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Achyranthes japonica (Miq.) Nakai (AJN) and Melandrium firmum (Siebold and Zucc.) Rohrb. (MFR) are medicinal plants recognized for their bioactive phytochemicals, including ecdysteroids, anthraquinones, and flavonoids. This study investigates the anticancer properties of key constituents of these plants, focusing on the BK002 formulation, a novel combination of AJN and MFR. Specifically, the research employs advanced molecular docking and in silico analyses to assess the interactions of bioactive compounds ecdysterone, inokosterone, and 20-hydroxyecdysone (20-HE) with key prostate cancer-related network proteins, including 5α-reductase, CYP17, DNMT1, Dicer, PD-1, and PD-L1. Molecular docking techniques were applied to evaluate the binding affinities contributions of the bioactive compounds in BK002 against prostate cancer-hub network targets. The primary focus was on enzymes like 5α-reductase and CYP17, which are central to androgen biosynthesis, as well as on cancer-related proteins such as DNA methyltransferase 1 (DNMT1), Dicer, programmed death-1 (PD-1), and programmed death ligand-1 (PD-L1). Based on data from prostate cancer patients, key target networks were identified, followed by in silico analysis of the primary bioactive components of BK002.In silico assessments were conducted to evaluate the safety profiles of these compounds, providing insights into their therapeutic potential. The docking studies revealed that ecdysterone, inokosterone, and 20-hydroxyecdysonec demonstrated strong binding affinities to the critical prostate cancer-related enzymes 5α-reductase and CYP17, contributing to a potential reduction in androgenic activity. These compounds also exhibited significant inhibitory interactions with DNMT1, Dicer, PD-1, and PD-L1, suggesting a capacity to interfere with key oncogenic and immune evasion pathways. Ecdysterone, inokosterone, and 20-hydroxyecdysone have demonstrated the ability to target key oncogenic pathways, and their favorable binding affinity profiles further underscore their potential as novel therapeutic agents for prostate cancer. These findings provide a strong rationale for further preclinical and clinical investigations, supporting the integration of BK002 into therapeutic regimens aimed at modulating tumor progression and immune responses.
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1 INTRODUCTION
1.1 Chronic inflammation and cancer: a complex interrelationship
The established link between chronic inflammation and cancer has illuminated the intricate biological processes that fuel carcinogenesis. Chronic inflammation, which can be driven by persistent infections, autoimmune disorders, or prolonged exposure to environmental carcinogens such as tobacco smoke, industrial pollutants, or asbestos, sets the stage for continuous tissue damage and abnormal cellular proliferation. This sustained inflammatory environment creates fertile ground for neoplastic transformations by promoting cellular repair mechanisms that, paradoxically, can lead to the onset of malignancies (Khandia and Munjal, 2020). Inflammation not only supports the survival and proliferation of cancer cells but also fosters metastasis (Hasegawa et al., 2006) by reshaping the tumor microenvironment (TME) to favor malignant growth (Afshari et al., 2022). Epigenetic alterations induced by inflammatory signaling further entrench the cancer-inflammation nexus, as oncogenes are activated and tumor suppressor genes are silenced through DNA methylation, histone modification, and chromatin remodeling (Tan et al., 2022). Within the TME, immune cells like macrophages, neutrophils, and T-cells play dual roles, either suppressing or facilitating tumor progression, thus complicating therapeutic interventions (Li et al., 2019; Segovia et al., 2019; Vredevoogd et al., 2019; Segovia et al., 2020).
A key mechanism by which tumors evade immune surveillance is through the upregulation of immune checkpoints such as programmed death-1 (PD-1) and programmed death ligand-1 (PD-L1), which inhibit T-cell activity and allow cancer cells to thrive unchecked (Wei et al., 2019). The successful targeting of immune checkpoints has revolutionized cancer treatment by reinvigorating the immune system’s ability to combat tumors, as evidenced by the clinical efficacy of anti-PD-1/PD-L1 and anti-CTLA-4 therapies (Jacquelot et al., 2019; Theivanthiran et al., 2020). Notably, the transcription factor NF-κB plays a pivotal role in regulating PD-L1 expression, directly binding to the promoter of the PD-L1 gene and upregulating its transcription. Additionally, NF-κB influences post-transcriptional pathways that stabilize PD-L1, contributing to tumor immune evasion (Antonangeli et al., 2020). Recent discoveries reveal that cancer stem-like cells (CSCs) exhibit heightened PD-L1 expression, further protecting them from immune attacks. The regulatory mechanisms that enrich PD-L1 expression in CSCs remain largely unexplored, underscoring a critical gap in our understanding of tumor resistance (Hsu et al., 2018).
Interestingly, the mesenchymal-epithelial transition (MET) has been identified as a novel mechanism regulating PD-L1 stability in CSCs, with studies showing that targeting this pathway can enhance the efficacy of cancer immunotherapy (Sharaf et al., 2014). The influence of chromatin remodeling in response to inflammatory signals has also gained attention, with genes like IL-1A and IL-1B becoming dynamically repositioned within transcription factories during immune responses. This spatial organization of gene expression is crucial for mediating inflammatory effects within tumors (Papantonis et al., 2012; Audia and Campbell, 2016; Horton et al., 2016; Marazzi et al., 2018; Shokri et al., 2018; Das et al., 2021; Ding et al., 2022). Similarly, the role of inflammasomes, particularly NLRP3, in cancer has been increasingly recognized, linking inflammation directly to cancer progression (Ding et al., 2022).
Despite significant advances in immunotherapies, including immune checkpoint inhibitors and CAR T-cell therapies, certain cancers, such as pancreatic and prostate cancers, have shown limited responses to these treatments (Ye et al., 2024). Understanding the molecular drivers of resistance, such as aberrant inflammatory signaling and immune evasion, remains key to improving the clinical outcomes of these malignancies. Combining immunotherapy with other treatment modalities, such as chemotherapy or radiotherapy, has shown promise, but additional research is required to fully unlock the potential of these therapeutic strategies (Latchman et al., 2001; De Marzo et al., 2007; Gandaglia et al., 2013; Powles et al., 2014). Furthermore, focusing on critical protein networks in cancer progression offers an opportunity to develop more precise, multi-targeted therapies that address the complexity of cancer’s molecular landscape. This approach holds the promise of better patient outcomes and a more profound understanding of the interplay between inflammation, the immune system, and cancer.
1.2 Comparative expression analysis of DNMT-1, Dicer1, and PD-1/PD-L1 in normal and prostate cancer patients and their correlation with gleason score
Figure 1 provides a comprehensive analysis of the expression levels of specific genes DNMT-1, PD1, Dicer1, and PD-L1 in prostate cancer patients compared to normal individuals, sourced from https://ualcan.path.uab.edu/index.htm. These levels are correlated with a Gleason score, a grading system used to evaluate the aggressiveness of prostate cancer.
[image: Figure 1]FIGURE 1 | Differential Gene Expression Profiles in Prostate Cancer Patients. Graphical representation of the expression levels of DNMT-1, PD1, Dicer1, and PD-L1 in prostate cancer patients compared to normal individuals. The expression of (A) DNMT-1, (B) PD1, (C) Dicer1, and (D) PD-L1 is shown, highlighting significant differences between normal and cancerous tissues (p-values: p* < 0.05, p *** < 0.001, as indicated). Additionally, panels (E) DNMT-1, (F) PD1, (G) Dicer1, and (H) PD-L1 illustrate the correlation of their expression with the Gleason score, representing prostate cancer progression and aggressiveness. Statistical significance is indicated by corresponding p-values, demonstrating the relationship between molecular expression and tumor grade (p-values: p* < 0.05, p** < 0.01, p *** < 0.001, as shown).
Figure 1A reveals that DNMT-1 expression is significantly elevated in prostate cancer patients compared to normal individuals. DNMT-1, a key enzyme involved in DNA methylation, plays a crucial role in maintaining the epigenetic landscape of cancer cells, contributing to tumor progression and silencing tumor suppressor genes (Park, 2023). Figure 1B describes the expression of PD1, a protein that negatively regulates T-cell activity, that is implicated in immune evasion by tumors, and that is notably higher in cancer patients than in normal individuals. This upregulation suggests that prostate cancer cells may employ immune checkpoint mechanisms to evade immune surveillance. In silico clinical trials, while offering valuable insights, must be interpreted with an understanding of their inherent limitations (Creemers et al., 2023). In our analysis, no statistically significant correlation was observed between DNMT-1 and PD-1 expression levels and patient outcomes. These findings highlight the importance of complementing in silico results with experimental validation and clinical studies to ensure robust and reliable conclusions (Figures 1A, B).
Figure 1C shows that Dicer1, an enzyme essential for microRNA processing (Goel and Goel, 2024), also exhibits increased expression in prostate cancer tissues compared to normal tissues. Elevated Dicer1 levels may contribute to the dysregulation of microRNA pathways that are critical in cancer cell proliferation, invasion, and metastasis (Dobrijević et al., 2021).
In normal cells, PD-L1(CD274) expression is typically low or tightly regulated, and its upregulation occurs primarily in response to inflammatory signals (e.g., cytokines like IFN-γ) or under conditions of immune activation (Sun H. Y et al., 2020). As shown Figure 1D, overall downregulation of PD-L1 expression in prostate cancer tissues compared to normal tissues. This suggests that, at the transcriptional level, PD-L1 expression may not universally increase in prostate cancer.
The expression dynamics of PD-L1 (CD274) in prostate cancer are complex and can vary depending on tumor stage, tumor microenvironment, and specific cellular contexts. While some studies report elevated PD-L1 levels in advanced or metastatic prostate cancer (Zavridou et al., 2021). Figure 1H indicates a positive correlation between PD-L1 expression and higher Gleason scores. This suggests that, while PD-L1 expression may be lower overall in prostate cancer tissues, higher-grade tumors may exhibit relatively elevated PD-L1 levels compared to lower-grade tumors within the prostate cancer cohort. PD-L1 binds to PD1 on T-cells, leading to the suppression of the immune response, which allows cancer cells to thrive by avoiding immune detection and destruction (Topalian et al., 2015; Chen and Mellman, 2017).
The correlation of gene expression with Gleason score is described in Figure lG−H. Figure 1E shows a positive correlation between DNMT-1 expression and the Gleason score, indicating that DNMT-1 expression increases with the severity and aggressiveness of prostate cancer. Figure lF reveals similar trend with PD1, where its expression levels rise in tandem with the Gleason score. This suggests that as prostate cancer becomes more aggressive, it increasingly relies on immune checkpoint pathways to evade the immune response. The expression of Dicer1 also shows a positive correlation with the Gleason score, as shown in Figure lG. This indicates that more aggressive prostate cancers may depend on the dysregulation of microRNA processing pathways, mediated by Dicer1, to sustain their growth and spread. Finally, Figure lH shows that PD-L1 expression also shows a strong positive correlation with the Gleason score, reinforcing the notion that more aggressive prostate cancers are more adept at suppressing immune responses, which is crucial for their survival and proliferation.
The data presented in this figure suggest that the expression of DNMT-1, PD1, Dicer1, and PD-L1 is markedly higher in prostate cancer patients compared to normal individuals and that their expression levels are positively correlated with the Gleason score. This indicates that these genes may play a critical role in the progression and aggressiveness of prostate cancer, and they could serve as potential biomarkers for disease severity or as targets for therapeutic intervention. The strong correlation between these gene expressions and the Gleason score underscores their potential utility in predicting the aggressiveness of prostate cancer and tailoring treatment strategies accordingly.
1.3 Prostate cancer pathology
Prostate cancer is the second most commonly diagnosed cancer worldwide and the fifth leading cause of cancer-related mortality among men as of 2022, with an estimated 1.5 million new cases and 397,000 deaths globally. Notably, in 52 countries, it stands as the leading cause of cancer-related deaths among men, underscoring its significant global health burden (Bray et al., 2024). Prostate cancer is a complex disease influenced by numerous biological, environmental, and genetic factors, with inflammation playing a significant role in its development and progression. The prostate is an immunocompetent organ, often the site of a small number of inflammatory cells (Gandaglia et al., 2013). Prostatic inflammation can stem from various sources, such as viral or bacterial infections, dietary factors, hormonal imbalances, autoimmune responses, and even urine reflux (De Marzo et al., 2007; Gandaglia et al., 2013). Accumulating evidence from epidemiological, histopathological, and molecular research strongly supports a link between chronic inflammation and the initiation and advancement of prostate cancer (De Nunzio et al., 2011; Sfanos et al., 2014). As inflammation persists, it creates a microenvironment that fosters cellular proliferation, DNA damage, and epigenetic changes, all of which contribute to malignant transformation and tumor progression.
A cornerstone of prostate cancer treatment, especially in cases of locally advanced or metastatic disease, has been androgen deprivation therapy (ADT), which can be administered either pharmacologically or surgically (El Badri et al., 2019). Androgen suppression has long been recognized as a vital strategy in controlling prostate cancer, dating back to 1941 when it was discovered that reducing testosterone levels could slow tumor growth (Huggins and Hodges, 1941). Historically, castration, along with the use of estrogen injections to inhibit testosterone production, proved effective in managing the disease (Mcleod, 2003; Sharifi et al., 2005). Over time, ADT evolved to offer more sophisticated approaches such as anti-androgens that block testosterone receptors on prostate cancer cells. Another widely used method involves luteinizing hormone-releasing hormone (LHRH) agonists that prevent the anterior pituitary gland from secreting luteinizing hormone, thereby reducing testosterone production (Litwin and Tan, 2017).
Emerging research has highlighted the intricate interplay between androgen signaling, growth hormone (GH), and estrogen pathways in prostate cancer. GH and gonadal systems are intimately linked in terms of growth, development, and metabolism, yet their precise regulatory interactions remain only partially understood (Marin et al., 1994). The enzyme aromatase, which converts androgens into estrogens in various tissues, has revealed a deep mechanistic connection between estrogen biology and GH regulation. Local estrogen production can exert paracrine effects that extend beyond classical endocrine pathways, influencing GH secretion even in the absence of the androgen receptor (Birzniece and Ho, 2021). Additionally, 5α-reductase, which converts testosterone into dihydrotestosterone (DHT), plays a crucial role in androgen action at the tissue level, further impacting GH regulation and prostate cancer progression (Veldhuis et al., 2009).
Testosterone acts as a prohormone, its effects being mediated through its conversion into DHT and estradiol (E2) in tissue-specific contexts (Jasuja et al., 2013; van den Beld et al., 2018; Kaufman et al., 2019). Research has demonstrated that inhibiting 5α-reductase, thereby reducing DHT, does not affect testosterone’s ability to increase GH secretion. However, inhibition of aromatase, which reduces estradiol levels, significantly disrupts GH production, revealing estradiol as a critical mediator of GH’s effects in prostate cancer (Link et al., 1986; Birzniece and Ho, 2021). In recent clinical studies, 5α-reductase inhibitors have been explored as a potential therapeutic option for prostate cancer patients (Hu et al., 2020). Finasteride and dutasteride, two synthetic 5α-reductase inhibitors (5ARIs), are commonly recommended for treating conditions such as alopecia, lower urinary tract symptoms, and benign prostatic hyperplasia. However, these medications carry a range of significant side effects, including a heightened risk of high-grade prostate cancer as well as neurological, psychiatric, endocrine, metabolic, and ophthalmological issues. Because 5ARIs are lipophilic, they can cross the blood-brain barrier, potentially disrupting neurosteroid synthesis, altering neurochemistry, and impairing neurogenesis. These effects underscore the urgent need for further research into the long-term impact of 5ARIs and for innovative therapeutic solutions (Leliefeld et al., 2023). The complexity of these hormonal pathways underscores the importance of understanding the broader regulatory networks that influence cancer progression.
Furthermore, the link between obesity and prostate cancer has become increasingly evident, as obesity triggers pathways related to insulin resistance, chronic inflammation, and oxidative stress. These pathways, including the IGF-1 system, adipokine signaling, and the distribution of sex hormones, create a favorable environment for cancer initiation and progression (Birzniece et al., 2010; Birzniece et al., 2019). Insulin and IGF-1, both key players in metabolic regulation, share sequence similarities and can activate oncogenic signaling pathways such as MAPKs and PI3K-AKT, which are known to promote cancer cell proliferation and inhibit apoptosis. The dysregulation of these pathways in obesity enhances the autocrine and paracrine promotion of cancer, further complicating treatment strategies (O’Brien et al., 2005; Fogarty et al., 2008; Pollak, 2008; Avgerinos et al., 2019). Hormone-related cancers, particularly those affecting organs governed by intricate feedback mechanisms, are profoundly impacted when autocrine pathways, such as insulin-related signaling, become dysregulated. The activation of these feedback loops can amplify oncogenic signals, driving cancer progression and complicating treatment strategies (Park et al., 2022). Addressing this challenge requires targeted therapeutic approaches that restore and maintain homeostasis within these systems while mitigating the risks associated with hormonal and metabolic imbalances.
In addition to hormonal and metabolic factors, bone health is a critical consideration in prostate cancer management, especially given the high incidence of bone metastasis in advanced stages of the disease. Sustained ADT significantly reduces bone mineral density (BMD), leading to an increased risk of fractures and osteoporosis (Zhang et al., 2020). Studies show that BMD can decrease by between 4% and 13% annually during ADT, with the risk of fractures rising correspondingly (Miyazawa et al., 2018). To address these complications, it is essential to implement comprehensive bone health evaluations before initiating ADT. Recent guidelines have begun to prioritize bone health in prostate cancer management, recommending the use of bone-modifying agents (BMAs), such as bisphosphonates and denosumab, to mitigate bone loss and reduce fracture risk (Chakhtoura et al., 2021; Khan, 2023). However, patients with metastatic castration-resistant prostate cancer (mCRPC) have not seen an improvement in overall survival (OS) with bisphosphonates or denosumab. Nonetheless, having demonstrated the ability to postpone or avoid skeletal-related events (SREs) in patients with mCRPC, both BMAs have been approved in this context (Saad et al., 2004; Fizazi et al., 2011). About 90%–95% of patients with hormone-sensitive prostate cancer (mHSPC) have bone metastases (Fizazi et al., 2017; Parker et al., 2018). Unlike mCRPC, however, there is little data to support prescription of bone protective medicines in mHSPC (Cattrini et al., 2019). Notably, the lack of effective bone-protective agents in managing mHSPC underscores the urgent need to explore and develop novel therapies tailored to support bone health in prostate cancer patients. This complexity further highlights the necessity for multi-target therapeutic strategies capable of addressing the diverse mechanisms driving prostate cancer progression. By targeting metabolic dysregulation, hormonal feedback imbalances, and bone health simultaneously, multi-component approaches hold the potential to significantly enhance treatment efficacy, improve clinical outcomes, and ultimately elevate the quality of life for patients.
Next-generation anti-androgens like apalutamide, darolutamide, and enzalutamide have shown higher efficacy compared to first-generation agents, not only by competitively inhibiting the AR ligand-binding domain but also by preventing AR translocation to the nucleus and AR-mediated transcription (Crawford et al., 2018).
