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Abstract

Background—Severe liver steatosis is a known risk factor for increased ischemia-reperfusion
injury (IRI) and poor outcomes post liver transplantation (LT). This study aimed to identify
steatosis-related molecular mechanisms associated with IRI exacerbation post-LT.

Methods—~Paired graft biopsies (n=60) were collected at pre-implantation (L1) and 90 min post-
reperfusion (L2). LT recipients (n=30) were classified by graft macrosteatosis: without steatosis or
<5% (WS, n=13) and with steatosis =25% (S, n=17). Plasma samples were collected at L1, L2,
and 1-day post-LT (POD1) for cytokines evaluation. Tissue RNA was isolated for gene expression
microarrays. Probeset summaries were obtained using RMA algorithm. Pairwise comparisons
were fit using two-sample t-test. P-values <0.01 were significant (FDR <5%). Molecular pathway
analyses were conducted using IPA tool.

Results—Significantly differentially expressed genes were identified for WS and S grafts, post-
reperfusion. Comprehensive comparison analysis of molecular profiles revealed significant
association of S grafts molecular profile with innate immune response activation, macrophages
production of nitric oxide and reactive oxygen species, IL-6, IL-8, IL-10 signaling activation,
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recruitment of granulocytes, and accumulation of myeloid cells. Post-reperfusion histological
patterns of S grafts revealed neutrophilic infiltration surrounding fat accumulation. Circulating
pro-inflammatory cytokines at post-reperfusion and 24 hours post-LT concurred with intra-graft
deregulated molecular pathways. All tested cytokines were significantly increased in plasma of S
grafts recipients at post-reperfusion when compared with WS group at same time.

Conclusions—Increases of graft steatosis exacerbate IRI by exacerbation of innate immune
response post-LT. Preemptive strategies should consider it for safety usage of steatotic livers.

INTRODUCTION

Liver transplantation (LT) remains the most effective treatment option for end stage liver
disease (1). However, wider application of LT is limited by organ shortage (2,3). This issue
had led to a more aggressive acceptance and usage of liver grafts from extended criteria
donors (ECD) (3,4). While the use of ECD livers predispose to initial poor function, the
usage of these grafts demonstrated acceptable outcomes and decreased waitlist time and
mortality rates (5,6).

Despite that moderate-to-severe liver donor steatosis (more than 30%-60% graft
macrosteatosis) has been associated with poor patient and graft outcome (7,8), graft steatosis
is not usually included as risk variable in current used organ donor prognostic models such
as donor risk index (DRI) (9). There is intensive ongoing research aiming to identify new
pre-conditioning strategies for diminishing adverse effects of allograft steatosis post-LT
(10-15). Specifically, new therapies tested in murine models demonstrated effective
decreasing of inflammatory response and parenchymal damage as major consequences of
exacerbated ischemia-reperfusion injury (IRI) in steatotic liver grafts (10). Similarly,
promising strategies are under investigation with normothermic (37°C) and
subnormothermic mechanic perfusion to induce graft defatting and minimize IRI (11,12).
Furthermore, the addition of different agents to the University of Wisconsin solution, such
as proteasome inhibitors (Bortezomib) (13), alpha/beta blockers (Carvedilol) (14), or growth
factors (EGF/IGF-I) (15) demonstrated outcome’s improvements for steatotic livers.

IRI is a multifactorial process characterized by an oxidative stress scenario and the release
of a pro-inflammatory cytokines after activation of innate immune response, which then
triggers influx of inflammatory activated cells (16-19). However, molecular mechanisms of
IRI and the interconnection between outcomes and graft steatosis in LT are not well-
documented. In this regard, lipids accumulation within the hepatic parenchyma of the graft
seems to strengthen this pro-inflammatory scenario (20). Several deleterious mechanisms
had being proposed including excessive lipid peroxidation, which contribute to an exuberant
inflammatory response, architectural alteration of microvessel structure that decrease
sinusoidal blood flow converging to energy depletion, and mitochondrial dysfunction
favoring necrosis instead of apoptosis (20). Blockade of certain signaling pathways
including complement and toll-like receptor 4 (TLR4) reduced IRI levels in steatotic
allografts, therefore postulating these as major molecular exacerbating effectors (21,22).
However, the effect of fat droplet accumulation in hepatocytes on IRI-related molecular and
cellular pathways is not clear yet.
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Hereby, this study aimed to identify key molecular mechanisms and pathways deregulated
post-reperfusion and associated with exacerbation of IRI in steatotic human liver grafts.

