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Abstract | Zebrafish (Danio rerio) are one of the most effective models for researching multi-organ 
regenerative processes. Regeneration is an amazing biological phenomenon that differs greatly among 
vertebrates. Zebrafish have the capacity to effectively regenerate complex tissues and organs, including the 
heart, fins, central nervous system, spinal cord, and retina, in contrast to mammals. An integrative framework 
of zebrafish organ regeneration is presented in this review, with a focus on conserved molecular and cellular 
programs that are frequently used in various tissues with context-dependent changes. A highly coordinated 
series of biological processes, such as immune activation, temporary inflammation, resident progenitor cell 
activation, cellular dedifferentiation, and proliferative expansion, are involved in regeneration after injury. 
These processes eventually result in tissue remodeling and functional restoration. Important signaling 
pathways that regulate these regeneration responses include Wnt/β-catenin, Notch, Hedgehog, BMP, FGF, 
IGF, and TGF-β. Recent developments in lineage-tracing, spatial genomics, and single-cell transcriptomics 
have further shown similar gene regulation networks and conserved regenerative cell states in various organs. 
Zebrafish regeneration adheres to a single biological logic controlled by conserved signaling and epigenetic 
pathways, despite organ-specific variations in cellular origins and structural outcomes. In addition to offering 
promising translational potential for the development of regenerative therapies in humans, an understanding 
of these shared principles offers crucial insights into vertebrate regenerative biology, especially for conditions 
like myocardial infarction, spinal cord injury, neurodegeneration, and retinal degeneration.
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Introduction

A basic biological function that differs greatly 
between species is regeneration, or the capacity 

to replace lost or injured tissues. The zebrafish (Danio 
rerio) has become one of the most effective vertebrate 
models for researching robust regeneration across 
several organ systems, whereas mammals have a 
restricted capacity for regeneration (Gemberling 
et al., 2013; Poss, 2010). Zebrafish are a perfect 
creature for creating an integrative framework of 
organ regeneration because they can effectively 
regenerate the heart, fin, spinal cord, retina, liver, 
kidney, and portions of the central nervous system.

One important aspect of zebrafish regeneration is 
that it is controlled by conserved molecular and 
cellular programs that are reused across several tissues 
with context-dependent alterations, rather than 
being organ-specific in isolation (Hoang et al., 2020; 
Wagner et al., 2018). Zebrafish tissues usually initiate 
a coordinated series of events after injury, such as quick 
wound closure, immune cell recruitment, temporary 
inflammatory signaling, dedifferentiation or 
activation of resident progenitor cells, and subsequent 
proliferative expansion followed by tissue remodeling 
and functional restoration ( Jopling et al., 2010; 
Pfefferli and Jaźwińska, 2015). Conserved signaling 
pathways like Wnt/β-catenin, Notch, Hedgehog, 
BMP, and FGF, which are frequently used in various 
regeneration contexts, carefully regulate these phases 
(Stoick-Cooper et al., 2007; Tanaka and Reddien, 
2011).

Crucially, depending on the organ system, zebrafish 
regeneration depends on both dedifferentiation of adult 
cells and lineage-restricted progenitor cells (Kikuchi 
et al., 2010). For instance, although fin regeneration 
mostly depends on the development of a blastema—a 
mass of proliferative progenitor-like cells that restore 
structured growth—cardiomyocyte regeneration in 
the heart includes dedifferentiation and proliferation 
of already-existing cardiomyocytes. On the other 
hand, tissue-specific stem/progenitor populations 
and the proliferation of already differentiated cells 
are the main drivers of liver and kidney regeneration 
(Thorimbert et al., 2015). Despite these distinctions, 
many systems share common regulatory principles, 
including immune-mediated signaling, metabolic 
changes, and epigenetic reprogramming (Schenk and 
Drummond, 2025).

