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Abstract

Chronic liver injury results in cirrhosis and end-stage liver disease (ESLD) which represents a 

leading cause of death worldwide, affecting people in their most productive years of life. Medical 

therapy can extend life, but the only definitive treatment is liver transplantation (LT). However, 

LT remains limited by access to quality donor organs and suboptimal long-term outcomes. The 

degeneration from healthy-functioning livers to cirrhosis and ESLD involves a dynamic process 

of hepatocyte damage, diminished hepatic function, and adaptation. However, the mechanisms 

responsible for deterioration of hepatocyte function and ultimately hepatic failure in man are 

poorly understood. We review the current understanding of cirrhosis and ESLD as a dynamic 

process and outline the current mechanisms associated with the development of hepatic failure 

from the clinical manifestations to energy adaptations, regeneration, and regulation of nuclear 

transcription factors. A new generation of therapeutics could target stabilization of hepatocyte 

differentiation and function to avoid the need for transplantation in patients with cirrhosis and 

ESLD.
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Chronic liver disease from cirrhosis is estimated to be present in around 5% of the general 

population and is the leading cause of liver-related mortality.1,2 Worldwide, complications 

of cirrhosis account for roughly 1 million deaths annually,3 and as of 2017, yearly deaths 
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associated with chronic liver disease and cirrhosis in the United States exceeded 40,000.4,5 

Regional variation in etiology of liver disease is notable, with alcoholic liver disease (ALD) 

and nonalcoholic fatty liver disease (NAFLD) representing the main causes of cirrhosis 

in Western and industrialized countries; while viral hepatitis (hepatitis B and C) is the 

primary cause in East Asian countries such as China and India.3 Importantly, new classes 

of direct-acting antiviral therapies targeting hepatitis C virus (HCV) protein products have 

demonstrated real-world cure rates exceeding 95%.6 As a result, the contribution of HCV 

to the burden of cirrhosis and end-stage liver disease (ESLD) is decreasing. As an example, 

in 2018, HCV was the primary diagnosis for 10.4% of liver transplant recipients in the 

U.S., compared with 24% in 2014.7 This success in HCV has at times been overshadowed 

by the emergence of NAFLD-related complications including nonalcoholic steatohepatitis 

(NASH). Currently, NASH is the most rapidly growing indication for liver transplantation 

(LT), combining with ALD as the two most common diagnoses in the U.S. among liver 

transplant recipients.7–9

LT has become the standard of care for those with an array of liver-based pathology. Once 

an experimental intervention with dismal outcomes, LT now provides durable life-saving 

therapy for many with otherwise devastating diseases. Still, challenges persist. Long-term 

outcomes of LT recipients have not improved significantly as recipients continue to succumb 

to complications of chronic immunosuppression such as infection, malignancy, and renal 

failure.10 Furthermore, chronic allograft injury and late graft failure remain significant 

contributors to morbidity and mortality in LT recipients.11 Even before a transplant occurs, 

barriers to access exist, most represented by the overwhelming disparity between the 

need for liver transplant and the shortage of donor organs.12 To address the “organ gap,” 

innovations have been established and continue to be explored to test the safety and 

recoverability of various donor organ sources. These include: the use of split-livers or living-

related donation and the use of marginal donors, an ill-defined group comprised of donors 

over the age of 6013; donors with macrosteatosis9; donors with extended cold ischemia time; 

and nonheart-beating donors.14 However, even as the field continues to improve post-LT 

outcomes and pre-LT barriers to care, opportunities to avoid transplant all together, or enable 

extended survival with the native liver, are critical.

Ultimately, a greater understanding of the mechanistic underpinnings that drive development 

of ESLD is needed to optimize therapies. Historically, “cirrhosis” has at times been used 

interchangeably with “ESLD.” However, 1-year survival following the diagnosis of cirrhosis 

is highly variable15,16 suggesting an uncoupling of these terms is warranted and that the 

establishment of cirrhosis may not portend a definitive poor outcome. More recent efforts 

have looked to define “cirrhosis” in purely histopathologic terms while “ESLD” is used 

to describe a subgroup of patients with cirrhosis who have signs of decompensation 

that is generally irreversible. In those with cirrhosis but without signs of irreversible 

decompensation, more dynamic terms have been suggested (e.g., advance liver disease) 

to describe processes that can involve histological regression if the injurious agent is 

reduced or eliminated (e.g., hepatitis B virus [HBV], HCV, NAFLD).17 New findings 

at the hepatocellular, metabolic, and genetic level in livers with cirrhosis and terminal 

failure have changed our understanding of the biophysical environment in which the cells 

reside.18–21 Here, we review the current understanding of the dynamic degenerative changes 
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that hepatocytes from cirrhotic livers with terminal failure undergo throughout the disease 

process. New evidence in dynamic changes of energy production, cell contacts, hepatocyte 

proliferation in response to injury, and inflammation indicates that hepatocytes experience 

intrinsic transcriptional alterations that result in the clinical features commonly observed in 

patients with ESLD. Novel concepts of ESLD such as transcriptional reprogramming will 

also be reviewed. The new paradigm in treating patients with cirrhosis and terminal liver 

failure will be to augment disease-specific therapy with the targeting of precise mechanisms 

in damaged hepatocytes to stabilize function and halt pathophysiologic progression, 

ultimately looking to avoid the need for LT.

