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Abstract

While improved surgical techniques, post-operative care, and immunosuppression regimens have 

reduced morbidity and mortality associated with orthotopic liver transplantation (OLT), further 

improvement of outcomes requires personalized treatment and a better understanding of genomic 

mechanisms involved. Gene expression profiles of ischemia/reperfusion (I/R) injury, regeneration, 

and rejection, may suggest mechanisms for development of better predictive tools and treatments. 

The liver is unique in its regenerative potential, recovering lost mass and function after injury 

from ischemia, resection, and rejection. I/R injury, an inevitable consequence of perfusion 

cessation, cold storage, and reperfusion, is regulated by the interaction of the immune system, 

inflammatory cytokines, and reduced microcirculatory blood flow in the liver. Rejection, a 

common postoperative complication, is mediated by the recipient's immune system through T-

cell-dependent responses activating proinflammatory and apoptotic pathways. Characterizing 

distinctive gene expression signatures for these events can identify therapies to reduce injury, 

promote regeneration, and improve outcomes. While certain markers of liver injury and 

regeneration have been observed in animals, many of these are unverified in human studies. 

Further investigation of these genomic signatures and mechanisms through new technology offers 

promise, but continues to pose a significant challenge. An overview of the current fund of 

knowledge in this area is reviewed.

1. Introduction

Orthotopic liver transplantation (OLT) is the accepted treatment for end-stage liver disease 

(ESLD), and improvements in surgical techniques, immunosuppression, and post-operative 

care have reduced morbidity and mortality associated with transplantation. Physicians 

currently rely on laboratory, biopsy and clinical manifestations to assess liver injury and 

function. Studying gene expression patterns associated with different processes following 

liver transplantation will provide a genomic basis for evaluating outcomes and identifying 

patients susceptible to graft dysfunction and may improve long-term survival and outcomes.

I/R injury is an inevitable consequence of organ retrieval, cold ischemic time (CIT), and 

reperfusion of the graft after implantation. It results from initial injury in the donor and brain 

death, followed by loss of vascularization of the allograft at procurement, and then 
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reperfusion of the organ in the recipient, leading to further injury. Complications arising 

from these processes can lead to problems such as early allograft dysfunction and impaired 

regeneration. I/R injury is regulated by the interaction of immune system cells, the 

production of inflammatory cytokines, and reduced microcirculatory blood flow in the liver. 

Activation of intracellular pathways by cytokines, chemokines, and intracellular ionic 

disturbances contributes to hepatocyte apoptosis and necrosis in I/R injury [1,2]. Cold 

ischemic injury is the insult to tissue during cold storage and prior to placement in the 

recipient; warm ischemia occurs during the time the organ is being sewn in, after it is 

removed from ice and prior to reperfusion. This is followed by early-phase I/R injury 

immediately after reperfusion of the organ with blood, and is associated with rapid changes 

in the redox state of liver tissue. Late phase I/R injury is a consequence of inflammation-

mediated damage, caused by cytokine and chemokine production, which initiates an immune 

response [3,4].

Liver regeneration is another process that is critical for recovery after transplantation, as an 

injured whole liver, or a partial liver graft, seeks to restore lost mass. Liver regeneration 

mechanisms have been well studied using the partial hepatectomy (PH) model in rodents, 

where two-thirds PH is carried out by removing two lobes. After two-thirds PH, liver mass 

is restored within 8–15 days in humans through hypertrophy and hepatocyte proliferation 

[5,6]. Liver regeneration is a complicated orchestrated event involving a complex network 

of connected interactions, and is required for hepatocyte recovery following the inevitable 

I/R injury, as well as to restore lost hepatic mass rapidly while maintaining metabolic 

functions [7].

While these processes been studied extensively in animal models, it has been difficult to do 

so in humans. Only a few studies have evaluated human genomic liver expression following 

liver resection and transplantation [8–10]. Liver transplantation with partial grafts and living 

donors provide excellent clinical models for the study of human liver regeneration. We will 

review molecular mechanisms of I/R injury and liver regeneration, explore new findings 

discovered in animal models, and then describe human hepatic gene expression in recipients 

of deceased donor and partial liver grafts, and in healthy living liver donors.

2. Molecular mechanisms associated with I/R injury

The cascade of inflammatory events following reperfusion is initiated by release of oxidant 

stress signals from Kupffer cells (KCs), hepatocytes and sinusoidal endothelial cells (SECs), 

altering the redox state of liver tissue. Damage due to lack of vascularization during cold 

and warm ischemia depletes liver tissue of ATP, leading to generation of reactive oxygen 

species (ROS) and disturbances in ionic concentrations of sodium, calcium, and protons, 

causing hepatocyte swelling and cell death after reperfusion [11,12]. Fig. 1 outlines ionic 

and mitochondrial disturbances that are involved in I/R injury [4].

