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INTRODUCTION 

Zebrafish (Danio rerio), a small freshwater fish native 

to South Asia, has gained significant attention as a 

powerful model organism in biomedical and 

pharmaceutical research. Due to its unique biological 

and genetic characteristics, zebrafish has become an 

essential tool for studying human diseases, drug 

screening, and toxicity assessment [1]. Compared to 

traditional mammalian models such as mice and rats, 

zebrafish offer several advantages, including their 

ease of maintenance, rapid development, and high-

throughput screening potential. These attributes make 

zebrafish a cost-effective and efficient alternative for 

studying various aspects of human health and disease 

[2,3]. Their use has expanded in recent years, 

particularly in developmental biology, toxicology, 

pharmacology, and genetic research. Biologically, 

zebrafish possess several key characteristics that 

make them ideal for laboratory studies. They are small 

in size, measuring about 2.5–5 cm in length, and have 

a relatively short lifespan of around 2–3 years. Their 

external fertilization and transparent embryos allow 

for real-time observation of early developmental 

processes, providing a unique advantage over 

mammalian models, where embryonic development 

occurs internally. One of the most notable features of 

zebrafish is their rapid development, with major organ 

systems forming within the first 24–48 hours post-

fertilization [4]. This makes them highly suitable for 

studying embryogenesis, organogenesis, and genetic 

modifications in real time. Additionally, zebrafish 

exhibit a high reproductive rate, with a single female 

capable of laying hundreds of eggs per week. This 

large number of offspring facilitates large-scale 

experiments, making zebrafish particularly useful for 

genetic studies and drug screening applications [5,6]. 

Genetically, zebrafish share remarkable similarities 

with humans, making them highly relevant for 

translational research. Approximately 70% of 

zebrafish genes are homologous to human genes, and 

about 84% of human disease-related genes have a 

corresponding zebrafish counterpart. This genetic 

conservation allows researchers to study various 

human diseases in zebrafish models, including 

neurological disorders, cardiovascular diseases, 

metabolic syndromes, and cancers. Moreover, 
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zebrafish possess well-developed organ systems that 

closely resemble those of humans, including the 

nervous, cardiovascular, immune, and digestive 

systems. Their functional drug targets, such as ion 

channels, enzymes, and receptors, are also conserved, 

making zebrafish an effective model for 

pharmacological studies [7-9]. Due to these genetic 

and physiological similarities, zebrafish have become 

an invaluable tool for studying gene function, disease 

mechanisms, and drug responses in a whole-organism 

context. The zebrafish has emerged as a powerful 

model organism in pharmaceutical research due to its 

unique biological and physiological characteristics. 

Initially used in developmental biology, zebrafish are 

now widely recognized for their utility in 

pharmacology, toxicology, and disease modeling. 

Their small size, rapid life cycle, and high fecundity 

make them particularly attractive for large-scale 

studies, including high-throughput screening of 

pharmaceutical compounds. Additionally, their 

external fertilization and optical transparency during 

embryonic and larval stages enable real-time imaging 

and in vivo analysis of physiological and pathological 

processes. One of the most significant advantages of 

zebrafish in pharmaceutical research is their genetic 

homology with humans. Approximately 70% of 

zebrafish genes are shared with humans, and around 

84% of human disease-related genes have 

counterparts in zebrafish. This genetic similarity 

allows researchers to develop zebrafish models for a 

variety of human diseases, including cancer, 

neurodegenerative disorders, cardiovascular 

conditions, and metabolic diseases. The advent of 

advanced genetic manipulation techniques, such as 

CRISPR-Cas9 genome editing and transgenic 

technologies, has further strengthened the role of 

zebrafish as a versatile model for studying gene 

functions and drug responses [10-13]. 

Figure 1: Zebrafish 

Zebrafish also offer significant advantages in toxicity 

testing and pharmacokinetics. Their embryos and 

larvae are highly sensitive to toxicants, allowing 

researchers to assess the safety profile of drugs in a 

cost-effective and ethically favorable manner. 

