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Abstract

Introduction: Liver transplantation is the only viable treatment with a proven survival benefit for 

acute liver failure (ALF). Donor organ shortage is however a major hurdle, hence alternative 

approaches that enable liver regeneration and target acute severe hepatocellular damage are 

necessary.

Areas covered: This article sheds light on therapeutic targets for liver regeneration and 

considers their therapeutic potential. ALF following extensive hepatocyte damage and small-for-

size syndrome (SFSS) are illuminated for the reader while the molecular mechanisms of liver 

regeneration are assessed in accordance with relevant therapeutic strategies. Furthermore, liver 

background parameters and predictive biomarkers that might associate with liver regeneration are 

reviewed.

Expert opinion: There are established and novel experimental strategies for liver regeneration to 

prevent ALF resulting from SFSS. Granulocyte-colony stimulating factor (G-CSF) is a promising 

agent targeting liver regeneration after acute severe injury. Autophagy and hepatocyte senescence 

represent attractive new targets for liver regeneration in acute severe hepatic injury. Liver support 

strategies, including tissue engineering, constitute novel regenerative means; the success of this is 

dependent on stem cell research advances. However, there is no firm clinical evidence that these 

supportive strategies may alleviate hepatocellular damage until liver transplantation becomes 

available or successful self-liver regeneration occurs.
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1. Introduction

Liver inherently has high regeneration capacity to confront a wide variety of xenobiotics and 

non-native toxins that enter the organ from the intestinal tract through the portal vein. Even 

under the man-made acute severe injury, such as hepatic resection or transplantation, liver 

regenerates to restore its function or mass with proliferation and hypertrophy of native 

hepatocytes. The mechanisms for liver regeneration have been extensively studied over the 

last decades using animal models of drug toxicity, partial hepatectomy (PHx), and liver 

transplantation. Many genes and signaling pathways are involved in liver regeneration 

pathophysiology along with inter-cellular communication, including hepatocytes and non-

parenchymal cells (NPCs). These molecular mechanisms are discussed in previous reviews.

[1-3]

Acute severe liver injury disturbs effective regeneration process in liver cells, resulting in 

acute liver failure (ALF). Therapeutic strategies targeting liver regeneration in ALF could 

enhance liver regeneration while reducing regeneration inhibitory factors. In clinical 

practice, well-established regenerative strategies to increase liver volume and function, 

include portal vein embolization (PVE), two-stage hepatectomy, and associating liver 

partition and portal vein ligation for staged hepatectomy (ALPPS).[4-6] Liver support 

strategies aim to alleviate hepatocellular injury and/or substitute liver function until donor 

liver transplantation or successful self-liver regeneration. Plasma exchange and 

extracorporeal liver support for ALF can also be categorized as support strategies. Besides 

these treatments, quite a few studies have reported that liver regeneration therapies activating 

or inhibiting specific pathways improved acute liver injury outcomes in animal models. 

However, no study has achieved the standard application of these treatments to the human. 

Prostaglandin E1, matrix metalloproteinases (MMP) inhibitor, and sevoflurane failed in 

clinical trials because of insufficient therapeutic effects or unfavorable adverse effects.[7-10] 

Further, therapeutic targets that promote liver regeneration are often connected to 

carcinogenesis due to massive non-specific cell proliferation.[11] In this review, we discuss 

preclinical targets for liver regeneration, mainly focusing on their putative therapeutic 

applications in humans. In addition, the conceivable mechanisms in liver regeneration are 

assessed in accordance with those strategies. Liver background clinical parameters and 

predictive biomarkers that might associate with liver regeneration are also discussed. 

Strategies targeting and augmenting liver protection, such as machine perfusion can maintain 

or improve hepatocellular function.[11-13] Modulation of portal blood flow might affect 

liver regeneration through activation or inhibition of liver sinusoidal endothelial cells 

(LSECs) activity [14-17]. Reduction of ischemia-reperfusion injury (IRI) may well improve 

liver transplant outcomes by minimizing the incidence of early acute and late chronic 

rejection episodes.[18] Although supporting liver regeneration, the discussion of anti-IRI 
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regimens in the inflamed liver, machine perfusion, or surgical intervention remains beyond 

the scope of this review.

2. Acute Liver Failure (ALF)

Although normally nonproliferative, hepatocytes regain proliferative activity triggered by 

local liver insult, such as hepatic resection, liver transplantation, inflammation or chemical 

stress.[19] The liver mass is restored within 5-7 days even after two-thirds partial 

hepatectomy (PHx) in the experimental murine model.[2] In the human partial liver 

transplantation, the liver graft increases its size up to approximately 80-100% of the 

recipient standard liver volume during the first week.[20] Adult hepatocytes play the key 

role in liver regeneration as ‘compensating’ hepatic mass and function. However, hepatocyte 

injury beyond their ability to regenerate, and failure to compensate their function due to 

severe and wide injury, results in liver failure, often accompanied by encephalopathy, 

coagulopathy, ascites, prolonged hyperbilirubinemia, and hypoalbunemia.[21] Liver failure 

can lead to remote organ dysfunction, renal or pulmonary failure, and ultimately death. 

There are various etiologies for ALF; drugs (commonly acetaminophen), toxins, viral 

infection, metabolic etc.[22] In addition, small-for-size syndrome (SFSS) after liver surgery, 

such as hepatic resection and liver transplantation, also causes ALF. The small or poor 

quality liver after surgery does not have enough capacity for sufficient regeneration to 

maintain its function, leading to SFSS.[23] A previous survey demonstrated that the minimal 

remnant liver volume for acceptable hepatic resection was 25% and the minimal graft-

recipient weight ratio (GRWR) for safe living donor liver transplantation was 0.8 (40% of 

the total liver volume).[24] Besides liver size, age, steatosis, hepatitis, ischemia, obstructive 

cholestasis, fibrosis are the risk factors for SFSS.[23] The main difference between extensive 

hepatocyte injury and SFSS is whether the normal liver remains functional or not.[25] 

Therefore, the processes for liver regeneration are different between these etiologies, 

indicating the therapeutic targets for liver regeneration may differ as well.