After the immediate I/R injury, an increase in intracellular and extracellular ROS activates 

the complement system and KCs to release TNF-α, IL-1, IL-6, and platelet-activating factor 

(PAF). These chemokines further activate ROS generation in KC mitochondria and up-

regulate proinflammatory cytokines (IL-1B and TNF-α) and chemokines (IL-8, MCP-1, and 
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regulated on activation, normal T-cell expressed and secreted [RANTES]). This leads to 

activation and migration of neutrophils and CD4+ lymphocytes from peripheral blood into 

the liver, generating an inflammatory response. Proinflammatory cytokines up-regulate 

intercellular adhesionmolecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), and 

E-selectin on the surfaces of SECs and hepatocytes, allowing for greater adhesion of 

leukocytes and platelets to the liver, reducing microcirculatory blood flow and increasing 

hepatocyte apoptosis [3,4,13,14]. Fig. 2 illustrates cellular interactions which lead to 

apoptosis, and necrosis in I/R injury [4].

TNF-α, an important component of the I/R injury cascade, binds to specific TNF receptors 

on the hepatocyte surface, causing up-regulation of cytokine production and activation of the 

Fas receptor, which initiates apoptosis. Fas receptor activation leads to activation of nuclear 

factor kappa B (NF-κB), mitogen-activated protein kinase (MAPK), and c-Jun N-terminal 

kinase (c-JNK). These further activate transcription factors, activator protein-1 (AP-1), heat 

shock factor, signal transducer and activators of transcription (STATs), antioxidants, 

inflammation-stimulated inducible enzymes (COX-2), intracellular signaling molecules, and 

antiapoptotic proteins (Bcl-2, Bcl-x), which travel to the nucleus to up-regulate transcription 

of IL-1 and TNF-α [4,15]. NF-κB activates other proinflammatory factors (IL-1β and IFN-γ) 

and chemokines (IL-8,MCP-1, and RANTES), causing a positive feedback loop [16].

Endogenously generated carbon monoxide through heme degradation by heme oxygenases 

(HO) is considered important for the maintenance of cellular processes via the soluble 

guanylate cyclase (sGC)/cGMP pathway [17]. Activation of HO-1 by I/R injury provides 

protection against warm and cold I/R injury through the generation of carbon monoxide 

(CO) [18]. In a rat OLT model, CO inhalation caused a marked down-regulation of early-

mRNA expression of TNF-α and IL-6. Cold I/R injury is associated with MAPK 

phosphorylation; CO inhibited the phosphorylation of ERK1/2,MAPK, upstream MEK1/2, 

and the downstream transcriptional factor c-Myc [19]. Such studies are difficult to conduct 

in humans due to the toxicity of CO.

IRF-1 plays a critical role in inducing inflammatory mediators including TNF-α, IL-6, and 

inducible nitric oxide synthase (iNOS) [20] and may be an important activator of MAPK-

mediated damage in cold I/R injury. In a study by Kim et al. [21], I/R injury following OLT 

was studied in rats using adenovirus-expressing IRF-1 (AdIRF-1) or the control gene vector 

(Adnull) given pre-harvest. Overexpression of IRF-1 in donor livers pre-transplantation led 

to more severe I/R injury and post-transplant overexpression of IRF-1 led to increased 

apotosis and necrosis in rats. IRF-1 overexpression in livers before transplantation is 

predictive of significant JNK activation 1 hour after transplantation, correlating with a 

known c-JNK signaling pathway in the I/R injury inflammatory response [21] Analysis of 

gene expression in the donor liver prior to removal may allow for investigation of possible 

predictive measures of allograft function in the recipient.

3. Molecular mechanisms of liver regeneration

Liver regeneration has been studied extensively in animal models, and much has been 

learned in the past 10 years. Following PH, liver regeneration begins with hepatocyte 
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volume increase, as approximately 95% of quiescent hepatic cells re-enter the cell cycle 

[22]. In a two-thirds PH model, remaining cells undergo rapid proliferation as a round of 

DNA synthesis is initiated within 24–48 hours [23,24]. Cell-cycle genes linked to cell repair 

and DNA synthesis, such as c-fos, c-jun, c-myc, and JunB, are highly expressed during 

regeneration Cytokines (TNF-α and IL-6) and growth factors (hepatocyte growth factor 

(HGF), epidermal growth factor (EGF), and transforming growth factors (TGFs)) are 

released by Kupffer cells [22]. After 70% PH, lost hepatic mass is restored through 

proliferation of mature hepatocytes, which leave the G0 phase and transition into G1 and S 

phase. Over 100 early genes are activated between G0 and G1, such as TNF-α and IL-6 in 

KCs. These, and other early genes, activated by apoptosis and inflammation, “prime” 

hepatocytes to enter the cell cycle (Fig. 3) [22,25]. There is both hepatocyte hypertrophy and 

cell proliferation, with almost all hepatocytes entering the cell-cycle S phase and half 

undergoing division to increase cell number [26].