MATERIALS AND METHODS

Patients and biopsy samples

The Institutional Review Board at the University of Virginia approved this study (IRB-
HSR# 15986). Written informed consent forms were obtained from all participants. In total,
30 cases out of 107 consecutive LT procedures were selected for the study based on
available biopsy samples with histological evaluation for steatosis before implantation and
were transplanted. Steatosis (macrosteatosis) severity were determined in both liver lobes
and reported as average value. No liver allografts were discarded based solely on steatosis at
time of transplantation. For study purpose, LT recipients were classified according with
allograft macrosteatosis grade as: (1) without steatosis (WS, n = 13), including allografts
with steatosis / macrosteatosis (<5%), and (2) with steatosis (S, n = 17) including allografts
with steatosis / macrosteatosis >25%. Paired liver allograft biopsy samples were obtained at
pre-implantation (L1) and at 90 minutes post-reperfusion (L2), and collected in RNAlater™
reagent (Ambion Inc., Austin, TX, USA) following storage at —80°C until use.

RNA isolation and gene expression microarrays

Total RNA was isolated from liver biopsy samples using Trizol. Quality control (QC)
evaluation for RNA purity and integrity were performed in accordance with previous
established criteria (23). All RNA samples met QC and were then used for messenger RNA
(mRNA) labeling followed by Affymetrix™ HG-U133A v2.0 GeneChip® microarrays
hybridization (n = 50). Hybridized microarrays were scanned on an Affymetrix GeneChip®
Scanner 3000 G7. Probe set intensity raw data were electronically stored in .DAT and .CEL
files using GeneChip® Operating Software (GCOS).

Statistical analysis and biological interpretation

Gene expression GeneChip microarray QC and normalization procedures followed previous
established parameters (24,25). Probeset summaries were obtained using RMA algorithm.
For statistical purposes, all available probesets (n = 22,277) were included for gene
expression analysis to rule out significant differences for control probesets. Pairwise
comparisons between L1 vs. L2 for WS and S study groups were fit using two-sample t-test
in R environment (26). A p-value < 0.01 was considered as significant by controlling a False
Discovery Rate (FDR) lower than 5% and 1% for WS group and S group, respectively,
estimated using Benjamini and Hochberg method (27). Fold-change values were used for
differential expression trend and magnitude estimation.

Biological interpretation

Ingenuity Pathway Analysis (IPA) software (www.ingenuity.com) was used for gene
ontology and pathway analyses, and core analysis comparison. Genes identified as
significantly differentially expressed between L1 vs. L2 in each study group were uploaded
to IPA software in spreadsheet work lists containing probeset IDs and fold-changes. A p-
value <0.05 was considered significant. IPA generated activation z-score (z) was used for
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molecular pathways and cellular functions activity interpretation as described in a previous
study (28).

Real time PCR validation

We selected genes for validation studies were based on significance, biological role, and
deregulation magnitude (fold-change). RNA reverse transcription reactions were performed
using TagMan® gene expression reverse transcription reagents (Applied Biosystems, CA,
USA). Gene expression validation analyses were conducted using Tagman® gPCR assays
(assay ID) for target genes CH25H (Hs02379634 s1), EGR3 (Hs00231780_m1), SOCS3
(Hs02330328_s1), CCL2 (Hs00234140_m1), and TNFAIP6 (Hs01113602_m1). GAPDH
(Hs99999905_m1) was used as endogenous control (standard). Expression analysis was
performed using delta-Ct model (mean Ctrget - mean Ctgiangard)- P-values < 0.05 were
considered significant.

Histological evaluation

Hematoxylin and Eosin (H&E) dyed sections from formalin-fixed and paraffin-embedded
liver allograft biopsy samples collected at post-reperfusion were examined by an
experienced pathologist (HPC).