Because zebrafish can absorb small molecules 

directly from water, they provide an efficient and 

reliable system for studying drug absorption, 

distribution, metabolism, and excretion (ADME) 

[14]. The presence of cytochrome P450 enzymes in 

zebrafish further facilitates pharmacokinetic studies 

that are comparable to mammalian models. 

Furthermore, zebrafish models contribute to 

personalized medicine by enabling the development 

of patient-derived xenograft (PDX) models, where 

human tumor cells are implanted into zebrafish 

embryos to assess drug sensitivity. This approach 

allows for rapid and individualized drug testing, 

offering potential breakthroughs in precision 

medicine. Despite their many advantages, zebrafish 

models also have limitations. Some physiological 

differences, such as the absence of lungs and adaptive 

immunity, can restrict their use in certain disease 

studies. Additionally, their small size limits the 

amount of blood and tissue available for biochemical 

analysis, posing challenges for pharmacokinetic 

studies that require large sample volumes. 

Nonetheless, continuous advancements in zebrafish 

research methodologies, including automation, 

imaging technologies, and computational modeling, 

are addressing these limitations and expanding their 

applicability in pharmaceutical sciences. This review 

explores the role of zebrafish in various aspects of 

pharmaceutical research, including drug discovery, 

toxicity testing, disease modeling, and 

pharmacokinetics. It also highlights the advantages 
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and challenges associated with zebrafish models and 

discusses future perspectives on their integration into 

drug development and translational medicine [15]. 

Advantages of Zebrafish Model in Pharmaceutical 

Research 

• Genetic Similarity to Humans: Zebrafish share 

approximately 70% of human genes, and about 

84% of genes associated with human diseases 

have a counterpart in zebrafish. This genetic 

homology allows researchers to study genetic 

diseases, drug interactions, and gene functions in 

a system that closely resembles human 

physiology. 

• Transparency and Imaging: The optical 

transparency of zebrafish embryos and larvae 

facilitates real-time imaging of organ 

development and drug effects using advanced 

fluorescence microscopy. This feature is 

particularly useful in studying neurobiology, 

cardiovascular systems, and cancer progression. 

• High Reproductive Rate: A single pair of 

zebrafish can produce hundreds of embryos 

weekly. This rapid reproduction allows for large-

scale studies and high-throughput screening of 

drug candidates, significantly reducing the time 

required for preclinical testing. 

• Cost-effectiveness: Compared to rodent models, 

zebrafish require significantly lower costs for 

housing, feeding, and experimental setups. This 

economic advantage makes them a preferred 

model for large-scale pharmaceutical screenings. 

• Ethical Considerations: Zebrafish, being lower 

vertebrates, are subject to fewer ethical 

constraints than mammals. This enables 

researchers to conduct large-scale studies with 

fewer regulatory hurdles, particularly in early-

stage drug development [16]. 

Drug Screening in Neurological Disorders 

Zebrafish serve as a powerful model for studying 

neurological disorders due to their evolutionary 

similarity to the human nervous system. Their well-

developed neuroendocrine system, along with 

homologous brain structures including the 

diencephalon, telencephalon, cerebellum, and spinal 

cord makes them valuable for neurodevelopmental 

studies and drug discovery. 

Zebrafish Models in Depression Research 

Developing effective therapeutics for neurological 

disorders remains a challenge, with depression being 

one of the most prevalent and debilitating conditions, 

affecting over 20% of the global population. 

Environmental stress and neurochemical imbalances 

in zebrafish parallel those seen in humans. For 

instance, the grs357 zebrafish mutant, which carries a 

glucocorticoid receptor mutation, exhibits altered 

corticosteroid feedback, transcriptional 

dysregulation, and behavioral abnormalities such as 

reduced locomotion and heightened startle responses. 

