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1. Introduction

Neurological and neuropsychiatric disorders represent a major global health burden, affecting over one billion individuals
worldwide and contributing substantially to disability-adjusted life years ['1. Despite significant advances in neuroscience,
therapeutic options for many CNS conditions remain limited by inadequate efficacy, poor tolerability, and incomplete
understanding of disease pathophysiology 1. The identification of novel molecular targets and pharmacologically active
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compounds is therefore critical to advancing CNS drug
discovery. Plant-derived alkaloids have historically served as
invaluable sources of neuropharmacological agents, with
many becoming foundational drugs in modern medicine [,
These nitrogen-containing secondary metabolites exhibit
remarkable structural diversity and evolutionary optimization
for biological target interaction ™. Alkaloids such as
morphine, atropine, cocaine, quinine, and strychnine were
among the first pure compounds isolated from plants and
pharmacologically ~ characterized, establishing  the
foundations of neuropharmacology as a scientific discipline
[5]

Contemporary neuropharmacological research has elucidated
the precise molecular mechanisms by which alkaloids
modulate CNS function, revealing their interactions with
specific neurotransmitter receptors, voltage-gated and ligand-
gated ion channels, monoamine transporters, and intracellular
signaling cascades 171, This mechanistic understanding has
enabled rational optimization of alkaloid scaffolds for
improved CNS drug-likeness, including enhanced blood-
brain barrier (BBB) penetration, target selectivity, and
favorable pharmacokinetic profiles [#1.

The translational potential of plant-derived alkaloids extends
beyond their direct therapeutic applications. Many alkaloids
serve as privileged structures for semi-synthetic
derivatization and as templates for analog-based drug design,
yielding compounds with optimized neuropharmacological
properties ). Furthermore, alkaloids provide valuable
chemical probes for target validation and mechanistic
investigation in neuroscience research 1.

This review provides a comprehensive analysis of plant-
derived alkaloids as neuropharmacological agents, with
emphasis on molecular mechanisms, therapeutic applications
in neurological disorders, and translational drug
development. We examine major alkaloid classes, their CNS
molecular targets, structure-activity relationships, and the
challenges and opportunities in advancing alkaloid-based
neurotherapeutics from bench to bedside.

2. Plant-Derived Alkaloids as Neuropharmacological
Agents

2.1. Structural Classification and Biosynthetic Diversity
Plant alkaloids comprise over 21,000 structurally
characterized compounds, classified according to their core
nitrogen-containing heterocyclic scaffolds ['!l. Major classes
relevant to neuropharmacology include indole alkaloids (e.g.,
reserpine, ibogaine, vinblastine), isoquinoline alkaloids (e.g.,
morphine, berberine, galantamine), tropane alkaloids (e.g.,
atropine, scopolamine, cocaine), pyrrolidine and piperidine
alkaloids (e.g., nicotine, coniine), quinoline alkaloids (e.g.,
quinine, camptothecin), and purine alkaloids (e.g., caffeine,
theobromine) 1111,

These structural classes arise from diverse biosynthetic
pathways involving amino acid precursors including
tryptophan, tyrosine, ornithine, lysine, and nicotinic acid 4],
The evolutionary conservation of alkaloid biosynthesis
across plant taxa reflects their adaptive roles in chemical
defense, with many alkaloids specifically targeting neuronal
receptors and ion channels in herbivores and insects ['*). This
evolutionary optimization has yielded compounds with
inherent neuropharmacological activity and favorable
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binding profiles for mammalian CNS targets.

2.2 Pharmacophore Features and CNS Drug-Likeness
The structural features of alkaloids confer several advantages
for CNS drug development. Most alkaloids contain
protonatable nitrogen atoms that facilitate receptor binding
through ionic and hydrogen bonding interactions !, Their
moderate molecular weights and lipophilicity often satisfy
Lipinski's rule of five and related CNS-specific drug-likeness
criteria, including appropriate polar surface area and
hydrogen bond donor/acceptor counts for BBB permeability
[17]

However, alkaloid scaffolds also present challenges for CNS
optimization. Many naturally occurring alkaloids exhibit
complex stereochemistry, multiple chiral centers, and
structural features that may limit metabolic stability or oral
bioavailability ['®. Furthermore, certain alkaloid classes
show promiscuous binding to multiple receptor subtypes,
necessitating structural modifications to improve target
selectivity and minimize off-target effects (1.

