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ABSTRACT 
 

Zebrafish has become a fundamental model organism in biomedical research due to their genetic 
similarity to humans, rapid development, and transparent embryos. In developmental biology, 
zebrafish provides insights into embryogenesis, organogenesis, and genetic manipulability. They 
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offer a unique platform for studying vertebrate development and understanding genetic functions 
through genome sequencing and gene editing techniques. Zebrafish is valuable in disease 
modelling, particularly in cancer research, neurological disorders, cardiovascular diseases, and 
infectious diseases. Their regenerative capabilities in tissues like the heart, fin, and spinal cord 
make them crucial in regenerative medicine studies. Furthermore, zebrafish serves as    
bioindicators in environmental and ecological studies, assessing the impact of                        
environmental pollutants and behavioural ecology changes. Technological advancements, 
especially in imaging techniques and genomic resources, have expanded the scope of                   
zebrafish research. Emerging areas like microbiota-host interactions, precision medicine, and 
artificial intelligence integration hold promise for future discoveries and applications. This                     
review explores the biological characteristics of zebrafish and their significance in various research 
domains. 
 

 
Keywords:  Zebrafish; biomedical research; developmental biology; disease modelling regenerative 

medicine; environmental studies. 
 

1. INTRODUCTION 
 
The zebrafish (Danio rerio) has emerged as a 
versatile and powerful model organism in 
scientific research over the past few decades. 
Originally native to the freshwaters of South Asia, 
zebrafish was first introduced to laboratories in 
the 1970s and has since become indispensable 
tools in a variety of biological disciplines. Their 
popularity stems from several advantageous 
traits, including their genetic similarity to humans, 
rapid development, and the transparency of their 
embryos, which facilitates direct observation of 
developmental processes in vivo [1]. Zebrafish 
and humans have more than 50% of their genes 
in common, and many of the genes in humans 
linked to diseases are also present in the 
zebrafish genome [2]. These features, coupled 
with their prolific breeding, ease of genetic 
manipulation, and relatively low maintenance 
costs, make zebrafish an attractive alternative to 
traditional mammalian models such as mice and 
rats [3]. Furthermore, the external fertilization 
and development of zebrafish embryos allow for 
straightforward experimental interventions, 
making them ideal for high-throughput genetic 
and chemical screenings [4].  
 
Research using zebrafish has led to significant 
insights into vertebrate development, 
organogenesis, and disease mechanisms, 
providing a deeper understanding of human 
biology and contributing to the discovery of novel 
therapeutic targets [5]. For instance, studies on 
zebrafish have elucidated the molecular 
pathways involved in heart and fin regeneration, 
offering potential strategies for regenerative 
medicine [6]. Additionally, zebrafish is 
increasingly utilized in toxicology and 
environmental sciences to assess the impacts of 

pollutants and chemicals on biological systems 
[7]. This review aims to explore the multifaceted 
applications of zebrafish in scientific research, 
highlighting their contributions to developmental 
biology, genetics, disease modelling, 
regenerative medicine, and environmental 
studies. 
 

2. BIOLOGICAL CHARACTERISTICS OF 
ZEBRAFISH 

 

2.1 Genetic Features 
 
Zebrafish (Danio rerio) has gained prominence in 
scientific research largely due to their genetic 
features, which bear significant similarity to 
humans. The zebrafish genome, fully sequenced 
in 2013, reveals that approximately 70% of 
zebrafish genes have human counterparts, with 
over 84% of human genes known to be 
associated with diseases having orthologs in 
zebrafish [2]. This genetic resemblance allows 
researchers to model human diseases effectively 
in zebrafish, facilitating the study of gene function 
and the genetic basis of disease. Furthermore, 
Zebrafish possess a high degree of genetic 
manipulability, enabling precise genetic 
modifications and studies. Techniques like 
CRISPR/Cas9 allow targeted gene editing, 
facilitating the creation of transgenic lines and 
knockout models to study gene function and 
disease mechanisms. For example, researchers 
have used CRISPR/Cas9 to create zebrafish 
models of human diseases such as muscular 
dystrophy and cancer, providing insights into 
disease progression and potential treatments [8-
10].  The ease of generating transgenic zebrafish 
lines, where specific genes can be 
overexpressed or fluorescently tagged, has 
significantly advanced research in developmental 
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biology and disease modelling [11]. For instance, 
the Tg(fli1:EGFP)y1 line, which expresses green 
fluorescent protein in vascular endothelial                
cells, has been pivotal in studying                 
angiogenesis and vascular development                      
[12]. Further, the Tg(mpx:gfp) line,                           
which labels neutrophils and has                     
contributed to understanding immune responses 
and inflammation in real-time [13]. These 
transgenic lines have paved the way for novel 
insights into disease mechanisms, drug 
screening, and potential therapeutic targets in 
medicine.  
 