One of the most significant challenges in treating prostate cancer is the emergence of resistance to androgen receptor (AR)-targeted therapies. A major contributor to this resistance is the androgen receptor splice variant 7 (AR-V7), which lacks the ligand-binding domain necessary for traditional AR inhibitors to be effective (Antonarakis et al., 2016). AR-V7 remains constitutively active, driving cancer progression even in the absence of androgens. This splice variant has been detected in circulating tumor cells (CTCs) and is associated with resistance to androgen receptor axis-targeted agents (ARATs) such as enzalutamide and abiraterone (Antonarakis et al., 2016; Scher et al., 2016). Only a few of the more than 20 distinct AR variations that have been found have undergone in-depth research. The most extensively studied AR variations, outside AR-V7, are AR-V1, AR-V3, AR-V9, and ARv567es (Armstrong and Gao, 2019). For patients who express AR-V7, chemotherapy may prove more effective than AR-directed therapy, and ARATs combined with ADT remain standard treatment options for castration-resistant prostate cancer (CRPC) (Scher et al., 2012; Fizazi et al., 2014; Ryan et al., 2015; Hussain et al., 2018; Armstrong et al., 2019; Davis et al., 2019; Fizazi et al., 2019; Sternberg et al., 2020). The concurrent use of abiraterone acetate with low-dose prednisone is crucial to mitigate mineralocorticoid-related side effects, such as hypertension and fluid retention, further illustrating the complexity of managing advanced prostate cancer (Hatano and Nonomura, 2023).
Thus, therapeutic resistance remains a significant challenge in targeted cancer treatment due to tumor cell plasticity, which drives the emergence of resistance mechanisms such as target mutations, pathway reactivation, and interactions with the tumor microenvironment. Although targeted therapies hold great potential for personalized cancer treatment, the adaptability of tumor cells and their inherent heterogeneity often complicate treatment responses. However, a deeper understanding of these resistance mechanisms has led to the development of combination therapies, which are showing promise in improving therapeutic outcomes by overcoming resistance and enhancing treatment efficacy (Ramos and Bentires-Alj, 2015).
Innovative therapeutic strategies continue to emerge, including the exploration of tyrosine kinase inhibitors, vaccination therapies, immune checkpoint inhibitors (such as PD-1/PD-L1 and CTLA-4 inhibitors), PARP inhibitors, and PSMA-targeted treatments (Mitsogiannis et al., 2022). The heterogeneity of prostate cancer, particularly the plasticity induced by ADT, highlights the need for early multi-modal therapy that targets diverse mechanisms to prevent resistance and improve patient outcomes (Fizazi et al., 2017; James et al., 2017; Gravis et al., 2018; Kyriakopoulos et al., 2018). Prostate cancer patient data and overall disease progression indicate the significance of focusing on the network that comprises the main drivers. Thus, it is becoming clear that a more logical approach based on a more holistic strategy is to target the larger cancer-causing networks rather than to depend on single-target therapy. This approach attempts to interfere with the several processes that lead to tumor growth and resistance, acknowledging the complex nature of prostate cancer.
2 CHALLENGES FOR TARGETING MULTIPLE PATHWAYS IN PROSTATE CANCER THERAPEUTICS
2.1 The role of DNMT1 in prostate cancer progression
The rapid demethylation of 5-methylcytosine (5 mC) during epigenetic reprogramming, particularly during cancer progression, cannot be entirely explained by passive methyl loss during replication. Active enzymatic processes also play a crucial role in this demethylation, contributing to significant alterations in gene expression that fuel tumorigenesis (Wu and Zhang, 2010). Intratumoral heterogeneity (ITH) is increasingly recognized as a product of aberrant CpG methylation, which disrupts alternative splicing mechanisms and contributes to cancer’s adaptive and aggressive behavior (Lin et al., 2023). The interplay between genetic mutations and epigenetic modifications, such as DNA methylation and histone modifications, is a fundamental driver of oncogenesis (Network et al., 2013; Bullinger et al., 2017; Eisfeld et al., 2020), impacting key oncogenes and tumor suppressor genes to foster tumor progression and metastasis (Aguilera et al., 2010).
This detailed discussion brings to light how DNA methyltransferases (DNMTs), particularly DNMT1, are integral to this process (Elenbaas et al., 2001; Taube et al., 2013). For instance, DNMT1’s role in the epithelial-mesenchymal transition (EMT) and cancer stem cell (CSC) phenotypes highlights its significant impact on tumor initiation and progression (Lee et al., 2016). The co-expression of DNMT1 and the Enhancer of zeste homolog 2 (EZH2), alongside their correlation with poor prognostic markers in prostate cancer, underscores the importance of DNMT1 in maintaining tumor-promoting epigenetic landscapes (Li et al., 2022). Additionally, mechanisms involving other key proteins, such as calcium/calmodulin-dependent protein kinase II inhibitor I (CAMK2N1), which appears to be downregulated via promoter hypermethylation, further emphasize the role of DNMT1 in cancer (Peng W et al., 2023). This has therapeutic implications, as targeting DNMT1-mediated methylation could reactivate tumor suppressor genes like FAM107A, which is silenced in PCa through CpG island hypermethylation. FAM107A acts as a molecular brake on the FAK/PI3K/AKT pathway, and its reactivation could inhibit tumor growth and metastasis, offering a potential therapeutic target (Ke et al., 2022). Moreover, miRNAs, such as miRNA-148a and miRNA-125b, regulate DNMT1 and p53, influencing gene silencing and TP53-related pathways.
The therapeutic manipulation of these miRNAs in PCa could modulate DNMT1 activity and reverse oncogenic methylation patterns (Melnik, 2017). For example, mahanine, a plant-derived alkaloid, restores tumor suppressor gene expression by inhibiting DNMT1 degradation, revealing the therapeutic potential of natural compounds in targeting epigenetic machinery (Agarwal et al., 2013). Thus, the role of DNMT1 in the modulation of enhancer RNA (eRNA) linked to the androgen receptor (AR) suggests that targeting DNMT1 in these non-coding RNA interactions could provide new avenues for diagnostics and therapy. This complexity highlights the profound influence of epigenetic regulation in cancer biology, with DNMT1 as a central figure in the maintenance of oncogenic states (Pan et al., 2021). Nucleoside analogs cause DNA double-strand breaks and cell death, in addition to depleting DNMTs and lowering DNA methylation levels [12]. By reactivating endogenous retroviral elements, they also promote immunological responses via the viral defense pathway [21]. In prostate cancer, intratumoral heterogeneity (ITH) plays a critical role in driving local recurrence following radiation therapy. Emerging research highlights that the ecological interactions among distinct tumor cell subpopulations may significantly contribute to treatment resistance. This study aims to evaluate the impact of these intercellular dynamics on prostate cancer progression and their influence on the therapeutic response to radiation, providing new insights into the complexity of treatment resistance mechanisms (Paczkowski et al., 2021). Prostate cancer may exhibit reduced aggressiveness upon termination of DNMT1 expression, as this leads to a corresponding decrease in Enhancer of Zeste Homologue (EZH2) expression. DNMT1 promotes prostate cancer progression and metastasis by enhancing TRAF6 transcription and facilitating TNF receptor-associated factor 6 (TRAF6)-mediated ubiquitination of EZH2, underscoring its pivotal role in tumorigenesis and potential as a therapeutic target (Li et al., 2022). The development of epithelial-to-mesenchymal transition (EMT) and cancer stem cell (CSC) phenotypes within tumors is closely tied to the epigenetic regulation of genetic programs by DNA methyltransferases (DNMTs). In prostate cancer, EMT-driven bone metastasis is further facilitated by cancer-associated fibroblasts (CAFs), which enhance stromal CXC motif chemokine 12 (CXCL12) levels, creating a microenvironment that supports metastatic progression (Lee et al., 2016). The tumor suppressor gene calcium/calmodulin-dependent protein kinase II inhibitor I (CAMK2N1) is significantly downregulated in prostate cancer. This downregulation is driven by DNMT1-mediated DNA methylation, which not only suppresses CAMK2N1 expression but also triggers activation of the AKT and ERK signaling pathways. This activation establishes a feedback loop that promotes further DNMT1 production, amplifying oncogenic signaling and tumor progression (Peng Y et al., 2023). The FAM107A gene, located on the short arm of chromosome 3, is frequently downregulated in prostate cancer and is associated with poor prognosis. This downregulation is primarily driven by hypermethylation of CpG islands in its promoter region. Notably, overexpression of FAM107A has been shown to inhibit tumor cell motility, invasion, and proliferation while promoting apoptosis, primarily through modulation of the focal adhesion kinase (FAK)/PI3K/AKT signaling pathway (Ke et al., 2022). Milk-derived miRNAs, particularly miRNA-125b and miRNA-148a, influence the p53-DNMT1 regulatory axis, which governs key genes like BIRC5 (Baculoviral IAP Repeat Containing 5) (surviving) involved in cell survival and tumor progression. miRNA-125b targets TP53, altering p53-dependent gene networks, while miRNA-148a directly downregulates DNMT1, affecting chromatin regulation via Histone Deacetylase 1 (HDAC1). This milk-mediated miRNA-p53-DNMT1 pathway may explain the epidemiological link between milk consumption, acne vulgaris, and prostate cancer (Melnik, 2017). DNMT1 knockdown reduces repressive histone marks, particularly H3K9me3 and H3K27me3, on the promoters of Zinc Finger E-Box Binding Homeobox 2 (ZEB2) and Kruppel-like transcription factor 4 (KLF4) genes crucial for maintaining the EMT and CSC phenotype. This epigenetic alteration facilitates the transcriptional activation of these genes, driving aggressive tumor behavior and underscoring DNMT1’s pivotal role in modulating epigenetic landscapes within PCa cells (Lee et al., 2016). The multifaceted impact of DNMT1 across various signaling pathways and cellular mechanisms underlines its potential as a critical target in future prostate cancer treatments, particularly in strategies aimed at overcoming metastasis and resistance to conventional therapies. Table 1 summarizes the key points related to DNMT1’s role in prostate cancer.
TABLE 1 | The complex role of DNMT-1 in Prostate cancer.
[image: Table 1]2.2 The role of dicer in prostate cancer progression
Dicer, an essential enzyme in the biogenesis of microRNAs (miRNAs), plays a crucial role in prostate cancer progression by regulating various cellular processes, including cell division, apoptosis, and tumor invasion. In prostate cancer, Dicer expression is notably elevated in cancerous tissues compared to benign counterparts, particularly in early-stage disease, with higher levels correlating to more aggressive phenotypes. Elevated Dicer and Ago2 expression in prostate cancer tissues compared to adjacent benign tissues have been linked to lower Gleason scores, suggesting a role in moderating tumor aggression. When Dicer or Ago2 expression is silenced in vitro, prostate cancer cell lines such as LNCaP, PC-3, and DU145 exhibit significant reductions in cell proliferation and increased cell death, indicating Dicer’s role in promoting tumor cell survival. Moreover, Dicer inhibition leads to cell cycle arrest in the G2/M phase in androgen-dependent LNCaP cells and in the S phase in androgen-independent PC-3 and DU145 cells, demonstrating its influence on cell cycle regulation across different prostate cancer subtypes (Bian et al., 2014).
Dicer dysfunction is observed across various cancer types, including prostate cancer, where altered miRNA processing contributes to disease progression. Dicer’s role in miRNA maturation enables miRNAs like miR-200a and miR-31, which are downregulated in prostate cancer tissues, to serve as potential diagnostic and prognostic markers. Interestingly, metastatic prostate cancer exhibits elevated expression levels of miR-200a, miR-370, and miR-31 compared to localized prostate cancer, suggesting Dicer’s differential regulation in advanced disease stages (Bian et al., 2015). Transforming growth factor-β1 (TGF-β1) plays a central role in regulating EMT through its influence on nc886, a non-coding RNA transcribed by RNA polymerase III (Pol III). nc886 affects EMT indirectly by modulating the processing of microRNAs via Dicer, an essential enzyme in RNA silencing. Additionally, TGF-β1 regulates MYC-associated zinc finger protein (MAZ), a transcription factor that suppresses TGFBI, a gene involved in cell adhesion and migration. This regulatory framework reveals a novel EMT unit comprising nc886 and its neighboring genes, driven by TGF-β1-mediated differential transcription of Pol II and Pol III genes. Understanding this network provides new insights into EMT regulation in PCa and highlights potential therapeutic targets for mitigating metastasis (Yang et al., 2022).
Disruption of Dicer function has been shown to increase apoptosis and senescence in prostate cancer cell models, driven by upregulation of tumor suppressors such as P16/INK4a and P27/Kip1. This suggests that Dicer acts as a survival factor in prostate cancer cells, contributing to the maintenance of tumor growth and resistance to apoptosis in PrEC cells, PNT1a and PNT2, LNCaP, PC-3, DU145, and CWR22Rv1 cells (Zhang et al., 2014). Immunohistochemical studies on prostate cancer tissues have demonstrated Dicer overexpression in prostatic intraepithelial neoplasia (PIN) and in over 80% of prostate adenocarcinomas, indicating its potential role as a biomarker for early detection and progression monitoring (Chiosea et al., 2006). Furthermore, hypoxic conditions, often present in the tumor microenvironment, exacerbate Dicer dysfunction, leading to the downregulation of critical miRNAs like miR-124 and miR-144, which are associated with autophagy and treatment resistance. Overexpression of these miRNAs in hypoxic conditions has been shown to enhance radiosensitivity by downregulating PIM1, a key factor in prostate cancer progression (Gu et al., 2016).
In addition to its role in miRNA biogenesis, Dicer is involved in androgen receptor (AR) reprogramming, particularly in the transition to CRPC. Overexpression of MIR222HGs promotes androgen-independent growth in HSPC LNCaP cells by suppressing androgen receptor activity and reducing the expression of key AR-regulated genes (KLK3, TMPRSS2, FKBP5), driving the transition toward a CRPC phenotype. This suggests that targeting Dicer and its associated miRNAs could provide novel therapeutic avenues for combating CRPC (Sun et al., 2018).
Here, Dicer is a pivotal regulator of prostate cancer progression, influencing key processes such as cell proliferation, apoptosis, miRNA biogenesis, and androgen receptor signaling. Its role in regulating miRNAs and involvement in epigenetic modifications highlights its potential as a therapeutic target and biomarker in prostate cancer. Further investigation into Dicer’s mechanisms could uncover new strategies for targeted therapies, particularly in advanced and treatment-resistant forms of prostate cancer. Table 2 concisely summarizes the intricate role of Dicer in prostate cancer, highlighting its potential therapeutic and diagnostic applications.
TABLE 2 | The intricate role of Dicer in Prostate cancer.
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The PD-1/PD-L1 pathway plays a critical role in immune evasion mechanisms employed by prostate cancer cells, making it a pivotal target in the development of immunotherapeutic strategies (Gerger et al., 2011). PD-L1, a transmembrane protein encoded by the CD274 gene, interacts with its receptor PD-1 on T cells, leading to the inhibition of T-cell activation and induction of T-cell anergy. This immune suppression enables tumor cells to evade immune detection and destruction. While targeting the PD-1/PD-L1 checkpoint has shown promise in a variety of cancers, including renal cell carcinoma, melanoma, and non-small cell lung cancer, prostate cancer, presents unique challenges due to its immunologically “cold” tumor microenvironment (Cha et al., 2019).
Collagen triple helix repeat containing 1 (CTHRC1) is associated with tumor progression and reduced disease-free survival in prostate cancer. High CTHRC1 expression correlates with increased levels of immune checkpoints PD-1 and PD-L1, enhanced infiltration of immune cells such as B cells, CD4⁺ T cells, macrophages, neutrophils, and dendritic cells, and is associated with genes like MMP9, MUC1, and SLC2B1 that drive PC progression. These findings suggest that CTHRC1 upregulation adversely affects PC prognosis and immune function, suggesting that targeting CTHRC1 could modulate the tumor microenvironment and improve therapeutic outcomes (Zhou et al., 2019).
Additionally, inhibition of heterogeneous nuclear protein L (HnRNP L) in castration-resistant prostate cancer (CRPC) reduces PD-L1 expression and destabilizes YY1 mRNA, thereby enhancing T-cell-mediated ferroptosis and improving antitumor immunity. This effect involves key molecules such as SLC7A11, Glutathione peroxidase 4 (GPX4), Signal transducer and activator of transcription 1(STAT1), Interferon gamma (IFN-γ), and Interleukin-1 (IL-2) (Zhou et al., 2022). Furthermore, PD-L1 protein levels in prostate cancer are regulated by proteasome-mediated degradation via Cyclin D-CDK4 and the Cullin 3SPOP E3 ligase pathway. Blocking CDK4/6 with inhibitors increases PD-L1 levels, enhancing immune suppression, which suggest that combining CDK4/6 inhibitors with PD-1/PD-L1 immunotherapies could disrupt tumor immune evasion and improve patient outcomes (Zhang et al., 2018).
Prostate cancer’s low presence of tumor-infiltrating lymphocytes (TILs) contributes to immunotherapies targeting immune checkpoints, such as anti-PD-1 or anti-PD-L1 antibodies (Sharma and Allison, 2015; Gao et al., 2017; Subudhi et al., 2020). EP4 (PTGER4), expressed in epithelial and immune cells, modulates the prostate cancer immune microenvironment. YY001, a novel EP4 antagonist, inhibits the differentiation and immunosuppressive function of myeloid-derived suppressor cells (MDSCs) while enhancing T-cell proliferation and anticancer activity. This agent reverses MDSC and T-cell infiltration by altering tumor chemokine profiles, leading to increased CD8+ T-cell activation and reduced immunosuppressive functions (Peng et al., 2022).
Clinical studies have shown that docetaxel-based chemohormonal therapy increases tumor-infiltrating T cells by activating the cGAS/STING pathway and inducing IFN signaling. In xenograft mouse models, this therapy enhances T-cell infiltration and upregulates PD1/PD-L1 expression, sensitizing tumors to anti-PD1 blockade. A retrospective analysis of metastatic castration-resistant prostate cancer (mCRPC) patients demonstrated improved PSA progression-free survival with combined docetaxel and anti-PD1 therapy compared to anti-PD1 alone (Ma et al., 2022).
In metastatic castration-resistant prostate cancer (mCRPC), single-agent PD-1/PD-L1 inhibitors have shown limited efficacy, underscoring the need to “heat up” these tumors by enhancing immune cell infiltration (Huang and He, 2020). Strategies to convert “cold” tumors into “hot” tumors (those with increased T-cell infiltration and immune activity) are being actively investigated. One promising approach is the combination of PD-1/PD-L1 inhibition with therapies that target other immune-modulatory pathways, such as CXCR4, poly (ADP-ribose) polymerase (PARP), or transforming growth factor (TGF)-β inhibitors. Combining these therapies with immune checkpoint inhibitors has shown potential in enhancing antitumor responses and overcoming immune resistance (Majidpoor and Mortezaee, 2021).
Additionally, integrating PD-1/PD-L1 inhibitors with chemotherapy, radiation therapy, or other targeted therapies offer new opportunities for prostate cancer treatment. For instance, docetaxel (DTX) induce ATM-NF-κB signaling, upregulating PD-L1 expression and contributing to immune suppression. Combining DTX with PD-1/PD-L1 inhibitors may counteract this effect and restore immune system activity for more effective tumor control (Wang et al., 2021).
Using the Myc-CaP:PSMA (+) murine prostate cancer model and second-generation anti-hPSMA CAR T cells with a Click Beetle Red luciferase reporter, researchers evaluated CAR T cell trafficking and antitumor efficacy both alone and in combination with anti-PD-1 antibodies. They found that combining CAR T cell therapy with PD-1 blockade reversed the exclusion of CD3+ T cells from tumor centers and enhanced tumor treatment response, although the effect was short-lived. Additionally, an inverse pattern of CAR T cell bioluminescence was observed in treated tumors, linked to decreased mitochondrial function following T cell activation, highlighting metabolic challenges in solid tumor therapies (Serganova et al., 2017).
Clinical trials continue to explore the benefits of combining PD-1/PD-L1 inhibition with other therapeutic agents, such as tyrosine kinase inhibitors, PARP inhibitors, or radiotherapy, to enhance immune responses and improve clinical outcomes. Understanding the intricate regulation of PD-L1 expression and the immune microenvironment in prostate cancer is crucial to developing more effective and personalized treatment strategies (Rekoske et al., 2016). Although the “cold” immune environment of prostate cancer limits the effectiveness of PD-1/PD-L1 inhibitors as monotherapy, combination therapies hold significant potential. Ongoing research aims to uncover the mechanisms driving immune evasion in prostate cancer and develop novel therapeutic strategies that enhance immune cell infiltration and activity, ultimately improving patient outcomes in this challenging disease (Sharma et al., 2020).
