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ABSTRACT 

Neurotoxicity-injury to the nervous system resulting from chemical, biological, or physical insults-remains a 
pressing clinical and public-health problem across acute exposures (organophosphates, heavy metals, 
chemotherapeutics), chronic environmental pollution, and neurodegenerative disorders where toxic processes 
(oxidative stress, mitochondrial dysfunction, excitotoxicity, neuroinflammation) play central roles. Antioxidant 
herbal remedies, composed of polyphenols, flavonoids, alkaloids and other phytochemicals, are widely proposed as 
neuroprotective agents because they modulate redox balance, mitochondrial function, and inflammatory signaling. 
Preclinical literature overwhelmingly supports multi-modal neuroprotection for compounds such as curcumin, 
resveratrol, quercetin, epigallocatechin gallate (EGCG), ginsenosides and berberine across models of ischemia, 
toxin-induced neuronal death, and protein-aggregation pathology. However, clinical translation is limited: human 
trials are small, heterogeneous in formulations and outcomes, and frequently confounded by poor bioavailability and 
inadequate safety monitoring. Furthermore, some herbal extracts carry intrinsic neurotoxic or pro-oxidant risks at 
high doses or via contaminants and interactions. This review synthesizes mechanistic rationales for antioxidant 
phytotherapy in neurotoxicity, critically examines preclinical and clinical evidence, highlights safety and 
standardization challenges, and proposes research priorities standardized extracts, rigorous pharmacokinetics, 
mechanistic biomarkers, and well-powered randomized trials to clarify whether antioxidant herbal remedies can be 
responsibly integrated into neuroprotective strategies. Until such evidence is available, herbal antioxidants should 
be considered experimental adjuncts rather than established neurotherapeutics. 
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INTRODUCTION 

Neurotoxicity, broadly defined, refers to structural or functional damage to neurons, glial cells, or neural circuits 
caused by harmful exposures or pathological processes [1]. Sources of neurotoxic insult are diverse: environmental 
chemicals such as pesticides, solvents, and heavy metals; therapeutic agents like chemotherapeutics, anesthetics, or 
antiretrovirals; biological factors including viral infections and bacterial toxins; and endogenous events such as 
ischemia–reperfusion injury or abnormal protein aggregation [2]. Despite these varied triggers, the downstream 
consequences converge on common cellular pathways, leading to overlapping clinical outcomes such as cognitive 
impairment, motor dysfunction, seizures, or neuropathic pain. A central theme uniting these conditions is the 
interplay of oxidative stress, mitochondrial dysfunction, excitotoxicity, impaired protein homeostasis, and 
neuroinflammation [3]. These mechanisms are mutually reinforcing, creating a vicious cycle that accelerates 
neuronal loss and functional decline. For this reason, monotherapies targeting a single pathway often provide 
incomplete protection. This has motivated a growing interest in multi-targeted interventions capable of modulating 
several pathways simultaneously. 
Herbal medicines and purified phytochemicals represent a promising avenue in this regard. They are particularly 
attractive because many exhibit pleiotropic biological actions, ranging from direct radical scavenging to activation 
of antioxidant response elements (e.g., Nrf2/ARE pathway), stabilization of mitochondrial function, downregulation 
of inflammatory signaling, modulation of autophagy, and enhancement of neurotrophic support [4]. Research spans 
both acute contexts, such as heavy-metal intoxication, organophosphate poisoning, and ischemic stroke, and chronic 
settings including Alzheimer’s disease, Parkinson’s disease, and chemotherapy-induced peripheral neuropathy. 
Nevertheless, enthusiasm must be tempered with caution. Translation of preclinical findings into human benefit has 
been inconsistent. Many phytochemicals face challenges such as poor bioavailability, variability in herbal 
preparation, and lack of standardized dosing [5]. Moreover, while these compounds are often perceived as “natural” 
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and therefore safe, intrinsic toxicity, contamination, or drug–herb interactions may introduce risks [6]. A balanced 
appraisal is therefore essential, considering both mechanistic promise and practical limitations. 
2. Mechanisms of neurotoxicity where antioxidants might help 
At the heart of most neurotoxic syndromes lies oxidative stress, characterized by an imbalance between the 
production of reactive oxygen species (ROS) or reactive nitrogen species (RNS) and the ability of endogenous 
antioxidant systems to neutralize them [7]. Neurons are particularly susceptible because of their high metabolic 
rate, reliance on mitochondrial energy production, and limited regenerative capacity [8]. Mitochondrial dysfunction 
serves as both a source and a target of oxidative stress. Impairment of the electron transport chain increases ROS 
leakage, reduces ATP generation, and compromises calcium buffering [9]. These changes promote release of pro-
apoptotic proteins, tipping the balance toward neuronal death. 
Excitotoxicity, commonly triggered by excessive glutamate signaling, induces sustained calcium influx into neurons 
[10]. Elevated intracellular calcium exacerbates mitochondrial overload and stimulates ROS production, creating a 
destructive feedback loop [11]. Proteostasis disruption adds another layer of vulnerability. Accumulation of 