2.2 Developmental Biology 
 
The developmental biology of zebrafish is 
remarkable due to their rapid development and 
the transparency of their embryos, which allows 
researchers to observe and manipulate 
embryonic development in real-time [1,14]. This 
external fertilization and development make it 
easy to access and study the embryos without 
invasive procedures. Zebrafish embryogenesis 
occurs rapidly. Major organs begin to form within 
24 hours post-fertilization, and by 5 days post-
fertilization, larvae exhibit fully formed structures 
[1]. The transparency of zebrafish embryos 
facilitates detailed imaging and tracking of 
cellular processes during development using 
advanced microscopy techniques, such as 
confocal and two-photon microscopy. This 
transparency allows researchers to observe live, 
unstained embryos in real-time, providing 
dynamic insights into cell behaviour, tissue 
formation, and organ development. For example, 
the development of the heart can be monitored 
from the initial formation of cardiac cells to the 
beating heart, revealing critical processes like 
cell migration, differentiation, and 
morphogenesis. Additionally, studies on neural 
development benefit from this transparency, 
allowing for the visualization of neural                      
crest cell migration and brain structure  
formation. These capabilities have led to 
significant advancements in understanding 
vertebrate development, organogenesis, and 
tissue differentiation, providing a robust 
foundation for investigating developmental 
disorders and potential therapeutic interventions 
[14]. 
 

2.3 Physiological Characteristics 
 
One of the most compelling physiological 
characters of zebrafish is their remarkable 
regenerative ability. Unlike mammals, zebrafish 

can regenerate various tissues and organs, 
including the heart, fins, spinal cord, and retina 
[5, 15-20]. This regenerative capacity makes 
them an invaluable model for studying the 
underlying mechanisms of tissue regeneration 
and repair. For example, after cardiac injury, 
zebrafish can fully regenerate their heart tissue 
within a few weeks, a process that involves the 
proliferation of cardiomyocytes and the 
reactivation of developmental signalling 
pathways [6]. Similarly, zebrafish can regenerate 
amputated fins and damaged retinal cells, 
offering insights into potential therapeutic 
strategies for human regenerative medicine [5]. 
In addition to their regenerative abilities, 
zebrafish exhibit complex sensory                         
systems and behaviours that are                    
comparable to those of higher vertebrates. They 
possess well-developed visual, auditory, and 
olfactory systems, which are used in studies of 
sensory processing and behaviour [21]. 
Zebrafish display a range of behaviours, 
including social interactions, learning, and 
memory, making them suitable for neurological 
and behavioural research. Studies on                
zebrafish behaviour have contributed to 
understanding the genetic and neural basis of 
social behaviours and neuropsychiatric disorders 
[22]. 
 

3. ZEBRAFISH IN DEVELOPMENTAL 
BIOLOGY 

 

3.1 Embryogenesis 
 
Zebrafish has become a cornerstone in 
developmental biology research due to their 
rapid embryogenesis and transparent embryos, 
which provide a window into vertebrate 
development [1,14,23]. Zebrafish go through 
specific stages during their embryonic 
development, as shown in Fig. 1. These include 
the cleavage stage, where the fertilized egg 
undergoes rapid cell divisions; the blastula stage, 
where the embryo forms a hollow sphere of cells; 
the gastrula stage, which involves the 
development of germ layers; and the 
segmentation stage, where somites form, 
contributing to the development of the vertebral 
column and musculature [1]. By 24 hours post-
fertilization, zebrafish embryos exhibit the 
formation of major organs, and the body plan is 
established. Within 48 to 72 hours, the                     
larvae begin to exhibit behaviours such as 
swimming and responding to stimuli, 
demonstrating functional nervous and muscular 
systems [1]. 
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Fig. 1. Embryonic development in Zebra Fish 
 
The transparency of zebrafish embryos allows 
researchers to employ advanced imaging 
techniques, such as confocal and live-cell 
imaging, to observe cellular and molecular 
processes in real-time. These attributes make 
zebrafish ideal for studying vertebrate 
development, as they provide insights into 
fundamental developmental processes, such as 
cell differentiation, tissue morphogenesis, and 
organ formation. A study on zebrafish has 
elucidated the roles of various signalling 
pathways, including Hedgehog, Wnt, and Notch, 
in regulating embryonic development and 
organogenesis [24]. The ease of genetic 
manipulation in zebrafish, using tools like 
CRISPR/Cas9 and morpholinos, has further 
enhanced our understanding of gene function 
during development as described in the previous 
section [8]. 
 

