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The liver is a key organ that performs diverse functions such as metabolic processing of nutrients or disposal of
dangerous substances (xenobiotics). Accordingly, it seems to be protected by several mechanisms throughout the
life of organisms, one of which is compensatory hyperplasia, also known as liver regeneration. This review is a
recapitulation of the scientific reports describing the different ways in which the various classes of vertebrates
deal with liver injuries, where since mammals have an improved molecular toolkit, exhibit optimized regener-

ation of the liver compared to lower vertebrates. The main molecules involved in the compensatory process, such
as proinflammatory and inhibitory cytokines, are analyzed across vertebrates with an evolutionary perspective. In
addition, the possible significance of this mechanism is discussed in the context of the long life span of verte-
brates, especially in the case of mammals.

1. Introduction

In the last decade, over five hundred articles related to different
aspects of the liver regeneration process are added to databases such as
PubMed every year. This review is motivated by the question con-
cerning what might be the evolutionary significance of liver regenera-
tion. Although the literature reveals a wide range of views, it is not easy
to find this kind of approach. Undoubtedly, scientists are interested in
uncovering the deepest secrets and determining the mechanisms
involved in the complex process of liver regeneration, but as a biologist,
I am also interested in the evolutionary steps —no less complex, of
course— that led to this extremely interesting and important phenom-
enon. Therefore, this is an attempt to put together the puzzle pieces in
order to understand the main signaling molecules and the similarities
among different species that possess the ability to regenerate their liver.
This review focuses first on describing the main stages and concepts
related to liver regeneration observed in mammals after partial hepa-
tectomy. Then, it presents a compilation of the current knowledge
regarding liver regeneration in vertebrate classes other than mammals
and the evolutionary events necessary to achieve the sophisticated
toolkit for the signaling of liver regeneration in mammals. The present
work, also addresses the cellular mechanisms used in order to regen-
erate the liver, and it concludes with a discussion of the overall purpose

* Corresponding author.
E-mail address: bdelgado@ifc.unam.mx.

https://doi.org/10.1016/j.heliyon.2021.e06449

of liver regeneration and the intrinsic characteristics that explain the
robustness of the liver.

2. Liver regeneration is actually a compensatory hyperplasia
process

Greek mythology alludes to the possibility of an eternal punishment,
when Zeus condemns Prometheus to be chained to a rock in the Caucasus
Mountains for stealing fire and giving it to humanity. On the rock he
would be exposed to attacks by eagles directly on his liver. Due to the
high clonogenic potential of hepatocytes, it has been reported that the
constant renewal of liver tissue is possible (Michalopoulos and DeFran-
ces, 1997). The first formal works studying what kind of processes are
involved in liver regeneration date back to the end of the nineteenth
century (Felekouras et al., 2010). Some of the contributions made to our
current knowledge are described below.

The most accepted model for the study of liver regeneration in rats is
the 70% partial hepatectomy (PH) where 2/3 of the liver tissue, repre-
sented by the two largest lobes, are removed (Higgins and Anderson,
1931). Nancy Bucher discovered using parabiotic rats, where the signals
that address liver regeneration come from (Bucher et al., 1951). In mice
and rats, after 5-7 days the liver is fully regenerated through a combi-
nation of the mechanisms of hypertrophy (increased cell size) and
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hyperplasia (increased number of cells). Hypertrophy is observed early
after hepatectomy or when the resection of liver involves only 30%; it
seems to be sufficient to recover the liver mass (Miyaoka et al., 2012;
Miyaoka and Miyajima, 2013). The observed hypertrophy in mice after
70% PH is partially explained by the transient steatosis produced by the
cytoplasmic accumulation of triglycerides in the hepatocytes. In contrast,
experiments in rats previously transplanted with hepatocytes expressing
GFP suggest that cell hypertrophy plays a secondary role in liver regen-
eration (Marongiu et al., 2017).

One of the advantages of the PH model is that life is not compromised,
unlike when hepatic tissue removal reaches 90%. The property of liver
tissue as being basically quiescent has been recognized for many years
(Brues and Marble, 1937), and it was experimentally determined that
hepatocytes, the most abundant cell type in the liver, show a low
response to mitogens in vitro. In this regard, the PH model allows for the
study of hepatocytes that synchronously enter the G1 stage of the cell
cycle, and it does not involve acute inflammatory or necrotic processes
(Michalopoulous, 2010).

To date, it is well accepted that “compensatory hyperplasia” is a term
that more accurately describes what we previously referred to as “liver
regeneration” (Columbano and Shinosuka, 1996). Liver size is regulated
by a hepatostat, where a proportion close to 3% of the body mass in
mammals is strictly maintained; thus, when a loss of hepatic mass occurs,
all cell types change their quiescent stage to an active stage, which makes
them able to divide and recover the liver's size, although the initial
structure comprising different lobes is not recovered. It is also clear that
compensatory hyperplasia is completely different respect from regener-
ation by animals that have lost a limb. Nevertheless, the term “liver
regeneration” has been historically used in the literature, so I will do the
same in this review unless otherwise indicated.

Liver tissue comprises parenchymal cells (hepatocytes) and non-
parenchymal cells, where hepatic stellate cells (HSCs), which under
normal conditions store droplets of vitamin A, Kupffer cells (KCs, resident
macrophages of the liver), liver sinusoidal endothelial cells (LSECs),
lymphocytes, and biliary epithelial cells (BECs) are included. The
communication among these cell types is basic throughout the process of
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regeneration, since hepatocytes can respond to molecules that they
themselves produce (autocrine communication) or they can respond to
cytokines produced by HSCs or KCs (paracrine communication), as
illustrated in Figure 1.

