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ABSTRACT	 The axolotl, a legendary creature with the potential to regenerate complex body parts, is 
positioned as a powerful model organism due to its extraordinary regenerative capabilities. Axolotl can 
undergo successful regeneration of multiple structures, providing us with the opportunity to understand 
the factors that exhibit altered activity between regenerative and non-regenerative animals. This com-
prehensive review will explore the mysteries of axolotl regeneration, from the initial cellular triggers to 
the intricate signaling cascades that guide this complex process. We will delve deeply into the multifac-
eted interplay of genes and factors, highlighting the key role of signaling pathways and the influence of 
epigenetic modifications (such as DNA methylation, histone modification, and miRNA regulation) during 
regeneration. Furthermore, we will discuss how axolotls defy the odds by showing remarkable resistance 
to cancer, offering insights into potential therapeutic strategies. However, that is not the end; we will also 
highlight how age might affect the regenerative power of this creature. We hope this review will help 
navigate the awe-inspiring realm of axolotl regeneration, advance our understanding  of regenerative 
biology, and chart pathways for future investigations aimed at uncovering new therapeutic approaches.
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Introduction

Regeneration can be described as the restoration of lost cells, 
tissues, or organs in organisms and it is thought to be an adaptive 
capability that organisms have developed in the course of evolu-
tion (El Agha et al., 2016). It is considered an evolutionary trait 
that is distributed unevenly among organs and organisms across 
the animal kingdom (Somorjai et al., 2012). As we move from the 
lower level (Invertebrates) to the higher level (vertebrates), there 
is a substantial decrease in regeneration abilities. Invertebrates 
such as planarians (Rink, 2013) and Hydra (Vogg et al., 2019) show 
extensive regeneration abilities and can regenerate entire organ-
isms from small tissue fragments, whereas primitive vertebrates 
show modest regeneration (Zhao et al., 2016). Among vertebrates, 
urodeles amphibians like newts and salamanders occupy first rank 
as vertebrate models to study regeneration, followed by frogs and 
fish that also have noteworthy regenerative capacities (Gesslbauer 
and Radtke, 2018). Ambystoma mexicanum (axolotl) is a urodeles 
amphibian native of a clear water lake in Mexico City named Lake 
Xochimilco (Humphrey, 1975). Axolotl is considered to be the cham-
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pion of regeneration as axolotl has mastered the ability to repair or 
replace tissues after injury or amputation (Roy and Gatien, 2008). 
This amazing model helps to investigate mechanisms controlling 
regeneration and cellular behavior to give desired outcomes and 
pattern formation during the regeneration of limbs (Zhulyn et al., 
2023)), gills (Saito et al., 2019), tail (Carbonell M. et al., 2022), lens 
and also internal structures like heart (Pedersen et al., 2021), brain 
(Yin et al., 2022) and lungs (Jensen et al., 2021). It can undergo 
complete and faithful regeneration of complex structures and 
gives us hope to enhance the regenerative potential in humans 
(Huang et al., 2024). 

Axolotl emerged as an excellent model due to its elegant and 
unique methods of regenerating lost or injured tissues or organs. 
It is also considered an excellent model to use in research due to 
its less evolutionary distance to mammals in the evolutionary tree 
of life compared to invertebrate models of regeneration. Axolotl 
belongs to the class Amphibia, which diverged 400 million years 
ago (Biscotti et al., 2020), and mammals diverged nearly 129 mil-
lion years ago, while invertebrates like amphioxus diverged 625 
million years ago (Igawa et al., 2017). Previously, the molecular 
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techniques used for studying axolotl were limited to biochemical, 
embryonic and phenomenological studies, and the absence of 
fully sequenced genome was a major limitation. However, after 
complete genome sequencing of axolotl, many advanced molecular 
tools have been developed to identify highly conserved genes and 
pathways that might be involved in the successful restoration of 
lost body parts (Sámano et al., 2021; Smith et al., 2005). The RNA 

sequencing technologies and microarray studies that were being 
used previously for transcriptional studies can be coupled with 
the now available genomic sequence of axolotl to gain a complete 
understanding of gene expression during regeneration. 

Furthermore, RNA sequencing at single-cell resolution (Leigh 
et al., 2018) and cellular reprogramming (Atsuta et al., 2024) will 
help us to understand cellular diversity, cellular dynamics, and 
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cell lineage and mark the donor tissues. Genomic manipulation of 
axolotl using CRISPR–Cas9 to create genetically modified axolotl 
will help to study the function of specific genes in the regeneration 
process by inserting or removing (knock in or knock out) specific 
genes (Fei et al., 2018; Tilley et al., 2022). Similarly, gene overex-
pression or gene knockdown by Electroporation-based method is 
also being used to study the regeneration process in axolotl by 
coupling it with gene editing or gene regulatory techniques (Fu et 
al., 2023). Genetic and epigenetic factors precisely regulate the 
regeneration process and play an essential role in key regenerative 
events, so epigenetic control involving DNA methylation, histone 
modifications, and microRNAs is also emerging as a key area of 
this research field (Hayashi et al., 2020; Voss et al., 2021; Gupta 
et al., 2023).