3. Preclinical Targets for Liver Regeneration

Multidisciplinary therapies, including specific treatments in accordance with the disease 

etiology and non-specific treatments such as plasma exchange and albumin dialysis are 

being performed for ALF, while liver transplantation is the only treatment with a proven 

survival benefit. Although successful liver regeneration in acute severe injury can lead to 

recovery from ALF, regenerative strategies against the existing ALF have not been 

established in humans to date. PVE, two-stage hepatectomy, or ALPPS can increase the 

feasibility of curative resection for large and multiple tumors with enlargement of future 

remnant liver volume, leading to prevention of postoperative liver failure.[26] Besides these 

treatments, there are several clinical relevant strategies targeting liver regeneration, including 

ALF prevention (Figure 1A, Table 1).

The Hippo/YAP pathway is a newly recognized regulator of the liver size. Activation of the 

Hippo signaling results in phosphorylation and inhibition of the transcriptional coactivator 

YAP, leading to its cytoplasm localization [27]. By translocating into the nucleus, activated 

YAP exerts transcriptional activity in cell proliferation/regeneration, and may mitigate 
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hepatic damage and fibrosis during liver ischemia-reperfusion injury in mouse and human. 

[28] Moreover, Hippo/YAP pathway may control liver cell fate as YAP activation 

dedifferentiated adult hepatocytes into progenitor characteristics [29]. Wnts, extracellular 

ligands that bind to frizzled receptors, induce nuclear translocation and activation of β-

catenin, which in turn initiates transcription of genes involved in cell proliferation [30]. In 

addition, β-catenin might directly up-regulate epidermal growth factor receptor (EGFR) and 

contribute to the mitogenic response [31]. Although both Hippo/YAP and Wnt/β-catenin 

pathways are crucial in experimental liver regeneration/hepatocyte proliferation settings, 

their clinical relevance awaits to be confirmed in ALF human patients.

3.1 Pharmacological Interventions

3.1.1 Pentoxifylline—The effects of pentoxifylline, which enhances production of 

interleukin (IL)-6 while inhibiting the TNFα, were evaluated in 101 non-cirrhotic patients 

undergoing major hepatectomy.[32] Continuous intravenous administration of 

pentoxifylline, starting 12 hours before and ending 72 hours after the surgery, resulted in 

significantly higher regeneration volume for small liver (remnant liver to body weight ratio ≤ 
1.2%) and stronger induction of interleukin-6 (IL-6) mRNA levels. This study suggested the 

beneficial effects of pentoxifylline on liver regeneration in small remnant livers, mediated by 

IL-6 production. Indeed, perioperative treatment with pentoxifylline might enhance liver 

regeneration following major hepatic resection.

3.1.2 Omega-3 fatty acids—Omega-3 fatty acids nutrition for 7 days after the surgery 

was reported to mitigate liver injury, reduce infection morbidities, and shorten the post-

hospital stay in patients receiving liver transplantation.[33] Another clinical study showed 

that liver regeneration calculated with volume factors was significantly increased in patients 

receiving omega-3 fatty acids enriched lipid emulsion for 3 days (2 days before surgery and 

postoperative day 0) compared with controls after hepatic resection.[34] Experimentally, 

polyunsaturated fatty acids administration enhanced expression of the liver kinase B1-

adenosine monophosphate-activated protein kinase (LKB1-AMPK) signaling pathway after 

70% PHx in rats, leading to improved integrity of tight junctions and hepatocellular 

function.[35] LKB1 was necessary in the phosphorylation of Akt downstream targets, 

including FoxO3a and glycogen synthase kinase 3β (GSK3β).[36] As AMPK activation 

stimulates the transport from nucleus to cytoplasm of Hu antigen R (HuR), which is an 

RNA-binding protein that increases the half-life of target mRNA involved in cell cycle 

progression,[37] the deletion of AMPKα1 was reported to delay liver regeneration.[38] 

Clinical and experimental studies suggest that omega-3 fatty acids might promote liver 

regeneration through the LKB1 and AMPK activation even despite a short term 

administration.

3.1.3 Platelets and serotonin—A recent study evaluated the effects of intra-platelet 

serotonin on liver regeneration and oncologic outcome in 96 patients.[39] This study 

demonstrated that patients with preoperative high intra-platelet serotonin levels exhibited a 

significant reduction in liver dysfunction after hepatic resection for malignant tumors. On 

the other hand, these patients suffered from a high incidence of postoperative tumor 

recurrence. In addition, patients receiving perioperative selective serotonin reuptake inhibitor 
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(SSRI) treatment, which effectively reduced the intra-platelet serotonin levels, displayed a 

substantial increase in postoperative morbidities and had no tumor recurrence within 12 

months after the surgery. This study suggested the potential of serotonin in both liver 

regeneration and tumor growth. Induction of thrombocytosis drives liver regeneration, while 

inhibition of platelet aggregation or reduction of platelet number impairs liver regeneration 

in mice after PHx.[40,41] It has been commonly conceived that release of platelet granule 

contents including serotonin and other growth factors, such as vascular endothelial growth 

factor (VEGF), epidermal growth factor (EGF), hepatocyte growth factor (HGF), insulin-like 

growth factor 1 (IGF-1) may enhance liver regeneration. A recent study demonstrated that 

pro- and anti-regenerative proteins in the granules of platelet were selectively released upon 

activation and were involved in liver regeneration.[42] However, the role of platelet in liver 

regeneration has not been fully elucidated. It is also controversial whether serotonin may 

directly exert mitogenic activity on hepatocytes or indirectly influences liver regeneration 

through platelet activation. It has been suggested that the role of serotonin on tumor growth 

is concentration-dependent; while high serotonin dose stimulates tumor growth, low doses of 

serotonin can inhibit tumor growth by decreasing blood supply.[43] Although it is unclear 

which factors contribute to liver regeneration, the increase of platelet and serotonin levels 

might promote liver regeneration. Of note, mitogenic activity of serotonin should be 

carefully considered in patients with carcinoma.[39]

