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ABSTRACT 
Coumarins are a diverse group of benzopyrones that have gained considerable attention in the field of drug 
design and development, owing to their structural flexibility and wide range of bioactivities. This review 
explores the latest developments in chemical synthesis, structure-activity relationships (SAR), mechanisms of 
action and therapeutic potential of coumarin derivatives. Traditional (Pechmann and Knoevenagel reactions) and 
novel green and catalytic methodologies have allowed the synthesis of structurally varied and biologically 
enhanced derivatives. They display significant anticancer, antimicrobial, anti-inflammatory, antioxidant, 
cardiovascular, and neuroprotective properties, largely through enzyme and receptor interactions and disruption 
of key pathways, including PI3K/Akt and MAPK pathways. Some of these coumarin hybrids have exhibited 
good biological activity (low micromolar range), demonstrating their potential. Recent technologies, such as AI-
driven drug discovery and nanotechnology-based delivery platforms, are also improving their selectivity, drug-
like properties, and therapeutic efficacy. But low solubility, toxicity and lack of clinical data are key challenges. 
In summary, coumarin derivatives are promising scaffolds for the development of selective and multifunctional 
drugs. 
Keywords: Coumarin Derivatives, Structure–Activity Relationship, Drug Discovery, Anticancer Activity, 
Nanotechnology, Artificial Intelligence, Pharmacological Activity 
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1. Introduction 
Coumarin is a benzopyrone-based heterocyclic 
framework that holds prominence in medicinal 
chemistry for its broad range of biological activities 
and synthetic versatility(1). Coumarins are 
naturally occurring biological secondary 
metabolites found in plants such as Dipteryx 
odorata, Melilotus officinalis, and Cinnamomum 
spp., and display diverse pharmacological 
activities, such as anticoagulant, anticancer, 
antimicrobial, anti-inflammatory, antiviral and 
antioxidant effects(2). The aromatic benzene and α-
pyrone core structure can be modified to modulate 
physicochemical properties, pharmacodynamics 
and pharmacokinetics, and as shown in Figure 1, it 
also allows the synthesis of structurally diverse 
derivatives with an array of therapeutic 
applications(3). Coumarins were first shown to 
have clinical relevance with the discovery of 
dicoumarol and its derivative warfarin, which are 
now potent anticoagulants. The development of 
new synthetic approaches, including traditional 
condensation reactions and recent green and 
catalytic chemistry methods, has enabled the 

efficient preparation of a wide range of coumarin 
derivatives, with molecular modelling approaches 
such as molecular docking and quantitative 
structure-activity relationships (QSAR) enhancing 
the design and optimization of biologically active 
molecules(4). Coumarin derivatives target a range 
of biological targets, including enzymes (such as 
acetylcholinesterase and carbonic anhydrase), 
receptors and nucleic acids, facilitating their use in 
the design of multitarget drugs(5). While some 
derivatives exhibit desirable pharmacokinetic 
profiles, such as moderate bioavailability and 
metabolic stability, these features are dependent on 
structural modifications and coumarin-based 
compounds also possess useful photophysical 
properties that allow their application in 
fluorescence imaging and diagnostic techniques(6). 
However, despite these attractive properties, their 
therapeutic utility is limited by insufficient clinical 
translation, potential toxicity and lack of selectivity, 
suggesting the need for a more systematic 
assessment of the available evidence. As such, this 
review offers a holistic view of recent progress in 
coumarin-based drug design, including approaches 
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to synthesis, structure-activity relationships, 
mechanism of action and pharmacology, and 
highlights current challenges and future 
opportunities to guide the rational design of next-
generation coumarin-based drugs. Figure 1: 
Chemical Scaffold of Coumarin and Representative 
Structural Derivative 

 
2. Chemical Classification and Structural 
Diversity of Coumarin Derivatives 
The coumarin derivatives have a wide chemical 
classification and structural diversity, which play a 
major role in their wide pharmacological potential 
and uses in medicinal chemistry(7). Such a variety 
has its roots in natural coumarins and synthetic 
analogs, which provide different structural and 
functional properties. Such natural coumarins are 
ubiquitously found in plants of such families as 
Apiaceae, Rutaceae, and Fabaceae, where they are 
synthesized by the phenylpropanoid pathway out of 
cinnamic acid precursors. Such naturally occurring 
compounds are simple coumarins such as 
umbelliferon and esculetin as well as more 
complicated structures such as furanocoumarins 
(e.g., psoralen, bergapten) and pyranocoumarins 
that display various biological activities including 
antioxidant, antimicrobial, anti-inflammatory, and 
phototoxic activities(8). They are useful lead 
compounds in drug development due to their 
natural bioactivity and structure. At the same time, 
synthetic coumarin analogs have greatly diversified 
the structural space of this framework, with the 
structural modifications being directed by chemical 
modification, as well as designed by more 
advanced synthetic methods, such as Pechmann 
condensation, Knoevenagel reaction and Perkin 
synthesis(9). Such approaches allow the placement 
of different substituents like hydroxyl, amino, 
sulfonamide and heterocyclic functional groups in 
different positions of coumarin nucleus, leading to 
superior pharmacological, selectivity and better 
pharmacokinetic characteristics(10). Synthetic 
derivatives (hydbrid molecules like coumarin - 
chalcone, coumarin - benzimidazole, coumarin - 
triazole conjugates) are also designed to undergo 
multiple interactions with multiple biological 
targets, and are most promising in cancer therapy, 
antimicrobial therapy, and management of 
neurodegenerative diseases(7). Substitution 
patterns and ring modifications are some of the 
structures that can be used to classify the coumarin 
derivatives structurally, and which are critical in 
determining the biological activity of the 
compounds. Substituted coumarins: The functional 

