyotime Biotechnology, AF0081), anti-JNK (Beyotime Biotechnology, AF1048); anti- 
Cleaved-Caspase-3 (Cell Signaling Technology, 9664T); anti-IL-1β (Arigo, ARG66285), anti-GSDMD (Arigo, A18281); and β-actin 
(Soiarbio, BL005B); secondary antibodies included HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H + L) (Proteintech, SA00001-2) 
and HRP-conjugated Affinipure Goat Anti-Mouse IgG (H + L) (Proteintech, SA00001-1). 

2.3.2. Cell culture 
The human acute B lymphoblastic leukaemia cell line Reh and the human normal endothelial cell line HUVECs were obtained from 

the University of South China (Hengyang, China) and cultured in RPMI-1640 (Sigma‒Aldrich, R8758) complete medium containing 
10 % foetal bovine serum (ExCell Bio, FSP500) at 37 ◦C in a humidified incubator (Thermo Fisher Scientific) with 5 % CO2. 

Fig. 1. Molecular structure of ursolic acid.  
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2.3.3. Cell viability assay and IC50 calculation 
Reh and HUVEC cell proliferation was tested with CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega, 

G3580), and the half-maximal inhibitory concentration (IC50) of UA (Macklin, U820363) on Reh cells was calculated by dose‒response 
curve fitting. Briefly, Reh and HUVECs in log phase were cultivated in 96-well plates at a density of 1 × 104 cells/100 μL. Then, Reh and 
HUVECs were exposed to different concentrations of UA (0, 10, 20, 30, 40 μmol/L) for 12, 24 and 48 h. Next, 20 μL MTS solution was 
added to each well and incubated in a CO2 incubator for 3 h. Finally, the OD value was detected by an enzyme-linked immunosorbent 
(Bio-Tek) assay at 490 nm with a microplate reader (Bio-Rad, Hercules, USA). IC50 values were analysed by GraphPad Prism 8. 

2.3.4. Cell proliferation assay 
Cell viability assay was tested with a Cell Counting Kit-8 (CCK-8) assay (Dojindo, CK04). Reh cells were exposed to UA or the 

apoptosis-specific inhibitor Z-VAD-FMK (MedChemExpress, HY-16658B) for 24 h. Next, 10 μL CCK-8 solution was added to each well 
and incubated in a CO2 incubator for 3 h. Finally, the OD value was detected by an enzyme-linked immunosorbent assay at 450 nm. 
The formula for calculating cell viability is as follows: 

Inhibition rate (%)=

(

1－ODtreated－ODblank
ODcontrol－ODblank

)

× 100%  

2.3.5. LDH release assay 
The LDH content in the culture medium was tested with an LDH Release Assay kit (Beyotime Biotechnology, C0016). Briefly, Reh 

cells were exposed to UA or Z-VAD-FMK at specific concentrations for 24 h. One hour before detection, 10 μL of LDH release reagent 
was added to the designated wells. When the predetermined time was reached, the culture medium was collected at 1200 rpm/3 min. 
Sixty microlitres of culture medium and 30 μL of LDH detection working solution (containing 10 μL of lactic acid solution, 10 μL of 1x 
INT solution and 10 μL of enzyme solution) were added to the 96-well plate and incubated on a shaker for 30 min. The OD value was 
detected by an enzyme-linked immunosorbent assay at 490 nm. 

2.3.6. Cell morphology assay 
Reh cells in log phase were cultivated in 24-well plates at a density of 1 × 105 cells/100 μL. Meanwhile, the cells were exposed to 

specific concentrations of UA for 24 h. Next, the changes in cell morphology were observed under an optical microscope (CX41; 
Olympus, Tokyo, Japan). 

2.3.7. Cell membrane permeability assay 
Cell membrane permeability was tested with acridine orange (AO)/ethidium bromide (EB) double fluorescence staining (Sangon 

Biotech, E607308-0100). Briefly, Reh cells were exposed to UA at specific concentrations. Next, the cells in each group were collected 
by centrifugation at 1200 rpm/3 min, washed twice with PBS, resuspended in 100 μL staining solution (containing 90 μL 1X Buffer, 5 
μL AO and 5 μLEB), and incubated at room temperature for 5 min. After that, 25 μL cell suspension was dropped onto a clean glass slide 
and covered with a coverslip. Finally, the fluorescence of the cells was observed and photographed by a fluorescence microscope, and 
the excitation light wavelength of blue light was 510 nm. 