To consolidate advances in immunotherapy, it is crucial to identify candidate agents that not only enhance our immune system but also maintain an overall balance. Such agents could transform the immune environment, potentially converting immunologically “cold” tumors into “hot” ones, thereby increasing the effectiveness of immune responses against cancer. Table 3 highlights the major points discussed in the text, providing an overview of the challenges, mechanisms, and potential strategies related to PD-1/PD-L1 immunotherapy in prostate cancer.
TABLE 3 | The potential stages related to PD-1/PD-L1 immunotherapy in Prostate cancer.
[image: Table 3]3 A PROMISING HERBAL MEDICINE
3.1 BK002 bioinformatics and network pharmacology analysis targeting DNMT1, dicer, PD-L1, and PD-1 in prostate cancer
Figure 2A shows the KEGG pathway alignment for BK002 (a combination of AJN and MFR), specifically targeting DNMT1, Dicer, PD-L1, and PD-1. KEGG (Kyoto Encyclopedia of Genes and Genomes) was used to map gene interactions and pathways, highlighting which genes involved in these pathways are influenced by the bioactive compounds in AJN and MFR. The gene sets corresponding to DNMT1, Dicer, PD-L1, and PD-1 were obtained from publicly available gene databases (e.g., NCBI, KEGG). Figure 2B illustrates the interconnected network of KEGG pathways influenced by the compounds in AJN and MFR, showing how they interact with multiple prostate cancer-related pathways. Genes involved in the targeted pathways (DNMT1, Dicer, PD-L1, PD-1) were mapped with their interaction partners. The network shows direct and indirect connections between these pathways and other cancer-related genes regulated by AJN and MFR compounds. Figure 2C displays a comparative analysis of how AJN and MFR compounds affect multiple pathways on average, demonstrating the overall balance in their pharmacological action on prostate cancer pathways. KEGG pathways affected by AJN and MFR compounds were averaged based on the number of overlapping genes. This approach helps in identifying whether the two compounds target pathways with similar intensities or whether one has a stronger influence. Figure 2D highlights the average interaction network based on the aligned pathways of AJN and MFR. It aggregates the interaction data, presenting a more generalized view of how the two herbal medicines interact with the prostate cancer gene pathways. Using network pharmacology tools, the average alignment of the networks for AJN and MFR was computed. Nodes represent genes or proteins, while edges represent interactions or relationships between them.
[image: Figure 2]FIGURE 2 | BK002 Network Pharmacology Analysis in Prostate cancer. (A) Gene alignment KEGG pathway of AJN and MFR, (B) Gene alignment KEGG pathway network, (C) Average equality alignment KEGG pathway of AJN and MFR, (D) average alignment KEGG pathway network, (E) overall network of AJN and MFR and (F) target transcription factors of AJN and MFR.
Figure 2E presents the comprehensive interaction network of AJN and MFR compounds across all the targeted pathways in prostate cancer, including DNMT1, Dicer, PD-L1, and PD-1. It reflects the complete bioinformatics data from pathway analysis. Network pharmacology platforms (such as STITCH, STRING, or Cytoscape) were used to generate a global interaction map. This figure provides an integrative view, demonstrating the full therapeutic potential of these herbal extracts. Figure 2F focuses on the specific transcription factors regulated by AJN and MFR compounds, which are crucial in modulating the expression of DNMT1, Dicer, PD-L1, and PD-1 in prostate cancer. Transcription factors known to regulate the expression of DNMT1, Dicer, PD-L1, and PD-1 were identified using databases like TRANSFAC or JASPAR. AJN and MFR compounds were then analyzed to determine their influence on these transcription factors through docking simulations or network modeling.
3.2 Ethnopharmacological background of herbal medicine in prostate cancer
Traditional cancer treatments like surgical resection, radiotherapy, and chemotherapy have been fundamental in oncology. However, the advent of immunotherapy and targeted therapies has significantly enhanced cure rates. Alongside these advancements, increasing clinical and laboratory evidence supports the efficacy of herbal medicines in cancer treatment (McCubrey et al., 2017). Phytochemicals from herbal sources exhibit notable anticancer properties, complementing conventional therapies (Xiang et al., 2019). Traditional herbal medicine, with its millennia-long history, is experiencing renewed scientific interest, with modern methods validating its efficacy, safety, and mechanisms of action (Chen L et al., 2024). For instance, during the COVID-19 pandemic, around 90% of patients in China used traditional herbal medicine, achieving an 80% effectiveness rate with minimal side effects (An et al., 2021). In Asia, herbal medicine is widely used alongside conventional cancer treatments (Li et al., 2013; Xu et al., 2020). Benefits include enhanced immunity, symptom relief, and improved quality of life. Herbal extracts and formulations target multiple pathways to combat drug resistance, induce tumor apoptosis, and inhibit tumor growth (Jin et al., 2021; Lee et al., 2021; Lu et al., 2021; Wang et al., 2024).
Notably, plant-derived phytochemicals and extracts exhibit different mechanisms of effectiveness against prostate cancer (Huang et al., 2019; Livingstone et al., 2019; Wang et al., 2019; Bai et al., 2021; Ghosh et al., 2021; Singla et al., 2021; Ruksiriwanich et al., 2022; Kong et al., 2023; Peng W et al., 2023; Chen M et al., 2024; Huang et al., 2024; Ji et al., 2024). Research in systems biology will undoubtedly help modernize herbal medicine and establish the multicomponent, multitargeting approach as a new paradigm in medicine. Once identified, metabolic engineering and/or chemical synthesis can be used to produce the active constituents of a herbal medicine more efficiently (Kim et al., 2015). These treatments leverage a variety of bioactive compounds like saponins, triterpenes, phenolics, and flavonoids, known for their antimicrobial, anti-inflammatory, immunomodulatory, antioxidant, and anticancer effects (Batiha et al., 2023). The growing acceptance and integration of herbal medicines in cancer care reflect their potential to enrich and enhance therapeutic outcomes, offering a holistic approach to oncology.
3.3 Achyranthes japonica (Miq.) Nakai (AJN)
AJN, a perennial herb in the Amaranthaceae family, is prevalent in East Asia, including Korea, China and Japan (Jung et al., 2007). Traditionally used to treat edema, arthritis, mastitis, and delayed menstruation (Marcone et al., 2003). Recent studies have revealed that the phenol content of AJN reached its peak at a sowing amount of 0.5 g, while the flavonoid content is maximized at both 0.5 and 1.0 g, underscoring the ideal conditions for bioactive compound production (Kim et al., 2024). Notably, AJN is rich in phytochemicals such as saponins, inokosterone, ecdysterone, and oleanolic acid bisdemoside (Hahn and Lee, 1991; Ida et al., 1994). These compounds contribute to its diverse biological and pharmaceutical activities, including anti-inflammatory, antioxidant, antimicrobial, osteoprotective (Jung et al., 2007; Bang et al., 2012; Park et al., 2013), anti-diabetic, and anticancer (Shim et al., 2016). Dietary supplementation with AJN extract in animal models has improved growth performance, nutrient utilization, intestinal microbiota balance, and reduced excreta ammonia levels (Sun H. Y et al., 2020). Recent studies highlight the potential of AJN in various therapeutic applications. AJN, particularly in its fermented form, has shown significant effects in animal models of osteoarthritis, reducing inflammation and catabolic factors while preserving joint architecture (Kim D et al., 2020).
AJN extract demonstrated anti-allergic effects by suppressing histamine release and intracellular calcium [Ca2+]i elevation in FcɛRI-mediated KU812F cells in a dose-dependent manner. Flow cytometry revealed reduced FcɛRI surface expression and decreased binding of IgE to FcɛRI. Additionally, AJN extract downregulated FcɛRI α chain mRNA levels, suggesting its mechanism involves FcɛRI expression inhibition, calcium influx suppression, and histamine release reduction (Shim et al., 2016).
In a monosodium iodoacetate (MIA)-induced osteoarthritis animal model, dietary supplementation with fermented AJN (FAJN) reduced serum prostaglandin E2 (PGE2), proinflammatory cytokines, and cartilage catabolic factors such as MMP-3 and MMP-7. These findings suggest that FAJN may have therapeutic potential for managing osteoarthritis (Kim H. Y et al., 2020).
AJN root (AJNR) demonstrated specific effects on IL-6-mediated catabolic and anabolic alterations, reducing catabolic factors and recovering anabolic factors in vitro. In a destabilization of the medial meniscus (DMM) model, AJNR decreased cartilage erosion, subchondral plate thickness, and osteophyte size and maturity. In a CIA model, AJNR effectively inhibited cartilage degeneration, synovium inflammation, and pannus formation in the ankle and knee. Immunohistochemical analysis revealed its primary action involved suppressing IL-6-mediated matrix metalloproteinase-3 and -13 in arthritis models (Zhao et al., 2021). AJN has shown promising results in reducing NO and PGE2 production in LPS-induced cells and in decreasing MMP-3 release in TNF-α-treated cells. Fermented AJN exhibits enhanced anti-inflammatory activity and greater concentrations of active components (Lee et al., 2012). Notably, combined extracts of AJN with other herbs have shown significant anti-inflammatory effects, reducing the production of pro-inflammatory cytokines and showing potential in managing osteoarthritis and other inflammatory conditions. AJN’s inhibitory effects on NF-κB activation and ERK, JNK, and p38 phosphorylation further underscore its therapeutic potential (Bang et al., 2012).
In prostate cancer models, BK002 (AJN combined with MFR) increased DNA damage and activated p-γH2A.X, promoting ubiquitination of pro-PARP, caspase9, and caspase3, leading to apoptosis in PC3 and DU145 cells. Confocal imaging showed enhanced DNA-binding activity, while BK002 also induced CHOP activation and suppressed PI3K/AKT expression. ROS generation was critical for apoptosis, as co-treatment with NAC reduced ROS and cytotoxicity. Furthermore, BK002 significantly upregulated miR-192-5p, and its inhibition decreased apoptosis, highlighting miR-192-5p′s role in BK002-mediated anti-cancer effects. (Park et al., 2022).
Additionally, GCSB-5, another combination of AJN and other herbs, has been recommended for managing musculoskeletal conditions, including intervertebral disc disorders (Lee et al., 2017). Given the established link between inflammation and tumor progression (Ma et al., 2013), numerous clinical studies have highlighted the chemopreventive efficacy of non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin (Cuzick et al., 2009; Cuzick et al., 2015). Furthermore, the evidence supporting the potential of AJN as an anticancer agent is strong, particularly given it demonstrated anti-inflammatory properties (Table 4), which are similar to those of aspirin. Leveraging AJN in cancer therapy could offer a dual approach by targeting both inflammation and tumor growth, enhancing overall treatment effectiveness.
TABLE 4 | Comprehensive overview of AJN’s biological effects.
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MFR, a biennial herbaceous plant belonging to the Caryophyllaceae family, has been used in Korean folk medicine to treat a variety of ailments, including gonorrhea, anuria, and breast cancer (Evans Schultes, 1980). MFR has been found to contain a rich array of bioactive compounds, including multiple sapogenins (Chang et al., 1989), a distinctive saponin (Woo et al., 1992), flavonoids, and triterpenoids (Zheng et al., 2008). These compounds have undergone comprehensive pharmacological evaluation, revealing diverse therapeutic potentials. Sapogenins and saponins are noted for their anti-inflammatory and anticancer properties, while flavonoids exhibit potent antioxidant and vascular protective effects. Triterpenoids, on the other hand, are recognized for their immunomodulatory and anticancer activities.
Recent studies have highlighted its remarkable potential in mitigating bone loss and inhibiting osteoclast development, particularly in postmenopausal osteoporotic models. It achieves these effects by effectively suppressing RANKL-induced osteoclastogenesis, a critical driver of bone resorption. Furthermore, it downregulates pivotal signaling pathways, including NFATc1/c-Fos and TRAF6, which are essential for osteoclast differentiation and activity. This dual action not only impedes the formation of osteoclasts but also preserves bone integrity, underscoring its therapeutic promise for managing osteoporosis and related bone diseases (Kim et al., 2021). MFR demonstrated significant inhibitory effects on the expression of key genes involved in adipogenesis, including PPAR-γ, C/EBP-α, and aP2, as well as genes regulating lipogenesis, such as SREBP-1c, FAS, SCD-1, and CD36, within epididymal adipose tissue and liver tissues. These findings highlight MFR’s ability to modulate critical pathways that drive fat accumulation and lipid synthesis.
By suppressing these gene expressions, MFR effectively mitigates the molecular drivers of adipogenesis and lipogenesis, offering a promising approach to counteract high-fat diet-induced obesity. These results position MFR as a potential functional food ingredient with applications in preventing obesity and promoting metabolic health (Kim D et al., 2020). Furthermore, MFR demonstrates significant anti-inflammatory activity by targeting the 5-lipoxygenase (5-LOX) pathway, a critical enzyme in the biosynthesis of pro-inflammatory leukotrienes. Notably, several bioactive compounds isolated from MFR exhibit strong 5-LOX inhibitory effects, effectively reducing the production of leukotrienes that contribute to inflammation and related pathologies. This mechanism highlights MFR’s therapeutic potential in managing inflammatory disorders, particularly those driven by leukotriene-mediated pathways, such as asthma, arthritis, and inflammatory bowel diseases (Zheng et al., 2008).
MFR selectively induced apoptosis and cytotoxicity in human neuroblastoma cells without significantly affecting normal fibroblast cells. To our knowledge, this is the first study to demonstrate that MFR dose-dependently activates caspase signaling, mediated by the regulation of Bcl-2 family proteins. This process ultimately leads to the accumulation of fragmented DNA, highlighting its potential as a targeted therapeutic agent against neuroblastoma (Rahman et al., 2013).
MFR exhibits a wide range of beneficial effects across various experimental models, demonstrating anti-osteoclast, anti-adipogenic, anti-cancer, and anti-inflammatory properties, as shown Table 5. The subsequent sections will introduce specific flavonoids, exploring their unique roles and mechanisms as transformative agents in cancer treatment. Figure 3 illustrates the key phytochemicals and extracts derived from AJN and MFR, highlighting their structural diversity and therapeutic potential.
TABLE 5 | Diverse biological effect of MFR.
[image: Table 5][image: Figure 3]FIGURE 3 | Schematic of effect with Achyranthes japonica Nakai (AJN) and Melandrium firmum Rohrbach (MFR). AJN have anti-inflammatory, antioxidant, antimicrobial, osteoprotective, anti-diabetic, and anticancer activities. MFR Inhibits osteoclast development, anti-obesity effects, potent anti-inflammatory properties and anti-cancer effects. BK002 (combination of AJN and MFR), showing synergistic effects. Enhanced anticancer effects, including inhibition of NF-κB activation and ERK, JNK, and p38 phosphorylation, contributes to the diverse pharmacological effects.
3.5 Phytochemistry: biochemical scaffolds with multifaceted therapeutic potential
Several categories of bioactive compounds have been identified, including flavonoids, terpenes, alkaloids, phenolic acids, and steroids, each contributing to a diverse range of pharmacological activities (Wei et al., 2023).
It has been identified ecdysone and cyasterone as the primary steroids in the methanolic extract of the whole plant. Further investigations were conducted Sabri et al. (1981) demonstrated the presence of three major steroids cyasterone, ecdysterone (C27), and ajugasterone C across the roots, stems, and leaves, underscoring the plant’s significant pharmacological potential (Bouyahya et al., 2020). Detailed information on steroids, particularly ecdysterone (C27), will be elaborated in the subsequent section, 3.6 Phytochemical Composition of AJN and MFR, providing deeper insights into their significance and potential applications.
Flavonoids, a diverse group of phytonutrients found in many fruits and vegetables, are well-recognized for their therapeutic properties, including anti-inflammatory, antioxidant, and anticancer activities. These compounds have a biochemical structure characterized by a benzo-γ-pyrone framework that allows them to scavenge free radicals (Heijnen C et al., 2001), chelate metal ions, and modulate key cellular enzymes involved in growth and apoptosis. The structural characteristics of flavonoids, particularly the catechol moiety present in many highly active flavonoids such as luteolin, morin, apigenin, chrysin, and galangin, play a crucial role in their biological activity.
The catechol structure, typical on the aromatic B-ring of flavonoids, comprises two adjacent hydroxyl groups and provides substantial antioxidative potential (Tse et al., 1976; Haenen et al., 1991). This structure enables the formation of intramolecular hydrogen bonds and stabilizes the radical form of the flavonoid, facilitating the donation of a hydrogen atom, a critical step in free radical scavenging (Heijnen C. G et al., 2001; van Acker et al., 2001). The effectiveness of the catechol structure is further evidenced by its impact on the π-conjugation system of flavonoids. These compounds are characterized by their unique benzo-γ-pyrone structure, which facilitates a range of biological activities, including their ability to act as effective scavengers of free radicals (Marković et al., 2017; Masek et al., 2017; Amić et al., 2018). The conjugation extends from the B-ring across the C2-C3 double bond into the carbonyl group on the C-ring, enhancing the overall stability and radical-scavenging capacity of these molecules compared to their saturated counterparts, such as flavanones (Zheng et al., 2019; Bors et al., 1990; Van Acker et al., 1996; Heijnen C et al., 2001; Spiegel et al., 2020).
Integrating the principles of systems biology and multitargeting therapies, including those derived from herbal medicines, holds promise for enhancing treatment efficacy and addressing therapeutic resistance through synergistic interactions at multiple biological levels (Li et al., 2011). This approach could modernize herbal medicine and establish a new paradigm in medicine, enabling more systematic investigations and large-scale production of pure active compounds for various therapeutic applications (Kim et al., 2015). Saponins, triterpenes, phenolic compounds, isoflavones, and flavonoids are notable for their diverse bioactivities, particularly in cancer therapy.
Saponins, found in many plants, exhibit immunostimulatory, anti-inflammatory, and anticancer properties by inducing apoptosis and inhibiting tumor proliferation through signaling pathway modulation (Mieres-Castro and Mora-Poblete, 2023). Certain triterpenes, characterized by their 30-carbon structure, can suppress cancer growth, induce apoptosis, and inhibit angiogenesis (Xu et al., 2018). With a novel mechanism involving the interaction of the triterpene glycoside’s carbonyl oxygen with the Fe/S center of the mitochondrial respiratory chain, hydrogen peroxide is produced, which leads to the opening of the mitochondrial transition pore (Salvi et al., 2003; Fiore et al., 2004). This action highlights their unique potential in cancer therapy.
Phenolic compounds, identified by hydroxyl groups attached to an aromatic ring, offer strong antioxidant properties, protecting cells from oxidative stress, a critical factor in cancer development. They also demonstrate anti-inflammatory and anticancer activities by modulating signaling pathways and inducing apoptosis in cancer cells (Sadhu et al., 2022).
Isoflavones, a type of flavonoid primarily found in legumes, act as phytoestrogens with estrogen-like effects. They have a unique 3-phenylchromen-4-one structure, which enables them to modulate estrogen receptors and inhibit key enzymes such as tyrosine kinase and topoisomerase-II, providing significant therapeutic benefits (Russo et al., 2016; Mukund et al., 2017).
Flavonoids, with a distinct benzo-γ-pyrone structure, exhibit therapeutic properties including anti-inflammatory, antioxidant, and anticancer effects. Their ability to scavenge free radicals, chelate metal ions, and modulate essential cellular enzymes involved in growth and apoptosis underlines their efficacy. These compounds interact with multiple molecular targets, making them versatile agents in cancer therapy (Kumar et al., 2023).
Incorporating herbal medicine not only capitalizes on its vast arsenal of bioactive compounds but also enhances the precision of cancer treatments by harnessing natural synergies. This approach proactively counters the emergence of drug resistance, shifting from a reactive to a preventative treatment model. Ultimately, integrating the traditional wisdom of herbal medicine with advanced systems biology and innovative drug development is poised to revolutionize our approach to cancer therapy, leading to more effective, sustainable, and holistic treatment outcomes. As we delve into their specific roles and mechanisms, we will explore how these candidates could disrupt cancer progression, opening new avenues in the fight against this complex disease.
Table 6 highlights the potential binding interactions and energies between various bioactive compounds and key proteins involved in cancer, offering insights into their therapeutic potential.