group is changed at strategic sites (C-3, C-4, C-6, 
C-7, C-8) and this change influences the electronic 
properties, solubility, and binding affinity(11). 
Furanocoumarins and pyranocoumarins which 
consist of fused coumarins have other heterocyclic 
rings that contribute to the enhancement of DNA 
intercalation and photo reactivity and can be used 
in photochemotherapy. Additionally, there is 
coumarin and functional hybrids, such as 
sulphonamides, carboxamides, which have a 
particular therapeutic effect through enzyme 
inhibition and receptor-interaction(12). Table 1 
shows the general structural classification of these 
derivatives, representative compounds and their 
key features that reflects the correlation between 
the structural change and the pharmacological 
activity. Overall, both natural diversity and 
synthetic versatility assure that there will be a very 
versatile and useful group of coumarin derivatives 
in the further development of new therapeutic 
agents(7). 
Table 1. Structural Classification of Coumarin 
Derivatives with Representative Compounds 
and Key Features 

 
3. Advances in Synthetic Strategies of Coumarin 
Derivatives 
The production of coumarin derivatives has also 
achieved remarkable advancements in terms of 
traditional condensation reactions to highly 
effective, efficient and sustainable approaches that 
have greatly increased their availability and 
structural variety to pharmaceutical 
applications(13). Classically, the Pechmann 
condensation, Perkin reaction and Knoevenagel 
condensation synthetic methods have been critical 
in the synthesis of the benzopyrone backbone of 
coumarin derivatives(14). The Pechmann 

S. 
N
o. 

Class of 
Coumarin 
Derivatives 

Representati
ve 
Compounds 

Natura
l 
Source 
/ 
Origin 

Structural 
Features 

Key 
Pharmacologi
cal Activities 

Mechanism of 
Action 

Report
ed 
Potenc
y 
(Appro
x.) 

1 Simple 
Coumarins 

Umbelliferon
e, Esculetin 

Apiace
ae, 
Rutace
ae 

Hydroxyl/met
hoxy 
substitutions 
at C-6/C-7 

Antioxidant, 
anti-
inflammatory 

Free radical 
scavenging, COX 
inhibition 

IC₅₀: 
10–50 
µM 

2 Furanocoum
arins 

Psoralen, 
Bergapten 

Ammi 
majus, 
Citrus 
spp. 

Fused furan 
ring at C-6/C-
7 

Anticancer, 
photochemoth
erapy 

DNA intercalation 
+ UV-induced 
crosslinking → 
inhibits 
replication/transcr
iption 

IC₅₀: 1–
10 µM 

3 Pyranocoum
arins 

Xanthyletin, 
Seselin 

Rutace
ae 
family 

Fused pyran 
ring 

Cytotoxic, 
antimicrobial 

Membrane 
disruption, ROS 
generation 

IC₅₀: 5–
20 µM 

4 3-Substituted 
Coumarins 

3-
Carboxycoum
arin 

Synthet
ic 

Functional 
group at C-3 

Enzyme 
inhibition 

Binding to 
enzyme active 
sites (H-bonding) 