Another important feature is the role of the immune 
system and inflammatory milieu, which operate 
as a regulatory center for regeneration as well as a 
response to harm. Successful regenerative outcomes 
depend on neutrophils, macrophages, and cytokine 
signaling; their temporal modulation dictates whether 
fibrosis or regeneration takes place (Nguyen-Chi et 
al., 2015). This demonstrates how damage signals and 
organ-wide regeneration capability are coordinated 
systemically.

Zebrafish regeneration is extremely dynamic 
and involves conserved cell states across several 
organs, according to recent developments in single-
cell transcriptomics, lineage tracking, and spatial 
genomics (Maynard et al., 2024; Wei et al., 2022). 
These findings imply that regenerated tissues have 
similar transcriptional processes, including activation 
of progenitor-like states, extracellular matrix 
remodeling, and re-entry into the cell cycle, despite 
anatomical variances. 

Thus, in addition to summarizing regeneration in 
specific zebrafish organs, this review incorporates 
these systems into a cross-organ framework based 
on four recurrent features: immune regulation, 
dynamic extracellular matrix remodeling, activation 
or reprogramming of regenerative cell populations, 
and coordinated deployment of conserved signaling 
networks. While acknowledging the significant 
biological distinctions between zebrafish and 
mammalian healing responses, this integrated 
approach may help discover common regenerative 
processes and produce ideas for later validation in 
mammalian models.

Zebrafish multi-organ regeneration: conserved molecular 
and cellular programs
Integrated signaling pathways governing zebrafish heart 
regeneration
Unlike mammals, adult Zebrafish have the ability 
to regenerate the injured heart (Itou et al., 2012). 
Proliferation in pre-existing cardiomyocytes helps 
in the regeneration of cardiac tissue in zebrafish. 
Proliferation in cardiomyocytes mainly depends upon 
secreted growth factors, e.g., fibroblast growth factors 
(FGFs). Insulin-like growth factor (IGF) (Huang et 
al., 2013), Platelet-derived growth factor (PDGFs) 
(Lien et al., 2006), transforming growth factor β 
(TGFβ), bone morphogenetic proteins (BMPs), and 
Neuregulin (Nrg) (Chablais and Jaźwińska, 2012).
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Secreted growth factors play an important role in the 
stimulation of the mitogen-activated protein kinase 
/MAPK pathway, which is counter-controlled by 
another feedback, which is known as Dual specificity 
phosphatase 6 (Dusp6), an ERK phosphatase. A 
decrease in the activity of attenuator dual specificity 
phosphatase 6 (Dusp6) results in the regeneration of 
the heart. Decrease in the activity of attenuator Dual 
specificity phosphatase 6 (Dusp6) by small molecules 
or by inactivation of the gene, result in the increase 
of proliferation of cardiomyocytes, reduced fibrosis, 
coronary angiogenesis. A decline in the activity of 
PDGF receptor signaling result in the decrease in the 
regeneration of the heart in wild zebrafish (Han et al., 
2014). 

Growth factors perform many tasks in regeneration. 
For example, dedifferentiation of cardiomyocytes and 
proliferation in zebrafish are carried out by epidermal 
growth factor (Nrg1), (Gemberling et al., 2015) and 
fibroblast growth factors (FGFs) are responsible for 
activation of the mitogen-activated protein kinase 
pathway, which in turn performs differentiation 
and proliferation at the cellular level (Tsang and 
Dawid, 2004). In the process of heart regeneration, 
fibroblast growth factors (FGFs) are responsible 
for activation of epicardial cells. While Fibroblast 
growth factors (FGFs) along with the epithelial-to-
mesenchymal transition (EMT) are responsible for 
neovascularization (Lepilina et al., 2006; Lien et al., 
2006). 

Importantly, rather than acting individually, these 
pathways function as a network that is dependent 
on tissue and stage. Endocardial Notch signaling in 
the regenerating heart limits myocardial Wnt activity 
by inducing secreted Wnt antagonists, which in 
turn stimulate cardiomyocyte proliferation. While 
TGF-β signaling is necessary for efficient cardiac 
regeneration, IGF signaling promotes cardiomyocyte 
proliferation (Zhao et al., 2019).