Treatment with fluoxetine and diazepam in both wild-

type and mutant zebrafish effectively blocked stress-

induced upregulation of the mineralocorticoid 

receptor (MR) and serotonin transporter (Serta), 

highlighting the potential of zebrafish in 

antidepressant drug screening. These findings 

underscore the conserved relationship between the 

hypothalamic–pituitary–adrenal (HPA) axis and 

affective disorders across vertebrates, supporting 

zebrafish as a high-throughput model for 

antidepressant discovery. 

Zebrafish Models in Parkinson’s Disease Research 

Zebrafish models have provided critical insights into 

the genetics and pathophysiology of Parkinson’s 

disease (PD), a progressive neurodegenerative 

disorder characterized by dopaminergic neuron loss 

and Lewy body formation. The zebrafish nervous 

system lacks a distinct midbrain dopaminergic region 

like mammals but possesses a homologous 

dopaminergic system in the posterior tuberculum of 

the diencephalon. Exposure to the neurotoxin MPTP 

(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 

induces Parkinson’s-like symptoms in zebrafish by 

selectively depleting dopaminergic neurons. Studies 

have shown that deprenyl, a monoamine oxidase B 

(MAO-B) inhibitor, counteracts MPTP-induced 

neurotoxicity by preventing its conversion to the toxic 

metabolite MPP+. Similarly, co-treatment with 

nomifensine, a dopamine transporter (DAT) inhibitor, 

protects against dopaminergic neuron loss. Proteomic 

analysis of MPTP-treated zebrafish models has 
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identified key differentially expressed proteins, 

including NEFL, MUNC13-1, NAV2, and GAPVD1, 

which are downregulated in the diseased state. 

Another study demonstrated that 6-hydroxydopamine 

(6-OHDA) exposure leads to locomotor deficits and 

dopaminergic cell loss, which can be reversed with 

vitamin E, sinemet, or minocycline. These findings 

validate zebrafish as a reliable in vivo model for 

Parkinson’s disease research. 

Zebrafish Models in Huntington’s Disease 

Research 

Huntington’s disease (HD) is an autosomal-dominant 

neurodegenerative disorder caused by mutations in 

the HTT gene, leading to the accumulation of toxic 

huntingtin (HTT) protein aggregates. Since complete 

HTT gene deletion in zebrafish results in embryonic 

lethality, morphant zebrafish models provide an 

alternative platform for studying HD pathology. 

Treatment with brain-derived neurotrophic factor 

(BDNF) in HTT knockdown zebrafish has been 

shown to significantly improve disease phenotypes, 

highlighting its therapeutic potential. To model HD in 

adult vertebrates, researchers have employed 

quinolinic acid (QA) injections in the striatum of 

rodents to induce neurotoxicity. Similar lesioning in 

the zebrafish telencephalon has been found to 

stimulate robust neuroregeneration, with neural stem 

cells integrating new neurons over long distances. 

Furthermore, a study evaluating the neuroprotective 

effects of Centella asiatica hydroalcoholic extract in 

zebrafish with 3-nitropropionic acid-induced HD 

demonstrated its antioxidant and anti-inflammatory 

properties, offering promising therapeutic 

implications [17-21]. 

Applications of Zebrafish in Pharmaceutical 

Research 

Drug Discovery and Screening Zebrafish have 

become a crucial model for high-throughput drug 

screening due to their ability to absorb small 

molecules from water. Drug candidates can be 

directly added to the aquatic environment, and their 

effects can be observed in vivo. Several drugs, 

including anti-cancer agents, antibiotics, and 

neuroactive compounds, have been identified and 

validated using zebrafish models. The use of 

automated imaging and behavioral assays has further 

enhanced the drug discovery process by enabling 

rapid assessment of drug efficacy and toxicity [22]. 

Toxicity Testing Toxicological assessments in 

zebrafish provide critical insights into the safety 

profile of pharmaceutical compounds. Zebrafish 

embryos and larvae are highly sensitive to toxicants, 

making them an ideal model for detecting 

cardiotoxicity, hepatotoxicity, neurotoxicity, and 

teratogenicity. The model allows researchers to study 

dose-response relationships and identify adverse 

effects at early developmental stages. Notably, 

zebrafish-based toxicity studies have been 

successfully used in predicting human toxicity, 

making them a valuable alternative to traditional 

mammalian models [23]. 