2.3.8. Mitochondrial membrane potential assay 
Mitochondrial membrane potential (MMP) was tested with the JC-1 fluorescent probe (Beyotime Biotechnology, C2003S). Briefly, 

Reh cells were exposed to UA at specific concentrations. After that, cells in each group were collected by centrifugation at 1200 rpm/3 
min, resuspended in 250 μL staining solution (containing 248.5 μL JC-1 staining buffer and 1.5 μL 200x JC-1), and placed in a constant 
temperature incubator at 37 ◦C for 20 min. Next, the cells were centrifuged at 600×g for 4 min at 4 ◦C, washed twice with 1 mL of JC-1 
staining buffer and resuspended. Finally, the cells were detected by flow cytometry (BD FACSCalibur), and the data were analysed with 
FlowJo 7.6.1 software. 

Fig. 2. Venn diagram of target gene intersections of UA- and B-ALL-related genes.  
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2.3.9. Apoptosis rate assay 
The apoptosis rate was tested with an Annexin V-FITC/PI detection kit (KeyGEN BioTECH, KGA107). Briefly, Reh cells were 

exposed to UA or Z-VAD-FMK at specific concentrations. Then, the cells in each group were collected by centrifugation at 1200 rpm/3 
min, washed twice with precooled PBS solution, resuspended in 500 μL staining solution (containing 490 μL binding buffer, 5 μL 
Annexin V-FITC and 5 μL PI), and incubated on ice for 5–15 min in the dark. Finally, the cells were detected by flow cytometry, and the 
data were analysed using FlowJo 7.6.1 software. 

2.3.10. Western blot 
Reh cells were exposed to UA, Z-VAD-FMK or SP600125 (MedChemExpress, HY-12041) for 24 h. Then, the cells in each group were 

collected by centrifugation at 1200 rpm/3 min, washed twice with precooled PBS solution and lysed with cell lysis buffer (containing 
100 μL RIPA and 1 μL PMSF) (Solarbio, R0010) for approximately 30 min. Next, the protein solution was collected by cryogenic 
centrifugation at 13000 rpm/30 min, subjected to BCA (ComWin Biotech, CW0014) quantification, separated by 10%–15 % SDS‒ 

Fig. 3. The core targets of UA in B-ALL. (A) PPI network diagram of core targets. (B) Network analysis diagram of core targets.  

Fig. 4. GO enrichment analysis of core targets.  
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PAGE (Beyotime Biotechnology, P0012A) and transferred to a PVDF membrane (Millipore, IPVH00010). After that, the membrane was 
blocked in 5 % BSA (Soiarbio, BL005B) at room temperature for 2 h, incubated with primary antibody overnight at 4 ◦C, washed 6 
times with TBST, incubated with secondary antibody at room temperature for 1 h, and washed 6 times with TBST. Finally, ECL 
developer (New Cell & Molecular Biotech, P10100) was added dropwise, and the membrane was scanned and imaged using a 
chemiluminescence imager (Tanon). 

2.4. Statistical analysis 

Experimental data are expressed as the mean ± standard deviation (SD) from triplicates of three independent experiments. Sta-
tistical analysis of experimental data by t-test or one-way analysis of variance (ANOVA) was performed using GraphPad Prism 8 
software, and P < 0.05 was considered statistically significant. 

3. Results 

3.1. Results of network pharmacology 

Network pharmacology analysis was performed to screen target proteins and enrich molecular pathways underlying ursolic acid’s 
anti-B-ALL efficacy. In total, 55 proteins were identified as UA-related targets, 2235 B-ALL-associated genes were collected, and 39 
overlapping genes were considered potential targets of UA against B-ALL (Fig. 2). Subsequently, a PPI network was constructed and 
analysed using the STRING11.0 database and Cytoscape3.7.2 software (Fig. 3A and B), which showed that 18 targets were obtained. 