Axolotl as a model: charting regenerative research mile-
stones

Compared to mammals, in which regenerative capacities are 
limited to a few parts of the body such as skeletal muscle in adult 
mammals (Sastourné-Arrey et al., 2023), heart regeneration in 
neonatal rats (Wang et al., 2020), digits tips of adult mouse (John-
son et al., 2020), and spiny mice that can regenerate cartilage, 
muscles, dermis, hair follicles, and improved cardiac repair (Peng 
et al., 2021; Tomasso et al., 2024), axolotl can undergo highly 
successful regeneration of various structures. Axolotl employs 
epimorphic mode of regeneration, characterized by the appear-

ance of proliferative blastema at the site of injury or wound and 
leads to the restoration of the complete structure by subsequent 
differentiation (Laplace-Builhé et al., 2021). Axolotl has a long his-
tory of being used as a research tool to understand and investigate 
the complex mechanisms of regeneration. Axolotl came into the 
limelight in 1768 with the discovery of tail and limb regeneration 
by Spallanzani (1769). Later on, it was cultivated in the laboratory 
since 1864 to investigate various mechanisms (Reiß, 2022). Until 
now, the inability to carry out genetic studies and incompletely 
defined cellular mechanisms in model species possessing the 
capability to regenerate were the main limitations to answering the 
fundamental questions of Regenerative Biology. However, recent 
advancements in molecular technologies have made it possible 
to overcome these limitations by investigating the regenerative 
capabilities of model organisms. Axolotl genome size ranges from 
14 to 120 GB. A great achievement has been made by sequencing 
and assembling a large-sized genome of A. mexicanum containing 
32 GB distributed in 14 chromosome pairs. It was challenging due 
to the largest size ever sequenced (10-fold as large as the size of 
the human genome), where a significant majority, comprising 70%, 
of the genome consists of repetitive elements (Nowoshilow et al., 
2018). Later on, it was validated by mapping it with the transcrip-
tomic data of 22 tissues from different body parts of an axolotl, 
which ended in 85% alignment. Furthermore, transcriptomic data 
provided extensive gene datasets and expression profiles specific 
to tissues. Due to its striking regenerative potential, it has become 
an ideal organism for research and has gained the attention of 
many researchers who want to study the hidden mechanisms of 
regeneration. To get an estimate of the research on axolotl’s regen-
erative power, we undertook a study on PubMed. We searched with 
keywords “regeneration” and “axolotl” and each body part (limbs, 
gills, tail, heart, lens, spinal cord, skin, brain) separately between 
the years 2000 and 2024 and compared the number of publications 
for each organ in Fig. 2. Studies conducted on limb regeneration 
of axolotl surpass the other body parts because limb regeneration 
is a unique potential observed only in axolotl among tetrapods.

Dive into the cellular and molecular dynamics of Axolotl 
regeneration

 Although various animal models have been widely studied to 
understand the molecular basis of regeneration, axolotl emerged 
as an excellent model due to its elegant and unique methods of 
regenerating lost or injured tissues or organs. Unlike several other 
amphibious salamanders, axolotl does not necessarily undergo 
metamorphoses into terrestrial form, maintaining aquatic larval 
form even after sexual maturity, and due to this trait, they are 
named neotenic animals (Demircan et al., 2016). Early researchers 
also named them “slave of the water” in the sense that they do not 
metamorphose to adapt themselves into terrestrial existence in 
contrast to the closely related organisms of the genus Ambystoma. 
One of their closest relatives is Ambystoma tigrinum, which, unlike 
A. mexicanum, does not retain juvenile traits and metamorphose 
into terrestrial form and, along the way, lose its fringed gills and 
caudal fin (Ryan et al., 2009).

Researchers gave different hypotheses to explain why these 
species can regenerate while others do not. One hypothesis sug-
gests that as axolotls are neotenic and do not complete meta-
morphosis, retaining juvenile characteristics or embryonic-like 

Fig. 2. Total number of publications related to regeneration in various 
body parts of axolotl. Between the years 2000 and 2024 was searched 
on PubMed by using keywords “axolotl” and “limbs”, “gills”, “tail”, “heart”, 
“lens”, “spinal cord”, “skin” or “brain”. The number of publications in which 
“regeneration” and “axolotl” were mentioned together is 435 compared to 
the zebrafish regeneration model which was alluded to in 2,946 publica-
tions. While total number of publications mentioning “axolotl” was 754, and 
publications mentioning “zebrafish” were 48,737. Thus, whereas the % of 
zebrafish papers dealing with regeneration was 6% (2,946/48,737), that of 
axolotl papers dealing with regeneration was 58% (435/754).
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characteristics, so they are capable of regenerating their body 
parts (Tompkins, 1978; Galliot and Ghila, 2010). This hypothesis 
was supported by the example of the African clawed frog, which 
shows robust regeneration at larval stages and loses this ability 
after the initiation of metamorphosis (Suzuki et al., 2006). How-
ever, this hypothesis was not accepted because studies on newts 
which show endogenous metamorphosis (Iten and Bryant, 1973) 
and axolotl, in which metamorphosis can be induced by activating 
thyroid hormone signaling, do not correlate with this hypothesis, 
and it shows that metamorphosis can restrict regeneration in frogs 
but not in urodeles (Tompkins and Townsend, 1977; Rosenkilde et 
al., 1982). Another hypothesis states that the depleted or simple 
immune system of Urodeles, in contrast to that of mammals, 
makes them able to regenerate their body parts (Mescher and Neff, 
2005). Increased regenerative abilities in some tetrapod species 
with simpler immune responses support this hypothesis (Godwin 
and Brockes, 2006). While, other conflicting examples also exist, 
with developed immunity playing a role in regeneration (Godwin 
and Brockes, 2006).