Plasma samples collection and cytokine measurements

Whole peripheral blood samples were drawn using EDTA as anticoagulant from all included
LT recipients at pre-implantation (L1), at 90 min post-reperfusion (L2), and at 24 hours post
LT or post-operatory day 1 (POD1). Plasma was obtained by blood centrifugation. Cytokine
concentrations were measured using a multiplex bead array technique (Bio-Plex Pro™
Human Chemokine Assay; Bio-Rad Laboratories, Hercules, CA) following manufacturer’s
instructions using Bio-Plex 200 System (Bio-Rad, Hercules, CA). Selection criteria of
cytokines corresponded with observed gene expression and molecular pathways from
biopsies.

RESULTS

Patients and clinical parameters

Written informed consents were obtained from all LT recipients. From a total of 103
consecutive deceased donor liver transplant cases, 30 donor organs representing the extreme
steatotic grades (group S (n = 17; macrosteatosis =225%) and group WS (n = 13;
macrosteatosis <5%)), were selected for the study. Demographics and clinical variables for
donors-recipients, and preservation methods were homogeneously distributed between
groups (Table 1A). Cause of liver disease and donor-recipient demographic and clinical
characteristics are described in Table 1A. Patients from both study groups showed similar
hospital length-of-stay (LOS) but patient survival was lower in LT recipients of the S group
(Table 1A). As described in Table 1B, serum transaminases were significantly higher in the
S group with AST activity increased almost 5- and 3-fold-changes at post-reperfusion (90
min) and at POD1, respectively, while it remained similar up to 1-month post-LT compared
with WS group. Similarly, ALT activity was significantly increased at post-reperfusion ,
POD1, and POD7, while remaining no significantly increased at 1-month post-surgery.
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Coagulation parameters were similar between groups and total bilirubin remained increased
but no significant in the S group up to 1-month of follow-up (Table 1B).

Differentially expressed molecular profiles

Pairwise comparison analyses were performed between L1 samples for each study group
(L1-S vs. L1-WS), where no significant differentially expressed genes were observed (FDR
5%).

Gene expression analysis between L1 vs. L2 for each group identified significantly
differentially expressed genes for S (1,264 genes) and WS (350 genes) groups (Fig. 1A).
Both expression profiles shared 231 genes (135 upregulated and 96 downregulated) (Fig. 1A
and Supplementary Table S1). Analysis of differential expression magnitudes (L1 vs. L2;
fold-changes - FC) between groups identified 11 common genes (CCL20, CXCL8, MAFF,
BIRC3, RND1, CXCL1, SLC2A3, PTG, BCL2A1, CXCL3, and ICAM1) with increased
expression of at least 1.5 fold-changes in S group (Supplementary Table S1). Importantly,
pro-inflammatory cytokines encoding genes CCL20, CXCL8, and CXCL1 were significantly
overexpressed in S group (ANOVA, p = 0.001; p < 0.001; and p = 0.016, respectively)
together with BIRC3 (p = 0.005) gene.

Gene ontology and pathway analyses were conducted to biologically interpret common and
unique gene expression profiles between study groups. In total, 318 molecular pathways
were significantly (p < 0.05) associated with common deregulated genes between S and WS
groups post-reperfusion (Supplementary Table S2). Top ten canonical pathways were
significantly involved in activation and function of innate immune-related cells and pro-
inflammatory molecular signaling pathways regulation (Fig. 1B). Importantly, almost all
genes involved in those pathways were significantly upregulated post-reperfusion
(Supplementary Figure S1). Predicted activation z-score values were assigned for 55
significant canonical pathways. Of those, 22 molecular pathways were predicted as
significantly activated (z = 2.0). In contrast, peroxisome proliferator-activated receptor
(PPAR) signaling pathway was predicted as inhibited (z = —2.3), which is in accordance
with up-regulation of genes encoding for interleukin-1B (IL1B) and its receptor antagonist
(IL1IRN), JUN, FOS KRAS NFKBIA, PPARD, and PTGS2, as well as activation and pro-
inflammatory cytokines signaling pathways (Fig. 1C and Supplementary Table S1). Unique
genes from WS group were significantly associated with molecular pathways involved in
decreases transmembrane potential of mitochondria and mitochondrial membrane (p =
0.019), increases damage of mitochondria (p = 0.050), and decreases respiration of
mitochondria (p = 0.050). Interestingly, S group unique genes were significantly related to
p53 signaling (p = 1.2E10-5), RAR activation (p = 1.4E10-3), LXR/RXR activation (p =
1.7E10-3) and HIF signaling (p = 4.8E-3) among the top 5 more significant molecular
pathways (Fig. 1D). However, most highly upregulated significant genes including CH25H
(8.6-fold change; p = 7.7E-08), CALCA (7.8-fold change; p = 2.6E-06), FOSB (5.5-fold
change; p = 1.5E-05), CCL2 (5.3-fold change; p = 1.1E-05), PHLDAZ (4.8-fold change; p =
4.9E-06), EGR3 (4.5-fold change; p = 3.8E-05), TNFAIP6 (4.3-fold change; p = 9.9E-05),
EMPL1 (3.7-fold change; p = 2.5E-05), and SOCS3 (3.5-fold change; p = 5.6E-08) encode for
critical molecules expressed in and positive regulators of monocytes / macrophages and
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lymphocytes activation functions. In addition, 24 associated network functions (score value
> 20) were identified for S group unique genes. Top ten networks were associated with
connective tissue disorders (networks 1, 6 and 10) and specially with cellular processes
involved in cell morphology (networks 6 and 7), tissue development (network 2), and DNA
repair and RNA transport (networks 9 and 10) (Table 2A). Unique genes from WS livers
were included in 8 associated network functions preferentially involved in connective tissue
development and function, and cellular development, growth, and proliferation (Table 2B).

