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The limited regenerative capacity of several organs, such as central nervous system (CNS), heart and limb in mammals makes 
related major diseases quite difficult to recover. Therefore, dissection of the cellular and molecular mechanisms underlying 
organ regeneration is of great scientific and clinical interests. Tremendous progression has already been made after extensive 
investigations using several model organisms for decades. Unfortunately, distance to the final achievement of the goal still re-
mains. Recently, zebrafish became a popular model organism for the deep understanding of regeneration based on its powerful 
regenerative capacity, in particular the organs that are limitedly regenerated in mammals. Additionally, zebrafish are endowed 
with other advantages good for the study of organ regeneration. This review summarizes the recent progress in the study of 
zebrafish organ regeneration, in particular regeneration of fin, heart, CNS, and liver as the representatives. We also discuss 
reasons of the reduced regenerative capacity in higher vertebrate, the roles of inflammation during regeneration, and the dif-
ference between organogenesis and regeneration. 
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Regeneration is the restoration of organ mass, structure, and 
function after damage, which is indispensable for human 
health. Unfortunately, the regenerative capacity obviously 
attenuates along with the evolution. The salamanders, newts, 
hydra, flatworms and lower vertebrates such as urodele am-
plibians and teleosts possess powerful regenerative capacity 
for nearly all the organs [1]. However, the mammals in-
cluding human beings obtain variable regenerative potential 
in different organs [2]. These organs are mainly sub-divided 
to three types according to their regenerative potential: 
those with high and constant regenerative capacity, such as 
skin and blood; those can regenerate well after injury, such 
as the liver, skeletal muscle and bone; and those with low 
regenerative potential, including the neural tissues, heart 

and limb [3]. In cases of neuron degeneration, heart failure, 
limb disability, etc., the limited regenerative capacity of 
these organs can cause severe outcomes, which lead to the 
heavy social-economic burden. Thus, development of ap-
proaches to promote organ regeneration has attracted con-
siderable scientific and clinical efforts. 

Tremendous efforts have been paid and two strategies 
have been developed to restore the organ mass. One is the 
stem cell-based approach which sheds light on the produc-
tion of therapeutic cells. Although some clinical trials have 
been carried out, the therapeutic effects and underlying 
mechanisms are still under intensive evaluation. Another 
approach is focusing on the proper regeneration animal 
models with the goal of understanding cellular and molecu-
lar mechanisms in details so that to develop translatable 
therapies [2]. This approach may help to induce the endo- 
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genous regenerative capability via circumventing the limita-
tions in mammals. To achieve this goal, Zebrafish (Danio 
rario) animal model is recently popularly used to study re-
generation, taking advantages of its better regenerative ca-
pacity than mice and humans. Zebrafish is a sweet water pet 
fish which were brought into the lab by Streisinger, a scien-
tist in genetics [4]. It eventually became an attractive animal 
model after contributions of three large genetic screen by 
Nüsslein-Volhard, Driever, and Fishman [57]. This tidy 
pet has several unique advantages, for example, good re-
production ability and large number of progenies suitable 
for large scale screen, rapid extra-uterine development for 
easy observation and manipulations, and optic transparence 
proper for the continual in vivo time-lapse imaging. [1,3]. 
Many of its organs, in particular those that can hardly re-
generate in mammals, such as the CNS, heart, and limb 
[2,3,814], are able to regenerate. Therefore, it is a model 
organism ideal for the study of the cellular and molecular 
events of organogenesis and regeneration. 

