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Abstract

The therapeutic potential of herbal and natural compounds has long been recognized; meanwhile, the role of these compounds in neu-
ropharmacology is gaining increasing attention due to their promising biochemical effects. The rising prevalence of neurodegenerative
disorders, including Alzheimer’s disease, Parkinson’s disease, and depression, has underscored the need for novel, effective treatments
with minimal side effects. Notably, natural products derived from plants, fungi, and other organisms offer a vast array of bioactive
molecules that can interact with neuronal pathways to modulate cognitive function, neuroprotection, and synaptic plasticity. Further-
more, recent advancements in neuropharmacology have revealed the molecular mechanisms underlying the therapeutic efficacy of herbal
compounds, such as flavonoids, alkaloids, terpenoids, and phenolic acids, in mitigating oxidative stress, inflammation, and neuroin-
flammation. Moreover, these compounds have shown promise in enhancing neurotransmitter systems, such as serotonin, dopamine, and
acetylcholine. The integration of cutting-edge technologies, including high-throughput screening, metabolomics, and molecular docking,
has facilitated the discovery of novel natural neuroprotective agents. Artificial Intelligence (Al) and nanotechnology are transforming
the use of phytobioactive compounds in modern neuropharmacology by enabling precise prediction of molecular targets, optimizing
drug-likeness, and enhancing mechanistic understanding. Additionally, nanocarriers such as polymeric nanoparticles, liposomes, and
nanoemulsions, are improving the brain delivery, stability, and bioavailability of plant-derived molecules that traditionally suffer from
poor pharmacokinetics. Together, these technologies can accelerate the development of next-generation neuroprotective therapeutics
from natural products with greater efficiency, specificity, and translational potential. This review provides a comprehensive overview
of the latest biochemical innovations in herbal and natural compounds for neuropharmacology, emphasizing the potential of these com-
pounds as safe and effective alternatives or adjuncts to conventional neurotherapeutics.
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1. Introduction 1.2 The Potential of Herbal Remedies as a Source of

1.1 Neuropharmacology Neurotransmitters

Herbal medications and natural substances offer an ex-
tensive array of neuroactive molecules that engage with var-
ious biochemical pathways concurrently [5]. Many herbal
substances have many effects, such as acting as antioxi-
dants, changing the levels of neurotransmitters, and control-
ling neuroinflammation [6]. This is different from synthetic
chemicals that are made to work on only one target. Nu-
merous phytochemicals, including curcumin, ginsenosides,
resveratrol, and flavonoids, have demonstrated potential in
preclinical and clinical investigations for their neuroprotec-
tive and cognitive-enhancing effects [7]. Improvements in
metabolomics, network pharmacology, and computational
biology are making it easier to find new herbal candidates
and their molecular targets [8]. The growing convergence
of ethnomedicine and contemporary neuroscience under-
scores the translational capacity of natural substances in
neuropharmacology [9].

Neuropharmacology has become one of the most ac-
tive fields of biomedical research, focusing on neurological
and mental illnesses that together make up a large part of the
world’s health problems. Conventional drug research has
encountered challenges such as limited efficacy, unpleas-
ant side effects, and elevated attrition rates in clinical tri-
als, despite decades of advancement [1]. Conditions like
Alzheimer’s disease, Parkinson’s disease, epilepsy, depres-
sion, and neuropathic pain are still only partially treated by
current medications [2]. The central nervous system (CNS)
is tremendously complicated, with many different neuro-
transmitter systems, synaptic plasticity, and neuronal cir-
cuits. This has made it hard to find drugs that work on just
one target [3]. Consequently, there is an increasing inter-
est in investigating multi-target and pathway-specific ther-
apies, especially those derived from natural sources, to ad-
dress these constraints [4].
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1.3 Scope and Objectives of the Chapter

This chapter examines the function of herbal and nat-
ural substances in neuropharmacology, focusing on their
biochemical advancements. It combines ideas from both
traditional medicine and modern research, focuses on how
synaptic modulation, neuroinflammation, ion channel reg-
ulation, and epigenetic reprogramming work, and looks at
how important phytochemicals can help treat major neu-
rological illnesses. By bringing together current achieve-
ments, we hope to give a full picture of how herbal bioac-
tive might help with neuropharmacological methods for the
next generation [10].

