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ABSTRACT 

	Background: Embryonic zebrafish (Danio rerio) has emerged as a leading vertebrate model in developmental biology and cardiovascular toxicology. It effectively bridges the gap between high-throughput in vitro assays and mammalian in vivo systems, enabling efficient evaluation of drugs and chemical-induced cardiotoxicity and developments.
Key Advantages: The model offer approximately 70 percent genetic similarity to humans, conserved cardiovascular physiology (including a distinct QT interval), rapid external embryonic development, optical transparency for live imaging, small size, and high fecundity. A unique strength is that embryos with severe cardiac defects survive via passive oxygen diffusion, permitting detailed phenotypic analysis of otherwise lethal cardiac malformations unlike in mammalian models.
Screening Applications and Phenotypic Endpoints: Zebrafish embryos enable cost-effective, large-scale screening of drugs and environmental toxins (greatly surpassing rodent throughput).  They facilitate detection of structural cardiotoxicity (e.g. Pericardial edema, heart looping defects) and functional cardiotoxicity (e.g. Bradycardia, reduced cardiac output), including effects without overt morphological alterations.
Chemical Sensitivity and Mechanistic Features: The model is highly sensitive to diverse chemical classes, including tyrosine kinase inhibitors, immunosuppressants (e.g. Cyclosporine A), antibiotics (e.g. Ciprofloxacin), and fungicides (e.g. Iprodione, thiram).  Environmental factors such as pH modulate toxicity and uptake of ionizable compounds.  Conserved pathways include oxidative stress and p53-mediated apoptosis, with compound-specific molecular signatures (e.g. Cyclosporine A inhibits Wnt signalling; ciprofloxacin disrupts calcium signalling).
Experimental capabilities: The zebrafish embryo supports pathway-specific rescue experiments (e.g., Wnt activators, antioxidants) and high-throughput screening of cardioprotective agents.
Conclusion and Impact: Overall, the embryonic zebrafish model plays a pivotal role in elucidating early cardiac developmental defects, reducing attrition risks during drug discovery, and establishing safety thresholds for environmental chemicals
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1. INTRODUCTION 

The evaluation of the safety of chemicals is one of the pillars of contemporary community health and the pharmaceutical industry.  There are two overlapping problems in this field: the ever-growing influx and the ever-increasing number of new chemical things being put into the environment, and the astronomically high dropout of candidate pharmaceutical on unexpected toxicity.  The environmental ecosystems are getting overloaded with intricate combinations of pesticides, fungicides, and other industrial agents, the long-term developmental and teratogenic effects of which are poorly comprehended.  At the same time, the pharmaceutical sphere is confronted with an acute economic and clinical crisis.  It takes a cost of over 1 billion U.S dollars to bring a new drug to market yet only about 10 percent of the drugs that enter phase1 clinical trials end up being approved by the regulatory authorities (DiMasi JA et al., 2016). 
One major reason behind this high failure rate is the development of unexpected toxicity, of which cardiovascular toxicity (cardiotoxicity) is one of the most common causes of preclinical failure and post-marketing drug withdrawal (Laverty H, Benson C et al., 2011). Preclinical gap” outlines the shortcomings of the traditional toxicological model.  High-throughput Standard in vitro cell-based tests, however, are frequently not able to reflect the complexity of the systemic, hemodynamic, and multi-organ interaction of a living organism.  On the other hand, they are time-consuming and thus traditional, which makes them inappropriate in the screening of large number of drugs in the initial stages of drug discovery (Eder et al., 2016).
It is this specific preclinical screening gap that has forced the need to adopt a model that will close the gap between in vitro scalability and in vivo biological relevance.  The utility of the zebrafish (Danio rerio) is not just a question of convenience; its emergence is a logical and even existential demand of the economic and social bottleneck of drug-induced toxicity, especially cardiotoxicity, which requires researchers to recognize toxics at an early stage during drug development (Sukardi et al., 2011). 
This review has summarised and evaluated the principles of the zebrafish model, normal and developmental timeline, and its use in characterizing the toxicological phenotypes and molecular pathways of a wide variety of chemical compounds. Using recent literature, this report examines the applicability of the model in the evaluation of the pharmacological agents (e.g., tyrosine kinase inhibitors, immunosuppressants), antibiotics, and environmental contaminants (e.g., fungicides), giving a general overview of the predictive accuracy of the model in model toxicology.