IC₅₀: 5–
25 µM 

5 4-Substituted 
Coumarins 

Warfarin, 
Dicoumarol 

Synthet
ic / 
plant-
derived 

Substitution at 
C-4 

Anticoagulant Inhibition of 
vitamin K epoxide 
reductase 

IC₅₀: <5 
µM 

6 7-Substituted 
Coumarins 

7-
Hydroxycou
marin 

Melilot
us 
officina
lis 

Substitution at 
C-7 

Antioxidant, 
fluorescence 
probe 

Radical 
scavenging + 
fluorescence 
emission 

IC₅₀: 
10–40 
µM 

7 Coumarin–
Chalcone 
Hybrids 

Coumarin–
chalcone 
derivatives 

Synthet
ic 

α,β-
unsaturated 
ketone linkage 

Anticancer, 
anti-
inflammatory 

Apoptosis 
induction, 
PI3K/Akt 
inhibition 

IC₅₀: 1–
8 µM 

8 Coumarin–
Benzimidazo
le Hybrids 

Benzimidazol
e conjugates 

Synthet
ic 

Nitrogen 
heterocycle 
fusion 

Anticancer, 
antiviral 

DNA binding + 
enzyme inhibition 

IC₅₀: 2–
10 µM 

9 Sulfonamide 
Coumarins 

Coumarin 
sulfonamides 

Synthet
ic 

–SO₂NH₂ 
group 

Carbonic 
anhydrase 
inhibition 

Zn²⁺ binding at 
enzyme active site 

IC₅₀: 
0.5–5 
µM 

10 Carboxamide 
Coumarins 

Coumarin 
carboxamides 

Synthet
ic 

Amide linkage Antimicrobial Enzyme 
inhibition, protein 
interaction 

MIC: 
2–16 
µg/mL 

11 Metal-
Complexed 
Coumarins 

Cu/Zn 
complexes 

Synthet
ic 

Metal 
coordination 

Anticancer, 
imaging 

ROS generation + 
DNA interaction 

IC₅₀: 1–
10 µM 

12 Coumarin–
Triazole 
Hybrids 

1,2,3-Triazole 
derivatives 

Synthet
ic 

Click 
chemistry 
linkage 

Antimicrobial, 
anti-TB 

Inhibition of 
microbial 
enzymes 

MIC: 
1–8 
µg/mL 
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condensation is a popular method because of its 
relative simplicity of operation and the range of 
coumarin substituents produced under relatively 
mild conditions, and the Perkin reaction is popular 
because it produces coumarins by condensing 
aromatic aldehydes with acid anhydrides, enabling 
control of the substitution pattern. Likewise, the 
Knoevenagel condensation has become significant 
in the production of 3-substituted coumarins by 
reacting salicylaldehyde with active methylene 
compounds, providing structural flexibility and 
biological applicability(15). Nonetheless, their 
conventional processes usually require long 
reaction times, high temperatures, and corrosive 
reagents, which limit their environmental 
sustainability and industrial applicability. In order 
to eliminate these shortcomings, modern synthetic 
approaches to the problem have been devised, with 
the addition of new and green chemistry principles 
that enhance reaction efficiency and minimize 
environmental impact(16). The microwave-assisted 
synthesis has come out as one of the powerful 
methods, with a reaction time reduced significantly 
in hours to minutes, and the yield and selectivity 
increased due to the uniform distribution of energy. 
Moreover, solvent-free synthesis methods reduce 
the usage of dangerous organic solvents, thus 
reducing the number of wastes and complying with 
green procedures(17). Solvents like water, ethanol, 
and ionic liquids are used as green solvents and the 
methods like ultrasound-assisted synthesis, 
continuous flow chemistry give much better 
control, reproducibility, and scalability to industrial 
applications. These developments are accompanied 
by catalytic and sustainable methods of synthesis, 
which are concerned with the use of effective 
catalysts in order to enhance reaction rate and 
selectivity of the product under mild 
conditions(18).Homogeneous and heterogeneous 
catalysts including metal catalysts like palladium, 
copper and zinc and organ catalysts have been 
widely applied to the process of coumarin synthesis 
with heterogeneous catalysts having the added 
benefit of easy separation, recyclability and low 
toxicity(19). Nano catalysts and enzyme-mediated 
biocatalysis have also yielded new methods of 
increase catalytic efficiency and sustainability, 
allowing highly selective transformations to be 
done without severe reaction conditions. All these 
innovations are a shift in paradigm of traditional 
synthesis to more environmentally friendly and 
industrially feasible processes as shown in Figure 2 
which shows classical condensation reaction being 
replaced by modern green and catalytic 
reactions(20). Moreover, Table 2 provides a concise 
summary of the comparative analysis of these 
methodologies, reaction conditions, efficiency, and 
limitations and indicates that modern methods are 
superior in yield, time efficiency, and compatibility 
with the environment, although disadvantages, such 

as cost of catalysts and process optimization, must 
also be considered. On the whole, the current 
progress in synthetic methods of coumarin 
derivatives has substantially empowered the use of 
coumarin derivatives in medicinal chemistry as 
numerous structurally diversified and biologically 
active compounds can now be prepared, and the 
principles of green and sustainable chemistry are 
observed(21). 
Figure 2: Schematic Representation of Classical 
and Modern Synthetic Pathways for Coumarin 
Derivatives 

 
Comparative study of traditional (Pechmann, 
Perkin, Knoevenagel) and new (microwave-
assisted, solvent-free, and catalytic/green) methods 
of synthesizing coumarin derivatives, with 
increased efficiency, shorter reaction time, and 
better sustainability(22). 
Table 2. Comparative Analysis of Synthetic 
Methodologies for Coumarin Derivatives: 
Conditions, Efficiency, and Limitations 

 
4. Structure–Activity Relationship (SAR) 
Insights 
The structure-activity relationship (SAR) of 
coumarins is crucial for understanding the effects 
of different substitutions on the biological activity 
and pharmaceutical uses, which enables the design 