GO enrichment analysis also revealed that the regulation of the biological functions of PCD, mitochondria, transcription factors and 
cytokines was involved in the anti-B-ALL action of UA (Fig. 4). KEGG enriched signalling pathways were obtained, and the top 20 
pathways were selected for mapping (Fig. 5). The results indicated that the targets were mainly concentrated in cancer, apoptosis and 
cytokine pathways. The "UA-core targets-KEGG pathways-B-ALL" network diagram is shown in Fig. 6, which had 40 nodes (1 com-
pound, 18 targets, 20 KEGG pathways, and 1 disease) and 242 edges. The core targets obtained were MAPK8, RELA, JUN, TNF, CASP8, 
CASP3, IL6, FOS, BCL2, IL1B, and TP53 by topological analysis. Therefore, UA may exhibit anti-B-ALL effects through multiple sig-
nalling pathways. 

Fig. 5. KEGG enrichment analysis of core targets.  
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3.2. Results of molecular docking 

Molecular docking was used to connect UA with the above core targets. In general, the lower the binding energy, the more stable 
the binding of the receptor to the ligand, and the easier it is to function. The binding energies of UA to core targets were all ≤ -7 kJ/mol, 
which indicated that UA had a strong affinity for these core targets. Among them, the docking results of FOS, CASP8, MAPK8, IL1B and 
JUN targets are shown in Fig. 7, which suggested that UA has the strongest affinity for FOS in the mitogen-activated protein kinase 
(MAPK) pathway. 

3.3. In vitro experiments 

3.3.1. The effect of UA on the viability of Reh and HUVECs 
The effect of UA on the viability of the B-ALL cell line Reh and normal human umbilical vein endothelial cells (HUVECs) was tested 

by the MTS assay. The results showed that as the concentrations of UA increased and the treatment time of UA prolonged, the cell 
viability of Reh was progressively reduced compared with the that of 0 μmol/L UA group (Fig. 8A), while the cell viability of HUVECs 
was not affected (Fig. 8B). Meanwhile, the IC50 values of UA in Reh cells were calculated to be 39.33, 32.01 and 26.22 μmol/L at 12, 24 
and 48 h, respectively (Fig. 8C). Therefore, UA inhibited the cell viability of Reh in a dose- and time-dependent manner. 

3.3.2. The effect of UA on proliferation of Reh cells 
Network pharmacology predicted that UA against B-ALL was associated with PCD (apoptosis and pyroptosis), so the morphological 

changes and inhibition ratio of Reh cells exposed to UA for 24 h were examined. The CCK-8 assays showed that the inhibition rate of 
Reh cells significantly increased with increasing concentrations of UA (Fig. 9A). Likewise, the number of Reh cells gradually decreased, 
and the abnormal cell morphology gradually increased. Among them, the 0 μmol/L UA group had intact cell membranes and rounded 

Fig. 6. The "UA-core targets-KEGG pathways-B-ALL" network diagram.  
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cell morphology, while the 20, 30, and 40 μmol/L UA groups exhibited apoptotic morphology (cell shrinkage) and pyroptotic 
morphology (cell swelling) (Fig. 9B). The above results indicated that UA inhibited the proliferation of Reh cells. According to these 
experimental results, UA treatment at concentrations of 20, 30 and 40 μmol/L was selected for 24 h to carry out the subsequent 
experiments. 

Fig. 7. Molecular docking models of UA and the top 5 core targets.  

Fig. 8. Effects of different concentrations of UA on cell viability. (A) The effect of UA (0, 10, 20, 30 and 40 μmol/L) on the viability of Reh cells for 
12 h, 24 h and 48 h. (B) The effect of UA (0, 10, 20, 30 and 40 μmol/L) on the viability of HUVECs for 12 h, 24 h and 48 h. (C) The IC50 values of UA 
in Reh cells. Data are presented as the mean ± SD (n = 3). **P < 0.01, ****P < 0.0001 vs. 0 μmol/L UA. 
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3.3.3. The effect of UA on apoptosis of Reh cells 
The KEGG pathway enrichment analysis predicted that UA against B-ALL was involved in the apoptosis signalling pathway. 

