
Summary. The hypothesis here presented tries to
explain why organ regeneration is present in fish and
amphibians (anamniotes) but is absent in reptiles, birds
and mammals (amniotes). Anamniotes possess complex
life cycles including larvae and metamorphosis stages,
the latter representing a physiological form of organ
destruction and regeneration coded in their genome that
can be reactivated in adults in the form of regeneration.
Part of the genome for larvae and metamorphosis phases
was likely lost in amniotes with the evolution of direct
development, the potentiation of the immune system and
the increase in complexity of the nervous system. These
events consequently determined incapability for organ
regeneration in extant amniotes with the exception of the
lizard tail. This likely derives from the evolution of a
mechanism of immunosuppression that allows the
regeneration of the tail although the complete
morphogenetic plane of tail embryogenesis is lost. The
lizard model of imperfect but outstanding organ
regeneration indicates the possibility to improve organ
regeneration also in other amniotes. In fact, the induction
of a blastema in the amputated lizard limb has stimulated
the formation of short limbs containing cartilaginous
bones of the femur, tibia and fibula, and these
experiments foster some hope for future attempts to
induce limb and digit regeneration also in mammals.
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Appendages regeneration in vertebrates derives
from their specific life cycles including
metamorphosis 

A long-standing question among biologists and
laypeople is “why humans and in general mammals
cannot regenerate organs such as limbs or digits while
tailed amphibians (salamanders and frog tadpoles) and
numerous fish can instead re-form limbs, digits or fins
after their loss”? Possible reasons trying to answer this
dilemma for decades have indicated that mammals lack
genes triggering regeneration, are incapable of cell de-
differentiation (re-programming), lack putative stem
cells, possess an insufficient nerve supply, activate an
intense inflammatory and immune reaction etc. (Brockes
and Kumar, 2005; Garza-Garcia et al., 2010; Yun et al.,
2014; Geng et al., 2015; Mescher et al., 2016;
Nowoshilow et al., 2018). For over 100 years the great
hope to induce “one-day” the regeneration of human
limbs or other organs has mainly depended on the naïve
assumption (or pretentious belief) that the study of the
spectacular regeneration of limbs and other organs in
some amphibians, including neotenic species such as the
axolotl, will allow us to eventually reach this goal. Little
consideration has been given to the profound differences
in the life cycles and biology of amphibians and fish in
comparison to those of amniotes (Fig. 1; Grygorian,
2016; Alibardi, 2018a).

For an organismal and comparative vertebrate
biologist, the biological answer to this dilemma has
become clear, although this was actually “evident”
considering the life cycles and the evolution of different
vertebrates (Alibardi, 2018b, 2019a; Figs. 1, 2). The
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biological explanation for the difference in regeneration
between anamniotes and amniotes derives from the
consideration of their different biological cycles. In
anamniotes one or multiple transformations occur during
their life through a process of metamorphosis. Piscine
vertebrates, fish and amphibians, often possess post-

embryonic forms, larvae or tadpoles adapted to different
environments that transit through one or more
metamorphoses before adulthood. Typical examples are
those of eels, salmons, soles, anglerfish and rockfish
among fish, and in numerous frogs and salamanders
among amphibians. In these species the larva pass
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Fig. 1. Schematic representation of life cycles in anamniotes (left), capable of organ regeneration, in comparison to life cycles of amniotes (right), that
are incapable of regenerating organs. The different phases of the life cycle are indicated for a few representative cases in different vertebrates. In some
fish two or more metamorphoses take place before the intermediate (larvae) forms can reach the final adult form where they can reproduce. The areas
of the different phases are only indicative as they can vary in different species. In fish, amphibians and many reptiles, the juvenile and even the adult
can continuously grow although growth decreases at later stages of adulthood when aging processes become progressively effective. Aging in
anamniotes is not known or shorter and not so dramatic as in endothermic amniotes (indicated with?). The life cycles of lizards capable of tail
regeneration (arrow) include a long or prevalent growing phase, depending on species. From the presented life cycles it is evident the lack of larval and
metamorphoses phases in amniotes (right panel).



through one or more intense anatomical-physiological
transformations, becomes next larval stage and
eventually reaches the adult form where it can
reproduce. During metamorphosis some organs are
destroyed and then “regenerated” in adults as permanent
organs. The selective destruction of larval organs is
operated by the immune system through the action of
micro- and macro-phages in association with
lymphocytes (Mescher et al., 2016). Therefore the
genome of these anamniotes contains the developmental
genes for making these “physiological transformations”,
a pre-condition for the regeneration of the same organs
in case of injury or amputation when these fish and
amphibians reach the adult phase. Similar to the
destructive phase of metamorphosis in larvae, also adult
regeneration requires an initial phase of destruction of
tissues indicated as wound healing that is later followed
by a phase of regeneration. Metamorphosis and
regeneration are therefore two terms given to similar
post-embryonic morphogenetic processes, one occurring
in larvae and the other in adults. 