1  Organ injury approaches applied in zebrafish  

Several methods have been applied in zebrafish to damage 
or ablate the organs, followed by regeneration. These appli-
cations range from surgical removal of partial organs to 
killing most of the targeted cell types. Each method has its 
advantages and disadvantages. Physical surgery is com-
monly applied to the organs that are easily accessed, such as 
the fin, liver and brain [3,11,13]. These manipulations are 
quite simple and feasible, but meanwhile, sacrifice the pre-
cision and repeatability. Different severity and injured posi-
tion of the lesion usually result in distinct outcomes. For 
example, in liver regeneration, larger damage of the adult 
liver lobes usually makes fish die quickly. Other physical 
injuries are also applied, for example, laser targeted cell 
ablation is mainly used to induce lesions of retina photore-
ceptor and heart muscles recently [8,15]. Chemical injury is 
based on the toxicity of the compounds to the target organs. 
This method is mainly used in the liver and brain because 
several types of chemicals are toxic to them [13]. However, 
these chemicals also show side effects even the proper dos-
age is used, which somewhat prevent the investigations. 
Recently, the transgenic approaches in combination with 
chemicals become widely used. The basic principle of these 
approaches is the generation of transgenic line driving tis-
sue-specific protein expression, which allows targeted cell 
ablation under certain conditions. Several types of these 
proteins have been developed, for example, Diphteria toxin 
A, bacterial toxin Kid, and Killer Red [1618]. To achieve 
that the toxic factors can be conditionally induced, a new 
approach has recently been developed. This method takes 
advantage of an bacterial enzyme nitroreductase (NTR) that 
catalyzes a pro-drug metronidazole (Mtz) into a cytotoxic 
product, thus crosslinking DNA and inducing cell death 

[19]. Therefore, by placing the NTR cassette under the con-
trol of a tissue-specific promoter and generating a stable 
transgenic line [20,21], targeted cell ablation can be 
achieved by the addition of Mtz at any desired time point 
[20,21]. However, the variable efficiencies of NTR in dif-
ferent cell types require careful titrations in different appli-
cations. Although each approach has its own disadvantages, 
combinations of them may provide considerable contribu-
tions in the regeneration study using zebrafish as the model 
system. 

2  Organ regeneration in zebrafish 

Many organs in zebrafish are able to regenerate. Studies 
have covered nearly all the important organs, such as the fin, 
heart, CNS, liver, pancreas, kidney, bone, and hair cells 
[3,12,22]. These studies have provided tremendous progress 
in the understanding of cellular and molecular mechanisms 
underlying organ regeneration. In this review, we will focus 
on recent progress in the regeneration of the fin, heart, CNS 
and liver in zebrafish, which have been extensively investi-
gated. 

2.1  Fin regeneration 

Fin, in particular the adult caudal fin regeneration, is pri-
marily and intensively studied in zebrafish because of its 
simple structure, easy external surgeries and rapid regenera-
tion [2,11]. By means of caudal fin amputation, previous 
studies indicated that the injured fin could quickly regener-
ate to its pre-amputation situation within approximately 23 
weeks in adults and only 3 days in the larvae [2,11]. The 
whole regeneration process is currently divided into four 
phases (Figure 1). The first phase is the wound healing 
which initiates immediately after injury. The important 
structure, apical epidermal cap (AEC) is quickly formed at 
this period through migration of the non-proliferative lateral 
epithelial cells over the wound [23] (Figure 1). The AEC is 
crucial for the subsequent formation of blastema, the essen-
tial organization to start and promote fin regeneration [24]. 
The second phase (Figure 1), formation of blastema, is ac-
complished by the dedifferentiation and proliferation of 
cells in the disorganized mesenchymal tissue under AEC 
[23]. The signals from wound epidermis are important for 
this process. The appearance of blastema is the hallmark of 
fin regeneration because this structure is not formed under 
physiological condition. It is an accumulated mass of plu-
ripotent progenitor cells that could give rise to a variety of 
cell types in the regenerating tissues. The blastema can be 
further sub-divided into the proximal and distal blastema 
based on the proliferation rate and the expression of msxb, a 
key marker of blastema [23]. After establishment of the 
blastema, the third phase, regenerative outgrowth initiates, 
which is characterized by the extensive proliferation of cells 
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Figure 1 (color online)  Schematic cartoon shows the regeneration process of the amputated fin. Once the fin is amputated, apical epidermal cap (AEC) is 
quickly formed to cover the wound. Subsequently, the blastema is accomplished by the dedifferentiation and proliferation of cells in the disorganized mes-
enchymal tissue under AEC. The proliferation of blastema ensures the growth of the newly generated fin. Eventually, the amputated fin regenerated to its 
original length.  

in the proximal blastema (Figure 1). The newly proliferated 
cells quickly move to the appropriate locations to restore the 
tissues with mesenchymal cells and fibroblasts. When the 
newly generated fin grows to its original length, the final 
phase, regenerative termination ensues (Figure 1). But the 
signals and mechanisms responsible for this termination 
stage are still unknown [25]. Recently, the study on the 
adult fin regeneration after amputation indicated that the 
cellular source of the regenerated fins was the resident os-
teoblasts [26]. Different to that of embryonic stages, the 
adult fins are actually the appendage of the bone. Mean-
while, other bone structure, including the skull, could also 
be regenerated from the dedifferentiation of osteoblasts [27]. 
Thus, these studies shed light on the deep knowledge of the 
restore of bone after injury, which will be quite helpful to 
the therapies of bone injury in humans.  