2. PRINCIPLES OF ZEBRAFISH MODEL IN TOXICOLOGY

The importance of Danio rerio as an excellent model organism in toxicology is not founded upon any one parameter, but rather on an excellent combination of genetic conservation, operational benefits and special biological features that provide the organism a perfect system to be used in high-throughput, high-content screening.

Genetic and physiological Conservation with Humans
The fundamental prerequisites for any animal model are its biological relevance to human physiology.  The zebrafish genome is fully sequenced and demonstrates a surprisingly high degree of conservation with the human genome. It is estimated that approximately 70% of human genes possess at least one zebrafish orthologous, and this conservation is particularly high for disease-associated genes(Howe K et al., 2013).  Critically, this genetic similarity extends to the conservation of fundamental developmental and physiological pathways, including those governing cardiogenesis, vasculogenesis, and electrophysiology (Stainier DY et al., 2001; Hu N et al., 2000). This high degree of genetic and pathway conservation means that chemical-induced perturbations in zebrafish often recapitulate human toxicological responses, providing a reliable predictive model.


A Superior Model for Cardiac Electrophysiology
While genetic conservation establishes relevance, specific physiological homologies grant the zebrafish a distinct advantage over other in vivo models, particularly rodents, in the study of cardiotoxicity.  The zebrafish heart, a common preclinical model, has a resting heart rate of approximately 160 beats per minute (bpm) and an action potential morphology that lacks a significant plateau phase. This rapid rate and different ion channel kinetics obscure the assessment of one of the most critical forms of drug-induced cardiotoxicity: QT prolongation. The zebrafish, in contrast, has a resting heart rate of approximately 160 beats per minute (bpm) and an action potential morphology that lacks a significant plateau phase (Herman EH et al., 2011).  This rapid rate and different ion channel kinetics obscure the assessment of the most critical forms of drug-induced cardiotoxicity: QT prolongation. The zebrafish, in contrast, has a resting heart rate of approximately 150 bpm, much closer to that of humans (Milan DJ et al., 2006 ).  More importantly, the zebrafish cardiac action potential possesses all the same phase as the human action potential (with the exception of rapid phase 1 repolarization) and features a long plateau.  This homology directly translates to a distinct QT interval on an electrocardiogram (ECG) that is analogous to the human ECG.  Many modern targeted cancer therapies are known to cause prolongation of the corrected QT interval (QTc) in patients, a dangerous side effect that can lead to fatal arrhythmias.  The electrophysiological resemblance to humans makes the zebrafish a mandatory and, in this case, a better model to conduct screening of this particular and life-threatening toxicological endpoint (Milan DJ et al., 2006; Langheinrich U et al., 2003).

Practical Advantages for High-Throughput Screening(HTS)
The logistical benefits of the zebrafish are added to the biological relevance to allow its use in a scale that is almost comparable to in vitro studies.

High Fecundity: Each mating couple is capable of giving birth to hundreds of embryos with one spawning producing a large, genetically related cohort to work with statistically (Chakraborty C et al., 2009 ).

Rapid External Development: The embryos grow out of culture (externally) which removes the confounding variable of maternal metabolism and toxicity. The external development can be observed directly and continuously.   Moreover, the growth is extremely fast; all the significant organ systems, including a complete cardiovascular system, are developed during the 72 to 96 hours after fertilization (hpf) (Chahardehi AM et al., 2020).