These findings elucidate common molecular mechanisms associated with steatosis and IRI
between groups. However, there observations also suggest increases of innate immune
response and cellular damage and repair in steatotic livers post-reperfusion.

Comparison analysis for comprehensive biological interpretation

To better comprehend the impact of increased steatosis on IRI, deregulated molecular
profiles from S and WS groups were individually analyzed (L1 vs. L2 for each group) for
comparative biological interpretation. Predicted activity of molecular pathways and
biological functions were considered significant according p-values less than 0.05 estimated
by IPA. Molecular pathway analyses were focused mainly on pro-inflammatory and immune
response signaling. As illustrated in Figure 2, the role of innate immune response cells
(macrophages) from the analysis of inflammatory diseases canonical pathway was more
significant in S group (p = 1.2E-10) vs. WS group (p = 5.5E-06). In a same trend, signaling
cascades for nitric oxide and ROS production in macrophages were more significantly
associated with steatotic grafts (S group p = 2.0E-05 vs. WS group p = 2.5E-03). It was
accompanied by increased significance of pro-inflammatory signaling cascades for IL-6 (p =
6.4E-09 vs. p = 1.8E-06), IL-8 (p = 2.2E-05 vs. p = 2.2E-03), and IL-10 (p= 1.0E-05 vs. p =
1.2E-02) signaling cascades in S group vs. WS group (Fig. 2).

The top significant canonical pathway was further analyzed between groups (Supplementary
Figure S2). Functional activation analysis predicted recruiting, infiltration, and activation of
leukocytes independently of steatosis grade. However, pro-inflammatory cytokines and
adhesion molecules encoding genes (IL-1, IL-6, IL-8, ICAM-1, and MCP-1) demonstrated
increased expression in S group (Supplementary Figure S2A) in comparison with the WS
group (Supplementary Figure S2B), which of those IL-1 and IL-8 encoding genes
demonstrated significant increase expression, previously represented by the common genes
expression analysis mentioned above. These results are in good agreement with previous
analyses of unique genes from each molecular profile as mention above. Therefore, these
observations may also suggest increased innate immune response and pro-inflammatory
activity triggered in steatotic liver allografts post-reperfusion.

Predicted activity of molecular and cellular functions post-reperfusion

Molecular and cellular functions were analyzed to determine significant predicted activity
using z scores (z = 2.0) estimated from IPA tool. The analysis was restricted to
inflammatory and immune related functions. The analysis identified 39 cellular and
molecular functions predicted as significantly activated. In total, 6 functions were specific
for S group, 11 for WS group, and 22 biological functions were shared between groups
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(Table 3). S group specific functions were involved in recruitment of granulocytes (z = 3.0)
and blood cells (z = 3.5), and accumulation of myeloid cells (z = 2.4). In contrast, biological
functions specific for WS group were associated with molecular networks involved in
adaptive immune response, which include as most relevant movement (z = 3.5) and
recruitment (z = 2.1) of lymphocytes, activation (z = 3.4) and recruitment (z = 2.2) of
antigen presenting cells, migration of phagocytes (z = 2.5).