2. Historical and Traditional Perspectives

2.1 Ayurveda, Traditional Chinese Medicine, and
Ethnomedicinal Roots

Ayurveda and Traditional Chinese Medicine (TCM)
are two of the most well-known systems for using medic-
inal plants to improve neurological health. In Ayurveda,
herbs like Withania somnifera (Ashwagandha) and Bacopa
monnieri (Brahmi) have been used for a long time to help
with memory, cognition, and stress management [11]. On
the other side, TCM focuses on herbs like Ginkgo biloba,
Panax ginseng, and Rhodiola rosea, which were utilized
in the past to bring “Qi” back into balance and clear the
mind [12]. Ethnomedicinal traditions in Africa and South
America exhibit significant utilization of plants for neuro-
logical health, including Tabernaemontana divaricata and
Uncaria tomentosa [13]. These traditions emphasize the
global applicability of herbal methods for brain health, re-
flecting a collective acknowledgment of natural substances
in enhancing mental wellness [14].

2.2 Transition from Folk Use to Evidence-Based
Neuropharmacology

While initially informed by empirical observation, the
evolution of herbal medicine into contemporary neurophar-
macology has been advanced by stringent experimental
confirmation. Standardized preparations of Ginkgo biloba,
which were originally mostly used as a folk treatment,
have now been investigated in clinical trials for their abil-
ity to improve memory and prevent dementia [15]. Like-
wise, Bacopa monnieri, historically utilized as a “Med-
hya Rasayana” in Ayurveda, has demonstrated the capac-
ity to enhance synaptic plasticity and memory in both an-
imal models and clinical trials [16]. Improvements in
phytochemistry have made it possible to separate active
compounds such bacosides, ginsenosides, and curcumi-
noids, which are currently used as models for neuroac-
tive medicines [17]. Furthermore, ethnopharmacological
records have been digitized into global databases, facilitat-
ing interaction with computational drug discovery method-
ologies [18]. These advancements signify the transition
from anecdotal applications to mechanistic and evidence-
based neuropharmacology [19].

2.3 Early Discoveries of Herbal Neuroactive Compounds

The discovery of early neuroactive chemicals from
plants was very important for the development of herbal
neuropharmacology. Alkaloids from Rauwolfia serpentina
resulted in the identification of reserpine, an innovative an-
tipsychotic medication that transformed psychiatry in the
mid-20th century [20]. The extraction of galantamine from
Galanthus woronowii (snowdrop) established a frame-
work for acetylcholinesterase inhibitors in the treatment
of Alzheimer’s disease [21]. Flavonoids and polyphenols
extracted from green tea (Camellia sinensis) and turmeric
(Curcuma longa) yielded initial insights into natural sub-
stances exhibiting antioxidant and anti-inflammatory prop-
erties pertinent to neurodegeneration [22]. These initial
milestones demonstrate how conventional knowledge has
spurred contemporary advancements in neuropharmacol-
ogy, establishing a basis for subsequent mechanistic inves-
tigation [23].

3. Advances in Biochemical Pathways of
Herbal Agents

Fig. 1 shows how natural substances nourish the brain
and nervous system in multiple manners. They influ-
ence neurotransmitters (like serotonin, GABA, and nore-
pinephrine) and ion channels that regulate (Nav1.7) to keep
nerve signalling in control. They prevent neuroinflamma-
tion by blocking NF-xB and inhibiting pro-inflammatory
cytokines (Tumor necrosis factor-alpha, TNF-«). They also
control ion channels like Transient receptor potential vanil-
loid 1 (TRPV1) to lower pain and swelling. Lastly, they
help synaptic plasticity, which makes the brain better at
communicating and adapting. These effects work together
to keep nerves healthy and lower the risk of neurological
problems.

3.1 Antioxidant and Anti-Inflammatory Mechanisms

Oxidative stress and chronic neuroinflammation are
pivotal in the advancement of neurodegenerative disorders,
including Alzheimer’s and Parkinson’s diseases. Herbal
agents abundant in polyphenols, flavonoids, and alkaloids
have demonstrated the capacity to scavenge reactive oxy-
gen species (ROS) and enhance the expression of endoge-
nous antioxidant enzymes, such as superoxide dismutase
(SOD) and catalase [24]. For instance, curcumin derived
from Curcuma longa inhibits NF-xB activation, hence
diminishing microglial-mediated inflammatory responses
[25]. Epigallocatechin-3-gallate (EGCG) from green tea
also lowers ROS levels and stops pro-inflammatory cy-
tokines like TNF-« and IL-6 from working [26]. These two
activities show that herbal medicines can affect two related
disease pathways at the same time [27].