It is observed that removal of dual specificity 
phosphatase 6 (Dusp6) is responsible for rapid heart 
repair (Purcell et al., 2007). In contrast, overexpression 
of dual specificity phosphatase 6 (Dusp6) is associated 
with suppression of the regenerative process in the 
heart of zebrafish. It is also reported that neuregulin 
(Nrg) or PDGF receptors (PDGFR) inhibitor are 
responsible for the stoppage of the regenerative 
process of the heart in zebrafish, but still in the 

existence of neuregulin (Nrg) or PDGF receptor 
(PDGFR) inhibitors, mutant dusp6 zebrafish has the 
ability of rapid heart regeneration. So, it has seen that 
chemical stoppage of dual specificity phosphatase 6 
(Dusp6) by small molecule is responsible for rapid 
heart regeneration in zebrafish, which may provide 
useful tools for therapeutic treatments (Han et al., 
2014). 

Transcripts encoding ECM-related proteins have 
been identified after the examination of regenerative 
hearts in zebrafish (Lien et al., 2006; Mercer 
et al., 2013). There is the overexpression of tnc 
transcript, matrix metalloproteinase, inhibitors of 
metalloproteinases, and tenascin C (tnc) found in 
between the injured site of myocardium and healthy 
heart (Chablais et al., 2011; Sallin et al., 2015). It is 
observed that epicardial cells are responsible for the 
synthesis of fibronectin (fn), which ultimately helps 
in the migration of cardiomyocytes. It is also shown 
that hyaluronic acid (HA) is also formed at the site 
of injured hearts, which plays an important role in 
heart repair of zebrafish (Wang et al., 2013). When 
compared to other mammals, heart regeneration in 
mammals is strongly dependent on age. For example, 
neonatal mouse hearts can regenerate through 
cardiomyocyte proliferation soon after birth, but this 
ability is quickly lost, and adult cardiac injury mostly 
results in the formation of reparative scars (Porrello et 
al., 2011; Sánchez-Iranzo et al., 2018).

Future investigations into the cardiac regenerative 
mechanisms of zebrafish may reveal specific molecules 
that can influence coronary heart regeneration; these 
molecules could elucidate how myocardial plasticity is 
sustained throughout regeneration, thereby facilitating 
cardiac repair following myocardial infarction in 
humans. Furthermore, identifying the variables that 
facilitate heart regeneration may not suffice to fully 
comprehend the regulation of myocardial plasticity 
following cardiac injury or myocardial infarction. 
Signaling pathway networks and epigenetic 
regulation, as depicted in (Figure 1), warrant further 
investigation to elucidate the mechanisms by which 
myocardial plasticity is liberated and reactivated for 
proliferation. This perspective suggests that zebrafish 
may serve as a preclinical model for analyzing 
cardiac plasticity, aiding in the development of novel 
therapeutic strategies to mitigate damage associated 
with myocardial infarction (MI).
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Figure 1: Mitogen activated protein kinase (MAPK) signal transduction. 

The MAPK signaling pathway may be downstream 
activation of ligand binding to receptor tyrosine- 
kinases (RTKs) with the aid of increase elements, 
which include HB-EGF, EGF, fibroblast growth 
factor 1 (FGF1), and fibroblast growth factor 2 
(FGF2), or with the aid of activation of CNTFR by 
way of ciliary neurotrophic factor (CNTF). In each 
pathway, adaptor proteins, which include GBR2, 
recruit Salt overly sensitive (SOS) to the activated 
receptor, and next activation of Salt overly sensitive 
(SOS) leads to phosphorylation of MEK, and RAS 
eventually extracellular signal-regulated kinase 
(ERK1/2). Activated ERK1/2 translocate into the 
nucleus and phosphorylates numerous transcription 
factors concerned with cellular proliferation, cell 
differentiation, and cell survival.