The molecular profile from S group predicted increased significance in homing of cells (z =
3.6) compared with WS group (z = 2.9). Interestingly, WS grafts associated profile predicted
increased activation of phagocytes (z = 3.4) compared with S group (z = 2.6) despite both
profiles revealed similar phagocytes recruitment activity (S group, z = 3.2; WS group, z =
2.9), as well as recruitment of leukocytes and neutrophils (Table 3). In spite of predicted as
activated in both groups, cellular functions involved in differentiation of blood cells,
activation, differentiation, and homeostasis of leukocytes, development and homeostasis of
lymphocytes, and T cell homeostasis and development were significantly predicted as
associated in allografts from WS group post-reperfusion (Table 3).

Gene expression validation analysis

Five selected genes (CH25H, EGR3, SOCS3, CCL2, and TNFAIPG6) associated with S group
were successfully validated by RT-qPCR assays as shown in Table 4. Expression trends and
significance demonstrated to be similar to gene expression microarray results for these
selected molecules.

Pro-inflammatory cellular infiltrates post-reperfusion

Histological evaluation post-reperfusion biopsies post-reperfusion determined pro-
inflammatory neutrophilic infiltrates with different pattern between groups. Non-steatotic
allografts showed pro-inflammatory infiltrates confined to the peripheral area of portal
spaces (Fig. 3A). In steatotic livers, neutrophilic pro-inflammatory cellular infiltrates were
majorly observed directly surrounding hepatocytes accumulating lipids (Fig. 3B).

Circulating cytokines and chemokines

Circulating concentrations of selected pro-inflammatory cytokines were analyzed at post-
reperfusion (90 min) and 24 hours post-surgery and compared against pre-implantation
levels for each study group (Fig. 4). From the analysis, all tested cytokines were found
significantly increased in S group allografts at post-reperfusion. Interestingly, concentrations
for IL-1B, IL-2, IL-4, IL-6, IL-8, CCL20, MCP-1, and TNF-a were also significantly
elevated at 24 hours or POD1 in comparison with pre-implantation levels. However, only
concentration levels for IL-6, IL-8, IL-10 and MCP-1 were significantly increased in WS
allografts at post-reperfusion (Fig. 4).

Cytokines levels were also compared at each time-point between study groups (Table 5).
From the analysis, no significant differences in concentration levels were encountered at
pre-LT between groups for all tested cytokines. However, all cytokines revealed significant
increased concentrations in S group plasma samples at post-reperfusion in comparison with
WS group at the same time-point. Similarly, IL-1p, IL-4, IL-6, IL-8, CCL20, TNF-a, and

Transplantation. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gehrau et al.

Page 8

CXCL-1 demonstrated significant increased levels in S group samples versus WS group at
POD1 (Table 5).

Importantly, significant increases of circulating levels for IL-1f, IL-6, IL-8, CCL20, MCP-1,
CXCL-1, and TNF-q in steatotic livers at post-reperfusion corresponded with molecular
expression profiles for each cytokine encoding genes in S group L2 biopsy samples.

DISCUSSION

Steatotic livers exhibit elevated intrahepatic triglyceride (TG) levels in the form of large
lipid droplets (LDs), reduced adenosine triphosphate (ATP) levels, and elevated reactive
oxygen species (ROS) levels, factors that contribute to their elevated sensitivity to IRI
during transplantation (29). Moderate to severe steatosis is considered an independent risk
factor for worse outcome post-LT (7,30-32). However, several authors reported safety usage
of moderate steatotic livers (33-35), and living donation (36-38). Nevertheless, usage of
steatotic liver grafts are possible along with minimization of other donor / graft and recipient
risk factors such as long cold ischemia time and high MELD scores (7,32,33,39). Outcome
results from the current study are comparable with others (Table 1).