3. Molecular Targets and Mechanisms of Action

3.1. Neurotransmitter Receptor Modulation

Alkaloids interact with virtually all major neurotransmitter
receptor families, functioning as agonists, antagonists, or
allosteric modulators % Morphine and related opium
alkaloids are prototypical p-opioid receptor agonists,
producing analgesia through inhibition of nociceptive
signaling in the spinal cord and brain 1. The isoquinoline
alkaloid galantamine acts as an allosteric potentiating ligand
at nicotinic acetylcholine receptors while simultaneously
inhibiting acetylcholinesterase, providing dual mechanisms
for cognitive enhancement in Alzheimer's disease 2.
Tropane alkaloids exemplify receptor subtype selectivity,
with atropine and scopolamine functioning as competitive
antagonists at muscarinic acetylcholine receptors [,
Scopolamine selectively blocks M1 muscarinic receptors in
the CNS, producing amnesia and sedation, while showing
therapeutic utility in motion sickness and as a preoperative
antisialagogue 4. The indole alkaloid ibogaine interacts with
multiple neurotransmitter systems, including antagonism at
N-methyl-D-aspartate (NMDA) receptors and 62 receptors,
mechanisms implicated in its anti-addictive properties 21,

3.2. Ion Channel Interactions

Voltage-gated and ligand-gated ion channels represent
critical alkaloid targets for neurological therapeutics [,
Nicotine from Nicotiana species acts as an agonist at
neuronal nicotinic acetylcholine receptors, particularly 042
and a7 subtypes, modulating synaptic plasticity and
neurotransmitter release 271, Cocaine blocks voltage-gated
sodium channels in addition to its well-characterized
inhibition of monoamine transporters, contributing to its local
anesthetic properties 281,

The quinoline alkaloid quinine modulates voltage-gated
potassium channels and has been investigated for treatment
of nocturnal leg cramps, although its primary clinical use
remains in antimalarial therapy ?°!. Strychnine, a highly toxic
indole alkaloid, functions as a competitive antagonist at
glycine receptors in the spinal cord, producing characteristic
convulsant effects through disinhibition of motor neurons 3%,
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3.3. Neurotransmitter Transporter Inhibition
Monoamine transporter inhibition represents a major
mechanism for alkaloid psychoactivity and therapeutic
effects B!, Cocaine potently inhibits dopamine,
norepinephrine, and serotonin transporters (DAT, NET, and
SERT), with its abuse liability primarily attributed to DAT
blockade in mesolimbic reward circuitry !1, This mechanism
has guided development of selective DAT inhibitors with
reduced abuse potential for treatment of attention-
deficit/hyperactivity disorder and cocaine addiction 31,

The indole alkaloid reserpine irreversibly inhibits vesicular
monoamine transporter 2 (VMAT2), depleting neuronal
monoamine stores and producing antipsychotic and
antihypertensive effects [3*. While reserpine itself has been
largely superseded by safer alternatives, it remains an
important pharmacological tool and has inspired
development of reversible VMAT?2 inhibitors for movement
disorders 31,

3.4. Enzyme Modulation and Intracellular Signaling
Alkaloids modulate CNS function through direct enzyme
inhibition and regulation of intracellular signaling pathways
[36], Galantamine and huperzine A (a lycopodium alkaloid)
reversibly inhibit acetylcholinesterase, enhancing cholinergic
neurotransmission and providing symptomatic benefit in
Alzheimer's disease [*”). Berberine, an isoquinoline alkaloid,
activates AMP-activated protein kinase (AMPK) and
modulates multiple metabolic and neuroprotective pathways,
showing promise in neurodegenerative disease models %1,
The vinca alkaloids (vinblastine, vincristine) from
Catharanthus roseus bind to tubulin and disrupt microtubule
dynamics, producing neurotoxicity as a dose-limiting side
effect in cancer chemotherapy but also suggesting potential
applications in neurological disorders characterized by
aberrant cytoskeletal dynamics **). Harmine and related B-
carboline alkaloids inhibit monoamine oxidase A and dual-
specificity tyrosine phosphorylation-regulated kinase 1A
(DYRKI1A), mechanisms implicated in neuroprotection and
neurogenesis [,