3.1.4 Granulocyte colony-stimulating factor (G-CSF)—A randomized controlled 

clinical trial evaluated the impact of granulocyte colony-stimulating factor (G-CSF) on liver 

regeneration in 47 consecutive patients with acute-on-chronic liver failure.[44] Twelve doses 

of subcutaneous G-CSF, starting within 48 hours of admission, significantly improved 

patient survival in addition to Child-Pugh score, Model for End-Stage Liver Disease 

(MELD), and Sequential Organ Failure Assessment (SOFA), which all relate to severity 

(acuity) of the liver disease. As a matter of course, neutrophil counts were higher in G-CSF 

treated patient cohort. A recent experimental study in mice with acetaminophen-induced 

acute liver injury demonstrated that neutrophil infiltration was involved not only in injury 

amplification at the early phase, but also during liver-tissue repair at the later phase.[45] The 

administration of MMP inhibitor in those mice successfully ameliorated hepatic damage and 

mitigated local inflammation along with reduction of neutrophil migration into the liver. 

However, MMP inhibitor impaired liver tissue repair and function restoration at later time 

points. Neutrophils seem to contribute to tissue regeneration through the various 

mechanisms, such as MMP delivery.[46] By regulating neutrophil function, G-CSF is a 

promising new therapeutic agent for hepatocellular regeneration after severe liver injury.

3.1.5 Farnesoid X nuclear receptor (FXR) agonist and FGF19 analogue—
Although there is no evidence of FXR agonist or FGF19 analogue to affect acute liver failure 

in humans, these are attractive therapeutic targets for liver regeneration (Figure 1B). Patients 

without biliary drainage had significantly higher serum bile acids levels and regenerated 

liver volumes than patients with biliary drainage after major hepatectomy.[47] Bile acids 

drive liver growth by activating their receptor FXR, and are involved in the maintenance of 

normal liver size through the regulation of fibroblast growth factor (FGF)15 in mice and 

FGF19 in humans. FGF15/19 binding to FGF receptor (FGFR) 4 on hepatocytes negatively 
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regulates bile acids synthesis with suppression of CYP7A1.[48] Mice with humanized livers, 

without normal FGF15/19 regulation, demonstrate increased bile acids levels, ultimately 

leading to hepatocyte proliferation and enlarged liver size.[49] Inhibition of FXR or FGFR4 

signaling was reported to impair hepatocyte proliferation due to reduction of the downstream 

forkhead box protein M1 (FoxM1) and signal transducer and activator of transcription 3 

(STAT3) after PHx in mice.[50,51] In marked contrast, activating FXR enhances hepatocyte 

proliferation. Oral administration of obeticholic acid, a potent FXR activator, promoted liver 

regeneration after PVE in a rabbit model.[52] FGF19 conjugated to apolipoprotein A-I to 

increase half-life of FGF19 in circulation, successfully reduced liver steatosis and improved 

the liver regeneration after PHx in obese mice.[53] Thus, FXR and FGF19 analogue have 

been reported to promote liver regeneration in animal models. The therapeutic effects of 

FXR agonist and FGF19 analogue in humans have been studied for nonalcoholic 

steatohepatitis, primary biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC).

[54,55] Obviously it might be worth investigating whether FXR agonist or FGF19 analogue 

impacts on liver regeneration in humans, with obeticholic acid being a good candidate to 

support liver enlargement after PVE.

3.1.6. Receptor for advanced glycation end products (RAGE)—The levels of 

soluble receptor for advanced glycation end products (sRAGE) and RAGE ligands including 

high mobility group box-1 (HMGB1) were significantly higher in 60 patients with 

acetaminophen-related ALF as compared with 30 normal controls [56]. In those 60 patients 

with acetaminophen-related ALF, sRAGE levels were significantly higher in 30 patients who 

underwent liver transplantation and/or died as compared with 30 spontaneous survivors. In 

mouse studies, blockage of RAGE signaling using sRAGE reduced hepatocyte apoptosis and 

increased liver regeneration in both hepatic ischemia and PHx models [57,58]. RAGE in 

liver remnants was up-regulated in mice with 85% PHx as compared with 70% PHx, and 

sRAGE therapy increased the survival of 85% PHx mice from 30% to 90% [58]. While 

sRAGE suppresses ligand-induced stimulation of RAGE serving as a decoy receptor, which 

binds ligands of RAGE competitively, sRAGE seems to be associated with severity of liver 

injury in humans. Another experimental study using mice demonstrated that angiotensin II 

receptor antagonist, losartan mitigated IRI through peroxisome proliferator-activated 

receptor γ (PPAR-γ) activation, which inhibited RAGE signaling [59]. Further studies are 

required to make the RAGE signaling clinically relevant in liver regeneration.

