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Abstract: The aim of this review is to summarize the current knowledge on the use of
coumarin-derived compounds in the zebrafish (Danio rerio) model. Coumarins, a class of
naturally occurring compounds with diverse biological activities, including compounds
such as coumarin, angelicin, and warfarin, have attracted considerable attention in the study
of potential therapeutic agents for cancer, central nervous system disorders, and infectious
diseases. The capabilities of coumarins as active compounds have led to synthesizing
various derivatives with their own properties. While such variety is certainly promising, it
is also cumbersome due to the large amount of research needed to find the most optimal
compounds. The zebrafish model offers unique advantages for such studies, including high
genetic and physiological homology to mammals, optical transparency of the embryos,
and rapid developmental processes, facilitating the assessment of compound toxicity and
underlying mechanisms of action. This review provides an in-depth analysis of the chemical
properties of coumarins, their mechanisms of biological activity, and the results of previous
studies evaluating the toxicity and efficacy of these compounds in zebrafish assays. The
zebrafish model allows for a holistic assessment of the therapeutic potential of coumarin
derivatives, offering valuable insights for advancing drug discovery and development.

Keywords: coumarin; coumarin-based compounds; zebrafish model; bioactivity of coumarins

1. Introduction
Coumarins are a diverse group of organic bioactive compounds belonging to ben-

zopyrones (1,2-benzopyrones or 2H-1-benzopyran-2-ones) [1–3]. Its structure consists of
two six-membered rings containing lactone carbonyl groups [4]. The most basic com-
pound in this group is coumarin (2H-chromen-2-one, 2H-1-benzopyran-2-one), which
is a chromenone with the keto group in the 2 position [5]. The chemical structure and
nomenclature of exemplary coumarins are presented herewith (Table 1). The classification
of coumarins is based on the criteria of chemical diversity and complexity. The various
types of coumarin include simple coumarins (e.g., coumarin, umbelliferone, scopoletin,
esculetin, scoparone, osthole), isocoumarins (e.g., isocoumarin, mellein, 4-hydroxymellein,
monocerin, thunberginols), furanocoumarins (e.g., psoralen, angelicin, xanthotoxin, an-
toghenol, columbianedin), pyranocoumarins (e.g., grandivittin, inophyllum), biscoumarins
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(e.g., dicoumarol, thamnosin, bisparasin, hassmarin), and others, such as phenylcoumarins
(e.g., 3-phenylocoumarin, isodispar) [6,7].

Coumarins are secondary metabolites that appear naturally in a large number of
medical plant species, as well as in microorganisms (fungi and bacteria) and sea sponges.
Coumarins are present in a variety of plant tissues, including flowers, fruits, leaves, roots,
seeds, and stems [3,7–9]. A total of more than 1300 coumarins have been identified, ex-
hibiting a wide distribution across Angiospermae, Dicotyledoneae, and Monocotyledoneae
families [3]. A particularly high concentration of this phytochemicals was identified in
tonka bean (Coumarouna odorata, Dipteryx odoranta Wild). Additionally, coumarins in high
concentration are present in Anthoxanthum odoratum [10] and Cinnamomum cassia [11] but
also in Conioselinum Fisch., Ferula L., Heracleum L., Libanotis L. Prangos Lindl., Pachypleurum
Hoffm., and Seseli L. [4,12] (for a review, see [3,13]). Coumarins are predominantly syn-
thesized in the fruits, leaves, and roots of plants [14], primarily via the phenylpropanoid
pathway [15]. Their synthesis is initiated by deamination of the amino acid L-phenylalanine,
a process catalyzed by the enzyme phenylalanine ammonia lyase (PAL), which results in
the production of trans-cinnamic acid [16]. This acid is then converted into p-coumaric acid
and o-hydroxycinnamic acid, which spontaneously cyclizes to form the basic coumarin
structure [15]. However, it should be noted that the ultimate structure of coumarins is the
consequence of subsequent specific modifications. These additional modifications, which
may include methylation, hydroxylation, or glycosylation, are catalyzed by the relevant
enzymes (for instance, O-methyltransferases and cytochromes P450). These modifications
are influenced by the availability of enzymes and specific metabolic conditions within the
plant organism in which they occur (for a review, see [1,15,16]).

Table 1. The chemical structure and nomenclature of exemplary coumarins (chemical structure
created in ChemDraw 22.2.0).

Coumarin Name Molecular Formula Chemical Structure Ref.

Simple coumarins

Coumarin C9H6O2
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Table 1. Cont.

Coumarin Name Molecular Formula Chemical Structure Ref.

Simple coumarins

Scopoletin
(6-methoxy-7-

hydroxycoumarin)
C10H8O4
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Table 1. Cont.

Coumarin Name Molecular Formula Chemical Structure Ref.

Isocoumarins

Mellein
(3,4-dihydro-8-

hydroxyisocoumarin)
C10H10O3
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Table 1. Cont.

Coumarin Name Molecular Formula Chemical Structure Ref.

Pyranocoumarins

Inophyllum A C25H24O5
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Table 1. Cont.

Coumarin Name Molecular Formula Chemical Structure Ref.

Phenylocoumarins

3-Phenylcoumarin C15H10O2
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Inophyllum A C25H24O5 [29] 
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The use of coumarins in traditional practices across various cultures has spanned a 
considerable length of time, with the earliest documented evidence of using plants rich in 
coumarin content as medicinal plants dating back to ancient times [34,35]. Coumarins 
were first identified in 1820 by the German chemist Vogel, who extracted them from the 
tonka bean [36]. During the nineteenth and early twentieth centuries, scientists became 
increasingly interested in coumarins due to their distinctive aroma and taste. Coumarins 
were soon employed as an additive in perfumes, cosmetics, and tobacco products [37]. 
However, their potential biological activity and therapeutic properties remained largely 
unexplored until the discovery of dicoumarol, a natural anti-coagulant compound found 
in Melilotus spp. (spoiled sweet clover), in the 1940s [38]. This discovery prompted interest 
in coumarins as pharmacological agents [9,39]. As studies proceeded, researchers 
expanded their exploration of the coumarins’ biological and therapeutic properties, 
including anti-coagulant, anti-inflammatory, anti-microbial, anti-viral, anti-parasitic, anti-
helmintic, molluscacidal, anti-oxidant, anti-diabetic, anti-hypertensive, anti-cancer, anti-
proliferative, anti-convulsant, estrogenic, dermal photosensitizing, vasodilator, sedative, 
hypnotic, and analgesic properties (for a review, see [7,13,40]). 

The advancement of the synthesis and modification of natural compounds has 
facilitated the development of a plethora of coumarin derivatives, thereby enabling the 
refinement of their biological effects. These derivatives have subsequently been 
investigated for a multitude of medical applications, including the treatment of 
cardiovascular diseases, neurological disorders, metabolic disorders, and cancer, as well 
as anti-microbial applications and much more [1,16,41,42]. The domain of research 
pertaining to coumarins and their derivatives persists as an active field of study. The 
manifold bioactive properties and prospective therapeutic applications of coumarins 
continue to be a source of significant interest. Contemporary research endeavors are 
investigating novel coumarin-based compounds for potential deployment in the 
management of diverse human diseases. The use of model organisms, such as the 
zebrafish (Danio rerio), has further advanced coumarin research, providing an effective 
system for screening and evaluating these compounds for both efficacy and safety. 
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experimental model for the evaluation of the pharmacological activity of coumarins and 
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[33]

The use of coumarins in traditional practices across various cultures has spanned a
considerable length of time, with the earliest documented evidence of using plants rich
in coumarin content as medicinal plants dating back to ancient times [34,35]. Coumarins
were first identified in 1820 by the German chemist Vogel, who extracted them from the
tonka bean [36]. During the nineteenth and early twentieth centuries, scientists became
increasingly interested in coumarins due to their distinctive aroma and taste. Coumarins
were soon employed as an additive in perfumes, cosmetics, and tobacco products [37].
However, their potential biological activity and therapeutic properties remained largely
unexplored until the discovery of dicoumarol, a natural anti-coagulant compound found in
Melilotus spp. (spoiled sweet clover), in the 1940s [38]. This discovery prompted interest
in coumarins as pharmacological agents [9,39]. As studies proceeded, researchers ex-
panded their exploration of the coumarins’ biological and therapeutic properties, including
anti-coagulant, anti-inflammatory, anti-microbial, anti-viral, anti-parasitic, anti-helmintic,
molluscacidal, anti-oxidant, anti-diabetic, anti-hypertensive, anti-cancer, anti-proliferative,
anti-convulsant, estrogenic, dermal photosensitizing, vasodilator, sedative, hypnotic, and
analgesic properties (for a review, see [7,13,40]).

The advancement of the synthesis and modification of natural compounds has fa-
cilitated the development of a plethora of coumarin derivatives, thereby enabling the
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refinement of their biological effects. These derivatives have subsequently been investi-
gated for a multitude of medical applications, including the treatment of cardiovascular
diseases, neurological disorders, metabolic disorders, and cancer, as well as anti-microbial
applications and much more [1,16,41,42]. The domain of research pertaining to coumarins
and their derivatives persists as an active field of study. The manifold bioactive properties
and prospective therapeutic applications of coumarins continue to be a source of signifi-
cant interest. Contemporary research endeavors are investigating novel coumarin-based
compounds for potential deployment in the management of diverse human diseases. The
use of model organisms, such as the zebrafish (Danio rerio), has further advanced coumarin
research, providing an effective system for screening and evaluating these compounds for
both efficacy and safety.

Therefore, the aim of this review is to assess the suitability of zebrafish as an experi-
mental model for the evaluation of the pharmacological activity of coumarins and their
derivatives. In addition, this review will provide a basis for understanding the zebrafish
as a valuable and versatile model for the pharmacological evaluation of coumarins, thus
contributing to the wider application of this model in drug discovery and safety profiling.

2. Advantages and Disadvantages of Using the Zebrafish Model
The zebrafish (Danio rerio) is a small freshwater fish belonging to the ray-finned fish

group of the family Cyprinidae. The zebrafish was first described by the Scottish physician
Francis Hamilton [43]. The scientific name of the zebrafish, Danio rerio, is specific to this
particular species, and it is unique to freshwater ecosystems within the geographic region
of South Asia, particularly in the Indian subcontinent, Pakistan, Nepal, Bangladesh, Bhutan,
and possibly Myanmar [44]. This fish has been a prominent subject of study in numerous
research fields since the 1980s. It has become a model organism that has been at the forefront
of several research areas since that time [45,46]. This can be attributed to the multitude of
advantages that the zebrafish model offers to scientists, particularly within the domains of
biology, pharmacology, pharmacy and medicine. Among these are the following.