misfolded proteins such as amyloid-β, tau, or α-synuclein stresses the ubiquitin–proteasome system and overwhelms 
autophagy [12]. These aggregates not only impair synaptic function but also act as secondary sources of oxidative 
and inflammatory signals. Chronic activation of innate immunity further sustains the toxic environment. Microglial 

activation, inflammasome signaling, and release of cytokines such as TNF-α and IL-1β propagate 
neuroinflammation, often with ROS as intermediaries [13]. 
Antioxidant strategies, particularly those offered by phytochemicals, can intervene at multiple points: direct 
scavenging of ROS/RNS, induction of endogenous defenses like superoxide dismutase and catalase, preservation of 
mitochondrial dynamics, inhibition of pro-inflammatory pathways, and support of protein clearance mechanisms 
[14]. This multimodal potential underpins their growing relevance in addressing both acute and chronic neurotoxic 
insults. 
3. Major antioxidant phytochemicals and proposed neuroprotective actions 
A range of plant-derived phytochemicals have been consistently highlighted for their neuroprotective potential. 
Curcumin, the principal polyphenol from turmeric, exemplifies this group. Beyond its well-known radical-
scavenging properties, curcumin induces the Nrf2 pathway, upregulates endogenous antioxidant enzymes, and 

suppresses NF-κB–driven inflammation [15]. It has also been shown to modulate amyloid aggregation and promote 
autophagy, both relevant in Alzheimer’s disease [16]. Experimental models demonstrate its ability to preserve 
mitochondrial function and reduce neuronal apoptosis following ischemic or toxin-induced injury [17]. 
Resveratrol, a stilbene abundant in grapes and berries, exerts its effects largely through activation of the 