S. 
No. 

Synthetic 
Method 

Representative 
Reaction Example 

Reaction 
Conditions 

Yield (%) Advantag
es 

Limitations 

1 Pechmann 
Condensation 

Resorcinol + Ethyl 
acetoacetate → 7-
Hydroxycoumarin 

Acid catalyst 
(H₂SO₄), 80–
120°C 

65–85% Simple, 
widely 
used, and 
effective 
for 
substitute
d 
coumarins 

Harsh acidic 
conditions, 
limited 
substrate 
scope 

2 Perkin Reaction Salicylaldehyde + 
Acetic anhydride 
→ Coumarin 
derivative 

Basic conditions, 
high temperature 

50–75% Suitable 
for 
aromatic 
substitutio
n control 

Longer 
reaction 
time, side 
reactions 

3 Knoevenagel 
Condensation 

Salicylaldehyde + 
Ethyl acetoacetate 
→ 3-Substituted 
coumarin 

Mild base 
(piperidine), 
ethanol 

70–90% High 
yield, 
simple 
procedure, 
versatile 

Requires 
activated 
methylene 
compounds 

4 Microwave-
Assisted 
Synthesis 

Phenol + β-
ketoester → 
Coumarin 
derivative 

Microwave 
irradiation, 
minutes 

85–95% Rapid, 
energy-
efficient, 
high-yield 

Equipment 
requirement, 
scalability 
issues 

5 Solvent-Free 
Synthesis 

Phenol + β-
ketoester → 
Coumarin 

No solvent, mild 
heating 

80–90% Eco-
friendly, 
low waste 

Mixing 
limitations, 
scale-up 
challenges 

6 Green Solvent-
Based Synthesis 

Salicylaldehyde + 
Active methylene 
compound 

Water/ethanol/ion
ic liquids 

75–90% Sustainabl
e, safer 
solvents 

Solvent 
compatibility 
limitations 

7 Metal-
Catalyzed 
Synthesis 

Coumarin 
derivative via 
Pd/Cu catalysis 

Mild conditions, 
metal catalysts 

80–95% High 
selectivity
, improved 
rate 

Catalyst cost, 
metal 
toxicity 

8 Heterogeneous 
Catalysis 

Solid acid catalyst-
mediated 
Pechmann reaction 

Reusable solid 
catalyst 

70–85% Easy 
separation
, 
recyclable 

Lower 
activity in 
some 
systems 

9 Organocatalysis Aldehyde + β-
ketoester → 
Coumarin 

Organic catalyst, 
mild conditions 

65–85% Metal-
free, 
environm
entally 
friendly 

Slower 
reaction rate 

10 Biocatalytic 
Synthesis 

Enzyme-mediated 
coumarin formation 

Ambient 
conditions, 
enzymes 

60–80% High 
selectivity
, green 
process 

Costly 
enzymes, 
stability 
issues 

11 Ultrasound-
Assisted 
Synthesis 

Salicylaldehyde + 
Ethyl acetoacetate 

Ultrasonic 
irradiation 

80–92% Improved 
mixing, 
reduced 
time 

Equipment 
dependency 

12 Flow Chemistry Continuous 
synthesis of 

Continuous flow 
reactors 

85–95% Scalable, 
controlled 
reactions 

High initial 
setup cost 
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of optimised and highly active drugs(23). 
Coumarins are highly sensitive to electronic, steric, 
and substituent effects, as functional groups at C-3, 
C-4, C-6, C-7, and C-8 positions on the 
benzopyrone skeleton affect the electron density, 
interactions and binding interactions with 
targets(24). For instance, hydroxyl and methoxy 
substitutions at C-7 increase the antioxidant and 
enzyme inhibitory activity by hydrogen bonding, 
while the presence of bulky aromatic or alkyl 
groups at C-4 increases the anticoagulant and the 
anticancer activity by enhancing the binding 
interactions(25). Similarly, amino, sulfonamide and 
carboxamide groups increase solubility and 
facilitate electrostatic interactions with the active 
sites of enzymes (such as carbonic anhydrase) with 
IC₅₀ values in the low micromolar range(26). Fused 
ring systems such as furanocoumarins and 
pyranocoumarins are more active due to DNA 
intercalation and in the case of furanocoumarins, 
the formation of covalent crosslinks on UV 
activation, which prevents DNA replication and 
transcription and is important for 
photochemotherapy and anticancer activity(27). 
Electronic effects are also important, where 
electron-donating groups increase the electron 
density and improve the antioxidant and anti-
inflammatory properties, whereas electron-
withdrawing groups (such as halogens or nitro 
groups) increase antimicrobial and anticancer 
activity, as they increase binding to the active site 
of enzymes(28). Steric effects also play an 
important role, as bulky substituents can improve 
selectivity by better fitting into enzyme active sites, 
but can also decrease activity due to steric 
crowding, so a balance between bulk and flexibility 
is needed(29). Additionally, factors such as 
lipophilicity, polarity, and molecular weight are 
also vital in determining membrane permeation, 
absorption and pharmacokinetics, and need to be 
taken into account in drug design. Contemporary 
drug design strategies also consider these structural 
features in combination with more complex design 
strategies, such as designing hybrid molecules like 
coumarin-chalcone, coumarin-benzimidazole and 
coumarin-triazole hybrids, that exhibit multi-target 
effects and improved activity(30). In addition, 
computational techniques such as molecular 
docking and quantitative structure-activity 
relationship (QSAR) modeling have also enhanced 
the drug design process by identifying key 
pharmacophoric features and predicting activity. 
Lastly, modern approaches such as prodrugs and 
nanotechnology are being used to overcome 
problems of solubility, stability and drug 
delivery(31). As illustrated in Figure 3, the overall 
SAR pattern demonstrates the role of functional 
group modifications, electron distributions and 
steric effects in regulating the biological activity, 
suggesting the importance of SAR in the 