Liver regeneration involves a complex network where diverse
signaling pathways from different cell types regulate the precise control
of genes encoding transcription factors needed to recover the hepatic
mass. The stages of the process after PH have been extensively described
in excellent reviews (Taub, 2004; Fausto et al., 2006; Michalopoulous,
2010; Stanger, 2015; Mao et al., 2014; Tao et al., 2017; Michalopoulos
and Bushan, 2021). The priming phase is the switch of the quiescent liver
tissue to a stage where all hepatic cell types become activated and able to
respond to growth factors. Only 1 min after PH, the urokinase-type
plasminogen activator increases its activity and then activates the he-
patocyte growth factor (HGF) in the extracellular matrix, which is
released to the peripheral blood approximately 1 h later (Mars et al.,
1995; Lindroos et al., 1991). In the hepatocyte, a few minutes after PH,
the Wnt/p-catenin pathway promotes increased levels and translocation
of p-catenin to the nucleus, and in cooperation with Yap and Hedgehog
pathways, regulates proliferation, survival, and differentiation (Gil-
genkratz and Collin de I’'Hortet, 2018). There is evidence that several
effector molecules of the complement system and lipopolysaccharide
activate Kupffer cells to release the proinflammatory cytokines tumor
necrosis factor (TNF-a) and interleukin-6 (IL-6), which both reach high
levels in the peripheral blood within 2-5 h after PH (Strey et al., 2003; De
Angelis et al., 2006). In the hepatocyte, TNF-a activates the transcription
factor NF-kB; while IL-6 activates STAT3, increasing its own response to
growth factors such as HGF (through MET, the HGF receptor), trans-
forming growth factor (TGF-a, which is also a ligand for EGFR), and
epidermal growth factor (EGF, and EGFR its receptor), among others.
Once the hepatocytes respond to growth factors and early genes become
activated, they enter the S phase of the cell cycle (S, for synthesis of
DNA), where protein synthesis is increased and mitosis occurs. When
hepatocytes proliferate, they produce growth factors such as the vascular
endothelial growth factor (VEGF), fibroblast growth factors 1 and 2
(FGF1; FGF2), which induce mitosis in other hepatic cells (Michalopoulos

Figure 1. Communication among different hepatic
cell types mediating signals to achieve compensatory
hyperplasia after partial hepatectomy. During the
priming phase, Kupffer cells (KCs) produce TNF-a and
IL-6, which through paracrine communication stimu-
late hepatocytes to respond to growth factors such as
the hepatocyte growth factor (HGF) and proliferate.
Hepatocytes respond by autocrine mechanisms to
TGF-o0 and HGF in the proliferative phase. Finally,
TGF-p synthesized by hepatic stellate cells (HSCs) and
KCs stimulate the hepatocytes to counteract the effects
- of TGF-a and return to the GO phase. Liver sinusoidal
endothelial cells (LSECs) also communicate through
paracrine pathways with hepatocytes and HSCs.
Different types of lymphocytes are shown in the
sinusoid (T and B cells from the adaptive immune
system; and Natural killer cells -NK-, from the innate
immune system). The portal triad comprises the bile
duct (BD) composed by biliary epithelial cells (BECs),
the hepatic artery (HA), and the portal vein (PV).
Based on functional/metabolic differences and spe-
cific markers, hepatocytes are grouped in zones 1 to 3.
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and Bushan, 2021). In the final phase, inhibitory cytokines, mainly of the
transforming growth factor beta (TGF-B) superfamily, produced in the
liver by hepatocytes and non-parenchymal cells, and also outside of the
liver by platelets and in the spleen (Tao et al., 2017) counteract the
TGF-o's effects and return the cells to the GO phase (Figure 2). However,
the relationship between TGF-f and the termination of liver regeneration
is not yet clear (Michalopoulos and Bushan, 2021). In addition to the
different cytokines and growth factors signaling the entire regeneration
process, other relevant molecules such as cholesterol and signaling lipids
play important roles from the first stages of liver regeneration (Delga-
do-Coello et al., 2011).

3. Liver regeneration in non-mammalian vertebrates

550 million years is the approximate time range separating the
common ancestor from the evolutionary steps that developed inverte-
brate and vertebrate species (Rossell6 et al., 2013). Although this period
of time may be quite short on the geological time scale, many important
events led first to the origin of the vertebrate liver (reviewed by Subbotin,
2017) and all along the way to the complex liver regeneration process we
can observe in higher vertebrates.

In reference to the origin of the liver, the midgut diverticulum of
amphioxus or lancelets, which diverged from vertebrates 520 million
years ago as precursors of the first vertebrates, has also been suggested as
the homologous precursor of the vertebrate liver (Subbotin, 2017). Pre-
vious findings show that CCls, used to study hepatic damage associated
with the fibrotic process in mammals, is able to affect digestive caecum in
the amphioxus, suggesting that this structure might be homologous to the
liver of rosy barb fish in which CCl4 also showed effects (Bhattacharya
et al., 2008).