Although axolotls are unique in their ability to regenerate several 
body parts, limb regeneration in axolotls has been extensively in-
vestigated to understand the cellular and molecular mechanisms 
that regulate tissue or organ regeneration. Limb regeneration in 
axolotls from amputation to the complete restoration of the lost 
structure in completed in few distinct stages as described in Fig. 3.

Amputation or injury leading to wound healing
When an animal gets injured or amputated, the underlying tissues 

become exposed to pathogens, and the injury site becomes full 
of debris or dead cells. So, several biological processes must be 
activated to protect from pathogens, mitigate blood loss and clean 
the debris (Godwin et al., 2013). Immune cells are key players in the 

wound healing process after injury. Transcriptomic studies have 
shown that the number of macrophages and neutrophils increases 
at the amputation site, where neutrophils activate anti-inflammatory 
macrophages by suppressing NF-κB signalling and macrophages 
halt the inflammatory response (Rodgers et al., 2020; Marwick et al., 
2018; Li et al., 2021). The study of Godwin et al., (2017) indicated 
that the presence of macrophages is crucial to regulating fibroblast 
activity and preventing excess fibrosis during the early stages of 
heart regeneration in axolotl. They also showed that the absence 
of macrophages at the start of the wound healing process results 
in excessive fibrosis, altered enzyme activity in extracellular matrix, 
and impaired regeneration. Neutrophils aim to clean the cellular 
and molecular debris at the wound site and direct the production 
of matrix metalloproteinase for collagen degradation. Following 
amputation or injury, exposed mesenchymal tissues are covered 
by migrating epithelial cells. Closure of wound is rapid, and it is 
usually closed in four hours in young axolotl (this timing may in-
crease with age) (Carlson, 1998). This wound healing without scar 
formation prevents damage, infection, or inflammation (Harty et 
al., 2003). In mammals, wound healing results in scar formation, 
which discriminates the wound healing process between mam-
mals and axolotls. It is known that, except for major nerves, their 
absence does not affect wound healing. At this stage, the wound 
epidermis is also established, which is critical for triggering the 
expression of several genes that will participate in events leading 
to limb regeneration. And if it is removed or disturbed, regeneration 
will not proceed (Roy and Lévesque, 2006; Goršič, 2007).

Dedifferentiation resulting in blastema formation
In the coming days, the apical epidermal cap, also known as 

the signaling network, is established to generate various signaling 
molecules that will help in the dedifferentiation and proliferation 
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of underlying tissues into the limb progenitor cells called blaste-
mal cells (Gardiner et al., 1999; Goršič, 2007). To understand the 
cellular mechanisms underlying dedifferentiation and blastema 
formation, Lin et al., (2021) studied the significant differences 
regarding cellular behaviour and dedifferentiation between the 
regeneration process of frogs and axolotl. To trace the detailed 
lineage, they established Prrx1:CreER;CAGGs:lp-Cherry stable 
transgenic frog lines and observed that blastema cells in frogs 
do not dedifferentiate into progenitors, resulting in incomplete 
patterning and regeneration. While in the axolotl, they found com-
plete dedifferentiation and transition to progenitors, highlighting 
the importance of cellular dedifferentiation. Actually, this stage 
is characterized by the dedifferentiation of cells in the mature 
limb tissues, losing their function, migrating under the wound 
epidermis to accumulate at the tip, and leading to proliferation, 
finally generating blastema (Bryant et al., 2002). There are several 
factors that have been reported to regulate blastema formation, 
for example, Fgf8 and Bmp7(Satoh et al., 2016), Hdac1 (Wang et 
al., 2019), p53 (Yun et al., 2013), and SHH (Furukawa et al., 2022). 
The factors affecting blastemal formation are not yet clear, but it 
has been observed that it depends on the signal generated during 
the wound healing process. Denervation leads to the failure of 
blastemal formation, indicating that nerves are required for this 
stage as it can stop the cells from dedifferentiating (Satoh et al., 
2007; Ferretti and Géraudie, 1998).