(1) Genetic similarity to humans. A substantial proportion of zebrafish genes are identical
to those found in humans, representing approximately 70% of the total [47], which
makes them an invaluable model for the study of human disease and genetics.

(2) Simplicity of genetic manipulation. The zebrafish is a convenient model organism for ge-
netic modification [48], as it can be modified using a variety of techniques [49], includ-
ing CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats) [50–52],
morpholino injection [53], and transgenic approaches [54]. This makes it an ideal
subject for the creation of models, which can be used to gain a deeper understanding
of human diseases in a number of fields, including oncology, Alzheimer’s disease,
immunology, diabetes, regenerative medicine, aging-related research, etc. [46].

(3) High embryo yield and rapid reproduction rate. The zebrafish is a highly prolific species,
capable of producing hundreds of embryos per week. This reproductive rate allows
for the utilization of large sample sizes in scientific experiments and high-throughput
screening in drug discovery and toxicology [46].

(4) Embryo/body transparency. The transparency of zebrafish’s embryos and body through-
out adulthood permits direct observation of organ development and cellular processes
in real time [55]. This facilitates research into a range of topics, including tissue devel-
opment, disease progression, and drug effects.

(5) Development outside of the uterus. The external development of zebrafish embryos
outside of the uterus provides researchers with convenient access for a range of
studies, particularly those requiring post-fertilization observation [46].
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(6) Fast development and a short life cycle. The rapid development and short life cycle of
zebrafish embryos provide an optimal environment for the evaluation of genetic and
environmental interventions across generations. The embryos develop rapidly, with
major organs forming within 24 h post-fertilization (hpf) and a fully functional body
system within 120 hpf (5 days post-fertilization) [56]. This enables researchers to
rapidly evaluate the impact of any intervention.

(7) Cost-effectiveness. In terms of cost-effectiveness, zebrafish offer distinct advantages over
mammalian models. Their smaller size and simpler aquatic environment necessitate
reduced space requirements and maintenance costs, making them a more cost-effective
choice for long-term studies [46,57–59].

(8) Ethical guidelines. Zebrafish is categorized as a lower vertebrate, and research involving
it is often subject to less stringent ethical guidelines than that conducted on rodents,
for example. Additionally, in the case of studies involving larvae of zebrafish up to
120 hpf, the approval of the Ethical Commission is not a prerequisite. This enables the
undertaking of studies in this model that might otherwise be challenging or unfeasible
in mammals [60].

This animal model could be successfully used as a model for the study of a variety
of human diseases [61], including hematopoietic disorders [62], cardiovascular [63–65],
metabolic [66], and kidney diseases [67,68], cancer [69–71], and central nervous system
(CNS) disorders (e.g., alcohol disease, depression, anxiety, autism spectrum disorder,
schizophrenia, Alzheimer’s disease) [72–75], bone diseases [76,77], etc. Furthermore, ze-
brafish exhibit a range of sophisticated behaviors that can be investigated in diverse settings.
These include social behaviors (e.g., shoaling, aggression and mating, decision making in
groups), motor responses, anxiety, learning, and memory. This renders them a valuable
resource for the purposes of neurobehavioral testing [78–80]. Beyond that, the utilization of
zebrafish in drug discovery and toxicology studies [81–91] is becoming increasingly preva-
lent. Their diminutive size and transparent embryos facilitate high-throughput screening
of both natural and synthetic compounds, thus enabling the identification of potential
therapeutic agents and the assessment of toxic effects in a living organism [45,83,92–96]. In
order to gain a comprehensive understanding of biological processes and disease states,
it is possible to utilize the zebrafish model in conjunction with genomics, proteomics and
metabolomics [97–99]. This approach has the potential to enhance the precision of therapies
and facilitate the development of personalized medicine.

While the use of zebrafish in research offers numerous advantages, including the devel-
opment of new drugs, there are also some limitations that warrant consideration. Despite
the existence of genetic similarities, the zebrafish remains a distant relative of the human
species in comparison to other mammalian models, such as the mouse or rat [100]. This
evolutionary divergence implies that some human-specific pathways and gene functions
may be inadequately represented or exhibit substantial divergence in zebrafish [47]. The
study of certain human diseases in this model is hindered by anatomical and physiological
differences. This is particularly the case for diseases involving complex organs, such as the
lungs, the prostate, and the mammalian immune system. The lack of lungs in zebrafish
and the simplicity of their immune system make it challenging to model respiratory [101]
and immune-related conditions [102–104]. Moreover, as an animal model, zebrafish exhibit
notable differences in brain complexity compared to mammals and humans [105]. Addi-
tionally, the low level of inbreeding may contribute to increased variability in responses
between animals, potentially complicating data analysis [106]. The metabolic processes
of zebrafish differ from those of humans [49,107], which may restrict their use in pharma-
cokinetic and pharmacodynamic studies. It is possible that the absorption, distribution,
metabolism, and excretion (ADME) of xenobiotics in zebrafish may not always mirror those
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observed in the human body [108]. Techniques for assessing ADME in zebrafish larvae are
being developed but are still at an early stage [109–111]. This could have implications for
the outcomes of drug discovery and toxicity testing.

In conclusion, the zebrafish model is an efficacious and adaptable tool in biomedical
research, offering distinctive benefits that facilitate the investigation of genetic, devel-
opmental, and therapeutic aspects of diverse diseases. The application of this model is
becoming increasingly prevalent, making a substantial contribution to the advancement
of drug discovery and the comprehension of intricate biological systems. Nevertheless, it
should be noted that this animal mode has certain limitations, which render zebrafish less
appropriate for specific areas of inquiry, including those that require close human anatomi-
cal and physiological parallels, complex drug metabolism studies, or highly specific human
disease research.

3. Studies of Coumarins and Coumarin-Based Compounds in
Zebrafish Model

The use of zebrafish in research on coumarins and their derivatives is becoming
increasingly common due to the distinctive advantages they offer as a model organism. This
section delineates the contribution of zebrafish to studies on these compounds, particularly
in the fields of toxicology and developmental biology, as well as in the evaluation of
pharmacological efficacy, including anti-angiogenic activity and therapeutic properties in
the treatment of CNS disorders.

3.1. Toxicological and Developmental Research

The zebrafish embryo is especially vulnerable to the effects of chemical com-
pounds [57,112–119], making it an ideal model for evaluating the acute, chronic, and
developmental toxicity of coumarins and their derivatives. The determination of the LC50

(lethal concentration 50%, lethal concentration of a compound at which 50% of the zebrafish
embryos dies) is a common objective of acute toxicity studies in this species [120,121]. This
parameter is frequently employed for the assessment of the acute toxicity of coumarins
and their derivatives. These observations are employed in the calculation of the mortality
rate of zebrafish exposed to varying concentrations of coumarins [122–124]. Moreover, the
impact of coumarin or coumarin-based compounds on zebrafish is evaluated through the
examination of discernible phenotypic characteristics, including hatching, edema, move-
ment patterns, yolk sac utilization, heartbeat, body shape, swim bladder development, and
otolith sac development using a stereomicroscope [122–124]. Another parameter employed
in toxicological studies utilizing the zebrafish model is the EC50 (median effective concen-
tration). The term is used to describe the concentration of a chemical compound that is
capable of inducing an adverse effect in 50% of a specified population of organisms. In
this context, the population in question is that of zebrafish. The term is also used in the
context of describing the concentration of a compound that elicits a particular sub-lethal
response. This parameter is frequently used for the purpose of evaluating the potency
of coumarins in eliciting biological effects, including, for instance, developmental mod-
ifications or behavioral alterations, without necessarily leading to mortality [124]. It is
of paramount importance in toxicological studies to determine both LC50 and EC50, as
they offer invaluable insights into the safety margins and biological activity of coumarins,
thereby facilitating the assessment of their associated risks and benefits.

The effects of coumarin on zebrafish embryos demonstrated a proclivity for malforma-
tion in the head and tail regions as well as growth delay. Notwithstanding the above, the
LC50 and EC50 value was calculated to be 855 µM and 314 µM, respectively, which suggests
that, in typical therapeutic conditions in humans, the teratogenic potential of coumarin
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may be relatively low when compared to warfarin (888 µM and 194 µM, respectively) [124].
Furthermore, a subsequent investigation into the impact of disparate coumarin derivatives
on zebrafish embryos yielded no notable alterations in larval development and no dis-
cernible damage to their internal structures [122], indicating the potential for their further
development as therapeutic agents.

The toxicity and teratogenic potential of coumarin compounds appear to be influ-
enced by their structural properties. For example, 4-phenyl-hydroxycoumarins have been
observed to exhibit different levels of embryo toxicity compared to basic coumarins [125].
The position and number of hydroxyl groups, as well as the presence of a phenyl group,
have been found to affect both the cytotoxic activity of compounds and their preference
for binding to protein kinases [125]. These findings serve to highlight the importance of
considering the relationships between structure and activity when determining the toxicity
and potential therapeutic applications of coumarin compounds. Moreover, coumarin has
been identified as a hepatotoxic compound in zebrafish larvae, resulting in liver degener-
ation and discernible alterations in liver size. These findings were corroborated by both
phenotypic assessments and gene expression analyses [126]. The study demonstrated that
exposure to coumarin resulted in a significant reduction in the expression of liver-specific
genes in zebrafish larvae compared to those treated in a control group. In particular,
coumarin was found to have a detrimental effect on the expression of hepatocyte markers,
including ceruloplasmin (CP), CYP3A65 (CYP3A ortholog), albumin-like (GC), liver fatty
acid binding protein (FABP10a), and transferrin (TF) [126]. These findings underscore the
hepatotoxic potential of coumarin in zebrafish larvae.