Vertebrates comprise five classes of animals, where fish, amphibians,
and reptiles belong to the poikilotherm or ectothermic group (formerly
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referred to as “cold-blooded”) which exhibits a variable and
environment-dependent body temperature. Birds and mammals are en-
dotherms, and therefore almost always able to keep their internal body
temperature constant. Among others advantages, endothermy provided a
strict control of metabolism, high muscular power output, and fast
growth (Clarke and Portner, 2010). Based on a large body of evidence, it
seems possible that an increase in body temperature might be the
mechanism through which enhanced aerobic capacity was achieved.
Although it has been claimed that liver regeneration occurs in all
vertebrates from fish to humans, most of the basic research is performed
in mammals and the literature covering this phenomenon in other
vertebrate species, is still scarce. However, the following section offers a
brief account of the scientific reports that describe the structure of the

normal liver, and the liver regeneration process in non-mammalian
vertebrates.

3.1. Liver regeneration in fish

A comprehensive study carried out in two hundred fish species shows
that they do not share a common structure; the authors distinguish the
following arrangements of the hepatocytes and sinusoids: cord-like (he-
patocytes in monolayers), tubular (double-layered hepatocytes), and
solid (multi-layered hepatocytes) (Akiyoshi and Inoue, 2004). Phyloge-
netic analysis of these structures suggests that solid and tubular ar-
rangements correspond to primitive species, while those with a higher
phylogenic category show a cord-like disposition similar to the
mammalian arrangement (Akiyoshi and Inoue, 2004). In rainbow trout
(Salmo gairdneri), whose liver shows a tubular arrangement, the regen-
eration caused by PH or by a bile duct ligation procedure have been
morphologically described (Okihiro and Hinton, 2000). The liver struc-
ture of the zebrafish (Danio rerio) shows a different arrangement from
that known in other fish and mammal species (Yao et al., 2012). The
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Figure 2. Main events of the regeneration
phases after partial hepatectomy (PH). At the
priming stage, soon after PH the urokinase-
type plasminogen activator (uPA) increases
its activity and then activates the hepatocyte
growth factor (HGF) in the extracellular
matrix (ECM) and it is released into periph-
eral blood. The complement system is acti-
\ vated through proteolysis of C3 and it
\ prompts Kupffer cells to release TNF-a and
) IL-6 which after binding to their receptors
".‘ activate several signaling pathways (JAK/
\ STAT, MAPK, and PI3/AKT) and hepatocytes
i become responsive to several growth factors
(HGF, TGF-a, and EGF) making the transition
to the G1 phase of the cell cycle (prolifera-
tive phase) that permit mitogenesis. When
hepatocytes proliferate, they produce growth
factors that are mitogenic for other hepatic
cell types. Once the liver tissue reaches its
original mass, in the termination phase,
inhibitory cytokines of the TGF-§ superfam-
ily (TGF-p and activins) produced by hepatic
stellate cells (HSCs) and Kupffer cells, bind
their receptors in hepatocytes to phosphory-
late and activate SMADs, which in this state
bind to SMAD4, forming a complex that is
translocated to the nucleus where it activates
the transcription of another set of target
genes, which facilitates the return of the
hepatic cells to the GO phase and finally,
ECM and liver vasculature are reestablished.

M

TERMINATION PHASE



B. Delgado-Coello

parenchyma exhibits a cord-like structure, but double-layered hepato-
cytes are distributed around a central vein and resident macrophages are
interspersed between hepatocytes (Cheng et al., 2020). The zebrafish has
attracted attention because ca. 70% of human genes have orthologue
representatives in this species (Howe et al., 2013), and PH has also been
successfully performed (Sadler et al., 2007; Cox and Goessling, 2015).
Given the trilobar structure present in the zebrafish, only the ventral lobe
(1/3) is removed in this version of the PH model, and in contrast to that
which is observed in mammals, the original lobular structure is recovered
after 7 days. As in mammals, the remaining hepatocytes are in charge of
recovering the liver tissue to 100% after hepatectomy (Kan et al., 2009).

3.2. Liver regeneration in amphibians

Both in amphibians and reptiles, the capacity for epimorphic regen-
eration related to the restitution of specific body regions is much better
understood (Galis et al., 2003; Zhao et al., 2016; Alibardi, 2010), and this
process is virtually absent in birds and mammals.

The amphibian class comprises the orders Gymnophiona (worm-like
species), Caudata or Urodele (newts and salamanders), and Anura
(frogs). In general, the liver in amphibians takes the form of the body
shape, and most of them have a bilobate liver, although there are species
with three or up to five lobes and the hepatocyte-sinusoidal structure can
include, one, two, or several layers of hepatocytes (Akiyoshi and Inoue,
2012). Interestingly, the anuran liver shows an identical arrangement to
that shown by mammals, while the liver of members of the order Caudata
is similar to that present in teleosts. The abundant presence of melano-
macrophages where primary melanogenesis seems to take place is typical
in the liver of the newt (Bernabo et al., 2014; Vaissi et al., 2017), but they
have also been observed in reptiles and in some fish (Agius and Roberts,
2003).

A study performed in Xenopus laevis can be found in the literature,
where the goal was to analyze the effect of the production of the adre-
nocorticotropic hormone after 75% PH on the interrenal tissues of the
kidneys (Fritsch et al., 1977). In this work, the experimental groups were
observed from 3 up to 106 days after hepatectomy, but details regarding
the liver regeneration process were not provided.

Recently, the liver structure of the axolotl (Ambistoma mexicanum)
which belongs to the order Caudata, was described, and for the first time,
the PH technique was developed in the axolotl (Oyashi et al., 2020). The
axolotl liver displays shape variability as well as differences in color,
number of multinucleated cells, and DNA content, depending on age. PH
was safely performed by resecting 30% of the liver tissue. Observations
for up to 30 days showed that hepatocytes proliferated with a trend to-
wards accumulation, but the liver did not restore its original mass. The
authors suggest a “compensatory congestion” mechanism, in which ERK
signaling is involved in hepatocyte proliferation.