Chavin et al., (33) demonstrated increased transaminases activity and slower restoration of
coagulation activity in LT recipients of steatotic allografts though no extending hospital
LOS or reducing survival rates. This biochemical scenario was attributed to an increased
sensitivity to IRI, as also previously reported (36). Major efforts are conducted to minimize
tissue damage at transplant time by either surgical maneuvers and drugs therapy (10—
15,40,41). Molecular mechanisms underlying IRI exacerbation in steatotic livers deserve a
comprehensive understanding to accelerate the progress of ongoing therapeutic strategies.

To the best of our knowledge, this is the first study to analyze at the molecular level the
impact of graft steatosis in IRI. This study suggests differential regulation of pro-
inflammatory and immune response molecular profiles associated with IRI in steatotic
livers. More specifically, increased activation of innate immune response molecular
pathways corresponded with higher level of pro-inflammatory response post-reperfusion. It
is also supported by the activation of molecular pathways involved in macrophages reaction
and production of ROS in addition to increased significance of pro-inflammatory cytokines
signaling pathways (IL-1, IL-6, and IL-8), proliferation of connective tissue cells, and cell/
tissue damage (e.g. p53-signaling). Despite activation of pro-inflammatory molecular
pathways in non-steatotic livers, these were majorly involved in recruitment, activation, and
development of lymphocytes, as well as antigen presentation cells. IRl molecular pathways
and mechanisms associated with LT were previously characterized by our group using data
integration analysis (28). Interestingly, we observed similar predicted activation profiles of
cellular functions and increased homeostasis of lymphocytes for WS livers. However,
activation and/or exacerbation of innate immune response related molecular pathways
suggest being a prevalent and augmented feature in IRI associated with severe steatosis in
LT.
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Independently of allograft type, macrophages accumulation and activation occur within the
early phase of IRI processes triggering quick and intense innate immune response activation
and organ injury (42). Moreover, through the production of pro-inflammatory mediator and
its capacity as antigen presenting cells, accumulated macrophages may promote adaptive T
cell response (18,42). Previous studies demonstrated increased activity of Kupffer cells
(KC), the hepatic macrophage, in steatotic liver allografts (17). Together with sinusoidal
endothelial cells (SECs), KCs demonstrated to be crucial for an oxidative stress and pro-
inflammatory scenario set up by releasing reactive oxygen species (ROS) and pro-
inflammatory cytokines (TNF-a, IL-1, and IL-6) during the IRI early phase, upon activation
induced through TLR4 signaling (16-18,43). ROS scavenging mechanisms (superoxide
dismutases) represent candidates for therapeutic interventions to minimize oxidative stress
(29). However, the TLR4 signaling pathway is essential for macrophage activation, and its
deficiency demonstrated protective effects for IRI injury basically involving reduced levels
of TNF-a and IL-6 cytokines (42,44,45). In addition, activation of TLR4 signaling induces
adaptive response by increasing CD4 cells infiltration constantly sustained as demonstrated
in murine models (22). From our results, histological evaluation of liver allografts revealed
neutrophilic infiltration surrounding fat areas in steatotic allografts while portal
accumulation in non-steatotic livers at post-reperfusion. It suggests a focal pro-inflammatory
response induced by fat accumulation in hepatocytes denoted by specific distribution of
cellular infiltrate patterns post-reperfusion. Overall, concentrations of circulating pro-
inflammatory cytokines were significantly increased in steatotic graft LT recipients at post-
reperfusion, and at 24 hours post-surgery. These findings positively correlated with further
activated pro-inflammatory signaling cascades (e.g. IL-1, IL-6, and TNF-a) observed at
molecular level in steatotic liver tissues. Together with predicted significantly increased role
on macrophages and production of ROS and nitric oxide suggest that steatotic liver
allografts are prone to suffer increased tissue injury associated with exacerbation of innate
immune response mechanisms.

