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Enzyme inhibition constitutes one of the most pivotal strategies in modern drug
development, enabling targeted modulation of pathological biochemical pathways

ISSN (online): 3107-393X across diverse disease states. Despite the widespread clinical utility of synthetic

Volume: 06 enzyme inhibitors, their use is increasingly complicated by concerns over systemic
Issue: 04 toxicity, suboptimal pharmacokinetic profiles, and the emergence of drug resistance.

_ These limitations have reinvigorated scientific interest in phytochemicals, a
July A ugust 2025 structurally diverse class of plant-derived secondary metabolites with demonstrated
Received: 07-06-2025 enzyme-inhibitory activity. This review examines the role of phytochemicals,
Accepted: 09-07-2025 including flavonoids, alkaloids, terpenoids, and polyphenols, as mechanistically
Published: 10-08-2025 diverse enzyme inhibitors in the context of contemporary drug discovery. We analyse
Page No: 26-33 the fundamental principles of competitive, non-competitive, uncompetitive, allosteric,

and covalent inhibition, and delineate how each modality is exploited by specific
phytochemical scaffolds. Molecular interactions at enzyme active sites, including
hydrogen bonding, hydrophobic contacts, pi-pi stacking, and van der Waals forces, are
discussed in relation to structure-activity relationships that govern inhibitory potency
and selectivity. Key therapeutic applications encompassing metabolic disorders such
as type 2 diabetes, oncological targets, and neurodegenerative pathways are reviewed
in depth. Additionally, computational approaches including molecular docking,
pharmacophore modelling, and machine learning are evaluated for their role in
accelerating phytochemical-based lead identification. Challenges in translating
preclinical findings to clinical efficacy, including bioavailability limitations,
regulatory hurdles, and standardization issues, are critically discussed. Future
directions in the field encompass nanotechnology-mediated delivery, combination
therapy strategies, and integration of artificial intelligence in phytochemical drug
design.
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1. Introduction

Enzymes represent among the most pharmacologically tractable targets in medicine, catalysing the biochemical reactions that
underpin cellular homeostasis, signal transduction, and metabolic regulation ™. The disruption of pathological enzyme activity
has provided the mechanistic basis for therapeutics used in the treatment of infectious diseases, metabolic syndromes,
oncological conditions, and neurological disorders. From the inhibition of angiotensin-converting enzyme (ACE) in
hypertension management to the targeting of HIV reverse transcriptase in antiretroviral therapy, enzyme-directed drug design
has fundamentally transformed modern clinical pharmacology 2. However, the development pipeline for synthetic enzyme
inhibitors is increasingly encumbered by challenges including dose-limiting toxicity, metabolic instability, and the progressive
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acquisition of resistance mutations in target enzymes,
particularly within oncology and infectious disease [,
Natural products have historically served as the chemical
foundation for drug discovery, with estimates suggesting that
over 50 percent of approved drugs are derived from or
inspired by natural product scaffolds [. Within this
expansive chemical space, phytochemicals occupy a position
of particular significance. Defined as secondary metabolites
synthesized by plants predominantly for ecological defence
and interspecies signalling, phytochemicals encompass a
structurally heterogeneous array of compounds including
flavonoids, alkaloids, terpenoids, stilbenes, and polyphenols
BB1. Their coevolution with biological macromolecules over
millions of years has endowed many phytochemicals with
remarkable binding affinity and mechanistic specificity
toward enzymes of therapeutic relevance I,

The renaissance of interest in phytochemicals as enzyme
inhibitors is driven not only by their inherent bioactivities but
also by advances in analytical chemistry, structural biology,
and computational pharmacology that have enabled rigorous
mechanistic characterisation of their interactions with
enzymatic targets ). High-throughput screening platforms
have facilitated the identification of potent phytochemical
hits, while X-ray crystallography and cryo-electron
microscopy have permitted atomic-resolution visualisation of
phytochemical-enzyme complexes 1. This review provides a
comprehensive and critically analytical examination of
phytochemicals as enzyme inhibitors in the drug
development context, encompassing molecular mechanisms,
structure-activity relationships, preclinical and translational
research, computational strategies, and regulatory
considerations.