3.2 Modulation of Neurotransmitter Systems

Various herbal substances exhibit neuropharmacolog-
ical effects via influencing neurotransmitter systems. Gin-

&% IMR Press


https://www.imrpress.com

Neurotransmitter

System Modulation
Navl.7

Transmitter channel
GABA ‘

==
Norepinephrin———p %

ARy

Serotonin

\’&

Neuroinflammation/—* 3
inhibition '

|

Fig. 1. Biochemical pathway of natural substances.

senosides derived from Panax ginseng augment dopamin-
ergic and cholinergic neurotransmission, facilitating en-
hancements in learning and memory [28]. Bacosides
from Bacopa monnieri raise levels of serotonin and acetyl-
choline, which is linked to better synaptic communication
in the hippocampus [29]. Alkaloids such as huperzine A
also stop acetylcholinesterase, which keeps acetylcholine
levels high, which is important for cognitive function [30].
These mechanistic findings illustrate the direct impact of
traditional medicines on neurotransmitter circuits [31].

3.3 Regulation of Apoptosis and Neurogenesis

Apoptotic neuronal death is a defining characteristic
of neurodegeneration, but compromised neurogenesis hin-
ders recovery. Herbal chemicals like resveratrol stimulate
SIRT1, which stops pro-apoptotic proteins (Bax, caspase-
3) and boosts anti-apoptotic markers (Bcl-2) [32]. With-
anolides from ashwagandha have been demonstrated to en-
courage neurogenesis in the hippocampus by encourag-
ing synaptic remodeling and dendritic development [33].
Polysaccharides from Ganoderma lucidum also boost the
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expression of brain-derived neurotrophic factor (BDNF),
which helps neurons stay alive and grow again [34]. These
pathways underscore the potential of herbal medicines not
only in avoiding neuronal death but also in promoting re-
covery [35].

3.4 Mitochondrial Protection and Energy Metabolism

Mitochondrial failure and reduced ATP production
substantially enhance neuronal susceptibility.  Herbal
substances, such as gypenosides derived from Gynos-
temmapentaphyllum, have demonstrated the ability to sta-
bilize mitochondrial membrane potential and augment ATP
generation [36]. Curcumin and quercetin also protect mito-
chondria by lowering lipid peroxidation and changing the
electron transport chain [37]. These effects help neurons
stay strong when they’re under stress, which is good for
long-term brain health [38].

3.5 Epigenetic and Molecular Pathway Regulation

Recent research underscores the significance of herbal
medicines in epigenetic regulation. Polyphenols like
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EGCG and resveratrol control histone acetylation and DNA
methylation, which in turn affect genes that are linked to
neural plasticity and how the body reacts to stress [39]. For
example, curcumin has been demonstrated to activate the
Nrf2/ARE pathway, hence augmenting the expression of
antioxidant response genes [40]. These results demonstrate
that herbal substances serve as both biochemical modula-
tors and epigenetic regulators of cerebral activity [41].

3.6 Recent Discoveries in Regulated Cell Death
Pathways—Particularly Pyroptosis, Ferroptosis, and
Cuproptosis

Pyroptosis, an inflammatory form of programmed cell
death mediated by gasdermin activation, is increasingly
recognized as a key contributor to neuroinflammation and
neurodegeneration, suggesting that natural products with
anti-inflammatory or inflammasome-modulating properties
may exert therapeutic effects through this pathway. Sim-
ilarly, ferroptosis, an iron-dependent lipid peroxidation-
driven cell death mechanism, has emerged as a critical fac-
tor in neuronal loss in conditions such as Parkinson’s and
Alzheimer’s diseases; yet, the potential of natural antiox-
idants, metal chelators, and lipid peroxidation inhibitors
to modulate ferroptotic signaling remains insufficiently
explored. Cuproptosis, a recently characterized copper-
dependent cell death pathway linked to mitochondrial dys-
function, offers another promising frontier where natural
products with metal-binding, mitochondrial-protective, or
redox-stabilizing activities may play an influential role.
The lack of integration of these modern mechanistic in-
sights into current research limits our understanding of how
natural compounds truly interact with neuronal survival
pathways, indicating a major research gap and an oppor-
tunity for more advanced neuropharmacological investiga-
tions.

