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ABSTRACT
Neuroinflammation driven by the NLRP3 inflammasome is a key mechanism in many neurological disorders. While plant-derived polyphenols and terpenoids individually show anti-inflammatory potential, their synergistic effects remain underexplored. This review highlights the enhanced efficacy of polyphenol-terpenoid combinations in inhibiting NLRP3-mediated neuroinflammation through complementary pathways. Preclinical studies demonstrate that such pairs like quercetin with limonene or curcumin with ar-turmerone more effectively reduce pro-inflammatory cytokines, microglial activation, and oxidative stress than single compounds. However, clinical translation faces challenges including optimal dosing, formulation, and CNS delivery. Future research should focus on identifying effective combinations, elucidating their mechanisms, and validating their therapeutic potential in clinical trials to develop novel treatments for neuroinflammatory diseases.
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Introduction
Neuroinflammation, a chronic inflammatory response within the central nervous system (CNS), is a critical pathogenic mechanism underlying a spectrum of neurological disorders, including Alzheimer's disease, Parkinson's disease, stroke, and traumatic brain injury (Hua, Zhou, & Shi, 2022; Xu, Huang, & Zhou, 2025; Yu et al., 2021). A key driver of this process is the NLRP3 inflammasome, a multiprotein complex that, upon activation, catalyzes the maturation of potent pro-inflammatory cytokines interleukin-1β (IL-1β) and IL-18, perpetuating a cycle of inflammation and neuronal damage (Tork et al., 2024). Despite its central role, therapeutic strategies that effectively and safely target the NLRP3 pathway remain an unmet clinical need (Bagherniya et al., 2021).

In the search for novel interventions, plant-derived bioactive compounds have garnered significant attention for their potent anti-inflammatory and antioxidant properties (Hua et al., 2022). Among these, polyphenols (e.g., curcumin, quercetin, resveratrol) and terpenoids (e.g., limonene, ginsenosides, boswellic acids) have demonstrated individual efficacy in mitigating neuroinflammation by modulating signaling pathways like NF-κB, scavenging reactive oxygen species (ROS), and suppressing microglial activation (Takata et al., 2021). A critical advantage of many of these compounds is their ability to cross the blood-brain barrier, making them promising candidates for CNS-targeted therapies (La Rosa et al., 2023; Zhan et al., 2019). Despite these advantages, the research community has yet to fully explore how these compounds might work together more effectively than alone. The established efficacy of individual compounds provides a rationale for investigating their combined effects, where synergy could unlock new therapeutic possibilities

However, much of the existing research has focused on the isolated effects of single compounds. “The novelty of this review lies in its specific focus on the emerging concept of synergy: the potential for polyphenols and terpenoids to exert enhanced, multi-mechanistic effects when used in combination”. We posit that by acting on complementary pathways within the neuroinflammatory cascade, these natural compound pairs can achieve a therapeutic effect greater than the sum of their parts, offering a more robust and holistic approach to NLRP3 inflammasome inhibition

1. Overview of Polyphenols, Terpenoids, and the NLRP3 Inflammasome in Neuroinflammation

Given the critical role of neuroinflammation in various neurological disorders, this review begins by introducing polyphenols and terpenoids, two major classes of plant-derived bioactive compounds with potential benefits in this context. While polyphenols and terpenoids each have unique anti-inflammatory properties, as characterized by their structure and subclasses, it's their interaction that this review posits can lead to a novel synergistic approach in combating neuroinflammation. Their neuroprotective effects are largely attributed to potent antioxidant and anti-inflammatory properties, such as inhibiting pro-inflammatory cytokine production and suppressing microglial activation (Moratilla-Rivera, Sánchez, Valdés-González, & Gómez-Serranillos, 2023).