Integrated signaling networks governing zebrafish fin 
regeneration
Unlike mammals, Zebrafish has the ability to 
regenerate their fins. Molecular signals that help 
in fins regeneration are Notch, retinoic acid (RA), 
Hedgehog (Hh), Wnt, fibroblast growth factors 
(FGF), insulin-like growth factors (IGF), activin, and 
bone morpho-genic protein (BMP). Wnt/b-cate-
nin signaling is responsible indirectly for progenitor 
cell proliferation, epidermal patterning, osteoblast 
maturation by regulation of the multitude of signals 
at the secondary level. Much work is required to 
understand the function of these pathways at tissue- 
level and how the work and interaction of these 

pathways with each other (Chablais and Jaźwińska, 
2010; Grotek et al., 2013; Hirose et al., 2014; Poss 
et al., 2000; Smith et al., 2006). There is a functional 
connection between these signals. Wnt/β-catenin 
creates signaling hubs that control secondary FGF, 
BMP, retinoic acid, and Hedgehog signals during 
fin regeneration (Wehner et al., 2014). Additionally, 
their actions are coordinated both geographically 
and temporally: BMP stimulates the proximal 
differentiation of Runx2+ osteoprogenitors and 
inhibits Wnt activity, whereas Wnt/β-catenin sustains 
their distal differentiation (Stewart et al., 2014). 
Blastema development and regeneration outgrowth 
depend on FGF signaling (Poss et al., 2000).

However, regarding the regeneration of various 
organs or tissues, scientific research on the canonical 
Notch and Wnt pathways is markedly inadequate. 
Combination therapy employing pharmaceuticals that 
affect various pathways in organ or tissue regeneration 
may prove beneficial for future scientific inquiry. The 
growing emphasis on strategic improvements indicates 
that a more profound comprehension of Notch-Wnt 
signaling interactions and the development of related 
treatment strategies for organ and tissue regeneration 
are exciting prospects in the near future. After two 
days of fin amputation, expression of hyaluronan 
synthase 3 (HAS3) occurs. Concentration of 
hyaluronan synthase 3 (has3) goes on to increase up 
to a certain limit and then afterward decline. The has3 
transcription is responsible for wound epithelium 
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and regulates several signaling pathways such as 
phosphoinositide3-kinase (PI3K), transforming 
growth factors- û (TGFû), and FGFs. Moreover, after 
24 hours of amputation, inhibition of hyaluronic acid 
(HA) occurs, which results in the suppression of cell 
proliferation. While the distal-less homeobox gene 
5a (dlx5a), which is basically a wound epithelium 
marker and blastemal gene formerly related with 
fin regeneration. 4- MU-mediated defects present 
in the proliferation of cells and fin regeneration 
can be regulated by inhibition of glycogen synthase 
3-kinase (GSK3). Moreover, hyaluronic acid (HA) is 
mainly responsible for zebrafish fin growth and tissue 
regeneration. Mutation in methylation, acetylation, 
phosphorylation, and other post translational changes 
in the tail of histones such as H3 and H4 result in 
caudal fin regeneration. Regulation of functions such as 
vesicle aggregation, membrane structure modification, 
ion conductance and cytoskeletal structure anchoring 
is associated with annexin complexes. Inhibition of 
activation of NF-jB pathway is also mainly associated 
with the ANXA1. Absorption and dissolution of bone 
are mainly associated with the activity of ANXA2 
by using paracrine and autocrine factors (Tsang and 
Dawid, 2004). The fin regeneration process is also 
maintained when ANXA5 binds with the myosin 
regulatory light chain interacting protein (MIR) 
(Figure 2) (Knowlton et al., 2003).

Mature osteoblasts dedifferentiate and move in the 
direction of the blastema following damage. This 
mechanism is regulated by epidermal-fibroblast 
signaling through Fgf20a, Shh, and Wnt/β-catenin, 
which encourages the development of osteoblast 
progenitor cells in the proximal blastema for repair.

