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Abstract

Regeneration is a process that occurs in simple organisms and allows them to rebuild entire parts of the body
following an injury. This process is subject to restrictions as progressive as going from the simplest organisms to
more complex ones, such as humans, where regeneration is limited to a few examples and an injury is followed in
most cases by fibrosis. The mechanisms underlying the different regeneration entity among the various species are
still unclear. An example of regeneration is given by plants, whose development and growth are regulated by a class
of phytohormones called “Auxin”. The principal auxin produced by the plants is indole-3-acetic acid. Surprisingly, this
substance has also been found in humans, where it is considered one of uremic toxins. Why auxin not associated
with regenerative abilities in humans as is occurs in plants? And yet, why should a plant hormone is found in an
animal organism? In 2011, the first evidence of symbiosis was assessed between a green alga and a vertebrate, the
spotted salamander. Moreover in fishes, cells called “rodlet cells” are present and their nature is still uncertain, since
they have a cell wall that is typical of vegetable organisms. As both salamanders and fishes can regenerate parts of
their body after injury, we wonder if these different aspects, apparently independent of each other, have not actually
common points. Auxin may be the connecting link, both for its functions in plants and because there are examples of
symbiosis between the animal and plant kingdoms.

Keywords: Auxin; Fibrosis; Regeneration

Introduction
Regeneration is a process that occurs in simple organisms and

allows them to rebuild whole parts of the body following an injury. An
example is the Hydra, one of the simplest diploblasts that is able to
regenerate its head after amputation thanks to the presence of several
undifferentiated cells that are constantly in mitosis [1]. Interestingly,
head regeneration occurs through different paths depending on the
level of amputation suggesting that the process of repair is
considerably influenced by the homeostatic background present at that
time [2]. The triploblast Planaria (Freshwater planarians,
Plathelminthes) regenerates missing parts of its body because it is
endowed with undifferentiated cells, called neoblasts, which actively
proliferate. These are pluripotent adult somatic stem cells that give rise
to all types of somatic cells as well as germline cells [3].

The most extensive regenerative capacity in adult vertebrates can be
found in salamanders. They are more complex triploblasts and, under
normal conditions, do not possess undifferentiated cells. After
amputation of a limb, stump cells are dedifferentiated and proliferate,
forming a "blastema of regeneration" which reconstructs the missing
limb with the same characteristics and the same size of that amputated,
as if there was a sort of memory that is stored and then used in the
regenerative process [4]. Therefore, the regeneration undergoes
restrictions as progressive as going from the simplest organisms to
more complex ones, such as humans, where regeneration is limited to
a few examples (angiogenesis [5,6] and regeneration of epidermis [7],
gastric and intestinal epithelium [8], fingertip [9] and hematopoietic
cells [10]). In more complex beings, an injury is followed in most cases
by fibrosis, a pathophysiological process characterized by infiltration

and proliferation of mesenchymal cells in interstitial space which
occurs for repairing epithelial damage leading to the formation of
granulation tissue and then to scarring [11]. Thus, fibrosis allows
“turning off” the inflammation and repairing the injury, but the price
to be paid is the replacement of parenchymal cells with fibrotic tissue,
resulting in a loss of function of the damaged organ. In some ways,
however, fibrosis can be considered a positive event: it could be a
product of evolution in order to prevent a regenerative process not
adequately controlled, avoiding the formation of a tumour. This could
explain why regeneration disappeared almost completely in superior
organisms and humans, in a sort of “negative selection” [12].

How does this happen? What are the molecular mechanisms that
allow and regulate the regeneration in the simplest organisms and
those that limit it in humans?

An obvious example of regeneration is given by plants. It is known
that the hormone responsible for the development and growth of
plants is the Auxin. The term "auxin" actually refers to a class of
phytohormones which are essential for growth and development of
plants. The principal auxin produced by the plants is indole-3-acetic
acid; it regulates the division, extension and differentiation of the cells,
and plays a key role in tropisms, root initiation, apical dominance, and
senescence [13]. Indole-3-acetic acid can be synthesized de novo from
the precursor represented by the amino acid tryptophan or through a
tryptophan-independent pathway [14]. The first is the main pathway,
because it is essential for embryogenesis, seedling growth, flower
development, vascular pattern formation and other development
processes. It has been fully defined only recently: tryptophan is first
converted to indole-3-pyruvate by TAA1/TAR (Tryptophan
Aminotransferase of Arabidopsis1/Tryptophan Aminotransferase-
Related) of aminotransferases family; subsequently indole-3-pyruvate
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is transformed into indole-3-acetic acid by the YUC (YUCCA) of the
flavin monooxygenase family [15,16]. The molecular components and
the physiological functions of tryptophan-independent pathway are
not yet known [17].

Auxin is involved not only in the development and growth of
plants, but also in the phenomenon of phototropism, that allows plants
to align their photosynthetic tissues with the incoming light. The
direction of the incident light is perceived by protein kinase
photoreceptors belonging to the phototropins family; this leads to the
formation of an auxin gradient through the hypocotyl resulting in the
directional, asymmetric plant growth [18].