Meanwhile, the above experiments proved that UA-induced Reh cells exhibited apoptotic changes in morphology. Thus, the apoptosis- 
related indicators of Reh cells treated with UA were tested. First, the apoptosis rate in each group was detected by flow cytometry. 
Compared with the 0 μmol/L UA group, the apoptosis rate gradually increased from 4.3 ± 1.24 % to 4.8 ± 1.62 %, 14.5 ± 4.08 % and 
34.1 ± 9.75 % (Fig. 10A and C). The results showed that UA induced a significant increase in the apoptosis rate of Reh cells. Then, the 
mitochondrial membrane potential (MMP) in each group was examined by JC-1 assay. When the concentration of UA was 40 μmol/L, 
the increase in green fluorescence and the decrease in red fluorescence were particularly remarkable (Fig. 10B and D). This result 
indicated that UA reduced the level of MMP in Reh cells. Finally, the expression of apoptosis-related proteins in each group was 
detected by Western blot assay. The results showed that with increasing concentrations of UA, the expression of cleaved caspase-8, 
cleaved caspase-9, cleaved caspase-3, cleaved PARP, the proapoptotic protein Bax and the MMP-related protein Cyt C was upregu-
lated, while the expression of the antiapoptotic protein Bcl-2 was downregulated (Fig. 10E and F). In conclusion, UA induced Caspase- 
8-mediated mitochondrial apoptosis in Reh cells. 

3.3.4. The effect of the apoptosis inhibitor Z-VAD-FMK on the proliferation of Reh cells inhibited by UA 
The above experiments demonstrated that UA induced apoptosis in Reh cells. Therefore, the apoptosis-specific inhibitor Z-VAD- 

FMK was used to verify the results. The CCK-8 results showed that Z-VAD-FMK significantly enhanced the viability of UA-treated Reh 
cells (Fig. 11A). Furthermore, both flow cytometry and Western blot results showed that the apoptosis rate and the expression levels of 
the activated apoptotic proteins cleaved caspase-8 and cleaved caspase-3 in the Z-VAD-FMK + UA cotreatment group were signifi-
cantly downregulated compared with those in the UA group (Fig. 11B–E). In addition, the LDH content in the culture medium of each 
group was also measured. The results showed that the LDH content of the Z-VAD-FMK +UA group was not significantly lower than that 
of the UA group (Fig. 11F). The above data suggested that Z-VAD-FMK reversed UA-inhibited proliferation in Reh cells by affecting 
apoptosis rather than pyroptosis. 

3.3.5. The effect of UA on pyroptosis in Reh cells 
Combining the predictions of network pharmacology and the experimental results of proliferation, the effect of UA on pyroptosis in 

Reh cells was investigated. The LDH assay showed that LDH release was significantly improved in the 30 and 40 μmol/L UA groups 
compared with the 0 μmol/L UA group (Fig. 12A). Meanwhile, the results of AO/EB staining showed that the Reh cells in the 0 μmol/L 
UA group had normal morphology and green fluorescence, while the 20, 30, and 40 μmol/L UA treatment groups had different degrees 

Fig. 9. The effect of UA on the proliferation of Reh cells. (A) The inhibition rate of Reh cells treated with UA was detected by CCK-8. (B) The effect 
of UA on the morphology of Reh cells (a: × 400, b: partial enlargement; →: cell shrinkage, →: cell swelling). Data are presented as the mean ± SD (n 
= 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0 μmol/L UA. 
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of red fluorescence, which showed a gradual increasing trend (Fig. 12B). The above experiments proved that UA improved the increase 
in LDH release and cell membrane permeability in Reh cells, indicating that Reh cells undergo pyroptosis. To verify that UA-induced 
the pyroptosis in Reh cells is related to the Caspase-1-dependent pathway, the expression levels of pyroptotic proteins in each group 
were monitored by Western blot assay. The protein expression of NLRP3 and the ratio of Caspase-1/Pro-Caspase-1, Il-1β/Pro-Il-1β, and 
GSDMD-N/GSDMD-FL were markedly upregulated (Fig. 12C and D). In short, these results suggested that UA activated the Caspase-1- 
dependent pyroptotic pathway in Reh cells. 