The objective of chronic toxicity tests is to evaluate the long-term effects of prolonged
exposure to sub-lethal concentrations of compounds in zebrafish, with the goal of under-
standing the long-term consequences of exposure to potentially harmful substances. The
tests are designed to evaluate the impact on a variety of biological parameters, including
growth, organ function, reproductive capacity, and overall health, over an extended period
of time, frequently spanning multiple weeks or even multiple generations [127–130].

The existing research on the chronic effects of coumarins using the zebrafish model
is limited. Nevertheless, a study conducted by Blanc et al. [131] examined the multi- and
transgenerational consequences of early-life exposure to 7-diethylamino-4-methylcoumarin
in zebrafish. The study revealed that exposure to this coumarin did not result in significant
multigenerational toxicity. This was assessed in relation to growth, fertility, behavior, and
lipid metabolism in the F0 to F3 generations [131]. These findings suggest that, at least in
the case of 7-diethylamino-4-methylcoumarin, chronic exposure during early development
may not result in adverse effects in zebrafish across multiple generations. Nevertheless,
further research is necessary to gain a comprehensive understanding of the long-term
effects of various coumarins in zebrafish models.

Table 2 presents the findings of studies that evaluated the toxicity of coumarins and
coumarin-based compounds.
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Table 2. Outcomes of studies investigating the toxicological effects of coumarins and coumarin
derivatives in the zebrafish model.

Tested Agents Tested
Period Methods Main Outcomes Limitations Ref.

Coumarin and
warfarin

(31.25 µM to
1500 µM)

0–72 hpf

Determination of
LC50, EC20, EC50

and TI;
evaluation
(scoring) of

lethality and
teratogenic

effects

The LC50 and EC50 values
for coumarin are 855 µM
and 314 µM, respectively.
The LC50 and EC50 values
for warfarin are 988 µM

and 194 µM, respectively.
Both coumarin and
warfarin produce

teratogenic and lethal
effects in zebrafish

embryos. In the case of
coumarin, three endpoints

are identified, namely
malformation of the head
and tail and growth delay.
In contrast, malformation
of the tail is the only one
endpoint observed in the

case of warfarin.

The study was
limited to warfarin
and coumarin, not
exploring a wider

range of substances.
It also compared the

effects of human
therapeutic

concentrations,
rather than

examining other
potential exposure

scenarios.

[124]

Herniarin (7-
methoxycoumarin,
7MC) (1, 2, 3, 4,

and 5 mM)

6–72 hpf

Evaluation of
cardiac

anomalies/heart
rates, cellular

apoptosis,
morphological

deformities, and
mortality rates;

determination of
LC50

The exposure of embryos
to concentrations of 7MC

in excess of 4 mM resulted
in a reduction in heart rate,

distortion of the tail, an
increase in cellular

apoptosis, and an elevated
mortality rate.

Long-term effects of
herniarin were not
examined, and the

study was
conducted using a

limited
concentration range,

overlooking the
activity at sub-lethal

doses.

[132]

4-phenyl hydrox-
ycoumarins: 7C,
5,7C, and 7,8C (1,

10, and
100 µg/mL)

0–96 hpf

Evaluation of
developmental

effects and
determination of
TI; determination
of LC50 and EC50

LC50 are lower for 7,8C
and 5,7C compared to

coumarin. 5,7C and 7,8C
are more embryotoxic

while 7C is less toxic in
comparison to coumarin.

Observed teratogenic and
lethal effects of 4-phenyl
hydroxycoumarins are

concentration dependent.

There is further
need to explore

pharmacokinetic
properties of

4-phenyl
hydroxycoumarins,

especially the
mechanism of

cAMP-dependent
protein kinase

inhibition, perhaps
on other model

organisms.

[125]



Int. J. Mol. Sci. 2025, 26, 1444 12 of 32

Table 2. Cont.

Tested Agents Tested
Period Methods Main Outcomes Limitations Ref.

4-phenyl hydrox-
ycoumarins: 7C

and 5,7C (1, 5, 10,
25, and

50 µg/mL)

24–72 hpf

Determination of
anti-

melanogenic
effect

The compounds 7C and
5,7C effectively reduce

pigmentation in zebrafish
embryos at a low dose of
5 µg/mL, and no toxicity

is observed at higher doses.
The 7C has a more

favorable toxicity profile in
comparison to the
commonly used

depigmenting agents,
namely hydroquinone and

kojic acid. This suggests
that they may be more

suitable candidates for use
as skin-whitening agents.

The anti-melanogenic
effect of the 7C is likely

attributable to the
inhibition of the enzyme

tyrosinase, as evidenced by
computational molecular

modeling studies.

The study does not
report toxicity. The

authors have
exclusively

concentrated on the
anti-melanogenic

effect of tested
agents.

[133]

Fluorescent
coumarin

derivatives
(1 µg/mL)

0–120 hpf
Imaging of

retinal
development

Four coumarin derivatives
were identified as potential
stains and imaging agents
for zebrafish retinal cells

in vivo. The coumarin
derivatives may be

employed to evaluate
retinal development and
identify morphological

irregularities, in addition
to serving as a counterstain

for transgenic zebrafish
expressing fluorescent
proteins in particular

retinal cell types.

While the study
does not report

toxicity, the
long-term effects of

coumarin
derivatives on

zebrafish
development and
retinal function

remain unknown.
The study also does

not extensively
compare the

performance of
coumarin

derivatives with
other established

fluorescent dyes for
retinal imaging.

[134]
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Table 2. Cont.

Tested Agents Tested
Period Methods Main Outcomes Limitations Ref.

Hybrid
compounds

incorporating 6-
and

7-substituted
coumarins
(12.5µM to

3 mM)

0–120 hpf

Determination of
LC50; phenotypic

analysis
(hatching,
oedema,

movement
pattern, yolk

sack utilization,
heartbeat, body

shape, swim
bladder

development,
and otolith sac
development);
swim pattern

analysis;
histological

studies

The compounds were
observed to exhibit

minimal toxicity.
The analysis revealed that

none of the compounds
induced discernible

alterations in the
developing zebrafish

larvae, nor did they exhibit
any indications of damage

to internal tissues. The
larvae exposed to the

tested compounds did not
display any abnormal or

ataxic movement patterns.

The study was
conducted over a

short exposure
period, without
acknowledging

long-term effects. It
also lacked the
comprehensive

histopathological
analysis and other

toxicological
parameters, such as

organ damage or
immune system

effects.

[122]

Coumarinyl
4-thiazolidinone

derivatives
(TZL1-TZL7) (1,

3, 5, and 10 ppm)

0–120 hpf

Assessment of
developmental

toxicity,
cardiotoxicity,
neurotoxicity,

and
hepatotoxicity

Notable abnormalities or
alterations in the embryos’

development were
observed, indicating the
potential for toxicity of

coumarinyl
4-thiazolidinone

derivatives at varying
concentrations.

The study noted
that higher

concentrations
caused significant
adverse effects. It

also lacks the
information about

the long-term
efficacy of the
compounds.

[135]

Coumarin
derivates (1, 5,

10, and 15 ppm)
12–72 hpf Survival rate

analysis

Compounds 1, 2 (naturally
occur in some plants, e.g.,
Plumbago zeylanica, Citrus

grandis, Naucleopsis
caloneura) and 4 (survival
rates: 100%, 82.5–100%,

and 100%, respectively) are
less toxic than compounds

3, 5, and 6.

The study was
limited to zebrafish
and chick models,
without further

investigation in a
mammal model. It
also only covered
gene expression

changes, not directly
measuring

angiogenesis.

[136]
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Table 2. Cont.

Tested Agents Tested
Period Methods Main Outcomes Limitations Ref.

p-Coumaric acid
(50 µM and

100 µM)
10–48 hpf

Determination of
anti-

melanogenic
effect

The exposure of
developing zebrafish

embryos to p-coumaric
acid results in a significant
reduction in pigmentation.

In comparison to
phenylthiourea (200 µM), a

known melanogenic
inhibitor, p-coumaric acid
has been demonstrated to

be more effective at
inhibiting pigmentation.

p-Coumaric acid has been
shown to exhibit a stronger

binding affinity to the
tyrosinase enzyme than

phenylthiourea.

There is no
information about

the long-term
toxicity of

p-coumaric acid.
The study also did

not explore in depth
the effects on organ
development and

reproductive health.

[137]

Mucorisocoumarins
A, B, and C (10,

20, 30, and
50 µM)

0–48 hpf Developmental
toxicity test

Mucorisocoumarin C at a
dose 20 µM causes defects
in embryos (i.e., abnormal

brain shape and a short
tail). Higher

concentrations led to more
severe defects and embryo
death. None of the other
compounds showed any

toxicity.

The study has
limited structural
data—some of the
structures were not

confirmed with
X-ray

crystallography.
The long-term

effects were also not
explored.

[138]

5,7C, 5,7-dihydroxy-4-phenylcoumarin; 7C, 7-hydroxy-4-phenylcoumarin; 7,8C, 7,8-dihydroxy-4-phenylcoumarin;
7MC, 7-methoxycoumarin; dpf, day post fertilization; EC20, 20% effect concentration; EC50, median effective
concentration; hpf, hours per fertilization; LC50, 50% lethal concentration; TI, teratogenicity index.

3.2. Evaluation of Pharmacological Properties
3.2.1. Anti-Angiogenic Activity

Angiogenesis (neovascularization) is a multifaceted process that is subject to strict
regulatory control. All phases of angiogenesis, including endothelial cell migration, pro-
liferation, and activation, are governed by a network of factors that either facilitate or
impede the progression of this biological phenomenon [139]. It is a normal developmental
process, but it has a particular significance in the formation of tumors. The new blood
vessels support and nourish the neoplasms, enabling it to grow from benign to malignant,
thereby increasing the likelihood of metastasis. Zebrafish possess a closed circulatory
system, and the form of the developing vasculature, the processes used to assemble vessels,
and the molecular mechanisms underlying vessel formation are strikingly similar to those
observed in humans (for a review, see [139,140]). The formation of new blood vessels
and the patterning of major vessels occurred in zebrafish embryos and larvae between
24 and 72 hpf [139,141]. The transparent nature of zebrafish embryos, coupled with their
relatively simple genetics, make them an excellent model for real-time observation of blood
vessel formation. Anti-angiogenic activity can be evaluated by assessing the inhibition
of intersegmental vessel sprouting, alterations in caudal vein plexus formation, and a
reduction in subintestinal vessel branching [142,143].

