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Introduction: Hepatocellular carcinoma (HCC) is responsible for approximately 90% of liver malignancies and is the third most common cause of cancer-related mortality worldwide. However, the role of anoikis, a programmed cell death mechanism crucial for maintaining tissue equilibrium, is not yet fully understood in the context of HCC.
Methods: Our study aimed to investigate the expression of 10 anoikis-related genes (ARGs) in HCC, including BIRC5, SFN, UBE2C, SPP1, E2F1, etc., and their significance in the disease.
Results: Through Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, we discovered that these ARGs are involved in important processes such as tissue homeostasis, ion transport, cell cycle regulation, and viral infection pathways. Furthermore, we found a significant correlation between the prognostic value of five ARGs and immune cell infiltrates. Analysis of clinical datasets revealed a strong association between BIRC5 expression and HCC pathological progression, including pathological stage, T stage, overall survival (OS), and race. By constructing a competing endogenous RNA (ceRNA) network and using molecular docking, we identified ten bioactive compounds from traditional Chinese medicine (TCM) that could potentially modulate BIRC5. Subsequent in vitro experiments confirmed the influence of platycodin D, one of the identified compounds, on key elements within the ceRNA network.
Discussion: In conclusion, our study presents a novel framework for an anoikis-centered prognostic model and an immune-involved ceRNA network in HCC, revealing potential regulatory targets. These insights contribute to our understanding of HCC pathology and may lead to improved therapeutic interventions.

Keywords: hepatocellular carcinoma, anoikis, prognostic signature, ceRNA, active compounds

1 INTRODUCTION
Projected forecasts indicate a concerning increase in the incidence of liver cancer, with an expected annual rise of 55.0% in new cases, potentially reaching 1.4 billion by 2040. Additionally, liver cancer deaths are projected to reach 1.3 million by that time, representing a 56.4% increase from 2020 (Rumgay et al., 2022). Hepatocellular carcinoma (HCC), which accounts for approximately 90% of these cancers, is one of the most prevalent global malignancies and the third leading cause of cancer-related deaths. The rising trend in the occurrence and mortality rates of HCC poses a significant risk to public health (Huang et al., 2022). Known factors such as smoking, infection, and alcohol consumption contribute to its development (Hashemi et al., 2023). Although standard treatments, including surgery and various therapies, often fail to improve survival outcomes due to the aggressive and drug-resistant nature of the disease, there is a crucial need to identify new prognostic markers and therapeutic targets.
Anoikis, a specialized form of cell death triggered by the detachment of cells from the extracellular matrix and neighboring cells, is increasingly acknowledged for its crucial role in various biological contexts. This includes developmental dynamics, maintenance of tissue homeostasis, disease pathogenesis, and notably, the metastatic spread of cancer cells (Han et al., 2021). Surprisingly, resistance to anoikis allows malignant cells to evade this natural death pathway, enabling their survival and establishment at distant sites in the body (Sun et al., 2022). In this context, the role of anoikis-related genes (ARGs) in cancer progression has been extensively studied. For instance, Ye et al. found that staurosporine induces resistance to anoikis and promotes metastasis in gastric cancer by up-regulating CTNNB1 and activating the Wnt/β-catenin signaling pathway (Ye et al., 2020). Other studies have also supported the importance of evading anoikis, such as the sequestration of Bim-EL in inflammatory breast cancer, as reported by (Buchheit et al., 2015; D'Amato et al., 2015). While the prognostic relevance of ARGs has been recognized in various tumor types, there is a lack of comprehensive investigation of ARGs in the context of HCC. Therefore, it is imperative for the scientific community to explore and characterize the ARGs that have prognostic significance in HCC.
The use of traditional Chinese medicine (TCM) in the management of HCC has a long historical background, spanning several centuries (Xi and Minuk, 2018). In the field of oncology, there has been increasing interest in TCM, particularly in its collection of natural compounds that may have anti-cancer properties (Wang et al., 2022). Recent studies have provided evidence of the effectiveness of compounds like shikonin, which inhibits the progression of HCC by targeting the PI3K/Akt/mTOR pathway. This leads to enhanced apoptotic and autophagic processes, which play a role in reducing the aggressiveness of cancer cells (Zhang J. et al., 2022). Other studies have highlighted the mechanism of myricetin, a compound that induces apoptosis through the mitochondrial pathway, resulting in cell cycle arrest. This apoptotic effect is attributed to the inhibition of cyclin-dependent kinase 1 (CDK1) activity, modulation of mitochondrial membrane potential, and regulation of apoptogenic factors (Zhang et al., 2011; Ji et al., 2022). These properties emphasize the potential of bioactive components in TCM formulations as promising avenues for therapeutic research in HCC.
The primary objective of our investigation was to examine the prognostic significance of ARGs in HCC using a comprehensive bioinformatics approach. We aimed to elucidate the structure of competitive endogenous RNA (ceRNA) networks involving ARGs and identify specific regulatory compounds from TCM that could potentially modulate these genes. Through this research, we aim to establish a solid foundation for the development of targeted treatments for HCC that can effectively target anoikis mechanisms. The step-by-step synthesis of our research methodology is systematically illustrated in Figure 1.
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2 MATERIALS AND METHODS
Cell lines LX2, HepG2, and Huh7 were obtained from the Cell Bank of the Chinese Academy of Sciences. Baicalin, platycodin D, and resveratrol were obtained from Chengdu Lemeitian Pharmaceutical Technology Co., Ltd. (Chengdu, China). Reagents for nucleic acid extraction and cDNA synthesis, including TransZol Up Plus RNA kits and First-Strand cDNA Synthesis Kits, were provided by Quanshi Jin Biotechnology Co., Ltd. (Nanjing, China). MagicSYBR Mixture for quantitative PCR was supplied by Jiangsu Cowin Biotech Co., Ltd. (Taizhou, China). MiRNA extraction and amplification kits, namely, MiPure Cell/Tissue miRNA Kit, miRNA 1st Strand cDNA Synthesis Kit, and miRNA universal SYBR qPCR Master Mix, were provided by Novozan Biotechnology Co., Ltd. (Nanjing, China). Cell viability assays were conducted using CCK8 assay kits from Jiangsu Baoguang Biotechnology Co., Ltd. (Wuxi, China). Cell culture essentials such as Dulbecco’s modified eagle medium (DMEM), Phosphate buffer solution (PBS), Trypsin digestive solution, and Penicillin-streptomycin solution were obtained from Invitrogen Life Technology Co., Ltd. (California, US). For immunodetection, BIRC5 (TA6017) antibody was procured from Abmart Shanghai Co., Ltd. (Shanghai, China), and Alexa Fluor 488 secondary antibody from Cell Signaling Technology (Boston, US).
2.1 Data preparation
RNA sequencing data relevant to HCC were obtained from the University of California Santa Cruz (UCSC) Xena database (https://xena.ucsc.edu/). The dataset consisted of 423 profiles, with 50 samples designated as normal hepatic tissue and 373 samples representing HCC specimens. Our analysis focused on identifying differentially expressed genes within this cohort. We applied stringent screening criteria, using a Log2-fold change (FC) threshold of ≥2 and a significance cut-off of p < 0.05. To identify ARGs (Aberrantly Expressed Genes), we utilized the GeneCards repository (https://www.genecards.org/), which provided a list of 455 ARGs with a relevance score exceeding 2. By employing Venn diagram analysis tools (https://bioinformatics.psb.ugent.be/webtools/Veen/), we identified 10 significant ARGs. For obtaining associated clinical information, we utilized resources from the USCA database.
2.2 Enrichment analysis
To investigate the potential biological functions and underlying mechanisms of the 10 identified ARGs, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. These analyses were conducted using the Metascape database (https://metascape.org/), a comprehensive suite designed to decipher gene functionalities and provide context to gene clusters. The enriched functional categories and pathways identified through these analyses were visually represented using the “clusterProfiler” package in the R programming environment. This package is a powerful tool for statistical evaluation and graphical representation, allowing for a detailed comparison of biological themes among gene sets.
2.3 Establishment of ARGs prognostic signature model
To evaluate the prognostic value of the 10 identified ARGs for overall survival (OS) in HCC, we utilized R software packages “survminer” and “survival”, aligning our methods with the model employed in the study by (Wang et al., 2022). To refine our prognostic assessment, we implemented the Least Absolute Shrinkage and Selection Operator (LASSO) Cox regression analysis, a technique well-suited for reducing high-dimensional data and developing prognostic models. The resulting prognostic model categorized patients into low-risk and high-risk subgroups, and their OS disparities were evaluated through Kaplan-Meier survival analysis. Subsequently, we assessed the reliability of the ARG-derived risk scores using receiver operating characteristic (ROC) analysis. The ROC analysis helps determine the predictive accuracy of the risk scores in forecasting patient outcomes. These statistical analyses, performed using R software, established that a p < 0.05 would indicate statistical significance. The integration of these methodologies allowed for a comprehensive assessment of the prognostic implications of ARGs in HCC.
2.4 Analysis of immune infiltration, tumor mutation burden, microsatellite instability, and drug sensitivity
To investigate the association between the expression of ARGs and immune cell infiltration in the tumor microenvironment, we utilized single-sample Gene Set Enrichment Analysis (ssGSEA). This method quantitatively evaluated the presence and abundance of 24 different immune cell types. To understand the correlation between the expression of 5 important ARGs and key immunogenomic markers (Tumor Mutation Burden and Microsatellite Instability), we conducted Spearman correlation analysis. A significance level of p < 0.05 was used to determine statistical significance. Additionally, we examined the sensitivity of ARGs to various chemotherapeutic agents using the Genomic Cancer Drug Sensitivity in Cancer (GSCA) database (http://bioinfo.life.hust.edu.cn/GSCA/#/). This database provides access to a wide range of pharmacogenomic datasets, allowing for the identification of potential drug targets in different cancer subtypes. By employing these analytical approaches, we were able to systematically explore the relationship between ARGs, immune activity, and drug responsiveness in cancer.
2.5 Protein expression evaluation and establishment of ceRNA regulatory network
To visualize the protein expression patterns of BIRC5 and SPP1, we accessed the Human Protein Atlas (HPA, https://www.proteinatlas.org/). This allowed us to compare the levels of these proteins in normal liver tissue and HCC. In addition, we used the StarBase platform (https://starbase.sysu.edu.cn/) to predict potential miRNA targets of BIRC5 and SPP1. We employed the Mann-Whitney U test and Kaplan-Meier mean analysis to examine the expression dynamics and prognostic relevance of miRNAs associated with BIRC5 and SPP1 in HCC. Our analysis focused on miRNAs that showed statistically significant differences. To further explore the role of long non-coding RNAs (lncRNAs) associated with these miRNAs, we utilized the LncBase and StarBase databases. We evaluated the expression patterns and prognostic implications of these lncRNAs using the HCC dataset from The Cancer Genome Atlas (TCGA), considering a p < 0.05 as statistically significant. Ultimately, we established a ceRNA regulatory network centered on BIRC5, which provides new insights into the molecular interactions and clinical significance in HCC.
2.6 Molecular docking
The three-dimensional (3D) structural configuration of the bioactive compound analyzed in our study was obtained from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, https://old.tcmsp-e.com/). The protein data bank (PDB) file for the target protein BIRC5 was sourced from the RCSB Protein Data Bank (HYPERLINK "https://www.rcsb.org" \o "https://www.rcsb.org"https://www.rcsb.org). Using these structural data, we conducted molecular docking analysis using Autodock Vina software to investigate the docking interactions between the selected traditional Chinese medicine active ingredient and the BIRC5 protein. The in silico binding affinities provided valuable insights into potential interactions that may contribute to therapeutic efficacy.
2.7 Quantitative real time polymerase chain reaction
Total RNA extraction was performed using the TransZol Up Plus RNA Kit to isolate high-quality RNA samples. After extraction, the RNA was quantified and its purity was assessed using the Nanodrop Micro Nucleic Acid Analyzer (Thermo Fisher Scientific, USA). The expression levels of the target genes were then measured quantitatively using the Quantitative Real-Time Fluorescence PCR Detection System (Rocgene, Beijing, China). The primer sequences used for amplification are listed in Table 1. To determine the relative mRNA expression of the genes of interest, the 2−Δ(ΔCt) method was calculated, where Δ(ΔCt) represents the difference in cycle threshold values normalized to a reference gene.
TABLE 1 | qRT-PCR primer sequences.
[image: Table displaying primer sequences for various genes. Columns are labeled Genes, Primer, and Sequences 5'–3'. Genes include BIRC5, hsa-miRNA-204-5p, U6, OIP5-AS1, DCP1A, PPP1R9B, and GAPDH. Each gene is listed with its forward (F) and reverse (R) primers, followed by their respective nucleotide sequences.]2.8 Immunofluorescence staining
HepG2 and Huh7 cells were cultured in 6-well plates with cell crawlers. The plates were then placed in a cell incubator for 24 h to ensure adherence and growth. After incubation, the cells were treated with various protocols, including fixation, permeabilization, and blocking. These steps aimed to preserve cellular structures, allow the ingress of antibodies, and prevent non-specific binding. Next, the cells were incubated overnight at 4°C with a primary antibody specific for BIRC5, enabling primary immune-detection. The following day, the cells were incubated at room temperature for 1 h with the fluorescently-labeled Alexa Fluor 488 secondary antibody, facilitating secondary immune-detection. To complete the staining procedure, the cell nuclei were counterstained with DAPI for 5 min, resulting in a distinct blue fluorescence. The cells were then mounted in glycerol to preserve the fluorescence for imaging. Immunofluorescence imaging was performed using an Olympus fluorescence microscope. These images visually depict the presence and localization of the BIRC5 protein within the cells, providing insights into its expression and potential functional implications in the studied cell lines.
2.9 Statistical analysis
Data analysis and visualization were performed using the R package and GraphPad Prism 7.0, respectively. The data are presented as the mean ± standard error of the mean (SEM) from three independent experiments.
3 RESULTS
3.1 ARGs expression, PPI, and gene mutation in HCC
Our investigation utilized Venn diagram analysis to identify a group of 10 crucial genes related to ARGs, as shown in Figure 2A. After analyzing RNA sequences, we confirmed significant differences in the transcriptional profiles of these ARGs compared to similar sequences from a control group, with a p-value of less than 0.0001 (Figure 2B). Notably, we found increased expression of several genes, including Baculoviral IAP repeat-containing 5 (BIRC5), Ubiquitin-conjugating enzyme E2C (UBE2C), E2F transcription factor 1 (E2F1), NADPH: quinone oxidoreductase1 (NQO1), Single frequency network (SFN), Secreted phosphoprotein 1 (SPP1), and serine protease inhibitor kazal type 1 (SPINK1). Additionally, we observed a decrease in the expression of Chemokine (C-X-C motif) ligand 12 (CXCL12), growth differentiation factor 2 (GDF2), and solute carrier organic anion transporter family member 1B3 (SLCO1B3).
[image: Panel A shows a volcano plot with gene expression data, highlighting significant points in blue and red. Panel B is a Venn diagram displaying overlap between 129 differentially expressed genes (DEGs) and 445 apoptosis-related genes (ARGs), with 10 in common. Panel C presents violin plots comparing gene expressions between tumor and normal tissues. Panel D features a correlation matrix with color-coded significance. Panel E is a network diagram illustrating gene interactions. Panel F displays a bar chart of gene enrichment analysis with various biological processes.]FIGURE 2 | Comparative analysis of ARG expression levels and mutational status in HCC versus normal tissue samples. (A) Volcanic map. (B) Venn diagram. (C) Differential expression analysis. (D) Correlation analysis. (E) PPI network analysis. (F) Mutation status analysis of HCC versus normal tissue samples.
A heat map analysis revealed strong correlations between genes (p < 0.0001) (Figure 2C), suggesting coordinated regulation within the ARG group. To further understand these connections, we constructed a protein-protein interaction (PPI) network based on the identified ARGs (Figure 2D). Analysis of the network revealed significant links among BIRC5, UBE2C, E2F1, CXCL12, GDF2, NQO1, SFN, SPP1, and SPINK1, supporting the associations observed in the heat map analysis (Figure 2E). Additionally, we performed mutation profiling of the 10 ARGs in HCC specimens. This analysis identified variations primarily in GDF2, E2F1, SLCO1B3, NQO1, and CXCL12. Notably, GDF2 had the highest mutation incidence at 41.7%, while E2F1 and SLCO1B3 each had mutations in 25% of the cases (Figure 2F). These findings provide important genetic information that may contribute to our understanding of the mechanisms and potential therapeutic targets in HCC.
3.2 Enrichment analysis
To investigate the mechanisms of action of the 10 identified ARGs in HCC, we conducted GO and KEGG enrichment analyses. These analyses provided insights into the potential biological roles and molecular mechanisms of the ARGs. The GO functional analysis revealed a significant enrichment of the ARGs in various biological processes (BPs) and molecular functions (MFs), as shown in Figure 3A. Enriched BPs included regulation of homeostatic processes, ion transport, and cell differentiation. In terms of molecular functions, the ARGs were found to be enriched in enzyme binding, cytokine activity, and enzyme inhibitor activity. Additionally, the cellular components (CCs) analysis indicated that these genes are localized in structural entities such as the microtubule cytoskeleton, mitochondria, and chromosomes.
[image: Bar chart and bubble plot showing gene set analysis results. Panel A illustrates the normalized enrichment scores for three groups: GC, CC, and WT, with WT having the highest scores. Panel B presents a bubble plot with pathways on the y-axis, correlation on the x-axis, and bubbles representing gene count and significance. The pathway to cancer is most prominent.]FIGURE 3 | GO and KEGG enrichment analyses of 10 ARGs in HCC. (A) Bubble plot of GO enrichment results of 10 ARGs in HCC. (B) Bubble plot of KEGG enrichment results of ARGs in HCC.
Complementing these insights, the KEGG pathway analysis revealed that the ARGs were associated with various pathways that are significant in cancer biology and HCC pathogenesis. These pathways include those involved in cancer proliferation and progression, the cell cycle, and specifically related to HCC. Furthermore, the ARGs played a prominent role in infection-related pathways, such as those triggered by human cytomegalovirus infection, as well as in signaling cascades crucial for cell communication and survival. These signaling cascades include cytokine-cytokine receptor interaction, the Phosphoinositide 3-kinase (PI3K)/Protein Kinase B (Akt) signaling pathway, Toll-like receptor (TLR) signaling pathway, and the p53 signaling pathway, as shown in Figure 3B. Collectively, these results provide valuable insights into the diverse roles that ARGs may play in the context of HCC, laying the groundwork for the development of targeted therapeutic strategies.
3.3 Establishment of ARGs prognostic signature model
In order to establish a prognostic signature model informed by the involvement of ARGs in HCC, we conducted a univariate Cox regression analysis. This initial assessment revealed that five out of the ten ARGs (specifically BIRC5, E2F1, SFN, SPP1, and UBE2C) showed a significant correlation with patient outcomes, as depicted by individual Kaplan-Meier curves (Figures 4A–J). To improve the precision of the prognostic signature model, we utilized the LASSO Cox regression methodology, which incorporated these five ARGs with substantial prognostic value. Risk scores were calculated using a formula based on the work of Wang et al. (Wang et al., 2022) and the coefficients of the prognostic signature coupled to the partial likelihood deviance for HCC (Figures 5A, B). Co-expression analysis of these five ARGs revealed a strong inverse relationship with the occurrence of HCC, particularly for BIRC5, SPP1, and UBE2C (Figure 5C). The overall survival (OS) curve showed a clear trend, with patients classified in the high-risk group based on the risk scores experiencing increased mortality risk and shorter survival times (p = 4.5e-7, HR = 2.66) (Figure 5D). The prognostic validity of the model was further supported by ROC curve analysis, which yielded area under the curve (AUC) values of 0.78, 0.71, and 0.72 for the 1, 3, and 5-year benchmarks, respectively, confirming the model’s effectiveness in predicting long-term survival (Figure 5E). These comprehensive analyses demonstrate the potential of the ARG-based prognostic model in forecasting clinical outcomes for HCC patients.
[image: Ten survival plots labeled A to J, showing differences in survival probability over time between two groups marked in red and blue. Each plot represents a different gene, such as SPOP, SERPINB3, and others. The x-axis shows time in months, and the y-axis shows survival probability. Survival divergences are observable between the groups across different genes.]FIGURE 4 | Prognostic value of 10 ARGs in HCC. The OS curves of BIRC5 (A), CXCL2 (B), E2F1 (C), GDF2 (D), NQO1 (E), SFN (F), SLCO1B3 (G), SPIN (H), SPP1 (I), and UBE2C (J) in patients with HCC in the low and high expression groups.
[image: Five panels labeled A to E showing various graphs related to statistical analysis:  A: A line graph with five curves labeled using distinct colors, representing different types against the number of iterations.  B: A line plot displaying error rates over successive iterations for stability assessment.  C: Three plots showing data distribution. The top is a bar graph split into two colors. The middle shows data points, and the bottom displays a heatmap with color gradients from blue to red.  D: A Kaplan-Meier plot with two survival curves.  E: A receiver operating characteristic (ROC) curve with multiple lines showing performance metrics.]FIGURE 5 | Construction of a prognostic signature model of CRGs in HCC. (A) LASSO coefficients of the five prognostic ARGs. (B) PLD of the five prognostic ARGs. (C) Distribution of risk score, survival status, and expression of the five prognostic ARGs. (D) OS curve of patients with HCC in the low and high expression groups. (E) 1-, 3-, and 5-year ROC prediction curves for patients with HCC.
3.4 Immune infiltration analysis of critical ARGs
To enhance our understanding of the immunogenic context in which a group of critical ARGs (BIRC5, E2F1, SFN, SPP1, and UBE2C) operate, we investigated their potential associations with various immune cell subsets, encompassing 24 distinct types. We found that these ARGs showed significant correlations with the distribution and composition of immune cells, including Th2 cells, mast cells, CD8 T cells, natural killer (NK) cells, eosinophils, Th17 cells, and neutrophils. Specifically, BIRC5, E2F1, and SFN were positively associated with Th2 cells, while showing an inverse relationship with immune cell types that are important for antitumor immunity, such as neutrophils, eosinophils, CD8 T cells, Th17 cells, mast cells, and NK cells (Figures 6A–C). Interestingly, SPP1 was positively associated with Th2 cells and neutrophils, but inversely correlated with Th17 cells and eosinophils (Figure 6D). UBE2C showed a favorable association with Th2 cells and eosinophils, but was inversely associated with mast cells (Figure 6E). Further analysis using ssGSEA confirmed these findings, with all ARGs showing significant enrichment across diverse immune cell types. The enrichment scores were 15, 13, 11, 6, and 12 for BIRC5, E2F1, SFN, SPP1, and UBE2C, respectively (Figures 7A–E). These results highlight the strong association of these prognostically relevant ARGs with the immune cell infiltration observed in the HCC landscape, suggesting their potential role in the immune response.
[image: Five bar charts labeled A to E compare correlations of various factors across different genes: BURC5, CETP, SPINK, SPP1, and UBEC2. Each chart shows correlation values on the x-axis, with factors on the y-axis. Positive and negative correlations are shown with color coding: red for positive and blue for negative, with significance levels indicated by dot sizes. The charts include similar factors, such as Monocytes, B Cells, and T Cells, highlighting varying impact on each gene.]FIGURE 6 | Correlation between the five prognostic ARGs and immune infiltration in HCC. The correlation between BIRC5 (A), E2F1 (B), SFN (C), SPP1 (D), UBE2C (E), and the degree of immune infiltration of 24 immune cell types in patients with HCC.
[image: Five box plots labeled A to E compare distributions of data across various groups on the x-axis, with numeric values on the y-axis. Each plot displays data points in clusters, marked by red and blue colors, with statistical annotations indicated above the boxes.]FIGURE 7 | Enrichment scores of the five prognostic ARGs in 24 immune cell types in HCC. The five prognostic ARGs were BIRC5 (A), E2F1 (B), SFN (C), SPP1 (D) and UBE2C (E).
3.5 TMB, MSI, and drug sensitivity analyzes
To investigate the potential of the five ARGs as biomarkers for guiding drug discovery efforts in HCC, we examined their relationships with TMB and MSI. TMB and MSI are important genomic signatures that are often considered in cancer prognosis, therapy prediction, and immunotherapy responsiveness. Our analysis revealed that while BIRC5 (Figure 8A), E2F1 (Figure 8B), SFN (Figure 8C), SPP1 (Figure 8D), and UBE2C (Figure 8E) did not show statistically significant correlations with TMB, interesting associations were observed between MSI and the expression of certain ARGs. Specifically, BIRC5 (Figure 8A), E2F1 (Figure 8B), and UBE2C (Figure 8E) exhibited a positive association with MSI. These findings suggest a potential link between MSI status and the expression of specific ARGs in HCC, which could provide insights into tumor behavior and potential sensitivities to anti-cancer drugs.
[image: Ten scatter plots labeled A to J, each with corresponding density plots on the top and side. Each scatter plot shows data points with a linear trend line. The density plots differ in color and distribution, with blue, orange, and red colors visible.]FIGURE 8 | Correlation analysis of the five ARGs with TMB and MSI in HCC. (A–E) Correlation between the five ARGs and TMB in LUAD. (F–J) Correlation between the five ARGs and MSI in HCC.
The relationship between drug susceptibilities, as indicated by the CTRP and GDSC databases, and the mRNA expression levels of the five ARGs was examined. Analysis of data from the Genomics of Drug Sensitivity in GSCA revealed an inverse correlation between the mRNA expression levels of BIRC5 and E2F1 and the effectiveness of several drugs. On the other hand, SFN and SPP1 showed a positive correlation, as depicted in Supplementary Figure S1. These findings lay the groundwork for further exploration of the potential use of these ARGs as biomarkers for drug response in HCC. Additionally, they may drive the development of new therapeutic strategies tailored to the molecular characteristics of individual tumors.
3.6 Clinical correlation analysis
Delving into the potential clinical relevance of the five pivotal ARGs (BIRC5, E2F1, SFN, SPP1, and UBE2C), we examined how their expression levels interplay with various clinical parameters in HCC patients. Our investigative efforts unveiled critical associations, supported by significant correlations between the expression levels of these genes and key clinical features observed in HCC. Notably, we found substantial connections between the expression of BIRC5, E2F1, SFN, and UBE2C and the pathological stage of HCC (Figure 9A), indicating their potential as indicators of tumor progression and severity. Moreover, all five ARGs showed a strong association with both the extent of tumor invasion (T stage) and the overall survival of patients, further emphasizing their prognostic potential (Figures 9B, H). Additionally, the expression of UBE2C was found to be significantly related to the age of the patients (Figure 9E), suggesting that gene expression may vary across different age groups, potentially influencing prognosis. Correlations between BIRC5, E2F1, and UBE2C with patient race also emerged, indicating these ARGs as potential markers of biological variability across populations (Figure 9F). In contrast, no significant associations were observed between the five ARGs and the stage M, stage N, or gender in HCC patients (Figures 9C, D, G). This suggests that while the examined ARGs play a substantial role in predicting tumor stage and survival outcomes, they may not have as much influence on these other clinical characteristics. Overall, our findings highlight the importance of the T stage and overall survival as key determinants impacted by the ARGs, indicating that these genetic markers could be vital in understanding the trajectory of HCC progression and guiding personalized therapeutic strategies.
[image: Box plots comparing tumor and normal tissue expression levels for various genes across different cancer types. Eight panels labeled A to H display data comparisons in multiple cancer types like BRCA, LUSC, and COAD. Each panel includes color-coded boxes representing different data groups, with specific markers indicating statistical significance. The x-axis shows cancer types, and the y-axis shows expression levels.]FIGURE 9 | Association analysis of the five ARGs and different clinical parameters in patients with HCC. The different clinical factors included pathologic stage (A) T stage, (B) M stage, (C) N stage, (D) gender, (E) age, (F) OS event, (G) and race (H).
3.7 Establishment of ceRNA regulatory network
In our investigation of the functional significance of ARGs in HCC, we focused on two specific ARGs, BIRC5 and SPP1, to understand their roles in potential ceRNA networks that may influence HCC regulation. We examined the protein expression levels of BIRC5 and SPP1 using the HPA database, specifically utilizing antibodies HPA002830 and HPA027541, respectively. The dataset revealed a significant expression of these proteins in HCC patient samples (Figures 10A, B), confirming their clinical relevance. To identify the miRNA players within the ceRNA networks of BIRC5 and SPP1, we referred to the StarBase v3 database, which provided a list of potential miRNA targets (Supplementary Table S1). Through differential expression analysis of these miRNAs in HCC using the Wilcoxon rank-sum test, we identified significant variations. Regarding BIRC5, nine miRNAs showed significant modulation. This included upregulation of hsa-miR-143-3p, hsa-miR-204-5p, hsa-miR-195-5p, hsa-miR-497-5p, hsa-miR-144-3p, and hsa-miR-335-5p, while hsa-miR-135a-5p, hsa-miR-184, and hsa-miR-34c-5p were downregulated in HCC (Figure 10C). In SPP1, both hsa-miR-33b-5p and hsa-miR-33a-5p were found to be significantly downregulated in HCC (Figure 10D). Further analysis showed that elevated levels of hsa-miR-204-5p were associated with better survival outcomes for HCC patients (Figure 10E and Supplementary Figure S2), indicating its potential therapeutic value. By exploring the ceRNA network, the StarBase and ENCORI databases predicted 30 lncRNAs that could potentially interact with hsa-miR-204-5p (Supplementary Table S2). Among these, the expressions of OIP5-AS1, DCP1A, and PPP1R9B lncRNAs were found to be significantly associated with HCC prognosis using the log-rank test (Figures 10F–H and Supplementary Figure S4). Notably, high levels of DCP1A and PPP1R9B were linked to poorer survival rates in HCC patients (Figures 10G, H). Based on these findings, the ceRNA axes involving OIP5-AS1/hsa-miR-204-5p/BIRC5, DCP1A/hsa-miR-204-5p/BIRC5, and PPP1R9B/hsa-miR-204-5p/BIRC5 appear to play a crucial role in the progression of HCC, suggesting potential avenues for targeted therapeutic interventions in this type of cancer.
[image: This image consists of multiple panels. Panels A and B show circular graphs comparing normal and lung cancer (LUNG) tissues for DHX15 and DPP3. Panels C and D feature boxplots analyzing gene expression levels, with statistical significance noted by asterisks. Panels E to H display Kaplan-Meier survival curves illustrating overall survival based on different gene expressions, with red and blue lines indicating different patient groups. Each curve includes time in days and a p-value.]FIGURE 10 | Construction of the ceRNA regulatory axis. (A) Differential expression of BIRC5 protein in HCC and normal liver tissues. (B) Differential expression of SPP1 protein in HCC and normal liver tissues. (C) Differential expression of the 10 miRNAs about BIRC5 in HCC and normal liver tissues. ns, p ≥ 0.05; *, p < 0.05; ***, p < 0.001. (D) Differential expression of the 4 miRNAs about SPP1 in HCC and normal liver tissues. ns, p ≥ 0.05; *, p < 0.05; ***, p < 0.001. (E) OS curves of has-miR-205-5p in patients with HCC in the low and high expression groups. (F) OS curves of OIP5-AS1 in patients with HCC in the low and high expression groups. (G) OS curves of DCP1A in patients with HCC in the low and high expression groups. (H) OS curves of PPP1R9B in patients with HCC in the low and high expression groups.
3.8 Screening of active ingredients for BIRC5 in TCM
In our investigation into the active ingredients that may affect the expression of the prognostically significant gene BIRC5 in HCC, we referred to the CTD to identify herbal compounds that could potentially interact with BIRC5. After analyzing the database, we found ten herbal compounds that could be potential candidates for further study: baicalein, berberine, curcumin, hyperoside, naringenin, platycodin D, quercetin, thymoquinone, resveratrol, and deguelin. The chemical structures of these compounds are listed in Table 2.
TABLE 2 | The Molecular Docking result of active compounds related to BIRC5.
[image: Table displaying chemical structures of ten compounds: Baicalein, Berberine, Curcumin, Hyperoside, Naringenin, Platycodin D, Quercetin, Thymoquinone, Resveratrol, and Deguelin. Each compound is paired with its molecular structure diagram.]To refine our search for candidates with the most promising therapeutic potential, we utilized molecular docking techniques to evaluate the binding affinity between these phytochemicals and the target protein BIRC5. This methodological approach provided insights into the strength of the interactions between the compounds (ligands) and the receptor (BIRC5), as shown in Table 3. Typically, a ligand-receptor affinity score (binding energy) below −6.0 kcal/mol indicates strong binding and potential for functional interaction. Among the tested compounds, baicalin, platycodin D, and resveratrol demonstrated notable affinities for BIRC5, meeting the established criterion with significant ligand-receptor interactions. This suggests that these substances have the inherent ability to modulate the activity of BIRC5 (Figures 11A–J; Table 3). These findings provide a solid foundation for the hypothesis that these natural compounds could have meaningful implications in the treatment of HCC. Further in vitro and in vivo evaluations are necessary to validate their therapeutic efficacy and mechanism of action in relation to BIRC5.
TABLE 3 | The binding ability of 10 active compounds related to BIRC5.
[image: Table listing ten compounds targeting BIRC5 with their PDB ID and affinity in kcal/mol. Compounds include Baicalein, Berberine, Curcumin, Hyperoside, Naringenin, Platycodin D, Quercetin, Thymoquinon, Resveratrol, and Deguelin. All use PDB ID 2qfa. Affinity ranges from -7.5 to -6.5 kcal/mol.][image: Molecular structures of ten compounds (A-J) are shown, each with green backgrounds, featuring chemical and structural diagrams. Compounds include Rescinnamine, Reserpine, and others. Five bar graphs (K-O) display data comparisons for TEER, tight junction protein levels, LPS-induced OP9-D4 cells, ODPA levels, and PPARγ expression, with significant differences marked by asterisks.]FIGURE 11 | The interaction between ten TCM active components and BIRC5 protein was simulated by molecular docking (A–J) and the expression of the core genes in the regulatory network of three ceRNAs regulatory network in LX2, HepG2 and Huh7 cells based on qRT-PCR assay (K–O). (A) Baicalein and BIRC5. (B) Berberine and BIRC5. (C) Curcumin and BIRC5. (D) Hyperoside and BIRC5. (E) Naringenin and BIRC5. (F) Platycodin D and BIRC5. (G) Quercetin and BIRC5. (H) Thymoquinon and BIRC5. (I) Resveratrol and BIRC5. (J) Deguelin and BIRC5. (K) BIRC5 gene expression. (L) hsa-miRNA-204-5p gene expression. (M) OIP5-AS1 gene expression. (N) DCP1A gene expression. (O) PPP1R9B gene expression. *p < 0.05, **p < 0.01, vs the LX2 group.
3.9 qRT-PCR and immunofluorescence staining analysis
To investigate the impact of three ceRNA networks on HCC progression, we conducted qRT-PCR assays. These assays were designed to validate the previously identified ceRNA regulatory networks within LX2, HepG2, and Huh-7. The results of these assays confirmed the accuracy and reliability of the predicted ceRNA interactions (Figures 11K–O), supporting our bioinformatic analyses and suggesting their involvement in the molecular etiology of HCC. Additionally, we explored the regulatory influence of platycodin D on the expression of our gene of interest, BIRC5, in HepG2 and Huh7 cell lines. The data obtained from these investigations further supported our in silico predictions, showing that platycodin D has a noticeable downregulatory effect on BIRC5 expression levels in both cell lines (Figures 12A, B, Supplementary Figure S4 and Supplementary Table S3). This observation is particularly relevant as it suggests a direct biological effect of platycodin D on a molecular target associated with HCC prognosis. To further investigate BIRC5’s response to platycodin D, we used immunofluorescence staining techniques to examine its subcellular localization and expression dynamics. Treatment of HepG2 and Huh7 cells with different doses of platycodin D resulted in a significant reduction in BIRC5 expression, providing further evidence of the compound’s ability to modulate this clinically relevant protein (Figures 12C, D). Overall, these findings highlight the therapeutic potential of platycodin D, particularly its ability to downregulate BIRC5, and suggest its potential as a novel therapeutic strategy in HCC treatment protocols.
[image: Bar charts and fluorescence microscopy images illustrate BIRC5 expression in HepG2 and HuH7 cells. Bar charts (A and B) show decreasing BIRC5 levels with increasing concentrations in both cell types. Microscopy images (C and D) show BIRC5 (green) and DAPI (blue) staining at different concentrations, with merged images indicating cell nucleus and protein expression.]FIGURE 12 | Effect of platycodin D on the expression of BIRC5 in HepG2 (A) cells and Huh7 (B) cells. The images of immunofluorescence staining in HepG2 (C) and Huh7 (D) cells treated with DMSO (control group) or platycodin D for 24 h. All images are taken with a field of view of 400x. *p < 0.05, **p < 0.01, vs the DMSO group.
4 DISCUSSION
Anoikis is a protective mechanism that prevents detached cells from inappropriately adhering and proliferating, thereby preventing potential oncogenic transformation and the development of secondary tumors (Kakavandi et al., 2018). This type of cell death has been found to have significant prognostic and immunological implications in various cancers, such as lung adenocarcinoma (Diao et al., 2023), gastric cancer (Ye et al., 2020), and breast cancer (Li et al., 2019). Recent advancements in bioinformatics have led to groundbreaking discoveries in terms of therapeutic targets and drugs (Zhang et al., 2020; Cintron et al., 2023). However, there is still a lack of comprehensive bioinformatics characterization of ARGs in HCC, particularly in relation to immune infiltration, functional analysis, and predicting patient outcomes.
The present study identified 10 ARGs with significantly differential expression in HCC. Among these, seven ARGs (BIRC5, UBE2C, E2F1, NQO1, SFN, and SPINK1) were upregulated, while CXCL12, GDF2, and SLCO1B3 were downregulated, confirming their roles in HCC pathology. PPI networks are valuable in describing interrelationships between genes or proteins, including physical interactions and regulatory targeting, among others. They help elucidate meaningful molecular regulatory networks within organisms (Athanasios et al., 2017). Accordingly, through PPI analysis, we confirmed a strong association between BIRC5, UBE2C, E2F1, CXCL12, GDF2, NQO1, SFN, SPP1, and SPINK1. Furthermore, genetic mutations and alterations in molecular processes may promote HCC progression (Hashemi et al., 2023). Our mutation analysis suggested that GDF2 might have the highest mutation probability in HCC progression, followed by E2F1 and SLCO1B3. This finding is consistent with previous studies by Tan et al. and Sekine et al. (Sekine et al., 2011; Tan et al., 2022). The significant mutation probability of GDF2 could provide fresh insights for potential targeted interventions in HCC.
To investigate the roles and underlying mechanisms of ten newly identified ARGs, we conducted a functional enrichment analysis. Our KEGG pathway analysis revealed that these ARGs are mainly involved in various signal transduction pathways, such as the cell cycle, human cytomegalovirus infection, cytokine-receptor interactions, the PI3K/Akt signaling cascade, p53 signaling, and the Apelin signaling pathway. The cell cycle, which encompasses the G1, S, G2, and M phases, plays a crucial role in regulating cell proliferation (Yang et al., 2023). Disruptions in the cell cycle are characteristic features of cancer and have implications for various aspects of the disease, including metabolic processes, immunity, and metastatic potential (Cheung et al., 2023). Human cytomegalovirus, a member of the Herpesviridae family with a 236 kbp double-stranded DNA genome has been associated with dual outcomes (Dolan et al., 2004). Apart from causing illness in immunocompromised individuals, human cytomegalovirus is increasingly recognized for its involvement in tumor pathogenesis, as it has been detected in various tumor tissues such as glioblastoma and several adenocarcinomas (Pasquereau et al., 2017; Herbein, 2018; Nauclér et al., 2019). Emerging evidence suggests that human cytomegalovirus may contribute to advanced liver disease, providing valuable insights for the development of novel therapeutic approaches for HCC treatment (Cacicedo et al., 2022; Khalil et al., 2022). Cytokines, as crucial immune system mediators, interact with specific cellular receptors that are upregulated during cell activation in various diseases, particularly cancer (Scheller et al., 2021). The PI3K/Akt signaling pathway, which plays a vital role in cell growth, survival, metabolism, and angiogenesis, has been frequently found to be aberrantly activated in different types of malignancies (Hoxhaj and Manning, 2020). PTEN, a tumor suppressor that inhibits the PI3K/Akt pathway, has been extensively reported to counteract tumor growth in cancers of the endometrium, brain, skin, and prostate (Martini et al., 2014; Danielsen et al., 2015). Toll-like receptors (TLRs) are also implicated in tumor initiation and progression, particularly in cancers associated with chronic inflammation such as hepatic, colonic, gastric, and cervical carcinomas. Their role extends to promoting cell proliferation, inhibiting apoptosis, and facilitating immune evasion (Kaur et al., 2022). Furthermore, the tumor suppressor p53 functions as a key transcription regulator, initiating cell death signals and thereby inhibiting tumor development. For instance, Kandhavelu et al. demonstrated how alterations in the p53 signaling pathway influenced apoptosis and tumorigenesis in colon cancer (Kandhavelu et al., 2023). Despite the considerable knowledge of these signaling pathways in various cancers, research specifically investigating their significance and mechanisms in HCC remains limited. Further investigative efforts are warranted to gain a better understanding of their roles and therapeutic potential in HCC.
Using LASSO Cox regression analysis, we developed a prognostic model that incorporates five ARGs (BIRC5, E2F1, SFN, SPP1, and UBE2C), which have been found to be significant in the context of HCC. Previous studies have highlighted the prognostic importance of specific gene sets in HCC, including genes associated with ferroptosis (Zhang Y. et al., 2022; Zhao et al., 2022), glycolytic-related genes (Zou et al., 2022), and ARGs (Guizhen et al., 2022; Chen et al., 2023) are closely associated with HCC prognosis. Our analysis of the prognostic characteristic model for ARGs confirms its potential as a reliable prognostic tool for HCC patients, consistent with the findings of Chen et al., Guizhen et al., and Wang et al. (Wang et al., 2021; Guizhen et al., 2022; Chen et al., 2023). Among the selected genes, BIRC5 is an immune-related gene that inhibits apoptosis and promotes cell proliferation. There is increasing evidence suggesting the crucial role of BIRC5 in tumorigenesis, as it is overexpressed in various cancers such as breast cancer (Cao et al., 2023), oral squamous cell carcinoma (Cacına et al., 2023), benign meningioma (Maier et al., 2023), prostate cancer (Yu et al., 2023) and ovarian cancer (Li B. et al., 2023), thereby indicating a poor prognosis in cancer patients. Additionally, E2F1 is a well-known transcription factor that regulates the cell cycle and cell proliferation by binding to specific sites in the promoters of its downstream target genes to upregulate their expression. Overexpression of E2F1 during tumorigenesis can promote the malignant transformation of fibroblasts and induce liver carcinogenesis (Dong et al., 2023). Xiang et al. investigated the oncogenic and immunogenic effects of SPP1 in HCC and discovered that higher expression levels of SPP1 are associated with increased infiltration of immune cells. This finding is supported by previous studies on SFN (Li S. et al., 2023) and UBE2C (Shen et al., 2023), which have demonstrated significant impacts on cancer progression. Our bioinformatics analysis further supports these results. Overall, our study establishes a theoretical framework for future research on apoptosis-associated genes in the etiology and progression of HCC. Additionally, our prognostic assessment of ARGs in HCC provides a solid foundation for further extensive research in this field. Xiang et al. investigated the oncogenic and immunogenic effects of SPP1 in HCC and discovered that higher expression levels of SPP1 are associated with increased infiltration of immune cells (Xiang et al., 2023). This finding is supported by previous studies on SFN (Li S. et al., 2023) and UBE2C (Shen et al., 2023), which have demonstrated significant impacts on cancer progression. Our bioinformatics analysis further supports these results. Overall, our study establishes a theoretical framework for future research on apoptosis-associated genes in the etiology and progression of HCC. Additionally, our prognostic assessment of ARGs in HCC provides a solid foundation for further extensive research in this field.
Consistent with previous research, our investigation emphasizes the significant impact of interactions between tumor cells and immune infiltrates on the progression of cancer. The presence and behavior of infiltrating immune cells in the tumor microenvironment play a decisive role in both patient outcomes and the effectiveness of anti-neoplastic treatments (Shi et al., 2020). Building on these findings, our study reveals notable differences in the composition of infiltrating immune cell types between low-risk and high-risk groups in HCC, including macrophages, neutrophils, NK cells, mast cells, and activated memory CD4+ T cells. Activated macrophages often exhibit anti-tumor capabilities. In the context of HCC, M1 polarized macrophages can impede tumor growth through various pathways, while their M2 counterparts are involved in promoting angiogenesis, which facilitates tumor development (Cheng et al., 2022). Neutrophils have a dualistic role in oncogenesis, as they can either stimulate or inhibit cancer progression, highlighting their complex relationship with tumor pathobiology (Gryziak et al., 2022). NK cells are known for their innate cytotoxic potential and play a crucial role in lymphocyte-mediated effector responses. A reduced number of interferon-producing NK cells has been linked to advanced stages of HCC, suggesting their potential role in predicting disease prognosis (Lee et al., 2021). Furthermore, clinical observations have revealed a negative correlation between the presence of tryptase-positive mast cells and overall survival in HCC, indicating that mast cells could serve as a potential prognostic indicator for unfavorable clinical outcomes (Wang et al., 2018; Rohr-Udilova et al., 2021). Given these connections, it is crucial to thoroughly examine the function of immune cells in HCC pathology. These findings could provide valuable insights and have significant implications for the development of innovative therapeutic approaches that target the interaction between tumors and the immune system in HCC.
TCM has a long history of application in preventing and managing neoplasms, which has prompted intensive scientific inquiry into the discovery of TCM-derived anti-tumor agents. Our study aimed to investigate the phytochemical constituents of TCM for their potential modulatory effects on BIRC5, a gene implicated in tumor progression. Subsequent molecular docking confirmed the potential of three TCM ingredients, including baicalein, platycodin D, and resveratrol, as promising candidates. Resveratrol, a naturally occurring polyphenol, has garnered considerable attention for its versatile anti-neoplastic properties (Li et al., 2018). This compound is known to hinder the advancement of liver cancer by inhibiting the proliferation of precancerous cells and modulating apoptotic pathways. Specifically, it downregulates Bcl-2 and upregulates Bax expression in hepatocarcinogenesis (Bishayee and Dhir, 2009). Furthermore, resveratrol has been shown to attenuate oxidative stress, reduce pro-inflammatory cytokine levels, and initiate apoptosis by inhibiting SGK1 activity in the early stages of HCC development (Di Pascoli et al., 2013). Clinical investigations have demonstrated resveratrol’s ability to induce apoptosis in hepatic malignancies (Wang et al., 2023) and influence cell cycle regulators through the HGF/c-Met axis (Gao et al., 2017). Annaji et al. reported that resveratrol nanoparticles significantly enhance the anti-cancer potency against liver malignancies, both in vitro and in vivo, this positions resveratrol as a promising agent for liver cancer intervention (Annaji et al., 2021). Platycodin D, a triterpenoid saponin derived from Platycodon grandiflorus, has also demonstrated considerable anti-cancer efficacy against various malignancies, including HCC. Work by Hsu et al. illustrated that platycodin D may help overcome resistance to HDAC inhibitors in HCC by inhibiting the Erk1/2-regulated phosphorylation of CFL-1, offering a potential therapeutic approach to circumvent chemotherapy resistance (Hsu et al., 2021). Guo et al., noted that baicalin can inhibit the invasive and migratory capabilities of BEL-7402 cells by regulating cellular movement and the expression of MMP2, E-cadherin, TIMP2, and integrin β1. These findings collectively highlight the therapeutic potential of these herbal constituents in improving HCC prognosis (Guo, 2006). Collectively, these observations underscore the therapeutic potential of these herbal constituents in enhancing HCC prognosis. Our qRT-PCR and immunofluorescence assays investigating the expression of BIRC5 in HepG2 and Huh-7 cells support these observations. Therefore, our results indicate that platycodin D exhibits significant inhibitory action against HCC, providing a solid theoretical basis for further investigation.
In our investigation, we identified three potential ceRNA axes associated with HCC and discovered ten bioactive herbal components that have regulatory effects on BIRC5. Our molecular docking results were consistent with in vitro experiments, which further validated the predictions from our bioinformatics analyses. This comprehensive evaluation of HCC enhances our current understanding of its biological behaviors, clinical characteristics, and prognostic determinants, paving the way for more personalized and targeted therapeutic interventions. However, there are certain limitations in our research that need to be addressed in future studies. Firstly, the validation of our prognostic signature was limited to retrospective data obtained from the TCGA database. To establish its clinical relevance, prospective validations using diverse databases, including the GEO database, are essential. Secondly, the qRT-PCR based methods we used to validate RNA regulatory interactions have their own limitations, highlighting the need for more comprehensive evaluations involving both in vitro and in vivo models, as well as clinical trials. Furthermore, although our investigation suggested a connection between the prognostic model and immune infiltration, this potential link needs to be confirmed through studies with larger sample sizes. Further research is necessary to determine whether our model’s predictive capability remains strong when combined with immunotherapeutic approaches, and whether there are differential responses to such therapies between high-risk and low-risk patient groups. The impact of our prognostic signature on drug sensitivity also deserves thorough examination. A detailed analysis could provide valuable insights into how the gene signature in question modulates therapy resistance. Finally, the practice of studying Chinese medicines often revolves around the principle of “a single ingredient-a single medicine-a preparation”. This paradigm serves as a cornerstone of TCM research and represents a key area for our future investigative endeavors.
5 CONCLUSION
In summary, our analysis and experimental corroboration support the hypothesis that three competing endogenous RNA networks, namely, OIP5-AS1/hsa-miR-204-5p/BIRC5, DCP1A/hsa-miR-204-5p/BIRC5, and PPP1R9B/hsa-miR-204-5p/BIRC5, represent potential therapeutic intervention points for HCC. Additionally, our molecular docking studies identified baicalin, platycodin D, and resveratrol as potential modulators of BIRC5 expression in HCC, with platycodin D showing the most prominent effects. In vitro cellular experiments further validated these findings. Therefore, our study lays the groundwork for the development of precise pharmacological treatments for HCC. While our research offers promising avenues for HCC management, it also highlights the need for future investigations to refine and substantiate the therapeutic and prognostic insights obtained from our work.
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Oral cancer is a severe health problem that accounts for an alarmingly high number of fatalities worldwide. Withania somnifera (L.) Dunal has been extensively studied against various tumor cell lines from different body organs, rarely from the oral cavity. We thus investigated the cytotoxicity of W. somnifera fruits (W-F) and roots (W-R) hydromethanolic extracts and their chromatographic fractions against oral squamous cell carcinoma (OSCC) cell lines [Ca9-22 (derived from gingiva), HSC-2, HSC-3, and HSC-4 (derived from tongue)] and three normal oral mesenchymal cells [human gingival fibroblast (HGF), human periodontal ligament fibroblast (HPLF), and human pulp cells (HPC)] in comparison to standard drugs. The root polar ethyl acetate (W-R EtOAc) and butanol (W-R BuOH) fractions exhibited the strongest cytotoxicity against the Ca9-22 cell line (CC50 = 51.8 and 40.1 μg/mL, respectively), which is relatively the same effect as 5-FU at CC50 = 69.4 μM and melphalan at CC50 = 36.3 μM on the same cancer cell line. Flow cytometric analysis revealed changes in morphology as well as in the cell cycle profile of the W-R EtOAc and W-R BuOH-treated oral cancer Ca9-22 cells compared to the untreated control. The W-R EtOAc (125 μg/mL) exerted morphological changes and induced subG1 accumulation, suggesting apoptotic cell death. A UHPLC MS/MS analysis of the extract enabled the identification of 26 compounds, mainly alkaloids, withanolides, withanosides, and flavonoids. Pharmacophore-based inverse virtual screening proposed that BRD3 and CDK2 are the cancer-relevant targets for the annotated withanolides D (18) and O (12), and the flavonoid kaempferol (11). Molecular modeling studies highlighted the BRD3 and CDK2 as the most probable oncogenic targets of anticancer activity of these molecules. These findings highlight W. somnifera’s potential as an affordable source of therapeutic agents for a range of oral malignancies.

Keywords: Withania somnifera, oral cancer, flow cytometry, UHPLC MS/MS, CDK2, BRD3, molecular docking, molecular dynamics

1 INTRODUCTION
As the second main cause of death among non-communicable diseases, cancer-related deaths are increasing at an alarming rate (Lee et al., 2016). Cancer can originate anywhere in the human body areas including, the oral cavity, lung, breast, liver, prostate, colon, kidney, ovary, etc. (Ferlay et al., 2021). There are about 500,000 new incidences of oral cancer reported annually worldwide, and rising trends have been reported in many countries, particularly among tobacco smokers. According to the American Cancer Society’s update, there will be around 54,000 new instances of oral cavity and oropharyngeal cancer in the United States in 2022, along with 11,230 fatalities (Siegel et al., 2022). A similar increase was reported in Saudi Arabia; the Saudi Cancer Registry found 3,184 incidences of oral cancer during the period 1994–2015 (Alshehri, 2020). The most typical locations for oral cavity and oropharyngeal malignancies include the tongue, tonsils, oropharynx, gums, and mouth floor, in addition to the roof of the mouth and small salivary glands (Cai et al., 2023). There is a direct link between oral cancers and age, as well as between oral cancer and smoking, especially shisha (smoking through a water pipe), which is very popular in the Middle East (Etemadi et al., 2017). Generally, the possibility of developing cancers in the oral cavity and oropharyngeal tissues is about 1/60 for men and 1/140 for women (Gupta et al., 2022).
Despite the availability of anticarcinogenic drugs, the vast bulk of them are cost-prohibitive and come with several side effects. As a result, enticing natural, cost-effective drugs, with the least side effects are pressingly aimed.
The most integrated development of anticancer therapy is thought to be plant-based immunomodulatory agents (Ali et al., 2021). Withania somnifera (L.) Dunal, belonging to the family Solanaceae, is an important medicinal herb with well-established immunostimulatory activity (Davis and Kuttan, 2000). Macromorphologically, W. somnifera is an erect, thick, hairy, greyish-tomentose herb or under-shrub that can reach a height of 1.5 m. Its primary stem bears simple, dull green, glabrous, elliptic, petiolated, whole, opposite leaves, and bell-shaped flowers on upright, tomentose branches. Its fruits are shaped like green berries and mature to orange-red colour. Its taproot system is pale yellow in hue (Macharia et al., 2023). It is famous as Indian Ginseng, Ashwagandha, Ajagandha, Kanaje Hindi, Winter Cherry, and Samm Al Ferakh, and has various medicinal uses in the ancient Indian medical system (Ayurveda) (Singh et al., 2021). It was originally prescribed to treat problems with infertility, but afterward, it is frequently used to cure anxiety, increase vital fluid and lymph production, fight aging, and increase vigour and muscle strength (Chaurasiya et al., 2009; MR et al., 2010; John, 2014).
W. somnifera has attracted large attention regarding its anticancer properties. W. somnifera extracts and purified compounds, mainly withanolides, alkaloids, and phenolics, have been studied for their cytotoxic effects against a variety of cancer cell lines [viz. A549, and H1299, and NCI–H460 (non-small cell lung cancer, NSCLC), SW480, HCT-15, HCT-116, and RKO (human colorectal cancer), SF-268 (brain cancer), and MCF-7 (breast cancer), AGS (human gastric cancer), HL-60 (human promyelocytic leukemia), MDA-MB-231 (estrogen-independent mammary cancer cell line), PC-3 and DU-145 (prostate cancer), IMR-32 (neuroblastoma), K562 (human erythroleukemia), MOLT-4 (lymphoid leukemia), SUM 159 and T47D (mammary cancer), A2780 cell line (ovarian cancer), A375 (human malignant melanoma; skin tumor), Huh 7 and MHCC97H (liver), and C6 (rat glioma), and YKG1 (human glioma)] (Rai et al., 2016; Singh et al., 2021).
The promising effects of W. somnifera against cancer cell lines from almost all body organs, rarely from the oral cavity, coupled with our interest in finding anti-oral cancer drug candidates (Orabi et al., 2021), endorsed us to screen W. somnifera roots and fruits extracts to exploit it against oral cancers.
In this study, the specific cytotoxicity of ten different extracts and fractions from roots and fruits of W. somnifera was determined against human oral squamous cell carcinoma (HOSCC) cell lines [Ca9-22 (human gingival squamous carcinoma cell line), HSC-2, HSC-3, and HSC-4 (human squamous carcinoma, derived from tongue)], and three normal oral mesenchymal cells [human gingival fibroblast (HGF), human periodontal ligament fibroblast (HPLF), and human pulp cells (HPC)], and the results were compared with 5-fluorouracil (5-FU), doxorubicin, and melphalan standard chemotherapeutics. Further, flow cytometric analysis was performed to recognize the possible cytotoxic mechanism. The Withania active components were then explored using two-stage UHPLC-ESI MS/MS mass spectrometry. To figure out the appropriate configurations of biomolecular ligands and to gauge how well a ligand interacts with the protein, molecular docking of the identified W. somnifera metabolites with cyclin-dependent kinase 2 (CDK2) and bromodomain-containing protein 3 (BRD3) proteins was performed. The compounds with the best binding affinity were further refined by molecular dynamics (MD) simulations.
2 MATERIALS AND METHODS
2.1 General experimental procedures
Following informed consent from the patient at Meikai University Hospital, the 12-year-old girl had her first premolar tooth pulled from her lower jaw following Intramural Ethic Committee guidelines (No. A0808). The lower jaw first premolar tooth was used for establishing the HGF, HPLF, and HPC cells, and HOSCC cell lines [Ca9-22 (Catalog number: RCB-1976), HSC-2 (RCB-1945), HSC-3 (RCB-1975), and HSC-4 (RCB-1902)], purchased from Riken Cell Bank, Tsukuba, Japan. The Dulbecco’s modified Eagle’s medium (Catalog #: 30-2002), kanamycin (CAS #: 133-92-6), dimethyl sulfoxide (DMSO) (CAS #:67-68-5), and 3-(4,5-dimethythiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) (CAS #: 298-93-1), and doxorubicin (CAS #: 25316-40-9) were purchased from FUJIFILM Wako Chem, Osaka, Japan. 5-fluorouracil (5-FU) (CAS #: 51-21-8) was purchased from Kyowa, Tokyo, Japan. Fetal bovine serum (FBS) (Catalog #: 16000044) and melphalan (CAS #: 148-82-3) were obtained from Sigma-Aldrich (St. Louis, MO, United States). The 100 mm dishes and 96-well plates used for the culture were purchased from True Line (Haryana, India) and TPP (Techno Plastic Products AG, Trasadingen, Switzerland), respectively.
2.2 Plant material
The roots and fruits of W. somnifera were harvested (in October 2019) from plants rife in the vicinity of the Colleges of Pharmacy and Applied Medical Sciences at Najran University (geographic location, 17.633418, 44.5383887, Saudi Arabia. The plant was authenticated by Prof. Omer H. Mohamed Ibrahim, Arid Land Agriculture Department, Faculty of Meteorology, Environmental, and Arid Land Agriculture, King Abdul-Aziz University, SA. The roots were cleaned from the remaining clay, cut into small pieces, and dried in the shade. The fruits were deprived of any floral parts and dried in shade. Voucher specimens [Root (AshR-10/018) and fruit (AshF-10/018)] were kept at the Department of Pharmacognosy, College of Pharmacy, Najran University, SA.
2.3 Extraction and fractionation
W. somnifera roots and fruits (each 200 g dry powder) were separately extracted by MeOH–H2O (8:2, v/v, 4 × 1.5 L) using homogenizer. The extracts were vacuum dried at 40°C by rotary evaporators and yielded total extracts [W-R total (37.4 g, 19%) and W-F total (44.96 g, 22%, w/w)], respectively. Samples (6 and 4g, respectively) of both extracts were kept for biological assessments. The remains of the total extracts were chromatographed on silica gel (70–230 mesh) [(25 × 7 cm, i. d.] with n-hexane, EtOAc, n–butanol, and MeOH (3L each), successively. The different eluates were vacuum dried at 40°C and afforded the corresponding dry sub-extracts [root (0.29, 0.58, 1.79, and 28.7 g), fruit (8.43, 1.94, 6.4, and 24.3 g)], respectively. The different extracts and sub-extracts/fractions were kept in sample vials for spectro-chromatographic and biological investigations.
2.4 Cytotoxicity assay
The cancer cell lines (HSC-2, HSC-3, HSC-4), as well as the normal cells (HGF, HPLF, and HPC), were cultured at 37°C in a humidified 5% CO2 incubator in DMEM medium enriched with streptomycin sulphate (100 μg/mL), 10% heat-inactivated FBS, and penicillin G (100 units/mL). For cytotoxicity testing, cells were then garnered using 0.25% trypsin–0.025% sodium edetate in a phosphate-buffered saline lacking Ca2+/Mg2+ [PBS (−)]. The cells were cultured in 96-well microplates at a cell count of 3 ×103 cells/100 μL. After 2 days, the exhausted medium was replaced with fresh medium containing the different concentrations of sample to be tested, in triplicate. The initial sample concentration was set at 5 mg/mL in DMSO. The first concentration examined was thus 500 μg/mL, which was then successively diluted 2-fold. In the wells assigned for control, equal volumes of the DMSO were added to the cells, where the toxic effects of DMSO could be subtracted. The cell growth in the incubator was continued for another 2 days. To determine the cell viability, the colorimetric MTT method was employed as described in our preceding article (Orabi et al., 2021). The concentration of cytotoxicity 50% (CC50) was determined from the dose-response curve. The mean CC50 value for each type of cell was calculated from triplicate assays (Kantoh et al., 2010). The changes in cell morphology were detected using light microscopy (EVOSfl; ThermoFisher Scientific, Waltham, MA, United States).
2.5 Calculation of the TS index
The following equation was used to calculate tumor specificity (TS): TS = average CC50 toward the normal cells (HGF + HPLF + HPC)/average CC50 toward the tumor cell lines (Ca9-22 + HSC-2 + HSC-3 + HSC-4), as indicated by D/B (Table 1). To compare the sensitivity of the cancer cells (Ca9-22) with that of the normal cells (HGF), being generated from the same tissue, the equation TS = CC50 against HGF/CC50 against Ca9-22 was used (see C/A in Table 1).
TABLE 1 | Quantification of tumor selectivity (TS) and potency-selectivity expression (PSE) values of W. somnifera fractions (W-R EtOAc and W-R BuOH) and the standard cytotoxic (doxorubicin, melphalan) and cytostatic drugs (5-FU) against OSCC cell lines and normal oral cells.
[image: A table comparing the cytotoxicity (CC50 values) of various extracts and fractions on human oral squamous cell carcinoma cell lines (Ca9-22, HSC-2, HSC-3, HSC-4) and human normal oral cells (HGF, HPLF, HPC). The table includes mean CC50 values, TS values, and PSE values, with specific measurements listed for each type of extract, including fractions like W-F Total, Hex, EtOAc, BuOH, and MeOH. Further statistics for Doxorubicin, 5-FU, and Melphalan are also shown. Notes clarify calculations for TS and PSE values.]2.6 Calculation of the PSE index
Elevated values of TS and PSE (potency-selectivity expression) parameters indicate treatment of cancer patients at minimum damage to the normal cells. The PSE for the three normal oral cells vs. the four cancer cell lines was computed from the equation: PSE = 100 × TS/CC50 (tumor cells) (100 × D/B2). The PSE for the HGF vs. Ca9-22 was calculated from 100 × C/A2 (Table 1) (Takao et al., 2020).
2.7 Cell cycle analysis
Ca9-22 cells (3 × 104/mL, 10 mL) were added to a 10-cm dish and allowed to fully attach to the dish over the course of 48 h of incubation. The culture medium was substituted with 10 mL of either new culture medium without (control) or with actinomycin D (1 μM) (positive control of apoptosis inducer), EtOAc extract (31.3, 62.5, 125, or 250 μg/mL), or BuOH extract (31.3, 62.5, 125, or 250 μg/mL). Following a 20-h incubation period, connected cells were separated by treating them with 0.25% trypsin-EDTA, and loosely bound and unattached cells were collected by centrifugation. These cells were mixed and then washed once with PBS (−). Both cell groups were fixed for 1 h on ice with 1% paraformaldehyde. Fixed cells were then washed twice with PBS (−) and treated with 400 μL of 200 μg/mL RNase A (which was preheated for 10 min at 100°C to inactivate DNase) to degrade RNA. The cells were then washed twice with PBS (−) and stained for 15 min with 0.01% propidium iodide (PI) in the presence of 0.01% NP-40 in PBS (−) to prevent cell aggregation. After filtering through Falcon® cell strainers (nylon mesh, pore size: 40 μm) (Corning, NY, United States) to remove aggregated cells, PI-stained cells were then subjected to cell sorting using (SH800 Series; SONY Imaging Products and Solutions Inc., Kanagawa, Japan), and finally analyzed with the Cell Sorter Software version 2.1.2. (SONY Imaging Products and Solutions Inc., Kanagawa, Japan), as explained before (Takao et al., 2020).
2.8 Metabolite analysis using UHPLC-MS/MS
For LC-MS/MS analysis of the extract, a Shimadzu LC-10 HPLC, equipped with a Grace Vydac Everest Narrow bore C-18 column [internal diameter (100 mm × 2.1 mm) and particle size 300 Å), was utilized. An LTQ Linear Ion Trap MS (Thermo Finnigan, San Jose, CA), with a mass range of 100–2,000 m/z, was utilized. A sample size of 2 µL was auto-injected. A gradient elution pattern (continued for 15 min) was employed using gradients of 5% CH3CN and 0.05% HCOOH, until 95% CH3CN 0.05% HCOOH. For data analysis and interpretation, the software MSDIAL ver.5.1.230912 and MZmine 3 were utilized. The files of the raw data were then converted to mzXML format using MSConvert from the ProteoWizard suite (Al Mousa et al., 2022).
2.9 Computational investigation
2.9.1 Virtual target identification
The putative target characterization of retinol was achieved via Pharmacophore-based Virtual screening using PharmMapper (Wang et al., 2017). This platform assigns a score to each molecule in the Protein Data Bank (PDB) that best fits a pharmacophore model that has been extracted and stored as a library of ligand datasets in mol2 format. To identify where a new molecule fits on the scale of all the pharmacophore scores, its fit score for each pharmacophore is determined, and each fit score is compared to the fit score matrix. The pure fit score that results from this procedure carries considerably more weight and assurance. The query structure was submitted to the platform in the PDB format, and the retrieved results were exported as an Excel sheet arranging the resulted protein targets according to their fit scores.
2.9.2 Docking study
The docking investigation was carried out on the crystal structures of the CDK2 and BRD3 protein (PDB ID: 6GUB, and 7S3B) using AutoDock Vina (Huey et al., 2012). To determine the binding site and the docking grid-box in each protein structure, the respective co-crystallized ligand (Flavopiridol and physachinoloide C) was employed. The grid box coordinates were x = −30.626, y = −0.508, z = 33.564, and x = 34.364, y = −18.457, z = 5.761, respectively. The root-mean-square-deviation (RMSD) criterion for ligand-to-binding site shape matching was established at 2.0 Å. The Charmm force field (v.1.02) with a distance-dependent dielectric and a non-bonded cutoff distance of 10.0 Å was used to calculate the interaction energies. Next, an energy grid extending from the binding site was set at 5.0 Å. Energy minimization of the investigated compounds was achieved inside the designated binding pocket. Pymol software was used to edit and visualize the produced binding postures (Yuan et al., 2017).
2.9.3 Molecular dynamics simulation (MDS)
The MDS analysis was performed by the NAMD 3.0.0 software (Phillips et al., 2005; Ribeiro et al., 2018), and the Charmm-36 force field was applied. The amino acids protonation states were adjusted (pH = 7.4), and the co-crystallized H2O molecules were removed. Using the QwikMD toolset of the VMD program, the protein molecules were verified for any lost hydrogen atoms (Humphrey et al., 1996; Ribeiro et al., 2018). The total molecule was then dipped in an orthorhombic TIP3P H2O box holding 0.15 M Na+ and Cl− ions and a solvent buffer of 20 Å. The system’s energy was minimized and equilibrated for 5 ns. The VMD plugin Force Field Toolkit (ffTK) was used to calculate the properties and topologies of the ligands. The files of the parameters and topology were then located in VMD to rapidly read the protein-ligand complexes and perform the simulation phases.
2.9.4 Binding free energy (BEE) calculations
To compute the BEE of the docked complex, the Molecular Mechanics Poisson-Boltzmann Surface Area rooted in the MMPBSA. py module of Assisted Model Building with Energy Refinement 2018 (AMBER18) was utilized (Miller et al., 2012). After processing 100 frames from the trajectories, the net energy of the system was calculated with the help of the Eq. 1:
[image: Equation for binding free energy: ΔG_binding equals ΔG_complex minus ΔG_receptor minus ΔG_inhibitor, labeled as equation one.]
Van der Waals energy, electrostatic energy, internal energy from molecular mechanics, and the polar contribution to solvation energy are among the several energy components that must be calculated for each of these concepts.
2.10 Statistical analysis
All analyses were carried out in triplicate to ensure robustness and reliability. The data are presented as mean ± standard deviation (SD). Graph Pad Prism 7 and Microsoft Excel 2010 were used for the statistical and graphical evaluations. For multiple comparisons, one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test was performed (SPSS version 27.0). A value of p < 0.05 was considered to indicate statistically significant differences.
3 RESULTS
3.1 Cytotoxic activity
The results presented in Figure 1; Table 1 indicated the occurrence of the effective cytotoxic components in the root EtOAc (W-R EtOAc) and butanol (W-R BuOH) fractions. They exhibited strong cytotoxicity against the Ca9-22 cell line (CC50 = 51.8 and 40.1 μg/mL, respectively), which is relatively the same effect as 5-FU at CC50 = 69.4 μM and melphalan at CC50 = 36.3 μM on the same cancer cell line. Both the W-R EtOAc and W-R BuOH fractions exhibited moderate to low cytotoxicity CC50 = 76.1–98.7 μg/mL toward the other tumor cell lines, but very low or negligible cytotoxicity (CC50 = 167–>500 μg/mL) against the normal cells. The same fractions showed TS indices (TS = 2.3 and 5, respectively), calculated by dividing the mean CC50 toward the normal cells (HGF + HPLF + HPC) over the mean CC50 against the OSCC (Ca9-22 + HSC-2 + HSC-3 + HSC-4) cell lines (See D/B in Table 1), comparable to that of 5-FU and melphalan (TS = 2.6 and 10.1, respectively). The potency-selectivity expression (PSE), computed from the equation: PSE = 100 × TS/CC50 (tumor cells) (100 × D/B2) (three normal oral cells vs. four OSCC cell lines) and 100 × C/A2 (HGF vs. Ca9-22). As shown in Figure 1; Table 1, the W-R EtOAc and W-R BuOH exhibited PSE = 2.9 and 6.6, respectively) much higher than that of 5-FU (PSE = 0.7). The relative sensitivity of the gingival tissue-derived cells (Ca9-22 and HGF) was also compared (Table 1). The W-R EtOAc and W-R BuOH fractions showed TS = 3.6 and 7.3 and PSE = 6.9 and 18.3, respectively) comparable with 5-FU and melphalan (TS = 14.4 and 5.0 and PSE = 20.8 and 13.7, respectively).
[image: Six line graphs compare the effects of different treatments on cell numbers over 48 hours. Each graph shows multiple lines for different cell types. The top graphs (W-R EtOAc, W-R BuOH) and the Melphalan graph indicate cytotoxic effects, while the 5-FU graph shows cytostatic effects. The Doxorubicin graph indicates both cytotoxic effects. Red lines generally decrease sharply, indicating a reduction in viable cell number, while blue lines show less reduction.]FIGURE 1 | Dose-response curve of growth inhibition by W. somnifera fractions (W-R EtOAc and W-R BuOH), and the standard cytotoxic (doxorubicin, melphalan) and cytostatic (5-FU) drugs against OSCC cell lines (represented by red coloured curves) and normal oral cells (represented by blue coloured curves).
3.2 Flow cytometry
Since Ca9-22 cells were most sensitive to W-R EtOA and W-R BuOH among four OSCC cell lines (Table 1), their effects on the cell cycle and cell morphological changes in Ca9-22 cells were next investigated (Figures 2, 3), using actinomycin D (1 µM), positive control that induced cell shrinkage (a morphological hallmark of apoptosis) (Figure 3E) and a significant increase in the subG1 population (composed of DNA fragments) (Figure 2E).
[image: Flow cytometry histograms and bar chart showing the effects of various treatments on Ca9-22 cell distribution after 20 hours. Panels A to I display histograms for control and cells treated with different concentrations of EtOAc, Act.D, and BuOH, highlighting differences in cell cycle phases. Panel J is a bar chart comparing the distribution of cells in subG1, G1, S, and G2/M phases across treatments, with significant changes noted (*p<0.05) from control.]FIGURE 2 | Cell cycle analysis of cytotoxicity induction by W. somnifera fractions (W-R EtOAc and W-R BuOH). Ca9-22 cells were incubated for 20 h with the indicated concentrations of test samples (W-R EtOAc and W-R BuOH) and subjected to a cell sorter. Upper panel: Representative cell cycle distribution pattern of the control (A) and cells treated with different concentrations of {W-R EtOAc [31.3 (B), 62.5 (C), and 125 (D) μg/mL], W-R BuOH [31.3 (F), 62.5 (G), 125 (H), and 250 (I) μg/mL]}, and the standard Act. D (1 μM) (E). Lower panel (J) Distribution into subG1, G1, S, and G2/M phases. Each value is represented as the mean ± S.D. of triplicate determinations. *p < 0.05 vs. control (Bonferroni’s post-test).
[image: Microscopic images of Ca9-22 cells after 20 hours exposure, displaying control and treatments. Panels A and E show cells with no treatment. Panels B-D and F-I show cells treated with different concentrations of EtOAc (31.3, 62.5, 125 micrograms per milliliter) and BuOH (31.3, 62.5, 125, 250 micrograms per milliliter) respectively, with visible changes in cell density and morphology.]FIGURE 3 | Morphological changes induced in Ca9-22 cells after 20 h incubation without a sample control, (A), with the indicated concentrations of test samples {W-R EtOAc [31.3 (B), 62.5 (C), and 125 (D) μg/mL], W-R BuOH [31.3 (F), 62.5 (G), 125 (H), and 250 (I) μg/mL], and the standard Act. D (1 μM) (E)}.
The effective concentration range of W-R EtOAc was narrow. No significant variation in the cell cycle distribution was detected at 31.3 (Figure 2B) and 62.5 (Figure 2C) μg/mL of W-R EtOAc, but a significant variation in the cell cycle distribution was detected at 125 μg/mL (Figure 2D). The proportion of the subG1 population (composed of DNA fragments) (Figure 2D) was increased by 41.1% from the baseline (control, Figure 2A) (=42.5–1.4), whereas the proportions of G1, S, and G2/M phase cells were decreased by 21.7% (=16.7–38.4), 5.6% (=6.1–11.7), and G2/M 14.1% (=35.1–49.2), respectively (Figure 2J). Morphological observation demonstrated (Figures 2I, 3A) that cells became larger at the lower concentration range [31.3 and 62.5 μg/mL, Figures 3B, C, respectively)], whereas cells treated at a higher concentration 125 μg/mL were rather shrunken (Figure 3D), in parallel with significant increase in the subG1 population (Figure 2D).
In contrast, the effective concentration range of W-R BuOH was much wider, and the subG1 population increased significantly and dose-dependently from 1.4% (control) to 9.3, 19.1% and 27.8% at 62.5, 125, and 250 μg/mL (Figures 2G, H, I, respectively). Interestingly, the proportion of cells in the G2/M phase was significantly increased up to 19.1% (=68.3–49.2, p < 0.05), but began to decrease at the maximum concentration (125 μg/mL), possibly due to the shift to subG1 population (Figure 2). At this time, the cells were slightly larger at 62.6–125 μg/mL (Figures 3G, H). On the other hand, both W-R EtOAc and W-R BuOH did not increase, but rather reduced the distribution into G1 phase of cell cycle and did not cause apparent change in S phase cells. Based on these data and calculation, it was suggested that W-R EtOAc and W-R BuOH may first stimulate the accumulation of Ca9-22 cells in the G2/M phase having larger cell volume than other phases of the cell cycle, and then accumulate higher amount of subG1 population than actinomycin D.
3.3 Identification of W. somnifera metabolites
An analysis was carried out utilizing UHPLC-Q-TOF-MS/MS in the positive ion mode. The screening with MSDial revealed that each chromatographic peak frequently represents a variety of compounds (Figure 4). By checking for the molecular ion (m/z) value, the peaks were exactly located regardless of chromatographic settings or alterations to the instrumentation. Two-stage mass spectrometry enabled precise information about the elemental composition and characteristic fragment ions of each compound. Based on compound classes and structural information from online databases, the results were then compared to known compounds using calculated and reported masses (MS1), secondary masses (MS2), and specific fragmentation patterns. The analysis led to the tentative identification of twenty-six compounds, the majority of which belong to withanolides, withanosides along with other phytochemical classes like alkaloids, flavonoids, and steroids. Table 2 displays data for each identified chemical constituent’s retention time, chemical formula, molecular ion (MS1), and MS2 fragments. The compounds in the table are arranged according to their retention times.
[image: Scatter plot displaying diverse colored dots representing data points with retention time on the x-axis and m/z ratio on the y-axis. Dots are clustered in specific regions, indicating varying concentrations at different retention times.]FIGURE 4 | The heat map for detected peaks shows the distribution of m/z against retention time.
TABLE 2 | List of identified phytomolecules in W. somnifera extract.
[image: A table listing 26 identified compounds with details including molecular formula, retention time, molecular weight, m/z (M+H), MS² fragments, and references. Each row provides specific data for a compound such as Isopelletierine and Withasomniferin A, with references cited alongside, like Singh et al. (2011) and Matsuda et al. (2001).]3.4 In silico and modeling studies
All the modeled structures of the LC-MS-annotated compounds were put through pharmacophore-based virtual screening using the PharmMapper platform (Wang et al., 2017) to determine how the W. somnifera extract exerts its anticancer activity. By mapping the major pharmacophore properties (i.e., the spatial arrangement of structural features) of a query structure, PharmMapper can search and recommend the most likely protein targets of this query structure. Similar protein targets are more likely to be bound by compounds that are structurally like those depicted in these pharmacophore maps. To determine which proteins might be targets of the metabolites indicated in the W. somnifera extract, we used the PharmMapper virtual screening platform. The retrieved results were ordered by their degree of conformity to the criteria (the Fit score). In this case, only cancer-related targets were chosen.
As a result, CDK2 (PDB ID: 6GUB) was found to be among the top-scoring hits for kaempferol (11, Figure 5), and BRD3 (PDB ID: 7S3B) was found to be among the top-scoring hits for withanolides D (18) and O (12) (Figure 5) (Fit scores = 9.81, 11.12, and 11.67, respectively. Hence, these metabolites in W. somnifera extract can be considered the key bioactive compounds that may mediate its anticancer activity by inhibiting these proteins.
[image: Chemical structures of several compounds are shown. Physachenolide C is depicted in blue. Withanolide D and Q are in green with labels (18) and (12), respectively. Flavopiridol is in blue, and Kaempferol is in green with a label (11).]FIGURE 5 | Structures of the probably anticancer metabolites (Green structures) according to PharmMapper-based virtual screening. Kaempferol (11) was predicted to be probably able to bind with CDK2 (PDB ID: 6GUB), while both withanolide D (18) and withanolide O (12) were found to be probably able to bind with BRD3 (PDB ID: 7S3B). Flavopiridol and physachenolide C (blue structures) are the reported co-crystalized inhibitors of both CDK2 and BRD3, respectively. Red arrows indicate the importance of the C-20 (S) hydroxyl group in stabilizing the binding of both withanolide D (18) and the co-crystalized inhibitor physachenolide C inside the BRD3 binding site.
3.5 Molecular docking and dynamics simulation analyses
Modeled structures of the compounds were prepared and re-docked into the active sites of the proteins suggested as potential targets (CDK2 and BRD3). As a next step, we ran MD simulations for 100 ns on the obtained binding poses to verify the stability of the compounds’ binding within the active sites of the proposed protein targets.
First, docking the kaempferol (11) structure into the active site of CDK2 yielded binding modes and a docking score of −10.82 kcal/mol that was comparable to that of the co-crystallized inhibitor flavopiridol (docking score = −11.46 kcal/mol). Figure 6A shows that kaempferol (11) and the co-crystallized inhibitor flavopiridol were completely aligned with each other sharing most of the hydrophilic (i.e., H-bonding) and hydrophobic contacts (e.g., LYS-33, GLU-81, PHE-82, ASP-145, and VAL-64, PHE-80, LEU-134). Kaempferol (11) also exhibited more H-bonding with LYS-89.
[image: Molecular interactions and stability data for two sets of compounds with protein targets. Image A shows flavopiridol and kaempferol interacting with specific amino acids. Graph B plots RMSD values over 100 nanoseconds for these compounds, with flavopiridol in blue and kaempferol in pink. Image C shows physachenolide C and withanolide D interactions with amino acids. Graph D plots RMSD values for these two compounds over 100 nanoseconds, with physachenolide C in blue and withanolide D in pink.]FIGURE 6 | (A,C) Binding modes of kaempferol (11) and withanolide D (18) (brick red-coloured structure) in alignment with the co-crystalized inhibitors (Cyan-coloured structure) inside the binding site of CDK2 (PDB ID: 6GUB), and BRD3 (PDB ID: 7S3B), respectively. (B,D) RMSDs of both kaempferol (11) and withanolide D (18) inside the binding site of CDK2 and BRD3 throughout 100 ns-long MD simulation in comparison with the co-crystallized inhibitors.
Further, the 100 ns of MD simulation showed that the kaempferol (11) achieved a stable binding state, with an average RMSD of 2.18 Å, which is on par with the RMSD for the co-crystallized inhibitor flavopiridol (average RMSD = 2.07 Å; Figure 6B). Both retinol and QStatin were found to bind to the CDK2’s active site with a high degree of stability, as evidenced by their calculated absolute binding free energies (ΔGBind) within the CDK2’s binding site (ΔGBind = −9.47 and −9.89 kcal/mol, respectively). Previous modelling and MD simulation results suggest that kaempferol (11) can putatively target CDK2 exerting possible anticancer activity. On the other hand, the docking scores for withanolide D (18) and withanolide O (12) alongside the co-crystallized ligand, physachinoloide C three structures inside BRD3’s active site were −8.24, −8.67, and −8.39 kcal/mol, respectively.
The binding mechanism for both withanolide D (18) and withanolide O (12) was in good alignment with the co-crystallized ligand, physachinoloide C. The three molecules were able to form two H-bonds with ASN-391 via their lactone rings, however, only withanolide D (18) alongside the co-crystallized inhibitor was able to establish an additional H-bond with ASN-391 via their C-20 hydroxyl group (Figure 6C).
These findings were further supported by 100 ns MD simulations of the docking poses (Figure 6D), which revealed stable binding of withanolide D (18) within BRD3’s active site, with an average RMSD value convergent to that of the co-crystallized inhibitor (1.67 Å and 1.55 Å, respectively). Withanolide O (12), on the other hand, did not achieve stable binding like its close derivative withanolide D, and it left the BRD’s active site completely after 48 ns of MD simulation. This observation indicates that the H-bond between the C-20 hydroxyl group in both withanolide D (18) and the co-crystallized inhibitor, physachinoloide C, and ASN-391 is essential for the binding stability of such scaffolds. The calculated ΔGBind of withanolide D (18) within the BRD3’s binding site is almost identical to that of the co-crystallized ligand (−9.12 and −9.19 kcal/mol, respectively) indicating that withanolide D (18) is likely act as BRD3 inhibitor just like the co-crystallized inhibitor, physachinoloide C. Consequently, the overall interaction energies of both compounds (i.e., kaempferol and withanolide D) averaged around −62.45 and −68.13 kcal/mol, respectively (Figure 7). Furthermore, both compounds established stable hydrophilic contacts, particularly H-bonds, which were found to be between 1 and 3 H-bonds for kaempferol (11) and 1 to 2 H-bonds for withanolide D (18) throughout the course of simulation (Figure 8).
[image: Two line graphs labeled A and B show interaction energies over time. Graph A depicts fluctuating electrostatic, van der Waals, and total energies. Graph B shows similar trends with different values. Time is measured in nanoseconds on the x-axis, and interaction energy is measured in kilojoules per mole on the y-axis. Legends identify blue for electrostatic energy, orange for van der Waals energy, and gray for total energy.]FIGURE 7 | Interaction energies (i.e., electrostatic and van der Waals interaction energies) of kaempferol (11) and withanolide D (18) inside the binding site of CDK2 (PDB ID: 6GUB), and BRD3 (PDB ID: 7S3B), respectively. (A,B), respectively over the course of 100 ns-long MD simulation.
[image: Two line graphs labeled A and B show the number of hydrogen bonds over time in nanoseconds, ranging from 0 to 3.5. Both graphs depict fluctuations but show more consistent values near the lower range of hydrogen bonds. Time extends from 0 to 100 nanoseconds.]FIGURE 8 | Number of H-bonds detected for of kaempferol (11) and withanolide D (18) inside the binding site of CDK2 (PDB ID: 6GUB), and BRD3 (PDB ID: 7S3B), respectively (A,B), respectively over the course of 100 ns-long MD simulation. The cut-off distance for H-bonds was set to be 2.5 Å.
4 DISCUSSION
Oral cavity and oropharyngeal cancer frequencies have increased during the past 20 years at an alarming rate (Shield et al., 2017). The discovery of chemotherapeutic/chemoprophylactic anticancer drugs from plant-based edible natural sources is attracting researchers’ attention due to their potential tolerance, low toxicity, and probable in situ triggering cascade of anticancer process. W. somnifera herbal supplement (used as a drink) is an effective adaptogen and anti-stress agent that improves physical and mental performance, optimizes attention, and promotes restful sleep (Speers et al., 2021). Moreover, its phytoconstituents have been intensively studied as immunomodulatory and anticancer agents against numerous cancer cell lines from almost all body areas, however, its potential role against oral cancers has received scant attention in the literature (Kashyap et al., 2022). Therefore, hydroalcoholic root and fruit W. somnifera extracts and their solvent fractions were screened against 4 oral tumors (Ca9-22, HSC-2, HSC-3, and HSC-4), and 3 normal oral (HGF, HPLF, and HPC) cells, in comparison with the positive standard anticancer drugs, such as doxorubicin, 5-FU, and melphalan, followed by flow cytometric analysis to annotate the possible cytotoxicity mechanism. The active cytotoxic principles in the root EtOAc (W-R EtOAc) and butanol (W-R BuOH) fractions exhibited noticeable selective cytotoxicity against the different cancer cells. Stronger cytotoxicity of these fractions was observed against the Ca9-22 cell line (CC50 = 51.8 and 40.1 μg/mL, respectively), which is comparable to the effects of the 5-FU (CC50 = 69.4 μM) and melphalan (CC50 = 36.3 μM) on the same cancer cell line (Table 1). The selectivity of the drugs towards tumours rather than normal tissues is a vital quality for ensuring the treatment of cancer patients with minimum side effects. Therefore, the active fraction tumor-specificity was calculated (TS = 2.3 and 5, respectively) (see result section), which is comparable to that of 5-FU and melphalan (TS = 2.6 and 10.1, respectively). Also, the calculated potency-selectivity expression (see results section) (PSE = 2.9 and 6.6, respectively) was much higher than that of 5-FU (PSE = 0.7). The relative sensitivity of the gingival Ca9-22 and HGF cells (TS = 3.6 and 7.3, and PSE = 6.9 and 18.3 were also comparable with that of 5-FU and melphalan (TS = 14.4 and 5.0 and PSE = 20.8 and 13.7, respectively) (Table 1).
To highlight the possible cytotoxic mechanism of these selectively potent W-R EtOAc and W-R BuOH fractions, flow cytometric analysis was conducted on the most sensitive Ca9-22 cells. The result revealed that Act. D and W-R EtOAc (125 μg/mL) suppress cell growth and induce subG1 accumulation, suggesting a link between apoptosis and cytotoxicity as previously reported (Ma et al., 2021). Also, a marked suppression of cell growth in the G1 phase was observed in both EtOAc (125 μM) and BuOH (62.5, 125, and 250 μM) treated cells. However, only EtOAc (125 μM) seems to inhibit DNA synthesis during the S phase. These changes consequently lead to the growth arrest in the populations of the G2 or M phase in Act. D, W-R EtOAc (125 μM), and W-R BuOH (250 μM) treated oral cancer cells. Previous studies reported the ability of W. somnifera’s main active component, withaferin A (19), to induce apoptosis in the cancer cells Ca9–22 by arresting the G2/M cell cycle through the generation of ROS and mitochondrial polarization suggesting the occurrence of oxidative stress-facilitated killing of oral cancer cells (Das et al., 2017; Peng et al., 2021). G1 phase arrest can consequently lead to either G1 arrest pending repair, DNA repair, and return to the cell cycle or elimination via apoptosis (Kaina, 2003). These results agreed with previous research, where withanolide C (another active component) inhibited the proliferation of breast cancer cells through DNA damage and oxidative stress-mediated apoptosis (Yu et al., 2020).
The UHPLC-Q-TOF-MS/MS analysis enabled the tentative identification of twenty-six components, mainly withanolides, and withanosides along with some alkaloids, flavonoids, and steroids (Table 2), which are typical of W. somnifera metabolites.
Several in vitro studies confirmed the anticancer role of several members of these W. somnifera metabolites. Flavonoids, including daidzein (3), genistein (4), and kaempferol (11) have proven activities against various cancer cell lines. Daidzein (3) has anti-cancer activity against prostate LNCaP (lymph node carcinoma of the prostate), androgen-independent prostate carcinoma cell line (DU145), and prostatic adenocarcinoma (PC3) cell lines (Adjakly et al., 2013; Ranjithkumar et al., 2021). Genistein (4) acts through different pathways as a PTK (protein tyrosine kinase) inhibitor against breast cancer cells (Peterson and Barnes, 1996) and causes upregulation of E-Cadherin in MOLT4 (human acute T lymphoblastic leukaemia), JURKAT (human immortalized T cell leukemia), and ALL (acute lymphoblastic leukemia) cell lines (Namordizadeh, 2019). Moreover, it decreased VEGF (vascular endothelial growth factor), HIF-1α (hypoxia inducible factor 1 subunit alpha), and NF-κB (nuclear factor kappa B), and increased the p21 tumor suppressor in the breast cancer cell line (Mukund, 2020). Moreover, it improved the repressive effect of GCP (genistein combined polysaccharide) on the proliferation and apoptosis of androgen-sensitive LNCaP cells (XU et al., 2020). Kaempferol (11) causes apoptosis and arrests the murine melanoma B16 cells (Qiang et al., 2021) and acts through different pathways such as epidermal growth factor receptor/mitogen-activated protein kinas/a serine/threonine protein kinase (EGFR/MAPK/AKT) pathways in human cervical cells (Tu et al., 2016) and blocked EGFR-related pathways in pancreatic cancer (Lee and Kim, 2016). Moreover, withanolides, a group of ergostane-based C28 steroidal lactones with wide structural heterogeneity due to polyoxygenation at distinct locations of the skeleton, showed various cytotoxicity mechanisms against cancer cell lines. Withaferin A (19), the main withanolide in W. somnifera, modulated TGF-β (Transforming growth factor-β) signaling in endometrial cancer (Xu et al., 2021) and suppressed STAT3 (signal transducer and activator of transcription 3) in multiple myeloma and neuroblastoma (Yco et al., 2014). In addition, various molecular mechanisms involved in the antiproliferative effects, as well as comprehensive details about its in vitro, in vivo, and in silico manners as anticancer agent are gathered in a recent review article (Sivasankarapillai et al., 2020).
Herein, a comprehensive in silico-based investigation illustrated the flavonoid and withanolide contents of W. somnifera extract having a key role in its anticancer activity against OSCC. According to the preliminary pharmacophore-based screening, kaempferol (11), and withanolides D (18) and O (12) were suggested to bind with both CDK2 and BRD3, respectively, as cancer-relevant target proteins. Cell cycle progression depends on the activity of CDKs, which are the catalytic subunits of a broad family of heterodimeric serine/threonine protein kinases (Krithiga and Jayachitra, 2012). Bromodomain-containing protein 3 (BRD3), encoded by the BRD3 gene in humans belongs to the Bromodomain and Extra-Terminal motif (BET) protein family. These proteins associate with acetylated lysine residues on histones and transcription factors (Lai et al., 2021). Depletion of BRD3 has been correlated to slower growth in prostate and medulloblastoma cancer models (Belkina and Denis, 2012).
Targeted degradation of BRD proteins (BRD2, BRD3, and BRD4) has been linked to a better prognosis in various AML cell lines (Zhang et al., 2022). Moreover, several earlier studies have shown a substantial relationship between CDK2 expression and oral squamous cell cancer progression (Mihara et al., 2001; Shintani et al., 2002; Huang et al., 2018).
Therefore, molecular docking of the identified compounds with these oncogenic proteins was conducted, and their binding properties were discovered by molecular dynamics (MD) simulation. The MD simulation study and the ΔG Bind calculation showed that both kaempferol (11) and withanolide D (18) but not its close derivative withanolide O (12) are possible inhibitors of CDK2 and BRD3, respectively. These findings also highlighted a key structure requirement (i.e., the presence of a hydroxyl group at the C-20) of the withanolides to achieve stable binding with BRD3.
Kaempferol (11) inhibited cancer cell growth and proliferation by suppressing the cyclin-dependent kinases (CDKs) activity and the associated cyclins involved in the regulation of the cell cycle transition from G1 to S phase (Choi and Ahn, 2008; Qattan et al., 2022). Kaempferol (11) reduced CDK2 and CDK4 protein levels, as well as those of cyclin A, cyclin D1, and cyclin E in a dose-dependent manner (Choi and Ahn, 2008). It also induced autophagy through adenosine monophosphate-activated protein kinase (AMPK) and protein kinase B (PKP) signaling molecules and caused G2/M arrest via downregulation of CDK1/cyclin B in the human hepatic cancer cell line SK-HEP-1. Furthermore, through both intrinsic and extrinsic apoptotic pathways, it may play a part in triggering apoptosis in a variety of cancer cell types, which may have an anti-cancer effect. In addition, kaempferol can target many molecular-signaling pathways such as vascular endothelial growth factor (VEGF), signal transducer and activator of transcription (STAT), p53 (a tumor suppressor protein), PI3K-PKP (phosphoinositide-3-kinase–protein kinase B), NF-κB (Nuclear factor kappa-light-chain-enhancer of activated B cells), and ERRα (estrogen-related receptor α) signaling pathways, depending on what cancer cell lines were used. It is important to generalize what biochemical reactions happen after the binding of kaempferol to the targets (Amjad et al., 2022). It was shown that CDK2 controls the G1/S transition and the transcription factor E2F’s activity, which are necessary for DNA replication and repair (Satyanarayana and Kaldis, 2009; Li et al., 2022).
Previous study on synthetic pyrazolo [1,5-a]pyrimidine derivatives {2-[1-Cyano-2-(4-methoxyphenyl)vinyl]-5,7-diphenylpyrazolo [1,5-a]-pyramidine-3-carbonitrile (A) and 2-[1-Cyano-2-(4-methoxyphenyl)vinyl]-5,7-diphenylpyrazolo [1,5-a]-pyramidine-3-carbonitrile (B)} demonstrated strong inhibitory activity against CDK-2, and both compounds (A and B) arrested the cell cycle at G2/M phase in the cell cycle assay using the HepG-2 cancer cell line (Metwally et al., 2021; Mohammed and Elmasry, 2022). Similarly, taxol inhibition of the CDK2 led to cell cycle arrest at G2/M phase (Sang et al., 2022).
These literature data are consistent with the observed growth arrest in the Ca9-22 cancer cell populations in the G2 or M phase by W-R EtOAc (125 μM) and W-R BuOH (250 μM) and highlight the involvement of CDK2 inhibition of as a molecular anticancer mechanism.
Anticancer activity of W. somnifera’s withanolides, including those identified in the herein mass analysis, has been studied widely. Some research reported withanolide D (18) antiproliferative effect on multiple myeloma cells, and exhibited a cytostatic effect in both drug-resistant and drug-sensitive multiple myeloma cells by inducing cell death and apoptosis in a dose- and time-dependent manner (Issa et al., 2017). Withanolide D (18) has been shown to induce apoptosis in leukaemia by activating the neutral sphingomyelinase 2 (nSMase2) enzyme and modulating the phosphorylation of the JNK and p38MAPK pathways (Mondal et al., 2010). In a study by Wang et al. (2017), it was discovered that withanolide D inhibits the proliferation of cancer cells by lowering the expression of the BRD3 protein (Cheung et al., 2021). The BRD3 inhibition in lung cancer cell lines has been shown to induce G2/M cell cycle arrest and increased apoptosis rate (Yoo et al., 2020).
These findings suggest the potential of W-R EtOAc and W-R BuOH fractions to induce G2/M phase accumulation through CDK2 and BRD3 inhibition. Kaempferol (11) and withanolide D (18) are likely the active anti-oral cancer metabolites in W. somnifera extract. However, further research on purified compounds from the W-R EtOAc and W-R BuOH fractions is demanded to confirm this effect and understand the predominant transition of cells to the subG1 population instead of G1 and S phases is needed (Neganova et al., 2011).
Despite the importance of determining the type of cell death, in our preceding report we have detected that SN-38, an in vivo active antitumor metabolite of the antitumor drug irinotecan, could induce diverse types of cell death in two oral squamous cell carcinoma cell lines: (ⅰ) apoptosis mediated by caspase-3 activation as well as fragmentation of the internucleosomal DNA in HSC-2 cell type. (ⅱ) the formation of autophagosome and secondary lysosome (autophagy) in the HSC-4 cell type. Re-treatment with autophagy inhibitors (3-methyladenine, bafilomycin A1) and caspase inhibitor (Z-VAD-FMK) dramatically reduced the cell death of HSC-2 and HSC-4 cells, respectively (Tamura et al., 2012). This implies that tumor-specificity indicators (TS and PSE) are more important for the future administration of chemotherapy for OSCC than the kind of cell death. We have recently reported that two 3-styrylchromone derivatives, 7-methoxy-3-[(1E)-2-phenylethenyl]-4H-1-benzopyran-4-one (Compound A) and 3-[(1E)-2-(4-hydroxyphenyl) ethenyl]-7-methoxy-4H-1-benzopyran-4-one (Compound B), showed comparable TS values against human OSCC cell lines with 5-FU, cisplatin and doxorubicin. Quantitative structure-activity relationship (QSAR) prediction based on the Tox21 (21st century toxicology program) database suggested that compounds A and B may inhibit the signalling pathway of estrogen-related receptor α (ERRα), but not the other 58 signalling pathways (Abe et al., 2023). Thus, it is urgent to test the possibility that selective inhibition of ERRα may also be involved in the anticancer activity of kaempferol (11) and withanolide D (18), and related compounds.
5 CONCLUSION
W. somnifera root EtOAc portion of the hydromethanolic extract exerted superior cytotoxic activity against OSCC. This was confirmed through the in vitro investigation of various extracts and fractions against Ca9-22, HSC-2, HSC-3, and HSC-4 oral cancer cell lines. A study using flow cytometry revealed morphological alterations and subG1 accumulation in response to W-R EtOAc (125 μg/mL) on the Ca9-22 cell line, indicating apoptotic cell death as the mechanism of cytotoxicity. The two-stage mass spectroscopic analysis highlighted 26 compounds typical of the W. somnifera phytoconstituents. In silico-based investigation of the identified compounds discovered that kaempferol (11) and withanolide D (18) have a key role in its anticancer activity and are possible inhibitors of the oncogenic proteins CDK2 and BRD3, respectively. However, since CDK2 and BRD3 are also involved in the transition to the G1/S phase of the cell cycle (Neganova et al., 2011), many other CDK series may be involved in the cytotoxicity mechanism of the W-R EtOAc and W-R BuOH fractions, which require further assay studies. Despite the lack of in vivo investigation, which is a drawback of this study, our obtained results extend the exploitation of W. somnifera’s anticancer potential to involve oral malignancies. The two most likely active anti-oral cancer metabolites in W. somnifera extract, kaempferol (11) and withanolide D (18), are worth additional in vitro and in vivo research in future work.
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Hepatocellular carcinoma (HCC) is a prevalent cancer worldwide. Late-stage detection, ineffective treatments, and tumor recurrence contribute to the low survival rate of the HCC. Conventional chemotherapeutic drugs, like doxorubicin (DOX), are associated with severe side effects, limited effectiveness, and tumor resistance. To improve therapeutic outcomes and minimize these drawbacks, combination therapy with natural drugs is being researched. Herein, we assessed the antitumor efficacy of Ceiba pentandra ethyl acetate extract alone and in combination with DOX against diethylnitrosamine (DENA)-induced HCC in rats. Our in vivo study significantly revealed improvement in the liver-function biochemical markers (ALT, AST, GGT, and ALP), the tumor marker (AFP-L3), and the histopathological features of the treated groups. A UHPLC-Q-TOF-MS/MS analysis of the Ceiba pentandra ethyl acetate extract enabled the identification of fifty phytomolecules. Among these are the dietary flavonoids known to have anticancer, anti-inflammatory, and antioxidant qualities: protocatechuic acid, procyanidin B2, epicatechin, rutin, quercitrin, quercetin, kaempferol, naringenin, and apigenin. Our findings highlight C. pentandra as an affordable source of phytochemicals with possible chemosensitizing effects, which could be an intriguing candidate for the development of liver cancer therapy, particularly in combination with chemotherapeutic drugs.
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1 INTRODUCTION
Hepatocellular carcinoma (HCC) is a multistage, widely occurring disease; in Egypt, it is the sixth most common in women and the second most common in men (Rashed et al., 2020). The prevalence of risk factors is linked to environmental, dietary lifestyle factors as aflatoxins, alcohol (Omar et al., 2013) and pathologic factors like diabetes and viral hepatitis (McGlynn and London, 2005). Numerous studies indicate that these risk factors may work in concert or separately to affect the chance of developing liver cancer (McGlynn and London, 2005; Rashed et al., 2020).
Herbal medicines are being used more and more as anticancer therapies since they are readily available and have fewer adverse effects than conventional drugs. Several natural compounds, including resveratrol, curcumin, quercetin, silibinin, silymarin, n-trans-feruloyl octopamine, lycopene, gallic acid, berberine emodin, and phloretin, have shown promise in treating HCC and other hepatic toxicities (Rawat et al., 2018; Mandlik and Mandlik, 2021).
The natural products studied for their impact on HCC appear to have a variety of mechanisms to attain their effects, including promoting apoptosis and cell cycle arrest, exhibiting antioxidant and anti-inflammatory properties, boosting the immunity, suppressing angiogenesis, preventing cancer cell invasion, and detoxifying liver carcinogens (Mandlik and Mandlik, 2021).
Ceiba pentandra (L.) Gaertn. (Bombacaceae) trees are planted for horticultural purposes in many countries. Its aerial parts, leaves, stems, and stem-barks showed anti-inflammatory, hepatoprotective, antioxidant, hypoglycemic, hypolipidemic, bactericidal, and anticancer properties in pharmacological studies (Lim, 2012; Refaat et al., 2014; Abouelela et al., 2019). In terms of phytochemistry, it is distinguished by the presence of anthocyanins, steroids, triterpenes, sesquiterpenes, and other polyphenols, some of which are featured in our earlier work (Abouelela et al., 2018; Abouelela et al., 2020).
Among Ceiba species, C. pentandra is the most studied for its cytotoxic and antitumor effects. The bark extracts increased the mean survival time of tumor-bearing mice in Ehrlich ascites carcinoma (EAC, liquid tumor) and Dalton’s ascites lymphoma (solid tumor) models (Kumar et al., 2016). It also showed a potent cytotoxic effect on mouse melanoma (B16-F10) and EAC cell lines (Kumar et al., 2016). In a study on angiogenesis, the leaf extract drastically reduced the number of tubes that human umbilical vein endothelial cells could generate (Nam et al., 2003). The formation of reactive oxygen species (ROS) associated the oxidative stress has been shown to enhance tumor growth. This supports the importance of antioxidants to safeguard cells from oxidative stress and prevent DNA damage, while their anticancer properties can inhibit the growth and proliferation of cancer cells (Kola et al., 2022). This was demonstrated in our previous study, where C. pentandra ethyl acetate (EtOAc) extract significantly reduced methotrexate-induced kidney damage in rats, which was attributed to the involvement of the association of antioxidant and anti-inflammatory, and antiapoptotic mechanisms (Abouelela et al., 2020).
One of the most widely used approaches in the treatment of unresectable HCC in recent decades has been the use of standard chemotherapeutic drugs like doxorubicin (DOX) (Lahoti et al., 2012). Nevertheless, DOX’s low efficacy—likely a consequence of drug resistance—as well as its undisputed involvement in the onset of numerous dose-related side effects that ultimately lead to inadequate antitumor outcomes—have limited its clinical applicability (Patel et al., 2010). As a result, increasing both the therapeutic effectiveness and the DOX index is regarded as an unmet medical need.
Significant evidence suggests that co-therapy with drugs from natural source is an accepted attempt in cancer therapy, as it can attain improved therapeutic effects than an individual drug or modality while also reducing side effects and drug resistance (Capone et al., 2014). Therefore, research into the use of chemosensitizing phytochemicals in conjunction with approved chemotherapeutic drugs is being conducted as a substitute and superior method of managing and treating cancer (Wagner, 2011).
The current study aimed to explore the likely use of C. pentandra EtOAc faction as a therapeutic agent and/or a co-therapy with DOX for HCC based on an in vivo assessment of the extract’s efficacy in inhibiting tumor growth in chemically induced HCC in a rat model. Consequently, we have analyzed the EtOAc extract by an ultra-high-performance liquid chromatography-electrospray ionization-quadrupole-time of flight-mass spectrometer (UHPLC/Q-TOF/MS/MS) to explore the compounds accountable for the antitumor activity. Molecular ions and their fragment ions (MS/MS data) were detected during the LC/MS profiling of secondary metabolites. These were then located in databases and compared with existing literature to ensure accurate identification (Dunn et al., 2013).
2 MATERIALS AND METHODS
2.1 The extraction and fractionation
Aerial parts (2 kg), involving leaves and tender young branches, of C. pentandra were gathered from the garden of the Faculty of Agriculture, University of Assiut, Egypt. The air-dried plant material was extracted by soaking in MeOH/H2O (8:2, v/v, 5 L × 3) at normal temperature. The aqueous methanolic extract was dried at ≤ 45°C under vacuum until reached a constant weight (250 g). The obtained extract was partitioned between water/methylene chloride (MC), EtOAc, and n-butanol, successively, and afford the corresponding MC (52 g), EtOAc (28 g), n-butanol (19 g), and water fractions (14a g), respectively (Abouelela et al., 2018).
2.2 Evaluation of C. pentandra EtOAc extract’s antitumor effects against artificially generated HCC in rat model
2.2.1 Animals and experimental design
The experiment was conducted using healthy male Wistar rats (14–15 weeks old, weighing 140–150 g) obtained from Assiut University, Egypt. The rats were housed in controlled conditions with standard diet and water access. The rats were randomly divided into a control group (n = 8) receiving carboxymethyl cellulose (CMC) and an experimental group (n = 32) administered diethylnitrosamine (100 mg/L) in their water ad libitum for 8 weeks, the latter was further subdivided one-month post-diethylnitrosamine (DENA). The subgroups included a DENA control group (n = 8), a DENA+DOX group (n = 8) receiving weekly intravenous doxorubicin (4 × 2.5 mg/kg, I.V.), a DENA+Extract group (n = 8) with daily oral plant extract (400 mg/kg) gavages, and a DENA+DOX+Extract group (n = 8) receiving daily oral treatments of both DOX+Extract concurrently for 4 weeks (Atwa et al., 2021).
A week afterward the last treatment, all animals were submitted to cervical decapitation under isoflurane anaesthesia. For preparing the serum, blood samples were taken from all rats via the retro-orbital vein plexus. After autopsy, the rat livers were excised, cleansed of adhering connective tissues and fat, then cleaned in ice-cold isotonic saline, and finally classified into three divisions. The first was stored in 10% neutral buffered formalin solution and examined histopathologically, while the other two portions were immediately flash-frozen in liquid N2 and kept separately at −70°C for following biochemical assays (Di Stefano et al., 2008; Mansour et al., 2019).
2.2.2 Biochemical estimations
Non-enzymatic liver functions, such as albumin and total bilirubin, were estimated using colorimetric assay kits according to the manufacturer’s instructions. Serum ALT, AST, GGT, ALP levels were estimated using the procedures and kits outlined by the manufacturers (Elitech diagnostic Co., France). Moreover, serum AFP-L3, a specific tumour marker for HCC, was estimated using a rat-specific ELISA assay kit following the manufacturer’s protocol (Elabscience Biotechnology Co., Ltd. Wuhan, China) (Fathy et al., 2017).
2.2.3 Histopathological examination
For histopathological inspection, liver tissues were embedded in paraffin, fixed in 10% formalin, and consistently stained with haematoxylin and eosin (H&E) stain. After cleansing in a sterile tap water, the tissues were dehydrated using serial dilutions of methanol, ethanol, and absolute ethanol. In a hot air oven, samples were cleaned in xylene and embedded in paraffin for 24 h at 56°C. Paraffin beeswax tissue blocks were used for making tissue slices at four microns using a sled microtome. A glass slide was used to hold tissue samples, which were then deparaffinized and stained with H&E stain for examination under a light microscope (Culling, 2013).
2.2.4 Statistical analysis
Utilizing the version 5 of the GraphPad Prism (Graph Pad Software, San Diego, United States), data statistical analysis was accomplished. Analysis of variance (ANOVA) and Tukey’s t-test were considered to compare the results. p < 0.05 was the accepted level of significance, and the data were graphically represented as mean SD.
2.3 Identification of the C. pentandra EtOAc’ compounds by the UHPLC-Q-TOF-MS/MS analysis
2.3.1 Chemicals and materials
Methanol (CH3OH) and acetonitrile (CH3CN) of HPLC quality (Merck, Germany), formic acid (Fisher, United States). Culture plastic dishes and plates (96-well) were bought from Becton Dickinson (Franklin Lakes, NJ, United States).
2.3.2 UHPLC-Q-TOF-MS/MS instruments
UHPLC ExionLC™ AC system, involving dual high-pressure gradient pump, vacuum degasser, autosampler, column oven (SCIEX, United States), coupled with AB SCEIX Triple-TOF ™ 5600+ mass spectrometer (AB SCIEX, United States, with ESI source), and KQ-300DB-type CNC ultrasonic instrument (Kunshan Ultrasonic Instrument Co., Ltd.). BSA224S-CW-type electronic balance (Sedolis Scientific Instrument Company). LG16-W-type high-speed centrifuge (Beijing Jingli Centrifuge Co., Ltd.).
2.3.3 Sample preparation for UHPLC-Q-TOF-MS/MS analysis
A sample of the EtOAc fraction (2 mg) was dissolved in 5 mL of dissolution system [deionized H2O/CH3OH/CH3CN (5:2.5:2.5, v/v)] to obtain 0.4 μg/μL working solution. The solution was vortexed for 2 min followed by ultrasonication for 10 min and centrifuge for 5 min at 1792 g. An aliquot (10 μL) was injected for an LC analysis system along with a 10 μL dissolution system as a control.
2.3.4 Chromatographic conditions for UHPLC-Q-TOF-MS/MS analysis
The UHPLC-Q-TOF-MS/MS analysis was conducted according to chromatographic conditions by Abdelhafez, et al. (2018). Briefly, 10 μL of the sample was injected into the UHPLC ExionLC™ AC system, with pre-column in-line filter disk (0.5 µm × 3.0 mm) (Phenomenex, United States), Xbridge C18 column (2.1 mm × 50 mm, 3.5 µm) (Waters, United States), at 40°C. The mobile phase is composed of deionized H2O (A) and CH3CN (B) each containing 0.1% formic acid. The gradient elution started with 10% B, which linearly increased to 90% B within 20 min and remained isocratic for 5 min before linearly decreasing back to 10% B for the following 3 min. The mobile phase was then equilibrated for 10 min between injections. The flow rate was set at 0.3 mL/min.
2.3.5 Mass spectrometry conditions for UHPLC-Q-TOF-MS/MS analysis
The ESI-Q-TOF-MS in positive ion mode was used in the following conditions: The ESI ion source voltage was 5–500 V, the ion source temperature was 550°C, the cracking voltage was 80 V, and the collision energy was 35 eV, respectively. The collision energy spread was ±15 eV, the atomizing gas was nitrogen, the nebulizer gas was 45 kPa, the heater gas was 45 kPa, and the curtain gas was 25 kPa. The primary mass spectrometer has a scan range of mass-to-charge ratio (m/z) 50 to 1,000 for ESIMS. Information dependent acquisition sets the peaks with a response value exceeding 200 cps for secondary mass spectrometry. The sub-ion scan range was m/z of 50–1,000, and dynamic background subtraction was turned on and ions tolerance was 10 ppm with the exclusion of former target ions with 3 repeats and 3 s and exclusion of isotopes within 2.0 Da (Abdelhafez et al., 2018).
2.3.6 Data analysis for UHPLC-Q-TOF-MS/MS results
The data acquisition software used for processing raw data is Analyst TF 1.7.1 software (AB SCEIX, United States). Data processing software systems: Peakview Ver. 2.2, and Markerview Ver. 1.3 (AB SCEIX, United States) was used for peaks extraction from total ion chromatogram with a signal-to-noise ratio >3 (non-targeted analysis). They were also used for peak filtering based on comparing the peak intensity of plant sample to blank (intensity ratio >3), and for removing isotopic peaks. Accurate mass and composition for the precursor and fragment ions were analyzed using Peakview software integrated with the instrument. The first and second-order spectra were compared with accurate mass and fragmentation patterns of metabolites in online databases: mass bank; a dictionary of natural products; metlin databases; mzCloud; human metabolome database (HMDB); PubChem; competitive fragmentation modeling for components identification (CFM-ID version 2.0), combined with the literature on previously isolated compounds from the family, to determine the structures of the detected compounds.
3 RESULTS
3.1 Antitumor activity of C. pentandra EtOAc extract
Despite the advances made recently in HCC treatment, there has been limited success in improving the survival rates of people with HCC (Ganesan and Kulik, 2023). This is partly due to the lack of effective treatment options, the recurrence of tumors and the tendency to identify the disease at an advanced stage (Han et al., 2023). Therefore, the object of the current study was to evaluate the in vivo anticancer efficacy of C. pentandra extract, either alone or in combination with the conventional DOX, against diethylnitrosamine (DENA)-induced HCC in rats.
Our results revealed that animals in DENA group exhibited obvious impaired liver functions including substantial hypoalbuminemia (p < 0.01), together with elevated serum activities of alanine transaminase (ALT) (p < 0.001), aspartate aminotransferase (AST) (p < 0.001), gamma-glutamyl transferase (GGT) (p < 0.001) and alkaline phosphatase (ALP) (p < 0.001), and total serum bilirubin level (p < 0.001), in comparison to the healthy control group—see Table 1. DENA-induced changes in serum indicators of liver function may be due to peroxidation of hepatocyte membranes, resulting in increased release of AST, GGT, ALT, ALP, and total bilirubin from compromised liver tissues as has been previously demonstrated in various models of DENA-induced hepatocellular deterioration (Bansal et al., 2005; El-Hawary et al., 2015).
TABLE 1 | Effect of tested C. pentandra extract on liver function tests and tumor markers of rat models.
[image: A table comparing biochemical parameters across five groups: Control, DENA, DENA+DOX, DENA+Extract, and DENA+Extract+DOX. Parameters include Albumin, sALT, sAST, sGGT, ALP, Total Bilirubin, and AFP-L3, with mean ± SD provided. Symbols indicate significant changes from control and other groups at different p-values, with separate annotations for varying levels of significance.]The present research noted that although the administration of either C. pentandra extract or DOX is moderately effective in restoration of these impaired indicators to their respective normal ranges, the administration of C. pentandra alone has a comparatively stronger effect than the standard chemotherapeutic doxorubicin against chemically induced HCC in a rat model. Meanwhile, a positive outcome emerged in the group that received a combined treatment of C. pentandra extract and DOX (DENA+Extract+DOX), leading to a noticeable enhancement in the overall estimated liver function indices as illustrated in Table 1. The animals treated with the combined regimen (DENA+Extract+DOX) displayed a significant rise in serum albumin levels (p < 0.05). Additionally, they exhibited noteworthy reductions in serum ALT (p < 0.001), AST (p < 0.001), GGT (p < 0.05), ALP (p < 0.001), and total bilirubin levels (p < 0.001). Remarkably, the combination therapy outperformed individual treatments in the (DENA+Extract) and (DENA+DOX) groups. This superiority was evident through a significant surge in serum albumin levels (p < 0.05 and p < 0.01, respectively), coupled with considerable reduction in serum ALT (p < 0.05 and p < 0.05, respectively), AST (p < 0.05 and p < 0.01, respectively), GGT (p < 0.05 and p < 0.001, respectively), ALP (p < 0.05 and p < 0.01, respectively), and total bilirubin levels (p < 0.05 and p < 0.05, respectively).
The results of the assessments of the isoform L-3 of alpha-fetoprotein (AFP-L3), an HCC tumour marker, provided additional evidence that supports the superiority of C. pentandra extract and DOX combination over both C. pentandra extract and DOX individual administration. Several investigators have recently used this marker for the timely recognition and observing of treatment response, as well the HCC relapse, and/or malignance invasion, as well as surrogate markers of the liver clinicopathological changeability with suitable sensitivity and specificity (Lagana et al., 2013; Jain, 2014; Wang et al., 2014).
According to our findings, the serum AFP-L3 level in the DENA group was significantly higher than in the normal healthy control group (p < 0.001) (Table 1). Although each of C. pentandra extract and DOX alone failed to significantly reduce the DENA-induced elevation in AFP-L3 levels, their co-administration efficiently reduced the elevated AFP-L3 levels, approximately 52.8% (p < 0.001), 38.0% (p < 0.05), and 48.4% (p < 0.001) decreases in comparison to the DENA, DENA+Extract, and DENA+DOX groups, respectively.
The liver tissues histological investigation (Figures 1A–E) offered strong proof for the combined C. pentandra extract and DOX’s valuable effects in fighting DENA-induced HCC. The representative photomicrographs of liver sections obtained from animals in the DENA group revealed HCC in which carcinoma cells showed large vesicular nuclei with more than one nucleoli, mitotic figure, and intracytoplasmic eosinophilic hyaline bodies (Figure 1B). Analogous histological findings have been previously documented in published DENA-induced rat models (Afzal et al., 2012; Golla et al., 2013).
[image: Histological images of liver tissue showing various changes. Panel A depicts liver tissues with a central vein. Panel B shows hepatocytes with ballooning degeneration indicated by arrows. Panel C highlights binucleation with arrows. Panel D illustrates steatosis with several fat vacuoles marked by arrows. Panel E shows dense cellular infiltration.]FIGURE 1 | Representative photomicrographs of liver sections from different groups. (A) Liver tissues of the control group showing the normal histological structure of hepatic lobule; (B) Liver tissues of the DENA group revealing HCC in which carcinoma cells showed large vesicular nuclei with more than one nucleoli, mitotic figure, and intracytoplasmic eosinophilic hyaline bodies; (C) Liver tissues of the DENA+extract group showing relative improvement in the histopathological picture as the examined sections revealed only small focal clear hepatocytes; (D) Liver tissues of the DENA+DOX group showing severe histopathological alterations confined as HCC with destruction in the normal trabecular structure of the liver and proliferation of oval cells with mitotic figures; (E) Liver tissues of the DENA+extract+DOX group showing marked improvement in the histopathological picture with steatosis and vacuolation of hepatocytes, dilatation and congestion of hepatic sinusoids.
Meanwhile, the rat’s liver administered the combination of C. pentandra extract and DOX, on the other hand, showed relative enhancement in the histopathological features. The investigated sectors showed steatosis and hepatocytes vacuolation, dilatation, and hepatic sinusoidal congestion (Figure 1E). These findings definitely imply the tumor-defeating ability of the mix involving both C. pentandra extract and DOX against DENA-induced HCC. Meantime, livers of rats treated with DOX alone showed severe histopathological changes confined as HCC with normal trabecular destruction of the liver structure and propagation of oval cells with mitotic figures (Figure 1D). However, the livers of the rats administered C. pentandra EtOAc extract alone showed relative improvement in the histopathological features as the examined sectors showed only small focal clear hepatocytes (Figure 1C).
Worthwhile, throughout the experiment, healthy control group rats stayed vital, and conscious, and achieved a significant increase of the body weight as compared to the DENA-drinking animals, which appeared sluggish with an insensible increase in the body weight. As shown in Figure 2, all DENA-drinking rats suffered weight loss during the exposure before treatment, which is probably due to the initial tumor burden or the tumor metastasis. Similar findings were previously seen in the same animal model (Bansal et al., 2005; Elsadek et al., 2017). Groups treated with extracts or therapy displayed stable weight trends. The DENA+DOX and DENA+Extract+DOX groups experienced initial sharp weight declines, followed by gradual recovery, while the DENA drinking group had a slight dip. This result represents respectable evidence of the superiority of the ethyl acetate extract of C. pentandra over the conventional DOX regarding the systemic toxicity and tolerability. Overall, this data visually illustrates the impact of different treatments on animal body weight, aiding researchers in concluding their effects.
[image: Line graph displaying animal body weight in grams over 18 weeks, divided into stages: Acclimatization, DENA drinking, Waiting 4 weeks, Therapy, and Waiting 1 week. Five groups are shown: Control, DENA, DENA plus DOX, DENA plus Extract, and DENA plus Extract plus DOX. Weights increase steadily in the Control group, while the other groups show varying trends under different treatments. Vertical arrows mark significant events like therapy start and autopsy. Error bars represent standard deviations.]FIGURE 2 | Illustration of the changes in the animal’s body weights in different groups during the experiment.
In consistence with our findings, C. pentandra bark extract has shown a protective effect on CCl4-induced liver damage and oxidative stress (Ellappan et al., 2022), and a similar protective effect against paracetamol-induced hepatotoxicity in rats in previous studies (Bairwa et al., 2010). However, our investigation today is more comprehensive.
To explore the phytochemical constituents corresponding to this promising antitumor activity, a UHPLC-Q-TOF-MS/MS analysis of the C. pentandra EtOAc extract was conducted.
3.2. Analysis of the EtOAc extract using UHPLC-Q-TOF-MS/MS
Following optimizing the chromatographic and mass spectroscopic conditions, a UHPLC-Q-TOF-MS/MS (positive ion mode) investigation was conducted. The total ion current (TIC) map of the compounds of the EtOAc extract was produced (Figure 3). The marker view 1.3 software’s non-targeted screening revealed that several different chemicals are represented by each chromatographic peak. Based on Q-TOF-HRESIMS measured ions mass (at < 1.0 × 10−5 deviation) combined with the isotope abundance ratio, the molecular formula for each common peak of the compounds was accurately determined. The peak was accurately located by molecular ion (m/z) value search regardless of the retention time drifts due to chromatographic parameters or instrument equipment changes, which ensures good reproducibility of the metabolite’s fingerprint.
[image: Chromatogram graph showing peaks at different retention times in minutes along the x-axis from 0 to 28, and intensity on the y-axis from 0 to 1.4. Notable peaks occur at retention times 2.218, 5.778, and 21.482, indicating different compounds.]FIGURE 3 | The positive ion TIC of the ethyl acetate extract of C. pentandra.
Structural analysis of the components was attained by two-stage mass spectrometry to obtain the accurate element composition and characteristic fragment ions for each compound. The resulting data were then matched with the calculated and reported high-resolution mass of known compounds, and fragmentation patterns for the given classes of compounds, in connection with the structural information given by the online databases and the secondary mass spectrum (MS2) analysis of the previously isolated compounds available in literature (Refaat et al., 2013).
Fifty components (Table 2; Figure 4) were identified by analysis of the mass results. The retention time, the high-resolution mass of the molecular ion, chemical formula, and MS2 fragments of the identified chemical constituent are shown in Table 2. The compounds were arranged according to their retention time. The identified phytoconstituents are four amino acids (1, 2, 4, and 5), nine amino acids derivatives (14, 16, 23, 24, 28, 35, 38, 46, and 47), fourteen flavonoids (11, 12, 19, 21, 22, 27, 29, 30, 32, 36, 42, 43, 44, and 45), eight flavanolignans (17, 18, 20, 26, 31, 34, 40, and 41), two procyanidins (7 and 13), five coumarins (8, 10, 33, 37, and 39), two phenolic acids (6 and 9), and six miscellaneous compounds (3, 15, 25, and 48–50). The coumarin aesculetin and the flavonoids apigenin, astragalin, and rutin are reported in the plant for the first time.
TABLE 2 | List of identified phytomolecules in C. pentandra ethyl acetate extract.
[image: A detailed table lists chemical compounds analyzed using chromatography and mass spectrometry. It includes columns for retention time (R_t), chemical formula, molecular weight, mass spectrometry details (MS1, MS2), measurement error, identified compounds, and references. Each row corresponds to a specific compound, presenting data such as formulas, mass/charge ratios, and sources.][image: A complex schematic of various chemical structures, each labeled with a number and molecular formula. It includes a mix of organic compounds with varying substituents and skeletal frameworks, showcasing diverse functional groups like hydroxyls, esters, and alkyl chains. Each compound also has associated molecular weight information.]FIGURE 4 | Structures of identified phytomolecules of C. pentandra ethyl acetate fraction.
4 DISCUSSION
The occurrence and progression of liver cancer are well-known to be multi-gene, and multi-stage processes (Li et al., 2023a). Herbal extracts or natural substances extracted from them have been used to treat liver cancer patients in recent years. For example, curcumin’s several pharmacologic properties against HCC make it a useful treatment for the disease. In preclinical models of liver disease, silymarin, a flavonolignan complex found in milk thistle seeds, has been demonstrated to have hepatoprotective properties.
In our preceding phytochemical isolation from C. pentandra has evidenced the occurrence of large amount of flavonolignans in addition to flavonoids, phenylpropanoids (Abouelela et al., 2020). Pharmacological research of extracts from various morphological parts of C. pentandra have also demonstrated anti-inflammatory, hepatoprotective, antioxidant, hypoglycaemic, hypolipidemic, and anticancer (Lim, 2012; Refaat et al., 2014; Abouelela et al., 2019). In our in vivo study of C. pentandra, the ethyl acetate fraction has emerged as the most promising nephroprotective part of the extract.
To explore further health benefits about C. pentandra, in vivo anticancer efficacy of C. pentandra ethyl acetate extract, alone or in combination with the conventional DOX, against diethylnitrosamine (DENA)-induced HCC in rats was investigated. The results showed that the DENA-induced changes in serum indicators of liver function were relatively restored to their respective normal ranges by the administration of either C. pentandra extract or DOX. Although, the administration of C. pentandra alone had a comparatively stronger effect than DOX against chemically induced HCC in a rat model. Also, the rats treated with the ethyl acetate extracts displayed stable weight trends during the study, whereas the rats treated with DOX experienced sharp weight declines, which is a common side effect associated with DOX (Colombo et al., 1989). The combination of C. pentandra extract and DOX outperformed the individual treatments in the DENA+extract and DENA+DOX groups, leading to a noticeable enhancement in the overall estimated liver function indices. The DENA+DOX and DENA+Extract+DOX groups experienced initial sharp weight drops, followed by gradual recovery, while the DENA drinking group had a slight decline.
Furthermore, co-administration of C. pentandra extract and DOX effectively decreased the raised AFP-L3 levels, despite the fact that neither substance by itself was able to appreciably lower the DENA-induced rise in levels of the AFP-L3 HCC tumour marker. The liver tissues histological investigation offered strong proof for the combined C. pentandra extract and DOX’s valuable effects in fighting DENA-induced HCC.
In order to investigate the compounds responsible for the antitumor properties, we have consequently analyzed the EtOAc fraction using an UHPLC/Q-TOF/MS/MS. The mass analysis results (Table 1) highlighted the occurrence of large number of plant polyphenols, including fourteen flavonoids (11, 12, 19, 21, 22, 27, 29, 30, 32, 36, 42, 43, 44, and 45), eight flavanolignans (17, 18, 20, 26, 31, 34, 40, and 41), two procyanidins (7 and 13), five coumarins (8, 10, 33, 37, and 39), two phenolic acids (6 and 9).
Plant polyphenols demonstrate protective effects against oxidative stress, inflammation, ageing, and other pathophysiological processes in relation to liver disorders (Cha and DeMatteo, 2005; Wu et al., 2012; Sangineto et al., 2020; Ruiz-Manriquez et al., 2022). The protective effects of various polyphenols on liver cancer are caused by numerous molecular mechanisms involving modulation of lipid metabolism, glucose metabolism, mitochondrial metabolism, oxidative stress, and other metabolic reactions (Li et al., 2023a).
Hepatocellular carcinoma-preventive properties of flavonoids including those identified in the EtOAc fraction of C. pentandra via several intracellular signaling pathways have been explained in various reports (Xia et al., 2013; García et al., 2018). Among the reported antitumor molecular mechanisms of some of the identified compounds are as follows:
	(i). Apigenin (45, Figure 4) has been shown to exhibit anticancer properties in various malignancies, including the HCC cell line (BEL-7402/ADM) through the miR-101/Nrf2 pathway (Gao et al., 2017)]. Hesperidin and apigenin strengthened the cytotoxic effect of DOX on the HepG2 cell line (Korga et al., 2019). It also retrieved the cytotoxicity of natural killer cells via repairing the linkage between cancer cells and NK cells and inhibiting the generation of regulatory T cells (Tregs) (Li et al., 2023b). Apigenin enhanced HIF-1α expressing HCC natural killer cytotoxicity through increasing the cluster of differentiation 95 (CD95)/CD95 ligand (CD95L) interaction (Lee and Cho, 2022).
	(ii). Catechin (11, Figure 4) exhibited proliferation-inhibitory and pro-apoptosis effects on the human HepG2 cell line (Monga and Sharma, 2013). Catechin also induced cell apoptosis which was associated with inhibiting the expression of B-cell lymphoma 2 (Bcl-2) as well as elevating the expression of Bcl-2-associated X protein (BAX) and caspase-3 in a concentration-dependent manner (Liao et al., 2015).
	(iii). Isovitexin [21 apigenin-6-C-glucoside, Figure 4], suppressed the stemness of human HCC (SK-Hep-1) cells. It has revealed suppression of sphere and colony formation, decreased CD44+ cell populations, and decreased ATP binding cassette subfamily G member 2 (ABCG2), aldehyde dehydrogenase 1 family member A1 (ALDH1), and NANOG mRNA levels while increasing miR-34a levels (Xu et al., 2020).
	(iv). Quercetin (30, Figure 4) has been shown to have anti-tumor effects on HCC through various mechanisms. One study found that quercetin can reverse multidrug resistance (MDR) of HCC cells by down-regulating the expression of mdr1, multidrug resistance-associated protein (MRP), glutathione-S-transferase-π (GST-π), and H-ras, while also down-regulating P-glycoprotein expression (Wei et al., 2012). Another study found that quercetin inhibits the migration ability of HCC cells by inhibiting the expression of transcriptional co-suppressor, C-terminal binding protein 1 (CtBP1), and up-regulating the expression of epithelial adhesion molecule E-cadherin, a tumor suppressor protein (Tang et al., 2018). Additionally, quercetin has been shown to inhibit the proliferation of glycolysis-addicted HCC cells by reducing hexokinase 2 and the Akt-mTOR pathway (Wu et al., 2019). Another study found that quercetin can inhibit the growth of transplanted HCC in nude mice by reducing Inositol trisphosphate (IP3) production and Bax protein expression (Huang and Zhang, 2001). Finally, quercetin-3-O-glucoside has been shown to induce human DNA topoisomerase II inhibition, cell cycle arrest, and apoptosis in HCC cells (Sudan and Rupasinghe, 2014)
	(v). A study investigated the kaempferol (36, Figure 3) anti-migratory and anti-invasive effects on HCC cells (Ju et al., 2021) has been realized that kaempferol reduced these effects of HCC cells by targeting the matrix metalloproteinase-9 (MMP-9) protein kinase B (AKT) pathways. In addition, kaempferol lowered the MMP-9 protein expression and activities and suppressed the phosphorylation of the Akt expression. Another study showed that kaempferol can sensitize liver cancer cells toward the effect of sorafenib for the management of advanced HCC (Nair et al., 2020). Furthermore, kaempferol effectively inhibited cellular proliferation and migration, and enhanced cell cycle arrest, autophagy, apoptosis, and mediated chemosensitivity with 5-fluorouracil in HCC cells (Kannan et al., 2019)
	(vi). Naringenin (42, Figure 4) has been found to reduce HCC cell viability, block epithelial-mesenchymal-transition, and inhibit sphere creation, cell migration and invasion. It also downregulated stemness-associated transcription factors and diminished hypoxia-inducible factor-1 (HIF-1) activity (Kang et al., 2019). Furthermore, naringenin substantially boosted the sensitivity of HCC cells to medicines, and hampered the growth of the HCC tumor, and metastasis of HCC cells to the lung. Naringenin silenced Wnt/β-catenin signaling by provoking β-catenin degradation and stopping its nuclear translocation. Upregulation of glycogen synthase kinase 3β (GSK3β) looked to be crucial for naringenin’s repressing effect in the signaling pathway (Kang et al., 2019)
	(vii). A study performed by Wang et al. observed that eriodictyol (43, Figure 4) induced concentration-dependent selective cytotoxicity against the Hep-G2 cell line. Eriodictyol has also induced morphological changes, apoptosis-related chromatin condensation, and nuclear fragmentation. Furthermore, it also encouraged G2/M cell cycle arrest, downregulated Bcl-2 protein, and upregulated BAX and poly-ADP ribose polymerase (PARP) in these cells (Wang et al., 2016).
	(viii). Protocatechuic acid (6, Figure 4) induced cell death in HepG2 cells through a c-Jun N-terminal kinase-dependent mechanism (Yip et al., 2006; Yip et al., 2006).
	(ix). Kumar et al. developed a suitable delivery system for umbelliferone β-D-galactopyranoside (UFG) targeting the enhancement of its therapeutic efficacy against DENA-induced HCC in Wistar rats. The anticancer potential of these nanoparticles was able to manage DENA-induced reactive oxygen species generation, mitochondrial dysfunction, proinflammatory cytokines alteration, and induction of apoptosis (Kumar et al., 2017).
	(x). Aesculetin (10, Figure 4) has shown promising anticancer activity against various organ cancers including breast, lung, and liver (Zhang et al., 2021). A study that investigated the anticancer properties of aesculetin against gastric cancer demonstrated that aesculetin lowered cellular proliferation in a time and dose-dependent manner, suppressed the clonogenic tendency of cancer cells, and encouraged apoptosis. The study also revealed that aesculetin blocked the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway in gastric cancer cells (Zhang et al., 2021).