Genes involved in protein synthesis and cell growth are up-regulated throughout the 

proliferative phase of regeneration [22,27]. Cytokines activate non-mitogenesis-linked 

transcription factors selectively and are distinct in their action from growth factors. IL-6 

knockout mice display liver necrosis and failure, reduced DNA-synthesis response, and G1 

abnormalities in hepatocytes. However, recovery of mass is possible, albeit delayed, without 

IL-6, indicating that other pathways are also involved [22,28]. TNF-α is also crucial for 

normal proliferation post-PH as it induces IL-6 transcription through up-regulation of NF-

κB. When overexpressed, IL-6 functions as a hepatocyte mitogen [29]. C3a andC5a 

(members of the complement cascade of innate immunity) are also important in 

regeneration. C3- and C5-deficient animals underexpress IL-6, TNF-α, STAT3, andNF-κB 

(vital components of liver regeneration). The IGFBP1 gene that encodes a pro-mitogenic 

and hepatoprotective protein is one of the most highly expressed genes in regeneration. 

IGFBP1-knockoutmice show impaired liver regeneration similar to IL-6-knockout mice. 

Since it acts through IGF pathways and is transcriptionally regulated by IL-6, it represents 

another gene at the intersection of growth factor and cytokine pathways [22,30,31]. 

Successful liver regeneration depends on an intact TNF-α/NF-κB/IL-6/STAT3 pathway, 

through interactions between KCs and hepatocytes [22,32]. A20 is an NF-κB-dependent and 

NF-κB-inhibitory ubiquitin-editing protein and affects genes linked to inflammatory and 

immune responses, cellular proliferation, energy production, oxidoreductase activity, and 

lipid and fatty acid metabolism. Overexpression of A20 in the liver provides 

hepatoprotection in mice against toxic hepatitis, severe I/R injury, and fulminant hepatic 

failure following extended liver resection [33].

In transplant, the loss of hepatic mass due to injury, alloimmune responses, and volume 

deficiencies in segmental grafts, necessitates a balance between required metabolic function 

and replication to ensure survival [7]. Failure to maintain this balance may result in graft 

dysfunction as seen in small-for-size syndrome [34]. In the early post-PH period, the liver 

must prioritize protein synthesis to recover lost mass and bear heavy metabolic demands of 

the body. Plasma proteins and intermediate metabolism are up-regulated later once the liver 

has initiated restoration of necessary hepatic mass to meet the metabolic load [22,27,35]. As 

expected, gene expression associated with protein biosynthesis and cytoskeletal assembly 
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remains high through the first round of proliferation [36,37]. Many liver-specific immediate 

early genes are responsible for encoding enzymes and proteins of gluconeogenesis. 

Gluconeogenesis allows the liver to meet homeostatic glucose demands of the body even 

with reduced mass, while deprioritizing fatty acid metabolism. Two types of transcription 

factors, growth-induced (STAT-3 and AP-1) or tissue-specific (hepatic nuclear factor-1 

(HNF-1)), consort to amplify gene expression that maintains homeostasis during repair, 

overcoming reduced liver mass [22]. In contrast, lipid, fatty acid, and hormone metabolism 

are down-regulated early after PH and remain in this state through the first round of cell 

division.

4. Mechanism overlap between I/R injury and regeneration

The pathways associated with the regenerative cascade show significant overlap with 

immune and inflammatory response pathways in I/R injury [38]. Growth factors (IL-6, TNF-

α, EGF, and HGF), transcription factors (STAT-3, AP-1, and NF-κB), and immediate early 

genes (c-fos, c-myc, and cyclins) are markers of I/R injury as well as cellular repair and 

regeneration. More extensive I/R injury results in enhanced up-regulation of cytokines, 

transcription factors, and early genes, leading to a more significant hepatocellular replication 

response [38,39]. While these proinflammatory factors are necessary for triggering 

regeneration, the liver is only capable of withstanding I/R injury to the point where enough 

critical mass is available to maintain the balance of homeostatic and regenerative activities 

[7]. Animal models of the interplay between the regenerative response and I/R injury 

demonstrated that grafts with a weight-to-liver-volume ratio below 40% showed functional 

impairment and poor survival [40].

To maintain graft integrity, the host response must be inhibited through immunosuppression. 

However, this may also impact natural regenerative pathways. Glucocorticoids inhibit cell-

cycle progression in PH models as well as in I/R injury models, and sirolimus interferes with 

replication through its inhibition of the mTOR pathway [41–46]. Thus, immunosuppression 

should be carefully chosen and monitored in the early post-transplant period to ensure that 

the regenerative response is not inhibited along with the immune response.