Chimote and co-workers (2013), in their comprehensive study, compared the effects
of several anti-angiogenic agents in the zebrafish model [144]. The outcomes showed
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that the zebrafish model can be used to effectively stratify anti-angiogenic agents based
on their mechanisms of action and to delineate biological activity based on the chemical
structure [144]. The anti-angiogenic activity of coumarin in zebrafish models has recently
emerged as a topic of growing interest, given its potential implications for cancer therapy,
vascular diseases, and other angiogenesis-related conditions (for a review, see [145]). This
part of article provides a concise overview of the current state of knowledge and research
on this topic.

The objective of studies conducted by Anegundi and Pancharatna (2017) was to test
the hypothesis that umbelliferon (7-hydroxycoumarin) and herniarin (7-methoxycoumarin)
have anti-angiogenic activity in developing zebrafish embryos [132,146]. In order to trace
the patterns of blood vessels, the pathways of blood flow, and the process of cell apoptosis,
the entire preparation was stained with alkaline phosphatase, O-dianisidine, and acridine
orange, respectively. Additionally, the presence of cardiac irregularities, notably changes
in pericardial size and oedema, was recorded. Studies also investigated the impact of the
treatment on heart rate, morphology, and mortality in zebrafish. The findings of this study
suggest that umbelliferon has the capacity to disrupt the patterning of major blood vessels,
such as intersegmental vessels (ISVs), dorsal aorta (DA), and posterior cardinal vein (PCV),
which may subsequently result in a disruption to the normal flow of blood through them.
These vascular impairments were accompanied by increased site-specific cellular apoptosis
and reduced heart rates in a dose-dependent manner, indicating that 7-hydroxycoumarin
and 7-methoxycoumarin anti-angiogenic effects are mediated through cellular apopto-
sis [132,146]. The 50% inhibitory concentration (IC50) for the inhibition of ISV growth
was determined to be 2.65 mM [146] and 2.64 mM [132], respectively. It is notable that the
observed effects were specific and dose-related, indicating that zebrafish embryos/larvae
are a reliable and sensitive tool for defining and quantifying angiogenic activity.

The anti-angiogenic potential of coumarin derivatives has been the subject of recent
investigation using zebrafish models. A series of coumarinyl 4-thiazolidinone derivatives
(TZL1-TZL7) was synthesized by Bhat and Bhaskar (2024), and their anti-angiogenic activity
was assessed using the zebrafish model [135]. Of the tested compounds, TZL2 exhibited
the most pronounced anti-angiogenic effect, with an average vein count of 2.7, indicative of
a marked reduction in angiogenesis. In addition, other derivatives, including TZL4, TZL5,
and TZL6, exhibited significant anti-angiogenic effects [135]. These findings underscore the
potential of these novel coumarin-based compounds for modulating angiogenesis and as
potential anti-cancer agents.

Using zebrafish embryos, Huang et al. (2024) conducted a study to evaluate the
angiogenesis-modulating effects of six newly synthesized coumarin derivatives (com-
pounds 1–6) [136]. The outcomes showed that compound 2, which naturally occurs in some
plants (i.e., Plumbago zeylanica, Citrus grandis, and Naucleopsis caloneura), is a promising
anti-angiogenic agent with minimal toxicity (survival rates of 82.5–100%). The experi-
ments employed transgenic zebrafish expressing green fluorescent protein in blood vessels
(Tg(fli1:EGFP)) to investigate the impact of this agent on the development of intersegmental
vessels, subintestinal veins, and caudal vein plexus remodeling. The findings revealed
that compound 2 significantly disrupted these developmental processes [136]. In addition,
molecular analysis conducted by the research team suggested that the likely mechanism
underlying the anti-angiogenic activity of compound 2 may be mediated by the modulation
of the gene expression of nrp1a [136], a co-receptor for the vascular endothelial growth
factor receptor (VEGFR), which is involved in the positive regulation of cell migration and
angiogenesis sprouting and is upstream of a positive effect on angiogenesis [147].

Majnooni et al. (2019), in their review, provided a critical analysis of currently available
literature data on anti-angiogenic and anti-cancer mechanisms of natural and synthetic
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coumarins and highlight their use as a potential therapeutic strategy [145]. It is notable that
the review in question refers to a single study, which was conducted using a zebrafish model.
The study, conducted by Jung et al. (2009), demonstrated that decursin and decursinol
angelate (natural coumarins derived from the Angelica gigas herb) markedly inhibited blood
vessel development in transgenic zebrafish embryos at a concentration of 20 µM [148].
The study revealed the inhibition of VEGFR2 (a crucial VEGF receptor) and other VEGFR-
related angiogenesis signaling pathways, such as phosphorylated extracellular signal-
regulated kinase (p-ERK) and mitogen-activated protein kinase (MAPK), in addition to
phosphorylated c-Jun N-terminal kinase (JNK) in endothelial cells [148].

In light of the cited research, it can be postulated that the zebrafish model is an
invaluable tool for investigating the anti-angiogenic properties of coumarins, largely due
to the transparency of its embryos, which affords real-time visualization of blood vessel
formation. The vascular development of the zebrafish closely resembles that of humans,
including similar molecular pathways, which makes it an excellent translational model.
Additionally, zebrafish enable rapid, cost-effective screening of potential anti-angiogenic
agents with minimal ethical concerns compared to mammalian models. Furthermore,
studies using transgenic zebrafish expressing fluorescent markers in blood vessels enhance
the precision of analyzing angiogenesis inhibition. The versatility and genetic simplicity
of this model make it ideal for evaluating the therapeutic potential and mechanisms
underlying the anti-angiogenic activity of coumarins and their derivatives.

3.2.2. Central Nervous System Disorders

The zebrafish model offers distinctive advantages for the study of CNS disorders
(including sleep–wake cycles, depression and anxiety, epilepsy, and neurodegenerative
disorders) (for a review, see [85,105,149–158]) and the assessment of coumarin derivatives
as prospective neuropsychopharmacological agents [4,159,160]. Anatomical and func-
tional similarities between the zebrafish brain and the human CNS [153,161,162], including
neurotransmitter systems, such as the dopaminergic, serotonergic, and glutamatergic path-
ways [162], make the zebrafish an excellent tool for investigating neurological mechanisms.
The zebrafish larva displays a range of complex behaviors, including locomotion [163–165],
anxiety-like responses [166], emotions [167–169], helplessness [170], social interaction [171],
decision making [172], and cognitive functions [173]. These can be quantitatively assessed
in order to evaluate the effects of coumarins on CNS function.

The potential of coumarins as neuroprotective agents has been demonstrated [159,160,
174,175], primarily due to their anti-oxidant and anti-inflammatory activities (for a review,
see [159]), which are crucial for the mitigation of oxidative damage and neuroinflammation
observed in CNS disorders [176]. Zebrafish models are particularly well-suited to high-
throughput screening of coumarin derivatives. Furthermore, transgenic zebrafish lines
expressing fluorescent markers in specific CNS regions facilitate the precise tracking of
neurodegenerative processes [177] and the assessment of the effects of coumarin treatments
at the cellular level.

Zebrafish have emerged as a valuable model for investigating the mechanisms un-
derlying the pathophysiology of and therapy for Alzheimer’s [157] and Parkinson’s dis-
ease [178–180]. The zebrafish have been genetically modified to express human amyloid
precursor protein, which results in the formation of amyloid beta (Aβ) plaques, a defining
characteristic of Alzheimer’s disease. Such an approach allows researchers to investigate
the impact of Aβ accumulation on neuronal degeneration and behavioral traits, such as
memory and learning deficits [157]. From a Parkinson’s disease research point of view, the
zebrafish has a ventral diencephalon, which is thought to be similar to the mammalian
substantia nigra. Two main types of zebrafish Parkinson’s models are used in experimental
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pharmacology, i.e., the neurotoxin-induced (1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine
(MPTP), 6-hydroxydopamine (6-OHDA), paraquat, rotenone, and other neurotoxic agents)
and the transgenic model (PTEN Induced Putative Kinase 1 (PINK1), Parkin RBR E3 Ubiq-
uitin Protein Ligase (Parkin), DJ-1, α-synuclein, Parkinson’s disease protein 2, PD protein
7, leucine-rich repeat kinase 2 (LRRK2), and other gene mutations) [180,181]. Further-
more, zebrafish display sophisticated behaviors, including learning, memory, and social
interactions, which can be employed to evaluate cognitive impairments associated with
Alzheimer’s disease. Behavioral assays (for a review, see [182]), such as the novel object
recognition test [183], the Y-maze test [183], the appetitive conditioning test, the inhibitory
avoidance test [184,185], the novel tank test, and the locomotor activity test [186], facilitate
the assessment of the efficacy of potential therapeutic compounds in the zebrafish model.

The utilization of these models permits the assessment of the potential of coumarins
and their derivatives as therapeutic methodologies for these debilitating neurodegenerative
disorders. Nevertheless, the potential of zebrafish models has yet to be fully explored in this
context. In the course of searching the available databases for this review, no publication
was identified in which the zebrafish model was employed to evaluate the activity of
coumarins and coumarin-derived compounds as drug candidates for Alzheimer’s and
Parkinson’s disease.

The zebrafish has additionally been identified as an invaluable model for the investi-
gation of anti-epileptic and anti-convulsant properties of, for example, natural agents [187],
due to its genetic, physiological, and pharmacological similarities to humans [49]. These
include (1) significant parallels with the mammalian brain [188], particularly in terms of the
neurotransmitter system [189,190] (such as glutamate and GABA), ion channels [191],
and neural circuitry [192] that are implicated in the generation and propagation of
seizures, (2) well-characterized, observable behavioral alterations that occur during epilep-
tic episodes, inter alia hyperactivity, convulsions, and paroxysmal movements [193], which
might be quantified, (3) the possibility of utilizing genetic manipulation techniques [193],
which allows for the investigation of the specific role of genes in the pathophysiology of
epilepsy and drug response, (4) the variety of methods that may be employed to induce
seizures, including chemical induction with pentylenetetrazole (PTZ), kainic acid, or pi-
locarpine (for a review, see [193]), and (6) the fact that seizures in zebrafish respond to
conventional anti-epileptic drugs, including diazepam [194] and valproic acid [195], which
make it a validated model. The zebrafish model is becoming an increasingly popular choice
for the study of natural compounds that may act as candidates for new anti-epileptic/anti-
convulsant/anti-seizure medications.