Collectively, previous studies on the impact of identified components on the therapy of HCC provide credence to our experimental results. Hence, it is obvious that C. pentandra EtOAc extract is rich in promising phytoconstituents with known antioxidant, anti-inflammatory, and antitumor properties which may integrate to afford hepatoprotective activity and/or anti-HCC activity in combination with chemotherapeutics such as doxorubicin.
5 CONCLUSION
Our study demonstrates that the EtOAc fraction of C. pentandra hydromethanolic extract has a relatively respectable activity against chemically induced HCC in rat model. Moreover, it strongly suggests that the combinatorial use of C. pentandra extract and DOX produced undoubted in vivo antitumor activity against this type of cancer, as proven herein through estimation of diverse molecular, biochemical, and histological parameters. In addition, fifty phytomolecules have been identified from the same fraction based on UHPLCQ-TOF-MS/MS analysis. Numerous anti-cancer effects of flavonoids have been shown, including immune-modulating, anti-neoplastic, and drug-sensitizing capabilities. Among them, the dietary phenolic acid, protocatechuic acid (6), flavonoids, catechin (11), isovitexin (21), quercetin (30), kaempferol (36), naringenin (42), eriodictyol (43), and apigenin (45), and coumarin, aesculetin (10), have been shown to fight cancer by various mechanisms (Liu-Smith and Meyskens, 2016; Lotha and Sivasubramanian, 2018; Hazafa et al., 2019; Ezzati et al., 2020), which agree with our discoveries.
Overall, despite the lack of a specific molecular mechanism study in this research, our findings highlight that C. pentandra, which is rich in flavonoids and the related promising compounds flavolignans, coumarins, and phenolic acids, could be a hopeful candidate for the development of liver cancer therapies in combination with doxorubicin. This will spur further preclinical and clinical research on this phytomolecules-rich plant as an inexpensive cancer care strategy when considering tailored, preventative, and predictive treatment.
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Background: Antibody-drug conjugates (ADCs) are a relatively new class of anticancer agents that use monoclonal antibodies to specifically recognize tumour cell surface antigens. However, off-target effects may lead to severe adverse events. This study evaluated the neurotoxicity of ADCs using the FDA Adverse Event Reporting System (FAERS) database.
Research design and methods: Data were extracted from the FAERS database for 2004 Q1 to 2022 Q4. We analysed the clinical characteristics of ADC-related neurological adverse events (AEs). We used the reporting odds ratio (ROR) and proportional reporting ratio (PRR) for the disproportionality analysis to evaluate the potential association between AEs and ADCs.
Results: A total of 562 cases of neurological AEs were attributed to ADCs. The median age was 65 years old [(Min; Max) = 3; 92]. Neurotoxic signals were detected in patients receiving brentuximab vedotin, enfortumab vedotin, polatuzumab vedotin, trastuzumab emtansine, gemtuzumab ozogamicin, inotuzumab ozogamicin, and trastuzumab deruxtecan. The payloads of brentuximab vedotin, enfortumab vedotin, polatuzumab vedotin, and trastuzumab emtansine were microtubule polymerization inhibitors, which are more likely to develop neurotoxicity. We also found that brentuximab vedotin- and gemtuzumab ozogamicin-related neurological AEs were more likely to result in serious outcomes. The eight most common ADC-related nervous system AE signals were peripheral neuropathy [ROR (95% CI) = 16.98 (14.94–19.30), PRR (95% CI) = 16.0 (14.21–18.09)], cerebral haemorrhage [ROR (95% CI) = 9.45 (7.01–12.73), PRR (95% CI) = 9.32 (6.95–12.50)], peripheral sensory neuropathy [ROR (95% CI) = 47.87 (33.13–69.19), PRR (95% CI) = 47.43 (32.93–68.30)], polyneuropathy [ROR (95% CI) = 26.01 (18.61–36.33), PRR (95% CI) = 25.75 (18.50–35.86)], encephalopathy [ROR (95% CI) = 5.16 (3.32–8.01), PRR (95% CI) = 5.14 (3.32–7.96)], progressive multifocal leukoencephalopathy [ROR (95% CI) = 22.67 (14.05–36.58), PRR (95% CI) = 22.52 (14.01–36.21)], taste disorder [ROR (95% CI) = 26.09 (15.92–42.76), PRR (95% CI) = 25.78 (15.83–42.00)], and guillain barrier syndrome [ROR (95% CI) = 17.844 (10.11–31.51), PRR (95% CI) = 17.79 (10.09–31.35)]. The mortality rate appeared to be relatively high concomitantly with AEs in the central nervous system.
Conclusion: ADCs may increase the risk of neurotoxicity in cancer patients, leading to serious mortality. With the widespread application of newly launched ADC drugs, combining the FAERS data with other data sources is crucial for monitoring the neurotoxicity of ADCs. Further studies on the potential mechanisms and preventive measures for ADC-related neurotoxicity are necessary.
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1 INTRODUCTION
Antibody-drug conjugates (ADCs) are a class of drugs composed of monoclonal antibodies, linkers, and cytotoxic drugs (payloads). Monoclonal antibodies recognize cancer cell surface antigens and deliver highly effective cytotoxic drugs specifically to the tumour cells, thereby achieving efficient therapeutic effects and low toxicity (Tarantino et al., 2022).
The Food and Drug Administration (FDA) has approved 12 types of ADCs for the treatment of haematological and solid tumours. Gemtuzumab ozogamicin (GO) is indicated for CD33-positive acute myeloid leukemia (AML). The FDA authorized it in 2000, delisted it in 2010, and then gave it another approval in 2017. It was approved by the European Medicines Agency (EMA) in 2018. In 2017, the FDA and EMA authorized inotuzumab ozogamicin (IO) for the treatment of refractory B-cell precursor acute lymphoblastic leukemia (ALL) (Sun et al., 2023). Trastuzumab deruxtecan (TD) was approved by the FDA in 2019 and the EMA in 2021. Its indications include metastatic ErbB2 positive breast cancer, non-small cell lung cancer (NSCLC), and gastric or gastroesophageal junction adenocarcinoma (FDALabel, 2022c; Van Cutsem et al., 2023). Triple negative breast cancer is the approved indication for sacituzumab govitecan (SG), which received FDA and EMA approval in 2020 and 2021, respectively. Triple negative breast cancer is the approved indication for loncastuximab tesirine (LT), which received FDA and EMA approval in 2021 and 2022, respectively. The indications for trastuzumab emtansine (TE), enfortumab vedotin (EV), brentuximab vedotin (BV), and polatuzumab vedotin (PV) are ErbB2-positive metabolic breast cancer, advanced urothelial cancer, Hodgkin’s lymphoma/analytical large cell lymphoma/peripheral T-cell lymphomas/mycosis fungoides, or diffuse large B-cell lymphoma. The TE, EV, BV, and PV were approved by FDA in 2013, 2019, 2011, or 2019 and EMA in 2013, 2022, 2012, or 2020, respectively. The indications of belantamab mafotin (BM), and tisotumab vedotin (TV) was relapsed/refinery multiple myoma, or current or metastatic cancer, respectively. The belantamab mafotin (BM) was by FDA in 2020 and EMA in 2020. The tisotumab vedotin (TV) was by FDA in 2021, but not approved by EMA (Sun et al., 2023).
The mechanism of ADCs involve two steps: first, the antibody binds to the target antigen on the cell surface through the antigen-binding fragment, causing the ADC to internalize with the aid of endocytosis; second, once inside the tumor cells, ADC partially releases the chemotherapeutic drugs through the cleavage and proteohydrolysis of lysosome ligands, which in turn breaks down microtubule proteins or DNA, effectively killing the tumor cells (Drago et al., 2021). There are differences in the targeted antigens and effective loads of ADC drugs (Figure 1). Monomethyl auristatin E (MMAE) is the payload of enfortumab vedotin, brentuximab vedotin, polatuzumab vedotin, and tisotumab vedotin. Derivative mertansine (DM1) is the payload of trastuzumab emtansine. The payloads of gemtuzumab ozogamicin, and inotuzumab ozogamicin are calicheamicin derivative. Pyrolobenzodiazepine (PBD) and CD-19 are the target antigen and payload of loncastuximab tesirine, respectively. Monomethyl auristatin F (MMAF) and BCMA are the target antigen and payload of belantamab mafodotin, respectively. The target antigen and payload of moxetumomab pasudotox are CD-22 and Pseudomonas exotoxin A (PE38). MMAE, DM1, and MMAF inhibit tubulin polymerization, whereas calicheamicin derivative and PBD cause DNA damage (Lee, 2021).
[image: Flowchart illustrating ADC-associated data extraction from the FAERS database, detailing deduplication criteria. It shows total cases, neurological adverse events, and drug codes for ADCs like Brentuximab vedotin, Enfortumab vedotin, and others, with case numbers below each drug.]FIGURE 1 | The FAERS database’s pipeline flowchart for screening ADC-associated neurological adverse events and the target antigen and payload of ADCs. The last row’s boxes include the target antigen in the first row and the payload in the second row.
The toxicity of ADCs mainly includes blood toxicity, eye toxicity, peripheral neurotoxicity, skin toxicity, and gastrointestinal toxicity (Saber et al., 2019). Possible mechanisms include “off-target effects of non-tumour cells (off-target correlation),” “target antigen-specific uptake of non-tumour cells (target correlation),” or “non-target antigen uptake of non-tumour cells” (Mahalingaiah et al., 2019; Endo et al., 2021). The majority of ADC toxicity is thought to be derived from the payload (Donaghy, 2016). Studies have indicated that DM1 is linked to thrombocytopenia and hepatotoxicity, MMAF and DM4 to ocular toxicity, and MMAE to anemia, neutropenia, and peripheral neuropathy (Donaghy, 2016; Masters et al., 2018).
Central and peripheral neurotoxicities due to systemic antineoplastic therapy are common and often dose-limiting (Jordan et al., 2020). The neurotoxicity of ADCs, such as peripheral neuropathy, progressive multifocal leukoencephalopathy, intracranial haemorrhage, headache, and dizziness, has been reported (Takahashi et al., 2020; Coleman et al., 2021; FDALabel, 2022d; Cortes et al., 2022; FDALabel, 2023a; Song et al., 2023). In a phase III trial of brentuximab vedotin in Hodgkin’s lymphoma patients with a high risk of recurrence or progression after autologous hematopoietic stem cell transplantation, 67% of the patients experienced some level of peripheral neuropathy (Clifford et al., 2018). A phase II clinical trial of enfortumab vedotin for the treatment of urothelial carcinoma showed that 50% of the patients developed peripheral neuropathy (Rosenberg et al., 2019). Therefore, with the advent of ADCs, attention should be paid to any neurotoxicity caused by ADCs.
However, there is still a lack of comprehensive research on the neurological adverse events (AEs) associated with ADCs. The US FDA Adverse Event Reporting System (FAERS) serves as a repository for post-marketing adverse drug events and facilitates the FDA’s safety oversight of post-marketing drugs. Pharmacovigilance is a great way to discover associations between post-marketing drugs and adverse events. Mining based on the huge FAERS data allows for better discovery of real-world safety information. This study utilized FAERS real-world data to comprehensively analyze the neurological adverse events of post-marketing ADCs in order to investigate the relationship between ADCs and neurological adverse events as well as the factors affecting them, to compare the differences in neurological AEs between different ADCs, and to provide reference for clinical drug administration.
2 MATERIALS AND METHODS
2.1 Data sources and processing
The FAERS database is a freely accessible public database containing millions of adverse event reports from healthcare professionals, drug manufacturers, and others (Chen et al., 2023). Our pharmacovigilance study obtained ADC-associated neurological adverse events (AEs) from the first quarter of 2004 to the fourth quarter of 2022 using OpenVigil 2.1, a web-based query tool for physicians and pharmacists that provides intuitive access to the FAERS pharmacovigilance data (Bohm et al., 2021). OpenVigil 2.1 was used to query the FAERS database which uses cleaned data (removal of duplicates and missing information) (Sharma and Kumar, 2022).
In this study, we selected the following drugs for research based on the authorized time: brentuximab vedotin, enfortumab vedotin, gemtuzumab ozogamicin, polatuzumab vedotin, trastuzumab emtansine, inotuzumab ozogamicin, trastuzumab deruxtecan, sacituzumab govitecan, belantamab mafodotin, tisotumab vedotin, loncastuximab tesirine, and moxetumomab pasudotox. All the AEs were classified using the Medical Dictionary of Regulatory Activities (MedDRA; version 25.1), and the PTs were allocated according to systemic organ classes (SOCs). MedDRA has five levels from low to high: the lowest-level term (LLT), preferred term (PT), high-level term (HLT), high-level group term (HLGT), and system organ class (SOC). The PTs of all the neurological adverse events were acquired, with the SOC as “nervous system disorders.”
The comprehensive screening procedure is depicted in Figure 1. Duplicate reports were eliminated if they contained the same information, such as adverse events, ISR number, date received, medication, indication, sex, reporting nation, and age. After excluding potential neurological AEs that may occur due to concomitant medications and drug interactions, the remaining reports were further filtered by making the main selection criterion (ADCs) the primary suspect (PS). After the above deduplication process, the remaining reports were used for follow-up analysis.
2.2 Data mining
In this study, a disproportionality analysis was performed to evaluate the potential association between AEs and ADCs using the reporting odds ratio (ROR) and proportional reporting ratio (PRR) (Table 1).
TABLE 1 | Two algorithms used for signal detection.
[image: Table comparing algorithms for ROR and PRR with corresponding equations and criteria. For ROR, the equation is ROR = (a/c) / (b/d) with a criterion of a ≥ 3, 95% CI ≥ 1. For PRR, the equation is PRR = [a/(c+d)] / [c/(a+b)] with criteria a ≥ 3, PRR ≥ 2, χ² ≥ 4. Definitions below the table explain variables a, b, c, and d.]A disproportionality analysis can be used to evaluate possible associations between specific adverse events and specific drugs (Rothman et al., 2004; Ooba and Kubota, 2010; Caster et al., 2020). The disproportionality analysis was based on a comparison between the observed and expected number of adverse events for each drug and adverse event. For the ROR, a significant correlation is detected when the number of cases is ≥3 and the lower limit of the bilateral 95% confidence interval (95% CI) is >1. For the PRR, a significant correlation is detected when the number of cases is ≥3, the PRR is ≥2, and the chi-square is ≥4 (Tang et al., 2023). If both the ROR and PRR met the above criteria, the neurological adverse event signals were considered positive and associated with the corresponding drugs. We then collected data on the characteristics of the neurological adverse event cases related to ADC, including the number of annual reports, age, sex, reporting country, drug indications, and outcomes. We analyzed the signals of adverse neurological events related to ADCs and the mortality rate of the corresponding PT. Sensitivity analysis utilized raw data from individual case safety reports to eliminate the impact of concomitant medication use (Raghuvanshi et al., 2023).
2.3 Statistical analysis
All the data mining and statistical analyses were performed using Microsoft Excel 2019 and SPSS version 25.0. The chi-square test was used for intergroup comparisons. Serious outcomes included life-threatening events, hospitalization, disability, and death. Age, sex, and different treatment regimens were defined as exposure factors for both serious and non-serious neurological adverse events related to ADCs.
3 RESULTS
3.1 Neurological adverse events among ADC users in FAERS from 2004 to 2022
We first extracted neurological AEs in patients receiving ADC treatment from the FAERS database from 2004 to 2022. The detailed data processing is shown in Figure 1. From the first quarter of 2004 to the fourth quarter of 2022, a total of 11737133 unique AEs were reported on FAERS, including 9,646 reports of ADCs (0.08% of all the reports). After excluding potential neurological AEs that may occur due to concomitant medications and drug interactions, we compiled reports of neurological AEs that considered ADCs as “primary suspicious drugs (PS)” and “secondary suspicious drugs (SS)” and obtained statistical data on the neurological AEs in patients treated with ADCs over the past 19 years. In reports related to ADCs, neurological AEs accounted for 8.36% (806/9,646) of the total AEs (Table 2). The incidence of neurological AEs varied among the ADCs. Enfortumab vedotin and brentuximab vedotin showed higher rates of adverse neurological events [16.69% (100/599) and 11.89% (392/3,297), respectively]. The incidence of neurological AEs for trastuzumab deruxtecan and sacituzumab govitecan was relatively low at 2.62% (20/762) and 1.09% (4/367), respectively (Figure 2). No neurological AEs associated with tisotumab vedotin, belantamab mafodotin, moxetumomab pasudotox, or loncastuximab tesirine were reported (see study limitations in Discussion and Conclusion).
TABLE 2 | The counts of reports with ADCs related Neurological AEs yearly from 2004Q1 to 2022Q4.
[image: Table showing adverse events from 2004 to 2022. Columns include years, neurological adverse events (AEs), non-neurological AEs, and total AEs. Totals for each are: 806 neurological AEs, 8,380 non-neurological AEs, and 9,186 total AEs.][image: Bar graphs titled "A" and "B" compare case numbers and percentages of cases with and without neurological adverse effects (AEs) across six categories: BV, EV, GD, PY, TE, TD, and SG. Graph A shows case numbers, with BV having the highest count for both with and without neurological AEs. Graph B presents percentages, indicating that BV also has the highest percentage. Distinct patterns differentiate cases with and without AEs.]FIGURE 2 | The bar chart above shows the number of reported neurological adverse events and without neurological adverse events of different ADCs in the FAERS database from 2004 to 2022 (A). The proportional bar chart below shows the percentage of different ADCs neurological adverse events and without neurological adverse events in the FAERS database from 2004 to 2022 (B). BV indicates brentuximab vedotin, EV indicates Enfortumab vedotin, GO indicates gemtuzumab ozogamicin, PV indicates polatuzumab vedotin, TE indicates trastuzumab emtansine, IO indicates inotuzumab ozogamicin, TD indicates trastuzumab deruxtecan, SG indicates sacituzumab govitecan.
3.2 Descriptive analysis of cases of ADC-related neurological adverse events
We obtained 562 cases of neurological AEs with ADCs as the “primary suspect” from the FAERS database. The clinical characteristics of the patients are summarized in Table 3. The median patient age was 65 years old [(Min; Max) = 3; 92] from 295 available AE reports. Seven (1.25%), 140 (24.91%), and 148 (26.33%) patients were aged <18, 18–64, and >65 years, respectively (Table 3). In the ADC-related neurological AE reports, males accounted for 43.77% (246/562), females accounted for 35.41% (199/562), and 20.82% (117/562) of the cases had no sex information. In neurological AEs, the proportion of females with GO, TD, TE, and SG was 49.23% (32/65), 57.89% (11/19), 82.35% (42/51), and 100% (3/3), respectively. However, the proportion of females with IO, EV, BV, and PV was 26.67% (4/15), 19.78% (18/91), 26.91% (77/286), and 37.5% (12/32), respectively. The main reporting country was the United States (N = 264, 46.98%). A total of 19.22% (108/562) of the patients died. The indications for ADC-related neurological AEs were lymphoma (n = 232, 41.28%), leukaemia (n = 62, 11.03%), solid tumours (n = 120, 21.35%), other tumours (n = 14, 2.49%), and unknown tumours (n = 134, 23.84%).
TABLE 3 | Characteristics of neurotoxicity correlated with ADCs.
[image: A table displays characteristics of patients treated with different drugs: gemtuzumab ozogamicin, inotuzumab ozogamicin, enfortumab vedotin, trastuzumab deruxtecan, brentuximab vedotin, polatuzumab vedotin, trastuzumab emtansine, and sacituzumab govitecan. Categories include gender, age, reporting country, indications, and outcomes, with values given in numbers and percentages. It includes various statistics like mean age, median age, number of cases in different countries, conditions treated, and outcomes such as hospitalization or disability. Each drug's data is listed in separate columns.]3.3 Scanning for ADC-related neurological adverse events
The number of neurological AEs associated with each specific ADC, as well as the corresponding ROR, PRR, and 95% CI are shown in Table 4. Compared to any other ADCs, brentuximab vedotin (N = 286, ROR = 5.648, 95% CI [4.992–6.389], PRR = 5.106, 95% CI [4.579–5.695], X2 = 961.13) and enfortumab vedotin (N = 91, ROR = 8.183, 95% CI [6.539–10.241), PRR = 7.03, 95% CI [5.824–8.487], X2 = 475.37) showed higher safety concerns regarding the nervous system, while sacituzumab govitecan (N = 3, ROR = 0.375, 95% CI [0.12–1.17], PRR = 0.381, 95% CI [0.123–1.175], X2 = 2.49) showed lower safety concerns regarding the nervous system. We screened for positive ADC-related neurological adverse event signals based on the above criteria for the ROR and PRR (Table 5). The neurological AE signals for brentuximab vedotin, gemtuzumab ozogamicin, anfortumab vedotin, polatuzumab vedotin, trastuzumab emtansine, trastuzumab deruxtecan, and inotuzumab ozogamicin were 11, 8, 5, 3, 3, 3, and 2, respectively.
TABLE 4 | Safety adverse events among different ADC drugs.
[image: Table displaying data on nine drugs with columns for drug names, ADC-associated adverse events (AEs), ADC-associated neurological AEs, ADC-associated neurological AEs as PSn, and calculated risk odds ratio (ROR), proportional reporting ratio (PRR), and chi-squared (X2) values. Brentuximab vedotin has the highest numbers, while sacituzumab govitecan has the lowest.]TABLE 5 | Signal strength of ADC-associated neurological AEs at the PT level in the FAERS database.
[image: A table displaying adverse drug reaction data for different medications, showing categories such as ADC, HLGT, preferred term (PT), report number, ROR with 95% confidence interval, PRR with 95% confidence interval, and X2. Data for medications like Brentuximab vedotin, Enfortumab vedotin, Gemtuzumab ozogamicin, Polatuzumab vedotin, Trastuzumab emtansine, Inotuzumab ozogamicin, and Trastuzumab deruxtecan is included, detailing various neuropathies, encephalopathies, and other disorders.]We classified the neurological AE signals according to the HLGT. The neurological AE signals of brentuximab vedotin include peripheral neuropathies (peripheral neuropathy, peripheral sensory neuropathy, polyneuropathy, peripheral motor neuropathy, Guillain-Barre syndrome, peripheral sensorimotor neuropathy, and peroneal nerve palsy), demyelinating disorders (progressive multifocal leukoencephalopathy), encephalopathies (encephalopathy and leukoencephalopathy), and neuromuscular disorders (autonomic neuropathy).
The neurological AE signals of enfortumab vedotin include peripheral neuropathies (peripheral neuropathy, peripheral motor neuropathy, and peripheral sensory neuropathy) and neurological disorders (taste and dysgeusia). Taste disorder is a new neurological AE signal of enfortumab vedotin that is not shown on the product label.
The neurological AE signals of gemtuzumab ozogamicin include central nervous system vascular disorders (cerebral haemorrhage, haemorrhage intracranial, subarachnoid haemorrhage, cerebellar haemorrhage, and hemorrhagic stroke), peripheral neuropathies (Guillain-Barre syndrome), encephalopathies (encephalopathy), and neurological disorders (unresponsive to stimuli). Guillain–Barré syndrome, encephalopathy, and unresponsiveness to stimuli are new neurological AEs signal associated with gemtuzumab ozogamicin.
The neurological AE signals of polatuzumab vedotin include peripheral neuropathies (peripheral neuropathy and polyneuropathy) and central nervous system vascular disorders (cerebral haemorrhage). Cerebral haemorrhage is a new neurological AE signal associated with polatuzumab vedotin. The neurological AE signals of trastuzumab emtansine include peripheral neuropathies (peripheral neuropathy), neuromuscular disorders (muscular weakness), and encephalopathies (hepatic encephalopathy). Muscular weakness is a new neurological AE signal associated with trastuzumab emtansine.
The neurological AE signals of inotuzumab ozogamicin include encephalopathies (encephalopathy) and central nervous system vascular disorders (cerebral haemorrhage). Encephalopathy is a novel neurological AE signal associated with inotuzumab ozogamicin.
The neurological AE signals of trastuzumab deruxtecan include central nervous system vascular disorders (cerebral haemorrhage) and neurological disorders (taste disorders). Cerebral haemorrhage is a new neurological AE signal associated with trastuzumab deruxtecan.
The eight most common ADC-related neurological AE signals are peripheral neuropathy [N = 250, ROR = 16.98, 95% CI (14.94–19.30), PRR = 16.0, 95% CI (14.21–18.09), X2 = 3,499.08], cerebral haemorrhage [N = 44, ROR = 9.45, 95% CI (7.01–12.73), PRR = 9.32, 95% CI (6.95–12.50), X2 = 318.02], peripheral sensory neuropathy [N = 29, ROR = 47.87, 95% CI (33.13–69.19), PRR = 47.43, 95% CI (32.93–68.30), X2 = 1,254.49], polyneuropathy [N = 28, ROR = 26.01, 95% CI (18.61–36.33), PRR = 25.75, 95% CI (18.50–35.86), X2 = 801.41], encephalopathy [N = 20, ROR = 5.16, 95% CI (3.32–8.01), PRR = 5.14, 95% CI (3.32–7.96), X2 = 62.55], progressive multifocal leukoencephalopathy [N = 17, ROR = 22.67, 95% CI (14.05–36.58), PRR = 22.52, 95% CI (14.01–36.21), X2 = 326.73], taste disorder [N = 16, ROR = 26.09, 95% CI (15.92–42.76), PRR = 25.78, 95% CI (15.83–42.00), X2 = 355.78], and guillain barrier syndrome [N = 12, ROR = 17.844, 95% CI (10.11–31.51), PRR = 17.79, 95% CI (10.09–31.35), X2 = 172.65] (Figure 3; Table 6). We also found that death is more common in some ADCs concomitantly with neurological AEs. The mortality rate of the ADCs concomitantly with nervous system signals was 100% for hemorrhagic stroke, 75% for internal haemorrhage, 66.67% for cerebellar haemorrhage, and 50% for unresponsive stimuli and subarachnoid haemorrhage (Figure 4). The results of sensitivity analysis are listed in Table 7. Find the accompanying drugs for each drug in OpenVigil2.1 and check their listing. After excluding cases accompanied by medication, the number of cases has decreased.
[image: Bar chart showing case numbers for various medical conditions. "Neuropathy peripheral" has the highest case number of nearly 300. Other conditions listed include cerebral hemorrhage, peripheral sensory neuropathy, polyneuropathy, encephalopathy, progressive multifocal leukoencephalopathy, taste disorder, and Guillain-Barre syndrome, with significantly lower case numbers.]FIGURE 3 | The number of reported cases of the first eight types of ADC related neurological AEs under different ADC treatment strategies.
TABLE 6 | The ROR and PRR values of the first eight types of ADC related neurological AEs under different ADC treatment strategies.
[image: A table lists various medical terms with corresponding values for ROR (with 95% confidence intervals), PRR (with 95% confidence intervals), and X2. Conditions include peripheral neuropathy, cerebral hemorrhage, peripheral sensory neuropathy, polyneuropathy, encephalopathy, progressive multifocal leukoencephalopathy, taste disorder, and Guillain-Barre syndrome. Each condition has specific ROR, PRR, and X2 values.][image: Bar graph depicting death and survival rates for various medical conditions. Conditions include taste disorder, Guillain-Barré syndrome, encephalopathy, subarachnoid hemorrhage, unresponsive to stimuli, cerebellar hemorrhage, intracranial hemorrhage, and hemorrhagic stroke. Each condition has striped bars representing death rates and solid bars for survival rates. Survival rates are generally higher, with all conditions showing a survival rate exceeding death rate.]FIGURE 4 | Death cases and their proportion in ADCs concomitantly with neurological AEs.
TABLE 7 | Sensitivity analysis after exclusion of cases of concomitant drugs.
[image: A table listing various drugs, related potential toxicities (PT), concomitant drugs, the number of cases with and without concomitant drugs, and the Reporting Odds Ratio (ROR) with a 95% confidence interval (CI) for cases without concomitant drugs. Each row includes detailed data for specific drug events, including Gemtuzumab ozogamicin, Trastuzumab emtansine, Inotuzumab ozogamicin, Enfortumab vedotin, Brentuximab vedotin, and Polatuzumab vedotin.]3.4 Comparison between serious and non-serious groups and risk factors for ADC-related neurological AEs
In cases of ADC-related neurological adverse events, over 43.77% of the patients had serious outcomes. Brentuximab vedotin (X2 = 121.5, p < 0.0001) and an indication of lymphoma (χ 2 = 75.42, p < 0.0001) were significantly more likely to occur in serious neurological AE cases (Table 8). The proportion of males and females with severe AEs was 44.72% (110/246) and 41.06% (101/246), respectively, with no statistical difference (χ 2 = 1.61, p = 0.2047); there was no difference in age between the two groups (χ 2 = 1.61, p = 0.7369).
TABLE 8 | Differences in clinical characteristics between serious and non serious reports.
[image: Table displaying data on clinical characteristics and drug indications for serious and non-serious cases. Categories include gender, age, reporting country, indications like cancer types, and drugs. Statistical values such as mean, median, and p-values are provided for comparison.]We further explored the risk factors that may affect the overall reporting of ADC-related neurological AEs using single-factor analysis (Table 9). The incidence of ADC-related neurological adverse events in males was higher than that in females, and the difference was statistically significant (χ 2 = 14.78, p = 0.0001). There was no difference in age between the two groups (χ 2 = 6.61, p = 0.0856). Brentuximab vedotin exhibited a significantly higher incidence of neurological adverse events (χ 2 = 171.00, P=<0.0001).
TABLE 9 | Differences in clinical characteristics between neurological AEs and without neurological AEs reports.
[image: Table comparing clinical characteristics of patients with and without neurological adverse events (AEs). It includes gender, age, and drug types. P-values and Chi-square tests (X2) indicate statistical significance. Gender shows significant differences, with P = 0.0001. Age shows no significant difference, P = 0.1202. Drug differences are significant, P < 0.0001.]4 DISCUSSION
Reports of ADC-related neurological adverse events are gradually increasing; however, comprehensive research is lacking. To the best of our knowledge, this is the first pharmacovigilance analysis of ADC-related neurological adverse events using FAERS data.
ADCs-associated neurological AEs were caused by the cytotoxic payloads, not the targeting antibody or linkers. In our study, the incidence of ADC-related neurological adverse events in males was higher than that in females. Neurological signals were detected in both microtubule polymerization inhibitors (brentuximab vedotin, enfortumab vedotin, polatuzumab vedotin, and trastuzumab emtansine) and DNA-damaging agents (gemtuzumab ozogamicin, inotuzumab ozogamicin, and trastuzumab deruxtecan). In addition, the data showed that compared to patients treated with other ADCs, those receiving microtubule polymerization inhibitors (brentuximab vedotin, enfortumab vedotin, polatuzumab vedotin, and trastuzumab emtansine) are more likely to develop neurotoxicity. We found that brentuximab vedotin- and gemtuzumab ozogamicin-related adverse neurological events were more likely to result in serious outcomes. No neurological AEs associated with tisotumab vedotin, belantamab mafodotin, moxetumomab pasudotox, or loncastuximab tesirine were reported. The above results are, to some extent, influenced by the time of drug launch. The reason for the zero neurological AE reports for belantamab mafodotin (approved in 2020), loncastuximab tesirine (approved in 2021), and tisotumab vedotin (approved in 2021) is mainly related to the short market time. The reason for the zero reported neurological adverse events (AEs) of moxizumab pasutuximab may be related to the lower number of patients receiving treatment after the drug was marketed.
Peripheral neuropathy is one of the most common adverse effects associated with ADCs. A meta-analysis showed that the incidence of peripheral neuropathy in ADCs is 39.6% (Zhu et al., 2023). In this study, peripheral neuropathy signals were detected using brentuximab vedotin, enfortumab vedotin, polatuzumab vedotin, gemtuzumab ozogamicin, and trastuzumab emtansine. Among these, brentuximab vedotin, enfortumab vedotin, and polatuzumab vedotin had the highest number of reports. The effective payloads of brentuximab vedotin, enfortumab vedotin, and polatuzumab vedotin is the tubulin inhibitor monolayer auristatin E (MMAE), trastuzumab emtansine is the tubulin inhibitor derivative mertansine (DM1), and gemtuzumab ozogamicin is a DNA damage calicheamicin derivative (Hafeez et al., 2020). Among all the ADCs, the G3/4 toxicity rate of peripheral neuropathy is relatively low but is most common in ADCs with an MMAE payload (6.5%) (Masters et al., 2018), which may lead to dose limitation or discontinuation (Saber and Leighton, 2015; Bae et al., 2021). Additionally, it has been shown to be unrelated to antibody targets (Saber and Leighton, 2015). Microtubules are important for maintaining highly elongated neuronal morphology and axonal transport, as well as the rapid movement of goods between neuronal cell bodies and distal nerve endings (Morfini et al., 2009). Peripheral neuropathy induced by MMAE ADCs is attributed to the nonspecific uptake of ADCs by peripheral nerves and the release of MMAE, which destroys microtubules (MT) and leads to neurodegeneration (Stagg et al., 2016). Cellular studies have shown that MMAE has a high affinity for the MT end, inducing structural defects, inhibiting MT kinetics, and reducing the degree of MT assembly while promoting the formation of microtubule protein loops. The inhibition of MT-dependent axonal transport mediated by MMAE ADCs leads to severe peripheral neuropathy (Best et al., 2021). The effective payloads of tisotumab vedotin (TV) is also MMAE (Markham, 2021). The effective payloads of Belantamab Mafodotin (BM) is the microtubule inhibitor monomethyl auristatin F (MMAF) (Markham, 2020). We were unable to obtain AE data for TV and BM due to the short launch period. However, the TV label specifies that peripheral neuropathy is a warning notice. 42% of people treated with TV develop peripheral neuropathy. For new or worsening peripheral neuropathy, the dose should be lowered or terminated following an examination (FDALabel, 2023b). However, the neurotoxicity of BM was not mentioned in the literature or instructions (Offidani et al., 2021). The effective payloads of loncastuximab tesirine is pyrrolobenzodiazepine, which is an alkylating agent. The effective payloads of moxetumomab pasudotox is Pseudomonas exotoxin A (PE38). The FDA labels and literature have not found any reports of loncastuximab tesirine (FDALabel, 2022a) or moxetumomab pasudotox (FDALabel, 2020a) causing peripheral neuropathy.
Central nervous AEs were primarily brain haemorrhages secondary to ADC-induced thrombocytopenia and various types of encephalopathies. We classified ADC-induced central nervous system haemorrhage (subarachnoid haemorrhage, intracranial haemorrhage, cerebral haemorrhage, and hemorrhagic stroke) and various encephalopathies (progressive multifocal leukoencephalopathy (PML), leukoencephalopathy, hepatic encephalopathy, and encephalopathy) as central nervous system toxicity. The data analysed in this study showed that the mortality rates of hemorrhagic stroke, internal haemorrhage, cerebral haemorrhage, and subarachnoid haemorrhage were relatively high and should be taken seriously. The following ADCs are ranked in descending order according to the number of hemorrhage PTs discovered: gemtuzumab ozogamicin, trastuzumab deruxtecan, inotuzumab ozogamicin, and polatuzumab vedotin. The following ADCs are ranked from high to low according to the number of encephalopathy PTs discovered: brentuximab vedotin, gemtuzumab ozogamicin, inotuzumab ozogamicin, and trastuzumab emtansine.
In the product label for gemtuzumab ozogamicin, haemorrhage is listed as a warning that may cause fatal haemorrhage. Gemtuzumab ozogamicin is a myelosuppressive drug that can cause fatal or life-threatening haemorrhages due to long-term thrombocytopenia (FDALabel, 2020b). In the ALFA-0701 (GO combined chemotherapy) trial, the incidence of haemorrhage in the GO group [118/131 (90.1%)] was significantly higher than that in the control group [107/131 (78.1%)] (p = 0.008). Grade ≥3 haemorrhage was reported by 30 patients (22.9%) in the GO group and 13 patients (9.5%) in the control group. Among the patients who died, the largest difference in hemorrhagic events was observed between these two groups [GO arm, 3 (2.3%); control arm, 1 (0.7%)] (Lambert et al., 2019). The main toxicity in the GO group was persistent thrombocytopenia with incidence rates of 16% and 3% in the GO and control groups, respectively (Castaigne et al., 2012). In a phase 3 INO-VAT study of inotuzumab ozogamicin, the incidence of thrombocytopenia at grade 3 and above was 41% (Kantarjian et al., 2019). In the INO trial, haemorrhage was observed as a complication of thrombocytopenia, with 33% of the patients experiencing hemorrhagic events. Five percent of the patients reported grade 3 or 4 haemorrhagic events (FDALabel, 2017) [28]. However, there were no reports of cerebral haemorrhage. The risk of death from cerebral haemorrhage is high and should be seriously considered. The myelosuppression of trastuzumab deruxtecan is mainly manifested as neutropenia and anaemia, and the incidence of thrombocytopenia is lower (Li et al., 2022). In a study of transtuzumab deruxtecan (TD) for the treatment of HER2-positive breast cancer, the overall incidence of platelet count decline was 21.2%; the incidence of grade 3 was 3.8%, and grade 4 was 0.5% (Modi et al., 2020). There have been no reports of adverse reactions caused by TD in the literature. Our study is the first to uncover the presence of cerebral haemorrhage in patients with TD, suggesting that it may be caused by thrombocytopenia. No adverse hemorrhagic reactions were found in clinical trials of polatuzumab vedotin (PV) (Tilly et al., 2022), which may be related to strict subject selection. We found three cases of cerebral haemorrhage induced by PV in the FAERS database, and according to the ROR and PRR criteria, cerebral haemorrhage is a neurological signal related to PV. Both TD and PV were launched in the United States in 2019, and it is necessary to closely monitor platelet changes and haemorrhage adverse events when using these two drugs.
PML is a “Black Box” warning on the Brentuximab Vedotin (BV) label (FDALabel, 2023a). The three cases of PML caused by BV prompted manufacturers to include a black-box warning on the label (Wagner-Johnston et al., 2012). Subsequently, Carson et al. (Carson et al., 2014) reported five cases of PML caused by BV, all of which were associated with JC virus (John Cunningham polyoma virus) infection”, with a median onset time of 7 weeks following BV application. Our study identified 17 cases of PML associated with BV from the FAERS database from 2011 to 2022. Prior immunosuppressive therapy and a compromised immune system have been postulated to be risk factors. Potential mechanisms include a decrease in normal CD30-activated T cells and inhibition of the tumour necrosis factor (TNF) pathway. CD30 is a member of the TNF receptor, TNFα induces nuclear factors κ B (NF κ B) pathway. This pathway is involved in the transcription of the JC virus and has been identified in PML lesions. Blockade of CD30 may have downstream effects on TNFα, leading to viral activation (Wagner-Johnston et al., 2012). Our study also uncovered hepatic encephalopathy signals related to trastuzumab emtansine (TE). Hepatotoxicity is a “black box” warning on the TE instruction label (FDALabel, 2022b), and it may occur with a fatal risk in severe cases. Therefore, we focused on monitoring the liver function when applying TE. Our study found that GO and IO caused five and six cases of encephalopathy, respectively. However, encephalopathy was not recorded on the GO or IO labels. Marker et al. (Marker et al., 2020) reported a case of a multifocal necrotizing leukoencephalopathy variant, mainly characterized by superficial brainstem distribution and selective microglial cytotoxicity, associated with previous traditional chemotherapy treatment, namely CAR-T therapy, and inotuzumab ozogamicin. There have been no reports on the use of GO and IO associated encephalopathy. Therefore, considering the risk of encephalopathy, patients should pay attention to neurological symptoms when using GO and IO.
EV and TD have been implicated in the neurotoxicity of taste disorders. A Phase I clinical trial of EV for the treatment of urothelial carcinoma showed that dysgeusia is the most common treatment-related adverse event of EV (Takahashi et al., 2020). In a global, phase 2, single-arm clinical trial of EV for the treatment of urothelial carcinoma (Rosenberg et al., 2019), the incidence of dysgeusia was 40%, and there were no reports of ≥ grade 3 AEs. A meta-analysis (Guo et al., 2022) showed 9 cases of taste disorders in 8 clinical trials related to them. Taste disorder (ROR = 14.06) was a strong signal in the disproportionality analysis. Our research identified a new signal of muscle weakness in TE that requires more attention for clinical applications.
5 CONCLUSION
The FAERS data mining indicated an association between neurotoxicity and brentuximab vedotin, enfortumab vedotin, polatuzumab vedotin, trastuzumab emtansine, gemtuzumab ozogamicin, inotuzumab ozogamicin, and trastuzumab deruxtecan. This study has some limitations. First, the FAERS database is a self-reporting system that has some inherent selection biases; second, the market life of a drug has a big impact on the number of reporting cases; third, the disproportionality analysis based on the FAERS database only conducted a statistical evaluation of signal strength, but did not reveal whether there is a causal relationship between adverse signals and drugs. Further clinical studies are required to confirm these findings. With the widespread application of newly launched ADC drugs, combining FAERS data with other data sources is crucial for monitoring the sustained neurotoxicity of ADCs, including central and peripheral neurotoxicities. When administering ADC to patients with cancer, physicians should be aware of safety issues, such as dose adjustments due to peripheral neurotoxicity and death caused by central neurotoxicity, and should focus on early identification and prevention measures. Further studies are required to elucidate the mechanisms related to ADC neurotoxicity.
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Introduction: High-grade serous ovarian carcinoma (HGSOC) remains a medical challenge despite considerable improvements in the treatment. Unfortunately, over 75% of patients have already metastasized at the time of diagnosis. Advances in understanding the mechanisms underlying how ascites cause chemoresistance are urgently needed to derive novel therapeutic strategies. This study aimed to identify the molecular markers involved in drug sensitivity and highlight the use of ascites as a potential model to investigate HGSOC treatment options.
Methods: After conducting an in silico analysis, eight epithelial–mesenchymal (EM)-associated genes related to chemoresistance were identified. To evaluate differences in EM-associated genes in HGSOC samples, we analyzed ascites-derived HGSOC primary cell culture (AS), tumor (T), and peritoneal nodule (NP) samples. Moreover, in vitro experiments were employed to measure tumor cell proliferation and cell migration in AS, following treatment with doxorubicin (DOX) and cisplatin (CIS) and expression of these markers.
Results: Our results showed that AS exhibits a mesenchymal phenotype compared to tumor and peritoneal nodule samples. Moreover, DOX and CIS treatment leads to an invasive-intermediate epithelial-to-mesenchymal transition (EMT) state of the AS by different EM-associated marker expression. For instance, the treatment of AS showed that CDH1 and GATA6 decreased after CIS exposure and increased after DOX treatment. On the contrary, the expression of KRT18 has an opposite pattern.
Conclusion: Taken together, our study reports a comprehensive investigation of the EM-associated genes after drug exposure of AS. Exploring ascites and their associated cellular and soluble components is promising for understanding the HGSOC progression and treatment response at a personalized level.
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1 INTRODUCTION
HGSOC is a major cause of gynecological tumor mortality, with approximately 70% out of 200,000 ovarian cancer deaths annually (Bowtell et al., 2015), according to the GLOBOCAN 2020 report (Sung et al., 2021). Using the most recent data available, the age-standardized mortality rate of ovarian cancer in Romania was approximately 2.9 deaths per 100,000 population (Mazidimoradi et al., 2022), World Health Organization (2019).
HGSOC patients are typically asymptomatic in the early stages and are treated with primary debulking surgery (PDS), while chemotherapy is the preferred option for advanced-stage cancer. Carboplatin/cisplatin (CARB/CIS) and paclitaxel (PAX) are first-line chemotherapeutic agents, but the US Food and Drug Administration (FDA) has also approved DOX, gemcitabine (GEM), irinotecan (MM-398), etoposide (ETOP), oxaliplatin (OHP), and 5-fluorouracil (5-FU) (Lheureux et al., 2019; Lisio et al., 2019; Bacalbasa et al., 2020a; Armstrong et al., 2021; Ogundipe et al., 2023). Unfortunately, most patients experience recurrence and acquire resistance to platinum-based agents (Bowtell et al., 2015). The inhibition of apoptosis is the mechanism by which chemoresistant tumor cells are propagated (Kunjachan et al., 2013; Caccuri et al., 2019; Neophytou et al., 2021; Duan et al., 2023); one of the causes is the inhibition of caspase activity, which is due to the changes and mutations in signaling pathways. Mammalian cancer cells will lose their promoters and have no ability to induce apoptosis, causing resistance to cytotoxic drugs (Ghavami et al., 2009; Mohamed et al., 2017; Jan and Chaudhry, 2019; Jiang et al., 2020).
This type of ovarian cancer is characterized by genetic mutations in tumor suppressor genes TP53, BRCA1, or BRCA2 and by a specific dissemination mechanism through the body cavity known as transcoelomic metastasis. This mechanism involves rapid growth, disruption of ovarian tumor capsules, and malignant cells spreading into the peritoneal cavity by the ascites fluid, whose role is to offer the tumor microenvironment (Tan et al., 2006; Kurman and Shih I.e., 2008; Shield et al., 2009; The Cancer Genome Atlas Research Network, 2011; Ahmed and Stenvers, 2013; Suh et al., 2014; Kim et al., 2016; Barbolina, 2018; Loret et al., 2019). Tumor formation is driven by “tumor-initiating cells” that exhibit mesenchymal and stem cell features. Activation of EMT induces HGSOC precursor lesion (secretory cell outgrowths, SCOUTS, and serous tubal intraepithelial carcinoma, STIC) by suppressing paired box protein 2 (PAX2), a key molecule in maintaining the differentiation state of oviductal epithelial cells. A critical step in the progression of HGSOC is the migration of STIC cells to the ovary (Chen et al., 2010; Perets et al., 2013; Alwosaibai et al., 2017; Tone, 2017). Moreover, growth factors and hormones are secreted onto the ovarian surface to induce EMT via phosphoinositide-3-kinase/Akt (PI3K/AKT) and mitogen-activated protein kinase/extracellular signal-regulated kinase (MEK/ERK) signaling pathways (Wong and Leung, 2007; Gao et al., 2014; Dean et al., 2017). In the metastatic stage, cancer cells are released from the primary tumor directly into the peritoneal cavity and survive either as single cells or spheroids in the ascites fluid, causing the formation of peritoneal nodules (peritoneal carcinomatosis) and also metastases to distant organs (Tan et al., 2006; Shield et al., 2009; Lengyel, 2010; Bacalbasa et al., 2020b). EMT upregulates α5β1 integrin, which mediates spheroid attachment to the secondary site (Al Habyan et al., 2018; Li et al., 2020). Moreover, Rosso et al. reported higher EMT marker expression in ascites cultures than in tumor cultures, indicating its crucial role in metastatic dissemination (Rosso et al., 2017). Nevertheless, even the mesenchymal-to-epithelial transition (MET) process has been described in the metastatic cascade, as associated with epigenetic abnormalities (Fan et al., 2020). At the cellular level, the partial EMT promotes ascites and metastasis formation in HGSOC (Loret et al., 2019).
Along with EMT markers, the cytokeratin family (KRTs), the most abundant proteins in epithelial cells, is pivotal in maintaining keratinization and differentiation. These have been reported to conserve cell morphology, intracellular transport, and signal transduction (Jacob et al., 2018; Zhang et al., 2020). In many cancers, such as ovarian, breast, and lung cancers, KRTs could be used as prognosis and tumorigenesis status markers (Blobel et al., 1984; Shao et al., 2012; Communal et al., 2021). Their expression has been associated with a high grade of malignancy and an increase in the migratory capability of cancer cells (Zhang et al., 2020).
An accumulating number of studies have highlighted the molecular heterogeneity of ovarian cancer, suggesting the need for personalized treatment approaches, including the establishment of ascites-derived cultures (RL et al., 2014; Kim et al., 2016; Penet et al., 2018; Uno et al., 2022). The ascites contains detached cancer cells, extracellular vesicles (EVs), tumor-associated macrophages (TAMs), and host cells, together promoting proliferation, drug resistance, or metastasis (Zhang et al., 2018). Hence, ascites reveals essential information about the underlying malignancy before resection that includes molecular mechanisms and profiles (Kipps et al., 2013). Considering these aspects, ascites presents a chance to design a treatment plan for patients with ovarian cancer by its potential use as a liquid biopsy substrate for exploring novel therapeutic targets (Latifi et al., 2012; Ahmed and Stenvers, 2013; Ford et al., 2020).
This study aimed to display the differences between the peritoneal nodule, primary tumor, and AS, the three major types of biological material derived from patients with HGSOC. We also conducted a computational target molecule prediction involved in chemoresistance. After in vitro drug testing of ascites-derived HGSOC primary cell culture, we reported a comprehensive investigation of the EM-associated genes.
2 MATERIALS AND METHODS
2.1 In silico analysis of available databases
2.1.1 The acquisition of mRNA expression datasets
The transcriptome profiles and relevant clinical information on patients with ovarian serous cystadenocarcinoma (OV) have been derived from The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/), and normal human ovarian samples have been obtained from The Genotype-Tissue Expression (GTEx) (https://www.gtexportal.org/home/datasets), using the TCGAbiolinks package (Colaprico et al., 2016) in the R program (version 4.3.0). Then, both RNA sequencing (RNA-seq) data (displayed as raw counts) were combined with batch normalization using the R package “sva” (Zhang et al., 2023). TCGA-OV dataset included 421 tumor samples, and the GTEx included 108 normal ovarian samples. TCGA and GTEx expression data were normalized in transcripts per million (TPM) format. The prognostic information on TCGA-OV samples was acquired from the UCSC Xena database (https://xenabrowser.net/).
2.1.2 Differential gene expression analysis
The differentially expressed protein-coding genes (DEGs) from tumor and normal ovarian tissues were generated using the DESeq2 (version 1.40.2) package of R software (Love et al., 2014). DEGs were selected based on a false discovery rate (FDR) p. adj< 0.01 and absolute logFC (fold change) ≥2. Principal component analysis was performed to examine relationships between tumoral and normal samples using a variance stabilizing transformation function to the count data (Wu et al., 2020) (Supplementary Figure S1). Next, the EnhancedVolcano (version 1.18.0) R package was used to visualize the results of differential expression analyses (Supplementary Figure S2). GO enrichment analysis of a gene set was performed using clusterProfiler (version 4.8.2) R package, and as a result, the significantly enriched GO terms were those with adjusted p-value <0.05.
Furthermore, we used the keywords “(drug-resistant) AND (EMT) AND (keratin) AND (ovarian cancer)” to search in the GeneCards (https://www.genecards.org/) database and obtained 1,265 drug resistance-EMT-keratin-related protein-coding genes. After the published literature was reviewed, a list of eight EM-associated genes, namely, five EMT—cadherin 1 (CDH1), cadherin 2 (CDH2), epithelial cell adhesion molecule (EPCAM), vimentin (VIM), GATA-binding protein 6 (GATA6) and three keratin markers—keratin 7 (KRT7), keratin 18 (KRT18), and keratin 19 (KRT19), was further explored. To construct and analyze the protein–protein interactions of our EM-associated genes, we submitted them to STRING (version 12, https://string-db.org/), a web-based open-access software tool.
2.1.3 Validation of EM-associated genes related to chemoresistance
In addition, the mRNA expression profile from HGSOC patients and ovarian cancer cell lines treated with platinum drugs was downloaded from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) database using the GEOquery R packages, which were GSE227100, GSE58470, and GSE98559.
These three above-mentioned datasets were, respectively, derived from Homo sapiens mRNA data, using GPL24676 Illumina NovaSeq 6000, GPL16791 Illumina HiSeq 2500,and GPL6947 Illumina HumanHT-12 V3.0 expression bead chip.
The GSE227100 included a total of 24 HGSOC patients diagnosed with FIGO Stage III/IV, from which we obtained solid tumor samples before ((pre-C/T) and after (post-C/T) completion of six cycles of CARB and Taxol combination chemotherapy. We used GSE98559 with two experimental groups, SKOV3 wild-type cells and SKOV3 cisplatin-resistant cells, each having two biological replicate samples analyzed (four samples). We also explored three ovarian carcinoma cell lines: the parental cisplatin-sensitive IGROV-1 cell line and two platinum-resistant variants (IGROV-1 CIS/IGROV-1 OHP); each cell line had three independent samples analyzed (nine samples altogether) from GSE58470. Hierarchical clustering was performed with the pheatmap (version 1.0.12) R package using “Euclidean” clustering to calculate row distances and “complete” the agglomeration method (the distance between the most distant elements in each cluster).
2.2 Patient inclusion and sample collection
The study included a total of 12 AS, 9 T, and 7 NP from 12 HGSOC patients who underwent surgical resection at the Fundeni Clinical Institute between 2019 and 2021. The study was approved by the Ethics Committee of the Fundeni Clinical Institute (52496/06.12.2018). All the experiments were conducted following the Helsinki Declaration and obeying ethical principles for medical research on human subjects. Collected clinical and pathologic data include age, TNM stage, differentiation degree, tumor size (cm), serum tumor biomarkers (CA125 (ng/mL), CA15-3 (ng/mL), CEA (ng/mL), and CA19-9 (U/mL)), and overall survival (months). Histopathological results and the tumor grade were determined by the pathologist, according to the International Federation of Gynecology and Obstetrics (FIGO) classification. The cohort had not received preoperative chemotherapy at the time of debulking surgery. NP and T tissue samples were collected during surgery—in a stabilizing solution RNAlater (Sigma, St. Louis, MO)—then cryopreserved—using the snap-frozen method—and stored at −80 °C until further analysis.
2.3 Cell culture
2.3.1 SKOV3 cells
The human ovarian cancer cell line SKOV3 was purchased from the European Collection of Authenticated Cell Cultures (ECACC). SKOV3 was cultured in McCoy’s 5A medium (modified), w: L-glutamine, w: 2.2 g/L NaHCO3 (Biochrom), supplemented with 15% FBS-fetal bovine serum (Gibco) and 1% penicillin–streptomycin (P/S), as recommended by the suppliers.
2.3.2 HGSOC-AS
HGSOC ascites was collected under sterile conditions during surgery. Cell cultures were generated from 15 mL of fresh ascites seeded in the ratio 1:1 in Dulbecco’s modified Eagle medium-GlutaMAX (Gibco) containing 4.5 g/L glucose, supplemented with 20% FBS and 1% P/S, and incubated at 37 °C and 5% CO2. After 3 days, the cells were washed with Hank’s balanced salt solution (HBSS), and fresh media were added. Cells were harvested on early passages (up to three passage stocks).
2.4 RNA isolation and quantitative real-time PCR analysis (qRT-PCR)
For the characterization of ovarian cancer samples, we obtained total RNA using approximately 50 mg of fresh frozen tissue, which was first manually homogenized using a pestle and mortar, and then, we isolated RNA from around 3 × 105 cells for therapy response testing.
Total RNA from all sample types was isolated using TRIzol (Invitrogen, Thermo Fisher Scientific), according to the manufacturer’s protocol. The quantity of the RNA was determined by the concentration and purity (A260/A280 and A260/A230), assessed by NanoDrop ND1000 (NanoDrop Technologies, Waltham, MA, United States). Total RNA quality and size distribution were analyzed by chip-based capillary electrophoresis using the Agilent 2100 Bioanalyzer with a 6000 RNA Nano Chip (Agilent Technologies, Santa Clara, CA, United States).
The EM-associated gene expression was quantified by qRT-PCR. cDNA (2000 ng) was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific). Sense and antisense primers were designed against published human sequences in Supplementary Table S1. RT-qPCR was performed using the SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific) and 7300 Real-Time PCR System (Thermo Fisher Scientific). The resulting mRNA levels were normalized to the β-actin reference gene. Relative quantification was studied by the 2−ΔCT method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008).
2.5 Immunohistochemistry (IHC)
Cell blocks have been prepared from 3 × 106 AS cells and processed using the ‘cell block’ cytology technique to generate paraffin blocks. The cell block technique has been done using cell suspension materials embedded in paraffin wax, according to the adapted method described in reference (Woods and Stirling, 2019). IHC staining for AS and T was performed on 3-µm-thick section cut from the formalin-fixed cell blocks and paraffin-embedded tumor tissues. Dewaxing and rehydration were completed using the Trilogy heated buffer solution (Cell Marque, Hot Springs, AR), according to the manufacturer’s protocol. In brief, 0.03% hydrogen peroxide (H2O2) treatment was performed for 10 min, and primary antibodies (CDH1 (Cell Marque; EP700Y; 1:100), CDH2 (Thermo Fisher Scientific; MA-1–91,128; 1:500), KRT18 (Cell Marque; B22.1&B23.1; 1:250), KRT19 (Cell Marque; A-53-B/A2.26; 1:250), and KRT7 (Cell Marque; OV-TL 12/30; 1:250) were incubated overnight at 4°C. The slides were then incubated with peroxidase-labeled polymer conjugated to goat anti-rabbit IgG or goat anti-mouse IgG for 30 min. The sections were stained with DAB and counterstained with hematoxylin. Cells were evaluated with a magnification of ×40. The tissues and AS were evaluated semiquantitatively, assessing the intensity and localization, including membrane, cytoplasm, or nuclear staining.
2.6 Functional study and chemotherapy response
2.6.1 Drug treatments
AS-derived cells have been seeded at 1 × 104 cells/well in 96 well-plates with flat-bottoms for 24 h. CIS (Selleckchem, catalog no. S1166, batch no 14) was dissolved in ddH2O, and DOX (Selleckchem, Cat no. S1208, Batch no 13) was dissolved in dimethyl sulfoxide (DMSO). Compound effects were measured in a 10-point dilution series after 24 h of incubation. CIS was tested in a range of 800 to 1.562 µM, and DOX, in a range of 25 to 0.048 µM. For CIS experiments, controls consisted of ddH2O, and for DOX experiments, controls consisted of DMSO alone (maximal DMSO concentration used was 0.016%). Cell viability was determined with MTT assay (Cell Proliferation Kit, MTT, Roche), and the solubilized formazan product was spectrophotometrically quantified at 570 nm wavelength using the Sunrise Basic Tecan plate reader and Magellan V 6.5 software. Two independent experiments with three technical replicates were conducted for each tested drug. Half-maximal inhibitory concentration (IC50) values were calculated with GraphPad Prism 10 software using a dose-response curve fit model by applying the nonlinear log(inhibitor) versus response-variable slope (four parameters) equation.
2.6.2 Scratch-healing test
AS cells have been seeded at 1 × 105/well in 12-well culture plates. After 24 h, a straight scratch was carefully made across the cell monolayer using a sterile 10-µL pipette tip to create a wound, and each drug’s median IC50 (DOX = 0.6 µM, CIS = 50 µM) was added. Subsequently, the dish was placed under the microscope (IX73 Inverted Microscope, Olympus) to capture images of the scratch at two different time points: immediately after the scratch (0 h) and 24 h later (24 h). These images were analyzed using ImageJ software. The extent of wound closure was measured by quantifying the reduction in scratch width over time.
2.6.3 Apoptosis assay
Cells have been lysed with Milliplex Map Lysis Buffer 1× (Merck Millipore), supplemented with protease inhibitors and assayed using ProcartaPlex multiplex immunoassay (Thermo Fisher Scientific), according to the manufacturer’s instructions. All samples were measured in duplicate. Data were initially acquired as mean fluorescence intensity (MIF), and the ratio of fluorescence to standard magnetic microspheres was then calculated. A series of calibrators were analyzed, and standard curves and concentrations were obtained using Bio-Plex Manager Software.
2.6.4 Western blotting
AS cells were lysed in RIPA buffer (MILLIPLEX MAP Lysis Buffer 1×, Merck Millipore) with the protease inhibitor (Protease Inhibitor Cocktail 50×, Promega). A measure of 30 μg of proteins were electrophoresed on a 15% and 8% SDS-polyacrylamide gel and then transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories). After the blocking step with 5% nonfat dried milk (PanReac AppliChem) diluted in PBST (1× phosphate-buffered saline with Tween 20) for 2 h at room temperature, the primary antibodies mouse anti-KRT19 (A53-B/A2.26-Ks19.1 Thermo Fisher), rabbit anti-CDH2 (D4R14, Cell Signaling), and HRP-GAPDH (PA1-987 HRP, Invitrogen) were incubated overnight at 4°C. Afterward, the membrane was washed three times with PBST and incubated with goat anti-rabbit (G21234, Invitrogen) and m-IgGk BP-HRP (SC-516102, Santa Cruz) for 1 h at room temperature and washed again in PBST buffer. The signals were detected using Pierce ECL Western blotting Substrate (Thermo Fisher Scientific) and OPTIMAX X-ray film processor (Protec). The densitometric analysis quantified protein expression by ImageJ Software.
2.7 Statistical analysis
Quantitative and semiquantitative analyses for IHC tissue markers were performed with the support of experienced pathologists (VH).
In descriptive statistics, data are presented as n (%) or median (interquartile range (IQR): Q1 and Q3). Statistical significance of univariate analysis was determined by the Mann–Whitney–Wilcoxon test with p-values calculated by the exact method and the Kruskal–Wallis test for ordinal or continuous variables with a non-normal distribution. For normal distribution (evaluated with the Shapiro test), we used an unpaired t-test with Welch’s correction and one-way analysis of variance (ANOVA) and a chi-squared test for dichotomous variables, followed by the Bonferroni post hoc test for multiple comparisons. All p-values were based on two-sided hypothesis tests, and p <0.05 was considered statistically significant.
Wilcoxon tests were used for comparisons between two independent groups. AS results were presented as the means of two independent experiments ± SEM, and the comparisons between two groups (sensitive vs resistant) were performed using Mann–Whitney t-tests. Differences were considered statistically significant at p < 0.05.
We used log-transformed TPM values to normalize the mRNA expression of EM-associated markers to obtain a normal distribution of data for all RNA-seq transcriptomic results.
A Cox proportional hazards regression was used for univariate and multivariate analyses of prognostic variables for overall survival. Multivariate survival analysis was performed for all variables that indicated significant diagnostics, based on the scaled Schoenfeld residuals, to identify independent predictors of survival. The hazard ratio (HR) and the corresponding 95% confidence interval (95% CI) were calculated. Overall survival was defined as the interval between the date of surgery and the date of death or the end of follow-ups. The R packages used in the survival analysis are gtsummary 1.7.2, survival 3.5.7, survminer 0.4.9, and flextable 0.9.4. The statistical analysis used GraphPad Prism 10 for Windows (GraphPad Software, Inc.) and R 4.3.0 software.
Figure 1 presents the workflow strategy of this study.
[image: A three-part diagram explaining research on ovarian cancer gene expression. Panel A displays Venn diagrams showing gene overlap from different datasets, highlighting twelve selected genes and eight associated with chemoresistance. Panel B illustrates a signaling pathway related to the mesenchymal phenotype, with emphasis on three genes: CDH1, GATA6, and KRT18. Panel C depicts a step-by-step experimental workflow, including nanotube synthesis, ovarian cancer cell culture, treatment, and analysis using various lab techniques.]FIGURE 1 | Present study’s design (created with biorender.com accessed on December 2023): (A) Differential gene expression and Gene Ontology analyses in the TCGA-OV cohort compared to GTEx ovarian normal tissue. Intersection of significantly expressed genes with EM-associated genes related to chemoresistance from the GeneCards database. (B) Patient sample inclusion and HGSOC ascites primary culture establishment. (C) Comprehensive analysis of HGSOC ascites primary cultures at functional and molecular levels.
3 RESULTS
3.1 Investigation of EM markers related to chemoresistance
To explore the predictive biomarkers related to chemoresistance in HGSOC, we first performed in silico analysis. First, we obtained 1,278 upregulated genes and 1,060 downregulated genes in OV compared to normal ovarian tissues using TCGA and GTEx cohorts (Supplementary Table S2). Gene Ontology (GO) analysis found that cell–cell adhesion molecular functions (Figure 2A; Supplementary Table S3) and the positive regulation of cell–cell adhesion biological function were among the top enriched (Figure 2B; Supplementary Table S4). Notably, extracellular matrix and cellular adhesion were the top 10 ranked cellular components determined by GO analysis (Figure 2C; Supplementary Table S5). The most important molecular functions related to these genes are EMT and KRTs, defined as EM-associated genes.
[image: Scatter plots and a Venn diagram illustrate gene ontology (GO) enrichment analysis. Panel A shows molecular function terms like adenyl ribonucleotide binding. Panel B presents biological process terms such as drug metabolic process. Panel C displays cellular component terms like the proteasome complex. Dot sizes and colors represent gene count and significance. Panel D is a Venn diagram showing overlap between TCGA_OV and GeneCards, with 263 common entries (7.9 percent) and distinct entries for each dataset indicated.]FIGURE 2 | Exploration of the predictive biomarkers related to chemoresistance in HGSOC patients. GO enrichment analysis of significant DEGs from TCGA-OV datasets was performed using the clusterProfiler (version 4.8.2) R package: (A) molecular function, (B) biological process, and (C) cellular component analyses. The dot size represents the count of relative genes, and the gradient color represents the adjusted p-value. (D) Venn diagram for the intersection of significant DEGs from TCGA-OV and GeneCards databases.
After the intersection of TCGA-significant DEGs and EM-associated genes related to chemoresistance from the GeneCards database (Supplementary Table S6), we obtained 263 genes (Figure 2D; Supplementary Table S7). A total of eight genes (CDH1, CDH2, VIM, GATA6, EPCAM, KRT7, KRT18, and KRT19) were correlated with chemoresistance and HGSOC after relevant literature investigation (Supplementary Table S8) and were included in further analysis.
3.2 Generation of primary cultures from HGSOC-AS
The 12 patients included in this study had a median age of 59 (interquartile range 54–65 years old). All patients recruited were diagnosed with HGSOC. A total of 67% of patients were in stage IIIC. The median overall survival in this cohort was 23 months. Clinical and pathologic parameters are summarized in Table 1.
TABLE 1 | Demographic and clinical–pathological data on HGSOC patients included in the prospective study.
[image: Table displaying clinical characteristics of 12 patients, including age with median 59, differentiation degrees G1 to G3, FIGO staging IIA to IVB, tumor size median 4.3 cm, overall survival median 23 months, and biomarkers CA125, CA15-3, CEA, and CA19-9 with respective medians.]To provide relevant molecular aspects about the HGSOC microenvironment, we established 12 HGSOC ascites-derived primary cultures, as described elsewhere (Shepherd et al., 2006; Theriault et al., 2013). Their malignancy has been confirmed through cytological detection in the Pathological Anatomy Laboratory of the Fundeni Clinical Institute. Thus, rich cell sediment was observed, represented by tumor cells, red blood cells, frequent inflammatory cellular elements, and enlarged cells isolated and grouped together, some with three-dimensional uneven appearance and enlarged slightly uneven nuclei, which are often eccentric and tachromic; the cytoplasm was basophilic with vacuolations. Immediately after isolation (0 h), ascites-derived cells revealed wide heterogeneity, including suspended cell aggregates called spheroids. After 24 h (24 h), the presence of spheroids in suspension was still detectable, but adherent cells became predominant. After first passage, at 48 hours, 48 h (P+1), the confluent AS cell monolayer illustrates a “cobblestone” phenotype. The pattern of in vitro proliferation analysis shows variations, with primary cells derived from ascites reaching confluence in 6–10 days, depending on the biological variability of each patient (Figure 3A). AS, T, and NP samples of HGSOC patients were followed by subsequent mRNA expression analyses and in vitro functional tests.
[image: Panel A shows electron microscope images of varied cellular structures. Panel B consists of bar graphs comparing gene expression levels across different treatments, with significant p-values noted. Panel C displays heat maps illustrating gene expression correlations. Panel D features histological staining images showing distributions of HE, CXN1, CXN2, KRT18, KRT19, and KRT7. Panel E presents violin plots illustrating data distributions with statistical comparisons. Panel F contains a network diagram highlighting interactions between CDH2, EPCAM, CXN1, KRT19, CK, and CXN2, with annotation details about nodes and edges.]FIGURE 3 | Generation of primary cultures from HGSOC-AS and investigation of EM-associated markers in ascites, tumors, and peritoneal nodule. (A) Representative HGSOC ascites-derived primary cultures with the presence of a significant amount of spheroids in culture, immediately after cell isolation (0h, left-upper corner), clusters from which tumor epithelial cells migrate 24 h after seeding (24 h-right-upper corner), and clusters from which tumor epithelial cells migrate 48 h after seeding (48 h-middle). In the first passage, after 12 h (P+1), the tumoral cells presented an epithelial morphology, and after 48 h (P+1), the cells reached confluence. (B) CDH1, EPCAM, CDH2, KRT18, KRT19, and KRT7 gene expression in SKOV3, AS (n = 9), T (n = 9), and NP (n = 7) detected by qRT-PCR. Data are represented as mean ± SEM. (C) Correlation matrix for CDH1, EPCAM, CDH2, KRT18, KRT19, and KRT7 gene expression in each tumor sample derived from HGSOC patients: AS (left), T (middle), and NP (right) (two-sided Spearman’s correlation test and gradient color bar represent Spearman correlation coefficients). (D) Representative immunostaining images illustrating EM-associated marker protein expression (CDH1, CDH2, KRT18, KRT19, and KRT7) and hematoxylin–eosin staining in AS (upper panel) and corresponding T (lower panel) (scale bar, 100 μm). (E) Investigation of the EM-associated gene expression profile in the tumor ovarian TCGA cohort (n = 421) compared with normal ovarian GTEx datasets (n = 108). mRNA expression levels of EM-associated markers were normalized by log2 (TPM+1). (F) The PPI analysis among EM-associated markers was acquired using the STRING (https://www.string-db.org/) web-tool database. All p < 0.05 is considered statistically significant.
3.3 Evaluation of EM-associated markers in ascites, tumors, and peritoneal nodule
To explore the epithelial–mesenchymal phenotype of AS, T, and NP, in our cohort and SKOV3 cell line, the expression of the most used EM-associated genes (CDH1, CDH2, EPCAM, KRT7, KRT18, and KRT19) has been evaluated by qRT-PCR. The AS has a significantly lower level of CDH1 compared to NP (p = 0.0214), the same as SKOV3 to NP (p = 0.0344). The EPCAM downregulation was detected in AS cells but not in SKOV3, with p = 0.0191 compared to T and p = 0.0030 compared to NP.
On the other hand, a significantly high mRNA level of CDH2 was observed in AS, compared to T (p = 0.0011) and NP (p = 0.0084). The expression of KRT18 was considerably higher in AS compared to T (p = 0.0059), which is in convergence with KRT19 in AS with p = 0.0014 compared to T and p = 0.0301 compared to NP. For KRT7, no significant differences were noticed between the four types of samples derived from HGSOC (Figure 3B).
Spearman’s rank correlation showed that there was a strong positive relation between the levels of CDH2—KRT7 and CDH2—EPCAM in AS and T, respectively, with r > 0.6 and p < 0.05. Moreover, all investigated markers, except KRT7–CDH1, KRT19–CDH1, and KRT7–KRT19, have a significant positive correlation in T (r > 0.6, p < 0.05). In contrast, only KRT markers exhibit a strong positive correlation in NP (r > 0.6, p < 0.05) (Figure 3C). The distinct patterns of association of each EM associated marker with cytokeratin demonstrate the unique expression profile of each type of biological material derived from HGSOC, highlighting that AS has the greatest heterogeneity and a mesenchymal phenotype.
Therefore, we also validated the results of marker expressions by IHC in tumor tissues and AS, respectively. The representative images for CDH1, CDH2, KRT18, KRT19, and KRT7 are shown in Figure 3D, and the IHC scores are detailed in Supplementary Table S9.
In addition to these, we analyzed TCGA-OV and GTEx against our list of EM-associated genes. Figure 3E shows that the EM-associated markers were significantly upregulated in OV tissues compared to normal ovarian tissues.
Furthermore, we acquired and visualized the protein–protein functional associations via the STRING database (https://www.string-db.org/) (von Mering et al., 2003). Therefore, we validated the interaction between the EMT and KRT markers (PPI enrichment p-value <0.001) (Figure 3F). Results show that AS presents a mesenchymal phenotype that enhances the aggressivity of HGSOC. Thus, this model is used for further analysis to predict drug response.
3.4 The establishment of chemosensitivity in the AS model
3.4.1 Determination of drug response in the AS model
To investigate the effect of drug response on AS, we have analyzed two important HGSOC drugs that induce apoptosis by different mechanisms (Morgan et al., 2013) because cisplatin represses cell division and tumor growth by interfering with DNA replication and causing DNA cross-linking (Siddik, 2003; Helm and States, 2009; Makovec, 2019), while doxorubicin intercalates with DNA, inhibits topoisomerase II, and promotes reactive species accumulation (Thorn et al., 2011; Henri et al., 2023).
First, we detected the cell viability using an MTT assay on 12 AS. Both drugs’ working concentrations (0.04875–25 µM DOX and 1.562–800 µM CIS) significantly decreased viability in all cultures tested in a dose-dependent manner (Figures 4A, B). Furthermore, we established the IC50 value after 24 h drug exposure. Thus, we used each drug’s median IC50 (DOX = 0.6 µM, CIS = 50 µM) for AS cultures in subsequent analyses.
[image: Graphs and images depicting experimental results. Panels A and B show dose-response curves for ASO variants. Panels C and D display cell migration assays with images at 0 and 24 hours and corresponding bar graphs. Panel E features side-by-side bar graphs comparing treatment effects. Panel F shows a bar graph with statistical analysis. Panel G presents line graphs with individual and overall trends. Panel H includes a bar graph highlighting treatment impact. Statistical significance is indicated where applicable.]FIGURE 4 | Response of HGSOC AS primary cells to tested drugs and the assessment of apoptosis markers changes. (A) Sensitivity dose curves for 12 AS primary cells from HGSOC patients against two drugs DOX and (B) CIS. The dashed line mark indicates 50% inhibition by the drugs. (C) Representative images of wound-healing tests of AS primary cells exposed to DOX and (D) CIS for 24 h. The relative wound closure was indicated as migration (%) (n = 4 AS with three independent experiments each; scale bar, 200 μm). (E,F) p53 and CASP3 protein levels were measured by multiplex apoptosis assay in AS untreated and treated with DOX and (G,H) CIS (n = 9). Data are represented as mean ± SEM. All p < 0.05 is considered statistically significant.
In addition, for AS, the IC50 value of drugs equal to or less than their respective median IC50 was considered a sensitive culture, while IC50 values greater than the median IC50 values were regarded as a resistant culture.
Therefore, cell migration investigated using the scratch assay demonstrates a significant decrease in the CIS-sensitive group compared to its untreated control (p = 0.0022) (Figure 4D). In contrast, migration is not affected by DOX, either in resistant or sensitive groups (Figure 4C).
3.4.2 CASP3 expression is positively correlated with AS sensitivity to cisplatin and doxorubicin
To determine drug treatment resistance, apoptosis markers, caspase-3 (CASP3), and tumor protein P53 (p53) were measured using a multiplex apoptosis assay and the Luminex platform. As shown in Figure 4E, CASP3 and p53 significantly increased after DOX (p = 0.0091 and p = 0.0108, respectively) and CIS (p = 0.0024 and p = 0.0238, respectively) treatment (Figure 4G). Interestingly CASP3 levels were elevated in both sensitivity-drug groups (Figures 4F, H). These findings suggest that DOX and CIS repress proliferation and promote apoptosis by increasing CASP3 and p53 in the sensitive-AS group. Furthermore, CIS suppresses migration, while DOX does not affect it.
3.5 Drug treatment regulates EM-associated markers in AS
In order to explore the correlation of EM-associated markers and DOX and CIS ascites culture treatment, we have evaluated the mRNA expression by qRT-PCR. The results showed that VIM (p = 0.0076) and KRT18 (p = 0.0196) were significantly upregulated in CIS-treated AS compared to untreated-AS (control), while CDH1 (p = 0.0116), CDH2 (p = 0.0005), KRT19 (p = 0.0248), and GATA6 (p = 0.0389) were decreased (Figure 5A). In addition, upon treatment with DOX, the expression of CDH1 (p = 0.0205), VIM (p = 0.0458), and GATA6 (p = 0.0329) was increased, and the expression of KRT18 (p = 0.0376) and KRT19 (p = 0.0003) was downregulated (Figure 5B). CDH2 and KRT19 expression has been assessed by Western blotting, indicating a decreased level after CIS/DOX treatment (Figure 5 C, D).
[image: Graphs A and B show mRNA expression levels in AS cells for different genes under control, CIS, and DOX conditions, with significant variations noted. Western blot images C and D display protein expressions for CDH2, KRT19, and GAPDH across AS 047, AS 053, and AS 106 samples under the same treatment conditions, highlighting differences in protein levels.]FIGURE 5 | Drug treatment regulates EM-associated gene expression in AS primary cultures. (A) Evaluation of eight EM-associated gene profiles (EPCAM, CDH1, CDH2, VIM, GATA6, KRT18, KRT19, and KRT7) related to CIS and (B) DOX responses in AS primary cultures (n = 9). All p < 0.05 is considered statistically significant. (C) Western blotting showing CDH2 and KRT19 protein levels in AS treated with CIS and (D) DOX compared to untreated cultures. GAPDH was used as the loading control (n = 4).
Therefore, these data demonstrate that CIS treatment induces mesenchymal phenotype by VIM expression; this mechanism has been previously associated with chemoresistance (Li et al., 2011; Sun et al., 2012; Li et al., 2015). Interestingly, only DOX increases CDH1 significantly, possibly inducing an invasive intermediate-EMT state (Klymenko et al., 2017).
3.6 Different chemotherapies modulate EM-associated markers in HGSOC cell cultures and patients
We have validated the mRNA expression changes of EM-associated genes in drug-resistant and drug-sensitive cells, as well as in patients.
First, we investigated GSE58470, which includes IGROV-1 (parental cell, an established cell line to study chemoresistance in ovarian cancer properly) and two platinum-resistant variants (IGROV-1 CIS and IGROV-1 OHP) (Arrighetti et al., 2016). The heatmap in Figure 6A shows the correlation of EM-markers in platinum-resistant cells compared to IGROV-1. On one hand, CDH1, EPCAM, KRT7, and KRT19 were significantly lower in platinum-resistant variants than in parental cells (p < 0.05); on the other hand, KRT18 was upregulated in IGROV-1 CIS (p = 0.0385), while KRT7 increases in IGROV-1 OHP compared to IGROV-1 (p = 0.0057) and IGROV-1 CIS (p = 0.0001) (Figure 6C).
[image: Two correlation heatmaps (A and B) display gene expression data across different samples, with colors indicating correlation strength (red for positive, blue for negative). The plots below (C) show scatter plots for five different genes, comparing expression levels across normal, disease, and treatment groups, with p-values indicating statistical significance.]FIGURE 6 | Validation of the EM-associated gene expression profile in platinum-resistant HGSOC cell cultures. (A) Heatmap correlation of the EM-associated gene expression profile in parental cisplatin-sensitive IGROV-1, the oxaliplatin-resistant IGROV-1 OHP, and cisplatin-resistant IGROV-1 CIS cell lines generated by the exposure of parental cells to OHP and, respectively, to CIS (GSE58470). Patterns of mRNA transcript abundance were significantly changed in IGROV-1 CIS compared to IGROV-1. (B) Heatmap correlation of the EM-associated gene expression profile in SKOV3 wild-type cells and SKOV3 CIS-resistant cells (GSE98559). Similarly, EM-associated genes indicated significant transcriptomic profile changes in SKOV3 CIS-resistant cells. (C) Investigation of the EM-associated gene expression profile in GSE58470 cell lines (n = 3 with three independent experiments each) indicated that CDH1, EPCAM, and KRT7 were significantly decreased and KRT18 is increased in IGROV-1 CIS, compared to IGROV-1 cell lines. All p < 0.05 is considered statistically significant.
Furthermore, we analyzed the expression of EM-associated markers in SKOV3 CIS-resistant and wild-type SKOV3 cell lines using GSE98559 (Meng et al., 2018; Zhou et al., 2018). Epithelial markers (KRT18, KRT7, CDH1, and EPCAM) were alleviated in SKOV3 CIS, compared to wild-type SKOV3, while mesenchymal markers (VIM) were highly expressed, except CDH2, which decreased after CIS exposure (Figure 6B).
Finally, these EM-associated markers were investigated in patient samples from GSE227100 (Figure 7A), which contained 24 HGSOC patients before and after they were treated with six cycles of CARB and PAX combination chemotherapy (pre-C/T; post-C/T) (Adzibolosu et al., 2023). The results showed that the expression of VIM and GATA6 increased significantly after chemotherapies in the late recurrence group (Figure 7B).
[image: Heatmap shows GSE121720 correlation with red to blue scale. Box plots depict YAP score differences across groups with significant p-values. Heatmap in panel C displays expression patterns of C2H1, CDH2, VIM, GATA6, EPCAM, KRT7, KRT19 across A549, DDX and CDX after treatment, using red and blue to indicate high and low expression respectively.]FIGURE 7 | Validation of EM-associated gene expression changes in tumor samples obtained from HGSOC patients treated with combination chemotherapy and associated with recurrence status. (A) Heatmap correlation of the EM-associated gene expression profile in 24 tumor samples before and after treatment with six cycles of CARB and PAX (GSE227100). Each column indicates distinct tumor samples. (B) Ovarian cancer patients with late recurrence indicated a significantly upregulated GATA6 and VIM mRNA expression after combination chemotherapy. All p < 0.05 is considered statistically significant. (C) Signature of EM-associated gene expression in synergy with chemotherapy in HGSOC AS primary cultures and cell lines (red box represents increased mRNA expression, blue box represents decreased mRNA expression, and gray represents without mRNA expression changes after treatment).
These findings show that mRNA changes could differentiate between administrated treatments. Indeed, CIS thereby attenuates CDH1 and KRT19 expressions in all cells treated. In contrast, DOX contributes to the induction of the intermediate-EMT state by the expression of CDH1, VIM, and GATA6 (Figure 7C).
3.7 Clinical predictive value of EM-associated markers in HGSOC patients
To evaluate the clinical prognosis of the eight EM-associated genes, we have performed uni- and multivariate Cox regression analysis in OV patients from TCGA cohort. The univariate Cox proportional hazards regression analysis confirmed the higher risk of death for patients with a more advanced stage, stage IV (HR = 2.14, p = 0.047), high mRNA expression of the KRT7 marker (HR = 1.37, p = 0.012), and with the elevated mRNA expression of the KRT19 marker (HR = 1.33, p = 0.022). In addition, primary therapy outcome status in correlation with overall survival in univariate Cox regression indicated a lower risk of death for patients with stable disease (HR = 0.49, p = 0.036), complete remission/response (HR = 0.17, p < 0.001) compared to the progressive disease group, and high mRNA expression of EPCAM (HR = 0.73, p = 0.011) (Table 2). No association was detected between overall survival and the remaining EM-associated markers.
TABLE 2 | Univariate and multivariate Cox proportional hazards regression analyses of EM-associated gene expression markers in correlation with the overall survival of HGSOC patients (TCGA).
[image: Table presenting characteristics, summary data, and univariate and multivariate analyses related to tumor stages, primary therapy outcomes, and various mRNA expressions. It includes metrics like hazard ratio, confidence interval, and p-values for different categories and expressions. Each characteristic has two data expressions: low and high, with corresponding statistical values provided for each analysis type.]Finally, we investigated the significant variables to describe how they correlate with overall survival. To this end, we performed a multivariate Cox regression analysis using the proportional hazards assumption for the Cox model using statistical tests and graphical diagnostics based on the scaled Schoenfeld residuals, including all variables (Supplementary Figure S3).
The multivariate Cox proportional hazards regression analysis shows that a higher risk of death is directly associated with the high mRNA expression of the KRT19 marker (HR = 1.43, p = 0.018) and that a lower risk of death is correlated with stable disease (HR = 0.45, p = 0.028) and complete remission/response (HR = 0.15, p < 0.001) compared to the progressive disease group (Table 2). After controlling for the confounding factors, multivariate Cox regression analysis reveals that primary therapy outcomes and mRNA expression of the KRT19 marker are independent variables of overall survival.
4 DISCUSSION
Growing evidence has suggested that overexpression of EMT and KRT markers is positively correlated with the progression and occurrence of various malignant carcinomas, including HGSOC (Xiao and He, 2010; Wang and Zhou, 2011; Rosso et al., 2017; Brabletz et al., 2018; Loret et al., 2019; Zhang et al., 2020; Sohn et al., 2021; Ghionescu et al., 2023; Lu et al., 2023; Machino et al., 2023). Numerous studies have been conducted to establish the EMT index and its association with patient clinicopathologic features, aiming to improve the patient prognosis. Sohn HS et al. developed an EMT-TF-based prognostic index for patients by whole-exome and RNA sequencing. According to the study, the mesenchymal type, characterized by the activation of EMT-TFs and less genomic modification, is more aggressive than the homologous recombination repair (HRR)-activated type with deficiencies in HRR genes (Sohn et al., 2021). Using single-cell sequencing, Xu et al. found that the expression of NOTCH receptor 1 (NOTCH1), SNAI2, transforming growth factor beta receptor 1 (TGFBR1), and Wnt family member 11 (WNT11) EMT-associated genes is correlated with poor patient survival. In addition, primary matrix cancer-associated fibroblasts (mCAFs) can promote EMT and cell invasion by interacting with tumoral and immune cells (Xu et al., 2022). In addition, a recent study has revealed the correlation between N6-methyladenosine (m6A) modification regulators and EMT markers in OV development (Zhang et al., 2023).
However, no independent analysis of the predictive markers related to EM-associated genes and chemoresistance in HGSOC ascites has been conducted. This study found a new gene signature to guide therapy in this pathology, based on ascites, the most accessible sample. First, as a result of our analyses, the most relevant molecules from EMT and KRT families have been investigated in all sample types that could be collected from HGSOC patients (primary tumor, metastatic peritoneal nodules, and tumor ascitic fluids) and in SKOV3, an intermediate mesenchymal ovarian cell line (Rosso et al., 2017). These data show the first EM-marker analysis in the most relevant types of samples in HGSOC and indicate that ascites has a mesenchymal phenotype. In contrast, T and NP have epithelial phenotypes and similarities in gene expression. Li Y et al. have reported that CDH1 decreases in ascites, while CDH2, VIM, and KRT-19 increase in AS, compared to tumoral tissues (Rizvi et al., 2013; Li et al., 2021), so our data conform to the previous reports.
As discussed above, the heterogeneity of HGSOC and ascites presence affects therapy efficacy (Pogge von Strandmann et al., 2017; Zhang et al., 2018). Many studies have used cell-free ascites and BRCAwt HGSOC patients’ tissues to identify new drug sensitivity biomarkers (Kerr et al., 2013; Lane et al., 2015; Buttarelli et al., 2022). Moreover, Cook DP et al. used syngeneic models and tumors derived from mice to evaluate the origin, epigenetic, and phenotypic differences in order to establish the most useful model for research and therapeutic tests (Cook et al., 2023).
In addition, the feasibility of chemoresistance tests in ascites cultures has been demonstrated (den Ouden et al., 2020). Unlike other studies, we are the first to comprehensively analyze the hub genes related to EM and drug resistance in CIS/DOX-treated and untreated AS cultures at the transcriptional level. In addition, we investigated two datasets that contain RNA-seq of drug-resistant cells (SKOV3 and IGROV-1).
Our in vitro data indicate that apoptosis markers are elevated following both treatments, while only CIS affects migration in the CIS-sensitive group. Importantly, we observed a distinct CDH1, GATA6, and KRT18 pattern in response to drug exposure. Specifically, we observed a significant increase in CDH1 and GATA6 after DOX treatment and a notable decrease after CIS treatment. In addition to this, a slight decline was observed after OHP treatment. Leung D et al. showed that CDH1 is downregulated in CARB-resistant cells, leading to enhanced cellular migration and reduced proliferation (Leung et al., 2022). Moreover GATA6 depletion correlates with the downregulation of epithelial markers (Capo-chichi et al., 2003; Martinelli et al., 2017). In contrast, KRT18 was upregulated after CIS treatment in AS and IGROV-1, while DOX treatment determined a lower gene expression. Similarly, it has been shown that KRT18 downregulation improves CIS sensitivity and EMT-independent collective migration in epithelial cancer cells (Fortier et al., 2013). This mechanism can explain the difference in the expression of KRT18 and CDH1 between the two types of treatments; KRT18 decreases and CDH1 increases after DOX treatment, resulting in unaffected migration.
Furthermore, we observed a significant increase in VIM and a decrease in KRT19 after both CIS and DOX treatment in AS. On the contrary, VIM, an intermediate filament protein that preserves cellular integrity, has been reported to decrease in drug-resistant ovarian cells. Its depletion leads to CIS resistance via the downregulation of cytoskeleton organization proteins, inducing the cancer stem cell phenotype and prolonged G2 arrest in drug-resistant cells (Kanakkanthara et al., 2012; Jin et al., 2014; Huo et al., 2016). Among these studies, Latif et al. found that VIM was upregulated at both transcriptional and post-translational levels after the CIS treatment of metastatic epithelial ovarian tumor cells, increasing stemness and drug resistance (Latifi et al., 2011). These discrepancies can rely on the phenotype of the cells treated. Indeed, the upregulation in VIM levels may be due to the treatment of mesenchymal cells. Therefore, designing a successful treatment strategy for advanced ovarian cancer requires investigation of the ascites microenvironment because it contains relevant molecules that lead to chemoresistance and disease progression. In addition to all these, the significant drawback of ovarian cancer cell lines is due to the accumulation of various genetic and phenotypic defects during years of culture, which no longer correctly reflect the clinical condition (Domcke et al., 2013).
Consistent with previous observations (Woopen et al., 2014; Communal et al., 2021; Sun et al., 2023), our analysis revealed that KRT19 and KRT7 negatively correlate with survival outcomes, while EPCAM has a positive correlation. KRT19 was reported as a potential immunotherapy target (Sun et al., 2023), and overexpression of this molecule promotes the proliferation and migration of cancer cells via Wnt/β-catenin signaling (Lu et al., 2020). In contrast, downregulation of KRT19 has been reported in tumor breast tissue compared to adjacent tissue, and it has been associated with an aggressive phenotype and chemoresistance of cancer cells (Ju et al., 2013; Saha et al., 2017; Saha et al., 2018).
At least, only VIM and GATA6 expressions have shown the same signature in tissue samples before/after CARB and PAX combination chemotherapy. Indeed, a lower expression has been obtained explicitly in the late-recurrence group, but a higher expression, after drug exposure.
To sum up, our results indicate that after DOX and CIS treatment, AS acquires an invasive-intermediate EMT state by the overexpression of both epithelial and mesenchymal markers. In both cases, VIM overexpression and KRT19 downregulation have been reported. Further research will investigate how these genes are involved in AS chemoresistance by expanding the sample size and conducting basic experiments. However, the ascites remains an exclusive and accessible sample from HGSOC patients to explore tumor progression and molecular pathways involved in chemoresistance. This could lead us to improve personalized treatment decisions by developing new targets to overcome drug resistance in HGSOC.
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Introduction: Ovarian cancer remains to be a significant cause of global cancer-related mortality. In recent years, there has been a surge of studies in investigating the application of nanomaterials in the diagnosis and treatment of ovarian cancer. This study aims to conduct a comprehensive bibliometric analysis regarding nanomaterial-based researches on ovarian cancer to evaluate the current state and emerging patterns in this field.
Methods: A thorough literature search on the Web of Science Core Collection database was conducted to identify articles focused on nanomaterial-based ovarian cancer researches. The studies that met the inclusion criteria were selected for further analysis. VOSviewer and CiteSpace were applied for the bibliometric and visual analyses of the selected publications.
Results: A total of 2,426 studies were included in this study. The number of annual publications showed a consistent upward trend from 2003 to 2023. Notably, China, the United States, and India have emerged as the leading contributors in this field, accounting for 37.39%, 34.04%, and 5.69% of the publications, respectively. The Chinese Academy of Sciences and Anil K. Sood were identified as the most influential institution and author, respectively. Furthermore, the International Journal of Nanomedicine was the most frequently cited journal. In terms of the research focus, significant attention has been directed towards nanomaterial-related drug delivery, while the exploration of immunogenic cell death and metal-organic frameworks represented recent areas of interest.
Conclusion: Through comprehensive analyses, an overview of current research trends and emerging areas of interest regarding the application of nanomaterials in ovarian cancer was illustrated. These findings offered valuable insights into the status and future directions of this dynamic field.
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1 INTRODUCTION
Based on global estimates, approximately 314,000 cases of ovarian cancer (OC) are diagnosed annually, with around 207,000 cases of death each year (Sung et al., 2021). OC is the primary cause of death among gynecologic cancers in the United States and ranks as the fifth most prevalent cause of cancer-related mortality in women (Armstrong et al., 2021). The predominant challenges in managing OC lie in the advanced stage of the disease in initial diagnosis and the lack of effective corresponding therapeutic strategies (Armstrong et al., 2021; Khan et al., 2021). Despite the utilization of various treatment schemes, such as combining biological agents with chemotherapies to impede tumor growth and minimize recurrence, the limited bioavailability of the drugs and their non-specific activation yield diminish the therapeutic efficacy and cause severe side effects to patients (Lustberg et al., 2023). Consequently, there is an urgent necessity for innovative and efficient methods to diagnose and treat OC.
The development of nanotechnology provides a groundbreaking platform for novel material-based diagnosis and imaging of diseases with enhanced efficacy and properties, due to their distinct characteristics including adjustable size, strong affinity, stability, labeling function, thermal properties, and internalization capacity (Rajitha et al., 2021). The integration of nanotechnology and pharmaceutical sciences has triggered a revolution in the medical domain. Numerous nanomaterials have been approved by the United States Food and Drug Administration (FDA) for the application in anticancer medications and diagnostic agents, and numerous clinical trials have been conducted to examine their potentials (Nirmala et al., 2023).
Nanotechnology thus provides novel molecular agents that could enable OC diagnosis at initial stages and allow continuous monitoring during treatment (Rajitha et al., 2021). By serving as contrast agents, molecular imaging agents and intraoperative aids, novel nanomaterials improve traditional clinical methods by recognizing OC early and precisely positioning it (Henderson et al., 2021). For instance, Williams et al. reported a optically responsive carbon nanotube to detect the OC biomarker HE4 in vivo (Williams et al., 2018). Pu T et al. developed nanoparticles with near-infrared-II fluorescence (NIR-II NPs) can accurately detect early orthotopic and advanced-stage metastatic OC in mice models (Pu et al., 2023). Additionally, the utilization of nanoparticles (NPs) can also facilitate localized drug delivery, enhance drug retention, and minimize systemic toxicity when treating OC (Bhattacharya et al., 2022; Zhang et al., 2023). Examples of NP formulations that have received FDA approval for the treatment of OC include Doxil®, which is a liposomal formulation of doxorubicin and Abraxane®, which is a human serum albumin nanoaggregate of paclitaxel (Barenholz, 2012; Li et al., 2020; National Comprehensive Cancer Network, 2023).
Nevertheless, most of the nanomaterial products in nanomedicine are still in the stage of in vitro cell culture or in vivo animal experiments. There are several possible reasons why nanostructures have not improved clinical practice in OC as expected. Regulatory issues, safety concerns, nanomedicines’ physicochemical characteristics and manufacturing problems may account for this (Zhang et al., 2023). Consequently, it is promising to use nanomaterials in cancer diagnosis and treatment, but many challenges must be overcome before they can be used clinically.
Bibliometric analysis is a statistical approach that utilizes public literature databases to conduct quantitative and qualitative evaluation on publications of interest, by which the research trends and hotpots within a specific field can be concluded. Recently, bibliometrics has been employed in the investigation of nanomaterials (Bhandari et al., 2022; Zhao et al., 2022; Han et al., 2023). However, there is a dearth of bibliometric analysis regarding the utilization of nanomaterials in the context of OC. Therefore, this study utilized a quantitative methodology to illustrate the current situation of nanomaterials applied in OC treatment. Therefore, such quantitative methodology was utilized in this study in order to illustrate the current situation of nanomaterials applied in OC treatment. In this study, based on the Web of Science Core Collection (WOSCC) database, we used software such as VOSviewer, CiteSpace, and Pajek to conduct bibliometric and visual analysis on the research trends of countries/regions, institutions, authors, publications, citations, and keywords in the nanomaterials and OC field. This analysis helped identify research hotspots and provides suggestions for future research directions.
2 METHODS
2.1 Data acquisition and filtration
To conduct data retrieval, we utilized the WOSCC database on 31 July 2023. The employed search formula was TS=(NANO*) AND TS=((“Ovarian Cancer*”) OR (“Ovarian Carcinoma”) OR (“Ovarian Neoplasm*”) OR (“Cancer of Ovary”) OR (“Cancer of the Ovary”)). The inclusion of the term “nano*” allowed the search to encompass all the terms beginning with “nano”, such as nanoparticles, nanomaterials, nanocomposites, nanocarriers, nanotechnology, and so on. The timeframe of the search spanned from 2003 to 2023, constituting a 20-year period. During the initial screening stage, only articles were included, while the irrelevant documents such as reviews, meeting abstracts, biographical-items, editorial materials, early access articles, letters, book chapters, proceeding papers, corrections, news items, and retracted papers were excluded. Furthermore, in order to refine our analysis, articles with reported contents unrelated to nanomaterials in the context of OC were manually excluded (Figure 1).
[image: Flowchart detailing a bibliometric analysis of ovarian cancer research. Starts with 3,577 publications identified through the Web of Science Core Collection. Filters applied include topics like "Nano" and "Ovarian Cancer," search period from 2003-01-01 to 2023-07-31, article type, English language, resulting in 2,878 publications. After manually screening and removing 452 articles, 2,426 publications remain for quantitative and visualization-based analysis, covering aspects like publications per year, countries, institutions, authors, journals, references, and keywords.]FIGURE 1 | Flowchart of the literature screening process.
2.2 Data analysis
In our present investigation, VOSviewer (v1.6.18), CiteSpace (v6.1.6), Pajek (v5.16), Scimago Graphica (v1.0.35), and R-bibliometrix (v4.1.0) were applied to perform bibliometric and visual analyses. VOSviewer was mainly responsible for generating visual graphs and examining the countries, institutions, and authors with the most prolific collaborations, as well as the most frequently cited journals and cooccurring keywords. Meanwhile, CiteSpace was employed to construct a timeline graph and identify the bursts of keyword terms. Each dot on the visual graphs corresponds to a country, institution, author, or journal, and these dots were grouped based on their collaborative efforts. The size of the dot was dependent on the number of publications. Link strength (LS) was the thickness of the line connecting the nodes and represented the strength of cooperation between them, and total link strength (TLS) reflected the overall level of cooperation. In the keyword analysis, several insignificant keywords were excluded, and those with similar meanings were merged to gain a better perspective.
3 RESULTS
3.1 Analysis of general trend
In this study, a total of 2,426 related documents were identified and met the inclusion criteria, and the annual scientific productions showed a general ascending trend, indicating that attention to the field of OC and nanomaterials increased (Figure 2).
[image: Bar chart showing the number of publications per year from 2003 to 2023, with a line indicating cumulative publications. The chart starts with minimal publications in 2003, increasing substantially over the years, peaking in 2020 with 267 publications. The cumulative line shows a continuous upward trend, exceeding 2500 by 2023.]FIGURE 2 | Trends in the volume of publications per year of nanomaterials in ovarian cancer.
3.2 Analysis of countries/regions
The coauthorship network visualization map of countries is shown in Figures 3A,B. A total of 72 countries/regions were presented. The United States exhibited the strongest international collaboration network (TLS = 436), which had the closest cooperation with China (LS = 134). Next, the number of publications was analyzed, revealing that China had the highest publication count (907, 37.39%), followed by the United States (826, 34.04%), and India (138, 5.69%).
[image: Diagram A shows a circular flow chart with interconnected colored lines representing data or relationships between different points. Diagram B depicts a world map with two highlighted regions connected by orange lines, indicating interaction or data flow.]FIGURE 3 | (A, B) The coauthorship network map of countries.
3.3 Analysis of institutions
From 2003 to 2022, a total of 2,438 institutions conducted studies in this field. The top three institutions were the Chinese Academy of Sciences (85 publications), Sichuan University (75 publications), and The University of Texas MD Anderson Cancer Center (62 publications). Institutions that had at least 10 publications were included in the analysis of collaborative networks which were visualized by VOSviewer. The clusters were arranged in different colors based on the frequency of collaboration between institutions (Figure 4). The Chinese Academy of Sciences had the largest node (TLS = 92), indicating the highest level of collaboration with other institutions. The strongest connection was between the Chinese Academy of Sciences and the University of Chinese Academy of Sciences (LS = 32), which was represented by the thickest line. Figure 5 depicted the publications of the top 10 institutions with the most significant citation bursts, as indicated by the red bars. The publications of the Egyptian Knowledge Bank (EKB) and Islamic Azad University experienced a sharp increase from 2021 to 2023, with a burst intensity of 7.51 and 5.96, suggesting an increasing focus on the researches related to OC and nanomaterials during the past 3 years.
[image: Network visualization displaying interconnected nodes in various colors, representing different academic institutions. Larger nodes include "Chinese Acad Sci" and "Sichuan Univ." Lines link nodes, indicating collaboration or relationships. Clusters are color-coded, denoting groups or networks.]FIGURE 4 | The coauthorship network map of institutions.
[image: Top 10 institutions with strongest citation bursts from 2003 to 2023. Egyptian Knowledge Bank ranks highest with a strength of 7.31, followed by Shanghai Jiao Tong University and Konkuk University. Time bars indicate periods of citation bursts for each, highlighting their influence in academic research.]FIGURE 5 | Top 10 institutions with the strongest citation bursts.
3.4 Analysis of authors
The author collaboration network map was presented in Figure 6. A total of 13,140 authors have published relevant papers, with Anil K. Sood being the most influential author with 38 publications, followed by Gabriel Lopez-Berestein and Nicole F. Steinmetz. Anil K. Sood gained the highest number of collaborative relationships with other authors. Anil K. Sood and Gabriel Lopez-Berestein from the University of Texas MD Anderson Cancer Center in the United States possessed the closest collaboration. Figure 7 illustrated the citation bursts of the top ten authors, with the time interval and duration of the bursts marked in blue and red, respectively. Steinmetz, Nicole F from the University of California in the United States, as well as Xiao Haihua from the Chinese Academy of Science in China, have experienced a significant increase in their publication output in the past 3 years. This indicated a notable surge of their creativity in the nanomaterials and OC field.
[image: A network diagram visualizing connections between authors in clusters, with nodes representing individuals and lines indicating collaborations. Larger nodes like "Scott, J. P." and "Lopez, B. G." suggest higher connectivity, while different colors denote separate clusters.]FIGURE 6 | The coauthorship network map of authors.
[image: Bar chart titled "Top 10 Authors with the Strongest Citation Bursts" from 2003 to 2023. It lists authors and shows burst strengths as bars. Nicole F. Steinmetz leads with a strength of 8.40 in 2017. Other authors include Songliang Guan, Anil K. Sood, Zhijie Wang, Heejii Kim, Huahai Xiao, Cristian Rodriguez‐genjao, Chen Wang, Lan Hao, and Yuquan Wei. Bars highlight burst periods from 2015 to 2021.]FIGURE 7 | Top 10 authors with the strongest citation bursts.
3.5 Analysis of journals
Since 2000, a total of 558 journals have published articles related to nanomaterials and OC, as shown in Table 1. Among those journals, ACS Nano has the highest impact factor (IF 2022 = 17.1), and 85% of the journals reached a JCR partition of Q1. We further refined our analysis by filtering out 118 journals with fewer than 5 relevant publications, resulting in 5 distinct clusters as presented in Figure 8. Larger nodes in the figure indicated a greater number of relevant publications, while the connecting lines between nodes represented cross-citation relationships between two journals. It was notable that the journals publishing research on nanomaterials in the field of OC demonstrated an active citation relationship.
TABLE 1 | Top 10 journals in terms of the number of published papers.
[image: Table listing 20 journals with their rank, record, country, 2022 impact factor (IF), and JCR quartile. Top three: International Journal of Nanomedicine (New Zealand, IF 8.0), Journal of Controlled Release (Netherlands, IF 10.8), Biomaterials (Netherlands, IF 14). All journals are Q1 except ranks 9, 16, and 19, which are Q2.][image: Network visualization displaying interconnected nodes representing academic journals, each color-coded by category. The image highlights clusters, with related journals connected by lines. Key journals include ACS Applied Materials & Interfaces, International Journal of Nanomedicine, and Journal of Controlled Release.]FIGURE 8 | The cocitation network map of journals.
Figure 9 illustrated the dual-map overlay of journals contributing to publications in the field of nanomaterials and OC from 2003 to 2023. The left side represented the citing journals, while the right side represented the cited journals. The colored line paths indicated the citation relationships. The analysis revealed that the research primarily focused on journals in the fields of physics, materials, chemistry, molecular biology, immunology, medicine, and clinical studies. The cited journals were predominantly from the fields of molecular biology, genetics, chemistry, materials, and physics. This interdisciplinary network and collaboration actively reflects current trends in multiple fields, especially at the forefront of nanomaterials and medicine.
[image: Flow diagram depicting information pathways and connections with various color-coded streams and clusters of data points. Each color represents a different category or type of information. The lines indicate movement and interaction between data sets.]FIGURE 9 | The dual-map overlay of journals contributed to publications.
3.6 Analysis of co-cited references
Table 2 presented the top 10 co-cited publications related to nanomaterials and OC. The visualization of the co-cited publications was realized by CiteSpace software, with larger labels assigned to authors based on the number of citations (Figure 10A). It was noteworthy that the publication by Professor Siegel RL from the United States, which focused on the annual estimates and the latest data on cancer incidence, mortality, and survival in the United States in 2018, received the highest citations, of 152 (Siegel et al., 2019). This publication was highly valuable for epidemiological studies since it provided the annual estimates of new cancer cases and deaths in the United States, along with the most recent data on population-based cancer incidence. Among the top 10 co-citations, the journal “CA: A Cancer Journal for Clinicians” holds the highest impact factor (IF 2022 = 254.7), followed by “Nature Reviews Cancer” (IF 2022 = 78.5). Furthermore, we utilized CiteSpace to identify the top 20 references that experienced a strong citation burst. A citation burst refers to references that have garnered substantial attention from other studies over a specific time period. Figure 10B illustrated that, since 2003, the strongest citation burst originated from the paper by Torre et al. (Torre et al., 2018)in 2018, followed by the article by Sung et al. (Sung et al., 2021) on CA-CANCER J CLIN in 2021 and the article by Lheureux et al. (Lheureux et al., 2019) on CA-CANCER J CLIN in 2019.
TABLE 2 | Top 10 cited publications.
[image: Table listing the top ten co-cited references on cancer research. It includes rank, reference titles, total citations, centrality scores, journals, impact factors for 2022, and corresponding authors' countries, predominantly featuring the United States.][image: Map visualization on the left shows a co-citation network with nodes and clusters, while the chart on the right lists the top 20 references with the strongest citation bursts from 2000 to 2023, featuring detailed data on burst strength and duration.]FIGURE 10 | (A) Labels clustering of co-cited literature and (B) the top 20 references with the strongest citation bursts.
3.7 Analysis of keywords
Keyword co-occurrence analysis was conducted to identify popular research topics. Supplementary Figure S11A,B showed the network and overlay visualization maps of co-occurring keywords. The top 10 frequent keywords were OC, drug delivery, NPs, paclitaxel, cisplatin, doxorubicin, folic acid, apoptosis, chemotherapy, and nanomedicine. These keywords represented the key research areas within the field of nanomaterials and OC. The cluster analysis of the network map accurately reflected the knowledge structure of the research fields. By using VOSviewer software, we conducted a co-occurrence clustering analysis and visualization of keywords in the literature. A total of 132 out of 4,842 keywords were analyzed to achieve a minimum occurrence frequency of 7. Among these, the top 10 frequent keywords were OC, drug-delivery, NPs, paclitaxel, cisplatin, doxorubicin, cancer, folic acid, apoptosis, and chemotherapy. In Supplementary Figure S11A, the network map displayed 6 distinct clusters which were represented by different colors. The largest cluster marked in red was focused on the NP-based diagnosis and treatments, with prominent keywords such as “CA125”, “biomarkers”, “biosensor”, and “gene therapy”. The second largest cluster marked in green was mainly associated with nanotechnology, and keywords like “liposomes”, “nanocarriers”, “gene delivery”, and “self-assembly” were included. The blue marker, representing the third largest cluster, committed to drug delivery and loading agents, with keywords like “paclitaxel”, “cisplatin”, “doxorubicin”, and “siRNA” being central to this cluster. The yellow cluster was related to the targeting and imaging, with significant keywords such as “folic acid”, “EGFR”, “MRI”, and “magnetic NPs”. The purple cluster which was focused on targeting and therapy was characterized with keywords such as “cancer stem cell”, “ph-sensitive”, “photodynamic therapy”, and “photothermal therapy” being prominent. Lastly, the light blue cluster explored the anticancer mechanisms with frequent keywords such as “apoptosis”, “cytotoxicity”, “reactive oxygen species”, and “autophagy”.
The trend topic analysis was an important mapping tool that helped to portray the seed of trend integration rooted in the previous stream (Zhao et al., 2022). Supplementary Figure S11B, terms marked in purple indicate that their average year of publication was 2015 or earlier, while those marked in bright yellow appeared after 2019. Keywords such as “proteomics” and “nanoemulsion” were the main topics during the early stage. The keywords “immunogenic cell death” and “metal-organic framework” appeared relatively late in the study period.
In addition, we presented a visualization of the keyword evolution over time using CiteSpace (Figure 11C). Before 2010, the main hot research keywords were OC and drug delivery. As of 2023, OC, cell viability, and tumor targeting continue to be hot topics. Another important indicator of the study frontiers and hotspots over time was the strength of the keyword bursts (Figure 11D). Among the top 10 keywords with the strongest citation bursts, gold NPs had the highest burst strength in the last 3 years, suggesting that they are still popular research subjects.
[image: Panel A and B depict network graphs with nodes and connections, highlighting keyword relationships in different colors. Panel C shows a timeline visualization with arcs connecting keywords, indicating co-occurrence over time. Panel D lists the top 10 keywords with the strongest citation bursts from 2007 to 2023, showing their strength and time span using bar charts.]FIGURE 11 | The network (A), overlay (B), and timeline (C) map of keyword co-occurrence. (D) the top 10 keywords with the strongest citation bursts.
4 DISCUSSION
To our knowledge, for the first time this study conducted a comprehensive bibliometric analysis on the application of nanomaterials in OC between 2003 and 2023, which provided an overview of the global research landscape in this field, identified the research hotspots, and made predictions about future trends. According to the results, the research in this area has been developing rapidly over the past 2 decades.
Notably, China and the United States have emerged as the main contributors in this field. China has the highest number of publications, while the United States achieves the highest citation frequency and has the most extensive collaborations with other countries or regions. Among the top institutions in publication output, the Chinese Academy of Sciences stands out as the most productive institution in the collaborative network, with the highest overall link strength. In terms of publication output, The International Journal of Nanomedicine ranks as the top in this field. According to the authors’ viewpoint, KSood, Anil K turn to be the most influential authors, closely followed by Lopez-Berestein Gabriel, who are both affiliated with the University of Texas MD Anderson Cancer Center in the United States. Notably, Steinmetz, Nicole F from the University of California in the United States and Xiao, Haihua from the Chinese Academy of Science have made significant contributions with extensive publication records in the past 3 years. These noteworthy achievements could be attributed to the support provided by institutions in both China and the United States, including their policies and financial funding, which have fostered extensive and in-depth researches in this particular field.
The keyword analysis revealed that the most frequently recurring keywords were associated with drug delivery, emphasizing its status as an extensively studied subfield. Notably, recent hot spots in the research keywords included “immunogenic cell death” and “metal-organic framework,” indicating the latest areas of interest in this field. Among these hot spots, the researches on gold NPs have obtained remarkable burst strength over the last 3 years, holding promising potentials in OC diagnosis, treatment, and drug delivery, both in vivo and in vitros. Furthermore, recent studies have shed light on the significant role of nanomaterials in cancer immune regulation. With proper optimization in the structure and functions, nanoparticles can be utilized to directly reverse the immune status of primary tumors, stimulate the potential of peripheral immune cells, prevent the formation of pre-metastatic niches, and suppress tumor recurrence through postoperative immunotherapy (Zhang et al., 2021; Li et al., 2022). Therefore, the combination of advanced immunotherapy and novel nanomaterials is burgeoning as a reliable scheme for the treatment of refractory and metastatic malignancies in the future.
The unique physical and chemical properties of nanomaterials facilitate a wide rage of applications, especially in the field of cancer therapy. OC is a highly fatal gynecological malignancy worldwide, which is known for its significant morbidity and mortality. Conventional chemotherapeutic drugs often fail to achieve satisfying effects in treating OC due to drug resistance. However, the auxiliary application of nanomaterials can enhance drug accumulation in tumors, reduce off-target toxicity, prevent rapid drug clearance after systemic delivery, and improve the pharmacokinetics of the drug, ultimately leading to higher therapeutic efficiency (Baranello et al., 2014; Chen et al., 2021). Nano-technique is considered as an effective approach to address the poor aqueous solubility of hydrophobic drugs. For example, exosomal and liposomal nano-carriers for mangiferin and curcumin exhibited increased cellular uptake and controlled release (Alharbi et al., 2024). Nanocarriers have also been used to specifically target to tumors, such as the tumor-targeted probes for Follicle-stimulating hormone (Liu et al., 2024). Furthermore, multifunctional nanoparticles (DDP-Ola@HR) which were loaded with both DDP and Olaparib and modified with heparin, have shown effectiveness in inhibiting the growth and metastasis of DDP-resistant OC(Liang et al., 2023). However, there are challenges that need to be addressed. Long-term toxicity and side effects of nanomaterials require further study, since the verification of bio-safety on the monthly bases is too short to fully understand. In addition, the complex manufacturing process of nanomedicines can result in inconsistency between different batches, and for the quality control of laboratory manufacture, there is still a long way to reach the criteria of clinical application.
Despite these challenges, nanomaterials hold the promise in various treatment approaches for OC, including phototherapy, chemotherapy, targeted therapy, and combination therapy. The limitations of chemotherapeutic drugs, such as poor water solubility, adverse side effects, and multidrug resistance, can be removed with the use of nanomaterials. In recent years, there have been developments in the use of MO based NPs to address solubility issues of hydrophobic drugs. The drug was loaded in nanocarriers through encapsulation, with a high drug loading rate up to 10 wt% (Zhai et al., 2018). Another approach focused on the use of nano-micelles to deliver anti-tumor drugs such as betulinic acid and paclitaxel, which has shown promising therapeutic efficacy in tumors with multidrug resistance (Qu et al., 2023). To overcome the limitations of monotherapy, a multi-mode nanoplatform called Fe-Dox/PVP was designed to combine chemotherapy, ferroptosis, and mild photothermal therapy. This nanoplatform exhibited significant anticancer effects both in vitro and in vivo (Dai et al., 2023). Overall, more researches are needed in order to fully address the problem of OC and make the most of the advantages nanomaterials.
The application of nanotechnology in treating OC has experienced significant growth over the past 2 decades. A number of clinical trials have been conducted to assess the effectiveness of nanomedicines in treating relapsed or refractory OC. These studies have utilized nanocarriers to load various drugs, including doxorubicin (NCT0148937), paclitaxel (NCT02125662), cisplatin (NCT02790858), oxaliplatin (NCT02565349), carboplatin (NCT03071672), and siRNA (NCT02541521). The results of these trials verified the potential and feasibility of nanomedicines in treating OC. Notably, the FDA has approved Doxil® (liposomal doxorubicin), and Abraxane® (albumin-bound paclitaxel) as two important chemotherapy options for the clinical treatment of OC (Barenholz, 2012; Li et al., 2020; National Comprehensive Cancer Network, 2023). In recent years, researchers have been drawing growing attention on nanomedicine carrier design, precisely targeted drugs, and multimodal combined multimodal therapy (Li et al., 2020). Overall, improvements in clinical research on OC therapy have achieved, although further research and exploration are still necessary to develop strategies with better therapeutic effects and higher bio-safety.
It is undeniable that there are limitations in this study. The literature search was limited to the WoSCC database, which may have resulted in an incomplete conclusion. nevertheless, the WoSCC database is widely recognized as one of the most comprehensive sources for bibliometric analysis. Additionally, only studies published in English were included.
In conclusion, this study utilized various statistical software programs to conduct a bibliometric analysis on nanomaterials in the diagnosis and treatment of OC. The advantages and challenges faced by nanomaterials in this field were discussed. Nanomaterials have the potential to be a powerful tool in the diagnosis and treatment of OC. This study provides valuable insights into the recent developments and trends in the use of nanomaterials for treating OC, offering researchers a conclusive and convenient port to learn about the current circumstances in this field National Comprehensive Cancer Network, 2023.
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Objective: Here, we aimed to explore the effect of LBP in combination with Oxaliplatin (OXA) on reversing drug resistance in colon cancer cells through in vitro and in vivo experiments. We also aimed to explore the possible mechanism underlying this effect. Finally, we aimed to determine potential targets of Lycium barbarum polysaccharide (LBP) in colon cancer (CC) through network pharmacology and molecular docking.
Methods: The invasion ability of colon cancer cells was assessed using the invasion assay. The migration ability of these cells was assessed using the migration assay and wound healing assay. Cell cycle analysis was carried out using flow cytometry. The expression levels of phosphomannose isomerase (PMI) and ATP-binding cassette transport protein of G2 (ABCG2) proteins were determined using immunofluorescence and western blotting. The expression levels of phosphatidylinositol3-kinase (PI3K), protein kinase B (AKT), B-cell lymphoma 2 (Bcl-2), and BCL2-Associated X (Bax) were determined using western blotting. Forty BALB/c nude mice purchased from Weitong Lihua, Beijing, for the in vivo analyses. The mice were randomly divided into eight groups. They were administered HCT116 and HCT116-OXR cells to prepare colon cancer xenograft models and then treated with PBS, LBP (50 mg/kg), OXA (10 mg/kg), or LBP + OXA (50 mg/kg + 10 mg/kg). The tumor weight and volume of treated model mice were measured, and organ toxicity was evaluated using hematoxylin and eosin staining. The expression levels of PMI, ABCG2, PI3K, and AKT proteins were then assessed using immunohistochemistry. Moreover, PMI and ABCG2 expression levels were analyzed using immunofluorescence and western blotting. The active components and possible targets of LBP in colon cancer were explored using in silico analysis. GeneCards was used to identify CC targets, and an online Venn analysis tool was used to determine intersection targets between these and LBP active components. The PPI network for intersection target protein interactions and the PPI network for interactions between the intersection target proteins and PMI was built using STRING and Cytoscape. To obtain putative targets of LBP in CC, we performed GO function enrichment and KEGG pathway enrichment analyses.
Results: Compared with the HCT116-OXR blank treatment group, both invasion and migration abilities of HCT116-OXR cells were inhibited in the LBP + OXA (2.5 mg/mL LBP, 10 μΜ OXA) group (p < 0.05). Cells in the LBP + OXA (2.5 mg/mL LBP, 10 μΜ OXA) group were found to arrest in the G1 phase of the cell cycle. Knockdown of PMI was found to downregulate PI3K, AKT, and Bcl-2 (p < 0.05), while it was found to upregulate Bax (p < 0.05). After treatment with L. barbarum polysaccharide, 40 colon cancer subcutaneous tumor models showed a decrease in tumor size. There was no difference in the liver index after LBP treatment (p > 0.05). However, the spleen index decreased in the OXA and LBP + OXA groups (p < 0.05), possibly as a side effect of oxaliplatin. Immunohistochemistry, immunofluorescence, and western blotting showed that LBP + OXA treatment decreased PMI and ABCG2 expression levels (p < 0.05). Moreover, immunohistochemistry showed that LBP + OXA treatment decreased the expression levels of PI3K and AKT (p < 0.05). Network pharmacology analysis revealed 45 active LBP components, including carotenoids, phenylpropanoids, quercetin, xanthophylls, and other polyphenols. It also revealed 146 therapeutic targets of LBP, including AKT, SRC, EGFR, HRAS, STAT3, and MAPK3. KEGG pathway enrichment analysis showed that the LBP target proteins were enriched in pathways, including cancer-related signaling pathways, PI3K/AKT signaling pathway, and IL-17 signaling pathways. Finally, molecular docking experiments revealed that the active LBP components bind well with ABCG2 and PMI.
conclusion: Our in vitro experiments showed that PMI knockdown downregulated PI3K, AKT, and Bcl-2 and upregulated Bax. This finding confirms that PMI plays a role in drug resistance by regulating the PI3K/AKT pathway and lays a foundation to study the mechanism underlying the reversal of colon cancer cell drug resistance by the combination of LBP and OXA. Our in vivo experiments showed that LBP combined with oxaliplatin could inhibit tumor growth. LBP showed no hepatic or splenic toxicity. LBP combined with oxaliplatin could downregulate the expression levels of PMI, ABCG2, PI3K, and AKT; it may thus have positive significance for the treatment of advanced metastatic colon cancer. Our network pharmacology analysis revealed the core targets of LBP in the treatment of CC as well as the pathways they are enriched in. It further verified the results of our in vitro and in vivo experiments, showing the involvement of multi-component, multi-target, and multi-pathway synergism in the drug-reversing effect of LBP in CC. Overall, the findings of the present study provide new avenues for the future clinical treatment of CC.
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INTRODUCTION
According to GLOBOCAN 2023 findings, with the global cancer burden continuously increasing, cancer has become the second leading cause of death, ranking second only to heart disease, and colorectal cancer ranks third in terms of both cancer incidence and mortality in both men and women (Siegel et al., 2023). Among the available clinical chemotherapy regimens for colon cancer, oxaliplatin-based and irinotecan-based chemotherapy regimens remain the first-line chemotherapies (Yamazaki et al., 2016; Guan et al., 2020). However, drug resistance, metastasis, and recurrence are prominent challenges in the clinical treatment of colorectal cancer. Therefore, it is important to find a solution for oxaliplatin resistance in colon cancer.
In the present study, we focused on elucidating the mechanism of action of LBP in the treatment of colon cancer through network pharmacology. We investigated the effect of treatment with LBP on the migration and invasion abilities of colon cancer cells. Cell cycle analysis was performed using flow cytometry. To explore the mechanism underlying the therapeutic effect of LBP in colon cancer, we detected PI3K, AKT, Bax, and Bcl-2 expression levels after knocking down PMI. In in vivo experiments, the tumor size was recorded after tumor-bearing mice were treated with LBP combined with oxaliplatin. We also examined the toxic effects of LBP treatment on the visceral heart, liver, spleen, lungs, and kidneys as well as the expression levels of PMI, ABCG2, PI3K, and AKT in mouse tumor tissues. By combining the results of network pharmacology with those of in vivo and in vitro studies, we aimed to provide here, new avenues for the treatment of drug-resistant colorectal cancer.
Lycium barbarum polysaccharide is an important functional component of the red fruit of L. barbarum, which has a variety of benefits, including lowering blood glucose and lipid levels, immunomodulation, anti-cancer effects, anti-aging effects, anti-fatigue effects, and anti-glaucoma effects (Jiao et al., 2016; Zhang Y. et al., 2020). A large number of studies have also demonstrated the anti-tumor activity of L. barbarum polysaccharide (Miao et al., 2010; Zhang et al., 2013; Georgiev et al., 2019; Ran et al., 2020; Yang et al., 2022). However, the specific mechanism underlying this activity is still unclear. Therefore, the present study was conducted to investigate the anti-tumor effects of L. barbarum polysaccharide in vitro and in vivo.
Phosphomannose isomerase (PMI) is a zinc finger-dependent enzyme that catalyzes the reversible isomerization of mannose 6-phosphate (M6P) and fructose 6-phosphate (F6P). M6P is required for the mannose glycosylation of various microbial cell wall proteins. The deletion or mutation of the PMI gene can thus lead to defective microbial cell wall synthesis and eventually death; therefore, PMI can be used as an antibacterial drug target. PMI is also involved in energy metabolism, as its catalysis product F6P can be oxidized by glycolysis. In eukaryotes, PMI deletion leads to the accumulation of F6P or M6P, defective glycosylation, and induction of P53 expression (Bangera et al., 2019). Rapid cell proliferation in early development and cancer relies on glucose metabolism to promote macromolecular biosynthesis. Metabolic enzymes are thought to be regulators of this glycolysis-driven macromolecular biosynthesis, and this process is known as the Warburg effect. Shtraizent, N provided mechanistic evidence that PMI deletion induces p53 expression, identifying PMI as a novel regulator of p53 and Warburg metabolism (Shtraizent et al., 2017).
Multiple drug resistance-related proteins and cancer stem cells (CSCs) play an important role in the metastasis and recurrence of colon cancer. ABCG2 is a 72-kDa “half transporter.” Physiologically, ABC transporter proteins are expressed in the small intestine, liver, kidney, blood-brain barrier, choroid plexus, testes, placenta, and other important biological barriers (Hu et al., 2016). ABCG2 is the second member of the ABC (ATP transporter cassette) transporter G family and is also known as breast cancer resistance protein (BCRP) (Huang et al., 2013). In addition to ABCG2, two other members of the ABC transporter family, P-gp and MDR-associated proteins, account for the majority of human multidrug resistance (An and Ongkeko, 2009).
ABCG2 also plays an important role in the stem cell field (Mao and Unadkat, 2015). Haraguchi et al., 2006 revealed that ABCG2-expressing gastrointestinal cancer cells exhibit stem cell properties, defining this group of cells as side population cells. Conventional chemotherapy induces apoptosis by breaking DNA or inhibiting mitosis, and, since this treatment is only effective against highly proliferating cancer cells, slowly proliferating CSCs evade the chemotherapeutic drug, leading to recurrence (Mohan et al., 2021). High expression levels of the efflux protein ABCG2 and the apoptosis-associated Bcl-2 protein family represent drug resistance mechanisms in colon cancer cells based on transport and a lack of transport, respectively (Hu et al., 2016). ABCG2, an important marker for colon cancer stem cells, is highly expressed in drug-resistant cells. Therefore, the present study investigated whether LBP could affect the expression levels of ABCG2 as well as the Bcl-2 protein family and explore possible mechanisms underlying these effects in order to provide a theoretical basis for clinical treatment of colon cancer.
MATERIALS AND METHODS
Materials
HCT116 and HCT116-OXR cell lines were purchased from ATCC. 40 BALB/c nude mice (average weights of 14.27 ± 1.25 g) were purchased from Beijing Wei tong Lihua. Matrigel was purchased from Shanghai Yuchun Biotechnology (B-P-00002, Shanghai, China). The hematoxylin and eosin staining kit, 4% poly formaldehyde, and DAB kit were purchased from Zhongshan Jinqiao (BSBA-4025 and PV-9000, Beijing, China). McCoy’s 5A and DMEM cell culture media were purchased from Procell Biotechnology (PM150710 and PM150210, Wuhan, China). Fetal bovine serum was purchased from GIBCO (10099141C, Carlsbad, CA, United States). Oxaliplatin was purchased from MCE (HY-17371, Shanghai, China). Lycium polysaccharide was purchased from Ningxia Tianren Lycium Biotechnology (20170501, Ningxia, China). The mouse monoclonal antibodies, MPI and ABCG2, were purchased from Santa Cruz Biotechnology (sc-393484 and sc-377176, Dallas, TX, United States). Rabbit polyclonal antibodies PI3K and AKT were purchased from Cell Signaling Technology (4249, 4691, Danvers, MA, United States). The rabbit polyclonal antibodies, Bcl-2 and β-tubulin and the horseradish peroxidase-labeled goat anti-mouse and goat anti-rabbit IgG antibodies were purchased from Affinity Biosciences. The transwell chambers and matrigel were purchased from Corning (3422 and 354248, Corning, NY, United States). The 0.1% crystal violet, 4% poly formaldehyde, and anti-fluorescence quench sealed tablets containing DAPI were purchased from Solarbio (G1063, P1110 and S2110-5, Beijing, China). Goat anti-mouse IgG labeled with rhodamine were purchased from Zhongshan Jinqiao, Beijing (ZF-0313, Beijing, China). The BCA kit, ECL detection kit, whole protein extraction kit, and cell cycle analysis kit were purchased from Jiangsu Key GEN Biology (KGP902, KGP1121, KGP250, and KGA512, Jiangsu, China). Lipo3000 liposome transfection reagent was purchased from Thermo Fisher Scientific (L3000015, Waltham, MA, United States). The reverse transcription kit and SYBR fluorescent quantitative kit were purchased from TIANGEN (KR118-02 and FP205-02, Beijing, China).
Methods
Cell culture
HCT116 and HCT116-OXR human colon cancer cells were cultured in a sterile incubator at 37°C with 5% CO2, and the culture medium was changed every 3 days. HCT116 cells were cultured in McCoy’s 5A medium containing 10% fetal bovine serum, and HCT116-OXR cells were cultured in DMEM containing 10% fetal bovine serum. The treatment groups for the in vitro studies were as follows: HCT116 control group, HCT116-OXR blank treatment group, LBP treatment group (2.5 mg/mL), oxaliplatin treatment group (20 μM), LBP (2.5 mg/mL) combined with oxaliplatin (20 μM) treatment group.
DESIGN FOR ANIMAL EXPERIMENTS
All mice were raised in the animal experiment center of Ningxia Medical University with permit No. IACUC-NYLAC-181. The mice were randomly divided into eight groups. Then, xenografted colon cancer mouse models were created by injecting mice with HCT116 cells or HCT116-OXR cells (four groups each) through subcutaneous injection. The mice were then treated with PBS, LBP (50 mg/kg), OXA (10 mg/kg), or LBP + OXA (50 mg/kg + 10 mg/kg). LBP was administered by gavage once every 2 days for 14 days. OXA was administered through intraperitoneal injection once every 2 days for 14 days.
Xenografted colon cancer mouse models
Matrigel C (10×) was diluted to matrigel C (0.5×) with cell culture medium containing 20% serum. Matrigel A (2×) was diluted to matrigel A (1×) with cell culture medium containing 20% serum. Then, Matrigel C was heated in a 37°C water bath for 10 min to prevent coagulation. Next, the cells were digested by pancreatic enzymes and centrifuged at 1,000 rpm for 5 min. The cell precipitate was then collected and mixed with C buffer solution (0.5×) to obtain a cell concentration of 6 × 107/mL. Solution A was then added to solution C mixture of cells before injection at a ratio of 2:1. The final concentration of the cell suspension was 2 × 107/mL. Each mouse was injected with 100 μL of cell suspension.
The pentobarbital (50 mg/kg) dose was calculated according to the body weight of the mice. After the animals were anesthetized, the cancer cells were injected into their right axilla. The mice were randomly divided into eight groups. Four groups were injected with HCT116 cells and four were injected with HCT116-OXR cells. Hundred microliters of the cell suspension were injected using a 1-mL syringe at room temperature. After successful injection, we waited for the mice to wake up successfully. Then, tumor formation was observed for 1–3 weeks. Tumor models with tumor volumes of about 100 mm3 were used for further study. Tumor size was measured with vernier calipers every 2 days. Tumor volume was calculated as 1/2 ab2. Mouse weight was also recorded. Tumor weight was measured at the time of sampling. Organ coefficients were calculated as follows: weight of organ (g)/body weight (g) × 100%.
Migration assay
Transwell chambers were placed in a 24-well plate; 200 μL of the serum-free medium was added to the upper chamber, 800 μL of serum-free medium was added to the lower chamber, and the plate was incubated in a cell incubator for 2 h. The drug-treated cells were then digested and transferred to EP tubes and centrifuged at 1000 g for 5 min. The supernatant was aspirated and discarded, and cell counting was performed after the cells were resuspended in serum-free medium. Medium containing 10% FBS was added to another row of the 24-well plate. A total of 2.5 × 104–5 × 104 cells were seeded in the upper transwell chamber, and the chamber was placed in a well containing medium with 10% FBS. The 24-well plates were then placed in an incubator after all treatments were completed; at the end of the incubation period, the culture medium was discarded, and the chamber was washed thrice with precooled PBS. The cells attached to the floor of the upper chamber were fixed at room temperature for 20 min after precooled paraformaldehyde was added to both its inner and outer surfaces. After fixation, the PFA was aspirated and discarded, and the chamber was washed thrice with precooled PBS. the chamber was then stained in the dark for 20 min with 0.1% crystal violet solution. After staining, the chamber was washed five times with precooled PBS, until the PET film of the chamber was washed clean. A clean cotton swab was then used to gently wipe the chamber to remove excess cells. The chamber was then inverted onto a clean bench and blow dried. Photographs of the fixed cells were then obtained using an inverted microscope in 3–5 fields randomly selected fields.
Invasion assay
Fresh matrigel was diluted with precooled serum-free matrigel at a ratio of 1:9. Hundred microliters of this matrigel solution was added to each transwell chamber, and the chambers were then placed in 24-well plates and incubated overnight in a CO2 incubator at 37°C. The excess coating solution was aspirated with a pipetting gun after the incubation was complete. Fifty microliters of serum-free medium were then added to each well, and the plate was placed in an incubator at 37°C for 30 min. Next, the starved cells that had been cultured in serum-free medium for 12–24 h were digested, and about 7.5 × 104 cells were counted; 200 μL of the cell suspension was seeded in a transwell chamber after repeated pipetting to ensure homogeneity. Eight hundred microliters of antibiotic-free medium containing 10% FBS were added to the lower transwell chamber. After routine culture, the cells were fixed with 4% paraformaldehyde, stained with crystal violet for 15–30 min, counted under a microscope, and photographed under a fluorescence microscope.
Scratch test
Cells were seeded in new 6-well plates (30 × 105 cells/well) for 24 h and cultured to 80%–90% confluence. Subsequently, a straight scratch was created using a 200-μL sterile pipette tip. Cells were then cultured in serum-free medium in a humidified incubator containing 5% CO2 at 37°C. Finally, the migration distance was observed, and images were captured after 0 h and 48 h. Scratch areas were recorded using Auto2 (Thermo Fisher) and analyzed using ImageJ. The width of the cell scratch was measured, and the wound healing rate was calculated as follows: wound healing rate (%) = [(scratch distance of the treatment group—0-h scratch width)/0-h scratch width] × 100%
Hematoxylin and eosin staining
Heart, liver, spleen, lung, and kidney tissues were fixed in 4% formaldehyde solution for 48 h, embedded in paraffin, and cut into 4-μm sections. This was followed by standard H&E procedures. The slides were observed under a microscope to determine the cell morphology and histopathological changes.
Immunohistochemistry
After the tumor tissues were fixed for 48 h, they were paraffin-embedded. Then, they were cut into 4-μm sections. Antigen retrieval was then performed using citrate buffer (pH 6.0) after paraffin was removed from the slides. Next, the slides were incubated with endogenous peroxidase to quench endogenous peroxidase activity. Then, the slides were incubated with the primary antibody (PMI 1:200 or ABCG2 1:200) overnight at 4°C. The following day, the slides were incubated with HRP-conjugated anti-goat secondary antibody (1:200), followed by DAB staining. Hematoxylin was used for repeat staining, and dehydration and sealing were routinely performed. The target protein-positive area was analyzed using ImageJ.
Immunofluorescence staining
In case of cell-containing slides, the procedure employed was as follows. On the first day, the appropriate number of cells in each group was inoculated on appropriately-sized sterile glass slides in a sterile 24-well plate, The next day, the cells were found adhered to the walls of the wells and grew on the slides in good condition and at a moderate density. After different treatments, the medium in each well was aspirated and discarded, and the slides were washed gently with PBS thrice. An appropriate amount of 4% paraformaldehyde was then added into each well to fix the cells for 20 min. Then, the slides were washed gently thrice with PBS. An appropriate amount of PBS containing 3% goat serum was added to block for 1 h at room temperature. Primary antibodies were then added to the slides, and the slides were incubated at 4°C overnight. The dilution ratios of the antibodies were as follows: mouse anti-human PMI (1:100) and mouse anti-human ABCG2 (1:100). Next, the slides were washed gently with PBS thrice. Fluorescent secondary antibodies were added to the slides, which were then incubated at room temperature for 1 h in the dark. The dilution ratio of the rhodamine-labeled goat anti-mouse secondary antibody was 1:200. Next, the slides were washed gently with PBS thrice. After DAPI staining for 3 min, the slides were sealed with neutral resin and observed under a fluorescence microscope.
In case of tumor tissue section-containing slides, the procedure employed was as follows. The tumor tissue slides were placed in an oven at 60°C for 2 h. Then, the paraffin was removed from the sections. The slides were then placed in 100% I, 100% II, 95%, 80%, and 75% alcohol for 10 min each for hydration. Next, the slides were washed twice in double distilled water for 3 min each. Antigen retrieval was then performed with citrate buffer (pH 6.0) for 30 min, and the slides were naturally cooled to room temperature. The slides were then washed twice in double distilled water for 3 min each. Next, the slides were incubated with 5% BSA blocking solution for 1 h at room temperature and then washed thrice with PBS for 5 min each. The slides were then incubated with the primary antibody (PMI, 1:200 or ABCG2, 1:200) overnight at 4°C in a wet box. The following day, the slides were washed thrice with PBS for 5 min each. Then, fluorescent secondary antibody was added to the slides, and the slides were incubated for 1 h in a wet box, protected from light. This was followed by the addition of an anti-fluorescence quenching blocker containing DAPI to seal the slides. Finally, images of the stained sections were acquired using a laser confocal fluorescence microscope.
Flow cytometric analysis of the cell cycle
After being attached to the wall, the cells were incubated with different treatments and then collected through centrifugation at 800 rpm for 5 min. The supernatant was then discarded, and the cell suspension was added to 70% ice-cold ethanol drop by drop for fixing overnight at 4°C; it was then resuspended with PBS, washed twice, and mixed with RNase and then heated in a water bath for 15 min at 37°C. The PI staining solution was then added. The suspension was kept away from light for 10 min and then analyzed by flow cytometry.
Western blotting
Proteins were extracted using a whole protein extraction kit. The protein concentration was determined using the BCA method to calculate the loading volume. Then, 10% SDS-PAGE was prepared for protein separation at 120 V, and the gel was transferred to a polyvinylidene fluoride (PVDF) membrane at 300 mA for 2 h. The membrane was then blocked with rapid solution, washed thrice for 10 min each with TBST, and then incubated with a primary antibody overnight at 4°C. The antibody was recycled after washing the membrane thrice for 10 min each with TBST. The membrane was then incubated with horseradish peroxidase (HRP)-labeled secondary antibody at room temperature for 1 h. Then, the membrane was washed thrice with PBST for 10 min each. Finally, protein was detected using a chemiluminescence solution (ECL) and exposure to compression in a dark room. All results were analyzed using ImageJ.
RT-PCR
Cells were seeded into six-well plates 1 day before experimentation, so that the next day’s apposition density was about 70%–80%. Two 1.5-mL sterile EP tubes were prepared, and 125 μL Opti-MEM was added to them. SiRNA was added to one tube, and lipo 3000 was added to the other. Thew medium in the six-well plates was then replaced with 1 mL of fresh complete medium. Then, the abovementioned mixture was evenly added dropwise into the wells of the six-well plate and mixed well through gentle shaking. The total cellular RNA was then extracted. Next, cDNA was obtained using the Tiangen reverse transcription kit. A negative control specimen and a positive quantitative reference specimen were created according to the manufacturer’s instructions of the Tiangen SYBR fluorescence quantification kit. A total of 20 μL of the total reaction was used to perform PCR experiments according to the Step one plus operating procedure. Each RT-PCR experiment was repeated thrice, and the relative levels of target gene expression were calculated and analyzed using the 2−ΔΔT method (GAPDH was used as the internal reference gene).
LBP active ingredient and target screening
Active component searches for LBP were performed using the Traditional Chinese Medicine Systematic Pharmacology Database and Analysis Platform (TCMSP, https://tcmspe.com/) according to the following screening criteria: drug-like properties (DL) ≥ 0.18 and oral bioavailability (OB) ≥ 30%. The active ingredient targets were screened using TCMSP, and the CAS numbers were entered in the organic small molecule bioactivity database (PubChem, https://pubchem.ncbi.nlm.nih.gov/) to obtain the SDF format of the 2D structures of the compound components. Then, the SDF format files of the compounds were imported into the Swiss Target Prediction database (http://www.swisstargetprediction.ch/) to obtain the predicted targets of each chemical component. These predicted targets were then filtered based on a probability >0 to obtain the active component targets. The chemical composition-related target information from the Swiss Target Prediction and TCMSP databases were integrated to obtain the potential targets of LBP.
Acquisition of potential targets for LBP in CC treatment
The Gene Cards database (https://www.genecards.org/) was used to search the keyword “colon cancer.” The relevant disease targets with relevance score ≥10 were screened. Using the online Venn analysis tool (http://www.bioinformatics.com.cn/login/), the intersection of active ingredient targets and CC-related targets was identified in the Venn diagram. The obtained intersection targets were considered as the potential targets of LBP for CC treatment.
PPI network analysis and key target acquisition
The potential targets of LBP in CC treatment were uploaded to the STRING database (https://string-db.org/) to obtain the interaction results. The results were then imported into the Cytoscape 3.9.1 software. After the PPI network was plotted, the top 30 core genes with the highest node degree were filtered out. The larger the node degree, the more important is the role of LBP in CC treatment.
GO functional enrichment and KEGG pathway enrichment analyses
To further elaborate the mechanism underlying the therapeutic effect of LBP in CC, GO functional enrichment and KEGG pathway enrichment analyses were performed on the intersection targets identified using the R language. The relevant results were output in the form of bar graphs. p < 0.05 was considered to indicate a statistically significant difference.
Molecular docking
To further clarify the intrinsic molecular mechanism of LBP-mediated CC treatment, the core targets were molecularly docked to the active LBP components and PMI. The protein structures of the core targets were downloaded from Uniprot (https://www.uniprot.org/). The protein receptors and small molecule ligands were routinely processed using the Pymol and AutoDock softwares for molecular docking and binding energy calculation, respectively. The Pymol software was used to visualize some of the results.
Statistical analysis
All data are expressed as mean ± SD. The t-test was used for comparisons between two groups, and one-way analysis of variance was used for multi-group analyses. All images were created using the GraphPad Prism, Adobe Photoshop, and Adobe Illustrator softwares. p < 0.05 was considered statistically significant.
RESULTS
Effect of L. barbarum polysaccharide combined with oxaliplatin on the invasion and migration abilities and cell cycle of HCT116-OXR cells
The invasion and migration abilities of HCT116-OXR cells were enhanced (Figure 1) and the numbers of invading and migrating cells were significantly decreased after treatment with LBP combined with oxaliplatin (Figure 1). LBP combined with oxaliplatin significantly inhibited the invasion and migration abilities of HCT116-OXR cells. The proportions of cells in the G1 phase were 68.10%, 63.25%, and 79.83%, and the proportions of cells in the G2 phase were 17.76%, 26.96%, and 14.27% in the LBP treatment group, oxaliplatin treatment group, and LBP combined with oxaliplatin treatment group, respectively (Figure 1). Compared with the control group, the proportion of HCT116-OXR cells in the G1 phase increased from 63.18% to 79.83% and the proportion of HCT116-OXR cells in the G2 phase decreased from 24.36% to 14.27% after the treatment with LBP combined with oxaliplatin. These findings suggested that LBP combined with oxaliplatin significantly promoted G1 phase arrest (Figure 1), thereby inhibiting HCT116-OXR cell proliferation.
[image: A: Wound healing assay images for different treatment groups (+OXA, +LNP), showing cell migration over time. B: Quantitative analysis bar graph of wound closure percentage across treatment groups. C: Images of invasion and migration assays for various treatments. D: Bar graphs showing quantitative results of invasion and migration assays. E: Flow cytometry histograms comparing cell cycle distribution across treatments. F: Stacked bar graph depicting the percentage of cells in different cycle phases for each treatment. Each section illustrates effects of treatments on cancer cell behaviors.]FIGURE 1 | Lycium barbarum polysaccharide combined with oxaliplatin inhibited the invasion and migration abilities of HCT116-OXR cells. (A) Scratch test results; (B) Scratch healing rate in each group (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Invasion and migration assay (100×) results. (D) The cell invasive and migration statistics for the HCT116 control group, HCT116-OXR blank treatment group, LBP treatment group, oxaliplatin treatment group, and LBP combined with oxaliplatin treatment group (*p < 0.05, **p < 0.01,***p < 0.001,****p < 0.0001). (E) Cell cycle analysis results for the HCT116 control group, HCT116-OXR blank treatment group, LBP treatment group, oxaliplatin treatment group, and LBP combined with oxaliplatin treatment group. (F) Proportions of cells in the G1, M, and G2 phases in all treatment groups.
PMI gene knockdown and inhibition of PI3K, AKT, Bcl-2, and Bax protein expression
Knockdown of PMI expression significantly downregulated PMI expression in drug-resistant colon cancer cells (Figure 2). Compared with the negative treatment group, knockdown of PMI expression significantly downregulated the expression levels of PI3K, AKT, and Bcl-2 and upregulated the expression level of Bax (Figure 2), indicating that PMI gene knockdown inhibited the PI3K/AKT pathway (Figure 2).
[image: Western blot and bar graph panels showing protein and mRNA expression levels in HCT116-OXR cells. Panel A displays PMAIP1 protein expression, while B shows PMAIP1 mRNA levels. Panel C presents expression of PI3K, AKT, Bcl-2, and Bax proteins. Panel D includes bar graphs for PI3K, AKT, Bcl-2, and Bax expressions normalized to GAPDH. Various treatments are compared, with statistical significance marked by asterisks.]FIGURE 2 | PMI gene knockdown and inhibition of PI3K, AKT, Bcl-2, and Bax protein expression levels. (A) Quantification of PMI expression (n = 3). (B) Statistical analysis of the PMI gene expression level (n = 3). (C) Quantification of PI3K, AKT, Bcl-2, and Bax protein expression levels. (D) Statistical analysis of PI3K, AKT, Bcl-2, and Bax protein expression levels (n = 3).
LBP inhibited tumor growth in BALB/c mice
The tumor volumes in the LBP groups, OXA groups, and LBP + OXA groups were all significantly lower than those in the blank treatment groups (Figure 3). However, there was no difference between the tumor volumes of the OXA groups and LBP + OXA groups (Figure 3B). There was also no difference between the tumor weights of various groups (Figure 3C).
[image: Diagram A illustrates a timeline of cancer cell injection into mice, with treatment intervals. Images B and C display groups of mice treated with control or various compounds, showing physical comparisons and tumor samples. Graphs detail tumor growth over time under different treatments, showing differences in effectiveness.]FIGURE 3 | Effects of LBP on xenografted colon cancer model mice. (A) Schematic diagram of the experimental schedule. (B) Changes in tumor size over the 14 days of experimentation in all groups. Tumor volume = 1/2ab2. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Body and tumor weight changes over the 14 days of experimentation (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
LBP showed no organ toxicity in BALB/c mice
Visual inspection results for the internal organs of xenografted colon cancer model mice in each group are shown in Figure 4A. There was no significant difference between the liver coefficients of the groups (Figures 4A,B). Compared with the PBS treatment group, there was no significant difference in the spleen coefficients of other groups. In the HCT116 model mice, the spleen coefficients of the OXA group and LBP + OXA group were significantly lower compared with that of the LBP treatment group, possibly due to an oxaliplatin side effect on the spleen (Figure 4C). In the HCT116-OXR model mice, the spleen coefficients of the OXA group and LBP + OXA group were significantly lower compared with that of the blank treatment group, possibly due to an oxaliplatin side effect on the spleen. The H&E staining results are shown in Figure 4. Hematoxylin and eosin (H&E) stained the cell nucleic acids and proteins a deep blue-purple/pink color, making it possible to visualize cell structure and analyze cell morphology. The staining revealed no obvious nuclear atypia and no distant organ metastases (Figure 4D).
[image: Panel A shows tumor growth in mice with different treatments, including control, LBP, OXA, and LBP+OXA, for male and female subjects. Panels B and C present bar graphs depicting tumor weight and volume data for HCT116 and HCT116/OXR cells under the same treatments. Panel D contains histological images of various organs, including the heart, liver, spleen, lung, kidney, and intestine, with corresponding treatments labeled.]FIGURE 4 | LBP showed no organ toxicity in BALB/c mice. (A) Visual inspection of the internal organs of xenografted HCT116 and HCT116-OXR colon cancer model mice in each group (B and C) was performed to determine the liver and spleen coefficients. Liver coefficient = liver weight/body weight × 100%, spleen coefficient = spleen weight/body weight × 100% (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (D) HE×100 staining results. A and B show the HE×100 staining results for the heart, liver, spleen, lung, kidney, and large intestine in HCT116 and HCT116-OXR model mice, respectively. Scale bar = 100 μm.
Immunohistochemistry revealed the PMI, ABCG2, PI3K, and AKT protein expression levels in each xenografted colon cancer model mouse group.
The expression levels of PMI and ABCG2 in tumor tissues were determined using immunohistochemistry (Figure 5). The protein expression levels of PI3K and AKT decreased after treatment with LBP + OXA (Figure 5).
[image: Composite image showing immunohistochemistry results and bar graphs. Part A includes four sets of stained tissue images for proteins PHL, ABCG2, AKT, and PDK1, comparing control, LBP, OXA, and OXA+LBP treatments in HCT116 and HCT116-OXR cell lines. Part B consists of corresponding bar graphs quantifying expression levels of PMI, ABCG2, AKT, and PDK1 under the same conditions, with statistical significance indicated by asterisks.]FIGURE 5 | Immunohistochemistry revealed the PMI, ABCG2, PI3K, and AKT protein expression levels in each xenografted colon cancer model mouse group (IHC×100). (A) Immunohistochemical results for PMI, ABCG2, PI3K, and AKT in HCT116 and HCT116-OXR model mice. Scale bar = 100 μm. (B) Quantitative analysis of protein expression in each group. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
Immunofluorescence, western blot, and co-localization analyses for PMI and ABCG2 expression
The expression of PMI and ABCG2 in tumor tissues was assessed using immunofluorescence and western blot analyses. PMI and ABCG2 expression levels decreased after LBP + OXA treatment (Figures 6A,B,D). The colocalization analysis showed that high PMI expression was likely to be accompanied by high ABCG2 expression, with the Pearson’s R value being 0.79 (Figure 6C).
[image: Panel A displays a series of images showing cells under different conditions, stained for ABCC2 and PMR. Panel B is a bar graph showing quantitative expression levels of ABCC2. Panel C features a graph comparing the spatial distribution of ABCC2 and PMR, with an inset scatter plot illustrating correlation intensity. Panel D includes Western blot results for COX, P-gp, ABCC2, GLUT1, and corresponding bar graphs depicting expression levels under various treatments. Results indicate significant changes in protein expression across conditions.]FIGURE 6 | Immunofluorescence, western blot, and co-localization analysis results for PMI and ABCG2 expression in tumor tissues of model mice. (A) Immunofluorescence analysis revealed PMI (green) and ABCG2 (red) expression (400×). Arrows indicate high expression. Scale bar = 20 μm. (B) Quantitative analysis of fluorescence intensity (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Colocalization analysis results for PMI and ABCG2. (D) Western blotting results for PMI and ABCG2 expression and their quantitative analysis in the HCT116 blank treatment group, HCT116-OXR blank treatment group, HCT116-OXR LBP group, OXA group, and LBP + OXA group (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
Screening of LBP active components
The TCMSP database was used to screen using the OB ≥ 30% and DL ≥ 0.18 criteria, and 45 active components, including carotenoids, phenylpropanoids, quercetin, and xanthophylls, were identified (Table 1).
TABLE 1 | Active ingredients.
[image: A detailed table lists various molecules with columns for MOL ID, MOL name, molecular weight (MW), oral bioavailability (OB%), and drug-likeness (DL). Each row contains data for a specific molecule, showing its unique identifier, chemical name, molecular weight, bioavailability, and drug-likeness score. The table includes a diverse range of molecule types and values.]Construction of a PPI network and identification of core proteins
A total of 351 herbal ingredient targets were retrieved from the TCMSP database and Swiss Target Prediction database. A total of 1793 CC-related target genes were obtained from the GeneCards database. Using an online Venn analysis tool, the targets of LBP and CC were intersected to obtain 146 potential targets for the treatment of CC with LBP (Figure 7). The interactions of potential LBP targets in CC treatment were obtained from the STRING database and imported into Cytoscape 3.9.1 for visualization (Figure 7). The 146 potential targets were included in the network with node degree as the evaluation parameter; the higher is the node degree, the more important it is in the network, the more are the targets connected to the node. The top 30 targets in the PPI network in terms of node degree are shown in Figure 7; among these, the top five core targets in terms of degree were AKT1, SRC, EGFR, HRAS, and ESR1. The interactions between PMI and the 146 potential targets were retrieved using STRING (Figure 7).
[image: A series of images representing biological data: A) A Venn diagram showing overlapping genes between low back pain and colon cancer, with 146 common genes. B) A circular network diagram with red dots in the center and blue dots around. C) A bar graph showing various genes with different expression levels. D) A complex network graph displaying interconnected nodes and edges in multiple colors.]FIGURE 7 | Venn diagram of the LBP and CC intersection targets and PPI network of core proteins. (A) Venn diagram of the LBP and CC intersection targets. (B) PPI network of LBP targets in CC treatment. (C) PPI plot ranking the top 30 intersection targets. (D) PPI plot of PMI with the 146 potential targets.
GO functional enrichment and KEGG pathway enrichment analyses
The results of GO functional enrichment and KEGG pathway enrichment (p < 0.05) for the 146 potential targets were analyzed. GO functional enrichment results mainly involved protein kinase activity, hormone response, cellular response to nitrogen compounds, tyrosine kinase signaling proteins, motor positive regulatory proteins, inorganic substance response, cell population proliferation proteins, etc. (Figure 8). KEGG pathway enrichment results mainly involved cancer-related signaling pathways, PI3K-Akt signaling pathway, cancer microRNAs, progesterone-mediated follicle maturation pathway, insulin resistance pathway, cellular senescence signaling pathway, bladder cancer signaling pathway, IL-17 signaling pathways, axon guidance signaling pathway, and gonadotropin-releasing hormone signaling pathway (Figure 8). Among these, the PI3K/AKT signaling pathway plays an important role in the mechanism of drug resistance in colon cancer.
[image: Bar charts labeled A and B display enriched pathway analyses. Chart A lists various GO terms related to biological processes with corresponding counts, while Chart B shows KEGG pathway enrichments. Both charts use a color gradient to represent -log10(P-value) significance, ranging from red (most significant) to blue (least significant).]FIGURE 8 | (A) GO function enrichment analysis. (B) KEGG pathway enrichment analysis.
Molecular docking analysis
In order to clarify the binding efficacy between the key targets of LBP active components in CC and predict the possible binding sites between LBP and PMI, two core components of the drug-component-target-disease modulation network, quercetin and glycitein, were selected and molecularly docked with the top-ranked core targets and PMI in the PPI network (Figure 9). Usually, binding energies less than 0 indicate possible binding between molecules, and binding energies less than—4.25 kcal/mol−1 indicate certain binding between molecules; that is, smaller binding energy values indicate stronger binding abilities. After docking the two active components, quercetin and glycitein, with CC target proteins, it was found that the flavonoids had strong binding ability to SRC, EGFR, ABCG2, and PMI (Table 2).
[image: Comparison of protein-ligand interactions for glycitein and quercetin. Six panels show interactions with proteins: AKT, SRC, EGFR, ABCG2, and PMI. Glycitein is on the left, quercetin on the right, with highlighted sites indicating binding differences.]FIGURE 9 | Molecular docking of LBP active components to potential CC targets.
TABLE 2 | Scoring of docking binding energy of key compounds to target molecules (kcal/mol).
[image: Table displaying binding affinities of two compounds, glycitein and quercetin, with various proteins. For glycitein: AKT -3.04, SRC -5.36, ESR1 -3.59, EGFR -4.34, HRAS -2.52, ABCG2 -4.75, PMI -4.35. For quercetin: AKT -2.23, SRC -2.96, ESR1 -4.5, EGFR -3.08, HRAS -3.37, ABCG2 -4.12, PMI -2.11.]DISCUSSION
With the increase in the global cancer burden, cancer has become the second leading cause of death worldwide, after heart disease and colorectal cancer, in terms of both cancer incidence and cancer-associated mortality in both men and women (Siegel et al., 2023). Eighty percent of colon cancer patients are ≥60 years old at diagnosis. The most common cause of colorectal cancer is Lynch syndrome, followed by familial adenomatous polyposis; chronic colitis caused by inflammatory bowel disease (IBD) is also associated with an increased risk of colorectal cancer (Kuipers et al., 2015).
Scholars advocate molecular staging, such as through immunohistochemistry, for all colon cancers as well as detection of mismatch repair defects (MMR-D) or microsatellite instability high (MSI-H) through polymerase chain reaction to screen for Lynch syndrome and mutations in KRAS, NRAS, and BRAF in metastatic colorectal cancer (Biller and Schrag, 2021). For 50% of patients with KRAS/NRAS/BRAF wild-type metastatic colorectal cancer, the median survival after treatment is approximately 30 months (Cremolini et al., 2015). The activity of protein kinases encompasses transmembrane receptor protein kinase activity, protein tyrosine kinase activity, protein serine/threonine kinase activity, and cyclin-dependent protein kinase activity. For instance, one example of a protein with kinase activity is the protein kinase C (PKC). Colon carcinogenesis involves a complex series of events that lead to progressive alterations in signaling pathways governing colonic epithelial cell proliferation, differentiation, and survival. It has been extensively documented that colon carcinogenesis in both rodents and humans is accompanied by specific changes in the expression patterns of PKC isozymes. The median overall survival of 80% of patients was about 1 year, that of 40% was 3 years, and that of 20% was 5 years after receiving first-line chemotherapy (Venook et al., 2017). The most significant issue with the use of multiple clinical chemotherapy regimens is tumor resistance and recurrence, which negatively impact medication efficacy. Therefore, the discovery of novel medications is necessary to address this issue. Plant polysaccharide has demonstrated impressive anti-cancer properties in earlier investigations (Zhang et al., 2013; Jiao et al., 2016). The synergistic effect of plant polysaccharide-based drugs and chemotherapeutic agents is significant. Studies have shown that fucose has the potential to increase the efficiency of drug delivery to tumors and achieve synergistic effects with other anti-cancer drugs (Reyes et al., 2020). The role of glycans in the development of multi-drug resistance in cancers can be attributed to abnormal functional aspects of glycolysis and glycolysis-related enzymes, the glycan structure, and glycan-forming process-related enzymes and glycoproteins (Wang et al., 2021).
Lycium barbarum polysaccharide is extracted from the L. barbarum L., a member of the nightshade family. Polysaccharides are found in well-known herbal formulations and have been used in China for over 2300 years (Jin et al., 2013). They have also been widely used as a dietary supplement to boost the body’s defense system and control blood pressure and blood sugar (Yang et al., 2022). An increasing number of studies have confirmed the anti-tumor effect of LBP (Luo et al., 2009; Shen and Du, 2012; Zhu and Zhang, 2013). By boosting the immune system, polysaccharide-protein complexes also exert inhibitory effects on S180 cells. For example, they increase macrophage phagocytosis, splenic lymphocyte proliferation, antibody secretion from splenocytes, cytotoxic T lymphocyte activity, and IL-2 mRNA expression while decreasing lipid peroxidation (Gan et al., 2004). LBP also has anti-tumor and chemo-protective properties that may lessen Adriamycin’s immunotoxicity and boost its anti-hepatocarcinogenic effects (Han et al., 2022). In the present study, network pharmacology results predicted that the active components of LBP had 146 common core targets with colon cancer. KEGG pathway enrichment analysis revealed the enrichment of multiple pathways affected by LBP in CC. Molecular docking predicted the binding energies for the binding of LBP active components with the potential CC targets in CC. LBP combined with OXA inhibited the invasion and migration abilities of HCT116-OXR cells, and halted the cell cycle in the G1 phase. Knockdown of PMI significantly downregulated the expression levels of PI3K, AKT, and Bcl-2 and upregulated the expression level of Bax, indicating that PMI knockdown inhibited the PI3K/AKT pathway. In vivo experiments confirmed that LBP combined with oxaliplatin effectively inhibited tumor growth and did not affect the liver and spleen coefficients. These findings indicate that LBP has no organ toxicity and safely and effectively inhibits tumor growth.
Besides L. barbarum, natural products have been widely reported to have a broad spectrum of human health. Quercetin alone or combined with sorafenib downregulated key inflammatory, proliferative and angiogenesis-related genes (TNF-α, VEGF, P53 and NF-κB). Combined quercetin/sorafenib treatment markedly improved the morphology of the induced liver damage and showed significant antioxidant and anti-tumor effects. The advantage of combined treatment efficacy reported here can be attributed to quercetin’s prominent effects in modulating cell cycle arrest, apoptosis, oxidative stress and inflammation (Abdu et al., 2022a). Crocin efficiently improved the induced inflammation, oxidation, and liver damage parameters. The combination of crocin with sorafenib improved physiological parameters such as oxidation, inflammation and liver damage as compared to sorafenib alone. Through the improvement of inflammation and oxidation parameters and an anti-proliferative action, crocin improves the action of sorafenib (Abdu et al., 2022b). Steroidal saponins are a group of naturally occurring compounds that primarily exist as secondary metabolites in plant species. Recent studies have suggested that steroidal saponins possess significant anti-cancer capabilities (Bouabdallah et al., 2023). Natural products reverse drug resistance has been shown to have anti-tumor effects (Bharathiraja et al., 2023; Wu et al., 2023). So natural products and their derived biomolecules are potential resources to mine for novel anti-cancer drugs.
In the present study, the active components, potential targets, and signaling pathways of L. barbarum polysaccharide in colon cancer were predicted by network pharmacology combined with bioinformatics. Binding energies were predicted by molecular docking. The results of the GO functional enrichment analysis mainly included protein kinase activity, hormone response, cellular response to nitrogen compounds, tyrosine kinase signaling proteins, motor positive regulatory proteins, inorganic substance response, cellular response to nitrogen compounds, and inorganic substance response. Cellular response to nitrogen compounds refers to any cellular process that induces a change in the state or activity of a cell, such as movement, secretion, enzyme production, or gene expression, in response to stimulation by nitrogen compounds. The results of the KEGG pathway enrichment analysis mainly involved cancer-related signaling pathways, PI3K-Akt signaling pathway, cancer microRNAs, progesterone-mediated follicle maturation pathway, insulin resistance pathway, cellular senescence signaling pathway, bladder cancer signaling pathway, IL-17 signaling pathways, axon guidance signaling pathway, and gonadotropin-releasing hormone signaling pathway. The AKT protein family plays an important role in the functionality of the ABC family of drug-resistance proteins (Lu et al., 2020; Narayanan et al., 2021). The reversal of the dual functions of ABC-transporter-mediated and AKT-activation-enhanced MDR promises to improve current strategies based on combined drug treatments to overcome MDR challenges (Zhang L. et al., 2020). The EGFR family also occupies an important position in drug resistance-related signaling pathways. EGFR, also known as ERBB1 and HER1, is a transmembrane tyrosine kinase receptor (RTK). It is a member of the human epidermal receptor (HER) family and an important component of the cellular signaling pathway, and the upregulation of both EGFR gene and protein expression levels activate downstream pathways that are associated with cancer progression (Huang and Fu, 2015). The molecular docking results of the present study showed that SRC, EGFR, PMI, and ABCG2 had higher binding ability to the potential CC targets. The active components of LBP can thus be used to treat colon cancer by modulating numerous targets, including the identified core targets.
The high expression levels of PMI and ABCG2 in drug-resistant tissues of colon cancer were confirmed using immunohistochemistry, immunofluorescence, and western blot analyses. These levels were downregulated after treatment with LBP combined with oxaliplatin. Considering the important role of PMI in glycolysis and glycosylation (Ichikawa et al., 2014), previous antitumor studies have mostly focused on the role of PMI in glycolysis and glycosylation. In two such studies, PMI downregulation inhibited glycolysis and oxidative phosphorylation, thus suppressing tumor growth (Gonzalez et al., 2018; Saito et al., 2021). Another study showed that knockdown of PMI modulated fibroblast growth factor receptor (FGFR) family signaling and increased glioma radiosensitivity. Loss of PMI activity reduced phosphorylation of FGFR family receptors in U-251 and SKMG-3 malignant glioma cell lines and also led to significant reductions in FRS2, Akt, and MAPK signaling (Aurélie et al., 2014). Another study reported that PMI deletion can induce P53 expression, revealing a new possible mechanism to regulate P53 expression (Shtraizent et al., 2017). In the present study, the PI3K/AKT pathway was also downregulated after PMI knockdown, confirming our speculation. Therefore, drugs that effectively inhibit PMI have the potential to play a great role in cancer therapy. LBP can effectively inhibit the expression of the PMI/PI3K/AKT pathway, providing a new avenue for treating drug-resistant colon cancer.
The causes of resistance to clinical chemotherapy are complex and varied, and the “seed” theory, in which ABCG2 plays an important role, has received much attention for colon cancer. It has reported that natural product extract might suppress ABCG2-mediated MDR in colorectal cancer through inhibiting NF-kB signaling pathway (Sui et al., 2016). The results of the present study suggest that LBP reverses drug resistance in colon cancer cells by reducing ABCG2 expression. Most colorectal cancer cells originate from stem cells or stem cell-like cells at the base of the colonic crypt (Zeki et al., 2011). Mutations in oncogenes and tumor suppressor genes in these cells lead to the formation of cancer stem cells, which are essential for tumor initiation and progression. Mutations in some of these oncogenes and tumor suppressor genes, play an important role in the progression of colon cancer (Li et al., 2014). In turn, they show differences at the molecular level, and tumor cells show functional heterogeneity, which is also the theoretical basis of tumor stem cells. Tumor stem cell (CSC) pluripotency markers include CD133, ABCG2, and ALDH1A1 (An and Ongkeko, 2009). Drug-resistant cells exhibit high stem cell-like properties and highly express such stem cell markers. Current approaches to eradicate the drug-resistant cancer cell population include differentiation of CSCs, targeting of drug efflux proteins and other CSC surface markers, and inhibiting signaling pathways that maintain CSCs (Yang et al., 2020). The high expression of drug efflux proteins in drug-resistant colon cancer cells is one of the causes of their drug resistance. Additionally, it has been reported that drug-resistant colon cancer cells highly express the anti-apoptotic proteins Bcl-2, Bcl-XL, and Mcl-2, and have low expression of pro-apoptotic proteins, such as P53, Bax, and Bim; Bcl-2 family proteins play an important role in the drug resistance of colon cancer cells (Fulda, 2009; Hu et al., 2016). LBP combined with oxaliplatin inhibits ABCG2 expression, downregulates Bcl-2 expression, and upregulates Bax expression to promote apoptosis and thereby reverse drug resistance.
Moreover, our immunofluorescence results showed a statistical correlation of 79% for the co-localization of PMI and ABCG2, suggesting that PMI may play a role in the treatment of colon cancer using LBP by modulating ABCG2. The N596 site is the only site for the N-linked glycosylation of the ABCG2 protein that has been detected so far (Diop and Hrycyna, 2005; Mohrmann et al., 2005). However, N-linked glycosylation does not affect the expression and translocation of ABCG2 to the plasma membrane; therefore, it is not important for its overall function. N-linked glycosylation is important for ABCG2 stability, because the disruption of N-linked glycosylation leads to enhanced protein instability and ubiquitin-mediated proteasomal degradation (Nakagawa et al., 2009; Nakagawa et al., 2011). The role played by N-linked glycosylation in the formation of disulfide bonds between ABCG2 molecules and its importance for proper folding and enhancing the stability of human ABCG2 protein dimers in the endoplasmic reticulum have also been confirmed (Nakagawa et al., 2011). In the present study, LBP combined with oxaliplatin simultaneously inhibited the expression of PMI and ABCG2 and also confirmed the important role of PMI in the process of drug resistance in colon cancer. Given the important role of ABCG2 in stem cell formation and drug resistance in colon cancer, effects of changes in its expression deserve to be explored.
In summary, this study confirmed that LBP combined with oxaliplatin plays a role in reversing drug resistance in colon cancer cells by down-regulating the PMI/PI3K/AKT pathway and simultaneously inhibiting the expression of ABCG2+ colon cancer stem cells to promote apoptosis. Moreover, our findings suggest that LBP has no significant organ toxicity and is an ideal antitumor drug, laying the foundation for more in-depth studies aimed at its use in the clinical treatment of drug-resistant colon cancer in the future.
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Background