5. Gene expression patterns of I/R injury and regeneration in human liver 

transplantation

One of the first studies describing gene expression following human liver transplantation 

was by Berberat et al. [47]. In this study, the authors investigated the expression of 67 genes 

from 59 post-perfusion biopsies (52 primary transplants; 7 secondary; median MELD = 

15.2) using real-time polymerase chain reaction (PCR). They proposed that early gene 

expression can predict early allograft dysfunction (EAD). The genes selected were believed 

to play a role in the acute inflammatory process and the authors tried to correlate expression 

with graft dysfunction. Assessment of the correlation between a limited set of inflammatory 

genes in the reperfusion biopsy and graft-related clinical outcomes within 30 days of 

transplantation yielded six genes associated with graft-related complications in the first 

month. These included increased expression of C-reactive protein (CRP) (a marker of 

ongoing proinflammatory response), and reduced expression of CTGF, WWP2, CD274, 
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VEGF and its receptor FLT1 (genes related to vascular endothelial physiology). High TNF-

α expression was strongly correlated with complications requiring early retransplantation 

[47]. This suggests that certain gene expression patterns detected as early as 1 hour post-

reperfusion could predict liver EAD in the early post-operative period.

Another early study by Conti et al. [48] examined gene expression using Affymetrix HG-

U133A Plus 2.0 oligonucleotide arrays (Affymetrix, Santa Clara, CA) in 10 biopsies from 5 

cadaveric donor livers used in human OLT. They identified 795 genes with significantly 

modified expression between reperfused livers (RL) biopsied within 3 hours after 

reperfusion and basal liver (BL) expression prior to retrieval from the donor. Twelve percent 

of these were involved in apoptotic pathways, 12.5% in inflammatory pathways, and 22.5% 

encoded for heat shock proteins [48]. Considering the role of inflammation in I/R injury, the 

cytokine–cytokine receptor interaction pathway showed significant up-regulation in RL 

samples, with the most important factors involved being IL-6, IL-1, IL-8, and chemokine 

ligands 3 and 4 [48]. The pathway associated with these inflammatory response genes 

regulates WNT signaling, apoptosis, and MAPK signaling, which act together to regulate the 

cell-cycle pathway, suggesting a role in liver regeneration following OLT [48]. Furthermore, 

an analysis of enriched Gene Ontology (GO) categories for biological processes 

demonstrated significant up-regulation in signal transduction, intracellular signaling 

cascade, JAK-STAT and MAPK activity, as well as apoptosis, cell death and cell growth 

pathways. A more recent study by Conti et al. [49] compared the expression of 33,000 genes 

across three groups (deceased donor livers, transplanted livers 2 hours post-reperfusion, and 

control livers) to differentiate between changes caused by I/R injury and variations due to 

brain death and other donor factors. They demonstrated that approximately 900 genes show 

dysregulation in deceased donors versus control livers. The up-regulated genes are involved 

in apoptosis, immune response, and inflammation; the down-regulated genes are involved in 

metabolism and electron transport. An additional 317 genes, previously undetectable due to 

similar dysregulation in the donor and in the transplanted liver, were identified.

Evidence of EAD may also be reflected by alterations in expression of serum proteins 

associated with an inflammatory response in the peri-operative period. In a study by 

Friedman et al. [50], serum levels of 25 cytokines, chemokines, and immunoreceptors were 

measured by Luminex multiplex assays pre- and post-liver transplantation. Levels of each 

cytokine biomarker were compared in adult recipients with or without EAD at serial time 

points using samples collected pre-operatively and at specific intervals post-transplant. EAD 

was defined according to standard criteria with elevated transaminases, bilirubin, and/or INR 

[51]. Multivariable analyses showed that patients experiencing EAD had lower pre-operative 

IL-6 and higher IL-2R levels. Patients with EAD also showed higher MCP-1 (CCL2), IL-8 

(CXCL8), and RANTES (CCL5) chemokine levels in the early post-operative period, 

suggesting up-regulation of the NF-kB pathway, in addition to higher levels of chemokines 

and cytokines associated with T-cell immunity, including MIG (CXCL9), IP-10 (CXCL10) 

and IL-2R. These findings identified several possible biomarkers and pathways associated 

with EAD, that can guide future validation studies and investigation of specific cellular and 

molecular mechanisms of graft dysfunction, and contribute to peri-operative prediction of 

the occurrence of EAD leading to identification of potential interventional therapies.
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In another study examining early gene expression in living donor liver transplantation 

(LDLT), Borozan et al. [8] utilized a 19K-human cDNA microarray in 24 consecutive 

LDLT. They showed increased expression of 129 genes and decreased expression of 106 

genes post-reperfusion compared to expression prior to organ removal. Differential gene 

expression patterns were observed in acute versus chronic stress in biopsies of grafts 

compared to unstressed donor livers prior to operation. A 25-gene subset was identified as a 

molecular signature for two forms of acute liver stress (brain death and reperfusion 

following LDLT), which were not seen in chronic liver stress such as hepatitis or PBC. 

Although the two studies differed in length of ischemia time as well as the use of living 

(Borozan et al.) versus deceased donors (Conti et al.), these studies showed strong 

agreement for the up-regulated genes in the signature, and a similar, but less statistically 

significant agreement with the dowregulated genes. The poorer agreement with down-

regulated genes may be due to impairment of these pathways in cadaveric livers prior to 

retrieval [8,48].

