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1. Introduction
Prostate cancer (PCa) remains one of the most frequently diagnosed malignancies and a leading cause of cancer-related mortality among men worldwide [1,2]. Although androgen deprivation therapy (ADT) and androgen receptor (AR)-targeted agents remain the cornerstone of treatment for advanced disease, many patients ultimately develop castration-resistant prostate cancer (CRPC), a biologically heterogeneous state characterized by persistent AR signaling, therapeutic resistance, and disease progression [3]. Increasing evidence suggests that inflammatory signaling, tumor-associated immune suppression, and metabolic adaptation contribute to CRPC development [4–6]. Among the mediators implicated in these processes, interleukin-6 (IL-6) has emerged as an important regulator of STAT3 activation, AR reactivation, epithelial–mesenchymal transition, and immune modulation within the tumor microenvironment (TME) [6–8]. In parallel, extracellular adenosine signaling has gained attention as a major immunoregulatory pathway in solid tumors, including PCa. Under hypoxic and metabolically stressed conditions, ATP is sequentially hydrolyzed by CD39 and CD73, leading to extracellular adenosine accumulation and activation of A2A and A2B adenosine receptors, which promote cyclic AMP signaling, suppress anti-tumor immunity, stabilize regulatory T cells, influence macrophage polarization, and facilitate immune evasion [9–11]. Collectively, these observations support the hypothesis that adenosine signaling, IL-6/STAT3 activation, and AR-dependent pathways may interact to influence PCa progression and therapeutic resistance, although the mechanistic relationships between these pathways remain incompletely defined.
Caffeine, one of the most widely consumed bioactive compounds worldwide, is a naturally occurring methylxanthine that primarily acts as a competitive, nonselective antagonist of adenosine receptors at physiologically achievable concentrations [10–12]. Following oral administration, caffeine is rapidly absorbed, widely distributed, and extensively metabolized by cytochrome P450 1A2 (CYP1A2) into biologically active metabolites, including paraxanthine, theobromine, and theophylline, all of which may contribute to downstream biological effects [16–25]. Moderate dietary intake generally produces plasma caffeine concentrations within the low micromolar range (~2–5 µM), whereas many experimentally reported anti-proliferative, pro-apoptotic, and immunomodulatory effects require concentrations between 50 and 500 µM or even millimolar levels in immune-cell models [10,12,17,28–33]. This marked disparity between physiologic human exposure and experimental dosing represents a major translational limitation and complicates interpretation of the existing literature, particularly because intraprostatic caffeine concentrations, tissue-specific receptor occupancy, and pharmacodynamic responses remain largely unknown.
Experimental studies across cancer and inflammatory disease models suggest that caffeine may modulate immune regulation, oxidative stress, inflammatory signaling, and cellular proliferation [10,13]. However, direct evidence linking caffeine to coordinated regulation of IL-6, STAT3, and AR signaling specifically in PCa remains limited. Interpretation is further complicated by the frequent use of coffee consumption or coffee-derived extracts rather than pure caffeine exposure in epidemiologic and experimental studies, making attribution of observed effects to caffeine alone uncertain. Observational studies evaluating coffee intake have reported mixed associations with PCa incidence and progression, highlighting the need to distinguish evidence derived from pure caffeine, coffee consumption, and other coffee bioactive constituents [14,15].
Accordingly, this hypothesis-driven review synthesizes current evidence regarding caffeine-mediated intracellular signaling in PCa, with particular emphasis on adenosine receptor signaling, IL-6/STAT3 activity, and AR-related pathways. We explicitly distinguish direct evidence from PCa models from supporting evidence derived from other tumor types, evaluate the physiologic relevance and translational limitations of existing experimental findings, and identify key pharmacokinetic and mechanistic gaps that must be addressed before caffeine-mediated signaling can be considered a plausible translational strategy in PCa.