The first systematic investigation of the anti-seizure activity of an array of coumarins,
representing a diverse set of chemical structures, was conducted by Kozioł et al. (2021).
They employed the PTZ seizure model in zebrafish larvae to assess the anti-epileptic activity
of 18 coumarin derivatives, simple coumarin derivatives (daphnoretin, osthole, umbellifer-
one), linear furanocoumarins (8-geranyloxypsoralen, bergapten, byakangelicin, byakangeli-
col, imperatorin, notopterol, isoimperatorin, oxypeucedanin hydrate, oxypeucedanin, phel-
lopterin and xanthotoxin), angular furanocoumarin (pimpinellin), dihydrofuranocoumarins
(nodakenetin and nodakenin), and dihydropyranocoumarin (hyuganin C) [196]. The utiliza-
tion of the zebrafish model permitted the authors to undertake a simultaneous behavioral
and electrophysiological investigation, thereby facilitating the elucidation of the potential of
different coumarins. In total, 7 out of 18 coumarin derivatives coumarin derivatives under
investigation, namely oxypeucedanin, oxypeucedanin hydrate and notopterol (83–89%
reduction of PTZ-induced elevations in power spectral density), nodakenetin (77%), hyu-
ganin C (65%), daphnoretin (88%), and pimpinellin (81%), were identified as exhibiting
the greatest potential as novel anti-convulsant agents. These agents demonstrated both
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anti-seizure and anti-epileptic efficacy in the locomotor activity assays [196]. These findings
were further corroborated by electrophysiological assessments, which demonstrated that
the majority of these coumarins markedly decreased PTZ-induced elevations in power
spectral density, indicative of pronounced anti-epileptic activity.

Further research was conducted on the principal furanocoumarin constituent, hal-
fordin, derived from the endemic plant Halfordia kendack [197]. In the initial phase of
the experiments, the crude methanolic leaf extract of the plant, at concentrations of 75
and 100 µg/mL, was observed to markedly diminish seizure-like behavior in the PTZ
seizure model in zebrafish. The subsequent isolation and testing of halfordin also demon-
strated a notable reduction in convulsive-like behavior and the modulation of specific gene
expressions associated with seizure activity when used in a 20 µM concentration [197].

These studies indicate the potential of coumarins as promising candidates for the
development of new anti-seizure medications. The efficacy of these compounds in the
zebrafish PTZ seizure model reinforces the value of this model in the initial stages of
anti-seizure drug discovery.

A widely accepted model for neurobehavioral research is the study of anxiety behavior
in zebrafish [198–200]. The ability to quantify a range of anxiety-like behaviors in zebrafish
makes them an ideal subject for investigations into the effects of drugs, compounds or envi-
ronmental stressors on anxiety [200,201]. The evaluation of anxiety in zebrafish employs a
range of behavioral assays that are specifically designed to assess stress-related responses
through the observation of behavioral patterns [202,203]. Most commonly employed tests
in zebrafish to evaluate anxiety-like behavior are described in Table 3.

Table 3. Commonly employed behavioral tests in zebrafish for evaluating anxiety-like behavior.

Behavioral Test Age of Zebrafish Setup Behavioral
Endpoints Interpretation Ref.

Video-tracking
analysis

Larvae of
zebrafish

Larval zebrafish are
observed in 6-well plate

(1 zebrafish/well).

The angular velocity
and turn angle,

thigmotaxis
(preference for the
tank walls), total
distance traveled

during the test, time
spent in predefined
zones, duration of

immobility.

An increase in the time spent in
the bottom zone or dark areas, a

higher freezing response, or a
reduction in exploration and a

decrease in angular velocity and
turn angle are indicative of

anxiety-like behavior. Anxiolytic
compounds reduce these anxiety

markers, thereby promoting
exploration and reducing

immobility.

[200,204]

Acoustic startle
response test

Larvae of
zebrafish

Larval zebrafish are
observed in 96-well plate

(1 zebrafish/well). Fish are
presented with a flat

spectrum “white noise”
(1–10,000 Hz) stimulus at

20 dB re·1 ms−2.

The interval between
the onset of the

stimulus and the
initiation of the

motor response, the
intensity of the
C-movement, a
reduction in the

magnitude over the
course of repeated

trials.

An increased startle response
indicates a heightened state of

anxiety or stress. Anxiolytic drugs
(e.g., benzodiazepines) can reduce

acoustic startle response
magnitude.

[200,205]

Thigmotaxis
measure

Larvae of
zebrafish

Larval zebrafish are
observed in 24-well plate
(1 zebrafish/well). The

experimental procedure is
performed in two steps:
acclimatization (0–6 min,

light on) and visual motor
challenge (7–10 min,

light off).

Swimming activity:
general locomotor

activity, thigmotaxis
(distance moved and
time spent in outer

and inner zone).

Fish that are experiencing anxiety
tend to exhibit a preference for

swimming in close proximity to
the tank walls (thigmotaxis), as

opposed to exploring the central
area. The anxiolytic effects are

indicated by an increased
exploration of the central area.

[200,206]
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Table 3. Cont.

Behavioral Test Age of Zebrafish Setup Behavioral
Endpoints Interpretation Ref.

Light-dark
preference test Adult zebrafish

The tank is subdivided into
two distinct zones,

characterized by varying
levels of illumination. One
area of the tank is opaque

black, with a partition
situated in the center and a
2 cm height leak at the base,

allowing the fish to pass
through.

Time spent in the
dark and light area.

Anxiolytic compounds enhance
the time spent in the light area.

[200,207,
208]

Novel tank
diving test Adult zebrafish

The zebrafish are placed
into an entirely novel

environment—in a new
tank. The novel tank is

comprised of two distinct
arenas, delineated by a
baseline situated at the
center of the tank. This

baseline serves to partition
the tank into upper and

lower arenas.

Time spent in the
upper/lower zone,
erratic movements,

time duration of
freezing and

swimming toward
the bottom.

The typical effect of anxiolytic
compounds is a reduction in the
time spent at the bottom of the

tank and an increase in
exploration of the upper zones.

[200,202,
209]

Predator
exposure test Adult zebrafish

The tank incorporates a
vertical plane, the function
of which is to separate the
predator from the test fish.

Freezing time, erratic
swimming, time

spent in the greatest
distance from the

predator,
thigmotaxis.

Fish exhibiting a normal anxiety
response demonstrate increased
freezing, erratic swimming, and
avoidance of the predator zone
upon exposure to predator cues.

The administration of anxiolytics
was associated with a reduction in
freezing and avoidance behaviors,
an increase in exploration, and a

decrease in thigmotaxis.

[204,210]

Shoaling test Adult zebrafish

The observation tank is
constructed with plexiglass
walls and has dimensions

of 17 cm × 17 cm × 5.75 cm.
The tank holds 250 mL of

water per fish
(10 fish/tank).

Reduction in
shoaling behavior,

characterized by fish
swimming in closer

proximity to one
another.

The reduction in shoaling
distances indicates an elevated

level of anxiety.
[200,203]

Social interaction
test Adult zebrafish

The observation tank is
divided into three zones:

nonsocial, social zone, and
zebrafish room.

Frequency and
duration of zebrafish

activity in social
zone.

The fish with higher level of
anxiety exhibits reduced social

interaction, avoidance of
conspecifics, and displays

freezing or erratic movements.

[200,208,
211]

Social preference
test Adult zebrafish

The tank is divided into
three chambers (five zones):
a, e—social stimulus zone;

b, d—area of social
preference; c—area of no

social preference.

Time spent near
stimulus zone,

number of entries
into stimulus zone,

distance maintained
from the stimulus
fish, freezing or

avoidance.

Fish with a low level of anxiety
tend to spend more time in the
stimulus zone and frequently
interact with conspecifics. A

reduction in the time spent in the
stimulus zone, along with

evidence of avoidance or freezing,
may indicate the presence

heightened anxiety, or stress.

[200,212]

The study by Maciąg and colleagues (2020) represents the inaugural investigation into
the impact of a naturally occurring metabolite, xanthotoxin, on anxiety-related behaviors.
In this experiment, the level of anxiety in larval zebrafish was evaluated through the
measurement of thigmotaxis [213]. The findings indicate that xanthotoxin exerts a reversed
U-shaped influence on anxiety behaviors. Moreover, Maciąg et al. (2020) observed this
phenomenon also in a murine model [213]. The parallel pattern of induced by xanthotoxin
anxiolytic-like behavior in both animal models serves to demonstrate the predictive capacity
of the zebrafish model for the investigation of anxiolytic properties of natural agents,
including coumarins and coumarin-based compounds.

A significant contribution to this field was the research conducted by Widelski et al.
(2021) offering the first comprehensive evaluations of anxiolytic-like activity of pyra-
nocoumarins and devenyol [214]. The effect of a crude extract of Seseli devenyense, as
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well as isolated coumarins (devenyol, cis-khellactone, D-laserpitin, isolaserpitin and oc-
tanoyllomatin) on the thigmotaxis behavior of zebrafish larvae in response to changes
in light/dark conditions were studied. The experiments were conducted in accordance
with the methodology described by Schnörr et al. (2012) [206], as detailed in Table 3. The
acute administration of crude extract of Seseli devenyense was found to generally enhance
the locomotor activity of zebrafish larvae under light conditions. The ratios between the
inner and outer arenas were altered in a manner that was more favorable to the inner
arena, as evidenced by the time spent and distance moved within this region, indicating a
reduction in thigmotaxis and an enhancement in anxiolytic activity, particularly with the
higher concentrations (9, 12.5 and 25 µg/mL). Given the encouraging anxiolytic efficacy
demonstrated by crude extract of Seseli devenyense in the zebrafish larvae model, the extract
was employed for the isolation of coumarin compounds. Subsequent to this, these com-
pounds were subjected to an anxiolytic efficacy assessment utilizing the zebrafish model.
The administration of devenyol, D-laserpitin, isolaserpitin and octanoyllomatin resulted
in a notable enhancement in the distance travelled by the larval zebrafish, as well as the
time spent in the inner area during the dark phase of the experiment, in comparison to the
light phase [214]. It is evident from these findings that these agents have the potential to
be developed as therapeutic agents for anxiety disorders. Moreover, the findings indicate
that the presence of a free -OH group at the C7 position of the coumarin structure may
be pivotal for its anxiolytic efficacy, as evidenced by the activity of devenyol [199]. Sub-
sequent studies investigating the anxiolytic effects of coumarins in zebrafish model have
indicated that not only the presence of a free -OH group at C7 but also the absence of a
-OCH3 group at C8 may represent crucial structural determinants underlying the observed
pharmacological outcomes [215]. The objective of this study was to assess the anxiolytic
efficacy of coumarins—officinalin, stenocarpin isobutyrate, and officinalin isobutyrate,
derived from Peucedanum luxurians Tamamsch, using a five-day post-fertilization larval
zebrafish. The anxiolytic activity of all tested coumarins was found to be significant. Of
all compounds tested, officinalin and officinalin isobutyrate exhibited the most notable
activity. Furthermore, the authors employed the zebrafish model to evaluate the impact of
the investigated coumarins on the expression of genes associated with anxiety disorders.
The results of these molecular research demonstrated that the observed behavioral effects
were consistent with the gene expression profiles. The modulation was discernible in the
expression of several genes, including those encoding gaba-a, gaba-b, gal, htr1aa, htr1b, htr2b
and penka, in zebrafish exposed to officinalin and officinalin isobutyrate [215].