A study from our group described early gene expression in livers from deceased donor 

(DD), as well as those from LDs. In a comparison of 8 LDs to 13 DDs examining gene 

expression profiles using Affymetrix microarrays and quantitave PCR and 

immunopathology, we demonstrated 579 genes differentially expressed after reperfusion in 

DD and 1324 genes differentially expressed after reperfusion in LDs. There was significant 

up-regulation of inflammatory, immune, and cell-cycle genes associated with I/R injury in 

DD grafts, including inflammatory chemokine IL-8, CCL2 (MCP-1), and TNFAIP3/A20 

and ICAM-1, correlating well with the work from Conti et al. (Table 1) [10,48].

This study also showed that the molecular signatures of LD grafts differ significantly from 

those of DD grafts (Fig. 4). We demonstrated that molecular networks associated with 

regeneration are activated immediately in partial LD grafts and are associated with 

proinflammatory and cell-cycle pathways. The genes of the IL-6/STAT3 pathway, including 

SOCS3 (a feedback mediator the regulates STAT3 after partial hepatectomy), hepatocyte 

growth factor (HGF), and NF-kB1, all of which are involved in hepatoprotection and 

regeneration are up-regulated [23,52–54]. Furthermore, networks involving cell-cycle 

progression and de novo biosynthesis of polyamines and pyrimidines are also up-regulated 

[10]. The type of graft (LD vs. DD) also impacts gene expression associated with 

regeneration. By using EASE analysis to assign significance to biological functions as 

opposed to individual genes, we demonstrated that the 12 functions up-regulated in living 

donor grafts were mainly associated with cell proliferation and tissue regeneration, while the 

17 functions down-regulated in living donor grafts were associated with metabolic liver 

functions. This indicates that the gene expression profile orchestrates a redistribution of 

energy to favor regeneration in partial LD grafts [10]. There were only 17 overlapping genes 

between LD and DD grafts. LD grafts showed differential up-regulation of interleukin-

associated receptor genes (IL1R and 1L4R) and genes associated with innate immunity (e.g. 

lipopolysaccharide binding protein [LBP]). It is important to assess differences in 

mechanisms when using grafts from LD as opposed to DD in order to guide post-operative 

management and optimize patient outcomes.
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Some of the differences between LD and DD may be due to brain death. A study by Weiss 

et al. [55] attempted to evaluate cytokine gene expression profiles in brain-dead (n = 32) and 

living (n = 26) donors, comparing the data to post-OLT organ function. Biopsies were 

performed at the time of donor laparotomy, before preservation, at the time of 

transplantation, and 1 hour post-reperfusion. Cytokine expression was assessed using real-

time reverse transcriptase-PCR (RT-PCR). The inflammatory cytokines IL-6, IL-10, TNF-α, 

TGF-β, and MIP-1α were significantly up-regulated in brain-dead donors compared to living 

donors immediately post-laparotomy. Thus, the significant differential up-regulation of 

inflammatory cytokines by brain death may lead to worse I/R injury post-OLT [55]. 

Furthermore, pre-transplant transcriptome analysis indicated C3 gene expression differences 

between LD and DD that were directly correlated to cold ischemia duration [56], further 

suggesting that the length of cold ischemia time plays a critical role in I/R injury.

Regeneration is a critical component of recovery after donation in LD liver transplantation, 

where often 60% or more of the liver is removed to transplant in another individual [57]. 

While most donors do well, there remains significant morbidity associated with the 

procedure. Many show incomplete regeneration in the first 3–6 months, with a significant 

incidence of complications and a small but present risk of death or liver failure [58]. A better 

understanding of factors influencing regeneration may provide possible targets for 

intervention, minimizing subsequent morbidity and mortality. We performed a pilot study 

investigating differences in hepatic gene expression between donors with complete 

regeneration compared to those with less successful regeneration in 24 right lobe donors. 

Using Affymetrix Human Gene 1.0 ST array chips, liver biopsies from these donors were 

analyzed for gene expression at baseline and in remnant left lobes immediately after 

resection. Data were analyzed using BRB-ArrayTools and pathway analysis was done using 

Ingenuity Pathway Analysis (IPA). Living donors with successful liver regeneration show 

differential expression of a high number of genes immediately post-resection compared to 

baseline, markedly different from those with deficient regeneration. Class comparison of 

baseline liver before and after resection in the good regeneration group yielded many more 

differentially expressed genes, than those that did not reconstitute their mass as well. Many 

genes were mainly related to cell proliferation, inflammation and metabolism, and metabolic 

pathways (aminoacyl tRNA synthesis), and stress pathways (acute phase response), were 

among the most significantly regulated pathways. Among biological functions, genes 

involved in cell growth and proliferation and cell death were most differentially expressed. 