Terpenoids, a diverse group derived from isoprene units, encompass monoterpenes (e.g., limonene, linalool), sesquiterpenes, diterpenes, and triterpenes (e.g., ginsenosides, boswellic acids) (Jang, Hwang, & Cho, 2023). They exhibit a range of anti-inflammatory and neuroprotective effects by modulating inflammatory signaling pathways, inhibiting pro-inflammatory enzymes, and attenuating oxidative stress (Suárez Montenegro et al., 2021). A critical advantage of both compound classes is their ability to cross the blood-brain barrier, making them promising candidates for targeting neuroinflammatory processes in the central nervous system (Xu et al., 2025).

A key mediator of neuroinflammation is the NLRP3 inflammasome, a multiprotein complex whose activation is a hallmark of many neurological disorders (Xu et al., 2025; Yao, Zhang, Wang, & Song, 2023). Its activation is a two-step process: an initial priming signal (e.g., from PAMPs or DAMPs) upregulates NLRP3 and pro-IL-1β via NF-κB, followed by an activation trigger (Dadkhah & Sharifi, 2024). These triggers include extracellular ATP, reactive oxygen species (ROS), mitochondrial dysfunction, lysosomal damage, and critical ion fluxes, particularly potassium efflux (Dominic, Le, & Takahashi, 2022). Upon assembly, the NLRP3 inflammasome activates caspase-1, which cleaves pro-IL-1β and pro-IL-18 into their active, pro-inflammatory forms, perpetuating the inflammatory response and contributing to neuronal damage in conditions like Alzheimer's and Parkinson's disease (Dadkhah & Sharifi, 2024), as illustrated in Figure 1. Building on the individual properties of polyphenols and terpenoids, their combination can yield synergistic effects that enhance their anti-inflammatory and neuroprotective capacities.
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Figure 1: Mechanism of NLRP3 Inflammasome Activation in Neuroinflammation

2. Synergistic Interactions Between Polyphenols and Terpenoids

The combination of polyphenols and terpenoids can yield synergistic effects that enhance their individual anti-inflammatory and neuroprotective capacities. This synergistic effect is achieved by the compounds working together through different, but complementary, pathways in the body. Together, they can more potently inhibit key pro-inflammatory enzymes like COX-2 and LOX, leading to a greater reduction in inflammatory mediators such as prostaglandins and leukotrienes (Rudrapal et al., 2023). They also cooperatively suppress the activation of the master inflammatory transcription factor NF-κB (Liu, Zhang, Yu, Xu, & Dong, 2016).

Furthermore, their combined antioxidant activity more effectively neutralizes ROS, protecting cellular components from oxidative damage and reducing the overall inflammatory burden. These proposed synergistic mechanisms are summarized in Figure 2. This multi-targeted approach also extends to modulating immune cell function and cytokine release, creating a more balanced and controlled inflammatory response. An additional benefit of combining these compounds is the potential for improved bioavailability and cellular uptake, where one compound may enhance the absorption or stability of the other (Shoba et al., 1998).

Specific combinations highlight this potential. For instance, quercetin (a flavonoid) and limonene (a monoterpene) show enhanced antioxidant and anti-inflammatory effects (Eddin et al., 2021). Similarly, the combination of curcumin and ar-turmerone from turmeric exhibits stronger neuroprotective effects, while rosmarinic acid (a polyphenol) and carnosic acid (a terpenoid) in rosemary extracts work together to improve antioxidant capacity (Huerta-Madroñal, Caro-León, Espinosa-Cano, Aguilar, & Vázquez-Lasa, 2021). These synergistic interactions are supported by compelling preclinical evidence from both in vitro and in vivo models of neuroinflammation as detailed below.
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Figure 2: Proposed Synergistic Mechanisms of Polyphenol-Terpenoid Combinations

3. Preclinical Evidence of Synergy in Neuroinflammation Models

To better understand the clinical potential of these findings, the following sections will sequentially discuss preclinical evidence, challenges in translating these findings to clinical settings, and future research directions. In vitro models using microglial cell lines have demonstrated that combinations of natural compounds, such as resveratrol with conventional drugs, can produce a greater inhibition of pro-inflammatory cytokine production than any single agent alone (Lee, Gupta, Park, Yang, & Song, 2021).