Dynamic Evolution and Clinical Manifestations of End-Stage Liver Disease

The dynamic evolution of chronic liver disease that culminates in cirrhosis and ESLD 

comprises injury, inflammatory response, diffuse fibrosis through the activation of stellate 

cells, disruption of the normal lobular architecture of the liver with formation of regenerative 

nodules, and severe disruption of the vascular organization of the liver with loss of 

hepatocyte mass.16,22,23 Thus, there are myriad potential targets with which to intervene 

where benefit may be recognized. Phenotypic manifestations from decompensated liver 

disease reflect the broad metabolic functions of hepatocytes as well as the liver’s unique 

vascular anatomy, having inflow blood supply from both an arterial (hepatic artery) 

and venous (portal vein) sources. Symptoms include ascites, sepsis, variceal bleeding, 

hypoglycemia, coagulopathy, encephalopathy (with and without portosystemic shunting), 

and hyperbilirubinemia. Each of these clinical manifestations reflect dysfunction of 

hepatocyte-specific metabolic and synthetic capacities resulting from the fibrotic and 

inflamed microenvironment. However, most chronic liver disease that precedes ESLD is 

indolent and asymptomatic until complications from cirrhosis develop and/or hepatocyte 

dysfunction occurs.4,5 Therefore, prompt recognition and timely targeted intervention are 

most likely to optimize outcomes. Important initial changes are related to microvascular 

degeneration, characterized by remodeling in capillaries of the hepatic sinusoid (due to the 

extracellular matrix [ECM] deposition) and hepatic endothelial dysfunction. This endothelial 

dysfunction (characterized by insufficient release of vasodilators and increased production 

of vasoconstrictors)24 causes splanchnic vasodilatation and increases inflow of blood into 

the portal venous system resulting in an increased pressure.16 These effects concomitantly 

cause fluid and electrolyte disturbances, reduce the effective systemic blood volume, and 

can induce various extrahepatic complications such as hepatorenal syndrome (HRS) with 

deteriorating kidney function due to a reduction in kidney perfusion.25 Fluid balance 

remains an extremely challenging element of cirrhosis and ESLD. Ascites develops as 

a result of splanchnic vasodilation in combination with decreased arterial blood volume, 

which activates the renin-angiotensin-aldosterone system and prompts sodium retention.26 

The presence of ascites increases 1-year mortality of liver diseases to 20%,15 and medically 

refractory ascites is often used to justify LT.27 However, prior to LT, surgical shunting via 

transjugular intrahepatic portosystemic shunt (TIPS), distal splenorenal shunt, or mesocaval 

shunt may be offered to increase transplant-free survival.28,29 Notably, these interventions 

do not affect the progressive nature of any particular underlying liver-based pathology, but 
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merely act to decompress the portal vascular system in an effort to attenuate complications 

of portal hypertension.

Unpalliated portal hypertension from cirrhosis also increases the hepatic resistance to 

portal blood flow, driving the formation of portosystemic collaterals which enables 

abnormal shunting of portal blood directly to the systemic circulation, effectively 

bypassing the liver. The effects of this abnormal blood flow are wide ranging and can 

lead to various extrahepatic physical manifestations including hepatic encephalopathy 

(HE),16 hepatopulmonary syndrome,30 portopulmonary hypertension,31 and cirrhotic 

cardiomyopathy.32 A more common, and potentially devastating complication of cirrhosis 

and portal hypertension is the presence of esophageal varices which are well established 

to negatively impact clinical outcomes33 and increase the risk for decompensation and 

mortality.34

HE, in particular, is a devastating condition caused by ammonia accumulation in the 

systemic blood due to decreased urea synthesis and/or portal blood bypassing the liver 

(shunting). Regardless of etiology, when HE manifests in cirrhosis it portends a worrisome 

clinical course, with significant increases in 1-year mortality.35 Critically, HE has been 

generally considered a contraindication to decompressive surgical shunt procedures given 

the likelihood of exacerbation as more blood flow is subsequently rerouted to circumvent the 

liver.