4. Therapeutic Applications in Neurological Disorders
4.1. Pain Management

Opium alkaloids remain the gold standard for moderate to
severe pain, with morphine, codeine, and semi-synthetic
derivatives (hydromorphone, oxycodone) widely used
clinically [*!1. These p-opioid receptor agonists produce dose-
dependent analgesia but are limited by tolerance, physical
dependence, and respiratory depression [ Efforts to
develop alkaloid-based analgesics with improved safety
profiles include peripheral-restricted opioids, biased agonists
favoring G-protein over PB-arrestin signaling, and mixed-
mechanism compounds combining opioid activity with
complementary analgesic mechanisms (411,

The indole alkaloid mitragynine from Mitragyna speciosa
(kratom) exhibits partial p-opioid receptor agonism with
reduced respiratory depression compared to traditional
opioids, although concerns regarding abuse potential and
safety have limited clinical development 4, Structure-based
optimization of mitragynine analogs aims to retain analgesic
efficacy while minimizing adverse effects [°],

4.2. Neurode generative Diseases
Cholinesterase inhibitors derived from plant alkaloids
represent first-line pharmacotherapy for Alzheimer's disease
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(4l Galantamine from Galanthus species provides dual
mechanisms through acetylcholinesterase inhibition and
allosteric potentiation of nicotinic receptors, improving
cognitive function and activities of daily living 1. Huperzine
A, though not yet approved in all jurisdictions, shows
superior blood-brain barrier penetration and longer duration
of action compared to synthetic cholinesterase inhibitors 4%,
Berberine demonstrates neuroprotective effects in preclinical
models of Parkinson's disease and Alzheimer's disease
through multiple mechanisms including antioxidant activity,
mitochondrial protection, anti-inflammatory effects, and
modulation of amyloid-beta and tau pathology “°!. Clinical
trials are investigating berberine and its derivatives for
cognitive enhancement and disease modification in
neurodegenerative disorders 1,

4.3. Epilepsy and Movement Disorders

While most contemporary antiepileptic drugs are synthetic,
alkaloid pharmacophores have influenced their development
5. The GABA transaminase inhibitor vigabatrin was
inspired by structural features of naturally occurring
alkaloids, demonstrating how alkaloid scaffolds inform
rational drug design [*',

Tetrabenazine, a semi-synthetic derivative inspired by
reserpine, selectively inhibits VMAT?2 and is approved for
treatment of chorea associated with Huntington's disease [,
Deutetrabenazine, incorporating deuterium substitution for
improved pharmacokinetics, represents further refinement of
this alkaloid-derived therapeutic 54,

4.4. Psychiatric and Cognitive Disorders

Alkaloids targeting monoaminergic systems have therapeutic
relevance in depression and anxiety disorders %1, While
direct clinical use of reserpine has declined, its mechanism
inspired development of modern antipsychotics targeting
monoamine neurotransmission . Caffeine, the most widely
consumed psychoactive alkaloid, enhances cognitive
performance through adenosine Al and A2A receptor
antagonism and is being investigated for neuroprotection in
Parkinson's disease [*7).

Emerging psychopharmacological research has renewed
interest in psychedelic indole alkaloids including psilocybin
and N, N-dimethyltryptamine (DMT) as rapid-acting
antidepressants %1, These serotonin 5-HT2A receptor
agonists produce sustained mood improvements in treatment-
resistant  depression, likely through promotion of
neuroplasticity and network-level changes in brain
connectivity 1.

5. Drug Development and Translational Considerations
5.1. Lead Identification and Optimization

Contemporary alkaloid-based CNS drug discovery employs
target-based screening, phenotypic assays, and reverse
pharmacology approaches °¥l. High-throughput screening of
alkaloid libraries against specific molecular targets enables
identification of lead compounds with desired
neuropharmacological activities [®!1. Phenotypic screening in
neuronal cell cultures and disease-relevant animal models
identifies alkaloids with functional activity regardless of
mechanism, facilitating discovery of compounds with novel
or multi-target mechanisms [©!1,

Structure-activity relationship (SAR) studies guide medicinal
chemistry ~optimization of alkaloid scaffolds [,
Modifications to improve CNS drug-likeness include
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adjusting lipophilicity and polar surface area for optimal
BBB permeability, introducing metabolic blocking groups to
enhance stability, and modifying substituents to improve
target selectivity [*4. Semi-synthetic approaches leverage the
complex core structures of natural alkaloids while enabling
systematic modification of peripheral functional groups [,