Consistent with the cellular events in the whole process, 
the molecular mechanisms have been largely unraveled. The 
most important signal network that has been intensively 
investigated is the Wnt signaling pathway [28], a 
well-known signal pathway crucial for multiple biological 
processes during early development, organogenesis, tumor-
igenesis and so on. The importance of Wnt in zebrafish fin 
regeneration was primarily revealed by the functional study 
of its target lef, which was firstly and impressively ex-
pressed in the wound epithelium as early as 12 hours post 
amputation (hpa) [29]. The application of Wnt signaling 
inhibitor Dkk1 or overexpression of Wnt5b through heat 
shock inducible line blocked the fin regeneration [2,28,30]. 
Further studies indicated that Wnt5b signaling was required 
for the specification of the blastemal mesenchyme and basal 
epithelial layer. Heat shock induced expression of Dkk re-
sulted in defects in blastema and the distorted expression of 
lef1 and msxb [28,30]. Consequently, the regenerative out-
growth was blocked. This conclusion was further supported 
by the application of several chemicals that could inhibit 
Wnt signaling [31,32]. Fgf signaling is also involved in the 
fin regeneration, which is believed to function downstream 
of Wnt. Knockdown of Fgf signaling using a dominant neg-
ative fgfr1 transgenic line impaired fin regeneration [33], 
and mutant of the Fgf family member fgf20a failed to initi-

ate regeneration [34]. Retinoic acid (RA) and hedgehog (Hh) 
signaling are also suggested to play important roles in the 
fin regeneration, in particular in the patterning of the regen-
erating issues [2,35,36]. Recently, the orchestrated roles of 
Wnt, Fgf, RA and Hh signaling networks in the fin regener-
ation were elucidated by Daniel Wehner and colleagues [37], 
whose work indicated that Wnt signaling in the non-   
proliferative distal blastema was required for cell prolifera-
tion in the proximal blastema and this signaling acted 
through Fgf and Bmp signaling to control epidermal pat-
terning, whereas RA and Hh signals mediated its effects on 
blastemal cell proliferation [37]. Meanwhile, the function of 
noncoding RNAs in the fin regeneration attracts attention 
[38]. Through the knockdown assays, several groups pre-
sented the data that miR-203 and miR-133 took part in the 
regulation of fin regeneration via controlling the Wnt and 
Fgf signaling pathways [39,40]. Additionally, low function 
of Dicer, a key component of the miRNA synthesis ma-
chinery, showed negative effects on the fin regeneration 
[38]. Additional study provided evidences that upregulation 
of autophagy in the regeneration zone was required for the 
zebrafish caudal fin regeneration through preventing cells 
from undergoing apoptosis [41]. Calcineurin-mediated 
mechanism was important in the regulation of coordinated 
outgrowth of zebrafish regenerating fins [42]. All these 
studies expanded our knowledge on the cellular and molec-
ular events of fin regeneration. 