Finally, patients with liver disease are known to be at increased risk for the development of 

systemic infections. This is in part related to the liver’s central role as an immunological 

organ with a high exposure to circulating antigens and endotoxins from the gut microbiota.36 

Within the microenvironment of cirrhosis, key elements of immune responses are impaired, 

including antigen presentation capacity of monocytes and decreased phagocytic function of 

macrophages that are pivotal for antibacterial immune defense.37 As a result, the course 

of advanced cirrhosis, regardless of its etiology, is complicated by cirrhosis-associated 

immune dysfunction and this constitutes the pathophysiological hallmark of an increased 

susceptibility to bacterial infection, distinctive of the disease.37 Infections in liver cirrhosis 

have a poor prognosis with a 30% one-month mortality38 with the most common infections 

being bacterial peritonitis, urinary tract infections, pneumonia, and skin infections.39,40

Liver fibrosis has been defined as the pathological response to chronic injury to the liver 

that is formed by an excess of ECM. Cirrhosis, the final stage of liver fibrosis, is described 

histologically by the formation of parenchymal nodules and matrix cross-linking leading 

to vascular remodeling with portal hypertension and changes in hepatic metabolism.41 The 

space of Disse is filled with scar tissue and endothelial fenestrations are lost.42 Through 

liver fibrosis the total hepatocyte mass decreases, reducing the number of metabolically 

active hepatocytes. Liver fibrosis is potentially reversible if the inflammation stops43 as 

has been shown in patients with HBV, HCV, alcohol intake, and NAFLD. Histopathology 

has been the gold standard for diagnosis of liver fibrosis and cirrhosis. Depending on the 

underlying disease different histological scoring systems have been developed; the two most 

common being the METAVIR system and the Ishak score (►Table 1 ).44,45 Importantly, the 
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histological analysis does not have a classification beyond cirrhosis, and to the extent that 

one looks to objectively assess ESLD; histology does not provide functional information.

In order for clinicians to better gauge overall liver function and predict outcomes, numerous 

modeling tools have been developed using various objective data (i.e., biochemical 

parameters, portal pressure measurements) often in combination with clinical course 

assessments.46 Serum-based biomarkers are used to correlate directly with the ability of 

the hepatocyte to produce proteins or metabolize substrates. For instance, a damaged 

or dysfunctional hepatocyte will not be able to effectively produce various liver-specific 

proteins, including albumin and those critical to effective coagulation. Clinically, this 

will be reflected as hypoalbuminemia and ascites as well as prolonged bleeding times 

(elevated prothrombin time and international normalized ratio [INR]). Hyperammonemia 

with resultant HE, as previously noted, can occur with portosystemic shunting, but can 

also reflect decreased urea metabolism. Hypoglycemia and conjugated hyperbilirubinemia 

reflect additional metabolic and secretory mechanisms impacted by a damaged liver. These 

clinical parameters, and their physical manifestations, constitute many of the objective 

markers which comprise the clinical prediction modeling tools used in clinical practice. The 

two most commonly used tools include the Child-Turcotte-Pugh (CTP) classification47–50 

(►Table 2) and the Model for End-stage Liver Disease (MELD) score51,52 (►Table 3). 

CTP was initially developed to predict perioperative risk of patients with liver disease 

and is now commonly used to categorize the severity of liver disease independently from 

the underlying cause.47 The CTP score gives points for bilirubin levels, albumin levels, 

INR, the presence of ascites, and the presence of encephalopathy. Notably, encephalopathy 

and ascites were found to be inherently subjective with categorizations such as “mild,” 

“moderate,” and “severe” used to identify severity and allocate points toward the overall 

CTP score. Points were additionally allocated based on the degree of measured dysfunction 

of the other markers with three “classes” (A, B, and C) ultimately being identified; class C 

having the highest perioperative mortality. In the early days of transplantation, it was the 

CTP classification, combined with time on the waitlist, that was used to allocate organs to 

recipients in need. However, the Department of Health and Human Services issued their 

“Final Rule” mandate in 2000 which tasked the transplant community to both eliminate 

waiting time and the subjective variables that were being used in organ allocation. Thus, the 

MELD was developed. Initially described to predict outcomes following TIPS procedures,53 

the MELD score was adapted and found to be effective in predicting 3-month mortality of 

patients awaiting liver transplant. The subjective measures of ascites and HE were removed, 

replaced by a tool which included only the objective markers of bilirubin, INR, and serum 

creatinine (reflecting the negative impact that the HRS has on patients with ESLD). The 

MELD score ranges from 6 to 40 and is currently used to determine how urgently a patient 

may need LT. Later iterations have suggested adding sodium measurements (MELD-Na) or 

removing the 40-point max score as potential changes to improve the clinical capabilities; 

however, neither has yet to be fully accepted by the transplant community.54

Clinical manifestations in patients with ESLD are directly related to specific alternated 

metabolic pathways in failing hepatocytes and these pathways are regulated by specific 

genes and transcription factors. Current knowledge regarding control of cellular gene 

expression programs has had an important impact on our understanding of misregulation of 
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gene expression in disease. For instance, it is well known that transcription factors are key to 

control cell status and they can function as reprogramming factors and control transcription 

initiation of the genes they regulate.55 Thus, genes and transcription factors can be targeted 

to treat the symptoms of patients with liver failure. Next, we will delineate the metabolic 

changes of hepatocytes with ESLD and introduce novel potentially therapeutical options.