A peculiar phenomenon known as “emergency regeneration”, is
observed in green frogs and the Italian newt, that structurally and
functionally restores liver tissue after necrotic injuries caused by
different hepatotoxic compounds (Bernabo et al., 2014; Akulenko, 2015).
The liver shows the presence of fat droplets, degradation of connective
tissue, anisocytosis, among others effects, which are comparable to the
observations reported in liver regeneration after partial hepatectomy in
other species of frog (Karapetian and Dzhivanian, 2006) and in
mammals.

3.3. Liver regeneration in reptiles

As for the histology of reptiles, there is little information available,
but it is known that they show different liver arrangements, even in
members of the same clade. For example, in snakes the liver adopts the
body shape, while lizard livers have a right and a left lobe. In the common
lizard (Tropidurus torquatus) of Brazil, an arrangement similar to that of
mammals is described, where highly vacuolated hepatocytes are located
in cords following the sinusoids and those that are near the centrolobular
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vein show a radial arrangement (Firmiano et al., 2011). The liver pa-
renchyma also shows many melanomacrophages. In the Nile monitor, it
has been observed that the right lobe is the largest lobe, with few mel-
anomacrophages, and the hepatocytes are arranged in tubules sur-
rounded by a sinuous network of sinusoids (Ahmed et al., 2018), as
reported by others in the liver of freshwater and desert turtles (Moura
etal., 2009; Kassab et al., 2009). Interestingly, the liver of the freshwater
turtle has four lobes and melanomacrophages are present, while the
terrestrial tortoise has two lobes and has no melanomacrophages.

The garden lizard has been used as a model to study metabolic pa-
rameters after being partially hepatectomized in the context of the
possible influence of age in the process (Rao and Patnaik, 1971a, 1971b,
1973). These works used short observation periods (24 h), so the authors
did not document whether the liver recovered its original size and shape.

Several reports describe the surgical procedures performed in snakes
where coelomic masses were removed by partial hepatectomy (Lawton,
1998; Knotek et al., 2012). According to their veterinary approach, these
works report the adequate recovery of the snakes after 5-7 months.

In Python species, during their long periods of starvation, the meta-
bolism is deeply downregulated and several organs including the liver,
remain atrophied. However, once the snake feeds, post-feeding organ
regeneration occurs (Secor and Diamond, 2000; Andrew et al., 2017).
Interestingly, in all organs analyzed only the gene encoding coagulation
factor X showed significant changes. At four days after feeding, the liver
was the last organ to reset to fasting status (Andrew et al., 2017). In the
regeneration of heart tissue, it seems that only hypertrophic mechanisms
are involved, while in the liver, kidney, and small intestine, hyperplasia
occurs as well. In general, this phenomenon shows differences in the liver
regeneration produced by different stimuli due to the activation of
non-canonical pathways such as those associated with the oxidative
stress response (NRF2) or growth (mTOR).

3.4. Liver regeneration in birds

The liver of avian species has two lobes, and the whole organ repre-
sents a larger proportion of body size than that of mammals. The general
arrangement of hepatocytes is similar to that which is observed in
mammals (Zaefarian et al., 2019).

Regarding liver regeneration in birds, there are few formal reports
following the process. However, Higgins et al. (1932) reported that the
liver in the adult domestic fowl did not recover to the same extent as that
which occurs in mammals after ablation of the left lobe. In contrast, liver
regeneration observed in young chicks was almost complete after 30 days
(Kornblith and Kalman, 1964).

In 1962, a study was conducted in roosters where 10-12.5% of the
liver was removed and the process was followed for 3-90 days after
hepatectomy (Sidorova, 1962). Several differences were described
depending on the operated lobe; also, the hypertrophy was considered to
be the mechanism explaining the regeneration and it was found that the
liver did not recover its original shape. It should be noted that in this
work the author considered that the regenerative hypertrophy involves
proliferation of cells in the remaining liver, which is contrary to the
current concept (Miyaoka and Miyajima, 2013). Several groups have
described the activity of relevant enzymes (Dzhivanian and Ter-Oganian,
1979) or the role of binucleate cells in the regeneration of chicken liver
(Dzhivanian and Ter-Oganian, 1983). Other researchers who were
focused on the activity of hepatic glycosidases have used the regenerating
chicken liver as a model for comparative purposes with highly prolifer-
ative cells from different types of tumors where cells seem to grow in an
uncontrolled manner (Chelibonova-Lorer et al., 1985). In the goose, the
effect of insulin on the decrease of plasma triglycerides observed after
hepatectomy has been reported (de Oya et al., 1976). Another approach
has been to use the PH model in chickens to correlate the performance of
the hepatic function through the determination of galactose clearance,
where the reduction of this parameter was proportional to the liver
damage of 13% (Jaensch et al., 2000).
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Importantly, in the mature liver of mammals and birds, oval cells and
small hepatocytes represent progenitor cells, playing a crucial role when
the hepatic tissue is severely damaged by different reagents (Lemire
et al., 1991; Mitaka et al., 1992; Michalopoulous et al., 2005).