3.2 Organogenesis 
 
Zebrafish has significantly contributed to our 
understanding of organogenesis—the process by 
which organs form and develop. Several key 
discoveries in organ development have been 
made using zebrafish as a model. One notable 
area of research is heart development [6,20,25]. 
Zebrafish has a simpler, two-chambered heart, 
consisting of one atrium and one ventricle. 
Despite this simplicity, zebrafish heart 

development closely mirrors that of higher 
vertebrates in terms of the genetic and molecular 
pathways involved. Research on zebrafish has 
identified critical genes and signalling pathways 
that regulate heart development, such as those 
controlling the formation and function of cardiac 
cells, the establishment of heart chambers, and 
the regulation of heartbeats. This makes 
zebrafish a valuable model for studying human 
heart development and disease [25]. 
  
In addition to the heart, zebrafish have provided 
insights into the development and function of 
other organs, including the pancreas, liver, and 
nervous system. Studies on pancreatic 
development in zebrafish have identified key 
transcription factors, such as Pdx1 (Pancreatic 
and Duodenal Homeobox 1) and NeuroD 
(Neurogenic Differentiation 1), that regulate the 
formation and differentiation of pancreatic islet 
cells [26]. Pdx1 expression begins in the early 
stages of pancreas development. It promotes the 
formation of both the endocrine (islet) and 
exocrine (acinar) compartments of the pancreas. 
Knockdown or mutation of pdx1 in zebrafish 
results in a significant reduction or absence of 
pancreatic tissue, demonstrating its crucial role in 
pancreatic development. NeuroD is expressed in 
the developing pancreatic islet cells and is 
necessary for the differentiation and maturation 
of these cells. Studies in zebrafish have shown 
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that the loss of NeuroD function leads to defects 
in the formation of endocrine cells, including a 
decrease in the number of insulin-producing β-
cells [27,28]. 
 
Similarly, zebrafish models have been used to 
investigate liver development and regeneration, 
revealing the roles of hepatocyte growth factor 
(HGF) and Wnt signalling in these processes 
[29]. Wnt signals help specify liver progenitor 
cells from the endoderm, the innermost layer of 
the embryo, during embryogenesis. In zebrafish, 
Wnt signalling is required for the expression of 
liver-specific genes. When Wnt signalling is 
inhibited, the liver fails to form properly, indicating 
its essential role in liver specification [29,30]. The 
development of the nervous system in zebrafish, 
particularly the formation and patterning of the 
neural tube, has also been extensively studied. 
Zebrafish models have shed light on the roles of 
Sonic Hedgehog (Shh) and retinoic acid in neural 
patterning and axon guidance [31]. 
 
Studies on organ function and disease using 
zebrafish models have led to significant 
breakthroughs in understanding human 
diseases. For instance, zebrafish models of 
muscular dystrophy have helped identify the role 
of dystrophin and its interaction with the 
cytoskeleton in maintaining muscle integrity [32]. 
Zebrafish have also been used to model 
neurodegenerative diseases, such as 
Parkinson’s and Alzheimer’s, by expressing 
human disease-related genes in zebrafish, 
providing insights into disease mechanisms and 
potential treatments [33].  
 

4. ZEBRAFISH IN GENETICS AND 
GENOMICS 

 

4.1 Gene Editing Techniques 
 
The advent of gene editing techniques has 
revolutionized zebrafish research, with 
CRISPR/Cas9 emerging as a particularly 
powerful tool. CRISPR/Cas9 allows for precise 
and efficient modification of the zebrafish 
genome, facilitating the creation of targeted gene 
knockouts and knock-ins. The system operates 
by introducing a guide RNA (gRNA) that directs 
the Cas9 nuclease to a specific DNA sequence, 
where it creates double-strand breaks. These 
breaks are then repaired by the cell's natural 
repair mechanisms, often resulting in mutations 
that can disrupt gene function [8]. This technique 
has been widely adopted in zebrafish research 
due to its simplicity, high efficiency, and the ability 

to target multiple genes simultaneously, which is 
beneficial for studying complex genetic 
interactions [34]. 
 
In addition to gene knockouts, CRISPR/Cas9 is 
used to generate transgenic zebrafish lines. 
These transgenic lines are created by inserting 
specific DNA sequences into the zebrafish 
genome, allowing researchers to express genes 
of interest, including fluorescent reporter genes 
that label specific tissues or cell types. This 
capability is instrumental in studying gene 
function, cellular processes, and tissue dynamics 
in vivo [11]. The generation of these lines 
typically involves injecting CRISPR/Cas9 
components along with donor DNA into zebrafish 
embryos, which integrate the donor DNA into 
their genome during repair processes [35]. The 
resulting transgenic zebrafish can be used to 
visualize and track cellular and developmental 
events in real time, providing valuable insights 
into biological mechanisms. Transgenic 
zebrafish, created through techniques like 
CRISPR/Cas9, express specific genes tagged 
with markers such as fluorescent proteins, 
enabling real-time visualization and tracking of 
cellular and developmental events. These 
include reporter lines for tissue-specific 
fluorescence, Cre-Lox lines for controlled gene 
manipulation, and inducible expression lines for 
temporal control. Optogenetic lines with light-
sensitive proteins allow precise modulation of 
cellular activities. Mutant lines, with gene 
mutations induced by CRISPR/Cas9, help 
dissect gene functions in development and 
disease [36]. 
 