2.2  Heart regeneration 

Different from mammals, adult zebrafish heart can regener-
ate after damage, which has attracted increasing attention 
[10]. The initial studies focused on the ventricle of adult 
heart. Adult zebrafish ventricle is composed of three differ-
ent muscle lineages, primordial, trabecular and cortical 
muscle [14,43]. Usually, the heart ventricle is partially in-
jured by surgery (Figure 2A). Taking advantage of the sur-
gery, lineage tracing and transplantations, investigators re-
vealed origins of the regenerating heart tissues. It is be-
lieved that the majority of the regenerating myocardium 
comes from the resident cmcl2+ cardiomyocytes [44,45] 
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(Figure 2A), but not epicardium or epicardial-derived cells 
[46,47]. Further study using the rainbow assay [43] indicat-
ed that during the first 30 days post injury, cortical muscle 
was the major components reconstructing the muscular wall. 
However, contribution of primordial muscle could still be 
detectable at this stage. Thus, after 60 days when the tissue 
was restored, both primordial and cortical muscle layers 
played roles and the cortical muscle was the major player 
[14,43]. The order of both muscle layers in this regeneration 
process is opposed to their sequences in heart development 
[14,43]. Similar to that in the fin regeneration, the dediffer-
entiation of the cardiomyocyte of the injury sites is the 
dominant mechanism of zebrafish heart regeneration, be-
cause the cardiomyocytes present structural alterations after 
injury and the regenerating myocytes begin to express gata4, 
a gene essential for cardiac development [45]. Subsequently, 
these dedifferentiated cardiomyocyte functions as the cell 
source to support the regenerating tissue through extensive 
proliferation (Figure 2A). During the process, epicardial 
cells also show functions to facilitate generation of new 
vascular components [1,14,46]. In addition to the dediffer-
entiation mechanism when adult heart is partially damaged, 
recent study applied the transgenic-based assay to ablate 
large parts of the larvae heart (Figure 2B). Transdifferentia-
tion was shown to be the key mechanism under this condi-
tion [48]. This model took advantage of a transgenic line in 
which nitroreductase is specifically expressed in the ven-
tricular muscle under the control of vmhc promoter. 
Through treatment of the larvae at 34 dpf with Mtz [21], 
the authors killed the entire ventricular muscle cells and 
found that new ventricular cardiomyocytes arose from the 
area adjacent to the atrioventricular canal (AVC) and ex-
panded across the chamber to restore the ventricular myo-
cardium. Further lineage tracing indicated that amhc+ atrial 
cardiomyocytes acquired ventricular muscle fate and mi-
grated into the injured area to restore the lost ventricular 
muscle [48] (Figure 2B). This atrial-to-ventricular transdif-
ferentiation was indirectly regulated by the endocardium 
through the Notch pathway [48]. However, this transdiffer-
entiation phenomenon is only observed in the larvae when 
the heart is largely hurt, whether similar phenomenon could 
be recapitulated in adult fish requires further investigations. 

Several molecules have been demonstrated to be essen-
tial for heart regeneration. Cxcl12a-Cxcr4b axis is critical in 
the cardiomyocyte migration during regeneration [49]. The 
dynamic deposition of extracellular matrix is required for 
the new myocardium restoration in the ventricular wall [50]. 
During the cardiomyocyte proliferation, clusters of molecu-
lar networks orchestrate together to ensure the integrity of 
regeneration. These factors play either positive or negative 
roles [14]. RA, Tgf, Pdgf , Hh, insulin-like growth factors 
and Jak-Stat pathway positively promote proliferation of 
cardiomyocytes [14]. In contrast, Notch pathway plays both 
promoting and inhibitory the roles, and balance between 
these activation and inhibition is important for the heart  

 

Figure 2 (color online)  Two kinds of the regeneration models when the 
ventricle is differently ablated. A, When the adult ventricle is partially 
ablated, the resident cmcl2+ cardiomyocytes served as the regeneration 
source to dedifferentiate and proliferate to repair the injured ventricle. B, 
The atrial cardiomyocytes undergo transdifferentiation to restore the total 
ventricle after the ventricular-specific cardiomyocytes are killed in the 
embryonic zebrafish. 

regeneration [51]. Meanwhile, the roles of environmental 
factors, in particular the oxygen level, have been investi-
gated [52]. The result showed that low oxygen condition 
caused by heart failure after injury was an effective cue to 
promote cardiomyocyte proliferation. In contrast, hyperoxic 
conditions substantially inhibited the proliferation [52]. This 
regulation is mediated by hypoxia-inducible transcriptional 
factors (Hifs) [14]. Recently, H2O2 was found to act as a 
necessary and sufficient epicardial and myocardial signal to 
prime the heart regeneration, which is mediated by the de-
stabilization of Dusp6 and increases in the phosphorylation 
of Erk signaling molecules [53]. The negative regulators 
include Mkk6-p38 MAPK pathway whose activation sup-
presses heart regeneration [14]. Recently, miR-133 that was 
involved in the fin regeneration was also indicated to be 
functional in the heart regeneration [54]. The study indicat-
ed that miR-133 repressed heart regeneration partially 
through the inhibition of Connexin 43 (Cx43) [54].  