3.1.7 Hepatocyte senescence—The cellular senescence of hepatocytes has been 

described in chronic liver disease (Figure 1C).[60] A recent study suggested that hepatocyte 

senescence might be involved in acute severe liver injury, in which viable hepatocytes fail to 

proliferate, leading to impairment of liver regeneration.[61] Senescence-related markers, 

such as p21 and senescence-associated β-galactosidase (SA-βGal) were expressed in human 

livers resected from patients receiving transplantation for hyper-acute fulminant hepatic 

failure. These patients had no prior liver disease history and their liver specimens were 

obtained less than a week from the onset of liver failure symptoms, nevertheless, hepatocyte 

senescence could be observed. This study demonstrated that administration of transforming 

growth factor beta receptor 1 (TGFβR1) inhibitor after 12 hours of acetaminophen-induced 

acute liver injury mitigated senescence induction, increased hepatocyte proliferation, and 
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reduced jaundice in mice. As TGFβR1 inhibitor has been already evaluated for 

hepatocellular carcinoma in humans [62], one may envision its application as a novel 

therapeutic strategy to stimulate liver regeneration and reduce hepatocyte senescence in 

acute severe injury.

3.1.8 Autophagy—Autophagy is a homeostatic mechanism that prevents accumulation 

of damaged intracellular proteins and organelles. Liver regeneration after PHx in liver-

specific knockout of autophagy-related gene 5 (L-Atg5) mice was significantly impaired, 

accompanied by cell-cycle arrest and compensating hepatocyte hypertrophy.[63] Cell 

senescence was suggested with high p21 and SA-βGal in those mice. The study concluded 

autophagy played a critical role in liver regeneration by preserving cellular quality and 

preventing hepatocyte senescence. With these evidences taken into consideration, an 

autophagy inducer, such as mammalian target of rapamycin complex 1 (mTORC1) inhibitor, 

may serve as a therapeutic target for liver regeneration.

4 Liver Background Parameters and Regeneration

4.1 Steatosis

Obese patients are characterized by significantly more advanced steatotic liver phenotype 

and slower regenerative response in liver volume, as compared with non-obese individuals.

[64] Liver regeneration indices calculated with liver volume were significantly lower in 

patients with moderate-to-severe steatosis at 6 months after partial hepatectomy.[65] 

Experimental studies confirmed impairment of steatotic liver regeneration in rats after 70% 

PHx.[66] Susceptibility to IRI, deteriorated sinusoidal blood flow, and mitochondrial hypo-

oxidation resulting in low production of adenosine triphosphate (ATP) might all lead to 

hepatocellular injury and poor regeneration in steatotic liver.[67,68] A close correlation 

between hepatic fat accumulation and markers of hepatocyte senescence suggests impaired 

hepatocyte regeneration in steatotic livers [69]. However, some discrepancies regarding 

negative effects of steatotic livers in other studies might result from differences in assessing 

hepatic steatosis both quantitatively and qualitatively, even in the very same section among 

expert pathologists.[23] Obviously, precise assessment for steatotic livers is required to 

accurately elucidate the influence of steatosis pathology on hepatic regeneration.

4.2 Fibrosis

Liver fibrosis impairs liver regeneration with poor hepatocyte proliferation. Hepatocyte 

senescence in chronic liver disease is one of the mechanisms for decreased regeneration 

capacity.[60] As described above, considering the role of TGFβR1 inhibition to reduce 

senescence or G-CSF to enhance MMP production, further studies are expected to 

investigate as to whether and how these strategies may affect fibrotic livers.[46,61] Although 

therapeutic targets for liver fibrosis are beyond the threshold of this review, improvement of 

fibrosis should restore liver regeneration and expand the donor pool available for life saving 

transplantation.

Although donor liver with fibrosis stage 2 or greater in the Ishak/Knodell classification is 

generally considered unsuitable for transplantation due to primary or early allograft 
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dysfunction, there is no clear evidence to support this suggestion.[70,71] A recent report 

demonstrated that there was no significant difference in 5-year graft survival and overall 

survival after liver transplantation between 101 patients with stage 1 or 2 fibrosis liver and 

208 patients with no fibrotic allografts.[72] These studies highlight limitations in evaluating 

donor liver fibrosis, based on H&E staining of pre-transplant frozen sections rather than 

specific staining for hepatic fibrosis (e.g., Masson’s trichrome or Sirius Red). As with 

steatotic livers, the impact of fibrosis on liver regeneration often remains unclear due to the 

inaccurate diagnosis.

4.3 Aged liver

Various clinical and basic studies imply the relationships between liver age and liver tissue 

regeneration. Younger donor clinical cohort (< 30 years) showed significantly higher liver 

regeneration rates in volume than the older donor group (> 50 years) at 1 week after living 

donor partial liver transplantation (LDLT), although there was no difference in the liver 

regeneration rate between those groups at 1 month after LDLT.[73,74] Cumulative recipient 

survival rate was also significantly higher in younger donor group (<20 years) compared 

with older donor group (20 years or above) after LDLT, despite no difference in recipient 

age.[75] Donor age was an independent prognostic factor in LDLT. An experimental study 

in mouse model showed an age-related loss of fenestration of LSECs together with 

thickening of the endothelium, basal lamina formation, and collagen deposition in the Space 

of Disse.[76] These age-related structural changes of LSECs and Space of Disse ultimately 

decrease sinusoidal perfusion. The impairment of regeneration in aged liver is due, in part, to 

such a dysfunction of LSEC in addition to reduction of sinusoidal blood flow. In addition, 

aged liver is associated with decreased intrahepatic energy source, ATP levels, caused by 

mitochondrial dysfunction.[77] In a recent study, mitochondrial dysfunction-associated 

senescence was reported.[78] Autophagy increases in accordance with accumulation of 

damaged mitochondria, and leads to cell death.[79] These mechanisms might be also 

partially related to impaired regeneration in aged livers.