Fig. 10. The effect of UA on apoptosis in Reh cells. (A–D) The apoptosis rate and MMP of Reh cells exposed to UA were detected by flow cytometry. 
(E, F) The apoptosis proteins of Reh cells exposed to UA were detected by Western blot assays. Data are presented as the mean ± SD (n = 3). *P <
0.01, **P < 0.01, ***P < 0.001 vs. 0 μmol/L UA. 
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3.3.6. UA suppressed the proliferation of Reh cells through the JNK signalling pathway 
The results of network pharmacology and molecular docking suggested that the anti-B-ALL effect of UA was related to the JNK 

signalling pathway, so JNK signalling pathway related-proteins were assessed by Western blot assay. The results showed that the 
protein expression of p-JNK, p-c-Fos and p-c-Jun was gradually upregulated in Reh cells after treatment with 20, 30 and 40 μmol/L UA 
for 24 h, and the p-JNK/JNK ratio also increased (Fig. 13A and B). To further verify that the molecular mechanism of UA against B-ALL 
was correlated with the JNK signalling pathway, the JNK inhibitor SP600125 was used. Western blot analysis revealed that JNK 
signalling pathway proteins, including p-JNK, p-c-Fos and p-c-Jun, were downregulated in the SP600125+UA group compared with 
the UA group (Fig. 13C and D). The above results indicated that SP600125 could inhibit UA-activated expression of JNK signalling 
pathway proteins. Taken together, UA can suppress the proliferation of Reh cells by activating the JNK signalling pathway. 

4. Discussion 

According to the incidence data of leukaemia in China, ALL accounts for approximately 75 % of childhood leukaemia cases, and B- 
ALL ranks first. Due to the refractoriness and relapse of B-ALL, the prognosis of patients is still not optimistic. Therefore, it is necessary 
to find more effective and safer drugs and treatment methods. UA is a low-toxicity natural product that has obvious antitumour effects 

Fig. 11. The effect of Z-VAD-FMK on UA-induced proliferation in Reh cells. Reh cells were pretreated with 20 μmol/L Z-VAD-FMK, and then 
exposed to 40 μmol/L UA for 24 h. (A) The viability of Reh cells was detected by CCK-8. (B, C) The apoptosis rate of Reh cells was detected by flow 
cytometry. (D, E) The expression levels of cleaved caspase-8 and cleaved caspase-3 were detected by Western blot assays. (F) LDH release was 
detected by LDH assays. Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control; ns (not significant), #P <
0.05, ##P < 0.01 vs. 40 μmol/L UA. 
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in various tumour cells [17]. Previous studies have demonstrated that UA can inhibit the proliferation of the B-ALL cell line Reh [15], 
but its underlying mechanism is unclear. The present study aimed to elucidate the mechanism of UA against B-ALL by network 
pharmacology, molecular docking and in vitro experimental validation. 

Network pharmacology is a subject based on data analysis, database retrieval, and network construction. In recent years, network 
pharmacology has been widely used in the study of multiple targets and pathways of traditional Chinese medicine in the treatment of 
diseases [18]. In our study, network pharmacology and molecular docking analysis showed that UA mainly regulates FOS, MAPK8, 
CASP8, IL-1β, JUN and other targets, manipulates pathways in cancer, apoptosis and the NOD-like receptor pathway, and then affects 
cell proliferation, PCD, the mitochondrial outer membrane and other biological functions in B-ALL cells. 

Fig. 12. The effect of UA on pyroptosis in Reh cells. (A) LDH release from Reh cells was examined by LDH assay. (B) The permeability of the Reh cell 
membrane was examined by AO/EB staining ( × 400). (C, D) The pyroptosis proteins of Reh cells were examined by Western blot assays. Data are 
presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0 μmol/L UA. 
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PCD includes apoptosis, pyroptosis, etc., which plays a critical role in treating cancer [19]. It has been reported that UA initiates the 
apoptosis of leukaemia cells and inhibits tumour growth in mouse models [20]. In addition, activation of the NLRP3-mediated 
pyroptosis pathway can treat acute myeloid leukaemia [21,22]. However, PCD dysregulation is a major causative factor that re-
sults in the growth and drug resistance of many cancers [23]. Recent studies have revealed that induceing multiple types of PCD 
(apoptosis and pyroptosis) can reduce the drug resistance of cancer cells [24,25]. Our results found that UA inhibited the proliferation 
and induced abnormal morphology (shrinking and swelling) of Reh cells. Combined with the prediction results of network pharma-
cology, we speculated that UA might induce apoptosis and pyroptosis in Reh cells. 