2. Caffeine and Adenosine Receptors 
Within the prostate TME, hypoxia, inflammation, and metabolic stress promote extracellular adenosine accumulation through ATP hydrolysis mediated primarily by the ectonucleotidases CD39 and CD73 expressed on tumor cells, stromal cells, Tregs, and other immune populations [34–36]. Elevated extracellular adenosine contributes to an immunosuppressive microenvironment through activation of adenosine receptors, particularly the Gs-coupled A2A and A2B receptor subtypes [35,37]. Activation of these receptors increases intracellular cAMP and protein kinase A (PKA) signaling, leading to suppression of cytotoxic T-lymphocyte and natural killer-cell activity while promoting Treg stability and immune tolerance [37,38]. In experimental systems, A2A receptor signaling has been associated with reduced production of pro-inflammatory cytokines such as IFN-γ and TNF-α and increased expression of inhibitory immune checkpoint molecules including PD-1 and CTLA-4 on effector T cells [39]. Genetic deletion or pharmacologic inhibition of A2A signaling restores anti-tumor immune responses in several murine tumor models [40]. However, much of the mechanistic evidence supporting these immunologic effects derives from broader oncology and immunology literature rather than PCa-specific studies.
Caffeine functions as a nonselective antagonist of adenosine receptors and can inhibit A2A receptor signaling at low micromolar concentrations achievable through typical dietary exposure [11,12]. Preclinical studies in non-PCa and selected murine tumor models have suggested that caffeine exposure or adenosine-pathway blockade may enhance anti-tumor immunity through increased CD8+ T-cell infiltration and reduced Treg-associated immunosuppression [41,42]. In addition, pharmacologic A2A blockade has demonstrated synergistic effects with immune checkpoint inhibition targeting PD-1 or CTLA-4 in several experimental cancer models [42,47]. 
The A2B receptor subtype has also emerged as a potential contributor to tumor-associated immune suppression, particularly under hypoxic conditions where A2B expression may be upregulated [35,43]. Experimental studies suggest that A2B signaling can promote recruitment and activation of myeloid-derived suppressor cells (MDSCs), polarization of M2-like macrophages, angiogenesis, and production of immunomodulatory mediators including IL-10, MCP-1, VEGF, and IL-6 [43,44]. In PCa models, pharmacologic A2B antagonism has been associated with reduced tumor-cell proliferation and attenuation of pro-tumorigenic signaling pathways [45]. Additional preclinical studies have suggested that combined targeting of A2A and A2B receptors may enhance anti-tumor immune responses more effectively than inhibition of either receptor alone [46,47]. Furthermore, enrichment of adenosine-related transcriptional signatures has been associated with lower CD8+/Treg ratios and poorer oncologic outcomes across multiple tumor types, including PCa [49].
3. Caffeine and Androgen Receptor Signaling 
 AR signaling is a central driver of PCa initiation, progression, and therapeutic resistance [3,51,52]. Although ADT initially suppresses tumor growth in advanced disease, many tumors eventually progress to CRPC through mechanisms that restore or bypass AR activity [3,72]. These mechanisms include AR amplification, activating mutations, intratumoral androgen synthesis, constitutively active AR splice variants, and ligand-independent AR activation mediated by inflammatory signaling pathways [51–53,72]. Among these pathways, IL-6-dependent activation of the JAK/STAT3 axis has emerged as a potentially important mediator of AR reactivation in CRPC biology.
Experimental studies have demonstrated that IL-6 can activate STAT3 phosphorylation and enhance AR-mediated transcriptional activity in PCa cells, including increased prostate-specific antigen (PSA) expression and AR nuclear localization [51–53]. Inhibition of STAT3 signaling attenuates several of these downstream effects, supporting functional interaction between IL-6/STAT3 signaling and AR activity [52]. Elevated circulating IL-6 levels have additionally been associated with advanced disease burden, therapeutic resistance, and poorer outcomes in patients with CRPC [6,55]. However, IL-6 signaling in PCa appears biologically complex and context dependent. Recent studies have also suggested that IL6ST/gp130-mediated signaling may induce senescence-associated anti-tumor responses under specific conditions, highlighting the multifaceted nature of IL-6 pathway biology in PCa [75].
[Figure 1]
Current evidence linking caffeine to AR modulation in PCa remains limited and heterogeneous. Importantly, the available literature includes two distinct evidence categories: (1) studies evaluating pure caffeine exposure, and (2) studies investigating coffee intake or coffee-derived extracts containing multiple bioactive compounds, including chlorogenic acids, diterpenes, and polyphenols [13,25,54,55]. Distinguishing between these exposure types is essential because attribution of observed biologic effects specifically to caffeine is frequently uncertain.