After loss of an appendage, the initial phase of any
regenerative process in fish fins, amphibian tail/limb and

lizard tail, is termed wound healing and consists of a
destructive process, like the first phase of
metamorphosis. Both the activation of resident stem
cells and/or a process of de-differentiation
(reprogramming) is necessary to mobilize cells that
gather on the surface of the stump to form a
mesenchymal blastema covered by a wound epidermis
while nerves grow inside the blastema. The formation of
embryonic-like mesenchymal and epidermal cells might
trigger an immune-reaction that is however kept under
control for the entire period of regeneration. Among
other mechanisms the presence of hyaluronate is
important for immune-suppression and keeping the
blastema hydrated, soft and growing (Mescher and
Munaim, 1986; Mescher et al., 2016; Alibardi, 2017a).

The large genomes of lungfish and urodeles contain
genes with much longer introns than other vertebrates,
nucleotidic sequences that may generate other functional
transcripts such as miRNAs and snoRNAs implicated in
regeneration (Smith et al., 2009; Nogueira et al., 2016).
The molecular identification of these “larval and
metamorphic genes” represents the next step to fully
appreciate the specific details necessary for organ
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Fig. 2. Schematic cladogram showing the distribution of organ regeneration among adult vertebrates. On the left of the red line the anamniotes show
life cycles, indicated by colored bars reporting the different phases of life cycles that include one or more metamorphic transformations, and maintain a
variably high regenerative ability as adults. On the right of the red line, the amniotes show life cycles where larval and metamorphic phases have been
partially or totally eliminated (X), determining the inability to regenerate as adults, with the notable and generalized exceptions of the vertebrate liver
and lizards tail among lepidosaurians (arrows).



regeneration in adults of vertebrates (Brockes and
Kumar, 2005; Smith et al., 2009; Ivanova et al., 2013,
2018; Elewa et al., 2017; Darnet et al., 2019; Korotkova
et al., 2019). The post-embryonic morphogenetic process
involving larvae remodeling is termed Metamorphosis
while when a similar process involves injured adults it is
termed Regeneration. In conclusion, metamorphosis and
regeneration indicate similar processes, the former for
larvae the latter for adults.
The loss of larvae and metamorphosis determined
the loss of organ regeneration in adult amniotes

In contrast to anamniotes, after hatching from eggs
or parturition, terrestrial vertebrates are devoid of post-
embryonic larval stages and metamorphosis, and they
cannot regenerate organs as adults (Fig. 2). It is likely
that during the land adaptation that occurred in the
Carboniferous Period around 330 million years ago,
which transformed the amphibians into reptiles, there
was a loss of the two post-embryonic stages of tadpoles
and metamorphosis while a process for direct
development instead evolved (Fig. 2). It has been
hypothesized that, some of the genes previously utilized
in fish and amphibian ancestors for larval and
metamorphic transitions were lost in amniotes, and
therefore also the possibility to regenerate organs as
adults (Alibardi, 2018b, 2019a). Consequently, after
injury genes involved in metamorphosis in anamniotes
that are still present in the genome of amniotes cannot be
activated to give rise to the developmental program
leading to regeneration. Also new genes of the adaptive
immune system that has evolved in amniotes might be
implicated in this inhibition. In fact, among the other
genes that evolved for terrestrial life, those of the
adaptive immune system and of the complex nervous
systems are critical as they represent two among the
most sophisticated anatomical-physiological systems
that allowed a perfect adaptation to land. 

Immune cells, in charge of metamorphic
transformations by the recognition and destruction of
larval organs, became selective to embryonic-larval or
fetal-like antigens that were/are necessarily present in
regenerative cells formed in the body of amniotes after
injury. These larval-fetal-like cells were/are therefore
eliminated and amniotes lost developmental plasticity to
regenerate organs after injury. This was particularly
important to maintain relatively fixed the complex
nervous circuits at the base of the complex behavior and
intelligence evolved in amniotes, especially mammals.
In fact, the regeneration of these networks in case of
injury would not recover the original information,
including the same memory and intelligence previously
coded in these nervous circuits. Instead, the regeneration
of the simpler nervous circuits of anamniotes, at the base
of stereotypic behaviors such as undulating body
movements, limb stepping, food search, feeding and
reproduction activity, would allow recovery of similar
simple behaviors that were present before the injury. 