4. From multicellularity to the establishment of a sophisticated
signaling of liver regeneration

4.1. Conditions for the establishment of multicellularity

In order to analyze the origin of the complex molecules that signal
liver regeneration, it is necessary to go back to the origin of metazoans,
the group that includes all multicellular and bilaterian animals. To date,
it is accepted that multicellularity has evolved several times and through
independent paths in the history of life (Sebé-Pedros et al., 2017). Ac-
cording to fossil recordings, the first multicellular eukaryotes date from
1,200 million years ago, while metazoans appeared ca. 650 million years
ago.

Consistent with the diversity of multicellular organisms comprising
plants, fungi, and animals, different mechanisms evolved in order to
promote functions such as cell adhesion and communication. The toolkit
for cell adhesion included extracellular glues (mainly carbohydrates),
extracellular glycoproteins, and integral membrane proteins. Together
with the presence of more complex proteins in membranes, a diversity of
genes encoding for transcription factors developed in different multi-
cellular lineages shaped the evolution of eukaryotes (de Mendoza et al.,
2013). In fact, it has been suggested that the hypoxia inducible factor-1a
(HIF-1a) made the transition from unicellular to multicellular organisms
possible (Heber-Katz and Messersmith, 2018). This factor has been
relevant since ancient times because the first eukaryotic single-cell or-
ganisms had to regulate high (otherwise toxic) oxygen levels made
available by the first photosynthetic organisms (Heber-Katz and Mes-
sersmith, 2018). Interestingly, the expression of HIF-1a has been studied
in hepatectomized rats showing that both transcripts and protein levels
increase at 24 h and remain high for up to 5 days after PH (Maeno et al.,
2005). Although HIF-1a is a constitutive factor, under normal O, levels it
is degraded but when a hypoxic environment is present, as its name
suggests, it is overexpressed. After hepatectomy, a transient hypoxia is
observed when the massive proliferation of hepatocytes exceeds the
number of sinusoidal cells where blood flow is usually very active
(Maeno et al., 2005). In addition to transcription factors, molecules such
as growth factors and signaling intermediaries, involved since the em-
bryonic development of vertebrates (Schoenwolf and Smith, 2000), are
also relevant to the regeneration process.

The following section describes the development of the physiological
bases necessary for the evolution of the articulated responses that allow
liver regeneration.

4.2. Emergence of an improved immune system

One of the relevant factors associated with the regenerative ability in
vertebrates is the concomitant evolution of more complex nervous and
immune systems at the same time as amniotes (reptiles, birds, and
mammals) changed to adapt to a terrestrial environment, losing their
restitutive regeneration (Alibardi, 2019). This dramatic change is related
to the loss or modification of genes involved in the control of larval stages
and metamorphosis. While the nervous system became more specialized,
a trend towards increased telencephalon size was observed, and the
immune system was improved.

The innate immune system was the first defense mechanism that
appeared more than 500 million years ago, while the adaptive immune
system emerged 450 million years ago (Figure 3). C3, the main compo-
nent of the complement system, is present in invertebrates as part of the
innate immune system which eliminates microbes through opsonization.
It has been hypothesized that a primitive version of C3, performed its
functions in single-cell organisms intracellularly and on the membrane.
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Figure 3. Summary of the evolution of vertebrates and their different mecha-
nisms for the repair of tissues. Epimorphic regeneration is characteristic of
amphibians and reptiles but it is absent in birds and mammals. Liver regener-
ation takes place in all vertebrate classes; however, the improved molecular
toolkit present in mammals supports optimized regeneration of the liver
compared to lower vertebrates. Several studies show that C3, a component of
the complement system (innate immunity) as well as the cytokines TNF, IL-6,
and TGF-p along with growth factors such as fibroblast growth factor (FGF)
have been present since the appearance of the first metazoans (ca. 550 million
years ago). In addition, it has been shown a different balance of lipids in bile
acids from mammal species, with a notably high content of phosphatidylcholine
and cholesterol. PL: phospholipids; CHOL: cholesterol.

In multicellular organisms, the mechanisms of defense were improved,
thus the complement system evolved new components, such as intra-
cellular components, proteins regulating its function, and mechanisms to
secrete C3 into the surrounding milieu (Elvington et al., 2016). The
family of regulators of complement activation was present in the first
vertebrates (cyclostomes). When a circulatory system was developed, the
liver was able to synthesize and secrete C3, protecting the intravascular
space. The appearance of immunoglobulins in cartilaginous fish marked
the emergence of the classical and lytic pathways of complement acti-
vation (Sunyer and Lambris, 1998). Although complement system is
conserved in vertebrates, fish present a more complex complement
cascade most likely in order to compensate for the lack of developed
acquired immune mechanisms (Najafpour et al., 2020). In higher verte-
brates, the complement system participates as effector of innate and
adaptive immune responses.

As previously mentioned, the complement system plays a main role
during the priming phase of liver regeneration, which will be discussed
later in this work.

4.3. Evolution of signaling related to liver regeneration

The evolution of the complete set of molecules signaling for liver
regeneration has not been sufficiently studied. However, work performed
in different vertebrate models makes it possible to infer several inter-
esting points. For example, the Wnt/p-catenin pathway, essential for liver
homeostasis and a regulator of liver zonation, is involved in the priming
phase, and now it is known that it participates in the termination of liver
regeneration (Yang et al., 2015). This pathway, along with those
involving bone morphogenetic proteins (BMPs) and the fibroblast growth
factor (FGF), plays a role during liver regeneration in zebrafish, rodents,
and humans (Kan et al., 2009; Gilgenkratz and Collin de I'Hortet, 2018).
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Although these findings suggest conservation of the basic pathways, it is
possible to believe, as has been observed in FGF, that during evolution
the ancestor molecule diverged, creating more members and more
complex functions (Li, 2019).