2. Principles of Enzyme Inhibition: Mechanistic and
Pharmacological Foundations

Enzyme inhibitors are broadly classified according to the
kinetic and molecular mechanisms by which they reduce
catalytic activity. Competitive inhibitors, which share
structural complementarity with the natural substrate, occupy
the enzyme's active site in a mutually exclusive fashion,
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increasing the apparent Michaelis constant (Km) without
altering the maximum reaction velocity (Vmax). The
reversibility of competitive inhibition renders it particularly
sensitive to substrate concentration, a consideration of
pharmacological relevance when designing inhibitors in vivo
where substrate levels fluctuate . Non-competitive
inhibitors bind to a site distinct from the active site, either
simultaneously with or independently of the substrate,
resulting in a reduction of Vmax without alteration of the
apparent Km. This inhibition mode is mechanistically
favoured for targets in which substrate saturation would
otherwise attenuate inhibitor efficacy 01,

Allosteric  inhibition  represents a  mechanistically
sophisticated modality in which ligand binding at a
topographically ~ remote  regulatory  site  induces
conformational changes that propagate to the active site,
diminishing catalytic competence. The therapeutic value of
allosteric inhibition is substantial, offering selectivity
advantages over orthosteric approaches, particularly for
enzymes sharing conserved active site architectures across
isoforms or species M. Uncompetitive inhibitors form a
distinct mechanistic category characterised by exclusive
binding to the enzyme-substrate complex, reducing both Km
and VVmax proportionally. This mechanism is relatively rare
but therapeutically significant in contexts such as N-methyl-
D-aspartate receptor-associated enzyme modulation in
neurological disease 2. Covalent inhibition, whether
reversible or irreversible, involves the formation of a
chemical bond between the inhibitor and a catalytic residue,
conferring prolonged target suppression that may persist
beyond the pharmacokinetic half-life of the compound [23],
The pharmacological significance of these mechanistic
distinctions extends to considerations of inhibitor design,
dosing regimens, resistance mechanisms, and therapeutic
index. Structure-activity relationship (SAR) studies are
essential for delineating the physicochemical determinants of
inhibitory potency within each mechanistic framework,
informing rational optimisation of phytochemical scaffolds
toward clinically viable leads 4],
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Fig 1: Schematic representation of the major types of enzyme inhibition relevant to phytochemical pharmacology.
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3. Major Classes of Phytochemicals: Sources and
Biochemical Properties

Flavonoids constitute arguably the most extensively studied
class of phytochemical enzyme inhibitors, comprising a
polyphenolic backbone characterised by two aromatic rings
joined by a three-carbon bridge. Their widespread
distribution across the plant kingdom, occurring in fruits,
vegetables, and medicinal herbs, facilitates dietary exposure
at physiologically relevant concentrations 1%, Quercetin,
kaempferol, and luteolin are among the most
pharmacologically characterised flavonoid aglycones,
exhibiting inhibitory activity against xanthine oxidase,
cyclooxygenases, tyrosine kinases, and acetylcholinesterase.
The planar aromatic structure of flavonoids enables
intercalation into hydrophobic enzyme pockets, while the
abundance of hydroxyl groups supports extensive hydrogen
bonding networks with catalytic residues 1€,

Alkaloids represent a structurally diverse class of nitrogen-
containing phytochemicals derived from amino acid
biosynthetic pathways. Berberine, an isoquinoline alkaloid
isolated from Berberis vulgaris and related species,
demonstrates potent inhibitory activity toward adenosine
monophosphate-activated protein kinase (AMPK) activation
pathways and alpha-glucosidase, rendering it of significant
interest in metabolic disease management [71. Colchicine,
derived from Colchicum autumnale, indirectly modulates
enzymatic activity through its disruption of tubulin
polymerisation, affecting downstream enzyme-mediated
signalling cascades critical to inflammatory cell recruitment
118 The nitrogen atom within alkaloid scaffolds frequently
participates in critical electrostatic interactions with aspartate
or glutamate residues within enzyme active sites,
contributing substantially to binding affinity.