2.3  CNS regeneration 

CNS is composed of various neurons and its regeneration 
capacity is poor in mammals. However, continual neuro-
genesis and regenerative capability have been demonstrated 
in zebrafish [13]. The studies of zebrafish CNS regeneration 
are mainly divided into three fields: adult neurons in the 
brain in particular in the telencephalon after physical lesion, 
spinal cord or axon restoration after truncation, and retina 
(photoreceptor) regeneration [3,8,9,13]. It is currently in 
general believed that the regenerative features of zebrafish 
CNS depend on the continually proliferative stem/progeni- 
tor cells and the permissive environments [13,55,56].  
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To understand the events and mechanisms of neuronal 
regeneration, the physical injury of the telencephalon is 
widely used in adult zebrafish. Through this approach and 
the Cre/loxP based lineage tracing, her4.1-positive ventric-
ular radial glia progenitor cells were found to react to the 
injury, subsequently proliferate and generate neuroblasts 
that migrate to the lesion site [57]. Thus, the adult zebrafish 
brain has a remarkable potential of neuronal repair by en-
dogenous adult stem/progenitor cells. However, how these 
stem/progenitor cells switched to the highly proliferative 
state required further investigations. Recent study indicated 
that these neuronal progenitor cells from different regions 
were endowed with different proliferative capability. The 
following migration of these progenitors to the injury site is 
regulated by the Notch signaling pathway [58]. However, 
the study of zebrafish brain regeneration is at the beginning 
stage, and key cellular as well as molecular mechanisms 
remain to be elucidated. 

Another field lies in axon regeneration. In zebrafish, the 
regeneration assays of optic nerve and spinal cord after sur-
gical interruption are well established and the results sug-
gest the variable regrowth capacity in different types of ax-
ons [9,5961]. Through the functional and behavior studies 
which reliably reflect the regeneration of axon after lesion, 
investigators found that the optic nerve re-established by 
2835 days post lesion (dpl) and the related long-term syn-
aptic rearrangements recovered after 3 months [59,62]. And 
the spinal cord regeneration took about 42 days [6365]. 
Several extrinsic and intrinsic factors have been suggested 
to take part in the regeneration process, but further studies 
are still required [9]. In the spinal cord regeneration, epen-
dymo-radial glial cells usually form bridges to re-connect 
the severed spinal cord [9,63,66]. During this process, the 
inhibitory components such as chondroitin sulfate proteo-
glycans (CSPGs) [67] and myelin-associated inhibitory 
molecules normally present in mammals, are absent in 
zebrafish [68]. Instead, the factors promoting axon growth 
such as contactins, P0, L1 related molecules, GAP-43, and 
alpha-1 tubulin are highly expressed in zebrafish after lesion 
[9,6973]. Recently, ptena, but not ptenb was suggested to 
reduce the spinal cord regeneration [74], and Jak-Stat sig-
naling was reported to induce optic nerve regeneration via 
overcoming the inhibitory socs3 and sfpq [75]. The proper 
reconnections of the axons to reach their targets over long 
distances are another amazing phenomenon of the axon re-
growth. Although the degenerating tracts and other guid-
ance molecules such as CSPGs, tenascin-R and ephirins 
perhaps play balanced roles in this process [63,68,76], the 
mechanism is still under debate and requires further studies. 
Recently, the posterior lateral line nerve regeneration was 
used as an easy-followed platform to dissect the axon re-
generation. Related studies suggested that the regenerating 
axons followed the path laid down by the original nerve 
branches, and regeneration-promoting factors induced by 

the first cut facilitated regeneration after a second cut 
[9,77]. 

In addition, a number of studies have been performed in 
the regeneration of zebrafish retina, an important appendix 
of brain [8]. Up to now, a subpopulation of Müller glia has 
been identified as the origin of both rod progenitor lineage 
and the ‘‘neurogenic clusters’’ in regenerating fish retina 
[7880]. Several molecules, in particular the Asc1a-Pax6 
signaling axis, play important parts [81,82]. More infor-
mation is currently not available and needs future studies. 