Unique Biological Properties: Optical Transparency and Passive Diffusion
Two unique biological properties truly elevate the zebrafish to an elite toxicological model.  First, the embryos are optically transparent for the first week of life, permitting non-invasive, real-time visualization of internal organ development and dynamic physiological processes using standard light microscopy (MacRae CA et al., 2015). It is possible to literally watch the heart tube loop, chambers form, and blood cells circulate, and to identify malformation as they occur. Second, and perhaps most importantly, the zebrafish embryo’s survival is decoupled from its cardiovascular function for the first several days of life.  Unlike a mammalian fetus, which relies on placental circulation for oxygen and nutrient delivery, the zebrafish embryo obtains oxygen directly from the surrounding aqueous medium via passive diffusion.  This “enabling principle” is the key to its power in developmental cardiotoxicity studies.  In a mammal, a chemical that induces a severe cardiac malformation(e.g., failure of heart tube looping or cessation of beating) would cause immediate fetal demise from hypoxia and circulatory collapse.  The experiment would end, and the underlying teratogenic mechanism would be obscured by general lethality. In the zebrafish, however, an embryo with a completely non-functional or severely malformed heart can survive for days.  This allows researchers to study the full progression of severe cardiac teratogenesis, observe the downstream morphological consequences (such as pericardial edema), and, critically, harvest tissue at multiple time points to investigate the molecular mechanisms (e.g., pathway disruption, gene expression changes) that led to the detection.  This unique biological trait allows for the study of toxic phenotypes that would be impossible to investigate in any other vertebrate model.

3. ZEBRAFISH EMBRYONIC DEVELOPMENT: A FIVE-DAY CARDIOVASCULAR CHRONOLOGY

A baseline understanding of normal development is essential to identify and contextualize toxicological deviations.  The cardiovascular system is the first organ system to form and function in the zebrafish embryo.  Its development is a rapid and highly orchestrated process (Kimmel CB et al., 1995).

0-24 hpf (Day 1): Formation of the Heart Tube
Cardiogenesis begins remarkably early.  By 5 hpf, during the cleavage stage, cardiac progenitor cells are already present in the lateral marginal zone of the embryo.  Following gastrulation, these cells, originating from the anterior lateral plate mesoderm, migrate towards the embryonic midline.  By 19 hpf (20-somite stage), these migrating precursors fuse at the midline to form a cone structure.  By 24 hpf, this structure has elongated to form a linear, beating heart tube.  At this stage, the heart is functional, and unidirectional electrical conduction being, propelling circulation throughout the body (Hu N et al., 2000).

24- 48 hpf (Day 2): Cardiac Looping (Cyclization) and Chamber Formation
The period between 24 and 48 hpf is a critical window of morphological transformation. The linear heart tube undergoes cardiac looping (also referred to as cyclization), an essential process where the tube elongates, bends, and twists.  This looping, which is completed by 48 hpf, is correctly and the atrium positions the future chambers, moving the primitive ventricle anteriorly and the atrium posteriorly. This one is essential in determining the proper spatial geometry of the mature heart. Even the slightest interference during this window, to which the fungicide iprodione causes the failure of cardiac cyclization, causes serious and irreversible malformation.  At the age of 48 hpf, the heart has differentiated into separate chambers (atrium and ventricles) and the cardiovascular system is fully functional and robust enough to handle all its loads at full capacity (Hu N et al., 2000).

48-120 hpf Days 3-5 Maturation, Valvulogenesis, and Hatching
After the formation of the looped heart, days of growth and perfection are set.

Valvulogenesis: The maturation of the atrioventricular (AV) valve is a very important developmental process which commences at approximately 43 hpf.  AV wall endocardial cells start clustering and remodelling.  This process lasts till the 72 hpf where the leaflets of the valves will be fully developed and operational, which can prevent the retrograde blood flow of the ventricles into the atrium.
Conduction: A rapid conduction system starts forming in the ventricles at the age of 72-96 hpf, which matures the electrical system of the heart.
Hatching: This is a major milestone of development, and one of the typical toxicology outcomes; hatching out of the protective chorion commences at approximately 48 hpf.   The hatching of most embryos occurs at 72 hpf, and in most cases, it is done at 96 hpf.  The ability to fail to batch is a sensitive toxicity sign, such as with the fungicide Thiram (Kimmel CB et al., 1995).
This is the timeline that supplies a control map that would be utilised in toxicological evaluation.  With the time of activities such as looping and valve formation determined, scientists can identify the developmental window that a particular chemical is acting upon, making their search for its mechanism of action a little less broad (Table 1) (Kimmel CB et al., 1995).