Cysteine aspartate protease 8 (Caspase-8), an initiator of apoptosis, can cleave Bid in the cytoplasm and trigger Bcl-2 family 
proteins, thereby activating the mitochondrial pathway [26,27]. The caspase-8-mediated mitochondrial pathway plays a significant 
role in inducing apoptosis of various cancer cells [28,29]. Our flow cytometry results demonstrated that UA induced mitochondrial 
damage in Reh cells and significantly increased the expression of the proteins Cyt C, cleaved caspase-3, cleaved caspase-8, cleaved 
caspase-9, and cleaved-PARP and the ratio of Bax/Bcl-2. Additionally, the apoptotic protein-specific inhibitor Z-VAD-FMK was used for 
reverse verification. The results showed that Z-VAD-FMK pretreatment improved cell viability, downregulated the expression of the 
cleavage proteins cleaved caspase-3 and cleaved caspase-8 and alleviated the UA-induced apoptosis rate. This indicated that 
Z-VAD-FMK can reverse the apoptosis of Reh cells induced by UA via the Caspase-8- mediated mitochondrial pathway. 

Interleukin-1 beta (IL-1β) is involved in cytokine-mediated responses, and is located in the NLRP3/caspase-1-mediated classical 
pyroptosis pathway. In recent years, it was found that a variety of traditional Chinese medicines can induce tumour cell pyroptosis by 
NLRP3/caspase-1-mediated pathway [30–32]. In clinical studies, the prognosis of B-ALL was positively correlated with CASP1 and 
NLRP3 genes; that is, the high expression of CASP1 and NLRP3 genes indicated a good prognosis of B-ALL [33]. This result suggested 
that the pyroptosis has a strong correlation with the treatment and prognosis of B-ALL. Our results showed that UA induced LDH 
release and cell membrane damage in a concentration-dependent manner, and the expression of pyroptosis proteins (NLRP3, 
Caspase-1, IL-1β and GSDMD) was upregulated. Moreover, pretreatment with Z-VAD-FMK had no effect on UA-induced LDH release. In 
short, UA induced Caspase-1-dependent pyroptosis in Reh cells. 

Mitogen-activated protein kinase 8 (MAPK8), namely, c-jun N-terminal kinase 1 (JNK1), is a member of the MAPK family. The 
transcription factors c-fos and c-Jun encoded by the FOS and JUN genes are downstream targets of JNK. In a variety of cancers, 
abnormally upregulated JNK protein controls various types of PCD, such as apoptosis, pyroptosis and autophagy [34,35]. In recent 
years, much evidence has demonstrated that activation of the JNK pathway is positively correlated with the antileukaemia effects 
[36–38]. Our Western blot results showed that the expression of p-JNK, p-c-Fos and p-c-Jun proteins was evidently upregulated; then, 
using SP600125 for reverse verification, it was found that SP600125 could downregulate the protein levels of p-JNK, p-c-Fos and 
p-c-Jun. This indicated that UA upregulated the JNK signalling pathway to inhibit apoptosis and pyroptosis in Reh cells. 

Fig. 13. UA activated the JNK signalling pathway in Reh cells. (A, B) The expression of JNK, p-JNK, p-c-Fos and p-c-Jun in Reh cells was monitored 
by Western blot assays. (C, D) Reh cells were pretreated with 0.75 μmol/L SP600125, and then exposed to 40 μmol/L UA for 24 h. The expression of 
p-JNK, p-c-Fos and p-c-Jun was monitored by Western blot assays. Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P <
0.001 vs. 0 μmol/L UA; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. 40 μmol/L UA. 
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5. Conclusions 

In this study, combining network pharmacology, molecular docking and in vitro experiments, we confirmed that UA induced the 
apoptosis and pyroptosis of Reh cells through the upregulation of the JNK signalling pathway to exert anti-B-ALL effects. However, our 
present study is mainly based on in vitro cell experiments and is just a "first level study"; thus, in the future, in vivo animal experiments 
and further clinical studies should be devoted to evaluating the anti-B-ALL effects of UA. In conclusion, our study provides a new 
viewpoint for clarifying the mechanism of UA in the treatment of B-ALL. 
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