Chemotherapy-induced peripheral neurotoxicity (CIPN) is a dose-limiting side effect observed in breast cancer patients. Its primary clinical manifestations include limb numbness, tingling sensations, hypoesthesia, or paresthesia. In severe instances, some patients may also encounter muscle cramps, weakness, and pain, leading to potential paralysis. The onset of CIPN significantly impacts the quality of life for cancer patients. Hence, it is imperative to explore preventive strategies for managing CIPN.





Methods

We searched for relevant randomized controlled trials (RCTs) and non-randomized controlled trials (non-RCTs) in several databases. The primary outcome measures encompassed the Patient Neurotoxicity Questionnaire (PNQ), the Functional Assessment of Cancer Therapy-Taxane (FACT-Taxane), and the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE). Secondary outcomes aimed to evaluate the quality of life and the tolerability of ice gloves. Meta-analysis was conducted using RevMan 5.3 software to determine the relative risk ratio (RR) and 95% confidence interval (CI).





Results

We conducted an analysis involving 372 patients across seven trials. In our meta-analysis, the use of ice gloves demonstrated non-significant results in reducing the incidence of both motor and sensory neuropathy, as assessed through CTCAE (sensory: RR: 0.94; 95% CI: 0.85 to 1.02; P = 0.15; motor: RR: 1.04; 95% CI: 0.88 to 1.22; P = 0.64). Similarly, when evaluated using the PNQ, there was no significant reduction observed in the incidence of sensory and motor neuropathy (sensory: RR: 0.49; 95% CI: 0.20 to 1.20; P = 0.12; motor: RR: 0.71; 95% CI: 0.26 to 1.99; P = 0.52). Consistently, our conclusions remained unchanged when employing the FACT-Taxane assessment. Regarding the evaluation of the quality of life, our observations suggested a potential improvement with the use of ice gloves, and participants exhibited moderate tolerance towards them.





Conclusion

Ice gloves are a reasonable option for the treatment of CIPN in patients undergoing chemotherapy for breast cancer. However, the effectiveness of ice gloves in combating CIPN remains inconclusive at this time due to the low quality and limited number of clinical trials on this topic.





Systematic review registration

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023457045, identifier CRD42023457045.





Keywords: breast cancer, CIPN, cooling gloves, chemotherapy, peripheral neurotoxicity




1 Introduction

In women, breast cancer is the most common cancer and the leading cause of cancer death (1). Chemotherapy has gained global recognition as a pivotal and indispensable treatment for breast cancer. However, while targeting tumor cells, chemotherapy drugs frequently inflict damage on normal cells indiscriminately. The resulting sensory impairment due to damage to peripheral or autonomic nerves is termed ‘Chemotherapy-induced peripheral neurotoxicity (CIPN)’ (2).

Chemotherapy-induced peripheral neurotoxicity (CIPN) serves as a dose-limiting side effect commonly associated with various classes of chemotherapy drugs. These include platinum compounds, periwinkle alkaloids, taxanes, proteasome inhibitors, and immunomodulators (3). Notably, among these, platinum drugs and taxanes stand out as the most neurotoxic categories (2). The incidence of CIPN ranges broadly from 30% to 90%, contingent on the specific neurotoxic drug, cumulative dosage, and pre-existing neuropathic conditions (4). The primary clinical manifestations of CIPN encompass limb numbness, tingling sensations, hypoesthesia or paresthesia, accompanied by muscle spasms, weakness, pain, and, in severe cases, potential paralysis (5). Early-onset CIPN often restricts a patient’s mobility, hampering recovery in the affected limb. As survival extends, adverse symptoms tend to exacerbate gradually. The persistence of CIPN over the long term, or even permanently, amplifies patients’ psychological burden and significantly impacts their quality of life (6). Approximately 40% of patients experience complete symptom reversal within 4 to 6 months following treatment cessation. However, 10% to 30% may still develop CIPN several years after treatment discontinuation (7). The emergence of CIPN greatly affects the quality of life of cancer patients, so it is necessary to find a prevention and treatment method for CIPN.

Duloxetine emerges as a potential therapeutic option for alleviating symptoms, supported by phase III randomized controlled trials highlighted in the American Society of Clinical Oncology (ASCO) guidelines for managing CIPN. However, duloxetine is prone to adverse events, such as drowsiness and thirst, and is limited by low tolerance, so its use is not recommended. Currently, there are no specific first-line agents recommended for the treatment and prevention of CIPN (8). Non-pharmacological therapies primarily aim to repair damaged neuronal cells by enhancing microcirculation and nutrient metabolism around nerves. These encompass exercise therapy, physical therapy, acupuncture, massage, dietary adjustments, and cryotherapy (9). Among them, cryotherapy mainly includes cooling gloves and socks, limb-induced hypothermia or cryocompression, and crushed ice compresses (10–12). There have been several studies investigating the efficacy of cryotherapy in preventing chemotherapy-induced peripheral neuropathy (CIPN) (13, 14), and most studies believe that the preventive function of cryotherapy is to reduce the toxic delivery of chemotherapy by constricting blood vessels and reducing local perfusion, which ultimately alleviates the complications caused by chemotherapy and alleviates the discomfort of patients (15, 16). However, on the other hand, there is no literature on the therapeutic effect of cryotherapy, so we cannot conclude the therapeutic effect of cryotherapy on CIPN or explore its mechanism of action. This review specifically aims to examine the use of frozen gloves in cryotherapy, compiling and analyzing available evidence to assess the effects of cold frozen gloves on chemotherapy-induced peripheral neurotoxicity in breast cancer patients.




2 Methods



2.1 Protocol and registration

This systematic review and meta-analysis adhered to the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guidelines (17). The study’s protocol was registered in PROSPERO with the registration number CRD42023457045.




2.2 Search strategy

Database retrieval strategies were formulated according to the requirements of the Cochrane Systematic Review Manual, and computer retrieval was the main method. A comprehensive literature search was conducted in the Web of Science, PubMed, Cochrane Library, Embase, Scopus, EBSCO, OVID databases, the China National Knowledge Infrastructure database (CNKI), and the Wanfang Data Knowledge Service Platform. All the publications until August 7, 2023, were searched without any restriction of country or article type. The search terms were a combination of subject terms and free words and include terms such as “breast cancer,” “chemotherapy-induced neurotoxicity,” “frozen gloves,” and “cryotherapy.” Specific search strategies can be found in the Supplementary Materials.

To ensure a comprehensive article search, we extended our search to clinical trial registry websites, such as ClinicalTrials.gov, the International Clinical Trials Registry Platform (ICTRP), and grey literature websites (open grey. eu). Our search was limited to publications in English or Chinese.




2.3 Eligibility criteria

To start, we eliminated all duplicate references. Two independent researchers selected the relevant reviews by screening the titles and abstracts of the identified articles. The full texts of these were then retrieved for further assessment of their potential eligibility. In cases where a consensus was not reached, any disagreements regarding inclusion were resolved through discussion or by consulting a third evaluator.

The inclusion criteria comprised: (1) Research subjects: patients diagnosed with breast malignancy through pathology or histology, without CIPN symptoms. (2) Study types: randomized controlled trials and non-randomized controlled trials. (3) Intervention: The control group received a non-ice glove intervention, while the treatment group received an ice glove intervention. (4) Language: the included articles were in English or Chinese.

The exclusion criteria encompassed: (1) the unavailability of full text. (2) Article types including discussion papers, letters, reviews, conference reports, and other publications. (3) Presence of underlying diseases predisposing to CIPN. (4) Included articles where CIPN was not the primary outcome.




2.4 Data and outcome extraction

Two reviewers individually read articles and extract specific data points, including author details, publication year, trial location, participant count, participant age, received chemotherapy regimen, and outcome measures. Any discrepancies between reviewers during article reading and data extraction were resolved through consultation with a third reviewer. In cases of unavailable data, authors were promptly contacted via phone or email for the necessary information.

The predetermined primary outcome was the incidence and severity of CIPN, and evaluation metrics were: FACT-T, PNQ, and CTCAE. The secondary outcome was an assessment of quality of life and the patient’s tolerance to ice gloves.

The Patient Neurotoxicity Questionnaire (PNQ) (18) comprises two graded items—sensory and motor—based on the patient’s subjective responses, ranging from A (no neuropathy) to E (severe neuropathy). The boundary between class C and class D delineates the absence (≤ class C) or presence (≥ class D) of symptoms interfering with daily activities. Identification of affected activities is crucial for patients experiencing ≥D symptoms. The Functional Assessment of Cancer Therapy-Taxane (FACT-Taxane) (19) is comprised of the FACT-General (FACT-G) plus a 16-item Taxane subscale, in which the Taxane subscale combines 11 items on the neurotoxicity subscale and 5 additional questions assessing symptoms associated with arthralgia, myalgia, and skin discoloration. The scale uses reverse scoring: A lower score corresponds to a decrease in quality of life and an increase in CIPN frequency. The National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) (20) combines sensory and motor assessment items into a unified scale, generating a total assessment score: Grade 0 = asymptomatic; Grade 1=asymptomatic, loss of deep tendon reflexes or paresthesia; Grade 2=moderate symptoms, limiting instrumental activities of daily living.




2.5 Risk of bias assessment

Two reviewers assessed the included studies. Any inconsistencies resolved through discussion or consultation with the third reviewer. Assessment of randomized controlled trials employed the Cochrane risk of bias tool (21), with each evaluated item categorized as low risk (+), high risk (–), or unclear ()?. Non-randomized controlled experiments were evaluated using the Methodological Index for Non-Randomized Studies (MINORS) (22), consisting of 12 evaluation indicators, each scored from 0 to 2 points. A maximum score of 24 points is possible. A score of 0 indicates that it is not reported, a score of 1 indicates that it is reported but with insufficient information, and a score of 2 indicates that it is reported and sufficient information is provided.




2.6 Statistical analysis

The meta-analysis used Review Manager software to analyze the data, the continuous data was analyzed using a standardized mean difference (SMD) with 95% confidence intervals (CI), and the dichotomous data were assessed using odds ratios (ORs) and 95% CI. We assessed heterogeneity using the I2 statistic and Q-test. A fixed-effect model was used when heterogeneity was not statistically significant (P > 0.10, I2 < 50%). Conversely, a random-effects model was used in cases of significant statistical heterogeneity (P ≤ 0.10, I2 > 50%). The final data was visually represented using a forest plot. When the observed metrics could not be combined, we used descriptive language to express the results.





3 Results



3.1 Study selection

Figure 1 illustrates the flow chart outlining our search and study selection strategies. A total of 321 records were initially identified across multiple databases: Web of Science (n=44), PubMed (n=22), Cochrane Library (n=41), Embase (n=79), Scopus (n=79), EBSCO (n=18), OVID databases (n=37), China National Knowledge Infrastructure database (CNKI) (n=0), and Wanfang Data Knowledge Service Platform (n=1). Additionally, four results were sourced from clinical trial registry websites (n=4), while no relevant results were obtained from grey literature websites (n = 0). 189 duplicate records were identified and removed. Subsequently, 78 irrelevant records were excluded based on title and abstract screening. Upon full-text screening, 51 trials were excluded, of which 26 were reviews or conference abstracts. Furthermore, 13 experimental records lacked complete experimental results and were therefore excluded. One trial utilizing crushed ice rather than ice gloves (NCT02640053) and another involving gynecological cancer patients instead of breast cancer patients (TCTR20210129001) were both excluded. An article was written in Japanese and seven studies either unrelated to or not including ice gloves were also excluded. Additionally, three articles were excluded due to mismatched population and outcome measures. Moreover, two articles by Shigematsu with identical population and outcome measures led to the exclusion of the 2023 retrospective study (23) and the inclusion of the 2020 randomized controlled trial (24). Finally, 7 studies were included.

[image: Flowchart depicting a study selection process: 321 records identified through database search, 4 from other sources. After duplicate removal, 136 records remain. Screening excludes 78; 58 full-text articles assessed. 51 reports excluded for various reasons. Ultimately, 7 studies included in review.]
Figure 1 | Flow chart of the study selection process.




3.2 Study characteristics

Table 1 shows the characteristics of all seven studies, including four RCT studies, one self-randomized controlled study, and two self-non-randomized controlled trials. All seven studies had a total of 372 participants. For primary outcomes, four studies reported PNQ, three trials reported FACT-Taxane and three studies reported CTCAE. In addition, for secondary outcomes, three studies assessed quality of life, and four studies referred to patient tolerance of ice gloves.

Table 1 | The characteristics of the included trials.


[image: Table comparing studies on chemotherapy and ice glove use. Details include study author, year, country, trial type, average age, chemotherapy type, sample size, ice glove temperature and use time, observation duration, and outcome measures. Key trials took place in America, Japan, Singapore, and China, involving drugs like paclitaxel and nab-paclitaxel. Outcome measures include FACT-Taxane, CTCAE, and EORTC assessments. Temperatures and use times vary, aiming to alleviate chemotherapy side effects.]



3.3 Risk of bias

The risk of bias in RCT studies is shown in Figures 2, 3. The majority of these studies were categorized as ‘high risk’ due to the absence of explicit blinding protocols. In assessing the quality of non-randomized controlled trials, we utilized the MINORS scale, as detailed in Table 2. The two non-RCT studies received scores of 16 and 17, respectively. Due to the limited number of articles included, we did not make funnel plots for publication bias analysis.

[image: Bar chart showing various types of bias in research studies. Bias types include selection, performance, detection, attrition, and reporting. Categories are color-coded: green for low risk, yellow for unclear risk, and red for high risk. Random sequence generation, allocation concealment, blinding of outcome assessment, incomplete outcome data, selective reporting, and other biases mostly show green. Blinding of participants and personnel shows a significant red portion.]
Figure 2 | Risk of bias graph for RCT.

[image: A risk of bias table for five studies, listed vertically by author and year. Bias types are listed horizontally: random sequence generation, allocation concealment, blinding of participants, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Each cell is color-coded: green with a plus sign for low risk, yellow with a question mark for unclear risk, and red with a minus sign for high risk.]
Figure 3 | Risk of bias summary for RCT.

Table 2 | Non-RCTs quality evaluation table.


[image: Comparison table of study evaluations by Akiko Hanai (2017) and Ting-Ting Yang (2022). Both have a clearly stated aim, inclusion of consecutive patients, endpoints appropriate to the aim, loss to follow-up less than 5%, contemporary groups, baseline equivalence, and adequate statistical analyses. Akiko Hanai scores 16, and Ting-Ting Yang scores 17. Differences include prospective calculation of study size and adequate control group.]



3.4 Outcomes



3.4.1 Incidence of CIPN

PNQ Among the four trials (3 RCTs and 1 non-RCT) reporting on PNQ scale usage, the event point of PNQ level ≥D was employed. Regarding PNQ sensory, a meta-analysis included 3 studies (24, 26, 28) revealed no statistically significant difference in the prevention and treatment of chemotherapy-induced neurotoxicity between the use of ice gloves (RR: 0.49; 95% CI: 0.20 to 1.20; P = 0.12). Additionally, there was no significant heterogeneity observed (I2 = 9%) (Figure 4). In the case of the PNQ motor, meta-analysis also showed no statistically significant disparity in the preventive and control effects of ice gloves (RR: 0.71; 95% CI: 0.26 to 1.99; P = 0.52), with no significant heterogeneity (I2 = 0%) (Figure 5).

[image: Forest plot showing risk ratios from three studies comparing experimental and control groups. Ding Quan Ng (2020) shows a risk ratio of 0.81 with a wide confidence interval, Hideo Shigematsu (2020) shows a ratio of 0.30 favoring experimental, and Yuko Kanbayashi (2019) shows a ratio of 2.00. The overall effect estimate is 0.49, with no significant heterogeneity (I² = 9%).]
Figure 4 | PNQ sensory.

[image: Forest plot showing three studies comparing experimental and control groups. The studies are by Ding Quan Ng (2020), Hideo Shigematsu (2020), and Yuko Kanbayashi (2019). The overall risk ratio is 0.71 with a 95% confidence interval from 0.26 to 1.99. Statistical test results are Chi² = 1.16, degrees of freedom = 2, I² = 0%, overall effect Z = 0.65, P-value = 0.52. The plot displays weight percentages and confidence intervals for each study. The diamond at the bottom represents the combined effect size.]
Figure 5 | PNQ motor.

Akiko Hanai’s (15) non-RCT study focused on sensory impairment, examining PNQ grades in both hands and feet. The analysis involved 36 participants, revealing the following outcomes: For two-hand PNQ≥D, the experimental group showed a rate of 2.8%, while the control group exhibited a significantly higher rate of 41.7% (OR = infinite, 95% CI = 3.32 to infinite, P < 0.001). Similarly, regarding two-foot PNQ≥D, the experimental group displayed a rate of 2.8%, contrasting with 36.1% in the control group (OR = infinite, 95% CI =2.78 to infinite, P<0.001). These findings highlight substantial differences in PNQ grades between the experimental and control groups in both hand and foot assessments.

FACT-Taxane In Kanbayashi’s study (28), a self-randomized controlled trial compared cryo-gloves and regular small surgical gloves, randomly assigning them to the dominant and non-dominant sides. The study found no significant difference in FACT-T total scores between the groups at assessment time (P = 0.67-0.93). Shigematsu’s research (24) demonstrated a respective reduction of 2.0 and 4.6 points in mean FACT-Taxane scores in the cryotherapy and control groups. The cryotherapy group exhibited a lower change (95% CI, 0.4 to 4.8; p = 0.02). The lower the score, the lower the quality of life, and the higher the frequency of PN, which means the ice glove treatment effect is better than that of the control group. Mei-Ying Jue (25) utilized the TaxS subscale with inverted scoring, where lower scores indicate stronger CIPN symptoms. Both groups, conventional treatment, and cold therapy, showed an increasing trend in CIPN frequency (score decreasing over time). However, the difference in trend between the groups was statistically significant (P < 0.05), with the frozen gloves group exhibiting significantly higher scores than the control group.

CTCAE Mei-Ying Jue’s study (25) revealed that participants undergoing conventional treatment were approximately three times more likely to develop CIPN and progress to severe neuropathy compared to those receiving cold therapy (OR = 3.64, 95% CI = 2.22-5.97, p < 0.001). Moreover, a meta-analysis of two other RCTs (24, 27) indicated no statistically significant difference in the prevention and control of CIPN concerning sensory (RR: 0.94; 95% CI: 0.85 to 1.02; P = 0.15; Figure 6) or motor (RR: 1.04; 95% CI: 0.88 to 1.22; P = 0.64; Figure 7) aspects. There was no significant heterogeneity observed.

[image: Forest plot comparing two studies on experimental versus control groups. Study details include events, totals, weight, and risk ratios. Risk ratios for Hideo Shigematsu (2020) and Min-Xu (2023) are 0.90 and 0.95, respectively. Combined risk ratio is 0.94 with a confidence interval of 0.85 to 1.02. Test for heterogeneity shows Chi-squared equals 0.23 with 0% I-squared, indicating no significant heterogeneity. Overall effect test yields a Z-score of 1.45 with a p-value of 0.15. Visual representation includes squares for individual studies and a diamond for the total effect.]
Figure 6 | CTCAE sensory.

[image: Forest plot illustrating the risk ratios from two studies. The studies by Hideo Shigematsu (2020) and Min-Xu (2023) show risk ratios of 1.07 and 1.03, respectively. Combined risk ratio is 1.04 with 95% confidence interval of 0.88 to 1.22. The plot includes weights and confidence intervals for each study. The overall effect test shows a Z value of 0.46 and P value of 0.64, indicating no significant difference.]
Figure 7 | CTCAE motor.




3.4.2 Quality of life

Min Xu (27) and Ding Quan (26) administered a questionnaire based on the EORTC QLQ-C30 scale (30) for each patient. Min Xu’s study demonstrated significantly higher scores in various aspects for the experimental group compared to the control group. Most notably, physical function (85.87 vs. 82.76, P = 0.004) and overall quality of life (65.08 vs. 50.20, P < 0.001) exhibited significant differences. These findings suggest the potential benefits of cryotherapy for breast cancer patients undergoing chemotherapy in terms of their quality of life. However, a mixed-effects model analysis of GHS, PF, RF, and pain C30 subscale scores in Ding Quan’s trial (26) showed no difference between cryotherapy and control participants. Mei-Ying Jue (25) measured quality of life using the FACT-General (FACT-G) subscale, where higher scores indicate better quality of life. Their results showed no significant difference in quality of life between the two groups.




3.4.3 Tolerance to ice gloves

In Shigematsu’s study (24), 32% of patients in the freezing group exhibited poor tolerance to ice gloves; however, no serious side effects were observed. Additionally, in Kanbayashi’s study (28), two patients withdrew from the trial due to an inability to tolerate cryotherapy. In Ding Quan’s trial (26), 80.9% (17/21) of participants required temporary interruption of cryotherapy at least once throughout chemotherapy due to cold intolerance, and no other serious adverse events secondary to cryotherapy were observed. Akiko Hanai (15) reported that no patients withdrew due to intolerance during the study.






4 Discussion

This review examines the preventive effects of frozen gloves on chemotherapy-induced peripheral neuropathy (CIPN) in women with breast cancer. It includes four randomized controlled studies, one self-randomized controlled study, and two non-randomised controlled studies, involving a total of 372 participants. The primary outcome measures were the incidence of CIPN, assessed using three commonly used scales: PNQ, FACT-Taxane, and CTCAE. Meta-analyses indicated that ice gloves did not have a clear preventive effect on the occurrence of CIPN. In the included studies, most participants wore frozen gloves or socks on their hands and feet for 90 minutes continuously at -20°C, starting 15 minutes before paclitaxel infusion and ending 15 minutes after infusion. The observation periods varied across the studies, ranging from 1 week to 9 months. The differences in observation time may have contributed to the variability in the experimental results. Only three trials provided clear information on the effects of ice gloves on patients’ quality of life, and the findings were inconclusive. Four trials reported on the tolerability of ice gloves, and it was noted that some patients experienced difficulty tolerating the low temperatures. However, researchers adapted the use of ice gloves over time to reduce the risk of severe frostbite from prolonged exposure to low temperatures.

Ice gloves, a form of cryotherapy, represent a safe and easily applicable method within clinical settings (31). A meta-analysis of cryotherapy for the prevention of TIPN in taxane patients (32) incorporated nine experiments utilizing cryotherapy techniques, such as frozen gloves and socks, whole-limb cryocompression, continuous-flow cooling, and regional cooling. Utilizing CTCAE as the primary outcome measure, the findings suggest an uncertain efficacy of cryotherapy in preventing CIPN. Similarly, a systematic review of 11 trials evaluating cryotherapy’s efficacy and safety for CIPN (33) revealed mixed results. Roughly half of the studies demonstrated significant improvement in at least one endpoint related to preventing CIPN. A multicenter randomized controlled trial (34) was conducted, involving patients with various types of cancer. The experimental group used ice gloves, while no significant improvement was observed in the chemotherapy-induced peripheral neuropathy (CIPN) subscale reported by patients. These findings are consistent with the results summarized in this study, indicating that ice gloves do not have a significant preventive effect on CIPN.

The pathological and physiological mechanisms of chemotherapy-induced peripheral neuropathy (CIPN) are currently unclear. Potential targets of platinum agents and taxane analogs include microtubules in the dorsal root ganglia, axonal components, ion channels, and the mitochondria of peripheral nerve fibers. These targets are believed to be involved in the development of nerve damage and related neuropathic symptoms in CIPN. However, further research is still needed to fully understand the complex mechanisms of CIPN (4). Some researchers believe that chemotherapy-induced peripheral neuropathy (CIPN) is dose-dependent and exhibits a length-dependent distribution, meaning that higher doses of chemotherapy drugs are more likely to cause nerve damage, with the nerves furthest from the spinal cord being the most affected. This hypothesis suggests that reduced delivery of chemotherapy drugs to the peripheral nerves may have a neuroprotective effect and potentially reduce nerve damage (34). For example, one animal study showed that cryotherapy prevents TIPN through local vasoconstriction, thereby reducing the delivery of neurotoxic chemotherapy drugs to peripheral nerves (35). Another in vivo study showed that local hypothermia reduced sciatic nerve blood flow and neurometabolism in rats (36), this suggests a reduction in the cumulative toxic chemotherapy dose near the distal nerve fibers, ultimately highlighting the role of ice gloves in the fight against CIPN. In the above example, cryotherapy is mainly used for the patient’s hands and/or feet. When the epidermal temperature drops to about 20°C, blood flow is reported to decrease by about 50% (37), A local temperature that is too low may reduce the drug distribution at the corresponding location. From a mechanical perspective, cryotherapy can reduce the distribution of taxanes on the hands and feet, further reducing the aggregation and binding of microtubules, inhibiting changes in cell shape and cell stability, and impairing axonal transport of essential cellular components, ultimately preventing the degeneration of distal nerve segments and axonal membrane remodeling (2). Chemotherapy drug-induced sensory nerve abnormalities such as pain, numbness, and tingling often occur in the hands and feet, Topical cryotherapy may directly affect sensory neuropathy. In summary, from the theoretical and related experimental analyses, it is concluded that cryotherapy can reduce the occurrence of neuropathy.

There is no clear statement about the preventive effect of ice gloves on CIPN. We speculate that one of the reasons may be related to chemotherapy regimens. The incidence and severity of CIPN are closely related to the type and dose of chemotherapy drugs used. Shigematsu (24) also mentioned that changes in chemotherapy regimens may lead to differences in the incidence of peripheral neuropathy. In this review, paclitaxel was used in all included trials, related research (4) has shown that these drugs cause the most neurotoxicity and are therefore likely to affect the preventive effect of ice gloves, so we cannot definitively deny that ice gloves do not have any effect on breast cancer CIPN. In addition to the specific protocol, the duration of use of ice gloves can also have a significant impact on the outcome of the intervention. Temperature data from Aishwarya (12) showed that the first 60 minutes are the period during which the ice gloves have the greatest cooling effect, after which the body tissue will reach thermal stability and vasoconstriction will also weaken, so achieving this state and generating sufficient vasoconstriction before chemotherapy starts is key to relieving CIPN. However, most of the trials included in this review started using ice gloves 15 minutes before chemotherapy, when the skin did not reach an optimal freezing state, which greatly affected vasoconstriction and reduced the effect of ice gloves on neurotoxicity. In addition, the effect of ice gloves is not persistent or unstable, requires replacement of frozen gloves every 45-60 minutes, lacks thermal homeostasis, and therefore may reduce the efficacy of vasoconstriction.

This systematic review and meta-analysis focused on the preventive effect of frozen gloves on neurotoxicity after chemotherapy in breast patients. Still, the small sample size of the studies included in this study was because we changed the intervention from a variety of cryotherapy to ice gloves alone. The lack of large randomized controlled trials of CIPN and ice gloves may bias the results. Secondly, the included trials were not explicitly blind, which may cause information bias. In addition, due to the limitation of the number of studies, this paper did not conduct bias analysis, which is an important methodological limitation, and the overall quality of the study is low. The quality of the evidence was limited by the small sample size. Third, some outcome measures include different types of experiments with insufficient data similarity, so the variability of the results is large, such as the PNQ scale evaluation results of DingQuan, Shigematsu, and Kanbayashi. The included studies had a short follow-up period, with a minimum follow-up of only seven days, which may also affect the assessment of the prognosis of CIPN. Therefore, we should be cautious in interpreting the results of the study.

In addition, for the assessment of CIPN, there is currently a lack of standardized methods to assess chemotherapy-induced neurotoxicity. The consensus is that this approach must include objective evidence of neurological deficits and assessment of symptoms from the patient’s perspective, as clinician-based reports of adverse events during chemotherapy often underestimate the severity and frequency of CIPN compared to patient reports (38). Particularly, subjective symptoms like fatigue and numbness significantly impact a patient’s quality of life. Therefore, clinical management and preventive intervention trials necessitate the utilization of refined instruments to gauge CIPN severity. These instruments should meet stringent bioassay criteria, including simplicity, responsiveness, and reproducibility (39).

Clear conclusions about the efficacy of ice gloves remain elusive. Future studies should prioritize large, multicenter randomized controlled trials to clarify the efficacy of ice gloves in the prevention of CIPN, and more studies are needed to demonstrate the maximum efficacy of the correct use of ice gloves when using different chemotherapy regimens and chemotherapeutic drug doses. In addition, the study of the optimal duration and temperature of ice glove application to prevent hypothermia in patients also requires extensive exploration.




5 Conclusion

The results of this meta-analysis, combined with previous similar experiments, suggest that frozen gloves can improve the quality of life of breast cancer patients by reducing the incidence and severity of CIPN. However, the effectiveness of ice gloves in preventing CIPN remains inconclusive due to the low quality and limited number of clinical trials on this topic. As a result, more high-quality and well-designed trials are needed for standardized protocols.
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Background: Chemotherapy-induced nausea and vomiting (CINV) is one of the most frequent and critical side effects due to chemotherapeutics. In China, Xiao-Ban-Xia-Tang (XBXT) has already been applied extensively to prevent and treat CINV. However, there is limited testimony on the effectiveness and safety of this purpose, and there was no correlative systematic review. The aim of this review was to systematically evaluate the effectiveness and safety of XBXT in preventing and treating CINV.Methods: The systematic search was conducted in eight databases to acquire randomized controlled trials (RCTs) that appraised the effect of XBXT in treating CINV. The vomiting and nausea relief efficiency, eating efficiency, quality of life, and adverse reactions were explored for efficacy assessment. Bias risk was rated by manipulating the Cochrane risk of bias tool 2.0 (RoB 2). The retrieved investigations were analyzed by utilizing ReviewManager 5.4 and Stata 17.0. The quality of evidence was evaluated adopting the GRADE tool.Results: A total of 16 clinical RCTs of XBXT in the treatment of CINV were incorporated into the investigation, with a total of 1246 participants. The meta-analysis showed that compared with conventional antiemetic drugs, XBXT and antiemetics improved the vomiting relief efficiency (RR 1.35, 95% confidence interval: 1.25–1.46, p < 0.00001), nausea relief efficiency (N = 367, RR 1.23, 95% CI: 1.09–1.38, p < 0.00001), and quality of life (RR = 1.37, 95% CI: 1.14–1.65, p = 0.0009) and reduced the adverse events (N = 370, RR 0.53, 95% CI: 0.29–0.96, p = 0.04). XBXT and DARAs raised eating efficiency compared with DARAs (N = 208, RR 1.30, 95% CI: 1.07–1.57, p = 0.007). The data existed as statistically significant, and the publication bias was identified as relatively low from the funnel plot and trim and fill analysis. In addition, sensitivity analysis demonstrated robust outcomes. The quality of evidence for each outcome ranged from moderate to high.Conclusion: There is some encouraging evidence that XBXT and antiemetics had better therapeutic effects and safety in treating CINV than antiemetic drugs alone. The quality assessment and low publication bias indicated that the overall criterion was scientific. Better research is required to verify the evidence designed with large-scale RCTs and rigorous methods.Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=281046.Keywords: chemotherapy, nausea, vomiting, systematic review, Xiao-Ban-Xia-Tang

1 INTRODUCTION
Cancer is a serious disease that endangers human health, and its frequency is expanding year after year (Xia et al., 2022; Siegel et al., 2024). According to the information issued by the International Agency for Research on Cancer (IARC) of the World Health Organization, there will be 28.4 million new cases of cancer worldwide in 2040, an increase of 47% over 2020 (Bray et al., 2024).
As one of the comprehensive treatments for cancer, chemotherapy can cause many uncomfortable reactions while killing cancer cells (Gupta et al., 2021). Chemotherapy-induced nausea and vomiting (CINV) is a frequent adverse effect of chemotherapy, and its incidence is as high as 70%–80% (Piechotta et al., 2021). Due to the degree of vomiting induced by diverse chemotherapeutic drugs, CINV includes acute vomiting and delayed vomiting. Acute vomiting occurs within 24 h after chemotherapy, whereas delayed vomiting occurs after 24 h (Herrstedt et al., 2024). CINV can result in anxiety, depression, and other negative emotions in patients; significantly reduce their quality of life (Farrell et al., 2013); and even develop serious metabolic complications, such as hyponatremia, hypokalemia, and metabolic acidosis, affecting the therapeutic effect (Miao et al., 2017).
The pathogenesis of CINV has not been fully understood, and most scholars believe that it mainly includes the following aspects: chemotherapeutic drugs directly stimulate chromaffin cells in the gastrointestinal tract, which release 5-hydroxytryptamine (5-HT) bound to 5-hydroxytryptamine receptors, producing nerve impulses that act on the vomiting center, leading to CINV (Navari, 2015). Chemotherapeutic drugs and their metabolites cause CINV by stimulating the chemoreceptor trigger zone (CTZ) (Cubeddu, 1992). Sensory and psychiatric factors stimulate the cerebral cortex pathway leading to CINV (Was et al., 2022). Neurotransmitters such as 5-HT3, dopamine (DA), substance P (SP), and angiotensin can cause vomiting by stimulating CTZ and vomiting centers (Shankar et al., 2015; Chen et al., 2022).
At present, the drugs for preventing CINV mainly include 5-HT3 receptor antagonists, dopamine receptor antagonists, NK-1 receptor antagonists, glucocorticoids, and antihistamines (Rojas et al., 2014; Rojas and Slusher, 2015; Hesketh et al., 2020; Kennedy et al., 2024). The antiemetic mechanisms of different drugs are also different. The most common is to prevent or alleviate nausea and vomiting by inhibiting the chemoreceptor trigger zone (Minami et al., 2003; Smyla et al., 2020). However, these drugs are prone to serious adverse reactions, such as dizziness, constipation, fatigue, and extrapyramidal symptoms (Vardy et al., 2006; Navari and Aapro, 2016).
There is no discussion about CINV in traditional Chinese medicine, but it can be classified into the categories of “vomiting” and “nausea.” Chemotherapeutic drugs also destroy normal human cells when killing cancer cells, which leads to impaired vital energy, viscera dysfunction, spleen dysfunction, and stomach disharmony, inducing a range of gastrointestinal reactions, such as nausea and vomiting. Therefore, the prevention and treatment principle of traditional Chinese medicine (TCM) for CINV is harmonizing the stomach and lowering adverse qi.
Xiao-Ban-Xia-Tang (XBXT) originates from the Treatise on Febrile and Miscellaneous Diseases (Shang Han Za Bing Lun), written by Zhongjing Zhang. XBXT consists of two herbs: Pinellia ternata (Banxia) and fresh ginger (Shengjiang). Pinellia ternata is the dry tuber of Pinellia ternata (Thunb). Breit. However, unprocessed Pinellia ternata has toxic effects, with common symptoms including stinging sensations in the throat and mouth and inductions of vomiting and miscarriage. Processed products of Pinellia ternata are commonly used in clinical practice (Bai et al., 2022; Peng et al., 2022; Zou et al., 2023). Studies have shown that Pinellia ternata contains alkaloids, volatile oil, organic acids, sterols and other chemical components (Oshio et al., 1978; Maki et al., 1987; Niijima et al., 1993; Tomoda et al., 1994; Chen et al., 2003; Jin et al., 2012; Lee et al., 2016), which have antitussive and expectorant, antiemetic, anti-early pregnancy, anti-ulcer, and anti-tumor pharmacological effects (Lu et al., 2012; Chen et al., 2013; Li et al., 2014; Zu et al., 2014). Pinellia alkaloids are the main antiemetic components. Blocking the 5-HT3 receptor and NK1 receptor may be one of the important mechanisms of Pinellia in preventing CINV.
Fresh ginger is the fresh rhizome of Zingiber officinale Roscoe. Ginger contains chemical compounds such as volatile oil, gingerol, flavonoids, and free amino acids (Tao et al., 2009; Baliga et al., 2011; Mao et al., 2019; Li et al., 2021), with antiemetic, anti-inflammatory, antibacterial, antioxidant, antitumor, and other pharmacological effects (Dugasani et al., 2010; Soltani et al., 2017; Nunes et al., 2020; Gao et al., 2024). Ginger, especially its active ingredients, namely, gingerol, 6-gingerol, and 6-shogaol, can inhibit 5-HT3 receptors, substance P receptors, and choline receptors to exert an antiemetic effect (Abdel-Aziz et al., 2006; Qian et al., 2010; Kim et al., 2023). In addition, it can regulate vasopressin release, gastrointestinal motility, and gastric emptying rate (Marx et al., 2017; Zhang et al., 2021).
XBXT is mainly used to treat nausea and vomiting caused by various reasons in clinical practice, such as pregnancy vomiting, nervous vomiting, vomiting caused by gastric retention, acute myocardial infarction vomiting, vomiting after chemotherapy, and intractable vomiting (Ji, 2000; Chen and Lu, 2005; Guo et al., 2005; Yu, 2006; Fan, 2011; Li, 2011; Lu and Liu, 2011).
XBXT may prevent CINV by inhibiting 5-HT release and SP synthesis, reducing dopamine content, and blocking the corresponding receptors (Xu and Lian, 2004; Nie and Ma, 2007; Qian et al., 2010; Wang et al., 2010; Qian et al., 2011; Yu et al., 2015a; Yu et al., 2015b; Li et al., 2020; Meng et al., 2020). XBXT can also alleviate gastrointestinal mucositis and delayed gastric emptying caused by chemotherapy drugs (Li et al., 2017; Liu et al., 2017; Du et al., 2018). XBXT combined with 5-hydroxytryptamine-3 receptor antagonists (5-HT3RAs) or dopamine receptor antagonists (DARAs) has a remarkable therapeutic effect in preventing and treating CINV (Ouyang et al., 2002; Guo et al., 2005; Liu and Wang, 2008), but there is not adequate testimony to demonstrate these discoveries. Therefore, this systematic review is the first comprehensive assessment of XBXT in treating CINV, to supply reference for clinical application.
2 METHODS
The systematic review was manipulated in conformity with the Cochrane Handbook for Systematic Reviews of Interventions and presented complying with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) and PRISMA-CHM 2020 (PRISMA Extension for Chinese Herbal Medicines 2020) guidelines (Page et al., 2021). The PRISMA 2020 checklist is demonstrated in Supplementary Material S1.
2.1 Registration and protocol
The protocol of the systematic review was registered in the PROSPERO, and the registration number is CRD42021281046.
2.2 Search strategy
The following databases from their inception were systematically searched by two independent investigators for randomized controlled trials (RCTs): the Cochrane Library, PubMed, Embase, Chinese National Knowledge Infrastructure (CNKI), Chinese Scientific Journal Database (VIP), and the Wanfang database. The ongoing and registered trials were retrieved from the Clinicaltrials.gov database and the Chinese Clinical Trial Registry (ChiCTR).
The search strategy used for this updated review was similarly based upon the following terms: “Xiaobanxia Tang,” “Xiaobanxia,” “neoplasm,” “drug therapy, and” “nausea.” The retrieval strategies of several databases are displayed in Supplementary Material S2. Two research workers conducted separate searches of the databases and manual retrieval to search for all relevant research literature. All divergences between assessors were settled by deliberation with the third investigator.
2.3 Inclusion and exclusion criteria
2.3.1 Inclusion criteria

	(1) Type of studies: only RCTs were included and not restricted by sources or countries. The language of publication was confined to English or Chinese.
	(2) Type of participants: grown-up patients were diagnosed with cancer and treated with chemotherapy. The type, pathological type, and stage of cancer were not restricted. Patients had no demographic restrictions such as age, gender, or race.
	(3) Type of interventions: intervention measures included XBXT or modified XBXT, not limited by dosage form (decoctions, capsules, pills, or granules), frequency, or dosage. The experimental group can be treated with either XBXT individually or XBXT combined with the control group.
	(4) Type of comparisons: the control group can be treated with a placebo or conventional therapy. Conventional therapy involves classic western medicine treatments such as antiemetic drugs.
	(5) Types of outcome measures: vomiting and nausea relief efficiency were the primary outcome indicators. The secondary indicators included eating efficiency, adverse reactions, and quality of life.

2.3.2 Exclusion criteria

(1) The literature studies were reviews, case reports, animal studies, or non-RCTs.
(2) Patients have suffered from acute infections, mental disorders, gastrointestinal diseases, or other diseases that may induce nausea and vomiting. Patients received radiation therapy.
(3) Interventions involved TCM treatments other than XBXT, such as acupuncture, moxibustion, or acupoint injection. More than two herbs have been modified in XBXT, or it was not orally administered.
(4) The control group involved treatments other than placebo or conventional therapy.
	(5) The research data had obvious errors, questionable authenticity, or deficiency of essential indicators. The information on the investigations was duplicated.