Table 1: Chronology of key cardiovascular development events in zebrafish (0-120 hpf)
	Time(hpf)
	Developmental stage
	Key cardiovascular event
	Key regulating genes

	5 hpf
	Cleavage stage
	Cardiac progenitors
	-

	14-19 hpf
	Somite stages
	Cardiac precursors migrate from anterior lateral plate mesoderm and fuse at the midline
	Gata5

	24 hpf
	Prime 5 stage
	Formation of a linear, beating heart tube. Unidirectional conduction begins  
	Hand2

	30-48 hpf
	Long-pec stage
	Cardiac looping (cyclization) occurs. Primitive atrium and ventricle are established. 
	Gata5

	43-72 hpf
	-
	Atrioventricular (AV) valve formation; endocardial cushions remodel into functional leaflets.
	Hand2

	48-96 hpf
	-
	Hatching from chorion cardiovascular system is fully functional.
	Nkx 2.5, Ctr9,Tbx 20


[image: ]Fig.1: 0.2-3.3 hpf of zebrafish embryo development : The zebrafish embryos rapidly cleave from zygote to 1000 cell stage (Kimmel CB et al., 1995).
[image: ]Fig.2: 3.7-12 hpf of zebrafish embryo development: Zebrafish complete epiboly, gastrulate, and form 1-6 somites (Kimmel CB et al., 1995).
[image: ][image: ]Fig.3: 14-35 hpf of zebrafish embryo development: Zebrafish embryos advance through mid-to-late segmentation and early pharyngula periods (Kimmel CB et al., 1995).
Fig.4: 42-72 hpf of zebrafish embryo development: Zebrafish embryos progress through late pharyngula (high-pec stage) into the hatching period (Kimmel CB et al., 1995).
4. ZEBRAFISH AS A BIOSENSOR FOR CHEMICAL-INDUCED TOXICITY

The established principles and developmental timeline of the zebrafish embryo provide the foundation for its use as a highly sensitive biological sensor.  The following case studies, drawn from the provided literature, illustrate the model’s capacity to detect and dissect the toxicity of diverse chemical classes.

Toxicokinetics: The Critical Role of Speciation and Internal Concentration
A high-level toxicological principle is demonstrated by the study of beta-blockers, which underscores that the conditions of the test are as important as the compound itself.  The toxicity of ionizable compounds, which includes the majority of pharmaceuticals, is highly dependent on the pH of the surrounding medium. Beta-blockers, such as propranolol and metoprolol, are weak bases.   At a neutral environment pH, they are primarily in their protonated (charged, cationic) state, which is not readily membrane permeable.  However, as the pH of the medium becomes more alkaline, the neutral species fraction of the compound increases.  The uncharged, neutral form is more lipophilic and passes through biological membranes with favored kinetics. This chemical specification has a profound effect on toxicokinetics.  For propranolol, as the pH increased from 5.5-8.0, the apparent Bioconcentration Factor (BCF) increased nearly 100-fold, from 1.86 to 169.  This enhanced uptake directly translated to 100-fold increases apparent external toxicity; the external LC50 (lethal concentration for 50% of embryos) dropped from 2.42 mM at pH 5.5 to 0.023 Mm at pH 8.0 (Bittner L et al., 2018). Critically, when researchers calculated the internal effect concentration (IEC)-the actual dose measured inside the embryo -they found it remained in a similar range for all pH values and endpoints.  This seminal finding demonstrates that the intrinsic toxicity of the drug is constant, but its bioavailability is a function of pH.   This implies that any toxicity data for ionizable compounds reported without rigorous pH control, or based solely on external aqueous concentration, may be highly variable and misleading (Bittner L et al., 2018); Nakamura Y et al., 2008).