4. Mechanistic Innovations in Herbal
Neuropharmacology

The Fig. 2 demonstrates that herbal compounds can
be used in neuropharmacological advancements, such as
enhancing memory functions and improving brain connec-
tions. Panax ginseng contains neuronal excitability sta-
bilizers, while Bacopa monnieri and Curcuma longa en-
hance memory. Polyphenols like Epigallocatechin gallate
(EGCG) and baicalein protect against neurodegenerative
processes. Phytochemicals like curcumin, resveratrol, and
green tea activate multiple signaling responses, suggesting
a potential synergistic relationship between brain health and
interventions.

4.1 Ion Channel Modulation

One of the new discoveries in herbal neuropharmacol-
ogy is that phytochemicals can control how easily neurons
become excited by interacting with ion channels. For exam-
ple, ginsenosides from Panax ginseng control calcium and

potassium channels, which keeps neurons firing and low-
ers excitotoxicity [42]. Likewise, alkaloids derived from
Stephania tetrandra inhibit voltage-gated sodium channels,
which are essential for regulating hyperexcitability associ-
ated with neuropathic pain [43]. These results indicate that
herbs may function as natural templates for the creation of
ion channel modulators with reduced negative effects com-
pared to synthetic pharmaceuticals [44].

4.2 Synaptic Plasticity and Long-Term Potentiation

Herbal compounds have also been proven to increase
synaptic plasticity, which is very important for learning
and memory. Bacosides derived from Bacopa monnieri
augment long-term potentiation (LTP) in hippocampal neu-
rons through the modulation of NMDA receptor activa-
tion [45]. Curcumin enhances the phosphorylation of
CREB, hence facilitating synaptic strengthening and plas-
ticity [46]. Ginkgo biloba extract EGb761 increases the
release of synaptic vesicles, which improves neurotrans-
mission [47]. These findings collectively demonstrate the
potential of herbal substances to enhance cognitive per-
formance through the manipulation of plasticity pathways
[48].

4.3 Neurovascular Coupling and Cerebral Blood Flow

Herbal compounds also have an effect on neurovas-
cular coupling, which makes sure that blood flows well to
active areas of the brain. Ginkgo biloba extract enhances
endothelial nitric oxide synthase (eNOS) activity, result-
ing in vasodilation and increased cerebral blood flow [49].
Resveratrol boosts the production of mitochondria in en-
dothelial cells, which makes blood vessels even better at
supporting neural activity [50]. These processes demon-
strate that herbs influence not only neurons but also the vas-
cular network that is crucial for brain function.

4.4 Targeting Protein Misfolding and Aggregation

The formation of amyloid-beta plaques in Alzheimer’s
disease and other forms of protein misfolding and aggre-
gation are important neurodegenerative processes. Cur-
cumin has demonstrated the ability to suppress amyloid-
beta fibril production and disrupt pre-existing clumps [51,
52]. Epigallocatechin-3-gallate (EGCG) redirects harm-
ful protein aggregates into non-toxic forms, which makes
them less harmful to the nervous system [53]. Additionally,
baicalein derived from Scutellaria baicalensis suppresses
a-synuclein fibrillation, a process associated with Parkin-
son’s disease [54]. These mechanisms make herbal sub-
stances look like good candidates for medicines that stop
aggregation [55].

4.5 Multi-Targeted Network Pharmacology

Herbal substances work on more than one pathway
at a time, which is different from synthetic medications
that only work on one target. This is called a systems
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Fig. 2. Mechanistic innovation in herbal neuropharmacology.

pharmacology approach. Research on network pharmacol-
ogy has shown that drugs such as quercetin, curcumin, and
resveratrol affect more than one signaling node, such as the
PI3K/Akt, MAPK, and AMPK pathways [56]. This method
that targets numerous pathways gives a complete thera-
peutic benefit, especially for complicated conditions like
Alzheimer’s and Parkinson’s disease, where many harmful
processes come together [57].