Terpenoids, biosynthetically derived from the mevalonate or
methylerythritol phosphate pathways, encompass a vast array
of cyclic and acyclic structures including monoterpenes,
sesquiterpenes, diterpenes, and triterpenes. Ursolic acid and
betulinic acid, pentacyclic triterpenes found in rosemary and
birch bark respectively, exhibit inhibitory activity against
matrix metalloproteinases, HMG-CoA reductase, and
tumour-associated enzymes °l. Artemisin, a sesquiterpene
lactone from Artemisia annua, exerts its antimalarial effects
partly through enzyme inhibition in the haem detoxification
pathway of Plasmodium falciparum [ Polyphenols, a
broader chemical category encompassing compounds with
multiple phenolic hydroxyl groups, include stilbenes such as
resveratrol and ellagitannins such as punicalagin, which
demonstrate  inhibitory  activity = toward  sirtuins,
metalloproteinases, and inflammatory kinases 2,
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4. Molecular Mechanisms of Enzyme Inhibition by
Phytochemicals

The molecular interactions governing phytochemical-
enzyme binding are defined by a constellation of non-
covalent forces that collectively determine binding affinity,
selectivity, and inhibitory kinetics. Hydrogen bonding
between phytochemical hydroxyl or carbonyl groups and the
backbone amide nitrogen or side chain residues of active site
amino acids represents a primary energetic contributor to
binding, particularly for flavonoids and polyphenols 22,
Hydrophobic interactions arising from the burial of aromatic
rings within nonpolar enzyme pockets contribute
substantially to binding entropy, and are particularly
prominent in terpenoid interactions with lipophilic binding
cavities %, Pi-pi stacking interactions between aromatic
phytochemical moieties and catalytic histidine or
phenylalanine residues have been documented in
crystallographic studies of quercetin-xanthine oxidase and
berberine-topoisomerase complexes, providing an important
energetic contribution to complex stability 241,
Structure-activity relationships in phytochemical enzyme
inhibitors are governed by the precise stereochemical and
electronic configuration of the pharmacophoric elements
within the molecular scaffold. Studies on flavonoid inhibition
of acetylcholinesterase have demonstrated that the presence
of a double bond at the C2-C3 position of the flavone ring, in
conjunction with free hydroxyl groups at the C3' and C4'
positions, confers optimal binding geometry for
accommodation within the enzyme's peripheral anionic site
1251, Similarly, SAR analyses of curcumin and its synthetic
analogues have revealed that the beta-diketone
pharmacophore is essential for binding to the ATP-binding
site of CDK2 and other kinase targets, while the para-
hydroxyl groups on the aromatic rings modulate potency
through hydrogen bonding with conserved asparagine
residues (261,

Active site modulation by phytochemicals may proceed
through direct occupancy of the substrate-binding pocket,
competitive displacement of cofactors such as NAD+ or
FAD, chelation of catalytically essential metal ions, or
allosteric reconfiguration of the enzyme tertiary structure.
Epigallocatechin gallate (EGCG), the principal catechin in
green tea, inhibits the beta-site amyloid precursor protein
cleaving enzyme (BACE-1) through a combination of direct
active site binding and metal-ion chelation, with copper and
zinc coordination playing a significant mechanistic role 271,
The multivalent binding capacities of polyphenols, arising
from their numerous hydroxyl groups, frequently enable
engagement with multiple enzyme targets, affording a
polypharmacological profile that may confer therapeutic
advantage in complex multifactorial diseases 281,
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Fig 2: Molecular interaction map depicting the binding of representative phytochemicals within enzyme active sites, constructed from
published crystallographic and computational docking data.

Table 1: Classification of Major Phytochemical Enzyme Inhibitors: Sources, Chemical Class, and Enzyme Targets