Molecular and cellular mechanisms of central nervous 
system (CNS) regeneration in zebrafish
Activation of ependymo-radial glial (ERG) 
progenitor cells is necessary for neuronal 
regeneration. ERG progenitor cells possess a 
soma that constitutes a segment of the ependyma 
and radial processes that extend across the entire 
thickness of the brain. Following a CNS injury, 
these cells are either awakened from quiescence or 
migrate to regions of constitutive cellular growth to 
restore missing neurons. Neurodegenerative disorders 
are a huge encumbrance to humanity nowadays, 
new therapeutic intrusions must be developed. The 
conceivable approach is comparison between non 
regenerative and regenerative animal models to search 
out resemblances and alterations at histological, 
cytological and molecular levels that could be 
productive to accomplish regeneration in the human 
brain. Zebrafish nervous system regeneration is a 
treasurable choice for that comparison (Chapouton et 
al., 2007; Kaslin et al., 2008). The neurogenic niches 
are found in various mammal’s nervous systems, but 
endogenous regeneration is perceived in zebrafish 
(Barbosa and Ninkovic, 2016; Chapouton et al., 2007; 
Kaslin et al., 2008). For the endogenous neurogenesis 
and differences and resemblances examined by using 
various injuries in different regions of the zebrafish 
central nervous system (Zupanc et al., 1998). 
Zebrafish have the capability to produce new neurons 
and perseverance of glial scar and inflammation. New 
neurons produced with proper specification having a 
long life (Kroehne et al., 2011). Neuron regeneration 
after injury has not been observed, while in zebrafish 
endogenous regeneration plays a vital role in neuron 
regeneration. Therefore, we will focus on histological 

Figure 2: Fin regeneration integrated model. 
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and cellular conditions in various parts of the nervous 
system of zebrafish on the basis of physiological 
condition.

In zebrafish progenitor cells, which have the capability 
to produce new neurogenic niches that regenerate 
new neurons, a similar cell is also present in the 
mammalian nervous systems, but they lose their 
character to produce new neurons with the passage 
of time (Chapouton et al., 2006; Chapouton et al., 
2007; Diotel et al., 2015; Edelmann et al., 2013). The 
progenitor cell located at telencephalon region of the 
brain in zebrafish, which contains specialized cells 
called ependymal cells. By nature, they are progenitor 
cells and under physiological conditions produce new 
neurons (Chapouton et al., 2010; Ganz et al., 2010). 
In mammalian brain these ependymal cells proliferate 
only under physiological conditions and produce a 
neurogenic niche (Di Giaimo et al., 2018; Diotel et 
al., 2013; Kishimoto et al., 2012; Kroehne et al., 2011; 
Lim et al., 2016; Viales et al., 2015). These progenitor 
cells express various biomarkers like nestin, brain lipid 
binding protein (Blbp), glial fibrillary acidic protein, 
which are very useful for comparison (Adolf et al., 
2006; Ganz et al., 2010; Kroehne et al., 2011; Lindsey 
et al., 2012). The genetic approaches are to identify 
the messenger RNA of ependymal cells and isolate 
of their population in different positions of the brain 
and decode their molecular pathways. For discrete 
molecular feature dissection of various populations or 
colonies of ependymal or progenitor cells to enabled 
the identification of markers, which are helpful to 
display morphology and primary proliferation stem cell 
biology in zebrafish and related molecular information 

stimulate the stem cell-based regeneration. According 
to previous studies, adult Zebrafish nervous system 
activity is affected by environmental hazards due to 
abnormal signaling pathways like Notch, Wnt, Fgf, 
Bmp, and chemokine signaling. This extensive set of 
insights may be technological and serve to contrast 
the capabilities of zebrafish neural stem cells with 
human conditions, thus aiding in the discovery of 
how a critical neurogenesis cascade may be initiated in 
mammals. The instrumental approach to regeneration 
in the treatment of Alzheimer’s disease (AD) has the 
potential to be a game changer (Figure 3) (Chapouton 
et al., 2010; Kizil et al., 2012).

The circles depict a schematic of the main mechanisms 
involved in the brain and spinal cord regeneration of 
zebrafish. Signaling pathways, chemicals, and cell 
types that are involved in regeneration in zebrafish 
are highlighted. 