Let’s Dig Down Deep into End-Stage Liver Disease

The process of how fibrosis evolves to cirrhosis and how ECM is produced in the liver 

through stellate cell activation has been well studied for decades as the cornerstone 

of ESLD.56 Numerous clinical trials testing antifibrotic molecules have been performed 

targeting different mechanisms of hepatic stellate activation with limited or controversial 

results.57,58 However, the mechanisms responsible for deterioration of hepatocyte function 

and ultimately hepatic failure are largely unknown. Several areas of investigation have been 

proposed to explain loss of hepatocyte function, resulting in the phenotype of ESLD. While 

the entirety of the picture remains underdeveloped, recent efforts have brought some clarity. 

Here, we review the cellular and molecular events that contribute to the development of 

ESLD in cirrhosis, as represented in ►Figs. 1 and 2.

Hepatocytes Suffer Energy Changes

To orchestrate all of the biological, metabolic, and synthetic functions that the liver 

does, hepatocytes require efficient methods to produce energy. Through oxidative 

phosphorylation, hepatocytes produce adenosine triphosphate (ATP) as their main source of 

energy in the mitochondria, an organelle that comprises 13 to 20% of the liver volume.59–62 

One of the first hypotheses that was reported as a cause of ESLD and hepatocyte 

functional decompensation was mitochondrial changes in hepatocytes. In 1977, Díaz Gil 

et al isolated the mitochondrial fraction from liver biopsies of patients with alcoholic 

cirrhosis, cryptogenic cirrhosis, and chronic hepatitis, and demonstrated a reduction in 

mitochondria which the authors postulated as the cause of the loss of hepatic function.63 

Similarly, Möller and Dargel used an animal model of chronic liver injury and showed a 

decreased mitochondrial activity.64 In 1989, Krähenbühl et al reported a correlation between 

hepatocyte death and a reduction in oxygen uptake and mitochondrial enzyme activities.65

For a long time, the reduced number and function of mitochondria in hepatocytes were 

accepted as the major causes for the loss in hepatic function; however, with advances 

in analysis of mitochondrial function, the idea that mitochondrial function equates to the 

energy status of the cell has changed. Nishikawa et al, using a rat model of compensated 

and decompensated cirrhosis, measured the mitochondrial activity of hepatocytes derived 

from these animals, and reported that even in the early stages of the liver failure, there 

was a reduction of mitochondria content and function, but the energy status, measured 

by ATP production, was similar when compared with normal hepatocytes. This balance 

of energy was maintained by a switch in the source of ATP production, from oxidative 

phosphorylation to glycolysis.66 Glycolysis represents a less efficient compensatory 

mechanism to maintain energy homeostasis during early stages of liver injury, but leads to 

hepatocyte dysfunction during terminal stages of chronic liver disease because hepatocytes 
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are unable to sustain high levels of energy production from glycolysis.66 Thus, it seems that 

mechanisms controlling energy homeostasis could be targeted to prolong or control energy 

production and supply in terminally diseased hepatocytes (►Fig. 1 ).

Hepatocytes are Losing Contacts in End-Stage Liver Disease

Hepatocytes, like many other epithelial cells, have two membrane domains: a luminal and 

a basolateral side, maintained by the expression of several junctional proteins including 

anchoring junctions, tight junctions, and gap junctions.67 This configuration is important to 

keep the hepatocyte’s functionality, since there is a localized expression of proteins related 

to specific processes in either the luminal or the basolateral membrane.67 For instance, bile 

formation requires the expression of transporters at the basolateral membrane for the uptake 

of products that will be converted into bile. Also, at the luminal membrane, known also as 

apical membrane, specific transporters are needed such as bile salt export pump and familial 

intrahepatic cholestasis type 1 for the effective secretion of bile salt and subsequent bile 

formation.68 Any perturbation in this system can lead to a disruption in the process of bile 

excretion and lead to intrahepatic cholestasis.68 Alteration in hepatocyte polarity is also 

related to diseases such as type 2 diabetes and NAFLD.69,70

In livers with ESLD, the diffuse presence of extra collagen fibers and the apoptotic 

process result in a loss of cell–cell contacts, leading to a decreased hepatocyte polarity.67,71 

This event contributes to a loss of hepatic function. Some studies have reported a 

correlation between liver gap junction proteins, specifically the expression of connexins 

and liver injury.71 A total knockout of connexin 32 (cx32) in a mouse model increased 

inflammation, oxidative stress and liver injury after 8 weeks of choline-deficient high-fat 

diet.72 Interestingly, the expression cx43 showed a higher expression in the context of 

chronic liver disease and it was correlated with a propagation of a death signal mediated by 

caspase 3 through hepatocytes.73 How these paradoxical events in the connexin expression 

are correlated mechanistically with hepatocellular failure in cirrhotic livers remains unclear?

The perturbation of hepatic function by the loss of cell–cell contact can be explained 

partially by an alteration in the calcium (Ca2+) signaling. Several hepatic functions such 

as hepatocyte proliferation, apoptosis, gene transcription, lipid and glucose metabolism, 

and others have been reported to be under the control of Ca2+ signaling.74 Leite et al 

described that the liver has pacemaker cells, as reported in heart.75 The authors showed 

that the Ca2+ signaling starts in some cells and the signal travels through the lobule 

by the gap junctions, mediated mainly through the expression of cx32.75 The loss of 

hepatocellular interaction can alter the Ca2+ signal propagation leading to discoordination, 

causing dysfunction in hepatocytes on a functional level. The real contribution of the Ca2+ 

signaling in pathophysiology of liver failure needs to be investigated further.