TABLE 6 | DNMT1, PD-L1, Dicer, PD-1, and Apoptosis Inducing Factor Binding amino acid as well as binding energy.
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Phytosterols have shown promising potential in combating various cancers, including breast, prostate, lung, liver, stomach, and ovarian cancers. Research has demonstrated their ability to inhibit the growth and proliferation of cancer cells, particularly in liver, prostate, and breast cancers, highlighting their therapeutic potential in cancer prevention and treatment (Ramprasath and Awad, 2015). AJN and MFR are two traditional herbs with promising pharmacological properties. Recent research has illuminated the phytochemical compositions of these plants, underscoring their potential in enhancing health and treating diseases, including cancer.
AJN is renowned for its diverse bioactive compounds, which contribute to its many therapeutic applications. One standout compound is ecdysterone, a naturally occurring steroid hormone that has garnered attention for its ability to bind to estrogen receptors, a mechanism that may underpin its anabolic effects. In animal studies, ecdysterone has outperformed even banned anabolic agents like metandienone, although human studies remain limited (Isenmann et al., 2019).
Steroids, characterized by their four-ring core structure, are ubiquitous in the biological world, serving crucial roles from maintaining cell membrane integrity to signaling. Ecdysteroids are synthesized by about 6% of plant species as a defense mechanism against insect herbivores. These compounds have a distinctive biochemical configuration that grants them significant biological activity, including the regulation of gene expression and various metabolic effects (Shuvalov et al., 2020). Among these substances, 20-hydroxyecdysone and ecdysteroids are the most prevalent, and control arthropod reproduction, development, diapause, and molting (Bortolozzi et al., 2020). Ecdysteroids are polyhydroxylated steroids with a four-ring core structure like cholesterol and steroid hormones. Ecdysterone has a distinctive 14α-hydroxy group and a seven-ene function (Miyata et al., 2007). Despite their promise, the exploration of ecdysteroids in cancer therapy is still in its infancy and warrants further research (Dinan, 2001; Lafont and Dinan, 2003; Mostrom and Evans, 2011; Martins et al., 2013; Ling et al., 2019; Ju et al., 2021).
MFR also exhibits a rich phytochemical profile with significant therapeutic potential. The aerial parts of MFR have yielded novel anthraquinone dimers, such as melrubiellins A−D that have demonstrated substantial cytotoxic effects in specific cancer cells, suggesting MFR’s potential as an anticancer agent (Zhang et al., 2015a; Zhang et al., 2015b). Another standout compound isolated from MFR is α-spinasterol, which has shown efficacy in preventing benign prostatic hyperplasia (BPH) in animal models. This compound, also isolated from the aerial parts of Doellingeria scabra (Thunb.) Nees (Asteraceae), exhibits several pharmacological actions, including anticancer and anti-inflammatory effects. Furthermore, the anti-inflammatory properties of MFR are supported by the presence of potent flavonoids like schaftoside, homoorientin, cytisoside, vitexin, and isovitexin. These compounds were identified and quantified using advanced HPLC-PDA techniques, highlighting MFR’s robust anti-inflammatory and antioxidant potential (Lee et al., 2014).
Both AJN and MFR stand out due to their rich phytochemical compositions and diverse therapeutic properties. From ecdysteroids in AJN that exhibit anabolic and anticancer activities to the novel anthraquinones and flavonoids in MFR that show significant cytotoxic and anti-inflammatory effects, these herbs hold immense promise. Their bioactive compounds offer a natural, multifaceted approach to enhancing health, potentially transforming modern therapeutic practices, especially in oncology. Further research into these plants’ molecular mechanisms will undoubtedly pave the way for their integration into contemporary medicine.
The moderate toxicity profiles of 20-hydroxyecdysone (20-HE) and inokosterone, combined with the absence of severe adverse effects, underscore their potential as safe therapeutic agents. Their application in medicine, particularly in contexts requiring reduced toxicity, presents a promising avenue for future research and drug development. In contrast, traditional chemotherapeutic agents, while effective, carry significant risks that necessitate careful consideration and management in clinical settings. Clinical experiments involving AJN and MFR have not yet concluded, but it is anticipated that clinical trial results will reflect clinical efficacy.
Ecdysteroids have been applied in rat models for the osteogenic differentiation of mesenchymal stem cells (BMSCs) and ovariectomy (OVX)-induced osteoporosis (OP). Also examined was the potential promotion of IS on the osteogenic differentiation of BMSCs in vitro by assessing the cell viability, mineralization capacity, and collagen I, ALP, and OCN expression levels. Furthermore, IS treatment led to an upregulation of the BMP2/smad1/RUNX2 pathway expression in BMSCs (Chen Y et al., 2023).
Ecdysteroid-containing preparation Serpisten and inokosterone have been investigated, both prior to and following chronic low intensity gamma-irradiation in a mouse model. Results indicate the dose-dependent antiradiation characteristics of these materials. Serpisten prevented the reduction gain in body mass caused by radiation. Following radiation exposure, treatment with this preparation at a dose of 50 mg/kg resulted in normalization of the phospholipid composition of the mouse liver and blood erythrocytes for most of the parameters under investigation. Furthermore, the ability of Serpisten to break down peroxides was demonstrated in vitro. Due its specific anabolic characteristics, inokosterone also led to the normalization of liver phospholipid composition (Shevchenko et al., 2007).
Four insect pests (L. cuprina, Myzus persicae, Bemisia tabaci, and H. armigera) have their ligand binding domains (LBDs) from the EcR and USP proteins isolated as recombinant heterodimers. The hinge sections of LBD heterodimers, or DE/F heterodimers, were included in a binding that ranged from 0.7 to 2.5 nM. The K(i) values for the ligands of ecdysteroid and dibenzoylhydrazine varied from 0.1 nM to >448 μM. A recombinant Helicoverpa armigera LBD heterodimer lacking D-regions (an E/F heterodimer) had K(d) and K(i) values that were around four times greater than those of its DE/F counterpart. Rate constants for the LBD heterodimer of Lucilia cuprina were estimated. (Graham et al., 2007).
Table 7 provides insights into the therapeutic potential of important proteins implicated in BK002 activity, as well as the possible effects of ecdysterone, 20-HE, and inokosterone.
TABLE 7 | Pharmacological activities of ecdysterone, 20-HE, and inokosterone.
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To understand the interactions between ecdysterone, inokosterone, 20-HE, and prostate cancer-related enzymes such as 5α-reductase and CYP17, molecular docking studies were carried out. These studies calculate the binding affinities (ΔG values), which indicate how strongly a compound can bind to a specific target protein, as shown in Table 8. Lower ΔG values represent stronger binding, suggesting higher inhibitory or agonistic potential. These ΔG values suggest that while ecdysterone, inokosterone, and 20-HE are not as potent as classical inhibitors of 5α-reductase or CYP17, they still exhibit moderate affinity, individually. As shown in Table 8, the synergistic effect of BK002, which contains all these compounds, may contribute to the reduction of the androgen effect, which is beneficial for prostate cancer treatment by reducing the availability of potent androgens like DHT.
TABLE 8 | Structural and functional similarity between ecdysteroids and human steroid hormones.
[image: Table 8]3.8 Docking study overview
This study focuses on three critical proteins, DNMT1, Dicer, and PD-1, which play pivotal roles in various signaling pathways and biological processes, making them significant targets for cancer therapeutics. DNMT1 is crucial for maintaining DNA methylation patterns during cell division. It plays a significant role in cancer development by suppressing tumor suppressor genes through epigenetic modifications (Liu et al., 2024). Understanding these modifications can provide new avenues for cancer treatment beyond known genetic mutations (Park, 2023). Dicer, an endonuclease from the RNase III family, converts precursor microRNAs into mature miRNAs (Zhang et al., 2004). Low levels of miRNAs in various cancers are often linked to poor expression or malfunction of Dicer, implicating it in cancer progression (Kumar et al., 2009; Martello et al., 2010; Faggad et al., 2012; Khoshnaw et al., 2012). Additionally, Dicer is involved in the nucleus in processes such as chromatin remodeling, epigenetic modification, and DNA damage repair (Castel and Martienssen, 2013; Doyle et al., 2013; White et al., 2014; Burger and Gullerova, 2015; Bronisz et al., 2020). PD-1 and its ligand PD-L1 are integral to the cancer-immunity cycle. The development of anti-PD-1/PD-L1 antibodies has shown therapeutic success, emphasizing the importance of these interactions in cancer treatment (Zhao et al., 2023).
This study aims to elucidate the molecular mechanisms underlying the therapeutic effects of AJN and MFR on cancer. By identifying differential expression genes associated with cancer and validating the active ingredients and their targets through bioinformatics and molecular docking analyses, this research seeks to uncover the potential of AJN and MFR as effective herbal treatments for cancer. Additionally, in vitro experiments will further validate these findings, emphasizing the multi-component, multi-target, and multi-pathway strategies employed by these herbal medicines. The docking study was conducted using the CB-Dock2 method, an enhancement of the original CB-Dock server, for the blind docking process guided by binding cavity detection. This method integrates cavity identification, docking, and alignment with homologous templates. CB-Dock2 automates the identification of potential binding sites on proteins, determining their central points and dimensions, adjusting the docking box dimensions to fit specific ligands, and executing molecular docking via AutoDock Vina. The process includes.
3.9 Amino acid residue interaction on selected ligands against DNMT1, dicer, and PD-1 with binding affinities and entropy data
Table 9 presents the binding affinities and entropy contributions of various ligands when docked against the four key proteins DNMT1, Dicer, PD-1, and PD-L1. The binding affinity values (ΔG) indicate the strength of the interaction between the ligand and the protein, with more negative values suggesting stronger binding. The binding affinity (kcal/mol) values reflect the predicted strength of interaction between the ligand and the target protein. Lower (more negative) values indicate stronger binding affinity. Entropy (kcal/mol) contribution reflects the changes in the system’s disorder upon ligand binding. The values typically range from negative, indicating a stabilizing contribution of binding. Protein residues represent the amino acids in each target protein that are interacting with the ligands. The specific residues involved in the interaction are listed for each protein.
TABLE 9 | Amino acid residue interaction on selected ligands against DNMT1, Dicer, PD-1, and PD-L.
[image: Table 9]This table compares various known prostate cancer therapeutics, such as finasteride, abiraterone acetate, enzalutamide, apalutamide, and darolutamide, alongside natural compounds like ecdysterone, inokosterone, and 20-hydroxyecdysone (20-HE), with binding information against DNMT1, Dicer, PD-1, and PD-L1.
3.10 Visualization of amino acid residue interaction with ecdysterone and inokosterone
Table 10 details the amino acid residue interactions for selected ligands against DNMT1, Dicer, PD-1, and PD-L1, along with their corresponding binding affinities, a powerful tool to understand how these compounds interact with their target proteins. Helping to elucidate the precise molecular interactions, the data provides insights into the potential efficacy and mechanisms of action for these compounds in therapeutic contexts, particularly in cancer therapy.
TABLE 10 | Selected ligands against DNMT1, Dicer, PD-1, and PD-L1with binding affinities.
[image: Table 10]4 EXPANDING PROSTATE CANCER THERAPEUTICS WITH HERBAL MEDICINE
4.1 Current landscape of present prostate cancer therapy
Prostate cancer remains one of the most prevalent cancers affecting men worldwide. Despite advances in androgen-targeting therapies, resistance mechanisms like CRPC continue to challenge treatment outcomes. Androgen-targeting therapies often create a counterproductive cycle by promoting adaptive mechanisms within cancer cells, making them more resilient over time. Given the variability in patient responses to hormone-targeting therapies, exploring alternative therapeutic strategies is essential. Targeting multiple pathways, beyond just the androgen receptor, could provide more sustainable and effective outcomes tailored to individual patient profiles. Elderly cancer patients, in particular, face limitations due to the significant risks associated with conventional therapies (Kantarjian et al., 2012). Thus, it is crucial to explore alternative compounds, particularly those under investigation for prostate cancer and CRPC, to develop promising options for future anticancer therapies.
4.2 Challenges and limitations in targeting DNMT1 in prostate cancer
While DNMT1 remains a promising therapeutic strategy in prostate cancer, its clinical application faces a significant challenges and limitations. Currently two DNMT inhibitors (DNMTi), 5-azacytidine (azacitidine) and 5-aza-2′-deoxycytidine (decitabine) have been approved by Food and Drug Administration (FDA) and European Medicines Agency (EMA) for the treatment of myelodysplastic syndromes (MDS), acute myeloid leukemia (AML), and chronic myelomonocytic leukemia (CMML) (Constantinides et al., 1978; Jones et al., 2019). Despite their therapeutic potential, these inhibitors pose several critical challenges. DNMT inhibitors cause widespread DNA hypomethylation, which, while reactivating tumor suppressor genes, can inadvertently activate oncogenes, potentially promoting tumorigenesis rather than suppressing it (Storebjerg et al., 2018). Intertumoral heterogeneity (ITH), characterized by diverse CpG methylation patterns, disrupts key cellular processes, including epigenetic modification (Portela and Esteller, 2010). Both 5-azacytidine and decitabine can induce DNA double-strand breaks, which may lead to genomic instability and increased toxicity in non-cancerous tissues, raising concerns about long-term safety (Paczkowski et al., 2021). DNMT inhibitors can lead to DNA double-strand breaks, potentially causing toxicity in non-cancerous tissues and resulting in adverse side effects lead to off-target effects and toxicity (Santi et al., 1984; Chen et al., 1991).
4.3 Limitations and challenges in targeting dicer
Dicer’s function in prostate cancer is context-dependent, where its expression may either promote or suppress tumor progression based on the disease stage and microenvironment. For example, elevated Dicer expression is linked to tumor aggression in early stages, while its dysfunction in advanced stages exacerbates treatment resistance (Bian et al., 2014). This dual role complicates therapeutic targeting strategies.
Hypoxic conditions in the tumor microenvironment exacerbate Dicer dysfunction, leading to downregulation of critical miRNAs like miR-124 and miR-144, which are associated with autophagy and treatment resistance. Addressing these hypoxia-driven effects is essential for successful therapeutic targeting (Gu et al., 2016). While effective delivery of Dicer-targeting agents to prostate cancer tissues remains a challenge. Current approaches often result in non-specific delivery, potentially affecting normal tissues and causing toxicity.
4.4 The promise and challenges of immunotherapy
The lymphatic system, a key player in maintaining fluid balance, lipid absorption, and immune regulation, has emerged as an important target in cancer therapy. Disruptions in lymphangiogenesis are linked to poor prognosis in cancer patients, including those with prostate cancer (Hu et al., 2024). While immunotherapy, particularly PD-1/PD-L1 inhibitors, has revolutionized cancer treatment, it is not without limitations. Immune-related adverse events (irAEs) pose significant challenges, as overstimulation of the immune system can lead to damage to healthy tissues, affecting the skin, liver, lungs, endocrine glands, and gastrointestinal tract (Baxi et al., 2018). These adverse effects can range from mild to life-threatening conditions, underscoring the need for precise biomarkers to predict immune responses and minimize risks.
While immunotherapy offers transformative potential in prostate cancer treatment, it is accompanied by significant challenges, including immune-related adverse events, tumor heterogeneity, and the complexity of PD-L1 regulation. The need for validated biomarkers, context-specific protein validation, and more refined therapeutic strategies is clear. Addressing these limitations through interdisciplinary research and precision medicine approaches will be pivotal in maximizing the clinical benefits of immunotherapy for prostate cancer patients (Tang et al., 2022). Further studies are needed to validate PD-L1 protein expression across different tumor microenvironments and prostate cancer subtypes. Investigations should also focus on post-transcriptional regulation mechanisms and protein stability factors influencing PD-L1 activity. Notably, combining PD-1/PD-L1 inhibitors with other therapeutic strategies (e.g., chemotherapy, targeted therapies, or natural compounds) may enhance therapeutic efficacy while reducing adverse effects.
4.5 Integrating herbal medicine into prostate cancer therapy: opportunities and challenges
Herbal medicines have gained increasing recognition for their potential to complement conventional prostate cancer therapies. Clinical trials have demonstrated that natural agents such as Modified Citrus Pectin (Keizman et al., 2023), pomegranate extract (Paller et al., 2013; Jarrard et al., 2021), and sulforaphane-rich broccoli sprouts (Alumkal et al., 2015) can stabilize PSA levels and exert anti-tumor effects. Additionally, compounds like muscadine grape skin extract (Paller et al., 2018) and saw palmetto (Wyatt et al., 2016) have shown promise in managing symptoms associated with prostate cancer. Despite these promising outcomes, significant challenges remain. Many herbal compounds have poor bioavailability, limiting their therapeutic efficacy in clinical settings (Patel et al., 2022). Inconsistent standardization of herbal formulations and variability in active compound concentrations pose challenges for reproducibility and dose optimization (Jenča et al., 2024). The molecular mechanisms by which herbal compounds exert their effects on prostate cancer pathways remain partially understood(Sharma et al., 2023). Herbal medicines often face regulatory hurdles due to insufficient clinical trial data supporting their safety and efficacy (Youn et al., 2023). Limited studies exist on the synergistic effects of herbal compounds with standard therapies, and their interactions with conventional drugs remain underexplored. To address these challenges, future research should focus on improving formulation strategies, employing nanotechnology-based delivery systems, and conducting well-designed clinical trials to validate the safety and efficacy of herbal compounds in prostate cancer therapy.
4.6 A holistic and multi-targeted approach to prostate cancer treatment
Integrating herbal medicines into standard oncology practices offers a holistic approach to prostate cancer care, focusing on both therapeutic efficacy and patient wellbeing. Conventional therapies, while effective, are often associated with high toxicity profiles and financial burdens exceeding $30,000 per month (Raudenska et al., 2019). In contrast, herbal medicines, with their long history of safe use in traditional practices, provide a cost-effective and complementary strategy for prostate cancer management (Tayeb et al., 2024). Theirs efficacy and safety have been demonstrated over centuries, successfully complementing modern medical practices (Chen Q et al., 2023). However, this approach is not without challenges. Different patient populations may exhibit heterogeneous responses to herbal interventions. Many studies remain preclinical, and robust Phase III trials are scarce. Notably, herbal therapies often require long-term administration, posing adherence challenges. To fully harness the potential of herbal medicines, it is essential to standardize formulations, optimize delivery mechanisms, and integrate them into personalized treatment regimens based on individual patient profiles.
4.7 A new avenue in prostate cancer therapy with BK002