The loss of morphogenetic plasticity in reptiles,
birds and mammals rendered these terrestrial vertebrates
incapable of regenerating damaged organs, but only to
rapidly wall-off injuries, a fast healing process indicated
as scarring (Ferguson and O’Kane, 2004; Seifert and
Muneoka, 2018). Only the liver, an organ that changes
during development and adult life and contains stem
cells, can regenerate in most vertebrates. Therefore, the
great biological difference in the life cycles of larval and
adult fish and amphibians, absent in amniotes, was/is a
pre-condition to regenerate injured or lost organs also
during adulthood (Fig. 1). On these premises, it is
therefore very difficult to contrast the evolution toward
scarring in mammals with attempts to induce organ
regeneration since the genetic program of
metamorphosis and regeneration present in their
amphibian ancestors has been partially or totally lost.
Only the molecular information on the genes involved to
activate larval development and the metamorphic
destruction of the larva with the regeneration of new
organs of the adults will allow us to find the specific
causes that make amphibians and fish capable of
regenerating also as adults. A few of these genes have
been so far identified such as Prod1, Agr1, nAG, Ras-
dva1 and Ras-dva2 GTPase, c-answer, and numerous
other genes and signaling pathways are specifically
activated during regeneration and metamorphosis
(Brockes and Kumar, 2005; Smith et al., 2009; Yun et
al., 2014; Ivanova et al., 2013, 2015, 2018; Geng et al.,
2015; Elewa et al., 2017; Darnet et al., 2019; Korotkova
et al., 2019). The search for “missing genes” should be
continued as more vertebrate genomes become available.
Also, discovering the reasons why some developmental
genes for metamorphosis and regeneration still present
in the genomes of amniotes cannot be expressed into
regenerative programs of development remains a priority
for future attempts to induce organ regeneration in
mammals.
Blastema formation is the first priority to induce
appendage regeneration in amniotes: the case of
lizards