4.4 Chemotherapy

Neoadjuvant chemotherapy is performed aiming curative resection of colorectal cancer liver 

metastasis (CRCLM), which are initially unresectable. On the other hand, oxaliplatin or 

irinotecan commonly used for colorectal cancer can cause steatosis or sinusoidal obstruction 

syndrome, respectively. In a recent retrospective study, the impact of neoadjuvant 

chemotherapy including oxaliplatin and irinotecan on liver regeneration was evaluated in 

226 patients (85 major hepatecomy, 141 PVE) with CRCLM between 2003 and 2013.[80] 

The number of cycles, interval from chemotherapy to intervention, or chemotherapy agents 

was not associated with liver regeneration in both hepatic resection and PVE. Sufficient 

increases of liver volume could be observed after both interventions, and estimated liver 

regeneration was similar with and without chemotherapy. Although liver regeneration after 

neoadjuvant chemotherapy for CRCLM seems to be expected for the following interventions 

in most previous studies, the combined risk factors, such as steatosis and aged liver should 

be noted.
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4.5 Biliary disease

The impact of cholangitis on liver regeneration and postoperative outcomes was evaluated in 

450 patients who underwent preoperative PVE and major hepatectomies.[81] The daily 

increase rate of non-embolized lobe was significantly lower in patients with cholangitis. 

There were also significant differences in post-hepatectomy liver failure, prothrombin time, 

total bilirubin levels, and infectious complications. This study suggested cholangitis might 

delay and aggravate liver regeneration. In the early phase after 70% PHx, the mRNA levels 

coding for HGF and EGF were significantly lower while those for IL-6, TNF-α, and toll-like 

receptor (TLR) 4 were all higher in rats with choledochojejunostomy, resulting in delayed 

restoration of the liver weight.[82] Cholangitis, common complication with 

choledochojejunostomy due to intestinal contents reflux, might impair liver regeneration. A 

recent study showed that cholangiocyte senescence impaired the regenerative response of the 

liver parenchyma with induction of hepatocyte senescence [83]. This might account for the 

loss of hepatocyte function in human PBC/PSC patients. Thus, biliary tree pathologies, such 

as cholangitis, PBC, and PSC might impair parenchymal regeneration.

5. Biomarkers for Liver Regeneration

Colony stimulating factor 1 (CSF1) was measured in serum samples from 55 patients after 

hepatic resection and 78 patients with acetaminophen overdose acute liver failure.[84] 

Serum CSF1 levels increased in patients with hepatic resection in proportion to the resected 

liver volume, and a low serum CSF1 level was associated with worse prognosis (King’s 

College criteria) and increased mortality/transplantation in patients with acetaminophen 

overdose acute liver failure. Serum CSF1 level was a better predictor than HMGB1 released 

by necrotic cells and proposed as a prognostic marker for ALF.[85] Furthermore, as 

subcutaneous CSF1-Fc administration promoted the macrophage accumulation and liver 

regeneration in mice with acetaminophen acute liver injury [84], CSF1 could be not only a 

prognostic marker, but also a therapeutic target for liver regeneration in ALF. Indeed, 

recombinant human macrophage-CSF was apparently well tolerated in humans [86].

The microRNAs mediate both activation and inhibition of gene expression at the 

posttranscriptional or translational levels, and affect biological pathways including cellular 

differentiation, proliferation, apoptosis, and tissue remodeling [87]. Recently, microRNAs 

have been demonstrated to regulate cell proliferation during liver regeneration, and to serve 

as putative therapeutic targets for liver regeneration [88-90]. Patients with spontaneous 

recovery from ALF showed significantly higher serum levels of microRNA-122, 

microRNA-21, and microRNA-221, compared to non-recovered patient cohort.[91] The 

elevated microRNAs serum levels were accompanied with down-regulation of growth 

inhibitory targets in the liver tissue, such as heme oxygenase-1, programmed cell death 4, 

and the cyclin-dependent kinase inhibitors p21, p27, and p57, as well as increased cyclin D1 

expression and hepatocyte proliferation. Thus, microRNA-122, microRNA-21, and 

microRNA-221 involved in liver regeneration might also serve as a biomarker to predict 

ALF.

Above all, most simple and available marker suggesting liver regeneration is alpha-

fetoprotein (AFP). AFP is also known as a hepatic progenitor-associated marker besides a 
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representative marker of hepatocellular carcinoma [92]. In a prospective study of 206 

patients, the AFP ratio (AFP concentration at day 3 of admission divided by that at day 1) ≥1 

predicted the survival of ALF patients [93]. Rising AFP levels over the first 3 hospital stay 

days might indicate a better survival rate. AFP levels increase during embryonic 

development,

6. Liver Support Strategies

6.1 Extracorporeal liver support

Plasma exchange and albumin dialysis have been clinically used in ALF. Albumin dialysis 

improved encephalopathy, however, no significant survival benefit has been reported for a 

randomized, prospective cohort with either form of albumin dialysis.[94] While plasma 

exchange or albumin dialysis support liver regeneration with alleviation of acute liver injury, 

bioartificial liver (BAL) containing liver cells aim to substitute for liver function. In a 

prospective, randomized controlled study of BAL using porcine hepatocytes, the survival 

benefit was not significant in 171 patients with fulminant/sub-fulminant hepatic failure and 

primary non-function after liver transplantation.[95] In a recent prospective, randomized 

controlled study in 203 patients, no significant difference in survival was recorded between 

BAL using hepatoblastoma-derived cells vs. controls.[96] There is no published data 

documenting the clinical efficacy of BAL.