2.4 Study selection and data extraction
The retrieved investigations from the databases were sorted into Endnote X9 and screened by two research workers independently. After duplicated studies were removed, all titles and abstracts were reviewed to acknowledge the eligible literature. Then, the full texts were retrieved and evaluated for inclusion. All discrepancies were disposed of by deliberation with a third investigator to reach a consensus.
The information was abstracted and registered in a data-extraction chart by two investigators (Ling Li and Shangmei Jia), respectively. The following elements were collected: fundamental information (title, year, and author), participants (baseline characteristics and sample size), interventions (type, dose, frequency, and procedure of therapies), outcomes (severity and rate of nausea and vomiting and adverse events), outcome indicators, and consequence calculation records of significance.
2.5 Risk of bias
The quality of the retrieved references was appraised independently by two investigators (Ling Li and Shangmei Jia) manipulating the Cochrane risk of bias tool 2.0 (RoB 2) (Cumpston et al., 2019). Discrepancies were overcome by a third reviewer (Shasha Shi).
2.6 Statistical analysis
RevMan 5.4 software was applied to the meta-analysis of the included documents. The risk ratio (RR) was selected for dichotomous outcomes. For continuous data, mean difference (MD) was used. If the included investigations assessed the outcomes by utilizing multiple scales, the standard mean difference (SMD) would be selected. All the estimates were calculated by 95% confidence intervals (CIs). The chi-square test and I2 statistics are employed to evaluate the statistical heterogeneity of the retrieved literature. If I2 > 50%, indicating that there was heterogeneity, the random-effects model was adopted; otherwise, the fixed-effects model was employed. Heterogeneity was processed by subgroup analysis or sensitivity analysis, or only through descriptive analysis to investigate presumable causations from a clinical perspective.
2.7 Quality of evidence
The Grading of Recommendations Assessment, Development, and Evaluation (GRADE) tool was adopted to appraise the evidence quality in the review (Izcovich et al., 2023). The quality of evidence was degraded or upgraded by estimating the factors such as the risk of bias, inconsistency, and indirectness. In summary, the quality of evidence was rated as four levels of “high,” “moderate,” “low,” and “very low.”
3 RESULTS
3.1 Literature search
A total of 333 records were identified through systematic database retrieval and manual retrieval, among which 136 duplicate records were excluded. Through reviewing the titles and abstracts of 197 studies, 159 references were detected as not complying with the demands and were consequently eliminated. The full text of 38 essays was further retrieved and filtered for inclusion. Eventually, 16 writings (Li et al., 1999; Ouyang et al., 2002; Guo et al., 2005; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Liu, 2011; Zheng and Cheng, 2012; Chen et al., 2013; Jiang et al., 2013; Fu et al., 2015; He, 2017; Leng and Li, 2020; Zhang and Wang, 2020; Cui et al., 2021; Tao et al., 2021) fulfilled the criteria for this systematic review. The excluded references and reasons after reading the entire text are exhibited in Supplementary Material S3. The PRISMA flow diagram is represented in Figure 1, which displays the selection process of the entire study.
[image: Flowchart detailing the PRISMA process for a systematic review. Identification involves 333 records from databases and none from other sources, with 136 duplicates removed. Screening results in 197 records, of which 159 are excluded. Eligibility involves 38 full-text articles, with 22 excluded for various reasons like not meeting criteria, leaving 16 studies included in qualitative and quantitative synthesis.]FIGURE 1 | Flow diagram of literature selection.
3.2 Characteristics of included studies
The fundamental characteristics of included RCTs are summarized in Table 1 and Table 2. There were 1246 examinees in this investigation, including 628 in the intervention group and 618 in the control group. All the trials were handled in China. All the sick were diagnosed with cancer and received chemotherapy. Fifteen trials (Li et al., 1999; Ouyang et al., 2002; Guo et al., 2005; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Liu, 2011; Zheng and Cheng, 2012; Jiang et al., 2013; Fu et al., 2015; He, 2017; Leng and Li, 2020; Zhang and Wang, 2020; Cui et al., 2021; Tao et al., 2021) compared XBXT and antiemetics with the same individual antiemetics, and one (Chen et al., 2013) compared XBXT with antiemetic drugs. The control group of 11 trials (Ouyang et al., 2002; Guo et al., 2005; Guo, 2008; Liu, 2011; Zheng and Cheng, 2012; Fu et al., 2015; He, 2017; Leng and Li, 2020; Zhang and Wang, 2020; Cui et al., 2021; Tao et al., 2021) utilized 5-HT3 receptor antagonists as antiemetics; in addition, seven studies (Li et al., 1999; Zhang et al., 2005; Liu and Wang, 2008; Chen et al., 2013; Jiang et al., 2013; Fu et al., 2015; Zhang and Wang, 2020) adopted dopamine receptor antagonists as antiemetics, of which two studies (Fu et al., 2015; Zhang and Wang, 2020) utilized ondansetron and metoclopramide. Among the significant outcome indicators, 13 studies (Li et al., 1999; Ouyang et al., 2002; Guo et al., 2005; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Zheng and Cheng, 2012; Jiang et al., 2013; Fu et al., 2015; He, 2017; Leng and Li, 2020; Zhang and Wang, 2020; Tao et al., 2021) reported overall efficiency of CINV, and four studies (Guo et al., 2005; Liu and Wang, 2008; Leng and Li, 2020; Cui et al., 2021) reported adverse reaction rates.
TABLE 1 | Characteristics of included trials.
[image: A table summarizes data from various studies on treatment regimes for chemotherapy-induced nausea and vomiting. It includes study ID, country, gender ratio, average age, sample size, intervention regime, treatment duration, and outcomes. All studies are from China, with diverse intervention regimes like XBXT combined with various medications. Treatment durations range from three days to during chemotherapy. Outcomes include vomiting frequency, nausea frequency, overall efficiency, control rate, life quality, gastrointestinal symptoms grading, safety evaluation, and appetite.]TABLE 2 | Cancer type and components of prescriptions.
[image: A table lists studies on chemotherapy regimens across various cancer types, medical institutions, and components used. Columns include Study ID, Cancer type, Chemotherapy regimen, Medical institution, and Component(s), detailing each study's specifics.]3.3 Risk of bias assessment of the included studies
The assessment outcomes of the included 16 investigations using the RoB 2.0 tool are exhibited in Figure 2 and Figure 3. Randomization was mentioned in all studies. Four studies (Zheng and Cheng, 2012; Fu et al., 2015; Cui et al., 2021; Tao et al., 2021) mentioned the generation of random sequences through random number tables. Only one investigation (He, 2017) referred to the method of drawing lots and allocation concealment. Consequently, these five trials were labeled as low risk in the randomization process. One study (Zhang and Wang, 2020) was grouped by the odd–even number method, and one study (Guo et al., 2005) was grouped according to the date of admission. Both studies were identified as high risk owing to improper randomization approaches. Other research studies have not reported measures for generating random sequences; thus, these research studies have been labeled as unclear risk. In all trials, although participants were aware of the intervention measures, it possibly did not affect the outcomes. Moreover, the analysis means and outcome of measurement in all included RCTs were appropriate. The outcomes of all investigations were impartial, and there were no missing data. Therefore, the interventions, missing data, measurement, and reported results of all trials were marked as low risk. In summary, the majority of research studies had either low or unclear risk of bias, with only two studies (Guo et al., 2005; Zhang and Wang, 2020) having high risk of overall bias.
[image: Bar chart illustrating risk of bias across various criteria: randomization process, deviations from interventions, missing outcome data, measurement and selection of results, and overall bias. Green indicates low risk, yellow represents some concerns, and red signifies high risk. Randomization and overall bias show higher risks.]FIGURE 2 | Risk of bias graph (RoB 2).
[image: Risk of bias summary for various studies shown in a table format. The table presents five domains (D1 to D5) with colored symbols: green plus for low risk, yellow question mark for some concerns, and red minus for high risk. An "Overall" column summarizes these risks per study. Studies listed include Chen 2013 to Zheng 2012, with varied symbols indicating different risk levels across domains and overall assessment. The legend clarifies the symbols and corresponding domains.]FIGURE 3 | Risk of bias summary (RoB 2).
3.4 Meta-analysis outcome
3.4.1 Vomiting relief efficiency
A total of 11 studies (Li et al., 1999; Ouyang et al., 2002; Guo et al., 2005; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Zheng and Cheng, 2012; Jiang et al., 2013; Fu et al., 2015; He, 2017; Zhang and Wang, 2020) were evaluated to estimate the vomiting relief efficiency. The results of heterogeneity showed that p = 0.19 and I2 = 26%, which indicated that the research data were homogeneous. The fixed-effects model was selected, and the analysis results demonstrated that the records showed statistical significance in the effective rate of vomiting relief (N = 787, RR 1.35, 95% CI: 1.25–1.46, p < 0.00001), as shown in Figure 4. Sensitivity analysis manifested that there were few differences in the pooled effect size estimates and the outcomes were robust (Figure 14A, Supplementary Material S6.1).
[image: Forest plot displaying a meta-analysis of studies comparing experimental and control groups. It shows individual study risk ratios with confidence intervals, weights, and overall effect size. A risk of bias summary is included on the right, using colored circles to indicate bias levels across various domains. An overall risk ratio of 1.35 is indicated, suggesting a significant difference between groups.]FIGURE 4 | Forest plot of vomiting relief efficiency.
Subgroup analysis manifested that whether the control group was treated with 5-HT3RAs (N = 407, RR 1.29, 95% CI: 1.11–1.51, p = 0.001), DARAs (N = 250, RR 1.37, 95% CI: 1.15–1.62, p = 0.0004), or 5-HT3RAs + DARAs (N = 130, RR 1.4495% CI: 1.17–1.77, p = 0.0006), XBXT could improve vomiting relief efficiency (Figure 5).
[image: Forest plot showing a meta-analysis comparing XIEXI treatment and control across several studies, with studies organized into subgroups: 5-HT3RAs, PARAs, and 5-HT3RAs + DARAs. Each study lists the number of participants, events, and weight, alongside the risk ratio and confidence interval. A visual representation of risk ratios appears along the center line. Circles in red, yellow, and green indicate the risk of bias in categories A to F. The overall effect is represented at the plot's bottom, with a diamond symbolizing the combined risk ratio.]FIGURE 5 | Forest plot of vomiting relief efficiency in various antiemetics.
Based upon the subgroup analysis of vomiting patterns, XBXT combined with antiemetics prominently ameliorated acute vomiting (N = 410, RR 1.23, 95% CI: 1.11–1.36, p < 0.0001) (Li et al., 1999; Guo et al., 2005; Zhang et al., 2005; Liu and Wang, 2008; Jiang et al., 2013; He, 2017) and delayed vomiting (N = 787, RR 1.38, 95% CI: 1.27–1.50, p < 0.00001) (Li et al., 1999; Ouyang et al., 2002; Guo et al., 2005; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Zheng and Cheng, 2012; Jiang et al., 2013; Fu et al., 2015; He, 2017; Zhang and Wang, 2020) compared with antiemetic drugs (Figure 6). No measurable heterogeneity was identified in the investigation (I2 = 18%). Sensitivity analysis of both vomiting patterns displayed similar pooled effect size estimates and stable results (Figures 14B,C, Supplementary Materials S6.2, S6.3).
[image: Forest plot displaying the risk ratio of acute and delayed vomiting events from multiple studies comparing an experimental group to a control group. The plot includes data on the number of events, total participants, weight, and risk ratios with 95% confidence intervals. Colored dots indicate risk of bias across different categories for each study, with green, yellow, and red representing low, unclear, and high risk, respectively. A summary of results shows combined effects with significant findings in both acute and delayed vomiting subgroups. The visual includes a scale with risk ratios ranging from less than one to more than three.]FIGURE 6 | Forest plot of various vomiting patterns.
3.4.2 Publication bias
Stata 17.0 was used for the funnel plot to analyze the bias of the included studies. The results are displayed in Figure 7A. It can be identified from the funnel plot that the distribution of the included studies was relatively concentrated; however, the figure was slightly asymmetric. It showed that there was still bias among the included research, but the deviations may not be especially noticeable.
[image: Panel A shows a funnel plot with effect size on the horizontal axis and standard error on the vertical axis, displaying blue dots within pseudo ninety-five percent confidence limits. Panel B presents a scatter plot with precision on the horizontal axis and standard error of effect size on the vertical, featuring a red regression line and confidence interval.]FIGURE 7 | Publication bias about vomiting relief efficiency. (A) Funnel plot and (B) Egger’s test.
The analysis consequence manifested that the graph was asymmetric, with most of the data distributed on the right side of the funnel plot, which suggested that there was the possibility of publication bias. Egger’s test demonstrated potential publication bias in the investigations of vomiting relief efficiency (p = 0.013) (Figure 7B, Supplementary Material S4.1). Therefore, it was required to adopt the trim and fill analysis. Through the results of the trim and fill analysis, it was identified that there was no distinct variation in the estimated value of the pooled effect size, indicating that the impact of publication bias was not evident and the outcomes were quite robust (Supplementary Material S5).
3.4.3 Nausea relief efficiency
A total of five studies (Li et al., 1999; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Tao et al., 2021) were evaluated to estimate the nausea relief efficiency. The outcomes of the heterogeneity test identified that p = 0.12 and I2 = 45%, proving that the included research data were homogeneous. The fixed-effects model was adopted, and the results of meta-analysis revealed that the data existed statistically significant in the efficiency of nausea relief (N = 367, RR 1.23, 95% CI: 1.09–1.38, p = 0.0007) (Figure 8). Sensitivity analysis revealed slight discrepancies in pooled effect size estimates and robust outcomes (Figure 14D, Supplementary Material S6.4).
[image: Forest plot evaluating risk ratios for five studies. The plot shows risk ratios and 95% confidence intervals for each study, with the overall effect displayed at 1.23. Risk of bias chart uses shades of green, yellow, and red for different aspects. Heterogeneity is indicated with an I² of 45%.]FIGURE 8 | Forest plot of nausea relief efficiency.
Subgroup analysis based on distinct antiemetics reflected a reduction in heterogeneity within each subgroup (I2 = 0%, I2 = 0%). Nevertheless, compared with 5-HT3RAs, the combination of XBXT and 5-HT3RAs did not reveal a remarkable statistical significance in lowering the nausea relief rate (N = 162, RR 1.10, 95% CI: 1.00–1.22, p = 0.06). Compared with DARAs, XBXT combined with DARAs significantly lessened nausea relief efficiency (N = 205, RR 1.40, 95% CI: 1.11–1.76, p = 0.005) (Figure 9).
[image: Forest plot displaying a meta-analysis of risk ratios for two subgroups: 5-HTT/5-HTRAs and DARAs. Each study is represented by a square, with the size indicating weight, and lines showing confidence intervals. The overall effect is summarized with a diamond. Risk of bias indicators with colored circles are on the right. The x-axis shows the risk ratio scale from 0.01 to 100.]FIGURE 9 | Forest plot of nausea relief efficiency in various antiemetics.
3.4.4 Eating efficiency
A total of four studies (Li et al., 1999; Liu and Wang, 2008; Jiang et al., 2013; Tao et al., 2021) were evaluated to estimate the eating efficiency. Three trials were treated with DARAs, whereas one trial was treated with 5-HT3RA. The random-effects model was adopted due to the heterogeneity of p = 0.03 and I2 = 66%. However, the results of meta-analysis demonstrated that the data were not statistically significant in terms of the eating rate (N = 308, RR 1.21, 95% CI: 0.96–1.52, p = 0.11) (Figure 10).
[image: Forest plot showing risk ratios for four studies comparing Ketogenic Diet (30KD) to control groups. Each study's effect size is indicated with a blue square and confidence interval line. The overall effect is marked with a diamond. Risk of bias chart on the right includes categories A through F, with colored circles representing different bias levels.]FIGURE 10 | Forest plot of eating efficiency.
According to the subgroup analysis of distinct antiemetic drugs, heterogeneity has been significantly lowered (p = 0.47, I2 = 0%) (Figure 11). Consequently, different antiemetic drugs may be heterogeneous sources for eating efficiency. Sensitivity analysis indicated a relatively high level of sensitivity in the study by Tao et al. (2021) (Figure 14E, Supplementary Material S6.5). After removing the study of Tao et al. (2021), XBXT and DARAs promoted eating efficiency compared with DARAs, and the results were statistically significant (N = 208, RR 1.30, 95% CI: 1.07–1.57, p = 0.007) (Supplementary Material S6.6). It illustrated that the study was the major origin of heterogeneity.
[image: Forest plot displaying the meta-analysis of studies comparing XBXT with control groups. The plot shows individual study risk ratios and confidence intervals. The overall effect is marked with a diamond at 1.19, indicating a higher risk in the XBXT group. Heterogeneity is described with \( I^2 \) values and \( p \)-values. Risk of bias is assessed with a series of colored circles, varying per study and domain from A to G, indicating different bias levels.]FIGURE 11 | Forest plot of eating efficiency in various antiemetics.
3.4.5 Adverse events
A total of four studies (Guo et al., 2005; Liu and Wang, 2008; Leng and Li, 2020; Cui et al., 2021) were appraised for adverse events. The control groups of three investigations were treated with 5-HT3RAs, whereas one investigation was treated with DARAs. The analysis outcomes of adverse reactions are presented in Figure 10. The homogeneity of the data was fairly good (p = 0.71, I2 = 0%). Accordingly, the fixed-effects model was employed for statistical analysis. The adverse effect rate of XBXT in treating CINV was lower than that obtained with antiemetics, and the difference existed statistically significant (N = 370, RR 0.53, 95% CI: 0.29–0.96, p = 0.04) (Figure 12). Sensitivity analysis demonstrated similar pooled effect size estimates and stable outcomes (Figure 14F, Supplementary Material S6.7).
[image: Forest plot displaying risk ratios for four studies comparing an experimental group to a control group for serious infections. Risk ratios with confidence intervals are shown with a diamond representing the overall effect estimate. Each study's weight is included. A risk of bias assessment is displayed on the right with colored circles: green for low risk, yellow for unclear risk, and red for high risk. The overall effect favors the intervention.]FIGURE 12 | Forest plot of adverse events.
3.4.6 Quality of life
A total of two studies (Fu et al., 2015; Zhang and Wang, 2020) were evaluated to estimate the quality of life. Compared with individual antiemetic drugs, XBXT combined with antiemetics markedly upgraded the quality of life (RR = 1.37, 95% CI: 1.14–1.65, p = 0.0009) (Figure 13). A fixed-effects model was employed owing to the homogeneity (p = 0.26, I2 = 21%). Sensitivity analysis displayed few distinctions in the pooled effect size estimates and robust results (Figure 14G, Supplementary Material S6.8).
[image: Forest plot illustrating a meta-analysis of two studies comparing treatment (XKRT) and control groups. It shows point estimates and confidence intervals for relative risk, with a summary estimate around 1.97, indicating a higher risk in treatment groups. Risk of bias is represented with circles, categorized by study and domain.]FIGURE 13 | Forest plot of the quality of life.
[image: Seven-panel forest plot displaying study estimates and confidence intervals for mitochondrial DNA variation and cancer risk. Panels A through G depict data from various studies with upper and lower confidence limits plotted along a horizontal axis. Each plot includes labels for the studies and points indicating effect sizes, with lines representing the confidence intervals. The data points are arranged vertically and may show varying trends in relation to mitochondrial DNA and different types of cancer.]FIGURE 14 | Sensitivity analyses. (A) Vomiting relief efficiency, (B) acute vomiting, (C) delayed vomiting, (D) nausea relief efficiency, (E) eating efficiency, (F) adverse events, and (G) quality of life.
3.5 Grade of the evidence quality
The GRADE method was utilized to estimate the efficacy of XBXT on CINV (Table 3). The evidence quality was moderate in terms of vomiting relief efficiency, delayed vomiting, adverse events, and quality of life. The risk of bias was determined to be serious, leading to a downgrade of the evidence level. Because there were high-risk selection biases, the research studies had unclear risk of performance and detection biases. The evidence quality for eating efficiency was moderate. The imprecision was identified as serious due to the overlap of 95% confidence intervals. The evidence quality was high in terms of acute vomiting and nausea relief efficiency, as the quality assessments were not serious.
TABLE 3 | GRADE evidence profile.
[image: Summary table of clinical study outcomes assessing vomiting relief, nausea relief, eating efficiency, adverse events, and quality of life. It presents study design, risk of bias, inconsistency, indirectness, imprecision, number of patients, and effect, with results shown as relative risk (RR) and quality of evidence ratings. Vomiting relief and delayed vomiting show moderate quality; acute vomiting is high. Nausea relief and eating efficiency results are critical, with mixed quality levels. Adverse events and quality of life have moderate quality evidence. Footnotes note high risk of selection biases and overlapping confidence intervals.]4 DISCUSSION
CINV is a prevalent adverse symptom after chemotherapy with anti-tumor drugs. Antiemetic drugs have been investigated targeting specific pathways involved in CINV, which can induce impairment to the nerve, digestion, and immunity (Hesketh et al., 2017; Aogi et al., 2021). The traditional Chinese medicine (TCM) exerts a significant influence in the treatment of CINV due to its therapeutic effect, mild toxicity, and ability to alleviate adverse reactions of chemical drugs. Therefore, the combination of TCM and western medicine in treating CINV has become one of the research hotspots. The traditional Chinese medicine prescription XBXT has the characteristics of multi-target, wide curative effect, and small side effects, which makes up for the deficiency of antiemetic drugs at present.
The Chinese herbal formula, XBXT, is derived from the Synopsis of Golden Chamber written by Zhongjing Zhang during the Han Dynasty, which can downbear counterflow and check vomiting. XBXT consists of Pinellia ternata (Banxia) and fresh ginger (Shengjiang) that has been utilized for the treatment of vomiting for 1800 years in China. CINV can be quantified by cisplatin-induced augment in kaolin consumption (pica) (Takeda et al., 1993). Rat experiments have demonstrated the antiemetic function of XBXT on CINV in the cisplatin-induced pica model. The function of XBXT is interrelated to the suppression of central or peripheral growth of obestatin, or the levels of cholecystokinin (CCK) and calcitonin gene-related peptide (CGRP) in blood (Qian et al., 2011). XBXT could treat CINV by reducing the content of substance P, the expression of the NK1 receptor, and the level of peripheral and central tyrosine hydroxylase (TH), and by inhibiting the synthesis of dopamine in cisplatin-induced pica rats (Qian et al., 2010; Yu et al., 2015a; Yu et al., 2015b). XBXT can regulate multiple inflammation-related signaling pathways, restraining the activation of NLRP3 inflammasome, the overexpression of pro-inflammation cytokines, and the synthesis of 5-HT (Li et al., 2020; Meng et al., 2020). XBXT can restrain the activation of the ROS/JNK/Bax signaling pathway, decrease GSDME-mediated pyroptosis, and alleviate gastrointestinal inflammation (Liao et al., 2024). In addition, XBXT may activate the AMPK-Nrf2 signaling pathway and reinstate cisplatin-induced PINK1/Parkin-mediated mitochondrial autophagy defects (Zhao et al., 2024).
This is the updated systematic review and meta-analysis investigating the effectiveness of XBXT compared with antiemetics for the prophylaxis of CINV. A total of 16 RCTs were systematically analyzed to estimate the efficacy and safety of XBXT in treating CINV. A total of 16 RCTs involving 1246 subjects were included, all of which were conducted in China. The investigation manifested that XBXT combined with antiemetics was superior to antiemetic drugs in terms of vomiting relief efficiency, nausea relief efficiency, eating efficiency, and quality of life, and the outcomes were statistically significant. Eleven studies (Li et al., 1999; Ouyang et al., 2002; Guo et al., 2005; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Zheng and Cheng, 2012; Jiang et al., 2013; Fu et al., 2015; He, 2017; Zhang and Wang, 2020) have shown that XBXT combined with antiemetics might be more conducive to reducing vomiting (RR 1.35, 95% CI: 1.25–1.46). This review found that XBXT reduced the frequency and duration of nausea. Five studies (Li et al., 1999; Zhang et al., 2005; Guo, 2008; Liu and Wang, 2008; Tao et al., 2021) revealed that XBXT combined with antiemetics could improve the overall nausea relief efficiency (RR 1.23, 95% CI: 1.09–1.38). Three studies (Li et al., 1999; Liu and Wang, 2008; Jiang et al., 2013) showed that XBXT and DARAs evidently enhanced eating efficiency compared with DARAs (RR 1.30, 95% CI: 1.07–1.57). Four studies (Guo et al., 2005; Liu and Wang, 2008; Leng and Li, 2020; Cui et al., 2021) investigated the frequency of adverse reactions concerned with antiemetics. The adverse reaction rate in XBXT was lower than that in antiemetic drugs [7.6% (14/185) vs. 14.6% (27/185)]. The meta-analysis demonstrated that the occurrence of headache, constipation, and tiredness declined after the intervention of XBXT. It has been suggested that the combination of XBXT in clinical applications can reduce the incidence of adverse reactions. Moreover, XBXT and antiemetics markedly upgraded the quality of life compared with individual antiemetic drugs (RR = 1.37, 95% CI: 1.14–1.65, p = 0.0009). Subgroup analysis manifested that XBXT and antiemetics elevated the vomiting relief efficiency, regardless of acute or delayed vomiting. In addition, whether the control group was treated with 5-HT3RAs or DARAs, XBXT combined with antiemetics could improve the vomiting relief efficiency. Sensitivity analysis of vomiting relief efficiency, both vomiting patterns, nausea relief efficiency, adverse event rates, and quality of life displayed similar pooled effect size estimates and robust results. The sensitivity analysis of eating rates manifested that there was a relatively high sensitivity level, as described in the study by Tao et al. (2021). After eliminating the investigation by Tao et al. (2021), the heterogeneity was evidently decreased, and the outcomes were statistically significant. The GRADE tool was applied for the estimate, demonstrating that the evidence quality was moderate in vomiting relief efficiency, delayed vomiting, eating efficiency, adverse events, and quality of life, whereas the quality of evidence for acute vomiting and nausea relief rate was high. Thus, it can be considered that the therapeutic efficacy and safety of XBXT associated with antiemetic drugs are better than those of conventional antiemetics alone.
In addition, all experiments were published in Chinese, and most of them were conducted in China. Therefore, it is not possible to draw clear conclusions for other countries. The cancer type and malignancy degree are different, which may affect the occurrence of CINV. The abovementioned factors may have generated deviations in the consequence of this meta-analysis.
5 CONCLUSION
The meta-analysis conducted in this systemic review revealed that XBXT combined with conventional antiemetic drugs had better efficacy and safety than antiemetics alone. The quality assessment indicated that the overall criteria were scientific. In addition, the potential for publication bias was relatively low. This has manifested the characteristics and superiorities of XBXT combined with antiemetics in treating CINV, which deserves recommendation. However, there are some limitations in the conclusions of this review, which demand to be settled in future investigations. Further well-designed clinical trials with higher methodological quality, larger RCT sample sizes, and inclusion of more countries may be beneficial to demonstrate the effectiveness and safety of XBXT in treating CINV.
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Critical roles of lncRNA-mediated autophagy in urologic malignancies
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Urologic oncology is a significant public health concern on a global scale. Recent research indicates that long chain non-coding RNAs (lncRNAs) and autophagy play crucial roles in various cancers, including urologic malignancies. This article provides a summary of the latest research findings, suggesting that lncRNA-mediated autophagy could either suppress or promote tumors in prostate, kidney, and bladder cancers. The intricate network involving different lncRNAs, target genes, and mediated signaling pathways plays a crucial role in urological malignancies by modulating the autophagic process. Dysregulated expression of lncRNAs can disrupt autophagy, leading to tumorigenesis, progression, and enhanced resistance to therapy. Consequently, targeting particular lncRNAs that control autophagy could serve as a dependable diagnostic tool and a promising prognostic biomarker in urologic oncology, while also holding potential as an effective therapeutic approach.
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INTRODUCTION
Urologic tumors encompass a significant array of diseases such as prostate, kidney, bladder, adrenal, ureteral, and testicular tumors. Prostate, bladder, and kidney cancers are the most prevalent urological cancers worldwide, with approximately 2.4 million new cases reported annually, representing a substantial portion of male cancer diagnoses and contributing to 10% of cancer-related deaths (Sung et al., 2021). In 2019, global fatalities attributed to kidney, bladder, and prostate cancers totaled 1,66,440, 2,28,730, and 4,86,840 cases, respectively (Tian et al., 2023). As the population ages, the incidence of urologic cancers is expected to rise significantly, potentially imposing a substantial burden on the global economy. It is estimated that the annual cost of treating prostate, kidney, and bladder cancers in the United States in 2020 will reach $31.47 billion (Mariotto et al., 2011). Thus, there is a pressing need to prioritize screening and intervention for urologic cancers to address the potential economic challenges that may arise in the future.
Despite advancements in diagnosing and treating urologic tumors, they continue to be the primary cause of death among urologic diseases, particularly in patients with advanced or metastatic disease. Radical surgery remains the mainstay treatment for early-stage urologic cancers. However, in cases of advanced tumors, treatment efficacy is often limited by significant resistance to chemotherapy or radiotherapy, resulting in a poorer prognosis.
An in-depth investigation of the molecular mechanisms underlying the pathogenesis of urologic tumors is crucial for advancing the diagnosis, treatment, and prognosis of these diseases. A pressing concern is enhancing the sensitivity of urologic cancers to radiotherapy and chemotherapy. Autophagy is widely recognized to play a significant role in the progression of various cancers, including urologic cancers (Yang et al., 2011). In diagnosed cancers, autophagy can participate in the reprogramming of the cellular microenvironment and protect cancer cells from different survival stresses (e.g., hypoxia, nutritional deficiencies, or cancer treatments) (Folkerts et al., 2019), thus favoring tumor progression. An expanding body of research has demonstrated that long chain non-coding RNAs (lncRNAs) play a role in promoting apoptosis through the regulation of autophagy (Ghafouri-Fard et al., 2022a). Most long non-coding RNAs (lncRNAs) primarily act as sponges, sequestering autophagy-related microRNAs (miRNAs) away from their intended targets (Tay et al., 2014; Yoon et al., 2014). In addition to this role, lncRNAs also play more intricate roles in regulating autophagy, such as chromatin and histone remodeling, transcriptional regulation, and protein-protein interactions (Ernst and Morton, 2013). Nevertheless, the precise mechanisms by which lncRNAs impact the progression of urinary tumors through autophagy regulation are not yet fully understood and lack comprehensive development. This review aims to comprehensively analyze existing literature to elucidate the significance of the lncRNA-autophagy axis in the development and prognosis of human urological oncology, offering insights for potential therapeutic interventions.
Overview of autophagy
Cellular autophagy, also known as type II programmed cell death, is the self-digestive process in which cells use lysosomes to break down damaged, denatured, or senescent macromolecules and organelles in response to external environmental factors. This self-protection mechanism is common in eukaryotic cells and is crucial for regulating cell survival and death (Singh and Cuervo, 2011). In current research on autophagy function, the physiological roles of cellular autophagy are threefold. Firstly, it serves as a source of intracellular energy, crucial for maintaining energy metabolism and responding to stressful changes. Secondly, autophagy is vital in preserving cellular homeostasis. Lastly, programmed cell death triggered by autophagy is essential for eliminating unwanted or pathologically altered cells from the body. While autophagy is acknowledged as a mechanism for cellular self-preservation, excessive upregulation of autophagy-related genes can lead to cell death (Cheng et al., 2013). Autophagy can be induced in cells under various conditions such as starvation, endoplasmic reticulum stress, hypoxia, and radiation. This process is regulated by autophagy-related genes, leading the cell to encapsulate cytoplasm or organelles in vesicle-like autophagosomes through monolayer or bilayer membranes. Subsequently, the autophagosome merges with the lysosome to form an autolysosome, where hydrolytic enzymes break down the contents, enabling cell metabolism and energy renewal (Mizushima, 2007). Research has demonstrated that dysfunction in autophagy can contribute to the onset of significant diseases including tumors, cardiovascular diseases, neurodegenerative diseases, and immune disorders (Gatica et al., 2015; Mizushima, 2018; Yang and Klionsky, 2020). Consequently, investigating the occurrence, progression, molecular mechanisms, and regulation of autophagy holds substantial importance.
The role of autophagy in urological cancers
With the advancement of autophagy research, numerous studies have revealed a significant correlation between cellular autophagy and tumors. In 1999, Levine et al. identified the tumor suppressor BECN1, marking the initial elucidation of the link between autophagy and tumors (Liang et al., 1999). The relationship between cellular autophagy and tumors is intricate, playing a dual role in tumor development. In the early stages of tumorigenesis, inhibiting cellular autophagy can enhance tumor cell growth, indicating its potential to suppress tumorigenesis. However, as tumors progress, cellular autophagy can impede apoptosis and facilitate tumor cell metastasis, leading to the sustained proliferation of tumor cells (White and DiPaola, 2009). In the early stages of tumorigenesis, autophagy can function as a tumor suppressor by breaking down and recycling damaged proteins and organelles to prevent their buildup. This includes inhibiting the accumulation of carcinogenic p62 protein aggregates and safeguarding against chronic tissue damage, inflammation, and genomic instability, ultimately reducing the risk of tumor initiation, growth, spread, and metastasis (White, 2012; Guo et al., 2013; Barnard et al., 2016). In the middle or late stages of tumor progression, autophagy can contribute to cell protection, serve as a defense mechanism, and promote survival by decreasing DNA damage, preserving mitochondrial function, and bolstering cancer cell resistance to stress. This ultimately sustains tumor metabolism, growth, and progression (White, 2012; Barnard et al., 2016). Furthermore, autophagy can also stimulate tumor cell migration by promoting blood vessel formation, enhancing tumor cell invasiveness, and enabling apoptotic evasion following radiotherapy and pharmacological chemotherapy (Fulda, 2018).
The role of cellular autophagy in tumor progression is bidirectional. Studies have shown that autophagy can act as an oncogenic factor in prostate, kidney, and bladder cancers, while also inhibiting tumor progression (Naponelli et al., 2015; Li et al., 2019; Choi, 2020). Additionally, autophagy has been found to promote the progression of urinary tract tumors through various mechanisms. In mammalian cells, autophagy involves a series of autophagy-associated proteins (ATGs) across six stages: initiation, nucleation, extension, closure, maturation, and degradation. This process is characterized by the fusion of autophagosomes and lysosomes to form autophagic lysosomes, leading to the bulk degradation of long-lived proteins and organelles. ATG5, a crucial component of autophagosome formation, plays a key role in the initiation, nucleation, extension, and closure stages by sequestering cytoplasmic material prior to its delivery to lysosomes (Ariosa and Klionsky, 2016). Conversely, autophagy has also been found to promote the progression of urinary system cancer. ATG5, a crucial component in the formation of autophagosomes, plays a key role in sequestering cytoplasmic material for subsequent delivery to lysosomes. Research has shown that ATG5 expression is altered in prostate cancer cells, with upregulation particularly in the cytoplasm compared to normal prostate cells (Kim et al., 2011; Li et al., 2015). Patergnani et al. discovered that autophagy enhances cell proliferation and migration in renal cancer cells by degrading p53. They observed that inhibiting autophagy activation led to reduced p53 degradation, effectively suppressing the proliferative and migratory capabilities of renal cancer cells (Patergnani et al., 2020). Zhu et al. demonstrated that the autophagy-related gene Atg7 is notably upregulated in invasive bladder cancer. Furthermore, their findings showed that suppressing Atg7 expression led to a substantial decrease in bladder cancer invasion. These results indicate that Atg7 is involved in the regulation of bladder cancer cell invasion and that autophagy facilitates bladder cancer invasion (Zhu et al., 2019). Overall, these studies imply a close relationship between autophagy and the development of urological tumors.
There are currently five major pathways known to be involved in autophagy, which have been extensively researched. PTEN promotes autophagy by inhibiting the PI3K/AKT pathway, while AMPK enhances autophagy by inhibiting the AKT/mTOR pathway. This ultimately leads to the inhibition of the PI3K/AKT/mTOR signaling pathway that is activated in nutrient-rich environments. mTOR inhibits autophagy by acting through P70S6K and activator of transcription (STAT) 3 expression. The Wnt/β-catenin signaling pathway inhibits Beclin1-mediated autophagy, while the EGFR/Ras/MEK/ERK pathway and p38MAPK signaling pathway also inhibit autophagy. On the other hand, the activation of JNK/cJun signaling pathway promotes autophagy. It is worth noting that the PI3K/AKT/mTOR signaling pathway is particularly intriguing in the context of autophagy regulation (Wang et al., 2021).
In addition to various autophagy-associated pathways and proteins, autophagy also closely interacts with lncRNAs and lncRNA-triggered signaling. Numerous studies have demonstrated the involvement of a significant number of lncRNAs in the regulation of autophagy.
LncRNAs
Non-coding RNAs are transcripts that do not encode proteins, yet they represent a substantial portion of the genome, particularly lncRNAs. Generally, lncRNAs are transcripts that exceed 200 nucleotides in length. This category encompasses enhancer lncRNAs, intron/intergenic lncRNAs, and positive/antisense lncRNAs, with diverse isoforms contributing to a complex and heterogeneous group (Rinn and Chang, 2012; Boon et al., 2016). LncRNAs have diverse functions in genetic information transmission, including chromatin reprogramming, transcriptional regulation (e.g., cis-regulation of enhancers), post-transcriptional regulation (e.g., mRNA processing), and translational regulation. This has led to an increased interest in studying lncRNAs as they play a crucial role in complex biological processes and offer potential new therapeutic targets (Martianov et al., 2007; Tripathi et al., 2010; Prensner and Chinnaiyan, 2011; Ulitsky and Bartel, 2013; Stojic et al., 2016). Long non-coding RNAs (lncRNAs) play various key roles in biological processes, such as interfering with the transcription of nearby genes, regulating RNA polymerase II, mediating histone modifications, serving as precursors of microRNAs or siRNAs, modulating protein activity, and functioning as endogenous RNAs (ceRNAs) that competitively regulate miRNAs at the post-transcriptional level. This diverse range of functions allows lncRNAs to participate in a wide array of biological processes through the ceRNA/miRNA regulatory network (Zhong et al., 2022; Han et al., 2023). LncRNAs are closely associated with a variety of physio-pathological processes, including cardiovascular diseases, diabetes, Alzheimer’s disease, Parkinson’s disease, leukemia, tumors, and more (Ghafouri-Fard et al., 2022a).
The characteristics of lncRNAs indicate a potential link to the development and advancement of malignant tumors. Studies have demonstrated that lncRNAs can modulate gene expression, impacting cell growth, division, differentiation, and cell death, potentially leading to oncogenic effects. Additionally, certain lncRNAs are influenced by cancer transforming inhibitors (TIs) or oncogene products, indirectly contributing to oncogenic processes (Huarte, 2015; Schmitt and Chang, 2016). Cancer stem cells (CSC) are a specific group of cancer cells that possess the capacity to invade, spread, and metastasize. Numerous Long non-coding RNAs (LncRNAs) have been identified as regulators of stem cell function, influencing key transcription factors that maintain stemness, traditional pathways associated with stem cells, and related microRNAs. These regulatory mechanisms play a critical role in shaping the biology of CSCs, ultimately impacting cancer progression, prognosis, and the likelihood of recurrence (Schwerdtfeger et al., 2021). During tumor progression and treatment, cellular stress responses can regulate the fate of tumor cells and influence the sensitivity of therapeutic agents. LncRNAs play a role in regulating tumor progression and response to cancer treatment by being involved in molecular mechanisms related to oxidative, metabolic, hypoxic, genotoxic, and endoplasmic reticulum stress (Wu et al., 2022). Long non-coding RNAs (lncRNAs) have been documented to play a role in controlling cancer cell stemness and epithelial-mesenchymal transition (EMT), ultimately impacting cancer advancement and resistance to chemotherapy (McCabe and Rasmussen, 2021). These lncRNAs are intricately linked to the modulation of crucial signaling pathways like p53, AKT, and Notch, thereby exerting influence on cancer development (Peng et al., 2017). Furthermore, the metabolic reprogramming characteristic of cancer necessitates the participation of lncRNAs (Lin et al., 2020).
Recent studies have shown that lncRNAs play a role in mediating the autophagy process by regulating the expression of autophagy genes. These lncRNAs have been found to impact various cancer phenotypes, including survival, proliferation, epithelial-mesenchymal transition, migration, invasion, angiogenesis, and metastasis, by inhibiting microRNAs linked to autophagy. Furthermore, lncRNAs have been identified as regulators of autophagy in different types of cancer (Kumar et al., 2023). Key cellular signaling pathways involved in cell survival and metabolism, such as Akt (protein kinase B, PKB), mammalian target of rapamycin (mTOR), and AMPK, regulate autophagy. The expression of key members of upstream cellular signaling, as well as those directly involved in the mechanisms of autophagy and apoptosis, is controlled by microRNAs (miRNAs) and lncRNAs. There is growing evidence that various lncRNAs regulate autophagy in different types of cancer. Various lncRNAs targeting the autophagic process have been described in cancers such as bladder, breast, cervical colon, lung, liver, blood, bone, brain, pancreatic and prostate (Kumar et al., 2023). Therefore, lncRNAs play a significant role in cancer carcinogenesis and therapeutic response through the regulation of autophagy (de la Cruz-Ojeda et al., 2022). The aforementioned results led us to conduct a thorough examination of the existing literature to understand how lncRNAs regulate autophagy in relation to urologic cancers. This investigation may lead to the development of novel therapeutic approaches for targeting urologic cancers more effectively.
Regulation of autophagy in urologic cancers by lncRNAs
(Table 1).
TABLE 1 | The role of autophagy modulated by LncRNAs in cancer initiation and cancer development.
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LINC01801/has-miR-6889-3p signaling
In the lncRNA and autophagy literature, prostate cancer is the most extensively researched urological tumor. Following standard androgen deprivation therapy, prostate cancer can advance to castration-resistant prostate cancer (CRPC). Subsequent treatment with next-generation AR-targeted therapies like abiraterone and enzalutamide may lead to resistance, metastasis, and progression to neuroendocrine prostate cancer (NEPC) in some patients (Puca et al., 2019). The repressor-1 silencing transcription factor (REST) protein is known for its role as a transcriptional repressor that silences neuronal genes in non-neuronal cells and maintains pluripotency in neural precursor cells (Ooi and Wood, 2007). REST has been shown to regulate lncRNA HOTAIR and facilitate neuroendocrine differentiation in castration-resistant prostate cancer (Chang et al., 2018). In the disquisition by Chang et al., it was found that LINC01801 was shown to activate autophagy during NED by sponging miR-6889-3p and up-regulating the transcription of autophagy-related genes (ATM, HIF1A, PTEN, TBK1, VPS13A, and XPO1). REST represses the lncRNA LINC01801, which induces neuroendocrine differentiation in prostate cancer by mediating the transcription of autophagy-related genes and activating autophagy when REST is reduced (Chang et al., 2023) (Figure 1).
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LncRNA RHPN1-AS1/miR-7-5p/EGFR/PI3K/AKT/mTOR signaling
The lncRNA RHPN1 antisense RNA 1 (RHPN1-AS1) has been identified as being dysregulated in various cancers, such as breast cancer, squamous cell carcinoma, and non-small cell lung cancer, across multiple research studies (Yu et al., 2023). Ma et al. demonstrated that RHPN1-AS1 is upregulated in both prostate cancer (PCa) tissues and cells, leading to reduced survival time in PCa patients. Silencing RHPN1-AS1 resulted in decreased proliferation and invasion of PCa cells, along with G2/M blockade, promoting apoptosis and autophagy. By binding to miR-7-5p, RHPN1-AS1 inhibits its expression, subsequently impacting PCa cells. Conversely, miR-7-5p inhibits PC3 cell proliferation, enhances autophagy and apoptosis, and is implicated in PCa development. Furthermore, RHPN1-AS1 overexpression upregulates epidermal growth factor receptor (EGFR) expression, while miR-7-5p overexpression counteracts this effect. Through this interaction, RHPN1-AS1 acts as a competitive endogenous RNA (ceRNA) for miR-7-5p, ultimately elevating EGFR expression. The PI3K/AKT-mTOR pathway downstream of EGFR is crucial in regulating autophagy progression, with RHPN1-AS1 overexpression activating this pathway. Additionally, RHPN1-AS1 overexpression decreased protein-cleaving cysteine-3 expression, involved in apoptosis, and reduced apoptotic cell numbers in PC3 and LNCaP cells. In summary, RHPN1-AS1 functions as a ceRNA for miR-7-5p, upregulating EGFR expression and inducing autophagy and apoptosis in PCa cells via the PI3K/AKT/mTOR pathway (Ma et al., 2022).
PCDRlnc1/UHRF1/Beclin-1 signaling
In advanced stages of prostate cancer, docetaxel is commonly used as the initial standard treatment. However, drug resistance can reduce its effectiveness over time (Heidenreich et al., 2014). Paclitaxel inhibits autophagy through two distinct mechanisms dependent on cell cycle phase. In mitotic cells, paclitaxel blocked the activation of class III phosphatidylinositol 3 kinase (Vps34), a key initiator of autophagosome formation. In non-mitotic paclitaxel-treated cells, autophagosomes were produced, but autophagosome motility was inhibited, preventing autophagosome maturation (Veldhoen et al., 2013). Mitochondrial autophagy is believed to play a crucial role in the development of resistance in docetaxel-resistant prostate cancer (Cristofani et al., 2018). Moreover, the activation of signal transducer STAT3 inhibits docetaxel-induced autophagy, leading to the regulation of autophagy and the promotion of drug resistance in prostate cancer cells (Hu et al., 2018). Xie et al.'s experimental result demonstrated that PCDRlnc1 plays a role in promoting autophagy and docetaxel resistance in PCa. They observed a significant decrease in the expression of Beclin-1, a key autophagy regulator, when PCDRlnc1 was silenced, whereas overexpression of PCDRlnc1 led to an increase in Beclin-1 levels. Furthermore, the levels of UHRF1 mRNA and protein were found to be positively associated with PCDRlnc1 expression. The disquisition concluded that PCDRlnc1 facilitates autophagy and docetaxel resistance in PCa by modulating UHRF1-induced Beclin-1 expression (Xie et al., 2022).
LncAY927529/CXCL14 signaling
Exosomes are small membrane vesicles with a lipid bilayer structure that are secreted by most cells, typically measuring about 30–200 nm in diameter (Pegtel and Gould, 2019). They can be found in body fluids and have the ability to travel through the extracellular matrix, facilitating communication between cells by merging with the cell membrane of neighboring cells (Meldolesi, 2018). Exosomes are involved in various physiological and pathological processes, including tumor cell proliferation and metastasis (Whiteside, 2016). Meldolesi’s study revealed that LncAY927529 levels were elevated in the serum of prostate cancer patients as well as in exosomes of prostate cancer cells. Additionally, LncAY927529 was found to enhance the proliferation and invasion of prostate cancer cells. CXCL14, a CXC chemokine, is a small secreted protein that facilitates the directional migration of cells and plays a crucial role in various physiological and pathological processes. Meldolesi et al. validated lncAY927529 and CXCL14 through RPIseq and Pull down assay prediction. They discovered that CXCL14 acts as an RNA-binding protein for lncAY927529, and that exosome-mediated lncAY927529 regulates CXCL14 levels in ST2 cells. Ultimately, lncAY927529 promotes a conducive microenvironment for tumor growth by facilitating autophagy induction through CXCL14 (Li et al., 2021).
SNHG1/EZH2/PI3K/AKT/mTOR/Wnt/β-catenin signaling
Various studies have demonstrated that the long non-coding RNA nucleolar small molecule RNA host gene 1 (SNHG1), located on chromosome 11, is upregulated as an oncogene in multiple tumor types (including lung, liver, gastric, colorectal, esophageal, and prostate cancer) and is closely linked to a poor prognosis in these malignancies (Zeng et al., 2023). The Polycomb Repressive Complex 2 (PRC2) is a highly conserved histone methyltransferase, with EZH2 being the catalytic subunit and a central component of the PRC2 protein complex (Jiang et al., 2016). Chen et al. demonstrated that mRNA expression of SNHG1 and EZH2 was significantly higher in PCa tissues compared to adjacent normal tissues. SNHG1 was found to enhance EZH2 expression, thereby influencing PCa cell proliferation, hyperproliferation, migration, and invasion by targeting EZH2. Moreover, SNHG1 binding to EZH2 was shown to suppress cellular autophagy through activation of the PI3K/AKT/mTOR and Wnt/β-catenin pathways, ultimately promoting prostate cancer cell proliferation (Chen et al., 2020).
PCGEM1/LC3-II signaling
Prostate Cancer Gene Expression Marker 1 (PCGEM1) has been identified and patented as a regulator of prostate cancer progression (Ifere and Ananaba, 2009). Moreover, research has demonstrated a strong association between PCGEM1 and the advancement of cervical, endometrial, gastric, ovarian, hepatocellular, and renal cancers (Ghafouri-Fard et al., 2022b). Baicalein, a monomer extracted from Scutellaria baicalensis, has been linked to tumor cell proliferation, invasion, and metastasis in adenocarcinoma, bladder cancer, breast cancer, and various other cell lines (Morshed et al., 2023). In an academic study conducted by Han et al., it was found that LV3-shRNAPCGEM1 in combination with baicalein downregulated the expression of PCGEM1 and induced autophagy in LNCaP cells. Additionally, an increase in LC3-II expression was observed in the LNCaP cell line, indicating that reduced PCGEM1 expression could potentially trigger autophagy in prostate cancer cells (Han et al., 2020).
LncRNA PRRT3-AS1/PPARγ/mTOR signaling
In a research by Zhou et al., it was found that PRRT3-AS1 exhibited oncogenic effects on non-small cell lung cancer (Zhou et al., 2021). Peroxisome proliferator-activated receptors (PPAR) are ligand-activated receptors belonging to the nuclear hormone receptor family. They play a crucial role in regulating various intracellular metabolic processes, including anti-inflammatory and antioxidant effects. In the academic study by Li et al., it was found that lncRNA PRRT3-AS1 targeted the gene PPARγ. The expression of lncRNA PRRT3-AS1 was notably high in prostate cancer cells, while PPARγ expression was low. Silencing lncRNA PRRT3-AS1 or overexpressing PPARγ has been shown to impact cell cycle distribution, promoting apoptosis in PC cells. Additionally, this intervention promotes autophagy, inhibits proliferation, growth, migration, and invasion of prostate cancer cells by suppressing the activation of the mTOR signaling pathway (Fan et al., 2020).
LncRNA IDH1-AS1/ATG5 signaling
Isocitrate dehydrogenase (IDH) 1 and 2 are enzymes that function in the cytoplasm and mitochondria, respectively. They are NADPH-dependent enzymes involved in metabolizing isocitrate to α-ketoglutarate (α-KG) within the tricarboxylic acid cycle. Xiang et al. suggest that IDH1 plays a role in tumor cell growth, proliferation, and survival by regulating the levels of reactive oxygen species (ROS). Additionally, the IDH1-AS1-IDH1 axis may exhibit tumor suppressor properties (Xiang et al., 2018). Zhang et al. identified PAX5 as a potential upstream transcriptional regulator of IDH1-AS1 by screening the UCSC online database. Both PAX5 and IDH1-AS1 showed higher expression levels in PCa tissues and cell lines compared to normal tissues. PAX5 was found to enhance the expression of IDH1-AS1, leading to increased growth of PCa cells both in vitro and in vivo. Additionally, IDH1-AS1 was observed to interact with PTBP3 to regulate ATG5 mRNA stability. Furthermore, IDH1-AS1 promotes ATG5-mediated PCa autophagy by sponging miR-216b-5p to upregulate ATG5 expression (Zhang et al., 2019).
LncRNA HULC/mTOR/Beclin-1 signaling
Hepatocellular carcinoma highly upregulated (HULC) was first discovered during the screening of hepatocellular carcinoma (HCC)-specific gene libraries. Numerous studies have since confirmed that HULC serves as a new biomarker for carcinogenesis across various types of cancer (Chen et al., 2017; Ghafouri-Fard et al., 2020a). Chen et al. found that knocking down HULC effectively enhanced apoptosis and proliferation alterations induced by irradiation, while also decreasing the sensitivity of PC3 and LNCaP cells to irradiation. HULC inhibits Beclin-1 phosphorylation through regulation of the mTOR pathway. Knockdown of HULC results in elevated Beclin-1 phosphorylation and suppression of the mTOR pathway, ultimately triggering autophagy (Chen et al., 2018).
LINC01116/MAP1LC3B2 signaling
The long intergenic non-protein coding RNA 1116 (LINC01116) is located in the 2q31.1 region and has been identified as a key regulator of cancer cell proliferation, migration, and invasion. LINC01116 is closely linked to various types of tumors, such as lung cancer (LC), gastric cancer (GC), breast cancer (BC), colorectal cancer (CRC), glioma, and osteosarcoma (Xu et al., 2021). In the presence of MAPK/JNK or MTOR inhibitors, the autophagy pathway protein MAP1LC3B2/LC3B-II is upregulated, leading to organelle autophagy loss and the conversion of MAP1LC3B1 to MAP1LC3B2, which is essential for autophagosome formation (Basu et al., 2014; Ahsan et al., 2024). In a report by Laura M. Beaver et al. it was found that knockdown of LINC01116 induced autophagy by upregulating MAP1LC3B2 gene expression in prostate cancer cells (Beaver et al., 2017).
Interaction of autophagy and lncRNA in bladder cancer
MEG3/miR-93-5p/PI3K/AKT/mTOR signaling
Maternal expressed gene 3 (MEG3) is a lncRNA that regulates target genes through transcription, translation, post-translational modification, and epigenetic regulation. MEG3 functions by sponging miRNAs, inducing cell death, regulating various cancer-related processes, inhibiting tumor cell proliferation, negatively regulating tumor cell invasion and metastasis, inhibiting tumor angiogenesis, and acting as a tumor suppressor. It is closely associated with various types of cancer, such as breast cancer, ovarian cancer, colorectal cancer, lung cancer, and hepatocellular carcinoma (Zhang et al., 2022). Fan et al. discovered that MEG3 was downregulated and miR-93-5p was upregulated in bladder cancer cell lines and tissues. They also found that MiR-93-5p was a direct target of MEG3, which competitively inhibited miR-93-5p expression. Furthermore, MEG3 overexpression was shown to inhibit autophagy and activation of the PI3K/AKT/mTOR pathway by targeting miR-93-5p (Fan et al., 2020) (Figure 2).
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TUG1/miR-582-5p/PI3K/AKT signaling
Long-chain non-coding RNA taurine upregulated gene 1 (TUG1) is implicated in the prognosis of several human malignant tumors such as hepatocellular carcinoma, colorectal carcinoma, breast cancer, cervical carcinoma, and gastric cancer (Wang et al., 2017). In bladder cancer (BC), high expression of TUG1 is linked to a poor prognosis (Jiang et al., 2023). Additionally, abnormal expression of miR-582-5p is associated with bone metastasis in prostate cancer (PCa) (Huang et al., 2019). Lu et al. demonstrated that TUG1 expression was elevated and miR-582-5p expression was reduced in drug-resistant bladder cancer tissues and cells. They found that TUG1 functioned as a sponge for miR-582-5p, leading to the inhibition of miR-582-5p expression. Additionally, TUG1 was shown to modulate the PI3K/AKT pathway by sponging miR-582-5p, consequently promoting autophagy and enhancing resistance of bladder cancer cells to DOX chemotherapy (Lu et al., 2023).
LncRNA H19/ULK1 signaling
Long non-coding RNA H19 (lncRNA H19) has been extensively linked to the progression and outcome of various tumors, notably in breast, colorectal, liver, and lung cancers. Moreover, lncRNA H19 plays a crucial role in modulating the effectiveness of chemotherapy, endocrine therapy, and targeted therapy in these cancer types (Zhang et al., 2022). Guo et al. discovered a notable increase in H19 expression in TAMs-Exo. The overexpression of H19 in TAMs-Exo led to a significant enhancement of LC3-II expression, thereby promoting autophagy in bladder cancer cells. The overexpression of lncRNA H19 stabilized ULK1 expression and facilitated autophagy in bladder cancer cells by disrupting the interaction between NEDD4L and ULK1 (Guo et al., 2022).
UCA1/miR-582-5p/ATG7 signaling
Urothelial carcinoma-associated 1 (UCA1) is a long non-coding RNA that is highly expressed in most tumor tissues, particularly in bladder cancer. It plays a crucial role in regulating various processes in tumor cells, such as proliferation, apoptosis, invasion, and migration (Li and Hu, 2015). Studies have demonstrated that UCA1 contributes to the progression of bladder cancer by increasing cell proliferation, invasion, and migration, while also decreasing apoptosis (Xue et al., 2014; Xue et al., 2016). In the report conducted by Wu et al., it was observed that UCA1 was highly expressed while miR-582-5p was lowly expressed in bladder cancer tissues. Furthermore, UCA1 was found to promote the growth, migration, and invasion of bladder cancer cells by directly inhibiting the expression of miR-582-5p. Additionally, miR-582-5p demonstrated the ability to directly inhibit the expression of ATG7. The knockdown of UCA1 resulted in the inhibition of cell growth and metastasis of bladder cancer cells by mediating the inhibition of autophagy through the miR-582-5p/ATG7 pathway. Therefore, UCA1 knockdown suppressed cell growth and metastasis of bladder cancer cells by inhibiting autophagy through the mediation of miR-582-5p/ATG7 (Wu et al., 2019).
ADAMTS9-AS1, AS2/PI3K/AKT/mTOR signaling
The lncRNA ADAMTS9-AS2 has been documented as being dysregulated in various types of tumors. It has been shown to play a role in cancer progression through different mechanisms, such as modulating miRNAs and activating traditional signaling pathways in cancer. These actions are associated with the suppression of cancer cell growth, invasion, migration, and programmed cell death (Xu et al., 2021). Zhang et al. discovered that the expression of ADAMTS9-AS2 was reduced in bladder tumor cells, leading to inhibition of proliferation, migration, and invasion in bladder cancer cells. Overexpression of ADAMTS9-AS2 in bladder cancer cells blocked the PI3K/AKT/mTOR signaling pathway, suggesting promotion of autophagy (Zhang et al., 2020). Conversely, ADAMTS9-AS1 exhibited contrasting results. Yang et al. reported that upregulation of ADAMTS9-AS1 enhanced proliferation, migration, and invasion in bladder cancer cells, while also suppressing apoptosis and autophagy (Yang et al., 2021).
Interaction of autophagy and lncRNA in kidney cancer
LncRNA IGFL2-AS1/TP53INP2 signaling
Non-coding RNA IGFL2-AS1 has been shown to be upregulated in various tumor cell types, such as cervical, renal cell, gastric, and oral cancers. IGFL2-AS1 plays a role in regulating cell proliferation and metastasis by modulating Wnt/β-catenin signaling via SATB1 and AKT activation through serine/threonine phosphatase PP2A, among other mechanisms (Cheng et al., 2019; Ma et al., 2020; Bispo et al., 2021; Zhao et al., 2023). In a study conducted by Pan et al., it was discovered that IGFL2-AS1 is upregulated in clear cell renal cell carcinoma (ccRCC) patients who have undergone sunitinib treatment. Additionally, the transcriptional efficiency of TP53INP2 mRNA was significantly increased following sunitinib treatment. The experiment revealed that IGFL2-AS1 plays a role in regulating selective splicing and enhancing the expression of TP53INP2 by competitively binding with the RRM of hnRNPC, thereby promoting autophagy and contributing to sunitinib resistance (Pan et al., 2023) (Figure 3).
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SBF2-AS1/miR-338-3p/ETS1 signaling
Long-stranded non-coding RNA SET binding factor 2 antisense RNA 1 (lncRNA SBF2-AS1) is an oncogenic antisense RNA located at the 11p15.1 locus. It is 2,708 nucleotides long and has been found to be variably expressed in various tumor tissues, such as breast cancer (BC), cervical cancer (CC), hepatocellular carcinoma (HCC), lung cancer (LC), and lung adenocarcinoma (LUAD) (Tan et al., 2022). Yang et al. discovered that SBF2-AS1 exhibited high expression levels in clear cell renal cell carcinoma (ccRCC) tissues and cells. They observed that SBF2-AS1 interacted with miR-338-3p, leading to its suppression, which in turn targeted ETS1. Upon silencing SBF2-AS1, there was a notable inhibition of tumor cell proliferation, migration, and invasion, while promoting autophagy and apoptosis. This suggests that the suppression of SBF2-AS1 hinders ccRCC progression by upregulating miR-338-3p and downregulating ETS1 (Yang et al., 2021).
TUG1/miR-31-5p/FLOT1 signaling
The lncRNA known as taurine upregulated gene 1 (TUG1) has been found to have strong connections with various types of tumors. It has been identified as a biomarker for esophageal squamous cell carcinoma, hepatocellular carcinoma associated with viral hepatitis C, lung carcinoma, bladder carcinoma, ovarian carcinoma, and osteosarcoma (Da et al., 2021). In the experimental result by Lv et al., it was found that TUG1 was significantly upregulated in ccRCC tissues and cells. Knockdown of TUG1 led to inhibited cell proliferation and induced apoptosis and autophagy in ccRCC cells. TUG1 was observed to directly act on and inhibit MiR-31-5p expression. Furthermore, FLOT1 was identified as a direct target of miR-31-5p and exhibited a negative interaction with it. Overexpression of FLOT1 counteracted the inhibitory effects of MiR-31-5p on cell proliferation and promoted apoptosis and autophagy. Overall, the experiment concluded that lncRNA TUG1 regulates FLOT1 expression by sponging miR-31-5p, thereby influencing cell proliferation, apoptosis, and autophagy in ccRCC (Lv et al., 2020).
HOTTIP/PI3K/Akt/Atg13 signaling
The distal HOXA transcript (HOTTIP) has been identified as an oncogenic lncRNA present in various types of cancer. It is suggested to have potential as both a biomarker and a therapeutic target for human malignancies (Ghafouri-Fard et al., 2020b). In a study conducted by Yang et al., high levels of HOTTIP expression were observed in renal cell carcinoma (RCC) tissues and cell lines. The experiment found that silencing HOTTIP led to the induction of autophagy through the PI3K/Akt/Atg13 signaling pathway, resulting in the inhibition of proliferation, migration, and invasion of RCC cells (Su et al., 2019).
KIF9-AS1/miR-497-5p/TGF-β signaling
Abnormal expression of lncRNA KIF9-AS1 has been reported in a variety of tumor cells and is closely associated with the progression of nasopharyngeal carcinoma (You et al., 2020), hepatocellular carcinoma (Yu et al., 2022), and ovarian cancer (Li and Zhan, 2020). In Jin et al. ’ s study, KIF9-AS1 was found to be highly expressed in renal cell carcinoma (RCC) tissue cells. The experimental results showed that overexpression of KIF9-AS1 in RCC cells significantly reduced the sensitivity of sorafenib treatment and promoted the progression of RCC by promoting drug resistance. The results showed that miR-497-5p was a potential effector of kif9-as1-enhanced chemoresistance in RCC, and TGF-β signaling was a key effector of the KIF9-AS1/miR-497-5p axis in RCC. Autophagy was involved in the chemoresistance of RCC regulated by KIF9-AS1/mir-497-5p.m.iR-497-5p directly targeted and regulated the autophagy-related gene ATG9A. LncRNA KIF9-AS1 regulates autophagy of RCC by mediating miR-497-5p and TGF-β, and enhances the chemoresistance of renal cell carcinoma to sorafenib (Jin et al., 2020).
SCAMP1/miR-429/ZEB1/JUN signaling
The LncRNA SCAMP1 has been reported to be associated with a variety of tumors, including osteosarcoma (Li et al., 2022), ovarian cancer (Song et al., 2020), and glioma (Zong et al., 2019). In an experimental study conducted by Shao et al., it was discovered that SCAMP1 levels were elevated in RCC cells and tumors, leading to an enhancement in RCC cell viability. The biological effects induced by SCAMP1 were found to be mediated by miR-429. This microRNA directly targeted the expression of ZEB1 and JUN, resulting in a downregulation of both proteins. Consequently, this downregulation reduced the proliferation and invasiveness of tumor cells. Furthermore, miR-429 was shown to inhibit autophagy by downregulating the expression of ZEB1 and SCAMP1. The experiment results highlighted the significant impact of autophagy on miR-429-regulated RCC tumorigenesis (Shao et al., 2019).
Therapeutic potential related to lncRNA-autophagy mechanism
In the present report, it was found that lncRNA can influence the susceptibility of urologic cancer cells to radiotherapy and chemotherapy by regulating autophagy. Following radiotherapy or chemotherapy, patients with tumors frequently trigger autophagy in tumor cells. This process facilitates the recycling of energy by breaking down senescent and damaged organelles, providing energy for tumor cells undergoing apoptosis induced by radiotherapy or chemotherapy, ultimately leading to resistance to treatment (Liu et al., 2016; Li et al., 2019; Chen et al., 2021). Several studies have indicated that autophagy-associated lncRNAs (ARlncRNAs) play a role in mediating tumor cell resistance to radiotherapy and chemotherapy by impacting various cellular processes such as proliferation, apoptosis, migration, invasion, drug resistance, angiogenesis, radiation resistance, and immunomodulation in urological tumors (Zhang et al., 2024). For instance, Xie et al. found that the lncRNA PCDRlnc1 contributes to docetaxel resistance in prostate cancer by enhancing autophagy (Xie et al., 2022), while Wang et al. showed that the LncRNA FEZF1-AS1 promotes chemoresistance in prostate cancer through regulation of the miR-25-3p/ITGB8 axis (Wang et al., 2020). Chen et al. demonstrated in a prostate cancer study that overexpression of LncRNAHULC increased the resistance of DU-145 cells to irradiation by promoting autophagy (Chen et al., 2018). In a separate study on bladder cancer, Lu et al. found that lncRNA TUG1 reduced the sensitivity of bladder cancer cells to doxorubicin by upregulating KPNA2 expression and activating the PI3K/AKT autophagy pathway through sequestration of miR-582-5p (Lu et al., 2023). In the context of renal cancer cells, Jin et al. revealed that lncRNA KIF9-AS1 modulates transforming growth factor β and autophagy signaling via microRNA-497-5p, leading to enhanced resistance to chemotherapeutic agents like sorafenib in renal cell carcinoma (Jin et al., 2020). These findings offer novel insights into the involvement of lncRNA-mediated autophagy in urologic radiotherapy and chemotherapy. However, a prognostic model has identified a correlation between autophagy-associated long-stranded non-coding RNAs and the tumor microenvironment (TME), encompassing factors such as immunotherapy, cancer-associated inflammation, and metabolic reprogramming (Li et al., 2024). As a result, it is necessary to further investigate how the interaction of these lncRNA-mediated pathways with the autophagy pathway in cancer cells responds to chemotherapy and drug therapy in urologic tumors.
SUMMARY AND PROSPECT
This study represents the first systematic evaluation to summarize the existing evidence on the relationship between lncRNAs and autophagy in urologic oncology. The findings suggest that specific lncRNAs associated with urologic cancers may impact various aspects of cancer progression, such as cell proliferation, apoptosis, cell cycle regulation, migration, invasion, angiogenesis, and cellular senescence. This research highlights the dual role of lncRNA in regulating autophagy, with the ability to either activate or inhibit autophagy. Similarly, autophagy exhibits a dual regulatory effect on cancer progression, adding complexity to the understanding of how lncRNA influences cancer progression through autophagy. For instance, in bladder cancer, lncRNA TUG1, lncRNA H19, and lncRNA UCA1 have been shown to promote cancer progression by activating autophagy, while ADAMTS9-AS2 inhibits bladder cancer by activating autophagy. Conversely, lncRNA MEG3 inhibits bladder cancer progression by suppressing autophagy, and ADAMTS9-AS1 promotes bladder cancer progression by inhibiting autophagy. There are several limitations in this systematic evaluation. Firstly, the intricate nature of autophagy and its dual role in tumor progression make it challenging to fully understand its mechanism in urological tumors, necessitating further research. Secondly, aside from exploring the molecular mechanism of lncRNA-mediated autophagy in urological tumorigenesis, other factors such as tumor microenvironment and immunity require deeper investigation. Lastly, this academic research provides a systematic evaluation but lacks extensive research on clinical aspects like diagnosis, treatment, and prognosis. The role of autophagy in tumor progression is gaining recognition among researchers and is becoming more prevalent in the literature. Additionally, researchers are increasingly incorporating human specimens into their clinical studies, when ethical guidelines allow. It is important for future studies to delve deeper into the interplay between lncRNA-mediated autophagy and other mechanisms within the tumor environment that contribute to tumor progression. LncRNA-mediated autophagy is a significant factor in urologic tumorigenesis, progression, and resistance to anticancer therapy. This highlights the potential for targeting these lncRNAs to regulate autophagy as a reliable diagnostic and prognostic biomarker, as well as a promising therapeutic approach in urologic oncology. The review suggests that lncRNA-associated autophagy plays a crucial role in the advancement of urologic tumors, including prostate, bladder, and renal cancers. The regulation of lncRNAs can either promote or hinder autophagy within these cancer types. A network involving lncRNA-targeted genes and various signaling pathways intricately governs autophagy regulation, impacting the development and suppression of malignant tumors in the urinary system.
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The combination of immune checkpoint inhibitors (ICIs) and tyrosine kinase inhibitors (TKIs) can be associated with significant toxicity. We performed a systematic review and meta-analysis of the toxicity of combination treatment of ICIs with TKIs (ICI + TKI) in clinical trials with solid organ malignancies. Our primary endpoint explored the incidence of grade 3 - 5 (G3-5) treatment-related toxicity and our secondary endpoints included the incidence of toxicity by treatment type, disease type and studies with run-in strategies. A total of 9750 abstracts were identified, of which 72 eligible studies were included. The most common disease types were non-small cell lung cancer (n=8, 11.1%), renal cell carcinoma (n=10, 13.8%) and hepatobiliary cancers (n=10, 13.8%). The overall incidence of G3-5 toxicity was 56% (95% CI = 50% – 61%). The most common TKIs combined with ICIs in this analysis were multi-targeted TKIs (n = 52, 72%), VEGF specific (n = 9, 12.5%), or oncogene-targeting TKIs (EGFR, ALK, BRAF, MEK) (n =11, 15.3%). Oncogene-targeted TKIs were associated a higher incidence of rashes and immune related adverse events (irAEs) and lower incidence of hypertension. In studies which used a TKI ‘run-in’ to mitigate toxicity, the pooled estimate of G3-5 toxicity was 71% (95% CI 57-81%). Almost half of studies (48%) omitted the incidence of G3-5 irAEs. Our work suggests that the majority of patients who receive ICI-TKI combinations will experience high grade toxicity (G3-G5) and that toxicity may be specific to TKI partner (Oncogene targeted TKIs: Rash, irAEs; VEGF/Multitargeted: Hypertension). These data did not suggest that a TKI ‘run-in’ was associated with a lower incidence of G3-5 toxicity. Reporting of irAEs was inconsistent supporting the need for harmonisation of adverse event reporting to include onset, duration and treatment.




Systematic review registration

https://www.crd.york.ac.uk/prospero/, identifier CRD42022367416.
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Introduction

Immune checkpoint inhibitors (ICIs) have resulted in improved outcomes for patients with solid organ tumours. However, long-term survival ranges from over 50% amongst patients with advanced melanoma treated with nivolumab plus ipilimumab, to 10 – 30% among those with advanced non-small cell lung cancer (NSCLC) (1–4). Consequently a focus of research is to incorporate novel targeted therapies in combination with ICIs in order to improve response rates and patient outcomes.

Tyrosine kinase inhibitors (TKIs) incorporate a broad range of small molecule therapeutics which may target oncogenes (e.g. Epidermal Growth Factor Receptor, EGFR) or other targets in the tumour microenvironment (e.g. Vascular Endothelial Growth Factor, VEGF). Oncogenic driver alterations are often associated with suppressive immune microenvironments (5). It is therefore postulated that TKIs may induce anti-tumour immune responses by increasing tumour immunogenicity (5). For these reasons, combination strategies with ICIs and TKIs to maximize therapeutic efficacy, have been investigated in a number of diseases including melanoma, renal cell carcinoma (RCC) and NSCLC (6–8). Additional to approaches involving TKI/ICI combinations include biomarker discovery to identify ICI efficacy and novel immunotherapy approach which may augment ICI efficacy (7, 8).

However, the goal of therapeutic synergy can be complicated by treatment related toxicity. Reports have previously outlined notable toxicities include severe hepatotoxicity with sequential ICI and KRASG12C inhibitors (sotorasib) and endocrinopathies when ICIs are combined with lenvatinib (9, 10). Additionally, it has been shown that the combination of Lenvatinib and pembrolizumab is associated with a high incidence of fatigue/diarrhoea (11). In clinical practice, it can be difficult to differentiate between a non-immune related adverse event and an immune related AE when patients are receiving ICI/TKI combinations. Given that TKIs can inactivate tumour-associated immunosuppression, this may be the mechanism by which there is an increase in immune-related adverse events (irAEs). However, strategies aimed at minimising toxicity remain ill-defined. Run-in periods with TKIs prior to ICIs or using lower doses of TKIs have been investigated in prospective studies, with a limited biologic basis for this approach (9, 12).

Taken together, there is limited prospective data available to determine the optimal strategy of combining ICIs with TKIs. Given the paucity of data, we seek to assess the safety of TKI/ICI combinations by assessing the spectrum of toxicities when ICIs are combined with TKI’s across tumour types, the toxicities that occur by tumour types and regimen, and the evidence to date involving run-in strategies. These data would then contribute to the optimum combining of ICIs with TKIs, based on toxicity considerations.





Methodology




Guidelines

In this review, the Preferred Reporting items for Systematic Reviews and Meta-analyses (PRISMA) guidelines were used and a study protocol (PROSPERO, CRD42022367416) uploaded to an international registry (13).





Endpoints

The primary endpoint of the study was the incidence of grade 3 - 5 toxicities (G3-5 toxicity) by Common Terminology Criteria for Adverse Events (14). Secondary objectives include identifying factors that associate with high incidences of toxicity including disease type, choice of combination, and utilizing novel approaches including run-in strategies to mitigate toxicity.





Eligibility criteria

Clinical trials which included anti-cancer treatment with a TKI and ICI for a solid tumour malignancy, were eligible for inclusion. Patients in the included studies may have received >1 TKI or >1 ICI (e.g. vemurafenib plus cobimetinib). Studies in which patients were treated with TKI + ICI + other agent (e.g. cytotoxic therapy) were excluded. Lastly, phase I studies involving dose-escalation cohorts were also excluded.





Search strategy and study selection

The search strategy utilised the following search terms; Immune checkpoint inhibitors OR immune checkpoint inhibitor, Tyrosine kinase inhibitor OR protein-tyrosine kinases and Neoplasms OR carcinoma OR cancer. In addition to these terms, we also used the MESH terms; Humanized/adverse effects Antineoplastic Agents/therapeutic use Antineoplastic Combined Chemotherapy Protocols/adverse effects. Citations from published work were imported and de-duplicated using Endnote. Forward and backward citation chasing was completed to minimize the possibility of missing relevant studies. MEDLINE, EMBASE, Cochrane Database of Systematic Review and Central Registry of Clinical Trials were searched for publications from 16/8/2002 to 16/8/2022. Conference proceedings (abstracts) were considered eligible and included in our search.

Titles and abstract screening were performed independently by two review authors (COL; AR) to identify potentially eligible studies. Full-text manuscripts identified as potentially eligible were retrieved and independently assessed for eligibility by two review authors (COR, AR). Any disagreement between reviewers over the eligibility of studies were resolved by consensus after discussion with a third reviewer (DOR).





Data collection and quality assessment

Extracted information included study setting; study population and participant demographics, study methodology; sample size; inclusion and exclusion criteria; details of the intervention and control conditions; recruitment and study completion rates; incidence of symptom toxicity (e.g. diarrhoea, shortness of breath (SOB), rash, liver enzyme abnormalities, fatigue) and irAEs in both intervention and control arms.

To facilitate the assessment of possible risk of bias for each study, we collected information regarding bias of included studies using the Crowe Critical Appraisal Tool (CAT) (15). Domains included in the CAT tool include Introduction, Design, Sampling, Data Collection, Ethical Matters, Results and Discussion.





Data collection and synthesis methods

We performed descriptive statistics on our study results. Given that some studies did not report all adverse events, the denominator reflects the total number of patients in which the specific toxicity was reported and is different for different toxicities.

The study results were synthesised using a random-effects meta-analysis, with standardised incidence rate ratios for binary outcomes. In reference to our choice of a random-effects meta-analysis, we chose this model (as opposed to a fixed effect model) given that we anticipated that there would be heterogeneity in the included studies. We calculated 95% confidence intervals (95% CI) and two-sided p-values. With sufficient studies available for pooling (minimum of five), we performed meta-analysis by tumour type/organ system (NSCLC, RCC, Hepatobiliary), and treatment regimen (Lenvatinib plus Pembrolizumab, Nivolumab plus Cabozantinib, Axitinib plus Avelumab, ICI + Oncogene-targeted TKI). Hepatobiliary (HPB) tumours include patients with primary hepatocellular carcinomas (HCC) or biliary tract cancers (BTCs). An oncogene-targeted TKI referred to TKIs directed at a specific oncogenic alteration known to be aberrant in the tumour type of interest [e.g. EGFR, Anaplastic Lymphoma Kinase (ALK)]. Heterogeneity was assessed using both the Cochran’s Q (chi-squared, χ2 statistic), H-squared (H2) and the I-squared (I2) statistic. H2 describes the relative excess in Q over its degrees of freedom as a measure of the extent of heterogeneity and H2= 1 indicates homogeneity of effect. We consider an I-squared value greater than 75% indicative of considerable heterogeneity (16). In a protocol-specified (pre-planned) analysis, we investigated the overall incidence of grade 3-5 (G3-5 as per CTCAE) toxicity with the use of concurrent versus TKIs with ICI run-in (14). We conducted sensitivity analyses based on study quality by excluding the poorer quality studies and repeating the analysis for our primary outcome (incidence of G3-5 toxicity in included studies). Finally, to describe heterogeneity across studies, a meta-regression analysis was conducted utilising the covariates of disease group, ICI target, and TKI target (See Supplementary Appendix for details on covariates included).






Results




Search results

Our initial search yielded a total of 3348 titles for consideration of inclusion. With the addition of forward and backward citation chasing, a total of 9750 abstracts were identified for potential inclusion (See Figure 1: PRISMA flow chart). A total of 132 records were deemed appropriate for full-text review. Upon full-text review a significant number of records were excluded which resulted in a total of 72 eligible studies (See Supplementary Table 1 for included studies). Studies were excluded for the following reasons; insufficient adverse event reporting (n=14), dose-finding studies (n=28), duplicate studies (n=10) and other reasons (n= 8) (See Figure 1 for complete breakdown).

[image: Flowchart detailing the identification of studies via databases and registers. Initially, 9,750 reports were identified. After removing 140 duplicates, 9,610 reports were screened, with 9,478 excluded. Of 132 reports sought for retrieval, none were missing. Reports assessed for eligibility totaled 132, with 60 deemed ineligible due to reasons like insufficient data and incorrect design. Ultimately, 72 studies were included in the review.]
Figure 1 | Systematic Review Search results and Eligibility assessment. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta – Analyses) Flow Diagram describing the search results for abstracts & full – texts followed by eligibility assessment.





Study and patient characteristics

A total of 9404 patients were treated in 72 studies, of which 5860 (62.3%) received an ICI in combination with a TKI. The remainder of patients (37.4%, 3544/9404) in included studies were not included in our analysis since patients did not receive ICI/TKI (e.g. control arms with single agent TKI). In the identified 72 studies (See Supplementary Appendix – Table 1) a total of 20 (27.7%) studies represented abstracts from conference proceedings (See Table 1). The median score for the CAT (See Supplementary Appendix – Table 2) was 33 (Standard Deviation [SD]=9). For patients receiving ICIs, all studies involved drugs targeting either Programmed Cell Death Protein-1 (PD-1) or Programmed Cell Death Ligand-1 (PD-L1). In 65.2% of studies, patients were treated with a PD-1 inhibitor (47/72) and the remainder were treated with a PD-L1 inhibitor (25/72, 34.7%). In one study, patients received a Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4) inhibitor in addition to a PD-1 inhibitor and TKI. The median number of participants in each study was 42 (Range: 10 – 1417). The majority of studies included patients receiving a multi-targeted TKI (52/72, 72.2%) or VEGF-specific TKI (9/72, 12.5%), with the remaining studies including patients receiving TKIs targeting an oncogenic driver alteration, either BRAF (B-raf), MEK (Mitogen Activated Protein Kinase), EGFR or ALK (11/72, 15.2%). The most commonly used regimens (by number of clinical trials and treated patients) were Lenvatinib plus Pembrolizumab (17 studies; n=1996), Avelumab plus Axitinib (5 studies; n=578) and Nivolumab plus Cabozantinib (5 studies; n =484).

Table 1 | Included studies in Meta-analysis of Immunotherapy and Targeted Therapy Combination Studies.


[image: A table detailing studies and participants related to cancer research, organized by study design, organ system or tumor histology, therapy target, and common regimens. Categories include study design phases, various tumor types (such as GU, thoracic, hepatobiliary), therapy targets (like PD-L1, PD-1), and regimens (e.g., Lenvatinib/Pembrolizumab). Percentages and numbers of studies and participants are provided for each category. Bold values indicate specific metrics related to overall toxicity and adverse events. Abbreviations for medical terms are explained below the table.]
The majority of the included studies were early phase (Phase Ib or II = 62/72, 87%) and the majority of studies included patients with metastatic disease (nstudies = 70/72, 97.2%). The most common tumour types in these studies (see Table 1) included RCC (10 studies, npatients=1898) melanoma (nstudies = 6, npatients = 829), NSCLC (nstudies = 8, npatients = 513) and HPB cancers (nstudies = 10, npatients = 434).





Primary analysis

All studies reported the incidence of G3-5 toxicity and were included in our primary analysis. The duration of treatment exposure was reported in 64% (46/72) of studies, with a median duration of 6.2 months and an IQR of 3-9.2 months. In a random-effects model meta-analysis, the overall incidence of G3-5 toxicity (See Figure 2) was 56% (95% CI = 50% – 61%). In all included studies, the incidence of G3-5 toxicity ranged from 7 – 92% (IQR: 42 – 68%). We performed a sensitivity analysis (See Supplementary Appendix) excluding low-quality studies (CAT score <20, nstudies= 20/72, 27.7%), and a similar incidence of G3-5 toxicity was demonstrated across remaining studies (53.1%, 95% CI 45.0% – 61.0%). Significant heterogeneity was observed across studies (I2= 83.9%; H2= 2.65; Q = 193.92, p <0.01). There was no evidence from the meta-regression analysis that primary tumour subgroup (χ2= 14.07, p = 0.08), TKI target (χ2= 0.34, p = 0.84) or ICI target (χ2= 0.14, p = 0.7) accounted for the heterogeneity observed (See Supplementary Appendix for meta-regression analysis covariates). This was reported in the majority of studies (63/72, 87.5%). The overall incidence of discontinuation of ICI/TKI combinations due to toxicity was 16% (953/5218), based on reporting in 87.5% of studies (63/72). The overall incidence of G5 toxicity was 2% (95/4740), based on reporting in 77% (56/72) studies.
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Figure 2 | Overall incidence of grade 3-5 toxicity by Common toxicity Criteria for Adverse Events, in all included studies. In all studies utilising TKI-ICI combination, the overall incidence of grade 3 -5 toxicity was 56% (95% CI = 50–61%) with significant heterogeneity between studies (i2= 83.9%, p <0.01).





Toxicities of interest and irAEs

In pre-defined critical toxicities of interest (See Table 2), we report the incidences of: diarrhoea (7.1%, 393/5526); fatigue (4.1%, 213/5106); shortness of breath (1.4%, 34/2269); rash (3.6%, 129/4695); Alanine aminotransferase (ALT) increase (6.6%, 287/5088), Aspartate aminotransferase (AST) increase (5.7%, 236/4972). Notably, the incidence of G3-5 hypertension in all studies was 21.7% (935/4498), consistent with the significant number of patients in this analysis having received VEGF-targeted TKIs. There was significant variation in the missing data in specific symptom toxicity ranging from 5% – 62%.

Table 2 | Summary of toxicity in common diseases and regimens.
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There was unfortunately limited reporting on irAEs in included studies (See Table 2) with almost 50% of data missing on the overall incidence of G3-5 irAEs (2818/5860, 48.0%). In those studies in which the incidence and spectrum of irAEs was specifically annotated, the incidence of G3-5 ICI-associated toxicity was 12.8% (390/3042) – consistent with experience in the ICI monotherapy setting. The incidence of critical toxicities of G3-5 colitis, hepatitis and pneumonitis was 1.4% (42/3820), 2.1% (52/2470) and 1.1% (38/3471), respectively.





Toxicity by primary tumour site




Non-small cell lung cancer

For patients with NSCLC (See Figure 3), most studies (5/8, 63%) involved treatment with a PD-(L)1 inhibitor and a multitargeted TKI (Targeting VEGF-1 and others). The three remaining studies involved TKIs targeting oncogenes [Erlotinib (EGFR), Alectinib & Crizotinib (ALK)]. The pooled incidence of grade 3-5 toxicity was 57% (95% CI = 43-69%;I2= 73.53%; H2= 1.04; Q = 8.23, p <0.01). The randomised phase III study of Lenvatinib plus pembrolizumab contributed the most patients (309/513) to the NSCLC subgroup. This study remains unpublished at the time of review and detailed data on adverse event reporting is unavailable. For this reason, when focusing on specific symptoms and irAEs, the analysis was limited by missing data (74.3%, 381/513). For patients receiving oncogene-targeting TKIs, a high burden of toxicities was observed in included studies (nstudies =3). This included severe hepatic toxicities - two patient deaths occurred with the combination of nivolumab plus crizotinib, and an incidence of G3-5 toxicity of 66.6% for patients receiving alectinib plus atezolizumab. In the NSCLC cohort, studies by Gettinger et al. (Nivolumab plus Erlotinib in EGFR-mutant NSCLC) and Neal et al. (Atezolizumab plus Cabozantinib had the lowest rates of G3-5 toxicity reported at 19% and 34% respectively (17, 18). Both of these studies (63% of patients, 50/79) included patients with EGFR-mutant lung cancer, unlike any other studies in the NSCLC cohort.
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Figure 3 | Incidence of grade 3-5 toxicity in selected clinical trials of patients with (A) Hepatobiliary Cancers (B) Non-small cell lung cancer (C) Renal cell cancer, treated with Immune Checkpoint Inhibitor and Targeted Therapy Combinations. (A) The overall incidence of grade 3-5 toxicity in patients with hepatobiliary (HCC & Biliary) cancer was 57 % (95% CI 47-66%, i2=68.0%). (B) The overall incidence of grade 3-5 toxicity in patients with non-small cell lung cancer was 57 % (95% CI 43-69%, i2=73.5%). (C) The overall incidence of grade 3-5 toxicity in patients with renal cell cancer was 65% (95% CI 56-73%, i2=80.4%).





Renal cell carcinoma

In studies of RCC (n=10, see Figure 3), four randomised phase III studies (CLEAR, Checkmate9ER, Javelin Renal101, KEYNOTE-426) contributed significantly to the patients receiving ICI/TKI (n=1898). The pooled incidence of G3-5 toxicity was 58% (95% CI 40-73%) with observed heterogeneity (I2= 80.43%; H2= 3.52; Q = 30.19, p <0.01) All of these studies involved combining a PD-(L)1 inhibitor with a multi-targeted TKI (e.g. Cabozantinib) or a VEGF-specific TKI (e.g. Axitinib). Consistent with the overall population (all studies), G3-5 hypertension accounted for a significant burden of the G3-5 toxicity (392/1854, 21.1%). The overall incidence of G3-5 irAEs was 12.9%, based on reporting in >90% of patients (94.1%, 1787/1898). The incidence of G3-5 irAEs associated colitis, hepatitis and pneumonitis was low (1.7%, 2.0% and 1.0% respectively). The reported incidence of G3-5 toxicity was lowest in two studies; Motzer et al. (Avelumab plus Axitinib in RCC, G3-5 Toxicity of 49%) and Lee CH et al. (Lenvatinib plus Pembrolizumab in non-clear cell RCC, G3-5 Toxicity of 32%). This was the only study which included non-clear cell RCC in the cohort. The low toxicity observed with the combination of Avelumab plus Axitinib is consistent with this profile of this regimen across disease types (See section below: Toxicity by Specific TKI/ICI combination regimen).





Hepatobiliary cancers

For patients with hepatobiliary cancers (HCC = 6, BTC = 4, see Figure 3), a total of 434 patients received therapy with an ICI/TKI combination (See Table 2). In these studies, all patients received a PD-(L)1 inhibitor with a multitargeted TKI (except for one treated with Axitinib and another study evaluating a PD-1/CTLA-4 combination). The overall incidence of G3-5 toxicity in this group was 57% (95% CI = 47% – 66%) with heterogeneity observed (I2= 67.95%; H2= 1.28; Q = 9.78, p <0.01). Specific toxicities were reported in >80% (81.3%, 353/434) of patients except in the case of shortness of breath which was reported in <10% (7.3%, 32/434) of patients. The incidence of AST/ALT elevation was numerically higher for patients with HPB cancers than for all patients (ALT: 8.5% versus 5.6%; AST: 14.4% versus 4.7%). The incidence of irAEs was reported in just 20.2% of patients (88/434) A significant number of those patients (64.7%, n=57/88) received combination PD-1/CTLA-4 inhibition (the only study of 72 with this combination), thus comparison with other groups is limited. Studies by Chen et al. (Sintilimab plus Anlotinib in HCC) and Zhou et al. (Anlotinib plus TQB2450) demonstrated the lowest G3-5 toxicity of 40% and 26%, respectively (19, 20) et al. (Sintilimab plus Anlotinib in HCC). These two studies were the only trials in which patients received the TKI Anlotinib.






Toxicity by specific TKI/ICI combination regimen

Based on available studies (>5) and total patients (>450), three regimens (See Figure 4) were selected for subgroup meta-analysis (Lenvatinib/Pembrolizumab, L/P; Avelumab/Axitinib, A/A; Nivolumab/Cabozantinib, N/C). Across these studies, the overall incidence of G3-5 toxicity was consistent with the overall population (L/P = 56% 95% CI = 43-68%; A/A = 49% 95% CI = 39%-69%; N/C = 61% 95% CI 44%-75%). Despite receiving the same drug therapies, significant heterogeneity was observed in G3-5 toxicity associated with these regimens (L/P, I2= 82.66%, H2= 5.37; Q = 103.89, p <0.01; N/C, I2= 79.71%, H2= 2.21; Q = 9.10, p <0.01) with the exception of A/A (I2= 56.67%, H2= 1.0; Q = 3.01, p =0.34). For patients receiving L/P (See Table 2), the most commonly recorded G3-5 toxicities included diarrhoea (9.9%, 152/1521) and hypertension (16.9%, 258/1519). A/A was associated with the lowest overall G3-5 toxicities with hypertension the most commonly reported (22.5%, 130/578). Hypertension was numerically lower in the N/C cohort (14.2%, 49/343). In the L/P cohort, the incidence of G3-5 irAEs was low (2.3%, 18/759). However, >50% (61.9%, 1237/1996) of patient data was not reported in this cohort so these results may underestimate this toxicity. The incidence of G3-5 ICI irAEs was 11.0% (49/444) and 14.3% (49/343) in the A/A & N/C cohorts respectively.

[image: Forest plot showing results from multiple studies assessing treatment effects, displayed in three panels (A, B, and C). Each panel includes study names, point estimates with confidence intervals (CIs), and percent weight. The pooled result for each panel is given as a diamond shape indicating overall effect size and CI. Panel A shows a pooled result of 0.49 with a CI of 0.39 to 0.60. Panels B and C show similar results with pooled values of 0.61, CI 0.52 to 0.70. Each panel reports heterogeneity statistics (I² and p-values).]
Figure 4 | Incidence of grade 3-5 toxicity by immunotherapy and tyrosine kinase inhibitor regimen, by (A) Avelumab & Axitinib (A/A) (B) Lenvatinib & Pembrolizumab (L/P) (C) Nivolumab & Cabozantinib (N/C). The overall incidence of grade 3-5 toxicity was high with all three combinations; 49% with A/A, 56% with L/P and 61% with N/C. Significant interstudy heterogeneity was observed with the combination of L/P & N/C but not with A/A (i2=56%, p =0.37).

For patients who received ICI with TKIs targeting specific oncogenes (BRAF, MEK, EGFR, ALK; nstudies = 11), the incidence of G3-5 toxicity ranged from 18% to 88% (Interquartile range = 58% - 71%). In a random effects meta-analysis, the overall incidence of G3-5 toxicity was 61% (95% CI = 53% - 71%;I2 = 62.19%, H2= 1.09; Q = 10.71, p <0.01). The most common G3-5 toxicities included diarrhoea 4.8% (47/964), Rash 7.1% (68/964), AST increase 6.3% (61/964), ALT increase 5.6% (54/964) with less common toxicities of Fatigue 2.5% (23/904); SOB 2.2% (12/540); Hypertension 1.9% (6/312). Notably but not unexpectedly, the overall incidence of G3-5 hypertension was low at 1.9% (6/312). This is in contrast to the overall study population where hypertension occurred in 21.1% of patients treated with TKI-ICI combination therapy. Notably, the incidence of rash was higher (7.1% with oncogene targeted TKIs versus 2.7% in the overall study population). The incidence of irAEs was also higher (41.8% with oncogene targeting TKIs versus 12.8% in the overall study population), although small numbers in the oncogene group may confound results.





Sequential TKI followed by ICI (‘Run-in’ period)

A total of 8 studies with a run-in period of between 1 and 4 weeks were included. These studies included a run-in with Vemurafenib (n=1), Cobimetanib plus Vemurafenib (n=3), Alectinib (n=1), Sunitinib (n=1), Axitinib (n=1) or Sitravatinib (n=1). The overall toxicity of studies employing a TKI-run-in was 71% (95% CI 57-81%;I2 = 70.84%, H2 = 1.00; Q = 5.57, p =0.01) with just one study reporting an overall incidence of G3-5 toxicity of <60% (See Figure 5).
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Figure 5 | Incidence of grade 3-5 toxicity in clinical trials with a ‘run-in’ period involving a targeted therapy followed by an immune checkpoint inhibitor. The pooled estimate of grade 3-5 toxicity was 71% for all studies with a range of 20 – 92% (Interquartile Range 67-73%.






Discussion

Combining ICIs with TKIs represents an opportunity for therapeutic synergy to improve outcomes from ICIs alone, yet can be associated with high-grade toxicity. In this comprehensive meta-analysis of 72 Phase Ib – III studies of TKI/ICI combinations across solid tumour types, the observed overall incidence of G3-5 toxicity (56%) was apparent across subgroups of the meta-analysis by tumour type (NSCLC, RCC, HPB) and treatment regimen (Lenvatinib plus Pembrolizumab, Avelumab plus Axitinib, Nivolumab plus Cabozantinib). Although the overall burden of toxicity was similar with different regimens, the incidence of specific toxicities observed varied with different TKI partners (VEGF/Multitargeted; Hypertension; Oncogene targeted TKIs; Rash, irAEs) and there was a high degree of heterogeneity between studies. Finally, while a TKI run-in strategy has been purported to potentially mitigate the toxicity of TKI/ICI combinations, a high incidence of G3-5 toxicity was observed in our included studies.

Our data suggests that the incidence of irAEs is higher for patients who receive oncogene targeting TKIs versus multitargeted/VEGF specific TKIs. In a retrospective analysis of patients who received the TKI, Sotorasib, the incidence of G3-5 toxicity was significantly higher in the group which had received an ICI in the preceding 30 days (33% versus 11%) (21). Specifically, it has been described that sotorasib in combination/sequential with PD-(L)1 inhibition is associated with a high-incidence of immune mediated hepatotoxicity (10, 21). Similarly, this has been demonstrated with the combination of crizotinib plus PD(L)-1 inhibition (22). In pre-clinical models, treatment with sotorasib has been shown to induce a pro-inflammatory tumour microenvironment, which may contribute to the synergistic toxicity of ICI/TKI combinations (23). A similar effect of the tumour immune microenvironment has been demonstrated with alectinib and osimertinib (24, 25). Our data supports this potential shared mechanism across oncogene-targeted TKIs which may underlie the high incidence of irAEs with these combinations.

A significant challenge in interpretation of irAE events in our study is the often absent reporting. The FDA recommends reporting of all irAEs including the duration, outcome, therapy if commenced and duration of irAE (26). There was very limited adherence to these guidelines in our included studies. A clinical challenge may be the differentiation of an irAE versus an AE for patients receiving combination therapy (eg ICI/TKI combination). Attention to this challenge is of increasing relevance with increased use of ICIs in combination with TKIs, chemotherapies and antibody drug conjugates (ADCs). The limited data presented in combination studies with regards to irAEs impairs clinicians and patients ability to make informed treatment decisions with the best available evidence. Our study contributes an analysis of ICI/TKI combination studies which raises a concerning trend of limited reporting of irAEs. A framework is needed to guide investigators in determining the aetiology of an AE and to ensure comprehensive reporting.

Our data would suggest that the studies with a TKI run-in were associated with what is generally considered an unacceptable incidence of G3-5 toxicity (G3-5 toxicity = 71%). Atezolizumab plus Vemurafenib was one of the earliest combinations explored in a run-in strategy (27). However, this was modified after only 3 initial patients experienced G3 toxicity. In a retrospective analysis of patients who received Osimertinib before or after PD-(L)1 inhibition, the authors discovered a high incidence of severe irAEs when PD-(L)1 inhibition was followed by Osimertinib (within 20 days) but not when Osimertinib was followed by PD-(L)1 (25). Our data contributes prospective data to the run-in approach and suggests that a run-in does not consistently mitigate the overall incidence of G3-5 toxicity. However, to conclusively address this question, randomised data would be needed in specific disease and treatment settings.

Our work has several limitations. Firstly, the studies included were associated with clinical heterogeneity which limits our interpretation of the pooled estimates, meaning our results are exploratory and hypothesis generating. However, we included different ICI/TKI combinations and diseases to ensure a comprehensive review. Despite our broad inclusion criteria, all studies involved an ICI targeting PD-1/PD-L1 and the vast majority of studies included a TKI targeting VEGF (VEGF specific or multitargeted; 85%, 61/72). We also saw in our work that there is significant heterogeneity in the incidence of G3-5 toxicity even when we focused on one regimen (eg Lenvatinib and Pembrolizumab). This is also apparent in other published works which focus on PD-1/PD-L1 inhibitors alone, where significant heterogeneity was also observed (28, 29). Our and others work are indicative that heterogeneity observed in toxicity meta-analysis may occur even when ICI/TKI combinations and diseases are homogenous. This supports our conclusions that further work is needed to harmonise reporting of AEs, which may contribute to observed heterogeneity. Nonetheless, the clinical heterogeneity and statistical heterogeneity observed is a limitation. Potential bias that may have reflected our results include publication bias. Given that we were assessing toxicity, rather than efficacy, it was our expectation that publication bias would be less likely to be a significant counfounder. Potential other biases include search and selection bias. We mitigated these biases with the designing of a search strategy with an information specialist and multiple reviewers of abstracts/full-texts. Furthermore, the exclusion of phase 1a studies (to avoid dose-finding studies) resulted in a significant number of excluded studies which may have had clinically relevant results (30–40). We did not have access to patient-level data, therefore results we included were limited to that available in publications or conference proceedings. This resulted in missing data (Range of 10.5% - 61.5%) which may have introduced bias to our symptom specific (e.g. diarrhoea) and toxicity specific (eg irAE) data. We were not able to provide an overall incidence of toxicity in a ‘Control Arm’ in our work given that the majority of included studies were not randomised and those that were may have had a control arm which did not include either therapy in the investigational arm (eg Checkmate9ER – Nivolumab & Cabozantinib versus Sunitinib) (41). If included studies included a control arm, it would have allowed us to compare relatively toxicity across studies potentially mitigating some of the challenges observed with heterogenous results. Studies which closed early due to excess toxicity are less likely to be published and as such there may be a reporting bias in included studies. Finally, the inclusion of studies which have not been peer-reviewed but data available as conference proceedings is a limitation but was intended to ensure a broad group of studies was included.