Despite the evolution of amniotes toward complex
bodies and potentiation of the adaptive immune system
with the consequent limitation of plasticity, some
regenerative capability is still present in mammals
(Seifert and Muneoka, 2018). Among other amniotes
however, an outstanding regeneration occurs in the tail
of numerous species of lizards, a process that likely
derived from the evolution of autotomy, a pre-condition
for tail loss to escape predation (Alibardi, 1994, 2010,
2018b). This case, the lizard tail, shows that a broad
regeneration can occur in amniotes if the immunological
barrier is lowered and allows the activation of the
metamorphic-regenerative genes still present in the
genome. In fact, during tail regeneration most immune
genes are strongly down-regulated while hyaluronate
synthase and serpin genes, coding for immune-
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Fig. 3. Histological (A, D, I, J) and macroscopic (B, C, E-H) images of regenerating appendages in the lizard Podarcis muralis. A. General aspect of a
tail blastema with apical epidermal peg (arrow) and waved wound epidermis. B. A regenerating cone where the tip with the AEP have been removed
(arrow). C. Scaled and blunt regenerated tail derived from the removal of the regenerating tip 30 days earlier. D. Blastema of an amputated limb
showing the dense connective tissue accumulated underneath the thick wound epidermis. E. Regenerating hindlimb at 22 days post-amputation after
FGF2 treatment featuring a shiny blastema (arrow). F. Another growing blastema (arrow) 22 days after hindlimb (thigh) amputation and FGF2 injection
(details in Alibardi, 2017b). G. Elongating narrow cone (arrow) at 25 days post-amputation and FGF2 treatment. H. Large outgrowth (arrow) at 50 days
post-amputation and injected with FGF1. I. Detail of apical blastema in an outgrowth of 50 days after treatments with FGF2. Note the numerous
epidermal papillae (arrows). J. Scarring outgrowth at 60 days of regeneration after FGF1 treatment. Arrows indicate epithelial papillae along the apical
skin. Inset shows a detail of a peg of epidermal cells. Legends: bl, apical part of the blastema; c, regenerating cartilage; db, dense blastema (scarring
connective tissue); e, ependymal; p, apical epidermal peg; pe, perichondrium; w, wound (regenerating) epidermis. Dashes underline the epidermis.
Scale Bars: A, D, 20 μm; B, C, E-H, 1 mm; I, J, 50 μm; Inset, 10 μm.
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Fig. 4. Histology (A, B) and 5BrdU-immunolabeling (C-E, red fluorescence due to TRITC) of regenerating limb 40 days post-amputation in P. muralis
after injections of FGF1 (details in Alibardi, 2017b). A. Section of an up-pointed outgrowth containing two cartilaginous rods in continuation with the tibia
(fibula is not seen here). The arrow points to an apical peg but the tip of this conical outgrowth is indicated by an arrowhead. B. Detail of the
cartilaginous tips (outlined by dashes) close to the peg shown in A. The high cellularity of the cartilage indicates it is regenerating. C. Parallel section
with the previous figure showing numerous 5BrdU-labeled cells (arrows) in the apical and dense blastema close to the cartilaginous tips (outlined by
dashes). The labeled epidermal keratinocytes mixed with fibroblasts in this tangential section are located underneath a more differentiated wound
epidermis (dashes). D. Detail on labeled cells located in the conical tip indicated by the arrowhead in figure A. Numerous labeled cells are present at
the base of the wound epidermis (arrows) and in the distal perichondrium surrounding the cartilaginous rod (outlined by dashes). E. Detail of apical
wound epidermis showing basal and suprabasal labeled cells. Legends: bo, bone (tibia); c, cartilage; db, dense connective of the blastema; dc, dense
connective tissue (scarring); pe, perichondrium; sc, scale; w, wound epidermis; we, epidermal peg of the wound epidermis. Dashes underline the
epidermis. Scale bars: A-C, 50 μm; D, 20 μm; E, 10 μm.
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Fig. 5. Histological (D, E) and immunolabeled (A-C, F-G) sections of apical areas of regenerating outgrowths 50 and 60 days post-amputation in P.
muralis, after injections of FGF2. A. Intense labeling in the wound epidermis (arrows) located by the tip. Dashes outline the cartilage. B. Detail of the
folded apical wound epidermis containing labeled cells (arrows). C. Another apical area of thickened wound epidermis rich in labeled cells (arrows). D.
Outgrowth containing a cartilaginous rod apparently separated in two bars as the result of its very irregular shape. The thin apical epidermis (arrow)
surrounds a dense fibrous connective tissue. E. Detail of apical region in an outgrowth showing the dense connective contacting the perichondrium that
surrounds the tip of a cartilaginous rod. F. Apical region of an outgrowth showing few labeled cells in epidermis, inner tissues and the cartilaginous rod
(outlined by dashes). G. Detail of apical wound epidermis containing few labeled cells. Legends: c, cartilage; db, dense connective tissue of the
blastema; dc, dense connective tissue (scar); pe, perichondrium; w, wound epidermis. Dashes underline the epidermis. Scale bars: A-C, F, 20 μm; D,
50 μm; E, G, 10 μm.
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Fig. 6. Histology (A-C) and immunolabeling (D-F) of apical areas in regenerated outgrowths at 70 days post-amputation and after injections of FGF1. A.
Two rods of cartilage separated at the tip of this outgrowth by a dense connective tissue covered by a thin epidermis (arrows). B. Detail of the tip of the
outgrowth shown in the previous figure featuring an irregular fibrous connective tissue located underneath a linear epidermis where papillae are absent
(arrows). C. Tip of another outgrowth showing the apical end of the cartilage separated from the thin and linear epidermis (arrow) by dense connective
tissue. The arrowhead indicates an apparent fold derived from a tangential section of the epidermis. D. General view of apical area of an outgrowth
showing few and sparse labeled cells in both wound epidermis, dense connective tissue and cartilage (outlined by dashes). E. Few weakly labeled cells
are seen in the apical wound epidermis. F. Another detail of lateral wound epidermis, also featuring scarce and weakly labeled cells. Legends: c,
cartilage; dc, dense connective tissue; pe, fibrous perichindrium; v, autofluorescent blood vessels; w , wound epidermis. Dashes underline the wound
epidermis. Scale bars: A, 100 μm; B-D, 50 μm; E, F, 10 μm.



suppressive proteins, are up-regulated (Vitulo et al.,
2017a,b; Alibardi, 2017a, 2019b).