5. Clinical Evidence Supporting Herbal
Neuroprotection

5.1 Alzheimer s Disease and Dementia

Numerous clinical trials have assessed herbal extracts
for Alzheimer’s disease (AD) and dementia. Ginkgo biloba
extract EGb761 is still the most researched herbal treat-
ment. It has shown small but significant improvements in
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cognitive function and daily activities in people with mild to
moderate AD [58]. A randomized controlled study (RCT)
indicated that EGb761 mitigated cognitive decline similarly
to donepezil in older people [59]. Bacopa monnieri supple-
mentation similarly improved memory function and atten-
tion span in older people with mild cognitive impairment
(MCI) [60]. Curcumin, despite its low bioavailability, has
demonstrated decreases in amyloid-beta deposition in pre-
liminary trials, indicating its promise in Alzheimer’s dis-
ease therapy [61].

5.2 Parkinson's Disease

Herbal treatments have also been tried on people
with Parkinson’s disease (PD). Mucuna pruriens, a natural
source of L-DOPA, enhanced motor symptoms and dimin-
ished “off” times in Parkinson’s disease patients, similar to
traditional L-DOPA therapy but with a reduced incidence
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Table 1. Information on herbal neuroprotection as natural products that are currently on the market or undergoing clinical trials.

Product (com- Botanical source Indication/neuro target Market status (example) Representative  clinical — Typical dose used in clini-  Proposed neuroprotective mecha-
mon name) trial (NCT/ref) cal studies nisms
Ginkgo Dbiloba  Ginkgo biloba leaf ex- Cognitive impairment, Widely available as OTC sup- Multiple trials—e.g.,  120-240 mg/day of stan-  Antioxidant, mitochondrial sup-
(EGb 761®) tract (standardized EGb ~ mild-moderate demen- plement; EGb 761 is an ap- clinical efficacy studies dardized extract in many port, microcirculation enhance-
761) tia, vascular cognitive proved phytomedicine for cogni- (see NCT03090516/EGb trials. ment, anti-inflammatory and anti-
impairment tive symptoms in parts of Europe. 761 literature). amyloid effects.
Curcumin Curcuma longa (cur-  Alzheimer disease, age- Sold as dietary supplement; Several clinical stud- Typical trial ranges 500— Potent antioxidant and anti-

(turmeric  ex-
tract)

cumin,  standardized

extracts, nanoformula-

related cognitive decline,

neuroinflammation

multiple enhanced formulations

(nanoparticles, phospholipid

ies and NCTs (e.g.,
NCT01383161 and other

2000 mg/day (varies by

formulation; lower for

inflammatory; modulates amy-

loid aggregation, metal chelation,

tions) complexes) in development/early ~ AD/cognition trials). enhanced-bioavailability NF-«xB and Nrf2 pathways.
clinical testing. forms).
Bacopa  mon-  Bacopa monnieri  Cognitive enhancement, Widely marketed as  Multiple  RCTs/meta- 300450 mg/day of stan- Antioxidant, modulation of
nieri (Brahmi) whole-plant standard- memory, mild cognitive  nootropic/cognitive supple- analyses (see clinical dardized extract (typical cholinergic systems, synaptic

ized extracts (e.g., impairment ment globally; used in Ayurvedic  trial papers and reviews).  formulations 300 mg/day  plasticity (BDNF), reduction of
Bacosides) formulations. containing  standardized  oxidative stress.
bacosides).
Huperzine A Alkaloid from Hu-  Alzheimer’s disease— Marketed as supplement in some  Multiple trials, e.g., Typical clinical trial doses: ~ Reversible acetylcholinesterase
perzia serrata symptomatic cognitive  countries; used clinically in China ~ NCT00083590 and 200-400 pg/day (varies; inhibitor; may reduce glutamate
improvement  (acetyl-  (prescription formulations). phase II RCTs. often 0.2-0.4 mg/day). excitotoxicity and  oxidative
cholinesterase  inhibi- stress.
tion)
Ashwagandha Withania ~ somnifera  Cognitive dysfunction, Widely available as supplement Examples: Typical studied doses: Anti-inflammatory, antioxidant,
(Withania som-  root extracts (withano-  stress-related cognitive (Ashwagandha extracts); several ~NCT04092647 and 300-600 mg/day of stan- modulation of neurotrophic fac-

nifera)

lides)

decline, neuroprotection
in AD models

clinical trials ongoing for cogni-
tion/stress.

other trials assessing

cognitive outcomes.

dardized
(depending on formula-

root extract

tion).

tors (BDNF), mitochondrial sta-
bilization, anti-amyloid effects in
preclinical models.