In conclusion, this study aims to address the underrepresented topic of the nuances of toxicity of ICI/TKI combinations - a growing set of oncology regimens used across tumours - in the immunotherapy armamentarium. These data are in fact critical to clinical decision-making, particularly when multiple treatment options exist- and when toxicity becomes a key deciding factor when clinicians select appropriate therapy in partnership with patients. We have identified that more than half of patients receiving these therapies will experience a diverse range of G3-5 toxicity which does not appear to be mitigated by a run-in strategy. Reporting of irAEs in ICI/TKI studies is limited and a framework is needed to ensure adequate reporting of incidence, duration and treatment of AEs in studies. Future directions to compliment comprehensive reporting may include use of patient reported outcomes, collection of financial and time toxicity data, and novel clinical trial designs employing metronomic dosing, and other toxicity mitigation approaches.
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The xenobiotic transporter ABCC4/MRP4 promotes epithelial mesenchymal transition in pancreatic cancer
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The xenobiotic transporter ABCC4/MRP4 is highly expressed in pancreatic ductal adenocarcinoma (PDAC) and correlates with a more aggressive phenotype and metastatic propensity. Here, we show that ABCC4 promotes epithelial-mesenchymal transition (EMT) in PDAC, a hallmark process involving the acquisition of mesenchymal traits by epithelial cells, enhanced cell motility, and chemoresistance. Modulation of ABCC4 levels in PANC-1 and BxPC-3 cell lines resulted in the dysregulation of genes present in the EMT signature. Bioinformatic analysis on several cohorts including tumor samples, primary patient-derived cultured cells, patient-derived xenografts, and cell lines, revealed a positive correlation between ABCC4 expression and EMT markers. We also characterized the ABCC4 cistrome and identified four candidate clusters in the distal promoter and intron one that showed differential binding of pro-epithelial FOXA1 and pro-mesenchymal GATA2 transcription factors in low ABCC4-expressing HPAF-II and high ABCC4-expressing PANC-1 xenografts. HPAF-II xenografts showed exclusive binding of FOXA1, and PANC-1 xenografts exclusive binding of GATA2, at ABCC4 clusters, consistent with their low and high EMT phenotype respectively. Our results underscore ABCC4/MRP4 as a valuable prognostic marker and a potential therapeutic target to treat PDAC subtypes with prominent EMT features, such as the basal-like/squamous subtype, characterized by worse prognosis and no effective therapies.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) represents one of the greatest therapeutic challenges in modern oncology due to its highly aggressive nature, dismal prognosis, and resistance to current therapies. It is projected to become the second leading cause of cancer-related mortality by 2030, with limited therapeutic advancements in recent years (Kenner et al., 2016; Sarantis et al., 2020). Emerging evidence implies the epithelial to mesenchymal transition (EMT) as a pivotal process driving PDAC progression, metastasis, and treatment resistance (Palamaris et al., 2021). EMT involves the reversible transformation of epithelial cells into mesenchymal-like cells, fostering traits associated with loss of intercellular contacts, enhanced cell migration, intratumoral heterogeneity, drug tolerance, and stemness (Palamaris et al., 2021). The orchestration of EMT transcriptional reprogramming is controlled by complex interactions in the tumor microenvironment, where intricate signaling pathways converge to activate a network of specific transcription factors (TF). These TF drive a spectrum of phenotypic changes ranging from a hybrid epithelial/mesenchymal to a pronouncedly mesenchymal phenotype (Hotz et al., 2007; Lamouille et al., 2014; Palamaris et al., 2021; Yang et al., 2023).
Throughout different stages of transdifferentiation, variations in the active efflux of metabolites and drugs mediated by multidrug resistance-associated proteins (MRPs) accompany EMT-induced changes that facilitate cancer progression and drug resistance (Jiang et al., 2017; Santamaria et al., 2019; Duan et al., 2023). MRPs, members of the ATP-binding cassette (ABC) protein superfamily, transport various endogenous substrates, modulating the tumor microenvironment and facilitating drug resistance (El-Awady et al., 2017). Several studies have demonstrated that EMT-related TF control the expression of a complex network of ABC transporters, impacting drug resistance and cell survival (Jiang et al., 2017). High expression of ABC transporters has been reported in less differentiated and more aggressive tumor regions (König et al., 2005; Adamska and Falasca, 2018). Known stromal EMT-inducing signals, such as hypoxia, inflammation, and TGF-beta, enhance the expression of key ABC transporters, including ABCB1 (P-gp), ABCC1 (MRP1), and ABCG2 (BCRP), in various cancers, including PDAC (Jiang et al., 2017; Santamaria et al., 2019; Okada et al., 2021). In PDAC, accumulating evidence shows that the xenobiotic transporter ABCC4/MRP4 (multidrug resistance-associated protein 4), plays a pivotal role in cell proliferation, metastasis, and serves as a potential prognostic biomarker and therapeutic target (Zhang et al., 2012; Carozzo et al., 2019; Sahores et al., 2020). Overexpression of MRP4 has been reported in several other cancers, including prostate, ovarian, breast, colorectal, neuroblastoma, hepatocellular, non-small cell lung, and acute myeloid leukemia (Ho et al., 2008; Copsel et al., 2011; Huynh et al., 2012; Zhao et al., 2014; Kochel et al., 2016; Jung et al., 2020; Kryczka et al., 2020; Zhou et al., 2022). Our previous studies have demonstrated that ABCC4/MRP4 is highly expressed in poorly differentiated and more malignant PDAC tumors and cell lines, promoting cell proliferation via cAMP extrusion into the extracellular compartment (Carozzo et al., 2019), and contributing to dysregulated transcriptional pathways associated with cell adhesion, chemotaxis, migration, and metastasis (Sahores et al., 2020).
In this study, we aimed to comprehensively investigate the functional implications of altered ABCC4 expression in the PDAC phenotype, and to elucidate the epigenetic and molecular mechanisms underlying its dysregulated expression. Our findings demonstrate that high ABCC4 expression promotes EMT programs, in part mediated by changes in TF expression such as pro-epithelial FOXA1 and pro-mesenchymal GATA2, which in turn act at specific cis-regulatory elements located at ABCC4 distal promoter and intron one eliciting a positive feedback loop.
MATERIALS AND METHODS
Cell culture
PANC-1, BxPC-3, and HPAF-II human pancreatic cancer cell lines were purchased from the American Type Culture Collection (ATCC, USA) and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) or RPMI-1640 (RPMI) medium (Sigma-Aldrich, USA). The clones with different levels of ABCC4/MRP4 expression were previously established and characterized in our laboratory (Carozzo et al., 2019). Medium was always supplemented with 10% FBS (Natocor) and 50 μg/mL gentamicin (Sigma-Aldrich). All cell cultures were maintained at 37°C in a humidified atmosphere with 5% CO2. BxPC-3 clones were maintained with hygromycinB (SelleckChem; 200 μg/mL). Cells were authenticated by short tandem repeat profiling (Genetica DNA Laboratories Inc.). All experiments were performed with mycoplasma-free cells and all human cell lines have been authenticated using STR profiling within the last 3 years.
Animals
Two-month-old male immunodeficient NOD/LtSz-scid/IL-2Rgamma null (NSG; Jackson Labs) mice (27 g±2 g) were bred and maintained under specific pathogen-free conditions in filter-top boxes with a 12 h light/12 h dark cycles at the ININFA animal facility. All studies comply with the ARRIVE guidelines and were carried out in accordance with the UK Animals (Scientific Procedures) Act. The experimental protocols were approved by the corresponding IACUC authorities of the University of Buenos Aires (IBYME; CICUAL N° 014/2017 and N° 016/2021) and all experiments were performed following the Institutional Bio-Safety Committee (IBSC) regulatory framework.
Xenografts
For subcutaneous tumor xenografts, 2 × 106 BxPC-3 mock or BxPC-3 MRP4+, 5 × 106 PANC-1, or 5 × 106 HPAF-II cells were inoculated (100 µL) into the right inguinal flank of male NSG mice. When tumors reached a maximum diameter of 15mm, mice were euthanized, and xenografts were excised.
RNA-seq
Total RNA from BxPC-3 mock and MRP4+ cells grown in culture (N = 2) and xenografts (N = 3) was extracted with QuickZol (Kalium Technologies) followed by incubation with 3U of TURBO DNase® (Ambion, Thermo Fisher Scientific Inc.) according to the manufacturer’s instructions. Purified RNA samples (4 µg) were sent to Novogene for library preparation (TruSeq RNA Sample Preparation Kit v2, Illumina Inc.) and sequencing (150-nt paired-end) on the Illumina HiSeq2500 platform (Illumina Inc.). Approximately 20 million reads per sample were obtained. FASTQ files from BxPC-3 cell cultures and xenografts were processed together with the FASTQ files from PANC-1 scramble and MRP4- clones previously published (Carozzo et al., 2019; Sahores et al., 2020). The following bioinformatics pipeline was used: quality control with FastQC, trimming with fastp, mapping with STAR to the Hg19 human reference genome, and counting with featureCounts. The differentially expressed genes (DEG) were calculated with DESeq2 (padj<0.05, Log2FC > 1). Heatmaps and volcano plots were performed with packages pheatmap and EnhancedVolcanoplot. Functional enrichment was conducted with Enrichr (https://maayanlab.cloud/Enrichr/), selecting the Molecular Signature Database (MSigDB Hallmark, 2020), KEGG (2021 human), WikiPathway (2021 human), and Gene Ontologies (Biological Process, Cellular Component, Molecular Function, 2023) databases, and padj<0.05. Count matrices from PANC-1 and BxPC-3 cultures and xenografts, and full R scripts are available at https://github.com/Gonzalez-Lab/ABCC4.
Correlation studies of ABCC4/MRP4 levels in PDAC human sample datasets and preclinical models
Pearson correlation analysis was conducted to assess the relationship between ABCC4 expression levels and marker genes associated with epithelial or mesenchymal programs (Log2) using transcriptomic datasets accessible through public repositories such as GEO (Gene Expression Omnibus) and TCGA (The Cancer Genome Atlas). Additionally, transcriptomic datasets from patient cohorts recruited from various academic hospitals in Europe and the USA were included in the analysis. A total of 13 datasets from different preclinical models and patient samples were analyzed: i) cell lines: Moffit cell lines (GSE71729) (Moffitt et al., 2015), Diaferia cell lines (GSE64558) (Diaferia et al., 2016); ii) primary patient-derived cultured cells (PDC): PDC. Fraunhoffer (Fraunhoffer et al., 2023); iii) patient-derived xenografts (PDX): PDX. Fraunhoffer (Fraunhoffer et al., 2022), PDX. Moffitt (Moffitt et al., 2015); iv) patient primary tumors: TCGA. PAAD (Cancer Genome Atlas Research Network, 2017), Moffit. PDAC (Moffitt et al., 2015), Moffitt. primary (GSE71729) (Moffitt et al., 2015), Gempred (Nicolle et al., 2021), Multi. Stage (Fraunhoffer et al., 2022; 2023), Puleo (Puleo et al., 2018), and Compass (Aung et al., 2018). Pearson correlation coefficients and their statistical significance were calculated using statistical functions in the R programming language. These results were visualized in a heatmap with column hierarchical clustering, employing the R package pheatmap.
Identification of regulatory clusters on the ABCC4 gene
To examine cis-regulatory elements within ABCC4, we employed the Integrative Genomics Viewer (IGV) platform to visualize ChIP-seq tracks obtained at the ChIP-Atlas Peak Browser platform (http://chip-atlas.org/peak_browser, Zou et al., 2022), as well as manually curated BED files of epigenetic marks and TF performed in the PDAC cell lines CFAC1 (GSE54560) (Diaferia et al., 2016). The complete ABCC4 gene, spanning 15 kb upstream of the TSS was visualized. Poised/active cis-regulatory elements were identified based on the enrichment peaks corresponding to H3K4me1/H3K27ac marks, ATAC-seq, and positive TF binding, such as FOXA1 and GATA2 in PDAC and prostate cancer. The comparative analysis of shared and differential active cis-regulatory sites between the PDAC cell lines HPAF-II and PANC-1 was conducted using the Galaxy Community 2022 platform.
Chromatin immunoprecipitation (ChIP) assays
HPAF-II and PANC-1 tumor xenografts minced tissue was cross-linked in 1% formaldehyde/PBS for 15 min. Dynabeads (Life Technologies) were blocked with BSA (Sigma-Aldrich) and incubated with anti-FOXA1 (5µg, sc-514695 Santa Cruz Biotechnology), anti-GATA2 (5µg, sc-267 Santa Cruz Biotechnology), or normal rabbit IgG (5µg, 12–370 Millipore) antibodies. Chromatin shearing was carried out using a temperature-controlled cold-water bath and rotating sonicator (Bioruptor Pico, Diagenode). Immunoprecipitation was conducted overnight at 4°C with equal amounts of chromatin lysate (25–30 μg) per sample. DNA-protein complexes were then disassociated at 65°C with proteinase K (Life Technologies) for 2 h after RNaseA treatment. DNA extraction was performed using phenol/chloroform extraction and suspended in 10 mM Tris buffer. PCR amplification of ChIP-derived DNA was carried out using the ABIPrism7500 sequence detection system (Applied Biosystems). Enrichment of FOXA1 and GATA2 was determined using specific ChIP primers designed to amplify the selected clusters at the distal promoter (DP) and intron 1 (clusters 1-3) (sequences in Supplementary Table S1). Each sample was analyzed in duplicate using 4 pmol of each primer, 1X HOT FIREPol’ EvaGreen qPCR Mix Plus (Solis Biodyne), and 5 μL of the immunoprecipitated (IP) and input DNA samples (1 ng/μL) in a final reaction volume of 13 μL. Data was quantified as the % IP over input.
Statistical analysis
Data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVAs, followed by Tukey post-hoc test, to compare two factors (group and growth setting) and their interaction. For data that did not meet parametric test assumptions, Kruskal-Wallis ANOVA on ranks was applied, followed by paired comparisons. Statistical analyses were conducted using the software InfoStat 2010 and R packages. Results were considered statistically significant at p<0.05.
RESULTS
Effect of the modulation of ABCC4/MRP4 levels on the transcriptome of PDAC cell lines
To further elucidate the effects of ABCC4/MRP4 on the PDAC phenotype, we performed transcriptomic analysis comparing PANC-1 cells with reduced ABCC4 expression (MRP4-) to control (scramble) cells, and BxPC-3 cells with enhanced ABCC4/MRP4 levels (MRP4+) to control (mock) cells, growing in culture and in subcutaneous xenografts. Figure 1 illustrates the differential gene expression analysis (DESeq2) conducted on PANC-1 scramble vs. MRP4- and BxPC-3 mock vs. MRP4+ cell cultures and xenografts (padj<0.05; Log2FC > 1). Consistent with expectations, PANC-1 MRP4- cell cultures exhibited decreased ABCC4 levels, while BxPC-3 MRP4+ cell cultures and xenografts showed increased ABCC4 levels vs. control samples (Figure 1A). Functional enrichment analysis showed that altered expression of ABCC4/MRP4 was most significantly associated with the Epithelial Mesenchymal Transition, Collagen-Containing Extracellular Matrix, and Interferon Gamma Response signatures (Figure 1B; Supplementary Table S2). We further established a “MRP4 gene signature” by identifying genes that exhibited opposite changes in expression between PANC-1 MRP4- and BxPC-3 MRP4+ cell culture settings. We identified 14 genes significantly upregulated in PANC-1 MRP4- and downregulated in BxPC-3 MRP4+ samples (Figure 1C; Supplementary Table S3). Functional enrichment analysis revealed a significant association with the Epithelial Mesenchymal Transition term, underscoring the strong correlation between ABCC4/MRP4 modulation and alteration in the EMT process in PDAC cells.
[image: The image consists of three main sections labeled A, B, and C, depicting gene expression analysis related to MRP4. Section A shows heatmaps and volcano plots for PANC-1 and BxPC-3 cells, indicating differentially expressed genes (DEG). Section B includes bar charts illustrating functional enrichment analyses linked to epithelial mesenchymal transition. Section C features a Venn diagram displaying overlapping gene signatures between PANC-1 and BxPC-3, highlighting 14 genes associated with epithelial mesenchymal transition.]FIGURE 1 | Effect of the modulation of ABCC4/MRP4 levels on the transcriptome of PDAC cells. We performed RNA-seq analysis on PANC-1 cells with silenced ABCC4 expression (left: PANC-1 MRP4- vs. scramble) and BxPC-3 cells with ABCC4/MRP4 overexpression (BxPC-3 MRP4+ vs. mock). The transcriptome of BxPC-3 cells was analyzed in both cultured cells (middle) and xenografts derived from sc. Inoculation in NGS mice (right). FASTQ files were aligned to the human reference genome (hg19) using STAR-featureCounts, and count matrices were analyzed with DESeq2. (A) Unsupervised clustering of the differentially expressed genes (DEG) identified in PANC-1 and BxPC-3 samples (z-score). (B) Volcano plots illustrating downregulated (DOWN) and upregulated (UP) DEG in PANC-1 and BxPC-3 samples. (C) Functional enrichment analysis performed using the Enrichr platform. Bubble charts depict the significance level (blue to red) and odds ratio (bubble size) for the most significant terms obtained for PANC-1 and BxPC-3 sample DEG (padj<0.05). Bold and red lettering highlights the most significant shared term across all experimental models. (D) Left: Venn diagrams illustrate the “MRP4 gene signature” derived from the analysis of DEG showing opposite changes between PANC-1 MRP4- and BxPC-3 MRP4+ cell cultures (padj<0.05). Right: Functional enrichment analysis of the “MRP4 gene signature.”
ABCC4/MRP4 expression is associated with the EMT program in PDAC
To comprehensively evaluate the association between ABCC4/MRP4 and the EMT process, we analyzed transcriptomic data from PDAC primary tumors (Moffitt et al., 2015; Research Network, 2017; Aung et al., 2018; Puleo et al., 2018; Nicolle et al., 2021; Fraunhoffer et al., 2022; Fraunhoffer et al., 2023; Cancer Genome Atlas), as well as preclinical PDAC models including cell lines, primary patient-derived cells (PDC), and patient-derived xenografts (PDX) (Moffitt et al., 2015; Diaferia et al., 2016; Fraunhoffer et al., 2022; Fraunhoffer et al., 2023). We evaluated the correlation between ABCC4 levels and the expression of well-established markers and TF involved in the epithelial (EPI) and mesenchymal (MES) programs (Moffitt et al., 2015; Diaferia et al., 2016; Porter et al., 2019). Hierarchical clustering of the Pearson’s correlation coefficient (R) revealed a negative correlation between ABCC4 levels and the EPI markers, and a positive correlation with the MES markers (Figure 2). Interestingly, the EPI markers clustered together, while the MES markers exhibited the strongest positive correlation in key genes such as VIM and ZEB1/2. This correlation trend was consistent across PDAC samples and experimental models lacking the stromal compartment, including cell lines, PDC and PDX, suggesting that the observed correlations specifically reflect gene expression within the tumor parenchyma. Additionally, we assessed the expression levels of selected EPI and MES markers in our RNA-seq experiments. We found that upregulation of ABCC4/MRP4 was associated with the downregulation of several EPI markers and the dysregulation of several MES markers, particularly evident in the xenograft model (Supplementary Table S4).
[image: Clustered heatmap displaying gene expression data across various conditions and categories. Red shades indicate higher expression, and blue shades indicate lower expression. Categories include cell lines and datasets, with a color-coded legend showing different classifications.]FIGURE 2 | ABCC4 correlation with epithelial and mesenchymal markers in PDAC. Hierarchical clustering of the Pearson’s correlation coefficient (R) calculated between the Log2-transformed expression levels of ABCC4 and the selected epithelial (EPI) and mesenchymal (MES) genes across various PDAC models. PDAC models include cell lines (GSE71729 from (Moffitt et al., 2015); GSE64558 from (Diaferia et al., 2016)), primary patient-derived cultured cells (PDC; Fraunhoffer et al., 2023), and patient-derived xenografts (PDX, Moffitt et al., 2015; Fraunhoffer et al., 2022). PDAC primary tumor samples encompass datasets such as TCGA_PAAD (Cancer Genome Atlas Research Network, 2017), Moffitt. PDAC and Moffitt. primary (GSE71729 from Moffitt et al., 2015), Gempred (Nicolle et al., 2021), Multi_Stage (Fraunhoffer et al., 2022; Fraunhoffer et al., 2023), Puleo (Puleo et al., 2018), and Compass (Aung et al., 2018). The color scale indicates negative (blue) to positive (red) correlations. Symbols denote significance levels: ∼: p< 0.1, *: p< 0.05, **: p< 0.01, ***: p< 0.005. “NA” indicates gene expression not reported in the dataset.
To explore whether ABCC4 may be directly regulated by the EPI vs. MES transcriptional programs, we curated available data on reported ChIP-seq binding sites for EPI and MES TF. Figure 3 shows the promoter and entire gene body of ABCC4 on the negative strand of chromosome 13, along with the peaks called for EPI TF (blue lettering) and MES TF (red lettering) across various normal and neoplastic cell types. Among the selected TF, certain ones exhibited high coverage, such as FOXA1 and GATA2. Additionally, we observed significant coverage of MYC, a master regulator of cell proliferation known to directly control ABCC4 transcription (Huynh et al., 2012; Jung et al., 2020). These results indicate that ABCC4 expression may be influenced by the interplay between EPI and MES transcriptional programs, with its upregulation being associated with EMT and cell proliferation.
[image: A genome map showing AID-based cytidine deaminase mutation sites across a region of chromosome eighteen. The map includes the positions of several genes such as KMT2C, RNF152, VPS4B, and others in blue and red. Additional tracks display the density of mutations as color-coded plots, with the scale indicating mutation frequency from zero to five hundred, five hundred and one to one thousand, and one thousand to fifteen hundred in increasing intensity.]FIGURE 3 | Epithelial and mesenchymal transcription factors binding sites at ABCC4 gene. ChIP-seq peaks representing epithelial TF (blue lettering) and mesenchymal TF (red lettering). The data were obtained from the ChIP-Atlas portal using the Peak Browser (selected settings: H. Sapiens Hg19, all cells, threshold Q value < 10−5), and the visualization was performed using Integrative Genome Browser (IGV) software. The colors displayed in the IGV tracks indicate the statistical significance (Q value) of the peak called with MACS2.
Dissecting ABCC4 cis-regulatory elements and FOXA1/GATA2 binding in PDAC
We further focused on elucidating the role of FOXA1 and GATA2, two pioneer TF known to interact with ABCC4 elements and regulate gene expression (Wu et al., 2014; Rodriguez-Bravo et al., 2017). FOXA1 is recognized as pro-epithelial TF in PDAC, contributing to tumorigenesis and metastasis by mechanisms that involve cistrome reprogramming toward aberrant embryonic endoderm developmental programs (Roe et al., 2017). Conversely, GATA2 is significantly upregulated in more undifferentiated and high-grade PDAC cell lines and xenografts (Diaferia et al., 2016). Actually, in our RNA-seq studies we found that ABCC4/MRP4 overexpression in BxPC-3 induces a shift in these TF levels, decreasing FOXA1 and increasing GATA2, consistent with an EPI-to-MES switch in structural markers such as CDH1 and VIM (Figure 4; Supplementary Table S4).
[image: Bar graph showing expression levels of four genes: FOXA1, GATA2, CDH1, and VIM in culture and xenograft conditions. Different colors indicate mock and shWHIP1 treatments. Statistical significance is marked by asterisks.]FIGURE 4 | EMT transcription factors and markers expression in BxPC-3 cells with ABCC4/MRP4 overexpression. Transcript levels in BxPC-3 MRP4+ vs. mock cultures and xenografts obtained in the RNA-seq experiments are shown in counts per million (CPM). Data are presented as mean ± SEM (N = 2-3). Two-way ANOVA, followed by Tukey post test when interaction p< 0.05. *p< 0.05, ***p< 0.001.
To delve into the mechanisms regulating ABCC4 expression, we queried epigenomic and transcriptomic data from PDAC cell lines exhibiting differential endogenous levels of MRP4. First, we defined the active TF clusters along the ABCC4 gene, typically neighbored by the cis-regulatory element epigenetic signature, composed of histones marks H3K4me1 (indicative of poised sites) and H3K27ac (indicative of fully active sites) (Calo and Wysocka, 2013), in seven low-grade (HPAF-II, CAPAN1, CAPAN2, and CFPAC1), and high-grade (MiaPaCa2, PT45P1, and PANC-1) PDAC cell lines, sorted by increasing ABCC4 expression levels (RNA-seq, left), alongside the peaks for H3K4me1/H3K27ac marks on the ABCC4 gene (ChIP-seq, right). Notably, two large regulatory regions (green and red rectangles) were delineated, displaying higher density of both marks across all cell lines. In particular, the red-marked region spans from 18 kb upstream of the transcription start site (TSS) to the second exon, encompassing both distal and proximal promoters. Substantial disparities in H3K4me1/H3K27ac content were observed within this region between cell lines with varying ABCC4 expression levels. This contrast is particularly evident between HPAF-II (gray tracks) and PANC-1 (red tracks) cell lines, representing opposite ends of ABCC4 expression. While no peaks were detected for either mark in HPAF-II cells, PANC-1 cells exhibited the highest coverage among the 7 cell lines analyzed. Intersection analysis of positive H3K4me1 and H3K27ac sites throughout the entire ABCC4 gene, revealed that HPAF-II cells displayed fewer posed/active regulatory sites, whether exclusive or shared, while PANC-1 cells exhibited a greater number of differentially marked sites (Figure 5B). This indicates heightened regulatory activity on the ABCC4 gene in the cell line with elevated expression levels.
[image: Panel A shows H3K4me1 and H3K27ac peaks at the ABCC4 gene, with marked areas on the gene structure indicating selective regions. The chromatin modifications are observed in the HPAF-II and PANC-1 cell lines. Panel B presents two Venn diagrams comparing the H3K4me1 and H3K27ac peaks between HPAF-II and PANC-1, highlighting distinct and shared peaks: 3 shared H3K4me1 peaks, and 5 shared H3K27ac peaks.]FIGURE 5 | Cis-regulatory elements within ABCC4 in PDAC cell lines. (A) ABCC4 transcript levels (left) and the genome-wide distribution of poised/active cis-regulatory elements H3K4me1/H3K27ac (right) in seven PDAC cell lines: low-grade HPAF-II, CAPAN1, CAPAN2, and CFPAC1, and high-grade MiaPaCa2, PT45P1, and PANC-1. Data were retrieved from GSE64560 (RNA-seq) and GSE64557 (ChIP-seq) datasets (Diaferia et al., 2016), and tracks were visualized using Integrative Genome Browser (IGV) software. (B) Intersection analysis for H3K4me1/H3K27ac peaks in HPAF-II vs. PANC-1 cell lines, illustrating shared and exclusive active sites across the ABCC4 gene. Analysis was performed using Galaxy/Cistrome tools (http://cistrome.org/ap/).
To further delineate the primary regulatory regions within the ABCC4 gene in PDAC, we specifically focused on identifying cis-regulatory elements within ABCC4 (Figure 6). For this study, we selected tracks available for H3K4me1/H3K27ac, ATAC-seq, and FOXA1 on pancreatic and prostate cell types, which include several PDAC cell lines like CFPAC1, PT45-P1, BxPC-3, and PANC-1, and prostate cancer cell lines like LnCAP, where the control of ABCC4 transcription by FOXA1/GATA2 binding at intron one sites was first documented (Wu et al., 2014). Notably, we found a highly similar cistrome and FOXA1 binding between pancreatic and prostate cancer cell lines tracks (Figure 6). We also evaluated the genomic distribution of H3K4me1/H3K27ac, FOXA1, and other TF involved in pancreatic tumor development on the CFPAC1 PDAC cell line (GSE54560) (Diaferia et al., 2016) (Supplementary Figure S1). It is noteworthy that CFPAC1 cells exhibit intermediate ABCC4 levels and an epigenetic profile within intron one similar to that observed in PANC-1 cells (Figure 5; Supplementary Figure S1). This analysis enabled us to define four clusters of interest within ABCC4: a distal promoter (DP) site, situated at −13 kb, along with three clusters located within intron one at positions 3.5 (cluster 1), 29.9 (cluster 2), and 42.5 (cluster 3) kb (Figure 6). These regulatory regions were chosen based on the presence of combined FOXA1/GATA2 binding (clusters DP and 2) or exclusive FOXA1 binding (clusters one and 3).
[image: Heatmap showing gene expression levels for six genes (HES4, RERE, MKL2, ARHGAP35, PRDM16, GAB1) across different genomic features like Enhancer1, Promoter, and several clusters (Cluster 3, Cluster 2, Cluster 1, Cluster 0P). Color gradient represents expression from low (blue) to high (red).]FIGURE 6 | Identification of primary regulatory clusters within ABCC4. ChIP-seq peaks from pancreatic (panc: black lettering) and prostate (pros: purple lettering) cells, indicating poised/active cis-regulatory elements marked by H3K4me1/H3K27ac and ATAC-seq peaks, as well as FOXA1 and GATA2 binding sites within ABCC4.
Next, we aimed to characterize FOXA1 and GATA2 effective binding to the identified regulatory clusters in in-vivo PDAC models. For this purpose, we generated HPAF-II and PANC-1 xenografts and performed ChIP-qPCR analysis to examine the specific binding of FOXA1 and GATA2 at the selected regulatory clusters within the ABCC4 gene. As expected, HPAF-II xenografts showed glandular structures, typical of highly differentiated tumors, with higher FOXA1 expression, whereas PANC-1 xenografts exhibited solid and compact tumor sheets without lumens, indicative of poor differentiation, along with higher GATA2 and ABCC4 expression (Supplementary Figure S2). Consistently, we found significant FOXA1 enrichment at clusters DP, 1, and three in HPAF-II compared to PANC-1 xenografts (p< 0.05; Figure 7). Conversely, PANC-1 tumors displayed notable GATA2 enrichment at clusters DP and 2, relative to HPAF-II (p< 0.05, Figure 7).
[image: Diagram showing the arrangement of the ABCC4 gene with FOXA1 and GATA2 binding sites in the HPAF-II cell line. The top section depicts the gene structure, including exons and introns. Below, graphs show FOXA1 and GATA2 ChIP results for clusters 3, 2, 1, and DP in PANC-1 cells, with data points marked, including red highlights for significant differences.]FIGURE 7 | Identification of FOXA1/GATA2 binding within ABCC4 in PDAC cell lines. Specific binding of FOXA1 and GATA2 at the identified regulatory clusters within the ABCC4 gene in HPAF-II and PANC-1 xenografts, determined by ChIP-qPCR. Data are presented as mean ± SEM. Kruskal-Wallis test (N = 3-5); *p< 0.05 vs. negative control with IgG antibody.
The results presented here can be summarized in Figure 8: hightened ABCC4 expression activates EMT programs, downregulating EPI TF expression like FOXA1, while upregulating MES TF, such as GATA2. This switch in TFs levels then operates on distinct cis-regulatory elements situated within the ABCC4 distal promoter and intron 1, triggering a positive feedback loop. Targeting these dynamic transitions and programs could be a promising strategy for PDAC treatment.
[image: Diagram comparing epithelial (EPI) and mesenchymal (MES) programs in pancreatic ductal adenocarcinoma (PDAC). The left side shows the EPI program with decreased ABCC4, increased FOXA1, and GATA2. It features MRP4 and a cell with a smooth surface. The right side illustrates the MES program with increased ABCC4, decreased FOXA1, and simultaneous GATA2 increase, highlighting a cell with spiky protrusions. Both sections include gene diagrams for ABCC4 with intron details. Transition between programs is labeled EMT.]FIGURE 8 | Schematic illustration of the epithelial-to-mesenchymal transition (EMT) program in PDAC progression, from low-to high-grade tumors. Low-grade tumors exhibit high expression of epithelial (EPI) program TF (in blue), like FOXA1. FOXA1 binds to the promoter of the ABCC4 gene and ensures low levels of the protein it encodes, MRP4. During EMT, EPI gene expression decreases as mesenchymal (MES) program TF, such as GATA2, are upregulated (in pink). This TF also binds to cis-regulatory elements within the ABCC4 gene, triggering its transcription and heightening ABCC4/MRP4 levels in high-grade tumors. In turn, increased ABCC4 expression further diminishes FOXA1 and boosts GATA2 levels ensuring the heightened expression of the transporter through a positive feedback loop.
DISCUSSION
In recent years, accumulating evidence has highlighted ABCC4/MRP4 as a promising prognostic marker in various cancers, including PDAC. The results presented herein further delve into the functional implications of elevated ABCC4 levels in PDAC by establishing its association with the EMT, a pivotal process in cancer progression, aggressiveness, and resistance to chemotherapy (Palamaris et al., 2021). Our study reveals a positive correlation between ABCC4 expression and a pro-mesenchymal phenotype, along with a negative correlation with pro-epithelial TF and markers across multiple transcriptomic datasets comprising PDAC tumor samples and preclinical models. Moreover, modulation of ABCC4 levels in PANC-1 and BxPC-3 cells resulted in dysregulation of genes predominantly associated with the EMT signature. Overexpression of ABCC4/MRP4 led to increased pro-mesenchymal GATA2 and decreased pro-epithelial FOXA1 and CDH1 expression. Additionally, we established a “MRP4 gene signature” in PDAC by identifying genes exhibiting opposite expression patterns in MRP4- vs. MRP4+ cell cultures, which are significantly associated with the EMT signature. Notably, ABCC4 expression has also been linked to the EMT process in colorectal cancer, as evidenced by its correlation with EMT markers in primary tumors datasets, and the induction of a pro-mesenchymal phenotype and increased ABCC4 expression upon overexpression of SNAI2 in HT29 colorectal adenocarcinoma cells (Kryczka et al., 2020).
In this study, we build upon previous findings and compared the transcriptomic profiles of PANC-1 cells with decreased ABCC4/MRP4 levels and BxPC-3 cells with increased ABCC4/MRP4 levels, both in cell culture and xenograft models. Functional enrichment studies of the DEG showed common pathways across different experimental conditions, such as the EMT, the collagen-containing extracellular matrix, and the interferon gamma response signatures. Collagen fibrils constitute a major component of the desmoplastic stroma characteristic of PDAC, facilitating tumor progression and metastasis by creating a stiff and hypoxic microenvironment that exerts selective pressure on neoplastic cells (Zhao et al., 2022). The collagen signature may reflect the acquisition of a pro-mesenchymal phenotype by cells undergoing EMT, as fibroblasts from the mesenchymal compartment are the primary contributors to collagen secretion and the fibrotic components of the extracellular matrix (Zhao et al., 2022). Moreover, in both MRP4- and MRP4+ cell culture settings, we detected key signatures related to PDAC pathogenesis, specifically involving the KRAS and p53 pathways, as well as the inflammatory response, that play crucial roles in pancreatic tumor development and progression (Hausmann et al., 2014; Zhao et al., 2022). Moreover, these pathways also enhance the expression of key ABC transporters (Jiang et al., 2017; Santamaria et al., 2019; Okada et al., 2021).
The pioneer TF FOXA1 and GATA2 have been previously linked to the regulation of ABCC4 expression in prostate cancer (Wu et al., 2014), where MRP4 has been validated as a clinically relevant prognostic marker associated with metastasis (Ho et al., 2008; Montani et al., 2013). In LnCAP prostate cancer cells, FOXA1 and GATA2 independently bind to the ABCC4 gene and recruit chromatin loop-forming factors such as MED1 from distal sites to the cluster two region, allowing androgen receptors to bind and promote transcription upon hormone stimulation (Wu et al., 2014). Importantly, GATA2 overexpression in prostate tumor has been associated with increased motility and invasiveness, proliferation, tumorigenicity, and chemoresistance (Rodriguez-Bravo et al., 2017), whereas in PDAC it was found increased in high-grade tumors and cell lines (Diaferia et al., 2016). Herein, we describe four sites for ABCC4 regulation that are differentially accessed by FOXA1 in low-grade HPAF-II or by GATA2 in high-grade PANC-1 tumors. This is consistent with the regulatory mechanism reported in prostate cancer. Our results support a model of endogenous ABCC4 regulation, where pro-epithelial programs characteristic of low-grade PDAC maintain basal levels of transporter expression, and as pro-mesenchymal programs are activated, the specific binding of TF such as GATA2 triggers ABCC4 transcription, leading to elevated transporter levels and EMT progression.
Augmented expression of ABC transporters has been associated with aggressive, invasive, and chemoresistant cancers (Fletcher et al., 2010; Muriithi et al., 2020; Duvivier et al., 2024), and EMT TF have multiple binding sites at ABC transporters genes (Saxena et al., 2011). Overexpression of certain MES TF, such as TWIST, SNAI1, and FOXC2, has been linked to increased transporters expression and chemoresistance, while their depletion enhances drug sensitivity (Zhuo et al., 2008; Hoshino et al., 2009; Kurrey et al., 2009; Saxena et al., 2011). Our findings reveal that several EPI and MES TF have binding sites within ABCC4. Noteworthy, FOXA1 and GATA2 exhibited a high density of binding sites along with MYC, a pro-oncogenic regulator of cell proliferation (Sodir and Evan, 2011) that has been demonstrated to control ABCC4 transcription (Huynh et al., 2012; Jung et al., 2020). Here, we show that ABCC4/MRP4 overexpression in BxPC-3 increased GATA2, which in turn can bind ABCC4 cis-regulatory elements at the distal promoter and intron one to promote its transcription, creating a positive feedback that could sustain EMT progression. As GATA2 has been proven to be undruggable due to its structure (Kumar et al., 2012; Rodriguez-Bravo et al., 2017), targeting ABCC4/MRP4 could serve to control GATA2 upstream and downstream pathways.
Altogether, the results presented in this study broaden our understanding of the functional roles of ABCC4/MRP4 in PDAC pathophysiology and associate this transporter to the basal-like/squamous PDAC phenotype, that exhibit worse prognosis and poor response to chemotherapy (Espinet et al., 2022), thus the overall necessity for effective options to treat these patients. Our results also enable the identification of specific cis-regulatory elements and TF that control ABCC4 expression, potentially serving as therapeutic targets on their own, thus opening avenues for gene therapy interventions. In conclusion, this work contributes to the understanding of ABCC4/MRP4’s role in inducing treatment resistance, independent of its function in extruding chemotherapeutic drugs, but rather as a driver of EMT. This likely occurs through modulating levels of endogenous metabolites and signaling molecules within the tumor microenvironment. Previous research has indicated that genetic ablation of ABCC4 has minimal effects on healthy tissues, supporting the potential of inhibiting ABCC4/MRP4 as a viable therapeutic strategy, especially in cases of upregulation in diseased tissues (Russell et al., 2008; Yaneff et al., 2019). Additionally, our findings demonstrate a functional connection between ABCC4/MRP4 levels and collagen content, inflammation, and communication pathways like Wnt signaling that are crucial players in the tumor-stroma interface (Ram Makena et al., 2019). In these lines, our future investigations will focus on elucidating the impact of MRP4 pharmacological inhibition on EMT and tumor progression, and the cross-communication with the stromal compartment, in in vivo PDAC models. In summary, the results presented herein further reinforce the significance of ABCC4/MRP4 as a valuable prognostic marker and a potential therapeutic target in PDAC, underscoring the need for additional studies in this area.
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Background: Bortezomib (BTZ), a primary treatment for MM, but its effectiveness can be reduced by interactions with vicinal diol moieties (VDMs) in polyphenols. Despite this, it’s debated whether BTZ therapy necessitates avoiding polyphenol-rich products, given the low bioavailability of polyphenols. Additionally, it remains unclear whether the structure of polyphenols contributes to their BTZ antagonism. Therefore, our study aims to unravel the structure-activity relationship of dietary polyphenols and their BTZ antagonism at daily diet-achievable physiological concentrations.
Methods: We assessed the antagonistic effects of 25 polyphenols against BTZ using cell viability assays in RPMI 8226 cells. ChemGPS-NP helped analyze the structural similarity. Additionally, long-term cytotoxicity assays evaluated these effects at physiologically relevant concentrations.
Results: By cell viability assays, we found a positive correlation between the number of VDMs in gallotannins and their BTZ antagonism. Moreover, the origin and configuration of VDMs, rather than the total VDM concentration, play a pivotal role in the combined antagonistic effects against BTZ in gallotannins. Additionally, ChemGPS-NP analysis indicated that the aromaticity and C-3 hydroxyl group in flavonoids’ C-rings enhance their BTZ antagonism. Finally, long-term cytotoxicity assays reveal that gallic acid (GA), epigallocatechin (EGC), and epigallocatechin gallate (EGCG), at their physiological concentrations—attainable through tea consumption—significantly and synergistically antagonize BTZ.
Conclusion: Due to the potential for these polyphenols to reduce the effectiveness of BTZ, it is advisable for MM patients undergoing BTZ treatment to reduce their consumption of foods high in VDM-containing polyphenols.

Keywords: multiple myeloma, boronic acid-based proteasome inhibitor, bortezomib, polyphenol, vicinal diol moieties, physiological concentrations

1 INTRODUCTION
Multiple myeloma (MM) is a cancer of plasma cells. From 1990 to 2019, global MM incident and death cases more than doubled (Zhou et al., 2021). The introduction of bortezomib (BTZ, Trade name Velcade®), a novel first-in-class proteasome inhibitor (PI), has been a significant breakthrough in the treatment of MM. BTZ blocks proteasome’s chymotrypsin-like activity by forming a covalent bond between its boronic acid group and the hydroxy group of the β5 subunit N-terminal threonine of the 20S proteasome (Boike et al., 2022). Through binding to the proteasome, BTZ causes abnormal protein accumulation, leading to ER stress and apoptosis. Myeloma cells, with their high immunoglobulin production and protein synthesis rates, depend more on proteasome function to prevent overload compared to normal cells. Consequently, MM cells are more sensitive to BTZ. Despite the advancements in cancer therapies, drug resistance remains a significant challenge in the management of cancer, including MM (Ahmad et al., 2023; Kozalak et al., 2023). Until now, MM has remained incurable. Therefore, understanding the underlying mechanism caused resistance to BTZ is important for improving MM treatment.
Polyphenols, a large family of natural compounds with multiple phenol groups, are abundant in fruits, vegetables, herbs, spices, tea, dark chocolate, and wine. They offer various health benefits, including anticancer properties, making polyphenol-rich foods and supplements beneficial for health and disease prevention. However, studies reveal that epigallocatechin gallate (EGCG)´s vicinal diol groups can react with the boronic acid in BTZ, thereby inhibiting its anticancer effects in MM cells (Golden et al., 2009; Kim et al., 2009; Jia and Liu, 2013). In a previous study, the antagonistic effects of EGCG (administered at 25 and 50 mg/kg/day via intragastric administration) against BTZ were demonstrated in a mouse xenograft model (Golden et al., 2009). It is important to note that it is highly unlikely for humans to intake such a large amount of EGCG (approximately 3,500 mg/person/day), leading to the conclusion that dietary intake of EGCG should not be high enough to exert noticeable antagonistic effects against BTZ. However, it is interesting to note that another previous study proved the peak plasma levels of EGCG in mice were 0.28 ± 0.08 μM (a concentration close to physiological levels in humans) after intragastric administration of EGCG at 75 mg/kg (Lambert et al., 2003). These results indicated that mice require a much higher EGCG intake to reach plasma concentrations comparable to humans. These findings also suggested that sub-physiological concentrations of EGCG may be sufficient for antagonizing BTZ’s anti-MM effect. However, higher concentration ranges (1–100 μM) of polyphenols were used to evaluate their antagonistic effects against BTZ in MM cell models in previous reports. It remains unclear whether the antagonistic effects of polyphenols at physiological concentrations against BTZ at approximately the average blood concentration can be observed in MM cell models. Furthermore, the potential synergistic antagonistic effects of various polyphenols consumed through a daily diet have not been thoroughly investigated. This study aims to determine whether dietary polyphenols can antagonize BTZ at physiological concentrations and if they exhibit synergistic antagonistic effects against BTZ. Additionally, how the structural features of dietary polyphenols contribute to antagonizing BTZ remains an important yet underexplored area. Our research seeks to elucidate the relationship between the structure of polyphenols and their antagonistic effects.
2 METHODS AND MATERIALS
2.1 Materials and chemicals
The bortezomib (BTZ) was obtained from Sigma-Aldrich (St. Louis, MO, United States). Ixazomib (#HY-10453) was purchased from MedChem Express. Hydroxytyrosol (#S3826), 3,4-dihydroxyphenylacetic acid (#S5639), gallic acid ethyl ester (#S5550), epigallocatechin (#S3922), 3,4-dihydroxyphenyl propionic acid (#S6338), epigallocatechin gallate (#S2250) were purchased from Selleckchem (Houston, TX, United States of America). Gallocatechin (#G0243) was purchased from LKT Labs (St.Paul, MN, United States of America). Gallotannin and dietary polyphenols shown in Table 1 A were kindly provided by Dr. Hsun-Shuo Chang (School of Pharmacy, College of Pharmacy, Kaohsiung Medical University), Dr. Hui-Chi Huang (School of Chinese Medicine and Graduate Institute of Chinese Medicine, China Medical University), and Dr. Chung-Kuang Lu (National Research Institute of Chinese Medicine).
TABLE 1 | Antagonistic potency against BTZ of polyphenols.
[image: Table listing various polyphenols divided into gallotannins and dietary polyphenols. It includes columns for full name, abbreviation, number of vicinal diol moieties, minimal antagonistic concentration (MAC in micromolar), viability difference in percentage, and antagonistic index (AI). Gallotannins like tri-O-galloyl-β-D-glucose have low MAC values and high viability differences. Dietary polyphenols like caffeic acid have higher MAC values and varying viability impacts. Some entries, like vitamin C, show negative viability differences and high AI values. Footnotes explain measurement methods and define abbreviations.]2.2 Cell culture
Human MM cell lines (RPMI8226, NCI-H929, MM1S cell lines) were cultured as described in a previous paper (Tseeleesuren et al., 2018b). In brief, MM cells were cultured in RPMI1640 media supplemented with 10% fetal bovine serum (FBS), L-glutamine (2 mM), HEPES (10 mM), sodium pyruvate (1 mM), and 1% penicillin/streptomycin (100 unit/mL penicillin and 100 μg/mL streptomycin). MM cells were incubated at 37°C in a humidified incubator containing 5% CO2 in the air.
2.3 Cell viability assay and antagonistic potency evaluation
Cell viability assays were performed based on methods described in a previous paper (Tseeleesuren et al., 2018b). To compare the antagonistic potency of polyphenols among different studies that use varying BTZ concentrations and to more accurately represent the antagonistic potency of polyphenols, we introduced the antagonistic index (AI). AI values were calculated based on the polyphenol minimal antagonistic concentration (MAC), BTZ concentration, and their impact on cell viability. The AI is computed as:
[image: AI equals the MAC of polyphenol divided by the product of the concentration of BTZ and the viability difference.]
Definitions:
	• MAC: The minimal concentration of polyphenols (in nM) required to counteract more than 25% of the viability reduction caused by BTZ.
	• Concentration of BTZ: Amount (in nM) of BTZ used in the viability experiment.
	• Viability Difference represents the extent to which polyphenols reverse BTZ’s cytotoxic effects at their MAC concentration. It is calculated as ViaPP/BTZ - ViaBTZ, where Via represents cell viability (in %). ViaPP/BTZ is the viability when both polyphenol and BTZ are applied together, while ViaBTZ is the viability with BTZ alone.

A lower AI value signifies a polyphenol with a higher antagonistic potency against BTZ.
2.4 ChemGPS-NP analysis
The SMILES notations of polyphenols were obtained using ChemDraw 18.1. These SMILES notations were then input into the online tool ChemGPS-NPWeb (http://chemgps.bmc.uu.se) to obtain the ChemGPS-NP scores, as described previously (Larsson et al., 2007; Rosén et al., 2009; Korinek et al., 2017). From ChemGPS-NPWeb, eight principal components (PCs) derived from 35 chemical descriptors were obtained, serving as a tool for navigating biologically relevant chemical space (Supplementary Table S1). For this study, we primarily used the first three principal components (PC1, PC2, and PC3), which account for 71% of the variance in the data. PC1 represents size, shape, and polarizability; PC2 represents aromatic and conjugation-related properties; and PC3 represents lipophilicity, polarity, and hydrogen bond capacity. The values of PC1, PC2, and PC3 for all polyphenols were then plotted using Grapher 2.5 (Mac OS) to generate three-dimensional (3D) plots depicting the ChemGPS-NP chemical property space.
2.5 Long-term cytotoxicity treatment
The long-term BTZ treatment protocol was based on the dosing schedule used for MM patients. In brief, RPMI8226 cells were seeded at a density of 2.5 × 104/mL. These cells were then treated with BTZ at a concentration of 3.125 nM in the presence or absence of GA at 1 μM, EGC at 0.73 µM, or EGCG at 0.17 µM on days 1, 4, 8, and 11. Cell images were captured using a bright-field microscope. Cell counts were determined using the trypan blue exclusion method on days 8, 11, and the final day of the experiment.
2.6 Proteasome activity assay
Proteasome activity assays were conducted based on a previous paper (Maher, 2014), with some modifications. RPMI8226 cells (105 cells/10 mL) treated with BTZ or polyphenols following the above-described long-term BTZ treatment protocol were harvested on day 8, lysed with 0.5% NP-40, and 50 µg protein was subjected to proteasome activity assays using Suc-LLVY-AMC substrate (P802, Enzo Life Sciences). Fluorescence output was detected using a Synergy HT Multimode Microplate Reader (Biotek Instruments, Winooski, VT, UnitedStates).
2.7 Combination index
To evaluate the potential synergistic antagonism effects of 1,3,6-triGG and PGG against BTZ, we first calculated the viability difference between the cell viability of 1,3,6-triGG and PGG, both alone and in combination, in the presence of BTZ, and the cell viability when BTZ was applied alone. Subsequently, we inputted the viability differences caused by 1,3,6-triGG and PGG, both alone and in combination, into CompuSyn software version 1.0. Finally, we generated the combination index (CI) plot using the Chou-Talalay method (Chou et al., 1994).
2.8 Statistical analysis
Statistical analysis was conducted with GraphPad Prism 8.0, using one-way and two-way ANOVA to assess group differences. Results are shown as mean ± SD, with p < 0.05 indicating significance.
3 RESULTS
3.1 Vicinal diol moiety counts and configuration influence galloyl glucose gallotannins’ antagonism against BTZ
Our previous study demonstrated that 1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG), a galloyl glucose gallotannin, which is a type of polyphenol, with a central glucose core esterified to five gallic acid units, which yields 10 vicinal diol moieties (VDMs) (Figure 1), exhibits a potent inhibitory effect against BTZ (Tseeleesuren et al., 2018a). To verify the relationship between the number of VDM in polyphenols and their counteractive effects against bortezomib (BTZ), we conducted cell viability assays using combinations of various BTZ concentrations and 10 galloyl glucose gallotannin, each with differing VDM counts. In addition to PGG, we examined 9 other galloyl glucose gallotannins. These include 2-isopropyl-O--β-(6′-O-galloyl)-glucopyranoside (IG) with 2 VDMs; 4-hydroxy-3-methoxyphenol-1-O-β-D-(2′,6′-di-O-galloyl)-glucoside (2′,6′-diGG) with 4 VDMs; 1,3,6-tri-O-galloyl-β-D-glucose (1,3,6-triGG), 1,2,6-tri-O-galloyl-β-D-glucose (1,2,6-triGG), 1,4,6-tri-O-galloyl-β-D-glucose (1,4,6-triGG), corilagin (Cori-triGG), and 1,2,3-tri-O-galloyl-beta-D-glucose (1,2,3-triGG), all with 6 VDMs each; 1,2,3,6-tetragalloyl-beta-D-glucose (1,2,3,6-tetraGG) with 8 VDMs; and Tellimagrandin II (telli-PGG) with 10 VDMs (Figure 1). Additionally, we included the monomer of gallotannins, gallic acid (GA), which possesses 2 VDMs. At 6.25 nM BTZ, these polyphenols significantly enhanced cell viability within 72 h, diminishing BTZ´s anticancer effects (Figure 2A; Supplementary Figure S1). To assess the antagonistic potency, we computed the antagonistic index (AI) for each polyphenol. We observed that IG exhibited comparable antagonistic effects with GA (Table 1). AI reflected that higher VDM counts led to stronger antagonistic actions against BTZ, with AIs ranging from 1 to 6 for galloyl glucoses with more than 6 VDMs, and exceeding 10 for those with fewer than 4 VDMs (Table 1; Figure 2B). Interestingly, 1,2,3-triGG, despite having 6 VDMs, displayed reduced antagonistic potency (AI = 42) compared to other 6-VDM compounds (AIs ranging from 2 to 10) (Table 1; Figure 2A; Supplementary Figure S1). Thus, specific positioning of the galloyl group on the carbon-6 of the glucose core significantly enhanced antagonistic activity. Furthermore, crosslinking galloyl groups in cori-triGG and telli-PGG impaired their antagonistic potency, as compared to 1,3,6-triGG and PGG, respectively. These findings highlight that while VDM count primarily influences the antagonistic effect against BTZ-induced cell death, structural features such as the position and flexibility of the galloyl group significantly contribute to this antagonistic effect.
[image: Chemical structures of various compounds are arranged in a grid. Labels include IG, 2',6'-diGG, 1,3,6-triGG, 1,2,6-triGG, 1,4,6-triGG, Cori-triGG, 1,2,3-triGG, 1,2,3,6-tetraGG, PGG, Tellu-PGG, GA, PA, DPA, CA, CC, EC, HT, DAA, GE, GC, EGC, QC, LT, ECG, and EGCG. Each structure depicts a unique molecular arrangement.]FIGURE 1 | Structure summary of polyphenols utilized in this study. Ten gallotannins used in this study include 2-isopropyl-O-β-(6′-O-galloyl)-glucopyranoside (IG), 4-hydroxy-3-methoxyphenol 1-O-β-D-(2′,6′-di-O-galloyl) glucoside (2′,6′-diGG), 1,3,6-tri-O-galloyl-β-D-glucose (1,3,6-triGG), 1,2,6-tri-O-galloyl-β-D-glucose (1,2,6-triGG), 1,4,6-tri-O-galloyl-β-D-glucose (1,4,6-triGG), corilagin (Cori-triGG), 1,2,3-tri-O-galloyl-beta-D-glucose (1,2,3-triGG), 1,2,3,6-tetragalloyl-beta-D-glucose (1,2,3,6-tetraGG), 1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG), tellimagrandin II (Telli-PGG). Fifteen dietary polyphenol used in this study consist of gallic acid (GA), protocatechuic acid (PA), 3,4-dihydroxyphenylpropionic acid (DPA), caffeic acid (CA), (+)-catechin (CC), (−)-epicatechin (EC), hydroxytyrosol (HT), 3,4-dihydroxyphenylacetic acid (DAA), gallic acid ethyl ester (GE), (−)-gallocatechin (GC), (−)-epigallocatechin (EGC), quercetin (QC), luteolin (LT), (−)-epicatechin-3-gallate (ECG), and epigallocatechin gallate (EGCG).
[image: Panel A shows several line graphs depicting the effects of different compounds on cell viability at varying concentrations of BTZ. Each graph corresponds to a specific compound, and lines represent different dosages. Panel B is a scatter plot illustrating the relationship between angioselectivity index and vicinal diol moieties for various compounds, with a fitted line and correlation data included.]FIGURE 2 | The antagonistic effects against BTZ of gallotannins are positively correlated with their number of vicinal diol moieties (VDMs). (A) RPMI 8226 cells were treated with polyphenols and BTZ for 72 h, then cell viability and AI were measured. Data: mean ± SD (n = 3). (B) Correlation between number of VDMs in 11 polyphenols and their AI values. The antagonistic effects of GA and 1,2,3-triGG toward BTZ were showed in Supplementary Figure S1. Each data point represents one polyphenol, with linear regression analysis shown in a dotted line.
3.2 Origin of the VDMs but not total VDM concentration play crucial role in the combinatory antagonistic effects against BTZ
We investigated if equivalent concentrations of VDM consistently yield similar antagonistic effects, comparing 1,3,6-triGG (6 VDMs) to a combination of GA (2 VDMs) and 2′,6′-diGG (4 VDMs). At 1.5 μM, 1,3,6-triGG significantly inhibited BTZ-induced cytotoxicity (6.25 nM), while the combination of 1.5 μM GA and 1.5 μM 2′,6′-diGG did not show comparable effects (Figure 3A). Similar patterns were observed with PGG (10 VDMs) at 0.78 μM compared to a combination of 2′,6′-diGG (4 VDMs) and 1,3,6-triGG (6 VDMs) at 0.78 μM (Figure 3B). However, combining 1,3,6-triGG and PGG demonstrated synergistic antagonistic effects against BTZ-induced cytotoxicity (Figure 3C; Table 2). These findings suggest that the antagonistic capacity is not solely determined by the total VDM concentration, but the origin of the VDMs play a crucial role.
[image: Bar graphs show the percentage of cell viability under different treatment conditions. Graph A compares treatments of BTZ alone and with various glucosides. Graph B shows the effect of BTZ combined with PGG and different glucosides. Graph C displays the combined effects of BTZ with varying concentrations of 1,3,6-triGG and PGG. Bars represent mean values with error bars indicating standard deviation. Symbols * and # denote statistical significance.]FIGURE 3 | Origin of the VDMs but not total VDM concentration play crucial role in the combinatory antagonistic effects against BTZ in gallotannins. RPMI 8226 cells were treated with the indicated concentrations of BTZ and polyphenols both alone and in combination for 72 h, then cell viability was measured by resazurin. (A) The antagonistic effects of 1,3,6-triGG and the combination of GA and 2′,6′-diGG against BTZ. (B) The antagonistic effects of PGG and the combination of 1,3,6-triGG and 2′,6′-diGG against BTZ. (C) The antagonistic effects of 1,3,6-triGG and PGG against BTZ. Data are presented as mean ± SD (n = 3). The (*) and (#) indicate a significant difference compared with the corresponding PGG alone group and 1,3,6-triGG alone group, respectively (p < 0.05, one-way ANOVA).
TABLE 2 | Combination index (CI) of 1,3,6-triGG and PGG.
[image: Table showing combinations of 1,3,6-triGG and PGG concentrations, along with corresponding CI values. Rows for 1.1, 0.78, 0.5, and 0.1 micromolar 1,3,6-triGG list PGG at 0.39, 0.19, and 0.098 micromolar, with CI values from 0.4 to 2.02. CI values were obtained using Compusyn 1.0 software.]3.3 The aromaticity of dietary polyphenols contributed to their antagonistic effect against BTZ
Next, we examined the antagonistic potency of 15 dietary polyphenols (Figure 1), chosen for their frequent detection in human blood and possession of VDM (Achaintre et al., 2018). These include GA, protocatechuic acid (PA), 3,4-dihydroxyphenylpropionic acid (DPA), caffeic acid (CA), (+)-catechin (CC), (−)-epicatechin (EC), hydroxytyrosol (HT), 3,4-dihydroxyphenylacetic acid (DAA), gallic acid ethyl ester (GE), (−)-gallocatechin (GC), (−)-epigallocatechin (EGC), quercetin (QC), luteolin (LT), (−)-epicatechin-3-gallate (ECG), and epigallocatechin gallate (EGCG). Contrary to expectations, the number of VDMs did not directly correlate with their antagonistic potency (Table 1; Supplementary Figures S2, S3). For example, ECG (3 VDMs) had an AI of 58, while QC, with only 1 VDM, showed an AI of 14. Additionally, compounds with the same VDM count, like DAA, LT, and QC, displayed AI values ranging from 14 to over 300 (Table 1). ChemGPS-NP analysis and 3D graphing revealed two clusters, suggesting that size (PC1) and aromaticity (PC2) play key roles in the antagonistic effects of dietary polyphenols (Figure 4A). Despite structural similarities, there´s a significant (∼5-fold) difference in antagonistic activity between QC (AI = 14) and LT (AI = 78), emphasizing the importance of the hydroxyl group at C-3 in the C-ring, present in QC but absent in LT. Evaluations of QC, CC, and EC, all possessing a C3-OH group, revealed weak antagonistic effects for CC and EC due to their non-aromatic C-ring. Comparing LT with 2′,4′,6′,3,4-pentahydroxychalcone (PCC), which maintains double bond conjugation, showed PCC´s very weak antagonistic effect (AI = 298) (Figure 4B). In conclusion, while C3-OH plays a definitive role, aromaticity primarily dictates flavonoids’ antagonistic effects against BTZ.
[image: A diagram contains two main sections (A and B). Section A displays a 3D plot with axes labeled PC1, PC2, and PC3. Two lists of chemical structures are shown: one in a green box labeled with AI values ranging from 14 to greater than 300, and another in a red box with AI values from 31 to greater than 300. Section B shows two graphs depicting cell viability versus BTZ concentration for compounds LT and PCC, along with their respective AI values of 78 and 289, highlighting different response curves in varying colors.]FIGURE 4 | The aromaticity of dietary polyphenols contributed to their antagonistic effect against BTZ. (A) ChemGPS-NP analysis of the structure-activity relationship of vicinal diol-containing dietary polyphenols. Twenty dietary polyphenols, including 15 dietary polyphenols, 4 analogs of quercetin and vitamin C (Table 1) were plotted into the three-dimensional graph consisting of PC1, PC2, PC3 in Apple™ system software Grapher 2.0. (B) The antagonistic potency against BTZ of LT and 2′,4′,6′,3,4-pentahydroxychalcone (PCC) was detected after 72 h by resazurin in RPMI 8226 cells. The data represent the mean ± SD (n = 3).
3.4 Common dietary polyphenols at physiological concentrations synergistically counteract BTZ effects
To investigate the potential antagonistic effects of common dietary polyphenols against BTZ, we selected GA, EGC, and EGCG based on their abundance in foods and relatively high level in human plasma. The experiment´s design is depicted in Figure 5A. RPMI8226 cells were exposed to BTZ at 3.125 nM, approximating the average blood concentration (ABC), and to selected polyphenols: GA (1 µM), EGC (0.73 µM), and EGCG (0.17 µM), either individually or in combinations. Long-term treatment revealed that repeatedly treating cells with BTZ at its ABC induced marked cytotoxicity by the 11th day. By this same time frame, EGCG alone was already displaying noticeable antagonistic effects against BTZ (Figures 5B–D). By day 14, GA and EGC individually mitigated BTZ-induced cell growth reduction (Figures 5B, C, E). Notably, the combined treatment with GA, EGC, and EGCG showed substantial antagonistic effects by day 11 (Figures 5B–D), and restoring proteasome activity by day 8 (Supplementary Figure S4). These findings highlight a synergistic antagonism against BTZ of GA, EGC, and EGCG at physiologically attainable concentrations.
[image: Diagram illustrating a scientific experiment with multiple panels. Panel A depicts a timeline of a treatment cycle. Panel B shows a series of microscopic images comparing cell growth in different treatment conditions over five days: control, BTZ, BTZ+GA, BTZ+EGC, BTZ+EGCG, and BTZ+ALL. Panel C is a line graph comparing cell growth over time across these treatments. Panels D and E are bar graphs showing cell counts on the eleventh and fourteenth days respectively, highlighting differences in effectiveness of treatments.]FIGURE 5 | The combination of GA, EGC, and EGCG at physiological concentrations completely reverse the effect of BTZ. (A) Treatment Protocol: RPMI 8226 cells were cultured in 10 cm dishes (2.5 × 104 cells/dish) and treated with BTZ (3.125 nM), along with gallic acid (GA, 1 µM), (−)-epigallocatechin (EGC, 0.73 µM), and epigallocatechin gallate (EGCG, 0.17 µM), bringing the total volume to 10 mL, for a period of 3 days. On day 4, an additional 5 mL of the drug-containing medium was added to the dishes, followed by a continued incubation for 4 days. On day 8, the medium was refreshed with 10 mL of the drug-containing medium. Subsequently, on day 11, another 5 mL of the drug-containing medium was introduced and incubation was continued to the end of experiment. Cell counts were conducted on days 8, 11, and 14. Treatment days and cell count days are indicated by black and red arrows, respectively. (B) Phase-contrast microscopic images of cell density on the 1st, 4th, 8th, 11th, and 14th day. Pictures were taken at ×4 magnification. (C) Growth curve of all groups. The cell numbers were determined using trypan blue. The treatment day was indicated by the black arrow. (D,E) Total cell counts on the 11th and 14th day, with statistical analysis. Data represent the mean ± SD (n = 3). Statistical significance: p < 0.05 (one-way ANOVA, Tukey’s multiple comparisons test).
4 DISCUSSION
MM is a hematological malignancy characterized by the uncontrolled clonal proliferation of plasma cells derived from B cells within the bone marrow cavity. BTZ is an injectable anti-cancer agent that is utilized in the treatment of MM at various stages of the disease. Although BTZ has demonstrated significant clinical efficacy in the treatment of MM, the development of resistance to BTZ is common. Various mechanisms have been identified in relation to the resistance and relapse of MM patients treated with BTZ (Gonzalez-Santamarta et al., 2020). In this study, we explore an additional possibility: the antagonistic effects against BTZ of polyphenols, a vast group of natural products commonly found in food and beverages. The vicinal diol group of polyphenols can react with the boronic group of BTZ and neutralize BTZ´s anticancer effect (Golden et al., 2009; Kim et al., 2009; Jia and Liu, 2013; Tseeleesuren et al., 2018b). Our findings indicate that the number of vicinal diol moieties, their spatial arrangement, and the aromaticity of polyphenols are critical factors determining their antagonistic effects. Moreover, we demonstrated that three common dietary polyphenols—GA, EGC, and EGCG—effectively counteract BTZ´s anticancer effects, both individually and in combination in long-term treatment experiments. Most importantly, the combination of these dietary polyphenols, even at physiologically achievable concentrations, showed very potent antagonistic effects, nearly completely abolishing BTZ´s cytotoxic effect. Thus, it is reasonable to speculate that uptake of particular polyphenols could mitigate the anticancer effects of BTZ in MM patients and contribute to resistance and relapse of MM.
Several earlier publications have demonstrated that the antagonistic effects of polyphenols on BTZ were observed in MM cells derived from 6 MM patients, as well as in several MM cell lines such as MM1, NCI-H929, U266, and MC/CAR cells (Liu et al., 2008; Golden et al., 2009; Kim et al., 2009; Tseeleesuren et al., 2018b). Unlike RPMI-8226, in both MM1S and NCI-H929 cells, BTZ at 3 nM caused approximately 80% cytotoxicity. Not surprisingly, EGCG, even at concentrations below 1.56 μM, increased cell viability by approximately 25% in both MM1S and NCI-H929 cells (Supplementary Figure S5). Furthermore, the antagonistic index (AI) values for MM1S and NCI-H929 are 18 and 10, respectively, which are slightly higher than in RPMI-8226 cells (AI = 5) [Note: the AI of polyphenols without antagonistic activity are higher than 300]. These findings indicate that sensitivity to BTZ could slightly affect the antagonistic activities of polyphenols against BTZ. Considering the variety of cell lines representing tumor heterogeneity, it can be reasonably inferred that even at physiological concentration ranges, polyphenols can neutralize a portion of BTZ. The remaining BTZ could still be sufficient to eliminate more sensitive populations of MM cells; however, the amount may not be enough for less sensitive populations, thus resulting in cancer relapse.
According to our observation, the antagonistic potency of polyphenols against BTZ is influenced by two factors: the concentration of BTZ used to cause cytotoxicity and the extent to which polyphenols can reduce BTZ-caused cytotoxicity. Previous studies have used quite high concentrations of BTZ (equal to or higher than 10 nM) to investigate the antagonistic effects of polyphenols (Liu et al., 2008; Golden et al., 2009; Kim et al., 2009). The mechanism behind these effects involves the interaction between the vicinal diol moieties of polyphenols and the boronic acid of BTZ, necessitating higher concentrations of polyphenols to counteract higher concentrations of BTZ. Therefore, MAC cannot be used to compare our results (6.25 nM and lower concentration of BTZ were used in our study) with data from previous papers. Furthermore, we observed that two polyphenols with the same MAC can exhibit quite different antagonistic potencies. For example, both 1,2,6-triGG and 1,4,6-triGG have a MAC of 1.56 μM. However, 1,2,6-triGG (AI = 3) can decrease BTZ toxicity by 99.3%, while 1,4,6-triGG (AI = 6) can only decrease it by 43.8% (Table 1). Therefore, to compare the antagonistic potency of polyphenols among different studies (using different BTZ concentrations) and to more accurately represent the antagonistic potency of polyphenols, we introduced the antagonistic index (AI) in this manuscript for the first time. The AI takes into account MAC, the concentration of BTZ, and the reversing levels. We believe that the AI value can more concisely indicate which polyphenols are potent in neutralizing BTZ’s anti-MM effect.
It is noteworthy that almost all gallotannins displayed a strong antagonistic potency against BTZ. Potent gallotannins could further exhibit a synergistic effect against BTZ. Moreover, other dietary polyphenols, such as QC, also demonstrated potent antagonistic effects against BTZ. However, we opted not to use these compounds for extended treatment experiments, given that these polyphenols are known to have low bioavailability or could undergo extensive metabolism in the body (Luca et al., 2020; Alizadeh and Ebrahimzadeh, 2022). Gallotannins are commonly perceived to be poorly absorbed due to their high molecular weight and polarity (Marcińczyk et al., 2021; R et al., 2021). QC primarily exists in its original structure within the gastrointestinal (GI) tract and is metabolized by the small intestine and liver before entering the circulatory system. As a result, it circulates in the blood mainly in conjugated forms, which might lose their vicinal diol moieties, diminishing the antagonistic activity (Almeida et al., 2018). However, does this mean that these potent BTZ antagonists can be overlooked when MM patients receive boronic acid–based PI treatments? Interestingly, the first oral proteasome inhibitor, Ixazomib (IXZ), has been frequently used to treat MM and even solid tumors (Raedler, 2016; Harris et al., 2020). IXZ is formulated as a citrate ester of boronic acid (IXZ citrate) and rapidly hydrolyzes to its biologically active form when exposed to aqueous solutions in the GI tract and plasma (Muz et al., 2016). This prompts the question: will these poorly absorbed yet potent BTZ antagonists, such as QC and gallotannins, effectively block Ixazomib (IXZ) in the GI tract? As anticipated, our findings indicate that PGG strongly counteracts the cytotoxic effect of the active form of IXZ (Supplementary Figure S6). Since it is known that PGG and EGCG do not have antagonistic activity against non-boronic acid–based PIs (Modernelli et al., 2015; Tseeleesuren et al., 2018b), our research collectively suggests that patients undergoing treatment with IXZ or BTZ should be cautious about their intake of foods rich in gallotannins or polyphenols.
A vicinal diol is a chemical group with two hydroxyl groups on neighboring carbon atoms in a molecule. This raises a question about the number of VDMs in gallic acid (GA), which contains a pyrogallol unit. Pyrogallol, or 1,2,3-trihydroxybenzene, has three hydroxyl groups on adjacent carbon atoms in its benzene ring. Pyrogallol can be considered to have two VDMs, but the central hydroxyl group is shared. Notably, when one VDM reacts with a boronic group using its two hydroxyls, no VDM remains, leaving only one hydroxyl on pyrogallol. Interestingly, our findings show that GA (3,4,5-trihydroxybenzoic acid, AI = 31) is about ten times more potent than protocatechuic acid (PA or 3,4-dihydroxybenzoic acid, AI>300), which has a catechol unit (1 VDM) with two adjacent hydroxyls on its benzene ring. This implies that despite the shared hydroxyl group in the two VDMs of pyrogallol, it is more reactive to boronic acid than catechol. Therefore, we used VDM to estimate potential reactive moieties and considered the pyrogallol group as two VDMs in our calculations.
Flavonoids, comprising one of the most extensive classes of polyphenols, encompass over 8,000 distinct compounds identified across a broad spectrum of vascular plants. In our investigation of the counteractive potential of polyphenols against BTZ, we specifically focused on those detectable in human plasma and containing VDMs (Achaintre et al., 2018). Consequently, this study delved into assessing the antagonistic impact against BTZ within the flavan-3-ols, flavonols, and flavones subgroups. Our findings underscored the pivotal role of aromaticity and conjugation properties in the antagonistic effects exhibited by flavonoids. Additionally, we observed that the hydroxyl group at C-3 of the C-ring significantly influences the antagonistic effects against BTZ. For flavonoids with a single VDM in ring B, the descending order of antagonistic potency is as follows: flavonols (QC and FS) exhibit the highest potency, followed by flavone (LT), and then flavan-3-ols (CC and EC) with comparatively lower potency. Notably, this order of antagonistic potency varies in flavonoids with 2 VDMs, with flavone (tetra-FV) displaying the most potent effects, followed by flavan-3-ols (EGC and GC), and flavonols (MC). This observed difference may be attributed to the distinct positioning of VDMs. The two VDMs of tetra-FV are positioned completely separately, with one in ring A and the other in ring B. This configuration affords the opportunity for both of its VDMs to interact independently with two distinct BTZ molecules. On the contrary, the two VDMs of MC originate from its pyrogallol unit (B ring). As mentioned above when one VDM of pyrogallol engages with BTZ, no VDM remains. Hence, the number and arrangement of VDMs contribute to the antagonistic potency against BTZ. In addition, the AI of tetra-FV and MC were calculated according to cytotoxicity results referred from previous paper (Kim et al., 2009). This could account for the observed variation in the order of antagonistic potency among flavonoids. Drawing from the distinctive features of potent antagonists, it is plausible that flavonoids not included in this study, such as flavonols (azaleatin, gossypetin, rhamnetin), flavone (baicalein, negletein, norwogonin, 6-hydroxyluteolin, scutellarein, sorbifolin, isoscutellarein, tricetin, nepetin, pedalitin, nodifloretin, cirsiliol, hypolaetin, onopordin), and flavan-3-ols (fisetinidol, mesquitol, robinetinidol), may harbor antagonistic effects against BTZ. Nevertheless, the likelihood of these substances counteracting the anticancer effects of BTZ/IXZ through daily dietary intake is minimal due to their limited abundance in regular dietary sources (Jun et al., 2016; Murphy et al., 2019). However, as they may be active or major components in certain herbs, caution is advised when consuming herbal products containing these flavonoids.
Among all dietary polyphenols, we are particularly interested in the antagonistic potential of GA, EGCG, and EGC at their physiological concentrations, due to their ubiquity and potential to achieve higher plasma concentrations. GA is a naturally occurring polyphenol found in a variety of fruits, vegetables, teas, and herbal medicines, commonly present in the foods we consume daily. The average adult intake of GA is estimated to be around 25 mg/day, based on studies of dietary consumption (Grosso et al., 2014). Pharmacokinetic studies have shown that an intake of 25 mg of GA, whether as a pure compound or in tea, leads to plasma concentrations of approximately 0.9–1.1 μM (Manach et al., 2005). EGCG and EGC, which are prevalent in green tea, have also been examined. The daily consumption of tea is estimated at about 2.5 cups, with an average of 2.5 g of tea leaves per cup (Shen and Chen, 2008; Inoue-Choi et al., 2010; Additives et al., 2018). Pharmacokinetic studies suggest that after drinking approximately two cups of tea, plasma concentrations of EGCG and EGC can reach about 0.17 μM (77.9 ± 22.2 ng/mL) and 0.73 μM (223.4 ± 35.2 ng/mL), respectively (Lee et al., 2002). Although conventional cytotoxicity assays have not detected any antagonistic effects for these three polyphenols at physiologically achievable concentrations (as shown in Supplementary Figures S1, S2), our results indicate that a smaller quantity of polyphenols is sufficient to neutralize BTZ at lower concentrations. For instance, Figure 2 demonstrates that 1.56 μM PGG is needed to counteract 12.5 nM BTZ, and only 0.78 μM PGG is required for 6.25 nM BTZ. This suggests that polyphenol concentrations within the physiological range may be adequate to antagonize the anticancer effects of BTZ when its concentration is lower.
Regarding the blood concentration of BTZ, the recommended dosage and schedule is 1.3 mg/m2 on days 1, 4, 8, and 11 of a 21-day cycle, for up to eight cycles, administered intravenously (IV). The mean maximum plasma concentration reaches approximately 744 nM (286 ng/mL) post-IV administration. However, drug plasma concentrations typically decline rapidly to about 2.6 nM within 4 hours and remain mainly at this concentration until subsequent doses (with approximately 72 h between injections) (Philippe et al., 2008). Therefore, it is conceivable that dietary polyphenols at their physiological concentration might counteract BTZ at its average blood concentration. Nonetheless, at approximately 3 nM, BTZ does not exhibit noticeable toxicity in standard cytotoxicity assays. This could be a limitation of tetrazolium or resazurin-based cytotoxicity assays, where treatment duration is usually short (less than 3 days), often involving only a single dose, and therefore the effective concentrations might be higher than what is achievable in the human bloodstream. To investigate this further, we explored whether repeated treatments to maintain concentration over time are sufficient for BTZ to exhibit its anticancer effect at this level. We tested this hypothesis by repeatedly treating RPMI8226 cells with BTZ at 3.125 nM in a 10-cm dish on days 1, 4, 8, and 11. In the control group, an exponential growth curve was observed, with a cell count exceeding 6 million, approaching confluence on day 11. However, with repeated BTZ treatment at 3 nM, cells grew much slower, entering the exponential phase only after the final treatment. These findings suggest that our in vitro long-term treatment model can, to some extent, reflect the therapeutic effect of BTZ at its average blood concentration. Using this model, we demonstrated that GA, EGCG, and EGC at their physiological concentrations could counteract the anticancer effects of BTZ, and when treated in combination, they nearly completely abolished BTZ´s effects.
Based on our findings, individuals undergoing treatment with boronic acid-based proteasome inhibitors should avoid consuming GA and flavonoids, particularly EGCG and EGC. These polyphenols are abundantly found in various foods and beverages, with tea being a significant source of GA and flavonoids such as EGCG, EGC, QC, and MC (Manach et al., 2004; Murphy et al., 2019). In light of these discoveries, it is recommended to consider reducing the intake of polyphenol-rich foods (especially green tea) and polyphenol supplements for MM patients undergoing BTZ/IXZ treatment. Furthermore, future research should focus on examining the relationship between plasma concentrations of polyphenols in MM patients receiving BTZ/IXZ treatment and the influence of these concentrations on treatment outcomes.
Few studies have investigated the antagonistic effects of polyphenols on BTZ’s anti-MM activity. Golden et al. demonstrated the antagonistic capabilities of EGCG analogs against BTZ (Golden et al., 2009). Liu and colleagues explored the effects of QC and its analog on BTZ (Liu et al., 2008). Kim and team studied the antagonistic effects of 13 polyphenols, including one tannin, EGCG, GA, CA, RH, and eight flavonoids (Kim et al., 2009). In this study, we analyzed a series of 10 gallotannins and 15 dietary polyphenols that are detectable in human plasma. Our findings not only revealed structural features important for the antagonistic effects of polyphenols but also provide valuable insights that could significantly contribute to future research in this area.
5 CONCLUSION
Collectively, our findings indicated that the structural configuration, origin, and number of VDMs are crucial in determining the extent to which polyphenols counteract BTZ. Even at physiological levels, dietary polyphenols, especially from EGCG, EGC, and GA-rich foods like tea, may compromise BTZ´s anticancer efficacy. Hence, limiting polyphenol intake during BTZ treatment for MM is advisable.
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ABBREVIATIONS
1,2,3,6-tetraGG (1,2,3,6-tetragalloyl-beta-D-glucose); 1,2,3-triGG (1,2,3-tri-O-galloyl-beta-D-glucose); 1,2,6-triGG (1,2,6- tri-O-galloyl-β-D-glucose); 1,3,6-triGG (1,3,6-tri-O-galloyl-β-D-glucose); 1,4,6-triGG (1,4,6-tri-O-galloyl-β-D-glucose); 2′,6′-diGG (4-hydroxy-3-methoxyphenol 1-O-β-D-(2′,6′-di-O-galloyl) glucoside); ABC (average blood concentration; BTZ (bortezomib); CA (caffeic acid); CC (catechin); Cori-triGG (corilagin); DAA (3,4-dihydroxyphenylacetic acid); DPA (3,4-dihydroxyphenylpropionic acid), EC (epicatechin); ECG (epicatechin-3-gallate); EGC (epigallocatechin); EGCG (epigallocatechin gallate); FS (fisetin); GA (gallic acid); GC (gallocatechin); GE (gallic acid ethyl ester); HT (hydroxytyrosol); IG (2- isopropyl O-β-(6′-O- galloyl)- glucopyranoside); IXZ (Ixazomib); LT (luteolin); MAC (Minimal antagonistic concentration); MC (myricetin); MM (multiple myeloma); NVDM (the number of vicinal diol moieties); PA (protocatechuic acid); PGG (1,2,3,4,6-penta-O-galloyl-β-D-glucose); QC (quercetin); RH (rutin hydrate); Telli-PGG (tellimagrandin II); tetra-FV (7,8,3′,4′-tetrahydroxyflavone); VDMs (vicinal diol moieties).
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Approved anticancer drugs typically face challenges due to their narrow therapeutic window, primarily because of high systemic toxicity and limited selectivity for tumors. Prodrugs are initially inactive drug molecules designed to undergo specific chemical modifications. These modifications render the drugs inactive until they encounter specific conditions or biomarkers in vivo, at which point they are converted into active drug molecules. This thoughtful design significantly improves the efficacy of anticancer drug delivery by enhancing tumor specificity and minimizing off-target effects. Recent advancements in prodrug design have focused on integrating these strategies with delivery systems like liposomes, micelles, and polymerosomes to further improve targeting and reduce side effects. This review outlines strategies for designing stimuli-responsive small molecule prodrugs focused on cancer treatment, emphasizing their chemical structures and the mechanisms controlling drug release. By providing a comprehensive overview, we aim to highlight the potential of these innovative approaches to revolutionize cancer therapy.
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1 INTRODUCTION
Cancer is a disease caused by the abnormal proliferation of cells, leading to uncontrollable cell growth and the formation of primary solid tumors which can invade adjacent and distant sites, a process known as cancer metastasis (Fares et al., 2020; Bian et al., 2022). Metastasis is a major factor in the failure of cancer therapy, resulting in a mortality rate exceeding 90% among cancer patients (Steeg, 2006). In 2023, the American Cancer Society estimated that there will be approximately 1.96 million new cancer cases and 6,09,820 cancer-related deaths in the United States alone (Siegel et al., 2023). Consequently, researchers are focusing on developing new and effective cancer treatment options, with significant efforts dedicated to exploring potent chemotherapeutics.
The U.S. Food and Drug Administration (FDA) has approved various small-molecule drugs for cancer chemotherapy, including doxorubicin (DOX), camptothecin (CPT) and its derivative SN-38, gemcitabine (GEM), paclitaxel (PTX), 5-fluorodeoxyuridine (FDU), cisplatin, carboplatin, and oxaliplatin (Figure 1) (Liu et al., 2023; Yang et al., 2023; Zhang et al., 2023; Zhao et al., 2023). These chemotherapeutic agents act through various mechanisms: DOX and CPT inhibit topoisomerases, preventing DNA replication and transcription; PTX stabilizes microtubules, inhibiting tubulin depolymerization and arresting cell division; GEM and FDU interfere with DNA synthesis by incorporating into the DNA strand; and cisplatin, carboplatin, and oxaliplatin form DNA crosslinks, disrupting DNA structure and function, ultimately leading to cell apoptosis and tumor growth inhibition (Nitiss, 2009; Shewach and Kuchta, 2009; Huang and Zhou, 2021; Ebenezer et al., 2022). However, these drugs often lack specificity for targeting tumor cells over normal healthy cells, leading to severe side effects.
[image: Diagram illustrating various chemotherapy drugs categorized into three groups around a central image of tumor cell apoptosis. Top left: Topoisomerase inhibitors, including camptothecins and doxorubicin. Bottom left: Tubulin inhibitors like paclitaxel. Right: Nucleoside analogs and platinum-based drugs such as cisplatin and oxaliplatin. Chemical structures are shown for each drug.]FIGURE 1 | Chemical structures of select examples of FDA-approved chemotherapeutics, and their common modifiable moieties for synthesizing prodrugs.
Therefore, there is a growing focus on developing novel and potent chemotherapeutics with new mechanisms of action to more effectively target and treat cancers. The construction of effective chemotherapeutics with improved aqueous solubility, enhanced cell uptake, and specific targeting of tumors is highly valued in the field.
In recent years, the development of prodrug-based strategies for cancer therapy has gained considerable attention (Vedagopuram and Bajaj, 2019; Sreekanth et al., 2021; Couvreur et al., 2023). Through selected structure modifications, anticancer prodrugs are inactive chemotherapeutic agents that possess little or no pharmacological activity within non-target tissues. Subsequently, in the presence of a tumor-specific biomarker, the “modified” prodrugs can be converted into active chemotherapeutics to produce a therapeutic effect at the target locations. The enhanced specificity of anticancer prodrugs minimizes the off-target toxicity of the drug and enhances the therapeutic efficacy. Several examples of prodrugs have been reported, which have high stability, high tumor specificity, and high maximum tolerated doses, while off-target toxicities are minimal (Amly and Karaman, 2016; Rautio et al., 2018; Souza et al., 2019). Moreover, the aqueous solubility and cell permeability of some prodrugs have also been improved through purposeful designs (Rautio et al., 2008; Sanches and Ferreira, 2019). The FDA has respectively approved the anticancer prodrugs Zytiga (for metastatic castration-resistant prostate cancer) in 2011 and Ninlaro (for multiple myeloma) in 2015 (Rehman and Rosenberg, 2012; Shirley, 2016).
Small molecule prodrugs have small molecular weights and have attracted considerable research interest during the development of anticancer prodrugs. Early prodrug examples were designed to enhance solubility, cell permeability, and chemical stability. In recent years, more attention has been focused on overcoming the toxicity issues surrounding chemotherapeutics, coupled with the aim of adding some additional features such as diagnosis and drug release tracking properties (Meng et al., 2016; Walther et al., 2017; Goetz and Schork, 2018). These design strategies are expected to achieve better therapeutic effects. In order to reach the targeted goals, the development of anticancer prodrugs typically requires synthetic modification of a chemotherapeutic agent to mask its cytotoxicity. Modification methods include the introduction of biomarker-responsive chemical groups or light-responsive groups (Figure 2). Specific biomarkers are present within the tumor microenvironment (TME), which consists of blood vessels, endothelial cells, immune cells, rapidly proliferating cancer cells, fibroblasts, and an extracellular matrix (Wu and Dai, 2017; Li et al., 2022; Chen B.-Q. et al., 2023). To sustain this microenvironment, several physiological processes are regulated, resulting in specific traits of the TME. For example, the TME has a lower pH (ranging from 6.5 to 7.2) compared to that of normal tissues (with a pH around 7.4) owing to the Warburg effect (Liberti and Locasale, 2016), and it is hypoxic due to the insufficient blood supply to tumor tissue and the increased oxygen consumption by cancer cells (Chen Z. et al., 2023). The levels of reactive oxygen species (ROS) and enzymes are also elevated in the TME. In addition, intracellular biomarkers such as glutathione (GSH), β-galactosidase (β-Gal), and γ-glutamyltranspeptidase (GGT) are upregulated in cancers. These traits can be utilized for the design of anticancer small molecule prodrugs (Han et al., 2023). In this review, we discuss recently reported small molecule prodrug strategies for cancer treatment, focusing on small molecule prodrugs that can be activated by specific biomarkers in tumor issues or by light.
[image: Diagram illustrating a process for stimulus activation at a tumor site using small-molecule-based chemotherapeutics. The left section shows an inactive drug linked to a targeting agent, with components labeled such as inactive fluorophore, linker, and responsive unit. The central section lists activation stimuli like enzymes, low pH, and light. The right section depicts the transition to an active drug for chemotherapy, highlighting an active fluorophore. Arrows indicate the progression from inactive to active forms.]FIGURE 2 | Basic schematic diagram of the various design strategies used to create small molecule prodrugs.
2 SMALL MOLECULE PRODRUGS
2.1 Enzyme-responsive small molecule prodrugs
Enzyme-responsive anticancer small molecule prodrugs are modified drugs that can release functional moieties with the catalysis of enzymes. Some enzymes are typically significantly upregulated or specifically expressed in tumors, such as carboxylesterases (Li et al., 2017; Dai et al., 2022), β-galactosidase (Asanuma et al., 2015), β-glucuronidase (Cheng et al., 2021), NAD(P)H: quinone oxidoreductase 1 (NQO1) (Wu et al., 2018), and prostate-specific antigen (PSA) (Jiang and Hu, 2013). The elevated enzymatic activities promote pathological processes including tumor cell angiogenesis, cell invasion, and metastasis (Baig et al., 2019). Based on the types of cancer and the anticancer drug mechanism, various combinations of enzyme-specific linkers and anticancer drugs constitute the diverse structure of prodrugs. Table 1 summarizes some target enzymes for the prodrugs.
TABLE 1 | Summary of some enzyme-responsive small molecule prodrugs.
[image: A table listing enzymes, their substrates, antitumor drugs, and various models. It includes columns for enzymes, substrates, antitumor drugs, in vitro models, ex vivo/in vivo models, and references. Specific enzymes such as Carboxylesterase, β-Galactosidase, and others are paired with respective substrates and drugs like Gemcitabine and DOX. Various cancer cell lines and tumor-bearing mice models are indicated. References cite authors such as Stephenson et al. (2021), and others, highlighting studies supporting the information.]Carboxylesterase (CE) is essential for metabolizing xenobiotics, including drugs and toxins, and is regarded as a useful tumor biomarker for patient staging, which can catalytically hydrolyze several carboxyl esters and amides (Wang et al., 2018; Lucy and Hao-Jie, 2020). Therefore, several CE-responsive small molecule prodrugs have been developed for the treatment of cancer (Ouyang et al., 2011; Bliman et al., 2018; Sharma et al., 2019; Stephenson et al., 2021; Machulkin et al., 2022). These prodrugs have esterase-activable moieties to mask the original toxicity of antitumor drugs or to optimize their therapeutic efficacy.
Chemotherapy is crucial for the treatment of cancer. However, drug resistance represents the primary barrier to the successful treatment effects of chemotherapy (Holohan et al., 2013). Tumors become resistant due to the rapid growth of small subpopulations of resistant cells that survive initial treatment. When resistance from one drug extends to other antitumor therapies, it leads to multidrug resistance (MDR) (Gottesman, 2002). This resistance often results from increased drug efflux mediated by ATP-binding cassette (ABC) transmembrane proteins, such as ABCG2 and MDR1 (p-glycoprotein), which are key players in normal physiology and major contributors to chemoresistance (Gottesman et al., 2002). Although development of various p-glycoprotein inhibitors is a feasible strategy to overcome cancer MDR, enormous efforts have been dedicated to exporting other innovative designs such as targeted small molecule prodrugs, to circumvent MDR mechanisms (Duan et al., 2023). Kim and his colleagues have developed a small molecule targeted prodrug, compound C1, capable of overcoming drug resistance at low doses for MDR cells. C1 is composed of a DOX moiety linked reversibly to a triphenylphosphonium (TPP) mitochondrial targeting group and a dichloroacetic acid (DCA) subunit (Sharma et al., 2018b). Firstly, C1 is targeted to the cancer mitochondria by the lipophilic TPP moiety and accumulates, then becomes activated by CE. The released DCA inhibits PDK (a key enzyme in the metabolism of tumor cells), shifting the cancer cells’ metabolism from aerobic glycolysis to oxidative phosphorylation, aiding in overcoming drug resistance. The free DOX generated through self-immolation in the mitochondria translocates to the nucleus over time, where it functions (Figure 3A). In vitro release test showed that C1 would likely prove stable under physiologic conditions, while exposure of C1 to carboxylesterase (1 U/mL) resulted in scission of the aniline-amide bond and release of Dox from the reactive intermediate (Figure 3B). C1 and formulations of DCA + DOX (a mixture of DCA and DOX) were injected into mice with MCF7 and DOX-resistant MCF7/DOX xenograft tumors. C1 injection reduced tumor volume by about 78% (MCF7) and 74% (DOX/MCF7), while combined DCA + DOX treatment led to 53% and 18% reductions, respectively. Fluorescence image analysis revealed that C1 accumulated at tumor sites to release the drug DOX compared to the equivalent concentration of DCA + DOX (Figure 3C). These findings suggest C1 overcomes the efflux mechanisms in DOX-resistant cells and significantly inhibits the growth of resistant cell line xenografts (DOX/MCF7). The combination of subcellular targeting and metabolic alteration through an enzyme-responsive linker offers a promising strategy for tackling chemoresistant tumors.
[image: Diagram illustrating a drug activation process. Panel A shows a chemical reaction where an esterase activates a PDK inhibitor, converting it into active Doxorubicin. Panel B presents a graph of cumulative drug release over time, showing increased release with enzyme presence. Panel C contains images comparing drug effects on MCF7 and resistant MCF7/Dox cells, highlighting differences in fluorescence. Panel D depicts a mechanistic illustration of cellular pathways affected by the activated drug, emphasizing enhanced therapeutic effects against resistant cancer cells.]FIGURE 3 | (A) The chemical structure and activation mechanism of C1 by carboxylesterase are depicted in the figure. (B) Time-dependent fluorescence enhancement seen upon incubation of C1 with carboxylesterase (1 U/mL) in PBS (37°C). The change in fluorescence intensity is directly related to active Dox release from C1. Adapted with modification from Ref. (Sharma et al., 2018b) © 2018 Elsevier. (C) Fluorescence images of mice with MCF7/Dox and MCF7 tumors and ex vivo images of dissected organs are provided as representations. (D) Chemical structure of OSamp, a hybrid anticancer prodrug activated by dual stimuli that amplifies oxidative stress. Adapted with modification from Ref. (Han et al., 2017) © 2017 American Chemical Society.
The Lee group designed a novel hybrid anticancer prodrug (OSamp) that amplifies oxidative stress by depleting GSH and generating ROS (Han et al., 2017). OSamp was designed with two complementary pharmacophores: a cinnamaldehyde for ROS generation through acid-triggered hydrolysis, and a quinine methide for GSH scavenging through esterase-catalyzed hydrolysis. This design results in a significant accumulation of ROS, leading to preferential cancer cell death (Figure 3D). In the mouse model of SW620 tumor xenografts, OSamp (2 mg/kg) significantly increased oxidative stress, inducing apoptotic cell death and reducing tumor growth without notable side effects. This study highlights a dual stimuli-activatable prodrug approach, potentially extendable to the development of hybrid prodrugs.
β-Galactosidase (β-gal) is an enzyme that breaks down glycosidic bonds and hydrolyzes β-galactosides into monosaccharides. Overexpression of β-gal in tumors has been reported (Wagner et al., 2015), leading to the development of β-gal-responsive antitumor prodrugs. Kim and colleagues designed a theranostic system, Gal-DOX, which includes a galactose moiety and DOX connected by a self-immolative linker (Sharma et al., 2018a). After activation in cancer cells, the glycosidic bond is broken, releasing DOX for colon cancer therapy with a fluorescence turn-on response, enabling monitoring of drug localization and action site (Figure 4A). They observed that Gal-DOX’s toxicity did not significantly differ from free DOX in HT-29 cells but showed reduced cytotoxicity in HeLa cells with low β-gal expression. In HT-29 xenograft-bearing nude mice, Gal-DOX’s tumor-targeted accumulation was visualized by enhanced fluorescence up to 48 h, while free DOX cleared from the tumor site within 24 h. The treatment with Gal-DOX significantly retarded tumor growth, showing 53.1% tumor growth inhibition compared to 34.9% with free DOX treatment. Additionally, the Papot group developed a prodrug by combining a galactoside trigger with a folate receptor (FR) ligand, resulting in the tubulin inhibitor monomethyl auristatin E (MMAE) release (Legigan et al., 2012). This prodrug released free MMAE, inhibiting cancer cell division after specific internalization in KB cells through FR-mediated endocytosis and glycosidic bond degradation.
[image: Illustration showing two chemical reaction pathways. In section A, Gal-DOX is converted to DOX with beta-Gal involvement. Section B depicts Mal-glu-SN38 reacting with plasmatic albumin to form HSA-glu-SN38, then converting to SN38 with beta-Glu.]FIGURE 4 | (A) Activation mechanism of Gal-DOX by β-galactosidase. Adapted with modification from Ref. (Sharma et al., 2018a) © 2018 Elsevier. (B) Creation of HSA-glu-SN38 and its mechanism of drug release. Adapted with modification from Ref. (Huang et al., 2021) © 2021 Elsevier.
β-Glucuronidase (β-glu) hydrolyzes β-D-glucuronide compounds and is highly expressed in a broad range of tumors. β-glu is deemed to be associated with tumor invasion and metastasis (Tranoy-Opalinski et al., 2014). The strategy of employing β-glucuronidase-responsive prodrugs for the targeted delivery of small molecule drugs has been demonstrated to be feasible. Lu and colleagues designed an innovative β-glucuronidase-responsible albumin-binding prodrug, SN38-glu-Mal, to selectively deliver SN38 to tumor sites for maximum efficacy (Figure 4B) (Huang et al., 2021). In human HCT116, A549, HepG2, and MCF-7 cell lines, the prodrug’s toxicity was significantly lower than SN38. However, adding β-glucuronidase to the cell culture medium released SN38, causing increased cytotoxicity similar to SN38. SN38-glu-Mal (25 mg/kg) and irinotecan (15 mg/kg, metabolized to SN38) were injected into HCT116 tumor-bearing mice. SN38-glu-Mal accumulated more at the tumor site than irinotecan, with its concentration in tumor tissue 30 times higher after 48 h; The SN38-glu-Mal group showed lower circulating SN38 but increased tumor-site accumulation compared to irinotecan. Targeting the tumor microenvironment with β-glucuronidase-responsive prodrugs of MMAE and the tubulin inhibitor combretastatin A4 (CA-4) for efficient therapy has also been reported (Renoux et al., 2017; Peng et al., 2022).
NQO1 is an enzyme that facilitates the reduction of quinones and is involved in detoxifying harmful mutagens or toxins. As NQO1 is highly expressed in many solid tumors, including those of the liver, lung, breast, and colon, it is used to activate quinone prodrugs. For instance, Zhang and coworkers synthesized a small molecule prodrug that includes an NQO1-responsive trigger group (Q3PA, quinone propionic acid), a self-immolative linkage, and the active drug 5-FU (Figure 5A) (Zhang et al., 2018). As NQO1-mediated reduction proceeds, Q3PA ester spontaneously forms lactone by intramolecular cyclization, which can lead to rapid release of the chemical moiety.
[image: Diagram detailing a biochemical process and its effects on tumor volume. Panel A shows a chemical reaction involving NQO1-triggered self-immolative linker releasing 5-FU, illustrated with a mouse in vivo. Panels B and C display graphs. Panel B shows the percentage of 5-FU release over time, comparing conditions with NADPH and NQO1. Panel C shows tumor volume over days, comparing control and 5-FU groups.]FIGURE 5 | (A) Mechanism of the activation and chemical structure of the prodrug. (B) Percentage of 5-FU released from 1 (20 µM) and 2 (20 µM) over time in the presence of NADPH (100 µM) and NQO1 (14 μg/mL) in PBS. (C) Changes of tumor volumes (iv, 15 mg/kg). Adapted with modification from Ref. (Zhang et al., 2018) © 2018 American Chemical Society.
Compared to the compound generated through the condensation of 5-FU with Q3PA without the self-immolative linker, the prodrug steadily released 5-FU, and 5-FU’s concentration reached a plateau within 48 h (Figure 5B). The results from the study on the prodrug’s impact on tumor growth in A549 xenografts show that it is more effective at inhibiting tumor growth in vivo than the unmodified 5-FU compound (Figure 5C). Similarly, Wu’s group selected CA-4 as the drug to be connected with the NQO1-responsive trigger group via different self-immolative linkers and evaluated them biologically (Zhang et al., 2020). Furthermore, a cancer-targeting and NQO1-triggered theranostic prodrug containing SN-38 was developed by Kim and colleagues for a more effective cancer treatment (Shin et al., 2016).
Prostate-specific antigen (PSA) represents a serine protease specifically expressed in prostate tissue and carcinoma (Christensson et al., 1990). As it is overexpressed in the prostate tumor site but rapidly inactivated in systemic circulation due to binding to serum protease inhibitors like α2-macroglobulin (A2M) and α1-antichymotrypsin (ACT), PSA is considered an attractive target for small molecule prodrugs against prostate cancer (Lilja et al., 1991; Otto et al., 1998). Kratz’s group developed a PSA cleavable albumin-binding prodrug of PTX, which was approximately three times more cytotoxic than paclitaxel in PSA-positive LNCaP cells (Elsadek et al., 2010). Moreover, PSA activatable peptide prodrugs of phosphoramide mustard and emetine containing a PSA peptide substrate have also been developed for prostate cancer treatment (Wu and Hu, 2016; Akinboye et al., 2017).
Caspases are proteases involved in programmed cell death. Among them, caspase-3 is closely related to apoptosis and is activated by both intrinsic and extrinsic pathways, making it a focus for cancer therapy (Chung et al., 2018). After tumors are treated with targeted therapy or radiotherapy, they express caspases, and caspase-responsive prodrugs can elicit cytotoxic effects to the related cancer cells. Byun and co-workers developed a caspase-cleavable prodrug, called EMC-DEVD-DOX, in which EMC (ε-maleimidocaproic acid) and DOX were connected through a DEVD peptide spacer (a widely used substrate of caspase-3). This small molecule prodrug can selectively target the irradiated local tumor and release free DOX with a substantially long plasma half-life (Chung et al., 2016). Likewise, MPD02, developed by their group, conjugates MMAE to the C-terminus of the KGDEVD peptide via a self-eliminating linkage and introduces EMC to the side chain of lysine (Chung et al., 2019). These caspase-activatable prodrugs could be used as an adjuvant of radiotherapy and other therapeutic methods to increase the therapeutic efficiency of cancer treatment.
In addition to the above mentioned, small molecule prodrugs that can be activated by other kinds of enzymes have also been developed (Zhang H. et al., 2018; Sun et al., 2019; Fukai et al., 2021; Rango et al., 2021; Liu et al., 2023; Tyagi et al., 2023). They are highly effective in targeting tumors and enhancing therapeutic efficacy.
In conclusion, enzyme-responsive small molecule prodrugs exploit the elevated or specific expression of certain enzymes in tumor cells to release active drug compounds selectively within the tumor microenvironment. These prodrugs remain inactive until they encounter the target enzyme, which catalyzes a chemical reaction to release the active drug. For instance, carboxylesterase-responsive prodrugs like gemcitabine and doxorubicin are activated by esterase enzymes, leading to targeted drug release and tumor inhibition. Similarly, β-galactosidase and β-glucuronidase-responsive prodrugs have shown promising results in various cancer models, using glycosidic and glucuronic acid residues to release cytotoxic agents specifically in tumor tissues. This strategy minimizes off-target effects and enhances therapeutic efficacy by ensuring that the active drug is released predominantly within the tumor. However, the heterogeneous expression of these enzymes in different tumors presents a challenge, necessitating further optimization and the development of highly specific enzyme-substrate pairs. Despite these challenges, enzyme-responsive prodrugs represent a powerful approach to improving the selectivity and effectiveness of cancer treatments.
2.2 GSH-responsive small molecule prodrugs
Glutathione (GSH) is a vital cellular metabolite that is essential for maintaining redox homeostasis in cells. Its role in regulating cellular health and disease is of utmost importance (Balendiran et al., 2004; Montero and Jassem, 2011; Dai et al., 2022; Shi et al., 2022). The intracellular GSH concentration of tumors (around 10 mM) is up to 40 times higher than that of healthy cells (Morales et al., 2005) and 100–1,000 times higher than the extracellular environment in normal cells (<10 μM) (Li et al., 2019). Consequently, various GSH-responsive small molecule prodrugs have been developed for cancer therapy, which can more rapidly release drugs in cancer cells in comparison with normal cells.
It is reported that 2,4-dinitrobenzenesulfonyl derivatives’ phenyl sulfide bond can be efficiently cleaved by GSH and serves as a cleavable site in the prodrug for drug release (Shibata et al., 2008; Wang et al., 2017). Based on this strategy, Fang’s group designed an anticancer small molecule prodrug that is triggered by GSH and releases the chemotherapeutic agent mechlorethamine. The biological studies indicated that the prodrug has good selectivity and growth inhibition on tumor cells (Xu et al., 2015). In addition, Zhou and colleagues developed three pro-catechol-type diphenylpolyenes as small molecule-based anticancer prodrugs with prooxidative properties. They protected the catechol moiety by converting 2,4-dinitrobenzenesulfonates (DNBS) to phenols through a GSH-mediated process (Bao et al., 2019). Particularly, the highly reactive 4-OH group on the catechol moiety was selectively blocked by DNBS. Their hypothesis was that the high GSH levels in cancer cells would activate the masked 4-OH group, releasing the catechol moiety locally within cancer cells, while remaining inactive in healthy cells. The released catechol moiety would then undergo in situ oxidation to o-quinone, generating reactive oxygen species, leading to selective cancer cell death (Figure 6A). The prodrug PDHH is superior to 5-FU and DOX, and its ability to kill SW620 cells (IC50 = 4.3 μM) is much greater than that of L02 cells (IC50 = 42.3 μM). Fluorescence imaging revealed that SW620 cells treated with 15 μM PDHH for 24 h displayed classic indicators of apoptosis, such as cytoplasmic shrinkage, the presence of vacuoles, and the formation of apoptotic bodies (Figure 6B).
[image: Diagram illustrating a cancer-targeting drug delivery system. Panel A shows the mechanism of action, including selective cancer cell targeting and nitric oxide generation. Panel B depicts fluorescence images of cells over time. Panel C details the chemical reaction of drug activation and imaging guidance. Panel D shows a graph comparing tumor volume in mice treated with different compounds over time, with BTMP-SS-PTX showing superior efficacy. Panel E displays bioluminescence images of a mouse over 24 hours post-injection, showing drug localization in the body.]FIGURE 6 | (A) Schematic depiction of designing glutathione-activated catechol-type diphenylpolyenes as small molecule anticancer prooxidative prodrugs. (B) Fluorescence imaging to assess the therapeutic efficacy of PDHH following its activation by GSH in SW620 cells. SW620 cells were treated with PDHH (15 μM) for 9–24 h, followed by PI staining. Adapted with modification from Ref. (Bao et al., 2019) © 2019 Elsevier. (C) Proposed method for traceable activation of BTMP-SS-PTX prodrug. (D) Comparison of tumor volume after treatment with PBS, BTMP-SS-PTX (equivalent to paclitaxel), and PTX (5 mg/kg). (E) Relative fluorescent ratio of tumors. Adapted with modification from Ref. (Ye et al., 2021) © 2021 Elsevier.
Moreover, the disulfide bond also possesses relatively high reactivity with GSH and can be cleaved rapidly, thereby inducing the release of the targeted drug and the generation of fluorescent change (Wang et al., 2014). Numerous disulfide-containing prodrugs have been developed for cancer imaging and treatment (Wang et al., 2016; Botella et al., 2016; Kong et al., 2016). Zhu’s group designed and synthesized a novel small molecule anticancer prodrug, BTMP-SS-PTX, which combines 2-(benzo[d]thiazol-2-yl)-4-methoxyphenol (BTMP) with PTX through a disulfide bond linkage (Ye et al., 2021). When exposed to the elevated levels of GSH found in tumors, the prodrug undergoes activation and breaks down to release PTX and visible BTMP, allowing for the visualization and tracking of the free drug (Figure 6C). After the injection of the drug (100 μM) for 48 h, BTMP-SS-PTX exhibited lower toxicity to non-cancer cells 293T, and better anticancer activity in HepG2, MCF-7, and HeLa cells than free drugs. In the HeLa-xenograft mouse model, the prodrug significantly inhibited tumor growth (Figure 6D). In vivo imaging data demonstrated a gradual release of BTMP-SS-PTX at the tumor site, showcasing an increase in fluorescence intensity peaking at 12 h and significantly decreasing after 24 h (Figure 6E). In order to accomplish real-time monitoring of drug release during drug delivery, Zeng and colleagues developed theranostic GSH-responsive small molecule prodrugs based on fluorescence resonance energy transfer (FRET) (Hu and Zeng, 2017). In cancer cells exhibiting elevated GSH levels, the disulfide bonds are effectively broken, leading to the interruption of the FRET process. This results in a dual fluorescence response and the targeted release of CPT. Additionally, Brown’s group developed a theranostic CA-4 prodrug that releases the drug through the cleavage of the disulfide bond and contains a NIR fluorophore enabling timely monitoring of the cleavage (Kong et al., 2017). These strategies have offered new approaches for cancer diagnosis and treatment.
Generally, GSH-responsive small molecule prodrugs leverage the elevated levels of glutathione (GSH) found in tumor cells to achieve selective drug release. These prodrugs are designed with disulfide bonds or other GSH-reactive moieties that are cleaved in the presence of high GSH concentrations, which are typically 100–1,000 times higher in cancer cells compared to normal cells. This cleavage triggers the release of the active drug specifically within the tumor microenvironment. For instance, doxorubicin and paclitaxel prodrugs utilizing GSH-sensitive linkers have demonstrated enhanced targeting and reduced systemic toxicity in preclinical models. By exploiting the redox imbalance in cancer cells, GSH-responsive prodrugs provide a targeted delivery system that minimizes side effects and improves therapeutic outcomes. Despite the promising potential, challenges such as variability in GSH levels among different tumors and potential resistance mechanisms need to be addressed through further research and optimization.
2.3 ROS-responsive small molecule prodrugs
Malignant tumors exhibit elevated levels of ROS due to altered metabolism and signaling pathways (Trachootham et al., 2009; Liou and Storz, 2010). Key ROS include hydrogen peroxide (H₂O₂), superoxide anions (O₂⁻), and hydroxyl radicals. Among these, H₂O₂ is particularly important as it is stable and produced by nearly all sources of oxygen radicals (Lee and Shacter, 2000), this characteristic makes H₂O₂ a promising target for developing new ROS-responsive prodrugs with high selectivity for cancer cells (Lu et al., 2020).
The reaction between boronates and H2O2 is biocompatible and bioorthogonal. In the meantime, boronic acids and their esters apparently do not possess inherent toxicity, and the hydrolysis end product, boric acid, is deemed non-toxic to humans (Peng and Gandhi, 2012). Indeed, boronated H2O2-activatable small molecule prodrugs of SN38, DOX, 5-FU, and GEM have been devised for the selective cancer treatment and have demonstrated promising results in vivo (Wang et al., 2016; Ai et al., 2019; Matsushita et al., 2019; Skarbek et al., 2019). Moreover, considering DOX’s dose-dependent cardiotoxicity, which is partly attributed to its excessive production of ROS, Lukesh and team created a unique boronated hybrid codrug incorporating H2O2-responsive DOX, capable of releasing H2S through COS hydrolysis. This novel formulation aims to preserve DOX’s antitumor properties while minimizing its cardiotoxic effects (Hu et al., 2022).
Yet, the clinical application of H2O2-responsive prodrugs utilizing phenylboronic acid/ester components is constrained by challenges including non-specific interactions between boronic acid and bio-diols, the susceptibility of boronic acid esters to hydrolysis, and the limited specificity of boronic acid esters for H2O2. Recently, a strategy based on an α-ketoamide structure to construct a novel H2O2-responsive nitrogen mustard prodrug KAM-2 has been reported by the Yin group (Figure 7A) (Meng et al., 2019).
[image: Diagram illustrating chemical reactions and a line graph. Panel A shows chemical structures reacting with hydrogen peroxide (H2O2) to form new compounds. Panel B depicts a line graph showing cell death percentage against concentration in micromoles (µM). The graph compares different conditions: KAM-2, NAC + KAM-2, KAM-7, and NAC + KAM-7, with KAM-2 leading to the highest cell death. Error bars are included.]FIGURE 7 | (A) Structures of prodrug KAM-2. (B) Assessing the impact of NAC on the cytotoxicity of KAM-2 and KAM-7 in HL-60 cells following a 72-h incubation period. Adapted with modification from Ref. (Meng et al., 2019) © 2019 Royal Society of Chemistry.
The strong electron-withdrawing nitro group of KAM-2 increases the carbonyl group’s electrophilicity and enabling it to react with H2O2 significantly faster (Xie et al., 2016). Due to the significant role of the nitro group of KAM-2 in H₂O₂-induced nucleophilic attack, a non-nitro analog, KAM-7, which is resistant to H₂O₂, was synthesized as a negative control. KAM-2 showed stability without H₂O₂ and had low cytotoxicity against cancer cells. In the HL-60 cell line, KAM-2 demonstrated a strong antiproliferative effect, which was reduced by pretreatment with the H₂O₂ scavenger N-acetylcysteine (NAC). In contrast, KAM-7 was inert to H₂O₂ and showed low cytotoxicity toward HL-60 cells, and pretreatment with NAC did not diminish its toxicity (Figure 7B). The researchers subsequently illustrated the DNA-damaging and apoptosis-inducing effects associated with the liberated nitrogen mustard. This serves as a novel approach in the development of ROS-responsive small molecule prodrugs.
2.4 Bioreductive reactive small molecule prodrugs
Approximately 50% of cancer patients with solid tumors will receive platinum (Pt)-based anticancer drugs during chemotherapy (Miller et al., 2020). Pt (Ⅱ)-based treatments, such as oxaliplatin, carboplatin, and cisplatin, are approved for cancer therapy. However, their use is often limited by severe dose-dependent side effects, poor tumor specificity, and intrinsic or acquired cisplatin resistance (Kelland, 2007). To address these issues, researchers have developed Pt (Ⅳ)-based prodrugs.
Unlike the square-planar Pt (Ⅱ) complex, the octahedral Pt (Ⅳ) complex has two additional axial ligands, allowing adjustments to its biological properties like lipophilicity, selectivity, and redox stability. The Pt (Ⅳ) complex can be reduced to Pt (Ⅱ) species and release axial ligands in the presence of biological reducing agents such as ascorbic acid (AsA) and GSH (Johnstone et al., 2016). GSH is consumed during Pt (Ⅳ) complex activation, which helps overcome cisplatin resistance and reduces side effects (Galluzzi et al., 2012). As a result, Pt (Ⅳ) complexes are being explored as the next generation of platinum-based anticancer drugs. Gou’s group designed Pt (Ⅳ)-based prodrugs with an indomethacin moiety linked to biotin for targeting tumors (Hu et al., 2017), while Xu’s group attempted to conjugate riluzole into Pt (Ⅳ)-based prodrugs to enhance anticancer activity and reduce side effects, achieving promising results (Li et al., 2023).
Motexafin gadolinium (MGd) is a type of expanded porphyrin used as a redox mediator. Recent studies confirm that MGd can catalyze the intracellular reduction of oxaliplatin-based Pt (Ⅳ) prodrugs to cytotoxic Pt (Ⅱ) (Thiabaud et al., 2016). Sessier and colleagues reported a Pt (Ⅳ)-based texaphyrin conjugate OP-3 (Thiabaud et al., 2020). The conjugate consisted of MGd, linked to the oxaliplatin Pt (Ⅳ) derivative via a succinate linker, with an acetoxy group as the axial ligand (Figure 8A). OP-3 demonstrated good stability in serum, and the reduction of Pt (Ⅳ) was confirmed using reverse-phase high-performance liquid chromatography (HPLC). In vitro experiments revealed that OP-3 had broad antiproliferative effects compared to oxaliplatin across multiple cell lines, including those resistant to platinum. In mice with xenografts of A549, A2780, HCT116, CT26, and MET6, OP-3 (70 mg/kg per dose on days 1–13) significantly reduced tumor volume compared to the vehicle and oxaliplatin (4 mg/kg per dose on days 1–13) (Figure 8B). These findings suggest that OP-3 is a more effective candidate for slowing and inhibiting tumor growth, offering a promising approach for the clinical translation of Pt (Ⅳ)-based prodrugs.
[image: Diagram and bar graph showing effects of OP-3 and oxaliplatin. Part A depicts a chemical reaction where OP-3 is reduced and hydrolyzed into MGd and oxaliplatin. Part B shows a bar graph comparing normalized tumor growth across five cancer types: lung, ovarian, colon (HCT116 and CT26), and breast. Oxaliplatin and OP-3 treatments both show reduced tumor growth compared to the vehicle, with statistical significance indicated by p-values for several samples.]FIGURE 8 | (A) Chemical structure of OP-3 and the release of therapeutic MGd and oxaliplatin through hydrolysis and reduction. (B) In vivo efficacy of oxaliplatin (4 mg/kg) and OP-3 (70 mg/kg) in HCT116, A2780, and A549 tumor-bearing mice, and syngeneic tumor models (EMT6, CT26). Adapted with modification from Ref. (Thiabaud et al., 2020) © 2020 National Academy of Sciences.
2.5 Hypoxia-activated small molecule prodrugs
Owing to insufficient blood circulation in tumor tissues, hypoxia is a common feature in solid tumors. The oxygen supply fails to meet the metabolic requirements of tumor cells, which subsequently aggravates hypoxia along with tumor growth, resulting in the intratumoral microenvironment presenting a notable hypoxic phenotype (Emami Nejad et al., 2021). Nevertheless, hypoxia presents a promising target for cancer diagnosis and treatment. It is well recognized that reducing enzymes such as azoreductase and nitroreductase are overexpressed in hypoxic solid tumors. These enzymes can respectively reduce azoaromatic and nitro-aromatic derivatives. As a result, novel hypoxia-activated small molecule prodrugs incorporating azoaromatic and nitroaromatics units as hypoxia-responsive protective groups have been created (Verwilst et al., 2017; Kim et al., 2018; Peng et al., 2019).
Cancer stem-like cells (CSCs) pose a challenge to the effective treatment of triple-negative breast cancer (TNBC) and contribute to the development of chemoresistance, leading to poor prognosis. To address this, Kim’s group developed a small-molecule-based binary prodrug, CDF-TM, which is selectively activated in hypoxic environments to release the anticancer drug SN-38 and the CSC-suppressing agent 3,4-difluorobenzylidene curcumin (CDF) (Kim et al., 2022). CDF-TM consists of a self-immolative linker and a hypoxia-responsive linker, nitrobenzene, to connect SN-38 and CDF (Figure 9A). The reference compound, CDF-R, was similarly designed by attaching only CDF to the linker. In BALB/c female mice with breast cancer stem cell (BCSC)-enriched 4T1 tumors, CDF-TM significantly inhibited tumor growth. Bioluminescence imaging showed that both control and SN-38-treated groups had a higher presence of spreading BCSCs in the lungs, whereas fewer spreading cells were observed in the CDF-R and CDF-TM treated groups, with only a weak signal in the CDF-TM group (Figure 9B). This novel small molecule prodrug offered a distinct therapeutic option for TNBC.
[image: Diagram showing two parts: (A) Chemical structures with reaction pathways for CDF-TM, SN-38, CDF-R, and CDF, illustrating the role of NADH and NRD. (B) In vivo bioluminescence imaging of mice under different conditions (CTL, SN-38, CDF-R, CDF-TM) with accompanying bar graph comparing photon emission levels.]FIGURE 9 | (A) Chemical structure and activation mechanism of CDF-TM. (B) Representative BLI of metastases in control (DMSO), CDF-R (0.001 mmol/kg), CDF-TM (0.001 mmol/kg), and SN-38 (0.001 mmol/kg) treated mice. Adapted with modification from Ref. (Kim et al., 2022) © 2022 Elsevier.
In addition, the incorporation of nitroimidazole groups has also been observed in activable chemotherapeutics. Kowol’s group developed a hypoxia-activatable 2-nitroimidazole-based prodrug (Bielec et al., 2020). Anaplastic lymphoma kinase (ALK) and mesenchymal-epithelial transition factor (c-MET) are pivotal receptor tyrosine kinases involved in tumor proliferation (Holla et al., 2017; Zhang et al., 2018). Under hypoxic conditions, the prodrug displayed the liberation of the ALK and c-MET inhibitor crizotinib. Notably, the prodrug exhibited excellent stability in serum and effectively suppressed c-MET phosphorylation and tumor cell proliferation in vivo.
2.6 Acidic pH-responsive small molecule prodrugs
Due to the high glycolytic metabolism of cancer cells, their microenvironment tends to be acidic (pH 6.5–7.2), a key feature of cancers (Piasentin et al., 2020). The acidic environment in solid tumor tissues is crucial for cancer cell proliferation, migration, invasion, metastasis, drug resistance, and immune evasion (Boedtkjer and Pedersen, 2020). Based on this characteristic of cancers, a large number of acid-responsive prodrug systems have been reported (Hou et al., 2017; Teng et al., 2022). The use of acid-sensitive breakable hydrazones is a common strategy (Jin et al., 2023).
Kratz and his colleagues reported two acid-responsive albumin-binding prodrugs, AE-Ester-Sulf07 and AE-Keto-Sulf07, for the targeted delivery of the cytotoxic tubulin-disrupting peptide auristatin E to cancer cells (Pes et al., 2019). In this theranostic, the albumin-binding moiety was linked to AE-Ester and AE-Keto (two carbonyl-containing derivatives of auristatin E) via an optimized maleimide-bearing hydrazide linker (Figure 10A). Using LC-MS, it was discovered that 91%–99% of both prodrugs were bound to albumin within 2 min after incubation in murine and human plasma. HPLC analysis confirmed that the stability of the prodrugs under simulated physiological conditions (pH 7.4) was significantly higher compared to the free drug. In acidic conditions (pH 4.1), 21% of AE-Keto was released after 24 h, while AE-Ester-Sulf07 released 90% AE-Ester after 24 h (Figure 10B). In nude mice with human tumor xenografts, both albumin-binding prodrugs demonstrated remarkable anticancer effects compared to the parent drug auristatin E (Figure 10C). All in all, AE-Ester-Sulf07 and AE-Keto-Sulf07 are innovative albumin-binding prodrugs with great potential for the delivery of auristatins toward solid tumors.
[image: Diagram with three panels. Panel A shows a chemical structure of a prodrug with albumin binding and drug release mechanisms. Panel B includes two line graphs showing the drug release rates of AE-Keto-Suf07 and AE-Ester-Suf07 at pH seven point four and pH six point five over twenty-four hours. Panel C presents a line graph displaying tumor volume changes in A2780-treated mice over time, comparing control, AE-Suf07, and AE-Keto 3.0 mg/kg.]FIGURE 10 | (A) Chemical structures of prodrug AE-Keto-Sulf07. (B) Release of AE-Keto and AE-Ester from AE-Keto-Sulf07 and AE-Ester-Sulf07 at pH 7.4 and pH 4.1. (C) Comparison of tumor growth curves for AE-Keto, AE-Ester-Sulf07, and AE-Keto-Sulf07 against AE and control groups in human tumor xenograft models using nude mice. Adapted with modification from Ref. (Pes et al., 2019) © 2019 Elsevier.
Zhang and colleagues demonstrated another hydrazone-based prodrug of DOX for evaluation in U87 cells. This prodrug consists of DOX, a coumarin fluorophore, and an αvβ3 integrin targeting component (Li et al., 2014). Utilizing a hydrazone maleimide linker, DOX was linked to the structure, causing quenching of the coumarin fluorescence by DOX molecules in the prodrug. Consequently, the prodrug exhibited diminished fluorescence intensity at pH 7.4. Upon lowering the pH to 5.0, a swift increase in fluorescence emission at 330 nm was observed, indicative of hydrazone unit hydrolysis and subsequent DOX release. This feature enabled real-time tracking of DOX release in in vitro settings.
2.7 Light-responsive small molecule prodrugs
Due to the exceptional advantages of optical signal control, including non-invasiveness, high spatial resolution, and precise spatio-temporal control, numerous light-activated compounds have been synthesized for use in chemotherapy (Dcona et al., 2020; Vickerman et al., 2021). Early strategies for light-responsive applications utilized nitrobenzyl photoresponsive groups (Mo et al., 2016). However, activation of this unit requires shorter excitation wavelengths (below 500 nm), which often result in limited tissue penetration and possible phototoxicity (Hou et al., 2018). Recently, research has concentrated on developing light-activatable systems that operate with longer excitation wavelengths and demonstrate enhanced photoconversion efficiencies.
Photodynamic therapy (PDT) employs photosensitizers (PS) that are activated by visible to near-infrared light to produce singlet oxygen (1O2), leading to cellular toxicity. However, 1O2 has a brief lifespan and limited diffusion range, restricting its damage within the cell diameter. This confinement means there is no bystander effect, often resulting in suboptimal therapeutic outcomes for PDT (Arya et al., 2012). You and colleagues have innovated by creating a light-activated prodrug, Pc-(L-CA4)2, which consists of a fluorescent phthalocyanine PS, the anticancer drug CA-4, and a 1O2-sensitive linker (Rajaputra et al., 2016). Research demonstrated that upon irradiation with a 690 nm laser, the prodrug generates 1O2, causing localized tumor damage while simultaneously releasing CA-4. This release of CA-4 leads to more extensive and prolonged damage, effectively killing tumor cells that survive the initial PDT. Thus, the prodrug Pc-(L-CA4)2 effectively surpasses the spatial and temporal constraints of 1O2 in PDT, significantly enhancing its antitumor efficacy.
Zhu’s group recently synthesized a light-activatable oxaliplatin Pt (Ⅳ) conjugate PS, named phorbiplatin, which operates at wavelengths of 650/660 nm. This photosensitizer utilizes pyropheophorbide α (PPA), known for its high absorbance at 650 nm and efficient generation of 1O2. The 1O2-producing PPA was attached to the axial position of the oxaliplatin Pt (Ⅳ) prodrug (Figure 11A) (Wang et al., 2019). Upon exposure to low-intensity red light at 650 nm, the Pt (Ⅳ) is converted to Pt (Ⅱ) and PPA is simultaneously released. Phorbiplatin demonstrated enhanced cytotoxic effects on cancer cells when activated by light compared to dark conditions. In experiments using the 4T1 tumor-bearing mouse model, phorbiplatin treated with light (660 nm, 100 mW cm−2, 10 min) exhibited superior antitumor effects compared to both standard oxaliplatin and a combination of oxaliplatin with PPA (Figure 11B). This is the first study that uses red light to control the activation of platinum prodrugs in vivo, and this work is expected to motivate other researchers to develop novel light-responsive Pt (Ⅳ) prodrugs.
[image: Chemical diagrams, graphs, and illustrations related to Phorbiplatin and its activation by light and radiation are included. Graph B shows growth over 12 days with various treatments under different conditions. An antibody-drug conjugate (ADC) process is illustrated, showing radiation-induced prodrug activation. Structures of compounds with blue and green fluorescence before and after activation are depicted.]FIGURE 11 | (A) The molecular structure of phorbiplatin and the mechanism of oxaliplatin release triggered by light at 650/660 nm. (B) Time course of tumor growth suppression compared to controls. Adapted with modification from Ref. (Wang et al., 2019) © 2019 Elsevier. (C) Schematic representation of a radiation-responsive ADC. Adapted with modification from Ref. (Fu et al., 2024) © 2024 Springer Nature. (D) Diagram of the YW-OAc prodrug fluorescent probe. Adapted with modification from Ref. (Chen et al., 2023) © 2023 Elsevier.
Fu and colleges have developed a novel approach to reduce systemic toxicity in cancer therapy by using radiotherapy-induced prodrug activation (Fu et al., 2024). Researchers identified N-alkyl-4-picolinium (NAP) as an efficient caging group that releases active molecules upon exposure to radiation. The study developed a NAP-derived carbamate linker that, when integrated into antibody-drug conjugates (ADCs), released fluorophores and toxins upon irradiation (Figure 11C). These ADCs were effective in living cells and tumor-bearing mice, demonstrating a marked antitumor effect. The research highlighted the potential of using radiation-removable protecting groups for creating next-generation ADCs with enhanced stability and therapeutic efficacy. This method showed promise for targeted drug activation, minimizing damage to healthy tissues and improving the overall effectiveness of cancer treatments.
Furthermore, in order to achieve real-time visualization of ovarian cancer cells during chemotherapy, Hou and his colleagues devised a novel prodrug fluorescent probe, YW-OAc, which is capable of tracing cancer cells while delivering chemotherapeutic agents (Chen S. et al., 2023). YW-OAc is composed of three key elements: D-acetyl-galactose residue, 2-(2′-hydroxyphenyl) benzothiazole as a fluorescent marker, and the anticancer agent chlorambucil. Its fluorescence shifts from blue to green after reacting with β-Gal in cancer cells. Following light exposure (≥410 nm), the green fluorescence reverts to blue upon chlorambucil’s release (Figure 11D). In normal cells, the fluorophore remains unchanged, irrespective of light exposure. Conversely, in OVCAR-3 cancer cells that overexpress β-Gal, the glycosidic bond in YW-OAc is cleaved, releasing the fluorophore, which is then subject to photolysis by irradiation, thus liberating the drug. YW-OAc exhibits low toxicity to normal cells regardless of irradiation and shows no significant dark toxicity to ovarian cancer cells but demonstrates marked phototoxicity. YW-OAc holds promise as an effective bioimaging and diagnostic tool.
2.8 Bioorthogonal reaction-based small molecule prodrugs
Bioorthogonal reaction-based small molecule prodrugs represent a novel approach in the development of targeted cancer therapies. These prodrugs are designed to undergo specific chemical reactions that are orthogonal, or non-interfering, with biological processes. The unique aspect of bioorthogonal reactions is that they can occur in living systems without disrupting native biochemical pathways, ensuring high selectivity and minimizing off-target effects. Typically, these reactions involve the conversion of an inactive prodrug into an active drug through a catalyst or a trigger present within the tumor microenvironment. This strategy enables precise drug activation at the tumor site, enhancing therapeutic efficacy while reducing systemic toxicity. Recent advancements have demonstrated the potential of bioorthogonal prodrugs in achieving targeted and controlled drug release, paving the way for more effective and safer cancer treatments.
In He and coworkers’ study, 3-vinyl-6-oxymethyl-tetrazine (voTz) was introduced as a versatile reagent for the modular preparation of bioorthogonal activable prodrugs (He et al., 2024). The voTz reagent allowed for cysteine-selective labeling and the creation of peptide-drug conjugates (PDCs) with high stability and specificity (Figure 12). These PDCs remained inactive in the bloodstream and became activated only upon reaching the tumor site, where bioorthogonal cleavage reactions triggered drug release. This design significantly enhanced the targeting efficiency and therapeutic potency of the prodrugs while minimizing off-target toxicity. In vivo studies demonstrated the therapeutic efficacy and safety of this approach, suggesting that voTz-based prodrugs could be a promising strategy for precision cancer therapy. The broad applicability of functional groups and the chemoselective modification capability of voTz highlight its potential for developing next-generation biopharmaceuticals and biomaterials.
[image: Diagram illustrating a chemical process for drug delivery. It shows modular synthesis of VoTz-caged prodrugs and their modification, bioorthogonal reaction, and traceless release. The lower section compares drug activity in normal and tumor cells, highlighting targeted uptake and bioorthogonal activation, leading to the release of native drugs in tumor cells.]FIGURE 12 | The development of bioorthogonal activable peptide-drug conjugates (PDCs) involves the creation of an all-in-one tetrazine reagent that facilitates chemoselective labeling and prodrug synthesis. Adapted with modification from Ref. (He et al., 2024) © 2024 Springer Nature.
3 COMPARISON OF SMALL MOLECULE PRODRUGS WITH CONVENTIONAL CHEMOTHERAPEUTICS
3.1 Targeted delivery and activation mechanisms
Small molecule prodrugs are designed to remain inactive until they reach the tumor site, where specific enzymes, pH levels, or other biomarkers trigger their activation. This targeted delivery minimizes off-target effects and enhances drug concentration at the tumor site. In contrast, conventional drugs are active throughout the body, often leading to higher systemic toxicity. For example, enzyme-responsive prodrugs such as β-galactosidase and β-glucuronidase-activated prodrugs show lower toxicity in non-cancerous cells compared to traditional chemotherapeutics. This targeted activation allows for higher efficacy in killing tumor cells while reducing harmful side effects commonly seen with conventional chemotherapies (Senter and Sievers, 2012).
3.2 Reduced systemic toxicity and enhanced stability
By targeting the tumor microenvironment specifically, small molecule prodrugs reduce the risk of damaging healthy tissues. Prodrugs can be chemically modified to improve their solubility and stability, which are critical factors for drug delivery and efficacy. Conventional drugs may lack these modifications, leading to challenges in formulation and administration. Studies have shown that small molecule prodrugs can achieve better therapeutic outcomes by ensuring higher drug concentrations at the tumor site and reducing adverse effects. For instance, the GSH-responsive prodrug BTMP-SS-PTX demonstrated superior anticancer activity and lower toxicity compared to paclitaxel alone. This improvement in stability and solubility ensures that the drug remains effective during its transit through the body, ultimately leading to better patient outcomes (Haag and Kratz, 2006).
4 CONCLUSION
Prodrug strategies, crucial in cancer therapy, involve regulating the toxicity of anticancer drugs and have been adopted to create a variety of therapeutic agents for treatment, targeting, diagnosis, and imaging purposes. Such strategies enhance the allure of prodrug design as a pivotal method in oncological drug development. In this review, we classify these strategies according to their activation mechanisms. By directly modifying drugs that have already gained clinical approval, this approach substantially cuts down the time required for drug development, offering a route to enhance drug effectiveness and mitigate side effects. Although this approach shows promise for cancer chemotherapy, several challenges must still be overcome to design more tailored and effective prodrugs.
One major challenge is enzymatic heterogeneity within the tumor microenvironment, which can affect prodrug activation efficiency. Enzyme-responsive prodrugs require meticulous optimization of enzymes and their substrates. Although the linkers’ chemical bonds are generally less susceptible to physiological conditions, thus lowering the risk of non-specific prodrug activation, the possibility of premature or failed activation at incorrect sites remains. Many enzymes that are overexpressed in cancerous tissues are also found in normal tissues, necessitating the development of highly specific enzyme-substrate pairs and the exploration of multifunctional linkers that can respond to multiple tumor-specific stimuli.
Prodrug activation specificity is another significant challenge. Ensuring that prodrugs are activated only at the tumor site without affecting healthy tissues is critical for minimizing side effects. Strategies such as incorporating dual or multi-activatable systems that respond to multiple tumor-specific triggers can enhance activation specificity and therapeutic efficacy.
Additionally, the pharmacokinetics and pharmacodynamics (DMPK) of prodrugs must be finely tuned to reduce off-target effects and enhance therapeutic efficacy. This involves optimizing the stability, solubility, and distribution of prodrugs in the body. Novel delivery systems, such as nanoparticles and liposomes, can improve the bioavailability and tumor targeting of prodrugs (Chenguang et al., 2020; Kankala et al., 2021), thereby overcoming some of the DMPK challenges.
Looking ahead, the development of dual or multi-activatable prodrugs seems to be a leading strategy for achieving enhanced tumor specificity in targeted cancer treatments, as demonstrated in previous studies. If these prodrugs incorporate additional therapeutic modalities, such as photodynamic therapy, photothermal therapy, and immunotherapy, more effective cancer treatments may emerge, offering advancements over conventional chemotherapy. We anticipate that ongoing research will soon yield novel, activatable small molecule prodrugs that are clinically effective for cancer treatment.
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Background: Hepatocellular carcinoma accounts for 80% of primary liver cancers, is the most common primary liver malignancy. Hepatocellular carcinoma is the third leading cause of tumor-related deaths worldwide, with a 5-year survival rate of approximately 18%. Chemotherapy, although commonly used for hepatocellular carcinoma treatment, is limited by systemic toxicity and drug resistance. Improving targeted delivery of chemotherapy drugs to tumor cells without causing systemic side effects is a current research focus. Chitosan, a biopolymer derived from chitin, possesses good biocompatibility and biodegradability, making it suitable for drug delivery. Enhanced chitosan formulations retain the anti-tumor properties while improving stability. Chitosan-based biomaterials promote hepatocellular carcinoma apoptosis, exhibit antioxidant and anti-inflammatory effects, inhibit tumor angiogenesis, and improve extracellular matrix remodeling for enhanced anti-tumor therapy.Methods: We summarized published experimental papers by querying them.Results and Conclusions: This review discusses the physicochemical properties of chitosan, its application in hepatocellular carcinoma treatment, and the challenges faced by chitosan-based biomaterials.Keywords: biomaterials, chitosan, hepatocellular carcinoma, apoptosis, antioxidant, antiinflammatory, angiogenesis inhibition, extracellular matrix remodeling