BK002, an innovative herbal formulation, has emerged as a potential game-changer in prostate cancer therapy due to its multi-targeted mechanisms of action. Enriched with a diverse array of bioactive compounds, including flavonoids, terpenoids, and steroids, BK002 demonstrates anti-cancer, immune-modulating, and anti-inflammatory properties, positioning it as a compelling candidate for integrative cancer treatment strategies. Our studies have highlighted BK002s synergistic potential when combined with conventional chemotherapeutics and herbal decoctions, particularly in addressing critical biomarkers such as DNMT1, Dicer, PD-1, and PD-L1. These biomarkers are pivotal in regulating key pathways associated with epigenetic modifications, immune evasion, and cellular proliferation in prostate cancer, including CRPC. The integration of natural compounds such as ecdysterone, inokosterone, and 20-hydroxyecdysone within BK002 adds further therapeutic value. These compounds have shown promise in modulating prostate cancer pathways, potentially enhancing therapeutic efficacy while simultaneously reducing adverse effects commonly associated with standard therapies. However, significant challenges remain. The precise biochemical pathways through which BK002 exerts its anticancer effects require further elucidation. The potential interactions with existing chemotherapeutic agents need to be thoroughly examined to avoid unforeseen complications. While preclinical data are encouraging, the absence of large-scale clinical trials hampers the transition of BK002 from bench to bedside. Thus, future research directions should prioritize. Large-scale, well-designed trials to validate BK002s safety, efficacy, and optimal dosing protocols. In-depth exploration of BK002s molecular interactions with prostate cancer pathways to uncover novel therapeutic targets. Evaluation of BK002 in combination therapies to enhance therapeutic outcomes and reduce side effects. By bridging these knowledge gaps, BK002 has the potential to refine existing treatment paradigms, offering a holistic and personalized therapeutic approach to prostate cancer management. Continued interdisciplinary research will be essential to fully unlock the therapeutic promise of BK002 and establish its role as a standard adjunct therapy in prostate cancer care.
5 CONCLUSION
This study highlights the significant therapeutic potential of BK002, which contains ecdysterone, inokosterone, and 20-hydroxyecdysone, in the treatment of prostate cancer. These phytochemicals represent a promising complementary approach to conventional therapies, especially in the context of CRPC, where therapeutic resistance poses a substantial challenge. By targeting key biomarkers such as DNMT1, Dicer, PD-1, and PD-L1, these compounds have the potential to enhance the efficacy of existing treatment regimens while minimizing adverse effects. Moving forward, interdisciplinary research is crucial to further elucidate the molecular interactions and mechanisms of action of these compounds. A deeper understanding of these interactions could lead to the development of more effective combination therapies that harness the synergistic potential of herbal medicine alongside conventional cancer treatments. This integrative approach marks a significant shift towards more sustainable, patient-centered cancer care, with the potential for improved outcomes in prostate cancer treatment and beyond. By advancing the scientific foundation for incorporating herbal medicines into oncology, this research aims to transform prostate cancer treatment. Moving away from the traditional one-size-fits-all approach, these personalized, holistic strategies emphasize both treatment efficacy and patient wellbeing. Further exploration of these natural compounds could lead to the creation of novel therapeutic protocols that enhance the overall quality of cancer care, offering a more comprehensive and sustainable path forward in the fight against prostate cancer.
AUTHOR CONTRIBUTIONS
MP: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Writing–original draft, Writing–review and editing. JC: Conceptualization, Formal Analysis, Investigation, Resources, Software, Writing–original draft. MM: Conceptualization, Data curation, Formal Analysis, Methodology, Resources, Software, Writing–original draft. EA: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing–original draft. FN: Formal Analysis, Investigation, Methodology, Software, Writing–original draft. RR: Investigation, Methodology, Writing–original draft. HK: Methodology, Project administration, Writing–original draft. SK: Data curation, Formal Analysis, Methodology, Writing–original draft. RS: Conceptualization, Data curation, Formal Analysis, Methodology, Writing–original draft. BK: Conceptualization, Investigation, Methodology, Project administration, Resources, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2020R1I1A2066868), the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (No. 2020R1A5A2019413), a grant of the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health and Welfare, Republic of Korea (grant number: RS-2020-KH087790) and the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (RS-2024-00350362). This study was supported by grants from the National Research Foundation of Korea. Grant numbers: 2021R1C1C2014229 and the Starting growth Technological R&D Program (TIPS Program, (No. RS-2024-00507224) funded by the Ministry of SMEs and Startups (MSS, Korea) in 2024.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Afshari, A. R., Sanati, M., Mollazadeh, H., Kesharwani, P., Johnston, T. P., and Sahebkar, A. (2022). Nanoparticle-based drug delivery systems in cancer: a focus on inflammatory pathways. Seminars Cancer Biol. 86, 860–872. doi:10.1016/j.semcancer.2022.01.008
 Agarwal, S., Amin, K. S., Jagadeesh, S., Baishay, G., Rao, P. G., Barua, N. C., et al. (2013). Mahanine restores RASSF1A expression by down-regulating DNMT1 and DNMT3B in prostate cancer cells. Mol. Cancer 12 (1), 99. doi:10.1186/1476-4598-12-99
 Aguilera, O., Fernández, A. F., Muñoz, A., and Fraga, M. F. (2010). Epigenetics and environment: a complex relationship. J. Appl. physiology 109 (1), 243–251. doi:10.1152/japplphysiol.00068.2010
 Alumkal, J. J., Slottke, R., Schwartzman, J., Cherala, G., Munar, M., Graff, J. N., et al. (2015). A phase II study of sulforaphane-rich broccoli sprout extracts in men with recurrent prostate cancer. Invest New Drugs 33 (2), 480–489. doi:10.1007/s10637-014-0189-z
 Amić, A., Marković, Z., Klein, E., Marković, J. M. D., and Milenković, D. (2018). Theoretical study of the thermodynamics of the mechanisms underlying antiradical activity of cinnamic acid derivatives. Food Chem. 246, 481–489. doi:10.1016/j.foodchem.2017.11.100
 An, X., Zhang, Y., Duan, L., Jin, D., Zhao, S., Zhou, R., et al. (2021). The direct evidence and mechanism of traditional Chinese medicine treatment of COVID-19. Biomed. and Pharmacother. 137, 111267. doi:10.1016/j.biopha.2021.111267
 Antonangeli, F., Natalini, A., Garassino, M. C., Sica, A., Santoni, A., and Di Rosa, F. (2020). Regulation of PD-L1 expression by NF-κB in cancer. Front. Immunol. 11, 584626. doi:10.3389/fimmu.2020.584626
 Antonarakis, E., Armstrong, A., Dehm, S., and Luo, J. (2016). Androgen receptor variant-driven prostate cancer: clinical implications and therapeutic targeting. Prostate cancer prostatic Dis. 19 (3), 231–241. doi:10.1038/pcan.2016.17
 Armstrong, A. J., Szmulewitz, R. Z., Petrylak, D. P., Holzbeierlein, J., Villers, A., Azad, A., et al. (2019). ARCHES: a randomized, phase III study of androgen deprivation therapy with enzalutamide or placebo in men with metastatic hormone-sensitive prostate cancer. J. Clin. Oncol. 37 (32), 2974–2986. doi:10.1200/JCO.19.00799
 Armstrong, C. M., and Gao, A. C. (2019). Current strategies for targeting the activity of androgen receptor variants. Asian J. Urol. 6 (1), 42–49. doi:10.1016/j.ajur.2018.07.003
 Audia, J. E., and Campbell, R. M. (2016). Histone modifications and cancer. Cold Spring Harb. Perspect. Biol. 8 (4), a019521. doi:10.1101/cshperspect.a019521
 Avgerinos, K. I., Spyrou, N., Mantzoros, C. S., and Dalamaga, M. (2019). Obesity and cancer risk: emerging biological mechanisms and perspectives. Metabolism 92, 121–135. doi:10.1016/j.metabol.2018.11.001
 Bai, B., Chen, Q., Jing, R., He, X., Wang, H., Ban, Y., et al. (2021). Molecular basis of prostate cancer and natural products as potential chemotherapeutic and chemopreventive agents. Front. Pharmacol. 12, 738235. doi:10.3389/fphar.2021.738235
 Bang, S. Y., Kim, J.-H., Kim, H.-Y., Lee, Y. J., Park, S. Y., Lee, S. J., et al. (2012). Achyranthes japonica exhibits anti-inflammatory effect via NF-κB suppression and HO-1 induction in macrophages. J. Ethnopharmacol. 144 (1), 109–117. doi:10.1016/j.jep.2012.08.037
 Batiha, G. E., Al-Snafi, A. E., Thuwaini, M. M., Teibo, J. O., Shaheen, H. M., Akomolafe, A. P., et al. (2023). Morus alba: a comprehensive phytochemical and pharmacological review. Naunyn Schmiedeb. Arch. Pharmacol. 396 (7), 1399–1413. doi:10.1007/s00210-023-02434-4
 Baxi, S., Yang, A., Gennarelli, R. L., Khan, N., Wang, Z., Boyce, L., et al. (2018). Immune-related adverse events for anti-PD-1 and anti-PD-L1 drugs: systematic review and meta-analysis. Bmj 360, k793. doi:10.1136/bmj.k793
 Bian, X., Shen, Y., Zhang, G., Gu, C., Cai, Y., Wang, C., et al. (2015). Expression of dicer and its related miRNAs in the progression of prostate cancer. PLoS One 10 (3), e0120159. doi:10.1371/journal.pone.0120159
 Bian, X. J., Zhang, G. M., Gu, C. Y., Cai, Y., Wang, C. F., Shen, Y. J., et al. (2014). Down-regulation of Dicer and Ago2 is associated with cell proliferation and apoptosis in prostate cancer. Tumour Biol. 35 (11), 11571–11578. doi:10.1007/s13277-014-2462-3
 Birzniece, V., and Ho, K. K. Y. (2021). Mechanisms in endocrinology: paracrine and endocrine control of the growth hormone axis by estrogen. Eur. J. Endocrinol. 184 (6), R269–r278. doi:10.1530/EJE-21-0155
 Birzniece, V., McLean, M., Reddy, N., and Ho, K. K. (2019). Disparate effect of aromatization on the central regulation of GH secretion by estrogens in men and postmenopausal women. J. Clin. Endocrinol. and Metabolism 104 (7), 2978–2984. doi:10.1210/jc.2019-00265
 Birzniece, V., Sata, A., Sutanto, S., and Ho, K. K. (2010). Neuroendocrine regulation of growth hormone and androgen axes by selective estrogen receptor modulators in healthy men. J. Clin. Endocrinol. and Metabolism 95 (12), 5443–5448. doi:10.1210/jc.2010-1477
 Bors, W., Heller, W., Michel, C., and Saran, M. (1990). “Flavonoids as antioxidants: determination of radical-scavenging efficiencies. Methods Enzym. 186, 343–355. doi:10.1016/0076-6879(90)86128-i
 Bortolozzi, R., Luraghi, A., Mattiuzzo, E., Sacchetti, A., Silvani, A., and Viola, G. (2020). Ecdysteroid derivatives that reverse P-Glycoprotein-Mediated drug resistance. J. Nat. Prod. 83 (8), 2434–2446. doi:10.1021/acs.jnatprod.0c00334
 Bouyahya, A., El Omari, N., Elmenyiy, N., Guaouguaou, F. E., Balahbib, A., El-Shazly, M., et al. (2020). Ethnomedicinal use, phytochemistry, pharmacology, and toxicology of Ajuga iva (L.,) schreb. J. Ethnopharmacol. 258, 112875. doi:10.1016/j.jep.2020.112875
 Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, I., et al. (2024). Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 74 (3), 229–263. doi:10.3322/caac.21834
 Bronisz, A., Rooj, A., Krawczyński, K., Peruzzi, P., Salińska, E., Nakano, I., et al. (2020). The nuclear DICER–circular RNA complex drives the deregulation of the glioblastoma cell microRNAome. Sci. Adv. 6 (51), eabc0221. doi:10.1126/sciadv.abc0221
 Bullinger, L., Döhner, K., and Döhner, H. (2017). Genomics of acute myeloid leukemia diagnosis and pathways. J. Clin. Oncol. 35 (9), 934–946. doi:10.1200/JCO.2016.71.2208
 Burger, K., and Gullerova, M. (2015). Swiss army knives: non-canonical functions of nuclear Drosha and Dicer. Nat. Rev. Mol. cell Biol. 16 (7), 417–430. doi:10.1038/nrm3994
 Castel, S. E., and Martienssen, R. A. (2013). RNA interference in the nucleus: roles for small RNAs in transcription, epigenetics and beyond. Nat. Rev. Genet. 14 (2), 100–112. doi:10.1038/nrg3355
 Cattrini, C., Castro, E., Lozano, R., Zanardi, E., Rubagotti, A., Boccardo, F., et al. (2019). Current treatment options for metastatic hormone-sensitive prostate cancer. Cancers (Basel) 11 (9), 1355. doi:10.3390/cancers11091355
 Cha, J.-H., Chan, L.-C., Li, C.-W., Hsu, J. L., and Hung, M.-C. (2019). Mechanisms controlling PD-L1 expression in cancer. Mol. cell 76 (3), 359–370. doi:10.1016/j.molcel.2019.09.030
 Chakhtoura, M., Dagher, H., Sharara, S., Ajjour, S., Chamoun, N., Cauley, J., et al. (2021). Systematic review of major osteoporotic fracture to hip fracture incidence rate ratios worldwide: implications for Fracture Risk Assessment Tool (FRAX)-derived estimates. J. Bone Min. Res. 36 (10), 1942–1956. doi:10.1002/jbmr.4395
 Chang, I. S., Han, Y. B., Woo, W. S., Kang, S. S., Lotter, H., and Wagner, H. (1989). Sapogenins from Melandrium firmum. Planta Med. 55 (6), 544–547. doi:10.1055/s-2006-962090
 Chen, D. S., and Mellman, I. (2017). Elements of cancer immunity and the cancer-immune set point. Nature 541 (7637), 321–330. doi:10.1038/nature21349
 Chen, L., MacMillan, A. M., Chang, W., Ezaz-Nikpay, K., Lane, W. S., and Verdine, G. L. (1991). Direct identification of the active-site nucleophile in a DNA (cytosine-5)-methyltransferase. Biochemistry 30 (46), 11018–11025. doi:10.1021/bi00110a002
 Chen L, L., Xu, Y. X., Wang, Y. S., Ren, Y. Y., Chen, Y. M., Zheng, C., et al. (2024). Integrative Chinese-Western medicine strategy to overcome docetaxel resistance in prostate cancer. J. Ethnopharmacol. 331, 118265. doi:10.1016/j.jep.2024.118265
 Chen M, M., Shu, W., Zhang, J., Huang, H., and Liu, J. (2024). Mechanisms and clinical application of Xuebijing injection, a traditional Chinese herbal medicine–a systematic review. Adv. Traditional Med. 24 (2), 403–412. doi:10.1007/s13596-023-00702-5
 Chen Q, Q., Yang, Z., Sun, X., Long, R., Shen, J., and Wang, Z. (2023). Inokosterone activates the BMP2 to promote the osteogenic differentiation of bone marrow mesenchymal stem cells and improve bone loss in ovariectomized rats. Biochem. Biophysical Res. Commun. 682, 349–358. doi:10.1016/j.bbrc.2023.10.032
 Chen Y, Y., Liu, J., Zhang, J., Yang, L., and Jin, L. (2023). Research progress in the quality evaluation of Salvia miltiorrhiza based on the association of 'morphological features - functional substances - pharmacological action - clinical efficacy. Heliyon 9 (10), e20325. doi:10.1016/j.heliyon.2023.e20325
 Chiosea, S., Jelezcova, E., Chandran, U., Acquafondata, M., McHale, T., Sobol, R. W., et al. (2006). Up-regulation of dicer, a component of the MicroRNA machinery, in prostate adenocarcinoma. Am. J. Pathol. 169 (5), 1812–1820. doi:10.2353/ajpath.2006.060480
 Constantinides, P. G., Taylor, S. M., and Jones, P. A. (1978). Phenotypic conversion of cultured mouse embryo cells by aza pyrimidine nucleosides. Dev. Biol. 66 (1), 57–71. doi:10.1016/0012-1606(78)90273-7
 Crawford, E. D., Schellhammer, P. F., McLeod, D. G., Moul, J. W., Higano, C. S., Shore, N., et al. (2018). Androgen receptor targeted treatments of prostate cancer: 35 years of progress with antiandrogens. J. urology 200 (5), 956–966. doi:10.1016/j.juro.2018.04.083
 Creemers, J. H. A., Ankan, A., Roes, K. C. B., Schröder, G., Mehra, N., Figdor, C. G., et al. (2023). In silico cancer immunotherapy trials uncover the consequences of therapy-specific response patterns for clinical trial design and outcome. Nat. Commun. 14 (1), 2348. doi:10.1038/s41467-023-37933-8
 Cuzick, J., Otto, F., Baron, J. A., Brown, P. H., Burn, J., Greenwald, P., et al. (2009). Aspirin and non-steroidal anti-inflammatory drugs for cancer prevention: an international consensus statement. lancet Oncol. 10 (5), 501–507. doi:10.1016/S1470-2045(09)70035-X
 Cuzick, J., Thorat, M., Bosetti, C., Brown, P., Burn, J., Cook, N., et al. (2015). Estimates of benefits and harms of prophylactic use of aspirin in the general population. Ann. Oncol. 26 (1), 47–57. doi:10.1093/annonc/mdu225
 Das, D., Karthik, N., and Taneja, R. (2021). Crosstalk between inflammatory signaling and methylation in cancer. Front. Cell Dev. Biol. 9, 756458. doi:10.3389/fcell.2021.756458
 Davis, I. D., Martin, A. J., Stockler, M. R., Begbie, S., Chi, K. N., Chowdhury, S., et al. (2019). Enzalutamide with standard first-line therapy in metastatic prostate cancer. N. Engl. J. Med. 381 (2), 121–131. doi:10.1056/NEJMoa1903835
 De Marzo, A. M., Platz, E. A., Sutcliffe, S., Xu, J., Grönberg, H., Drake, C. G., et al. (2007). Inflammation in prostate carcinogenesis. Nat. Rev. Cancer 7 (4), 256–269. doi:10.1038/nrc2090
 De Nunzio, C., Kramer, G., Marberger, M., Montironi, R., Nelson, W., Schröder, F., et al. (2011). The controversial relationship between benign prostatic hyperplasia and prostate cancer: the role of inflammation. Eur. Urol. 60 (1), 106–117. doi:10.1016/j.eururo.2011.03.055
 Dinan, L. (2001). Phytoecdysteroids: biological aspects. Phytochemistry 57 (3), 325–339. doi:10.1016/s0031-9422(01)00078-4
 Ding, Y., Yan, Y., Dong, Y., Xu, J., Su, W., Shi, W., et al. (2022). NLRP3 promotes immune escape by regulating immune checkpoints: a pan-cancer analysis. Int. Immunopharmacol. 104, 108512. doi:10.1016/j.intimp.2021.108512
 Dobrijević, Z., Matijašević, S., Išić Denčić, T., Savić-Pavićević, D., Nedić, O., and Brajušković, G. (2021). Association between genetic variants in DICER1 and cancer risk: an updated meta-analysis. Gene 766, 145132. doi:10.1016/j.gene.2020.145132
 Doyle, M., Badertscher, L., Jaskiewicz, L., Güttinger, S., Jurado, S., Hugenschmidt, T., et al. (2013). The double-stranded RNA binding domain of human Dicer functions as a nuclear localization signal. Rna 19 (9), 1238–1252. doi:10.1261/rna.039255.113
 Eisfeld, A.-K., Kohlschmidt, J., Mims, A., Nicolet, D., Walker, C. J., Blachly, J. S., et al. (2020). Additional gene mutations may refine the 2017 European LeukemiaNet classification in adult patients with de novo acute myeloid leukemia aged< 60 years. Leukemia 34 (12), 3215–3227. doi:10.1038/s41375-020-0872-3
 El Badri, S. A., Salawu, A., and Brown, J. E. (2019). Bone health in men with prostate cancer: review article. Curr. Osteoporos. Rep. 17 (6), 527–537. doi:10.1007/s11914-019-00536-8
 Elenbaas, B., Spirio, L., Koerner, F., Fleming, M. D., Zimonjic, D. B., Donaher, J. L., et al. (2001). Human breast cancer cells generated by oncogenic transformation of primary mammary epithelial cells. Genes and Dev. 15 (1), 50–65. doi:10.1101/gad.828901
 Evans Schultes, R. (1980). Medicinal plants of East and southeast Asia: attributed properties. Econ. Bot. 34 (4), 361. doi:10.1007/bf02858311
 Faggad, A., Kasajima, A., Weichert, W., Stenzinger, A., Elwali, N. E., Dietel, M., et al. (2012). Down-regulation of the microRNA processing enzyme Dicer is a prognostic factor in human colorectal cancer. Histopathology 61 (4), 552–561. doi:10.1111/j.1365-2559.2011.04110.x
 Ferreira, M., Morais, M., Medeiros, R., and Teixeira, A. L. (2024). MicroRNAs as promising therapeutic agents against prostate cancer resistant to castration-where are we now?Pharmaceutics 16 (11), 1347. doi:10.3390/pharmaceutics16111347
 Fiore, C., Salvi, M., Palermo, M., Sinigaglia, G., Armanini, D., and Toninello, A. (2004). On the mechanism of mitochondrial permeability transition induction by glycyrrhetinic acid. Biochim. Biophys. Acta 1658 (3), 195–201. doi:10.1016/j.bbabio.2004.05.012
 Fizazi, K., Carducci, M., Smith, M., Damião, R., Brown, J., Karsh, L., et al. (2011). Denosumab versus zoledronic acid for treatment of bone metastases in men with castration-resistant prostate cancer: a randomised, double-blind study. Lancet 377 (9768), 813–822. doi:10.1016/S0140-6736(10)62344-6
 Fizazi, K., Scher, H. I., Miller, K., Basch, E., Sternberg, C. N., Cella, D., et al. (2014). Effect of enzalutamide on time to first skeletal-related event, pain, and quality of life in men with castration-resistant prostate cancer: results from the randomised, phase 3 AFFIRM trial. lancet Oncol. 15 (10), 1147–1156. doi:10.1016/S1470-2045(14)70303-1
 Fizazi, K., Shore, N., Tammela, T. L., Ulys, A., Vjaters, E., Polyakov, S., et al. (2019). Darolutamide in nonmetastatic, castration-resistant prostate cancer. N. Engl. J. Med. 380 (13), 1235–1246. doi:10.1056/NEJMoa1815671
 Fizazi, K., Tran, N., Fein, L., Matsubara, N., Rodriguez-Antolin, A., Alekseev, B. Y., et al. (2017). Abiraterone plus prednisone in metastatic, castration-sensitive prostate cancer. N. Engl. J. Med. 377 (4), 352–360. doi:10.1056/NEJMoa1704174
 Fogarty, A. W., Glancy, C., Jones, S., Lewis, S. A., McKeever, T. M., and Britton, J. R. (2008). A prospective study of weight change and systemic inflammation over 9 y. Am. J. Clin. Nutr. 87 (1), 30–35. doi:10.1093/ajcn/87.1.30
 Gandaglia, G., Briganti, A., Gontero, P., Mondaini, N., Novara, G., Salonia, A., et al. (2013). The role of chronic prostatic inflammation in the pathogenesis and progression of benign prostatic hyperplasia (BPH). BJU Int. 112 (4), 432–441. doi:10.1111/bju.12118
 Gao, J., Ward, J. F., Pettaway, C. A., Shi, L. Z., Subudhi, S. K., Vence, L. M., et al. (2017). VISTA is an inhibitory immune checkpoint that is increased after ipilimumab therapy in patients with prostate cancer. Nat. Med. 23 (5), 551–555. doi:10.1038/nm.4308
 Gerger, A., Zhang, W., Yang, D., Bohanes, P., Ning, Y., Winder, T., et al. (2011). Common cancer stem cell gene variants predict colon cancer recurrence. Clin. Cancer Res. 17 (21), 6934–6943. doi:10.1158/1078-0432.CCR-11-1180
 Ghosh, S., Hazra, J., Pal, K., Nelson, V. K., and Pal, M. (2021). Prostate cancer: therapeutic prospect with herbal medicine. Curr. Res. Pharmacol. Drug Discov. 2, 100034. doi:10.1016/j.crphar.2021.100034
 Goel, H., and Goel, A. (2024). MicroRNA and rare human diseases. Genes (Basel) 15 (10), 1243. doi:10.3390/genes15101243
 Graham, L. D., Johnson, W. M., Pawlak-Skrzecz, A., Eaton, R. E., Bliese, M., Howell, L., et al. (2007). Ligand binding by recombinant domains from insect ecdysone receptors. Insect Biochem. Mol. Biol. 37 (6), 611–626. doi:10.1016/j.ibmb.2007.03.006
 Gravis, G., Boher, J.-M., Chen, Y.-H., Liu, G., Fizazi, K., Carducci, M. A., et al. (2018). Burden of metastatic castrate naive prostate cancer patients, to identify men more likely to benefit from early docetaxel: further analyses of CHAARTED and GETUG-AFU15 studies. Eur. Urol. 73 (6), 847–855. doi:10.1016/j.eururo.2018.02.001
 Gu, H., Liu, M., Ding, C., Wang, X., Wang, R., Wu, X., et al. (2016). Hypoxia-responsive miR-124 and miR-144 reduce hypoxia-induced autophagy and enhance radiosensitivity of prostate cancer cells via suppressing PIM1. Cancer Med. 5 (6), 1174–1182. doi:10.1002/cam4.664
 Haenen, G. R., Jansen, F. P., Vermeulen, N. P., and Bast, A. (1991). Activation of the microsomal glutathione S-transferase by metabolites of alpha-methyldopa. Archives Biochem. biophysics 287 (1), 48–52. doi:10.1016/0003-9861(91)90386-w