Conserved molecular networks driving functional spinal 
cord regeneration in zebrafish
Tumor necrosis factors (TNF) are mainly responsible 
for the regeneration in the spinal cord, which in turn 
results in a decrease the level of interleukin-1 beta, 
which is released from neutrophils. Dopamine and 
serotonin are also responsible for regeneration in 
the spinal cord (Barreiro-Iglesias et al., 2015), which 
releases proliferating progenitor like pMN-like 
progenitors. Regulation of Wnt (Wehner et al., 2017) 
and Notch signaling are responsible for regeneration. 
Pathways such as YES1, CTNNB1, and FGFR2 are 
also require for regeneration in Spinal cord.

Figure 3: Cell types and pathways controlling CNS regeneration in zebrafish. 
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After spinal cord injury, at the lesion site, non-neural 
cells arrive and form a complex extracellular matrix 
(ECM) (Didangelos et al., 2016). In vertebrates like 
fish, the crossing of regenerating axons occurs at the 
lesion site of the crossing of regenerating axons at the 
lesion site of complex extracellular matrix (ECM) 
(Okada et al., 2018; Takeda et al., 2015). The Wnt/
β-catenin pathway is responsible for controlling the 
formation of Complex Extracellular Matrix (ECM) 
at lesion site in Zebrafish because deposition of 
ECM and fibroblast biology are mainly controlled 
by Wnt/β-catenin signaling (Bergmann and 
Distler, 2016; Cigliola et al., 2020; Lim et al., 2018; 
Noorimotlagh et al., 2017). Moreover, functional 
recovery and axonal reconnection also mainly depend 
upon Wnt/β-catenin pathway (Udeh et al., 2019; 
Wehner et al., 2017). If the researchers can succeed in 
especially suppressing the formation of inhibitors and 
simultaneously stimulating the production of growth-
promoting molecules, this could open up new healing 
opportunities for paralyzed people.

Signaling of Wnt/β-catenin is responsible for 
stabilization of Wnt ligand and translocation of 
β-catenin into the nucleus, where it adapts the 
transcription of target genes with the protein of the 
Tcf/Lef family (Haferlach et al., 2016). Different 
ECMs performs different functions, which are mainly 
responsible for regeneration and growth of axons. For 
example, collagens col19a1, col18a1, and col15a1b 
are responsible for the development of motor axons, 
while col4a5 is responsible for regeneration of axons 
at the spinal cord site of Zebrafish (Figure 4) (Guillon 
et al., 2016; Isaacman-Beck et al., 2015).

Figure 4: Hippo signaling on high cell density 

When Hippo signaling is activated (in conditions 

of high cell density): The activation of KIBRA and 
NF2 via unidentified upstream signaling results in 
the activation of MST1/2. MST1/2 is activated 
by phosphorylating SAV1, which subsequently 
phosphorylates LATS and MOB1. The active 
LATS/MOB phosphorylates YAP/TAZ, resulting 
in cytoplasmic retention through 14-3-3 protein 
and subsequent proteasomal destruction of YAP/
TAZ. Consequently, TEAD engages with VGL4 and 
inhibits the expression of target genes.

Growth factor and hedgehog signaling in zebrafish reti-
nal regeneration
Zebrafish retinal regeneration is associated with 
many growth factors, (Russell, 2003; Wan et al., 2012; 
Zhao et al., 2014) like epigenome modifiers (Mitra 
et al., 2018; Powell et al., 2012; Powell et al., 2013), 
Sonic hedgehog signaling–induced gene regulatory 
networks (Kaur et al., 2018; Thomas et al., 2018), 
cytokines (Wan et al., 2014; Zhao et al., 2014), 
differentiation factors (Munderloh et al., 2009), gene 
transcription factors (Ramachandran et al., 2010; 
Thummel et al., 2010; Wan et al., 2014), cell cycle 
regulators (Figure 5), which are present at the site of 
injury and responsible for differentiation of retinal 
neurons extent. (Luo et al., 2012; Ramachandran et 
al., 2011) Sonic Hedgehog signaling contributes to 
Müller glia-dependent regenerative responses and 
progenitor proliferation in the retina, demonstrating 
that the function of a conserved route relies on the 
responding tissue and regenerative stage (Thomas et 
al., 2018).