1 INTRODUCTION
Hepatocellular carcinoma (HCC) is the predominant form of primary liver cancer, accounting for over 80% of liver cancer cases (Valderrama-Treviño et al., 2017). HCC is closely associated with hepatitis B, hepatitis C, alcoholic liver disease, and fatty liver disease (Kulik and El-Serag, 2019). The incidence of HCC is higher in men, predominantly due to higher rates of alcohol consumption (Villanueva, 2019). Globally, the incidence of HCC is steadily increasing, projecting over 1 million new cases per year by 2025 (Rahib et al., 2014). HCC is often asymptomatic in its early stages, leading to diagnosis at advanced stages with limited treatment options, poor prognosis, and short survival times (Fan et al., 2023). HCC ranks as the third leading cause of cancer-related deaths globally, with a 5-year survival rate of approximately 18% (Siegel et al., 2022). In the United States, the average 5-year survival rate for HCC patients is 19.6% (Chidambaranathan-Reghupaty et al., 2021).
Patients with HCC have various treatment options, including liver transplantation, surgical resection, percutaneous ablation, radiotherapy, chemotherapy, and targeted or systemic therapy (Vogel et al., 2022). Surgical resection is the preferred and most effective treatment for early-stage HCC (Sugawara and Hibi, 2021; Duong et al., 2022). However, it is unsuitable for unresectable and metastatic HCC. Chemotherapy is commonly used but often accompanied by systemic side effects (Bhatt and Wu, 2023). Advanced HCC patients who cannot undergo surgery face challenges due to tumor lesions and the development of treatment resistance (Zhao et al., 2022a; Zhao et al., 2022b). Conventional systemic chemotherapy lacks target selectivity, leading to high recurrence risks, multidrug resistance, and severe side effects. Transcatheter arterial chemoembolization (TACE) selectively blocks tumor blood supply to induce tumor cell necrosis through ischemia and hypoxia (Chang et al., 2021). Local delivery of chemotherapy drugs also enhances their anti-tumor effects (Qin et al., 2022). The combination of TACE with portal embolization or portal chemoembolization in patients with HCC improves efficacy and reduces recurrence rates (Shao et al., 2021). Although TACE is the preferred method of palliative care for HCC, the choice of a chemotherapy agent and the timing between administrations require further study (Ando et al., 2021). For HCC that cannot be cured, a liver transplant is the best way to restore liver function (Reichman et al., 2019). However, the shortage of liver transplant donors, immune rejection after liver transplantation, and prevention and treatment of liver cancer recurrence and metastasis after liver transplantation are still the direction of unremitting efforts in the future (Fan et al., 2023).
In recent years, nano-delivery strategies have shown promise in enhancing anti-tumor effects and have become a potential trend in cancer treatment. Chitosan, a biopolymer derived from chitin, is non-toxic and exhibits good histocompatibility and biodegradability (Mallakuntla et al., 2021; Abourehab et al., 2022; Saran et al., 2022; Kim et al., 2023; Matloob et al., 2023; Unal et al., 2023; El-Araby et al., 2024). It has been extensively studied as a delivery strategy for various tumors, including lung cancer, breast cancer, pancreatic cancer, and HCC (Xia Y. et al., 2022; Bashir et al., 2022; Karimi et al., 2023). Chitosan-based nanomaterials have shown significant anti-tumor effects, leveraging their ability to selectively enter cancer cells through the enhanced permeability and retention (EPR) effect (Xin et al., 2017). This article provides an overview of the physicochemical properties of chitosan. It also summarizes the anti-tumor effects of chitosan-based nanomaterials in HCC, as highlighted in Table 1; Scheme 1. Additionally, the challenges associated with the use of chitosan nanomaterials in HCC treatment are discussed.
TABLE 1 | Chitosan-enhanced antitumor therapy for hepatocellular carcinoma.
[image: A table displaying various types of nanoparticles with functions such as inducing apoptosis, antioxidant properties, anti-inflammatory effects, tumor angiogenesis inhibition, and extracellular matrix remodeling. Each row lists the nanoparticle's name, main composition, material properties, results, and references. The table provides insights into the size, efficacy, and specific therapeutic outcomes of each nanoparticle.][image: Diagram illustrating the anti-hepatocarcinoma effects of a compound, focusing on apoptosis promotion, anti-inflammatory action, and antioxidant properties. It shows mechanisms like caspase activation, matrix remodeling, angiogenesis inhibition, and cytokine regulation.]SCHEME 1 | Mechanism of action of chitosan in hepatocellular carcinoma: Chitosan-based materials induce apoptosis of HCC cells by promoting mitochondrial pathway, promote downregulation of expression of anti-inflammatory cytokines, and upregulation of expression of inflammatory cytokines, promote ROS degradation, scavenge oxygen radicals around HCC cells. Reducing tumor angiogenesis, reduce MMP and protease expression and remodel the tumor extracellular matrix to achieve anti-tumor effects.
2 PHYSICAL AND CHEMICAL PROPERTIES OF CHITOSAN
Chitosan is a natural polysaccharide obtained by deacetylation of chitin (Xia Y. L. et al., 2022). When chitinin deacetylation reaches at least 50%, it is called chitosan (Hallmann and Gerngroß, 2022). The main component of chitosan is a mixture between N-acetyl-d-glucosamine and β-(1,4)-linked-d-glucosamine (Satitsri and Muanprasat, 2020). Due to its amino groups in the backbone, chitosan often exhibits positively charged cationic copolymers. Chitosan itself has been reported to have antitumor, antioxidant, and wound-healing effects (Manna et al., 2023). Chitosan is soluble in organic acids but insoluble in neutral and alkaline solutions. The solubility of chitosan depends on the amount of free amino group and N-acetyl group (Hallmann and Gerngroß, 2022). The physicochemical properties of CS are inversely affected by its degree of deacetylation and molecular weight (Ardean et al., 2021). Chitosan has active hydroxyl, amino, and linear polyamines at positions C2, C3, and C6, and these functional groups can be modified to confer different functions on chitosan (Balagangadharan et al., 2017). For example, the conversion of primary amine groups on chitosan C2 into quaternary salts is the main mechanism for enhancing its antibacterial, antioxidant, anticoagulant, and mucus adhesion properties (Piras et al., 2019). Therefore, chitosan plays an important role in tissue engineering and regenerative medicine. In tumor treatment, chitosan can target the tumor microenvironment, increase the Enhanced permeability and retention (EPR) effect, improve the delivery ability of anti-tumor drugs, and reduce the off-target and abscopal effect of cancer nano drugs (Xia Y. et al., 2022; Zaiki et al., 2023). Chitosan can also reduce cell proliferation, eliminate tumor angiogenesis, and inhibit HCC growth (Satitsri and Muanprasat, 2020). Chitosan-based nanostructures can characterize the pharmacokinetics of natural and synthetic drugs, thereby increasing the effectiveness of HCC therapy (Karimi et al., 2023). Nanomedicine developed using functionalized chitosan becomes a potential trend in tumor treatment.
3 CHITOSAN-BASED MATERIALS ENHANCE ANTITUMOR THERAPY
3.1 Promote apoptosis of tumor cells
Apoptosis is triggered by a series of mitochondria dysfunction, including the collapse of the intimal potential, swelling of the mitochondria, and increased permeability (Chipuk et al., 2006). Mitochondria control a variety of cellular physiological processes, including cell respiration, metabolism, signaling, differentiation, apoptosis, and intracellular calcium levels (Smith et al., 2011). Chitosan can induce apoptosis. The specific mechanism is that chitosan competitively blocks the integral proteins on tumor cells, so that the tumor loses the ability to adhere to normal tissues, thereby inhibiting tumor metastasis, and it can also directly enter the cell and activate the caspase-3 at the end of the apoptosis pathway, thereby causing the degradation of structural proteins and functional proteins, and finally disintegrating the cell (Atmaca et al., 2024). Mitochondrial function is associated with anabolic, unlimited multiplication and decreased apoptosis autophagy in cancer cells (Wang et al., 2017). Doxorubicin (DOX) is a mitotically active cyto-toxic agent that binds specifically to phospholipid cardiolipin and could accumulate mitochondria. Studies have shown that DOX-mediated membrane perturbation can inhibit mitochondrial membrane potential disruption of complex I and II disordered electron transport chains, thereby affecting cellular energy transfer (Gorini et al., 2018). Lactobionic (LA) has HCC cell targeting by binding to Asiatica protein (ASGP) receptors that are overexpressed on the HCC cell surface (Zhang et al., 2011). The grafting of LA and chitosan can enhance the HCC cell targeting ability of chitosan. Hefnawy et al. used carboxymethyl chitosan to complexe poly-acrylate, and glycyrrhetinic acid (GA) and LA grafted onto the complex to make a two-ligand nanoshell structure for the delivery of DOX (Figure 1) (Hefnawy et al., 2020). GA and LA double ligands enhance the HCC cell targeting ability of core-shell nanoparticles, and precisely release DOX into tumor cells to achieve their anti-tumor effects (Li et al., 2019). Studies have shown that nanoparticles larger than 150 nm are able to maximize the benefit of EPR effects in HCC cells (Torchilin, 2011). The core-shell nanoparticles have a diameter of 274 nm and are capable of loading DOX for more than 10 days. The ability of HCC cells to phagocytose DOX is greatly improved, and the significantly increased apoptotic genes are caspase 3, p53, and Bax. Triphenylphosphine (TPP) is one of the polymers commonly used to target mitochondria, and TPP has a unique structure composed of lipophilic phenyl groups and phosphine cations, which allows it to be deposited in mitochondria (Mossalam et al., 2010). Arisifa et al. grafted TPP with chitosan to deliver DOX to make DOX-TPP-CS NPS for the treatment of HCC (Arafa et al., 2022). The particle size of DOX-TPP-CS NPS is 70–110 nm, and the spherical and positive surface charge structure of DOX-TPP-CS NPTs enhances mitochondrial uptake. DOX-TPP-CS NPS continuously releases DOX at 168 h and reduces systemic toxicity. The co-incubation of DOX-TPP-CS NPS with HCC cells for 48 h compared with the blank control group promoted the programmed death of HCC cells by 7.86 times higher than that of the control group.
[image: Illustration showing the process of dual targeting core/shell nanoparticles for drug delivery. The top section displays chemical components: chitosan-g-polyacrylic acid with doxorubicin, and glycyrrhizinic and lactobionic acids with chitosan. These form core/shell nanoparticles, depicted as concentric circles with active targeting capabilities. The bottom section shows a person receiving a nanoparticles injection, targeting the liver with a comparison between healthy tissue and carcinoma. A detailed liver diagram highlights liver components such as the endothelium and bile canaliculus.]FIGURE 1 | Carboxymethyl chitosan to complexe polyacrylate, and glycyrrhetinic acid (GA) and LA grafted onto the complex to make a two-ligand nanoshell structure for the delivery of DOX. After intravenous injection of nanoparticles, it can actively target liver cancer cells to achieve anti-tumor effects. Reproduced with permission from (Hefnawy et al., 2020).
Coated magnetic Fe3O4 can absorb more drug molecules, increasing the dispersion and stability of chitosan nanoparticles (He et al., 2010). Coated chitosan nanoparticles can enhance the drug loading rate of chitosan nanoparticles, making chitosan nanoparticles a good choice for nano drug loading (Jędrzak et al., 2020). Chen L. et al. (2022) used Fe3O4-coated chitosan, DOX was loaded into CS by the aldehyde group, and GQD was prepared into DOX-Fe3O4@CGA on the surface of magnetic CS by amide bonds. The encapsulation efficiency of DOX is about 85%, and the loading efficiency is about 12% on average. The DOX-Fe3O4@CGA is injected into tumor-bearing mice and collected at the tumor site for 6 h to treat the tumor more effectively. TwHFOLIDE (TP) is the main component of Chinese herbal medicine and has anti-inflammatory and antitumor effects (Gali-Muhtasib et al., 2015). TP has been shown to have anti-tumor effects in hematologic tumors, lung cancer, liver cancer (Zhao et al., 2020; Gao et al., 2021). TP limits its clinical application due to its high toxicity and low water solubility. Galactosylated chitosan also has the ability to target HCC cells, binding to TP to deliver TP to tumor cells (Yu et al., 2014). Zhang Y-Q. et al. (2019) combined galactosylated chitosan with TP to make GC-TP-NPTs to enhance the targeting of HCC cells. The particle size of GC-TP-NPs was 204.2 ± 1.2 nm, GC-TP-NPs released about 70% TP within 2 h, and GC-TP-NPs released nearly 80.0% TP after 24 h of incubation. The precise targeting of GC-TP-NPs not only reduced hepatic and renal toxicity but also induced apoptosis of HCC cells through TNF/NF-κB/BCL2 signaling. Niacin can increase the NAD+/NADH ratio in the body and promote autophagy in tumor cells by inducing NAD+/NADH balance (Song et al., 2013). Hanafy et al. (2023) developed chitosan liposomes loaded with niacin and curcumin to achieve autophagy in HCC cells. The diameter of the nanoliposomes is 96 ± 1.2 μm. In vivo, chitosan liposomes can induce autophagy by activating the GPR109A/AMPK/NRF-2 signaling pathway. Sorafenib (SF) is an oral multi-kinase inhibitor with significant anticancer effects through antiproliferative, antiangiogenic and pro-apoptotic mechanisms (Juaid et al., 2021). Fahad Albalawi et al. fabricated chitosan nanoparticles (SF-CS NPs) for SF delivery using CS and sodium tripolyphosphate (TPP) (Albalawi et al., 2023). At the lowest concentration of TPP of 2.5 mg/mL, SF-CS NPs showed the largest spherical particles with an average diameter of 212.4 ± 59.7 nm. In vitro experiments confirmed that SF-CS NPs could continuously release SF for 169 h. Gemcitabine is a pyrimidine nucleoside antimetabolite that is effective in the treatment of HCC in combination with other anticancer drugs, including sorafenib, oxaliplatin, carboplatin, and bevacizumab (Fan et al., 2023). However, adverse effects associated with gemcitabine and myelosuppression and pulmonary toxicity remain a problem (Chi et al., 2012). Nair et al. (2019) designed galactosylated chitosan nanoparticles for delivery of gemcitabine to reduce its toxic side effects. The zeta potential values (19–22 mV) of galactosylated chitosan nanoparticles increase modest rejection and electrostatic stabilization between galactosylated chitosan nanoparticles to provide stability. In vivo experiments have proved that galactosylated chitosan nanoparticles can release about 85% of gemcitabine within 24 h, and the drug distribution in vivo has proved that the accumulation of galactosylated chitosan nanoparticles in the liver is significantly higher than that of other organs, reducing the adverse reactions in the whole body. The study of chitosan-based nanomaterials to promote apoptosis in HCC cells has been widely confirmed (Priya et al., 2020).
3.2 Antioxidant
After mitochondrial dysfunction, tumor cells are in a hypoxic state. Long-term hypoxia leads to enhanced glycolytic pathways, enhanced hypoxia-inducible factor (HIF-1α), and the production of Reactive oxygen species (ROS) (Zhang W. et al., 2019). The imbalance between ROS and antioxidants in the body is one of the factors that promote the proliferation of tumor cells (Snezhkina et al., 2019). Mitochondria are the main organs for ROS production, and most anti-cancer drugs alter excess ROS production in cancer cells, thereby activating mitochondrial intrinsic pathways, releasing pro-apoptotic factors, and leading to apoptosis (Perillo et al., 2020). Cerium oxide (CeO2) exerts antioxidant activity by removing ROS from the body (Siposova et al., 2022). Sathiyaseelan et al. (2022) used CeO2 modified 5-fluorouracil (5FU)-loaded chitosan nanoparticles to make CS-5FU-CeO2NPs for HCC cell therapy. 5FU binds to chitosan through hydrogen bonding and intermolecular force, which greatly increases the drug loading rate of CS-5FU-CeO2NPs (16.17% ± 0.55%). In vitro experiments, CS-5FU-CeO2NPs released 21.88% of 5-FU within 8 h and sustained release within 6 months. Compared with CeO2NPs, CS-5FU-CeO2NPs greatly improved the scavenging capacity of free radicals and promoted HCC apoptosis (apoptotic cell mortality was 26.04%). Although mitochondria are the main site of ROS production, CS-5FU-CeO2NPs clearance of ROS does not cause damage to cellular structures (nuclear and mitochondrial membrane potentials). This also makes CS-5FU-CeO2NPs have good biocompatibility and low toxicity. Scavenging of oxidative free radicals in the body can promote apoptosis of tumor cells. Targeted induction of ROS production also induces apoptosis in tumor cells. Chitosan nanoparticles can induce increased ROS production, leading to ROS-induced activation of mitochondrial disease and endoplasmic reticulum stress (Jiang et al., 2019). Anushree et al. developed phosphorylated galactosylated chitosan (PGC) for antioxidant use in HCC cells (U et al., 2022). The average particle size of PGC is 197 nm, and PGC has a high affinity with ASGPR on the surface of HCC cells, which can enhance the HCC cell targeting ability of PGC (Zhu et al., 2022). In vivo experiments have confirmed that PGC can inhibit lipid peroxidation and superoxide scavenging ability and enhance glutathione levels compared with chitosan. PGC exhibits stronger anti-tumor effects than chitosan.
Curcumin is a polyphenolic compound whose clinical effects have been widely proven, including anti-inflammatory, antioxidant, antitumor, antiviral, antibacterial and analgesic effects (Hewlings and Kalman, 2017). Studies have shown that curcumin’s anti-inflammatory properties are achieved by blocking IκBα phosphorylation and degradation (Wilken et al., 2011). In addition to this, curcumin scavenges superoxide, nitric oxide, and hydrogen peroxide free radicals and reduces inflammation by lowering histamine levels (Alok et al., 2015). Due to low water solubility, low bioavailability, chemical instability, rapid metabolism in the gastrointestinal tract, and other factors, the clinical application of curcumin is limited. Kong et al. (2019) used silica encapsulation curcumin nanoparticles (SCNP) and chitosan co-encapsulation to make cur-cumin nanoparticles (CSCNP). The average size of CSCNP is 75.0 ± 14.62 nm and capable of loading 28.9% curcumin. In vitro experiments have confirmed that CSCNP does not affect the physiological activity of normal cells. Compared to curcumin, CSCNP has a stronger oxidant free radical scavenging effect. Celastrol is a natural proteasome inhibitor extracted from Chinese herbal medicine, according to a wide range of antitumor effects (Wang et al., 2019). However, the low solubility, low bioavailability and systemic toxicity of Celastrol hinder its clinical application (Chen et al., 2022). Zhang et al. (2023) used glycyrrhetinic acid (GA) and carboxymethylchitosan (CMCS) to make polymer micelles Cela/GCTR PMs for the delivery of Celastrol. HCC cells showed high expression of GA receptors, and GC-made Cela/GCTR PMs have good HCC cell targeting, thereby increasing HCC cell accumulation in Celastrol. The particle size of Cela/GCTR PMs is 220.17 ± 5.50 nm. Cela/GCTR PMs release Celastrol continuously, with a cumulative release rate of >12% at 70 h. Studies have shown that Cela/GCTR PMs can target ROS in HCC cells to achieve antioxidant effects in vivo. Compared with Celastrol, Cela/GCTR PMs showed good proliferation inhibition in hepatoma cells. Not only that, Cela/GCTR PMs have a stronger tumor suppression rate. This shows that Cela/GCTR PMs have great potential as an anti-liver cancer drug delivery system.
3.3 Anti-inflammatory
Inflammation is one of the important features of tumor-contributing markers and plays an important role in tumorigenesis (Hanahan, 2022). Inflammation can regulate and induce cell polarization in the tumor microenvironment and induce the development of tumor cell drug resistance (Denk and Greten, 2022; Kennel et al., 2023). Factors released by inflammatory cells (transforming growth factor (TGF)-β, tumor necrosis factor (TNF)-α, and interleukin (IL)-6) stimulate tumor cell survival and proliferation through nuclear factor (NF)-κB and signal transductors and transcriptional activators (STAT) 3 (Greten and Grivennikov, 2019; Kruse et al., 2023). M2-macrophages, fibroblasts, and myeloid-derived suppressor cells can induce immunosuppressive blocker antitumor effects of T cells (Kuo et al., 2022). Extended activation of the IL-6/IL-6-R signaling pathway is critical in the occurrence and progression of HCC (Hatting et al., 2015). Therefore, reducing the inflammatory response in the tumor microenvironment has a degree of antitumor effect. Butyric acid (BA) reduces the production of cytokines (IL-6, IL-8, TNF-α, and TGF-β) to achieve anti-inflammatory effects in HCC (Meijer et al., 2010). In addition, BA shows anticancer properties against HCC cells mainly based on its histone deacetylase (HDAC) inhibitory activity (Coradini and Speranza, 2005). However, the low bioavailability of BA and poor intestinal absorption after oral administration limit its clinical use (Clemente et al., 2012). Quagliariello et al. (2019) prepared chitosan liposomes, which were legally loaded with BA by membrane water for BA delivery. The chitosan liposomes that encapsulate BA have an average size of 126 nm and can continuously release BA around tumor cells. Chitosan liposomes that encapsulate BA have good cytocompatibility and do not cause toxicity to normal cells. In vitro, experimental results showed that chitosan liposomes encapsulated BA could reduce the production of IL-8, IL-6, TGF-β, and TNF-α to achieve anti-inflammatory effects.
Aspirin is a commonly used nonsteroidal anti-inflammatory drug in clinical practice, and the most well-known biological target of aspirin is cyclooxygenase 2 (COX-2) (Menter and Bresalier, 2023). COX-2 is highly expressed in HCC to convert arachidonic acid to prostaglandins, thereby helping to promote HCC cell proliferation and inhibit apoptosis (Kern et al., 2004). Aspirin inhibits cell migration and induces apoptosis in human HCC cells by inhibiting the activation of the NF-κB pathway, downregulating COX-2 levels (Dong et al., 2014). A meta-analysis by Zeng et al. (2023) has confirmed that aspirin use is associated with a reduced risk of hepatocellular carcinoma. Wang et al. (2020) developed a chitosan nanoparticle for the delivery of aspirin and 5-fluororacil (5-FACN). The average particle size of 5-FACN is 109.2 ± 5.2 nm. The encapsulation efficiency of 5-FACN for 5-Fu and aspirin was 88.6% and 91.0%, respectively. 5-FACN can continuously release 5-Fu and aspirin around tumor cells. Studies have shown that 5-FACN is able to reduce COX-2 and prostaglandin expression around tumors. Macrophages are involved in all stages of tumor progression and are associated with poor prognosis and chemotherapy resistance (Bohn et al., 2018). Tumor-associated macrophages (TAMs) are mainly divided into anti-tumor M1-TAM and protumor M2-TAM (Sica et al., 2008). In tumor progression, the pro-tumor function of TAM is caused by NF-κB activation (Li et al., 2017). It has been reported that NF-κB can promote the polarization of TAM from M1 to M2, and inhibiting NF-κB activation can enhance the ratio of M1/M2 (Taniguchi and Karin, 2018). Fan et al. (2021) designed chitosan nanopole capsules for the delivery of cisplatin, named PC-CP. PC-CP can cause less fibroblast response and less macrophage response in the tumor microenvironment.
Wang T. et al. (2019) prepared cationic lipid-based nanoparticles (SF-CLN) loaded with SF, and coated CMCS in SF-CLN to prepare CMCS/SF-CLN for targeting HCC cells. The load ratio of CMCS/SF-CLN to SF is 7.43% ± 0.51%. CMCS with a negative charge can make CMCS/SF-CLN repel from normal cell membranes and reduce the cytotoxicity of CMCS/SF-CLN. In HCC cells, CMCS/SF-CLN has charge-inversion properties and can adapt to the acidic environment of tumor cells and aggregate in large quantities. In vivo, experiments confirmed that CMCS/SF-CLN has a good ability to target HCC and reduce TGF-β1 and IL-10 secreted by M2-TAM and M2-TAM. Compared with SF, CMCS/SF-CLN has better anti-inflammatory and anti-tumor effects.
3.4 Inhibits tumor angiogenesis
Tumor angiogenesis plays an important role in the growth and metastasis of tumor cells (Park et al., 2007). Tumor blood vessels provide nutrients and oxygen to tumor cells and carry away metabolic waste products produced by tumor cell metabolism (Miura et al., 2010). The formation of new blood vessels is the result of the intermodulation of proangiogenic compounds such as vascular endothelial growth factor (VEGF), transforming growth factor-β (TGF-β), basic fibroblast growth factor (bFGF), matrix metalloproteinases (MMP), platelet-derived growth factor (PDGF), and antiangiogenic factors such as tissue inhibitors of angiostatin, endostatin, and metalloproteinases (Zhou et al., 2022). Inhibition of tumor angiogenesis inhibits tumor cell proliferation. CMCS has been shown to inhibit tumor angiogenesis and downregulate levels of VEGF and TIMP-1, inhibitors of MMP (Jiang et al., 2015). Rutin has antioxidant, anti-inflammatory, antithrombotic and cytoprotective activities (Ma et al., 2018). However, Rutin’s poor water solubility and low bioavailability limit its clinical use. Radwan and Ali (2021) used chitosan and poly (acrylic) to make nano gels (CANs) for the delivery of Rutin. CAN has a diameter of 116.7 nm and is connected to Rutin by hydrogen bonding. CAN release Rutin around HCC cells, upsetting the balance of angiogenesis and disruption. Compared to Rutin, CAN reduced the expression of VEGF and inhibited tumor vascular formation. Not only that, CAN also reduces the proliferation of HCC cells and promotes HCC apoptosis.
Telmisartan (TLM) alleviates malignant cell proliferation by activating peroxisome proliferator-activated receptor γ (Li et al., 2014). Nasr et al. (2023) designed lactose-modified chitosan nanoparticles to deliver TLM (TLM-LCH NPTs) to enhance the uptake of TLM by HCC cells (Figure 2 (1, 2)). TLM-LCH NPs have a diameter of 145.46 ± 0.7 nm. Studies have confirmed that lactose-modified chitosan nanoparticles actively target ASGPR and enhance the up-take of nanoparticles by HCC cells. TLM-LCH NPs released TLM aggregates in HCC cells at a content 232.92 times higher than that of TLM alone. Compared with the common TLM group, the TLM-LCH NPTs group significantly reduced the expression levels of VEGF and MMP-2. Not only that, TLM-LCH NPs also reduce inflammation around tumor cells and reduce the expression level of alpha-fetoprotein. T cell immunoglobulin mucin-3 (Tim-3) is a promising immune checkpoint molecule for HCC therapy (Romero, 2016). Inhibition of Tim-3 expression may be a novel therapeutic strategy for HCC. Song et al. (2022) grafted Tim-3 siRNA and SF to CMCS nanoparticles by a single emulsification method. Tim-3 siRNA can target and inhibit Tim-3 expression in HCC cells. The diameter of the nanoparticles is 50.49 ± 5.34 nm, and 90% of SF can be released in vivo for 40 h. In vivo experiments have shown that CMCS nanoparticles induce a 95% reduction in tumor vascular density and enhance the recruitment of cytotoxic T cells to kill tumor cells. In another study, Yao et al. (2019) used CMCS nanoparticles to deliver VEGF-siRNA and SF. VEGF-siRNA can target lower VEGF around HCC cells, reduce tumor vascular production, and induce early apoptosis. Xu et al. (2018) grafted nonaarginine (9R) onto chitosan (CS) and constructed a positively charged kernel (CS-SS-9R) for delivery of VEGF-siRNA. In vivo experiments confirmed that siVEGF was rapidly released into the cytoplasm, resulting in a 78.9% decrease in VEGF expression and 81.2% inhibition of tumor cell proliferation.
[image: Schematic of the process to create telmisartan-loaded nanoparticles. It involves the Maillard reaction between lactose and chitosan, followed by ionic gelation with tripolyphosphate, forming nanoparticles for drug delivery. The diagram illustrates active targeting, using receptor-mediated endocytosis, and passive targeting as part of the enhanced permeability and retention effect. An injection into a mouse is shown, depicting potential in vivo applications.]FIGURE 2 | Lactose-modified chitosan nanoparticles (LCH NPs) were used as a delivery system for the delivery of telmisartan. After intravenous injection of nanoparticles, the nanoparticles can enhance the targeting effect on the liver, release telmisartan, and enhance its anti-tumor effect. Reproduced with permission from (Nasr et al., 2023).
3.5 Extracellular matrix remodeling
The extracellular matrix (ECM) is composed of proteins, glycoproteins, and polysaccharides and is an important component of the tumor microenvironment (TME) (Lu et al., 2012). The ECM is a dynamically changing system that provides nutrients to the tumor cell parenchyma and regulates tumor cell growth and metabolism (Bissell and Hines, 2011). ECM is an important factor for tumor cells to escape attack by the immune system (Roy et al., 2023). Chronic inflammation and dysregulation of ECM remodeling work together to contribute to an immunosuppressive environment, which in turn promotes HCC proliferation, invasion, and metastasis (Chen et al., 2023). In addition, ECM, which also has a large number of immunosuppressive cells (regulatory T cells, myeloid-derived suppressor cells, tumor-associated fibroblasts, etc.) and cytokines (TGF-β, VEGF, or IL-10), promotes tumor cells to escape attack by the immune system (Chiang et al., 2008). Studies have shown that HCC cells are able to cause abnormal ECM deposition through the WNT/TGFB signaling pathway, leading to intratumor fibrosis (Desert et al., 2023). Liu et al. (2023) confirmed that HCC cells participate in the regulation of ECM through the PI3K/AKT signaling pathway, which leads to tumor cell proliferation, migration, and invasion. Xu et al. (2022) confirmed that MMP in ECM is associated with poor prognosis of HCC. Therefore, regulatory ECM remodeling is a potential clinical mechanism for the treatment of HCC.
Delaying the degradation of host proteins in ECM has advantages in inhibiting tumor cell proliferation (Lu et al., 2012). Nitrotrixine (NIT) is a potent inhibitor of cathepsin B that impairs tumor progression by reducing extracellular matrix degradation (Spottiswoode et al., 2023). Varshosaz et al. (2020) loaded 5-FU and NIT in chitosan-chondroitin nanoparticles (Figure 3 (1–4)). Chondroitin binds to hyaluronic acid in ECM to enhance the targeting of HCC cells by nanoparticles. The particle size of chitosan-chondroitin nanoparticles is 244.7 ± 16.3 nm, the loading rate of 5-FU is 3.5% ± 0.5%, and the loading rate of NIT is 75.1% ± 0.9%. Chitosan-chondroitin nanoparticles can continuously release the carrier, releasing about 6.0% ± 9.5% of 5-FU and 62.9% ± 0.7% of NIT at 8 h. In vivo experiments have shown that chitosan-chondroitin nanoparticles can delay the degradation of ECM and reduce the proliferation and migration of HCC cells compared with NIT. MMP9 plays an important role in proteolysis, membrane peptide degradation, and extracellular protein denaturation of extracellular matrices. This protein denaturation promotes cancer cell proliferation, which promotes metastasis (Deryugina and Quigley, 2006). Zayed et al. developed chitosan nanoparticles for the delivery of Apigenin (Mabrouk Zayed et al., 2022). Apigenin has powerful anticancer, anti-inflammatory and antioxidant activities (Yan et al., 2017). Chitosan nanoparticles have a particle size of 189 nm and are capable of continuous release of Apigenin in vitro, with a 40-h drug release rate of 24%. The Apigenin released by chitosan nanoparticles can downregulate the expression level of MMP-9 and delay HCC cell transfer.
[image: Chemical reaction diagrams depict the synthesis of TPP-cross linked chitosan nanoparticles. Step 1 shows HA reacting with ADH to form HA-ADH. Step 2 depicts HA-ADH binding with chondroitin. Step 3 illustrates chitosan, TPP, and 5-FU reacting to form TPP-cross linked chitosan. Step 4 shows the nanoparticle interacting with HA-ADH-chondroitin.]FIGURE 3 | 5-FU and Nitroxoline (NIT) were loaded in chitosan-chondroitin nanoparticles. To target the CD44 receptors of HepG2 cells, Hyaluronic Acid (HA) was conjugated to the chondroitin by adipic acid dihydrazide and the conjugation was confirmed by FTIR and 1HNMR. Target nanoparticles co-delivery of 5-FU and NIT to enhance the 5-FU cytotoxic effects and reduce the metastatic properties of HepG2 cells. Reproduced with permission from (Varshosaz et al., 2020).
4 CHALLENGES FOR CHITOSAN-BASED MATERIALS
Although chitosan-based biomaterials have achieved excellent results in tumor delivery, the clinical application of chitosan-based materials also presents certain challenges (Patel and Goyal, 2017). Chitosan and chitin are almost inseparable, and chitin, when the deacetylation of chitin reaches at least 50%, is called chitosan (Hallmann and Gerngroß, 2022). Chitin has more protein components than chitosan and therefore has a stronger ability to activate the immune system (Thambiliyagodage et al., 2023). However, too much protein makes chitosan enhance anti-tumor by inducing activation of the immune system, but also causes allergic symptoms in some patients (Taokaew and Kriangkrai, 2023). The purification of chitosan mainly includes strong acid, strong base and enzymatic degradation (Harish Prashanth and Tharanathan, 2007; Islam et al., 2022). Enzymatic degradation is extremely expensive, and large-scale production of high-purity chitosan is still a problem to be solved (Herdiana et al., 2023). Secondly, the biggest challenge of chitosan is its low solubility and poor mechanical properties (Szymańska and Winnicka, 2015). Chitosan is incompatible with hydrophobic chemotherapy drugs and, therefore, has limitations in chemotherapy drug delivery (Herdiana et al., 2023). This necessitates the modification of chitosan materials (Huang et al., 2023). Stability is another challenge affecting chitosan applications. There are significant differences in the effects of molecular weight, degree of acetylation, and purity level of chitosan materials on the stability of chitosan-based materials (Szymańska and Winnicka, 2015). Negatively charged components (gelatin, hyaluronic acid, alginate, etc.) are often crosslinked with chitosan to improve their stability (Hamman, 2010). Therefore, more preclinical studies are needed to improve the stability of chitosan-based materials.
5 CONCLUSION AND OUTLOOK
Biomaterials drug delivery strategies to improve anti-tumor therapy have become a research hotspot in recent years. As a type of natural polysaccharide, chitosan has been shown to have antitumor activity due to its biological histocompatibility, low toxicity and positive charge. However, the anti-tumor properties of chitosan are not as significant as one might expect. Due to unfavorable factors such as low solubility, poor mechanical properties, low yield, and poor stability of chitosan, its clinical application is limited. There is an urgent clinical need for a bioactive material with low toxicity, target specificity and excellent drug delivery properties. To this end, a variety of improved chitosan-based biomaterials have been designed for anti-tumor therapy in preclinical studies. Studies have confirmed that chitosan-based biomaterials can promote mitochondria-induced apoptosis, promote tumor cell antioxidants, and reduce the production of IL-8, IL-6, TGF-β, and TNF-α to achieve anti-inflammatory effects. In addition, chitosan-based materials can enhance anti-tumor therapy by inhibiting the expression of VEGF to reduce tumor angiogenesis and promote extracellular matrix remodeling. However, the treatment of HCC by chitosan-based biomaterials is still only in preclinical studies and has not been reported clinically. Therefore, future research should focus on addressing the above difficulties to realize the full potential of chitosan-based biomaterials.
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Background: Hepatocellular carcinoma currently has the third highest mortality rate in the world. Patients with hepatocellular carcinoma are on the rise and at a younger age, but research into the pharmacological effects of cancer is mostly single-component, and natural plant products can have additive or synergistic effects that can better amplify the effects of intervention in cancer.Aim: To evaluate the synergistic therapeutic effects of 6-shogaol and curcumin against hepatocellular carcinoma line HepG2 cells.Methods: In this study, a network pharmacology approach was used to predict and validate the mol ecular targets and pathways of the hepatocellular carcinoma (HCC) of 6-shogaol and curcumin in combination and to investigate their mechanism of action. The results were also validated by cellular assays. HepG2 cells were treated with 6-shogaol and curcumin as well as the combination of the two. The combination index of 6-shogaol and curcumin in HepG2 cells was calculated using Compusyn software according to the Chou-Talalay equation. The synergistic anti-cancer effect was next investigated by MTT assay, apoptosis assay and cell cycle assay. The combined anti-hepatocellular carcinoma effect of the Ras-mediated PI3K/AKT and MAPK signalling pathways was analysed using protein blotting assays.Results: A network pharmacology-based screening identified 72 core targets of 6-curcumin and curcumin in hepatocellular carcinoma, and predicted that the main signalling pathway is the Ras signalling pathway. The anti-cancer effects of 6-shogaol and curcumin were validated in cell-based assays and the optimal synergistic concentrations of 5 μmoL/L for 6-shogaol and 30 μmoL/L for curcumin were determined. 6-shogaol and curcumin synergistically blocked the cell cycle in the G2/M phase and promoted apoptosis. Immunoblot analysis confirmed for the first time the combined action of both in down-regulating the Ras-mediated PI3K/AKT and MAPK signaling pathways. In addition, 6-shogaol and curcumin acting together downregulated Cyclin-B, CDK-1, Bcl-2, and upregulated BAX.Conclusion: 6-shogaol and curcumin act synergistically to alter the morphology of hepatocellular carcinoma cells, block the cell cycle in the G2/M phase, inhibit proliferation and division, and effectively promote late apoptosis. The combined action of these two components provides a theoretical basis for the further development of novel anti-liver cancer products.Keywords: 6-shogaol, curcumin, hepatocellular carcinoma, synergistic effect, PI3/AKT signaling pathway, MAPK signaling pathway

1 INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the common malignancies; it is the fifth highest incidence of malignancies with the second highest mortality rate (Couri and Pillai, 2019). According to the data released by the National Cancer Center of China, in 2022, the number of primary liver cancer cases nationwide will be 367,700, ranking fourth in the number of new cases of various types of cancer (lung, colorectal, thyroid, and liver), and the incidence rate will be fifth (lung, female breast, thyroid, colorectal, and liver); and in 2022, the number of deaths due to primary liver cancer will be 316,500, ranking second in terms of both the number of deaths and the mortality rate (lung, liver) (Zheng et al., 2022). To date, chemotherapy is the common treatment but it is not as effective as it could be due to the adverse side effects as well as drug resistance (Ikeda et al., 2018). Medicinal and food-based substances usually exert chemo-preventive effects on diseases in a non-toxic form. In recent years, natural product-related drugs have accounted for a large proportion of the current clinically used anticancer drugs; the development of novel antitumour drugs has received increasing attention. The combined use of different plant extracts can have significant anticancer effects or physiological effects (Wang et al., 2015; Liu et al., 2022).
Dried ginger is the rhizome of ginger family, which is commonly used worldwide as a spice and herb. The chemical composition of ginger is complex, containing 194 volatile oils (mostly aliphatic hydrocarbons), 85 curcuminoids and 28 diphenyl-heptanes (Dalsasso et al., 2022; Ivane et al., 2022). Studies on the active components and functions of ginger have focused on ginger enol, and ginger essential oil, with less research on ginger proteins and ginger polysaccharides (Liu et al., 2019). 6-Shogaol (Figure 1A), a type of gingerol, is derived from the dehydration of 6-gingerol and is found in low levels in ginger but high levels in dried and canned ginger products. Curcumin (Figure 1B) is a fat-soluble polyphenol consisting mainly of two benzene rings substituted by hydroxyl and methoxy groups, linked by a keto-enol structure with seven carbon atoms.
[image: Chemical structures labeled A and B. Structure A shows a molecule with a benzene ring, hydroxyl, methoxy, and an alkyl chain featuring an amide group. Structure B displays a similar molecule with additional carbonyl groups and different alkyl chain branching.]FIGURE 1 | Chemical structural formula of 6-shogaol and curcumin. (A) 6-shogaol. (B) curcumin.
6-shogaol is the main active constituent of ginger and curcumin is an important active ingredient in ginger which have various pharmacological effects such as antitumor, anti-inflammatory, antioxidant, hypoglycemic and hypolipidemic (Zhou et al., 2022). Numerous studies have been conducted on the anti-tumor activities of both 6-shogaol and curcumin; for example, 6-shogaol can significantly inhibit the progression of a variety of malignant tumours (Lung and breast cancer) by reducing the release of CC-chemokine ligand (CCL-2) from tumour-associated dendritic cells (Hsu et al., 2015); 6-shogaol inhibits cell autophagy by inducing G2/M phase cell cycle block and by targeting Notch signalling pathway to inhibit cellular autophagy exacerbating apoptosis, thereby inhibiting breast cancer progression (Bawadood et al., 2020); it can also inhibit apoptosis in hepatocellular carcinoma cells by targeting p53, thereby effectively enhancing the sensitivity of hepatocellular carcinoma cells to TRAIL-induced apoptosis (Nazim and Park, 2019). Additionally, curcumin can inhibit tumor interstitial cell death by inhibiting the IL-6/ERK/NF-κB pathway to inhibit tumor mesenchymal crosstalk and pancreatic cancer metastasis and also inhibit HCC as well as improve drug resistance (Li et al., 2020); curcumin inhibits human hepatocellular carcinoma cell invasion and metastasis through Bclaf1-mediated Wnt/β-catenin signalling (Zhao et al., 2022); curcumin inhibits PI3K/AKT/GSK-3β pathway activation and triggered apoptosis in HCC mitochondria (Bai et al., 2022). Many molecular pathways have been implicated in HCC carcinogenesis, including TERT promoter mutations, Wnt/β-linked protein, P53, Akt/mTOR, vascular endothelial growth factor receptor (VEGFR) and endothelial growth factor receptor (EGFR)/RAS/MAPK pathways (Zhang et al., 2020). This study therefore aims to further define the anti-HCC effect of the combination of 6-shogaol and curcumin and to elucidate its mechanism of action.
Network pharmacology is an interdisciplinary assay that uses system biology to explain the relationship between drug components, targets, and diseases (Tang et al., 2022). Network pharmacology emphasizes the multi-pathway regulation of signaling pathways to reduce toxic side effects and improve the therapeutic effects of drugs, thus increasing the success rate of clinical trials of new drugs and saving the cost of drug research and development.2021 On 9 March 2021, the World Federation of Societies of Traditional Chinese Medicine (WFSTCM) certified and adopted the “Guidelines on Evaluation Methods in Network Pharmacology”. The development of this guideline is conducive to the improvement of the overall research level in the field of network pharmacology research, and has important practical guidance significance for standardizing the research of network pharmacology discipline. In Chinese medicine, network pharmacology emphasizes the analysis of molecular association between drugs and therapeutic objects from the perspective of system level and biological network as a whole, and its research concept coincides with the holistic thinking of Chinese medicine, which has been widely used in the discovery of active compounds of drugs and traditional Chinese medicines, the interpretation of the overall mechanism of action, and the analysis of the rules for the combination of drugs and prescriptions, providing new ideas for the study of the complex system of traditional Chinese medicines, and providing new guidance for the rational use of clinical drugs. It has provided new ideas for the research of complex system of Chinese medicine, and provided new scientific and technological support for the rational use of medicine in clinic and the research and development of new drugs (Hu and Sun, 2017). There are four main types of databases in network pharmacology: 1) Chinese medicine databases, mainly for obtaining the ingredients of Chinese medicines, some of which contain their targets. For example, TCMSP, ETCM, HERB, BATMAN-TCM, TCMID, SymMap, TCM-ID, and anti-tumor natural product database. 2) Databases for obtaining compound information, collecting various information of Chinese medicine compounds. For example, Pubchem, Swiss ADME, Chinese Academy of Sciences Compound Reference Database, ProTox-II - Prediction of TOXicity of chemicals, DrugCentral, STITCH and so on. 3) Disease database summarization, mainly used to collect disease-related targets. For example: GeneCards, OMIM, Drugbank, TTD, DisGeNET, Malacards, etc. Chou-Talalay (Median pharmacodynamic method; a combination index method) is a quantitative method for drug combination, established by Chou and Talalay in 1984; it has the advantages of scientific principles with complete mathematical models. It is widely used in antitumor drug combination studies for its scientific principles, well-developed mathematical models and simple experimental operation (Kifer et al., 2020). The main objective of this study was to investigate the synergistic effects and to compare the antihepatocellular carcinoma effects of 6-shogaol and curcumin individually or in combination.
Dried ginger and its components for the treatment of HCC have been shown to inhibit the proliferation of HCC cells but the combination of monomeric components has not been widely reported. Therefore, we chose a combination of two monomers, namely 6-shogaol and curcumin in this study with an aim that a lower concentration could be used if the two compounds had synergistic effects, thus providing a new experimental and theoretical basis for clinical treatment. The HepG2 cell line was then subjected to in vitro experiments to identify the identified molecular targets and metabolic mechanisms. The results of this study are expected to facilitate the integrated use and proliferation of 6-shogaol and curcumin in functional food, pharmaceutical and nutraceutical industries.
In addition to the preliminary results indicating possible synergies, the expected interactions between 6-shogaol and curcumin in cell cycle, apoptosis and proliferation make this combination particularly worthy of further investigation. It has promising applications in the development of new drugs (Plant extracts and active ingredients) and in conducting medicinal studies (Zhou et al., 2016).
2 MATERIALS AND METHODS
2.1 Materials and chemical reagents
MTT cell proliferation and cytotoxicity assay kits were purchased from SolarBio Technology Ltd. (Beijing, China). Cell cycle kits and apoptosis kits were purchased from Hangzhou Unitech Biotechnology Co. (Hangzhou, China). Antibodies, namely PI3K, AKT, Ras, MEK1/2, ERK1/2, Cyclin-B, CDK-1, Caspase-8, Bax, and Bcl-2 were purchased from Abcam (Cambridge, UK). Human hepatocellular carcinoma HepG2 cells (Procell CL-0103) were kindly provided by Procell Life Science and Technology Co. (Wuhan, China). 6-shogaol (Analytical standard, HPLC≥98%) and curcumin (Analytical standard, HPLC≥98%) specimens were purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
2.2 Network pharmacology
2.2.1 Prediction of the target of action of 6-shogaol and curcumin
Search for potential targets of action of 6-shogaol and curcumin in humans from internet databases, including TCMSP (http://tcmspnw.com/), SwissTargetForecast (http://swisstargetprediction.ch/), and Pharmmapper (http://www.lilab-ecust.cn/pharmmapper/). The targets from the above sources were combined and used as relevant component targets for 6-shogaol and curcumin after removing redundancy.
2.2.2 Prediction of targets relevant to hepatocellular carcinoma
The search for disease targets related to hepatocellular carcinoma was conducted from DisGenet (https://www.disg enet. org/), Genecards (https://www.genecards.org/), OMIM (https://omim.org/), TTD (http://ttd.org/) and DrugBank (http://ttd.org/ drugbank. com/) web databases using the keyword “Hepatocellular carcinoma”. After combining these targets, duplicate genes were eliminated and used as targets for hepatocellular carcinoma-related diseases.
The UniProt database (https://www.uniprot.org/) was used to screen the component targets and disease targets, limited to the species “Homo sapiens” and “Reviewed”; these were normalised to target genes. Constituent targets and disease targets were imported into the Draw Venn website (http://bioinformatics.psb.ugent.be/webtools/Venn/) to obtain relevant targets for constituent-acting diseases.
2.2.3 Protein-protein interaction network diagram
The STRING (https://string-db.org) database was used to obtain PPI data for 6-shogaol and curcumin targets in hepatocellular carcinoma, where the parameter genus was set to “Homo Sapiens”; the confidence level was set to high confidence “0.7"; and other parameters were set to default values. Cytoscape 3.7.2 software was applied to build PPI relationship networks and perform topological analysis to build component-target interaction network and protein-protein (PPI) interaction network maps for the effects of 6-shogaol and curcumin on hepatocellular carcinoma.
2.2.4 GO enrichment and KEGG enrichment
The KEGG pathway and GO biological processes were enriched using the DAVID 2021 database (https://david.ncifcrf.gov/). Signalling pathway analysis was performed using the KEGG database. The pathways with p-values≤0.05 and Benjamin values ≤ 0.05 were selected for functional annotation clustering, resulting in the top ranked biological processes and 15 pathways of interest.
The GO enrichment analysis included cellular component, molecular function and biological process. Gene function was interpreted from these three aspects and entries with p < 0.05 were collected for annotation clustering. The bioinformatics platform (http://www. bioInformations.com.cn/) was used for visual analysis to produce bubble plots and histograms.
2.2.5 “Target-pathway” network construction
A “target-pathway” network is a network diagram formed by linking a bioactive component to a putative target and signalling pathway. Network maps were formed using predicted targets associated with hepatocellular carcinoma and KEGG signalling pathways. The network was constructed using Cytoscape 3.7.2 software to map the “target-pathway” network.
2.3 Cell tests
2.3.1 Cell culture
HepG2 cells were inoculated into T25 bottles and cultured in MEM medium containing 10% FBS (5 mL culture medium per bottle) at 37 °C with 5% CO2 and 95% air. The culture medium was changed every other day; when the cells were spread out, they were digested with trypsin for passaged culture (Zhu et al., 2018).
2.3.2 Measurement of cell proliferation inhibition rate
Log phase cells were digested with trypsin and the concentration was adjusted to 5*103 cells/well and inoculated in 96-well plates and cultured in MEM containing 10% FBS (100 μL of culture medium per well). After 24 h of cell apposition, the cells were replaced with MEM containing 10% fetal bovine serum at different concentrations of 6-shogaol and curcumin to treat the cells individually. After 24, 48 and 72 h of incubation, 20 μL of MTT solution was added to each well; after 4 h of incubation, the supernatant was aspirated off and 150 μL of Formazan lysate was added to each well and placed on a shaker for 10 min at low speed to fully dissolve the crystals. The absorbance (OD) of each well was measured at 570 nm by Microplate reader (Sani et al., 2015). Each experiment was repeated three times. The effect of each component on the viability of HepG2 cells and the half-inhibitory concentration (IC50) were calculated. Cell viability was calculated according to the following formula Equation 1:
[image: Formula for cell survival rate \( Fu \) is displayed. It is calculated as the optical density \( OD \) of the experimental group minus the \( OD \) of the blank group, divided by the \( OD \) of the control group minus the \( OD \) of the blank group, multiplied by one hundred percent.]
2.3.3 Combination index analysis index analysis
The Chou-Talalay combination index method was used to analyse the interaction of the two components, either as a single component or as a mixture of the two components in a fixed ratio. Drug synergy studies were performed using Compusyn software version 1.0 (Ting Chao Chou and Nick Martin, Paramus, NJ, 2005), where the combination index (CI) was measured and the dose effect curve, combination index and dose reduction index (DRI) were plotted. The CI was calculated and the interaction of the two components was determined according to the following formula.
CI = [image: Fraction D subscript one over D subscript x subscript one.] + [image: Fraction with numerator \( D_2 \) and denominator \( D_{x2} \).], where, [image: Please upload the image or provide a URL for it. This will allow me to create the appropriate alt text.] and [image: Please upload the image or provide a URL to generate the alt text.] represent the dose required to achieve the same efficacy for the combination of component 1 and component 2 as for component 1 ([image: Please upload the image or provide a URL, and I will help you with the alternate text.]) and component 2 ([image: Please upload the image or provide a URL so I can generate the alternate text for you.]) alone (Dewangan et al., 2017).
2.3.4 Cell apoptosis assay
HepG2 cells at logarithmic growth stage were inoculated in 6-well plates at 1 × 105 cells/well. After cell apposition for 24 h, cells were replaced with MEM containing 10% fetal bovine serum and 5 μM 6-shogaol and 30 μM curcumin alone and in combination for 24 h. The cells were observed for apoptotic or dead morphology, observed under a Nikon light microscope and photographed. After digestion with EDTA-free trypsin, the cells were washed 3 times by centrifugation with pre-cooled PBS and the supernatant was discarded. 500 μL 1x Binding buffer was taken to resuspend the cells. Then, 5 μL AnnexinV-FITC and 10 μL PI were added and mixed gently; after incubation for 5 min at room temperature without light, the apoptosis rate was detected by flow cytometry (Kumar et al.,2018).
2.3.5 Cell cycle assay
HepG2 cells at logarithmic growth stage were inoculated in 6-well plates at 1 × 105 cells/well. After cell walling for 24 h, the cells were treated with MEM containing 10% fetal bovine serum and 5 μM 6-shogaol and 30 μM curcumin alone and in combination for 24 h. After digestion with EDTA-free trypsin, the cells were collected; fixed in ethanol; washed with PBS overnight at 4°C; and then treated with RNA. The RNA was removed with RNase A; fluorescently labelled; and then assayed on the machine (Specian et al., 2016).
2.3.6 Western blot assay
HepG2 cells at logarithmic growth stage were inoculated in 6-well plates at 1 × 105 cells/well. After 24 h of cell walling for 24 h, the cells were treated with MEM containing 10% fetal bovine serum and 5 μM 6-shogaol and 30 μM curcumin alone and in combination for 24 h. The original culture medium was poured off; washed with pre-cooled PBS; and blotted up. Then, phosphatase inhibitor cocktail (100×) and RIPA lysis buffer (Stron) were added at a ratio of 1:99. The cells were incubated on ice for 20 min to allow sufficient lysis; the mixture was centrifuged; and the supernatant was removed. The protein concentration in the supernatant was measured using the BSA kit. The protein solution was then mixed with 5*SDS-PAGE loaded protein with buffer in a 4:1 ratio and boiled for 5 min. The target proteins were transferred to NC membranes by gel electrophoresis and detected by ultrasensitive chemiluminescent chromogenic solution after the addition of anti-monoclonal antibodies and corresponding secondary antibodies (Jiao et al., 2021). Protein signals were visualised and quantified using ImageJ software (National Institute of Health, USA; version 1.8.0_112).
2.4 Data processing and statistical analysis
The data obtained were analysed using Graphpad Prism 6 and data were expressed as mean ± standard deviation. One-way ANOVA was used for comparisons between multiple groups and t-tests were used for two-way comparisons between groups. Differences at the 95% confidence level (p < 0.05) were considered statistically significant.
3 RESULTS
3.1 Network pharmacological predictions
3.1.1 6-shogaol and curcumin-related target prediction
The targets related to 6-shogaol and curcumin were screened by TCMSP, SwissTargetForecast and Pharmmapper databases. The numbers of targets associated with 6-shogaol were 7, 100 and 125, respectively, and 208 targets were obtained after eliminating duplicates; the numbers of targets associated with curcumin were 0, 64 and 107, respectively, and 162 targets were obtained after eliminating duplicates. The 6-shogaol and curcumin targets with duplicate sequences removed were combined together, and a total of 272 common targets were obtained after removing duplicate sequences again.
3.1.2 Hepatocellular carcinoma-related target prediction
For the hepatocellular carcinoma-related targets, a search using the keyword “Hepatocellular carcinoma” yielded 154, 497, 193, 54 and 35 disease targets using the median method, respectively using the Digenet, Genecards, OMIM, TTD and DrugBank databases. Among them, 779 targets were obtained after removing duplicates. These targets were intersected with 272 targets screened in section 3.1.1 and a Venn diagram was made (Figure 2A), yielding a total of 72 intersected targets.
[image: A: Venn diagram showing overlap between 6-socur and HCC with 72 shared, 200 unique to 6-socur, and 706 to HCC. B: Network diagram with a central red node connected to blue nodes. C: Similar network diagram with red nodes. D: Bar graph with three categories: Cellular Component, Molecular Function, and Biological Process. E: Dot plot for pathway analysis, indicating fold enrichment and significance. F: Combined network of red and blue nodes. G: Horizontal bar chart displaying expression levels of various genes, including JQ1 and AKT1.]FIGURE 2 | Network pharmacological analysis of 6-shogaol and curcumin for the treatment of hepatocellular carcinoma: (A) Venn diagram of component targets versus disease targets. (B) Constituent-target interactions network diagram. The network depicts the relationship between the component and the target. (C) Network diagram of the interaction of 6-shogaol and curcumin with the hepatocellular carcinoma target gene PPI. Correlation is represented by colour and target size. (D) GO enrichment analysis. The length and colour of the bands were used to describe the number of targets involved in the biological process of interest. (E) Bubble diagram of KEGG pathway analysis. The top 15 pathways with corresponding p-values are shown as dot plots. The colour scale indicates the p-value and the dot size represents the number of genes per term. (F) Construction of a key target-pathway network. The network describes the relationship between targets and pathways. (G) The proportion of key targets in the top 10 pathways. The vertical coordinates indicate the relevant targets in the first fifteen paths, and the horizontal coordinates indicate how many paths the relevant targets are shown in.
3.1.3 Component-target network diagram
Based on the compounds and predicted targets, we constructed a network consisting of components and targets using Cytoscape 3.7.2 (Figure 2B). The network contained a total of 74 nodes; of which, 2 were compound nodes and 72 were target nodes, forming 108 compound-target associations. The network revealed potential relationships between compounds and targets, thus revealing the potential pharmacological mechanisms of the two components for the treatment of hepatocellular carcinoma. With 62 connections for 6-shogaol and 46 connections for curcumin, these findings suggested that one compound affected multiple targets. Of these potential protein targets, 36 were highly correlated with both components (degree = 2); these results suggested that multiple compounds can target a single gene in an interactive manner, supporting the multi-component, multi-target nature of the inhibitory effects of the components in both stem ginger on hepatocellular carcinoma, and that the high degree of protein targets in these networks may explain the underlying therapeutic effects of both components on hepatocellular carcinoma effects.
3.1.4 Protein-protein interaction network map
Protein-protein interactions were performed using the STRING database for the intersection targets between two component targets (6-shogaol and curcumin), and liver cancer disease targets. The PPI network was constructed using Cytoscape 3.7.2 software; Figure 2C shows that the PPI network consisting of 70 nodes and 832 edges. In the PPI network, higher degree values indicate a stronger possibility of a role in the pharmacological process. Based on the topological nature of the network, the 15 nodes with values greater than the average were selected, based on the magnitude of the relevant parameter values (Degree, betweenness centrality and closeness centrality) were visualised and analysed. The larger the node, the higher the degree of association with other proteins (Table 1). We also hypothesized that these 15 key nodes were involved in multiple pathways and might be the core targets for 6-shogaol and curcumin to inhibit hepatocellular carcinoma.
TABLE 1 | Top 15 core targets.
[image: Table displaying fifteen targets with their corresponding values for Degree, Betweenness Centrality, and Closeness. STAT3 has the highest Degree at thirty-six. PTPN11 and PTK2 have the lowest Betweenness Centrality at 0.01361 and 0.00594, respectively. STAT3 also has the highest Closeness at 0.65094. Notes indicate that nodes with above-average parameter values were analyzed.]3.1.5 GO enrichment and KEGG enrichment analysis
To explore the possible mechanism of 6-shogaol and curcumin action on hepatocellular carcinoma, we constructed a bubble map as shown in Figure 2D. It contained several signalling pathways related to cancer, such as Ras-, Foxo-, Prolactin-, C-type lectin receptor-signalling pathway, etc., among which, the Ras signalling pathway was the most important. GO enrichment analysis was then performed on 72 common targets using the DAVID 2021 database to elucidate the possible roles of the candidate targets. The results of GO enrichment analysis (Figure 2E) indicated that the key targets for the interaction of 6-shogaol and curcumin with hepatocellular carcinoma were mainly involved in the negative regulation of apoptotic process, positive regulation of transcription, signal transduction, RNA polymerase II promoter transcription positive regulation, epidermal growth factor receptor signaling pathway, learning and memory, cell proliferation, gene expression, and other biological processes. They are involved in a variety of functions, including protein binding, homologous protein binding, ATP, enzymes, and transcription factors. They are also involved in cellular components, including cytoplasm, nucleus, plasma membrane, and nucleoplasm.
3.1.6 Target-pathway network construction
A total of 15 pathways associated with hepatocellular carcinoma were obtained, based on the correlation results of KEGG signalling pathway enrichment, which were analysed by Cytoscape 3.7.2 software to obtain a target-pathway network interplay map (Figure 2F). This network contained a total of 103 nodes (15 intersecting targets and 88 KEGG pathways). Among these potential pathways, the Ras signalling pathway was considered to be the most important pathway with the highest degree (Degree = 10), which played an important role in cell proliferation and apoptosis. Combining drug target prediction, and GO and KEGG enrichment analysis, it was hypothesized that the effects of 6-shogaol and curcumin on hepatocellular carcinoma might be related to the Ras signaling pathway regulating proliferation and apoptosis of hepatocellular carcinoma cells. To further analyse the core targets (as shown in Figure 2G), we ranked the top 15 pathways involved according to the number of targets in them. The results indicated that AKT1, PIK3CA, and MAPK1 were involved in a wide range of pathways and may be core targets of 6-shogaol and curcumin.
3.2 Cellular experiments
3.2.1 6-shogaol and curcumin inhibit the proliferation of HepG2 cells
To investigate the effect of 6-shogaol and curcumin on the proliferation of HepG2 cells, different doses of 6-shogaol (2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 20 μM) and curcumin (22.5, 30, 37.5, 45, 52.5, 60, 67.5 and 75 μM) alone were used to HepG2 cells, which were treated for 24, 48 and 72 h (Figures 3A,B) and IC50 values were calculated (Figure 3C). IC50 values can measure the ability of drugs to induce apoptosis; the stronger the induction ability, the lower the value. From Figure 3C, it can be seen that the induction ability of 6-shogaol was greater than that of curcumin; curcumin had cytotoxic effects on HepG2 cells and could inhibit the growth and proliferation of HepG2 cells, and the degree of inhibition was positively correlated with the drug concentration.
[image: Bar graphs, tables, and line graphs showing the effects of curcumin and 6-shogaol on cell viability and cytokine expression over time. Panels A and B display dose-response bar graphs for curcumin and 6-shogaol. Panel C includes a table showing half inhibitory concentrations. Panels D, E, and F illustrate bar graphs of cytokine levels (TNF-α, IL-6) at different time points. Panels G and H present line graphs comparing parameters over time for TNF-α and IL-6, respectively. Statistical significance is indicated with asterisks.]FIGURE 3 | 6-shogaol and curcumin inhibited the growth and proliferation of human hepatocellular carcinoma cells. (A-C) Effect of 6-Shogaol and curcumin on the proliferation inhibition rate of human hepatocellular carcinoma cells at 24 h, 48 h and 72 h and the change in IC50 values, respectively. Results are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, calculated compared with the control group. (D-F) Cell viability of different combinations of 6-shogaol and curcumin was assessed by MTT assay. Results are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, calculated compared to the control group. (G) CI values for 6-shogaol and curcumin were calculated by CompuSyn software at 24 h time points according to the Chou-Talay method. Each circular symbol indicates the CI value of the drug effect (Fa) in HepG2 cells at four different combination ratios. All data are representative of DRI values for the combination of (H)6-shogaol and curcumin from three independent experiments. The circles (blue) and rectangles (red) represent the different combination ratios.
3.2.2 Inhibition of HepG2 cell proliferation by the combination of 6-shogaol and curcumin
Drug interaction relationships were studied using Composyn software. When CI < 1; CI = 1; and CI > 1, respectively indicated synergistic, additive and antagonistic effects between drugs, while CI < 0.9 indicated strong synergistic effects. The concentration ratios of 6-shogaol and curcumin were 1:3、1:4.5and 1:6 and it was evident from the results (Figures 3D–F) that the combination of the two drugs was more effective than the single drug effect. A stronger synergistic effect was shown when the concentrations of 6-shogaol and curcumin were 5 μM and 30 μM, compared to the other dose groups, as it produced a lower CI value of 0.77991 (Figure 3G; Table 2). Drug synergy was expressed in terms of combination index and DRI values (Figure 3H; Table 3). The DRI values for each group were greater than 1. This concentration was therefore chosen for the drug administration intervention on HepG2 cells in subsequent experiments.
TABLE 2 | Combination index values for 6-shogaol and curcumin combinations.
[image: Table showing drug combinations of various concentrations of 6-shogaol and curcumin, with corresponding combination index values. Ratios range from 1:3 to 1:6. Notable index values include 0.79 for 2.5 + 7.5, 1.24 for 5 + 15, and 0.78 for 5 + 30. Indexes below 1 suggest synergism, above 1 indicate antagonism, and 1 shows additive effects.]TABLE 3 | Dose reduction indices of drug combinations on 6-shogaol and curcumin in HepG2 cells.
[image: Table showing drug combinations of 6-shogaol and curcumin with corresponding dose reduction indices. Ratios include 1:3, 1:4.5, and 1:6. Indices higher than one indicate favorable combinations. Notes mention CompuSyn software.]3.2.3 Morphological observation by light microscopy
Cell morphology was observed under light microscopy at ×100 magnification (Figure 4B). It was observed that the morphology of HepG2 cells in 6-shogaol and curcumin combination treatment group was unhealthy, compared to both the control and single drug groups. Cell shrinkage and fragmentation of apoptotic vesicles were observed in the cells of the combined treatment group, while the control group had normal cell morphology. In the control group, most of the HepG2 cells were either shuttle-shaped or irregular polygonal in shape and grew against the wall. In the low-dose group, cell spacing increased and a small number of cells became round; in the middle-dose group, intercellular gaps increased further and a large number of cells became edematous and rounded and smaller; while in the high-dose group, most of the cells were round and lost their original shape and the number of adherent cells decreased significantly with the disappearance of nuclei and the beginning of cytoplasmic diffusion.
[image: Panel of scientific images and graphs showing experimental data on cell apoptosis and protein expression. (A) Flow cytometry dot plots for cell populations. (B) Microscopy images of cell culture under different conditions: CK, 6-s, cur, con. (C-F) Bar graphs with statistical analysis representing various cellular parameters. (G) Western blot results for proteins Caspase3, GAPDH, and Bcl-2 across CK, 6-s, cur, con conditions.]FIGURE 4 | Combined treatment with 6-Shogaol and Curcumin selectively induces apoptosis in human hepatocellular carcinoma cells. (A) Hepatocellular carcinoma was treated with 5 μm 6-shogaol and 30 μm curcumin and apoptosis was observed. (B) The morphology of each group of cells was observed under light microscope. (C) Statistical analysis of living cell i), late apoptosis ii), early apoptosis iii) and mechanical damage iv) in each group of cells. Results were expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, calculated compared to control. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 with respect to individual 6-shogaol dose and $p < 0.05, $$p < 0.01, $$$p < 0.001, $$$$p < 0.0001 with respect to individual curcumin dose. (D–G) Changes in the expression of apoptosis-related proteins Bax, Bcl-2 and Caspase-3 protein after combined treatment of cells with 6-Shogaol and Curcumin. Results were expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, calculated compared to control. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 with respect to individual 6-shogaol dose and [image: Blurred image of a person wearing a hat and glasses, holding a microphone. The background is out of focus, indicating a public setting or an event.]p < 0.05, [image: Please upload the image or provide a URL so I can create the appropriate alt text for you.]p < 0.01, [image: Three black dollar signs in a row.]p < 0.001, [image: Three large dollar signs in a row, symbolizing wealth or financial concepts.]p < 0.0001 with respect to individual curcumin dose.
3.2.4 6-shogaol and curcumin combination to promote apoptosis in HepG2 cells
Cells were double-stained with membrane linked protein AnnexinV/PI after 24 h treatment and detected by flow cytometry (Figures 3A,C). As shown, the negative cells were 85.6, 83.3% and 70.1% in the control, 6-shogaol alone and curcumin alone groups, respectively, while 56.9% in the co-treated group. The apoptosis rate (early apoptosis, late apoptosis, and mechanical damage) was significantly higher in the combination-treated group, compared to the other groups and the cell mortality rate was lower in the control group.
3.2.5 Combined use of 6-shogaol and curcumin to block the HepG2 cell cycle
After 24 h of cell treatment, PI staining was performed and cell cycle changes were detected by flow cytometry (Figures 5A,B). As shown in the figure, 68.4% of G2 phase cells were found in the co-treatment group, compared to 8.2%, 8.4% and 54.1% in the control, 6-S and Cur groups, respectively. Compared with the other three groups, the G1 and S-phase cells were significantly lower and the G2 phase cells were significantly higher in the combined treatment group, indicating that the cells were blocked in the G2 phase.
[image: A panel of five images shows data from a cellular study. A) Four histograms display cell cycle distribution under different treatments: CK, 6-S, Cur, and con. B) A bar graph compares the percentage of cells in G0/G1, S, and G2 phases across treatments. C) and D) Bar graphs show relative expression levels of specific indicators. E) Western blot images illustrate protein expression levels of CDK1, GAPDH, and Cyclin B under the same conditions.]FIGURE 5 | Combined treatment with 6-Shogaol and Curcumin induces cell cycle arrest in human hepatocellular carcinoma cells. (A) Cells were treated with 6-shogaol and curcumin alone and in combination to observe the cycle changes. (B) Statistical analysis of cell cycle changes in each group. The mean of the results is ±SD (n = 3). The synergistic group was compared with the other three groups, *p < 0.05,**p < 0.01,***p < 0.001, ****p < 0.0001. (C–E) Changes in the expression of cycle-related proteins CDK-1 and Cyclin-B protein after combined treatment of cells with 6-Shogaol and Curcumin. Results were expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, calculated compared to control. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.001 with respect to individual 6-shogaol dose and [image: A black and white photograph shows a group of five people in formal attire posed together in front of a plain backdrop. The individuals are evenly spaced, with some sitting and others standing, all smiling at the camera.]p < 0.05, [image: Certainly! Please upload the image or provide its URL, and I can help you with the alt text.]p < 0.01, [image: Three black dollar signs aligned horizontally against a white background.]p < 0.001, [image: Four black dollar signs in a row, representing money or financial concepts.]p < 0.0001 with respect to individual curcumin dose.
3.2.6 Effect of the combination of 6-shogaol and curcumin on HepG2 cell-associated proteins
Western blotting assay was used to detect the effect of 6-shogaol and curcumin on the expression of related proteins. The results showed that both the individual and combined treatment groups affected protein expression to different degrees, with the combined treatment group having a more significant effect. Inhibition of protein expression in PI3/AKT signalling pathway and MAPK signalling pathway was observed (Figures 6A–F). In addition, pro-apoptotic protein Bax, apoptosis-related enzyme Caspase-3 and anti-apoptotic protein Bcl-2 were upregulated (Figures 4D–G) and cycle-related proteins Cyclin-B and CDK-1 were downregulated in the apoptosis-related proteins (Figures 5C–E). It is suggested that the combined action of 6-shogaol and curcumin against hepatocellular carcinoma may be related to the inhibition of PI3/AKT and MAPK signalling pathways, upregulation of Bax and Caspase-3 proteins, and downregulation of Bcl-2, Cyclin-B, and CDK-1 proteins.
[image: Western blot analysis and bar graphs depict protein expression levels across different conditions labeled CK, 6-s, cur, and com. Panel A shows protein bands for PI3K, AKT, MEK1/2, ERK1/2, and Ras, with GAPDH as a loading control. Panels B to F show corresponding bar graphs of protein expression for PI3K, AKT, MEK1/2, and ERK1/2. Each graph illustrates fold change relative to CK, with statistical significance indicated.]FIGURE 6 | Effect of 6-Shogaol and curcumin on protein expression. (A) Expression of Ras, PI3K, AKT, MEK1/2 and ERK1/2 was analyzed by Western blot. (B–F) Quantitative analysis of protein expression in HepG2 cells. Results were expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 calculated compared to control. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 with respect to individual 6-shogaol dose and [image: A round, metal AM radio dial with a brushed silver finish and black markings indicates frequency numbers. The center has a circular mesh speaker grille, and the outer edge has tuning knobs.]p < 0.05, [image: If you can provide the image by uploading it or providing a URL, I would be glad to help create the alt text for it.]p < 0.01, [image: People sitting in a car, each wearing virtual reality headsets, appearing engaged with the VR experience. The car's interior is visible, showing a modern dashboard.]p < 0.001, [image: Three dollar signs in a row, symbolizing money or wealth.]p < 0.0001 with respect to individual curcumin dose.
4 DISCUSSION
Characterised by insidious onset and lack of specific symptoms in the early stages, hepatocellular carcinoma is an extremely dangerous malignancy of the digestive system. From a molecular perspective, HCC is caused by the accumulation of multiple genomic and epigenomic alterations, which commonly include oncogenic mutations in the TERT promoter, AXIN1, TP53, and CTNNB1; amplification of chromosome 1q, 8q; and loss of 8p, 22p (Craig et al., 2020). These genetically altered genes are often associated with pathways such as Wnt-β-catenin, cell cycle regulation, AKT-mTOR, and MAPK (Lin et al., 2023). HepG2 cells are derived from human hepatocellular carcinoma cell lines and have the same biological activity as normal hepatocytes and remain stable during multiple passages. Its biochemical characteristics and biosynthetic capacity are similar to those of human normal hepatocytes and can be used to mimic human liver for functional and toxicological studies (Yang et al., 2019).
Web pharmacology is a discipline based on data analysis, database searching, and web construction. Network prediction models are constructed from published data. Topological analysis is used to predict drug targets and mechanisms to assess drug-organism interactions (Wang et al., 2021). Liu Shu et al. screened the two active ingredients of Tripterygium wilfordii against liver cancer, triptolide and celastrol, based on Traditional Chinese Medicine Systematic Pharmacology Database and Analysis Platform (TCMSP), and screened the differentially expressed genes through multiple disease databases to find the core substances and targets that mapped to each other, constructed the pharmacodynamic ingredient-target (C-T) network, the protein-protein interactions network (PPI), and performed GO and KEGG The C-T network and protein interaction network (PPI) were constructed, and GO and KEGG enrichment analyses were performed. It was found that the core targets such as PTGS2, CXCL8, TGFB1, and STAT3 were mainly enriched in the pathways related to cancer and several inflammatory factors, and that tretinoin and PTGS2 as well as tretinoin and PTGS2, CXCL8, and STAT3 had strong binding activities (Liu et al., 2021). Studying the interaction network between proteins can help to excavate the core regulatory genes, and there are already many protein interaction databases, and STRING database is one of them that covers the most species and has the largest interaction information. STRING database can retrieve a single protein by using its name, sequence and other formats. Searching for a single protein will give a network of all the proteins that interact with the protein. This function is more suitable for exploring the interaction of a protein, while inputting more than one protein at a time will only give the interaction network between the input proteins, which is more suitable for mining the interaction between the input proteins. For example, input all the differential genes identified by transcriptome data and analyze the interaction between these differential genes. After the search, we will get a network graph, which we call protein-protein interaction network, namely PPI network. DAVID is not only a biological database, but also an online analysis software. It can be used for differential analysis of genes and also for pathway enrichment. He can take the genes in the input list and associate them to biological annotations. In this study, 72 key targets for 6-shogaol and curcumin for the treatment of HCC were identified through the analysis of network topology and a search of databases. KEGG and GO enrichment analyses were performed on the key targets to explore the potential mechanism of combined action of 6-shogaol and curcumin to inhibit HCC. AKT1 (serine and threonine kinase AKT) is also called protein kinase B (PKB). AKT1 is activated by insulin and a variety of growth and survival factors and plays a key role in regulating cell growth and division and inhibiting apoptosis. There are three members in the AKT family, and AKT1 and AKT2 are widely distributed. As a key protein in PI3K/AKT/mTOR signaling pathway, AKT1 can prevent apoptosis and promote cell survival, which is considered to be a major factor in many types of cancer. Early findings of PI3K activity linked it to pathological cell growth and tumorigenesis, but it was not until 2004 that somatic mutations in PIK3CA were reported in cancer. Currently, genetic overactivation of PI3K/AKT signaling has been identified as one of the most common driving mechanisms in many cancers by high-throughput sequencing. Phosphatidylinositol 3-kinase (PI3Ks) protein family is involved in the regulation of cell proliferation, differentiation, apoptosis and glucose transport. Increased PI3K activity is often associated with a variety of cancers. PI3K phosphorylates phosphatidylinositol PI (a membrane phospholipid) at the third carbon atom of the inositol ring. PI accounted for a small proportion of cell membrane components, which was less than phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine. But in the brain cell membrane, the content is more abundant, up to 10% of the total phospholipids. MAPK1 is a kinase that belongs to the MAPK1/2 family. This family consists of three main members: MAPK1 (ERK-2), MAPK2 (ERK-3), and MAPK3 (ERK-4). MAPK1 has various functions in cells, such as participating in the regulation of cell proliferation, differentiation, and apoptosis, the maintenance of cellular morphology, and the control of the cell cycle. In addition, MAPK1 has important biological significance, such as being closely related to the pathogenesis of tumorigenesis, neurodegenerative diseases and other diseases. MEK (Mitogen-activated protein kinase kinase, MAPKK) is a kinase enzyme which phosphorylates mitogen-activated protein kinases (MAPKs). The activated MAPK leads to the phosphorylation of downstream transcription factors that regulate various responses such as stress signaling, pathogen response, and hormone signaling. The enrichment analysis showed that 6-shogaol was mainly enriched in Ras, Fox0, Prolactin and C-type lectin receptor signalling pathways. The genetic alterations in cancer cells are tightly linked to signaling pathway dysregulation. Ras is a key molecule that control several tumorigenesis-related processes, and mutations in RAS genes often lead to unbiased intensification of signaling networks that fuel cancer progression. RAS exists as three major isoforms, Kirsten rat sarcoma (KRAS), Harvey rat sarcoma (HRAS) and neuroblastoma rat sarcoma (NRAS). Mutations of these genes account for approximately 30% of all cancers. Among them, KRAS mutations are the most common, responsible for 85%, followed by NRAS (12%) and HRAS (3%) (Martin et al., 2013; Valtorta et al., 2013; Temraz et al., 2015; Mármol et al., 2017). The Ras signalling pathway is closely related to tumorigenesis and growth; drug design for important targets of this signalling pathway is a hot topic in current anti-tumor drug research. Mutant Ras proteins regulate several downstream effectors; many of which are aberrantly activated during cancer progression and the main signalling pathways mediated by them are the RAF/MEK/ERK kinase pathway and the PI3K/AKT signalling pathway. These two pathways, respectively regulate cell survival and cell proliferation (Takacs et al., 2020). Other Ras-driven signalling pathways: the TIAM1/RAC/PAK pathway mainly controls cytoskeletal rearrangements in certain cells; the RalGDS/Ral pathway mainly affects membrane transport; the NORE1/RASSF1/MST signalling pathway is a regulator of the cell death process; and PLC/PKC molecule-mediated signalling pathway affects calcium-dependent signalling in cancer cells (Kadamur and Ross, 2013; Donninger et al., 2016; Semenova et al., 2017; Yoshizawa et al., 2017). PI3K proteins belong to the lipid kinase family and can be divided into class I, II and III isoforms, among which, type I plays a very important role in tumours (Jiang et al., 2020). Akt is a serine threonine kinase downstream of PI3K and belongs to the AGC subfamily of protein kinases (Shi et al., 2019). In the classical PI3K/Akt activation model, activated phosphorylated Akt phosphorylates several downstream substrates, including the FOX transcription factor O subfamily (FOXO), mammalian target of rapamycin protein (mTOR), glycogen synthase kinase 3β (GSK3β), and others, regulating various key cellular activities, such as cell growth, proliferation, survival, genome stabilization, and glucose metabolism. The PI3K/Akt signalling pathway is aberrantly activated in approximately 50% of HCC and plays a critical role in the development of hepatocellular carcinoma (Rahmani et al., 2019). One explanation for the oncogenicity of mutant Ras proteins in a constitutively active GTP-bound state is the initiation of an increased MAPK signalling pathway (Guo et al., 2020). Extracellular signal-regulated kinase (ERK), a signal transduction protein of the MAPK family that includes two isoforms (ERK1 and ERK2) is highly expressed in HCC and regulates the development of HCC (Saidak et al., 2017).
As the results of network pharmacology are themselves a prediction only, such results cannot be applied without experimental validation. To further elucidate the mechanism of action of 6-shogaol and curcumin in ameliorating hepatocellular carcinoma, we conducted in vitro experiments. Inhibition of cancer cell growth and proliferation is the key to the prevention and treatment of cancer and the Chou-Talalay method is a scientific method for evaluating the combination of drugs. The results showed that 6-shogaol and curcumin alone and in combination can inhibit the growth and proliferation of HepG2 cells while the combination of different components can inhibit various cancer cell lines; for example, microcystin-LR, chylindrospermopsin and their combinations can affect the cytotoxicity and morphology of the human hepatocyte line HepG2 (Gutierrez-Praena et al., 2019). The combination of curcumin and rhodopsin synergistically inhibits breast cancer cell proliferation and invasion through upregulation of miR-34a (Guo et al., 2013). In this study, 6-shogaol and curcumin showed an effective combination that exerted synergistic inhibition in HepG2 cancer cell lines, thus proving effective against hepatocellular carcinoma tumour entities in vitro. The cell cycle is a series of events that occur in a single cell that drive cell division and give rise to 2 cells. The cell cycle has important implications for tumour cell proliferation, metastasis, and recurrence (Yu and Zuo, 2013). In current cancer therapy, cell cycle regulation is mainly concerned with controlling the expression of relevant genes and the activity of intracellular enzymes, proteins or signalling factors (Miyazono et al., 2010). In this study, we measured the effects of 6-shogaol and curcumin, alone and in combination, on the cell phase of the hepatocellular carcinoma cell line (HepG2) using flow cytometry. The results of this study showed that 6-shogaol and curcumin alone and in combination blocked the cell cycle in the G1 and S phases. Therefore, 6-shogaol and curcumin, alone and in combination, can inhibit the proliferation of hepatocellular carcinoma in vitro. The binding of cell cycle proteins and cell cycle protein-dependent kinase (CDK) is closely associated with cell cycle transition (Palmer et al., 2019). The transition from G1 to S phase results in a cascade of cell cycle protein D, CDK-4 complexes binding to CDK-6, and cell cycle protein B, while CDK-1 complexes shift from G2 to M during mitosis (Hu et al., 2019). When DNA is damaged, the G2 phase detection site causes the cell to enter mitosis for auto-repair. When cyclin-B and cyclin-A form a complex with CDK-1, it is extremely important to produce a cascade activation of the M-phase transition of the pair. In our experiments, the combination group was found to significantly downregulate the expression of cyclin-B protein and CDK-1. This suggests that DIOS may induce G2/M phase arrest through downregulation of cyclin-B/CDK-1. Ma and coworkers. found that DIOS can block the HepG2 cell cycle in G2/M phase through downregulation of cyclin-B/CDK-1 expression (Ma and Zhang, 2020). The role of apoptosis in cancer has received much attention (Yang et al., 2013) and the resistance to apoptosis is widely regarded as an acquired characteristic of cancer cells, conferring them a survival advantage that promotes tumour evolution and growth, as well as leading to therapeutic failure of tumours (Lewis and Mohanty, 2010). Therefore, in this study, we determined the apoptosis of the hepatocellular carcinoma cell line (HepG2 cells) by using flow cytometry with 6-shogaol and curcumin alone and in combination and found that the combination group induced apoptosis in Hep G2 cells, a result that suggested that the combination of 6-shogaol and curcumin inhibited the development of HCC. Apoptosis-related proteins include anti-apoptotic proteins (Bcl-2), pro-apoptotic proteins (Bax), and apoptotic effectors (For example, caspase-9 and caspase-3). These factors play an important role in apoptosis. The molecular mechanisms of apoptosis in hepatocellular carcinoma are very complex and the main apoptotic pathways are the endogenous apoptotic pathway, the exogenous apoptotic pathway, and the common apoptotic pathway (Dimri and Satyanarayana, 2021). The Bcl-2 protein family is the main regulator of endogenous apoptosis and is usually divided into two major groups. The first group is the anti-apoptotic proteins (For example, Bcl-2, Bcl-XL, MCL1, etc.), which all contain four different BH homologous domains and can exert anti-apoptotic effects by antagonizing pro-apoptotic proteins. The second group of pro-apoptotic proteins includes both Bax and Bak, which also contain four BH homologous structural domains, and BH3-only proteins (For example, t BID, BAD, and PUMA), which contain only one BH3 structural domain (Galluzzi et al., 2018). The results of this experiment showed that 6-shogaol and curcumin, alone as well as in combination, was able to promote apoptosis, inhibiting the survival of hepatocellular carcinoma. The morphological observations in this study were similar to the changes reported by other authors (Jayant et al., 2017), with cell shrinkage, fragmentation of apoptotic vesicles and cytoplasmic spreading in the 6-shogaol and curcumin alone as well as in the combined group. It was noted that 6-shogaol and curcumin, alone as well as in combination, caused cell death through autophagy and apoptosis.
The mechanism by which 6-shogaol and curcumin combine to induce cancer cell death is still in the beginning stages. Interestingly, we confirmed by Western Blot test that both 6-shogaol and curcumin exert anti-tumour effects through inhibition of the Ras-mediated PI3K/AKT and MAPK signalling pathways, which partly explained the synergistic effects observed here. We found that this combination induced cell cycle and apoptosis in hepatocellular carcinoma. Shen and coworkers assessed the activity of key effectors in the pathway and found that both the Ras/MAPK and phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K)/Akt signalling pathways were regulated by HRAS activating mutations (Shen et al., 2016). Our data suggested that this mechanism might also apply to the combination of 6-shogaol and curcumin.
5 CONCLUSION
We constructed a network of interactions between 6-shogaol and curcumin, and hepatocellular carcinoma to predict their pathways of action and network pharmacological functions. Seventy-two targets were found to be closely associated with the effects of 6-shogaol and curcumin in the treatment of HCC. Detailed studies on HepG2 cell models showed that both 6-shogaol and curcumin inhibited the proliferative survival of the cells and that the combined effect showed a stronger inhibition than the action alone. Morphological studies on the cells supported the cytotoxic results obtained. In addition, 6-shogaol and curcumin induced cell cycle arrest in the G2/M phase by down-regulating Cyclin-B, CDK-1, Bcl-2 and up-regulating Bax, and promoted apoptosis. Further investigation of signalling pathways showed that 6-shogaol and curcumin acted synergistically to inhibit Ras protein expression and regulate PI3K/AKT and MAPK signalling pathways. These results suggest that 6-shogaol in combination with curcumin is a potential combination therapy for HCC.
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Cancer prevention is currently envisioned as a molecular-based approach to prevent carcinogenesis in pre-cancerous stages, i.e., dysplasia and carcinoma in situ. Cancer is the second-leading cause of mortality worldwide, and a more than 61% increase is expected by 2040. A detailed exploration of cancer progression pathways, including the NF-kβ signaling pathway, Wnt-B catenin signaling pathway, JAK-STAT pathway, TNF-α-mediated pathway, MAPK/mTOR pathway, and apoptotic and angiogenic pathways and effector molecules involved in cancer development, has been discussed in the manuscript. Critical evaluation of these effector molecules through molecular approaches using phytomolecules can intersect cancer formation and its metastasis. Manipulation of effector molecules like NF-kβ, SOCS, β-catenin, BAX, BAK, VEGF, STAT, Bcl2, p53, caspases, and CDKs has played an important role in inhibiting tumor growth and its spread. Plant-derived secondary metabolites obtained from natural sources have been extensively studied for their cancer-preventing potential in the last few decades. Eugenol, anethole, capsaicin, sanguinarine, EGCG, 6-gingerol, and resveratrol are some examples of such interesting lead molecules and are mentioned in the manuscript. This work is an attempt to put forward a comprehensive approach to understanding cancer progression pathways and their management using effector herbal molecules. The role of different plant metabolites and their chronic toxicity profiling in modulating cancer development pathways has also been highlighted.

[image: Diagram depicting cellular signaling pathways involved in apoptosis and proliferation. It shows interactions between EGFR, Wnt, TNFR, and FAS. Key molecules include β-catenin, NF-κB, Bcl2, and p53, highlighting pathways like JAK-STAT and TRADD-mediated apoptosis. Arrows and lines illustrate molecular interactions and pathway progressions.]Keywords: cancer prevention, molecular pathways, effector molecules, herbal metabolites, toxicology

HIGHLIGHTS

	• Molecular investigation of pre-cancerous lesion development in cancer progression pathways is identified as a potential target in cancer prevention.
	• Modulation in the expression of effector molecules like SOCS, p53, VEGF, STAT, BAX, Bcl2, NF-κB, CDKs, and β-catenin may provide an opportunity to hamper the carcinogenic continuum at different stages of progression.
	• Phytochemicals like 6-gingerol, silymarin, resveratrol, apigenin, EGCG, and β-carotene impair signaling pathways and inhibit the development of cancer in situ, thereby preventing the progression to invasive cancer.

1 INTRODUCTION
Cancer is one of the leading causes of death around the globe. Continuous exposure to risk factors, including physiological, behavioral, environmental, and professional factors, is attributed to the increase in cancer burden worldwide (Eloranta et al., 2021; Ferlay et al., 2021). Approximately 90% of cancer cases are an outcome of environmental factors and somatic mutations, and the rest are due to mutations in the germline (Sung et al., 2021).
According to the World Health Organization (WHO) and the Global Cancer Observatory (GCO), more than 19 million people are currently affected by cancer, and the number of active cases may rise to more than 28 million people by 2040 in a calendar year. Cancer mortality data have been analyzed by the WHO and GCO from 1930 to 2020 (Mathur et al., 2020; Siegel et al., 2020). Lung and bronchus cancer have a higher mortality rate, followed by breast, uterus, and stomach cancer (Mathur et al., 2020; Siegel et al., 2020). Figure 1 depicts the number of cancer-afflicted patients and the mortality reported in recent databases and projections up to 2040. Prostate cancer has been reported to be the most common cancer among males (29%), and breast cancer (31%) is most common among females (Figure 1C). Cancer death rates have been declining in males and females since the early 1990s; from 1991 to 2019, the combined death rate dropped by 32%. Breast cancer death rates changed little between 1930 and 1989 but decreased by 42% from 1989 to 2019 due to earlier detection and improved treatment. It is indicated that there has been a significant drop in the mortality rates for a few specific cancers, like stomach and colorectal cancer, in recent years. (Figure 1D). However, the predicted new cancer cases per year in Asia and Africa are expected to rise to 59% and 89% of the current prevalence, respectively, by 2040 (Jones and Baylin, 2007).
[image: Panel A shows demographic change from 2020 to 2040, with a shift from 9.3M to 16.3M in red figures. Panel B shows a change from 2020 to 2040, from 17.3M to 10.2M in blue figures. Panel C is a bar chart titled "Case 2023," featuring various colored bars for different regions. Panel D is a line graph indicating trends from 2000 to 2100, with various colored lines. Panel E is a world map shaded in gradients of red representing geographic data, with a legend indicating values ranging from 3741 to 25,611.]FIGURE 1 | Global cancer data. (A) Number of cancer cases in 2020 and the cases projected by 2040, as per WHO. (B) Number of deaths due to cancer reported until 2020 and the number of deaths projected up to the year 2040. (C) Number of cancer cases reported in the United States in 2023. (D) Cancer mortality data from 1930 to 2020. (E) Number of cancer-related deaths in different continents in a calendar year (2020).
Cancer progression is a complex biological process with a diversified understanding (Jones and Baylin, 2007). However, different pathways have been extensively studied in the last few decades due to advancements in imagining and analysis technology (Arruebo et al., 2011). The general landscape of oncogenesis has been depicted in Figure 2 which represents several risk factors that convert normal healthy cells into abnormal cancerous cells through molecular manifestations (Wang et al., 2017). Carcinogens, biological agents, and inflammation may trigger deregulated metabolism, which leads to genetic mutation and may result in the development of cancer (Gandhi et al., 2014). These manifestations at the cellular level may start interfering at cell cycle checkpoints (Liu C. G. et al., 2020). Figure 2 depicts that the altered cell cycle affects cell signaling and also starts avoiding immune cells (Zheng and Ma, 2017). A series of biological events are the reason for the transformation of a healthy cell into a cancerous cell, including carcinogens, genetic alterations, inflammation, and dysregulated metabolism. At the molecular level, such factors of cancer development disbalance the levels of tumor suppressor genes and oncogenes, resulting in cell cycle deregulation. Furthermore, replicative immortality and altered cell signaling mechanisms are causing the progression of cancer and have been reported to avoid immune cells, growth suppressors, and angiogenesis, which yields the metastasis of cancerous cells. The role of cell death resistance and uninterrupted angiogenesis has also been linked to cell proliferation and cancer development (Figure 2).
[image: Diagram illustrating cancer causes and hallmarks. At the center, a healthy cell transforms into a cancer cell, surrounded by causes like genetic alterations, carcinogens, inflammation, and dysfunctional metabolism. Hallmarks include altered cell signaling, tumor heterogeneity, deregulated cell cycle, reduced apoptosis, evasion of the immune system, and metastasis. Arrows connect different elements, depicting progression. The diagram is ringed by sections labeled "Cancer Causes" and "Hallmarks".]FIGURE 2 | Schematic representation of hallmarks of oncogenesis.
Nowadays, chemotherapy, targeted therapy, radiotherapy, and surgical techniques are commonly employed in cancer treatment interventions. However, each of the conventional treatment options possesses its inherent challenges that increase the chances of low quality of life for cancer patients, including side effects and the peril of relapse (Han et al., 2022). Chemotherapies like platinum-based drugs (carboplatin and cisplatin) have been reported to cause nephrotoxicity, cardiovascular diseases, and low-grade gliomas in up to 47% of children. Lavniti M. et al. have reported that oxaliplatin and etoposides have also induced neuropathy, which may cause permanent gastrointestinal dysfunctions with CNS depression in cancer-afflicted and treated patients (Eiermann et al., 2001; Shipitsin and Polyak, 2008). Tachycardia, decreased immunity, and bone marrow depression are major drawbacks of antibody-based treatment (rituximab) and targeted therapies. Surgery and radiation therapy for cancer management induce anorexia, lymphedema, neutropenia, sepsis, hair-loss, and immunological disorders (Spychalski et al., 2007). Many of the adverse effects of cancer treatments are managed by some phytoconstituents. However, treatments are always associated with various types of adversities. Hence, scientists and clinicians around the globe advocate the use of dietary phytoconstituents to prevent cancer progression. Interestingly, the amount of phytoconstituents present in diets is not clinically significant enough to block the cancer progression if initiated (Liu et al., 2019). Plant-derived phytomolecules (capsaicin, resveratrol, fisetin, 6-gingerol, etc.) have been utilized in the treatment of cancer and have provided evidence for their intervention in different cancer progression pathways, as discussed below. Recently, the focus has shifted toward cancer prevention with phytochemicals obtained from natural sources. These phytochemicals can target effector molecules in cancer-developing pathways and are the major focus of this manuscript.
2 SIGNALING PATHWAYS AND MOLECULES AS TARGETS FOR THE PREVENTION OF CANCER
Signaling pathways are chains of chemical processes where several molecules in a cell interact to regulate a cell function, such as cell division or cell death. Targeted medicine in cancer treatment utilizes molecular modifications in cancer genes and signaling pathways to influence the development of new therapies. Different pathways of cancer progression, like JAK-STAT, Wnt-β-catenin, NF-κB, MAPK pathways, and different signaling molecules, have the tendency to crosstalk with other signaling pathways. These signaling pathways that serve as potential targets in cancer prevention have been discussed in the subsequent sub-sections.
2.1 JAK-STAT pathway
About 50% of breast cancer and leukemia and 90% of cervical cancer are caused by dysregulations in the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) transduction pathway (JAK/STAT pathway) (Hu et al., 2013). This pathway serves as a crucial mediator in many cellular processes, including cell death, differentiation, and apoptosis (Shao et al., 2020). When cytokine-mediated glycoproteins like interferons, interleukins, and growth factors interact with cytokine receptors (CRs) on the surface of the target cell, it activates JAK molecules through transphosphorylation in endothelial and vascular smooth muscles (Loscocco and Vannucchi, 2022). Activated JAK initiates the phosphorylation of tyrosine residues located in the cytoplasmic region of CRs, which creates the binding positions for STATs (Hu et al., 2021). STATs are phosphorylated on tyrosine residues by tyrosine kinase, leading to the formation of STAT homo/hetero dimers in the cytosol. These dimers further translocate to the nucleus, bind with deoxyribose nucleic acid (DNA), and regulate the transcription of myc, p21, and Bcl-xl (Figure 3) (Bose et al., 2020). Dimers of unphosphorylated STATs can also localize to the nucleus and bind to heterochromatin protein 1. This further promotes heterochromatin formation, resulting in transcriptional upregulation. Typically, STATs are supposed to initiate the transcription of genes, but their unphosphorylated form can also downregulate the expression of several genes by interacting with HP1α and acting as a tumor suppressor (Brooks and Putoczki, 2020).
[image: Illustration showing the JAK-STAT signaling pathway. A cytokine binds to its receptor, activating JAK proteins, which then phosphorylate tyrosine residues. This activation leads to the recruitment and phosphorylation of STAT proteins. Activated STATs dimerize and translocate into the nucleus, binding to DNA promoters, facilitating gene transcription.]FIGURE 3 | JAK/STAT in gene expression and cancer pathway. The interaction of cytokines or growth factors with their receptors (cytoplasmic tails of membrane cytokine receptors) induces dimerization/oligomerization of these receptors by inducing a conformational change in the cytoplasmic domain. JAKs or other families of tyrosine kinases are auto-phosphorylated or trans-phosphorylated as a result of this interaction. The phosphorylated JAKs form the sites for the binding of other signaling molecules with an SH2 domain (like STAT proteins) by phosphorylating the cytoplasmic tails of the receptor on tyrosine residues. Cytoplasmic STATs bind to phosphorylated receptors. STATs can assemble into homodimers or heterodimers that can translocate to the nucleus and activate gene transcription.
Escalated expression of negative regulators of the JAK/STAT pathway, viz., the suppressors of cytokine signaling (SOCS), can reduce pathway activation and tumorigenesis as well. Expression of SOCS/SOCS3 reduces the constitutive phosphorylation of STAT molecules at the tyrosine residues of CRs. Brantley et al. have reported the cessation of oncogenesis and transcription of genes due to SOCS expression in different tumor samples as it downregulates the secretion of cytokines; hence, the JAK-STAT pathway is not activated (He et al., 2003).
2.2 Wnt β-catenin pathway
Wnt-β signaling has been found to be active in over 50% of breast cancer and 25% of melanoma. Dysregulation of the Wnt β-catenin pathway has been reported in various types of cancer, including breast, lung, pancreatic, ovarian, colorectal, and gastric cancer (Zhan et al., 2017). Low-density lipoprotein receptor-related proteins (LRP) and frizzled receptors form a complex as a result of the interaction with a wingless-related integration site (Wnt) (Deitrick and Pruitt, 2016). The frizzled receptor recruits disheveled protein (DVI), which leads to the phosphorylation of the LRP receptors. It causes the inactivation of the destruction complex composed of Axin, adenomatosis polyposis coli (APC), casein kinase (CK), and glycogen synthase kinase (GSK). It disrupts the Axin-mediated degradation of β-catenin, as shown in Figure 4. The translocation and accumulation of β-catenin in the nucleus causes the replacement of Groucho in the nucleus and leads to the activation of the Wnt-responsive genes (Krishnamurthy and Kurzrock, 2018; Shen et al., 2022). Erythroblast transformation-specific (ETS)-related genes (ERGs) have also been reported to control the Wnt-signaling pathway by stabilizing β-catenin. In mouse models, ERG has been shown to regulate the secretion of vascular endothelial growth factor (VEGF) and vascular stability through Wnt signaling (Daisy Precilla et al., 2022). It is possible because ERG has been reported to have the potential for the transcription of frizzled class 4 receptors and simultaneously provide stability of β-catenin in endothelial cells (ECs). A reduced level of β-catenin has been associated with reduced tumor formation (Patel et al., 2019; Liu et al., 2021).
[image: Diagram illustrating the Wnt/β-catenin signaling pathway. Wnt binds to LRP and Frizzled receptors, activating Dishevelled. This inhibits GSK-3β, allowing β-catenin to accumulate and translocate to the nucleus. In the nucleus, β-catenin interacts with TCF/LEF to activate target genes such as Myc, Cyclin D1, and others.]FIGURE 4 | Wnt β-catenin signaling pathway in gene expression and cancer development. When Wnts are attached to their LRP5/6 and frizzled protein receptors, the cytoplasmic protein DVL is activated, which results in the inhibition of GSK3 in the destruction complex. The target gene is then transcriptionally regulated as a result of stabilized catenin binding to the TCF/LEF transcription factors in the nucleus.
2.3 p53 gene: association with cancer progression
The p53 protein plays a pivotal role in the transcription of several genes and also acts as a tumor suppressor. It is often referred to as the “guardian of the genome” because of its ability to detect DNA damage and promote either DNA repair or programmed cell death in damaged cells. Over 50% of human cancer involves the deactivation of p53 or mutations in p53 (Li, 2021). Whenever oxidative stress or genetic alterations initiate DNA damage, an automated correction mechanism gets activated via the protein sensor of DNA damage, i.e., ATM/CHK2. This, in turn, phosphorylates p53, which may check the damage through either of the transducer mechanisms, as shown in Figure 5 (Nakano and Vousden, 2001). p53 has also been reported to trigger PUMA and BAX molecules to accelerate the apoptotic pathways. p53 is involved in the inhibition of the cyclin-dependent kinases (CDK) complex, causing Rb dephosphorylation, resulting in cell cycle arrest (Akhter et al., 2014). Qiu L et al. reported that p53/p21 disbalance affects many biological processes, including cell proliferation by arresting the cell cycle at the G2/M phase and apoptosis. p53 has been reported to inhibit epithelial–mesenchymal transition (EMT) (Borsos et al., 2022) by reducing the levels of zinc finger E-box-binding homeobox 1 and 2 (ZEB1 and ZEB2) expressions (Banin et al., 1998). To sum up, p53 may either activate DNA repair enzymes (PARPs and polymerases), cause temporary cell cycle arrest at the G1 phase to remove the damaged portions (quiescence/senescence), or accelerate the secretion of PUMA/BAX to induce apoptosis in cancerous cells, as depicted in Figure 5. So, the activation of p53 through small molecules might be a key to preventing damaged cells’ conversion into cancerous cells (Yu et al., 2001).
[image: Flowchart illustrating the p53 signaling pathway. Genetic alterations activate ATM and ATR kinases, phosphorylating CHK1 and CHK2, which subsequently activate p53. Activated p53 leads to cell cycle arrest, DNA repair, apoptosis, or oncogene activation suppression. CDK inhibition, Rb dephosphorylation, polymerases, PARPs, PUMA, BAX, and Bcl2 are involved in these processes.]FIGURE 5 | p53 signaling pathway. DNA damage and oncogene activation is only a few of the cellular stressors that activate the sensor proteins ATM and CHK2. Murine double-minute 2 (MDM2), which is a target of p53 and also controls p53 stability, creates a negative feedback loop. Activated p53 is involved in numerous pathways, including apoptosis pathways, cell proliferation, and DNA repair and cell cycle arrest.
2.4 Cyclin D and CDK complex
Cyclin D is a member of the cyclin protein family and is involved in the regulation of the cell cycle and its functions. The cyclin D/cyclin dependent kinase-4 (CDK-4) complex is a multi-protein structure made up of cyclin D and CDK4, a serine–threonine kinase (Bury et al., 2021). The synthesis of cyclin D starts with the action of growth factors. Cyclin D1 protein converts the inactivated form of CDK4/6 to its activated form and mediates the G1/S phase transition (Zhang et al., 2021; Liu et al., 2022). This further triggers the phosphorylation of the Rb protein and leads to uncontrolled cell proliferation. Overexpression of cyclin D1 has been observed in a wide range of cancers, including breast cancer, lung cancer, and prostate cancer (Li et al., 2022). It is associated with poor prognosis and resistance to cancer treatment. Cancer preventive agents have been reported to inhibit the cyclin D1 protein and its complex, which further decreases cell proliferation by dysregulating cyc-D expression and results in cell cycle arrest. CDK/cyc-D inhibitors have been developed to control cancer progression and are currently under clinical trials, like abemaciclib and ribociclib (Heptinstall et al., 2018).
2.5 TNF-α/NF-κB signaling pathway
Tumor necrosis factor-α (TNF-α) is a cytokine that plays a complex role (pro-inflammatory and anti-tumor) in cancer patients. In the early stages of cancer development, TNF-α can stimulate the immune system, attack cancer cells, and lead to apoptosis of tumor cells. However, in the later stages of cancer development, chronic inflammation can occur, which can promote the growth and spread of cancer cells. TNF-α can also stimulate the production of angiogenic factors, which can act as fuel for the growth of tumors. At the molecular level, when TNF-α binds to its receptor present at the cell surface of a normal healthy cell, it gets inactivated due to the presence of the silencer of the death domain (SODD) (Alharbi et al., 2021). The binding of TNF-α with SODD restores the activities of the tumor necrosis factor receptor (TNFR), and SODD is liberated/released. This complex is attacked by TNF-R1-associated death domain protein (TRADD) and turns into the TNFR-TRADD complex (Aggarwal et al., 2006). Further transduction depends on the type of protein molecule that gets attached to the complex. If FAS-associated death domain (FADD) molecules bind with this complex, it causes the release of pro-caspase 8, which further causes apoptosis of cancerous cells using caspase-cascade. On the other hand, if TNF receptor-associated factor (TRAF-2) interacts with the TNFR-TRADD complex, it causes the activation of the inhibitor of apoptotic proteins (IAPs) and, hence, nuclear factor- κB (NF-κB) is activated (Figure 6) (Liu W. et al., 2020). NF-κB further promotes cell survival by increasing the expression of the cellular inhibitor of apoptosis protein-1 (cIAPs) and inducible nitric oxide synthase (iNOS). Whenever there is a reduction in the activity of cytoplasmic IAPs and receptor-interacting protein (RIP1) kinase, receptor internalization occurs. This further results in the activation of caspase 8 and, then, causes the apoptosis of the particular cell (Aggarwal et al., 2002). Whenever there is an increase in cytoplasmic IAPs, it retards the activity of the electron transport chain in the mitochondria. This further activates reactive oxygen species (ROS), then RIP-1 is recruited, and the process of NF-κB activation starts again (Storci et al., 2010). In cancerous cells, after the formation of the TRADD-SODD complex, it has a higher affinity for TRAF-2 than the FADD molecule. This causes increased NF-κB production inside cancerous cells and leads to cell survival by preventing apoptosis. The manipulation of TNF-α and its downstream pathways may offer newer therapeutic opportunities for cancer prevention.
[image: Diagram illustrating the TNF-alpha signaling pathway. TNF-alpha binds to the TNFR1 receptor, leading to the recruitment of adaptor proteins TRADD and FADD. This activates the caspase cascade, resulting in apoptosis. Alternatively, TNFR1 with TRADD and TRAF-2 activates NF-kB, promoting cell survival and expression of IAPs and iNOS.]FIGURE 6 | Role of the TNF-α in the progression of cancer and programmed cell death.
2.6 Regulation of apoptotic molecules
Programmed cell death or apoptosis of any cell relies on three steps, i.e., initiation, execution, and phagocytosis. It is an essential biological process that plays a critical role in various physiological conditions, including cancer. In the intrinsic pathway of apoptosis, DNA lesions release ataxia-telangiectasia mutated (ATM) serine and threonine kinase (Plati et al., 2011). These activate p53, which further upregulates the p53-upregulated modulator of apoptosis (PUMA) (Hassan et al., 2014; Goldar et al., 2015). B-cell lymphoma-2 (Bcl-2)-associated X protein (BAX) is activated in the cytosol of the cell by the upregulation of PUMA, and it opens the voltage-dependent anion-selective channel (VDAC) on the surface of the mitochondria. It results in the release of cytochrome C out of the cytosol (Duan et al., 2023). It binds with pro-apoptotic apoptosis protease-activating factor 1 (APAF-1), and the apoptosome is activated (Verbrugge et al., 2010; International, 2020), which further activates caspase 9 and caspase 3 (Figure 7). Furthermore, the activation of nuclease and protease causes DNA fragmentation, which leads to cell death. In the extrinsic pathway, the signaling is attributed to TNF-α and FS-7-associated surface antigen (FAS) molecules. These molecules activate TNF or FAS receptors. The death-inducing signaling complex (DISC) complex is formed (Ouyang et al., 2012). The interaction of FAS with the FAS receptor causes the activation of FADD, which further releases pro-caspase 8 and caspase 3. This caspase 3 activates caspase-dependent DNAase and proteolytic enzymes, which in turn degrade DNA and proteins, culminating in cell death (Clarke and Tyler, 2009). B-cell lymphoma-2 (Bcl-2) is the negative regulator of this pathway, which has antagonistic actions for BAX. In the extrinsic pathway, the conversion of the BH3 interacting domain (Bid) to truncated (t-Bid) due to the activation of the caspase-cascade complex releases BAX in the cytosol, which might then start the further process of the intrinsic pathway (Xu Y. et al., 2020; Yang et al., 2020). In cancerous cells, due to the dysregulation of p53, PUMA has not been activated. This further leads to decreased BAX production; hence, as a result of this, the caspase-cascade system does not get activated, and ultimately, the cells survive.
[image: Diagram illustrating apoptosis pathways in response to external allergens. It shows two main pathways: external and internal alterations. The external pathway involves FAS receptor activation and caspase initiation, leading to apoptosis. The internal pathway involves mitochondrial release of cytochrome c, activation of BAX and BAK proteins, formation of the apoptosome, and further caspase activation, also resulting in apoptosis.]FIGURE 7 | Intrinsic and extrinsic pathways of apoptosis.
2.7 Association of VEGF with metastasis
Angiogenesis is the process by which new blood vessels are formed from pre-existing vessels. Tumor microenvironment features include cell recruitment, release of soluble factors, and hypoxia, all of which contribute to angiogenesis. Angiogenesis is also characterized by resistance to anti-angiogenic therapy. The development of cancerous cells requires a high amount of oxygen and nutrients and releases HIF1α in comparison to healthy cells. Furthermore, it releases the VEGF. The interaction of the VEGF with its receptor (VEGF-R) secretes proteases that make the blood vessels leaky and lead to the generation of new blood vessels toward growing cancerous cells. When the platelets of normal or cancerous cells are drawn to hypoxic areas, they become activated and release the stimulatory substances they have stored there into the tumor microenvironment. The bone marrow’s endothelial progenitor cells (EPCs) and myeloid cells relocate to the tumor microenvironment, where they locally release more soluble factors (Nishida et al., 2006; Lv et al., 2023). The tumor cells become more invasive in this environment and are able to metastasize to distant organs by intravasation into the lymphatics or vasculature (Figure 8) (Rajabi and Mousa, 2017). Valid regimens for cancer prevention must consider the targets of multiple cell types that are targetable for angiogenic factors, such as platelet-derived growth factor (PDGF), PDGF receptor (PDGFR), angiopoietin 1/2 (Ang1/2), ECs, and EPCs (Rajabi and Mousa, 2017).
[image: Diagram illustrating tumor growth and metastasis. The tumor is divided into necrotic, hypoxic, and normoxic zones. Hypoxia induces HIF1α, promoting VEGF secretion, which binds to VEGF receptors on nearby vasculature, stimulating vessel growth. This encourages metastasis, shown by tumor spreading.]FIGURE 8 | Amplification of metastasis through VEGF upregulation.
3 ROLE OF PLANT-DERIVED SECONDARY METABOLITES IN CANCER PREVENTION
Phytochemicals, including paclitaxel, docetaxel, and resveratrol, have shown anticancer activity and completed clinical trials (Choudhari et al., 2020). Phyto-analogs have shown desirable effects on p53, BAX, VEGF, β-catenin, BAK, Bcl-2, CDKs, and interleukins. Some secondary metabolites work either by preventing the formation of cancer cells or by inducing the death of existing cancer cells. For example, flavonoids, a class of secondary metabolites found in many fruits and vegetables, have been shown to inhibit the growth and proliferation of cancer cells in vitro and in vivo. Polyphenols, another class of secondary metabolites found in many plant-based foods, have been shown to have similar anticancer properties (Hosseini and Ghorbani, 2015). Overall, secondary metabolites play an important role in cancer prevention by providing a natural source of anticancer compounds that can be incorporated into a healthy diet. Although more research is needed to fully understand the mechanisms underlying their anticancer properties, consuming a variety of fruits and vegetables rich in secondary metabolites is likely to have important health benefits, including reducing the risk of cancer. Here, in this section, we have divided selected herbal plants into their classes as per their metabolic nature, and the activity of these drugs has been summarized in Table 1.
TABLE 1 | Summarized reviews of the botanicals used in cancer prevention.
[image: Table listing cancer-preventive phytochemicals, their botanical sources, metabolite classes, doses, molecular targets and mechanisms of action, cancer categories, animal/cell lines, and references. Key phytochemicals include curcumin, silymarin, and EGCG, showing effects on cancers like breast and liver with various modes of action such as inhibition of NF-kB activation.]3.1 Role of flavonoids
Plant species contain a group of secondary polyphenolic compounds known as flavonoids, which are generally included in human diets. Chemically, flavonoids have a 15-carbon skeleton that is made up of two phenyl rings and a heterocyclic ring. The abbreviation for this carbon structure is C6–C3–C6. Flavonoids are known for diverse pharmacological activities (Nagoor Meeran et al., 2021; Singh et al., 2023).
Apigenin is classified as a flavone among the different classes of flavonoids. It is abundantly present in common fruits such as grapefruit, plant-derived beverages, and vegetables such as parsley, onions, oranges, tea, chamomile, wheat, sprouts, and some seasonings (Li Y. et al., 2020). The chemo-preventive role of this flavonoid (apigenin) has been tested on wild-type and specially modified mice (female Swiss albino mice) (Ganjare et al., 2011; Hang et al., 2022). It has shown a reduction in angiogenesis by reducing the VEGF level in breast cancer (Ai et al., 2017; Meng et al., 2017). The effect of apigenin was recorded in UVB-induced cancers in wild-type (WT) and modified (TKO) mice. Apigenin has shown significant cancer prevention and recovery by reducing tumor volume and VEGF compared to the negative control. Apigenin has also shown a reduction in blood capillary formation in the apigenin-treated mice group compared to that in other groups (Ai et al., 2017; Meng et al., 2017).
One such secondary metabolite, or flavonoid, is curcumin. Curcumin is a non-toxic diarylheptanoid belonging to the group of curcuminoids. It is obtained from the dried rhizome of Curcuma longa Linn. belonging to the family Zingiberaceae (Oliveira et al., 2021). Curcumin has been reported for its cancer-preventive effects on different breast cancer cell lines (MCF-7 and MDA-MB-231 cell lines). It has been reported to boost autophagy in cancerous cells. It has shown stimulatory effects on apoptotic enzymes (BAK/BAX). It has also been reported to boost p53 levels in MCF-7 cell lines (Wang et al., 2016). Curcumin has also shown synergistic actions with berberine and potentially alters the levels of STATs, Β-catenin, Bcl2, BAX, p53, NF-κB, and CDKs. In WIPO PCT, a patent has been filed for the cancer-preventive effects of curcumin and turmeric oil with the application number WO2014068597A2, in which the drug has decreased the levels of NF-κB and reduced the proliferation of cancerous cells.
Another flavonoid involved in cancer-preventing activities is silymarin. Silymarin is a standardized milk thistle seed extract containing a mixture of flavonolignans (Silybum marianum) belonging to the group of flavonoids (Abouzid et al., 2016). Silymarin has been reported to inhibit organic anion transporters (OAT) and ATP-binding cassettes (ABC) transporters, showing cancer-preventive effects. It has also been reported to boost the activity of apoptotic molecules and BAX, which activates the caspase system of apoptosis in 6 -week-old SINCAR mice with squamous cell carcinoma (Malekpour-Dehkordi et al., 2022). It has also reduced tumor volume and prevented tumorigenicity by reducing TNF-a levels (Wang et al., 2023).
Ginestin is a phytoestrogen belonging to the flavonoid group. It is found in soybeans and soybean-enriched products (Cools et al., 2014). At the molecular level, ginestin is active against CDKs, cell proliferation, angiogenesis, invasion, metastasis, and apoptotic processes. Ginestin has shown effects on Akt, NF-κB, matrix metalloproteinases (MMPs), and BAX/Bcl-2 signaling pathways for breast cancer prevention in C57Bl/6 mice (Sarkar and Li, 2002). It has also been reported to show synergistic effects with resveratrol via boosting the expression of p53 and diminishing the NF-kB pathway of cancer development (Spagnuolo et al., 2015).
One more flavonoid reported to have cancer-preventive potential is fisetin. Fisetin is a flavanol from the flavonoid group of polyphenols. It is obtained from fruits and vegetables such as strawberries, apples, persimmon, grapes, onions, and cucumber (Gleńsk et al., 2021). Fisetin is also a good antioxidant and is involved in the inhibition of the Wnt signaling pathway. It has been reported to inhibit YB-1 protein and proliferation in nasopharyngeal carcinoma. This study was performed on CNE11 and CNE1-LMP1 cell lines of nasopharyngeal carcinoma (Ravula et al., 2021).
One more glycosyloxyflavone flavonoid with cancer-preventing potential is baicalin. Scutellaria baicalensis (SB) extract contains baicalin, which is a natural antioxidant, belonging to the family Lamiaceae (Li et al., 2004). Baicalin has been reported to prevent tumor formation by increasing the levels of p53 and BAX against breast cancer induced in Swiss albino mice (Zhao et al., 2016; Huang et al., 2022). Baicalin has also been reported to reduce the levels of ILs, Bcl2, and VEGF, showing cancer-preventive effects (Shehatta et al., 2022). Baicalin has shown its synergistic effects along with 5-fluorouracil (5-FU).
3.2 Role of terpenoids
Isoprene is utilized to make a group of chemical compounds known as terpenoids, commonly known as isoprenoids. Terpenes and the 55-carbon molecule isoprene are two examples of organic compounds that are found in nature. These are multi-cyclic structures with oxygen-containing functional groups. Examples include lycopene, dihydrotanshinone, and carotene. Lycopene, a naturally occurring carotenoid, is extracted from tomatoes, belonging to the Solanaceae family (Adetunji et al., 2021). Lycopene has shown a chemo-preventive effect by inhibiting the NF-κB pathway and Bcl2, which further stops cancer proliferation in HCT116 and SW480 cell lines of colorectal carcinoma (Adetunji et al., 2021). It has also reduced lung and liver inflammation by activating SIRTUINS and has been shown to alter the levels of oncogenes like NP73 and upregulate p53 to prevent proliferation, as evaluated against colorectal cancer cell lines (Lim and Wang, 2020). Lycopene has also shown synergistic effects in combination with β-cryptoxanthin. According to the IPO, no patent has been filed for its chemo-preventive efficacy; however, its efficacy has been reported for protecting the skin from UV radiation.
Dihydrotanshinone is another example in this class. Dihydrotanshinone belongs to a class of lipophilic diterpenoids and is extracted from Salvia miltiorrhiza Bunge (Wang et al., 2019). Dihydrotanshinone has shown cancer-preventive effects against liver cancer in different cell lines (HepG2 and HT-29 cell lines). It potentially reduces the levels of VEGF and Bcl2 while boosting the activity of caspases. These effects are involved in inhibiting angiogenesis and stimulating apoptosis by interfering with the intrinsic and extrinsic pathways of cell death (Su Y. S. et al., 2021).
β-carotene is a type of carotenoid obtained from different pigmented sources, like carrots. Carrot is a root vegetable called Daucus carota in scientific terms and belongs to the family Apiaceae (Metibemu et al., 2021). β-carotene has increased the number of apoptotic cells with an increase in the activity of caspases in colon cancer cells. It has also been reported to reduce the levels of NF-κB, Bcl2, and SOD proteins against colon cancer cell lines (HCT116 and SW480 cell lines) (Jain et al., 2018).
Artemisinin, derived from the shrubs of Artemisia annua, exhibits promising anticancer properties, particularly in breast cancer. At a dose of 300 mg/kg, it has demonstrated the remarkable ability to induce membranous translocation of beta-catenin while inhibiting the uncontrolled activation of the Wnt/b-catenin pathway, which is a critical signaling cascade implicated in cancer progression (Li et al., 2007). This dual mechanism effectively prevents cancer development and progression. The efficacy of artemisinin was evaluated in a preclinical study using Balb/c female nude mice as a model for breast cancer (Augustin et al., 2020). The results underscore its potential as a therapeutic agent in combating breast cancer, offering a glimpse into its mechanism of action and providing valuable insights for further clinical exploration (Ma et al., 2021).
Eugenol, a naturally occurring phenylpropanoid, is found in a variety of plants, including clove buds, tulsi leaves, turmeric, pepper, and ginger (Wang et al., 2020) Eugenol has been reported to reduce the activities of caspases and Bcl2, as shown on the MCF-7 cell line of breast cancer (do Nascimento Silva et al., 2016). Eugenol has reduced the tumor volume and proliferation of cancerous cells, both in combination with gemcitabine and alone (Li Z. et al., 2020). A US patent has also been published for the cancer-preventing profile of eugenol with the application number US20020103174A1. It has reduced tumor growth and size by more than 36% in the LNCaP and DU145 cell lines of human prostate cancer. Furthermore, in vivo activity has been performed using LNCaP human prostate tumor xenografts and concluded with a decreased tumor size and weight with increased apoptotic cells (Hussain et al., 2011).
Fennel seeds are obtained from the plant Foeniculum vulgare belonging to the family Umbelliferae. Since ancient times, the dried seeds have been used in food and medicine. Anethole has reduced the activity of NF-κB and STATs in female Sprague Dawley rats, leading to a decrease in tumor growth and proliferation in a breast cancer model (Lubet et al., 1997). Anethole has affected the TNF-α and JAK-STAT pathways of cancer development and showed cancer-preventive activity. Anethole has also been reported for its synergistic effects with curcumin (Contant et al., 2021).
3.3 Role of alkaloids
Alkaloids are any of a class of naturally occurring organic nitrogen-containing bases. Alkaloids have diverse and important physiological effects on humans and other animals. Well-known alkaloids include capsaicin, strychnine, sanguinarine, ephedrine, and nicotine. Alkaloids are significant chemical substances that provide a wealth of potential therapeutic targets and cancer-preventive potential as well. An important alkaloid, capsaicin is also known as 8-methyl-N-vanillyl-6-non amid and is obtained from Capsicum annuum (chili peppers) and Capsicum frutescens (includes bird’s eye chili) belonging to the family Solanaceae (Hayman and Kam, 2008). Capsaicin and its derivatives have been reported to overexpress SOCS to decrease STAT actions in gastric cancer (AGS cells) (Abdelrahman Mohamed and Abdullah AlQarni, 2019). It has also been reported to reduce NF-κB, resulting in cancer proliferation (Lubet et al., 1997). Another important alkaloid included in cancer prevention is sanguinarine, which is a polycyclic quaternary alkaloid extracted from bloodroot or Sanguinaria canadensis (Akhtar et al., 2019). In cancer prevention, sanguinarine has been found to reduce proliferation by reducing NF-κB levels (Zhang et al., 2019; Khan et al., 2021). It has also increased the level of BAX/BAK, which is responsible for the increase in apoptosis and necrosis in A431 and NHEK cells of epidermoid carcinoma (Achkar et al., 2017; Almeida et al., 2017; Kuttikrishnan et al., 2019). It has also shown synergistic effects with curcumin and quercetin (Almeida et al., 2017).
3.4 Role of phenolics
The wide presence of phenolic compounds in plants and herbal species (such as fruits, vegetables, cereals, olives, legumes, and cocoa) and beverages (such as tea, coffee, beer, and wine) contributes to the overall organoleptic characteristics of plant foods. Phenolics can boost the body’s immune system’s ability to identify and eradicate cancer cells and block angiogenesis, the formation of new blood vessels required for tumor development. EGCG, gingerol, fisetin, resveratrol, etc., are few examples in this class. Resveratrol is a type of polyphenolic compound isolated from grapes and their extract. It consists of the ripe fruits of Vitis vinifera belonging to the group of grapes (Huminiecki and Horbańczuk, 2018). Resveratrol decreases proliferation by targeting the NF-κB pathway (Mizerska-Kowalska et al., 2022). It has potentially activated apoptosis (reduced Bcl2 and Stat3) and activated the overexpression of SOCS, hence targeting the JAK-STAT pathway in the SCCHN cells of squamous cell carcinoma (Baek et al., 2016). It has also shown synergistic effects with 5-fluorouracil (a cytotoxic drug). An Indian patent office search clarifies that a patent has not been applied for the cancer-preventive action of the same drug, although the extract of Vitis vinifera has been granted a patent for a similar activity.
Another phenolic compound with cancer-prevention activity is EGCG. EGCG, an ester of epigallocatechin and gallic acid, is obtained from the plant Camellia sinensis belonging to the family Theaceae (Sojoodi et al., 2020). In terms of cancer-preventive activities, EGCG has been reported to reduce NF-ΚB overexpression and STAT actions (Rady et al., 2018; Ferrari et al., 2022). It has been reported to decrease VEGF, BAX, NF-κB, mitogen-activated extracellular signal-regulated kinase (MEK), and CDKs in HSC-3 cell lines of oral carcinoma (Aggarwal et al., 2022). EGCG has also shown synergistic effects with curcumin and resveratrol (Rady et al., 2018; Ferrari et al., 2022).
Gingerol is a polyphenolic compound with diverse activities. Gingerol has been extracted from Zingiber officinale belonging to the family Zingiberaceae. Gingerol has been reported to increase the expression of APC, p53, and TUNEL-positive nuclei and, subsequently, decrease the expression of TNF-α, IL-1β, inducible nitric oxide synthase (iNOS), COX-2, and cyclin D1 in male BALB/c mice with colorectal cancer (Farombi et al., 2020). There is an increase in the activity of gingerol when administered with corn oil with synergism. Gingerol has been reported to reduce tumor growth to a significant extent by targeting VEGF-A and WNT-3A. Gingerol has been shown to reduce p53 and NF-κB expression.
Another phenolic compound in this class is CAPE. Caffeic acid phenethyl ester (CAPE) is a natural phenolic chemical compound and an ester of caffeic acid and phenethyl alcohol (Kabała-Dzik et al., 2018). CAPE has also shown a cancer-preventive role by targeting the NF-κB activation pathway and STAT expressions in male Wistar rats with liver cancer (Carrasco-Legleu et al., 2004). It has been reported to reduce gene expression, resulting in the reduced proliferation of liver cancer cells.
Chemical compounds known as organometallic compounds (OMCs) have at least one bond between a metallic element and an organic molecule’s carbon atom. They are promising therapeutic candidates for the treatment of cancer because of their structural variety, ligand exchange, redox, and catalytic characteristics. OMCs include, for example, allicin and broccoli. Allicin is a diallylthiosulfinate or a type of organosulfur compound obtained from bulbs of Allium sativum (garlic) belonging to the family Amaryllidaceae (Chen et al., 2018). These organosulfur compounds have been found to be active against VEGF and proliferation by reducing the NF-κB activity in A/J mice for treating colorectal cancer (Saraswati and Agrawal, 2013). Garlic has also been reported to reduce the levels of iNOS expression in colorectal cancerous cells (Mansingh et al., 2018).
Broccoli comes under the group of cabbages belonging to the family Brassicaceae. Broccoli has been used to control cholesterol and fibromyalgia and in the treatment of several types of cancers (Tokuşoğlu and Parvizi, 2018). Metallic components of broccoli are active against cell proliferation, decrease NF-κB, and reduce the tumor size in SUM149 and SUM159 cell lines of breast cancer. It has been reported to inhibit CDKs in breast cancer cell lines (Burnett et al., 2017). It has also shown synergistic effects with curcumin, caffeic acid, and sorafenib. A patent office search clarifies that a patent has been filed for broccoli and its constituents for the treatment of cancer, but there is no filed patent for its cancer-preventive action.
3.5 Others
Vitamin D is a type of fat-soluble steroid that is essential for the body for its various pharmacological applications. The kinetic form of vitamin D is calcitriol (Rinninella et al., 2022). This sub-type of vitamin D has been reported to activate the expression of cleaved caspase-3, Bax, and p-AMPK and inhibit the expressions of p-Bcl-2, c-Myc, p-IGF-IR, p-mTOR, p-P70S6K, and p-S6, which further leads to apoptosis of the cancerous cells in Hs695T for amelanotic melanoma (Aslam et al., 2021). It has also shown synergistic effects with vitamin A and metformin. A patent office search clarifies that a patent has been filed for the chemo-preventive potential of vitamin D3 in WIPO PCT with the application number WO2006039281A2. It has been reported to induce cell cycle arrest at the G1 phase, causing decreased cell proliferation.
Syzygium samarangense (SS) is a type of flowering plant belonging to the family Myrtaceae. This extract of Syzygium samarangense has been reported to activate apoptosis and arrest the cell cycle in HEP G2-C8 cell lines of liver cancer (Su Z. Y. et al., 2021). This drug has elevated the levels of Bcl-2 and p53 for inducing apoptotic activity (Scuto et al., 2021). p53 also causes the secretion of PUMA and increases the rate of the intrinsic pathway of apoptosis.
3.5.1 Toxicological impact of the chemo-preventive agents
Herbal cancer-preventive agents require their administration for a longer duration in minimum doses. So, it is important to consider their toxicological impact on the human body because these drugs interact with the signaling pathways of cells at the molecular level. Some herbal cancer-preventive agents may have toxicological effects on the body, particularly if taken in high doses or for prolonged periods of time. For example, some herbal agents, such as comfrey, may contain pyrrolizidine alkaloids that can cause liver damage and even cancer with long-term use. Their short mechanism of action in chemoprevention and reported toxicities are summarized in Table 2.
TABLE 2 | Crosstalk in mechanistic approaches of cancer-preventive agents with reported toxicology.
[image: A detailed table presenting cancer-preventive phytomolecules, their mechanisms of action in chemoprevention, reported toxicity on prolonged use, manifestations, and references. Entries include Vitamin D3, Sulforaphane, Curcumin, Silymarin, among others, with specific actions and effects like reducing oxidative stress, inhibiting tumor formation, and causing cardiotoxicity or gastrointestinal discomfort. Each entry also cites studies or articles for reference.]4 CONCLUSION
Cancer-prevention pathways involve a complex interplay of genetic, environmental, and lifestyle factors that can impact the development and progression of cancer. Although there is no sure-fire way to prevent cancer, there are many strategies that can be adopted to reduce the risk of developing the disease. Some of the most effective cancer-prevention strategies include maintaining a healthy diet and weight, getting regular exercise, avoiding tobacco and excessive alcohol consumption, and protecting oneself from harmful environmental exposures. The majority of the cancer-preventive phyto-analogs are included in a human’s daily diet in crude form, but there is a challenge in ensuring the minimum amount of required API to be taken for cancer-preventive actions. Additionally, regular cancer screening can help detect the disease at an early stage, when it is more treatable. Research has also identified several biological pathways and mechanisms that can impact cancer development and progression. These include oxidative stress, inflammation, DNA damage and repair, immune system function, and signaling pathways. Targeting these pathways with dietary products provides extraordinary evidence for preventing and targeting cancer in the future, as depicted in Figure 9. Numerous novel targets have been identified, including SOCS, STAT3, Nrf2, NF-B, cell cycle regulators cyclin D1, D2, and D3, INPs, and Wnt, which are expressed improperly in pre-cancer lesions. Worldwide, the scientific fraternity is involved in researching such newer drug candidates consistently for targeting these proteins at the molecular level to diminish the cancer progression and development further.
[image: Diagram illustrating pathways involved in cancer prevention and pathogenesis. The center features a capsule with anti-cancer agents like 6-gingerol. Surrounding sections depict pathways: Wnt/β-catenin, p53 alterations, CRP–STAT3, JAK-STAT, TNF-α/NF-κB, and apoptotic. Outer circle labeled "Preventing Cancer" and "Pathogenesis."]FIGURE 9 | Impact of phyto-analogs in preventing cancer pathogenesis.
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Background: Chemoresistance of cancer cells, resulting from various mechanisms, is a significant obstacle to the effectiveness of modern cancer therapies. Targeting fibroblast growth factors (FGFs) and their receptors (FGFRs) is becoming crucial, as their high activity significantly contributes to cancer development and progression by driving cell proliferation and activating signaling pathways that enhance drug resistance.Methods: We investigated the potential of honokiol and FGF ligand trap in blocking the FGF1/FGFR1 axis to counteract drug resistance. Using PEAQ-ITC, we verified direct interaction of honokiol with the FGFR1 kinase domain. We then demonstrated the effect of FGF1/FGFR1 inhibition on taltobulin resistance in cells expressing FGFR1. Finally, we generated drug-resistant clones by prolonged exposure of cells with negligible FGFR levels to taltobulin alone, taltobulin and honokiol, or taltobulin and FGF ligand trap.Results: We demonstrated for the first time a direct interaction of honokiol with the FGFR1 kinase domain, resulting in inhibition of downstream signaling pathways. We revealed that both honokiol and FGF ligand trap prevent FGF1-dependent protection against taltobulin in cancer cells expressing FGFR1. In addition, we showed that cells obtained by long-term exposure to taltobulin are resistant to both taltobulin and other microtubule-targeting drugs, and exhibit elevated levels of FGFR1 and cyclin D. We also found that the presence of FGF-ligand trap prevents the development of long-term resistance to taltobulin.Conclusion: Our results shed light on how blocking the FGF1/FGFR1 axis by honokiol and FGF ligand trap could help develop more effective cancer therapies, potentially preventing the emergence of drug-resistant relapses.Keywords: FGF1, FGFR1, drug resistance, honokiol, ligand trap, cancer, anti-cancer drugs, taltobulin