This has been substantiated in vivo using rodent models of neuroinflammation induced by LPS or chronic stress (White, Elias, Orozco, Robinson, & Manners, 2024). Combinations targeting multiple inflammatory pathways such as a COX-2 inhibitor with a TNF-α antagonist, or an NF-κB inhibitor paired with an NLRP3 inflammasome blocker have shown enhanced efficacy in reducing microglial activation, attenuating neuroinflammation, and improving cognitive outcomes in models of neurodegenerative disease (Tajdari et al., 2024). More directly relevant to this review, combinations of plant-derived polyphenols and terpenoids have shown similar promise in targeting the NLRP3 inflammasome (De Lima et al., 2025)

The specific focus on NLRP3 inflammasome modulation, with examples provided in Figure 3, has been particularly promising. Combination therapies that pair NLRP3 inhibitors with antioxidants or other neuroprotective compounds have shown synergistic effects in reducing neuroinflammatory markers and improving recovery in models of traumatic brain injury, stroke, and neurodegenerative diseases (Izzy et al., 2025). The underlying mechanisms involve simultaneously targeting multiple points in the inflammatory cascade, reducing oxidative stress, and modulating microglial activation (Zhuang et al., 2021). These promising preclinical findings pave the way for exploring the therapeutic and translational challenges of applying polyphenol-terpenoid synergies in clinical settings.
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Figure 3: Examples of Synergistic Combinations from Preclinical Studies

4. Potential Therapeutic Applications and Translational Challenges

The therapeutic implications of this synergy are broad, spanning neurodegenerative diseases (Alzheimer's, Parkinson's), neuropsychiatric disorders, stroke, and traumatic brain injury (Nahar et al., 2025). The use of multi-compound combinations is a key strategy in modern pharmacology, as their multi-mechanistic nature can allow for lower effective doses of individual compounds, potentially reducing side effects and improving overall efficacy (Woodcock & Lavange, 2017).

However, a detailed discussion on overcoming the significant challenges of translating these promising preclinical findings into clinical applications will follow, highlighting the need for innovative formulation strategies and targeted delivery mechanisms. A primary hurdle is optimizing dosing and formulation. Determining the most effective ratio of compounds that produces synergy in humans is complex, as factors like bioavailability, metabolism, and drug-drug interactions differ from laboratory models. Formulating stable combinations that ensure consistent bioavailability of multiple active ingredients is technically difficult.

For neuroinflammatory disorders, the challenge is compounded by the need for compounds to penetrate the blood-brain barrier (Jindal et al., 2024). Promising synergistic combinations may have poor oral bioavailability or limited brain exposure in humans. Strategies like nanoformulations may be necessary but can alter the carefully balanced pharmacokinetics and synergistic ratios established preclinically. Furthermore, patient variability in blood-brain barrier permeability and the activity of efflux transporters can lead to inconsistent results. To address these challenges and realize the therapeutic potential, future research must focus on systematically identifying effective compound pairs and validating these findings in clinical trials.

4.1 Safety Considerations and Potential Toxicity
While the therapeutic potential of polyphenol-terpenoid combinations is promising, a critical assessment of their long-term safety and potential toxicity is paramount for clinical translation. Currently, there is a significant lack of long-term toxicological data specifically on these synergistic pairs. Most preclinical studies focus on acute efficacy and short-term administration, leaving the chronic effects largely unexplored.
Potential concerns arise from several factors. First, at high concentrations, many polyphenols can exhibit pro-oxidant effects, potentially exacerbating oxidative stress instead of mitigating it (Hatia et al., 2014). Second, the enhanced bioavailability achieved through synergy or advanced formulations could inadvertently increase the risk of off-target effects or compound accumulation (Cecerska-Heryć et al., 2024). A major, well-documented risk is the potential for herb-drug interactions, as both polyphenols (e.g., quercetin) and terpenoids can inhibit or induce key cytochrome P450 enzymes and drug transporters like P-glycoprotein (Saxena et al., 2008). This could significantly alter the pharmacokinetics and plasma levels of co-administered conventional medications, leading to toxicity or therapeutic failure.