Redevelopment
During this stage, the undifferentiated mass of cells that 

were generated during the second stage begins to differenti-
ate, and cells reorganize to restore the lost organ or structure. 
Cells proliferate, and the blastemal grows and behaves like a 
developing limb (Muneoka and Bryant, 1982). Nerve dependency 
decreases in this stage, but blastemal growth still depends on 
the presence of nerves, and the absence of nerves will result in 
the failure to regenerate new structures (Stocum, 2011). Apart 
from that, cellular senescence is induced within the blastema, 
which helps in regeneration by generating a pro-proliferative 
environment that stimulates the expansion of neighbouring 
progenitor cells and supports the overall growth of the blastema 
(Yu et al., 2023). Although the signals generated from the wound 
epidermis, apical epidermal cap, or nerves are enough to trigger 
blastema formation, the growth of blastema requires positional 
information from the cells that originate from opposite sides of 
the regenerating limb (Endo et al., 2004). Previous research il-
lustrates that a complete array of positional cues composed of 
cells from various axes present under the base of the blastema 
is necessary for regenerating the limb. Molecular profiling and 
tracking of cells by using transgenic axolotl strains and single-cell 
RNA sequencing is now being used to understand cell lineage 
progress during blastema formation and subsequent blastema 
growth. It helps track individual cell types and the specific gene 
activity within the growing blastema (Gerber et al., 2018; Currie 
et al., 2016). Similarly, Super‑paramagnetic iron oxide particles 
(SPIOs) have also been used to track labelled cells in the regen-
erating environment of the axolotl limb (Lauridsen et al., 2018). 
Any missing positional information can be filled by the interac-
tion of cells with each other located in different regions or with 
different positional information, known as intercalation (Bryant 
et al., 1981; McCusker et al., 2015).

Influential role of signalling pathways/networks in regen-
eration

After complete genome sequencing of axolotl, many advanced 
molecular tools are developed to identify highly conserved genes 
and pathways that might be involved in the successful restoration 
of lost body parts (Sámano et al., 2021; Smith et al., 2005). Until 
now, various signaling pathways and genes have been identified 
as critical for making regeneration successful, but the function of 
many genes is still not clearly understood (Sanor et al., 2020). The 
remarkable ability of axolotl to regenerate its injured or lost body 
parts is regulated by multiple signaling pathways/factors/genes, 
which enable the intricate process of growth and repair (Fig. 4). 
These pathways or signaling networks modulate the cellular re-
sponses in a complex way by up-regulation or down-regulation of 
multiple genes in response to injury or damage. These pathways 
precisely regulate key regenerative events such as cell differentia-
tion, proliferation, and patterning. The activation of any response 
inside the cell is carefully organized. Also, these pathways or 
networks are interconnected to each other, and a signal travelling 
through one pathway may activate another pathway. So, there is 
cross-talk or cross-communication between different pathways 
where activation/termination of one signaling pathway can influ-
ence the other pathway until the relevant function is carried out. 
Many intracellular signaling pathways participating in the regula-
tion of metabolism, growth, development, and cellular response 
to environmental changes have been studied and the activity of 
individual proteins involved in these pathways has been investigated 
(Pryciak, 2009; Kanehisa et al., 2004). For example, the activation 
of Wnt/β-catenin signaling is crucial for regenerating different body 
parts of the axolotl, and chemically blocking the Wnt signaling can 
stop blastema formation (Wischin et al., 2017). Many other genes, 
factors or pathways have been reported to regulate the blastema 
formation in axolotl such as Bmp2, Bmp7, Gdf5 (Makanae et al., 
2013), RA (Vieira et al., 2019), Fgf2, Fgf8 (Makanae et al., 2014), 
Prrx-1 (Satoh et al., 2011), grem1, ptc1, shh, gli1, twist1, kazald1 
(Bryant et al., 2017), and Sp9 (Satoh et al., 2008). Similarly, the 
proliferation stage in axolotl regeneration is regulated by several 
genes such as Shh (Schnapp et al., 2005), ROS especially H2O2 
(Carbonell M. et al., 2022), cyr61, casp7 (Voss et al., 2018), Anocta-
min1, Anoctamin2, erk1, erk2 (Franklin et al., 2017), NRG1 (Farkas 
et al., 2016), BMP2 (Lehrberg and Gardiner, 2015), PL1 and PL2 
(Zhu et al., 2012). Finally, some genes or factors regulate tissue 
patterning or morphogenesis such as FGF, SHH (Nacu et al., 2016), 
RA (Polvadore and Maden, 2021), Meis1, Meis2 (Mercader et al., 
2005), Hoxb13, Hoxc10 (Carlson et al., 2001), Gli3, Etv4 (Bickelmann 
et al., 2018), TBX5, Chrdl1 (Vieira et al., 2023).

Apart from the above described specific stages of regeneration, 
researchers have found that, the overall regeneration of various body 
parts of axolotl such as limbs, gill, tail, lens, spinal cord, and skin, 
is driven by a significant array of genes and signaling pathways, 
including TGF- β signaling (Lévesque et al., 2007; Ponomareva et al., 
2015), Vegf (Ritenour and Dickie, 2017), Notch Signaling (Sousounis 
et al., 2014; Ponomareva et al., 2015), Akt Signaling (Hayashi et 
al., 2014), HSP-70 (Lévesque et al., 2005), Yap1 (Bay et al., 2023; 
Yin et al., 2023; Hayashi et al., 2014), Sox-9 (Guimond et al., 2010), 
mTOR signaling (Zhulyn et al., 2023), Mmp-9 (Satoh, Hirata and 
Satou, 2011; Yang et al., 1999), Msx1, Msx2, Gremlin1(Nacu et al., 
2016), Wnt-5a, Wnt-5b, and Wnt-7a (Ghosh et al., 2008; Ponomareva 



108    M. Faisal et al.

et al., 2015), FGF and Bmp (Satoh et al., 2016: Nacu et al., 2016; 
Satoh et al., 2011; Vieira et al., 2019), HH signaling (Torok et al., 
1999; Singh et al., 2018).