5.2. Blood-Brain Barrier Permeability and CNS Exposure
Achieving adequate CNS penetration while minimizing
peripheral exposure represents a critical challenge in
alkaloid-based neurotherapeutic development [, Most
neuroactive alkaloids possess physicochemical properties
conducive to passive BBB permeability, including molecular
weights below 500 Da and appropriate hydrogen bonding
capacity [/l However, many alkaloids are substrates for
efflux transporters including P-glycoprotein (P-gp) and
breast cancer resistance protein (BCRP), which actively
extrude compounds from the CNS [681,

Strategies to overcome efflux limitations include structural
modification to reduce transporter recognition, co-
administration with transporter inhibitors, and development
of prodrugs that undergo BBB-permeable transport followed
by CNS bioactivation ), Advanced formulation approaches
including nanoparticle delivery systems and receptor-
mediated transcytosis are being explored to enhance CNS
exposure of alkaloid therapeutics ",

5.3. Safety, Tolerability, and Addiction Liability

Many naturally occurring alkaloids exhibit narrow
therapeutic indices due to off-target effects, cardiovascular
toxicity, or CNS adverse events ["!). Systematic toxicological
profiling including in vitro safety pharmacology panels
(hERG channel, cytochrome P450 inhibition, receptor
selectivity) and in vivo toxicity studies guide identification of
liabilities requiring structural optimization 7!,

Abuse and addiction potential represents a critical concern
for alkaloids acting on reward-related neurotransmitter
systems, particularly opioids and psychostimulants [7!,
Preclinical assessment using self-administration paradigms,
conditioned place preference, and intracranial self-
stimulation models predicts abuse liability and informs risk
management strategies 4. Development of alkaloid
derivatives with reduced reinforcing properties while
retaining therapeutic efficacy remains an active area of
translational research [/,

5.4. Clinical Translation and Regulatory Pathways
Successful translation of alkaloid-based neurotherapeutics
requires comprehensive preclinical efficacy and safety data,
appropriate clinical trial design, and navigation of complex
regulatory requirements "%, Botanical drug products
containing defined alkaloid constituents face additional
challenges related to standardization, quality control, and
demonstration of batch-to-batch consistency 7).

Regulatory frameworks vary internationally, with agencies
including the U.S. Food and Drug Administration, European
Medicines Agency, and others providing guidance specific to
botanical and alkaloid-derived drugs [®. Companion
diagnostic development, biomarker validation, and patient
stratification strategies may facilitate precision medicine
approaches for alkaloid therapeutics in genetically or
phenotypically defined patient populations "1,
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6. Challenges and Future Perspectives

6.1. Sustainable Sourcing and Biosynthetic Engineering
Many medicinally important alkaloids occur in low
concentrations in source plants, and some species face
conservation concerns due to overharvesting 1. Sustainable
production strategies include cultivation optimization, cell
and tissue culture systems, and heterologous biosynthetic
engineering in microbial hosts B!, Recent advances in
metabolic engineering have enabled production of complex
alkaloids including opioids and vinca alkaloids in engineered
yeast strains, potentially providing scalable and sustainable
sources 11,

6.2. Polypharmacology and Multi-Target Drug Design

The inherent multi-target activity of many alkaloids presents
both challenges and opportunities 1. While off-target
interactions can produce adverse effects, rationally designed
multi-target alkaloid derivatives may provide superior
efficacy for complex neurological disorders involving
dysregulation of multiple neurotransmitter systems and

pathways 4. Network pharmacology approaches and
computational modeling facilitate  prediction and
optimization of beneficial polypharmacology while

minimizing detrimental promiscuity 331,

6.3. Emerging Technologies and Precision Medicine
Integration of advanced technologies is accelerating alkaloid-
based CNS drug discovery [%¢l. Artificial intelligence and
machine learning enable prediction of alkaloid-target
interactions, optimization of pharmacokinetic properties, and
identification of patient populations most likely to benefit
from specific alkaloid therapeutics 71 Structural biology
techniques including cryo-electron microscopy provide high-
resolution insights into alkaloid-receptor complexes,
facilitating structure-based drug design %%,
Pharmacogenomic profiling may identify genetic variants
influencing alkaloid metabolism, target expression, or
treatment response, enabling precision medicine approaches
(89 Integration of patient-derived induced pluripotent stem
cell models and brain organoid systems provides human-
relevant platforms for alkaloid screening and mechanistic
investigation Y1,