Class Representative Compounds Botanical Sources Primary Enzyme Targets
. Quercetin, Kaempferol, Luteolin, Allium cepa, Camellia sinensis, Xanthine oxidase, COX-1/2,
Flavonoids AL - . s
Apigenin Hypericum perforatum Acetylcholinesterase, Protein kinases
. Berberine, Colchicine, Reserpine, |Berberis vulgaris, Colchicum autumnale,| AChE, Topoisomerase Il, BACE-1, alpha-
Alkaloids - - - .
Piperine Rauwolfia serpentina Glucosidase
. Ursolic acid, Betulinic acid, Rosmarinus officinalis, Artemisia annua, Aromatase, HMG-CoA reductase, HIV
Terpenoids o LU
Artemisin, Carnosic acid Betula spp. protease, Elastase
Resveratrol, EGCG, Curcumin, Vitis vinifera, Camellia sinensis, Sirtuin-1, NF-kB, Tyrosinase, Matrix
Polyphenols ST -
Ellagic acid Curcuma longa metalloproteinases
Tanni Epigallocatechin, Punicalagin, Tannic Punica granatum, Quercus robur, Urease, alpha-Amylase, HIV reverse
annins . A g
acid Terminalia chebula transcriptase
Stilbenes Resveratrol, Pterostilbene, Vitis vinifera, Blueberry, Peanut COX-2, Aromata_se, CYP1AL, Platelet
Oxyresveratrol aggregation enzymes

5. Preclinical and Translational Research

Preclinical characterisation of phytochemical enzyme
inhibitors proceeds through a hierarchical sequence of in
vitro biochemical assays, cell-based models, and animal
pharmacology studies designed to establish proof-of-concept,
elucidate  mechanisms of action, and generate
pharmacokinetic and toxicological data sufficient to support
investigational drug applications 9. in vitro enzyme
inhibition assays, typically employing spectrophotometric,
fluorometric, or mass spectrometry-based detection of
substrate conversion, are used to determine inhibitory
constants including the 1C50 and the inhibition constant Ki,
and to characterise the kinetic mode of inhibition through
Lineweaver-Burk, Dixon, and Cornish-Bowden analyses [,
Cell-based models provide a mechanistically richer context
for evaluating inhibitory activity, capturing intracellular
enzyme accessibility, competing metabolic pathways, and
potential off-target interactions. The anti-proliferative
activity of curcumin in cancer cell lines has been extensively
correlated with COX-2 and NF-kB inhibition, providing a
cellular mechanistic framework that bridges biochemical
assay data with phenotypic responses Y. Animal model
studies are indispensable for evaluating in vivo efficacy, and
the streptozotocin-induced diabetic rodent model has been

widely employed to establish the alpha-glucosidase
inhibitory efficacy of berberine and its glucose-lowering
pharmacology 4. Pharmacokinetic  characterisation
typically reveals significant challenges associated with
phytochemical  delivery, including rapid hepatic
glucuronidation, sulfation, and methylation that generate
metabolites with attenuated inhibitory activity, and low
aqueous solubility that impairs gastrointestinal absorption.
Translational challenges arise primarily from the disconnect
between in vitro potency, frequently measured in nanomolar
to micromolar ranges, and the plasma or tissue concentrations
achievable following oral administration. Curcumin, for
example, demonstrates low nanomolar 1C50 values against
multiple enzyme targets in vitro yet achieves plasma
concentrations in the nanomolar range only through
specialised formulations, including phospholipid complexes,
nanoparticle encapsulation, and co-administration with
piperine as a bioavailability enhancer B2, The design of
animal studies must therefore carefully account for
pharmacokinetic parameters, including the area under the
plasma concentration-time curve (AUC), tissue distribution
coefficients, and metabolite profiling, to ensure that
preclinical efficacy data reflects pharmacologically relevant
exposure.
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Table 2: Mechanisms of Enzyme Inhibition by Phytochemicals and Corresponding Therapeutic Applications

Inhibition Type

Mechanism

Therapeutic Applications and Examples

Competitive

Phytochemical competes with substrate for the
active site; inhibition reversed by excess substrate;
increases apparent Km without altering Vmax

Berberine vs. alpha-glucosidase (type 2 diabetes); Quercetin
vs. xanthine oxidase (gout); Epigallocatechin gallate vs. HIV
protease (antiviral therapy)

Phytochemical binds simultaneously with substrate
at a site distinct from the active site; decreases

Curcumin vs. thioredoxin reductase (cancer); Resveratrol vs.