Failure in the proper regulation of these mechanisms will lead 
to the inadequate activation of cellular responses, causing disease 
(Paulovich et al., 1997). For example, it has been observed that 
mutation of epidermal growth factor receptor (EGFR) results in 
various cancer types (Paez et al., 2004). Similarly, malfunction 
of the Wnt signaling pathway has been investigated to cause 
colorectal cancer (CRC) (Shimizu et al., 2002). Cell signaling is 
critical for examining the growth and activity of aberrant cells or 
cells combatting unfavorable circumstances. To understand the 
importance of the signaling pathway in any biological process, 
several experimental strategies are adopted, such as the expression 
pattern of genes specific to the pathway after using knock-out or 
knock-down techniques, and resulting effects on the phenotype of 
cells are observed (Summerton, 2007). Activation or deactivation 
of genes that code for proteins results in various changes in one 
or more signaling pathways, and it ultimately alters the cellular 
response.

Epigenetic regulation of regeneration in Axolotl

Contrary to mammals, axolotl can regenerate its injured or 
damaged body parts without scar formation and is widely used for 
understanding the mechanism of regeneration due to its striking 
regenerative potential. Significant advances have been made in 
understanding the signaling pathways and cell sources involved 
in regenerative mechanisms in axolotl. In the field of regenerative 
biology, epigenetic regulation has gained a central focus, and it 

involves multiple components such as DNA methylation, chro-
matin remodelling complexes, miRNAs, and histone modification 
(Rosa-Garrido et al., 2018). As we know, restoration of any organ is 
completed through a series of biological responses such as wound 
healing, cell dedifferentiation, proliferation, and redifferentiation, 
both genetic and epigenetic alterations trigger transcriptional and 
translational activities at the molecular level to complete these 
responses.

Role of DNA methylation in Axolotl regeneration 
DNA methylation, which results in the chemical modification of 

DNA, has a critical role in silencing genes, inactivation of X-chromo-
somes, genome stability, and the site of methylation in genomic DNA 
can be the 5th carbon position of 5-cytosine phosphate-guanine-3 
dinucleotide (Zhu et al., 2018). Until now, it was believed that DNA 
methylation results in the inhibition of gene expression, but recent 
methylation analysis protocols, such as the combination of high-
throughput sequencing and whole genome bisulfate sequencing 
disclosed the other facet of its role in recruiting transcription fac-
tors, gene activation, and splicing regulation. In 2015, Aguilar and 
Gardiner evidenced that the downregulation of DNMT3a expression 
due to increased nerve signaling plays a role in the early stages of 
axolotl limb regeneration. They explained that downregulation of 
DNMT by using beads of decitabine triggers Sp9 re-expression and 
also results in delayed reformation of the basal lamina, which further 
aids in blastema formation. If the reformation of basal lamina is 
not inhibited, it will inhibit the signaling between AEC and blastema 
mesenchyme leading to failure of blastema formation, so its inhibi-
tion is necessary for blastema formation (Neufeld and Day, 1996). 
Until now, 3 DNA methyltransferases have been spotted, of which 

Fig. 4. A general profile of signaling pathways/factors involved in axolotl regeneration across different body parts. 



A review on Regenerative Potential of Axolotl    109 

DNMT3a and DNMT3b are crucial for de novo methylation of CPG 
islands while DNMT1 is maintenance methyltransferase (Moore 
et al., 2013). To maintain the overall status of DNA methylation, 
methylation and demethylation antagonize each other.

Role of histone modification in Axolotl regeneration
Apart from DNA methylation, chemical changes to histone pro-

teins like acetylation/deacetylation, phosphorylation, or methyla-
tion play a crucial role by turning on/off specific genes regulating 
the regeneration of body parts in axolotl. Actually, these kinds of 
chemical modifications to histone proteins act like a switchboard 
that decides which genes are going to be activated or deactivated in 
any biological response (Zhu et al., 2018). In this type of epigenetic 
regulation, the histone tail is modified, which results in conforma-
tional changes of chromatin, making it loose (euchromatin) or tight 
(Heterochromatin), leading to gene expression or silencing. Histone 
acetyltransferases (HATs) and Histone deacetylases (HDACs) have 
been indicated to accelerate acetylation or deacetylation, respec-
tively. The key role of HDACs is to remodel chromatin to a more 
condensed form by removing the acetyl group from lysine residues, 
resulting in gene silencing (Bolden et al., 2006). The study of Wang 
et al., (2019) showed that using MS-275, which is an HDAC inhibitor 
prevents blastema formation in the regenerating limb of the axolotl, 
indicating that HDAC1 expression is necessary for blastema for-
mation. Similar experiments were conducted by Voss et al., (2019) 
in which they observed the effects of 172 compounds on the tail 
regeneration of axolotl embryo. Surprisingly, nearly 55 compounds, 
including histone deacetylase inhibitors (HDACi) such as romidepsin 
(anti-cancer drug), inhibited tail regeneration in axolotl when treated 