Saffron (Crocus

Crocus sativus  stig-

Mild—moderate

Available as supplement and culi-

Several RCTs in

Typical clinical doses used

Antioxidant, anti-inflammatory,

sativus) mas/standardized saf-  Alzheimer’s disease, nary spice; standardized extracts ~ AD/mild—moderate in AD trials: 30 mg/day of inhibition of AS aggregation,
fron extracts (crocin, depressive symptoms in  used in clinical trials in Iran and  cognitive impairment  saffron extract. modulation of neurotransmitter
safranal) neuropsychiatric ~ con-  elsewhere. (e.g., Akhondzadeh 2010 systems.
texts and later trials).
Resveratrol A polyphenol present  Alzheimer’s disease, Sold as supplement; multiple Example trial:  Doses in trials vary widely ~ Sirtuin activation (SIRT1), an-
in grapes, red wine; aging-related cognitive clinical trials have tested high- NCT01504854 and (e.g., 500 mg-2 g/day tioxidant, anti-inflammatory, mi-

found in extracts

decline, neuroinflamma-

tion

dose resveratrol in AD popula-

tions.

other pilot/phase II stud-
ies in AD.

or higher depending on
study).

tochondrial and metabolic modu-

lation.
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of dyskinesia episodes [62]. Clinical research also showed
that polyphenols in green tea delayed the start of motor
problems in people with early PD [63]. These results sug-
gest that herbal medications may enhance or replace syn-
thetic pharmaceuticals in the management of Parkinson’s
disease [64].

5.3 Depression and Anxiety Disorders

Many studies have looked examined St. John’s Wort
(Hypericum perforatum) as a treatment for depression.
Meta-analyses indicate that it is comparably beneficial to
selective serotonin reuptake inhibitors (SSRIs) in cases of
mild to moderate depression, with fewer adverse effects
[65]. In double-blind experiments, ashwagandha (Withania
somnifera) has been proven to reduce cortisol levels and
make people more resilient to stress [66]. These findings
underscore the efficacy of herbal medicines as safer alter-
natives to traditional antidepressants [67].

5.4 Stroke and Neurovascular Disorders

Clinical investigations on neuroprotection post-stroke
have demonstrated favorable effects of herbal substances.
Ginkgo biloba extract enhanced cognitive recovery post-
stroke and diminished neurological impairments in exten-
sive randomized controlled trials [68]. Danshen (Salvia
miltiorrhiza) extract has been utilized in China to enhance
cerebral circulation, demonstrating a reduction in infarct
volume and an improvement in recovery among ischemic
stroke patients [69]. Resveratrol administration increased
vascular function and cognitive recovery in post-stroke pa-
tients [70].

5.5 Mild Cognitive Impairment and Aging

The table 1 highlights various herbal compounds such
as Ginkgo biloba, curcumin, Bacopa monnieri, and resver-
atrol with neuroprotective properties that are either com-
mercially available or being tested in clinical trials. It sum-
marizes their sources, therapeutic potential against neuro-
logical disorders, and current development status as natu-
ral product-based interventions. Herbal supplements may
help older people with normal cognitive abilities, according
to trials conducted on those without dementia. A study on
grape seed extract high in polyphenols found that it helped
older people pay attention and remember things [71]. Sup-
plementing with curcumin made elderly persons who didn’t
have dementia feel better and remember things better [72].
Panax ginseng has been linked to enhanced psychomotor
performance and less mental tiredness in healthy aging indi-
viduals [73]. These studies collectively suggest that herbal
neuroprotectives can postpone cognitive deterioration asso-
ciated with aging [74].
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6. Cutting-Edge Biochemical and
Technological Integrations

6.1 Network Pharmacology and Omics-Based Approaches

Herbal formulations are ideal candidates for network
pharmacology methods due to their complexity and the fact
that they contain several bioactive phytochemicals. Re-
searchers can map how different compounds affect inter-
connected signaling pathways by looking at how they in-
teract with more than one target. This can help them un-
derstand how these compounds work together [75]. For
instance, systems biology models have shown that chem-
icals from Withania somnifera control neuroinflammation
through both the NF-xB and MAPK pathways at the
same time [76]. Omics-based techniques, such as tran-
scriptomics, proteomics, and metabolomics, yield high-
resolution data that facilitate the molecular mapping of
herbal neurotherapeutics [77]. Improvements in single-cell
RNA sequencing have made it easier to study how herbs
affect neuronal gene expression [78]. Multi-omics integra-
tion has been employed to create molecular fingerprints of
herbal extracts, facilitating quality control and mechanistic
validation [79].