Non-competitive
Vmax without altering Km

COX-1 (inflammation); Luteolin vs. PI3K/Akt pathway
kinases (oncology)

Uncompetitive complex; decreases both Km and Vmax

proportionally

Phytochemical binds only to enzyme-substrate

Ursolic acid vs. HMG-CoA reductase (dyslipidemia); Tannic
acid vs. amylase (carbohydrate metabolism disorders)

Binding at a remote regulatory site induces

conformational changes that reduce catalytic

Resveratrol activating sirtuin-1 allosterically (metabolic

enzyme

Allosteric . - . S diseases, neurodegeneration); Genistein modulating estrogen
efficiency without blocking active site access - h
directly receptor-associated kinases (hormone-dependent cancers)
Irreversible Phytochemlcgl forms a stable coyalen't bo_nd with Capsaicin vs. TRPV1 (pain management); Sulforaphane vs.
catalytic residues, permanently inactivating the S .
(covalent) Keapl (oxidative stress pathway modulation)

6. Clinical Applications and Evidence

The translation of phytochemical enzyme inhibition into
clinically validated therapeutics has achieved notable
milestones, with several compounds either approved for
clinical use or demonstrating compelling evidence in clinical
trials. Berberine, the isoquinoline alkaloid inhibitor of alpha-
glucosidase and activator of AMPK signalling, has been
evaluated in multiple randomised controlled trials
demonstrating glycaemic control and lipid-lowering efficacy
comparable to metformin in patients with type 2 diabetes
mellitus, and is currently approved as an antidiabetic agent in
China B4, Colchicine, derived from the plant alkaloid
colchicine found in Colchicum autumnale, has long-
established clinical utility in gout and was more recently
approved by regulatory agencies for the reduction of
cardiovascular events in patients with established coronary
artery disease, extending its pharmacological relevance

beyond its classical anti-inflammatory enzymatic mechanism
[35]

In oncology, the phytochemical-derived taxane paclitaxel,
while typically classified as a tubulin-stabilising agent rather
than a classical enzyme inhibitor, exemplifies the clinical
translation potential of plant-derived scaffolds in cancer
chemotherapy. More directly relevant to enzyme inhibition,
topoisomerase ll-targeting phytochemicals including the
podophyllotoxin derivatives etoposide and teniposide are
approved anticancer agents, underscoring the viability of
plant-derived  enzyme inhibitor  development 3],
Epigallocatechin gallate has been investigated in clinical
trials for its inhibitory effects on proteasome activity and
BACE-1 in Alzheimer's disease, although conclusive
evidence of clinical efficacy remains elusive, largely due to
pharmacokinetic limitations [, Resveratrol has entered
clinical evaluation for cardiovascular and metabolic
indications, with initial trials demonstrating safety and
modest improvements in inflammatory biomarkers and
insulin sensitivity, but larger Phase 111 studies are needed to
substantiate therapeutic claims [,

Table 3: Pharmacokinetic Advantages, Limitations, and Considerations of Phytochemical Enzyme Inhibitors

for medicinal chemistry optimization

Parameter Advantages Limitations PK Considerations
Natural origin; generally lower acute . N . First-pass metabolism; formulation
. A _— . Poor oral bioavailability due to rapid . - -
Bioavailability]  toxicity profiles compared to many . - strategies (nanoparticles) improve
. metabolism and low aqueous solubility -
synthetic drugs absorption
. . CYP450 enzyme induction or
Selectivity Multi ta_rg_et activity may confer Polypharmacology can Ie{id to off target inhibition may alter co-medication
synergistic therapeutic effects effects and drug-drug interactions .
metabolism
L . Chemical instability under physiological | Short half-life necessitates sustained-
Stability Structural diversity offers a rich scaffold conditions; photodegradation and oxidation| release formulations for therapeutic

are concerns efficacy

Historical ethnopharmacological use

Herb-drug interactions; potential

Tissue distribution may be limited,;

viable at small scale

Safety provides preliminary safety data hepatotoxicity with prolonged high-dose blood-brain ba_rrler penetration
use variable
. L . - . .. | Batch-to-batch inconsistency may
Scalability Botanical sourcing is often economically [Standardization of plant-derived material is affect pharmacokinetic reproducibility