In the priming phase of liver regeneration, some of the most signifi-
cant molecules are the cytokines TNF-a and IL-6. Both cytokines show
high versatility in their functions; for example, TNF can be related to cell
death or to proliferation. The evolutionary analysis of TNF sequences of
different vertebrates (and cartilaginous fish) shows that the most
conserved regions correspond to the cell death function. Thus, some
authors have hypothesized that this may be its original function (Lu et al.,
2016). The comparison of the TNF and its receptor (TNFR) among
invertebrate and vertebrate species, shows that they belong to old cyto-
kines that arose ca. 550 million years ago and are highly conserved
throughout evolution (Quistad et al., 2014; Lu et al., 2016). In chickens,
TNF-a was recently described (Rohde et al., 2018), but TNF-like activity
(Kaiser et al., 2004), ligands, and TNFR were described several years ago
(Wiens and Glenney, 2011). Phylogenetic analysis of TNF-a shows that
avian sequences differ from those found in fish, reptiles, and mammalian
species, while TNFR1 and TNFR2 cluster with high bootstrap support
with respect to the corresponding receptors described in reptiles and
mammals (Rohde et al., 2018).

Several proinflammatory interleukins, have been described in fish,
amphibians, birds, and mammals, but not in reptiles (Kaiser et al., 2004).
However, IL-8 was later successfully cloned from a Chinese turtle species
(Zhou et al., 2009). So far, 39 different interleukins have been described
in mammals where they are key in the regulation of immune responses.
After PH, at least 40% of approximately 100 early genes activated,
respond specifically to the expression of IL-6 (Li et al., 2001). Of all the
members, IL-6 and IL-31 are those that are the most variable (Gorshkova
et al.,, 2016). In contrast to the TNF family, IL-6 seems to be poorly
conserved and highly polymorphic across populations (Gorshkova et al.,
2016). This plasticity might be associated with the wide range of
signaling functions in which IL-6 participates. IL-6 is one of several in-
terleukins positively selected throughout evolution and it shows the
highest rate of positively selected codons (Neves et al., 2014a). In gen-
eral, positive selection favoring beneficial traits tends to increase their
frequency in a population, as well as their permanence through genera-
tions. In addition, coevolution events have been observed between close
species of lagomorphs, where larger versions of IL-6 have been isolated
(Neves et al., 2014b).

Cytokines of TGF-p superfamily involved in the termination phase of
liver regeneration, share high homology across different organisms and
their signaling pathways are regulated according to the physiological
context (Ayyaz et al., 2017). Interestingly, TGF-p has been present since
the appearance of the first metazoans, but absent in protozoans (Humi-
niecki et al., 2009; Zheng et al., 2018). A single TGF-p is present in lower
deuterostomes (sea urchins, tunicates, and hemichordates), but not in
early bilaterians (Hinck et al., 2016). The complex signaling network led
by the TGF-p was relevant to specify axes defining bilateral symmetry,
features of different organs and regulation of development and homeo-
stasis. It is remarkable that three TGF-fs are found in mammals, more
than 30 ligands, 5 and 7 type II and III receptors, respectively, and 8
Smad proteins (Ayyaz et al., 2017) resulting in a more complex network,
that involves signaling in the intracellular and extracellular environ-
ments (Hinck et al., 2016). Gene duplication is a mechanism which can
produce copies of genes in short periods of time (Magadum et al., 2013).
At least two rounds of duplications have been detected in vertebrates,
which seem to have occurred in several ligands or receptors of the TGF-$
family.

Undoubtedly, the trend towards an increased complexity in signaling
pathways and the diversification of growth factors, at least partially ex-
plains how liver regeneration has been improved in mammals.
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5. Possible role of bile salts and cholesterol in the evolution of
liver regeneration

The role of cholesterol and other bioactive lipids during liver regen-
eration has been previously reviewed (Delgado-Coello et al., 2011). At
12-24 h after PH, occurs the transitory accumulation of triglycerides and
cholesterol known as steatosis, while these lipids are decreased in the
serum.

In the liver, cholesterol is a precursor for the synthesis of bile acids,
which contribute to the digestion and absorption of fats. In rat, mouse,
and human hepatocytes, it has been widely documented that during the
24 h post-hepatectomy period, there is a transitory overload of serum and
hepatic bile acids while hepatocytes display mechanisms to avoid the
subsequent toxicity (Merlen et al., 2017; de Haan et al., 2018). Therefore,
bile acids are considered coregulators of the priming phase of liver
regeneration when they bind to nuclear receptors (farnesoid X receptor
or FXR) where different signaling pathways are activated in order to
inhibit the bile salt synthesis and to quickly remove bile acids from the
small intestine cells (enterocytes) by stimulating the expression of a
specific bile acid transporter. In FXR™/~ mice (Huang et al., 2006) or
when FXR is conditionally deleted in the liver (Borude et al., 2012), as
observed in mice lacking different growth factors or cytokines, regener-
ation is delayed (Bohm et al., 2010). Interestingly, FXR /™ mice 24 h
after hepatectomy, show significant increases in serum and hepatic bile
acids concentration compared to normal mice (Huang et al., 2006). To
date, more researchers are considering the relevant role of bile acids
during liver regeneration and exploring the function of several G-protein
coupled receptors involved in signaling and also activated by bile acids
(van de Laarschot et al., 2016; Merlen et al., 2017).