The retina is a simple organ present just on the back 
of the eyes and connected with the CNS. It basically 
consists of one glial cell type and six neural cell types. 
The Muller glial cell type forms major part of the retina 
also extend and interact with the neuron (Bringmann 
et al., 2009; Reichenbach and Bringmann, 2013). 
Activation of certain cytoskeleton genes occurs, for 
example, vimentin and fibrillary acidic protein (GFAP) 
(Hippert et al., 2015). After injury in zebrafish’s 
retina, results in increased Gfap expression as well as 
activation of hypertrophy occurring (Thomas et al., 
2016), afterward, Muller glia adopt the properties of a 
retinal stem cell which results in the proliferation and 
generation of retinal progenitors (Kassen et al., 2007; 
Powell et al., 2013; Qin et al., 2009; Ramachandran et 
al., 2010; Ramachandran et al., 2012).

Reprogramming of the Zebrafish genome occurred 
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after the changes in gene expression which result in 
methylation of DNA and active the genes which is 
responsible for multipotency (Bringmann et al., 2009; 
Reichenbach and Bringmann, 2013). Migration of 
Muller glial cells occurs from INL to the outer side of 
nuclei layer (ONL) and nuclear migration starts along 
with the generation of retinal progenitor (Lahne et al., 
2015; Nagashima et al., 2013). The retinal progenitor 
also performs interkinetic nuclear migration and it 
intensifies in a Pax6-dependent manner (Lahne et al., 
2015; Thummel et al., 2010) which ultimately result in 
regeneration of retinal neurons (Fausett and Goldman, 
2006; Ramachandran et al., 2010). In the retina, there 
is a similar species difference: damage reprograms 
zebrafish Müller glia into neurogenic progenitors, 
however adult mouse Müller glia mainly regains 
quiescence and have little neurogenic competence 
(Hoang et al., 2020).

The Zebrafish model is useful to resolve mechanisms 
of photoreceptor loss. In addition, not like mammals, 
zebrafish have the potential to absolutely regenerate 
damaged photoreceptors, raising the desire for future 
treatments for this disorder.

Figure 5: Hedgehog signaling pathway

Subsequent to the CDO/BOC-mediated interaction 
of the HH ligand with PTCH1, SMO is derepressed 
and translocated to the primary cilium. A protein 
complex including KIF7 and SUFU linked with 
GLI transcription factors is actively translocated 
to the activated SMO. Active SMO promotes the 
dissociation of GLI proteins from SUFU, resulting 
in the nuclear accumulation of GLI1/2 and the 
subsequent activation of target genes.

Common cellular and molecular mechanisms across ze-
brafish regenerating organs

Zebrafish organs share a number of fundamental 
regenerating pathways despite tissue-specific 
variations. Immune cells, especially macrophages, 
help create a pro-regenerative milieu during the 
coordinated inflammatory response that is triggered 
by injury (Bruton et al., 2022; Petrie et al., 2014). 
Tissue-resident regenerative cells are then activated 
by proliferation, dedifferentiation, or the acquisition 
of progenitor-like states. For instance, Müller glia 
produce neural progenitors after retinal injury, while 
pre-existing cardiomyocytes multiply during heart 
regeneration ( Jopling et al., 2010; Nagashima et al., 
2013).

Therefore, immune modulation is an active, stage-
dependent part of the regenerative program rather 
than just a result of injury. Fin investigations reveal 
that macrophages promote inflammatory resolution, 
blastema proliferation, tissue expansion, and 
patterning (Kyritsis et al., 2012; Petrie et al., 2014). 
In the adult zebrafish brain, acute inflammation 
is necessary for injury-induced neural progenitor 
proliferation and regenerative neurogenesis. These 
results highlight that whether the injured environment 
promotes regeneration depends more on the timing 
and resolution of inflammatory signals than on 
inflammation alone.