4.2 Genomic Resources 
 
The zebrafish genome has been fully sequenced, 
offering an extensive resource for genetic and 
genomic research. The zebrafish reference 
genome, published in 2013, has enabled 
researchers to identify orthologs of human genes 
and study their functions in a vertebrate model 
[2]. The availability of this genome sequence has 
facilitated comparative genomic studies, gene 
mapping, and the identification of genetic 
variants associated with specific phenotypes. 
 
Numerous genomic databases and resources 
have been developed to support zebrafish 
research. The Zebrafish Information Network 
(ZFIN) is a comprehensive database that 
provides detailed information on zebrafish 
genetics, including gene annotations, mutant 
phenotypes, and expression patterns. ZFIN 
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serves as a central repository for genetic and 
genomic data, supporting researchers in 
designing experiments and interpreting results 
[37]. 
 
Mutant libraries represent another critical 
resource for zebrafish researchers. These 
libraries contain collections of zebrafish with 
specific gene mutations, generated using 
techniques, such as ENU (N-ethyl-N-nitrosourea) 
mutagenesis, TILLING (Targeting Induced Local 
Lesions IN Genomes), and more recently, 
CRISPR/Cas9 mutagenesis. These mutant 
libraries enable high-throughput screening and 
functional analysis of genes, allowing 
researchers to systematically study gene function 
and identify genetic pathways involved in 
development, disease, and other biological 
processes [38]. For instance, the Zebrafish 
Mutation Project (ZMP) has created a large 
collection of characterized mutations, providing a 
valuable resource for functional genomics 
studies [39]. 
 
Mutations in tbx5, leading to heart and limb 
abnormalities resembling Holt-Oram syndrome 
[40]; mutations in p53, increasing susceptibility to 
cancers [41]; and disruptions in the shh pathway 
affecting neural tube and brain patterning [42]. 
The ability to manipulate the zebrafish genome 
with precision, combined with the comprehensive 
genetic and genomic data available, continues to 
drive innovations in biomedical research and our 
understanding of complex biological systems. 
 

5. ZEBRAFISH IN DISEASE MODELLING 
 

5.1 Human Disease Models 
 
Zebrafish has emerged as a powerful model for 
studying human diseases due to their genetic 
similarity to humans and their versatile use in 
various research fields. The transparency of 
zebrafish embryos and larvae, along with their 
rapid development and the availability of genetic 
tools, makes them an ideal model for in vivo 
studies of disease mechanisms and therapeutic 
interventions. 
 
5.1.1 Cancer research using zebrafish 
 
Zebrafish has significantly contributed to cancer 
research, providing insights into tumour biology, 
metastasis, and drug responses. Transgenic 
zebrafish models expressing oncogenes or 
harbouring tumour suppressor gene mutations 
have been developed to study various cancers, 

including melanoma, leukaemia, and pancreatic 
cancer [43]. For instance, the overexpression of 
the human BRAF^V600E mutation in zebrafish led 
to the development of melanoma, which closely 
recapitulates the human disease, allowing 
researchers to study the molecular pathways 
involved in melanoma genesis and to test 
potential therapeutic agents [44]. Similarly, 
zebrafish models of leukaemia have provided 
valuable insights into the role of specific genetic 
mutations in leukemogenesis and the effects of 
targeted therapies [45]. 
 
5.1.2 Neurological and cardiovascular 

diseases 
 
Zebrafish is also used to model neurological and 
cardiovascular diseases. The transparent 
embryos and the conserved structure of the 
nervous system enable detailed studies of 
neurodevelopmental and neurodegenerative 
diseases. For example, zebrafish models of 
Parkinson's disease, generated by expressing 
human alpha-synuclein, exhibit dopaminergic 
neuron loss and motor deficits, mimicking the 
human condition and facilitating the study of 
disease mechanisms and potential treatments 
[33]. Additionally, zebrafish models have been 
used to investigate the genetic basis of epilepsy, 
autism, and Alzheimer's disease, providing 
valuable insights into the underlying 
pathophysiology and potential therapeutic targets 
[46]. 
 
In cardiovascular research, zebrafish has been 
instrumental in studying heart development, 
function, and regeneration. Zebrafish hearts 
share many anatomical and physiological 
similarities with human hearts, making them a 
valuable model for studying congenital heart 
defects, cardiomyopathies, and heart 
regeneration. For instance, zebrafish models of 
congenital heart disease have helped identify 
critical genes and pathways involved in cardiac 
development, while studies on heart regeneration 
have elucidated the molecular mechanisms 
underlying cardiomyocyte proliferation and tissue 
repair [6]. 