In contrast, the poor regeneration group demonstrated very little change in expression before 

and after resection. The lack of significant change in genomic profile in the poorly 

regenerating livers suggests a possible inhibition or delay in initiation of recovery and 

regeneration molecular pathways, and may identify potential areas for intervention.

6. New directions: microRNA markers of liver injury, regeneration, and 

rejection

MicroRNAs are a specific class of single-stranded noncoding RNAs that act to negatively 

modulate genes implicated in cellular function and metabolism [59]. They act through 

translational repression of target mRNAs. miRNAs have been detected in biological fluids 
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which makes them a valuable non-invasive diagnostic tool for distinguishing between 

diseased individuals and healthy controls [60]. Altered miRNA expression has been 

observed in malignant, infectious, autoimmune, metabolic and cardiovascular diseases [61]. 

The link between miRNAs and immunity and inflammatory diseases is well established 

[62,63].

The identification of physiologic miRNA and their mRNA targets in liver regeneration was 

demonstrated in mice by Schug et al. [64] using a high-throughput sequencing of RNA 

isolated by crosslinking immunoprecipitation (HITS-CLIP) assay. They hypothesized that 

miRNA activity would be more accurately described by quantifying the abundance of 

miRNA in the RNA-induced silencing complex (RISC) as opposed to using miRNA levels 

on their own. Nine miRNAs showed a significant increase and seven showed a significant 

decrease in RISC recruitment. Cell-cycle progression and checkpoint control genes showed 

maximal enrichment in the RISC at 36 and 48 hours; genes involved in amino acid 

metabolism, lipid metabolism and cell growth decreased in the RISC post-PH [64]. 

Furthermore, FGF1 and VEGFA are miRNA regulated [64,65]. Using a 70% partial 

hepatectomy mouse model, Zhou et al. [65] identified miRNA-26 as an important regulator 

of hepatocyte proliferation in liver regeneration. Fig. 5 shows the use of miRNAs as 

potential biomarkers for graft function and condition.

Long noncoding RNA (lncRNA) have been postulated to play a role in regeneration and Xu 

et al. [66] conducted a genome-wide lncRNA analysis during liver regeneration after two-

thirds partial hepatectomy in mice. A lncRNA associated with liver regeneration (lncRNA-

LALR1) was shown to enhance hepatocyte proliferation through activation of Wnt-b-catenin 

signaling. Furthermore, a human analog of this lncRNA (hLALR1) was identified on 

chromose 16 by RACE analysis.

In a unique model of human auxiliary liver transplant (ALT) where part of the native 

damaged organ was left in place, adjacent to the transplanted liver, specific miRNAs were 

shown to regulate the cell cycle, angiogenesis, and innate immunity in regeneration [9]. 

Liver biopsies from 11 patients undergoing ALT for acute liver failure were obtained during 

reperfusion at transplantation and during subsequent biopsies and miRNAs were assessed 

using microarray technologies. Initial miRNA expression distinguished between successful 

and unsuccessful regeneration as early as the first biopsy immediately after reperfusion. For 

successful regeneration, the network of down-regulated miRNAs consists of miRNA-200b, 

miRNA-183, ZEB1, and SP1, which promote apoptosis and inhibit cell proliferation. 

Furthermore, the network of up-regulated miRNA for successful regeneration includes 

miRNA-27a, miRNA-494, miRNA-1224, and miRNA-149, with up-regulation leading to 

inhibition of apoptosis, as well as increased cell proliferation and angiogenesis. Inhibition of 

miRNA-150, miRNA-503, miRNA-663 promotes proliferation in vitro [9].

Farid et al. [61] investigated serum hepatocyte derived miRNAs as markers of hepatic injury 

in liver transplantation. Serum samples from healthy controls and liver transplant recipients 

(n = 107) and peritransplant liver allograft biopsy samples (n = 45) were analyzed via the 

real-time PCR quantification of miR-122, miR-148a, and miR-194. The expression 

ofmiR-122 andmiR-148a in liver tissue was significantly reduced with prolonged ischemic 
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times; however serum levels of these were elevated in patients with liver injury, correlating 

with amino-transferase levels. The authors suggest that graft injuries associated with longer 

warm ischemic times reduce the level of hepatocyte miRNAs, possibly due to release of 

miRNA from injured cells. In addition, miRNA levels in liver recipients in the early post-

transplant period correlated with transaminase levels, with serum samples with high AST 

and ALT levels having miR-122 elevated over 100-fold andmiR-148a andmiR-194 elevated 

30- and 40- fold compared to healthy controls (P < 0.005). This study demonstrated that 

liver injury can be reflected by the release of miRNAs into circulation, which may be early, 

stable, and sensitive biomarkers of injury following transplantation.