6.2 Hepatocyte transplantation

Transplantation of liver cells has been studied as an alternative strategy for liver 

transplantation. A recent clinical series reported fresh allogenic hepatocyte transplantation in 

three patients with liver-based metabolic deficiencies.[97] After a total of 2.0 × 108 viable 

hepatocytes/kg were infused into the liver through the portal vein, the hepatocellular 

function improved for a few months to one year. However, satisfactory outcomes over the 

long term have not yet been achieved with hepatocyte transplantation. Mesenchymal stem 

cells (MSCs) that can differentiate to hepatocyte-like cells have been also used as the cell 

source in clinical studies. Compared with native hepatocytes, MSCs have advantages in 

terms of high proliferative ability in addition to availability with relative ease from bone 

marrow, umbilical cord blood, peripheral blood, and adipose tissue.[98] Histological 

analysis of donor liver in human recipients after partial liver transplantation showed that a 

substantial fraction (>35%) of cells in the sinusoid and periportal areas was of recipient 

origin.[99] The study also demonstrated that human bone marrow MSCs transplanted into 

mice after PHx express liver progenitor cell (LPCs) markers at 1 week, and major liver cell 

markers such as hepatocytes, cholangiocytes, LSECs, and Kupffer cells at 2 weeks after 

transplantation with decreasing LPCs marker, suggesting MSCs shifted in their 

differentiation from LPCs toward various mature liver cells. MSCs have also been 

demonstrated to attenuate ALF by modulating production of inflammatory cytokines as well 

as immunomodulatory molecules [100]. Thus, MSCs that differentiate into both 

parenchymal and NPCs, or modulate inflammatory cytokines and immune response might 

be a promising cell source. However, the evidence of clinical benefits for liver regeneration 

has not been yet achieved [101].
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Along with the progress of stem cell research, various cell types have been reported to 

support liver function and promote liver regeneration. Human-induced pluripotent stem cells 

(iPSCs) have been demonstrated to differentiate to hepatocyte-like cells.[102] As somatic 

cells can be directly induced to hepatic lineage with direct reprograming, hepatocyte derived 

from human fibroblast with direct reprograming restored the liver function and prolonged 

survival in mouse ALF model.[103] As these cells show poor function, incomplete gene 

expression, and risk of oncogenesis as compared to mature hepatocytes, further advances are 

needed for clinical use of iPSCs in liver regeneration.

Another promising cell source for liver regeneration is LPCs. When regeneration of 

hepatocytes is disturbed due to chronic or acute severe injury, LPCs contribute to liver 

regeneration with activation as the second-line defense to restore liver homeostasis.[104] 

Although LPCs express biliary and stem cell markers and have bi-lineage differentiation 

potential to both hepatocytes and cholangiocytes, they account for exceedingly small 

number in the liver.[105] As the origin of LPCs is controversial, hepatocytes and 

cholangiocytes may function as facultative stem cells for each other. However, there exist 

liver cells that possess stem cell feature. Recent studies demonstrated that cholangiocytes 

acted as LPCs and formed functional hepatocytes during impaired hepatocyte regeneration 

with wide-spread injury or senescene [92,106]. Adult bile duct-derived bipotent progenitor 

cells from human liver can be cultured for a long term with stable genome and differentiate 

into functional hepatocytes.[107] A rat experimental study demonstrated that transplanted 

LPCs derived from fetal liver could engraft, differentiate into hepatocytic and biliary 

epithetial cells, and generate new liver mass in the host liver tissue.[108] Enough and stable 

supply of the human cell source of LPCs might enable the clinical application of LPC 

transplantation in acute severe liver injury.

6.3 Organ engineering

6.3.1 Decellularized liver—Decellularized liver scaffold was reported as an approach 

for whole-liver engineering.[109] Decellularization removes cells from native liver, and 

produces liver specific extracellular matrix (ECM), maintaining molecules in ECM and 3-

dimensional (3D) microstructure, including vasculature and biliary duct. Engineered 

functional liver can be reconstructed with seeding hepatocytes and NPCs into the 

decellularized liver scaffold. However, no clinically relevant engineered liver graft has yet 

been achieved. In addition to reconstruction of biliary components, the important task for 

successful transplantation is complete vascularization, including sinusoidal space, which 

enables the continuous blood supply. The usage of decellularized liver in extracorporeal 

blood perfusion system might be a potential approach for pre-transplantation.[110]

6.3.2 Liver bud—iPSCs-derived immature endodermal cells co-cultured with human 

mesenchymal stem cells and human umbilical vein cells self-organized into 3D liver bud, 

which possessed liver specific protein production and drug metabolism.[111] Further, 

vasculature in liver bud connected to the host vessels after transplantation into cranial 

window. Liver bud implanted on mesentery was able to rescue the drug-induced lethal liver 

failure in a mouse model. Although the site for transplantation of liver bud might be 

controversial as vasculature connection after mesentery transplantation cannot be figured in 
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the study and the blood supply from mesentery is unclear, the self-organization strategy 

using immature cells derived from iPSCs is a promising approach for tissue engineering to 

reconstruct complex liver structure.

7. Conclusion

Pentoxifylline, omega-3 fatty acids, and portal flow modulation might prevent ALF 

following SFSS by enhancing liver regeneration other than PVE, two-stage hepatectomy, 

and ALPPS. While platelet and serotonin might promote liver regeneration, further studies 

are required to focus on factors with mitogenic responses. The impact of FXR agonist and 

FGF19 analogue on liver regeneration is worth investigating in humans. G-CSF is a 

promising agent for liver regeneration after acute severe injury, in which hepatocytes are 

extensively injured. Although there is no clinical data, TGFβR1 inhibitor and rapamycin can 

be good candidates for targeting liver regeneration based on the recent knowledge that cell 

senescence and autophagy might be involved in acute severe injury. CSF1 and microRNA 

could serve not only as novel predictive biomarkers for ALF, but also therapeutic targets for 

liver regeneration. Biliobiliary anastomosis might be better for reconstruction of biliary duct 

than choledochojejunostomy as preventing cholangitis, which might impair liver 

regeneration. Progressive steatosis, fibrosis, and aged liver might also impair liver 

regeneration, whereas accurate and firm diagnosis is required to clarify the impact of degree 

of steatosis or fibrosis on liver regeneration. Although liver support strategies for 

regeneration as substitutes for liver function are appealing, the research progress on stem 

cells including iPSCs is required to supply human cell sources for clinical applications for 

these refined therapies.