challenging due to natural variability

in clinical trials

7. Computational Approaches in Phytochemical Drug
Discovery

Computational  pharmacology has emerged as an
indispensable methodological partner in the identification
and optimisation of phytochemical enzyme inhibitors,
dramatically accelerating the lead discovery process and
providing  mechanistic  insights that complement
experimental approaches. Molecular docking algorithms,
including AutoDock Vina, Glide, and GOLD, are routinely

employed to predict the binding poses and interaction
energies of phytochemical ligands within enzyme active
sites, enabling rapid virtual screening of large phytochemical
databases such as the Natural Products Atlas and COCONUT
against pharmacologically validated targets I, The accuracy
of docking predictions is substantially enhanced through
integration with molecular dynamics (MD) simulation, which
captures the conformational dynamics of the phytochemical-
enzyme complex and provides free energy estimates that
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correlate more reliably with experimentally measured
binding affinities than rigid docking scores alone [,
Pharmacophore modelling represents a complementary
computational  approach in  which the essential
pharmacophoric features responsible for enzyme binding,
such as hydrogen bond donors, acceptors, and hydrophobic
centres, are identified from known active phytochemicals and
used to screen virtual libraries for novel scaffolds with
analogous binding characteristics. This approach has been
particularly productive in the identification of novel alkaloid
scaffolds with acetylcholinesterase inhibitory activity and in
the prioritisation of terpenoid analogues for anti-
inflammatory enzyme target engagement [?¢1, The integration
of quantitative structure-activity relationship (QSAR)
modelling provides a statistical framework for correlating
physicochemical descriptors with inhibitory potency across
series of structurally related phytochemicals, generating
predictive models that guide synthetic analogue design.

The application of artificial intelligence and machine learning
in phytochemical drug discovery is accelerating rapidly, with
graph neural networks and transformer-based molecular
property prediction models demonstrating superior
performance relative to conventional QSAR approaches for
predicting enzyme inhibition and pharmacokinetic
parameters [?°1, Network pharmacology, which maps the
multi-target interaction profiles of phytochemicals onto
disease-associated protein-protein interaction networks, has
provided systems-level insights into the polypharmacological
mechanisms of plant-derived enzyme inhibitors and
identified novel target combinations amenable to rational
combination therapy strategies. These computational
advances are progressively reducing the timeline from
phytochemical identification to clinical candidate
nomination.

8. Regulatory, Safety, and Commercialisation Challenges
The regulatory pathway for phytochemical-based enzyme
inhibitors presents a complex and multifaceted landscape that
differs substantially from the development trajectory of
single-entity synthetic drugs. Regulatory agencies including
the United States Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) require

www.PharmalnsightJournal.com

comprehensive demonstration of safety, efficacy, and quality
through standardised preclinical and clinical study designs,
regardless of whether the drug candidate is of synthetic or
natural origin B¢, A primary challenge unique to plant-
derived compounds is the requirement for chemical
standardisation, ensuring batch-to-batch consistency in the
identity, purity, and potency of the active phytochemical(s),
which may vary substantially due to differences in botanical
species, growth conditions, harvesting seasons, and
extraction methodologies.

Safety assessment of phytochemical enzyme inhibitors must
address not only the intrinsic toxicological profile of the
parent compound but also the pharmacological activities of
metabolites generated through phase | and phase Il
biotransformation. The hepatotoxic potential of certain
polyphenols at supratherapeutic doses, including reports of
liver injury associated with high-dose green tea extract
supplementation, underscores the importance of rigorous
safety pharmacology evaluation 71, Herb-drug interactions
represent a particularly critical safety concern, as
phytochemicals may inhibit or induce cytochrome P450
enzymes or drug transporters, altering the pharmacokinetics
of co-administered medications. The well-documented
induction of CYP3A4 by hyperforin from Hypericum
perforatum, which reduces plasma concentrations of drugs
including cyclosporine and antiretroviral agents, exemplifies
the clinical significance of this interaction category 81,
Commercialisation  of  phytochemical-based  enzyme
inhibitors faces additional challenges related to intellectual
property protection, as naturally occurring compounds
generally cannot be patented in their native form,
necessitating the development of novel formulations,
derivatives, or combination products to establish proprietary
positions. The economic viability of clinical development is
further complicated by the high cost of Phase I11 trials and the
uncertain reimbursement landscape for botanical-derived
pharmaceuticals. Nonetheless, the growing market for
evidence-based  nutraceuticals and the regulatory
accommodation of traditional use data in certain jurisdictions
provide viable commercial pathways for phytochemicals that
demonstrate compelling but not definitive clinical evidence.
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Table 4: Current Research Status and Development Stage of Selected Phytochemical-Based Enzyme Inhibitors