The role of miRNA as regulators of immune response and immune function in transplant is 

currently a focus for multiple investigations. Typically, studies have explored miRNA 

expression within the allograft and in the periphery to decipher pathways regulating immune 

response and rejection, and have addressed the use of miRNA as biomarkers informing 

allograft status. Most investigations performed in humans have been conducted in the kidney 

transplant setting where it has been shown that subsets of mature miRNAs can differentiate 

acutely rejecting kidney allografts from normal allografts [67–70]. Data relating to miRNA 

expression in the human liver rejection are very limited. In the study by Farid et al. [61], 

they tested a limited number of miRNAs in sera of recipients during biopsy-proven 

rejection, demonstrating significantly elevated serum miR-122 with similar kinetics to those 

observed for liver injury enzymes such as AST and ALT. Research in the rat model 

demonstrated similar findings where plasma miR-146 was associated with acute rejection, 

whereas miR-122 is associated with liver injury [71,72]. This suggests that miRNA 

measured in serum of transplant recipients may serve as ideal and novel biomarkers for 

identification of injury and management of the inflammatory and immune response in liver 

transplant patients.

7. Identifying future potential treatment strategies

We have discussed human genomic studies that demonstrate how I/R injury is mediated 

through proinflammatory and apoptotic pathways. Experimental strategies to reduce I/R 

injury in animal models have attempted to blockade cytokine and chemokine pathways, 

adhesion molecules, NF-κB, specific MAP kinases, and metalloproteinases [16]. Studies 

have also discussed induction of protective genes and modulation of the innate immune 

system [16,73–78]. Selective neutralization of chemokine TCA3 has been associated with 

reduction of injury in partial versus whole grafts [79]. Down-regulation of the MEK/ERK1/2 

pathway through CO administration renders hepatoprotective effects through HO-1 

activation in rats [19,80]. Reduced tissue damage in models of I/R injury is also observed 

with the overexpression of Bcl-2 [73]. While none of these interventions have been 

implemented in human studies, they all have potential for future therapeutic strategies.

An area of increasing research is the use of ischemic preconditioning (IP) where a brief 

period of ischemia generates a protective response against harmful effects of longer 

durations of ischemia. IP down-regulates genes involved in cell death, inflammation, 

immune responses, stress, and cell-cycle modulation – all up-regulated by I/R injury, 

notably [81]. IP-induced overexpression of glutathione S-transferase mu transcripts could 
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contribute to decreased oxidative stress. However, the overexpression of fatty acid synthase 

may increase oxidative stress and the TNF ligand superfamily member 10 may enhance 

apoptotic pathways [82]. Thus, the clinical effectiveness of IP is still under discussion. 

Lastly, hypothermic machine perfusion is another technique which may reduce preservation 

injury and improve graft function, and was shown to significantly reduce proinflammatory 

cytokine expression, thereby reducing downstream activation of adhesion molecules and 

migration of leukocytes that induce apoptosis [83].

Manipulation of the lipid pathways may also improve outcomes. Animal models show that 

PPARα promotes resolution of I/R injury of the liver, and is important for liver regeneration 

[84–86]. It is possible that either enhancing or inhibiting these pathways using small 

molecules that are in clinical use may increase regeneration or minimize inflammation. 

Synthetic PPARα ligands such as Wy-14653, GW7647 or fibrates increase PPARα half-life 

by preventing ubiquitination and degradation and the PPARα agonist (Wy-14643) has 

decreased ischemic injury in liver and heart IR models [87–89].

Post-operative liver damage with prolonged hyperbilirubinemia during liver regeneration is 

a major problem in patients receiving partial grafts, diseased livers which require excess 

hepatectomy, or small-for-size grafts. Changes in the expression of ATP-binding cassette 

transporters have been implicated as critical events in liver failure during regeneration [90]. 

Down-regulation of the multidrug resistance protein-2 (MRP-2) is a direct cause of 

conjugated hyperbilirubinemia. Thus, regulating MRP-2 may treat cholestasis which 

negatively impacts regeneration of small grafts [90].

8. Conclusion

The use of genomic profiling and biomarkers for the identification and management of liver 

transplant recipients is a rapidly evolving field. We continue to see the application of new 

technologies to persistent clinical processes and problems. There is ample evidence that 

these new platforms can provide an over-abundance of critical and informative data. The 

key will be how best to analyze, interpret, and utilize these data. Further investigation of 

genomic signatures and mechanisms through new methods offers great promise, but 

continues to pose significant challenges. Addressing these challenges will require unique 

collaborative efforts between surgeons, hepatologists, basic scientists, geneticists, 

epidemiologists, biostatisticians, bioengineers, and bioinformaticians.
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Fig. 1. 
Intracellular signaling pathways and ionic disturbances engaged during IR injury, resulting 

in cellular swelling, apoptosis, and necrosis. ADP: adenosine diphosphate; AMP: adenosine 

monophosphate; AP-1: activator protein-1; ATP: adenosine triphosphate; DAMP: danger-

associated molecular pattern; HMGB-1: high mobility group box-1; ICAM-1: intercellular 

adhesion molecule-1; IL-1: interleukin-1; JNK: c-Jun N-terminal kinase; MAPK: mitogen-

activated protein kinase; MPT pore: mitochondrial permeability transition pore; MyD88: 

myeloid differentiation factor 88; NF-κB: nuclear factor kappa B; RAGE: receptor for 

advanced gylcation end product; ROS: reactive oxygen species; SOC: store operated 

calcium channel; TLR: toll-like receptor; TNF: tumor necrosis factor; TRAM: TRIF-related 

adaptor molecule; TRIF: TIR domain-containing adaptor-inducing interferon; TRP: transient 

receptor protein; VCAM-1: vascular adhesion molecule-1. Copyright © 2012 Kilian 

Weigand et al [4]; Open access article distributed under the Creative Commons Attribution 

License.

