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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 [17]. 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—repertusion injury or abnormal protein aggregation [27]. 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 [87. 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 [47. 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 [57]. 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 [67]. 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 [77]. Neurons are particularly susceptible because of their high metabolic
rate, reliance on mitochondrial energy production, and limited regenerative capacity [87]. 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 [97. 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 [117. Proteostasis disruption adds another layer of vulnerability. Accumulation of
misfolded proteins such as amyloid-f, tau, or a-synuclein stresses the ubiquitin—proteasome system and overwhelms
autophagy [127]. 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-a and IL-1B propagate
neuroinflammation, often with ROS as intermediaries [137.

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
[147]. 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-kB—driven inflammation [157]. It has also been shown to modulate amyloid aggregation and promote
autophagy, both relevant in Alzheimer’s disease [167]. 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-1a axis, thereby enhancing mitochondrial biogenesis and energy metabolism [187. In parallel, it
lowers oxidative markers and suppresses neuroinflammatory cascades, making it of interest in both acute injury and
chronic neurodegeneration [197.

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 [207.
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 [217]. Similarly, ginsenosides from ginseng display mitochondrial-stabilizing effects,
inhibit pro-inflammatory signaling, and may improve synaptic plasticity [227].

Berberine, an isoquinoline alkaloid, has emerged as a multitarget agent capable of modulating autophagy,
mitochondrial function, and inflammatory pathways [237. 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 [267]. Mechanistic analyses consistently report restoration of glutathione pools, enhanced Nrf2
nuclear translocation, preserved mitochondrial respiration, and decreased microglial cytokine production [277.
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) [287.

Trials of green tea extracts explored cognitive protection and mitigation of chemotherapy-induced peripheral

neuropathy, with variable results influenced by dose and formulation [297.

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 RCT's are

lacking [807.

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 [317]. 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.

REFERENCES

1. Egba, S Ikechukwu, Okonkwo C Onyinye, Ogbodo J Onyebuchi and Ezeh V Nzubechukwu Neuroprotective
Potentials of Alstonia boonet extracts on Biochemical Markers of Brain Integrity in Experimental Rats, Trop J
Nat Prod  Res, 2021; 5(6): 1106-1109. doi.org/10.26538/tjnpr/v5i6.21

2. National Academies Press (US). Biologic basis of neurotoxicity. Environmental Neurotoxicology - NCBI
Bookshelf. 1992. Available from: https://www.ncbi.nlm.nih.gov/books/NBK234245/

3. Egba, SI., Ademola C I and Omoruyi L E (2021) Bucholzia coriacea seed extract attenuates mercury induced
cerebral and cerebellar oxidative neurotoxicity via NO signalling and suppression of oxidative stress, adenosine
deaminase and acetylcholinesterase activities in rats. Avicenna J Phytomed. 2022 Jan-Feb;12(1):42-53. doi:
10.22088/AJP.2021.18262. PMID: 85145894; PMCID: PMC8801217.

4. Krishnamoorthy R, Gatasheh MK, Famurewa AC, Subbarayan S, Vijayalakshmi P, Uti DE. Neuroprotective
Potential of Jimson Weed in Methotrexate-Induced Neurotoxicity: Insights into Anti-Oxidative, Anti-
Inflammatory, and Anti-Apoptotic Mechanisms via Modulation of Caspase-3, Interleukin-6, and Tumor
Necrosis Factor-Alpha: In Silico. Endocr Metab Immune Disord Drug Targets. 2025 Aug 15. doi:
10.2174/011871530835073624:1220090850.

Alum, E.U.,, Manjula, V.S., Uti, D.E., Echegu, D.A., Ugwu, O.P.C, Egba, S.I., Agu, P.C. (2025). Metabolomics-

Driven Standardization of Herbal Medicine: Advances, Applications, and Sustainability Considerations. Natural

Product Communications. 2025;20(8). doi:10.1177/1934:578X251367650

6. Fasinu PS, Bouic PJ, Rosenkranz B. An overview of the evidence and mechanisms of Herb—Drug interactions.

Frontiers in Pharmacology. 2012;3. doi:10.8389/fphar.2012.00069

7. Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci V, et al. Oxidative stress: Harms and benefits

for human health. Oxidative Medicine and Cellular Longevity. 2017;2017(1). doi:10.1155/2017/8416763

&

3


https://www.ncbi.nlm.nih.gov/books/NBK234245/
https://doi.org/10.1177/1934578X251367650

www.idosr.org Mugo, 2026

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

26.

27.

28.

29.

30.

Norat P, Soldozy S, Sokolowski JD, Gorick CM, Kumar JS, Chae Y, et al. Mitochondrial dysfunction in
neurological disorders: Exploring mitochondrial transplantation. Npj Regenerative Medicine. 2020;5(1).
doi:10.1088/541536-020-00107-X

Uti, D.E. & Offor, C.E. Redox Signaling Disruption and Antioxidants in Toxicology: From Precision Therapy
to Potential Hazards. Cell Biochem Biophys (2025). https://doi.org/10.1007/512018-025-01846-8

Verma M, Lizama BN, Chu CT. Excitotoxicity, calcium and mitochondria: a triad in synaptic
neurodegeneration. Translational Neurodegeneration. 2022;11(1). doi:10.1186/s40085-021-00278-7

LiJ, Romestaing C, Han X, Li Y, Hao X, Wu Y, et al. Cardiolipin remodeling by ALCAT1 links oxidative stress
and mitochondrial dysfunction to obesity. Cell Metabolism. 2010;12(2):154—65. doi:10.1016/j.cmet.2010.07.008
Sweeney P, Park H, Baumann M, Dunlop J, Frydman J, Kopito R, et al. Protein misfolding in neurodegenerative
diseases: implications and strategies. Translational Neurodegeneration. 2017;6(1). doi:10.1186/s40035-017-
0077-5