development of coumarin-based drugs.Figure 3: 
Structure–Activity Relationship (SAR) Map 
Highlighting Key Functional Modifications in 
Coumarin Scaffold 

 
5. Pharmacological and Therapeutic Potential of 
Coumarin Derivatives  
Coumarin derivatives have emerged as a class of 
polypharmacological agents due to their broad 
spectrum of biological activities and a highly 
adaptable benzopyrone structure, which enables 
binding to multiple molecular targets for a range of 
therapeutic targets(4). For example, anti-cancer 
properties are the most well investigated and in this 
case, the coumarin hybrids such as coumarin-
chalcone and coumarin benzimidazole have 
demonstrated to possess potent anti-proliferative 
effects against multiple cancer cell lines with IC₅₀ 
values of 1-10 µM(32). These hybrids play a role in 
specific mechanisms like induction of cell 
proliferation and apoptosis, angiogenesis inhibition 
and signaling pathways such as PI3K/Akt and 
MAPK(33). Substituents, including hydroxyl, 
methoxy, and halogens, on the coumarin ring also 
have a significant impact on activity because of the 
changes in lipophilicity, electronic properties, and 
target site interactions. In addition to their cancer-
fighting activity, coumarin derivatives are also 
known for their potent antibacterial, antifungal, and 
antiviral activities against various bacteria, fungi 
and viruses, with minimum inhibitory 
concentrations (MIC) of 1-16 µg/mL(34). Such 
activities are primarily due to the disruption of 
microbial cell walls, inhibition of nucleic acid 
synthesis and disruption of key enzyme pathways, 
with coupon hybrids with sulfonamides and 
triazoles showing enhanced activity through 
improved target binding(35). Furthermore, 
coumarin derivatives are strong anti-inflammatory 
and antioxidant agents, largely as a result of their 
free radical-scavenging activity and the inhibition 
of inflammatory cytokines, prostaglandins and 
nitric oxide(36). In cardiovascular diseases, 
classical coumarin derivatives such as warfarin 
have anticoagulant effects through vitamin K 
epoxide reductase inhibition, which prevents blood 
clotting, with other coumarins acting as 
vasodilators through activation of nitric oxide. In 
the central nervous system, coumarin derivatives 
have been shown to have a neuroprotective effect, 
especially in Alzheimer's disease models, inhibiting 
key enzymes such as acetylcholinesterase and 
monoamine oxidase that regulate neurotransmitters 
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and oxidative stress(37). This wide range of 
activities underlines the structure-activity-target 
relationships as shown in Table 3. Recent 
approaches in drug discovery, such as rational drug 
design, hybrid approaches and novel drug delivery 
systems based on nanotechnology, have also 
improved the medicinal potential of coumarins by 
increasing their selectivity, bioavailability and 
safety. But challenges, such as limited clinical 
usage, toxicity at higher concentrations and the 
need for extensive preclinical and clinical 
evaluation must be overcome(38). In summary, 
additional modifications of coumarins demonstrate 
that they are promising leads for the development 
of new potent and safe drugs for different 
diseases.Table 3. Summary of Pharmacological 
Activities of Coumarin Derivatives with 
Molecular Targets and Mechanisms of Action 
S
. 
N
o. 

Pharma
cologica
l 
Activity 

Represe
ntative 
Coumari
n 
Derivati
ves 

Molecular 
Targets 

Mechani
sm of 
Action 

1 Anticanc
er 
Activity 

Coumari
n–
Chalcone
, 
Coumari
n–
Benzimi
dazole 

PI3K/Akt, 
MAPK 
pathways, 
Topoisom
erase 

Inductio
n of 
apoptosis
, cell 
cycle 
arrest, 
inhibitio
n of 
angiogen
esis 

2 Antimicr
obial 
Activity 

Coumari
n 
Sulfona
mides, 
Coumari
n–
Triazole 

Bacterial 
enzymes, 
DNA 
gyrase 

Disruptio
n of cell 
membran
e, 
inhibitio
n of 
DNA 
replicatio
n 

3 Antiviral 
Activity 

Substitut
ed 
Coumari
ns 

Viral 
proteases, 
reverse 
transcripta
se 

Inhibitio
n of viral 
replicatio
n and 
enzyme 
activity 

4 Anti-
inflamm
atory 
Activity 

7-
Hydroxy
coumarin
, 
Esculetin 

COX, 
LOX 
enzymes 

Inhibitio
n of 
prostagla
ndin and 
leukotrie
ne 
synthesis 

5 Antioxid
ant 
Activity 

Umbellif
erone, 
Methoxy
coumarin 

Reactive 
oxygen 
species 
(ROS) 