The utilization of the zebrafish model has been validated as an efficacious methodology
for the screening of natural anxiolytic compounds, thereby providing a valuable instrument
for future research in this domain. In addition, the aforementioned findings provided
substantiation for the efficacy of the zebrafish model in assessing the impact of coumarin
compounds on anxiety-related behaviors.

3.2.3. Other Research

Conducted literature review also allowed to identify studies in which the zebrafish
model was used to evaluate the anti-viral and anti-inflammatory activity of coumarins or
coumarin-derived compounds.

A salient benefit of zebrafish lies in their capacity to serve as a rapid, transparent, and
scalable system for high-throughput screening of potential anti-inflammatory and anti-viral
compounds [82]. Utilizing live imaging and genetic tools, researchers can monitor immune
cell behaviour, cytokine expression and viral responses in real time [216].

The translation of anti-viral and anti-inflammatory research from zebrafish to mam-
mals relies on the high degree of evolutionary conservation in immune pathways. The
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presence in zebrafish of key components of the innate immune system, including Toll-like
receptors (TLRs), cytokines (e.g., TNF-α, IL-6 and type I interferons) and signaling path-
ways (e.g., NF-κB and JAK-STAT), suggests their importance as a model system in anti-viral
and anti-inflammatory studies in mammals [103,217]. This substantial similarity facilitates
the study of the modulatory effects of compounds on immune pathways in zebrafish, prior
to the employment of mammalian models. The utilization of zebrafish as a rapid, trans-
parent and scalable system for high-throughput screening of potential anti-inflammatory
and anti-viral compounds is predicated on the fact that it is a live subject in which the
monitoring of immune cell behaviour, cytokine expression and viral responses can be
accomplished in real time by the employment of live imaging and genetic tools [82,216].

However, it is important to note the limitations of this model. While zebrafish provide
a good model for innate immune responses, their adaptive immune system develops later,
meaning that early studies may not fully capture the long-term immunological memory or
T-cell-mediated responses that are crucial in mammals [102]. Consequently, the validation
of zebrafish findings in rodent models, which possess more intricate immune systems,
is imperative.

Notwithstanding these limitations, zebrafish studies have a role in the drug discovery
process. They facilitate the identification of promising candidates and refinement of dose
prior to progression to mammalian models. This integrative approach serves to reduce
the reliance on conventional early-stage mammalian testing and streamline the path to
clinical research.

The pharmacological potential of coumarins has been demonstrated, particularly in the
context of anti-inflammatory and anti-viral therapies. The anti-inflammatory properties of
coumarins have been well documented, resulting from their ability to modulate the immune
response, reduce oxidative stress, and inhibit the production of pro-inflammatory media-
tors, including cytokines, reactive oxygen species, and nitric oxide (for review see [218]).
Also, the ability of coumarins to combat viral infections has been the subject of considerable
interest, with research indicating that they can directly inhibit viral replication and enhance
host anti-viral immune responses [219]. Their distinctive chemical configuration enables in-
teraction with pivotal molecular pathways implicated in viral infections and inflammatory
processes, rendering them promising candidates for pharmacological development. The
following studies describe the utilization of the zebrafish model for the assessment of the
aforementioned properties of coumarins.

The anti-viral properties of coumarins have been demonstrated in a zebrafish model
by compelling evidence presented in research conducted by Liu et al. (2019, 2020). In one
study, it was observed that the imidazole coumarin derivative (D5) inhibits the replication
of the spring viremia of carp virus (SVCV), reduce viral titers, and enhance the immune
response by up-regulating interferon-related genes in zebrafish [220,221]. Similarly, hy-
droxycoumarin (C10) was observed to significantly reduce mortality in SVCV-infected
zebrafish (by 70%), to decrease viral replication, and to activate innate immune genes,
thereby offering strong protection against infection. These studies highlight the poten-
tial of coumarins as a therapeutic agent for combating viral infections [220,221]. In turn,
Yang et al. (2018) using a tail-cutting-induced zebrafish larvae model investigated the
anti-inflammatory properties of bergapten, a coumarin derived from the roots of Ficus
hirta [222]. On the basis of the obtained results, bergapten was highlighted as a natural
compound capable to reduce neutrophil and macrophage migration to the injury site in ze-
brafish’s tail. Additionally, bergapten was observed to facilitate the clearance of these cells
during the process of wound resolution. Moreover, this coumarin was able to reduce the
levels of reactive oxygen species and nitric oxide, thereby demonstrating anti-inflammatory
and pro-resolving effects [222]. The prevalence of lipid metabolism disorders, including



Int. J. Mol. Sci. 2025, 26, 1444 22 of 32

obesity, is increasing at a global level [223,224], thereby necessitating the exploration of
novel therapeutic agents. Also in this case, the zebrafish model is becoming an increasingly
valuable tool for evaluating the efficacy of potential future treatments for lipid metabolism
disorders [66]. Coumarins, renowned for their varied biological activities, have recently
emerged as a potential avenue for managing lipid-related conditions [225]. A recent study
by Zhao et al. (2024) investigated the lipid-lowering effects of a pair of coumarin-based
enantiomers, i.e., (+)/(−)-Gerbeloid A, isolated from Gerbera piloselloides [226]. In a high-fat
diet zebrafish model, both enantiomers were shown to significantly reduce triglyceride
levels and total cholesterol. The observed effects were found to be dose-dependent, with
no evidence of toxicity present at concentrations that were considered therapeutic [226].
The study highlights the potential of coumarins as therapeutic agents for the treatment of
lipid metabolism disorders, such as obesity, and the value of the zebrafish model in studies
of lipid-lowering and anti-obesity activity of coumarins and coumarin-based compounds.

4. Conclusions
In conclusion, the zebrafish model offers a valuable platform for advancing our under-

standing of the therapeutic potential of coumarins, particularly in the context of the central
nervous system, metabolic disorders, inflammation, and viral infections. While the model’s
genetic accessibility, physiological relevance, and scalability make it an indispensable tool
for preclinical research, its full potential in exploring the broader biological activities of
coumarins and their derivatives has yet to be fully realized. Specifically, while significant
research has been conducted on their effects within the nervous system, studies on cancer,
such as potential anti-angiogenic properties, remain less explored. To enhance the utility
of zebrafish studies in preclinical drug discovery, it is essential to expand their scope to
encompass a broader range of therapeutic areas, coupled with a more systematic approach
to understanding coumarins’ diverse biological effects. There are still under-explored areas
in the study of coumarin derivatives and their therapeutic applications using zebrafish
models. For instance, the anti-seizure potential of various coumarin derivatives remains
to be extensively charted. Furthermore, the investigation of the angiogenesis-modulating
effects of certain coumarin derivatives is in its infancy.

Future research could focus on systematically analyzing a broader range of coumarin
derivatives for their potential therapeutic effects, such as anti-convulsant, anti-inflammatory,
and anti-cancer properties. The identification of specific knowledge gaps, such as the
paucity of comprehensive studies on the long-term effects of these compounds and their
mechanisms of action, would be valuable for advancing this field.
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System Disorders. Pharmacol. Res. 2016, 103, 188–203. [CrossRef] [PubMed]

160. De Souza, S.B.; Ferreira, R.S.; Dos Santos, C.C.; Castro E Silva, J.H.; Pereira, E.P.; De Almeida, M.M.A.; Do Nascimento, R.P.; De
Sampaio Schitine, C.; De Oliveira, J.V.R.; Dos Santos, B.L.; et al. Neuroprotection Induced by Coumarins in Central Nervous
System Disease Models. In Natural Molecules in Neuroprotection and Neurotoxicity; Elsevier: Amsterdam, The Netherlands, 2024;
pp. 1411–1440. [CrossRef]

161. Burgess, H.A.; Burton, E.A. A Critical Review of Zebrafish Neurological Disease Models−1. The Premise: Neuroanatomical,
Cellular and Genetic Homology and Experimental Tractability. Oxf. Open Neurosci. 2023, 2, kvac018. [CrossRef]

162. Panula, P.; Chen, Y.-C.; Priyadarshini, M.; Kudo, H.; Semenova, S.; Sundvik, M.; Sallinen, V. The Comparative Neuroanatomy and
Neurochemistry of Zebrafish CNS Systems of Relevance to Human Neuropsychiatric Diseases. Neurobiol. Dis. 2010, 40, 46–57.
[CrossRef] [PubMed]

163. Selderslaghs, I.W.T.; Hooyberghs, J.; De Coen, W.; Witters, H.E. Locomotor Activity in Zebrafish Embryos: A New Method to
Assess Developmental Neurotoxicity. Neurotoxicol. Teratol. 2010, 32, 460–471. [CrossRef] [PubMed]

164. Selderslaghs, I.W.T.; Hooyberghs, J.; Blust, R.; Witters, H.E. Assessment of the Developmental Neurotoxicity of Compounds by
Measuring Locomotor Activity in Zebrafish Embryos and Larvae. Neurotoxicol. Teratol. 2013, 37, 44–56. [CrossRef] [PubMed]