Hashmi et al. Page 17

Transplant Rev (Orlando). Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. 
Cellular interaction involved in IR injury, resulting in cellular swelling, apoptosis, and 

necrosis. ATP: adenosine triphosphate; ICAM-1: intercellular adhesion molecule-1; KC: 

Kupffer cell; IL-1, interleukin-1; NKT: natural killer T cell; NO: nitric oxide; ROS: reactive 

oxygen species; SEC: sinusoidal endothelial cells; T cell: CD4+ T lymphocyte; TNF: tumor 

necrosis factor; VCAM-1: vascular adhesion molecule-1. Copyright © 2012 Kilian Weigand 

et al [4]; Open access article distributed under the Creative Commons Attribution License.
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Fig. 3. 
Growth factor- and cytokine-regulated pathways are activated during liver regeneration. A. 

The growth factor-mediated pathway. Vascular endothelial growth factor (VEGF) binds to 

endothelial cells, which triggers the release of the hepatocyte growth factor (HGF) 

precursor, pro-HGF, from stellate cells. The urokinase-type plasminogen activator (uPA) 

and plasminogen proteases cleave pro-HGF, which releases HGF. HGF binds to the Met 

receptor on hepatocytes to activate the phosphatidylinositol 3-kinase (PI3K), AKT and S6 

kinase signal-transduction pathways. HGF signaling releases transforming growth factor 

(TGF) α and other downstream signals that are shared with the cytokine-mediated pathway, 

such as AP1, Jun amino-terminal kinase (JNK), phosphorylated extracellular signal-

regulated kinases (pERKs), CCAAT-enhancer-binding protein (C/EBP) β and insulin-like-

growth factor-binding protein (IGFBP) 1. These factors are proposed to activate target of 

rapamycin (TOR), although this remains to be established, and this leads to cell-cycle 

transition by increasing the expression of cyclins D and E and reducing p27 levels. B, The 

cytokine-mediated pathway. Molecules that are crucial for innate immunity, including 

lipopolysaccharide (LPS), complement factors C3a and C5a and intercellular adhesion 

molecules (ICAMs), activate Kupffer cells, which produce tumor necrosis factor (TNF)α. 

This, in turn, up-regulates the expression of interleukin (IL)-6 by Kupffer cells. TNFα and 

IL-6 activate neighboring hepatocytes, which causes signal transducer and activator of 

transcription (STAT) 3 activation and the expression of stem-cell factor (SCF) and several 

proteins that are shared with the growth factor-mediated pathway. Various inhibitory 

proteins that are important for terminating liver regeneration are also activated (shown in 
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orange), including TGFβ (which is produced by stellate cells), plasminogen activator 

inhibitor (PAI), suppressor of cytokine signaling-3 (SOCS3) and p27 and other cyclin-

dependent kinase inhibitors, and their effects on the two pathways are shown. Cell-surface 

receptors are shown in red. Reprinted by permission from Macmillan Publishers Limited: 

Nature Reviews Molecular Cell Biology [22], copyright (2004).
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Fig. 4. 
A. Diagram of number of differentially expressed genes in each class comparison. The 

numbers of differentially expressed genes between groups are illustrated in the small boxes 

connecting the larger shaded boxes (at P-value of 0.005). B. Venn diagram of overlap of 

differentially expressed genes in LD and DD POST reperfusion, compared to PRE 

transplantation for each graft type. Copyright © 2009 The Authors Journal compilation © 

2009 The American Society of Transplantation and the American Society of Transplant 

Surgeons [10]; Open access article distributed under the Creative Commons Attribution 

License.
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Fig. 5. 
Potential applications of miRNAs as biomarkers in different conditions involved in graft 

function in liver transplantation. The liver transplantation model is used in the present figure 

to show the most important applications of miRNAs as biomarkers. The miRNAs included 

in the figure are the result of several publications and have been found to behave as disease-

associated markers. This figure depicts the many opportunities for evaluating these markers 

(e.g. conditions likeAR [with or without HCV] have not yet been evaluated). Moreover, 

most of these results lack mechanistic studies exploring the role of the miRNAs in the 

disease. Copyright © 2012 Kilian Weigand et al [4]; Open access article distributed under 

the Creative Commons Attribution License.
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