 
5.1.3 Metabolic and infectious diseases 

 
Zebrafish has also been utilized to model 
metabolic diseases such as obesity, diabetes, 
and lipid disorders. The conservation of 
metabolic pathways between zebrafish and 
humans allows researchers to study the genetic 
and environmental factors contributing to these 
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conditions. For example, zebrafish models of 
obesity and diabetes have been developed by 
manipulating genes involved in lipid metabolism 
and glucose homeostasis, providing insights into 
disease mechanisms and potential therapeutic 
interventions [47]. 
 
In the field of infectious diseases, zebrafish 
models have proven valuable for studying host-
pathogen interactions and immune responses. 
Zebrafish models of bacterial, viral, and parasitic 
infections have been established, allowing 
researchers to investigate the molecular and 
cellular mechanisms of infection and to screen 
for antimicrobial compounds. The optical 
transparency of zebrafish larvae facilitates real-
time imaging of infection processes, providing a 
dynamic view of pathogen behaviour and host 
responses [48,49]. 
 

5.2 Drug Discovery and Toxicology 
 
5.2.1 High-throughput screening capabilities 
 
One of the significant advantages of using 
zebrafish in drug discovery and toxicology 
studies is their suitability for high-throughput 
screening (HTS). The small size of zebrafish 
embryos and larvae, along with their rapid 
development and ease of maintenance, makes 
them ideal for large-scale screening of chemical 
libraries [50-52]. HTS in zebrafish involves 
exposing embryos or larvae to various 
compounds and assessing phenotypic                
changes, such as morphological defects, 
behavioural alterations, or survival rates.                    
This approach allows for the rapid                
identification of potential drug candidates and 
toxicants [53]. 
 
5.2.2 Advantages in pharmacological studies 
 
Zebrafish offers several advantages in 
pharmacological studies, including their genetic 
and physiological similarities to humans, the 
ability to perform in vivo analyses, and the 
capacity for real-time imaging of drug effects. 
The use of zebrafish in pharmacology has 
facilitated the discovery of novel drugs, 
Artemisinin, Tacrolimus (FK506), Doxorubicin, 
etc., and the evaluation of drug efficacy and 
safety. For instance, zebrafish have been used to 
identify compounds that modulate specific 
signalling pathways involved in disease 
processes, such as the Hedgehog and Wnt 
pathways, which are implicated in cancer and 
other diseases [54]. 

Additionally, zebrafish models have been 
employed to study drug metabolism and 
pharmacokinetics, providing insights into drug 
absorption, distribution, metabolism, and 
excretion (ADME) processes. The ability to 
perform genetic manipulations in zebrafish allows 
researchers to investigate the roles of specific 
genes in drug metabolism and to assess the 
impact of genetic variations on drug responses 
[48]. 
 

6. ZEBRAFISH IN REGENERATIVE 
MEDICINE 

 

6.1 Tissue Regeneration Studies 
 
Zebrafish’s impressive capacity to regenerate 
different tissues and organs [15-20] provides 
valuable insights into the mechanisms underlying 
tissue regeneration, which have significant 
implications for human health and regenerative 
therapies. 
 
6.1.1 Mechanisms of fin, heart, and spinal 

cord regeneration 
 
One of the most well-studied aspects of zebrafish 
regeneration is fin regeneration. When a 
zebrafish fin is amputated, the remaining stump 
rapidly forms a blastema, a mass of proliferating 
undifferentiated cells. These cells eventually 
differentiate into various cell types necessary for 
fin regeneration, following precise spatial and 
temporal patterns of gene expression and 
signalling pathways such as Wnt, FGF, and BMP 
[55]. This process highlights the coordinated 
cellular and molecular responses essential for 
regenerating complex structures. 
 
Zebrafish heart regeneration is another area of 
intense research. Unlike mammals, zebrafish can 
regenerate significant portions of their heart 
tissue after injury, such as ventricular resection 
or cryoinjury. The regenerative process involves 
the proliferation of existing cardiomyocytes rather 
than the formation of scar tissue, as observed in 
mammals. Key signaling pathways, including 
those mediated by Notch, Nrg1/ErbB2, and 
Hippo/YAP, play crucial roles in cardiomyocyte 
proliferation and heart tissue restoration [56]. 
Understanding these mechanisms offers 
potential strategies for promoting heart 
regeneration in humans following myocardial 
infarction. 
 