processes, such as the regeneration of tissues, differentiation, or 
development, require coordinated gene expression in various cell 
types. Exploring the key role of miRNAs as effectors of gene expres-
sion during regeneration in multiple species, especially Axolotl and 
Zebrafish, has become an active area of research. These non-coding 
RNAs are highly conserved, and they can directly or indirectly regu-
late the regeneration processes by targeting components of various 
signaling pathways, such as hedgehog or cytokine signaling (Sing 
et al., 2015). MicroRNAs are versatile molecules that regulate gene 
expression networks, fine-tune gene expression, cell differentiation 
and fate, maintain pluripotency of stem cells, cell proliferation, cell 
reprogramming, and regulate developmental timing (Bartel, 2018). 
Considering the great regenerative potential of axolotl and the 
regulatory roles of microRNAs, we provide a summary of recent 
findings regarding how miRNA regulates regeneration in axolotl in 
Fig. 5. Sehm et al., (2009) observed the possible role of miR-196 
in tail regeneration of axolotl. Direct inhibition of mir-196 leads to 
defective regeneration and decreased cell proliferation. Another 
microRNA, miR-206, also plays an essential role in regeneration by 
suppressing pax7. The suppression of pax7 acts as a signal for the 
cells to proliferate, and it is necessary for successful regeneration 
(Gearhart et al., 2015; Sehm et al., 2009). While identifying the novel 
miRNAs during tail regeneration of axolotl, Gearhart et al., (2015) 
observed the expression pattern of Amex-miR-pn3918, -pn2611, 
and –pn2533 in early blastema during tail regeneration and when 
inhibited defective tail regeneration was witnessed.

A number of miRNAs were also identified to play a critical role 
during limb regeneration, but this area is poorly understood. Yu et 
al., (2019) observed the stage-specific regulation of miR-223 and 

Fig. 5. Novel miRNAs which have been found to play a role at different stages during the regen-
eration of various body parts of the axolotl. 

continuously for seven days, supporting the 
idea that the activity of HDAC is required for 
gene expression during regeneration. Previous 
studies also show that romidepsin treatment 
results in the overexpression of genes, such 
as cited2 and txnip, which are negative regu-
lators of Hif1α (Hypoxia-inducible factor-1α), 
suggesting the association of HDAC activity 
with oxidative stress and hypoxia (Berlow 
et al., 2017; Malone et al., 2017). To further 
validate the inhibitory effects of romidepsin in 
axolotl tail regeneration, Baddar et al., (2021) 
used CoCl2, which is a chemical stabilizer of 
Hif1α (Wagatsuma et al., 2020) together with 
romidepsin to observe whether CoCl2 can 
rescue the inhibitory effects romidepsin. They 
first treated axolotl with romidepsin, which 
inhibited axolotl tail regeneration and resulted 
in the high upregulation of cited2. Then, they 
cotreated axolotl with romidepsin and CoCl2, 
which partially rescued the inhibitory effects 
of romidepsin.

Role of miRNA in Axolotl regeneration
Small non-coding RNAs, also known as 

miRNAs (microRNAs), degrade the mRNAs 
by binding to their complementary sequences, 
resulting in the downregulation of gene ex-
pression and, thus, regulating the expression 
of multiple genes. Many complex biological 
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miR-133a. Among them, miR-133a is responsible for regulating 
the expression of G6PD and SH3G1, while miR-223 specifically 
regulates the expression of collagen alpha-3 (IX) chain during 
wound healing or blastema formation. As reported by Holman et 
al., (2012), the expression of miR-21 was enhanced in the mid-
bud blastema during limb regeneration of axolotl, resulting in the 
downregulation of the Jagged1 gene. Similarly, liver regenera-
tion in axolotl is regulated by multiple miRNAs such as miR-122, 
miR3600, miR425-5p, and miR-233, which are highly expressed, 
and miR-429 and miR-454b, which show lower expression in the 
same organ (Caballero-Pérez et al., 2018). Apart from tail, limb, 
and liver regeneration in axolotl, the role of miRNAs has also been 
reported in spinal cord regeneration. Sabin et al., (2019) reported 
the role of miR-200a in the recovery of spinal cord injury. They 
found that axolotl glial cells express a non-canonical form of AP-1 
complex known as AP-1cFos/JunB, and its overexpression can lead to 
defects in axon regeneration. To avoid that, glial cells upregulate 
miR-200a, which inhibits the c-Jun expression and inhibits the 
formation of AP-1cFos/JunB, resulting in successful regeneration. 
They also reported that inhibition of miR-200a leads to defective 
regeneration. Similarly, in another study, the role of miR-200a 
was identified as the stabilizer of neural stem cell identity during 
spinal cord regeneration in axolotl. Moreover, its inhibition with an 
antisense inhibitor changed the fate of cells or caused the neural 
stem cells to remain in progenitor state (Walker et al., 2022). In 
another interesting study, Demircan et al., (2021) performed small 
RNA sequencing on plasma samples of neotenic and metamor-
phosed axolotls to check the critical role of miRNAs between two 
groups of axolotls and found 16 differentially expressed circulat-
ing miRNAs. They found some miRNAs related to cancer, such 
as hsa-mir-4792, mir-144, and mir-21, as highly downregulated 
miRNAs, while p-hsa-mir-304 was highly upregulated. MicroRNAs 
take part in the regeneration of various body parts in axolotl by 
regulating the expression pattern of genes and pathways involved 
in regeneration.

Are Axolotls resistant to cancer?