 Hahn, D.-R., and Lee, M.-W. (1991). Studies on the constituents of Achyranthis Radix (I)-oleanolic acid bisdesmoside from the root. Yakhak Hoeji 35 (6), 457–460. 
 Hasegawa, H., Yamada, Y., Komiyama, K., Hayashi, M., Ishibashi, M., Yoshida, T., et al. (2006). Dihydroflavonol BB-1, an extract of natural plant Blumea balsamifera, abrogates TRAIL resistance in leukemia cells. Blood 107 (2), 679–688. doi:10.1182/blood-2005-05-1982
 Hatano, K., and Nonomura, N. (2023). Systemic therapies for metastatic castration-resistant prostate cancer: an updated review. World J. Mens. Health 41 (4), 769–784. doi:10.5534/wjmh.220200
 Heijnen C, C., Haenen, G., Van Acker, F., Van der Vijgh, W., and Bast, A. (2001). Flavonoids as peroxynitrite scavengers: the role of the hydroxyl groups. Toxicol. vitro 15 (1), 3–6. doi:10.1016/s0887-2333(00)00053-9
 Heijnen C. G, C. G., Haenen, G. R., Vekemans, J. A., and Bast, A. (2001). Peroxynitrite scavenging of flavonoids: structure activity relationship. Environ. Toxicol. Pharmacol. 10 (4), 199–206. doi:10.1016/s1382-6689(01)00083-7
 Horton, J. R., Liu, X., Gale, M., Wu, L., Shanks, J. R., Zhang, X., et al. (2016). Structural basis for KDM5A histone lysine demethylase inhibition by diverse compounds. Cell Chem. Biol. 23 (7), 769–781. doi:10.1016/j.chembiol.2016.06.006
 Hsu, J. M., Xia, W., Hsu, Y. H., Chan, L. C., Yu, W. H., Cha, J. H., et al. (2018). STT3-dependent PD-L1 accumulation on cancer stem cells promotes immune evasion. Nat. Commun. 9 (1), 1908. doi:10.1038/s41467-018-04313-6
 Hu, X., Wang, Y. H., Yang, Z. Q., Shao, Y. X., Yang, W. X., and Li, X. (2020). Association of 5-alpha-reductase inhibitor and prostate cancer incidence and mortality: a meta-analysis. Transl. Androl. Urol. 9 (6), 2519–2532. doi:10.21037/tau-20-843
 Hu, Z., Zhao, X., Wu, Z., Qu, B., Yuan, M., Xing, Y., et al. (2024). Lymphatic vessel: origin, heterogeneity, biological functions, and therapeutic targets. Signal Transduct. Target Ther. 9 (1), 9. doi:10.1038/s41392-023-01723-x
 Huang, H., Qin, J., Wen, Z., Liu, Y., Chen, C., Wang, C., et al. (2024). Effects of natural extract interventions in prostate cancer: a systematic review and network meta-analysis. Phytomedicine 129, 155598. doi:10.1016/j.phymed.2024.155598
 Huang, L., and He, J. (2020). Immunotherapy with PD-1 and PD-L1 inhibitors for prostate cancer. Zhonghua Nan Ke Xue 26 (10), 944–948.
 Huang, W. C., Chang, M. S., Huang, S. Y., Tsai, C. J., Kuo, P. H., Chang, H. W., et al. (2019). Chinese herbal medicine ganoderma tsugae displays potential anti-cancer efficacy on metastatic prostate cancer cells. Int. J. Mol. Sci. 20 (18), 4418. doi:10.3390/ijms20184418
 Huggins, C., and Hodges, C. V. (1941). Studies on prostatic cancer. I. The effect of castration, of estrogen and of androgen injection on serum phosphatases in metastatic carcinoma of the prostate. Cancer Res. 1 (4), 9–12. doi:10.1016/s0022-5347(05)64820-3
 Hussain, M., Fizazi, K., Saad, F., Rathenborg, P., Shore, N., Ferreira, U., et al. (2018). Enzalutamide in men with nonmetastatic, castration-resistant prostate cancer. N. Engl. J. Med. 378 (26), 2465–2474. doi:10.1056/NEJMoa1800536
 Ida, Y., Katsumata, M., Satoh, Y., and Shoji, J. (1994). Glucuronide saponins of oleanolic acid from Achyranthes fauriei roots. Planta medica . 60 (03), 286–287. doi:10.1055/s-2006-959481
 Isenmann, E., Ambrosio, G., Joseph, J. F., Mazzarino, M., de la Torre, X., Zimmer, P., et al. (2019). Ecdysteroids as non-conventional anabolic agent: performance enhancement by ecdysterone supplementation in humans. Arch. Toxicol. 93 (7), 1807–1816. doi:10.1007/s00204-019-02490-x
 Jacquelot, N., Yamazaki, T., Roberti, M. P., Duong, C. P., Andrews, M. C., Verlingue, L., et al. (2019). Sustained Type I interferon signaling as a mechanism of resistance to PD-1 blockade. Cell Res. 29 (10), 846–861. doi:10.1038/s41422-019-0224-x
 James, N. D., de Bono, J. S., Spears, M. R., Clarke, N. W., Mason, M. D., Dearnaley, D. P., et al. (2017). Abiraterone for prostate cancer not previously treated with hormone therapy. N. Engl. J. Med. 377 (4), 338–351. doi:10.1056/NEJMoa1702900
 Jarrard, D., Filon, M., Huang, W., Havighurst, T., DeShong, K., Kim, K., et al. (2021). A phase II randomized placebo-controlled trial of pomegranate fruit extract in men with localized prostate cancer undergoing active surveillance. Prostate 81 (1), 41–49. doi:10.1002/pros.24076
 Jasuja, G. K., Travison, T. G., Davda, M., Murabito, J. M., Basaria, S., Zhang, A., et al. (2013). Age trends in estradiol and estrone levels measured using liquid chromatography tandem mass spectrometry in community-dwelling men of the Framingham Heart Study. Journals Gerontology Ser. A Biomed. Sci. Med. Sci. 68 (6), 733–740. doi:10.1093/gerona/gls216
 Jenča, A., Mills, D. K., Ghasemi, H., Saberian, E., Jenča, A., Karimi Forood, A. M., et al. (2024). Herbal therapies for cancer treatment: a review of phytotherapeutic efficacy. Biologics 18, 229–255. doi:10.2147/BTT.S484068
 Ji, X. Z., Qin, X., Wang, W., and Wang, L. (2024). A review of tanshinone compounds in prostate cancer treatment. Transl. Androl. Urol. 13 (7), 1278–1287. doi:10.21037/tau-24-49
 Jin, H., Park, S. B., Yoon, J.-H., Lee, J. Y., Kim, E. H., and Yoon, S. W. (2021). Traditional herbal medicine combined with first-line platinum-based chemotherapy for advanced non-small-cell lung cancer: a PRISMA-compliant systematic review and meta-analysis. Medicine 100 (37), e27163. doi:10.1097/MD.0000000000027163
 Jones, P. A., Ohtani, H., Chakravarthy, A., and De Carvalho, D. D. (2019). Epigenetic therapy in immune-oncology. Nat. Rev. Cancer 19 (3), 151–161. doi:10.1038/s41568-019-0109-9
 Ju, Y., Liang, H., Du, K., Guo, Z., and Meng, D. (2021). Isolation of triterpenoids and phytosterones from Achyranthes bidentata Bl. to treat breast cancer based on network pharmacology. Nat. Prod. Res. 35 (24), 5939–5942. doi:10.1080/14786419.2020.1805603
 Jung, S.-M., Choi, S.-I., Park, S.-M., and Heo, T.-R. (2007). Antimicrobial effect of Achyranthes japonica Nakai extracts against Clostridium difficile. Korean J. Food Sci. Technol. 39 (5), 564–568. 
 Kantarjian, H. M., Thomas, X. G., Dmoszynska, A., Wierzbowska, A., Mazur, G., Mayer, J., et al. (2012). Multicenter, randomized, open-label, phase III trial of decitabine versus patient choice, with physician advice, of either supportive care or low-dose cytarabine for the treatment of older patients with newly diagnosed acute myeloid leukemia. J. Clin. Oncol. 30 (21), 2670–2677. doi:10.1200/JCO.2011.38.9429
 Kaufman, J.-M., Lapauw, B., Mahmoud, A., T’Sjoen, G., and Huhtaniemi, I. T. (2019). Aging and the male reproductive system. Endocr. Rev. 40 (4), 906–972. doi:10.1210/er.2018-00178
 Ke, S., Liu, Z., Wang, Q., Zhai, G., Shao, H., Yu, X., et al. (2022). FAM107A inactivation associated with promoter methylation affects prostate cancer progression through the FAK/PI3K/AKT pathway. Cancers (Basel) 14 (16), 3915. doi:10.3390/cancers14163915
 Keizman, D., Frenkel, M., Peer, A., Rosenbaum, E., Sarid, D., Leibovitch, I., et al. (2023). Modified Citrus Pectin treatment in non-metastatic biochemically relapsed prostate cancer: long-term results of a prospective phase II study. Nutrients 15 (16), 3533. doi:10.3390/nu15163533
 Khan, M. I. (2023). Management of bone loss due to endocrine therapy during cancer treatment. Osteoporos. Int. 34 (4), 671–680. doi:10.1007/s00198-023-06672-3
 Khandia, R., and Munjal, A. (2020). Interplay between inflammation and cancer. Adv. Protein Chem. Struct. Biol. 119, 199–245. doi:10.1016/bs.apcsb.2019.09.004
 Khoshnaw, S. M., Rakha, E. A., Abdel-Fatah, T. M., Nolan, C. C., Hodi, Z., Macmillan, D. R., et al. (2012). Loss of Dicer expression is associated with breast cancer progression and recurrence. Breast cancer Res. Treat. 135, 403–413. doi:10.1007/s10549-012-2169-3
 Kim, H. U., Ryu, J. Y., Lee, J. O., and Lee, S. Y. (2015). A systems approach to traditional oriental medicine. Nat. Biotechnol. 33 (3), 264–268. doi:10.1038/nbt.3167
 Kim, M., Kim, J. H., Hong, S., Kwon, B., Kim, E. Y., Jung, H. S., et al. (2021). Effects of Melandrium firmum Rohrbach on RANKL-induced osteoclast differentiation and OVX rats. Mol. Med. Rep. 24 (2), 610. doi:10.3892/mmr.2021.12248
 Kim, Y. L., Jang, S.-N., Kim, S. C., Son, Y. G., Kim, J. Y., Cho, K. M., et al. (2024). Comparison of the growth efficiency and bioactive compounds of Achyranthes japonica Nakai according to the sowing amount in vertical farms. 원예과학기술지 42 (3), 279–290. doi:10.7235/hort.20240024
 Kim D, D., Lee, D., Oh, D., Jeong, H. C., Lee, S. J., Sohn, J., et al. (2020). A mixture containing fermented Achyranthes japonica Nakai ameliorates osteoarthritis in knee joints of monoiodoacetate-injected rats. J. Med. Food 23 (8), 811–817. doi:10.1089/jmf.2019.4552
 Kim H. Y, H. Y., Kim, J. H., Zuo, G., and Lim, S. S. (2020). Anti-obesity effect of Melandrium firmum Rohrbach extract in 3T3-L1 cells and high-fat diet-induced obese C57BL/6N mice. Food Sci. Nutr. 8 (5), 2251–2261. doi:10.1002/fsn3.1466
 Kong, F., Wang, C., Zhang, J., Wang, X., Sun, B., Xiao, X., et al. (2023). Chinese herbal medicines for prostate cancer therapy: from experimental research to clinical practice. Chin. Herb. Med. 15 (4), 485–495. doi:10.1016/j.chmed.2023.05.003
 Kumar, G. A., Kumar, S., Bhardwaj, R., Swapnil, P., Meena, M., Seth, C. S., et al. (2023). Recent advancements in multifaceted roles of flavonoids in plant-rhizomicrobiome interactions. Front. Plant Sci. 14, 1297706. doi:10.3389/fpls.2023.1297706
 Kumar, M. S., Pester, R. E., Chen, C. Y., Lane, K., Chin, C., Lu, J., et al. (2009). Dicer1 functions as a haploinsufficient tumor suppressor. Genes and Dev. 23 (23), 2700–2704. doi:10.1101/gad.1848209
 Kyriakopoulos, C. E., Chen, Y.-H., Carducci, M. A., Liu, G., Jarrard, D. F., Hahn, N. M., et al. (2018). Chemohormonal therapy in metastatic hormone-sensitive prostate cancer: long-term survival analysis of the randomized phase III E3805 CHAARTED trial. J. Clin. Oncol. 36 (11), 1080–1087. doi:10.1200/JCO.2017.75.3657
 Lafont, R., and Dinan, L. (2003). Practical uses for ecdysteroids in mammals including humans: an update. J. Insect Sci. 3, 7. doi:10.1093/jis/3.1.7
 Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M., Chernova, I., et al. (2001). PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat. Immunol. 2 (3), 261–268. doi:10.1038/85330
 Lee, E., Wang, J., Yumoto, K., Jung, Y., Cackowski, F. C., Decker, A. M., et al. (2016). DNMT1 regulates epithelial-mesenchymal transition and cancer stem cells, which promotes prostate cancer metastasis. Neoplasia 18 (9), 553–566. doi:10.1016/j.neo.2016.07.007
 Lee, H., Meng, M., Liu, Y., and Su, T. (2021). HY Kwan Medicinal herbs and bioactive compounds overcome the drug resistance to epidermal growth factor receptor inhibitors in non-small. cell lung cancer 2021, 22. doi:10.3892/ol:646
 Lee, I. H., Chung, H. J., Shin, J. S., Ha, I. H., Kim, M. R., Koh, W., et al. (2017). Influence of boiling duration of GCSB-5 on index compound content and antioxidative and anti-inflammatory activity. Pharmacogn. Mag. 13 (51), 418–424. doi:10.4103/pm.pm_425_16
 Lee, M. Y., Shin, I. S., Kyoung, H., Seo, C. S., Son, J. K., and Shin, H. K. (2014). α-Spinasterol from Melandrium firmum attenuates benign prostatic hyperplasia in a rat model. Mol. Med. Rep. 9 (6), 2362–2366. doi:10.3892/mmr.2014.2081
 Lee, S. G., Lee, E. J., Park, W. D., Kim, J. B., Kim, E. O., and Choi, S. W. (2012). Anti-inflammatory and anti-osteoarthritis effects of fermented Achyranthes japonica Nakai. J. Ethnopharmacol. 142 (3), 634–641. doi:10.1016/j.jep.2012.05.020
 Leliefeld, H. H. J., Debruyne, F. M. J., and Reisman, Y. (2023). The post-finasteride syndrome: possible etiological mechanisms and symptoms. Int. J. Impot. Res. doi:10.1038/s41443-023-00759-5
 Li, S., Zhang, B., and Zhang, N. (2011). Network target for screening synergistic drug combinations with application to traditional Chinese medicine. BMC Syst. Biol. 5 (1), doi:10.1186/1752-0509-5-S1-S10
 Li, S. G., Chen, H. Y., Ou-Yang, C. S., Wang, X.-X., Yang, Z.-J., Tong, Y., et al. (2013). The efficacy of Chinese herbal medicine as an adjunctive therapy for advanced non-small cell lung cancer: a systematic review and meta-analysis. PloS one 8 (2), e57604. doi:10.1371/journal.pone.0057604
 Li, X.-Y., Moesta, A. K., Xiao, C., Nakamura, K., Casey, M., Zhang, H., et al. (2019). Targeting CD39 in cancer reveals an extracellular ATP-and inflammasome-driven tumor immunity. Cancer Discov. 9 (12), 1754–1773. doi:10.1158/2159-8290.CD-19-0541
 Li, Z., Li, B., Yu, H., Wang, P., Wang, W., Hou, P., et al. (2022). DNMT1-mediated epigenetic silencing of TRAF6 promotes prostate cancer tumorigenesis and metastasis by enhancing EZH2 stability. Oncogene 41 (33), 3991–4002. doi:10.1038/s41388-022-02404-9
 Lin, S., Xu, H., Qin, L., Pang, M., Wang, Z., Gu, M., et al. (2023). UHRF1/DNMT1-MZF1 axis-modulated intragenic site-specific CpGI methylation confers divergent expression and opposing functions of PRSS3 isoforms in lung cancer. Acta Pharm. Sin. B 13 (5), 2086–2106. doi:10.1016/j.apsb.2023.02.015
 Ling, T., Lang, W. H., Maier, J., Quintana Centurion, M., and Rivas, F. (2019). Cytostatic and cytotoxic natural products against cancer cell models. Molecules 24 (10), 2012. doi:10.3390/molecules24102012
 Link, K., Blizzard, R. M., Evans, W. S., Kaiser, D. L., Parker, M. W., and Rogol, A. D. (1986). The effect of androgens on the pulsatile release and the twenty-four-hour mean concentration of growth hormone in peripubertal males. J. Clin. Endocrinol. Metab. 62 (1), 159–164. doi:10.1210/jcem-62-1-159
 Litwin, M. S., and Tan, H.-J. (2017). The diagnosis and treatment of prostate cancer: a review. Jama 317 (24), 2532–2542. doi:10.1001/jama.2017.7248
 Liu, F., Fan, Y., Ou, L., Li, T., Fan, J., Duan, L., et al. (2020). CircHIPK3 facilitates the G2/M transition in prostate cancer cells by sponging miR-338-3p. Onco Targets Ther. 13, 4545–4558. doi:10.2147/OTT.S242482
 Liu, J., Ruan, M., Liu, Y., Hong, X., Zhang, L., and Zhang, Q. (2024). Identification of 3-(9H-carbazol-9-yl)-2-(1,3-dioxoisoindolin-2-yl)propanoic acids as promising DNMT1 inhibitors. Eur. J. Med. Chem. 274, 116538. doi:10.1016/j.ejmech.2024.116538
 Livingstone, T. L., Beasy, G., Mills, R. D., Plumb, J., Needs, P. W., Mithen, R., et al. (2019). Plant bioactives and the prevention of prostate cancer: evidence from human studies. Nutrients 11 (9), 2245. doi:10.3390/nu11092245
 Lone, B. A., Tabassum, M., Bhushan, A., Rani, D., Dhiman, U., Ahmad, A., et al. (2023). Trilliumosides K and L, two novel steroidal saponins from rhizomes of Trillium govanianum, as potent anti-cancer agents targeting apoptosis in the A-549 cancer cell line. Front. Chem. 11, 1306271. doi:10.3389/fchem.2023.1306271
 Lu, Y., Sun, C., Jiao, L., Liu, Y., Gong, Y., and Xu, L. (2021). Chinese herbal medicine combined with first-generation EGFR-TKIs in treatment of advanced non-small cell lung cancer with EGFR sensitizing mutation: a systematic review and meta-analysis. Front. Pharmacol. 12, 698371. doi:10.3389/fphar.2021.698371
 Ma, Q., Wu, F., Liu, X., Zhao, C., Sun, Y., Li, Y., et al. (2024). 20-hydroxyecdysone suppresses bladder cancer progression via inhibiting USP21: a mechanism associated with deubiquitination and degradation of p65. Transl. Oncol. 45, 101958. doi:10.1016/j.tranon.2024.101958
 Ma, Y., Adjemian, S., Mattarollo, S. R., Yamazaki, T., Aymeric, L., Yang, H., et al. (2013). Anticancer chemotherapy-induced intratumoral recruitment and differentiation of antigen-presenting cells. Immunity 38 (4), 729–741. doi:10.1016/j.immuni.2013.03.003
 Ma, Z., Zhang, W., Dong, B., Xin, Z., Ji, Y., Su, R., et al. (2022). Docetaxel remodels prostate cancer immune microenvironment and enhances checkpoint inhibitor-based immunotherapy. Theranostics 12 (11), 4965–4979. doi:10.7150/thno.73152
 Majidpoor, J., and Mortezaee, K. (2021). The efficacy of PD-1/PD-L1 blockade in cold cancers and future perspectives. Clin. Immunol. 226, 108707. doi:10.1016/j.clim.2021.108707
 Marazzi, I., Greenbaum, B. D., Low, D. H. P., and Guccione, E. (2018). Chromatin dependencies in cancer and inflammation. Nat. Rev. Mol. Cell Biol. 19 (4), 245–261. doi:10.1038/nrm.2017.113
 Marcone, M. F., Jahaniaval, F., Aliee, H., and Kakuda, Y. (2003). Chemical characterization of Achyranthes bidentata seed. Food Chem. 81 (1), 7–12. doi:10.1016/s0308-8146(02)00250-9
 Marin, G., Domene, H., Barnes, K. M., Blackwell, B., Cassorla, F., and Cutler, G. (1994). The effects of estrogen priming and puberty on the growth hormone response to standardized treadmill exercise and arginine-insulin in normal girls and boys. J. Clin. Endocrinol. and Metabolism 79 (2), 537–541. doi:10.1210/jcem.79.2.8045974
 Marković, J. M. D., Pejin, B., Milenković, D., Amić, D., Begović, N., Mojović, M., et al. (2017). Antiradical activity of delphinidin, pelargonidin and malvin towards hydroxyl and nitric oxide radicals: the energy requirements calculations as a prediction of the possible antiradical mechanisms. Food Chem. 218, 440–446. doi:10.1016/j.foodchem.2016.09.106
 Martello, G., Rosato, A., Ferrari, F., Manfrin, A., Cordenonsi, M., Dupont, S., et al. (2010). A MicroRNA targeting dicer for metastasis control. Cell 141 (7), 1195–1207. doi:10.1016/j.cell.2010.05.017
 Martins, A., Csábi, J., Balázs, A., Kitka, D., Amaral, L., Molnár, J., et al. (2013). Synthesis and structure-activity relationships of novel ecdysteroid dioxolanes as MDR modulators in cancer. Molecules 18 (12), 15255–15275. doi:10.3390/molecules181215255
 Masek, A., Chrzescijanska, E., Latos, M., and Zaborski, M. (2017). Influence of hydroxyl substitution on flavanone antioxidants properties. Food Chem. 215, 501–507. doi:10.1016/j.foodchem.2016.07.183
 McCubrey, J. A., Lertpiriyapong, K., Steelman, L. S., Abrams, S. L., Yang, L. V., Murata, R. M., et al. (2017). Effects of resveratrol, curcumin, berberine and other nutraceuticals on aging, cancer development, cancer stem cells and microRNAs. Aging (Albany NY) 9 (6), 1477–1536. doi:10.18632/aging.101250
 Mcleod, D. G. (2003). Hormonal therapy: historical perspective to future directions. Urology 61 (2), 3–7. doi:10.1016/s0090-4295(02)02393-2
 Melnik, B. C. (2017). Milk disrupts p53 and DNMT1, the guardians of the genome: implications for acne vulgaris and prostate cancer. Nutr. Metab. (Lond) 14, 55. doi:10.1186/s12986-017-0212-4
 Mieres-Castro, D., and Mora-Poblete, F. (2023). Saponins: research progress and their potential role in the post-COVID-19 pandemic era. Pharmaceutics 15 (2), 348. doi:10.3390/pharmaceutics15020348
 Mitsogiannis, I., Tzelves, L., Dellis, A., Issa, H., Papatsoris, A., and Moussa, M. (2022). Prostate cancer immunotherapy. Expert Opin. Biol. Ther. 22 (5), 577–590. doi:10.1080/14712598.2022.2027904
 Miyata, Y., Diyabalanage, T., Amsler, C. D., McClintock, J. B., Valeriote, F. A., and Baker, B. J. (2007). Ecdysteroids from the antarctic tunicate synoicum adareanum. J. Nat. Prod. 70 (12), 1859–1864. doi:10.1021/np0702739
 Miyazawa, Y., Sekine, Y., Syuto, T., Nomura, M., Koike, H., Matsui, H., et al. (2018). Effect of androgen-deprivation therapy on bone mineral density in Japanese patients with prostate cancer. vivo 32 (2), 409–412. doi:10.21873/invivo.11254
 Molina, O. E., LaRue, H., Simonyan, D., Hovington, H., Vittrant, B., Têtu, B., et al. (2024). Regulatory and memory T lymphocytes infiltrating prostate tumors predict long term clinical outcomes. Front. Immunol. 15, 1372837. doi:10.3389/fimmu.2024.1372837
 Mortezaee, K. (2020a). Hypoxia induces core-to-edge transition of progressive tumoral cells: a critical review on differential yet corroborative roles for HIF-1α and HIF-2α. Life Sci. 242, 117145. doi:10.1016/j.lfs.2019.117145
 Mortezaee, K. (2020b). Immune escape: a critical hallmark in solid tumors. Life Sci. 258, 118110. doi:10.1016/j.lfs.2020.118110
 Mostrom, M., and Evans, T. J. (2011). Phytoestrogens. Reproductive and developmental toxicology. Elsevier, 707–722.
 Mukund, V., Mukund, D., Sharma, V., Mannarapu, M., and Alam, A. (2017). Genistein: its role in metabolic diseases and cancer. Crit. Rev. Oncol. Hematol. 119, 13–22. doi:10.1016/j.critrevonc.2017.09.004
 Network, C. G. A. R., Ley, T. J., Miller, C., Ding, L., Raphael, B. J., Mungall, A. J., et al. (2013). Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia. N. Engl. J. Med. 368 (22), 2059–2074. doi:10.1056/NEJMoa1301689
 O’Brien, K. D., Brehm, B. J., Seeley, R. J., Bean, J., Wener, M. H., Daniels, S., et al. (2005). Diet-induced weight loss is associated with decreases in plasma serum amyloid a and C-reactive protein independent of dietary macronutrient composition in obese subjects. J. Clin. Endocrinol. and Metabolism 90 (4), 2244–2249. doi:10.1210/jc.2004-1011
 Paczkowski, M., Kretzschmar, W. W., Markelc, B., Liu, S. K., Kunz-Schughart, L. A., Harris, A. L., et al. (2021). Reciprocal interactions between tumour cell populations enhance growth and reduce radiation sensitivity in prostate cancer. Commun. Biol. 4 (1), 6. doi:10.1038/s42003-020-01529-5
 Paller, C. J., Ye, X., Wozniak, P. J., Gillespie, B. K., Sieber, P. R., Greengold, R. H., et al. (2013). A randomized phase II study of pomegranate extract for men with rising PSA following initial therapy for localized prostate cancer. Prostate Cancer Prostatic Dis. 16 (1), 50–55. doi:10.1038/pcan.2012.20
 Paller, C. J., Zhou, X. C., Heath, E. I., Taplin, M. E., Mayer, T., Stein, M. N., et al. (2018). Muscadine grape skin extract (mpx) in men with biochemically recurrent prostate cancer: a randomized, multicenter, placebo-controlled clinical trial. Clin. Cancer Res. 24 (2), 306–315. doi:10.1158/1078-0432.CCR-17-1100
 Pan, C. W., Wen, S., Chen, L., Wei, Y., Niu, Y., and Zhao, Y. (2021). Functional roles of antisense enhancer RNA for promoting prostate cancer progression. Theranostics 11 (4), 1780–1794. doi:10.7150/thno.51931
 Papantonis, A., Kohro, T., Baboo, S., Larkin, J. D., Deng, B., Short, P., et al. (2012). TNFα signals through specialized factories where responsive coding and miRNA genes are transcribed. Embo J. 31 (23), 4404–4414. doi:10.1038/emboj.2012.288