The quantitative analysis of biliary lipids, which comprise bile salts,
phospholipids, and cholesterol in a wide range of vertebrates, and
cartilaginous fish, has been reported and relevant conclusions can be
drawn in the context of this review (Moschetta et al., 2005) (Table 1). In
mammal species, a notably high content of phosphatidylcholine and
cholesterol is observed. In general terms, these data suggest that in
species showing low cholesterol/bile salt ratios, cholesterol is eliminated
when it is used in the synthesis of bile acids, but in mammals such as
humans, cholesterol is eliminated directly (Moschetta et al., 2005). The
enrichment of phospholipids and cholesterol observed in mammals may
be significant from an evolutionary point of view, due to the protective
role observed against cytotoxic effects produced by bile acids (Puglielli
et al., 1994; Benedetti et al., 1997), and when high levels are observed in
the short term after hepatectomy. However, an antagonist effect of
cholesterol on the cytoprotective effects of phosphatidylcholine in pri-
mary human hepatocytes has also been reported (Ikeda et al., 2017). The
significance of bile salt composition from the evolutionary point of view
has been previously discussed (Hofmann et al., 2010).

Another relevant role of cholesterol is as a structural molecule that
together with other lipids, is part of dynamic regions in the cell mem-
brane known as lipid rafts, in which many proteins are recruited to signal
processes such as liver regeneration. For example, it has been reported
that this kind of domains is needed in the case of the insulin receptor
which has a main role in signaling for hepatocyte proliferation (Fonseca
et al., 2018). A deeper analysis regarding the role of these membrane
domains is far from the scope of this work, but it should be borne in mind.

6. From phenotypic fidelity to cell plasticity in the liver

The toolkit comprising a diversity of transcription factors undoubt-
edly evolved in parallel with the origin and evolution of metazoans,
making them more complex at the same time as physiological processes
were precisely signalized in time and space. Some of the mechanisms for
production of new cells in order to regenerate any kind of tissue are
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dedifferentiation (in which differentiated cells become progenitor cell
types), transdifferentiation (the process of conversion of one tissue cell
into another cell type), and activation of pools of different stem cells
(Zhao et al., 2016). Since these mechanisms are not present in the ma-
jority of adult mammals, they show a low regenerative ability. However,
it seems that given the longer life span of vertebrates in comparison to
lower species, they were supplied in the course of evolution with
different mechanisms for the repair of tissues, such as liver regeneration
to preserve integrity (Stanger, 2015).

Nowadays, it is widely recognized that all liver cell types under ho-
meostatic conditions or when the liver is stimulated to regenerate after
PH, are guided by phenotypic fidelity, according to which, hepatocytes
produce hepatocytes, and HSCs produce HSCs (Michalopoulos and
Bhushan, 2021). Thus far, the consensus is that after 70% PH in rodents
or 30% PH in the zebrafish, the hepatocytes are able to replenish the liver
tissue. In contrast, when the liver is exposed to a chronic or severe injury,
hepatocytes and BECs (cholangiocytes) become surpassed and instead
show plasticity, which means that both cells are reprogramed, showing
“regenerative altruism” and they can transdifferentiate into each other,
functioning as facultative stem cells (Raven et al., 2017; Schaub et al.,
2018; Li et al., 2020). This alternative mechanism has been observed
when the liver of zebrafish is challenged through an aggressive hepato-
cyte ablation by treatment with metronidazole (He et al., 2014, 2019;
Khlalik et al., 2018), or in mice and rats by treatment with thioacetamide
(Wallace et al., 2015; Deng et al., 2018), or in humans with chronic liver
damage (Deng et al., 2018). Several years ago, a population of oval cells
located in the canals of Hering was described, and it was thought that
they participate in regenerating the liver when it is severely damaged.
Now, lineage tracing techniques have revealed that BECs dedifferentiate
into liver progenitor cells (LPCs), which are none other than the oval
cells, and then, they differentiate into hepatocytes (So et al., 2020). This
mechanism is known as LPC-driven liver regeneration. Thus, the current
view is that stem cells do not participate in liver replenishment, and it is
also thought that this would be a slow process and that cholangiocytes
and hepatocytes are an abundant source of cells for liver reconstruction
(Michalopoulos and Bhushan, 2021). Interestingly, it has been described
the presence of proliferative stem cells expressing the receptor LGR5
(stem-cell marker) after liver injury by CCly treatment (Cao et al., 2017).

In this context, I concur with Cox and Goessling (2015) who estab-
lished that “liver regeneration is an adaptive response to liver injury”.
Conversely, liver responses to chronic injuries such as extracellular ma-
trix overproduction and scarring are considered maladaptive because
together they impair the liver regeneration process.

Another aspect that is not discussed here, but which is important
nevertheless, is related to the subjacent role that epigenetic mechanisms
play each time that different genes or transcription factors change their
expression patterns when liver tissue is injured. In this context, it has
been shown that a mechanism of epigenetic compensation given by a
reposition of repressive marks in a specific residue of a histone (a
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trimethylation) to hypomethylated transposons (sequences abundant in
intergenic segments corresponding to remains of viruses), allowed the
activation of genes promoting regeneration (Wang et al., 2019).

7. Factors contributing to the high regenerative capacity of the
liver

In general, it is assumed that since the liver performs diverse tasks
crucial for survival, it evolved its great intrinsic ability to regenerate. But
one could ask, why if other organs are also vital, do they lack the ability
to regenerate to a degree comparable to that of the liver? There are some
peculiarities observed in the liver that may contribute to the explanation
of its robustness, as described below.

