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The physiological importance of the liver is demonstrated by its unique and essential ability to regenerate following

extensive injuries affecting its function. By regenerating, the liver reacts to hepatic damage and thus enables

homeostasis to be restored. The actors involved in the regenerative process are numerous and many of them are

also pivotal players in both the immune and non-immune inflammatory process, that is observed in the early stages

of hepatic regeneration. Balance of Th17/Treg is important in liver inflammatory process outcomes. 
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1. Introduction

The liver is one of most important organs responsible for monitoring homeostasis in the mammalian body. It is

involved in physiological processes such as: bile production, plasma protein synthesis, nutrient absorption and

detoxification, immunity and vitamin storage . Moreover, it is fundamental in metabolic regulation of

carbohydrate, protein, and lipid homeostasis . The liver is also the central immunological organ, able to activate

the immune system in response to the circulating antigens . Not surprisingly, the cellular immune component in

the liver is very large, both lymphoid (e.g., Natural Killer) and myeloid (e.g., Kupffer cells) . In this regard, it is

clear that the structural and functional integrity of the liver must always be guaranteed. The ratio of liver to body

weight must be constant over time and it is known to be approximately 2% . Many authors assume that to keep

a proper liver size there are very peculiar molecules, such as bile acids, which act as sensor of the hepatostat

control system . Therefore, it is clear how the various insults that liver suffers -mechanical, metabolic or

biological- can lead to the loss of homeostasis and can undermine health.

The maintenance of homeostasis is guaranteed by a perfect coordination of the immune system. Several immune

cells in the liver detect antigens and, as sensors, trigger the immune response. Among the parenchymal cells of the

liver there are hepatocytes and cholangiocytes, while the hepatic stellate cells (HSCs) and liver sinusoidal

endothelial cells (LSECs) are the non-parenchymal counterpart . Nevertheless, a continued exposure to

microbial antigens from the gastrointestinal tract exposes the liver to the risk of an over-activated immune

response. Evidence of hepatic tolerance was published as early as 1969 . The liver has the task of ensuring on

the one hand the activation of the immune system and on the other the triggering of tolerance mechanisms. The

perfect balance of these processes guarantees physiological homeostasis. Indeed, it has to be considered the

central role played by liver in glucose and lipids metabolism.Mass loss in liver regeneration is accompanied by
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hypoglycaemia and transient fat accumulation that indicates a possible role to promote and control liver

regeneration .

2. Liver Regeneration

Approximately 80% of the liver mass consists of hepatocytes, which guarantee its perfect functioning. The

hepatocytes are normally in a quiescent state (G0 phase), but they re-enter cell cycle following various types of

perturbation . Partial hepatectomy (PH) is the most common approach to study liver regeneration, as an in vivo

experimental model of proliferation in rats, mice and also zebrafish .

Liver regeneration is the re-establishment of structural or physiological integrity, which was previously lost. In the

framework of the liver, it is actually a compensating enlargement by the residual tissue. After PH, the liver is

restored by the residual hepatocytes, without activation of a progenitor cell . Nevertheless, bone marrow cells

can generate approximately 20% of endothelial and non-parenchymal cells during liver mass restoring . Liver

regeneration occurs through the interaction of different molecular pathways. Several factors affect the final

success. Following PH, the amount of excised liver determines the activation of different proliferative pathways.

When the resection affects 1/3 of the liver, the hepatocytes quickly react by expanding their volume, initiating

hypertrophy. Instead, if the resection affects 2/3 of the mass, the hepatocytes enter the S phase, proliferate and

induce hyperplasia . A third mechanism is triggered if the PH affects 80–90% of the liver and it has been well

characterized in both mouse and zebrafish. Hepatocytes in this case are not enough to restore the liver, so biliary

epithelial cells are activated and converted into functioning hepatocytes .

3. Molecular Mechanisms of Liver Regeneration

Liver regeneration is the product of tight networking between multiple pathways, but surely the two processes that

must be modulated involve cell proliferation and cell growth. They can be defined as two sides of the same coin.

Specifically, the interleukin 6 (IL-6)/JAK/STAT-3 pathway is involved in proliferation, while PI3K/PDK1/AKT is

responsible for cell growth (Figure 1). 
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Figure 1. Schematic overview of liver regeneration. LR (liver regeneration) outlined in three phases: initiation,

proliferation and termination. In the initiation phase different PAMPs trigger regenerative process by interacting with

TLRs exposed on Kupffer cells membrane. Tumour necrosis factor alpha (TNF-α)  and IL-6 produced by Kupffer

cells activates the NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) pathway in hepatocytes

making them responsive to the proliferative signalling and forthcoming to G0/G1 transition. Once IL-6 determined

the activation of proliferation, acting on JAK/STAT3 pathway, hepatocytes enter the G1 phase and growth factors

signalling ensures their progression in the cell cycle. Kupffer cells and sinusoidal cells sustain hepatocytes growth

by producing respectively HGF acting through c-met receptor and EGF. EGFR ligands other than EGF (FGF,

VEGF, PDGF and others) act as signal modulators. Growth factors binding to their specific receptors lead to cell

growth mainly through the PI3K/PDK1/AKT pathway. The termination phase takes place when the original weight of

the liver is reached and results from inhibition of proliferation and growth, and apoptosis induction. The mTOR

pathway controls protein translation and together with TGF-β (transforming growth factor-beta) induces hepatocyte

expansion inhibition. Apoptosis cooperates with other inhibitory signals, allowing the correct attainment of liver

mass. The hepatostat is responsible for the perfect integration of such processes leading liver structural and

functional recovery. ECM deposition is a transitory and reversible condition of the regenerative response that arises

during the proliferative phase and leads to fibrosis. ECM accumulation requires its rapid and continuous

degradation and remodelling to ensure resolution, avoiding cirrhosis outcome and/or liver failure.