Adamu A, Li S, Gao F, Xue G. The role of neuroinflammation in neurodegenerative diseases: current
understanding and future therapeutic targets. Frontiers in Aging Neuroscience. 2024;16.
doi:10.3889/fnagi.2024.1347987

Uhuo E N, Egba S I, Nwuke P C, Obike C A and Kelechi G K. Antioxidative properties of Adansonia digitata
L. (baobab) leaf extractexert protective effect on doxorubicin induced cardiac toxicity in Wistar rats. Clinical
Nutrition Open Science 2022; 45:3-16

Sharifi-Rad J, Rayess YE, Rizk AA, Sadaka C, Zgheib R, Zam W, et al. Turmeric and its major compound
curcumin on Health: Bioactive effects and safety profiles for food, pharmaceutical, biotechnological and
medicinal applications. Frontiers in Pharmacology. 2020;11. doi:10.3389/fphar.2020.01021

Uti DE, Egba SI, Ugwu OP-C, Alum EU, Aja PM. The Role of Phytochemicals in Age-Related Cognitive
Decline: A Natural Solution for Brain Health. Natural Product Communications. 2025;20(6).
doi:10.1177/1984578X251850761

Feng J, Tao T, Yan W, Chen CS, Qin X. Curcumin Inhibits Mitochondrial Injury and Apoptosis from the Early
Stage in EAE Mice. Oxidative Medicine and Cellular Longevity. 201452014:1—10. doi:10.1155/2014/72875 14
Zhang LX, Li CX, Kakar MU, Khan MS, Wu PF, Amir RM, et al. Resveratrol (RV): A pharmacological review
and call for  further research. Biomedicine & Pharmacotherapy. 2021;143:112164.
doi:10.1016/].biopha.2021.112164

Liu X, Baxley S, Hebron M, Turner RS, Moussa C. Resveratrol Attenuates CSF Markers of Neurodegeneration
and Neuroinflammation in Individuals with Alzheimer’s Disease. International Journal of Molecular Sciences.
2025;26(11):5044. doi:10.3890/ijms261 15044

Zahra M, Abrahamse H, George BP. Flavonoids: antioxidant powerhouses and their role in nanomedicine.
Antioxidants. 202413(8):922. doi:10.3390/antiox 13080922

Kamboj N, Sharma S, Kumar R. Neuroprotective insights into epigallocatechin gallate (EGCG) for
neurodegenerative disorders. Exploration of Neuroscience. 2025. doi:10.87349/en.2025.100673

Huang Q, Gao S, Zhao D, Li X. Review of ginsenosides targeting mitochondrial function to treat multiple
disorders: Current status and perspectives. Journal of Ginseng Research. 2020;45(3):371-9.
doi:10.1016/].jgr.2020.12.004

Tian E, Sharma G, Dai C. Neuroprotective properties of berberine: molecular mechanisms and clinical
implications. Antioxidants. 2023;12(10):1883. doi:10.3390/antiox 12101883

Trofin DM, Sardaru DP, Trofin D, Onu I, Tutu A, Onu A, et al. Oxidative stress in brain function. Antioxidants.
2025;14(3):297. doi:10.8390/ antiox 14030297

. Lehoczki A, Fekete M, Jarecsny T, Zabo V, Szappanos A, Csip6 T, et al. The Neuroprotective Role of Curcumin:

From Molecular Pathways to Clinical Translation—A Narrative Review. Nutrients. 2025;17(17):2884.
doi:10.3390/nu17172884

Zwolak I. Epigallocatechin gallate for Management of Heavy Metal-Induced Oxidative Stress: Mechanisms of
Action, Efficacy, and Concerns. International Journal of Molecular Sciences. 2021;22(8):4027.
doi:10.8390/1jms22084027

Holmstrom KM, Kostov RV, Dinkova-Kostova AT. The multifaceted role of Nrf2 in mitochondrial function.
Current Opinion in Toxicology. 2016;1:80-91. doi:10.1016/j.cotox.2016.10.002

Alum, E.U. Unlocking the Secrets of Nature: Phytochemicals as Key Players in Longevity and Healthy

Aging. Cell Biochem Biophys (2025). https://doi.org/10.1007/512013-025-01872-6

Lee JS, Kim YT, Jeon EK, Won HS, Cho YS, Ko YH. Effect of green tea extracts on oxaliplatin-induced
peripheral neuropathy in rats. BMC Complementary and Alternative Medicine. 2012;12(1). doi:10.1186/ 1472~
6882-12-124

Naughton SX, Terry AV. Neurotoxicity in acute and repeated organophosphate exposure. Toxicology.
2018;408:101-12. d0i:10.1016/}.t0x.2018.08.011


https://doi.org/10.1007/s12013-025-01846-8
https://doi.org/10.1007/s12013-025-01872-6

www.idosr.org Mugo, 2026

31.

32.

Dzah CS, Zhang H, Gobe V, Asante-Donyinah D, Duan Y. Anti- and pro-oxidant properties of polyphenols and
their role in modulating glutathione synthesis, activity and cellular redox potential: Potential synergies for
disease management. Advances in Redox Research. 2024;11:100099. doi:10.1016/j.arres.2024.100099
Goémez-Garduiio J, Le6n-Rodriguez R, Alemén-Medina R, Pérez-Guillé BE, Soriano-Rosales RE, Gonzalez-
Ortiz A, et al. Phytochemicals that interfere with drug metabolism and transport, modifying plasma
concentration in humans and animals. Dose-Response. 2022;20(3). doi:10.1177/15593258221120485



https://doi.org/10.59298/IDOSR/JBBAF/2026/1021500