Compound Enzyme Target Disease Indication Development Stage
Berberine AMPK/alpha-glucosidase Type 2 diabetes, dyslipidemia Phase 111 cllnlca:;érlﬁltsr;ier;]arketed i some
Curcumin  [COX-2, NF-KB, Topoisomerase Cancer, rheumatoid arthritis, Multiple Phase I trials; bioavailability

neurodegeneration

formulations in development

EGCG (Green | BACE-1, Proteasome, Fatty

Alzheimer's disease, obesity, cancer

Phase I clinical evaluation; dietary supplement

Tea) acid synthase chemoprevention market
Resveratrol | SIRT-1, COX-1/2, Aromatase Cardiovascular disease, cancer, metabolic Multiple Phase I/I.I trl.als; nutraceutical
syndrome applications
Quercetin Xanthine oxidase, PI3K, ACE Gout, hypertension, inflammation Preclinical and early P_hase | studies; supplement
use widespread
- Tubulin polymerization Gout, pericarditis, familial Mediterranean [Approved drug (FDA); clinical gold standard for
Colchicine S
(indirect) gout

Silymarin Cytochrome P450, NF-kB Hepatic disease, liver fibrosis Phase I1/1Il trials; agglrj?]\{reigsm several European
Ursolic acid | HMG-CoA reductase, MMP-9 | Hypercholesterolemia, cancer invasion Preclinical; nanoformulation strategies under

investigation

9. Conclusion and Future Directions

The body of evidence reviewed herein substantiates the
scientific and pharmacological legitimacy of phytochemicals
as a rich reservoir of structurally diverse enzyme inhibitors
with meaningful therapeutic potential. From the well-
validated clinical utility of berberine and colchicine to the
emerging preclinical and clinical evidence for curcumin,
resveratrol, and EGCG, the field has advanced substantially
beyond preliminary observations of bioactivity to
mechanistically sophisticated and translationally grounded
drug discovery programmes. The convergence of structural
biology, high-throughput screening, and computational
chemistry has enabled an unprecedented depth of mechanistic
understanding of phytochemical-enzyme interactions,
establishing rigorous SAR frameworks that guide rational
lead optimisation.

Critical challenges nonetheless remain. The pharmacokinetic
limitations of most phytochemicals, particularly their rapid
metabolic inactivation and poor bioavailability, represent the
primary translational barrier and must be systematically
addressed through formulation innovation including
nanoparticulate delivery systems, lipid-based carriers, and
bioisosteric derivatisation. The polypharmacological profile
of phytochemicals, while potentially advantageous in
complex diseases, complicates mechanistic attribution and
regulatory evaluation. Future research must integrate
rigorous target engagement biomarkers in clinical study
designs to demonstrate that therapeutic effects are mediated
through the intended enzyme inhibition mechanism rather
than non-specific biological activities.

The future of phytochemical enzyme inhibitor research lies at
the intersection of artificial intelligence-driven molecular
design, precision medicine, and advanced delivery
technology. Machine learning models trained on large natural
product bioactivity datasets will accelerate the identification
of novel phytochemical scaffolds with optimal target
selectivity profiles, while patient stratification approaches
informed by pharmacogenomic data will enable
identification of populations most likely to benefit from
phytochemical interventions. The integration  of
phytochemical leads into fragment-based drug discovery
platforms and the exploitation of plant metabolic engineering
to produce novel biosynthetically inspired analogues
represent additional frontiers with substantial discovery
potential. With continued investment in mechanistically
rigorous preclinical research and appropriately designed

clinical trials, phytochemical-based enzyme inhibitors are
positioned to make increasingly significant contributions to
the therapeutic armamentarium across oncology, metabolic
disease, and neurodegeneration.
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