Hepatocyte Regeneration is Over

The impairment of hepatocyte proliferation contributes to ESLD. It is well known that the 

liver has the capacity to regenerate and restore its functions after a partial hepatectomy.76 

Massive hepatocyte death induced by different kinds of injuries induce a strong proliferation 
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response. However, hepatocytes that reside in cirrhotic livers are largely senescent and 

cannot be induced to a proliferative state. This phenomenon is supported by the constant 

expression of markers of cell senescence (p16 and β-galactosidase).77 Moreover, Liu 

et al also reported that telomere length in hepatocytes derived from a decompensated 

cirrhotic liver are shorter when compared with healthy hepatocytes.18 This difference is 

supported by a downregulation of the enzyme telomerase reverse transcriptase (TERT) 

expression in addition to the decrease of its activity.18 To corroborate these findings and test 

the regenerative response of hepatocytes from cirrhotic livers with and without terminal 

liver failure, hepatocytes were transplanted into analbuminemic retrorsine-hepatectomy-

preconditioned rats (a combination of interventions that allows a selective long-term survival 

and repopulation advantage to the engrafted donor hepatocytes). Healthy and cirrhotic 

hepatocytes without terminal liver failure repopulated the livers as expected in this kind of 

model. However, the engraftment and proliferation of transplanted cirrhotic hepatocytes with 

terminal liver failure was considerably lower, indicating the lack of proliferative capacity 

and intrinsic damage even in a regenerative microenvironment.18 However, eventually 

normalization of hepatocyte function occurs after a period of months, indicating that the 

intrinsic hepatocyte damage is reversible and can be influenced by the microenvironment 

(►Fig. 1).

Several reports have revealed a multifactorial contribution to the pathogenesis of ESLD 

involving lack of regeneration response by hepatocytes.78–80 Very recently, Paranjpe et al 

reported that downregulation of important growth factor receptors contributes to a reduction 

in hepatocyte proliferation.79,81 Mice with a systemic deletion of tyrosine-protein kinase 

Met and epidermal growth factor receptor, showed an impairment of liver regeneration 

due to a direct reduced hepatocyte proliferation.79 The authors also reported decrease of 

hepatocyte metabolism, protein synthesis, and cytochrome P450 activity and a switch from 

oxidative phosphorylation to glycolysis in hepatocytes.79 The downregulation of the growth 

factor receptors and the switch of energy source and decreased metabolism found in this 

animal model has also been confirmed in human livers.20,66,80

Transcriptional Reprogramming of Hepatocytes End-Stage Liver Disease

Liu et al reported the initial hypothesis that refers to the role of transcription factors specific 

to hepatocytes in the development of ESLD.18 Genome-wide analyses of hepatocytes 

derived from cirrhotic livers with terminal failure revealed that nuclear factor-kB was 

altered when compared with healthy hepatocytes. Such hepatic deprograming is evident in 

deterioration of other signals such as proliferation, regeneration, cell death, and apoptosis, as 

described previously (►Figs. 1 and 2). An important finding was related to the expression of 

transcription factors such as hepatocyte nuclear factor 4 alpha (HNF4α). This transcription 

factor was downregulated as cirrhosis progressed and terminal failure was identified.18

Liver-enriched transcription factors such as HNF4α,HNF1, FOXA, HNF6, and C/EBP and 

others, are responsible for maintaining the hepatocyte’s characteristics and functions.82,83 

HNF4α, known as a master hepatic regulator, is encoded by a gene with two different 

promoters, which can generate, through alternative splicing, up to 12 isoforms of HNF4α.84 

A global knockout of HNF4α is incompatible with life since it is important not only to 
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the liver development, but also for the development of the pancreas and kidney.85,86 The 

concept of cellular reprogramming through overexpression of master transcription factors 

was conceived by Shinja Yamanaka and John B. Gurdon, who received the Nobel Prize 

in Physiology or Medicine in 2012. The overexpression of key transcription factors for 

stemness: Myc, Sox2, Klf4, and Oct4/Pou5f1, also known as Yamanka’s factors were 

sufficient to reprogram a mature fully differentiated cell into a pluripotent state, highlighting 

a new paradigm in cell biology: cellular reprogramming.87 This concept has also been 

applied in vivo, and such forced gene expression in specific cell types could be used 

to treat diseases. Heart failure in a mouse model has been treated by three transcription 

factors, Gata4, Mef2c, and Tbx5, that together are able to convert cardiac fibroblast into 

functional cardiomyocyte-like cells. After 4 weeks, the heart function was restored by the 

presence of these reprogrammed cells.88 A similar strategy has been pursued when mouse 

embryonic and fetal fibroblasts were converted into functional neurons, which were able to 

generate action potentials and synapses.89 In vivo reprogramming has been performed in 

the brain by Niu et al, delivering Sox2, a neural transcription factor, enabling astrocytes to 

transdifferentiate into neuroblasts.90 The forced expression of Ngn3, Pdx1, and Mafa in the 

pancreas of adult mice converted exocrine cells to insulin secreting functional β cells.91