Case Studies in Pharmacological Cardiotoxicity
The zebrafish model has been extensively validated for assessing drugs with known human cardiotoxicity.
Cancer Therapeutics: Targeted cancer therapies are notorious because of cardiotoxic side effects. A case study about Tyrosine kinase Inhibitors (TKIs) determined that imatinib in addition to ponatinib cause dose-related heart zebrafish embryo malformation.  It is a morphological observation which was supported at the molecular level; the embryos exhibited a strong level of corroboration increment of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) expression.  This is an essential discovery because ANP and BNP are the clinical biomarkers that are issued by a strained or failing heart in human patients, clinical and molecular fidelity of the model (Zakaria ZZ et al., 2024).
Immunosuppressants: Exposure of zebrafish embryos to cyclosporine A (CsA) caused a classic cardiotoxic phenotype: severe pericardial edema (accumulation of fluid around the heart), slowing of heart rate (bradycardia), and an excessively large distance between the venous sinu-arterial bulb (SV-BA) distance is strong evidence of a physical of the heart to loop and compact appropriately in 24-48 hpf window (Wan M et al., 2021 ).
Fluoroquinolone antibiotics: Recent analysis of gatifloxacin (GTFX) and ciprofloxacin (CPFX) induced a definitive understanding of the various forms of toxicity.  The morphological (pericardial edema) and functional (reduced heart rate and cardiac output) damage were induced by GTFX.  On a sharp contrast, CPFX exposure resulted in no morphological abnormalities; embryos were seen to be visually normal, with no edema.  But the functional analysis showed that CPFX produced severe and hidden toxicity such as marked reduction of heart rate as well as cardiac output.  This observation is a strong indication that a toxicology screen that relies solely on morphological endpoints (e.g. Edema, mortality) would wrongly consider CPFX to be safe.   An effective evaluation should be multi-dimensional that combines morphological, functional, and molecular endpoints that will encapsulate the entire toxic potential spectrum (Shen R et al., 2019).

Case Studies in Environmental and Ecotoxicology
The model is also skillful in describing the dangers of the environmental contaminants.

Fungicides: Thiram and iprodione are chemically different though they were observed to cause a common, severe teratogenic phenotype in embryos of zebrafish.  These two compounds resulted in a typical set of developmental toxicities such as pericardial edema, yolk sac edema, abnormal somites and curved spines.  The cardiac cyclization (looping) failure was directly connected to the toxicity of iprodione, clearly locating its teratogenic effect to be in the 24-48 hpf developmental window.  Thiram also provoked abnormal blood flow in the tail and gross hatching defects, indicating a possible interference with enzymes of chorion digestion or physical motility of the larva itself (Wei Y et al., 2021).
Herbal Extracts: Other fundamental toxicological variables, such as the solvent, are noted in the study of Sutherlandia frutescens extracts.  Ethanolic extract of this plant was observed to be much more toxic to zebrafish larvae compared to the aqueous(water) extract, which is the traditional method of medicine.  Both extracts caused pericardial cysts and bleeding at high concentrations, but the toxicity of the ethanolic preparation was much smaller.  This is an indication that the extraction procedure that identifies the concentration and profile of extracted substances is a significant determinant of toxicity.  This result confirms the relative safety of the classic preparation and casts a warning flag to the contemporary commercial flag tinctures, which frequently use ethanol as a solvent (Chen L et al., 2018).

Such examples, which are summed up in Table 2, demonstrate the ability of the model to describe different chemical classes, identify particular developmental periods of vulnerability, and differentiate morphological and functional toxicity.  

Table 2: Overview of developmental and cardiotoxic outcome of various chemical agents on zebrafish embryos.

Pharmaceutical
	Chemical class
	Compounds
	Key phenotypes (Morphological & functional)
	Key molecular mechanism(s)
	Supporting Evidence

	Beta-blockers 
	Propranolol, Metoprolol
	pH-dependent LC50 (100-fold ↑ for propranolol),bradycardia, decreased swimming.
	Toxicokinetics: pH→ ↑ neutral fraction→ ↑BCF→ ↑ internal conc. (IEC is pH- independent).
	(Bittner L et al., 2018)

	Tyrosine kinase inhibitors(TKIs)
	Imatinib, ponatinib
	Dose-dependent heart malformation.
	Upregulation of ANP and BNP expression (biomarkers of cardiac injury).
	(Zakaria ZZ et al., 2024)

	Immunosuppressants 
	Cyclosporin eA (CsA)
	Pericardial edema, bradycardia (decreased SV-BA distance, shortened body length.
	Oxidative stress (ROS↑), Apoptosis (p53, caspase↑), Wnt signalling↑
	(Wan M et al., 2021)

	Fluoroquinolone antibiotics 
	Gatifloxacin
(GTFX)
	Pericardial edema, bradycardia decreased cardiac output.
	Calcium signalling↓
(atp2a11↓, tnncla↓).
	(Shen R et al., 2019)

	Calcium channel blocker
	Verapamil 
	Heart failure (used as inducer)
	(Not specified, used as inducer)
	

	Environmental contaminants

	Chemical class
	Compound(s)
	Key phenotypes (Morphological &functional)
	Key molecular mechanism(s)
	Supporting Evidence