Free 
radical 
scavengi
ng, 

oxidative 
stress 
reduction 

6 Anticoa
gulant 
Activity 

Warfarin, 
Dicouma
rol 

Vitamin K 
epoxide 
reductase 

Inhibitio
n of 
clotting 
factor 
synthesis 

7 Cardiov
ascular 
Activity 

Substitut
ed 
Coumari
ns 

Calcium 
channels, 
NO 
pathway 

Vasodilat
ion, 
blood 
pressure 
regulatio
n 

8 Neuropr
otective 
Activity 

Coumari
n–Hybrid 
Derivativ
es 

Acetylcho
linesterase
, MAO 

Neurotra
nsmitter 
regulatio
n, 
preventio
n of 
neurodeg
eneration 

9 Enzyme 
Inhibitio
n 

Sulfona
mide 
Coumari
ns 

Carbonic 
anhydrase 

Enzyme 
inhibitio
n leading 
to 
anticance
r and 
diuretic 
effects 

1
0 

Antifung
al 
Activity 

Hydroxyl
ated 
Coumari
ns 

Fungal 
cell 
membrane 
enzymes 

Disruptio
n of 
membran
e 
integrity 

1
1 

Anti-
tubercul
ar 
Activity 

Coumari
n–
Triazole 
Derivativ
es 

Mycobact
erial 
enzymes 

Inhibitio
n of cell 
wall 
synthesis 

1
2 

Anti-
diabetic 
Activity 

Coumari
n 
Glycosid
es 

α-
Glucosida
se, α-
Amylase 

Inhibitio
n of 
carbohyd
rate 
metaboli
sm 
enzymes 

6. Molecular Mechanisms of Action  
Coumarin derivatives have a well-defined 
pharmacodynamics, which is mediated by several 
well-defined mechanisms, including enzyme 
inhibition, receptor binding, and intracellular 
pathway regulation, which play a crucial role in 
their varied pharmacological effects(4). One of the 
primary mechanisms is the inhibition of enzymes, 
where coumarin derivatives bind to the active site 
of enzymes through hydrogen bonding, 
hydrophobic interactions and π-π stacking 
interactions, and thereby inhibit the activity(39). 
For example, coumarin-based sulfonamides are 
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powerful inhibitors of carbonic anhydrase, which 
bind to the active site Zn²⁺ ion, while anticoagulant 
coumarins (such as warfarin) inhibit the enzyme 
vitamin K epoxide reductase, leading to the 
reduced production of clotting factors. Coumarins 
also inhibit enzymes such as monoamine oxidase 
(MAO) and acetylcholine esterase (AChE) in the 
brain and cause the accumulation of 
neurotransmitters resulting in neuroprotective 
effects(40). Coumarin derivatives also interact with 
proteins and receptors and the ability to bind is 
influenced by the nature of the functional groups 
and the conformation of the molecule. Coumarins 
can also regulate cell signalling pathways and some 
coumarin derivatives have been reported to regulate 
the PI3K/Akt, MAPK and NF-κB pathways, which 
results in anti-proliferative, pro-apoptotic and anti-
inflammatory activity(41). Coumarins also play a 
role in the regulation of oxidative stress by 
controlling the balance of free radicals and 
antioxidant system, thereby protecting the cell from 
damage. A few of the fused coumarins, such as 
furanocoumarins (psoralen) possess a distinct mode 
of action by intercalation into DNA and forming 
covalent crosslinks upon UV light activation, which 
prevents DNA synthesis and transcription, and is 
used for photochemotherapy and treatment of 
cancers(27). These interactions have also been 
explored via computational docking studies that 
show interactions and structural modifications for 
enhanced activity and selectivity. As illustrated in 
Figure 4, coumarin derivatives display 
multifunctional biological activities via combined 
interactions with enzymes, receptors, DNA and 
signal pathways, highlighting their potential as 
multifunctional drugs(42). In conclusion, the 
integration of these mechanisms demonstrates the 
role of coumarin derivatives in modern drug 
discovery, in particular, targeted and 
multifunctional drug design with improved 
therapeutic efficacy and safety. 
7. Pharmacokinetic and Toxicological 
Considerations 
Drug development and therapeutic applications of 
coumarins are greatly affected by pharmacokinetics 
and toxicological properties, which control drug 
absorption, distribution, metabolism, excretion 
(ADME) and toxicity. Coumarins are readily 
absorbed by the oral route, with low molecular 
weight and lipophilicity allowing passive 
membrane transport; the reported oral 
bioavailability’s range from 40-70%, depending on 
the structure of the coumarin(42). They are widely 
distributed, with some of the derivatives exhibiting 
penetration of the blood-brain barrier, increasing 
their potential towards central nervous system 
disorders. Drug-protein binding is important for 
drug distribution and pharmacodynamics as it 
determines the amount of drug that is available to 
bind to its targets(43). Coumarins are 