6.2 Nanotechnology and Phytochemical Delivery Systems

Herbal bioactives like curcumin, resveratrol, and
quercetin still have big problems with solubility and
bioavailability. Nanotechnology offers novel treatments
by enhancing stability, targeted delivery, and penetration
of the blood-brain barrier (BBB) [80]. For example,
polymeric nanoparticles loaded with curcumin greatly im-
proved brain absorption and stopped amyloid accumulation
in models of Alzheimer’s disease [81]. Likewise, resvera-
trol encapsulated in lipid-based carriers exhibited enhanced
neuroprotective effects in individuals with Parkinson’s dis-
case [82]. Dendrimers and nanomicelles have been de-
signed to co-deliver herbal polyphenols alongside synthetic
medicines, resulting in synergistic therapeutic effects [83].
Furthermore, nanoparticles produced from plant extracts
have demonstrated inherent neuroprotective characteristics
[84].

6.3 Artificial Intelligence and Machine Learning in Herbal
Drug Discovery

Al and ML are changing the way herbal drugs are dis-
covered by making it possible to forecast how phytochem-
icals will work. Machine learning (ML) algorithms can ac-
curately anticipate how well phytocompounds will cross the
blood-brain barrier (BBB), how poisonous they will be, and
how well they will bind to their targets [85]. Deep learning-
based virtual screening has discovered new neuroprotec-
tive alkaloids and flavonoids from extensive herbal chem-
ical libraries [86]. Al-driven molecular docking and phar-
macophore modeling have sped up the process of finding
herbal neuroprotectives that work against both Alzheimer’s
disease and Parkinson’s disease [87]. Al can also combine
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clinical trial data with molecular data to make herbal treat-
ments work better [88]. These computational methods cut
down on development time by a lot while still making sure
that the product works and is secure.

6.4 Case Studies of Translational Research

Numerous case studies demonstrate the effective im-
plementation of these technologies in practice. Nano-
curcumin formulations have commenced clinical studies
for Alzheimer’s Disease and have shown enhanced cogni-
tion scores relative to unformulated curcumin [89]. A net-
work pharmacology-guided investigation of Ginkgo biloba
revealed multitarget interactions with amyloid-beta and
tau pathways, hence affirming its therapeutic significance
[90]. In a similar vein, Al-assisted study of Panax ginseng
metabolites uncovered novel ginsenosides exhibiting neu-
roprotective properties, currently undergoing evaluation in
preclinical Parkinson’s disease models [91]. A synergis-
tic application of omics and artificial intelligence to Ba-
copa monnieri clarified its influence on synaptic plasticity
genes, correlating computational forecasts with clinical en-
hancements in memory [92]. These translational endeav-
ors underscore the prospective integration of pharmacolog-
ical, nanotechnological, and computational advancements
into herbal neuropharmacology.

7. Challenges and Limitations
7.1 Standardization and Dosing Issues

A major problem in herbal neuropharmacology is that
there are no standard formulations. Herbal medicines often
demonstrate considerable variability in chemical composi-
tion due to differences in plant species, geographic origin,
harvesting time, and extraction methods [93]. These vari-
ances impede reproducibility in both preclinical and clinical
research, leading to difficulties in determining suitable ther-
apy dosages. Synthetic drugs contain clear active ingredi-
ents, while herbal formulations may include many bioactive
ingredients that work together or against each other in ways
that are not well known. The absence of internationally
accepted pharmacopoeial standards exacerbates these dos-
ing difficulties [94]. Recent progress in metabolomics and
chemometric fingerprinting has been suggested as effective
methods for improving uniformity; nevertheless, their prac-
tical application is still limited.

7.2 Safety, Toxicity, and Drug-Herb Interactions

Even if they may seem safe, herbal substances can
nevertheless be harmful to your health. The study has
shown that certain herbal neuroactive compounds can be
toxic to the liver and kidneys, and that the amount of the
chemical taken can affect how toxic it is [95]. Moreover,
the combinations between herbal medicines and conven-
tional pharmaceuticals present a considerable therapeutic
challenge. Ginseng and St. John’s Wort are known to
interfere with cytochrome P450 enzymes, which changes

how medications are broken down and raises the likeli-
hood of bad effects [96]. A comprehensive investigation
revealed that more than 30% of recorded herb-drug interac-
tions include patients undergoing treatment for neurologi-
cal or psychiatric conditions. Toxicity is linked to contami-
nants such as heavy metals, pesticides, and adulterants com-
monly present in poorly regulated herbal products [97]. To
reduce these safety problems, it is important to create com-
plete preclinical toxicological profiles and pharmacovigi-
lance programs [98].