8. Expert Opinion

Currently used nonspecific plasma exchange, albumin dialysis or hemodiafiltration may 

alleviate severe hepatocellular injury in ALF patients until liver transplant becomes available 

or successful self-liver regeneration occurs. While liver transplantation remains the only 

treatment option with a proven survival benefit for ALF, the acute donor organ shortage 

restricts patients receiving the life-saving procedure. Clearly, new therapeutic strategies 

targeting liver regeneration are urgently needed to rescue ALF patients. As the regenerative 

strategy to prevent ALF following SFSS, PVE, two-stage hepatectomy, and ALPPS have 

been probed in the clinical practice. Modulation of portal flow, treatment with 

pentoxifylline, and omega-3 fatty acids are also being tested. On the other hand, only a few 

studies to date have demonstrated the clinically relevant therapeutic targets for liver 

regeneration in ongoing ALF with extensive hepatocyte injury and no viable or functional 

hepatocytes. G-CSF is one of the few promising preclinical agents targeting liver 

regeneration against ongoing ALF pathology. However, a randomized controlled study is 

needed to document the survival benefit of G-CSF seen in a small patient cohort with acute-

on-chronic liver failure.[44] It has not been elucidated as to whether and which effects of G-

CSF, i.e., mobilization of bone marrow-derived stem cells, CD34+ cells, or neutrophils 

impacted liver regeneration in the acute phase. MMP delivered by neutrophils has been also 

reported to degrade extracellular matrix, and potentially improve fibrosis in chronic liver 

injury.[46] There is no doubt G-CSF is worth investigating as to its role in liver regeneration 
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against ongoing ALF and chronic liver disease, along with molecular mechanisms of 

hepatoprotection.

Recent reports on cell senescence and autophagy in ALF settings provide rationale for novel 

therapeutic targets in liver regeneration. As a fundamental mechanism to protect against 

malignant pathology, cellular hepatocyte senescence, cholangiocytes, stellate cells and 

immune cells have been described in chronic liver disease.[60] However, acute liver injury 

was associated with a suite of senescence markers in previously uninjured hepatocytes.[61] 

Indeed, severe acute hepatic necrosis might induce the spread of senescence to remaining 

viable hepatocytes, which in turn might severely impair hepatocyte-mediated regeneration. 

Administration of TGFβR1 inhibitor successfully reduced such hepatocyte senescence in 

mice, leading to enhanced liver regeneration and improved survival even after 12 hours of 

acetaminophen-induced acute hepatocellular damage [61]. Of note, TGFβR1 inhibitor might 

be effective in delayed treatment, a common clinical situation for the patients with 

acetaminophen-induced liver injury. Another study suggested that autophagy might prevent 

hepatocyte senescence by maintaining intracellular energy production.[63] If hepatocyte 

senescence occurs in the acute phase of severe liver injury, mTORC1 inhibitor, an autophagy 

inducer, such as rapamycin, could also serve as a therapeutic candidate for liver regeneration 

besides TGFβR1 inhibitor. Rapamycin protected against hepatic IRI by inhibiting mTORC1 

and inducing autophagy while activating Akt by enhancing mTORC2 signaling pathway 

[112]. Although TGFβR1 inhibitor or rapamycin has been evaluated clinically for 

hepatocellular carcinoma, there are few experimental data using these agents in models of 

liver regeneration. Further studies are required to elucidate therapeutic impacts and 

mechanisms of cell senescence and autophagy on liver regeneration.

Fabrication of a ‘new liver’ with tissue engineering approach is an ultimate regenerative 

strategy to resolve donor organ shortage and could be applied to both acute and chronic liver 

failures. Cell-based therapies, including BAL and cell transplantation, have been studied 

both in animals and humans. Although there are clinical benefits to some extent with those 

treatments, satisfactory outcomes over a long term have not yet been achieved. An essential 

issue for the successful cell-based therapies is a current lack of abundant cell sources with 

enough qualities as primary hepatocytes rapidly lose their original morphology and function 

after isolation.[113] Clinical applications of BAL, such as bridge to liver transplantation or 

bridge to successful self-liver regeneration, can be expected with plenty of human cell 

sources following the research progress of iPSCs. Recent advances in the 3D culture 

methods, which maintain the character of mouse and human primary hepatocytes for a long-

term might help the future hepatocyte transplantation or BAL therapy, as providing a plenty 

of high quality hepatocytes [114,115]. Likewise, successful cell transplantation requires the 

supply of abundant cell sources to control host immune rejection response. Obviously, 

optimized seeding routes and improved engraftment capabilities are essential for the 

efficient cell transplantation.

A decellularized liver scaffold is a promising biomaterial for tissue engineering as 

maintaining molecules that promote cell attachment and cell growth in addition to organ 

specific microstructure.[116] Although regeneration of 3D transplantable liver using 

decellularized scaffold has been studied for over 10 years by now, blood clotting in the 
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scaffold disturbs its function while reconstruction of bile system in the liver tissue is another 

important barrier for successful transplantation. With various strategies reported to improve 

hemocompatibility of decellularized liver, there is a major limitation to cover the 

microvasculature, including sinusoid with endothelial cells in addition to reconstruction of 

well-organized biliary system in an acellular liver scaffold by engineering manner. The 

approach in fabrication of liver bud, such as self-organization of stem cells might be a new 

and promising strategy to reconstruct 3D organ. Seeding human iPSCs or iPSCs-derived 