1 INTRODUCTION
An important challenge for contemporary oncology is the emergence of resistance to drugs used in current anticancer therapies (Lu et al., 2022). Mechanisms driving chemoresistance include inhibition of apoptosis, drug neutralization, increased drug efflux, enhancement of DNA repair mechanisms, and mutations affecting drug-binding sites (Housman et al., 2014). An increasingly important role in the development of drug resistance has been attributed to growth factors and their receptors (Dai et al., 2004). Their intensified activity has been linked to reduced sensitivity to certain anti-cancer drugs, through stimulation of various metabolic processes, proliferation and motility of cancer cells (Turner and Grose, 2010; Guo et al., 2018; Szymczyk et al., 2021). Our previous studies indicated that activation of fibroblast growth factor (FGF)-induced signaling leads to increased resistance to microtubule-targeted drugs such as taltobulin, paclitaxel and vincristine (Szymczyk et al., 2022; Szymczyk et al., 2023). Moreover, clinical studies by others have demonstrated that selective inhibition of FGF receptor (FGFR)-dependent signaling pathways with specific inhibitors or ligand traps not only significantly impedes tumor growth, but also holds promise for preventing drug resistance in clinical practice among patients (Javle et al., 2018; Morgensztern et al., 2019; van Brummelen et al., 2020; Katoh et al., 2024). In light of these findings, further investigation of potential inhibitory effects on FGF/FGFR signaling may provide alternative therapeutic strategies.
Honokiol (HNK), a biphenolic compound extracted from the bark and foliage of Magnoliaceae plant species, has historically been used in traditional Chinese medicine to treat gastrointestinal disorders, coughs and allergic diseases (Banik et al., 2019). Extensive in vitro and in vivo studies have consistently highlighted honokiol’s remarkable efficacy against diverse cancer types, including lung, breast, skin, pancreatic, liver and prostate cancers, by targeting pathologically related pathways, such as MAPK, AKT, mTOR, NF-κB and STAT3 (Crane et al., 2009; Arora et al., 2011; Arora et al., 2012; Rajendran et al., 2012; Tian et al., 2013). Notably, in breast and lung cancer cells, honokiol has shown promising potential in overcoming drug resistance (Wang et al., 2017; Zang et al., 2020). Previous studies have indicated the ability of honokiol to inhibit epidermal growth factor receptor (EGFR) signaling through its direct interaction with the kinase domain of EGFR (Leeman-Neill et al., 2010; Song et al., 2016; Zang et al., 2020). To our knowledge, only one study has reported an inhibitory effect of honokiol on the FGF2/FGFR1 axis, but it did not address the aspect of drug resistance (Cen et al., 2018). This prompted us to investigate the inhibitory effects of honokiol on signaling cascades involved in the FGF1/FGFR1 axis. An alternative approach to inhibit FGFR activation involves the use of FGF ligand traps designed to target their natural ligands, mainly canonical (mitogenic) FGFs, present in the extracellular environment of the tumor (Presta et al., 2017; Taranto et al., 2024). These traps can range in structure from low-molecular-weight derivatives, e.g., steroid-based (NSC12), to complete protein subunits, such as the extracellular domain of FGFR1 (FP-1039) (Tolcher et al., 2016; Taranto et al., 2024). Mimicking the natural structure of the receptor, the FGF ligand trap competes with the receptors on the cell surface for binding to the ligand, effectively blocking the activation of signaling cascades triggered by FGF proteins (Presta et al., 2017). This strategy is also being investigated in clinical trials, e.g., in the treatment of lung cancer in combination with paclitaxel (Morgensztern et al., 2019). Our study aimed to verify whether blocking FGF1/FGFR1 activity with honokiol or an FGF ligand trap is able to re-sensitize cancer cells to taltobulin and prevent the development of long-term drug resistance.
2 MATERIALS AND METHODS
2.1 Antibody and reagents
Primary antibodies including anti-FGFR1 (FGFR1) (#9740), anti-phospho-PLCγ1 (Tyr783) (p-PLCγ) (#14008), anti-phospho-AKT (Ser473) (p-AKT) (#9271), anti-phospho-p44/42 (Thr202/Tyr204) MAP kinase (p-ERK1/2) (#9101), and anti-Cyclin D1 (#2978) were from Cell Signaling Technology (Danvers, MA, United States); anti-phospho-FGFR (Tyr653/Tyr654) (p-FGFR) (#06-1433) and anti-γ-tubulin (γ-tubulin) (#T6557) were obtained from Sigma Aldrich (St Louis, MO, United States). Horseradish peroxidase-conjugated secondary anti-mouse and anti-rabbit antibodies were from Jackson Immuno-Research Laboratories (Cambridge, United Kingdom). Geneticin (G-418) was from BioShop (Puck, Poland) and Penicillin-Streptomycin Solution (Pen/Strep) was from Biowest (Nuaille, France). Fetal bovine serum (FBS) was from Thermo Fisher Scientific (Waltham, MA, United States). Heparin was from Sigma-Aldrich.
2.2 Anticancer drugs
Honokiol and paclitaxel were purchased from Sigma-Aldrich. Taltobulin (HTI-286) was from MedChem Express (Monmouth Junction, NJ, United States). Vincristine and BGJ 398, were from Selleckchem (Houston, TX, United States).
2.3 Plasmids
The pCDFDuet-1 plasmid containing genes for FGFR1_KD and PTP1B (phosphotyrosine phosphatase 1B) proteins was constructed based on previous work (Yosaatmadja et al., 2015) and obtained from Gene Universal (Newark, NJ, United States).
2.4 Recombinant proteins
Recombinant proteins: human FGF1 and FGF ligand trap (extracellular domain of FGFR1c fused with Fc region, ECD_FGFR1-Fc) were produced as previously described (Zakrzewska et al., 2004; Sokolowska-Wedzina et al., 2014). The FGFR1 kinase domain (FGFR1_KD) was expressed in E. coli BL21 (DE3) following established protocols (Yosaatmadja et al., 2015). PTP1B was co-expressed to facilitate complete dephosphorylation of FGFR1_KD, ensuring a homogeneous sample for subsequent analysis. Briefly, E. coli bacteria were transformed with the pCDFDuet-1 plasmid carrying FGFR1_KD and cultured in Terrific Broth medium supplemented with 50 mg/mL ampicillin at 37°C until the OD600 reached 1.0. Protein expression was induced by adding 1 mM IPTG, lowering the culture temperature to 18°C. After 18 h of culture, bacteria were harvested by centrifugation at 5,000 × g and resuspended in Ni buffer A (20 mM Tris-HCl, 10 mM imidazole, 300 mM NaCl, 2 mM TCEP with protease inhibitors (cOmplete EDTA-free protease inhibitor, Roche, Indianapolis, IN, United States), pH 7.8), and then centrifuged at 20,000 × g for 30 min at 4°C. Protein purification involved applying the supernatant to a 5 mL His-Trap column (GE Healthcare, Chicago, IL, United States) pre-equilibrated with Ni buffer A, followed by elution with a linear gradient of Ni buffer B (20 mM Tris-HCl, 500 mM imidazole, 300 mM NaCl, 2 mM TCEP, pH 7.8). Protein-containing fractions were pooled and desalted using a HiTrap desalting column (GE Healthcare) into Tris buffer (20 mM Tris-HCl, 150 mM NaCl, 2 mM TCEP, pH 7.4). Protein purity was confirmed by SDS-PAGE.
2.5 Cell lines
The U2OS (human osteosarcoma) and DMS114 (human small cell lung cancer) cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States). The U2OS cells stably transfected with pcDNA3.1 vector encoding full-length FGFR1c (U2OSR1) were generated as previously described (Poźniak et al., 2021). For U2OS cells, culture conditions included DMEM (Biowest) supplemented with FBS and antibiotics (Pen/Strep). For U2OSR1 cells, the addition of 1 mg/mL geneticin was used. DMS114 cells were maintained in Waymouth’s MB 752/1 medium (ATCC) supplemented with 10% FBS and antibiotics (Pen/Strep). All cell lines were incubated at 37°C in an atmosphere of 5% CO2.
2.6 Analysis of signaling pathways
To assess the effect of honokiol on FGFR1 and its downstream signaling pathways, U2OSR1 cells were incubated for 6 h without serum and then were treated with 30 µM honokiol or its solvent, 0.1% DMSO, as a control for 10 min before FGF1 stimulation. Next, cells were treated with 10 ng/mL of FGF1 in the presence of heparin for the specified time (0, 5, 15, 60 min). The cells were then lysed with sample buffer and sonicated, followed by SDS-PAGE and Western blotting using specific primary antibodies recognizing the phosphorylated forms of the signaling proteins. Membranes were incubated with HRP-conjugated secondary antibodies and protein bands were visualized using a chemiluminescent substrate on ChemiDoc station (BioRad, Hercules, CA, United States).
2.7 Isothermal microcalorimetry
Interactions between honokiol and the FGFR1 kinase domain (FGFR1_KD) were measured by isothermal microcalorimetry (Malwern PEAQ-ITC) in buffer containing 20 mM Tris-HCl, 150 mM NaCl, 2 mM TCEP, 0.1% DMSO, pH 7.4. After stabilizing the device at 25°C, 40 µL of a honokiol (0.5 mM) was used to titrate 200 µL of a protein (23 µM). Each titration consisted of 19 consecutive injections with a 150 s interval between each aliquot and a stirring speed of 750 rpm. The heat of a dilution from the corresponding control titration was subtracted before data fitting. The initial injection of 0.4 µL was removed from each data set to eliminate the effect of titrant diffusion through the syringe tip during the equilibration process. Data were processed using MicroCal PEAQ-ITC Analysis Software.
2.8 Cell viability assay
Cancer cells were cultured in the appropriate medium in 96-well plates (at the specified densities: 1 × 104 cells/well for U2OS and U2OSR1 and 4 × 104 for DMS114) and treated with various substances such as 30 µM honokiol, 10 μg/mL ECD_FGFR1-Fc (FGF ligand trap), 1 µM BGJ 398 (FGFR inhibitor), 5 nM taltobulin, 20 nM paclitaxel or 10 nM vincristine (tubulin disrupting drugs) in the presence or absence of 10 ng/mL FGF1 and with heparin (10 U/mL). 0.1% DMSO was used as a control for each drug. After a 48-h incubation at 37°C, the cell viability was determined using PrestoBlue Cell Viability Reagent (Thermo Fisher Scientific). The fluorescence emitted by the reduced form of the dye was quantified at 590 nm after excitation at 560 nm, using a Tecan Infinite M1000 PRO plate reader. Results were normalized to untreated cells or to cells treated with inhibitors alone.
2.9 Development of drug-resistant cancer cell lines
Drug-resistant cancer cell lines were derived from U2OS cells maintained in DMEM medium supplemented with 10% FBS, Pen/Strep, and exposed to 5 nM taltobulin alone (U2OS_TR), or 5 nM taltobulin and 30 μM honokiol (U2OS_TR_HNK), or 5 nM taltobulin and 10 μg/mL FGF ligand trap (U2OS_TR_LT) over 4 cycles, each lasting 1 week. During each cycle, cells were subjected to a 4-day drug exposure followed by a 3-day drug-free interval. Cells that survived the extended drug exposure were isolated and cultured for an additional period of approximately 30 days without drugs to promote cell proliferation.
2.10 Bright-field microscopy
U2OS, U2OS_TR, U2OS_TR_HNK and U2OS_TR_LT cells were plated at a density of 1 × 104 cells/well in DMEM with 10% FBS and Pen/Strep. Cells were then washed with PBS and fixed by adding 4% paraformaldehyde (PFA) for 15 min at room temperature. Bright-field microscopy was performed using a Zeiss Axio Observer Z1 microscope (Zeiss, Oberkochen, Germany) with an A-Plan Objective 10x/0.25 M27 objective and an Axiocam 503 camera. Image analysis was performed using ZEN 2.3 software (Zeiss).
2.11 Cell migration assay
Cell migration was analyzed using the IncuCyte® Cell Migration and Invasion System (Essen BioScience, Royston, United Kingdom). Parental U2OS cells and their derived cell lines (U2OS_TR, U2OS_TR_HNK, and U2OS_TR_LT) were seeded into a 96-well IncuCyte® ImageLock plate at a density of 4.5 × 104 cells/well, in DMEM with 10% FBS and Pen/Strep and scratched with IncuCyte® WoundMaker. Cells were then treated with 5 nM TLT. 0.1% DMSO was used as a control for taltobulin. Wound density was monitored over 30 h, with images automatically acquired every 2 h using an IncuCyte® ZOOM 10× objective, and then analyzed within the wound area using the IncuCyte® ZOOM GUI Version: 2018A Software package. Relative wound density was measured after 20 h of drug treatment.
2.12 Statistical analysis
Statistical analysis was performed using an unpaired two-tailed t-test with GraphPad Prism 5 software (GraphPad Software, CA, United States) to determine whether there was a significant difference between the means of two independent groups. Data are expressed as the means ± standard deviation (SD) or ± standard error of the mean (SEM) obtained from at least three independent experiments, each consisting of three replicates. The SD was used to illustrate variability within a single cell line when different doses of inhibitors were used, while the SEM was used to show differences between different cell lines in response to the drugs. The significance of the results was categorized using the following notations: * for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001. Results that did not reach statistical significance, with a p-value greater than 0.05, were marked as “ns” (not significant).
3 RESULTS
3.1 Honokiol inhibits FGF-induced cell signaling through direct interaction with the kinase domain of FGFR1
Here, we examined the effect of honokiol on FGFR1 activity, building on previous work demonstrating its role in EGFR inhibition (Song et al., 2016). Initially, we verified FGFR1 phosphorylation and signaling pathway activation in FGF1-stimulated U2OS cells overexpressing FGFR1 (U2OSR1) in the presence of honokiol. Cells incubated for 6 h without serum to eliminate external activating factors were treated with 30 µM honokiol for 10 min before 15-min FGF1 stimulation in the presence of heparin. The concentration of honokiol was chosen based on previous studies (Pan et al., 2017; Pearson et al., 2018), but also to achieve both complete inhibition of FGFR1-dependent cell signaling and a cytotoxic effect on U2OSR1. In cells treated with FGF1 alone, a strong signal of activated FGFR and downstream signaling manifested by phosphorylation of AKT and ERKs was observed. However, in cells treated with honokiol, FGF1 did not induce activation of either FGFR or AKT and ERKs (Figure 1A).
[image: Panel A shows a Western blot analysis displaying various protein bands for p-FGFR, p-AKT, p-ERK1/2, and γ-tubulin with and without HNK and FGF1. Panel B presents a time-course Western blot showing p-FGFR, p-PLCγ, p-AKT, and p-ERK1/2 levels at different time points with FGF1 alone and HNK plus FGF1. Panel C features two graphs: the top graph illustrates differential power over time, while the bottom graph depicts ΔH against molar ratio, showcasing a binding interaction curve.]FIGURE 1 | Effect of honokiol on inhibition of FGFR-dependent signaling through direct interaction with the FGF receptor 1 kinase domain (FGFR1_KD). (A, B) Western blotting analysis demonstrating inhibition of FGFR1 activation and downstream cell signaling. U2OSR1 cells were serum-starved for 6 h, then treated with 30 µM honokiol for 15 min, and finally stimulated with 10 ng/mL FGF1 for 15 min (A) or 5, 15, and 60 min (B). Cells were then lysed using sample buffer and sonicated, followed by SDS-PAGE and Western blotting. Levels of phosphorylated signaling proteins, FGFR, AKT, ERK1/2, and PLCγ were analyzed using specific antibodies. Anti-γ-tubulin antibodies or Coomassie Brilliant Blue (CBB) protein staining were used as loading controls. (C) Binding between the FGFR1_KD and honokiol measured by PEAQ-ITC. 0.5 mM honokiol was used to titrate 23 µM FGFR1_KD. Each titration consisted of 19 consecutive injections with an interval of 150 s between each aliquot and a stirring speed of 750 rpm. Data were processed using MicroCal PEAQ-ITC Analysis Software, allowing calculation of binding parameters: Kd = 127 ± 64.1 nM, N = 0.474 ± 0.018 (ratio 2:1).
Moreover, our study of the kinetics of signaling activation at 5, 15, and 60 min after FGF1 stimulation showed consistent, long-term prevention by honokiol of FGFR-dependent signaling activation involving ERKs, AKT and PLCγ (Figure 1B).
Based on these observations, and taking into account honokiol’s interaction with the EGFR kinase domain, we verified the possibility of its direct interaction with the FGFR1 tyrosine kinase. Using micro-ITC measurements, we detected rapid, strong binding with strength in the nanomolar range (Kd = 127 ± 64.1 nM) in a 2:1 ratio (FGFR1_KD to HNK) (Figure 1C). It should be noted, however, that such a strong affinity may suggest that the binding parameters are not precisely determined due to the limitations of the ITC technique (Turnbull and Daranas, 2003). Nevertheless, it is clear that this interaction is enthalpy-driven, and the unfavorable entropy contribution is much lower (Supplementary Figure S1).
3.2 Honokiol prevents protective effects of FGF1 in taltobulin-treated cells expressing FGFR1
Our previous studies have unequivocally shown that FGF1 protects U2OSR1 cells, DMS114 cells and MCF7 cells against the effects of cytotoxic drugs such as taltobulin (Szymczyk et al., 2022; Szymczyk et al., 2023). Therefore, having confirmed the inhibitory effect of honokiol on FGFR1 activity, we focused on determining whether honokiol could attenuate or abolish the protective activity of FGF1 in cancer cells exposed to taltobulin. To this end, U2OSR1 cells were treated with the drug and FGF1 in the absence or presence of honokiol (at concentrations of 15 μM and 30 µM) for 48 h, and then their viability was assessed. These two concentrations of honokiol, 15 µM and 30 μM, were chosen to verify which concentration more effectively inhibits FGF1-dependent protection against taltobulin in both tested cell lines. In subsequent experiments, a higher concentration of 30 µM was used, due to the fact that in DMS114 cells the effect was statistically significant only for 30 µM. As expected, in cells untreated with honokiol, FGF1 stimulation results in decreased cell sensitivity to taltobulin, but in the presence of honokiol, the protective effect of FGF1 was abolished (Figure 2A). A similar effect was observed in DMS114 lung cancer cells, also overproducing FGFR1 (Supplementary Figure S2).
[image: Diagram comparing cell viability under different conditions with 5 nanomolar Taltobulin treatment. Panel A shows that Honokiol at 15 and 30 micromolar does not significantly change cell viability compared to DMSO. Panel B illustrates that neither the Ligand Trap nor BGJ 398 significantly alter viability. The presence of FGF1 is indicated, and statistical significance is marked as ns (not significant) or ** (p<0.01). FGFR1 structure is illustrated in both panels.]FIGURE 2 | Effect of honokiol and ligand trap on the FGF1-induced protection against taltobulin via FGFR1 inhibition. (A) Effect of honokiol (15 μM or 30 μM) on the viability of U2OSR1 cells treated with 5 nM taltobulin for 48 h in the presence or absence of 10 ng/mL FGF1 and 10 U/mL heparin. (B) Effect of 10 μg/mL FGF ligand trap (ECD_FGFR1-Fc) on the viability of U2OSR1 cells treated with 5 nM taltobulin for 48 h in the presence or absence of 10 ng/mL FGF1 and 10 U/mL heparin. 1 μM BGJ 398, a potent FGFR tyrosine kinase inhibitor, was used as a control. Cell viability was assessed using the PrestoBlue assay. All data were normalized to untreated cells. Statistical analysis was performed using an unpaired two-tailed t-test with GraphPad Prism 5. Data are shown as means ± SD from three independent experiments (n = 3) with three replicates each. Statistical significance was defined as: **p ≤ 0.01, no significant differences (p > 0.05) indicated as “ns”.
In addition, we investigated to what extent the inhibitory effect on FGFR1 activation observed with honokiol is comparable to that of FGF ligand trap. We used the recombinant extracellular domain of FGFR1 fused to an Fc (Ligand Trap) fragment to eliminate the effect of FGF1 on surface FGF receptors through its competitive binding (Harding et al., 2013). As a control, we used a well-known FGFR inhibitor, BGJ 398, which is currently in clinical trials (Javle et al., 2018; Lassman et al., 2022). In both cases, the protective effect of FGF1 was abolished in U2OSR1 cells (Figure 2B).
3.3 FGF ligand trap prevents long-term resistance to taltobulin
Next, we wanted to test whether inhibition of FGFR1 activity by honokiol and FGF ligand trap in cancer cells with low levels of FGF receptors could reverse the acquisition of long-term multidrug resistance. To achieve this, we selected human osteosarcoma cells (U2OS) characterized by minimal FGFR levels (Świderska et al., 2018). Parental U2OS cells were treated with taltobulin (5 nM) alone or in combination with 30 μM honokiol or 10 μg/mL FGF ligand trap (similar to previous studies (Blackwell et al., 2016)) for 4 weeks. This was followed by a four-week period of recovery of these cells (Figure 3A).
[image: Diagram showing experimental setups for U2OS cells treated with different conditions over seven cycles, alongside graphs and images analyzing cell viability, colony formation, and protein expression. Panel A outlines treatment phases, including control, Talbotubulin, Talbotubulin with HNK, and Talbotubulin with ligand trap. Panel B displays microscopy images of treated cells. Panels C and D present bar graphs showing cell viability under different conditions. Panel E provides Western blot results for protein markers FGFR1, Cyclin D, and γ-tubulin.]FIGURE 3 | Effect of honokiol and ligand trap on the development of drug resistance in U2OS cells long-term treated with taltobulin. (A) Schematic illustrating the process of obtaining taltobulin-resistant cells. U2OS cells were treated with taltobulin alone or in the presence of honokiol (HNK) or a ligand trap (LT) for 4 weeks in weekly cycles: 4 days with 5 nM taltobulin (drug exposure phase) and 3 days without the drug (cellular regeneration phase). After 4 cycles, cells were then cultured for about 30 days to promote the growth of cells remaining after drug exposure. (B) Images of parental U2OS cells and their derived cell lines (U2OS_TR, U2OS_TR_HNK, and U2OS_TR_LT) after the drug exposure phase and cellular regeneration phase captured using bright-field microscopy at ×10 magnification. (C) Evaluation of long-term exposure of U2OS cells to taltobulin on the development of chemoresistance. Parental U2OS cells and derived U2OS_TR, U2OS_TR_HNK and U2OS_TR_LT were treated with 5 nM taltobulin for 48 h, and then their viability was assessed using the PrestoBlue assay. Data were normalized to untreated cells. (D) Effect of taltobulin on the migratory capacity of tested taltobulin-resistant cell lines. U2OS cells and their derivatives were seeded onto ImageLock 96 well plates and scratched with IncuCyte® WoundMaker. The cells were then treated with 5 nM taltobulin. The rate of scratch closure was monitored for 30 h using the IncuCyte® Cell Migration and Invasion System (data cut-off: 20 h). Relative wound density was normalized by taking into account both the density of cells in the wound area and the width of the wound. Data are presented as a percentage representing the wound area occupied by migrating cells over time. Statistical analysis was performed using an unpaired two-tailed t-test with GraphPad Prism 5. All data are presented as means ± SEM from three independent experiments (n = 3) with three replicates each. Statistical significance was defined as: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, no significant differences (p > 0.05) indicated as “ns”. In addition, exact p-values ranging from 0.04–0.08 are given. (E) Western blot analysis of FGFR1 and cyclin D levels in taltobulin-resistant U2OS cell lines. Cells were lysed using sample buffer and sonicated, followed by SDS-PAGE and Western blotting. Levels of proteins, FGFR1 and Cyclin D were analyzed using specific antibodies. Anti-γ-tubulin antibody was used as a loading control.
Our preliminary observations revealed morphological changes in cells treated with taltobulin alone or with taltobulin and honokiol, i.e., a transition from oval to elongated cells, which was not observed in cells treated with taltobulin in combination with the ligand trap (Figure 3B). The U2OS_TR (U2OS cultured in the presence of taltobulin), U2OS_TR_HNK (U2OS cultured in the presence of taltobulin and honokiol) and U2OS_TR_LT (U2OS cultured in the presence of taltobulin and ligand trap) lines were then evaluated for acquired resistance to taltobulin. The cells were treated with 5 nM taltobulin for 48 h, after which their viability was examined and compared to parental U2OS cells (Figure 3C). We found that U2OS_TR cells exhibited 35.2% (±2.8%) lower sensitivity to taltobulin relative to U2OS cells. Similarly, U2OS_TR_HNK cells showed a 39% (±6.5%) decrease in sensitivity, indicating that the presence of honokiol did not prevent the development of taltobulin resistance. It is worth noting that U2OS_TR_LT cells showed taltobulin sensitivity comparable to the parental cells (24% ± 3.4% for U2OS vs. 33% ± 3.8% for U2OS_TR_LT). Thus, our results indicate that FGF ligand trap, unlike honokiol, can prevent the acquisition of long-term resistance when administered concomitantly with the drug in cells with low level of FGFRs.
We then wanted to investigate whether U2OS_TR cells had developed resistance to other drugs with similar mechanisms of action, and whether the ligand trap could prevent this resistance. Cells were treated with 20 nM paclitaxel or 10 nM vincristine for 48 h (Szymczyk et al., 2022), and then their viability was assessed (Supplementary Figure S3). U2OS_TR cells developed resistance to both alternative drugs, showing reduced sensitivity to their toxicity compared to parental cells.
The development of drug resistance observed in cancer cells can be caused by various factors. One of them is epithelial-mesenchymal transition (EMT) during which cells often change their morphology from round to elongated (Singh et al., 2018), which we observed in U2OS_TR and U2OS_TR_HNK cells, while we did not observe this in U2OS_TR_LT cells, which did not develop resistance to taltobulin. We then examined the ability of these cells to migrate in the presence of the drug, assessing their ability to invade the wound. Cells cultured under optimal conditions were scratched using IncuCyte® WoundMaker, and then their medium was exchanged for one containing 5 nM taltobulin. Cells were observed for 30 h, and wound closure images were taken every 2 h. The most significant differences were observed after 20 h (Figure 3D). Parental U2OS cells exhibited a significantly slower rate of wound closure in the presence of taltobulin. For U2OS_TR cells treated with the drug, the rate of wound closure rate was similar to untreated cells. The results confirm that U2OS_TR cells are less sensitive to taltobulin than U2OS cells, and that re-exposure to taltobulin no longer affects the migration of these cells. As in the previous experiment, U2OS_TR_LT cells were sensitive to taltobulin, i.e., the rate of wound closure was the same as that of the parental cells, confirming that the ligand trap prevented the acquisition of resistance to this drug. An interesting effect was observed in U2OS_TR_HNK cells, in which the rate of wound closure when treated with taltobulin was slower than in its absence, but still higher than in the case of parental cells. This result, different from the effects observed in viability analyses, raises questions about the effect of honokiol on the development of long-term resistance in U2OS cells.
Finally, we also evaluated the levels of FGFR1 and cyclin D in parental U2OS cells and all generated drug-resistant cell lines (Figure 3E). Interestingly, taltobulin exposure caused a significant increase in FGFR1 expression in the U2OS_TR line compared to the parental U2OS cell line, where FGFR1 levels were very low. U2OS_TR_HNK cells also showed increased levels of FGFR1, albeit lower than in U2OS_TR cells. Importantly, U2OS_TR_LT cells that had not acquired taltobulin resistance did not show increased FGFR1 expression. Another noteworthy phenomenon was the appearance of high levels of cyclin D in drug-resistant cells (U2OS_TR and U2OS_TR_HNK), the amount of which was below detection levels in parental cells. In cells cultured with ligand trap (U2OS_TR_LT) without acquired drug-resistance, cyclin D levels were very low.
4 DISCUSSION
Understanding the mechanism of action of growth factors and their receptors appears to be crucial in designing effective anti-cancer therapies. In recent years, more and more attention has been paid to FGF and FGFR proteins in the context of their role in the emergence of drug resistance and the possibility of developing more effective targeted therapies (Turner and Grose, 2010; Szymczyk et al., 2021; Ornitz and Itoh, 2022; Katoh et al., 2024). Since others have suggested an effect of honokiol on EGFR kinase activity (Leeman-Neill et al., 2010; Cen et al., 2018), in this study we set out to investigate how honokiol affects FGFR-dependent signaling and the development of drug resistance in cells expressing FGFR1. Our goal was to validate its potential for use as a new therapeutic strategy or as an adjunct to existing therapies. In addition, we used an FGF ligand trap based on the extracellular domain of FGFR1 fused to an Fc fragment to compare its efficacy to that of honokiol in combating drug resistance.
We observed blocking of FGFR1 and downstream signaling proteins phosphorylation in honokiol-treated U2OSR1 cells. These findings suggest that honokiol has an inhibitory effect on the activation of FGFR-dependent pathways, similar to EGFR. To test whether this action is due to direct interaction of honokiol with FGFR1, we produced a recombinant kinase domain in the E. coli system and used it to analyze honokiol binding by applying the ITC technique.
We showed that honokiol binds to FGFR1 kinase and blocks downstream signaling, acting in a similar manner to well-established FGFR inhibitors (e.g., BGJ 398) (Guagnano et al., 2011). In the next step, we investigated whether honokiol could attenuate or nullify the protective effects of FGF1 on FGFR1-expressing cancer cells treated with the drug targeting tubulin polymerization, taltobulin. We demonstrated that honokiol effectively abrogated the protective effect of FGF1 in both U2OSR1 and DMS114 cells, increasing their sensitivity to the cytotoxic properties of taltobulin. A similar response was observed with the low-molecular-weight inhibitor BGJ 398, which, when added to a paclitaxel/carboplatin regimen, increased the cytotoxic effect of these drugs in ovarian cancer cells (Cha et al., 2017). To our knowledge, FGF ligand trap activity has not yet been directly linked to overcoming FGFR-dependent drug resistance. However, a novel FGF ligand trap, NSC12, has shown suppressive effect on bortezomib-resistant multiple myeloma cells (Taranto et al., 2024). Both FGF ligand traps and the FGFR inhibitors are currently undergoing clinical trials for their efficacy in anticancer therapies (Javle et al., 2018; Morgensztern et al., 2019; van Brummelen et al., 2020). These results point to the potential therapeutic benefits of the ligand trap (extracellular domain of FGFR1c) and honokiol in counteracting drug resistance, particularly in scenarios where FGF1-mediated protection is involved.
In our study, we also derived several taltobulin-resistant U2OS cell lines following long-term exposure to the drug alone or in combination with honokiol or FGF ligand trap. The generated U2OS_TR line (obtained by treatment with taltobulin alone) exhibited reduced sensitivity to re-exposure to taltobulin as well as other drugs with a similar mechanism of action, such as paclitaxel and vincristine. Furthermore, U2OS_TR cells have demonstrated increased migration in the presence of taltobulin compared to parental cells. Interestingly, we also found that U2OS_TR cells had increased expression of FGFR1 and cyclin D, while the levels of these proteins in the parental cells were very low (Alao et al., 2006; Świderska et al., 2018). Both proteins are associated with the phenomenon of epithelial-mesenchymal transition (EMT), which is also associated with drug resistance of cancer cells (Kurimoto et al., 2016; Shee et al., 2018). This indicates that long-term exposure to a microtubule-targeting drug significantly increases FGFR1 expression levels, which appears to be crucial for cell survival. The presence of a ligand trap in the process of long-term exposure to taltobulin led to obtaining of a cell line that was not resistant to taltobulin after the regeneration phase (30 days).
Undoubtedly, honokiol prevents the development of drug resistance induced by FGF1 in cells overexpressing FGFR1. Nevertheless, its effect on inhibiting long-term drug resistance in U2OS cells is unclear. The U2OS cells treated with taltobulin in the presence of honokiol (U2OS_TR_HNK) still manifested lower sensitivity to taltobulin in the proliferation assay compared to the parental cell, as did resistant clones (U2OS_TR). However, the migration pattern in the presence of the drug differed between U2OS_TR and U2OS_TR_HNK cells. This may be due to several factors, such as the rapid degradation of honokiol in the medium, as a result of which the activity of FGFR1, expressed at significantly increased levels in response to taltobulin, is not continuously inhibited. In contrast, the increased effectiveness of a stable ligand trap in counteracting resistance may be due to blocking FGF proteins present in the medium, and therefore blocking FGFR1 expression, at a higher level of effectiveness.
Despite the promising results, further studies are needed to gain a deeper understanding of the mechanisms involved in the process of counteracting resistance by honokiol and the trap ligand. It is essential to investigate the properties and stability of honokiol in order to assess its potential as an adjunctive therapy for cancer treatment. In vivo studies using mouse models or 3D cultures should be conducted to confirm the efficacy of honokiol and the ligand trap in systems more analogous to human physiology.
5 CONCLUSION
Our study emphasizes the potential of honokiol treatment as an effective supporting therapy for overcoming drug resistance in cancer treatment. By targeting FGFR1 kinase, honokiol appears to be a promising compound for enhancing the efficacy of anti-cancer drugs. However, its ability to prevent the development of long-term drug resistance in cells with low levels of FGFR expression remains questionable, emphasizing the complex interactions between honokiol, FGF signaling and resistance mechanisms. Nevertheless, we believe that our results, demonstrating the effects of honokiol and FGF ligand trap, provide a basis for further research and clinical trials on new alternative strategies to combat drug resistance.
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Uveal melanoma (UM) is the most common primary intraocular tumour in adults. Local resection, radiation therapy, and enucleation are the current first-line, primary UM treatments. However, regardless of the treatment received, around 50% of UM patients will develop metastatic disease within five to 7 years. In the largest published series of unselected patients with metastatic UM (mUM), the median survival time after diagnosis of metastasis was 3.6 months, with less than 1% of patients surviving beyond 5 years. Approved drugs for treatment of mUM include systemic treatment with tebentafusp-tebn or isolated hepatic perfusion (IHP) with melphalan. However, these drugs are only available to a subset of patients and improve survival by only a few months, highlighting the urgent need for new mUM treatments. Accurately predicting which patients are at high risk for metastases is also crucial. Researchers are developing gene expression signatures in primary UM to create reliable prognostic models aimed at improving patient follow-up and treatment strategies. In this review we discuss the evidence supporting ferroptosis, a non-apoptotic form of cell death, as a potential novel treatment target and prognosticator for UM.
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1 INTRODUCTION
Uveal melanoma (UM) is the most common primary intraocular tumour in adults (Jager et al., 2020). The incidence of UM varies globally: Northern Europe, Western Europe, and Oceania have the highest incidence (>8 per million per year), followed by North America, Eastern Europe, and Southern Europe (2-7.9 per million per year), with South America, Asia and Africa having the lowest incidence (<2 per million per year) (Gelmi and Jager, 2024; Singh et al., 2011; Virgili et al., 2007; Wu et al., 2023). UM arises from melanocytes in the uvea, consisting of the pigment tissues of the iris (4% of cases), the ciliary body (6% of cases), and the choroid (90% of cases) (Shields et al., 2009). Risk factors for UM include older age, fair skin, light eyes, inability to tan, ocular or oculodermal melanocytosis, cutaneous, iris or choroidal nevi and BRCA-1 associated protein 1 (BAP1) mutations (Jager et al., 2020). Men have a higher age-adjusted UM incidence (5.8 per million) compared to women (4.4 per million) (Singh et al., 2011; Jager et al., 2020). When present, UM symptoms include blurred or distorted vision, visual field loss, and photopsia (Damato and Damato, 2012). Clinical diagnosis of UM is typically conducted using indirect ophthalmoscopy and eye slit lamp biomicroscopy (Jager et al., 2020). Here, we discuss current strategies for the clinical management of UM (Figure 1A), and explore ferroptosis as a promising candidate for UM treatment and prognostication (Figure 1B; Table 1).
[image: Diagram detailing uveal melanoma clinical management. Panel A shows primary uveal melanoma treatments: radiotherapy, brachytherapy, local resection, and enucleation. It highlights the hematogenous spread of UM cells, with 50% metastasizing primarily to the liver. Prognosticators include histopathological, genetic, and epigenetic factors. Panel B, titled "Ferroptosis," illustrates a cellular process with potential therapeutic targets for UM, showing pathways and proposed drugs. It emphasizes ferroptosis's role as a promising treatment avenue, with references to in vitro, ex vivo, and in vivo studies, alongside a sketch of a figure with liver involvement.]FIGURE 1 | Current clinical management of uveal melanoma and evidence on ferroptosis as a potential treatment and prognosticator for the disease. (A) Uveal melanoma (UM) is the most common intraocular malignancy in adults, originating from melanocytes in the uveal tract (choroid, ciliary body, iris). The primary disease is typically treated with radiotherapy, which uses high-energy x-rays or a beam of high energy protons (proton beam therapy) to kill cancer cells; brachytherapy, where a plaque with radioactive sources is surgically implanted on the sclera overlying the tumor; local resection, an alternative eye-salvaging approach to the more utilized irradiation techniques; or enucleation, in which the eye is removed if the tumor is too large for vision-sparing treatments. Despite these treatments, hematogenous spread of UM cells leads to metastasis in up to half of all patients, usually within a median time of approximately 3 years. Nearly 90% of metastases occur in the liver. Histopathological features and DNA/RNA-based tests (e.g., chromosome 3 status, gene expression analysis) can predict progression to metastatic disease. However, these assays often require biopsies in patients not undergoing enucleation. Biopsies are highly invasive, carry a risk of vision-threatening complications, and are limited by sampling variability. Therapeutic options for metastatic UM are limited and include immunotherapy and liver-directed therapies. Only two FDA-approved treatments, tebentafusp-tebn and melphalan/Hepatic Delivery System (HDS), are available for metastatic UM, and these only moderately prolong survival (Jager et al., 2020; Nathan et al., 2021; Zager et al., 2022). Tebentafusp, which is administered intravenously, is a bispecific fusion protein with two key components: one binds specifically to the gp100 antigen on UM cells, while the second attaches to cluster of differentiation 3 (CD3), a receptor on T cells. This connection activates the T cells, redirecting them to attack the tumor cells. gp100: glycoprotein 100; HLA-A: human leucocyte antigen-A; TCR: T cell receptor. The melphalan/HDS is a chemotherapy drug/device combination used for liver-directed treatment of mUM patients (Zager et al., 2022). (B) Ferroptosis has emerged as a new player in anticancer therapies. Three main pathways regulate the process of ferroptosis: the canonical GPX4-regulated pathway, the lipid metabolism pathway and the iron metabolism pathway. Key components include system Xc−: cystine/glutamate antiporter; GSH: glutathione; GPX4: glutathione peroxidase 4; GS-SG: glutathione disulfide; GR: glutathione reductase; NADPH: nicotinamide adenine dinucleotide phosphate; PUFA: polyunsaturated fatty acid; ACSL4: acyl-CoA synthetase long chain family member 4; CoA: coenzyme A; LPCAT3: lysophosphatidylcholine acyltransferase 3; PL: phospholipid; LOX: lipoxygenases; POR: cytochrome P450 oxidoreductase; PL-PUFA-OOH: PUFA-containing-phospholipid hydroperoxides; PL-PUFA-OH: PUFA-containing-phospholipid alcohols; ROS: reactive oxygen species; Fe3+: ferric ion; Fe2+: ferrous ion; H2O2: hydrogen peroxide; HO-1: heme oxygenase (Zhang C. et al., 2022). Studies have demonstrated the potential of ferroptosis as a therapeutic target in UM through various treatments in vitro (Erastin, RSL3, RG3039, 1,4-dihydroxy quininib, Fep Nps, Erdafitinib, NMQDs-Ti3C2Tx, UNC 1999); ex vivo (1,4-dihydroxy quininib); and in vivo (RG3039, Fep Nps, Erdafitinib, NMQDs-Ti3C2Tx in mouse UM models; Erastin and RSL3 in zebrafish UM models). Ferroptosis-related signatures including GPX4, SCL7A11, SLC3A2, HMOX1, GCLM, CTH, NQO1, ACSL3, IREB2, POR, AIFM2, STEAP3, MAP1LC3C, ITGA6, CD44, ALOX12, ABCC1, CHAC1, GSS, AC104129.1, AC136475.3, LINC00963, PPP1R14B.AS1, and ZNF667.AS1 appear to be good candidate to predict disease progression and response to therapies (Dörschmann et al., 2021; Groenewoud et al., 2023; Hou et al., 2022; Jin et al., 2023; Tonelotto et al., 2024; Wang et al., 2024; Zhang H. et al., 2022; Zhu et al., 2024). Created with BioRender.com. Subscription: Institution (University College Dublin).
TABLE 1 | List of the in vitro, ex vivo and in vivo studies conducted on ferroptosis in uveal melanoma.
[image: A detailed table compares various drugs and their roles in inducing ferroptosis, along with testing methods, results, and references. Each row contains information on a specific drug, its action mechanism, testing environments (in vitro, ex vivo, or in vivo), outcomes related to cancer cell death or tumor suppression, and academic references linked to the studies.]1.1 Uveal melanoma clinical management
Local resection, radiation therapy (including plaque radiotherapy and proton beam therapy), and enucleation are the current treatments for primary UM (Yang et al., 2018). However, regardless of the treatment received, many patients develop metastatic UM (mUM) within 5 to 7 years (Awh and Wilson, 2020). The median survival time after diagnosis of metastasis in the largest published series of unselected patients with mUM was 3.6 months, with less than 1% of patients surviving after 5 years (Diener-West et al., 2005). This poor prognosis significantly impacts the quality of life and mental wellbeing of UM patients. UM patients with unfavourable prognoses, as determined by cytogenetic testing, show increased depression and anxiety, compared to patients with favourable prognoses (Rabsahl et al., 2023). Furthermore, UM patients with metastases have been reported to have elevated anxiety and depression compared to those without metastases (Rabsahl et al., 2023).
Common sites of metastasis include the liver, lung, bone, skin, subcutaneous tissue and the lymph nodes (Diener-West et al., 2005). In 2022, tebentafusp-tebn (KIMMTRAKR) was approved by the Food and Drug Administration (FDA) and the European Medicines Agency (EMA), as the first disease-specific treatment for mUM, but tebentafusp-tebn is restricted to HLA-A*0201 haplotypes, representing 50% of patients with European ancestry (Hurley et al., 2020; Chen and Carvajal, 2022; Nathan et al., 2021). In August 2023, the FDA approved HEPZATO KIT (melphalan for injection via the hepatic delivery system) for mUM. To be eligible for melphalan patients must have unresectable metastases in less than half of the liver and extrahepatic disease limited to the bone, lymph nodes, subcutaneous tissues or lung that is amenable to resection or radiation (Zager et al., 2022). This criterion may leave patients with advanced metastatic disease unable to receive melphalan. Recently, the combination of crizotinib and darovasertib showed promising results in clinical trials; however, the combination has yet to receive FDA approval (Cao et al., 2023).
Clinicians use histopathological features and genetic aberrations for UM prognosis. Poor prognostic factors include large tumour size, ciliary body involvement, extra-scleral extension, the presence of epithelioid cells compared to spindle cells, a high number of mitotic figures in the tumour, presence of extravascular loops and networks, and vortex vein involvement (Kaliki et al., 2015). The driver UM mutations occur in G protein subunit alpha q (GNAQ), G protein subunit alpha 11 (GNA11), cysteinyl leukotriene receptor 2 (CYSLTR2), or phospholipase C beta 4 (PLCB4), which activate the G alpha q pathway (Gelmi and Jager, 2024), but these mutations are typically not prognostic. A chromosomal aberration associated with poor prognosis is chromosome 3 loss, leading to BAP1 inactivation, which occurs in 84% of metastasizing UMs (Harbour et al., 2010). UM patients with disomy 3 have a 90% 5-year survival rate, compared to 37% for patients with monosomy 3 (Versluis et al., 2015). Gene expression profiling (GEP) and Preferentially Expressed Antigen in Melanoma (PRAME) expression are also used for prognostication, with GEP class 2 tumours and high PRAME levels indicating worse outcomes (Gelmi and Jager, 2024). The Liverpool Uveal Melanoma Prognosticator Online algorithm can determine the risk of metastases and estimate UM patient survival (Lamas et al., 2021).
Epigenetic mechanisms, including DNA methylation, chromatin remodelling, histone modification, and non-coding RNAs (miRNAs), also play a role in predicting prognosis for UM patients (Chokhachi Baradaran et al., 2020). One example is the Ras association domain family 1 isoform A (RASSF1A) gene, which is often silenced through promoter hypermethylation in UM, promoting cancer progression (Calipel et al., 2011). Methylation of the P16INK4A promoter is also associated with a higher risk of metastasis in UM patients (Maat et al., 2008). Additionally, increased expression of certain miRNAs (let-7b, miR-143, miR-193b, miR-199a, and miR-652) is linked to more aggressive Class 2 UM tumours, helping distinguish them from less aggressive Class 1 tumours (Worley et al., 2008).
Ongoing UM research aims to develop gene signatures to create reliable prognostic models, as no universally accepted model combining clinical and molecular data currently exists.
1.2 Ferroptosis has potential as a novel therapeutic target for UM
Ferroptosis is a form of cell death triggered by iron-mediated overproduction of lipid reactive oxygen species (ROS). It is morphologically and biochemically distinct from autophagy, apoptosis, necrosis, and necroptosis (Dixon et al., 2012). Ferroptosis can be induced by inhibiting cell membrane transporters such as the cystine/glutamate transporter (system Xc−), by activating the iron transporters serotransferrin and lactotransferrin, or by blocking intracellular antioxidant enzymes, such as glutathione peroxidase 4 (GPX4) (Tang and Kroemer, 2020). Normally, the cystine/glutamate transporter brings cystine into cells, where it is converted to cysteine, which is used to produce glutathione (GSH). GPX4 uses GSH to convert polyunsaturated-fatty-acid-containing-phospholipid hydroperoxide (PL-PUFA-OOH) into phospholipid alcohols, preventing PL-PUFA-OOH accumulation which induces ferroptosis (Yang et al., 2014; Zhang C. et al., 2022). Cellular iron uptake occurs through serum transferrin binding to the transferrin receptor and subsequent endocytosis. A build-up of iron intracellularly generates ROS through the iron-dependent Fenton reaction, initiating lipid peroxidation and thus ferroptosis (Dixon and Stockwell, 2014; Zhang H. et al., 2022). Iron accumulation, and consequently ferroptosis induction, can also result from the enzymatic activity of heme oxygenase 1 (HO-1), which breaks down heme into carbon monoxide, biliverdin, and free iron (Chiang et al., 2018).
Ferroptosis reduces metastasis in several cancers and can overcome treatment resistance (Chen et al., 2023; Wang et al., 2023; Zhang C. et al., 2022). Examples include cisplatin, which induces ferroptosis by inhibiting system Xc- and GPX4, and enhances the effects of immune checkpoint therapy in non-small cell lung cancer (Zhou et al., 2022). In triple-negative breast cancer, cells resistant to gefitinib become more sensitive when GPX4 is inhibited, which leads to ferroptosis (Song et al., 2020). In KRAS-mutant metastatic colorectal cancer, combining the ferroptosis inducer β-elemene with cetuximab increases sensitivity to treatment by triggering ferroptosis (Chen et al., 2020). Research shows that ferroptosis contributes to the death of 90%–99% of circulating cancer cells, preventing them from metastasizing (Groenewoud et al., 2023; Piskounova et al., 2015; Yagoda et al., 2007). Therefore, inducing ferroptosis in resistant tumours with a high propensity to metastasize, such as UM, may be beneficial. Intriguingly, ferroptosis is the cell death mechanism of several anti-cancer drugs, highlighting its potential (Su et al., 2020). Furthermore, analyses of the Tissue Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) datasets show that ferroptosis-associated genes can predict UM prognosis (Groenewoud et al., 2023; Jin et al., 2021; Luo and Ma, 2021; Ma et al., 2022; Tonelotto et al., 2024; Wang et al., 2022).
2 EVIDENCE ON FERROPTOSIS AS A PROMISING STRATEGY FOR UVEAL MELANOMA TREATMENT AND PROGNOSTICATION
Recent studies have shown the effectiveness of ferroptosis in in vitro, ex vivo and in vivo UM models, which are discussed below (Table 1; Figure 1B).
2.1 In Vitro efficacy of ferroptosis in uveal melanoma
Jin et al. proposed that decapping scavenger enzymes (DCPS) impact ferroptosis by regulating mRNA decay during UM metastasis to the liver (Fuchs et al., 2020; van Dijk et al., 2003). This hypothesis is based on the fact that DCPS regulates expression of glutaredoxins (GLRX), which scavenge ROS, thereby preventing ferroptosis. The group treated UM cells with RG30309, a DCPS inhibitor, which resulted in an increase in ROS generation and ferroptosis induction. (Jin et al., 2023).
Tonelotto et al. (2024) demonstrated the in vitro efficacy of ferroptosis in UM by elucidating the mechanism of action of 1,4-dihydroxy quininib, a cysteinyl leukotriene receptor 1 (CysLT1) antagonist which inhibits UM hallmarks (Slater et al., 2022; Slater et al., 2020; Tonelotto et al., 2024). The group performed proteome-profiling of OMM2.5 mUM cell extracts treated with 1,4-dihydroxy quininib. They found that HO-1 was consistently upregulated, with lipid hydroperoxide and ROS levels increasing and GPX4 expression decreasing in a time-dependent manner. These findings indicate that 1,4-dihydroxy quininib reduces UM cell viability by inducing ferroptosis (Tonelotto et al., 2024). Treatment of OMM2.5 cells with the histone deacetylase inhibitor (HDACi) ACY-1215 or with the natural product Ergolide, both of which inhibit UM hallmarks, also altered the expression of ferroptotic markers ASCL3 and GCLC or HO-1 and GDF15, respectively (Sundaramurthi et al., 2023; Sundaramurthi et al., 2022). This reinforces ferroptosis as a UM therapeutic target.
Wang and colleagues developed gallic acid (GA)-Fe (III) and paclitaxel (PTX)-assembled nanoparticles (FeP Nps), which are internalized into tumour cells through ultrasound (US) irradiation, activating the Fenton reaction and leading to ferroptosis (Wang et al., 2024). FepNPs also inhibited solute carrier family member 7 (SLC7A11) thus suppressing GSH production; decreased GPX4 levels; and increased the expression of Acyl-CoA synthase long-chain family member 4 (ACSL4), which modulates lipid composition levels (Ding et al., 2023; Wang et al., 2024). Furthermore, the treated cells displayed altered mitochondria (Wang et al., 2024). Overall, these results indicate that FeP NPs activate ferroptosis. It is important to note that B16F10 cells are melanoma cells, which raises questions about this treatment’s efficacy in UM.
Zhu and co-authors targeted the fibroblast growth factor (FGF)/FGF Receptor (FGFR) axis, which is associated with poor prognosis in UM patients (Rezzola et al., 2019). Erdafitinib, a pan-FGFR tyrosine kinase inhibitor, reduced 92.1 and Mel202 UM cell viability (Zhu et al., 2024). Additionally, Erdafitinib affected the content of iron and GSH, as well as the levels of malondialdehyde (MDA), thus implicating ferroptosis (Cordiano et al., 2023; Zhu et al., 2024).
Zhang H. et al. (2022) evaluated the effect of non-oxidized MXene-Ti3C2Tx quantum dots (NMQDs-Ti3C2Tx) on C918 (UM) and Mum-2B (mUM) cell lines (Zhang C. et al., 2022). Following the treatment, cell proliferation and invasiveness were reduced, and intracellular levels of ROS, MDA, and lipid peroxides increased. The treatment also decreased intracellular GSH concentration and upregulated RNA levels of SLC7A11, indicating negative feedback on GSH. Moreover, NMQDs-Ti3C2Tx treatment upregulated mRNA levels of PTGS2, a ferroptosis-related gene (Zhang H. et al., 2022). These findings indicate that NMQDs-Ti3C2Tx evoke UM cell death through ferroptosis.
Hou's group investigated the effect of small-molecule inhibitors of enhancers of zeste homolog 2, including UNC 1999 and GSK126, in OMM1 mUM cells. They found that UNC 1999 and GSK126 suppressed OMM1 mUM cell growth, with UNC 1999 altering the expression of ferroptosis-related genes. In addition, UNC 1999 increased intracellular Fe2+, ROS and MDA levels, decreased GSH levels, disrupted mitochondria morphology, and diminished maximal respiration and adenosine triphosphate production in the mitochondria. These findings provide compelling evidence that UNC 1999 induces UM cell death through ferroptosis (Hou et al., 2022).
Research conducted by Groenewoud et al. showed that the ferroptosis inducers erastin and RSL3 reduced MM66 (mUM) and Mel285 (UM) cell viability (Groenewoud et al., 2023); while Dörschmann et al. demonstrated that erastin induced OMM1 cell death, and that specific fucoidan extracts inhibited erastin effects (Dörschmann et al., 2021).
2.2 Ex Vivo and in Vivo efficacy of ferroptosis in uveal melanoma
Ferroptosis has been thoroughly investigated in ex vivo and in vivo UM models, which provide greater insight into the tumour macro- and microenvironment than cell lines (Hidalgo et al., 2014; Lee et al., 2021).
Jin et al. subcutaneously injected OMM1 cells into Non-Obese Diabetic Severe Combined Immune Deficiency (NOD/SCID) mice and, after 3 weeks, observed that the tumour volumes and weights of OMM1 xenografts were significantly reduced after RG3039 treatment compared to the vehicle-treated mice (Jin et al., 2023). Additionally, levels of 4-hydroxynonenal (4-HNE), a reactive aldehyde derived from lipid peroxidation, increased after RG3039 treatment. In a separate set of mice bearing UM patient-derived xenografts (PDX), RG3039 treatment similarly reduced tumour volume and weight (Jin et al., 2023). This research supports the in vivo efficacy of ferroptosis in UM.
Tonelotto and colleagues treated tumour explants from mUM orthotopic PDX mouse models with 1,4-dihydroxy quininib. The treatment led to an upregulation of HO-1 expression and to increased levels of 4-HNE, suggesting that 1,4-dihydroxy quininib induces ferroptosis in patient-derived mUM explants (Tonelotto et al., 2024).
Wang et al. observed a near-complete disappearance of intraocular tumours in nude mice injected with BF16F10-Luc melanoma cells intraocularly and treated with Fep Nps and US irradiation (Wang et al., 2024). These results provide evidence for the anticancer efficacy of Fep Nps, which induced ferroptosis in vitro.
Zhu's group treated 92.1 xenograft models with Erdafitinib, which reduced lesion volume compared to the control group. These results align with in vitro data demonstrating Erdafitinib’s anticancer activity through ferroptosis induction (Zhu et al., 2024).
Zhang et al. (2022b) found that tumor growth significantly increased in the control group compared to the NMQDs-Ti3C2Tx-treated group in mice injected with C918 cells (Zhang et al., 2022b). This supports the antitumor activity of NMQDs-Ti3C2Tx, which were shown to induce ferroptosis in vitro.
Groenewoud's team generated patient-derived zebrafish UM xenograft models and treated them with erastin and RSL3. RSL3 inhibited metastasis formation in zebrafish engrafted with UM and mUM cells, all of which highly expressed GPX4. Similarly, erastin inhibited tumour burden in zebrafish engrafted with UM and mUM cells (Groenewoud et al., 2023), highlighting the in vivo efficacy of ferroptosis in UM.
2.3 Ferroptosis gene signatures as a uveal melanoma prognostic tool
Ferroptosis-related gene signatures have emerged as potential biomarkers for UM, offering novel insights into prognosis and treatment response.
Groenewoud et al. (2023) found that GPX4 expression negatively correlates with survival in the Leiden University Medical Centre (LUMC) UM cohort, while SLC7A11 expression shows similar trends in the TCGA-UM cohort. They also analyzed a panel of eight primary UM patient samples, which were compared to a BAP1 positive and BAP1 negative mUM cell lines. The analysis revealed a strong inverse correlation between BAP1 and GPX4, implicating ferroptosis in mUM progression.
Tonelotto et al. (2024) analysed data from the TCGA-UM and GSE84976 cohorts and identified a ferroptosis-related gene signature (IFerr), including GPX4, SCL7A11, solute-carrier family 3 member 2 (SLC3A2), glutamate cysteine ligase modifier (GCLM), cystathionine gamma-lyase (CTH), acyl-CoA synthetase long-chain family member 3 (ACSL3), NAD(P)H quinone dehydrogenase 1 (NQO1), iron responsive element binding protein 2 (IREB2) and apoptosis inducing factor mitochondria associated 2 (AIFM2). High IFerr is observed in monosomy 3 patients in both databases and predicts decreased overall survival (OS) and disease-free survival (DFS) in UM patients.
Luo and Ma (2021) developed a ferroptosis-related gene signature including six-transmembrane epithelial antigen of prostate 3 (STEAP3), microtubule associated protein 1 light chain 3 gamma (MAP1LC3C), integrin subunit alpha 6 (ITGA6), HO-1, CD44, arachidonate 12-lipoxygenase (ALOX12) and AIFM2/ferroptosis suppressor protein1 (FSP1) using data from TCGA-UM and GSE22138 cohorts. This signature is strongly associated with UM prognosis and can precisely detect UM risk level.
The research from Jin et al. (2021) identified that the expression of ferroptosis regulators including ABCC1, glutathione specific gamma-glutamylcyclotransferase 1 (CHAC1) and glutathione synthetase (GSS), is associated with poor OS, PFS and disease-specific survival (DSS) in UM.
Ma et al. (2022) evaluated ferroptosis-related long noncoding RNAs (FRLs) using the TGCA-UM database and identified a five FRLs signature, including AC104129.1, AC136475.3, LINC00963, PPP1R14B.AS1 and ZNF667.AS1, which correlates with a shorter overall life expectancy in UM patients.
Wang et al. (2022) found significant correlations between the expression levels of transient receptor potential melastatin 4 (TRPM4) and transient receptor potential vanilloid 2 (TRPV2) with OSS and DSS in the TCGA-UM cohort. They also observed that expression levels of farnesyl-diphosphate farnesyltransferase 1 (FDFT1), solute carrier family 1 member 5 (SLCIA5), heat shock proteins (HSPAS), SLC7A11 and ER membrane protein complex subunit 2 (EMC2), which participate in ferroptosis, significantly correlate with TRPV2 and TRPM4 expression. This suggests that TRPM4 and TRPV2 are associated with the ferroptosis pathway in UM.
3 CURRENT CHALLENGES OF IMPLEMENTING FERROPTOSIS INDUCERS IN THE CLINIC
3.1 Immune implications of ferroptosis inducers
Inducing ferroptosis as a cancer treatment presents several challenges and potential side effects that must be carefully considered. One major concern is its impact on immune cells, where ferroptosis in CD8+ T cells can weaken antitumor immunity, as observed in colon cancer models. This effect, though mitigated by overexpressing GPX4, underscores the potential for ferroptosis to negatively affect the immune response (Ma et al., 2021; Xu et al., 2021). Furthermore, the ferroptosis inducer RSL3 impairs dendritic cell function, suggesting risks to immune system integrity (Han et al., 2021).
3.2 Potential side effects of ferroptosis inducers
Cardiovascular and neurological risks are also associated with ferroptosis induction. For example, reduced GPX4 and increased iron levels have been linked to heart disease progression and are implicated in neurological conditions like hemorrhagic stroke (Baba et al., 2018; Nobuta et al., 2019; Zille et al., 2017).
Gastrointestinal and renal complications further complicate ferroptosis treatment. For instance, ferroptosis can exacerbate inflammatory bowel disease and trigger acute kidney injury when GPX4 is depleted (Mayr et al., 2020; Friedmann Angeli et al., 2014).
Cancer-specific challenges also exist. In pancreatic cancer, ferroptosis can promote tumor growth by influencing macrophage polarization and is linked to conditions like pancreatitis and pancreatic tumorigenesis (Dai et al., 2020; Liu et al., 2022). It may also worsen hepatocellular carcinoma development (He et al., 2023).
Additionally, resistance to ferroptosis inducers is a potential issue, as seen in mUM cells that increase GLCM expression and glutathione content to resist ferroptosis (Tonelotto et al., 2024).
While ferroptosis holds promise as a cancer treatment, addressing these challenges, including specificity, toxicity, resistance, and immune effects, is essential for its successful clinical application. These obstacles could potentially be overcome by ensuring that ferroptosis inducers selectively target cancer cells, minimizing damage to healthy tissues. One promising approach is the use of nanotechnology to deliver ferroptosis inducers directly to tumours, enhancing specificity and reducing systemic toxicity (Xiang et al., 2024). Additionally, combination therapies that pair ferroptosis inducers with existing treatments, like immunotherapy or chemotherapy, may help increase treatment efficacy while managing side effects (Huang et al., 2023). Further research into biomarkers for ferroptosis sensitivity could also allow for more personalized treatment strategies.
4 DISCUSSION
Ferroptosis inducers represent a promising new approach for treating mUM, addressing the limitations of current therapies. These inducers trigger a unique form of cell death that operates independently of other treatment mechanisms, such as those targeted by darovasertib, a PKC inhibitor, and crizotinib, a c-Met inhibitor, which have shown significant efficacy in reducing tumor size in Phase II trials (Cao et al., 2023). Ferroptosis inducers could thus be valuable when resistance to these targeted therapies occurs. Additionally, emerging treatments like HDAC inhibitors, especially those targeting HDAC6, are showing promise for mUM (Li, Tian, and Zhu, 2020; Sundaramurthi et al., 2022). Combining these inhibitors with ferroptosis inducers may provide a synergistic therapeutic approach. Furthermore, ferroptosis inducers may offer treatment options for patients who are ineligible for current FDA-approved therapies. Expanding ferroptosis inducers from preclinical success to clinical use requires extensive research to assess efficacy and safety through human trials, typically a decade-long process (Lee et al., 2018; Rang and Hill, 2013; Sedgwick, 2011). Comparing ferroptosis inducers with existing treatments is crucial to establish their therapeutic advantage.
In summary, ferroptosis inducers offer a novel and potentially transformative treatment for mUM, complementing and possibly enhancing the current therapeutic landscape.
5 FUTURE PERSPECTIVES
Overall, this review highlights the need for more translational research on ferroptosis in clinically relevant UM models to bridge the gap between preclinical findings and clinical applications.
To translate ferroptosis inducers into clinical practice, key challenges include improving delivery to tumor sites due to their limited bioavailability (Ko et al., 2024). Advances in nanotechnology offer promising solutions, such as biomimetic self-assembling nano-prodrugs that deliver multiple agents simultaneously. Huang et al. demonstrated a nano-prodrug system delivering gefitinib, ferrocene, and dihydroartemisinin effectively inhibiting tumor growth through combined ferroptosis and apoptosis therapy (Huang et al., 2023). This underscores the potential of such delivery systems and drug combinations in optimizing ferroptosis-based treatments for UM.
Ongoing translational research using clinically relevant UM models, along with addressing the challenges outlined, will facilitate the successful integration of ferroptosis into clinical cancer care, paving the way for the creation of personalized, ferroptosis-based anticancer therapies.
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Gastric cancer (GC) is a malignancy with poor prognosis and high heterogeneity. For HER2-positive, PD-L1 negative metastatic GC patients, chemotherapy plus trastuzumab is the first-line therapy. However, such patients soon acquired resistance to treatment, especially to trastuzumab during the treatment. Improving the therapeutic resistance of HER2-positive, PD-L1 negative metastatic GC is still a dilemma. We present the case of a metastatic GC patient with HER2-positive and PD-L1-negative expression who suffered progression after a short remission with trastuzumab plus chemotherapy. The patient exhibited strong heterogeneity in the primary and metastatic lesions. His resistance to trastuzumab was overcome after the addition of a PD-1 inhibitor, after which he received a durable response for more than 8 months. In HER2-positive, PD-L1-negative metastatic GC, the addition of PD-1 inhibitors after first-line chemotherapy and trastuzumab treatment resistance may be an option.
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INTRODUCTION
As the fifth most common cancer and the fourth most common cause of death globally, gastric cancer (GC) has a high degree of malignancy and is highly heterogeneous (Sung et al., 2021). Approximately 20% of GC overexpresses human epidermal growth factor receptor 2 (HER2), predicting a more aggressive biological behavior and poorer prognosis (Allgayer et al., 2000; Cancer genome atlas research network, 2014). HER2, a key driver of tumorigenesis, is a well-established therapeutic target in patients with metastatic GC (Joshi and Badgwell, 2021). Chemotherapy plus trastuzumab is generally the first-line standard of care in patients with HER2-positive metastatic GC, irrespective of programmed death ligand 1 (PD-L1) expression, with a median overall survival of 13.8 months (Bang et al., 2010).
Recently, the third interim analysis of KEYNOTE-811, which included locally advanced or metastatic HER2-positive gastric/GEJ adenocarcinoma, showed that pembrolizumab plus trastuzumab and chemotherapy showed remarkable improvement in complete (16.6% vs. 11.2%) and objective response rates (72.6% vs. 60.1%) compared with trastuzumab and chemotherapy. The progression-free survival benefit with pembrolizumab was significant in patients with tumors with a PD-L1 CPS of 1 or more (Janjigian et al., 2023). Based on this finding, the FDA has approved pembrolizumab plus trastuzumab, fluoropyrimidine and platinum-containing chemotherapy for the first-line treatment of locally advanced or metastatic HER2- and PD-L1-positive (CPS≥1) gastric/GEJ adenocarcinoma. However, for HER2-positive and PD-L1-negative GC patients, the current first-line standard regimen is still chemotherapy combined with trastuzumab. After the first line of trastuzumab combined with chemotherapy, it is still unknown whether the addition of immune checkpoint inhibitors can reverse trastuzumab resistance and provide a survival benefit after trastuzumab resistance.
We here report a case of a 66-year-old male patient with metastatic HER2-positive and PD-L1 negative GC whose trastuzumab resistance was reversed by a PD-1 inhibitor.
CASE PRESENTATION
In November 2022, a 66-year-old Chinese male with a history of hypertension and type II diabetes and no family cancer history or psychosocial disease history was admitted to our hospital after having dull epigastric pain, acid reflux, and melena for 2 months. He received a 6.5-unit red blood cell transfusion because of severe anemia before endoscopy. The latter showed a tumor at his gastric body and swelling of the duodenal mucosa (Figure 1A). The biopsy of his gastric body tissue revealed adenocarcinoma (tubular adenocarcinoma). IHC staining was positive for MSH2, MSH6, MLH1, PMS2, P53 (separated cells, wild type), and HER2(2+) and negative for PD-L1(CPS <1, evaluated by 22C3 antibody) and EBER1/2-ISH. HER2 amplification was validated by FISH (Figure 1C). CT revealed an unevenly enhanced and thickened stomach body with multiple swollen lymph nodes around the small curvature of the stomach, the portal area of the liver, the para-aorta of the abdomen, and the superior mesenteric artery. Sacral bone metastasis from GC was suspected. No apparent peritoneal metastases were present. Chest CT showed multiple micronodules and interstitial pneumonia in both lungs. MRI of the upper abdomen suggested multiple lesions in both liver lobes, considering multiple liver metastases from gastric carcinoma (Figure 2). He was diagnosed with gastric body adenocarcinoma, as well as liver and para-aortic lymph node metastases (cT4bN + M1, stage IVB).
[image: Three panels display medical imagery. Panel a shows three endoscopic views of tissue labeled HER2 score. Panel b shows similar tissue views labeled with a different score. Panel c displays six histological slides with labels: HE, HER2 IHC, HER2 FISH, PD-L1 IHC, HE, and HER2 IHC, showing varying staining patterns.]FIGURE 1 | Endoscopy and pathological results patient’s stomach tissue. (A) Gastric antrum and body pictures under endoscopy diagnosis. (B) Gastric antrum, angle, and body pictures under endoscopy after eight cycles of therapy. (C) H&E, HER2, HER2, FISH, and PD-L1 staining of the primary gastric cancer tissue; H&E and HER2 staining of the metastatic lung tissue.
[image: Series of CT scans showing lung and abdominal images at different stages labeled Baseline, C4, C6, and C8. Red arrows indicate areas of interest. The timeline below indicates treatment cycles and dates, with annotations for PD (progressive disease) and PR (partial response). The text emphasizes treatment phases with SOX plus trastuzumab and metastasized therapy with trastuzumab plus sintilimab.]FIGURE 2 | Timeline and representative computed tomography (CT) images. (A) CT images showing patient’s baseline disease, progression after four cycles of SOX plus trastuzumab, and response of PD-1 inhibitor plus SOX plus trastuzumab; (B) Summary of disease course, treatment procedure, and efficacy evaluation of each treatment procedure.
The patient received four cycles of SOX (S-1 orally administered at a dosage of 60 mg twice a day on days 1–14, every 3 weeks; oxaliplatin: intravenously administered at a dose of 220 mg on day 1, every 3 weeks) plus trastuzumab (initial dose: 520 mg intravenously; maintenance dose: 360 mg intravenously, every 3 weeks). A follow-up CT scan in February 2023 revealed disease progression in the lung and bone, but the metastases of the liver and para-aortic lymph nodes showed significant shrinkage. The efficacy evaluation was progressive disease (PD), but there was a marked heterogeneous response in the lung, bone, liver, and para-aortic lymph nodes.
A biopsy of the pulmonary lesion confirmed metastasis from GC. IHC staining was positive for CK7、MLH1、MSH2、MSH6、PMS2、and HER2(2+) and negative for CK20、CDX2、TTF-1、and Napsin A (Figure 1C). A FISH test of HER2 and a PD-L1 test were not performed due to the patient’s will. The patient received first-line therapy, and multiple new lesions were detected in the lung and bone, but the metastases of the liver and para-aortic lymph nodes were significant shrunken. We negotiated with the patient his next regimen, of either switching to second-line therapy or adding a PD-1 inhibitor to his first-line therapy. After we informed the patient of the possible response and adverse events of PD-1 inhibitor, he chose to add a PD-1 inhibitor, sintilimab, to his previous regimen instead of switching to second-line therapy. Zoledronic acid was used to prevent skeletal-related events in patients with bone metastasis. After two cycles of treatment, efficacy evaluation was PR. The tumor volume continued to shrink during the treatment. Endoscopy showed shrinkage in the GC lesions after eight cycles of treatment (Figure 1B). No immune-related pneumonitis and skeletal-related events were observed. The patient received maintenance therapy of trastuzumab plus sintilimab until CT showed PD on 30 October 2023. The patient had a progression-free survival of more than 8 months until progression. No immune-related or chemotherapy-related adverse events and skeletal-related events were observed.
DISCUSSION
We reported a patient with metastatic HER2-positive and PD-L1-negative GC whose trastuzumab resistance was reversed by sintilimab. The patient received first-line SOX combined with trastuzumab, and the metastases of the liver and para-aortic lymph nodes were significant shrunken, but multiple new lesions were detected in the lung and bone. Surprisingly, after the addition of a PD-1 inhibitor, all lesions shrank, and the patient achieved sustained PR. Therefore, the combination of PD-1 inhibitors with trastuzumab could be proposed as a possible new strategy for overcoming trastuzumab resistance in patients with HER2-positive, PD-L1-negative metastatic GC.
Trastuzumab, a humanized monoclonal anti-HER2 antibody, combined with chemotherapy significantly improves median overall survival (mOS) in patients with metastatic HER2-positive GC compared to chemotherapy alone (13.8 vs. 11.1 months, HR 0.74; 95% CI 0.60–0.91; p = 0.0046). Thus, trastuzumab is approved as the standard frontline of metastatic HER2-positive GC based on the “Trastuzumab for Gastric Cancer” (ToGA) trial (Bang et al., 2010).
Little progress in the first-line treatment of patients with metastatic HER2-positive GC occurred until PD-1 inhibitors emerged. These combined with anti-HER2 therapy was a feasible option for treating patients with HER2-positive GC based on the synergistic mechanism of anti-HER2 therapy and PD-1 inhibitors (Yamashita et al., 2021). In the KEYNOTE-811 trial, the ORR of patients with metastatic HER2 positive GC was improved 12.8% when pembrolizumab was combined with trastuzumab and chemotherapy compared to just trastuzumab and chemotherapy. In May 2021, the FDA approved pembrolizumab in combination with trastuzumab and chemotherapy for the first-line treatment of patients with locally advanced unresectable or metastatic HER2-positive gastric/GEJ adenocarcinoma, regardless of PD-L1 CPS expression, based on the first analysis of KEYNOTE-811 (Janjigian et al., 2021). At the third interim analysis, the HR for OS and PFS in patients (N = 104) with PD-L1 CPS <1 were 1.41 (95% CI 0.90, 2.20) and 1.03 (95% CI 0.65, 1.64), respectively. In patients (N = 594) with PD-L1 CPS≥1, the HR for OS and PFS were 0.81 (95% CI 0.67, 0.98) and 0.70 (95% CI 0.58, 0.85), respectively (Janjigian et al., 2023; US Food and Drug Administration, 2023). Based on the interim analysis, in November 2023 the FDA revised the existing indication of pembrolizumab with trastuzumab and chemotherapy for the first-line treatment of patients (CPS≥1). Recently, results from the final analyses of KEYNOTE-811 showed that in PD-L1-positive patients (CPS ≥1), pembrolizumab combined with trastuzumab and chemotherapy improved PFS (10.9 vs. 7.3 months, HR 0.72; 95 CI% 0.60–0.87) and OS (20.1 vs. 15.7 months, HR 0.79; 95% CI 0.66–0.95) (Janjigian et al., 2024). Data from KEYNOTE-811 have led to European Medicines Agency (EMA) and FDA-approved pembrolizumab combined with trastuzumab and chemotherapy in patients with metastatic HER2- and PD-L1 dual-positive GC. For HER2-positive and PD-L1 negative metastatic GC patients, chemotherapy combined with trastuzumab is still standard treatment. The use of PD-1 inhibitors in second- or third-line patients with metastatic HER2-positive and PD-L1-negative GC needs further investigation.
Nearly half the patients with metastatic HER2-positive GC experience disease progression or death after trastuzumab treatment, and the mechanisms of drug resistance are relatively complex and uncertain (Bang et al., 2010; Valabrega et al., 2007). Second-line standard therapy, such as ramucirumab and/or paclitaxel, might be offered to patients with progression disease after first-line treatments. In addition, continued anti-HER2 therapy is an option. The HER2-targeted antibody–drug conjugates, such as trastuzumab deruxtecan (T-DXd/DS-8201) and disitamab vedotin (RC48), have shown clinical benefit after trastuzumab resistance. The ORR of T-DXd as second-line therapy in patients with HER2-positive advanced gastric/GEJ adenocarcinoma was 42% (95% CI: 30.8–53.4). Third-line or subsequent treatment of T-DXd for HER2-positive GC patients showed longer OS than chemotherapy (median, 12.5 vs. 8.4 months; HR for death, 0.59; 95% CI: 0.39 to 0.88; P = 0.01. The ORR was 24.8% (95% CI: 17.5%–33.3%) (Shitara et al., 2020). The median PFS and OS were 4.1 months (95% CI: 3.7–4.9 months) and 7.9 months (95% CI: 6.7–9.9 months) for RC48 as third-line or subsequent treatment for HER2-positive advanced gastric/GEJ adenocarcinoma (Peng et al., 2021). Both the FDA and EMA have approved T-DXd in adult patients with locally advanced or metastatic HER2-positive gastric/GEJ adenocarcinoma who had received a trastuzumab-based regimen (US Food and Drug Administration, 2021; European Medicines Agency, 2021). Research has also explored the continuation of trastuzumab with new chemotherapy regimens beyond progression disease. Although continuing treatment of trastuzumab combined with new chemotherapy regimens beyond first-line therapy progression have shown possibly effective in some retrospective studies (Palle et al., 2017; Li et al., 2016; Narita et al., 2017), a randomized prospective T-ACT study showed that the strategy had no benefit (Makiyama et al., 2020). A new combination of trastuzumab beyond progression was further explored. A phase Ib/II open-label single-arm trial of trastuzumab in combination with ramucirumab and paclitaxel has recently reported very promising gains in median progression-free (7.1 months, 95% CI: 4.8–9.4) and overall survival (13.6 months, 95% CI: 9.4–17.7) in patients with previously treated metastatic HER2-positive GC (Kim et al., 2023).
Here, we report a case who experienced progression disease after first-line trastuzumab plus chemotherapy. At that point, T-DXd was not feasible in China, and RC48 was approved for the third-line treatment of HER2-positive gastric or GEJ adenocarcinoma. The FDA accelerated the approval for pembrolizumab in combination with trastuzumab and chemotherapy in HER2-positive gastric or GEJ adenocarcinoma based on the ORR in the first analysis of KEYNOTE-811. In this case, despite progressive lung and bone disease, liver metastases, and para-aortic lymph-node metastases shrank markedly. We thus negotiated with the patient that the addition of sintilimab to his first-line therapy was an option. Partial response was seen for more than 8 months. In the patient, it was observed that PD-1 inhibitor could overcome trastuzumab resistance in PD-L1 negative tumors. What then are the potential mechanisms? PD-L1 upregulation was thought to be the mechanism of trastuzumab resistance. Yamashita et al. (2021) observed PD-L1 upregulation by trastuzumab in GC cells. In breast cancer cells, trastuzumab stimulated INF-gamma secretion to upregulate PD-L1 (Chaganty et al., 2018). In in vivo models, anit-PD-1 or -CD137 could improve the therapeutic activity of anti-HER2 (Stagg et al., 2011). Pembrolizumab in combination with trastuzumab had shown activity in patients with trastuzumab-resistant, advanced HER2-positive breast cancer (Loi et al., 2019). In a single-arm phase 1b-2 trial which explored margetuximab and pembrolizumab combination treatment in patients with HER2-positive gastric/GEJ adenocarcinoma, the synergistic antitumor activity of anti-HER2 agent (margetuximab) with anti-PD-1 checkpoint blockade (pembrolizumab) was observed in patients of previously treated HER2 positive gastric/GEJ adenocarcinoma (Catenacci et al., 2020). Apart from this, there is also trial (NCT05270889) recruiting previously treated HER2-positive advanced gastric/GEJ adenocarcinoma patients to assess the safety and clinical efficacy of this combined chemotherapy-free regimen (zanidatamab and tislelizumab) in second-line therapy. Other contributing factors could be the dynamic of PD-L1 expression and the heterogeneity of PD-L1 expression in tumor tissues (Kerr and Hirsch, 2016). More studies are warranted to validate this result, especially for patients with metastatic HER2-positive and PD-L1-negative GC.
The heterogeneity of HER2 is a pivotal reason why anti-HER2 therapies fail in patients with metastatic HER2-positive GC (Roviello et al., 2021). Temporal and spatial heterogeneity of HER2 might be important in predicting response to anti-HER2 therapies (Marusyk et al., 2020; Wolff et al., 2018; Lee et al., 2013; Hofmann et al., 2008; Rüschoff et al., 2012). Loss of HER2 expression was detected in 34.8% of patients after first-line anti-HER2 therapies (Kim et al., 2023). Hence, it is necessary to monitor the dynamic of HER2 expression for subsequent treatments to be developed. To test whether there was a spatial heterogeneity of HER2 in our case, a CT-guided needle biopsy of the left lung was performed, with the HER2 expression still a 2+ score by IHC. Thus, it was postulated that the patient might necessarily gain a clinically significant benefit from the continuation of trastuzumab. Lastly, our clinical evidence substantiated this speculation in our case.
We here reported a rare case of PD-1 inhibitors overcoming trastuzumab resistance in patients with metastatic HER2-positive and PD-L1-negative GC. For this specific type of patient, continued use of anti-HER2 drugs combined with the immune checkpoint blockade may be a new regimen. More studies are encouraged to investigate the underlying mechanisms that trastuzumab resistance can be overcome by PD-1 inhibitors.
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Endothelin receptor antagonists (ERAs) can potentially be used as therapeutic drugs to reduce hypertension caused by small molecule tyrosine kinase inhibitors (TKIs)
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The emergence of targeted anti-tumor drugs has significantly prolonged the lifespan and improved the prognosis of cancer patients. Among these drugs, vascular endothelial growth factor (VEGF) inhibitors, particularly novel small molecule tyrosine kinase inhibitors (TKIs), are extensively employed as VEGF inhibitors; however, they are also associated with a higher incidence of complications, with hypertension being the most prevalent cardiovascular toxic side effect. Currently, it is widely accepted that TKIs-induced hypertension involves multiple mechanisms including dysregulation of the endothelin (ET) axis, reduced bioavailability of nitric oxide (NO), imbalance in NO-ROS equilibrium system, vascular rarefaction, and activation of epithelial sodium calcium channels; nevertheless, excessive activation of ET system appears to be predominantly responsible for this condition. Moreover, studies have demonstrated that ET plays a pivotal role in driving TKIs-induced hypertension. Therefore, this review aims to explore the significance of ET in the pathogenesis of hypertension induced by targeted anti-tumor drugs and investigate the potential therapeutic value of endothelin antagonists in managing hypertension caused by targeted anti-tumor drugs.
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1 THE CURRENT STATUS AND RESEARCH SIGNIFICANCE OF HYPERTENSION CAUSED BY TARGETED ANTI-CANCER DRUGS
With the advancement of targeted therapy for tumors, the survival period of tumor patients has been continuously extended, and cardiovascular events have gradually emerged as one of the significant causes of mortality in tumor patients. The primary anti-tumor drugs encompass vascular endothelial growth factor (VEGF) inhibitors (Shaw et al., 2024; Tavakolian et al., 2024). Particularly small molecule tyrosine kinase inhibitors (TKIs) that effectively inhibit signal cascades (Liu et al., 2023a). By targeting vascular endothelial growth factor receptor (VEGFR) to impede tumor angiogenesis, they have become a predominant treatment modality for numerous solid malignant tumors (Ciccarese et al., 2021; Du et al., 2022). Nevertheless, approximately one-fourth of patients using VEGF inhibitors will experience hypertension, while nearly every patient will exhibit significantly elevated blood pressure levels (Narayan et al., 2023; Pannucci et al., 2023). Cardiovascular toxic side effects including hypertension not only impact patient prognosis but also influence the efficacy of anti-tumor drugs. Therefore, the objective of anti-tumor treatment is to maximize its therapeutic effect while minimizing treatment-related cardiovascular events. It is imperative to explore novel specific therapeutic agents to facilitate seamless application of anti-tumor treatments and prevent associated cardiovascular events while improving patient prognosis.
2 THE PRIMARY MECHANISM OF TKIS IN ANTI-TUMOR THERAPY
The vascular endothelial growth factor (VEGF) is the most potent factor in inducing vascular permeability and a specific mitogen for endothelial cells, playing a crucial role in promoting proliferation, migration, and angiogenesis of these cells (Liu et al., 2023b). VEGF exerts its biological effects through three main receptor subtypes: VEGFR 1–3. Among them, VEGFR2 serves as the primary mediator of VEGF’s actions and is closely associated with cell chemotaxis, division, and recombination (Sun et al., 2014). It plays a pivotal role in stimulating endothelial cell proliferation and migration while also regulating vascular permeability. VEGF signaling pathway inhibitors encompass monoclonal antibodies targeting VEGFA factor, VEGF trap, monoclonal antibodies against VEGF receptors, and TKIs. Among these options, TKIs competitively bind to the ATP site of tyrosine kinases, thereby impeding phosphorylation levels of tyrosine kinases. Consequently, tumor cell DNA repair is inhibited, G1 phase cell division is blocked, and angiogenesis suppression is achieved to exert anti-tumor effects. As a result of their efficacy in cancer treatment, TKIs have emerged as extensively utilized anticancer drugs with favorable therapeutic outcomes. However, it should be noted that cardiovascular toxic side effects such as hypertension are commonly associated with their use.
The classification of TKIs can be based on their main target of action, which includes inhibitors targeting epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), human epidermal growth factor receptor 2 (HER-2), VEGFR, Abelson murine leukemia viral oncogene (ABL), and breakpoint cluster region-fusion gene (BCR-ABL) (Réa and Hughes, 2022; Le et al., 2021). Among them, certain TKIs specifically target a single receptor, such as the widely used EGFR-TKIs osimertinib and erlotinib in lung cancer (Soria et al., 2018; Ramalingam et al., 2020). Apatinib is an innovative TKI that effectively inhibits VEGFR-2 among various tumor-related kinases (TRKs) and induces apoptosis of VEGFR-2, thereby effectively suppressing the proliferation of multiple tumor cells (Xie et al., 2021; Zhao et al., 2023). Currently, apatinib has demonstrated efficacy and safety in gastric cancer, lung cancer, and breast cancer; moreover, the combination therapy of apatinib with camrelizumab has been recommended as first-line treatment for advanced liver cancer (Xia et al., 2022; Mao et al., 2023). Meanwhile, some TKIs exhibit multi-target activity. The kinase inhibitor sunetinib specifically targets VEGFR, platelet-derived growth factor receptor (PDGFR), PDGFR-a, PDGFR-b, and other receptors (Wang et al., 2023). It is indicated for use in patients with gastrointestinal stromal tumors (GIST) who have experienced treatment failure or intolerance to imatinib therapy, as well as in patients with advanced renal cell carcinoma (RCC) who have shown no response to cytokine therapy (Jin et al., 2023; Plimack et al., 2023). The multi-targeted kinase inhibitor Anlotinib demonstrates simultaneous inhibition of VEGFR, PDGFR, and fibroblast growth factor receptor (FGFR), making it a viable third-line treatment option for patients with advanced non-small cell lung cancer (Shen et al., 2018; Lei et al., 2023). Additionally, this drug has gained approval for its efficacy in treating soft tissue sarcoma, small cell lung cancer, medullary thyroid carcinoma, Metastatic Cervical Cancer and differentiated thyroid carcinoma (Lv et al., 2022; Li, 2021; Wu et al., 2023; Xu et al., 2022). The first anti-tumor drug, sorafenib, exerts dual inhibition on Raf protein kinase (RAF) and VEGFR kinases. By suppressing the activity of VGFR-2, VGFR-3, and RAF-1, it effectively hampers tumor cell proliferation through direct blockade of the RAF/MEK/ERK-mediated signaling pathway (Wilhelm et al., 2008; Gentile et al., 2016; Kim et al., 2018). Moreover, its impact on VEGFR and PDGFR enables angiogenesis inhibition and disruption of nutrient supply to restrict tumor cell growth (Mangana et al., 2012; Fallahi et al., 2022). Sorafenib is widely recognized as a standard first-line treatment for advanced renal cell carcinoma (Hsieh et al., 2017; Sun et al., 2022).
2.1 Possible mechanisms of ET-1 in TKIs-induced hypertension
ET-1 exerts its influence on blood pressure through multiple mechanisms, rendering it an appealing therapeutic target for hypertension and other related conditions. Moreover, ET-1 plays a pivotal role in the pathogenesis of antineoplastic drug-induced hypertension, as well as being a crucial pathway involved in VEGF inhibitor-induced hypertension and renal damage (Facemire et al., 2009; Kappers et al., 2012). Studies have demonstrated that patients and animals treated with VEGF inhibitors exhibit a two-to three-fold increase in plasma levels of cleared receptors (Kappers et al., 2010). Consistent with the dose-dependent nature of elevated blood pressure, the increase in circulating ET-1 exhibited a corresponding dose-dependence during VEGF inhibition (Lankhorst et al., 2015). The mechanism by which VEGF deactivation leads to an elevation in ET-1 remains unclear. One hypothesis suggests that VEGF inactivation results in the loss of vasodilatory endothelial ETB receptors, thereby reducing ET-1 clearance and increasing its circulation (Versmissen et al., 2019). Additionally, dual ETA/B receptor antagonism or selective ETA receptor blockade has shown to prevent VEGF-inhibitor-induced hypertension, indicating that stimulation of ETA receptors by ET-1 is responsible for this condition (Carneiro et al., 2008). The utilization of sunitinib in a clinical pilot study resulted in an elevation of circulating levels of ET-1 in vivo (Sourdon et al., 2017). Indicating the crucial role played by endothelin in hypertension induced by antineoplastic drug therapy that should not be disregarded. (Figure 1).
[image: Illustration of the molecular pathways involved in hypertension. It shows the roles of ET-1 binding to ETA and ETB receptors, leading to L-type calcium channel activation and sarcoplasmic reticulum involvement. This results in oxidative stress from O2- and NO interactions, contributing to microvascular sparsity and hypertension. The path also includes RhoA/ROCK influences on myosin light chain, illustrating a complex network causing hypertension.]FIGURE 1 | Possible mechanisms of ET-1 in TKIs-induced hypertension. In the hypertension conditions induced by TKIs, microvascular damage is highly likely to be one of the most crucial and leading factors. The substance ET can inflict damage on endothelial cells via L-type calcium channels, further intensifying this condition. This will lead to a marked reduction in the density of the microvascular network, making it increasingly rarefied. Such changes in the density and structure of the microvascular network gradually break the originally normal physiological balance and interfere with the normal functions of blood vessels, thereby gradually triggering the occurrence of hypertension. ETA: endothelin A; ETB: endothelin B; ET1: endothelin 1; ET2: endothelin 2; ET3: endothelin 3; NO: endothelial nitric; NAPDH: Nicotinamide Adenine Dinucleotide Phosphate (reduced form).
3 THE MECHANISMS OF TKI-INDUCED HYPERTENSION
VEGF inhibitors can increase the risk of heart failure, coronary artery disease, hypertension, and thromboembolic diseases through mechanisms such as endothelial injury, vasoconstriction and remodeling, inflammatory response, and platelet activation (Porta and Striglia, 2020; Chen et al., 2018). The potential mechanisms underlying the induction of hypertension by this class of drugs are currently believed to include (Wang et al., 2021; Wang et al., 2022a; Simonetti et al., 2009; Pérez-Gutiérrez and Ferrara, 2023; Wang et al., 2024): (i) Inhibiting nitric oxide synthase (NOS) reduces the synthesis of NO, thereby blocking its vasodilatory effects; (ii) Increased production of endothelin (ET) enhances vasoconstriction; (iii) Endothelial cell apoptosis and necrosis lead to a decrease in capillary bed density (rarefaction); (iv) Impaired renal function, increased salt sensitivity, and water-sodium retention. Among these mechanisms, the relationship between endothelin and hypertension is worth further investigation due to the varying degrees of interaction between them (Figure 2).
[image: Flowchart illustrating the process affecting endothelin (ET) levels, showing how oxidative distress from reactive oxygen species (ROS) and nitric oxide (NO) leads to vasoconstriction and hypertension. The diagram includes eNOS and NADPH interactions, vascular endothelial growth factor inhibitor effects, renal functional impairment, fluid retention, apoptosis of endothelial cells, microvascular sparity, and thrombus formation.]FIGURE 2 | The mechanisms of TKI-induced hypertension. The mechanism of hypertension caused by vascular endothelial growth factor inhibitors may involve 4 pathways, namely the imbalance of the NO-ROS system, the impairment of the endothelin system, microvascular injury and the occurrence of renal damage. However, ET-1 might be the central link. eNOS: endothelial nitric oxide synthase; BH4: tetrahydrobiopterin.
4 THE UPREGULATION OF ET-1 MAY CONTRIBUTE TO THE DEVELOPMENT OF HYPERTENSION INDUCED BY TKIS
ET-1, NO, and vascular pseudohaemophilic factor (VWF) are bioactive substances that reflect the function of vascular endothelium and play a crucial role in the occurrence and progression of cardiovascular disease and essential hypertension (Taneja et al., 2019; Yu et al., 2020). NO is a pivotal factor in endothelial nitric oxide synthase (eNOS)-mediated physiological changes in smooth muscle relaxation, which is critical for angiogenesis (Chen et al., 2024). Normal endothelial cells constitutively express eNOS; however, under pathological conditions, its inhibition leads to reduced bioavailability of NO that inhibits eNOS expression (Leo et al., 2021). Meta-analyses have demonstrated that VEGF inhibitors can increase ET-1 levels while decreasing NO expression, ultimately leading to severe cardiovascular complications such as hypertension (Xu et al., 2021).
4.1 Relationship between ET-1 and vasodilation and contraction
ET was initially identified as a potent vasoconstrictive peptide for porcine aortic endothelial cells (ECs) (Ma et al., 2023). It consists of 21 amino acid residues with a hydrophobic C-terminus connected by two sets of intrastrand disulphide bonds, exhibiting vasopressor effects (Laudette et al., 2021). Three isomers of human ET exist, namely ET-1, ET-2, and ET-3 (Davenport and Maguire, 2006). Although they differ in structure and activity, all three are antihypertensive in vivo and exhibit strong contractile effects on vascular smooth muscle cells in vitro. Among these isomers, ET-1 plays a major role in regulating the cardiovascular system and vascular endothelial cells serve as the primary source of this isopeptide (Harrison et al., 2024; Finch and Conklin, 2016). In addition to ECs, various cell types including vascular smooth muscle cells (VSMCs), cardiomyocytes, fibroblasts, macrophages, epithelial cells of the lungs and kidneys as well as neurons and glial cells express ET-1 (Chen et al., 2020; Davenport et al., 2016). The degree of vasoconstrictive activity induced by these peptides follows the order: ET-2 > ET-1 > ET-3 (Inoue et al., 1989). However, ET-1 is currently recognized as the most potent vasoconstrictor known to induce constriction or relaxation in the vasculature by binding to endothelin A (ETA)/endothelin B (ETB) receptors on smooth muscle cells (SMCs) (Maguire and Davenport, 2015; Kumar et al., 2013). The interaction between ET-1 and ETA receptors on vascular smooth muscle cells leads to an increase in intracellular calcium levels, while the interaction between ETA receptors further elevates intracellular calcium levels (Ortega Mateo and de Artiñano, 1997; Hopfner et al., 1998). This rise in intracellular calcium triggers phosphorylation and activation of myosin light chains, ultimately resulting in vasoconstriction. Similarly, binding of ET-1 to ETB receptors on endothelial cells activates both eNOS and prostaglandin pathways, leading to vasodilation of the vasculature (Wolf et al., 2014; Leite et al., 2013; Neves et al., 2019) (Figure 3).
[image: Diagram illustrating endothelin pathways in vascular function. ETA and ETB receptors interact with endothelins ET-1, ET-2, and ET-3. The pathway influences calcium ion release, nitric oxide production, and myosin light chain activity, leading to either vasodilation or vasoconstriction.]FIGURE 3 | Relationship between ET-1 and vasodilation and contraction. Endothelin, a significant biomolecule, encompasses endothelin receptor A and endothelin receptor B. These receptors respectively combine with three distinct subtypes of endothelin, namely endothelin 1, endothelin 2, and endothelin 3. Through this specific interaction and combination, a physiological process is initiated that ultimately leads to vasoconstriction. This mechanism plays a crucial role in regulating vascular tone and blood flow within the complex biological systems of the body. eNOS: endothelial nitric oxide synthase; NO: endothelial nitric; ETA: endothelin A; ETB: endothelin B; ET1: endothelin 1; ET2: endothelin 2; ET3: endothelin 3.
4.2 Key factors involved in the ET-1 induced hypertension
4.2.1 NO-ROS imbalance
The exploration of the mechanism underlying hypertension induced by antineoplastic drugs has suggested a correlation with ROS oxidative stress triggered by ET-1, which enhances NADPH oxidase activity and consequently elevates ROS production. This, in turn, may contribute to hypertension by further diminishing available NO, thereby challenging the disassociation of ET-1from the NO-ROS equilibrium (Camarda et al., 2022; Wilcox et al., 2019; Muhammad et al., 2020).
Oxidative stress resulting from excessive production of ROS is a crucial mechanism underlying endothelial cell death (Zheng et al., 2022; Fan et al., 2024; Lin et al., 2022). ROS, such as superoxide and hydrogen peroxide, have been identified as molecules involved in angiogenesis. While excessive ROS levels induce senescence and apoptosis in endothelial cells and stem/progenitor cells, low concentrations of ROS play a pivotal role in redox signaling pathways that mediate angiogenesis (Ushio-Fukai and Alexander, 2004; Yingze et al., 2022). During antiangiogenic therapy, oxidative stress may contribute to the development of hypertension by oxidizing NO to peroxynitrite, thereby reducing NO-mediated vasodilator tone (Sedeek et al., 2003). The literature has extensively investigated whether the elevation of MAP induced by sunitinib is accompanied by an increase in oxidative stress markers and if antioxidants can prevent or reverse this potential rise in MAP (Kappers et al., 2011; Lankhorst et al., 2014). Through studying the role of oxidative stress in hypertension, it has been determined that upregulation of ROS production is more likely to be a consequence of VEGF inhibitor-induced hypertension (Versmissen et al., 2019). The reduced availability of NO plays a crucial role in the development of hypertension induced by VEGF inhibitors, while it has been demonstrated that ET-1 enhances NADPH oxidase activity, leading to increased production of ROS and potentially contributing to hypertension by further diminishing the levels of available NO (Kappers et al., 2011; Sarkar et al., 2019). ETA receptors are implicated in blood pressure regulation as well as chemotaxis, release of inflammatory mediators, generation of ROS, and neointimal formation associated with vascular remodeling processes (Eid, 2024; Sobrano Fais et al., 2023).
4.2.2 Microvascular damage
Microvessel thinning (reduced microvessel density), leading to impaired microcirculation and increased vascular resistance. This is one of the mechanisms of VEGF inhibitor-induced hypertension (Touyz and Herrmann, 2018). Microvessel thinning was initially speculated to be possibly functional, and with intense vasoconstriction, and later structural, then the relationship between endothelin and microvessel thinning had to be revisited. There are experimental and clinical data suggesting that ET-1 is responsible for maintaining arterial stiffness (Amiri et al., 2004). Increased ET-1 activity may lead to atherosclerosis and atherosclerotic arterial stiffness (Sedeek et al., 2003; Kostov, 2021; Gu et al., 2015). These pathological processes significantly reduce the elastic properties of central conduit arteries, leading to the manifestation of isolated systolic HTN. Increases in systolic and central pulse pressure may lead to eutrophication or hypertrophic remodelling of small arteries. In particular, hypertrophic remodelling of resistant arteries is a hallmark of ET-1 involvement in the hypertensive process.
VEGF inhibition resulted in a decrease in the number of perfused capillary networks, leading to an elevation in total peripheral resistance (TPR) and blood pressure. Capillary atrophy is attributed to endothelial cell apoptosis and chronic remodeling of the microvasculature observed during VEGF occlusion (Iwagawa et al., 2023). In one study, sunitinib-treated patients were examined for capillary density using microscopy (Gu et al., 2015). The researchers discovered that a reduction in microvascular network density during tki treatment was correlated with an increase in blood pressure. The reduced density of microvessels also results in obstructed microcirculation and increased vascular resistance. In a study involving patients with colorectal cancer, bevacizumab was administered and after 6 months of treatment, the patients’ blood vessels were evaluated. Moderate vasodilution was observed, suggesting that vasodilution may be one of the mechanisms by which VEGFI induces high blood pressure (Mourad et al., 2008). Furthermore, it is likely that vascular thinning is functional rather than structural (Chuang et al., 2018). Additionally, endothelial cell dysfunction may contribute to thrombosis, leading to further reduction in vascular perfusion, increased apoptosis, and loss of microvasculature.
4.2.3 Activation of related signalling pathways
Previously, our team’s study has demonstrated that apatinib can induce hypertension in WKY rat models through the activation of the RhoA/ROCK pathway, specifically via Rho protein kinase (ROCK) (Li et al., 2022). Furthermore, we simulated the tumor microenvironment for in vivo experiments and discovered that the RhoA/ROCK signaling pathway is also implicated in apatinib-induced hypertension and vascular remodeling mechanisms in mice with gastric cancer (Wang et al., 2022b; Wang et al., 2022c).
In recent years, it has been proposed that ET-1 acts as an upstream effector, stimulating the phosphorylation of myosin light chain (MLC) in vascular smooth muscle through the RhoA/ROCK pathway (Hwang et al., 2024). Simultaneously, it enhances oxidative stress in vascular endothelial cells via this pathway, leading to increased peroxide production and subsequent reduction in NO production (Choraghe et al., 2020). These effects ultimately contribute to vasoconstriction and the development of hypertension. Consequently, high blood pressure ensues. Prolonged (3 months) endothelium-specific overexpression of ET-1 not only results in persistent elevation of blood pressure, but also induces endothelial and renal damage (Coelho et al., 2018; Zou et al., 2019). Furthermore, the vasodilatory effects of NO are mediated through the RhoA/ROCK pathway and NO can exert its vasodilatory effect via the RhoA/ROCK pathway (Kai et al., 2019). Moreover, several studies have confirmed that the RhoA/ROCK pathway plays a crucial role in the development of salt-sensitive hypertension and hypertension-induced cardiac hypertrophy (Cao et al., 2016; Kobayashi et al., 2009). The vasoconstrictive effect of ET-1 can be potentiated by the activation of the RhoA/ROCK pathway, which is implicated in reducing vasodilator function by enhancing oxidative stress, promoting peroxide production, and diminishing endothelial NO production (Zhuang et al., 2018; Tsai et al., 2017). Notably, ET-1 plays a pivotal role in mediating TKIs-induced hypertension and serves as a key driver for this condition.
4.2.4 Regulation of calcium ions
The study demonstrated that ET-1-mediated vasoconstriction is associated with calcium ions, and experimental evidence also confirmed the coupling of receptor-specific calcium signaling cascades to endothelin ETA and ETB receptors in drug-resistant arteries (Abdel-Samad et al., 2016). Endothelin ETA primarily mediates ET-1-induced vasoconstriction, with a minor contribution from VSM endothelin ETB receptors. This process involves mobilization of Ca2+ from intracellular stores, activation of nonselective cationic TRPC3 channels, entry of extracellular Ca2+ through dihydropyridine-sensitive L-type channels, and mechanisms enhancing Ca2+ sensitivity (Peppiatt-Wildman et al., 2007; Adebiyi et al., 2012). Additionally, protein kinase C (pKC) plays a crucial role in regulating Ca2+ handling by augmenting voltage-dependent Ca2+ influx (Ziemba and Falke, 2018). Furthermore, regulation of Ca2+ handling serves a dual purpose through a feedback loop that inhibits release of intracellular SR stores’ stored Ca2+. ROCK not only regulates intracellular Ca2+ mobilization and entry but also acts as a major determinant for increased myofilament sensitivity to vasoconstriction induced by activation of ET receptors in drug-resistant arteries (Rattan, 2017; Zhao et al., 2021). Enhanced ROCK activity contributes to increased Ca2+ sensitization, vasoconstriction, and vascular remodeling in hypertension. Additionally, PKC-mediated increases in L-type Ca2+ entry are associated with abnormal vasoconstriction in insulin-resistant states (Zhang et al., 2003). Therefore, these kinases represent potential pharmacological targets for vascular diseases that involve impaired ET pathways.
5 TRADITIONAL ANTIHYPERTENSIVE TREATMENT REGIMENS
The position paper on tumor treatment and its impact on cancer and cardiovascular toxicity suggests that medication recommendations for high blood pressure can enhance the prognosis of patients in the long term, particularly through the use of angiotensin converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), β-receptor blockers (Zamorano et al., 2016). Similarly, both cardio-oncology guidelines in the United States and Europe continue to advocate ACEIs/ARBs as the primary choice for hypertension management (Alexandre et al., 2020). However, non-dihydropyridine calcium channel blockers (CCB) are generally not recommended due to their potential interaction with VEGF-targeted therapy. Diuretics are used carefully, because diarrhea or using diuretics cause electrolyte can increase the risk of QT extension. If cause liver toxicity, VEGF inhibitors should be careful to use the CCB. When TKIs cause bradycardia should be careful to use beta-blockers drugs. The different classes of antihypertensive medications commonly interact with antitumor drugs see in Table 1.
TABLE 1 | The commonly employed antihypertensive agents exhibit interactions with anti-tumor drugs.
[image: Table detailing common drug interactions between antihypertensive and anti-tumor drugs. Categories include beta blockers, calcium channel blockers, ACEIs, thiazide diuretics, loop diuretics, and potassium preserving diuretics. Each lists interactions that may increase risks such as blood pressure changes, cardiac toxicity, and edema when combined with specific drugs like TKIs, doxorubicin, paclitaxel, and mTOR inhibitors.]6 POTENTIAL THERAPEUTIC TARGETS OF TKIS FOR ENHANCING BLOOD PRESSURE THROUGH MODULATION OF THE ENDOTHELIN SYSTEM
The pathophysiological effects of ET-1 are primarily mediated through ETA isoforms. In preclinical and acute experimental studies, highly selective peptide antagonists targeting ETA (including BQ123 and TAK-044) as well as ETB (BQ788), along with three nonpeptide antagonists (bosentan, macitentan, and ambrisentan), which either exhibit hybrid ETA/ETB antagonist properties or demonstrate ETA selectivity, have been clinically approved for use primarily in the treatment of pulmonary hypertension (Maguire and Davenport, 2015; Bonvallet et al., 1993; Watanabe et al., 1995; Mazzotta et al., 2023). With further research, endothelin receptor antagonists may also find application in the management of refractory hypertension. A variety of ETRAs have been developed and are categorized into three groups based on their functions: selective ETAR antagonists (ETARA), such as darusentan and ambrisentan (Enseleit et al., 2008; Croxtall and Keam, 2008). Selective ETBR antagonists (ETBRA) like bosentan and non-selective ETRAs including macitentan (Hosseinbalam et al., 2023; Grünig et al., 2024). Additionally, there are non-selective ERA aprocitentan (Dhillon, 2024).
6.1 The progression of antihypertensive effects exerted by endothelin and its antagonists
Endothelin antagonists can be utilized for the treatment of essential and refractory hypertension, with bosentan being the first ETRA employed in clinical trials for hypertension management. The findings from this study demonstrated that bosentan alone exhibited a statistically significant reduction in blood pressure after 4 weeks among patients with essential hypertension, comparable to the antihypertensive effect of enalapril (Karam et al., 1996). Another study revealed that darusentan could potentially exert an evident antihypertensive effect in treating essential hypertension (Black et al., 2007). However, its efficacy was not superior to ACE inhibitors. Moreover, serious hepatic damage, pulmonary arterial dilatation, and other adverse effects associated with darusentan use, thereby limiting further exploration into monotherapy for essential hypertension treatment. In terms of the antihypertensive effect of different drugs in ETRA, it has been newly reported that in animal experiments, the new drug macitentan has a stronger antihypertensive effect than bosentan, and it can also be clinically studied (Iglarz et al., 2014). Aprocitentan helps to dilate blood vessels and lower blood pressure by antagonising ETA receptors. Aprocitentan is commonly used in the treatment of refractory hypertension, patients with hypertension that has failed to respond to other medications, either as monotherapy or in combination with other antihypertensive medications (Georgianos and Agarwal, 2023). Clinical trials have shown that Aprocitentan provides clinically meaningful reductions in systolic blood pressure (SBP) and diastolic blood pressure (DBP) in the treatment of patients with refractory hypertension, that such reductions in blood pressure can be sustained for up to 48 weeks, and that its adverse effects can be controlled and the adverse effects are controllable (Schlaich et al., 2022).
6.2 Potential targets for endothelin receptor antagonists in hypertension caused by antitumor therapy
Endothelin is not only associated with cancer, but also implicated in the adverse effects induced by antineoplastic drugs, particularly hypertension. Studies have demonstrated a significant elevation of ET-1 levels during the treatment of patients across various types of cancers (Aliabadi et al., 2022; Tapia and Niechi, 2019; Rosanò and Bagnato, 2016). Targeting the ET axis and inhibiting it through specific, selective, and dual-competitive ET receptor antagonists represents an appealing approach for cancer therapy (Tocci et al., 2023). Currently, ETA and/or ETB antagonists are undergoing clinical trials to evaluate their efficacy in diverse indications such as cardiovascular disease and cancer.
It has been demonstrated that the targeting mechanism of anti-tumour drugs is intricately associated with ET-1, while cancer metastasis relies on neovasculogenesis. Tumour cells secrete factors that stimulate angiogenic pathways to facilitate rapid growth and formation of new microvessels in a state of uncontrolled cell proliferation (Farhan et al., 2020). One approach employed by targeted anti-tumour drugs involves activating the endothelin system to induce vasoconstriction and thinning.
Activation of the ET system is a crucial factor contributing to the adverse effects caused by VEGF inhibitors, thereby favoring the utilization of ET receptor antagonists as a means to mitigate these undesired side effects. Selective ETA receptor antagonists exhibit promising potential in this regard. In a study investigating the cardioprotective effects of macitentan on animals treated with sunitinib, it was determined that concurrent administration of macitentan effectively prevented sunitinib-induced hypertension while also improving ejection fraction and reducing cardiac fibrosis (Sourdon et al., 2021).
However, ET receptor antagonists are currently not approved for the treatment of systemic hypertension or renal injury, and there is also a potential risk of adverse effects associated with selective ETA receptor blockade, particularly edema (Wykoff et al., 2022). Additionally, during VEGF inactivation, ETB receptors may undergo a phenotypic switch from vasodilator to vasoconstrictor, necessitating the use of dual ET receptor antagonists (Koyama et al., 2014). Another potentially superior approach could be targeting downstream ET-1 signaling to prevent VEGF inhibitor-induced hypertension and renal injury or interfering with ET-1 upregulation.
Endothelin receptor antagonists possess potential therapeutic value not only in the management of hypertension caused by targeted antineoplastic agents, but also in directly targeting cancer itself. Macitentan can disrupt the β-arr1 signaling network by obstructing the ET-1 receptor, thereby impeding ET-1 signaling and enhancing cancer cell response to platinum-based chemotherapy (Tocci et al., 2021). Furthermore, it downregulates angiogenic and metastatic effects across various types of cancer. In a porcine model of sunitinib-induced hypertension discovered that treatment with tizosentan (a non-selective endothelin receptor antagonist) completely mitigated sunitinib-induced elevation in blood pressure effects (Kappers et al., 2012). Using a selective endothelin receptor antagonist, further elucidated that sunitinib-induced hypertension and proteinuria are mediated via ETA receptors rather than ETB receptors. This finding aligns with known ETA-mediated effects on smooth muscle cell contraction. Aprocitentan is an endogenous antagonist of the angiotensin ETA receptor, which plays a crucial role in regulating vascular tone and water-salt homeostasis (Danaietash et al., 2022). In the field of oncology and the management of tumor-induced hypertension, Aprocitentan emerges as a promising therapeutic target due to its novel mechanism, remarkable efficacy, and excellent tolerability.
7 THE SUMMARY AND FUTURE PROSPECTS
The cardiovascular toxicity and other side effects caused by VEGF inhibitors in anti-tumor therapy have become one of the main reasons limiting the anti-tumor therapy process with VEGF inhibitors. Traditional anti-hypertensive drugs are not effective for treating such hypertension, and there is a close relationship between traditional anti-hypertensive drugs and the occurrence and development of some tumors. Therefore, it is of great importance and urgent need to explore the relevant mechanisms of cardiovascular complications caused by VEGF inhibitors in anti-tumor therapy for clinical smooth application of VEGF inhibitors.
Vasoactive molecules, such as VEGF and ET, exhibit cytokine-like activity and regulate endothelial cell growth, migration, and inflammation. Several endothelial mediators and their receptors are targeted by currently approved angiogenesis inhibitors, including monoclonal antibodies against VEGF or inhibitors of vascular receptor protein kinases and signaling pathways. Pharmacological intervention that disrupts the protective function of endothelial cells can lead to similar adverse effects. Clinically, hypertension is the most common side effect associated with inhibition of the VEGF signaling pathway. Hypertension also poses a significant risk for cancer patients, as it increases mortality and morbidity related to cardiovascular disease. When hypertension reaches a certain level, cancer patients may need to discontinue antineoplastic drugs in order to prevent further elevation of blood pressure. Therefore, hypertension is not only an adverse reaction to the use of antineoplastic drugs in cancer patients but also a significant risk factor for increased mortality in this population. The management of oncological hypertension is a critical aspect that requires attention. Commonly used antihypertensive medications include diuretics, β-blockers, calcium antagonists, angiotensin-converting enzyme inhibitors, and angiotensin II receptor antagonists. However, there is a need to explore new drugs for refractory hypertension associated with cancer treatment. One promising option worth investigating is endothelin antagonists. Endothelin plays a crucial role in the pathophysiology of hypertensive complications related to cancer therapy, and inhibiting its axis can effectively reduce blood pressure levels. This research direction represents our current focus and exploration.
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Heterogeneity: Chi? = 1.16, df = 2 (P = 0.56); 1> = 0%
Test for overall effect: Z = 0.65 (P = 0.52)