7.3 Translational Barriers: From Bench to Bedside

While herbal substances have encouraging neuropro-
tective properties in preclinical investigations, their conver-
sion into clinically sanctioned pharmaceuticals is still con-
strained. The main problems are that preclinical models are
not always the same, there aren’t many large-scale random-
ized controlled trials, and it’s hard to safeguard intellectual
property [99]. In many situations, herbal medicines don’t
get past the early clinical phases since there isn’t enough
information about how they work in the body and how
well they are absorbed. Regulatory challenges further post-
pone their approval, as herbal formulations frequently do
not conform to traditional drug review criteria. Further-
more, cultural and regional disparities in the acceptance
of herbal medicines affect patient adherence and clinical
implementation. Bridging this gap necessitates multidis-
ciplinary methodologies that incorporate ethnopharmacol-
ogy, systems biology, and sophisticated clinical trial design
[100].

7.4 Regulatory and Ethical Concerns

There is still a lack of uniformity in the regulatory
framework for herbal neuropharmacology worldwide. Due
to their classification as dietary supplements rather than
medicinal medicines, herbal substances in Western coun-
tries are not subject to thorough clinical testing. On the
other hand, countries like India and China who have strong
traditional medicine systems control herbal medications un-
der specific rules, although they have trouble meeting inter-
national standards [101]. Ethical considerations also come
up when there is biopiracy, when indigenous groups don’t
get enough of the benefits, and when traditional knowledge
is used without proper credit [102]. To build global trust in
herbal neuropharmacology, it is important to protect intel-
lectual property rights, have clear clinical trials, and have
consistent regulatory procedures [103].

8. Conclusion

Herbal neuropharmacology is rapidly emerging as a
bridge between traditional medicine and advanced biolog-
ical science, revealing how plant-derived compounds can
precisely modulate complex neuronal pathways. Modern
tools such as nanotechnology, network pharmacology, and
Al are transforming the discovery and delivery of these phy-
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tochemicals, helping overcome long-standing challenges
in bioavailability, standardization, and multi-target inter-
actions. Despite remaining regulatory and translational
hurdles, the field is progressing toward globally harmo-
nized, evidence-based practices, with the most promis-
ing pathways centered on antioxidant, anti-inflammatory,
mitochondrial-protective, and metal-regulated cell-death
mechanisms—positioning herbal therapeutics as a forward-
looking, holistic strategy for future neurological care.

9. Future Perspectives

It is through combining age-old knowledge with
cutting-edge research that herbal neuropharmacology hopes
to realize its full potential. ~ The use of genomic,
metabolomic, and microbiome analysis to inform personal-
ized herbal medicine has the potential to revolutionize treat-
ment approaches by tailoring herbal substances to each pa-
tient’s unique requirements. Such customized interventions
could transcend “one-size-fits-all” methodologies, guaran-
teeing both safety and efficacy across varied populations.
New technologies in biotechnology, such CRISPR-based
editing and multi-omics platforms, should speed up the
discovery of new plant-based compounds and make their
mechanistic paths clearer. This will make it possible to
create formulations that are specific to certain pathways
and can target many nodes in complicated neurological net-
works. Artificial intelligence and machine learning will
push this frontier even farther by giving us predictive mod-
els for how herbs and drugs interact, how hazardous they
are, and how to make clinical trials better. Nanotechnology
and new ways to deliver drugs will also change how herbal
compounds work in the body, solving long-standing prob-
lems with low bioavailability and stability. These methods
will let strong natural substances like curcumin, resveratrol,
and ginsenosides get to therapeutic levels in the brain with
few side effects throughout the body. In the future, world-
wide regulatory harmonization and ethical frameworks will
be very important for making sure that new herbal treat-
ments can be used safely in clinical practice. Herbal neu-
ropharmacology is on the verge of a “biochemical renais-
sance” by encouraging cooperation between ethnopharma-
cology, current neuroscience, and computer sciences. In
this time, substances that are inspired by nature may play
a big role in creating the next generation of neurological
drugs, combining old ways with new, precise medicine.
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