The structure of the liver shows common characteristics across ver-
tebrates: it is composed of a solid mass of cells with strong intercom-
munication among them, and it is highly vascularized with sinusoids. All
vertebrates also share a highly conserved evolution of the hepatic portal-
liver system (Subbotin, 2017). A fact is that the liver is the only paren-
chymal organ that regenerates up to the proper ratio with respect to body
size, in contrast with other organs, which only partially regenerate
(Michalopoulous and Bhushan, 2021).

The liver, as a multitask organ, is able to perform detoxification of
exogenous agents such as toxins, drugs, food additives, and viral in-
fections. But it also has a privileged and strategic location that permits its
function as a guardian of the immune system, detecting and promoting an
adequate immune response against lipopolysaccharide derived from
Gram-negative bacteria living in the gut. The liver can also respond to
tissue damage or tissue loss.

It should be mentioned that the liver must perform all its functions,
while it rebuilds itself after being partially hepatectomized. This is
possible because the hepatocytes show functional and metabolic het-
erogeneity, such that those located close to the portal vein (zone 1) are
specialized in gluconeogenesis, p-oxidation, and cholesterol synthesis,
while those in zone 3 near to the close vein are engaged in glycolysis,
lipogenesis, and detoxification (Figure 1). Under homeostatic conditions,
pericentral hepatocytes are responsible for hepatocyte renewal (Wang
etal., 2015). For a time, it has been considered that after PH, hepatocytes
of zone 1 are the first in proliferate, followed by the zone 2 and zone 3
hepatocytes. Nevertheless, recent studies have concluded that hepato-
cytes proliferate regardless of their location, although diploidy (2N)
provides a growth advantage (Chen et al., 2020). In addition, the liver's
robustness is supported by a continuous crosstalk between hepatocytes
and other hepatic cells. Ultimately, the final purpose of liver regeneration
may be to maintain body homeostasis and allow for survival
(Lopez-Luque and Fabregat, 2018).

I believe that the key to explaining the robustness of the liver depends
largely on its quality as an immunological organ, since it is provided with
innate and adaptive response mechanisms and the highest content of
immune cells specialized in those functions. Liver immune responses are

Table 1. Lipid/bile salt ratios observed in vertebrates and sharks.

Class Phospholipid/Bile salt Cholesterol/Bile salt
Cartilaginous fish 0.050 0.003
Fish 0.040 0.005
Amphibians* 0.009 0.0016
Reptiles 0.020 0.004
Birds 0.060 0.003
Mammals: 0.090 0.010
(Rodents)
(Primates) 0.150 0.022
(Humans) 0.300 0.066

Table constructed with mean values reported by Moschetta et al. (2005). *For amphibians only one liver sample was considered, therefore, the lowest ratios among

vertebrates cannot be considered final.
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finely regulated to distinguish antigens present in the alimentary tract;
they modulate the response after receive a transplant or trigger responses
to local injuries, generalized inflammation, and regeneration (Thor-
gersen et al., 2019). When the liver is exposed to an acute injury such as
PH, it reacts by producing a rapid regenerative response that is partially
mediated by immune responses.

Among the non-parenchymal cells of the liver, ca. 25% are repre-
sented by KCs and lymphocytes (natural killer cells, natural killer T cells,
and B cells), while LSECs account for 50% (Racanelli and Rehermann
2006). Immune cells such as KCs, dendritic cells, and natural killer T
cells, with the help of infiltrating myeloid and lymphoid cells, can
respond to pathogen- and damage-associated molecular patterns (PAMPs
and DAMPS, respectively). A central mechanism of the innate immune
system, is the complement system of higher vertebrates, comprising
among 50-60 soluble and membrane proteins. The hepatocytes synthe-
size ca. 90% of the soluble proteins (Qin and Gao, 2006). The main
component of the complement present in plasma is C3, whose proteolysis
by C3 convertases produces C3a (the a-chain) and C3b (the B-chain),
leads to the activation of the three complement pathways. C3a is known
as a mediator of inflammation, and together with C5a, it has been shown
to participate in the priming phase of liver regeneration when it binds to
KCs which in turn release TNF-a. It has also been shown that C3 activates
c-fos and promotes TNF-u signaling, which activates acute phase genes
during the priming phase (Min et al., 2016). The redundancy of pathways
involved in liver regeneration explains the fact that PH in knockout an-
imals that lack different growth factors, cytokines, and others, results in a
delayed but not terminated regeneration. However, in G3~/~ or C5~/~
mice, liver regeneration was shown to be abnormal and mortalities were
observed of 40% and 23%, respectively (Strey et al., 2003). In
C37/~C57/~ mice it was even worse because C3 deficiency prevents C3
and C5 activation.

It is important to note that in the course of evolution, biological
complexity was suddenly increased in a first stage when eukaryotes arose
and secondly, when vertebrates arose (Bird, 1995). Genetic redundancy
is commonly observed in higher organisms, and it contributes to the
resilience considered as characteristic of the living beings
(Gomez-Romero et al., 2020). The liver is a good example of this resil-
ience, observed when it is exposed to acute or chronic damages.

Liver regeneration is an extremely complex process that is a matter of
intense study mainly in mammals. However, research performed in lower
vertebrates such as zebrafish has provided important information
regarding conserved mechanisms also present in higher vertebrates.
Hopefully more studies will help to fill the knowledge gaps, not only with
regard to comparative liver histology, but also about the detailed
mechanisms of liver regeneration present in mammalian and non-
mammalian species.
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