Spinal cord regeneration in zebrafish involves the 
formation of a regenerative bridge at the injury 
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site, composed of glial and neural progenitor 
cells. These progenitors differentiate into new 
neurons and glia, restoring the structure and 
function of the spinal cord. Key factors in this 
process include the activation of the Sonic 
hedgehog (Shh) pathway and the involvement of 
inflammation and immune responses that 
promote a regenerative environment [57]. 
Zebrafish spinal cord regeneration provides a 
model for understanding and potentially 
enhancing spinal cord repair in mammals. 
 
6.1.2 Comparison with mammalian 

regeneration 
 
The regenerative capabilities of zebrafish 
contrast sharply with the limited regenerative 
responses observed in mammals [58,59]. For 
instance, while zebrafish can regenerate 
extensive heart tissue, mammalian hearts 
primarily form scar tissue after injury, resulting in 
compromised cardiac function. Similarly, 
mammalian limbs and spinal cords exhibit 
minimal regenerative capacity compared to the 
extensive regrowth seen in zebrafish [58-60]. By 
comparing the regenerative processes of 
zebrafish and mammals, researchers aim to 
identify the genetic and molecular barriers that 
limit mammalian regeneration and develop 
strategies to overcome these obstacles. 

 
6.2 Stem Cell Research 
 
6.2.1 Role of zebrafish in understanding stem 

cell biology 
 
Zebrafish has become a valuable model for 
studying stem cell biology due to their 
regenerative capabilities and the accessibility of 
their embryonic and adult stem cells [61-63]. The 
transparency of zebrafish embryos and larvae 
allows real-time visualization of stem cell 
behaviours, while genetic tools facilitate the 
manipulation and tracking of stem cells                   
In vivo. 
 
Research using zebrafish has provided insights 
into the maintenance, proliferation, and 
differentiation of stem cells in various tissues. For 
example, studies on hematopoietic stem cells 
(HSCs) in zebrafish have identified key signalling 
pathways and transcription factors involved in 
HSC development and self-renewal, such as 
Notch, Runx1, and Scl/Tal1 [63]. These findings 
have direct implications for improving bone 
marrow transplants and developing therapies for 
blood disorders [63,64]. 

Neural stem cells in zebrafish have also been 
extensively studied, particularly in the context of 
brain and spinal cord regeneration. Zebrafish 
models have elucidated the role of factors like 
Sox2 and Ascl1a in neural stem cell activation 
and neurogenesis following injury [65]. 
Understanding these processes provides a 
foundation for developing regenerative therapies 
for neurodegenerative diseases and central 
nervous system injuries. 
 
6.2.2 Implications for human regenerative 

medicine 
 
The insights gained from zebrafish research 
have significant implications for human 
regenerative medicine. By uncovering the 
molecular and cellular mechanisms underlying 
tissue regeneration in zebrafish, researchers can 
identify potential targets for promoting 
regeneration in humans. For instance, the 
identification of cardiomyocyte proliferation 
pathways in zebrafish has led to efforts to 
stimulate similar pathways in human hearts to 
enhance repair after myocardial infarction. 
 
Additionally, the study of stem cell biology in 
zebrafish contributes to the development of stem 
cell-based therapies for various diseases. The 
ability to manipulate and expand specific stem 
cell populations, informed by zebrafish research, 
holds promise for treating conditions such as 
spinal cord injuries, neurodegenerative diseases, 
and hematopoietic disorders. 
 

7. ZEBRAFISH IN ENVIRONMENTAL AND 
ECOLOGICAL STUDIES 

 

7.1 Ecotoxicology 
 
Zebrafish (Danio rerio) has become a prominent 
model in ecotoxicology, playing a crucial role in 
assessing the impact of environmental pollutants 
and serving as bioindicators of ecological health 
[66-68]. Their sensitivity to various contaminants, 
combined with their well-characterized 
physiology and genetic makeup, makes them an 
invaluable resource for environmental monitoring 
and toxicological research [66-69]. 
 
7.1.1 Assessing the impact of environmental 

pollutants 
 
The use of zebrafish in assessing the impact of 
environmental pollutants is well-established, with 
numerous studies utilizing their embryos and 
larvae to evaluate the toxicity of chemicals, 
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heavy metals, pharmaceuticals, and other 
pollutants [70,71]. Zebrafish offers a rapid and 
cost-effective method for screening toxic effects, 
providing data on lethal and sub-lethal endpoints 
such as mortality, malformations, and 
behavioural changes. 
 
One significant application of zebrafish in 
ecotoxicology is the evaluation of endocrine-
disrupting chemicals (EDCs). EDCs, such as 
bisphenol A (BPA) and phthalates, can interfere 
with hormonal systems and cause adverse 
developmental and reproductive effects. Studies 
have shown that exposure to these chemicals in 
zebrafish leads to alterations in gene expression, 
reproductive dysfunction, and developmental 
abnormalities, highlighting their potential risks to 
aquatic ecosystems and human health [72]. 
 