Epidemiological studies evaluating coffee consumption have reported modest inverse associations with PCa incidence or progression in some cohorts and meta-analyses [14,15,76]. However, findings remain inconsistent across studies, and large prospective cohorts and Mendelian randomization (MR) analyses have reported null or minimal associations [77–80]. Moreover, epidemiologic associations may reflect combined effects of multiple coffee constituents, genetic variability in caffeine metabolism, lifestyle confounding, or differences in coffee preparation methods rather than caffeine exposure alone.
Experimental studies using coffee extracts or isolated coffee-derived compounds have demonstrated anti-proliferative, pro-apoptotic, antioxidant, and NF-κB-modulatory effects in PCa cell models [13,54]. Nevertheless, these studies often utilize complex mixtures or extract concentrations that limit mechanistic attribution specifically to caffeine. By contrast, studies evaluating pure caffeine in PCa models remain comparatively limited. Available preclinical evidence suggests that caffeine can induce apoptosis, oxidative stress, and cell-cycle perturbation in PCa cell lines, particularly at concentrations ≥100 µM [57,58]. However, these concentrations substantially exceed plasma levels typically achieved through standard dietary intake, raising important questions regarding physiologic relevance and translational applicability.
One proposed hypothesis is that caffeine may indirectly influence AR signaling through modulation of inflammatory and adenosinergic pathways upstream of STAT3 activation. Experimental data from broader oncology and inflammatory models suggest that caffeine can modulate IL-6 production, NF-κB signaling, and immune-cell activity under certain conditions [10,13,69,74]. Such effects raise the possibility that caffeine-mediated suppression of IL-6/STAT3 signaling could attenuate ligand-independent AR activation in PCa. However, direct mechanistic evidence supporting an integrated caffeine → IL-6 → pSTAT3 → AR signaling cascade in PCa models remains lacking. At present, this framework should therefore be regarded as a biologically plausible but incompletely validated mechanistic hypothesis rather than an established pathway in PCa.
Further investigation will be necessary to clarify whether caffeine-mediated modulation of inflammatory and AR-related signaling has physiologic or translational relevance in PCa. Future studies should prioritize physiologically achievable caffeine concentrations (e.g., 0.5–20 µM) alongside higher pharmacologic exposures in both AR-positive and AR-negative PCa models. Integrated experimental approaches incorporating IL-6 quantification, STAT3 phosphorylation, AR nuclear localization, PSA transcription, and TME interactions may help determine whether meaningful mechanistic coupling exists between adenosine signaling, IL-6 activity, and AR regulation. In parallel, pharmacokinetic and presurgical window-of-opportunity studies evaluating intraprostatic caffeine concentrations and associated biomarker changes could provide important translational insight into the clinical plausibility of this proposed signaling framework.
4. Caffeine Immunomodulation in Tumor Microenvironment 
The PCa TME is characterized by complex interactions among tumor-associated macrophages, Tregs, MDSCs, cancer-associated fibroblasts, stromal elements, and inflammatory mediators that collectively contribute to immune evasion and therapeutic resistance [59–61]. Increasing evidence suggests that chronic inflammatory signaling within the TME promotes both tumor progression and resistance to androgen-targeted therapies. Among the cytokines implicated in these processes, IL-6 has emerged as an important mediator linking inflammation, immune suppression, and AR signaling in PCa [6,53,60,61]. Elevated circulating IL-6 levels have been associated with advanced disease stage, metastatic progression, and poorer clinical outcomes in several patient cohorts [55,62]. Mechanistically, IL-6 can activate STAT3 signaling, promote expansion of immunosuppressive immune populations, and enhance AR-mediated transcriptional activity in PCa cells [53,61]. However, the biologic effects of IL-6 signaling appear context dependent and may vary according to disease stage, metastatic site, and TME conditions [64,75].