	Dicarboximide fungicides
	Iprodione
	Pericardial edema, yolk sac edema, decreased heart rate, shortened body length.
	Oxidative stress (ROS↑, MDA↑,CAT↑), Apoptosis p53, caspase ↑). 
	(Wei Y et al., 2021)

	Di thiocarbamate fungicides
	Thiram
	Pericardial edema, yolk sac edema, abnormal somites, hatching defects, abnormal tail blood flow, bradycardia.
	(Not specified in snippets)
	

	Herbal extracts
	Sutherlandia frutescens
	Pericardial cysts, bleeding, pericardial edema, yolk sac swelling. (Ethanol extract significantly more toxic than water extract).
	(Not specified in snippets)
	(Chen L et al., 2018)

	Natural products
	Amaranthus viridis 
	(Used as a rescue agent). Contains flavonoids, alkaloids. Showed cardioprotective activity, rescuing heart rate and phenotype.
	(Not specified in snippets)
	

	Dicarboximide fungicides
	Iprodione
	Pericardial edema, yolk sac edema, decreased heart rate, shortened body length.
	Oxidative stress (ROS↑, MDA↑,CAT↑), Apoptosis p53, caspase ↑). 
	



5. UNIFYING MOLECULAR MECHANISM OF CARDIOTOXICITY

One of the main benefits of the zebrafish model is the possibility to go beyond the phenomenological observation (i.e. what happens) to mechanistic dissection (i.e. how it happens).  The data celebrates the fact that different toxicants can get to the same phenotype, though they may take different molecular pathways.

Oxidative Stress as a Synthetic Process
Another common and convergent toxicity pathway that appeared after assessing chemically different compounds is the induction of oxidative stress.  This process has been discovered in the case of both the pharmaceutical immunosuppressant cyclosporine A (CsA) and the fungicide iprodione (strength unknown) (used in the environment) (Wan M et al., 2021; Wei Y et al., 2021).
Exposure in both instances resulted in accumulation of reactive oxygen species (ROS) in the embryo in both cases to a significant extent in a dose-dependent manner especially in the pericardial area.  This redox homeostasis imbalance was also established using downstream biomarkers:

Malondialdehyde (MDA): CsA and iprodione increased the level of MDA.  MDA is the lipid peroxidation product and an important indication that ROS are attacking cell membranes.
Antioxidant Enzymes: The action of the internal antioxidant enzymes had been interfered with.  Exposure to iprodione, such as the activity of catalase (CAT), which is a crucial enzyme in the neutralization of hydrogen peroxide, was lowered, which enhanced ROS accumulation (Wei Y et al., 2021).

[bookmark: _GoBack]This suggests that for many toxicants, the induction of oxidative stress is a primary, general mechanism of cellular damage that leads to the observed teratogenic phenotypes.

Apoptosis: The Consequence of Oxidative Stress
The overwhelming cellular damage caused by this oxidative stress appears to trigger a downstream effector program: programmed cell death, or apoptosis. This, too, was a shared mechanism for both CsA and Iprodione. Acridine orange (AO) staining, which labels apoptotic cell showed a significant increase in cell death in the hearts of exposed embryos.  This phenotypic observation was confirmed at the molecular level by quantifying the expression of key apoptosis-regulating genes (Storer NY et al., 2010).  Both compounds were found to upregulate the p53 tumor suppressor gene. The activation of p53, in turn, initiated the intrinsic apoptotic pathway by:
1. Upregulating the pro-apoptotic gen bax.
2. Activating the initiator caspase,caspase-9.
3. Activating the executioner caspase,caspase-3.
This p53 bax caspace-9 caspase-3 cascade leads directly to the cellular degradation and tissue malformation, such as pericardial edema, observed in the embryos (Wei Y et al., 2021).
Specificity of molecular disruption: A “mechanistic fingerprint”
While oxidative stress appears to be a general, convergent pathway for toxicity, the data also demonstrate the model’s sensitivity in distinguishing highly specific, upstream modes of action.  This allows for creation of a “mechanistic fingerprint” for different toxicants.