SIRT1/PGC-1α axis, thereby enhancing mitochondrial biogenesis and energy metabolism [18]. In parallel, it 
lowers oxidative markers and suppresses neuroinflammatory cascades, making it of interest in both acute injury and 
chronic neurodegeneration [19]. 
Flavonoids such as quercetin represent another large group. They combine direct radical scavenging and metal-
chelating activities with the modulation of redox-sensitive signaling pathways, including MAPKs and Nrf2 [20]. 
These properties contribute to enhanced neuronal survival and reduced lipid peroxidation in various models of 
chemical or metabolic neurotoxicity. 
Epigallocatechin gallate (EGCG) from green tea is distinguished by its dual capacity as a radical scavenger and a 
regulator of proteostasis. Studies suggest it reduces protein aggregation, improves mitochondrial integrity, and 
modulates microglial activity [21]. Similarly, ginsenosides from ginseng display mitochondrial-stabilizing effects, 
inhibit pro-inflammatory signaling, and may improve synaptic plasticity [22]. 
Berberine, an isoquinoline alkaloid, has emerged as a multitarget agent capable of modulating autophagy, 
mitochondrial function, and inflammatory pathways [23]. Preclinical models indicate it enhances neuronal survival 
under conditions of oxidative and metabolic stress [24]. Collectively, these phytochemicals act through overlapping 
but distinct mechanisms—inducing antioxidant defenses, chelating metals, maintaining mitochondrial membrane 
potential, reducing microglial activation, and supporting synaptic resilience. This pleiotropy is particularly valuable 
in addressing the multifactorial biology of neurotoxicity. 
4. Preclinical evidence: strengths and caveats 
Extensive in vitro and animal studies provide strong proof-of-principle for the neuroprotective actions of these 
compounds. Curcumin has been shown to reduce infarct size and neuronal apoptosis in ischemic stroke models, while 
resveratrol protects dopaminergic neurons in experimental Parkinson’s disease [25]. EGCG demonstrates 
protective effects against heavy metal–induced injury, and quercetin attenuates oxidative stress in pesticide-exposed 
neuronal cultures [26]. Mechanistic analyses consistently report restoration of glutathione pools, enhanced Nrf2 
nuclear translocation, preserved mitochondrial respiration, and decreased microglial cytokine production [27]. 
Behavioral improvements, such as enhanced memory and motor function, further support biological relevance. 
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Yet significant limitations temper the enthusiasm. Many studies rely on doses far higher than those achievable in 
humans, often delivered by parenteral or intraperitoneal routes that bypass pharmacokinetic constraints. Extract 
composition and standardization are frequently underreported, making reproducibility difficult. Sample sizes are 
typically small, and few studies assess long-term outcomes or delayed toxicity. Importantly, rodent models cannot 
fully capture human complexities, including blood–brain barrier dynamics, co-morbid conditions, and drug 
interactions common in clinical populations. These caveats underscore the need for cautious interpretation and 
rigorous translation to human studies. 
5. Clinical evidence: what human studies show 
Human trials are comparatively few, heterogeneous and generally underpowered. Small randomized or crossover 
studies have tested curcumin and resveratrol in mild cognitive impairment or early Alzheimer’s, with mixed 
cognitive outcomes but some biomarker improvements (inflammatory markers, oxidative stress indicators) [28]. 
Trials of green tea extracts explored cognitive protection and mitigation of chemotherapy-induced peripheral 
neuropathy, with variable results influenced by dose and formulation [29]. 
For acute neurotoxic exposures (e.g., heavy-metal poisoning, organophosphate toxicity), clinical data on 
phytochemical adjuncts are sparse and largely observational. A handful of small studies and case reports suggest 
benefits reduced oxidative biomarkers, improved electrophysiological outcomes in neuropathy but robust RCTs are 
lacking [30]. 
Key limitations across trials: inconsistent product standardization, poor bioavailability of many phytochemicals 
(notably curcumin), short follow-up, heterogeneous endpoints (clinical scales vs. mechanistic biomarkers), and 
inadequate safety surveillance. Thus, while signals of biological activity exist, clinical efficacy remains unproven. 
6. Safety, pro-oxidant risks and interaction concerns 
Herbal antioxidants are not uniformly benign. At high concentrations or in the presence of transition metals, 
polyphenols may exhibit pro-oxidant behavior, generating ROS through redox cycling [31]. Some preparations are 
contaminated with neurotoxic adulterants (pesticides, heavy metals, undeclared pharmaceuticals) or misidentified 
species that carry risks. Phytochemicals can alter drug metabolism by modulating cytochrome P450 enzymes and 
transporters, posing risks when co-administered with neuroactive drugs (antiepileptics, immunosuppressants, 
chemotherapeutics). Allergic or idiosyncratic neurotoxic reactions, though rare, have been reported. Comprehensive 
safety assessment including standardized manufacturing, contaminant screening, and interaction studies is therefore 
essential. 

CONCLUSION 
Antioxidant herbal remedies comprise a biologically plausible, multifaceted approach to counter neurotoxicity. 
Preclinical data are abundant and mechanistically compelling, but clinical evidence is currently insufficient to 
support routine therapeutic use. Safety concerns pro-oxidant potential, contamination, and drug interactions require 
systematic evaluation. With rigorous standardization, pharmacokinetic optimization and well-powered trials 
incorporating mechanistic biomarkers, selected phytochemicals may become validated adjuncts in neuroprotection. 
Until then, use should be cautious, evidence-seeking, and closely monitored. 
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