7. Conclusion

Plant-derived alkaloids represent a pharmacologically rich
and structurally diverse resource for neuropharmacology and
CNS drug discovery. Through precise molecular interactions
with neurotransmitter receptors, ion channels, transporters,
and intracellular signaling pathways, alkaloids modulate
neuronal function and provide therapeutic benefit across a
spectrum of neurological and neuropsychiatric disorders.
Clinically validated alkaloid-based neurotherapeutics
including morphine, galantamine, and caffeine demonstrate
the translational potential of this natural product class, while
numerous alkaloids in preclinical and clinical development
promise to expand the therapeutic armamentarium for unmet
neurological needs.

Successful development of alkaloid-based neurotherapeutics
requires systematic optimization of CNS drug-likeness
properties, including blood-brain barrier permeability, target
selectivity, metabolic stability, and safety profiles. Semi-
synthetic derivatization and analog-based drug design
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leverage the privileged structures of natural alkaloids while
enabling rational modification for improved pharmacological
properties. Emerging technologies including biosynthetic
engineering, computational drug design, and precision
medicine approaches are accelerating the identification and
optimization of alkaloid leads. Despite significant progress,
challenges remain in sustainable alkaloid sourcing,
management of complex polypharmacology, and navigation
for
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Continued integration of advanced neuroscience, medicinal
chemistry, and translational research methodologies will be
essential to fully realize the potential of plant-derived
alkaloids as next-generation neurotherapeutics. As our
understanding of CNS molecular targets and disease
mechanisms deepens, alkaloids will undoubtedly continue to
serve as invaluable sources of neuropharmacological
innovation and therapeutic discovery.

of regulatory pathways

botanical-derived drugs.

Table 1: Major Plant-Derived Alkaloids, Botanical Sources, and Neuropharmacological Activities

Alkaloid |Representative Botanical Source Primary Molecular Neuropharfn.acologlcal Clinical Status
Class Compound Target(s) Activity
Isoquinoline Morphine Papaver somniferum p-Opioid receptor Analgesia, sedation Approved
Isoquinoline | Galantamine Galanthus spp. AChE, nAChR (allosteric) | Cholinergic enhancement Approved (AD)
Isoquinoline Berberine Berberis spp. AMPK, multiple targets Neuroprotection, cognition Investigational
Indole Reserpine Rauwolfia serpentina VMAT2 Monoamine depletion  |Approved (limited use)
Indole Ibogaine Tabernanthe iboga | NMDA receptor, 62 receptor Anti-addiction Investigational
. . . Antidepressant, Clinical trials (Phase
Indole Psilocybin Psilocybe spp. 5-HT2A receptor neuroplasticity T/
. Muscarinic receptor . . .
Tropane Atropine Atropa belladonna (antagonist) Anticholinergic Approved
Tropane Scopolamine Hyoscyamus niger M1 muscarinic receptor Amnesia, antiemetic Approved
. + i i
Tropane Cocaine Erythroxylum coca DAT, NAT, SERT, Na Psychostlmulapt, local Approved (topical
channels anesthetic only)
Pyrrolidine Nicotine Nicotiana tabacum nAChR (04p2, a7) Cogpitive ephancement, Approved (cessation
addiction therapy)
Purine Caffeine Coffea arabica Adenosine A1/A2A receptors Psychostlmul_ant, Approved (OTC)
neuroprotection
Quinoline Quinine Cinchona spp. K+ channels, multiple targets Antlmil?;f;;l?uscle Approved
. L . Antineoplastic
Vinca Vincristine Catharanthus roseus Tubulin (neurotoxicity) Approved (oncology)

Abbreviations: AChE, acetylcholinesterase; nAChR, nicotinic acetylcholine receptor; AMPK, AMP-activated protein kinase; VMAT2, vesicular monoamine
transporter 2; NMDA, N-methyl-D-aspartate; 5-HT2A, serotonin receptor 2A; DAT, dopamine transporter; NAT, norepinephrine transporter; SERT, serotonin
transporter; AD, Alzheimer's disease; OTC, over-the-counter.
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