2.4  Liver regeneration 

Different to the organs mentioned above, the liver can re-
generate both in mammals and in zebrafish. In mice, when 
2/3 of the liver are surgically removed (partial hepatectomy, 
PHx), it is able to completely regenerate [3]. However, 
more information is still required to understand the cellular 
and molecular mechanisms of liver regeneration. Knowl- 
edge of liver regeneration has been remarkably advanced 
using zebrafish, particularly in the screen of candidate 
chemicals that promotes liver regeneration. Several types of 
liver injury models have been established [3]. The PHx 
model in adult zebrafish is widely used and this model sug-
gests that the regenerating liver originates from the healthy 
hepatocytes in the residual liver [3,83,84] (Figure 3A). The 
cell cycle regulator uhrf1 was indicated as an important 
regulator [85]. Additionally, the topoisomerase 2a, Wnt, Fgf 
and Bmp signaling pathways [3,84] play roles. Recently, 
through the chemical screen, PGE2 was identified as a 
hepatoprotective compound that limited liver damage 
[84,86], and this function is mediated by the interaction 
between PGE2 and Wnt signaling [84,87]. Treatment of a 
novel GSNOR inhibitor (GSNORi) after PHx in adult fish 
enhanced cellular proliferation and regeneration [3,84,88]. 
The findings of PGE2 and NO signaling in the liver regen-
eration provide invaluable perspective for their clinic appli-
cations in the patients. Recently, Def-p53 pathway was 
proposed to suppress fibrotic scar formation to facilitate 
regeneration after PHx. This effect, at least in part, was me-
diated by the regulation of the pro-inflammatory factor, 
high-mobility group box 1 [84,89]. The antagonistic inter-
play between Wnt and Notch signaling crucially affected 
hepatocyte regeneration in the fibrotic liver using the etha-
nol-induced fibrotic zebrafish model [90]. To understand 
the liver regeneration when most, if not all, the hepatocytes 
are lost, several groups introduce the NTR-based genetic 
ablation of hepatocytes in the larvae [21,91,92]. These stud- 
ies revealed origins of the regenerating hepatocytes and 
illustrated cell behaviors in the regeneration process (Figure 
3B). These studies revealed that the biliary cells, including 
larger cholangiocytes, can transdifferentiate into hepato-
cytes and become the major contributors of regeneration 
after extreme hepatocyte loss (Figure 3B). This process re-
quired Notch signaling and the consequent activation of  
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Figure 3 (color online)  Two kinds of the regeneration progresses after 
the liver is differently ablated. A, When the liver is surgically removed 
(partial hepatectomy, PHx), the residual healthy hepatocytes quickly pro-
liferate to repair the injured liver. B, When the liver is extremely ablated, 
the biliary cells dedifferentiate to the bipotential cells, which in turn serve 
as the major contributors to regenerate the functional livers. 

sox9b [91,92]. Whether other origins contribute to the re-
generating liver needs further studies. All these findings 
provide the possibility to induce endogenous cell transdif-
ferentiation as the major source of liver regeneration after 
extreme hepatocyte damage in mammals.  

3  Several questions to be answered 

3.1  The reduced regenerative potential in higher ver-
tebrates 

The reasons why the regenerative capacity, in particular that 
of brain, heart, limb, etc. reduces in the evolutionarily high-
er vertebrates, puzzled scientists for a long time. Although 
key factors are not well understood yet, several hypotheses 
have been proposed according to the related cues. One of 
such arguments is the difference of the stem/progenitor cells 
number and states in mammals versus zebrafish. It is also 
proposed that zebrafish possess active stem/progenitor cells 
in several organs and therefore their body size is able to 
continually increase with age [93,94]. In the brain, for ex-
ample, the stem/progenitor cells are more widely distributed, 
which support neurons under physiological or regenerative 
circumstances [13,95]. Such capability may lose in mam-
mals. The loss of continual growth ability in mammals may 
reflect the evolutionary advantage to reduce the danger of 
tumorigenesis. Therefore, tight control of cell proliferation 
is required but expenses the regenerative potential [13,96]. 
Another explanation is the absence of scar in zebrafish. Scar 
is a structure used by mammals to seal the injury site and 
prevent further damages. However, the scar also induces a 
block environment for the organ regeneration because of 
excess granulation tissue and disorganized collagen deposi-
tion in the scar tissues [13]. Other extrinsic environment 
factors including the extracellular matrix (ECM) may also 
be responsible. For example, in chronic liver failure patients 