165. Lakstygal, A.M.; Demin, K.A.; Kalueff, A.V. Motor Patterns and Swim Path Characteristics: The Ethogram of Zebrafish. In
Behavioral and Neural Genetics of Zebrafish; Elsevier: Amsterdam, The Netherlands, 2020; pp. 125–140. [CrossRef]

166. Stewart, A.; Gaikwad, S.; Kyzar, E.; Green, J.; Roth, A.; Kalueff, A.V. Modeling Anxiety Using Adult Zebrafish: A Conceptual
Review. Neuropharmacology 2012, 62, 135–143. [CrossRef] [PubMed]

167. Speedie, N.; Gerlai, R. Alarm Substance Induced Behavioral Responses in Zebrafish (Danio rerio). Behav. Brain Res. 2008, 188,
168–177. [CrossRef] [PubMed]

168. Agetsuma, M.; Aizawa, H.; Aoki, T.; Nakayama, R.; Takahoko, M.; Goto, M.; Sassa, T.; Amo, R.; Shiraki, T.; Kawakami, K.;
et al. The Habenula Is Crucial for Experience-Dependent Modification of Fear Responses in Zebrafish. Nat. Neurosci. 2010, 13,
1354–1356. [CrossRef] [PubMed]

169. Mathuru, A.S.; Kibat, C.; Cheong, W.F.; Shui, G.; Wenk, M.R.; Friedrich, R.W.; Jesuthasan, S. Chondroitin Fragments Are Odorants
That Trigger Fear Behavior in Fish. Curr. Biol. 2012, 22, 538–544. [CrossRef]

170. Lee, A.; Mathuru, A.S.; Teh, C.; Kibat, C.; Korzh, V.; Penney, T.B.; Jesuthasan, S. The Habenula Prevents Helpless Behavior in
Larval Zebrafish. Curr. Biol. 2010, 20, 2211–2216. [CrossRef] [PubMed]

171. Mahabir, S.; Chatterjee, D.; Buske, C.; Gerlai, R. Maturation of Shoaling in Two Zebrafish Strains: A Behavioral and Neurochemical
Analysis. Behav. Brain Res. 2013, 247, 1–8. [CrossRef]

172. Arganda, S.; Pérez-Escudero, A.; De Polavieja, G.G. A Common Rule for Decision Making in Animal Collectives across Species.
Proc. Natl. Acad. Sci. USA 2012, 109, 20508–20513. [CrossRef]

173. Valente, A.; Huang, K.-H.; Portugues, R.; Engert, F. Ontogeny of Classical and Operant Learning Behaviors in Zebrafish. Learn.
Mem. 2012, 19, 170–177. [CrossRef] [PubMed]

174. Mishra, P.S.; Kumar, A.; Kaur, K.; Jaitak, V. Recent Developments in Coumarin Derivatives as Neuroprotective Agents. Curr. Med.
Chem. 2024, 31, 5702–5738. [CrossRef] [PubMed]

175. Flores-Morales, V.; Villasana-Ruíz, A.P.; Garza-Veloz, I.; González-Delgado, S.; Martinez-Fierro, M.L. Therapeutic Effects of
Coumarins with Different Substitution Patterns. Molecules 2023, 28, 2413. [CrossRef]

176. Dash, U.C.; Bhol, N.K.; Swain, S.K.; Samal, R.R.; Nayak, P.K.; Raina, V.; Panda, S.K.; Kerry, R.G.; Duttaroy, A.K.; Jena, A.B.
Oxidative Stress and Inflammation in the Pathogenesis of Neurological Disorders: Mechanisms and Implications. Acta Pharm.
Sin. B 2024, in press. [CrossRef]

177. Choe, C.P.; Choi, S.-Y.; Kee, Y.; Kim, M.J.; Kim, S.-H.; Lee, Y.; Park, H.-C.; Ro, H. Transgenic Fluorescent Zebrafish Lines That
Have Revolutionized Biomedical Research. Lab. Anim. Res. 2021, 37, 26. [CrossRef]

https://doi.org/10.1016/j.neubiorev.2017.09.002
https://www.ncbi.nlm.nih.gov/pubmed/28887224
https://doi.org/10.1016/j.tins.2014.02.011
https://www.ncbi.nlm.nih.gov/pubmed/24726051
https://doi.org/10.3390/ijms24043428
https://doi.org/10.3389/fnins.2018.00976
https://doi.org/10.1016/j.bbadis.2010.09.012
https://www.ncbi.nlm.nih.gov/pubmed/20920580
https://doi.org/10.3389/fnbeh.2022.861155
https://www.ncbi.nlm.nih.gov/pubmed/35769627
https://doi.org/10.1016/j.phrs.2015.11.023
https://www.ncbi.nlm.nih.gov/pubmed/26657416
https://doi.org/10.1016/B978-0-443-23763-8.00034-8
https://doi.org/10.1093/oons/kvac018
https://doi.org/10.1016/j.nbd.2010.05.010
https://www.ncbi.nlm.nih.gov/pubmed/20472064
https://doi.org/10.1016/j.ntt.2010.03.002
https://www.ncbi.nlm.nih.gov/pubmed/20211722
https://doi.org/10.1016/j.ntt.2013.01.003
https://www.ncbi.nlm.nih.gov/pubmed/23357511
https://doi.org/10.1016/B978-0-12-817528-6.00008-5
https://doi.org/10.1016/j.neuropharm.2011.07.037
https://www.ncbi.nlm.nih.gov/pubmed/21843537
https://doi.org/10.1016/j.bbr.2007.10.031
https://www.ncbi.nlm.nih.gov/pubmed/18054804
https://doi.org/10.1038/nn.2654
https://www.ncbi.nlm.nih.gov/pubmed/20935642
https://doi.org/10.1016/j.cub.2012.01.061
https://doi.org/10.1016/j.cub.2010.11.025
https://www.ncbi.nlm.nih.gov/pubmed/21145744
https://doi.org/10.1016/j.bbr.2013.03.013
https://doi.org/10.1073/pnas.1210664109
https://doi.org/10.1101/lm.025668.112
https://www.ncbi.nlm.nih.gov/pubmed/22434824
https://doi.org/10.2174/0929867331666230714160047
https://www.ncbi.nlm.nih.gov/pubmed/37455459
https://doi.org/10.3390/molecules28052413
https://doi.org/10.1016/j.apsb.2024.10.004
https://doi.org/10.1186/s42826-021-00103-2


Int. J. Mol. Sci. 2025, 26, 1444 30 of 32

178. Briñez-Gallego, P.; Da Costa Silva, D.G.; Cordeiro, M.F.; Horn, A.P.; Hort, M.A. Experimental Models of Chemically Induced
Parkinson’s Disease in Zebrafish at the Embryonic Larval Stage: A Systematic Review. J. Toxicol. Environ. Health Part B 2023, 26,
201–237. [CrossRef] [PubMed]

179. Doyle, J.M.; Croll, R.P. A Critical Review of Zebrafish Models of Parkinson’s Disease. Front. Pharmacol. 2022, 13, 835827. [CrossRef]
[PubMed]

180. Vaz, R.L.; Outeiro, T.F.; Ferreira, J.J. Zebrafish as an Animal Model for Drug Discovery in Parkinson’s Disease and Other
Movement Disorders: A Systematic Review. Front. Neurol. 2018, 9, 347. [CrossRef] [PubMed]

181. Wadan, A.-H.S.; Mohamed, W. Various Zebrafish Models of Parkinson’s Disease: What Gives Us Hope. In Translational Models of
Parkinson’s Disease and Related Movement Disorders; Elsevier: Amsterdam, The Netherlands, 2025; pp. 219–230. [CrossRef]

182. Tan, J.K.; Nazar, F.H.; Makpol, S.; Teoh, S.L. Zebrafish: A Pharmacological Model for Learning and Memory Research. Molecules
2022, 27, 7374. [CrossRef]

183. Capatina, L.; Napoli, E.M.; Ruberto, G.; Hritcu, L. Origanum Vulgare Ssp. Hirtum (Lamiaceae) Essential Oil Prevents Behavioral
and Oxidative Stress Changes in the Scopolamine Zebrafish Model. Molecules 2021, 26, 7085. [CrossRef]

184. Sarasamma, S.; Audira, G.; Juniardi, S.; Sampurna, B.P.; Liang, S.-T.; Hao, E.; Lai, Y.-H.; Hsiao, C.-D. Zinc Chloride Exposure
Inhibits Brain Acetylcholine Levels, Produces Neurotoxic Signatures, and Diminishes Memory and Motor Activities in Adult
Zebrafish. Int. J. Mol. Sci. 2018, 19, 3195. [CrossRef]

185. Rajesh, V.; Mridhulmohan, M.; Jayaseelan, S.; Sivakumar, P.; Ganesan, V. Mefenamic Acid Attenuates Chronic Alcohol Induced
Cognitive Impairment in Zebrafish: Possible Role of Cholinergic Pathway. Neurochem. Res. 2018, 43, 1392–1404. [CrossRef]

186. Maeda, H.; Fukushima, N.; Hasumi, A. Standardized Method for the Assessment of Behavioral Responses of Zebrafish Larvae.
Biomedicines 2021, 9, 884. [CrossRef]

187. Bertoncello, K.T.; Bonan, C.D. Zebrafish as a Tool for the Discovery of Anticonvulsant Compounds from Botanical Constituents.
Eur. J. Pharmacol. 2021, 908, 174342. [CrossRef] [PubMed]

188. Sager, J.J.; Bai, Q.; Burton, E.A. Transgenic Zebrafish Models of Neurodegenerative Diseases. Brain Struct. Funct. 2010, 214,
285–302. [CrossRef] [PubMed]

189. Rico, E.P.; Rosemberg, D.B.; Seibt, K.J.; Capiotti, K.M.; Da Silva, R.S.; Bonan, C.D. Zebrafish Neurotransmitter Systems as Potential
Pharmacological and Toxicological Targets. Neurotoxicol. Teratol. 2011, 33, 608–617. [CrossRef]

190. Verma, R.; Raj Choudhary, P.; Kumar Nirmal, N.; Syed, F.; Verma, R. Neurotransmitter Systems in Zebrafish Model as a Target for
Neurobehavioural Studies. Mater. Today Proc. 2022, 69, 1565–1580. [CrossRef]