 Park, J., Kang, S., Shin, D., Hur, I., Kim, I., and Jin, S. K. (2013). Antioxidant activities of Achyranthes japonica Nakai extract and its application to the pork sausages. Asian-Australasian J. animal Sci. 26 (2), 287–294. doi:10.5713/ajas.2012.12438
 Park, M. N. (2023). The therapeutic potential of a strategy to prevent acute myeloid leukemia stem cell reprogramming in older patients. Int. J. Mol. Sci. 24 (15), 12037. doi:10.3390/ijms241512037
 Park, M. N., Park, H., Rahman, M. A., Kim, J. W., Park, S. S., Cho, Y., et al. (2022). BK002 induces miR-192-5p-mediated apoptosis in castration-resistant prostate cancer cells via modulation of PI3K/CHOP. Front. Oncol. 12, 791365. doi:10.3389/fonc.2022.791365
 Parker, C. C., James, N. D., Brawley, C. D., Clarke, N. W., Hoyle, A. P., Ali, A., et al. (2018). Radiotherapy to the primary tumour for newly diagnosed, metastatic prostate cancer (STAMPEDE): a randomised controlled phase 3 trial. Lancet 392 (10162), 2353–2366. doi:10.1016/S0140-6736(18)32486-3
 Patel, S., Chopra, S., Chaurasia, S., and Sarwat, M. (2022). Plant based bioavailability enhancers. Curr. Pharm. Des. 28 (8), 642–654. doi:10.2174/1381612828666220112141355
 Peng, S., Hu, P., Xiao, Y. T., Lu, W., Guo, D., Hu, S., et al. (2022). Single-cell analysis reveals EP4 as a target for restoring T-cell infiltration and sensitizing prostate cancer to immunotherapy. Clin. Cancer Res. 28 (3), 552–567. doi:10.1158/1078-0432.CCR-21-0299
 Peng W, W., Feng, H., Pang, L., Zhang, J., Hao, Y., Wei, X., et al. (2023). Downregulation of CAMK2N1 due to DNA hypermethylation mediated by DNMT1 that promotes the progression of prostate cancer. J. Oncol. 2023, 4539045. doi:10.1155/2023/4539045
 Peng Y, Y., Tang, R., Ding, L., Zheng, R., Liu, Y., Yin, L., et al. (2023). Diosgenin inhibits prostate cancer progression by inducing UHRF1 protein degradation. Eur. J. Pharmacol. 942, 175522. doi:10.1016/j.ejphar.2023.175522
 Peschel, W., Kump, A., and Prieto, J. M. (2011). Effects of 20-hydroxyecdysone, Leuzea carthamoides extracts, dexamethasone and their combinations on the NF-κB activation in HeLa cells. J. Pharm. Pharmacol. 63 (11), 1483–1495. doi:10.1111/j.2042-7158.2011.01349.x
 Pollak, M. (2008). Insulin and insulin-like growth factor signalling in neoplasia. Nat. Rev. Cancer 8 (12), 915–928. doi:10.1038/nrc2536
 Portela, A., and Esteller, M. (2010). Epigenetic modifications and human disease. Nat. Biotechnol. 28 (10), 1057–1068. doi:10.1038/nbt.1685
 Powles, T., Eder, J. P., Fine, G. D., Braiteh, F. S., Loriot, Y., Cruz, C., et al. (2014). MPDL3280A (anti-PD-L1) treatment leads to clinical activity in metastatic bladder cancer. Nature 515 (7528), 558–562. doi:10.1038/nature13904
 Rahman, M. A., Yang, H., Lim, S.-S., and Huh, S.-O. (2013). Apoptotic effects of melandryum firmum root extracts in human SH-SY5Y neuroblastoma cells. Exp. Neurobiol. 22 (3), 208–213. doi:10.5607/en.2013.22.3.208
 Ramos, P., and Bentires-Alj, M. (2015). Mechanism-based cancer therapy: resistance to therapy, therapy for resistance. Oncogene 34 (28), 3617–3626. doi:10.1038/onc.2014.314
 Ramprasath, V. R., and Awad, A. B. (2015). Role of phytosterols in cancer prevention and treatment. J. AOAC Int. 98 (3), 735–738. doi:10.5740/jaoacint.SGERamprasath
 Raudenska, M., Balvan, J., Fojtu, M., Gumulec, J., and Masarik, M. (2019). Unexpected therapeutic effects of cisplatin. Metallomics 11 (7), 1182–1199. doi:10.1039/c9mt00049f
 Rekoske, B. T., Olson, B. M., and McNeel, D. G. (2016). Antitumor vaccination of prostate cancer patients elicits PD-1/PD-L1 regulated antigen-specific immune responses. Oncoimmunology 5 (6), e1165377. doi:10.1080/2162402X.2016.1165377
 Romaniuk-Drapała, A., Lisiak, N., Totoń, E., Matysiak, A., Nawrot, J., Nowak, G., et al. (2021). Proapoptotic and proautophagic activity of 20-hydroxyecdysone in breast cancer cells in vitro. Chem. Biol. Interact. 342, 109479. doi:10.1016/j.cbi.2021.109479
 Ruksiriwanich, W., Khantham, C., Muangsanguan, A., Phimolsiripol, Y., Barba, F. J., Sringarm, K., et al. (2022). Guava (psidium guajava L.) leaf extract as bioactive substances for anti-androgen and antioxidant activities. Plants (Basel) 11 (24), 3514. doi:10.3390/plants11243514
 Russo, M., Russo, G. L., Daglia, M., Kasi, P. D., Ravi, S., Nabavi, S. F., et al. (2016). Understanding genistein in cancer: the “good” and the “bad” effects: a review. Food Chem. 196, 589–600. doi:10.1016/j.foodchem.2015.09.085
 Ryan, C. J., Smith, M. R., Fizazi, K., Saad, F., Mulders, P. F., Sternberg, C. N., et al. (2015). Abiraterone acetate plus prednisone versus placebo plus prednisone in chemotherapy-naive men with metastatic castration-resistant prostate cancer (COU-AA-302): final overall survival analysis of a randomised, double-blind, placebo-controlled phase 3 study. Lancet Oncol. 16 (2), 152–160. doi:10.1016/S1470-2045(14)71205-7
 Saad, F., Gleason, D. M., Murray, R., Tchekmedyian, S., Venner, P., Lacombe, L., et al. (2004). Long-term efficacy of zoledronic acid for the prevention of skeletal complications in patients with metastatic hormone-refractory prostate cancer. J. Natl. Cancer Inst. 96 (11), 879–882. doi:10.1093/jnci/djh141
 Sabri, N. N., Asaad, A., and Khafagy, S. (1981). Isolation of four ecdysones from Ajuga iva roots and a rapid semiquantitative method for ecdysone determination. Planta medica . 42 (07), 293–295. doi:10.1055/s-2007-971644
 Sadhu, S. P., Yarla, N. S., Pragada, R. R., and Konduri, P. (2022). Anti-inflammatory activity of PLA(2) inhibitory saccharumoside-B. Antiinflamm. Antiallergy Agents Med. Chem. 21 (2), 121–134. doi:10.2174/1871523021666220330143058
 Salvi, M., Fiore, C., Armanini, D., and Toninello, A. (2003). Glycyrrhetinic acid-induced permeability transition in rat liver mitochondria. Biochem. Pharmacol. 66 (12), 2375–2379. doi:10.1016/j.bcp.2003.08.023
 Santi, D. V., Norment, A., and Garrett, C. E. (1984). Covalent bond formation between a DNA-cytosine methyltransferase and DNA containing 5-azacytosine. Proc. Natl. Acad. Sci. U. S. A. 81 (22), 6993–6997. doi:10.1073/pnas.81.22.6993
 Scher, H. I., Fizazi, K., Saad, F., Taplin, M.-E., Sternberg, C. N., Miller, K., et al. (2012). Increased survival with enzalutamide in prostate cancer after chemotherapy. N. Engl. J. Med. 367 (13), 1187–1197. doi:10.1056/NEJMoa1207506
 Scher, H. I., Lu, D., Schreiber, N. A., Louw, J., Graf, R. P., Vargas, H. A., et al. (2016). Association of AR-V7 on circulating tumor cells as a treatment-specific biomarker with outcomes and survival in castration-resistant prostate cancer. JAMA Oncol. 2 (11), 1441–1449. doi:10.1001/jamaoncol.2016.1828
 Segovia, M., Russo, S., Girotti, M. R., Rabinovich, G. A., and Hill, M. (2020). Role of inflammasome activation in tumor immunity triggered by immune checkpoint blockers. Clin. and Exp. Immunol. 200 (2), 155–162. doi:10.1111/cei.13433
 Segovia, M., Russo, S., Jeldres, M., Mahmoud, Y. D., Perez, V., Duhalde, M., et al. (2019). Targeting TMEM176B enhances antitumor immunity and augments the efficacy of immune checkpoint blockers by unleashing inflammasome activation. Cancer cell 35 (5), 767–781. doi:10.1016/j.ccell.2019.04.003
 Serganova, I., Moroz, E., Cohen, I., Moroz, M., Mane, M., Zurita, J., et al. (2017). Enhancement of PSMA-directed CAR adoptive immunotherapy by PD-1/PD-L1 blockade. Mol. Ther. Oncolytics 4, 41–54. doi:10.1016/j.omto.2016.11.005
 Sfanos, K. S., Hempel, H. A., and De Marzo, A. M. (2014). The role of inflammation in prostate cancer. Inflamm. cancer 816, 153–181. doi:10.1007/978-3-0348-0837-8_7
 Sharaf, N., Nicklin, M. J., and di Giovine, F. S. (2014). Long-range DNA interactions at the IL-1/IL-36/IL-37 gene cluster (2q13) are induced by activation of monocytes. Cytokine 68 (1), 16–22. doi:10.1016/j.cyto.2014.03.002
 Sharifi, N., Gulley, J. L., and Dahut, W. L. (2005). Androgen deprivation therapy for prostate cancer. Jama 294 (2), 238–244. doi:10.1001/jama.294.2.238
 Sharma, A., Sharma, C., Shah, O. P., Chigurupati, S., Ashokan, B., Meerasa, S. S., et al. (2023). Understanding the mechanistic potential of plant based phytochemicals in management of postmenopausal osteoporosis. Biomed. Pharmacother. 163, 114850. doi:10.1016/j.biopha.2023.114850
 Sharma, P., and Allison, J. P. (2015). The future of immune checkpoint therapy. Science 348 (6230), 56–61. doi:10.1126/science.aaa8172
 Sharma, P., Pachynski, R. K., Narayan, V., Fléchon, A., Gravis, G., Galsky, M. D., et al. (2020). Nivolumab plus ipilimumab for metastatic castration-resistant prostate cancer: preliminary analysis of patients in the CheckMate 650 trial. Cancer Cell 38 (4), 489–499. doi:10.1016/j.ccell.2020.08.007
 Shevchenko, O. G., Zagorskaia, N. G., Kudiasheva, A. G., and Shishkina, L. N. (2007). The antiradiation properties of the ecdysteroid-containing compounds. Radiats Biol. Radioecol. 47 (4), 501–508.
 Shim, S. Y., Lee, M., and Lee, K. D. (2016). Achyranthes japonica Nakai water extract suppresses binding of IgE antibody to cell surface FcɛRI. Prev. Nutr. Food Sci. 21 (4), 323–329. doi:10.3746/pnf.2016.21.4.323
 Shokri, G., Doudi, S., Fathi-Roudsari, M., Kouhkan, F., and Sanati, M. H. (2018). Targeting histone demethylases KDM5A and KDM5B in AML cancer cells: a comparative view. Leuk. Res. 68, 105–111. doi:10.1016/j.leukres.2018.02.003
 Shuvalov, O., Fedorova, O., Tananykina, E., Gnennaya, Y., Daks, A., Petukhov, A., et al. (2020). An arthropod hormone, ecdysterone, inhibits the growth of breast cancer cells via different mechanisms. Front. Pharmacol. 11, 561537. doi:10.3389/fphar.2020.561537
 Shuvalov, O., Kirdeeva, Y., Fefilova, E., Netsvetay, S., Zorin, M., Vlasova, Y., et al. (2023). 20-Hydroxyecdysone confers antioxidant and antineoplastic properties in human non-small cell lung cancer cells. Metabolites 13 (5), 656. doi:10.3390/metabo13050656
 Singla, R. K., Sharma, P., Dubey, A. K., Gundamaraju, R., Kumar, D., Kumar, S., et al. (2021). Natural product-based studies for the management of castration-resistant prostate cancer: computational to clinical studies. Front. Pharmacol. 12, 732266. doi:10.3389/fphar.2021.732266
 Spiegel, M., Andruniów, T., and Sroka, Z. (2020). Flavones’ and flavonols’ antiradical structure–activity relationship—a quantum chemical study. Antioxidants 9 (6), 461. doi:10.3390/antiox9060461
 Sternberg, C. N., Fizazi, K., Saad, F., Shore, N. D., De Giorgi, U., Penson, D. F., et al. (2020). Enzalutamide and survival in nonmetastatic, castration-resistant prostate cancer. N. Engl. J. Med. 382 (23), 2197–2206. doi:10.1056/NEJMoa2003892
 Storebjerg, T. M., Strand, S. H., Høyer, S., Lynnerup, A. S., Borre, M., Ørntoft, T. F., et al. (2018). Dysregulation and prognostic potential of 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) levels in prostate cancer. Clin. Epigenetics 10 (1), 105. doi:10.1186/s13148-018-0540-x
 Subudhi, S. K., Vence, L., Zhao, H., Blando, J., Yadav, S. S., Xiong, Q., et al. (2020). Neoantigen responses, immune correlates, and favorable outcomes after ipilimumab treatment of patients with prostate cancer. Sci. Transl. Med. 12 (537), eaaz3577. doi:10.1126/scitranslmed.aaz3577
 Sun, T., Du, S. Y., Armenia, J., Qu, F., Fan, J., Wang, X., et al. (2018). Expression of lncRNA MIR222HG co-transcribed from the miR-221/222 gene promoter facilitates the development of castration-resistant prostate cancer. Oncogenesis 7 (3), 30. doi:10.1038/s41389-018-0039-5
 Sun H. Y, H. Y., Kim, Y. M., and Kim, I. H. (2020). Evaluation of Achyranthes japonica Nakai extract on growth performance, nutrient utilization, cecal microbiota, excreta noxious gas emission, and meat quality in broilers fed corn-wheat-soybean meal diet. Poult. Sci. 99 (11), 5728–5735. doi:10.1016/j.psj.2020.07.023
 Tan, S. Y. X., Zhang, J., and Tee, W. W. (2022). Epigenetic regulation of inflammatory signaling and inflammation-induced cancer. Front. Cell Dev. Biol. 10, 931493. doi:10.3389/fcell.2022.931493
 Tang, Q., Chen, Y., Li, X., Long, S., Shi, Y., Yu, Y., et al. (2022). The role of PD-1/PD-L1 and application of immune-checkpoint inhibitors in human cancers. Front. Immunol. 13, 964442. doi:10.3389/fimmu.2022.964442
 Taube, J. H., Malouf, G. G., Lu, E., Sphyris, N., Vijay, V., Ramachandran, P. P., et al. (2013). Epigenetic silencing of microRNA-203 is required for EMT and cancer stem cell properties. Sci. Rep. 3 (1), 2687. doi:10.1038/srep02687
 Tayeb, B. A., Kusuma, I. Y., Osman, A. A. M., and Minorics, R. (2024). Herbal compounds as promising therapeutic agents in precision medicine strategies for cancer: a systematic review. J. Integr. Med. 22 (2), 137–162. doi:10.1016/j.joim.2024.02.001
 Theivanthiran, B., Evans, K. S., DeVito, N. C., Plebanek, M., Sturdivant, M., Wachsmuth, L. P., et al. (2020). A tumor-intrinsic PD-L1/NLRP3 inflammasome signaling pathway drives resistance to anti–PD-1 immunotherapy. J. Clin. investigation 130 (5), 2570–2586. doi:10.1172/JCI133055
 Topalian, S. L., Drake, C. G., and Pardoll, D. M. (2015). Immune checkpoint blockade: a common denominator approach to cancer therapy. Cancer Cell 27 (4), 450–461. doi:10.1016/j.ccell.2015.03.001
 Tse, D. C., McCreery, R. L., and Adams, R. N. (1976). Potential oxidative pathways of brain catecholamines. J. Med. Chem. 19 (1), 37–40. doi:10.1021/jm00223a008
 van Acker, F. A., Hulshof, J. W., Haenen, G. R., Menge, W. M., van der Vijgh, W. J., and Bast, A. (2001). New synthetic flavonoids as potent protectors against doxorubicin-induced cardiotoxicity. Free Radic. Biol. Med. 31 (1), 31–37. doi:10.1016/s0891-5849(01)00546-9
 Van Acker, S. A., Tromp, M. N., Griffioen, D. H., Van Bennekom, W. P., Van Der Vijgh, W. J., Bast, A., et al. (1996). Structural aspects of antioxidant activity of flavonoids. Free Radic. Biol. Med. 20 (3), 331–342. doi:10.1016/0891-5849(95)02047-0
 van den Beld, A. W., Kaufman, J.-M., Zillikens, M. C., Lamberts, S. W., Egan, J. M., and van der Lely, A. J. (2018). The physiology of endocrine systems with ageing. Lancet Diabetes and Endocrinol. 6 (8), 647–658. doi:10.1016/S2213-8587(18)30026-3
 Veldhuis, J. D., Mielke, K. L., Cosma, M., Soares-Welch, C., Paulo, R., Miles, J. M., et al. (2009). Aromatase and 5alpha-reductase inhibition during an exogenous testosterone clamp unveils selective sex steroid modulation of somatostatin and growth hormone secretagogue actions in healthy older men. J. Clin. Endocrinol. and Metabolism 94 (3), 973–981. doi:10.1210/jc.2008-2108
 Vredevoogd, D. W., Kuilman, T., Ligtenberg, M. A., Boshuizen, J., Stecker, K. E., de Bruijn, B., et al. (2019). Augmenting immunotherapy impact by lowering tumor TNF cytotoxicity threshold. Cell 178 (3), 585–599. doi:10.1016/j.cell.2019.06.014
 Wang, N., Xu, L., Wang, J. S., Yu, X. D., Chu, L. Y., Deng, S., et al. (2019). Traditional Chinese medicine on treating pain caused by prostate cancer: a systematic review and meta-analysis. Med. Baltim. 98 (44), e17624. doi:10.1097/MD.0000000000017624
 Wang, S., Zhang, F., Liu, J., and Qin, P. (2024). Efficacy and safety of Chinese patent medicine in the adjuvant treatment of prostate cancer: a Bayesian network meta-analysis. Med. Baltim. 103 (12), e37180. doi:10.1097/MD.0000000000037180
 Wang, Z., Zhang, X., Li, W., Su, Q., Huang, Z., Zhang, X., et al. (2021). ATM/NEMO signaling modulates the expression of PD-L1 following docetaxel chemotherapy in prostate cancer. J. Immunother. Cancer 9 (7), e001758. doi:10.1136/jitc-2020-001758
 Wei, F., Zhang, T., Deng, S. C., Wei, J. C., Yang, P., Wang, Q., et al. (2019). PD-L1 promotes colorectal cancer stem cell expansion by activating HMGA1-dependent signaling pathways. Cancer Lett. 450, 1–13. doi:10.1016/j.canlet.2019.02.022
 Wei, Z., Chen, J., Zuo, F., Guo, J., Sun, X., Liu, D., et al. (2023). Traditional Chinese Medicine has great potential as candidate drugs for lung cancer: a review. J. Ethnopharmacol. 300, 115748. doi:10.1016/j.jep.2022.115748
 White, E., Schlackow, M., Kamieniarz-Gdula, K., Proudfoot, N. J., and Gullerova, M. (2014). Human nuclear Dicer restricts the deleterious accumulation of endogenous double-stranded RNA. Nat. Struct. and Mol. Biol. 21 (6), 552–559. doi:10.1038/nsmb.2827
 Woo, E. H., Woo, W. S., Chmurny, G. N., and Hilton, B. D. (1992). Melandrioside A, a saponin from Melandrium firmum. J. Nat. Prod. 55 (6), 786–794. doi:10.1021/np50084a013
 Wu, S. C., and Zhang, Y. (2010). Active DNA demethylation: many roads lead to Rome. Nat. Rev. Mol. cell Biol. 11 (9), 607–620. doi:10.1038/nrm2950
 Wu, X., Sun, L., and Xu, F. (2023). NF-κB in cell deaths, therapeutic resistance and nanotherapy of tumors: recent advances. Pharm. (Basel) 16 (6), 783. doi:10.3390/ph16060783
 Wu, Z., Chen, H., Luo, W., Zhang, H., Li, G., Zeng, F., et al. (2020). The landscape of immune cells infiltrating in prostate cancer. Front. Oncol. 10, 517637. doi:10.3389/fonc.2020.517637
 Wyatt, G. K., Sikorskii, A., Safikhani, A., McVary, K. T., and Herman, J. (2016). Saw palmetto for symptom management during radiation therapy for prostate cancer. J. Pain Symptom Manage 51 (6), 1046–1054. doi:10.1016/j.jpainsymman.2015.12.315
 Xiang, Y., Guo, Z., Zhu, P., Chen, J., and Huang, Y. (2019). Traditional Chinese medicine as a cancer treatment: modern perspectives of ancient but advanced science. Cancer Med. 8 (5), 1958–1975. doi:10.1002/cam4.2108
 Xie, M., Fu, Z., Cao, J., Liu, Y., Wu, J., Li, Q., et al. (2018). MicroRNA-132 and microRNA-212 mediate doxorubicin resistance by down-regulating the PTEN-AKT/NF-κB signaling pathway in breast cancer. Biomed. and Pharmacother. 102, 286–294. doi:10.1016/j.biopha.2018.03.088
 Xu, B., Zhang, H., Wang, Y., Huang, S., and Xu, L. (2020). Mechanism of Xu Li’s experiential prescription for the treatment of EGFR-positive NSCLC. Evidence-Based Complementary Altern. Med. 2020 (1), 8787153. doi:10.1155/2020/8787153
 Xu, F., Cui, W. Q., Wei, Y., Cui, J., Qiu, J., Hu, L. L., et al. (2018). Astragaloside IV inhibits lung cancer progression and metastasis by modulating macrophage polarization through AMPK signaling. J. Exp. Clin. Cancer Res. 37 (1), 207. doi:10.1186/s13046-018-0878-0
 Yang, R., Zuo, L., Ma, H., Zhou, Y., Zhou, P., Wang, L., et al. (2022). Downregulation of nc886 contributes to prostate cancer cell invasion and TGFβ1-induced EMT. Genes Dis. 9 (4), 1086–1098. doi:10.1016/j.gendis.2020.12.010
 Ye, X., Yu, Y., Zheng, X., and Ma, H. (2024). Clinical immunotherapy in pancreatic cancer. Cancer Immunol. Immunother. 73 (4), 64. doi:10.1007/s00262-024-03632-6
 Youn, B.-Y., Kim, J.-H., Jo, Y.-K., Yoon, S., Im, J.-Y., Kim, H.-J., et al. (2023). Current characteristics of herbal medicine interventions for cancer on clinical databases: a cross-sectional study. Integr. Cancer Ther. 22, 15347354231218255. doi:10.1177/15347354231218255
 Zavridou, M., Strati, A., Bournakis, E., Smilkou, S., Tserpeli, V., and Lianidou, E. (2021). Prognostic significance of gene expression and DNA methylation markers in circulating tumor cells and paired plasma derived exosomes in metastatic castration resistant prostate cancer. Cancers (Basel) 13 (4), 780. doi:10.3390/cancers13040780
 Zhang, B., Chen, H., Zhang, L., Dakhova, O., Zhang, Y., Lewis, M. T., et al. (2014). A dosage-dependent pleiotropic role of Dicer in prostate cancer growth and metastasis. Oncogene 33 (24), 3099–3108. doi:10.1038/onc.2013.281
 Zhang, C. H., Luo, J., Li, T., Cui, Y., Jin, M., Yao, D. L., et al. (2015a). Chemical constituents from the aerial parts of Melandrium firmum. Arch. Pharm. Res. 38 (10), 1746–1751. doi:10.1007/s12272-014-0545-8
 Zhang, C. H., Yao, D. L., Li, C. S., Luo, J., Jin, M., Zheng, M. S., et al. (2015b). Cytotoxic anthraquinone dimers from Melandrium firmum. Arch. Pharm. Res. 38 (6), 1033–1037. doi:10.1007/s12272-014-0360-2
 Zhang, H., Kolb, F. A., Jaskiewicz, L., Westhof, E., and Filipowicz, W. (2004). Single processing center models for human Dicer and bacterial RNase III. Cell 118 (1), 57–68. doi:10.1016/j.cell.2004.06.017
 Zhang, J., Bu, X., Wang, H., Zhu, Y., Geng, Y., Nihira, N. T., et al. (2018). Cyclin D-CDK4 kinase destabilizes PD-L1 via cullin 3-SPOP to control cancer immune surveillance. Nature 553 (7686), 91–95. doi:10.1038/nature25015
 Zhang, Z., Kang, D., and Li, H. (2020). The effects of testosterone on bone health in males with testosterone deficiency: a systematic review and meta-analysis. BMC Endocr. Disord. 20, 33–12. doi:10.1186/s12902-020-0509-6
 Zhao, B. T., Jeong, S. Y., Moon, D. C., Son, K. H., Son, J. K., and Woo, M. H. (2012). High performance liquid chromatography used for quality control of Achyranthis Radix. Archives Pharmacal Res. 35 (8), 1449–1455. doi:10.1007/s12272-012-0815-2
 Zhao, L., Chen, X., Wu, H., He, Q., Ding, L., and Yang, B. (2023). Strategies to synergize PD-1/PD-L1 targeted cancer immunotherapies to enhance antitumor responses in ovarian cancer. Biochem. Pharmacol. 215, 115724. doi:10.1016/j.bcp.2023.115724
 Zhao, X., Kim, D., Suminda, G. G. D., Min, Y., Yang, J., Kim, M., et al. (2021). Inhibitory effects of IL-6-mediated matrix metalloproteinase-3 and -13 by Achyranthes japonica Nakai root in osteoarthritis and rheumatoid arthritis mice models. Pharm. (Basel) 14 (8), 776. doi:10.3390/ph14080776
 Zheng, M. S., Hwang, N. K., Kim, D. H., Moon, T. C., Son, J. K., and Chang, H. W. (2008). Chemical constituents of Melandrium firmum Rohrbach and their anti-inflammatory activity. Arch. Pharm. Res. 31 (3), 318–322. doi:10.1007/s12272-001-1158-9
 Zheng, Y.-Z., Deng, G., Guo, R., Fu, Z.-M., and Chen, D.-F. (2019). The influence of the H5⋯ OC4 intramolecular hydrogen-bond (IHB) on the antioxidative activity of flavonoid. Phytochemistry 160, 19–24. doi:10.1016/j.phytochem.2019.01.011
 Zhou, Q., Xiong, W., Zhou, X., Gao, R. S., Lin, Q. F., Liu, H. Y., et al. (2019). CTHRC1 and PD-1/PD-L1 expression predicts tumor recurrence in prostate cancer. Mol. Med. Rep. 20 (5), 4244–4252. doi:10.3892/mmr.2019.10690
 Zhou, X., Zou, L., Liao, H., Luo, J., Yang, T., Wu, J., et al. (2022). Abrogation of HnRNP L enhances anti-PD-1 therapy efficacy via diminishing PD-L1 and promoting CD8(+) T cell-mediated ferroptosis in castration-resistant prostate cancer. Acta Pharm. Sin. B 12 (2), 692–707. doi:10.1016/j.apsb.2021.07.016
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Park, Choi, Maharub Hossain Fahim, Asevedo, Nurkolis, Ribeiro, Kang, Kang, Syahputra and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1504618-t010.jpg
Protein/
Ligand