Additionally, zebrafishes have been employed to 
assess the toxicity of emerging contaminants, 
such as nanoparticles and microplastics. These 
studies have demonstrated that exposure to 
nanoparticles can induce oxidative stress, 
inflammation, and developmental defects in 
zebrafish embryos, providing insights into the 
environmental impact of nanomaterials [73]. 
Similarly, research on microplastics has revealed 
their potential to accumulate in aquatic 
organisms and cause physical and chemical 
harm, emphasizing the need for further 
investigation into their ecological effects [74]. 
 
7.1.2 Zebrafish as bioindicators 
 
Zebrafishes serve as effective bioindicators due 
to their sensitivity to environmental changes and 
their ability to reflect the health of aquatic 
ecosystems. Bioindicators are species used to 
monitor the health of an environment or 
ecosystem, providing early warning signs of 
pollution or ecological degradation. For example, 
the presence of zebrafish in a contaminated 
water body can indicate the presence of 
pollutants and their potential impact on the 
aquatic community. Changes in zebrafish 
populations, such as reduced survival rates, 
altered reproductive success, or developmental 
abnormalities, can signal the presence of toxic 
substances and prompt further investigation [75]. 
 
Moreover, zebrafish have been used in 
biomonitoring programs to assess the 
effectiveness of pollution control measures and 
environmental remediation efforts. By monitoring 
the health and behaviour of zebrafish populations 
before and after remediation, researchers can 

evaluate the success of interventions and identify 
any remaining risks to aquatic life [76]. 
 

7.2 Behavioural Ecology 
 
7.2.1 Studies on social behaviour and neural 

circuits 
 
Zebrafish is increasingly used in studies on 
behavioural ecology, particularly in 
understanding social behaviour and the neural 
circuits underlying these behaviours. Their 
complex social interactions and well-defined 
behavioural repertoires make them a suitable 
model for investigating the genetic and 
environmental factors influencing behaviour. 
Research on zebrafish social behaviour has 
provided insights into the mechanisms of 
aggression, mating, and group dynamics. For 
instance, studies have shown that specific genes 
and neurotransmitters, such as serotonin and 
oxytocin, play crucial roles in regulating social 
behaviours in zebrafish [77]. Understanding 
these mechanisms can shed light on the 
evolution of social behaviour and the neural 
circuits involved in these processes. 
 
Additionally, zebrafish is used to study the impact 
of environmental changes on behaviour. For 
example, exposure to pollutants or altered 
environmental conditions, such as changes in 
water temperature or pH, can affect                   
zebrafish behaviour, including their feeding, 
mating, and schooling activities. These studies 
provide valuable information on how 
environmental stressors influence animal 
behaviour and the potential ecological 
consequences [78]. 
 

7.2.2 Impact of environmental changes on 
behaviour 

 

Environmental changes, whether natural or 
anthropogenic, can have profound effects on the 
behaviour of aquatic organisms. Zebrafish is 
particularly useful for studying these impacts due 
to their sensitivity to environmental variations and 
their well-characterized behavioural responses. 
For example, changes in water temperature can 
affect zebrafish behaviour, influencing their 
activity levels, feeding patterns, and reproductive 
success. Studies have shown that elevated 
temperatures can increase metabolic rates                   
and alter the timing of developmental                
milestones in zebrafish, highlighting the potential 
impacts of climate change on aquatic 
ecosystems [79]. 
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Similarly, exposure to chemical pollutants, such 
as heavy metals and pesticides, can disrupt 
normal behavior in zebrafish. Research has 
demonstrated that sub-lethal concentrations of 
these contaminants can impair cognitive 
functions, alter predator-prey interactions, and 
reduce overall fitness, providing insights into the 
ecological risks associated with pollution [80]. 
 

8. TECHNOLOGICAL ADVANCES AND 
FUTURE PROSPECTS 

 

8.1 Advancements in Imaging Techniques 
 
The development of advanced imaging 
techniques has significantly enhanced the utility 
of zebrafish in biomedical research, allowing for 
real-time visualization of cellular processes and 
providing deeper insights into developmental 
biology, disease mechanisms, and therapeutic 
responses [81]. 
 
8.1.1 Real-time imaging of cellular processes 
 
One of the major advancements in zebrafish 
research is the ability to perform real-time 
imaging of cellular and molecular events in live 
organisms. The transparency of zebrafish 
embryos and larvae makes them particularly 
suitable for live imaging studies. Techniques 
such as time-lapse fluorescence microscopy 
enable researchers to track the dynamic 
behaviours of cells and tissues over time, 
providing crucial information on processes such 
as cell migration, division, and differentiation. For 
instance, real-time imaging has been 
instrumental in studying the mechanisms of 
angiogenesis (the formation of new blood 
vessels) in zebrafish. Researchers can visualize 
the growth and branching of blood vessels in 
living embryos, shedding light on the cellular and 
molecular interactions that drive this essential 
process [82]. This has important implications for 
understanding vascular diseases and developing 
new therapeutic strategies. 
 