Apart from astonishing regenerative potential, axolotl shows 
significant resistance to carcinogens and unlike humans, whose 
number of cancer cases is increasing every day, axolotl shows 
an extremely low incidence of cancer (Waddington, 1935). The 
major risk factors and the mechanism that contributes to the high 
incidence of cancer are not identified yet but genetic changes and 
environmental and behavioral factors can be the major contribu-
tors. Regeneration and cancer/tumorigenesis share some similar 
characteristics, but the result of regeneration is life, and cancer 
results in death as the process of regeneration is strictly controlled 
by the activity of several tumor suppressors such as pRb1, p53, Pten, 
and Hippo, while tumorigenesis results in uncontrolled cell prolif-
eration (Charni et al., 2017; Pomerantz and Blau, 2013). Another 
important factor controlling cell number and proliferation during 
regeneration to avoid uncontrolled growth is apoptosis, which 
strictly controls the size of the organ being regenerated (Guerin 
et al., 2021). Previous studies have also reported that cancer is 
a dysregulated regeneration process (Schäfer and Werner, 2008) 
or wounds that do not heal (Dvorak, 2015), even it is also believed 
that highly regenerative cells have more likelihood of developing 
cancer (Maggiore and Zhu, 2024). 

In axolotls, regeneration permissive environment encompassing 
both cellular and acellular elements mirrors tumor-like character-
istics. For example, the initiation of proliferative signals and the 
formation of blastema cells, which show phenotypes (proliferation, 
expression of oncogenes, changes in the chromatin) similar to 
cancer cells (Vieira et al., 2020). Nevertheless, unlike cancer, the 
regeneration process in axolotl is well-balanced, and it requires 
tight control of cell cycle regulators during regeneration (Espinal-
Centeno et al., 2020). While in regeneration, the growth of tissues 
proceeds without fibrosis, but cancer involves fibrosis. Regeneration 
initiates with the keratinocytes moving towards the wound site to 
generate an apical epithelium cap (AEC), also known as signaling 
network after proliferation. Later, it produces various regenerative 
signaling molecules that are necessary for regeneration (Torres‐
Dimas et al., 2022). This regeneration is completely free of any 
errors or mistakes, which only restores the lost body part. When 
the regeneration completes, all the signals involved in regulating 
this complex process must be stopped; otherwise, it will cause 
abnormal tissue growth and tumor formation (Bölük et al., 2022). 
Axolotl’s resistance to cancer has also been demonstrated by 
treatment with various carcinogens like polycyclic hydrocarbons. 
However, the resistance to carcinogens decreases with the age of 
axolotl (Ingram, 1971). Suleiman et al., (2020) demonstrated that 
crude extract from limb tissues of axolotls inhibits cell proliferation, 
induces differentiation, and modifies gene expression of HL-60 
leukemia cells. Additionally, the study of Allegrucci et al., (2011) 
showed that axolotl oocyte extracts have the potential to induce the 
reprogramming of breast cancer cells by restoring expressions of 
silenced tumor suppressors genes, eliminating repressive histone 
marks on promoters, demethylating DNA and diminishing tumor 
growth and cancer cell proliferation in mouse xenografts.

Regenerative potential of Axolotl in the face of aging

According to the reports of Illingworth (1974), the rate and 
efficiency of regeneration in younger people is higher than in old 
people supporting the idea that age might affect regeneration 
potential. Humans’ life spans various stages, from embryo to 
adulthood and finally death, where they go through distinct physi-
ological changes at each stage. Various factors are responsible 
for these physiological changes, such as nutrition (Shimokawa and 
Trindade, 2010), cellular metabolism (Afanas’ev, 2010), endocrine 
signaling (Van Heemst, 2010), genetic or environmental changes 
(Jin, 2010), etc. Although it is difficult to address the exact stage 
when aging begins, there are multiple attributes such as adult stem 
cell pool depletion, a significant decrease in reproductive poten-
tial, increased DNA damage and cellular senescence, changes in 
immune responses, and longer time taken to heal injures, can be 
linked to aging phenomenon (Jin, 2010). Additionally, increased 
vulnerability to age-related ailments like heart disease, cancer, 
and Alzheimer’s disease, decreased potential to self-renew, and 
capacity to differentiate into progenitor cells are also related to the 
aging process (Sikora et al., 2010). So, the decrease in regenerative 
potential in humans due to the aging process is being addressed.

Compared to humans, the life cycle of axolotl is faster, and it 
takes approximately 9 to 12 months to become sexually mature. 
There are age-related alterations in the axolotl, such as a decrease 
in fertility rate (Jones et al., 2014) and changes in the body struc-
ture and composition of the skeleton, where the cartilaginous 
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skeleton is replaced by bones with age. In amphibians, ossification 
starts when they undergo metamorphosis (Quilhac et al., 2014). 
Riquelme‐Guzmán et al., (2022) showed that, unlike other amphib-
ians, limb skeleton ossification in axolotl continues throughout 
life with significant transition at the age of 10 months when they 
reach sexual maturity. They observed a mineralized ring around the 
cartilaginous mid-diaphysis at the juvenile stage of axolotl while a 
denser calcified surface around the sexual maturity period. They 
also observed that ossification can be triggered with exogenous 
thyroxine. It is reported in other amphibians like Xenopus laevis that 
regenerative potential decreases significantly after ossification or 
metamorphosis (Wolfe et al., 2000). Nevertheless, limb regeneration 
in axolotl persists even after it becomes adult, although it declines 
with age or after metamorphosis (Monaghan et al., 2014).