Disease Modeling The genetic and physiological 

similarities between zebrafish and humans enable 

researchers to model various human diseases. Genetic 

modifications using CRISPR-Cas9 and transgenic 

techniques have led to the development of zebrafish 

models for diseases such as: 

• Cancer: Zebrafish models have been used to 

study melanoma, leukemia, and breast cancer, 

providing valuable insights into tumor 

progression, metastasis, and drug resistance 

mechanisms. 

• Neurodegenerative Disorders: Models for 

Alzheimer’s disease, Parkinson’s disease, and 

epilepsy have been developed to investigate 

disease pathology and screen potential 

therapeutics. 

• Cardiovascular Diseases: Zebrafish heart 

development closely resembles that of humans, 

allowing for the study of congenital heart defects, 

arrhythmias, and drug-induced cardiotoxicity. 

• Metabolic Disorders: Diabetes and obesity 

models have been established to explore 

metabolic pathways and assess anti-diabetic 

drugs. 

Pharmacokinetics and Pharmacodynamics 

Zebrafish provide valuable insights into the 

absorption, distribution, metabolism, and excretion 

(ADME) of drugs. The presence of cytochrome P450 
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enzymes, which play a critical role in drug 

metabolism, enables pharmacokinetic studies 

comparable to those in humans. Additionally, 

fluorescent and luminescent reporter assays allow 

real-time monitoring of drug distribution and target 

engagement within live zebrafish embryos [24]. 

Limitations of the Zebrafish Model 

• Physiological Differences: While zebrafish share 

many genetic similarities with humans, some 

physiological systems, such as lungs and adaptive 

immunity, differ significantly. This can limit their 

applicability in certain disease studies. 

• Limited Blood Volume: The small size of 

zebrafish limits the amount of blood that can be 

collected, posing challenges for pharmacokinetic 

and pharmacodynamic studies requiring large 

sample volumes. 

• Differences in Drug Metabolism: Some 

metabolic pathways in zebrafish differ from 

humans, leading to variations in drug responses. 

This necessitates validation in mammalian 

models before clinical translation [25,26]. 

FUTURE PERSPECTIVES  

Advancements in genetic engineering, imaging 

technologies, and automated screening techniques are 

expected to enhance the applicability of zebrafish in 

pharmaceutical research. Emerging technologies such 

as single-cell RNA sequencing, optogenetics, and 

CRISPR-based gene editing are improving the 

precision and reliability of zebrafish models [27]. 

Furthermore, integration with computational 

modeling and organ-on-a-chip technologies holds the 

potential to bridge the gap between preclinical studies 

and human trials. Future research efforts should focus 

on refining zebrafish models to improve their 

predictive accuracy for human drug responses. 

CONCLUSION 

The zebrafish model has revolutionized 

pharmaceutical research by offering a cost-effective, 

high-throughput, and genetically relevant platform for 

studying human diseases and evaluating drug 

candidates. Its genetic similarity to humans, coupled 

with its rapid development and transparency, has 

enabled significant advancements in drug discovery, 

toxicity testing, and disease modeling. Zebrafish-

based research has contributed to understanding 

complex disorders such as Parkinson’s disease, 

Huntington’s disease, and cancer while also 

facilitating personalized medicine through patient-

derived xenograft models. However, challenges such 

as physiological differences and limited sample 

availability necessitate further optimization of 

zebrafish methodologies. Emerging technologies, 

including CRISPR-Cas9 gene editing, single-cell 

RNA sequencing, and computational modeling, are 

enhancing the precision and applicability of zebrafish 

models. As these advancements continue, zebrafish 

are expected to play an increasingly vital role in 

bridging the gap between preclinical studies and 

human clinical trials, making them an indispensable 

tool in modern pharmaceutical research. 
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