The regeneration of the tail in lizards depends on
two main tissues, an apical epidermal peg and the
regenerating ependyma that derives from the spinal cord
of the original tail (Fig. 3A). The two tissues appear
necessary to maintain a mesenchymal blastema capable
of growth in an immunosuppressed blastema. The
cauterization or removal of the tip of the conic blastema
completely stops or, in the case of repair of the apical
skin, sensibly delays tail regeneration so that a scar or a
shorter and scaled tail is eventually obtained (Alibardi,
2010, 2013; Fig. 3B,C). On the other hand, the intense
inflammation present after amputation of the limb,
generally determines scarring (Marcucci, 1930; Alibardi,
2010, 2017a; Fig. 3B). In rare cases outgrowths
resembling blastema-cones of the tail are observed, and
they are more frequently produced after treatments with
FGFs, growth factors that disappear during wound
healing of the limb in lizards (Alibardi, 2012, 2017b;
Fig. 3D-G). The latter study has indicated that, although
transitory, the formation of a thickened wound epidermis
with epithelial papillae at the tip of the outgrowth can
sustain its growth for a limited period. Epithelial papillae
or pegs represent an active epidermis since the basement
membrane is incompleted, leaving a cross-talk exchange
of signaling proteins between epidermal and
mesenchymal cells.

Therefore the first step in attempting to induce limb
regeneration in higher vertebrates, birds and mammals,
has to create an immune-suppressed blastema with
similar properties of those of fish, amphibians and
lizards (Alibardi, 2017a, 2018a, 2019b). This involves
the induction of an apical epidermal peg (AEP) in limb
stumps of lizards, a micro-region that may be equivalent
to the Apical Epidermal Cup of amphibians or to the
Apical Epidermal Ridge of vertebrate limbs. Recent
experiments have attempted to re-create an AEP in the
amputated hindlimb of lizards by the administration of
FGF1 and FGF2 during healing and regeneration
(Alibardi, 2017b). Although these experiments obtained
limited success, they showed that the induction of an
AEP or of an irregular thickened apical epidermis can
sustain for 60-70 days the formation of blastema-like
outgrowts of 3-4 mm (Figs. 3-6). Inside these
outgrowths a single (femur) or double (radius and tibia)
cartilaginous bones were obtained in some cases, an
event that occasionally occurs in the rare case of
spontaneous limb regeneration in lizards (Marcucci,
1930). The histological and 5BrdU-immunohisto-
chemical study for determining cell proliferation in these
cases showed that at 30-70 days of regeneration the
apical epidermis is thickened irregularly or forms one or
more AEPs where numerous cells are proliferating (Figs.
3F-J, 4-6). At 30 and 40 days of regeneration and after
4-5 successive treatments with FGF1-2, the short
outgrowths of 1-2 mm showed numerous proliferating
cells in the apical wound epidermis and in the distal
cartilaginous surfaces of the stump (Figs. 4, 5A-C). 

The FGF treatments stimulated epidermal and
cartilage formation within the outgrowths while
myogenesis was not affected and almost no muscle
tissue was formed within the outgrowths (Alibardi,
2017b). While one single rod of cartilage was present at
50-70 days of regeneration in case of femur regeneration
(Fig. 3J), two merged or separated cartilaginous rods
formed in case of tibia and fibula amputation (Figs. 4A,
5D, 6A). Proliferation however decreased at 60-70 days
without any further FGF treatment, and a scarring
connective tissue was eventually formed while the
epidermis lost most of epidermal pegs (Figs. 5D-G, 6). 

Therefore the second step in attempting to stimulate
limb regeneration would be to induce blastema growth
for longer periods than 70 days, and inducing the
activation of those genes, if still present in amniotes, that
in anamniotes reactivates embryogenetic programs.
These include a somitogenetic program for the tail and
formation of proximal-distal, antero-posterior and dorso-
ventral gradients of signaling factors for the limb
(Towers and Tickle, 2009; Eckalbar et al., 2012; Naco et
al., 2016). This would require further experimental
analysis after specific injections of FGF and other
signaling proteins involved in limb morphogenesis such
as FGF8, Wnt2b, Wnt5a, Shh and BMP (Towers and
Tickle, 2009). The latter developmental pathways,
especially the Wnt pathway, are activated during tail
regeneration in lizards (Hutchins et al., 2014; Vitulo et
al., 2017a). The complexity of the operations required
for stimulating the regeneration of a human digit or limb
appear too demanding at the present time, and not much
progress can be achieved in a short time. Based on the
biological considerations presented above, it is likely
that the only improvements of regenerative medicine in
the next decades will be in the implant of immune-
tolerated bio-prosthesis or bio-compatible limbs, digits
or inner organs (liver, spleen, heart etc.) that closely
mimic the anatomy and physiology of the lost organs. 
Acknowledgements. Study self-supported. I declare no conflicts of
interests in my manuscript.
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