[Figure 2]
Adenosine signaling represents an additional mechanism contributing to immune suppression within the TME. Activation of A2A and A2B adenosine receptors on immune cells increases intracellular cAMP signaling and suppresses cytotoxic T-cell activity while promoting expression of inhibitory checkpoint pathways [37,65,66]. In several preclinical cancer models, pharmacologic A2A receptor blockade has enhanced antitumor immunity, increased CD8+ T-cell infiltration, reduced Treg abundance, and improved responses to immune checkpoint inhibition [42,67,68]. Combined inhibition of adenosine signaling and PD-1/PD-L1 pathways has demonstrated additive or synergistic anti-tumor effects in experimental systems, including genetically engineered PCa models [68]. Nevertheless, much of this evidence derives from selective receptor antagonists or immunotherapy-focused studies rather than direct investigation of dietary caffeine exposure in PCa.
Because caffeine functions as a nonselective antagonist of adenosine receptors, several investigators have proposed that it may partially modulate similar immunologic pathways [10,11]. Experimental studies in murine and immune-cell models have reported reductions in PD-1 expression, enhanced IFN-γ release, and altered cytokine production following caffeine exposure [69–71]. In macrophage-based inflammatory models, caffeine has additionally been shown to reduce lipopolysaccharide-induced IL-6 and TNF-α production under certain experimental conditions [71]. However, interpretation of these findings requires caution because many reported immunomodulatory effects occur at concentrations substantially exceeding physiologic plasma levels achievable through routine human caffeine consumption. In particular, several cytokine-suppression studies utilize concentrations in the high micromolar to millimolar range, which may reflect pharmacologic rather than dietary exposure conditions.
5. Epidemiological and Clinical Evidence
Epidemiological studies investigating coffee or caffeine consumption and PCa risk have yielded heterogeneous findings, with several cohort studies and meta-analyses suggesting modest inverse associations, whereas Mendelian Randomization (MR) analyses have reported null or minimal effects [14,15,33,76–80]. Importantly, interpretation of this literature is complicated by substantial variability in exposure assessment, coffee preparation methods, genetic determinants of caffeine metabolism, residual lifestyle confounding, and the frequent inability to distinguish the effects of pure caffeine from those of other coffee-derived bioactive compounds.
A meta-analysis of 16 prospective cohort studies involving more than 1 million participants and 57,732 PCa cases reported that the highest versus lowest coffee consumption category was associated with a modest reduction in overall PCa risk (RR = 0.91, 95% CI 0.84–0.98). The same analysis reported weaker and less consistent associations for localized, advanced, and fatal disease subtypes [15]. Similarly, the Health Professionals Follow-Up Study (HPFS), which followed 47,911 U.S. men over approximately 20 years, observed a lower relative risk of overall PCa among men consuming six or more cups of coffee daily compared with non-drinkers, although trend significance across exposure categories was modest [76]. Earlier HPFS analyses additionally suggested stronger inverse associations for lethal PCa, though effect sizes were attenuated after further adjustment for confounding variables and updated follow-up [76].
Several observational studies have also suggested that genetic variability in caffeine metabolism may modify epidemiologic associations. In genotype-stratified analyses, high coffee intake was associated with improved PCa-specific survival among individuals carrying the CYP1A2 −163 AA genotype, whereas no significant association was observed in slower-metabolizer genotypes [33]. These findings support the possibility that interindividual differences in caffeine clearance or adenosine signaling may influence biologic responses to coffee consumption.
Additional observational support has emerged from the Italian Moli-sani cohort, in which men consuming more than three cups of Italian-style coffee daily demonstrated a lower incidence of PCa compared with lower-consumption groups [14]. Notably, the same study included in vitro experiments demonstrating reduced proliferation and metastatic behavior in PC-3 and DU145 PCa cell lines following caffeine exposure [14]. However, attribution of these observations specifically to caffeine remains uncertain because coffee contains multiple biologically active compounds, including chlorogenic acids, diterpenes, and polyphenols, which may independently influence inflammatory and metabolic pathways.