Thus, the possibility of using hepatocyte-specific transcription factors as a therapy to treat 

ESLD is conceivable.92 HNF4α is important for the maintenance of hepatic homeostasis 

and functions18–20; Nishikawa et al forced the expression of HNF4α delivered by an 

adeno-associated virus (AAV) in a rat model of cirrhosis.92 An increase in nuclear HNF4α 
expression in hepatocytes was found to improve metabolic functions of hepatocytes, leading 

to an improvement in albumin secretion and lower serum total bilirubin levels, ascites, 

and ammonia levels. Notably, the transcriptional reprogramming using HNF4α-AAV did 

not alter the telomere length, suggesting that the reprogramming acted by phenotypically 

correcting diseased hepatocytes, rather than inducing hepatocyte growth or regeneration.92

Moreover, with an eye in the clinics, Guzman-Lepe et al showed a decreased expression 

of HNF4α in hepatocytes correlates with liver dysfunction, the stage of fibrosis, serum 

levels of total bilirubin, albumin, and prothrombin activity, revealing alterations in gene 

expression contribute to the development of ESLD in humans.19 Additionally, HNF4α must 

be expressed and translocated to the cell’s nucleus to be able to bind in the promoter 

regions of the target genes carrying out its function.84 Recently, Florentino et al showed 

that there is a correlation between the cellular localization of HNF4α and ESLD. We 

discovered that HNF4α protein expression is found in the cytoplasm of hepatocytes from 

explanted human cirrhotic livers with decompensated function. Moreover, we found that 

hepatic dysfunction correlated directly with a reduction in the nuclear acetylated HNF4α.20 

Thus, posttranslational modifications are important for HNF4α localization in the nucleus. 

These results indicated that localization of HNF4α in the cytoplasm results from alterations 

of the molecular pathways, which maintain HNF4α in the nucleus during advanced stages of 

liver disease. Consequently, lack of HNF4α transcriptional activity may be responsible for 

deterioration of hepatocyte function in human cirrhotic livers with terminal failure (►Fig. 1) 

The next logical steps for these human studies are to induce the expression of HNF4α and 

possibly other molecules to re-establish nuclear localization and transcription of HNF4α and 
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its target genes in hepatocytes from explanted human cirrhotic livers with decompensated 

function.

Several other reports have corroborated the initial observations18,92 of the crucial role of 

HNF4α and its complex roles controlling transcriptional networks related to hepatocyte 

metabolism and functions.21,93 Recently, Munroe et al using induced hepatocyte-like cells, 

showed that repression of HNF4α function leads to shortening in telomere length.94 Argemi 

et al found that livers from patients with alcoholic hepatitis showed downregulation of 

HNF4α and they proposed that HNF4α deregulation is in part transforming growth factor β 
(TGFβ1)-mediated. Moreover, Huang et al showed that upregulation of HNF4α in obese rats 

with fatty livers led to a significant improvement in serum lipids and glucose homeostasis. 

Thus, demonstrating the favorable metabolic rearrangement induced by HNF4α in fatty 

hepatocytes.93

The Inflammatory Microenvironment and Other Players in End-Stage Liver 

Disease

In ESLD, it is well known that the hepatic microenvironment leads to an activation of 

hepatic stellate cells (HSCs) which are initially located in the space of Disse.56,95,96 

In liver injury, several factors can induce transformation of HSCs into myofibroblast 

which are defined by the loss of retinoid, gain of α-smooth muscle actin expression, 

production of TGF-β, platelet-derived growth factor, connective tissue growth factor, and 

other cytokines.56,96,97 HSC activation leads to liver fibrosis.22 Fibrosis is not only an 

increase in the amount and distribution of activated HSCs, but a diffuse ECM deposition, 

which increases the presence of collagens type I and III, mediated mainly by paracrine and 

autocrine TGFβ98–100 and cytokine signaling, such as interleukin (IL)-1β, tumor necrosis 

factor α (TNF-α), and IL-33.101,102

Perhaps the main contributor to the development of ESLD is inflammation. Activated 

by different pathways, the released cytokines, chemokines, and activated inflammatory 

cells induce a microenvironment that, in a vicious cycle, leads to hepatocyte death 

and long-term loss of hepatic function. The increase in gut permeability induced by 

infections, alcohol consumption, or any other stressors can lead to activation of Kupffer 

cells, a resident macrophage in the liver, through two main pathways: (1) activation 

of M1 phenotype Kupffer cells by lipopolysaccharide (LPS) and/or (2) IL-4 and IL-10 

activation of M2 phenotype Kupffer cells.103 The binding of LPS to its receptor, Toll-like 

receptor 4, or the activation of complement receptors C3R and C4R of the complement 