· Specific pathway 1 (Wnt signalling): the cardiotoxicity induced by cyclosporine A (CsA) was specifically linked to the up- regulation of the Wnt signalling pathway. This was evidenced by the increased transcription of Wnt target genes such as catenin, lef 1, and axin2 (Wan M et al., 2021).
· Specific pathway 2(calcium signalling): In contrast, the toxicity of fluroquinolone antibiotics (CPFX and GTFX) was not linked to Wnt< but to a completely different mechanism: the downregulation of genes essential for cardiac muscle contraction and calcium signalling. Specifically, exposure to these antibiotics significantly inhibited the expression of atp2a11(an ATPase pump) and tnnca (cardiac troponin C), which are both critical for the excitation-contraction coupling that allows the heart to beat (Shen R et al., 2019).

This is a very crucial distinction.  It demonstrates that although bradycardia (a functional deficiency) may result both with CsA and CPFX, it happens due to totally different causes.   CsA has a developmental signalling interaction with the mediating effect, and CPFX has a direct effect in disrupting the contractile machine of the heart, making the zebrafish the first model to give meaningful detail of exactly how it might be mediated, significant in drug development as well as environmental risk assessment.

6. ZEBRAFISH IN BIOMODELLING SCIENCE: RESCUE AND CARDIO PROTECTION MODELLING

The actual strength of the zebrafish model is not only that it is capable of detecting the existence of toxicity, but it can also be used in the testing of therapeutic intervention and solutions.   This representation into practice translational application transforms the model of a passive biosensor into an active drug discovery platform.

Inhibition of rescue by mechanism
The trans-Mechanism payoff is the trans-Mechanism which rescues a hypothesized mechanism.  By intervening in a specific pathway, researchers can confirm whether that pathway is merely correlated with the toxicity or is, in fact, causal.

· Validating the Wnt pathway: The hypothesis that CsA’s toxicity was mediated by Wnt upregulation was tested by co-administration CsA with IWR-1, a known Wnt signalling inhibitor.  The results was an effective rescue of the CsA-induced heart defect.  This powerful result confirmed that Wnt pathway activation is a critical and “druggable” mediator of CsA’s cardiotoxicity (Wan M et al., 2021).

· Validating the oxidative stress pathway: Similarly, the hypothesis that oxidative stress was a casual driver of toxicity for both CsA and Iprodione was tested. Co-treatment with the potent antioxidant astaxanthin was shown to partially rescue the cardiotoxicity induced by both compounds.    This successful intervention validates oxidative stress as a common, casual mechanism, not just a bystander effect, and identifies a clear of compounds (antioxidants) for potential therapeutic development (Fan G et al., 2022; Shastak Y et al., 2023).

Screening for novel cardioprotective agents
The model can also be used in “reverse” to screen for new therapeutic agents. Instead of identifying the toxic effects of a new chemical, researchers can induce a known disease state and screen chemical libraries for compounds that “rescue” the phenotype. This approach was demonstrated in a study using the calcium channel blocker verapamil to induce a state of heart failure in zebrafish embryos.  This “sick” model was then used to  screen for protective in zebrafish embryos. An ethanolic extract of Amaranthus viridis, which contains bioactive compounds such as flavonoids and alkaloids, was found to have   significant cardioprotective activity. pre-treatment with the extract to a recovery of both heart rate and cardiac phenotype in the verapamil-treated embryos.  The model is shown to be useful in this study as a discovery engine of novel, protective therapeutics of natural product libraries or other chemical collections (Rodriguez LPS et al., 2025).

7. CONCLUSION AND FUTURE PERSPECTIVES

The zebrafish (Danio rerio) embryo has firmly become a necessary instrument in contemporary toxicology and pharmacology.  It is based on the utility of a distinctive and strong synthesis of in vivo biological complexity in vitro operational scalability.  The great level of genetic conservability with human beings, especially of the cardiovascular pathways, assures that the information created in the biological relevance.   At the same time, its low price, large fecundity and quick external development allow screening and analysis at a throughput that cannot be reached with traditional mammalian models (MacRae CA et al., 2015). The review has provided synthesized evidence to show the ability of the models to provide multi-layered toxicological assessment.  The tool of the zebrafish system enables researchers to link:

1. Toxicokinetics to the physicochemical environment (e.g., pH-dependent uptake of ionizable drugs).
2. Morphological Teratogenicity to specific developmental windows (e.g., failure of cardiac cyclization or spinal curvature).
3. Organ-Specific Functional Deficits (e.g., bradycardia, decreased cardiac output) that can be “hidden” and occur even in the absence of morphological defects.
4. Specific Molecular Mechanism of toxicity, creating a “mechanistic fingerprint” (e.g., Wnt pathway disruption vs. calcium signalling failure).
5. Convergent Stress Pathways (e.g., oxidative stress and p53-mediated apoptosis) which are universal (i.e. occur in different chemical classes).