Risk Ratio
M-H, Fixed. 959
0.27 [0.01, 6.30]
0.60 [0.16, 2.21]
2.00[0.19, 21.14]

0.71 [0.26, 1.99]

0.01

Risk Ratio
M-H, Fixed, 95% CI

0.1
Favours [experimental]

1

10
Favours [control]

100
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Rank Journal Record Country ICR quatile
1 International Journal of Nanomedicine 85 New Zealand 80 Q
2 Journal Of Controlled Release 68 Netherlands 108 Q
3 Biomaterials |56 Netherlands 14 Q
4 Acs Applied Materials and Interfaces 49 United States 95 Q
s | Internatonal Journal OF Pharmaceutics e Netherlands ss Q
6 Acs Nano 45 United States 17.1 Q
7 Molecular Pharmaceutics 45 United States 49 Q
8 Scientific Reports I England a6 Q
9 Nanomedicine-Nanotechnology Biology And Medicine % Netherlands 54 Q
10 Colloids And Surfaces B-Biointerfaces T Netherlands ss Q
1 Journal Of Materials Chemistry B ) | England 7.0 Q1
12 Bioconjugate Chemistry 2 United States 47 Q
13 Pharmaceutics | Switzerland 54 Q
14 Analytical Chemistry T United States | 74 Q
15 Biosensors and Bioelectronics u Netherlands 126 Q
16 Journal Of Nanobiotechnology T England 102 Q
17 Pharmaceutical Research u Germany 37 Q
18 Rsc Advances u England ) Q
19 Cancers » Switzerland 52 Q
2 Drug Delivery s United States | 60 Q
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Co-cited references Total Centrality Journal IF(2022 years) Corresponding

citations author's country
1 CA: A Cancer Journal for Clinicians 152 1 CA-CANCER] | QU/2547 United States
CLIN
2 Ovarian cancer statistics, 2018 44 0.08 CA-CANCER] | QU/2547 United States
CLIN
3 CA: A Cancer Journal for Clinicians 32 025 CA-CANCER] | QU/2547 United States
CLIN
4 CA: a cancer journal for clinicians 32 002 CA-CANCER] | QU/2547 United States
CLIN
5 Cancer nanomedicine: progress, challenges 29 0 NAT REV QU785 England
and opportunities CANCER
6 CA: A Cancer Journal for Clinicians 2 002 CA-CANCER ] | QI/2547 United States
CLIN
7 Epithelial ovarian cancer: Evolution of 27 076 CA-CANCER ] Q1/286.130 United States
management in the era of precision medicine CLIN
8 Analysis of nanoparticle delivery to tumours | 26 0 NAT REV QU35 England
MATER
9 Ovarian Cancer: An Integrated Review u 0 SEMIN ONCOL | Q2/2.2 United States
NURS
10 Cancer nanotechnology: The impact of 2 005 ADV DRUG Q6.1 Netherlands
passive and active targeting in the era of DELIVER REV
modern cancer biology
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Cancer-preventive

phytomolecule

Botanical
source

Metabolite
class

Molecular target and mechanism
of action

Cancer
category

Animal/cell
lines

Reference

Curcumin

Siymarin

Ginestin

Fisein

Baicalin

Apigenin

Lycopene

Dihydrotanshinone

Pcarotene

Artemis

Eugenol

Ancthole

Capssicin

Sanguinarine

6.Gingerol

EGCG

Resveratrol

Caffc acid phenethyl ester
(care)

Allicin

Sulforaphane

tamin D3

Extrat of Syzygiun
samarangense

Rhizomes of Curcuma
longa

Fruits of Silybum
marianum L

Seeds of Glyine soji
sich

Fnits of Fragaria
virginiana

Roots of Seutllria
baicalensis

Flowering tops of
Petroselinum crispum

Fruits of Solanum
Ieopersicum

Roots of Sabvia
miltorthiza
Fruits of Daucus carota

Shrubs of Artemisia

Flowering tops of
Syaygiom aromaticum

Dried and ripe fruits of
Foeniculun vilgare

Dried fuits of
Capsicum annum

Rhizomes of
Sanguinaria canadensis

Rhizomes of Zingiber
offcinale

Ereshleaves of Camellia

Eruits of Vits vinifera

Dricd and ripe fuits of
Coffea arabica

Eruit bulbs of Allum

Fruits of Brassica
oleracea

Cheese or i liver oil

Seeds of Syzygium
samarangense ($5)

Flavonoid

Terpenaid

Alkaloid

Organometallic
compound

20M

200 mk, topiclly, o
weeks

500 microgm/kg body
weight on three alternative:
days

100 M

15 mylkg/day, ip.route, two
weeks

e

s

suM

15uM

300 mghs

150 M

8 my/kg, oral, one week.

0 M

10

100 mg/kg, oral, 120 days

100 M

150 5M

20 myke, oral, 10 days

100 g orl. § times 3
ek

15uM

200uM

500 ugim

Inhibits NE-KB activation, upregulates SOCS.
expression, inhibits INK activation, and
phosphoryltes Bel-2, leading to autophagic cell
desth in cancerous cells

Inhibits TNF-a and NF-KB activation and targets
BAX/BAK and BC1-2 levels

Inhibits cyclin D Kinases, cll proliferation,
aniogenesis, invasion, metastasis, and apoptotc
processes targeting BAX/Bel-2 levels

Inhibits the Wo signaling pathway and
proliferaton of cancerous cells

Inhibits NEKB/IL 18, VEGF amplification, and
Bel-2 and upregulates apoplotc caspase-3, pro-
apoptotic p33, and Bax

Active against VEGE and reduces tumor volume.
and cell proffeation

Inhibits VEGF, BAX, NF-KB, MEK, and CDKs and
upregulates 3 leels,leading to chemoprevention
and anti-angiogenc potential

Downregulates PUMA, BAX, and EGFR in
apoptotic pathays and boosts p33 and Bel-2 levels

Accelerates BAX levels and inhibits Bel2, NF-kB,
and NRE-2, promting cancer-prevention actvity

Membranous translocation of beta-catenin and
inhibition of unrestriced activation of Wat/
b-catenin pathway, leading to cancer-prevention
activity

Inhibits NEKB sctvation and target L-1B levels

Inhibits cel proliferation and NF-KB activation
pathway

Inhibits STAT and NF-KB activation and
modulates SOCS and IKB a levels

Inhibits profiferation and NF-kE actvation
pathway. Incresses apoptosis and necrosis in
cancerous clls

Inhibits cel prolifration by targeting TNF-a, IL-
19, INOS, COX-2, and cyclin DI and upregulates
APC and ps3, yielding cancer-preventive aciviy

Inhibits NE-KB activation, VEGF, BAX, NE-&,
MEK, and CDKs and modulates SOCS and Bel-2
levels

Inhibits NE-KB and JAK-STAT activation
pathways and upregulates SOCS and Bel-2 evels,
activating apoptosis in cancerous cells:

(CAPE has been reported to act against the NF-KB
activation pathway and gene expressions

Inhibits INOS, NF-kB actvation, and VEGE,
showing cancer-prevention activity

Decreases NF-kB and tumor size and inhibits CDK

Inhibits p-Bel-2, - Myc, p-IGE-IR, p-mTOR,
p-P70S6K, and p-S6 and upregulates caspase-
BAX, and p-AMPK levels

Inhibits ¢-Myc and NF-KB activation and
upregulates apoptosis in cancerous cels by
interacting BAX/Bol-2 levels

Breast cancer

Squamous cel

Breast cancer

Nasopharyngeal

Breast cancer

Skin cancer

Colorectal

Liver cancer

Colon cancer

Breast cancer

Breast cancer

Breast cancer

Gastric cancer

Epidermoid

Colorectal cancer

Oral cancer

Squamous cel

Liver cancer

Colorectal cancer

Breast cancer

Amdlanotic
melanoma

Liver cancer

MCE7 and MDA-
MB-231

Old SENCAR mice

CS7BUG mice

CNEI and CNEI-
LMPI celllines

Female Swiss albino

NHEK cell lines

HeT

HepG2 and HT-29
cels

HCTI1G, SW10

Balb/c female, nude.

MCF-2 cells

Female

Sprague-Davley
natsw

AGS cels

A431 and NHEK cells

Male BALB/c mice

HSC:3 celllines

SCCHN cels

Male Wistar rats

AT mice

SUMI49and SUMIS9

Hs695T.

HEP G2.C5 cells

Wang et al. (2016)

Wang et al (2023)

Suetal. (2005

Sub et al. (2009)

Shehatta e al. (2022)

Lietal. 20200)

Xuetal. (20200)

Jiang et al. (2019)

Kavalappa el (2019)

Lietal. 2007)

Sarkar et al. (2020)

Lubet et al. (1997)

Gilardini Montani
etal. Q015)

Ackkar et al. 2017)

Farombi et al. 2020)

Wang et ol (2018);
Wei et al. (2022)

Back et al. (2016)

Carrasco-Legleu et al.
(200)

Suetal. (2021b)

Bumett et al. (2017)

Badea and
Udisioiu (2021)

Suetal. (2021b)
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Cancer-

preventive
phytomolecule

MOA involved in
chemoprevention

Reported toxicity on
prolonged use

Manifestation

Reference

Vitamin D3 Increases p53, caspase, and Reduces superoxide dismutase | Impaired angiogenesis; a Fukai and Ushio-Fukai
cytochrome and decreases (SOD) levels precognitive agent for various | (2011);
proliferation, activating BAX vascular diseases such as Bakhtiari-Dovvombaygi et al.
atherosclerosis. Elevated oxidative | (2021)
stress may be a major point of
concern
Sulforaphane Exhibits anti-proliferation, decreases | Synergistically boosts the Exhibits increased concentrations | Jeffery et al. (2015); Bozic
NF-KB, reduces tumor size, and overexpression of CEPS5 and of CEP55 and increases cell etal. (2022)
inhibits CDK downregulates MMP28 with division as it is responsible for
antimetabolites and NSAIDs genomic instability; the
deactivation of the
MMP28 protein may create
problems in wound healing or
vein formation in pregnant
women
Curcumin Increases autophagy, caspase, cell | Reduces the activity of CYPIAL | Prolonged use of curcumin in | Nayak and Sashidhar (2010);
death, and BAX and decreases Bel2, | (enhances the metabolism of higher doses reduces the levels of | Elkashty (2020)
NF-KB, and NRF-2 estrogen) estrogen in both sexes. Reduced
levels of CYPIAI may cause the
accumulation of steroids/fats and
lead to CVDs and respiratory
diseases
Silymarin Inhibits TNF-a and reduces tumor | Reduces MDA levels Decreased MDA levels are Prakash Maurya et al. (2021);

Caffeic acid phenethyl ester

Sanguinarine

formation

Inhibits NE-kB and reduces gene
expression

Increases apoptosis and necrosis in
cancerous cells

Upregulates miR-182-5p on
prolonged use

Causes severe cardiotoxicity

beneficial in reducing ROS levels,
creating difficulty in the diagnosis
of other diseases such as
psychiatry, chronic obstructive
pulmonary disease, asthma, or
cardiovascular diseases

Impaired DNA repair with
subsequent effects on the cell
cycle, apoptosis, or genetic
stability, leading to tumorigenesis.
It also acts as a biomarker in
cancer diagnosis

Severe malformation affecting
heart rate, red blood cll number,
blood flow dynamics, and stroke
volume. Increased apoptosis may
be a serious concern to cause
heart-related complication, ¢.g.
myocardial infraction

Ahmed et al. (2022)

Krishnan et al. (2013); Hao
et al. (2021)

‘Wang et al. (2022)

Anethole

Resveratrol

Capsaicin

EGCG

6-Gingerol

Decreases tumor incidence and
‘multiplicity

Decreases proliferation, mRNA-EP,
and STAT3 and increases SOCS

Blocks TNFa and decreases NFkB

Prevention and angiogenesis.
Decreases VEGF and NF-kB and

simultaneously increases BAX
secretion

Decreases NF-kB, CDK, and Bel-2
and increases caspase

Acetylcholinesterase activity

Deactivates inflammatory
cytokines

Long-term ingestion of high
amount of capsaicin causes
gastrointestinal discomfort

Interaction with PSMBS5 results in
the inhibition of proteasomes and
their complexes

Reduces homocysteine and MDA
levels

Induces rapid hydrolysis of
acetylcholine neurotransmitter
and may cause headache and
drowsiness

Affects immunological reactions
of body as it reduces the
protective phenomenon of the
human body against physical/
chemical or mechanical stress

Causes Gl irritation, affecting
oxidative stress and tissue
permeability of the
gastrointestinal tract, and leads to
the development of irritable bowel

syndrome

Inhibits the desirable actions of
proteosomes and dysregulation of
cell cycle progression and leads to
prostate and other cancers

Decreased MDA levels are
beneficial in reducing ROS levels;
creates difficulty in diagnosis of
other diseases such as psychiatry,
chronic obstructive pulmonary
discase, asthma, or cardiovascular
diseases

‘Wang et al. (2021)

Hao et al. (2022)

Xiang et al. (2021)

Cai et al. (2021)

Li et al. (2021)

Eugenol

Allicin

B-carotene

Dihydrotanshinone

Decreases Bel2, activating caspase 3

Anti-angiogenesis and anti-
proliferative

Increases caspase and BAX and
decreases Bcl2, NF-kB, and NRF-2

Prevention: decreases CDKLI and
Bel-2 and increases caspaseb 3 and
mRNA expression

Long-term use of eugenol causes a
reduction in the secretion of the
growth factor

Hypotension and hyponatremia

Reduces MDA levels

Inhibition of CYP2]2 may be
helpful in chemoprevention

Interaction with interleukins may
cause such problems

By inhibiting angiotensin, it
causes excessive diuresis

Diagnosis of COPD or CVD may
be critical as MDA is used as a
biomarker for their diagnosis

CYP2)2 provides protection for
heart. Its decreased levels cause
cvps

Fuentes et al. (2022)

Dutta et al. (2021)

Sahin and Karatepe (2022)

Xu et al. (2018)

Fisetin

Inhibits cellular targets and
proliferation

Activates heme oxygenase-1,
which is responsible for oxidative
cleavage of heme groups, leading
to the generation of biliverdin and
carbon monoxide and release of
ferrous iron

Leads to jaundice and joint pain

Tsai et al. (2018)
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Types of antihypertensive drugs

Beta blocker

Common drug interactions with anti

umor drugs

TKIs (such as imatinib and gefitinib) may increase metoprolol blood pressure concentration

TKIs (such as Seretinib and Clozotinib) combined with all beta blockers may further exacerbate bradycardia
‘The combination of beta blockers and all TKIs that prolong the QT interval may lead to worsening of QT interval extension

Carvedilol interacts with afatinib and Venetok and should be avoided from use

Calcium channel blockers

ACEIs
Thiazide diuretics

Loop diuretic

Potassium preserving diuretics

Avoid using CYP3A inhibitors such as diltiazem, verapamil, and felodipine, as they cause elevated plasma levels in most
TKIs

Verapamil reduces the excretion of doxorubicin, paclitaxel, and irinotecan, leading to increased cardiac toxicity of these
drugs

Felodipine exacerbates sorafenib induced hypertension through CYP3A4

Avoid using amlodipine with edranib, as the latter increases amlodipine levels

When TKIs cause liver tosicity, avoid using amlodipine

Combined use with mTOR inhibitors increases the risk of vascular edema

May exacerbate bone marrow suppression caused by cyclophosphamide

May increase cisplatin related nephrotoxicity and ototoxicity

May lead to electrolyte imbalance, resulting in prolonged and worsened QT intervals related to TKIs
Furosemide increases the toxicity of methotrexate

‘The combination of mineralocorticoid receptor antagonists (such as spironolactone and epinephrine) and some
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In vitro, ex vivo or in vivo
testing

Role in ferroptosis

induction

References

RG30309

14-dihydroxy quininib

Gallic acid (GA)-Fe (1)
and padlitaxel (PTX)-
assembled nanoparticles
(Fep Nps)

Erdafitinib

NMQDs-Ti;C,Tx

UNC 1999

In vitro: UM 92.1 (primary), Mel270
(primary), OMM1 (metastatic),
OMM2.3 (metastatic) and MP41
(primary) cells
In vivo: NOD/SCID mice injected
subcutaneously with OMMI cells

DCPS inhibition induces GLRX-
‘mediated ROS production, leading to the
formation of lipid peroxides

In vitro: UM OMM2.5 (metastatic)
and Mel285 (primary) cells
Ex vivo: Metastatic UM OPDX

- Increases ROS, HO-1 expression and
lipid hydroxide levels
- Decreases GPX4 expression and affects
GSH content
- Modulates the expression of
ferroptosis-related proteins including
SLC3A2, GCLM, CTH, ACSL3, NQO1,
IREB2 and AIFM2

In vitro: BI6F10 cells (from mouse
melanoma)
In vivo: Nude mice injected with
BI6F10-Luc melanoma cells
intraocularly in the right eye

- Increase ROS, membrane lipid
peroxidation and intracellular iron levels
- Suppresse intracellular GSH
production by inhibiting system Xc
activation
- Decrease GPX4 expression and
increase ACSLA levels

UM 9211 (primary) and
Mel202 (primary) cells
In vivo: UM 92.1 xenograft models

- Affects iron, GSH and MDA levels
- Enhances the transcriptional activity of
‘TFEB, whose aggregation in the nucleus

triggers FTH1-dependent
ferritinophagy, leading to lysosomal
activation

In vitro: UM C918 (primary) and
Mum-2B (metastatic) cells
In vivo: Mice injected with UM
Co18 cells

- Increases ROS, MDA and lipid
peroxide levels
- Decreases GSH concentration and
increases SLC7AII levels
- Upregulates PTGS? levels

- Induces mitophagy and lysosome
destruction

In vitro: UM OMMI cells
(metastatic)

- Increases intracellular iron, ROS and

MDA levels; decreases GSH levels

- Modulates expression of genes

involved in ferroptosis pathways

including HMOX1, NRF2, TXNIP,
FITHI, SQSTMI and KEAP1

- Causes structural damage and
dysfunction in mitochondria

RG30309 impedes UM cell growth | Jin et al. (2023)
in vitro through ferroptosis and
diminishes hepatic metastasis of UM

cells in vivo

Tonelotto et al.
(2024)

1,4-dihydroxy quininib induces UM cell

death through ferroptosis in vitro and

increases ferroptotic markers levels ex
vivo

FepNps reduce melanoma cells growth = Wang et al. (2024)
in vitro by ferroptosis induction and
inhibits tumor growth and metastasis in

vivo

Erdafitinib induces UM cell death by | Zhu et al. (2024)
promoting ferroptosis in vitro and

suppresses tumor growth in vivo

Zhang et al.
(2022a)

NMQDs-Ti;C,Tx evokes ferroptosis in
UM cells in vitro and prevents UM
xenograft tumor growth in vivo

UNC 1999 suppresses UM cell growth = Hou et al. (2022)

in vitro through ferroptosis

Erastin and RSL3

- Erastin: SCL7A11 inhibitor In vitro: UM MMG66 (metastatic)

Erastin and RSL3 reduces UM cell | Groenewoud et al.

- RSL3: GPX4 inhibitor and Mel285 (primary) cells growth in vitro and diminishes (2023)
In vivo: Patient-derived zebrafish ‘metastasis formation in vivo
xenografts of primary and
metastatic UM
Erastin Decreases GPX4 expression In vitro: UM OMMI (metastatic) | Erastin induces UM cell death in vitro, = Drschmannet al.
cells which can be rescued by specific (2021)

fucoidan extracts





OPS/images/fphar-15-1466896/fphar-15-1466896-g001.gif





OPS/images/fphar-15-1466896/crossmark.jpg
©

|





OPS/images/fphar-15-1459820/fphar-15-1459820-g003.gif
g

ﬂ&ﬁ«ﬁ-ﬂbﬁ-ﬂ—»ﬁ

e

=1 = o
B
o

| e
e e e s e
o
AR

ceuvu
oRUG ExPoSURE PHASE | REGeNERATION PrASE

c ST D e






OPS/images/fphar-15-1459820/fphar-15-1459820-g002.gif
3
a‘/@
o st

Coltviabity (%]
o888

5 Tatobuin

o viabitty %]
o8 888

SO

5 U HNK 30 g FNK

5 oM Tatobuin






OPS/images/fphar-15-1459820/fphar-15-1459820-g001.gif
e v o o}

ey 5 6 @ 5 1w






OPS/images/cover.jpg
& frontiers | Research Topics.

Innovative approaches to
overcome resistance

and toxicities of
anti-cancer drugs

Eaiteaby

Published in
Frontirs in Pharmcoiogy
Frontirs in Oncology






OPS/images/fphar-15-1463520/crossmark.jpg
©

|





OPS/images/fphar-15-1432851/fphar-15-1432851-g001.gif
" PANC- MRP4- BXPC-3 MRP4+ BXPC-3 MRP4+
S 2208 e ossoes & yusoes

¢
MRP4 gene signature e






OPS/images/fphar-15-1432851/crossmark.jpg
©

|





OPS/images/fonc.2024.1380453/table2.jpg
Ave/Axi ICI +

Oncogene
targeting
TKI (BRAF/
MEK/
EGFR/ALK)

No. of studies 72 10 8 10 17 5 5 11

n= 5860 1898 513 434 1996 578 484 964

G3-5 Toxicity™ | 54% (95% 58% (95% 57% (95% 57% (95% 56% (95% 49% (95% 61% (95% 62% (95%

CI =49-60%)  CI=40%-73%) CI=43-69%) CI =47 -66%) | CI 43 - 68%) CI39% - 69%) = CI44% -75%)  CI 53% - 71%)

Diarrhoea 7.1% 11.3% 5.6% (9/161) 6.0% (23/383) | 9.9% 4.4% (26/578) | 6.6% (32/484) | 4.8% (47/964)

G3-5 (393/5226) (216/1898) (152/1521)

Fatigue 4.1% 3.3% (62/1860) 2.5% (4/161) 3.6% (12/333) 3.9% (60/1505) 3.6% (21/578) 3.9% (19/484) 2.5% (23/904)

G3-5 (213/5106)

SOB 1.4% (34/2269) = 1.4% (8/585) 5.1% (3/59) 9.3% (3/32) 1.6% (9/567) 1.4% (8/556) 2.1% (2/95) 2.2% (12/540)

G3-5

Rash 2.7% 11.2% (22/1962) | 3.9% (8/204) <1% (3/400) <0.1% (4/1216) | <0.1% (3/578) | 1.5% (6/400) 7.1% (68/964)

G3-5 (129/4695)

ALT increase 5.6% 6.3% (120/1898) | 7.3% (15/204) 8.5% (30/353) 0.2% (21/1254) 3.9% (23/578) 6.1% (30/484) 5.6% (54/964)

G3-5 (287/5088)

AST increase 4.7% 3.4% (68/1962) 7.3% (15/204) 14.4% (51/353) | 2% (29/1254) 2.2% (13/578) 11.6% (56/484)  6.3% (61/964)

G3-5 (236/4972)

Hypertension 20.7% 21.1% 7% (12/162) 18.2% (79/434) | 18% (258/1519) | 22.4% 11.5% (56/484)  1.9% (6/312)

G3-5 (935/4498) (392/1854) (130/578)

irAE Toxicity 12.8% 12.9% 20.2% (18/89)  28.4% (25/88) | 2.3% (18/759) | 11.0% 14.2% 41% (33/81)

G3-5 (390/3042) (231/1787) (49/444) (49/343)

irAE Colitis 14% (42/2830)  1.7% (24/1345) 0% (0/68) 1.7% (1/57) <0.1% (1/570) 0% (0/76) 1.4% (5/343) 1.4% (6/439)

G3-G5

irAE Hepatitis 2.1% (52/2470)  2.0% (27/1345) 4.5% (4/89) 14.0% (8/57) 1.1% (8/673) 1.3% (1/76) 2.6% (9/343) 1.1% (3/264)

G3-G5

IrAE 1.1% (38/3471) 1% (14/1345) 5.3% (7/132) 4.4% (4/89) <0.1% (5/736) 1.8% (2/108) <0.1% (3/343) 2.7% (8/295)

Pneumonitis

G3-G5

NSCLC, Non-small cell lung cancer; RCC, Renal cell carcinoma; HPB, Hepatobiliary cancers; ICI, Immunecheckpoint inhibitors.

Len/Pembro, Lenvatinib + Pembrolizumab; Ave/Axi, Avelumab + Axitinib; Nivo/Cabo, Nivolumab + Cabozantinib.

BRAF, B-raf; MEK, Mitogen-activated protein kinase; EGFR, Epidermal like growth factor receptor; ALK, Anaplastic Lymphoma Kinase.

**No missing data for overall incidence of G3-5 toxicity across studies but missing data for individual toxicities & ICIs varied by disease type and toxicity - hence different total numbers for each
participant group**.

Bold values indicates the overall toxicity g3-g5 and irAEs.
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No. No.

of studies of participants

Included Studies 72 5860
Abstract/Conference 28% (20/72) 18.7% (1098/5860)
proceedings only

Study Design

Phase 1b 27.7% (20/72) 16.3% (961/5860)
Phase 2 58.3% (42/72) 32.1% (1886/5860)
Phase 3 13.8% (10/72) 51.4% (3013/5860)

Organ System/Tumour Histology

GU 22.2% (16/72) 37/2% (2182/5860)
RCC 13.8% (10/72) 32.3% (1898/5860)
Urothelial 5.6% (4/72) 2.6% (152/5860)
Prostate 1.4% (1/72) 7.1% (132/5860)
Thoracic 13.8% (10/72) 9.9% (583/5860)
NSCLC 11.1% (8/72) 8.7% (513/5860)
Thymoma 1.4% (1/72) 0.5% (32/5860)
Mesothelioma 1.4% (1/72)) 0.6% (38/5860)
Hepatobiliary 13.8% (10/72) 7.4% (434/5860)
HCC 8.3% (6/72) 4.8% (284/5860)
Biliary 5.6% (4/72) 2.6% (150/5860)
Upper/Lower GI 12.5% (9/72) 9.8% (577/5860)
Colorectal 6.9% (5/72) 6.2% (362/5860)
Gastric/oesophageal 5.6% (4/72) 3.7% (215/5860)
Skin

Melanoma 8.3% (6/72) 14.1% (829/5860)
Head and Neck 6.9% (5/72) 1.7% (105/5860)
Head/Neck SCC 4.1% (3/72) 1.0% (67/5860)
Anaplastic thyroid carcinoma 1.4% (1/72) 0.3% (16/5860)
Adenoid cystic carcinoma 1.4% (1/72) 0.04% (28/5860)
Gynae 9.7% (7/72) 15.6% (913/5860)
Cervical 2.8% (2/72) 14.8% (87/5860
Ovarian 4.2% (2/72) 1.1% (65/5860)
Endometrial 4.2% (3/72) 12.9% (761/5860)
Other

Breast 6.9% (5/72) 0.1% (49/5860)
GBM 1.4% (1/72) 0.1% (52/5860)
Sarcoma 4.1% (3/72) 2.2% (128/5860)
Multiple tumour types 1.4% (1/72) 2.3% (137/5860)
Therapy

ICI Target

PD-L1 34.7% (n=25/72) 34.7% (2034/5860)
PD-1 65.2% (n=47/72) 65.2% (3826/5860)
CTLA-4 1.4% (n=1/72) 0.1% (33/5860)
TKI Target

Multitargeted TKI 73.6% (52/72) 65% (3801/5860)
VEGF specific 12.5% (9/72) 18.7% (1095/5860)
BRAF & MEKi 9.7% (7/72) 12.3% (726/5860)
MEK:i alone 1.4% (1/72) 3.1% (183/5860)
EGFR 2.8% (2/72) 0.01% (42/5860)

ALK 1.4% (1/72) <0.01% (13/5860)

Most common regimens

Lenvatinib/Pembrolizumab 23.6% (17/72) 34% (1996/5860)
Avelumab/Axitinib 6.9% (5/72) 9.9% (578/5860)
Nivolumab/Cabozantinib 6.9% (5/72) 3.1% (484/586)

TKI, Tyrosine Kinase Inhibitor; ICI, Immune checkpoint inhibitor; RCC, Renal cell
carcinoma; NSCLC, Non-small cell lung cancer; HCC, Hepatocellular carcinoma; SCC,
Squamous cell carcinoma; GBM, Glioblastoma Multiforme; PD-L1, Programme Death
Ligand 1; CTLA-4, Cytotoxic T Lymphocyte Antigen 4; MEK, Mitogen activated protein
kinase BRAF, B-Raf proto oncogene; EGER, Epidermal Growth Factor Receptor; ALK,
Anaplastic Lymphoma Kinase; VEGEF, Vascular Endothelial Growth Factor Receptor

Bold values indicates the overall toxicity g3-g5 and irAEs.





OPS/images/fonc.2024.1380453/fonc-14-1380453-g005.jpg
Study

Atkins et al, 2018
Gutzmer et al, 2020
Martin Broto et al, 2020
Sullivan et al, 2020
Sullivan et al, 2020
Snow et al, 2021
Dummer R et al, 2022

Dong N et al, 2022

Overall (Isq = 70.84%, p = 0.01) <>

Grade 3-5 (%)

Grade

3-5 (%) (95% Cl)

0.71 (0.57, 0.83)
0.71 (0.65, 0.77)
0.92 (0.81, 0.98)
0.88 (0.64, 0.99)
0.67 (0.50, 0.81)
0.20 (0.03, 0.56)
0.68 (0.55, 0.80)

0.67 (0.43, 0.85)

0.71 (0.57, 0.81)

% Weight

10.80
53.20
5.05
2.54
8.70
2.14
12.95

4.62

100.00





OPS/images/fonc.2024.1380453/fonc-14-1380453-g004.jpg
Study

Motzer et al, 2019

Awada G et al, 2020

Kudo L et al, 2021

Ferroarotta et al, 2022

Conforti F et al, 2022

Gonzalez Martin et al, 2020
Makker et al, 2020
Kawazoe A et al, 2020
Lin M et al, 2020

Finn RS et al, 2020
Makker et al, 2020
Taylor et al, 2020
Chung et al, 2021
Chung et al, 2021
‘Gomez Roca et al, 2021
Heudobler et al, 2021
Yang et al, 2021
Choueiri T et al, 2021
Lee CH et al, 2021
Dierks et al, 2022
Douma et al, 2022
Arance et al, 2022

Overall (Isq = 82.66%, p = 0.00)

Gonzalez Martin et al, 2020
Makker et al, 2020
Kawazoe A et al, 2020
Lin M et al, 2020

Finn RS et al, 2020
Makker et al, 2020
Taylor et al, 2020
Chung et al, 2021
Chung et al, 2021
Gomez Roca et al, 2021
Heudobler et al, 2021
Yang et al, 2021
Choueiri T et al, 2021
Lee CH et al, 2021
Dierks et al, 2022
Douma et al, 2022
Arance et al, 2022

Overall (Isq = 82.66%, p = 0.00)

Overall (Isq = 56.67%, p = 0.34) <>
—:._
—_
—_—
—

Grade

3-5 (%) (95% CI)

0.49 (0.44, 0.54)

0.57 (0.43,0.71)

—s——— (.73 (0.50, 0.89)

0.29 (0.13, 0.49)

0.41(0.24, 0.59)

0.49 (0.39, 0.60)

071(0.52,0.86)  1.65
067(0.58,0.75)  7.72
020(0.11,031) 3.3
063(0.44,0.79)  1.87
067 (0.57,0.76)  5.60
0.88(0.84,0.91)  13.81
069 (0.60,0.76)  7.52
0.42(0.25,061)  1.90
055(0.36,0.73)  1.90
050(0.32,0.68)  1.96
0.48(0.30,0.67)  1.90
058(0.52,063) 1858
0.82(0.77,0.86)  14.92
066(0.57,0.73)  8.24
063(0.35,0.85)  0.93
068(0.51,0.82) 209
046 (0.36,0.56)  6.27

0.61(0.52, 0.70) 100.00

071(0.52,0.86)  1.65
067(0.58,0.75)  7.72
0.20(0.11,031) 3.3
063(0.44,0.79)  1.87
067 (0.57,0.76) 560
0.88(0.84,091)  13.81
0.69 (0.60,0.76)  7.52
042(0.25,0.61)  1.90
055(0.36,0.73)  1.90
050(0.32,0.68)  1.96
048(0.30,0.67)  1.90
058(0.52,0.63)  18.58
0.82(0.77,0.86)  14.92
066 (0.57,0.73)  8.24
063(0.35,0.85)  0.93
068(0.51,0.82) 209
046 (0.36,0.56)  6.27

0.61(0.52, 0.70) 100.00

% Weight

77.33

9.32

3.46

4.40

5.49

100.00





OPS/images/fonc.2024.1380453/fonc-14-1380453-g003.jpg
Study

Lin M et al, 2020
Finn RS et al, 2020
Zhao et al, 2020
Galle P etal, 2021
Heudobler et al, 2021
Yau et al, 2021

Kudo L et al, 2021
Vogel et al, 2022

Chen X et al, 2022

T
'
'
'
L
!
—
'
—————————  0.67(0.43,0.85)
'
!
> —
'
'
S S
'

Grade

3-5 (%) (95% Cl)

0.63 (0.4, 0.79)

0.67 (0.57, 0.76)

0.56 (0.42, 0.69)
0.48 (0.30, 0.67)

—————=———  0.71(054,0.85)

————————————— 0.73(050,0.89)

—_— 0.58 (0.43, 0.72)

_— 0.40 (0.19, 0.64)

.
'
Zhou et al, 2022 —_— ! 0.26 (0.16, 0.38)
'
'
A
Overall(Isq = 67.95%, p = 0.00) <> 0.57 (047, 0.66)
.
i
i
.
Gettinger et al, 2018 —_— ' 0.19 (0.05, 0.42)
.
.
Ren et al, 2020 | ————————— 080(059,0.99)
1
.
Spigel et al, 2020 —_— e 062(0.32,0.80)
.
Yang et al, 2021 — 0.58 (0.52, 0.63)
'
.
Chu T et al, 2021 —————+————— 068(045,086)
.
|
Neal et al, 2022 —_— 0.34(0.22,0.47)
|
.
Gao G et al, 2022 —_— 0.65(0.49, 0.79)
.
.
Dong N et al, 2022 —— «  067(043,08)
.
1
.
i
Overall (Isq = 73.53%, p = 0.00) <> 0.57 (0.43,0.69)
.
i
Atkins et al, 2018 —+—=——  071(057,083) 269
!
Motzer et al, 2019 - 0.49(0.44,054)  26.34
Rini et al, 2020 —— 0.63(0.58,0.67)  24.58
T
Karam et al, 2021 —————=———— 075(051,001) 0.7
.
Choueiri T et al, 2021 | = 082077086 145
.
Lee CH et al, 2021 — 0.66 (0.57, 0.73) 8.03
:
Rizvi et al, 2021 '—':’— 0.66 (0.49, 0.80) 210
.
Zibelmann et al, 2022 —_— 0.66(0.50,0.80) 243
:
Choueiri T et al, 2022 e 0.75(0.60,0.78)  15.74
Lee CH et al, 2022 —_— 0.32(0.19,047) 258
.
!
.
.

Overall (Isq = 80.43%, p = 0.00)

<> 0.65 (0.56,0.73)  100.00

Grade 3-5 (%)

o1

% Weight

7.60
2277
4.82
14.02
7.72
7.57
4.70
12.20
4.90

13.70

100.00

3.24
3.81
2.58
62.70
4.1
11.28
8.29

3.99

100.00





OPS/images/fonc.2024.1380453/fonc-14-1380453-g002.jpg
% Weight

3-5 (%) (95% CI)

Grade

Study

BFRRRE N AEAIEANNR AR 388N CLENs R L ARUEBBRGT SR NAR BEAC R 2R R0 ABRANSILNE

=lapl=lea]aldalglog=l=lsllogslalslslsl=lylslal=]slsllgss]lslslsl=b d=s]=]gl=l=l=lsls]lslgldsl=]l=lylgl=pl=l=]plgds]slsl=l=ls]s]slbgfs] =]l

~EPSE RERC SR G R0 RESE 5 RS SYRERRT LIRS D SEERE5EhBEAANTRERT I T RINEE - SRERSHR TN =

ity
) J | | * i
! * ; 1: i

=
) =
™ = _.dl“ -an - [
e m o W.._I — = o [ | e L
@ Bo  of 5 ; a S S ofl HR gd Lo
e t=T=t L S = 88 = E S _roa Sand S TN =Tt P [ B
EBUW»&ﬂMW:Lﬂ lel—= o O .,.1.1m.l_1?_ﬂ -~ - ._1?._2_.&. L?.?.'.. En...._pﬂ.ﬂ _?_1..‘_1, | ,??_.Lﬂ ﬂ.nﬂy._lu ey
mmﬂmmﬂmmwmmmﬂzmmmmﬂﬂmmmmmmmmammmmmmmmmmMJmmwmmgn?mm m%ﬁmmmmmmmwmmmmmxmgm
e b AT == M M | S i i = =L e T b M e S = Ak T e D e b M el = L o
R e S M L S R Ll
mwmmammmmMmmmmmaaanmwﬁmemmwmmmwmmmmemmmemmmmammmmﬂﬁMﬂmmemmmmncmmwamMa
== b B E-EREESE== EZ2I3==E3Lc3 Do EREsAE OGO E oE L cobSo=E _m
R e e e R e R R PR R e F R T

100.00

0.56 (0.50, 0.61)

- 0.00)

83.90%, p

Owerall (lzg

985

Grade 3-5 (%)





OPS/images/fonc.2024.1380453/fonc-14-1380453-g001.jpg
Identification

Reports identified from:
Databases (n = 9750)

Reports screened
(n =9610)

Reports sought for retrieval
(n =132)

Reports assessed for eligibility
(n=132)

Studies included in review
(n=72)

Reports of included studies
(n= 72)

Reports removed before
screening:
Duplicate records removed
(n=140)

Reports excluded
(n =9478)

Reports not retrieved
(n=0)

Reports deemed ineligible:
Insufficient adverse event
data (n = 14)

Duplicate study (n = 10)
Dose finding study (n = 28)
Study schema only (n=3)
Incorrect Study Design (n=3)
Incorrect intervention (n=2)






OPS/images/fonc.2024.1380453/crossmark.jpg
©

2

i

|





OPS/images/fphar-15-1405199/fphar-15-1405199-t001.jpg
Cancers  Vitro/vivo Experimental Target gene/  Pro/ Anti-/ References

experiments methods Regulatory Antitumor  Proautophagy
pathway
Prostate Vitro RNA-seq;smRNA-seqRT-  LINCOI801 | has-miR-6889-3p  Pro-tumor Proautophagy Chang et al.
cancer GPCRIHC (2023)
Vitro RT-qPCRWB,ETM RHPNI-ASI | miR-7-5p/EGFR | Pro-tumor Antiautophagy Ma et al. (2022)
Vitro MS, RNA pull-downRT-  LncRNA UHRFL Pro-tumor Proautophagy Xie et al. (2022)
qPCR,WBETMRIP PCDRIncl
Vitro and vivo RNA pull-down,RT- LncAY927529 | CXCL14 Pro-tumor Proautophagy Li et al. (2021)
qPCRWBETM
Vitro and vivo RT-qPCRWBMTT, LncRNA EZH2 Pro-tumor Antiautophagy Chen et al.
TranswelFCM SNHG1 (2020)
Vitro RT-qPCRIHC LncRNA Not mentioned Pro-tumor Antiautophagy Han etal. (2020)
PCGEMI
Vitro and vivo RT-qPCRWB,ETM,PI, LncRNA PPARY/mTOR Pro-tumor Antiautophagy Fan et al.
Scratch test PRRT3-AS1 (20200)
Vitro and vivo RT-qPCRIHC,RIP,WB, LncRNA Not mentioned Pro-tumor Proautophagy Zhang et al.
Chip IDH1-ASI (2019)
Vitro and vivo RT-qPCR,WB, RNA pull-  LncRNA mTOR Pro-tumor Antiautophagy Chen et al.
down HULC (2018)
Vitro RT-qPCR, QPCR, RNA-seq | LINCO1116 | Not mentioned Pro-tumor Antiautophagy Beaver et al.
(2017)
Bladder Vitro and vivo RT-qPCRWB,IHC LncRNA miR-93-5p Antitumor Antiautophagy Fan et al.
cancer MEG3 (2020b)
Vitro and vivo qPCRWB,Transwel,FCM | LncRNA miR-582-5p Pro-tumor Proautophagy Lu et al. (2023)
TUGL
Vitro and vivo RT-qPCRWB,IP LncRNA H19 | Not mentioned Pro-tumor Proautophagy Guoetal. (2022)
Vitro and vivo WB, Transwell, THC LncRNA miR-582-5p Pro-tumor Proautophagy Wu et al. (2019)
UCAL
Vitro RT-qPCRWB,FCM, ADAMTS9- | PI3K/AKT/mTOR | Pro-tumor Antiautophagy Yang et al.
Transwell AS1 (20212)
Vitro qPCRWB ADAMTS9- | PI3K/AKT/mTOR | Antitumor Proautophagy Zhang et al.
AS2 (2020)
Kidney Vitro and vivo RIP, RNA pull-down LncRNA TPS3INP2 Pro-tumor Proautophagy Pan et al. (2023)
cancer IGFL2-AS1
Vitro and vivo IHC, RT-qPCRWB, FISH,  LncRNA miR-338-3p/ETS1 | Pro-tumor Antiautophagy Yang et al.
RIP, RNA pull-down, SBF2-ASL (2021b)
Transwell
Vitro and vivo RT-qPCR,WB, RIP, RNA  LncRNA miR-31-5p Pro-tumor Antiautophagy Lv et al. (2020)
pull-down TUGL
Vitro and vivo RT-qPCRWB,EdU, LncRNA PI3K/AKUAtgI3 | Pro-tumor Antiautophagy Su et al. (2019)
TranswelLETM,IHC HOTTIP
Vitro RT-gPCRWBMTT LncRNA miR-497-5p/TGE-p | Pro-tumor Proautophagy Jin et al. (2020)
KIF9-AST
Vitro and vivo RT-qPCRWBMTT, LncRNA miR-429/ Pro-tumor Antiautophagy Shao et al.
bioinformatic SCAMPL ZEB1/JUN (2019)

RT-GPCR, Real-time reverse transcription and quantitative PCR; RNA-seq and smRNA-seq, High-throughput RNA and small RNA sequencing; THC, Immunohistochemistry; WB, Western
blot analysis; ETM, Transmission electron microscopy; RIP, RNA immunoprecipitation; MS, mass spectrometry; FCM, flow cytometry; PI, Propidium iodide; ChIP, Chromatin
immunoprecipitation; IP, Immunoprecipitation; FISH, Fluorescence in situ hybridization; EdU, Ethynyldeoxyuridine.
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Quality assessment No. of patients Effect Importance

No.of  Design Risk Inconsistency Indirectness Imprecision Other Clinical  Control  Relative  Absolute
studies of considerations efficacy (95% CI)
bias

Vomiting relief efficiency

u Randomized | Serious® | No serious No serious No serious None 353/ 255 RR135 - 8550 CRITICAL
rials inconsistency indirectness imprecision 398 (887%) | 369 (656% | (125-146) MODERATE.
Acute vomiting
6 Randomized | No No serious No serious No serious None 182 1447 RR123 . @00 HIGH | CRITICAL
rials serious | inconsistency indirectness imprecison 28675 | 02013% | (111-136)
risk of
bias
Delayed vomiting
n Randomized | Serious® | No serous No serious No serious None 33/ 250/ RR 138 - 8550 CRITICAL
rials inconsisency indirectness imprecision 398 (887%) | 39 (613%) | (1.27-15) MODERATE.
Nausea relief efficiency
s Randomized | No No serious No serious No serious None 1541 118/ RR123 . 50 High Crieal
rials serious | inconsistency indirectness imprecision 190 BLI%) | 177 (667%) | (109-138)
risk of
bias
Eating efficiency
4 Randomized | No No serous No serous Serious® None 1291 1077 RR121 - 000 Criteal
rials serious | inconsistency indiectness 155 (32%) | 153.(699%) | (096-152) Moderate
risk of
bias
Adverse events
4 Randomized | Serious® | No serious No serious No serious None 1w 2 RR 053 - 600 Creal
rials inconsistency. indirectness imprecision 185 0.6%) 185 (146%) | (029-096) Moderate
Quality of life
2 Randomized | Serious® | No serious No serious No serious None s1 5 RR137 E 000 Criteal
rials inconsisency indireciness imprecision 65008%) | 65(662%) | (114-165) Moderate

“There were high rsk o slction biass. Al studies had uncleae risk of performance and detecion bises.
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Roscoe) 15g
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Study ID  Country Male/ Average Sample Intervention regime Treatment Outcomes

female age size (T/C) duration
ratio (years)(T/C) i e}
Q)
Chen et al. China 25/21; 22/23 712 £7.76 91 (46/45) XBXT Metoclopramide 3 days ® and @
(013) (59-79)
Cui et al. China Not reported | 48 + 8/49 + 7 128 (64/64) XBXT + Granisetron 7 days 0.0 0,
(2021) granisetron and @
Fuetal. China 17/13; 2010 | 62.50 + 3.18/ 60 (30/30) XBXT + Ondansetron + | During @, ®,and ®
(2015) 6383 £ 235 metoclopramide | metoclopramide  chemotherapy
Guo (2008)  China 34/28 31-76 62 (32/30) XBXT + azasetron = Azasetron 11 days ®.0 0,
and @
Guo et al. China 62/38 18-80 100 (50/50) | XBXT + Granisetron 7 days ®, ® and ®
(2005) granisetron
He(2017)  China 18121713 | 653 +21 60 (30/30) XBXT + Tropisetron 9 days @ and ®
(55-76)/66.1 2.3 ‘moxibustion +
(52-77) tropisetron
Jiang etal.  China 2025 41 (20-72) 45 (20/25) XBXT + Maxolon = Maxolon 9 days ®, ®,and ®
(2013)
Lengand Li  China 29/21; 26/24 64.83 + 398 100 (50/50) XBXT + Ondansetron 5 days ® 0,0,
(2020) (50-78)/64.87 + ondansetron hydrochloride and @
402 (52-78) hydrochloride
Lietal China 72149 43 (17-72) 121 (64/57) XBXT + maxolon = Maxolon 10 days 00,0,
(1999) and ®
Liu (2011)  China 20120 30-60 40 (20/20) XBXT + Granisetron 5 days ®
granisetron
Liu and China 2517 46 (31-73) 42 (1/21) XBXT + Metoclopramide 6 days ®, 00,0,
Wang (2008) ‘metoclopramide and @
Ouyangetal. = China 50/23; 43/29 52.5 (17-78)/50.3 145 (73/72) XBXT + Ondansetron From 2 days before = @ and @
(2002) (20-75) ondansetron to 2 days after
chemotherapy
Tao et al. China 0/50; 0/50 5430 + 8.98/ 100 (50/50) | XBXT + Ondansetron 7 days ®, 0,0,
(2021) 5326 £ 9.64 ondansetron and
Zhang etal.  China 2418 41 (32-67) 42 (2319) XBXT + maxolon = Maxolon 10 days @, @, and @
(2005)
Zhangand  China 19/16; 20/15 63 + 4/625 +3.5 | 70 (35/35) XBXT + Ondansetron + 5 days ®, @, and ®
‘Wang (2020) metoclopramide | metoclopramide
Zhengand  China 11/9; 13/7 3425 £ 9.1 40 (20/20) XBXT + Ondansetron 7 days ®and ®
Cheng (16-55)/35.45 + ondansetron
(2012) 10.02 (16-55)
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Genes Primer equences 5’
BIRCS F TTG GCC CAG TGT TTC TTC TGC TT
R GCA CTT TCT CCG CAG TTT CCT CA
7 hsa-miRNA-204-5p sl GTC GTA TCC AGT GCA GGG TCC GAG GTA
sl | TTC GCA CTG GAT ACG ACA GGC AT
P CGC GTT CCC TTT GTC ATC CT
R AGT GCA GGG TCC GAG GTA TT
U6 F CTC GCT TCG GCA GCA CA
R | AAC GCT TCA CGA ATT TGC GT
os-Ast F GCT TCC TTC CTT TCC CTT GCT CA
R | TGC ACT AAC CCC TAA CAT GGC AC
pepia F CTG GAT TGT TGG CCC TCT GAC TC
R | CTG GAA GGT CAAGGCTGCATGAG
PPPIR9B F GAA CAG CTC CAA CCT CTC CAC AC
R TTG GAG AGA GAC AAC AGA GGG GT
GAPDH F TGA CTT CAA CAG CGA CAC CCA

CAC CCT GTT GCT GTA GCC AAA
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Compounds Targets Affinity
(kcal/mol)
1 Baicalein BIRCS 24fa -75
2 Berberine BRCS 2qfa -72
3 Curcumin BIRCS 24fa -65
4 Hyperoside BIRCS 2qfa -68
5 Naringenin Cbmes 2qfa -72
s | Platycodin D BiRcs 2qfa -75
7 Quercetin BRCs | 2qfa -72
8 ‘Thymoquinon BIRCS 2qfa 68
9 Resveratrol mRes 2qfa -74
10 | Deguetin BRes 2qfa -69
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Full name Abbreviation Number of VDM? MAC® (uM) Viability difference (%)

A. Gallotannin

2-isopropyl-O--(6'-0- galloy))- G 2 125 9.1 41

glucopyranoside

4-hydroxy-3-methoxyphenol 1-O0-p-D-(2',6'- | 2',6"-di GG 4 156 26 9
di-O-galloyl) glucoside

1,3,6-ri-O-galloyl--D-glucose 13,6-1iGG 6 078 533 2
1,2,6- tri-O-galloyl-p-D-glucose 12,6-41iGG 6 156 993 3
1,4,6-tri-O-galloyl-B-D-glucose 1,4,6-triGG 6 1.56 438 6
corilagin Cori-triGG 6 313 522 10
1,23-tri-O-galloyl-beta-D-glucose 12,3-41iGG 6 125 476 2
1,2,3,6-tetragalloyl-beta-D-glucose 123,6-tetraGG 8 156 762 3
1,2,3:4,6-penta-O-galloyl-p-D-glucose PGG 10 078 985 1
tellimagrandin Il Telli-PGG 10 078 358 3

B. Dietary polyphenols

protocatechuic acid PA 1 >50 - >300

34-dihydroxyphenylpropionic acid DPA 1 >50 - >300
caffeic acid cA 1 >50 - >300
(+)-catechin cc 1 >50 - >300
(-)-epicatechin EC 1 >50 - >300
hydroxytyrosol HT 1 >50 - >300
34-dihydroxyphenylacetic acid DAA 1 50 648 124
quercetin Qc 1 313 359 14
luteolin LT 1 125 256 78
gallic acid GA |2 125 o1 31
gallic acid ethyl ester GE 2 25 474 8
(-)-gallocatechin GC 2 625 413 2%
(=)-epigallocatechin EGC 2 125 1082 18
(=)-epicatechin-3-gallate ECG 3 25 69.1 58
epigallocatechin gallate EGCG 4 313 915 5
7,8,3' 4'-tetrahydroxyflavone® tetra-FV 2 10 ~59 ~17
fisetin® FS 1 20 ~59 ~34
I ‘myricetin® MC 2 ~10 ~39 ~26
rutin hydrate! RH 1 >100 - >35
vitamin C* Vitamin C 1 125 ~59 ~212
"VDM: inal diol moieties.

"MAC (Minimal antagonistic concentration): the minimal concentration of polyphenols (in nM) required to counteract more than 25% of the viability reduction caused by BTZ.
“Antagonistic index (AI) = MAC, of polyphenol/[(Concentration of BTZ)x(Viability Difference)]. Concentration of BTZ, is the amount (in nM) of BTZ, used in the viability experiment.
Viability Difference represents the extent to which polyphenols reverse BTZs cytotoxic effects at their MAC, concentration. It is calculated as ViaPP/BTZ, ViaBTZ, where Via represents cell
viability (in %). ViaPP/BTZ, is the viability when both polyphenol and BTZ, are applied together, while ViaBTZ, is the viability with BTZ, alone.

"MAC, was adopted from Br ] Haematol. 2009, 146: 270.

“MAG, of vitamin C was adopted from Leukemia. 2009, 23:1679.
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Function Name Main composition Material properties Results References

Induce apoptosis Chitosan core-shell Carboxymethyl chitosan, ‘The core-shell nanoparticles | Chitosan nucleoshell Hefnawy et al.
nanoparticles lactobionic acid, glycyrrhetinic | have a diameter of 274 nm | nanoparticles selectively (2020)
acid and doxorubicin deliver chemotherapy drugs

to liver tumors, inducing
apoptosis of tumor cells

DOX- TPP-CS NPs Triphenylphosphine, chitosan, DOX-TPP-CS NPS have a DOX-TPP-CS NPS Arafa et al. (2022)

doxorubicin particle size of 70-110 nm | effectively target DOX to
liver tumor mitochondria to
induce apoptosis

DOX-Fe304@CGA Graphene, chitosan, doxorubicin | The encapsulation efficiency | DOX-Fe304@CGA shows | Chen et al. (2022a)

of DOX s strong synergistic oncology
approximately 85% therapeutic potential
GC-TP-NPs Twtolide lactone, galactosylated | The particle size of GC-TP- | GC-TP-NPs induce Zhang et al.
chitosan NPs is 2042 + 1.2 nm apoptosis in HCC cancer | (2019a)

cells by blocking TNF/NE-
KB/BCL2 signaling

Chitosan nanoliposomes | Niacin, curcumin, chitosan ‘The particle size of Chitosan | Chitosan liposomes (the | Hanafy et al.

nanoliposomes is 96 + chitosan liposome with (2023)

12 ym curcumin) can induce
autophagy by activating the
GPRI09A/AMPK/NRE-
2 signaling pathway

Antioxidant CS-5FU-CeO2 NPs 5-fluorouracil, chitosan, cerium | The drugloading rate of CS- | CS-5FU-CeO2NPs Sathiyaseelan et al.
oxide 5FU-CeO2NPs was synergistically enhance the | (2022)
16.17% * 0.55% anticancer activity of

HepG2 cells by
regulating ROS.

phosphorylated 5-Fluorouracil, galactosylated | The average particle size of | PGC can inhibit lipid U etal. (2022)
galactosylated chitosan, cerium oxide PGC is 197 nm peroxidation and
chitosan (PGC) superoxide scavenging

ability and enhance
glutathione levels

Chitosan co-encapsulation | Chitosan, curcumin, 5- ‘The average size of CSCNP | Compared to curcumin, | Kong et al. (2019)
to make cur-cumin fluorouracil i5 750 + 14.62 nm CSCNP has a stronger
nanoparticles (CSCNP) oxidant free radical
scavenging effect
Cela/GCTR PMs Celastrol, glycyrrhetinic acid The particle size of Cela/ | Cela/GCTR PMs can target | Zhang et al. (2023)
(GA) and carboxymethyl GCTR PMs is 22017 + ROS in HCC cells to achieve
chitosan 550 nm antioxidant effects in vivo
SF-CS NPs chitosan, SF, tripolyphosphate | The largest spherical SF-CS NPs could Albalawi et al.
particles with an average | continuously release SF for | (2023)

diameter of 212.4 £ 59.7 nm | 169 h

Galactosylated chitosan Chitosan, gemcitabine The zeta potential values | The accumulation of Nair et al. (2019)
nanoparticles (19-22 mV) of galactosylated chitosan

galactosylated chitosan nanoparticles in the liver is

nanoparticles significantly higher than

that of other organs

Anti-inflammatory | Chitosan-coated liposomes | Butyric acid, chitosan The average chitosan Chitosan-coated liposomes | Quagliariello et al.
liposome size of have important anti- (2019)
encapsulated BA is 126 nm | inflammatory effects by

inhibiting the production of

cytokines
5-FACN Chitosan, aspirin and 5- ‘The average particle size of | 5-FACN is able to reduce | Wang et al. (2020)
fluororacil 5-FACN is 1092 52 nm | COX-2 and prostaglandin
expression around tumors
CMCS/SF-CLN Sorafenib, carboxymethyl ‘The load ratio of CMCS/SF- | CMCS/SE-CLN reduces Wangetal. (2019b)
chitosan, lipids CLN to SFis 743% £ 0.51% | TGF-B1 and IL-10 secreted
by M2-TAM and M2-TAM
Inhibits tumor CAN Chitosan, polyacrylic acid and | The diameter of CAN is | CAN reduces the expression | Radwan and Ali
angiogenesis Rutin 1167 nm of VEGF and inhibits tumor | (2021)
vascular formation
TLM-LCH NPs Telmisartan, lactose-modified | TLM-LCH NPs have a “The TLM-LCH NPs group | Nasr et al. (2023)
chitosan diameter of 145.46 + 0.7 nm | significantly reduced the
expression levels of VEGF
and MMP-2
CMCS nanoparticles Tim-3 siRNA, SF and CMCS | CMCS nanoparticles have a | CMCS nanoparticles induce | Song et al. (2022)

diameter of 50.49 + 5.34 nm | a 95% reduction in tumor
vascular density

CMCS nanoparticles CMCS, VEGF-siRNA and SF = 'VEGF-siRNA can target to | Yao et al. (2019)
lower VEGF around HCC

cells, reduce tumor vascular
production and induce carly

apoptosis
CS-55-9R NPs, Nonaarginine, chitosan, VEGF- | — VEGF expression decreased | Xu et al. (2018)
SIRNA by 78.9%, tumor cell
proliferation inhibited
by 81.2%
Promotes Chitosan-chondroitin Chitosan, chondroitin, 5-FU Chitosan-chondroitin Chitosan-chondroitin Varshosaz et al.
extracellular matrix | nanoparticles nanoparticles have a particle | nanoparticles can delay the | (2020)
remodeling size of 2447 % 16.3 nm degradation of ECM
Chitosan nanoparticles Apigenin, chitosan Chitosan nanoparticles have | The Apigenin released by | Mabrouk Zayed
a particle size of 189 nm chitosan nanoparticles can | et al. (2022)

downregulate the
expression level of MMP-9
and delay HCC cell transfer
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Preferred term (P’ ROR (95%Cl)

PRR (95%Cl)

3,499.08

X2

 neuropathy peripheral 1698 (14.94-19.30) 1604 (1421-1809)

‘ cerebral haemorrhage |95 G01-1273) 934 (695-12.49) 318.02
‘ peripheral sensory neuropathy 47.87 (33.13-69.19) 47.43 (32.93-68.30) 1,254.49
‘ polyneuropathy 2601 (1861-36.33) 2575 (18.49-35.86) 80141
‘ encephalopathy 5.16 (3.32-8.01) 5.14 (332-7.96) 6255

* progressive multifocal leukoencephalopathy 22,67 (14.05-36.58) 2252 (14.01-36.21) 32673
‘ taste disorder 26,09 (1592-42.76) 2578 (15.83-42. 00) 355.78

‘ guillain-barre syndrome 1784 (10.11-3151)

17.79 (10.09-31.35)

172.65
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Drug name Concomitant Cases with Cases without ROR (95%Cl) without

drugs concomitant drugs  concomitant drugs concomitant drugs
Gemtuzumab cerebral heparin 32 30 1586 (11.03-22.80)
ozogamicin haemorrhage
cerebral idarubicin 32 30 1586 (11.03-22.80)
haemorrhage
cerebellar heparin 3 2 2520 (6.28-101.10)
haemorrhage
subarachnoid idarubicin 4 3 5.67 (182-17.61)
haemorrhage
encephalopathy acyclovir 5 4 359 (1.35-9.59)
Trastuzumab neuropathy ciclosporin 23 2 849 (5.55-12.98)
emtansine peripheral
neuropathy vinorelbine 23 2 849 (5.55-12.98)
peripheral
neuropathy capecitabine 23 2 849 (5.55-12.98)
peripheral
neuropathy docetaxel 23 2 849 (5.55-12.98)
peripheral
neuropathy paclitaxel 2 2 849 (5.55-12.98)
peripheral
muscular weakness | temazepam 7 6 181 (0.82-4.05)
Inotuzumab encephalopathy methotrexate 6 3 691 (2.22-21.52)
ozogamicin
Enfortumab neuropathy carboplatin 72 7 38.50 (30.02-49.39)
vedotin peripheral
neuropathy pregabalin 7 7 38.50 (30.02-49.39)
peripheral
neuropathy cisplatin 7 70 37.88 (29.49-48.67)
peripheral
Brentuximab peripheral sensory | ifosfamide 2 2 5074 (34.13-75.42)
vedotin neuropathy
polyneuropathy cyclophosphamide 25 2 22,97 (15.08-34.99)
neuropathy cyclophosphamide 137 136 15.80 (13.29-18.79)
peripheral
neuropathy itraconazole 137 136 15.80 (13.29-18.80)
peripheral
neuropathy insulin aspart 137 136 15.80 (13.29-18.81)
peripheral
neuropathy rosuvastatin 137 135 | 1580 (1329-1882)
peripheral
neuropathy amlodipine 137 136 15.80 (13.29-18.83)
peripheral
neuropathy pentamidine 137 136 15.80 (13.29-18.84)
peripheral
neuropathy carboplatin 137 136 15.80 (13.29-18.85)
peripheral
neuropathy valganciclovir 137 136 1580 (13.29-18.86)
peripheral
polatuzumab neuropathy vincristine 18 1 9.70 (5.98-15.73)
vedotin peripheral
cerebral clopidogrel 3 1 247 (0.62-9.92)
haemorrhage
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Clinical characteristics  Serious cases (N = 246) Non-serious cases (N = 316) 562) X2
Gender 1611 | 02047
Female 101 (41.06%) 98 (3.01%) 199 (35.41%)
Male 110 (44.72%) 136 (43.03%) 246 (43.77%)
Unknown 35 (14.23%) 82 (25.95%) 117 (20.82%)
Age
Mean (SD) ses (19:68) 60.77 (19.64) 5965 (19.62)
Median [Min,Max] 64 [3-90] 66 [8-92] 65 [3-92]
Unknown 75 (30.49) 192 (60.76) 267 (47.5)
Age [ 133,2 | 05150
<18 4 (1.63%) 3 (095%) 7 (125%)
18-64 86 Ga56%) 54 (17.09%) 140 (24.91%)
>64 81 (32.93%) 67 (21.20%) 148 (26.33%)
Unknown 75 (30.49) 192 (60.75%) 267 (47.51%)
VReporling country 7 | 55.57,8 | <0.0001
us 88 (35.77%) 181 (57.28%) 269 (47.86%)
P 71 (28.86%) 49 (15.51%) 120 (21.35%)
FR [ 12 (4.88%) 3 (0.95%) 15 (2.67%)
DE 8 (3.25%) 4(127%) 12 (2.14%)
BE 6 (2.44%) 0 6 (1.07%)
o 6 (244%) 4(127%) 10 (1.78%)
GB I (2.03%) 12 (379%) 17 (3.02%)
AT 0 11 (3.48%) 11 (196%)
Others 50 (20.33%) 5.216.46%) 102 (18.15%)
Indications 75.42,6 | <0000
Leukaemia w (21.95%) 8 (2.53%) 62 (11.03%)
I Lymphoma 103 (41.86%) 126 (39.87%) 229 (40.75%)
Breast cancer 21 (8.54%) 32 (10.13%) 53 (9.43%)
gastric cancer 8 (3.25%) 0 8 (142%)
bladder cancer e (285%) 44 (13.92%) 51.(9.07%)
ureteric cancer 2 (0.81%) 0 2 (0.36%)
Others 12 (4.88%) 10 (3.16%) 22 (391%)
Unkown 39 (15.85%) 96 (30.38%) 135 (24.02%)
Drugs [ 12150 | <0.0001
Brentuximab vedotin 121 (49.19%) 165 (52.22%) 286 (50.89%)
Gemtuzumab ozogamicin 62 (25.20%) 3 (0.95%) 65 (1157%)
Trastuzumab deruxtecan 13 (5.28%) 6 (1.90%) 22 (3.38%)
Polatuzumab vedotin |14 %) 18 (5.70%) 32 (5.69%)
Trastuzumab emfansine 15 (6.10%) 36 (11.39%) 51.(9.07%)
Enfortumab vedotin 10 (4.07) 81 (25.63%) 91 (16.19%)
Inotuzumab ozogamicin 9 (3.66%) 6 (190%) 15 (2.67%)
Sacituzumab govitecan [ 2 (0.81%) 1(0.32%) 3 (0.53%)
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With neurological AEs

Gender
Femle 109 (35.41) 2,614 (41.01) 1478,1 0.0001
Male 246 (43.77) 2,207 (34.63)
Unknown 117 (20.82) 1,553 (24.36)
Age
s 7 107 1.68) 4242 01202
18-64 140 (2491) 1710 (26.83)
>64 148 (26.33) 1437 (22.54)
Unknown 267 (47.51) 3,120 (48.95)
Drugs 17100, 7 <0.0001
Brentuximab vedotin 286 (50.89) 2,169 (34.03)
Gemtuzumab ozogamicin 65 (1157) 1,104 (17.32)
Trastuzumab emtansine 5100 667 (10.46)
Polatuzumab vedotin 32 (5.69) 456 (7.15)
Trastuzumab deruxtecan | 19 (3.38) 718 (11.26)
* Enfortumab vedotin 91 (1619) 476 (7.47)
Inotuzumab ozogamicin | 15 (2.67) 442 (6.93)
Sacituzumab govitecan 3(053) 342 (537)
Total 562 6374
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Neurological Non

AEs neurological AE
2004 7 101 108
2005 8 129 137
2006 11 215 26
w7 o 108 17
2008 1 75 86
wo 10 86 o
2010 6 93 9
2011 9 127 136
w10 s s
2013 16 212 228
o 305 343
2015 18 152 170
2016 31 219 250
oy 336 30
2018 46 549 595
oo s 689 747
wmo 820 907
2021 210 1785 1995
2022 187 2,234 2421
Total 806 8,380 9,186






OPS/images/fphar-15-1362484/fphar-15-1362484-t003.jpg
Characteristics ~ Gemtuzumab  Inotuzumab  Enfortumab  Trastuzumab  Brentuximab  Polatuzumab  Trastuzumab  Sacituzumab

ozogamicin  ozogamicin  vedotin (n, %) deruxtecan vedotin (n, %)  vedotin (n, %)  emtansine govitecan
(n, %) (n, %) (n, %) (n, %) (n, %)
Gender
Female 32 923) 10667) 181978) 116789 77 2692) 12 (3750 28235 3 (100%) 199
Gsa1)
Male 28 (43.08) 600 71 0802) 7684 118 (4126) 15 (4639) 1096 o 216
377)
Unknown 5769 5@ 2020 1526) 91 (31.82) 50563 801569 o n7
(082)
Age
Mean (SD) 5615 (1441 4 (2612) 7480 (9:68) 7.6 (1056) 545 (2189) 7365 (893) 6028 (135 57010 5965
(1962)
Median [MinMax] 57 (18-80] 365 [6-74] 76 [46-90] 69 [12-80] 0 [3-92] 73 (56-90] 57 (33-88] 57 (17-67] 65 3-92]
Unknown 1 5 52 7 153 9 % 1 %7
Age
s 0 20333) o o 5075 0 0 o 7028
1864 3423 5333 6(659) 42105 7 @189 3038 166137) 1 140
(@191
61 17 (2615) 3000 33 (3626) 8(211) 571999 2 (6250) 90765 1 148
(2633)
Unknown 142150 5@ s2(57.14) 768 153 (5350) 9813 26 (5098) ' %7
(7.1)
Reporting country
s 2 692) 6 (1000) 50.(8790) 301579 122 (4266) 1613) 28 (5491) o 21
(1695)
» 5769 3000) 1101209) 14(7359) & @209 19 (938) 5649) o 120
@135)
R 6023 1667 o 1(526) 4(140) 0 10.96) ' 14249)
DE 306 1667 o o 6210 0 1196 1 21
United Kingor 5769 o o o 13455 1613) 20692 o 2679
Others 2 (380) 10667 o 16526 7 @72n) 1613 14.27.45) 1 11
(2509)
Indications
Leukaemia 51 (84.62) 1333 o o 0 0 o o 620109
Lymphoma o o o o 203 (7098) 20 (9063) o o m
(41.28)
Salid tumor o o 55 (6044) 17 (3947 o o 5 (8820) 3 120
@135)
Others 2308 0 o o 12 (4.20) 0 o 0 14249)
Unkown 12 (1846) 1(667) 36 (3956) 20105 7 @489 3039 6176 o 134
@384)
Outcome
Death 2(6162) 1667) 3630) 5632 20469 30038 6176 2(6667) 107
(1922)
Hospialization initial or | 14 (21,54) 1(667) 6(659) 8(a211) 5408:59) 7189 801569 o 101
prolonged 17.97)
Lifethrestening 6023 o o 0 103:50) 3039 o o 19639)
Disability o 1667 1110 o 15 (520) 1613) 1156 o 19338)
Other 3062 6 (4000) 76 (8352) 4109 118 (4126) 18 (56250 2@ 13339 26
(1395)

Unkown o o 5(649) 21053 7 (16.43) o 14.27.45) o 68(12.10)
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Drug names ADC-associated  ADC-associated  ADC-associated ROR (95%Cl)  PRR (95%Cl) X2

AEs n (%) neurological neurological AEs
AEs n (%) as PSn (%)

Brentuximab vedotin 3,297 (34.18) 392 (48.64) 286 (50.89) 5.65 (4.99-6.39) 5.11 (4.58-5.70) 96113
Enfortumab vedotin 599 (6:21) 100 (1241) 91 (16.19) 8.18 (6.54-10.24) 7.03 (5:82-8.49) 47537
Gemtuzumabozogamicin | 1733 (17.97) |01 (11.66) |65 (1157) 252 (1.96-3.24) 244 (192-3.08) iz
Polatuzumab vedotin | 1,010 (10.47) 83 (1030) | 266 3.00 (2.10-4.30) 287 o540 | 3805
Trastuzumab emtansine | 1,022 (10.60) 78 (9.68) 51(9.07) 3.27 (246-4.35) 301 @30-405) | 7260
Inotuzumab ozogamicin | 856 (8.87) 35 (434) 15 (2.67) 145 (0.87-243) 144 (0.87-236) 162
Trastuzumab deruxtecan | 762 (7.90) 20 (248) 19 (338) 113 (0.72-1.79) 113 (0.72-176) 017
Sacituzumab govitecan 367 (3.80) 4(0.50) 3(053) 038 (0.12-1.17) 038 (0.12-1.18) 249
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Preferred term (PT)

ROR (95%Cl)

PRR (95%Cl)

Brentuximab vedotin | peripheral neuropathies neuropathy peripheral 137 1592 (13.40-18.92) | 1509 (12.82-17.76) | 1788.56
peripheral neuropathies peripheral sensory 2 5281 (3580-77.92) | 5227 (3557-7679) | 124122
neuropathy
peripheral neuropathies polyneuropathy 25 2616 (17.62-3884) 2590 (17.51-3830) | 570.48
peripheral neuropathies peripheral motor neuropathy | 17 13831 13736 2097.47
(85.17-224.60) (84.86-222.33)
demyelinating disorders progressive multifocal 17 2267 (14.05-36.58) 2252 (14.01-36.21) 32673
leukoencephalopathy
peripheral neuropathies guillain-barre syndrome 9 1973 (10.24-3803) | 1967 (10.23-3781) | 14068
encephalopathies encephalopathy 9 3.85 (2.00-7.41) 3.84 (2.00-7.38) 16.18
peripheral neuropathies peripheral sensorimotor 7 7801 (36.89-164.94) | 77.79 (36.87-164.13) | 448.19
neuropathy
peripheral neuropathies peroneal nerve palsy 7 1159 (551-2435) | 1156 (551-2424) | 5720
neuromuscular disorders autonomic neuropathy 4 4359 (1626-11683) | 4352 (1626-11645) | 12505
encephalopathies leukoencephalopathy 3 682 (220-21.18) 681 (2.20-21.13) 9.62
Enfortumab vedotin peripheral neuropathies neuropathy peripheral 72 3913 (30.55-50.11) | 3429 (27.62-4256) | 2297.66
neurological disorders taste disorder 12 4538 (25.60-8045) | 4444 (2537-7784) | 466.12
neurological disorders dysgeusia 5 272 (113-6.57) 271 (1.13-6.48) 540
peripheral neuropathies peripheral motor neuropathy | 3 10272 10219 20674
(32.93-320.49) (32.95-316.91)
peripheral neuropathies peripheral sensory 3 2596 (8.34-80.80) 2583 (835-7991) 4886
neuropathy
Gemtuzumab. central nervous system cerebral haemorrhage 32 1695 (11.93-2409) | 1651 (11.73-2325) | 45086
ozogamicin vascular disorders
neurological disorders unresponsive to stimuli 6 456 (2.05-10.18) 454 (205-10.09) 1323
encephalopathies encephalopathy 5 450 (187-10.82) 448 (1.87-10.75) 1026
central nervous system haemorrhage intracranial 4 418 (156-11.15) 417 (1.57-11.09) 672
vascular disorders
central nervous system subarachnoid haemorrhage | 4 7.57 (2.83-20.20) 7,54 (283-20.07) 1662
vascular disorders
central nervous system cerebellar haemorrhage 3 3789 (1217-117.95) | 37.80 (12.18-117.31) | 7351
vascular disorders
peripheral neuropathies guillain-barre syndrome 3 1376 (443-4276) | 1373 (443-4253) | 2377
central nervous system haemorrhagic stroke 8 7.27 (234-22.58) 7.25 (2.34-22.46) 1051
vascular disorders
Polatuzumab vedotin | peripheral neuropathies neuropathy peripheral 18 1029 (642-1647) 995 (6.32-15.65) 13645
encephalopathies polyneuropathy 3 1564 (503-4869) | 1555 (503-4808) | 2559
central nervous system cerebral haemorrhage 3 372 (120-11.57) 370 (1.20-11.44) 592
vascular disorders
Trastuzumab emtansine | peripheral neuropathies neuropathy peripheral 2 8.89 (5.87-13.47) 8.64 (5.78-12.92) 14825
neuromuscular disorders muscular weakness 7 212 (1.01-4.46) 212 (1.01-4.46) 409
encephalopathies hepatic encephalopathy 3 10.33 (3.32-32.11) 10.29 (3.34-31.84) 16.72
Inotuzumab ozogamicin | encephalopathies encephalopathy 6 1393 (622-3117) | 1376 (621-3047) | 5881
central nervous system cerebral haemorrhage 3 3.97 (1.28-12.37) 395 (1.28-12.21) 400
vascular disorders
Trastuzumab, central nervous system cerebral haemorrhage 6 494 (221-11.02) 490 (221-10.88) 1497
deruxtecan vascular disorders
neurological disorders taste disorder 4 1143 (428-3056) | 1138 (428-3025)  28.19
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Algorithms Equation Criteria

ROR ROR=(a/c)/(b/d) 223, 95%CI 2 1

9506CI = it (KOR) + 196 (1 + 1 + e + 1S

PRR PRR = [a/(c + d)}/[c/(a+b)] 223, PRR22, X’ 2 4

X = [(ad-be)2)(a+b + ¢ + d)/[(a+b) (c + d) (a+c) (b + d)]

Equation: a, number of reports containing both the target drug and target adverse drug reaction-b, number of reports containing other adverse drug reaction of the target drug-c, number of
reparts contalninig the target sdverse drug reaction of other drugs-d, number of reports containing other drugs and other adverse drug reactions. 95%CL, 95% confidence interval-2.chi-squared.
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Enzymes

Substrates

Antitumor

drugs

In vitro models

Ex vivo/in vivo
models

Carboxylesterase

B-Galactosidase

p-Glucuronidase

Ester, thioester, carbamate, and amide
bonds

Glycosidic bond

PB-D-Glucuronic acid residues

Gemcitabine Huh7, HepG2, - Stephenson et al. (2021)
HEK293, MCE-7,
BxPC3
DOX MCE-7, HepG2, HT- - Bliman et al. (2018);
29, Hela, NIH3T3 Sharma et al. (2019)
Docetaxel 22Rv1, PC-3 22Rv1 tumor-bearing mice  Machulkin et al. (2022)
5-Fluorouracil Hela, MG36 mice Ouyang et al. (2011)
DOX HT-29, Hela HT-29 tumor-bearing mice = Sharma et al. (20182)
MMAE KB, HeLa KB tumor-bearing mice | Legigan et al. (2012)
SN-38 A594, HCT116, MCE-  HCT116 tumor-bearing | Huang et al. (2021)
7, HepG2 mice
MMAE KB, A549, MDA-MB- | KB tumor-bearing mice | Renoux et al. (2017)
231, MIA PaCa2
CA-4 Hela, MDA-MB-231, | MDA-MB-231 tumor- Peng et al. (2022)

MCE-7, SKOV-3 bearing mice
NQO1 Quinones 5-Fluorouracil A549, 102 A549 tumor-bearing mice | Zhang X. et al. (2018)
CA-4 HepG2, A549 HepG2 tumor-bearing Zhang et al. (2020)
mice
SN-38 A549, Hela A549 tumor-bearing mice | Shin et al. (2016)
PSA -Arg-Ser-Ser-Tyr-Tyr Ser-Arg- PIX LNCaP LNCaP tumor-bearing | Elsadek et al. (2010)
mice
-Hyp-Ala-Ser-Chg-Gln- Phosphoramide LNCaP — Wu and Hu (2016)
mustard
~His-Ser-Ser-Lys-Leu-Gln- Emetine LNCaP, 22Rv - Akinboye et al. (2017)
Caspase-3 -Asp-Glu-Val-Asp- DOX SCC7, MDA-MB-231 | SCC7 tumor-bearing mice | Chung et al. (2016)
MMAE HCC70, MDA- HCC70/MDA-MB- Chung et al. (2019)
MB-231 231 tumor-bearing mice
Alkaline Phosphate group 5-Fluorouracil, Hela, HepG2 - Tyagi et al. (2023)
phosphatase vorinostat
Plasmin D-Ala-Leu-Lys- siln3 HepG2, Huh-7 HepG2 tumor-bearing Rango et al. (2021)
mice
Cathepsin B Peptide Gemcitabine 411 4T1 tumor-bearing mice | Zhang H. et al. (2018)
FAPa N-terminal carbobenzoxy-glycyl-L- Gemcitabine 4T1, PC-3 4T1 tumor-bearing mice Sun et al. (2019)
proline-4-(Z)-blocked
dipeptides (Z-GP)
Tyrosinase Phenol Cyclometalated Pt (IT) A375 A375 tumor-bearing mice | Liu Y. et al. (2023)
complex
y- Glutamyl group Kinesin spindle protein A549, H460 - Fukai et al. (2021)

Glutamyltransferase

inhibitors
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Characteristic 122
Age (years) 12

Median (IQR) 59 (54, 65)
Differentiation degree 12

Gl 1(83%)

G2 1(83%)

G2-G3 2 (17%)

G3 8 (67%)
Staging (FIGO) 12

1A 1(83%)

A2 1(8.3%)

mB 1(83%)

me 8 (67%)

VB 1(83%)
Tumor size (cm) 12

Median (IQR) 43 (25,73)
Overall survival (months) 12

Median (IQR) 23 (11, 34)
CAI125 (ng/mL) 11

Median (IQR) 445 (392, 807)
CAI5-3 (ng/mL) 10

Median (IQR) 58 (23, 125)
CEA (ng/mL) 10

Median (IQR) 141 (0.60, 1.86)
CA19-9 (U/mL) 10

Median (IQR)

*Median (IQR), percentage (%).

14 (4, 52)
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Summary data Univariate Multivariate

Characteristic N = 420 N HR® 95% CI°  p-value N HR® 95% CI°  p-value
Tumor stage 417 35

Stage 111 25 (6.0%) - - | - -

Stage 111 328 (79%) 173 085,351 013 233 092, 5.87 0073

Stage IV 64 (15%) 214 101,453 0.047 182 069, 4.82 02
Primary therapy outcome 337 335

Progressive disease 32 (9.5%) s - = *

Partial remission/response 47 (14%) 072 044, 116 017 063 038, 1.05 0075

Stable disease 23 (6:8%) 049 025,096 0036 046 023,093 0031

Complete remission/response | 235 (70%) 017 011,026 <0.001 016 010,025 <0001
CDHI mRNA expression 420 335

Low 210 (50%) = = = =

High 210 (50%) 1.09 085,139 049 113 083, 1.54 04
CDH2 mRNA expression 420 335

Low 210 (50%) - = | = =

High 210 (50%) 0.85 0.67, 108 019 076 057, 1.02 0071
KRT7 mRNA expression 420

Low 210 (50%) = =

High 210 (50%) 137 107,175 0012
KRT18 mRNA expression 420 335

Low 210 (50%) = = | = =

High 210 (50%) 1.08 085,138 052 1.08 081,145 06
KRT19 mRNA expression 420 335

Low 210 (50%) = = | = =

High 210 (50%) 133 104,170 0022 137 102, 1.84 0035
EPCAM mRNA expression 420 3|

Low 210 (50%) > &= o i

High 210 (50%) 0.73 057,093 0011 078 057,1.05 010
VIM mRNA expression 420 335

Low 210 (50%) = = = =

High 210 (50%) 0.96 075,122 073 089 066, 1.19 04
GATA6 mRNA expression 420 335

Low 210 (50%) — — - -

High 210 (50%) L1 087, 142 040 107 080, 1.44 06

‘Percentage (%).
bHR. hazard ratio: C. confidence interval.
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Extracts and CCsp (ug/mL or uM)
fractions
Human oral squamous cell carcinoma Human normal oral cells
cell lines
Ca9- HSC- HSC- HSC- Mean HGF HPLF HPC Mean (ISE
22 7 5 4
(A) ((:)] (@]

W-F Total (ng/ >500 >500 >500 >500 >500 | 500 >500 | >500 | >500 | 10 10 02 02
mL)

W-F Hex (ng/ >500 >500 >500 >500 >500 | 500 | >500 | >500  >500 | 10 10 02 02
mL)

W-F EtOAC (ng/ 408 >500 439 464 >453 | >500 | >500 | >500 | >500 | L1 12 02 03
mL)

W-F BuOH (hg/ >500 >500 >500 >500 >500 | 500 >500 | >500 | >500 | 10 10 02 02
mL)

W-F MeOH (ng/ >500 >500 >500 >500 >500 | 500 | >500 | >500 | >500 | 10 10 02 02
mL)

W-R Total (ng/ 466 >500 >500 >500 >491 | 500 | >500 | 500 | >500 | 10 L1 02 02
mL)

W-R Hex (ng/ >500 >500 >500 >500 >500 500 >500 | >500 | >500 | 10 10 02 02
mL)

W-R EtOAC (hg/ 518 888 9.7 76.1 789 186 167 187 180 23 36 29 69
mL)

W-R BuOH (ng/ 40.1 966 7.1 88.1 755 295 | >500 335 376 | 50 73 66 183
mL)

W.R MeOH (ng/ >500 >500 >500 >500 >500 | 500 | >500 | >500 | >500 | 10 10 02 02
mL)

Doxorubicin M) |08 009 016 | <0078 | 013 >10 >10 >10 >10 | 785 549 | 616114 | 30,1896

5-FU M) | 694 292 >1,000 182 386 >1,000 | >1,000  >1000  >1,000 = 26 144 07 208

Melphalan M) 363 110 141 99 178 180 200 | 159 180 101 50 566 137

“TS, value was calulated using the following equation; TS, mean CCsy against three normal human oral mesenchymal cells (HGF + HPLF + HPC)/mean CCso against four OSCC, cell lines
(Ca9-22 + HSC-2 + HSC-3 + HSC-4), as shown by D/B. The relative sensitivity of Ca9-22 and HGF, cells is shown by C/A).
*PSE, value was calculated using the following equation; PSE, 100 x TS/CCs, (tumor cells); (100 x D/B?) (three normal oral cells vs. four OSCC, cell lines) and 100 x C/A? (HGF, vs. C29-22).
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Identified Molecular Retention Molecular m/z (M MS? fragments Reference

compound formula time weight + H)
1| Isopelletierine CaHyNO 204 141.00 14200 124, 114,98 Singh et al. (2011)
2| Withasomnine CiaHiN, 1349 184.10 18518 183,168, 158, 144, 141 | Singh et al. (2011)
3 | Daidzein CisHio04 1359 25406 25526 237,227,223,199 | Jadhav et al. (2012)
4 | Genistein CisHi05 1416 270.05 27130 253,243,225,201, | Jadhav et al. (2012)
197,137
5 | Withaninsams-B CieH05 1638 29415 29520 | 277,259,237, 137,123 | Back etal. (2019)
6 | Withaninsams-A CieH05 1645 294.15 29527 | 277,259,237,137,123 | Back et al. (2019)
7 | Withanoside VI CaoHe2O15 1746 78241 78308 | 765,621,459, 441,423 Matsuda etal.
(2001)
8 | Withanoside IV CioHe:O15 1802 78241 783.12 621,459, 441, 423 Matsuda et al.
(2001)
9 | Withanoside It CioHezO16 1848 798.40 79904 | 781,771,751,683,637,  Matsuda etal.
485, 473 (2001)
10| 1da-Hydroxywithanone CasHls0; 1956 48626 48725 | 469,459, 451,373,343 Nittala and Lavie
(1981)
11| Kaempferol CisHigOs 19.65 286.05 28732 | 269,259,258,245,203,  Alam et al. (2011)
177,175
12| Withanolide O CagHeOs 2002 45226 45319 435,417,407, 263 | Kirson et al. (1977)
13 | Dihydrowithaferin A CasHiO6 2022 47228 47334 | 455,437,301, 285,283 | Girme et al. (2020)
14| Withanoside V CioHezOu 2047 76641 76715 | 723,605,587,443,425,  Matsuda et al.
407, 253 (2001)
15 | 23-Dihydrowithanone- CagHigO108 2075 568.23 56924 | 551,533,515,435,417, | Saleem et al. (2020)
3beta-O-sulfate 399, 361
16 Grossamide CagHN05 2090 62425 6258 607, 488, 462, 338 Bolleddula et al.
(2012)
17 | Sominone CasH,05 2107 45830 45934 441,423, 405,359 | Iguchi et al. (2021)
18 | Withanolide D CagHigOs 2174 47027 47118 435, 435,425,407, Gottlied and Kirson
371,301 (1981)
19 | Withaferin A CasHi06 2201 47027 47110 453,441,329,301, | Gottlied and Kirson
299, 281 (1981)
20 Withanolide G2 CasH3604 2321 436.26 43731 419, 401, 373, 267, 265 Maurya (2017)
21| Withasomniferin A CasHlsO5 2373 45427 45528 437,427, 419,409, | Glotter et al. (1973)
373,355
22| Somniferine CagHiN0; 3236 608.25 609.40 591,580, 573,549 | Jamal et al. (1991)
23 3p-Ergosta-524-dien-3-ol CagHigO 3397 398.35 39951 381,338, 329,315, | Majumdar (1955)
301,217
24| 3p-Stigmasta-5.24-dien-3-ol CaoHisO 3580 41237 41358 395,367, 353,301, | Majumdar (1955)
237,217
25 | 2425-Dihydro-27- CasHigOs 3651 45629 457.61 439, 429,413,373, | Lockley etal. (1974)
desoxywithaferin A 331, 261
26 | 67-Benzochroman CiyHp0 4210 18409 185.10 167, 155, 141 Anjaneyulu and Rao

(1997)
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Drug combination (uM 6- Dose reduction index
shogaol: M curcumin ratio)

6- Curcumin
shogaol

25475 (13) 28395 23491
5+15 17206 15284
75+225 12805 11848
I 10 +30 1960 | 1asse
25 + 1125 (1:45) 31520 18070
5+225 25404 17380
75+337 21048 15607
10 +45 21248 17589
25 +15 (1:6) 35825 16151
5430 s 2o
75+45 25444 15180
10 + 60 25601 1.7030

Notes: Dose reduction index were generated from CompuSyn software. More than 1 DRI,
calaw- ihow bvcarsble deg-eomil ks tion:
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Drug combination (uM 6-shogaol: uM Combination

curcumin ratio) index
25475 (13) 079
5415 124
74225 ‘ 162
7 10 +30 | 146
25 +11.25 (1:45) 087
| 5+225 097
75 + 33.75 L12
10 +45 104
2.5+ 15 (1:6) 099
5430 078
75445 | 105
10 + 60 | 0.98

Notes: Combination index values were generated by CompuSyn software using formula
CI = (D)1/(Dx)1+(D)2/(Dx)2, where (Dx)1 or (Dx)2 represents the dose of drug 1 or 2 ina
combination needed for achieving the same cfficiency as that of the single drug 1 or 2 at
D1 or D2, respectively. CI < 1 indicate drug synergism, CI > 1 antagonism and CI, 1 show
L e s
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Degree Betweenness Centrality Closeness

STAT3 36 0.10348 065094
SRC 35 0.09512 063302
AKT1 34 0.11590 061607
MAPKI 31 | 0.06071 06
k EGFR 31 0.05647 0.60526
| CASP3 27 | 0.06069 06
PIK3CA 24 | 0.02501 054330
EP300 23 ‘ 0.06925 056097
ESRI 21 | 0.02153 0552
PTPNI1 21 ‘ 0.01361 053076
IGF1 21 | 0.01716 053488
MAPKS 21 | 0.09731 057024
RHOA 20 0.02707 054330
BCL2L1 18 0.02115 053076
PTK2 17 | 0.00594 050735

Notes: Based on the topological nature of the network, the 15 nodes with values greater than the average were selected, based on the magnitude of the relevant parameter values (Degree,
BiveaR cettealiir aisd duhen saatal webs visialed aid dnalviot:
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No. R Formula M wt MS* Error Identified References
(min) [M+H]* (ppm) compound
m/z m/z
1 047 CHENO, 1310946 | 1321012 989 - Isoleucine He et al. (2018)
2 0.49 CsH;NO, 117.0790 118.0857 9.57 = Betaine He et al. (2018)
3 054 CeHeN20 | 1220480 | 123.0550 7.56 106, 80, 78, 53, 51 Niacinamide Smith et al. (2005)
4 054 CHiNO, | 1310946 | 1321026 047 - Leucine He et al. (2018)
5 056 CH,NO, 1170790 | 118.0858 9.09 - Valine He et al. (2018)
6 088 CHO, | 1540266 | 1550333 755 120, 113, 93, 72, 67, 65 Protocatechuic acid Lin et al. (2015)
7 113 CagaOn | 5781424 | 579.1494 159 453, 427, 409, 291, 289, Epicatechin-(48—8)- Maldini et al. (2009)
287, 273, 271, 259, 247, epicatechin
163, 139, 127
8 115 CiHiOs | 3400794 | 3410875 ~047 265, 242, 201, 179, 161, Aesculin Tine et al. (2017)
137, 123
9 116 CHiO;s | 1660630 | 167.0700 530 149, 125, 123, 121, 91, Dihydro-p-coumaric acid Narviez-Cuenca et al.
84,77 (2012)
10 144 CoHeOs | 1780266 | 179.0339 324 161, 151, 135, 133, 123, Aesculetin Tine et al. (2017)
117, 105, 89, 77
1 157 2900790 | 2910867 094 272, 249, 214, 207, 165, Catechin Tsimogiannis et al. (2007)
161, 147, 139, 123
12 163 CisH0s | 2900790 | 2910873 -120 273, 214, 207, 165, 161, Epicatechin Tsimogiannis et al. (2007)
147,139,123
13 191 CyHyOyy | 5621475 | 563.1554 -0.02 517, 435, 427, 411, 409, Epicatechin-(4f—8)- Gu et al. (2003)
393,291,287, 275,273,231 epiafzelechin
14 194 CiHyNO; | 3591005 | 360.1078 159 342,224, 198, 181, 178, cis-Clovamide Locatell et al. (2013),
163, 152, 145, 135, 117, 89 Masike et al. (2017)
15 210 CisHaOy | 2641362 | 2651440 034 247, 229, 200, 172, 160, Abscisic acid Smith et al. (2005)
141,135,131, 123, 119,105
16 263 CHpNO, | 3591005 | 360.1078 164 342,224, 198, 181, 178, trans-Clovamide Locatelli et al. (2013),
163, 152, 145, 135, 117, Masike et al. (2017)
107, 89
17 307 CyoHy0y5 | 7401741 741.1821 011 589, 571, 451, 433, 409, Cinchonain ITa Hokkanen et al. (2009)
341, 289, 179, 163
18 321 CiHpOys | 7401741 | 7411814 086 589, 571, 451, 433, 409, Cinchonain Ila isomer Hokkanen et al. (2009)
341, 289, 179, 163
19 340 CyHyOp | 6101534 | 6111598 244 465, 303 Rutin Mogbel et al. (2018)
20 346 CuHyO, | 4521107 | 453.1182 093 411, 343, 313, 301, 259, Cinchonain Te Hokkanen et al. (2009),
191, 163, 147, 123 Abouelela (2016)
2 353 CyHxOy | 4321057 | 4331127 185 415, 397, 379, 367, 337, Isovitexin El-Sayed et al. (2017)
313,283
2 355 CoHxnOp | 4640955 | 4651012 467 319, 303, 214, 147 Myricitrin Mogbel et al. (2018)
2 359 CuHGNO, | 3731162 | 3741241 -009 359,342,332, 314,238, | cis-Clovamide methyl ester | Peita-Morin et al. (2016)
212,195, 178, 163, 153,
152,135, 117
2 378 CeHyNOs | 3271107 | 3281171 445 147, 119,91 p-Coumaroyl tyrosine Clifford and Knight (2004)
2 382 CuHOy | 196109 | 197.1175 184 179, 161, 135, 133, 115, Loliolide Smith et al. (2005)
107, 105, 91, 79
2 3.96 CoHyOp | 4521107 | 4531187 -024 435, 411, 343, 325, 317, Cinchonain Id ‘Hokkanen et al. (2009),
313, 301, 259, 191, 163, Abouelela (2016)
137, 123
27 408 CuHyOy | 4481006 | 449.1083 028 287 Astragalin March et al. (2006)
28 421 CuHNO, | 3731162 | 3741238 088 359,332, 238,212,195, | trans-Clovamide methyl ester |~ Allen (2016), Pefia-Morin
178, 163, 153, 152, 145, et al. (2016)
135, 117, 89
2 432 CuHyOp | 4481006 | 4491076 193 303, 287, 229, 153, 147, Quercitrin Mogbel et al. (2018)
129, 85,71
30 438 CisHigO; | 3020427 | 303.0504 054 285, 274, 257, 229, 201, Quercetin Cuyckens and Claeys
165, 153, 149, 137, 121 (2004)
31 442 CuHyOy | 4361158 | 437.1239 053 | 419,395,343, 327, 301,191 Corbulain Ta Waungsintaweekul et al.
(2011)
32 455 CuHpOy, | 4341213 | 4351282 226 358, 273, 179, 153, 147 Prunin Mogbel et al. (2018)
33 465 CiHuO; | 3420740 | 343.0806 356 311, 221, 191, 147, 123 Epiphyllocoumarin Gyobin (2016)
34 472 CyH,,0, | 4661264 | 4671344 018 | 449,421,343, 327,301,203, Smiglabrone B Xu et al. (2013), Guet al.
191, 147, 89 (2015)
35 474 CuHuNO, | 3871318 | 388.1393 110 371, 358, 209, 191, 177, cis-Clovamide ethyl ester Won et al. (2004), Kim
163, 149, 145, 117 etal. (2015)
36 501 CisHiOs | 2860477 | 287.0556 002 258, 231, 213, 153, 121 Kaempferol Cuyckens and Claeys
(2004)
37 5.07 CHO, | 1620317 | 163.0392 226 145, 135, 117, 107, 89, Unmbelliferone Tine et al. (2017)
77,63
38 527 CyHyNO, | 3871318 | 3881399 -055 371,358, 343,209,177, | trans-Clovamide ethyl ester | Won et al. (2004), Kim
163, 149, 145, 134, 117, 89 etal. (2015)
39 530 CHO, | 1460368 |  147.0442 320 119, 118, 103, 91, 65 Coumarin Tine et al. (2017)
40 531 CoHyOp | 4521107 | 4531185 038 435, 411, 343, 325,317, Cinchonain Ib Hokkanen et al. (2009),
313, 301, 259, 191, 163, Abouelela (2016)
147,137, 123
41 545 CoHOp | 4521107 | 4531181 112 435, 411, 343, 317, 313, Cinchonain Ta Hokkanen et al. (2009),
301,259,191,163, 137,123 Abouclela (2016)
2 556 CisHpOs | 2720685 | 273.0750 498 153, 147, 123 Naringenin Fang et al. (2006)
43 5.64 CiH 0, | 2880634 | 289.0702 3.66 271, 259, 247, 229, 179, Eriodictyol Tsimogiannis et al. (2007)
163, 153, 145, 135, 117
44 613 CyuHyOy, | 5921792 | 593.1870 024 447, 285, 270, 242, 129 Linarin Feng et al. (2014)
45 674 CisHiOs | 2700528 | 2710609 ~059 243,229, 225, 163, 153, Apigenin Zhang et al. (2005)
145, 121, 119
46 737 CuHyuNO, | 4151631 | 4161703 170 398, 371, 360, 342, 254, cis-Clovamide butyl ester Allen (2016)
237, 181, 163, 152, 145,
135, 117
47 742 CypHuNO, | 4151631 | 416.1706 094 398,371, 342,254,237, | trans-Clovamide butyl ester Allen (2016)
181, 163, 152, 145, 139,
135, 117
48 116 CygHyyNO, | 3152773 3162847 174 298, 280, 262, 214, 135, Dehydrophytosphingosine Smith et al. (2005)
79, 60
49 174 CiHy0s | 3102508 | 3112583 112 293,251, 237, 177, 135, 2-Hydroxysterculic acid Smith et al. (2005)
123, 107, 97, 81, 67, 55
50 216 CisHeOq | 5764390 | 577.4482 230 - p-Sitosterol-3-0-p-D- Smith et al. (2005)

glucopyranoside
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Control DENA DENA+DOX DENA+Extract DENA+Extract+

Albumin (g/dL) 381 £037 288 + 048 ‘ 277 £0.63* 298 +025% 377 £ 067" ‘
SALT (IU/L) ‘ 18.2 £ 861 1016 + 33.7** ‘ 84.3 £ 364" 790 £ 22.9** 423 £ 100"
SAST (IU/L) 780 £ 227 315.4 % 784" ‘ 280.5 + 78.8" 2380 + 7200 1354 + 774111554
SGGT (IU/L) 195 £ 851 98.7 + 39.9* ‘ 1163 + 28.9** 99.2 £ 30.1** 505 251554
ALP (IU/L) 711 £227 298.5 % 9.8 ‘ 2339 £ 75.7 2024 % 65.3™ 1040 + 34411159 ‘
T. Bilirubin (mg/dL) 035 £0.17 143 £ 049" ‘ 115 £ 0.61% L11 £ 022 052 £ 031111+
AFP-L3 (ng/mL) 139 + 4.40 284.4 % 548" ‘ 260.0 + 83.0%* 2164 + 810" 134.0 58

Data are presented as mean + SD (n =8)., 1, §,and # indicate significant changes from control, DENA, DENA+Extract, and DENA+DOX, groups respectively. *, 1, §, and  indicate significant
change at p < 0.05; **, t1, §6, and $1 indicate significant change at p < 0.01; ***, 11, §66, and £+ indicate significant change at p < 0.001.
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