biotransformed in the liver, primarily by 
cytochrome P450 enzymes (e.g. CYP2A6) to 
produce metabolites (e.g. 7-hydroxycoumarin), 
which undergo conjugation and renal excretion(44). 
Metabolic activation is required to render drugs 
non-toxic but also affects drug efficacy and half-
life (2-6 hours for many coumarins). Structural 
changes alter the bioavailability, with polar 
functional groups improving water solubility but 
reducing the cell membrane permeability, and 
lipophilic groups enhancing the latter, but reducing 
the former, and a balance between hydrophilicity 
and lipophilicity is essential(6). To overcome these 
problems, strategies such as prodrugs, 
nanotechnology and lipid-based drug delivery 
systems have been investigated to enhance 
solubility, stability and target site delivery(45). 
Another aspect that affects pharmacokinetics is 
metabolic stability, as rapid metabolism may reduce 
drug efficacy, but slow metabolism may result in 
accumulation and toxicity. Increasing metabolic 
stability and hence the half-life can be achieved by 
the introduction of bulky or electron withdrawing 
groups(30). Lastly, in terms of toxicity, certain 
coumarin derivatives can induce hepatotoxicity, 
particularly at high doses or with long-term use, 
due to formation of reactive metabolites that induce 
oxidative stress and liver damage(46). In addition, 
anticoagulant coumarins such as warfarin can 
induce bleeding, requiring dose optimisation and 
individualised dosing. Other side effects include 
gastrointestinal disturbances, allergic reactions and 
drug-drug interactions (especially with cytochrome 
P450 enzyme inducers and inhibitors)(47). 
Therefore, adequate safety testing, including in 
vitro cytotoxicity and in vivo toxicity tests and 
pharmacovigilance in clinical trials, are important 
for coumarin drug development. Advancements in 
computational toxicology and predictive modeling 
have also improved early identification of potential 
safety concerns, making it possible to identify safer 
and more effective drug candidates. Overall, 
although coumarins have good pharmacokinetic 
properties, ADME profiling and toxicity studies are 
needed to safely and effectively use coumarin-
based drugs. 
8. Current Challenges and Research Gaps 
Although coumarin derivatives are actively being 
explored as pharmacologically active compounds, 
there are still key challenges and gaps in research 
that hinder their successful clinical translation and 
therapeutic use(6). A significant challenge is the 
lack of correlation between preclinical and clinical 
effectiveness, with many coumarin-derived 
compounds showing promising in vitro and in vivo 
results, but are unable to advance due to safety 
concerns, poor pharmacokinetics, and 
inconsistency in therapeutic efficacy in 
humans(36). Metabolic and species differences, as 
well as the absence of extensive long-term toxicity 
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data, further contribute to the translational hurdles, 
underscoring the importance of properly designed 
clinical trials and evaluation protocols(48). 
Moreover, some coumarin-based compounds, 
especially anticoagulants, have a narrow 
therapeutic window which demands careful dose 
adjustment and monitoring, limiting their 
application(4). There are also limitations in 
synthetic and formulation approaches, as traditional 
approaches may involve harsh reaction conditions, 
low selectivity, and limited scalability, thus 
decreasing industrial relevance and economic 
feasibility. While contemporary green and catalytic 
technologies enhance efficiency, problems with 
catalyst pricing, reusability and process 
optimization persist(49). A further challenge relates 
to the low aqueous solubility, instability and rapid 
metabolism of many coumarin compounds, which 
impairs their bioavailability and efficacy. novel 
drug delivery technologies such as nanoparticles, 
liposomes and prodrug strategies have 
demonstrated the potential to overcome these 
problems; yet, their commercial manufacturing, 
regulatory pathway and long-term safety 
assessment pose significant challenges(45). In 
addition, the lack of detailed knowledge of 
molecular mechanisms, especially in complex 
pathologies like cancer and neurodegenerative 
diseases, hampers the development of highly 
selective and safe drug candidates(50). Although 
the multitarget activity of coumarin derivatives is a 
significant advantage, it can also result in off-target 
effects and side effects, so further structure-activity 
relationships and selectivity for targets are 
required(51). Other knowledge gaps stem from the 
lack of integration of modern computational 
techniques and lack of structure-based design data. 
Furthermore, problems regarding experimental 
variability, non-uniform reporting and non-
reproducibility limit the validation and comparison 
of research results(52). To overcome these issues, a 
multifaceted approach combining medicinal 
chemistry, pharmacology, computer modeling, and 
clinical studies is needed to translate research from 
the lab bench to the clinic. Future efforts should 
concentrate on improving synthetic techniques, 
developing innovative formulation approaches to 
improve bioavailability, conducting rigorous 
clinical studies and a better understanding of the 
molecular mechanisms to achieve the full 
therapeutic potential of coumarins in clinical 
medicine(4). 
9. Emerging Trends and Future Perspectives 
The overall effects of new technologies and the 
advance of the precision medicine are gradually 
shaping new trends in coumarin-based research, 
and they present new opportunities to overcome the 
existing limitations, as well as accelerate the drug 
discovery and clinical translation process.(53). One 
of the most disruptive changes that enable the 