An extra layer connecting damage signals to 
regenerative cell-state modifications is provided by 
epigenetic regulation. The elimination of restrictive 
H3K27me3 marks is linked to the reactivation of 
developmental genes during fin regeneration, and 
proper regeneration requires a histone demethylase 
(Stewart et al., 2009). While lineage-specific DNA 
methylation is relatively stable, genome-wide 
analyzes also reveal dynamic changes in chromatin 
accessibility, suggesting that regeneration entails 
the selective opening of regulatory areas rather 
than a general loss of cell identity (Lee et al., 2020). 
Furthermore, a molecular link between tissue damage 
and regeneration-specific transcriptional programs 
can be established by activating gene expression in 
regenerating heart and fin tissues through injury-
responsive tissue regeneration enhancer elements 
(Kang et al., 2016).

Another common regulatory element is provided 
by extracellular matrix (ECM) remodeling, which 
produces a dynamic environment that promotes tissue 
rebuilding and cell migration (Govindan and Iovine, 
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2015; Wang et al., 2013). These pathways, along with 
conserved regenerative signaling networks, establish 
a common framework: injury and immune activation 
→ activation of regenerative cells → proliferation → 
ECM remodeling and tissue patterning → functional 
restoration. However, the proportional contributions 
and cellular origins of these mechanisms differ 
between organs. Therefore, even though mammals 
share a number of injury-responsive pathways, 
variations in regenerative-cell competence as well as 
in the persistence or resolution of fibrotic and glial 
responses can cause tissue regeneration to give way 
to repair (Stewart et al., 2014; Wehner et al., 2014; 
Zhao et al., 2019). When considered collectively, 
immunological cues, alterations in the epigenetic 
state, conserved signaling pathways, and ECM 
dynamics function as a network of interrelated injury-
response mechanisms that regulate the activation of 
regenerative cells and the eventual repair of tissue.

Conclusion and future perspective 
In this review we are developing a deep understanding 
of many aspects of the regeneration process in zebrafish, 
underlying genetic basis, molecular pathways and 
stimulators of molecular pathways, that are associated 
in regeneration process. Previous studies mainly 
associated with the regeneration models in zebrafish 
mostly related to non-proliferating tissue, which is 
block after completion of tissue or system, like nervous 
tissue, photoreceptor, and cardiac muscles. In the case 
of cardiac tissue, growth factors are the most important 
factor to stimulate MAPK pathways, also connected 
with feedback, which is known as Dual specificity 
phosphatase 6, an ERK phosphatase, which leads to 
regeneration of the heart. Growth factors perform 
many tasks in regeneration, like differentiation 
and division of cardiac cells in zebrafish. Fibroblast 
growth factors (FGFs) is responsible for activation of 
epicardia cells. While fibroblast growth factors (FGFs) 
along with the epithelial-to-mesenchymal transition 
(EMT) are responsible for neovascularization. Heart 
regeneration models of zebrafish are useful in the 
future for the treatment of myocardial infarction. 
Zebrafish’s regeneration in the retina is related to 
many growth factors, like sonic hedgehog signaling–
brought on by a gene regulatory network, cytokines, 
gene transcription factors, epigenome modifiers, 
cellular cycle regulators, and differentiation elements, 
which might be present at the website of injury and 
liable for differentiation of retinal neuron quantity. 

While zebrafish offer an effective model for 
determining the pathways involved in successful tissue 
regeneration, it is important to use caution when 
extrapolating these results to mammals. Regenerative 
ability, immunological responses, cellular plasticity, 
tissue architecture, and injury-associated fibrotic 
responses are all significantly different between 
zebrafish and mammals. As a result, processes that 
encourage regeneration in zebrafish might not provide 
the same results in mammalian tissues. However, 
comparative research might help discover molecular 
or cellular processes that require more validation 
in mammalian models and differentiate conserved 
regeneration mechanisms from zebrafish-specific 
responses. Therefore, rather than being direct proof 
of human treatment efficacy, zebrafish regeneration 
should be largely seen as a mechanistic framework for 
developing and testing regenerative theories. 
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