system by pathogen-associated molecular patterns, activates M1 Kupffer cells.103,104 The 

activation of M1 phenotype cells trigger a cascade releasing TNF-α and IL-6, two 

proinflammatory cytokines, that have a dual function: stimulate hepatocyte proliferation 

and cause hepatocellular death.105 On the other hand, the activation of M2 Kupffer cells 

occurs through an alternative pathway. IL-4 and IL-10, produced by T helper type 2 

cells (Th2), activate the M2 phenotype cells resulting in an anti-inflammatory cascade, 

mediated by TGF-β).103,106 TGF-β also plays a role in the activation of the HSCs and their 

transformation into myofibroblasts altering the hepatic parenchyma.107
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Overall, the activation of Kupffer cells, causes an upregulation of cell adhesion molecules, 

such as intercellular adhesion molecule-1 and vascular cell adhesion molecule-1, and a 

downregulation of platelet endothelial cell adhesion molecule-1, allowing the migration 

of more inflammatory cells to the liver amplifying the inflammation cascade.108,109 A 

common finding in patients with liver failure is a high number of hepatic neutrophils, 

which often produce reactive oxygen species, leading to mitochondrial stress and cell death. 

Interestingly, the phagocytic activity of the neutrophils is compromised resulting in a higher 

rate of infections in these patients and exacerbating the severity of liver failure.110,111 All 

of these immune cellular responses are correlated with the survival rates of patients with 

ESLD due to their increased risk of sepsis and organ failure. This inflammatory milieu 

where hepatocytes from livers with end-stage disease reside contributes to a vicious cycle 

that affects the differentiation state and function of hepatocytes and involves highly complex 

signaling pathways and factors.111,112 However, the extent to which the inflammatory liver 

microenvironment affects hepatocyte differentiation and function is still unknown (►Fig. 1).

Conclusion

ESLD has often been defined by the finding of cirrhosis. However, cirrhosis is a 

histopathologic term that provides limited functional information of the liver. Some patients 

with liver cirrhosis progress into ESLD because of a reduced hepatocellular function, while 

other patients survive with 1-year mortality ranging from 1 to 57%.16 With an increasing 

prevalence of ESLD and limited treatment options, it is important to better understand the 

mechanisms behind ESLD and to investigate alternative therapies to orthotopic LT.

The changes impacting failing hepatocytes range from exposure to an inflammatory milieu 

in the cirrhotic liver, a loss of cell–cell contact caused by cell death and ECM deposition, 

and changes in energy metabolism and transcriptional deprogramming. These alterations in 

the hepatic microenvironment drive development of portal hypertension, esophageal varices, 

and ascites, which are indirect clinical manifestations of liver failure. The CTP classification 

and MELD score are helpful to evaluate the severity of hepatocellular failure because 

they include parameters that are related to metabolic and excretory functions of the failing 

hepatocyte (INR, bilirubin). Therefore, they are commonly used to determine the urgency 

for LT, which is the only available treatment for ESLD today.

The concept of cellular reprogramming using master transcription factors developed by 

Yamanaka and Gurdon, opens the door for a new concept in the treatment of diseases such 

as ESLD (►Fig. 2). HNF4α, a liver-enriched transcription factor, is a master regulator of 

liver genes and is responsible for regulating metabolic and excretory functions. In recent 

studies, we have found a downregulation of HNF4α expression and HNF4α localization 

outside of the nucleus in the failing hepatocytes. In an animal model of cirrhosis with 

ESLD, the forced re-expression of HNF4α showed promising results. Failing hepatocytes 

recovered and increased their metabolic and secretory activity after reprogramming with 

HNF4α in vivo. In the livers of patients with advanced cirrhosis, HNF4α ribonucleic acid 

expression levels decrease as hepatic function deteriorates and HNF4α protein expression 

is found largely in the cytoplasm.20 These findings could explain the impaired hepatic 

function in patients with degenerative liver disease. These findings have been corroborated 
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in various scenarios of ESLD such as alcoholic cirrhosis, NASH,19,20 and severe alcoholic 

hepatitis.21 More studies will need to be performed to corroborate the efficacy of cellular 

reprogramming as a therapy for liver failure in humans (►Fig. 2).

Even now ESLD remains a devastating disease with a high mortality. But recent findings of 

the complex environment of hepatocellular failure are helping us to understand the disease 

better and might be the cornerstone for upcoming new approaches in the treatment of ESLD.
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Main Concepts and Learning Points

• The degeneration from a healthy functioning liver to cirrhosis and end-stage 

liver disease involves a dynamic process of hepatocyte damage.

• The environment in which the hepatocytes reside is characterized by an 

inflammatory milieu, extracellular matrix deposition, and a loss of cell–cell 

contacts.

• Transcriptional deprogramming of the hepatocyte leads to a functional 

reduction of hepatocyte-specific functions.

• Changes in the hepatocyte and the hepatic environment explain the symptoms 

in patients with end-stage liver disease.