IL-17: A Balancer in Liver Regeneration
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In recent years, novel molecules involved in LR have been identified, which provide a contribution to the final

resolution. Among these, interleukin-17 (IL-17) is certainly the most prominent. The IL-17A, hereinafter IL-17, is the

most characterised member of the IL-17 family. This cytokine binds to the receptor for IL-17A (IL-17RA), which

dimerizes with IL-17RC, triggering the IL-17 signalling . The activation of this pathway recruits the protein

adaptor ACT1, which leads to the activation of relevant pathways such as NF-κB and mitogen-activated protein

kinases (MAPK) . The cells identified as the first producers of IL-17 are CD4+ Th17. Specifically, Th17

differentiate from naive T cells when influenced by TGF-β, IL-6 and IL-21, which amplify Th17 and induce the

expression of the receptor for IL-23 (IL-23R). At this step, IL-23 binds to its receptor and allows the stabilization of

the phenotype Th17, which will produce IL-17 . The function of Th17 is offset by regulatory CD4+ T cells (Treg).

The presence or absence of inflammation may or may not favour differentiation towards one cell type or the other.

Moreover, immune homeostasis also depends on the balance of Th17/Treg and thus on the regulation of the

corresponding pathways . However, Th17s are not the only cells that produce IL-17. In response to

different stimuli, other immune cells can produce IL-17, such as γδ T cells, CD8+ T cells and natural killer (NK)

cells . The pro-inflammatory role of IL-17 is demonstrated in both acute and chronic inflammation. In addition,

the activity of IL-17 often requires synergy with other immune molecules. In particular, cooperating with TNF-α, IL-

17 induces a massive production of IL-6 and IL-8 in the hepatocytes, which leads to the activation of pro-

inflammatory genes . The IL-6-promoted inflammatory environment includes neutrophils recruitment and

activation of fibroblasts followed by hepatic fibrosis . IL-17 acts on liver cell types other than hepatocytes.

Kupffer cells express IL-17R when stimulated by IL-17 and increase their immunological activity and produce other

pro-inflammatory cytokines .

4. Conclusions

The study of liver regeneration is clinically relevant to investigate liver transplantation or hepatocarcinoma in

human, it also provides a powerful model for studying in vivo the pathways of proliferation and growth. The

successful process is guaranteed by the integration of different mechanisms, from the action of specific molecules

to well-established timescales. Curiously, the LR is like the Staircase of San Patrizio in Umbria (Italy). The two

stairways, up and down, do not cross each other, albeit in acoustic communication, but both serve to reach the

same place/target. Likewise, during liver mass restoring, cell proliferation and growth are on one side, sustained by

pro-inflammatory immunity, while the remodelling process helped by anti-inflammatory measures is on the other;

the equilibrium retains and preserves the physiology and liver function, thus guaranteeing the homeostasis of the

organism. The early phases of the regeneration process have certainly been better characterised and it is true that

“a good beginning is half the battle”, but in this specific case the terminal phase is equally important. Indeed, the

ending of regeneration by the hepatostat after basal values have been restored is a critical point. One of the

inhibitory signals could be the activation of the apoptosis process, which would stop cell division and growth.

Indeed, to the well-known molecules involved, such as IL-6 and TNF-α, IL-17 undoubtedly covered an important

and strategic role in LR. This cytokine is present throughout the regenerative cycle. Effectively, it has been seen as

important as contributing to proliferative triggering in the early stages. However, IL-17 role in termination phase is

still poorly explored. At this stage, the reduction of IL-17 levels would allow Natural Killer T (NKT) cells to produce
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INF-γ, thus promoting apoptosis. In the future, the characterisation of IL-17 will be essential. This cytokine is

definitely a mediator of inflammation, and its synergetic action with other stimuli makes it crucial in those processes

where the action of several mediators is required, such as liver regeneration.

A further contribution in recent years has been made by the development of new in vitro devices, which are proving

to be a valid alternative for in vivo research and allow faster characterisation of cell interactions in different

biological contexts. These include approaches of both 2D and 3D culture devices, which exploit innovative

biomaterials with different properties depending on the type of application. For instance, the use of polymer

replicas, such as polycarbonate (PC) or polydimethylsiloxane (PDMS), to which extracellular matrix proteins such

as collagen or laminin can be implemented, making the device ideal for studying cellular organisation and

differentiation or assessing shear stresses or vascularisation . Even more recent are organ-on-a-chip

devices, which interest not only the liver, but also other organs and tissues such as heart and kidney . Among

the biochips in the hepatic field, it can be found specific devices for the characterisation of pathological conditions

such as nonalcoholic fatty liver disease (NAFLD)  or ALD , but also sophisticated microfabricated

platforms that allow the assessment of cellular spatial location in accordance with different metabolic levels, which

are created ad hoc by applying microfluidics .
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