screening of large chemical libraries in a short time, 
predicting structure-activity relationships, and 
optimization of pharmacokinetic and toxicity 
profiles with high precision is the introduction of 
artificial intelligence (AI) and machine learning 
into the drug design process.(4). The AI-based 
analysis, such as molecular docking, quantitative 
structure activity relationship (QSAR) models and 
deep learning algorithms would aid in the 
discovery of novel coumarin derivatives that can be 
more specific to their targets and less toxic to off-
targets, which would greatly shorten the process of 
drug development and decrease the costs of 
experiments. Concurrently, nanotechnology 
delivery systems have become a potent means of 
solving problems of low solubility, low 
bioavailability and high metabolism of coumarin 
derivatives(54). Nanocarriers include liposomes, 
polymeric nanoparticles, solid lipid nanoparticles, 
dendrimers and nano emulsions that enable the 
selective and controlled delivery of drugs to the 
target site to maximize therapeutic effects and 
minimize systemic toxicity.(55). They may be 
tailored to accomplish site-directed delivery, like to 
tumor tissues by the enhanced permeability and 
retention (EPR) effect or to the brain by the blood 
brain barrier by perm selectivity.(56). Moreover, 
nano formulations can be used to protect coumarin 
compounds to avoid their quick degradation and 
offer a prolonged release, enhancing their stability 
and increasing their window of action. The 
development of personalized medicine is another 
promising avenue, where coumarin-based medicine 
can be customized based on personal genetic, 
metabolic and disease profiles. The 
pharmacogenomic knowledge particularly with 
regard to the enzymes such as cytochrome P450 is 
highly relevant in predicting the personal response 
of the patient to the drug and the best dosage 
regimen such as in anticoagulant therapy.(57). 
Precision diagnostics and targeting with biomarkers 
also enhances clinical utility of coumarin 
derivatives as an avenue to better and safer treat 
patients(59). Even, the development of 
multifunctional and hybrid coumarin compounds 
which can target more than one target is aligned 
with the principle of personalized and precision 
medicine particularly in the complex disease such 
as cancer and neurodegenerative diseases.(58). 
However, the challenges of regulatory acceptance, 
mass production, and analyzing AI-planned 
compounds and nanotechnology-based systems in 
terms of future-safety are to be solved regardless of 
advancements. Nevertheless, a combination of 
artificial intelligence, nanotechnology, and 
personalized medicine can revolutionize the future 
of coumarin-based therapeutics, resulting in more 
effective, targeted, and patient-specific treatment 
opportunities, and eventually making them more 
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effective in the present day healthcare and 
pharmaceutical innovation.(59). 
10. Conclusion 
Coumarins remain a highly sought-after class of 
compounds in contemporary drug discovery and 
development owing to their versatile benzopyrone 
skeleton and broad spectrum of biological 
activities; though their therapeutic potential is best 
realized through targeted modification of key 
structural features and mechanisms of action rather 
than general pharmacological activity. Within the 
different classes, hybrid molecules like coumarin 
chalcones, coumarins with benzimidazoles, and 
sulfonamide-containing coumarins are of particular 
interest owing to their enhanced multitarget 
properties and increased potency, which is often 
linked to specific substitutions at crucial sites (e.g., 
C-4 and C-7) that affect binding interactions. The 
development of new synthetic techniques, 
structure-activity relationship (SAR) studies and 
mechanistic insights have led to the design and 
optimization of more active and selective 
coumarin-based drugs, particularly those targeting 
enzymes like carbonic anhydrase, 
acetylcholinesterase and other pathways implicated 
in cancer and neurodegenerative disorders. New 
technologies such as artificial intelligence-aided 
drug discovery and nanotechnology-based 
formulations show great potential to overcome 
issues with drug delivery, target specificity, and 
sustained release. However, key bottlenecks remain 
in the areas of translation and clinical trials, long-
term safety and large-scale synthesis, which are 
currently limiting the advancement of new 
candidates to clinical applications. The research 
horizon should include the design of structure-
specific coumarin libraries, a combination of 
computational and experimental approaches, and 
the development of targeted delivery systems to 
improve efficacy and reduce side effects. 
Furthermore, rigorous clinical testing, uniform 
testing protocols and further mechanistic studies 
are crucial to assess the clinical potential of these 
compounds. Ultimately, the ongoing marriage of 
chemical creativity, biological understanding and 
translational research will likely establish coumarin 
derivatives as important therapeutic agents for 
future drug development and precision medicine. 
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