As well as in plant tissues, indole-3-acetic acid biosynthesis occurs
in plant-associated bacteria, giving them the ability to influence plant
growth [13].

Surprisingly, this substance has been detected also in humans [19].
It is unknown where and why it is produced, but indole-3-acetic acid is
considered one of uremic toxins, along with other organic acids. In
particular, it belongs to the group of the protein-bound molecules
[20]. Developing a HPLC technique for the simultaneous
determination of different uremic solutes of clinical interest in
biological fluids, Calaf and collaborators have observed that serum
concentration of indole-3-acetic acid increases going from healthy
subjects (2.12 μM) to patients with stage 3-5 chronic kidney disease
not on haemodialysis (3.21 μM) to haemodialysis patients (5.9 μM)
[21]. Moreover, indole-3-acetic acid seems to contribute to thrombotic
risk induced by uremic milieu, as recently demonstratedin a model of
human vascular smooth muscle cells pre-treated with serum obtained
from dialysed patients and exposed to a blood flow similar to the
coronary one. Uremic serum significantly increased expression and
activity of tissue factor (TF) in smooth muscle cells favouring stent
thrombosis. The same effects were reproduced after the addition of
high concentrations of isolated uremic solutes (indole-3-acetic acid,
indoxyl sulfate or uric acid) [22].

Why is auxin not associated with regenerative abilities in humans as
it does in plants? Maybe is its mechanism of action different in the two
types of organisms? And yet, why should a plant hormone be found in
an animal organism? It could be supposed the presence of auxin in
animals to be due to cases of symbiosis, namely the association,
persisting over time, of two organisms belonging to different species
with reciprocal benefit [23]. The first evidence of symbiosis was
assessed in 2011, between a green alga (Oophila amblystomatis) and a
vertebrate, the spotted salamander (Ambystoma maculatus), both in
embryos and in adult organisms. In particular, it has been observed
that early embryonic egg capsules included encysted algal cells on the
inner capsule wall, and algal 18S rDNA was amplified from adult
reproductive tracts, leading to the hypothesis that an oviductal
transmission of algae from one salamander generation to the next
occurs [24] (Figure 1). Until that time, it was thought that these
symbiotic relationships existed only in invertebrates or between
microorganisms and higher organisms such as plants and animals
[25].

This finding raises important questions about the phylo-
ontogenetic meaning of "cohabitation." It has been demonstrated that
there is a mutual advantage: algae use nitrogen released by the
embryonic metabolism, while embryos benefit from the oxygen
increase due to the process of photosynthesis. However, are these
advantages limited to this exchange of metabolites or do they involve

other aspects of embryonic development? What is the role of the
persistence of this symbiosis in adult organism?

Figure 1: Schematic representation of the first symbiotic
relationship identified between a green alga and a vertebrate.
Encysted algal cells of Oophila amblystomatis are present on the
inner capsule wall of the early embryonic egg and invade the
blastopore of spotted salamander (Ambystoma maculatus).

This finding raises important questions about the phylo-
ontogenetic meaning of "cohabitation." It has been demonstrated that
there is a mutual advantage: algae use nitrogen released by the
embryonic metabolism, while embryos benefit from the oxygen
increase due to the process of photosynthesis. However, are these
advantages limited to this exchange of metabolites or do they involve
other aspects of embryonic development? What is the role of the
persistence of this symbiosis in adult organism? Does the presence of
plant cells in vertebrates only interest salamanders or also characterize
other animal species? Algae share the same natural habitat of
amphibians and other aquatic organisms. In the course of evolution
algae may have also established symbiotic relationships with other
species, such as fishes. Although speculative, this hypothesis cannot be
beforehand excluded given the presence in fishes of cells called "rodlet
cells" [26], whose nature is still uncertain. The most peculiar and
enigmatic feature of these cells is that they have a cell wall that is not
found in animal cells, but it is typical of vegetable organisms.

Furthermore, as widely demonstrated, fishes, similarly to
salamanders, are able to regenerate parts of their body after injury or
amputation [5,27].

It is therefore natural to wonder whether these different aspects,
apparently independent of each other, have not actually common
points.

Auxin may be the connecting link between the various elements
above described, both for its functions in plants and because there are
examples of symbiosis between the animal and plant kingdoms. In
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other words, auxin might be present in animals owing to symbiotic
interactions with plants and accordingly, it could represent the factor
responsible for regeneration in those organisms, such as fishes and
salamanders, provided with the ability to regenerate damaged organs
and tissues.

Figure 2: A plant hormone, called auxin, is present in humans.

These considerations highlight regeneration is still poorly
understood, particularly with regard to the differences of expression
and entities among the various animal species. The presence of auxin
also in complex animal organisms, including humans, poses
questionsmaybe still far from being answered, but fascinating and
challenging for scientists (Figure 2). Research, in fact, is increasingly
going towards the study of the mechanisms of regeneration, because
these could provide an opportunityfor healing of chronic diseases. We
can actually try to slow the natural progression of chronic diseases,
since no effective therapeutic weapons against fibrosis are available
[28].
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