• Novel therapeutics targeting hepatocyte differentiation and function could 

avoid the need for transplantation in the future.
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Fig. 1. 
Overview of end-stage liver disease (ESLD). (A) Several insults can lead to the loss of 

hepatic functions: There is a switch in energy metabolism from oxidative phosphorylation to 

glycolysis and a reduction in the mitochondrial content. The accumulation of collagen fibers 

in the extracellular matrix (ECM) leads to a loss of hepatocyte–hepatocyte contacts resulting 

in alterations in several pathways decreasing cell proliferation and liver regeneration. A 

reduced proliferative activity and liver regeneration can also be explained by the shortening 

of the telomere and a reduced activation of telomerase reverse transcriptase (TERT). The 

inflammatory milieu causes cell death and a loss in hepatic functions. An alteration in 

the transcription factor network, mainly caused by the downregulation and mislocalization 

of hepatocyte nuclear factor 4 alpha (HNF4α), contributes to hepatocyte dysfunction 

and clinical manifestations like reduced albumin production, reduced bilirubin and urea 

metabolism, and fewer coagulation factors. (B) With chronic injury the histopathologically 

healthy liver undergoes changes especially through the accumulation of extracellular matrix 

leading to fibrosis. As the disease progresses the liver parenchyma changes histologically 

into cirrhosis with nodule formation, the formation of scar tissue, and changes in 

hepatic blood flow leading to portal hypertension, hepatic encephalopathy, coagulopathy, 

hepatorenal syndrome, and hepatopulmonary syndrome causing the clinical symptoms/signs 

of ESLD. T2D, type 2 diabetes; NEA, nonessential amino acids.
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Fig. 2. 
Functional, histopathological, and genetic findings in end-stage liver disease (ESLD). 

Histologically, cirrhosis (METAVIR Score F4) is considered the terminal stage of 

liver disease. Histology does not provide functional information beyond the description 

of cirrhosis. The Child-Pugh score includes functional and symptomatic parameters 

to determine the mortality of end-stage liver disease. Genetically, ESLD leads to 

dedifferentiation of the hepatocyte and reduces the nuclear expression of hepatocyte nuclear 

factor 4 alpha (HNF4α), the “master regulator” of many hepatocellular functions (graph 

modified from refs. 113 and 114).

Haep et al. Page 20

Semin Liver Dis. Author manuscript; available in PMC 2022 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Haep et al. Page 21

Ta
b

le
 1

Sc
or

in
g 

sy
st

em
s 

fo
r 

hi
st

ol
og

ic
 f

ib
ro

si
s

M
E

T
A

V
IR

 s
co

re
F

0
F

1
F

2
F

3
F

4

N
o 

fi
br

os
is

F
ib

ro
si

s 
ex

pa
ns

io
n 

of
 p

or
ta

l 
zo

ne
s

F
ib

ro
si

s 
ex

pa
ns

io
n 

of
 m

os
t 

po
rt

al
 z

on
es

, 
oc

ca
si

on
al

 b
ri

dg
in

g
M

ar
ke

d 
br

id
gi

ng
, o

cc
as

io
na

l 
m

od
ul

es
C

ir
rh

os
is

Is
ha

k 
Sc

or
e

0
1

2
3

4
5

6

N
o 

fi
br

os
is

Fi
br

os
is

 e
xp

an
si

on
 o

f 
so

m
e 

po
rt

al
 a

re
as

Fi
br

ou
s 

ex
pa

ns
io

n 
of

 
m

os
t p

or
ta

l a
re

as
Po

rt
al

 to
 p

or
ta

l 
br

id
gi

ng
Po

rt
al

 to
 c

en
tr

al
 

br
id

gi
ng

O
cc

as
io

na
l 

no
du

le
s

C
ir

rh
os

is

R
ep

re
se

nt
at

iv
e 

hi
st

ol
og

ic
al

 
ph

ot
og

ra
ph

s 
pe

r 
sc

or
in

g

Semin Liver Dis. Author manuscript; available in PMC 2022 April 11.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Haep et al. Page 22

Table 2

Child-Turcotte-Pugh classification

Child-Turcotte-Pugh score Perioperative mortality

A < 6 points 10%

B 7–9 points 30%

C > 9 points 70–80%

Measure 1 point 2 points 3 points

Bilirubin (mg/dL) < 2 2–3 > 3

Albumin (g/dL) > 3.5 2.8–3.5 < 2.8

INR < 1.7 1.71–2.30 > 2.30

Ascites Mild Moderate Severe

Hepatic encephalopathy Absent Grade I-II Grade III-IV

Abbreviation: INR, international normalized ratio.
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Table 3

Model for End-stage Liver Disease (MELD) scoring system

MELD score 3-Month mortality

6–9 1.9%

10–19 6%

20–29 19.6%

30–39 52.6%

40 71.3%

MELD score (6–40)

(0.967*1oge(creatinine (mg/dL)) + 0.378 × loge(bilirubin (mg/dL)) + 1.120 × loge(INR) + 0.6431) × 10

Abbreviation: INR, international normalized ratio.
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