DNMT-1/
Ecdysterone

Dicer/
Ecdysterone

PD-1/
Ecdysterone

Docking Amino acid interaction
score

-105 Chain B:

ILE1042 ASN1043 TYR1078
SER1079 GLN1080 GLY1081
GLY1082 PRO1083
ASP1084 ARG1085
PHE1086 GLU1156
GLN1160 TYRI307
GLY1308 VAL1309
LEU1329 PHE1330
PRO1331 GLU1332
LEU1334 HIS1335
ASN1356 ARG1359
PHE1365 TRP1398
PHE1399 GLN1402
LEU1403 ARG1404
GLY1405 GLY1560
PHE1561 PRO1562
PRO1584 PRO1585
LYS1588 ALA1589

ILE1590 LEU1592
GLU1593 LYS1595 LEU159%

-9.8 Chain C: GLU336 LEU337 ASP340
GLU369 ARG372
GLU374 ALA375 TYR378
SER399 ASP404
GLU407 GLU435
HIS436 SER437
LYS438 SER478
PHE480 CYS481
SER482 SER483
ARG484 SER486
Chain D: GLN333 GLU336 LEU337
ASP340 GLU369 ARG372
GLU374 ALA375 TYR378 SER399
ASP404 GLU407 LYS657
GLU673 THR677 ARG678,
ARG680 GLN681

-9.4 Chain A: VAL3 GLU5 ALAG
TRP1 VAL3 GLUS
ALAG TRP1 VAL3
GLU5 ALA6 TRP1
VAL3 GLU5 ALAG
TRP1 VAL3 GLU3
ALAG TRP1 VAL3
GLU5 ALA6 TRP1
VAL3 GLUS ALAG
TRP1 VAL3 GLU5
ALAG6 VAL3 GLU3
ALAG ASPS TRP1
VAL3 GLU5 ALA6

Docking

Visualization

Binding site

PD-L1/
Ecdysterone

DNMT-1/
Inokosterone

-94 Chain A: GLN139 ILE141 THR203
ASN204 GLU223 LEU224
VAL225 ILE226 PRO227
GLU228 LEU229 PRO230
Chain B: TYR32 GLY33 SER34
ASP103 LYS136 ASN138
GLN156 ALA157 GLU158
THRI82 SER184 LYSI85
ARGI86 GLU187 LEU190
ASN192 THR194

100 Chain B: MET651 ARG654 CYS656
GLY657 VAL658 VAL699
LYS700 GLU701 ALA702
ASP703 ASP704 ASP705
GLU706 GLU707 TYR983
ILE984 LYS985 GLY986
SER987 PHEI148 SER1149
GLY1150 GLU1171 MET1172
TRP1173 ALA1176 GLY1226
PRO1227 PRO1228
CY$1229 GLN1230 GLY1231
PHE1232 SER1249 LEU1250
VALI1251 GLU1269 ASN1270
VALI271 ARG1272 THRI312
ARGI313 ARGI314 ARG1315
ARG1340 ALA1341 PHE1524
PHE1525 SER1526 THR1527
THRI528 VALI529 THRI530
ASN1531 GLU1533 GLY1536
LYS1537 GLN1538 ARG1540
ARGI576 GLY1579 ASN1580
ALAI581 VALIS82

atset

A\~ Gy rims
- i

Dicer/
Inokosterone

-9.6 Chain A: ASP340 GLU365 GLU369
ARG372 GLU374 ALA375
TYR378 SER399 LYS400
THR401 ASP404 GLU407
GLUA435 HIS436 SER47S
'VAL479 PHE480 CYS481
SER482 SER483 ARG484 SER486
Chain B: GLN333 GLU336 LEU337
LEU338 ASP340 ALA341
MET368 GLU369 ARG372
ASN373 GLU374
ALA375 ASN377 TYR378
LYS398 SER399 LYS400
ASP404 GLU407 CYS481
SER482 SER483 SER486
LYS657 GLU673 THR677
ARG680 GLN681

PD-1/
Inokosterone

PD-LI/
Inokosterone

-92 Chain A: TRP1 VAL3 GLUS
ALAG ASPS TRP1
VAL3 GLU5 ALAG
TRP1 VAL3 GLU5
ALAG TRP1 VAL3
GLUS ALAG TRP1
VAL3 GLUS5 ALA6
TRP1 VAL3 GLU5
ALAG TRP1 VAL3
GLUS5 ALA6 ASP8
TRP1 VAL3 GLU5
ALA6 VAL3 GLUS
ALAG6 ASP8 TRP1

VAL3 GLUS ALAG ASP8

-9.0 Chain A: GLN139 ILE141 THR203
ASN204 GLU223 LEU224
VAL225 ILE226 PRO227

GLU228 LEU229
Chain B: GLU31 TYR32 GLY33
SER34 ASP103 LYS105
ALA132 PROI33
ASN135 LYS136
ASN138 GLN156
ALA157 GLU158
GLY159 THR182
ASN183 SER184
LYSI85 ARG186
GLU187 LEU190 ASN192 THR194






OPS/xhtml/nav.xhtml
Contents

		Cover

		Phytochemical synergies in BK002: advanced molecular docking insights for targeted prostate cancer therapy		1 Introduction		1.1 Chronic inflammation and cancer: a complex interrelationship

		1.2 Comparative expression analysis of DNMT-1, Dicer1, and PD-1/PD-L1 in normal and prostate cancer patients and their correlation with gleason score

		1.3 Prostate cancer pathology





		2 Challenges for targeting multiple pathways in prostate cancer therapeutics		2.1 The role of DNMT1 in prostate cancer progression

		2.2 The role of dicer in prostate cancer progression

		2.3 PD-1/PD-L1 pathway in prostate cancer





		3 A promising herbal medicine		3.1 BK002 bioinformatics and network pharmacology analysis targeting DNMT1, dicer, PD-L1, and PD-1 in prostate cancer

		3.2 Ethnopharmacological background of herbal medicine in prostate cancer

		3.3 Achyranthes japonica (Miq.) Nakai (AJN)

		3.4 Melandrium firmum (Siebold and Zucc.) Rohrb. (MFR)

		3.5 Phytochemistry: biochemical scaffolds with multifaceted therapeutic potential

		3.6 Key steroidal components of AJN and MFR

		3.7 Molecular docking and ΔG values of ligands against proteins

		3.8 Docking study overview

		3.9 Amino acid residue interaction on selected ligands against DNMT1, dicer, and PD-1 with binding affinities and entropy data

		3.10 Visualization of amino acid residue interaction with ecdysterone and inokosterone





		4 Expanding prostate cancer therapeutics with herbal medicine		4.1 Current landscape of present prostate cancer therapy

		4.2 Challenges and limitations in targeting DNMT1 in prostate cancer

		4.3 Limitations and challenges in targeting dicer

		4.4 The promise and challenges of immunotherapy

		4.5 Integrating herbal medicine into prostate cancer therapy: opportunities and challenges

		4.6 A holistic and multi-targeted approach to prostate cancer treatment

		4.7 A new avenue in prostate cancer therapy with BK002





		5 Conclusion

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/fphar-16-1504618-t009.jpg
Binding
energy
(kcal/mol)

Dicer
residues

Binding PD-1
energy Residues
(kcal/mol)

Binding

energy
(kcal/mol)

PD-L1
Residues

Binding
energy
(kcal/mol)

Ecdysterone Ala180, Lys182, Tyr185 -105 Phedl, Glyo3 -98 11626, Lys28, -94 Thr31, Asn33, 9.1
Ser9s Val3o Pro3s
Inokosterone | Ser170, Asp172, Alal74 -100 Thr83, Gluss -96 Ser34, Gly36, -92 Val39, Serdl, -90
Asps7 Thr3s Leud3
20-Hydroxy | Alal80, Lys182, Tyri85 -102 Phedl, Glyo3 -97 11626, Lys28, -95 Thr31, Asn33, -92
ecdysone Ser95 Val30 Pro3s
(20-HE)
Finasteride Ser15S, Thri57, Gly159 -94 Alags -93 Val63, Thres, -85 Serd2, Gly4d, -84
Thr7 Asn67 Phed6
Glug9
Abiraterone | Leul30, Ile135, Phel38 -89 Val42 -90 Gly12, Lys14, -82 Tyr29, Arg31, -81
Acetate Prodd Valig Met33
Alad6
Enzalutamide | Gly120, Ser122, Phel24 -98 Thi72, Lys74 -94 Glu22, Asp24, -89 Leu32, Arg34, -87
Asp76 Ser26 Phe3s
Apalutamide Leul30, Ile132, Val134 -96 Vals2 -92 Phe62, Thr6d, -86 Met2s, Val27, -83
Prost Asn66 Ser29
Glys6
Darolutamide | Thr145, Ala147, Lys149 -97 AspS, Ala67 -95 Ser33, Gly3s, -88 Glu2l, Asp23, -85
Gly69 Lys37 Lys25






OPS/images/fphar-16-1504618-t008.jpg
£ & = 2
g £ & 8
3






OPS/images/fphar-16-1504618-t007.jpg
Compound

/Extract

Cell line/Animal
model

Dose/
Duration

Efficacy

Mechanism

References

Ecdysterone

20-HE

20-HE

20-HE

20-HE

20-HE

Inokosterone

Inokosterone

MCF7, MDA-MB-231,
MDA-MB-468, DF2, WI-38,
Osteoporotic rats

A549, H1299, H460

MCF7, T-47D, MDA-
MB-231

182, 5637, T24, SW780,
umMucs

SV-HUC-1

Xenograft mouse

A-549, SW-620

Hela-IL-6

BMSCs
Female SD rats (250 £ 5 g
body weight)

226 cGy chronic gamma-
irradiation of mice

50 pM

(0.1-100 pM) for
15h

10 uM of 20E for
24h,48 h

200 pM

25,5,10 pM.

179 uM,
1.83,1.85 uM

3.5-62 pg/mL
50, 100

200 mg/L, 2,
4 mgfkg

50 mg/kg

Anti-Cancer effect

Anti-Cancer effect

Proapoptotic, Pro
Autophagic effect

Anti-Cancer effect

Anti-Cancer effect
Anti-Inflammatory
effects

Osteogenic effect

Anabolic effect

1LC3B, p62, basic OCR
stressed OCR
stressed ECAR

1Gpx3, Gpxd, Gpx6, Gsr, Gss,
Prdxl, Prdx5, Prdx6, Sod1, Sod2, Sod3, GO/

G1 arrest

|ROS, Notch3, HSF1, mTOR, SOX12, KLF16,
ABCB6, ABCCI1, TGF-p, MAPK, HK2, LDHA,
SHMT2, MTHFD2, c-Myc, ATF4. ALDH, CD44,
Octd, c-Kit, Nestin

1 mTOR, Bax, LC3, p62, G2/M
1Bcl-2, PARP, caspase-3

Lcaspase-3, USP21
NF-KkB/p65, N-cadherin, IKBKB, PARP1, RAB21,

FBXL14, RNF168
ZEB-1, Vimentin, MMP13

TROS, Bax
1BCL-2, Caspase-3, MMP
INF-xB, TNFa

TBMP2, Smadl, RUNX2, collagen I, ALP, OCN.

Tperoxidase (brain, liver), LPO

Shuvalov et al. (2020)

Shuvalov et al. (2023)

Romaniuk-Drapala
et al. (2021)

Ma et al. (2024)

Lone et al. (2023)

Peschel et al. (2011)

Chen Y et al. (2023)

Shevchenko et al.
(2007)

Abbreviation: Tupregulation; | downregulation; Glutathione peroxidase (GPX); Glutathione reductase (GSR); Glutathione synthetase (GSS); Superoxide dismutase (SOD); Reactive oxygen
species (ROS); Heat shock factor 1 (Hsfl); mammalian target of rapamycin (mTOR); SRY-box, transcription factors (SOX); Kruppellike factor 16 (KLF16); ATP-binding cassette super-family B
member 6 (ABCBG); ATP, binding cassette subfamily C member 1 (ABCC1); Transforming growth factor-beta, (TGF-B); Mitogen Activated Protein Kinase (MAPK); Hexokinase 2 (HK2);
Lactate dehydrogenase A (LDHA); Serine hydroxy methyltransferase 2 (SHMT2); Methylenetetrahydrofolate dehydrogenase/cyclo hydrolase (MTHED2); Activating Transcription Factor 4

(ATF4); Aldehyde Dehydrogenase 2 (ALDH2); BCL2 Associated X, Apoptosis Regulator (BAX); Nuclear factor kappa-li

t-chain-enhancer of activated B cells (NF-xB); runt-related

transcription factor 2 (RUNX2); Bone Morphogenetic Protein 2 (BMP-2); Alkaline phosphatase, (ALP); Osteocalcin (OCN); specific protease 21 (USP21), matrix metalloproteinase-13

(MMP13).










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





OPS/images/fphar-16-1504618-t002.jpg
Key points
Cell Proliferation and Survival
miRNA Processing and Disease
Progression
EMT
Impact on Apoptosis and Tumor
Suppressors
Hypoxia-Induced Dicer Dysfunction

Androgen Receptor Reprogramming

Therapeutic Implications

Mecl

m

Dicer silencing in prostate cancer cell lines (LNCaP, PC-3, DU145) reduces cell proliferation and increases
apoptosis. It also leads to cell cycle arrest G2/M in LNCaP; § phase in PC-3

Dicer facilitates miRNA maturation. MiRNAs like miR-200a, miR-370, and miR-31 are elevated in metastatic
prostate cancer, while miR-200a and miR-31 are downregulated in localized in PC-3, LNCaP

EMT unit comprising nc886, modulated via Dicer, and its neighboring genes, is driven by TGF-f1-mediated
differential transcription of Pol II and Pol III genes

Dicer dysfunction increases apoptosis and senescence in prostate cancer cells, involving upregulation of
tumor suppressors such as P16/INK4a and P27/Kipl

Hypoxic conditions reduce miRNAs like miR-124 and miR-144, leading to autophagy and treatment
resistance. Overexpression of these miRNAs increases radio sensitivity by downregulating PIM1

Dicer regulates miRNA processing related to AR signaling, with overexpression of MIR222HG promoting
androgen-independent tumor growth and altering AR-regulated genes

Targeting Dicer and its associated miRNAs presents new therapeutic avenues for CRPC, especially in
advanced, treatment-resistant cases
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Ongoing Research Focus

Future Direction

Mechanism

CTHRCI is positively correlated with MMP9, MUCI, and
SLC2BI.CTHRCI may facilitate immune evasion by enhancing PD-1/PD-
L1 signaling, leading to T cell exhaustion and reduced immune response

EP4 (PTGER4) modulates the prostate cancer immune microenvironment.
YY001, an EP4 antagonist, inhibits MDSC differentiation and function while
enhancing T-cell proliferation and antitumor activity. It reduces MDSC
infiltration and boosts CD8* T-cell activation, resulting in a robust antitumor
immune response in clinical

Docetaxel-based chemohormonal therapy increased tumor-infiltrating T cells by
activating the cGAS/STING pathway and IFN signaling, leading to upregulation
of PD1/PD-L1 expression and improved PSA progression-free survival in clinical
trials

Inhibition of HNRNP L reduces PD-L1 expression and destabilizes YY1, leading
to decreased levels of SLC7A11 and GPX4. This enhances T-cell-mediated

ferroptosis and antitumor immunity by involving key factors such as STATI,
IFN-y, IL-2, CD3, and CD28. These effects were observed both in vitro using co-
cultures of PC3, DU145, RM-1, and Jurkat cells and in vivo in C57BL/6 mice

“TIM-3 inhibition enhances anti-tumor immune responses in prostate cancer by
counteracting the immunosuppressive effects of regulatory T cells (Tregs),
thereby restoring T cell activity against prostate cancer

‘The regulation of PD-LI levels is controlled by proteasome-mediated
degradation, influenced by CDK4/6 and Cullin 3" E3 ligase, where blocking
the phosphorylation of SPOP can increase PD-L1 expression in primary prostate
cancer specimens

‘The improvement of clinical outcomes may result from combining PD-1/PD-
L1 inhibitors with tyrosine kinase inhibitors, PARP inhibitors, or radiotherapy

‘The combination of PD-1/PD-L1 inhibitors with CXCR4, PARP inhibitors,
TGE-B inhibitors, chemotherapy, or radiation enhance in prostate cancer

“The upregulation of PD-LI through ATM-NF-kB signaling by Docetaxel (DTX);
combining DTX with PD-1/PD-L1 inhibitors may counteract this effect

‘The research focus is on understanding the mechanisms of immune evasion and
developing strategies to enhance immune cell infiltration in prostate cancer

‘The materials that enhance immune response and balance aid in converting
“cold” tumors into “hot” tumors, thereby improving the effectiveness of
immunotherapy
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5mC Loss Rapid loss of 5 mC during cancer progression, involving active enzymatic processes, | (Storebjerg et al., 2018)
leading to significant gene expression alterations and tumorigenesis in prostate cancer
patient
ITH ITH contributes to local recurrence in prostate cancer following radiation therapy, and | Paczkowski et al. (2021)

DNMTI and EZH2 Co-Expression

EMT

CAMK2N1

FANI107A

Metastasis

miRNA-125b
miRNA-148a

interactions among diverse tumor cell subpopulations may drive treatment resistance in
PC3 and DU145 cells

Co-expression linked with poor prognostic markers in prostate cancer, maintaining

tumor-promoting epigenetic landscapes in WPMY-1, DU145, PC-3, PC-3-shCtrl/
ShDNMT1#1, and WPMY-1-Vector/DNMT1/TRAF6/(DNMT1+TRAFS) cells

DNMT! drives EMT, promoting increased invasiveness. It also facilitates the transition
t0 a CSC phenotype, enhancing tumor progression and resistance to therapy in PC3 and
DU145 cells

Downregulated via promoter hypermethylation, emphasizing DNMT1’s role in cancer
progression

DNMT1's role in silencing FAMI07A contribution to tumor progression through the
FAK/PI3K/AKT signaling pathway

DNMT!1 knockdown enhances EMT induction and promotes the CSC phenotype. This
reduction also decreases H3K9me3 and H3K27me3 levels on the Zeb2 and
KLF4 promoters, as revealed in PC3"" and DU145%" cells

miRNA-125b and miRNA-148a, modulate the p53-DNMT1 pathway, influencing genes
like BIRCS5 (survivin) involved in prostate cancer (human and bovine)

Li et al. (2022)

(Lee et al, 2016)

Peng Y et al. (2023)

Ke et al. (2022)

Lee et al. (2016)

Melnik (2017)

Abbreviation: 5-methyleytosine (5 mC): Intertumoral heterogeneity (ITH): DNA, methyltransferase (DNMT); Enhancer of Zeste Homologue (EZH2): TNF, receptor-associated factor 6
(TRAF6): Epithelial-to-mesenchymal transition (EMT): Cancer stem cell (CSC): Calcium/calmodulin-dependentprotein kinase II, inhibitor 1 (CAMK2N1): Focal adhesion kinase (FAK):

Baculoviral IAP, Repeat Cont:

ing 5 (BIRCS): Zinc Finger E-Box Binding Homeobox 2 (ZEB2): Kruppel-like transcription factor 4 (KLF4).
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iNOS
DPPH
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control)
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2 mg/kg) in 200 pL polyethylene
glycol 400 (PEG-400) twice a
week.10, 20, and 50 pg/mL
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or JOINS (200 mg/kg) for 4 weeks
in rabbit

50, 100, 250, 300 pg/mL for 1 h
500 pg/mL for 8 h in the absence
or presence of Act D (1 pg/mL) or
CHX (1 g/mL)

PC3 with AJN (100 pg/mL) and
MER (50 ug/mL), DU145 with
AIN (50 pg/mL) and MFR

(25 pg/mL)
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Shim et al.
(2016)
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(2020)

Zhao et al.
(2021)

Lee et al. (2012)
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Zhao et al.
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liphenyl-2-picryl-hydrazyl (DPPH).
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