Moreover, the true translational power of the models is achieved in the form of its ability to conduct rescue experiments.  These molecular pathways are causal and druggable targets, which are proven by the successful application of antioxidants such as Astaxanthin to alleviate toxicity and pathway -specific inhibitors such as IWR-1 to inhibit heart defects.  Combined with its usefulness in the screening of novel cardioprotective agents, this makes the zebrafish model not only a basic hazard sensing instrument, but also a complex solution development platform. Going forward, the combination of this model with the patient-derived xenografts and its established use in cardio protection screens will place the zebrafish as a central area in the creation of the next generation of safer, more useful pharmaceuticals, as well as in establishing environmentally related levels of security of the chemicals in our aquatic ecosystems.
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Definitions, Acronyms, Abbreviations

ANP — Atrial Natriuretic Peptide: A biomarker of cardiac strain or failure, upregulated in response to heart stress or injury. 
AO — Acridine Orange: A fluorescent dye used to stain and detect apoptotic cells. 
AP — Action Potential: The electrical signal that triggers cardiomyocyte contraction. 
BCF — Bioconcentration Factor: A measure of chemical accumulation in an organism relative to the surrounding medium. 
BNP — Brain Natriuretic Peptide (or B-type Natriuretic Peptide): A clinical and molecular biomarker released by stressed or failing cardiac tissue. 
bpm — Beats per Minute: Unit of measurement for heart rate. 
CAT — Catalase: An antioxidant enzyme that neutralizes hydrogen peroxide and protects against oxidative damage. 
CsA — Cyclosporine A: An immunosuppressant drug known to induce cardiotoxicity via oxidative stress and Wnt pathway disruption. 
CPFX — Ciprofloxacin: A fluoroquinolone antibiotic associated with functional cardiotoxicity (e.g., reduced heart rate and output) without overt morphological changes. 
ECG — Electrocardiogram: A recording of the heart's electrical activity, used to assess QT interval prolongation. 
hERG (or zfERG) — human Ether-à-go-go-Related Gene (zebrafish ortholog): Encodes a potassium channel critical for cardiac repolarization; inhibition leads to QT prolongation. 
hpf — Hours Post-Fertilization: A standard time unit for tracking zebrafish embryonic development stages. 
HTS — High-Throughput Screening: Rapid, large-scale testing of compounds for biological activity or toxicity. 
IEC — Internal Effect Concentration: The actual measured concentration of a compound inside the embryo, used to assess intrinsic toxicity independent of uptake factors like pH. 
Ikr — Rapid Delayed Rectifier Potassium Current: A key repolarizing current in cardiac action potentials; disruption can cause arrhythmias. 
LC50 — Lethal Concentration 50: The concentration of a substance that causes death in 50% of test organisms. 
MDA — Malondialdehyde: A biomarker of lipid peroxidation and oxidative stress. 
QT / QTc — QT Interval / Corrected QT Interval: A measure on ECG reflecting ventricular repolarization time; prolongation increases arrhythmia risk. 
ROS — Reactive Oxygen Species: Highly reactive molecules that cause oxidative damage when levels exceed antioxidant capacity. 
SV-BA distance — Sinus Venosus to Bulbus Arteriosus distance: A morphological measure used to assess cardiac looping defects and heart chamber positioning. 
TKI — Tyrosine Kinase Inhibitor: A class of targeted cancer drugs (e.g., imatinib, ponatinib) associated with cardiotoxicity. 
Wnt — Wingless/Integrated: A conserved signaling pathway critical for development; dysregulation linked to cardiotoxicity (e.g., by cyclosporine A). 
ZFET — Zebrafish Embryo Acute Toxicity Test: A standardized assay (e.g., OECD TG 236) for assessing acute toxicity in zebrafish embryos.
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