4.2 Potential for Interactions with Conventional Therapies
A crucial consideration for the clinical application of polyphenol-terpenoid combinations is their potential to interact with existing therapies for neuroinflammatory diseases. These interactions can be pharmacokinetic, affecting the absorption, distribution, metabolism, and excretion of conventional drugs, or pharmacodynamic, altering their pharmacological effects.
Pharmacokinetic interactions are a significant concern. Many polyphenols (e.g., quercetin, curcumin) and terpenoids are known to modulate the activity of cytochrome P450 (CYP) enzymes, particularly CYP3A4, and drug efflux transporters like P-glycoprotein (P-gp) (Zhang et al., 2016). For instance, the terpenoid piperine is a well-documented inhibitor of both CYP enzymes and P-gp, which can lead to increased plasma concentrations of co-administered drugs that are substrates for these systems, such as certain anticonvulsants, antidepressants, or immunosuppressants (Lin et al., 2024). This elevation could potentiate both the therapeutic effects and the adverse effects or toxicity of the conventional drug.

Pharmacodynamic interactions could be either antagonistic or synergistic. An antagonistic effect could occur if a natural compound inadvertently activates a pathway that counteracts the mechanism of a pharmaceutical agent. Conversely, and of great therapeutic interest, is the potential for beneficial synergy. A polyphenol-terpenoid combination that suppresses NF-κB and NLRP3 activation could theoretically enhance the effect of an anti-TNF-α biologic or allow for a reduced dose of a non-steroidal anti-inflammatory drug (NSAID), thereby minimizing the latter's side effects (Es-Sai et al., 2025). However, such multi-target suppression also raises the risk of excessive immunosuppression.

5. Future Research Directions

Future research must focus on systematically identifying the most effective polyphenol-terpenoid pairs. This requires high-throughput screening in various disease models to evaluate their combined effects and elucidate the precise molecular mechanisms behind their synergy.

Ultimately, the critical next step is to validate these preclinical findings in well-designed clinical trials. Rigorous human studies are essential to confirm the safety, efficacy, and optimal dosing regimens of these combinations. Clinical trials will bridge the gap between experimental models and human patients, uncovering any unforeseen side effects or interactions and providing the robust evidence needed to advance the most promising synergistic therapies into clinical practice. This will be paramount for developing novel, effective strategies to combat neuroinflammatory diseases.

Conclusion

Polyphenol-terpenoid combinations represent a promising therapeutic strategy for mitigating NLRP3 inflammasome-mediated neuroinflammation. By leveraging complementary mechanisms, these natural compounds synergistically enhance the suppression of pro-inflammatory cytokines, microglial activation, and oxidative stress beyond what can be achieved individually. Preclinical studies provide compelling evidence for their efficacy across various neurological disorder models. However, clinical translation requires overcoming challenges related to optimal dosing, formulation stability, and targeted CNS delivery. Future efforts should focus on identifying potent compound pairs, clarifying their molecular mechanisms, and advancing them through rigorous clinical trials. Success in these areas may yield multi-targeted therapies with improved efficacy and reduced side effects for neuroinflammatory conditions.
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Abbreviations
CNS: Central Nervous System
NLRP3: NOD-, LRR- and pyrin domain-containing protein 3
IL-1β: Interleukin-1β
IL-18: Interleukin-18
ROS: Reactive Oxygen Species
NF-κB: Nuclear Factor kappa-light-chain-enhancer of activated B cells
PAMPs: Pathogen-Associated Molecular Patterns
DAMPs: Damage-Associated Molecular Patterns
ATP: Adenosine Triphosphate
COX-2: Cyclooxygenase-2
LOX: Lipoxygenase
LPS: Lipopolysaccharide
TNF-α: Tumor Necrosis Factor alpha
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