8.1.2 Advances in microscopy and imaging 

technologies 
 
Technological advancements in microscopy and 
imaging technologies have further expanded the 
capabilities of zebrafish research. High-resolution 
confocal microscopy and two-photon microscopy 
allow for detailed imaging of zebrafish tissues at 
subcellular resolution, enabling the study of 
intricate cellular structures and interactions. 
These techniques have been crucial in 

visualizing the architecture of neural circuits, the 
organization of cellular organelles, and the 
dynamics of protein-protein interactions. 
Moreover, the development of light-sheet 
fluorescence microscopy (LSFM) has 
revolutionized zebrafish imaging. LSFM provides 
rapid, high-resolution, and three-dimensional 
imaging of entire zebrafish embryos and larvae 
with minimal phototoxicity, making it ideal for 
long-term studies of developmental processes 
[83]. This technique has facilitated large-scale 
imaging studies, enabling researchers to 
generate comprehensive atlases of zebrafish 
development and organogenesis. 
 
Recent advances in super-resolution microscopy, 
such as structured illumination microscopy (SIM) 
and stochastic optical reconstruction microscopy 
(STORM), have pushed the limits of spatial 
resolution, allowing researchers to visualize 
molecular complexes and nanoscale structures 
within zebrafish cells [84]. These technologies 
have provided unprecedented insights into the 
organization and function of cellular components, 
contributing to a deeper understanding of 
fundamental biological processes. 
 

8.2 Future Directions 
 
The future of zebrafish research is promising, 
with emerging research areas and technological 
innovations poised to drive new discoveries and 
applications. 
 
8.2.1 Emerging research areas 
 
One emerging area of zebrafish research is the 
study of microbiota-host interactions. The 
zebrafish model is increasingly being used to 
investigate the role of the gut microbiota in health 
and disease. Researchers are exploring how 
microbial communities influence host physiology, 
development, and immune responses, with 
potential implications for understanding human 
diseases such as inflammatory bowel disease 
and metabolic disorders [85]. 
 
Another exciting area is the use of zebrafish in 
precision medicine. The generation of patient-
specific zebrafish models through techniques 
such as CRISPR/Cas9 genome editing, and 
xenotransplantation allows for the personalized 
study of disease mechanisms and therapeutic 
responses. This approach has the potential to 
accelerate the development of tailored 
treatments for cancer, genetic disorders, and 
other diseases [86]. 
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8.2.2 Potential for new discoveries and 
applications 

 
The continued integration of cutting-edge 
technologies and multidisciplinary approaches in 
zebrafish research holds great potential for new 
discoveries and applications. Advances in single-
cell sequencing technologies are enabling 
researchers to dissect the heterogeneity of cell 
populations and uncover novel cell types and 
states in zebrafish tissues. This has important 
implications for understanding development, 
tissue homeostasis, and disease progression 
[87]. 
 

Furthermore, the development of high-throughput 
screening platforms in zebrafish is facilitating the 
discovery of new drugs and therapeutic targets. 
Automated imaging and analysis systems allow 
for the rapid screening of large compound 
libraries, accelerating the identification of 
potential therapeutics for a wide range of 
diseases [45]. This approach is particularly 
valuable for identifying small molecules that can 
modulate biological pathways and provide new 
treatment options. 
 
In addition, the integration of artificial intelligence 
(AI) and machine learning (ML) with zebrafish 
research is poised to enhance data analysis and 
interpretation. AI-driven image analysis tools can 
automate the quantification of complex 
phenotypes and identify subtle patterns in large 
datasets, improving the efficiency and accuracy 
of zebrafish studies [87]. 
 

9. CONCLUSION 
 
Zebrafish (Danio rerio) is a pivotal model 
organism in biomedical research due to their 
genetic similarity to humans, rapid development, 
and transparent embryos. These features 
facilitate profound insights into developmental 
biology, genetics, disease mechanisms, and 
environmental impacts. Advanced imaging 
techniques allow real-time visualization of cellular 
processes, enhancing the study of 
embryogenesis, organ development, and gene 
function through tools like CRISPR/Cas9. 
Zebrafish revolutionize disease modelling for 
cancers, neurological disorders, and 
cardiovascular conditions, and their high-
throughput drug screening accelerates 
pharmacological research. Their regenerative 
abilities provide valuable insights into 
regenerative medicine, while their role as 
bioindicators aids environmental studies. 

Technological advancements and emerging 
research areas, including microbiota-host 
interactions and precision medicine, promise 
continued breakthroughs and applications. 
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