Although it is evident that axolotl ages, these animals show 
striking resistance to diseases or pathologies that are associ-

lenging to make wound epithelium in response to injury (Bryant 
et al., 1981). Furthermore, alterations in the signaling pathways 
and hormones could cause a decline in regenerative capabilities 
(Galton, 1992). To get insights into the molecular mechanisms be-
hind regeneration in juvenile and aged axolotls, del Moral-Morales 
et al., (2023) performed transcriptomic analysis of regenerating 
limbs and blastema to compare it with old axolotls that could not 
regenerate successfully. They found a set of differentially expressed 
genes such as KAZALD1, GPX7, BMP2, WNT5A, WNT5B, DNMT3A, 
and CTHRC1 in the regenerating tissue of juvenile axolotl while 
under-expressed in aged axolotl suggesting that these genes 
have critical role in cell differentiation, cartilage development, 
bone morphogenesis, transcriptional regulation, and extracellular 
matrix remodeling. Comparative observations from our laboratory 
axolotls at two different ages showed that axolotls of 6 months age 
regenerated faster than those aged 10 months. We selected two 

Fig. 6. Limb regeneration journey in a 6 month-old axolotl from amputation to complete restora-
tion of limb.  

Fig. 7. Speed of limb regeneration in a 10 month-old axolotl from amputation to restoration of lost limb structure. 

ated with the aging process and still keep 
regenerative potential that is way higher than 
that of humans. Senescent cells that clear 
damaged or oncogenic cells accumulate in 
tissues, causing age-related pathologies in 
humans, and these are also observed in axo-
lotl (Villiard et al., 2017). These cells may be 
a possible cause of decreased regenerative 
abilities (Van Deursen, 2014; Herbig et al., 
2006). Compared to other animals, axolotls 
have less proportion of senescent cells in 
their internal organs as they age, and the level 
of these cells fluctuates during regeneration, 
indicating that axolotls exert an immune 
response to clear senescent cells (Yun et 
al., 2015). An increase in DNA damage and 
a decrease in DNA damage response as the 
animal ages may be another reason behind 
decreased regenerative potential (Lombard 
et al., 2005; Sousounis et al., 2020). As the 
axolotl gets older, its skin becomes thicker, 
and its flexibility reduces, making it chal-

axolotls of the same age and the 
same length of limbs for each 
group and also amputated at 
the same length. Fig. 6 shows 
the regeneration of axolotl at 
the age of 6 months, and Fig. 
7 shows the regeneration of 
axolotl at the age of 10 months.

Methodology

We selected white mutant 
(Leucistic) axolotls of age 6 
months and 10 months from 
lab-cultured animals and kept 
them in separate containers 
with dechlorinated tap water 
at 15-20°C. Prior to amputation 
of limbs, axolotls were anesthe-
tized using 0.1% MS222 solu-
tion (ethyl 3-ami-nobenzoate 
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methanesulfonate salt, Sigma-Aldrich, St. Louis, MO). The images 
were taken for both groups at different regenerative stages by us-
ing Zeiss microscope equipped with a color camera Axiocam 208.

Conclusion and future perspective

Among vertebrates, axolotls are endowed with the excep-
tional ability to restore lost tissues and organs, offering valuable 
insights into the regeneration mechanism. Although significant 
progress has been made to find the secrets within its regenera-
tive prowess through the lens of scientific research, our knowl-
edge gained so far is just a piece of a grand mosaic awaiting 
discoveries. Contrary to the zebrafish model of regeneration, 
a sparse landscape of publications is a clarion to explore the 
uncharted territories behind axolotl regeneration. In our review, 
we have reflected on the wealth of research dedicated to axolotl, 
emphasizing on various avenues such as the mechanism of 
regeneration, genetic and epigenetic modifications regulating 
regeneration, axolotl resistance to cancer, and the impact of 
age on regenerative potential. The important point that we want 
to discuss is that the future of axolotl regeneration research is 
rich with opportunities, giving us the aim to investigate key areas 
of regeneration by utilizing multidisciplinary approaches such 
as genomics, epigenomics, proteomics, and transcriptomics, 
together with advanced technologies. Furthermore, studying 
axolotl as a regeneration model raises several questions that 
still need to be answered, such as how feasible it is to transfer 
the obtained information to the mammalian system or translate 
the findings of axolotl to species with less regeneration poten-
tial as humans. Are there any species-specific factors that help 
axolotl resist growing tumors upon carcinogen exposure, while 
humans lack these factors? Are there long-term implications of 
epigenetic changes on regenerative capacity? If yes, how can 
we manipulate these changes in other animals to enhance the 
regenerative potential? Also, axolotl's unique biology or traits 
limit the generalizability of findings to mammalian species, 
especially humans. Moreover, as axolotl are endangered in the 
wild, will their decreasing population pose challenges for ongo-
ing research? The link between regeneration, aging, and cancer 
warrants deeper research to address the gap in our knowledge 
and exploit axolotl's transformative potential for regenerative 
medicines and beyond.
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