with sustained fibrosis, excessive accumulation of ECM 
proteins substantially dampens the proliferative capacity of 
hepatocytes, resulting in poor prognosis and high mortality 
[90]. Similarly, lack of axon regrowth is brought about in 
part by a hostile growth environment containing growth- 
inhibitory ECM components, such as chondroitin sulfate 
proteoglycans (CSPGs), and growth-inhibitory molecules 
produced by myelin or myelin debris [67]. The cell-intrinsic 
mechanisms regulating the cellular plasticity may have ad-
ditional influences on the regeneration, and the impact may 
finally depend on the combination of cell-intrinsic and ex-
trinsic factors [13]. The detailed mechanisms require further 
investigations in details. 

3.2  The different regulatory networks in development 
versus regeneration 

Whether organ regeneration is the recapitulation of organo-
genesis process is still controversial. Although several mo-
lecular networks, in particular Wnt, Notch, Hh, and Bmp, 
play indispensible roles in the cell lineage commitment, cell 
proliferation and differentiation in both development and 
regeneration [97], quite a number of studies showed their 
differences [98100]. For example, the role of Gata3 fol-
lowing telencephalon stab wounding and caudal fin injury 
[101], and the specific expression of KLF6/7 in the axon 
regrowth, are absent in the corresponding organogenesis 
[102]. Therefore, whether there are special molecules essen-
tial for regeneration are quite important for our understand-
ing of regeneration. 

3.3  Roles of inflammation and myeloid cells (macro-
phage) in the regeneration 

Previous opinions mentioned that the injury-induced acute 
inflammation was the negative factor of regeneration 
[103,104]. However, this view was recently challenged by 
Nikos Kyritsis et al. [105], who demonstrated that acute 
inflammation was required and sufficient for increases in 
the proliferation of neural progenitors and subsequent neu-
rogenesis in adult zebrafish brain after traumatic injury. 
And the inflammation induced cysteinyl leukotriene signal-
ing was an essential component of this regeneration process 
[105]. This study prompts re-examinations of the roles of 
inflammation in the regeneration. It is not surprising that the 
leukocytes, in particular macrophages and neutrophils that 
characterize inflammation become modifiers of inflamma-
tion. Their roles in regeneration are another hot topic highly 
investigated in mammals. In truly regenerative rather than 
healing models, neutrophils have generally been considered 
as less critical contributors than macrophages or even 
viewed as impediments, although some views argued that 
neutrophils promoted axon regeneration in the optic nerve 
after a crush injury through high expression of oncomodulin 
[106,107]. Macrophages have been studied much more ex-
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tensively than neutrophils for their role as a regeneration 
modifier [106,108]. Many studies indicate that macrophages, 
in particular the M2 macrophage polarization, are involved 
in promoting regenerative over scarring outcomes after in-
jury [109]. Recently, functions of macrophages and neutro-
phils in zebrafish organ regeneration, primarily in the fin 
regeneration, were analyzed [110,111]. These studies sug-
gest that neutrophils are negative regulator of fin regenera-
tion, whereas macrophages promote restoration of larval 
and adult fins after amputation [110,111]. 

4  Conclusion and perspectives 

Understanding of cellular and molecular mechanisms un-
derlying organ regeneration is critical for the development 
of therapeutic method after organ damages. Considerable 
progression has already been made after the extensive in-
vestigations using several model organisms in recent years. 
However, an overall and deep understanding is still far 
away. The powerful regenerative capacity of zebrafish 
combined with several unique advantages substantially con-
tributes to understanding of organ regeneration. Continuous 
efforts will further extend our knowledge, and will finally 
enable people to find out approaches to induce endogenous 
cells to restore the damaged organ in mammals, which is the 
destination we are looking forward to. Taking advantages of 
the technical advances, such as recently developed reverse 
genetic tools like TALEN and CRISPR/cas9 [112–114], we 
should positively expect that mechanisms underlying organ 
regeneration will eventually be revealed in the future. 
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