191. Montalbano, G.; Levanti, M.; Mhalhel, K.; Abbate, F.; Laurà, R.; Guerrera, M.C.; Aragona, M.; Germanà, A. Acid-Sensing Ion
Channels in Zebrafish. Animals 2021, 11, 2471. [CrossRef]

192. Doszyn, O.; Dulski, T.; Zmorzynska, J. Diving into the Zebrafish Brain: Exploring Neuroscience Frontiers with Genetic Tools,
Imaging Techniques, and Behavioral Insights. Front. Mol. Neurosci. 2024, 17, 1358844. [CrossRef] [PubMed]

193. Gawel, K.; Langlois, M.; Martins, T.; Van Der Ent, W.; Tiraboschi, E.; Jacmin, M.; Crawford, A.D.; Esguerra, C.V. Seizing the
Moment: Zebrafish Epilepsy Models. Neurosci. Biobehav. Rev. 2020, 116, 1–20. [CrossRef] [PubMed]

194. Mussulini, B.H.M.; Leite, C.E.; Zenki, K.C.; Moro, L.; Baggio, S.; Rico, E.P.; Rosemberg, D.B.; Dias, R.D.; Souza, T.M.; Calcagnotto,
M.E.; et al. Seizures Induced by Pentylenetetrazole in the Adult Zebrafish: A Detailed Behavioral Characterization. PLoS ONE
2013, 8, e54515. [CrossRef] [PubMed]

195. Lee, Y.; Kim, D.; Kim, Y.-H.; Lee, H.; Lee, C.-J. Improvement of Pentylenetetrazol-Induced Learning Deficits by Valproic Acid in
the Adult Zebrafish. Eur. J. Pharmacol. 2010, 643, 225–231. [CrossRef] [PubMed]

196. Kozioł, E.; Jóźwiak, K.; Budzyńska, B.; De Witte, P.A.M.; Copmans, D.; Skalicka-Woźniak, K. Comparative Antiseizure Analysis
of Diverse Natural Coumarin Derivatives in Zebrafish. Int. J. Mol. Sci. 2021, 22, 11420. [CrossRef]

197. Skiba, A.; Kozioł, E.; Luca, S.V.; Budzyńska, B.; Podlasz, P.; Van Der Ent, W.; Shojaeinia, E.; Esguerra, C.V.; Nour, M.; Marcourt, L.;
et al. Evaluation of the Antiseizure Activity of Endemic Plant Halfordia Kendack Guillaumin and Its Main Constituent, Halfordin,
on a Zebrafish Pentylenetetrazole (PTZ)-Induced Seizure Model. Int. J. Mol. Sci. 2023, 24, 2598. [CrossRef]

198. Maximino, C.; De Brito, T.M.; Da Silva Batista, A.W.; Herculano, A.M.; Morato, S.; Gouveia, A. Measuring Anxiety in Zebrafish: A
Critical Review. Behav. Brain Res. 2010, 214, 157–171. [CrossRef] [PubMed]

199. Collier, A.D.; Kalueff, A.V.; Echevarria, D.J. Zebrafish Models of Anxiety-Like Behaviors. In The Rights and Wrongs of Zebrafish:
Behavioral Phenotyping of Zebrafish; Kalueff, A.V., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 45–72.
[CrossRef]

200. Wang, L.; Liu, F.; Fang, Y.; Ma, J.; Wang, J.; Qu, L.; Yang, Q.; Wu, W.; Jin, L.; Sun, D. Advances in Zebrafish as a Comprehensive
Model of Mental Disorders. Depress. Anxiety 2023, 2023, 6663141. [CrossRef]

201. Demin, K.A.; Kolesnikova, T.O.; Galstyan, D.S.; Krotova, N.A.; Ilyin, N.P.; Derzhavina, K.A.; Levchenko, N.A.; Strekalova, T.; De
Abreu, M.S.; Petersen, E.V.; et al. Modulation of Behavioral and Neurochemical Responses of Adult Zebrafish by Fluoxetine,
Eicosapentaenoic Acid and Lipopolysaccharide in the Prolonged Chronic Unpredictable Stress Model. Sci. Rep. 2021, 11, 14289.
[CrossRef] [PubMed]

https://doi.org/10.1080/10937404.2023.2182390
https://www.ncbi.nlm.nih.gov/pubmed/36859813
https://doi.org/10.3389/fphar.2022.835827
https://www.ncbi.nlm.nih.gov/pubmed/35370740
https://doi.org/10.3389/fneur.2018.00347
https://www.ncbi.nlm.nih.gov/pubmed/29910763
https://doi.org/10.1016/B978-0-443-16128-5.00013-X
https://doi.org/10.3390/molecules27217374
https://doi.org/10.3390/molecules26237085
https://doi.org/10.3390/ijms19103195
https://doi.org/10.1007/s11064-018-2554-3
https://doi.org/10.3390/biomedicines9080884
https://doi.org/10.1016/j.ejphar.2021.174342
https://www.ncbi.nlm.nih.gov/pubmed/34265297
https://doi.org/10.1007/s00429-009-0237-1
https://www.ncbi.nlm.nih.gov/pubmed/20162303
https://doi.org/10.1016/j.ntt.2011.07.007
https://doi.org/10.1016/j.matpr.2022.07.147
https://doi.org/10.3390/ani11082471
https://doi.org/10.3389/fnmol.2024.1358844
https://www.ncbi.nlm.nih.gov/pubmed/38533456
https://doi.org/10.1016/j.neubiorev.2020.06.010
https://www.ncbi.nlm.nih.gov/pubmed/32544542
https://doi.org/10.1371/journal.pone.0054515
https://www.ncbi.nlm.nih.gov/pubmed/23349914
https://doi.org/10.1016/j.ejphar.2010.06.041
https://www.ncbi.nlm.nih.gov/pubmed/20599908
https://doi.org/10.3390/ijms222111420
https://doi.org/10.3390/ijms24032598
https://doi.org/10.1016/j.bbr.2010.05.031
https://www.ncbi.nlm.nih.gov/pubmed/20510300
https://doi.org/10.1007/978-3-319-33774-6_3
https://doi.org/10.1155/2023/6663141
https://doi.org/10.1038/s41598-021-92422-6
https://www.ncbi.nlm.nih.gov/pubmed/34253753


Int. J. Mol. Sci. 2025, 26, 1444 31 of 32

202. Egan, R.J.; Bergner, C.L.; Hart, P.C.; Cachat, J.M.; Canavello, P.R.; Elegante, M.F.; Elkhayat, S.I.; Bartels, B.K.; Tien, A.K.; Tien, D.H.;
et al. Understanding Behavioral and Physiological Phenotypes of Stress and Anxiety in Zebrafish. Behav. Brain Res. 2009, 205,
38–44. [CrossRef] [PubMed]

203. Saszik, S.M.; Smith, C.M. The Impact of Stress on Social Behavior in Adult Zebrafish (Danio rerio). Behav. Pharmacol. 2018, 29,
53–59. [CrossRef]

204. Wang, Y.; Zhong, H.; Wang, C.; Gao, D.; Zhou, Y.; Zuo, Z. Maternal Exposure to the Water Soluble Fraction of Crude Oil, Lead
and Their Mixture Induces Autism-like Behavioral Deficits in Zebrafish (Danio rerio) Larvae. Ecotoxicol. Environ. Saf. 2016, 134,
23–30. [CrossRef]

205. Gawel, K.; Banono, N.S.; Michalak, A.; Esguerra, C.V. A Critical Review of Zebrafish Schizophrenia Models: Time for Validation?
Neurosci. Biobehav. Rev. 2019, 107, 6–22. [CrossRef]

206. Schnörr, S.J.; Steenbergen, P.J.; Richardson, M.K.; Champagne, D.L. Measuring Thigmotaxis in Larval Zebrafish. Behav. Brain Res.
2012, 228, 367–374. [CrossRef] [PubMed]

207. De Abreu, M.S.; Friend, A.J.; Demin, K.A.; Amstislavskaya, T.G.; Bao, W.; Kalueff, A.V. Zebrafish Models: Do We Have Valid
Paradigms for Depression? J. Pharmacol. Toxicol. Methods 2018, 94, 16–22. [CrossRef]

208. Mezzomo, N.J.; Silveira, A.; Giuliani, G.S.; Quadros, V.A.; Rosemberg, D.B. The Role of Taurine on Anxiety-like Behaviors in
Zebrafish: A Comparative Study Using the Novel Tank and the Light–Dark Tasks. Neurosci. Lett. 2016, 613, 19–24. [CrossRef]

209. Fulcher, N.; Tran, S.; Shams, S.; Chatterjee, D.; Gerlai, R. Neurochemical and Behavioral Responses to Unpredictable Chronic Mild
Stress Following Developmental Isolation: The Zebrafish as a Model for Major Depression. Zebrafish 2017, 14, 23–34. [CrossRef]
[PubMed]

210. Zang, L.; Ma, Y.; Huang, W.; Ling, Y.; Sun, L.; Wang, X.; Zeng, A.; Dahlgren, R.A.; Wang, C.; Wang, H. Dietary Lactobacillus
Plantarum ST-III Alleviates the Toxic Effects of Triclosan on Zebrafish (Danio rerio) via Gut Microbiota Modulation. Fish Shellfish
Immunol. 2019, 84, 1157–1169. [CrossRef] [PubMed]

211. Audira, G.; Ngoc Anh, N.T.; Ngoc Hieu, B.T.; Malhotra, N.; Siregar, P.; Villalobos, O.; Villaflores, O.B.; Ger, T.-R.; Huang, J.-C.;
Chen, K.H.-C.; et al. Evaluation of the Adverse Effects of Chronic Exposure to Donepezil (An Acetylcholinesterase Inhibitor) in
Adult Zebrafish by Behavioral and Biochemical Assessments. Biomolecules 2020, 10, 1340. [CrossRef] [PubMed]

212. Ogi, A.; Licitra, R.; Naef, V.; Marchese, M.; Fronte, B.; Gazzano, A.; Santorelli, F.M. Social Preference Tests in Zebrafish: A
Systematic Review. Front. Vet. Sci. 2021, 7, 590057. [CrossRef] [PubMed]
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