In contrast, several large prospective studies have reported null or weak associations. The European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, which included over 142,000 men and 7,036 incident PCa cases, found no significant association between high coffee intake and overall or fatal PCa risk [77]. Similarly, the NIH-AARP Diet and Health Study reported no statistically significant reduction in overall, advanced, or fatal PCa among individuals consuming six or more cups of coffee daily compared with non-drinkers [78]. Collectively, these findings suggest that any protective association, if present, is likely modest and potentially influenced by differences in exposure classification, dietary patterns, population heterogeneity, and residual confounding.
MR studies provide additional perspective regarding causality. A combined analysis incorporating NHANES observational data together with genetic instruments derived from the PRACTICAL and FinnGen consortia found no evidence supporting a causal association between genetically predicted coffee consumption and PCa risk [79]. Likewise, an independent MR analysis using coffee-associated variants (rs4410790 and rs2472297) in men from the PRACTICAL consortium demonstrated no significant association with overall PCa risk or high-grade disease [80]. Because MR approaches reduce susceptibility to reverse causation and lifestyle confounding, these findings temper conclusions derived from observational cohort studies and suggest that the epidemiologic relationship between coffee consumption and PCa may be more complex than initially proposed.
At present, clinical evidence directly evaluating caffeine as a therapeutic intervention in PCa remains extremely limited. No randomized clinical trials have assessed caffeine alone as a treatment strategy or adjunctive intervention for PCa progression, therapeutic response, or survival outcomes. Consequently, the current evidence base remains primarily observational and preclinical in nature. Although epidemiologic and mechanistic findings collectively support biologic plausibility, they do not establish causality or confirm clinically meaningful anti-cancer effects of caffeine exposure in men with PCa.
[Table 1]


6. Conclusion
Direct mechanistic evidence linking caffeine to an integrated adenosine–IL-6–STAT3–AR signaling cascade in PCa remains incomplete. Many reported anti-tumor and immunomodulatory effects occur at pharmacologic or supraphysiologic concentrations that exceed typical human plasma exposure, thereby limiting immediate translational interpretation. Current evidence base is insufficient to support caffeine as an established therapeutic intervention or clinically actionable adjunct in PCa management.
The available literature identifies several biologically relevant pathways and research priorities that merit further investigation. Future studies should focus on physiologically relevant dosing, intraprostatic pharmacokinetics, integrated mechanistic pathway analysis, and biomarker-guided translational approaches incorporating genetic variability, inflammatory signaling profiles, and AR pathway activity. Carefully designed preclinical and early-phase clinical studies will be necessary to determine whether caffeine-mediated modulation of adenosine and inflammatory signaling has measurable biologic or therapeutic relevance in human PCa.
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Figure 1. Proposed Hypothesis-Driven Interaction Between Caffeine, Adenosine Signaling, IL-6/STAT3 Activity, and AR Pathways in PCa.
Schematic representation of a proposed biologic framework linking caffeine-mediated adenosine receptor antagonism with inflammatory and AR-associated signaling pathways in PCa. Hypoxia and metabolic stress within the TME promote extracellular adenosine accumulation through CD39/CD73-mediated ATP hydrolysis. Adenosine signaling through A2A and A2B receptors increases cAMP/PKA activity, suppresses cytotoxic immune-cell responses, and may contribute indirectly to inflammatory and AR-related signaling. Experimental studies suggest that caffeine can antagonize adenosine receptor signaling at physiologically achievable micromolar concentrations; however, direct mechanistic evidence linking caffeine to a complete IL-6 → STAT3 → AR signaling cascade in PCa remains incomplete. The figure is intended as a hypothesis-supported conceptual model rather than an established mechanistic pathway. Created with BioRender.com.

[bookmark: _heading=h.ntcagifhds1]Figure 2. Proposed Model of Adenosine-Mediated Immune Suppression and Potential Sites of Caffeine-Related Modulation in the Prostate Tumor Microenvironment.
Proposed model illustrating adenosine-mediated immune suppression and potential sites of caffeine-related modulation within the prostate TME. A2A and A2B receptor activation increases cAMP/PKA signaling, suppresses cytotoxic immune-cell function, promotes Treg and MDSC activity, and enhances immune checkpoint expression. Caffeine-mediated antagonism of adenosine receptors is presented as a hypothesis-supported modulatory mechanism rather than a validated therapeutic pathway. Created with BioRender.com.