LPCs into the decellularized liver scaffold might enable a long culture of engineered liver 

and self-reconstruction of well-organized microvasculature and biliary system as well as 

parenchyma. Fabrication of transplantable liver graft with human iPSCs can resolve serious 

donor organ shortage and be an ideal treatment option without mounting the host immune 

rejection response. Further advances in stem cell research are needed to successfully apply 

these regenerative strategies in bench-to-bedside translational studies.
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Article Highlights

• Hepatocytes fail to proliferate after severe liver injury, and this results in liver 

failure

• Liver transplantation remains the only treatment option with a proven survival 

benefit for ALF, but the acute donor organ shortage restricts patients receiving 

the life-saving procedure

• Successful liver regeneration can lead to recovery from acute liver failure

• There are established and preclinical strategies for liver regeneration to 

prevent acute liver failure caused by small-for-size syndrome. G-CSF is a 

promising therapeutic agent for liver regeneration after acute severe liver 

injury

• Recent reports on cell senescence and autophagy in ALF settings provide 

rationale for novel therapeutic targets in liver regeneration.

• Progress of stem cell research has the potential to enable the clinically 

relevant cell based therapy, including liver engineering as supplying abundant 

human cell sources
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Figure 1. Preclinical targets for liver regeneration in acute severe injury
(A) Principal molecules and cell communication networks disussed in this review. Solid line 

arrows indicate established mechanisms. Dotted line arrow indicate possible mechanisms.

(B) In enterocytes, farnesoid X nuclear receptor (FXR) activated by bile acids promote the 

secretion of fibroblast growth factor (FGF)15 in mice and FGF19 in humans. FGF15/19 and 

absorbed bile acids are transported to hepatocytes via portal flow. In hepatocytes, bile acids 

binding to FXR results in hepatocyte proliferation through the induction of forkhead box 

protein M1 (FoxM1). fibroblast growth factor receptor 4 (FGFR4) bound with FGF15/19 

also promote hepatocyte proliferation through the activation of mitogenic targets, such as 

signal transducer and activator of transcription 3 (STAT3), FoxM1, and others. In addition, 

FGFR4 inhibits bile acids synthesis through the suppression of CYP7A1.

(C) Activated transforming growth factor beta receptor 1 (TGFβR1) promotes 

phosphorylation of Smad2/3, and forms a trimer complex with Smad4. Thereafter, the Smad 

composites translocate into nucleus and interact with other cofactors, leading to induction of 

cell senescence through cell-cycle arrest gene, such as p21.
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Abbreviations: EGF: epidermal growth factor, FGF: fibroblast growth factor, FGFR4: 

fibroblast growth factor receptor 4, FoxM1: forkhead box protein M1, FXR: farnesoid X 

nuclear receptor, HGF: hepatocyte growth factor, HMGB1: high mobility group box-1, 

IGF-1: insulin-like growth factor 1, IL-6: interleukin-6, LSEC: liver sinusoidal endothelial 

cell, MMP: matrix metalloproteinases, mTORC1: mammalian target of rapamycin complex 

1, RAGE: receptor for advanced glycation end products, sRAGE: soluble receptor for 

advanced glycation end products, STAT3: signal transducer and activator of transcription 3, 

TGFβR: transforming growth factor beta receptor, VEGF: vascular endothelial growth 

factor.
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Table 1

Possible targets and roles in liver regeneration for acute severe injury

Application to severe liver injury

Role in liver 
regeneration

Targets Animal 
study

Human study (evidence 
in liver regeneration)

Prevention of 
ALF
following SFSS

Ongoing ALF 
or
extensive 
hepatocyte 
injury

References

Promotion

PVE, ALPPS, two-
stage hepatectomy

Yes Yes (Clinically standard 
technique)

Yes N/A [4-6]

Modulation of portal 
flow

Yes Yes (Retospective study, 
beneficial)

Yes N/A [14-17]

Pentoxifylline Yes Yes (RCT, beneficial) Yes N/A [32]

Omega-3 fatty acid Yes Yes (RCT, beneficial) Yes N/A [33-35]

Platelet, serotonin Yes Yes (Prospective 
observational study, 
beneficial)

Yes N/A [39-42]

G-CSF Yes Yes (RCT, beneficial) N/A Yes [44,45]

FXR agonist, FGF19 
analogue

Yes No Yes N/A [52,53]

RAGE inhibitor Yes No Yes N/A [56-59]

TGFβR1 inhibitor Yes No N/A Yes [61]

mTORC1 inhibitor 
(Autophagy inducer)

No No N/A N/A [63]

Inhibition

Steatosis Yes Yes (Equivocal due to 
inaccuracy of diagnosis)

[23, 64-69]

Fibrosis Yes Yes (Equivocal due to 
inaccuracy of diagnosis)

Risk factors

[60,70-72

Aged liver Yes Yes (Retrospective study, 
injurious)

[73-75]

Cholangitis Yes Yes (Retrospective study, 
injurious)

[81,32]

Support 
(Alternation)

BAL Yes Yes (RCT, no beneficial) N/A Yes [95,96]

Cell transplantation Yes Yes (Case series, limited 
beneficial)

N/A Yes [97,99,101]

Organ engineering Yes No N/A Yes [109-111]

ALF: acute liver failure, ALPPS: associating liver partition and portal vein ligation for staged hepatectomy, BAL: bioartificial liver. FGF: fibroblast 
growth factor, FXR: farnesoid X nuclear receptor, G-CSF: granulocyte colony-stimulating factor, mTORC1: mammalian target of rapamycin 
complex 1, N/A: not available, PVE: portal vein embolization, RAGE: receptor for advanced glycation end products, RCT: randomized controlled 
clinical trial. SFSS: small-for-size syndrome, TGFβR1: transforming growth factor beta receptor 1
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