Increment of lipid peroxidation is also associated with steatosis and well-represent an extra
source for ROS production consequently contributing to increased IRI (29,30). In particular,
this phenomenon may be also attributed to cholesterol accumulation in mitochondria. The
reported study from Llacuna et al., (46) characterized enhanced IRI associated with
mitochondrial depolarization and ROS production when cholesterol accumulates in
mitochondria, and it directly correlated with increases in steroidogenic acute regulatory
protein (StAR), which is a mitochondrial cholesterol transporting polypeptide, and
Glutathione depletion. Interestingly, specific inhibitors of cholesterol synthesis pathway
ameliorated mitochondrial cholesterol deposition, perhaps inhibiting the de novo synthesis,
plus protecting against IRI (46). From our results, the expression of the cholesterol-25-
hydroxylase enzyme encoding gene (CH25H) was found as top significantly increased (8.6-
fold changes; p = 7.7E-08) in allografts from the S group and further validated by RT-gPCR.
The CH25H gene expression was demonstrated to be dependent of TLR4 signaling by
treatment with LPS (TLR4 ligand), which induce increment of 25-hydroxycholesterol
concentration in macrophages (47). More interestingly, 25-hydroxycholesterol was
identified as a natural booster of the inflammatory signaling in macrophages by modulating
the transcriptional regulation of TLR-responsive genes via AP-1 (48), a central
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transcriptional event in hepatic IRI (17,18). Although it may represent only a small part of
the puzzle, and deserve further cellular and molecular mechanistic characterization, steatosis
via cholesterol may induce superlative oxidative stress levels originated from activated KC
that provoke higher levels of pro-inflammatory cytokines.

Prolonged cold-ischemia time (CIT) demonstrated to be an additive threat for IRI severity in
steatotic livers. Spitzer et al., (7) identified a direct interaction between macrosteatosis and
extended CIT (> 11 hours) with poor graft function. Deroose et al., (49) demonstrated
significant correlation between prolonged CIT, severe steatosis (>60%), and DCD with
allograft dysfunction. In our series, CIT was comparable between groups and no DCD grafts
were included.

Hereby, our experimental data suggest that graft steatosis exacerbates IRl mechanisms and
induces increased innate immune response. It further correlated with significant increases of
transaminases activity post-reperfusion, and during 1-week post-LT preferentially for ALT
activity, as well as histology observations and increased concentrations of pro-inflammatory
cells post reperfusion. Previous studies also shown higher peaks of serum transaminases
activity with slower decline in steatotic livers (33,35,49,50). Interestingly, in most of those
reports, and only in accordance with reported AST activities from the current study, serum
transaminases activity values were similar at 1-week post-LT between steatotic and non-
steatotic liver recipients. Also, in our study, the S group LT recipients showed increased
though not significant total bilirubin at 1-week post-LT. Despite lower survival rates may be
due to small sample size, liver allograft function looks comparable with non-steatotic livers
after 1-week post-surgery, which is in agreement with previous reports (30,31,33,35,51).
Nevertheless, this issue needs further evaluation in large patient cohorts.

Relevant evidence from histological biopsy assessment and non-invasive new imaging
technology demonstrated that allograft steatosis may quickly decrease after 2-weeks post-
LT, reaching normal rates at 18-month post-surgery (38,51,52). In agreement with reports
from Neuberger et al., (30) and Chavin et al., (33), steatotic allograft LT recipients might
achieve acceptable long-term outcomes. Liver defatting (20), ischemic preconditioning (40),
subnormothermic perfusion (11,53), drugs aimed to eliminate toxic substances (e.g. ROS)
from the hepatic microenvironment (29,41,54), and even diet-treated liver steatotic donors
for living donation (55) are major potential strategies, to reduce the steatotic burden
decreasing the mentioned effect on IRI.

In conclusion, graft steatosis prompt IRI exacerbation by promoting increases in innate
immune response reflected by a stronger pro-inflammatory response. Development of
interventional treatments targeting molecular pathways involved in innate response cellular
activation may help to reduce the additive IRI injury effect in steatotic allografts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CIT Cold-ischemia time
DCD Donation after cardiac-arrest
DRI Donor Risk Index
FDR False discovery rate
GCOS Genechip operating software
ICU Intensive care unit
IPA Ingenuity Pathway Analysis
IR Ischemia reperfusion
IRB Institutional review board
LOS Hospital Lengh-of-Stay
LT Liver transplantation
NS No steatosis
QC Quality control
RMA Robust Multi-array Average
RNA Ribonucleic acid
ROS Reactive oxygen species
WIT Warm ischemia time
WS With steatosis
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(Blue bars) or activated (Orange bars). Orange color gradient is directly proportional with
grade of activation. D. Molecular pathways involved in damage and toxicity significantly
associated with unique genes from S group. Ratios indicate the number of present molecules
in the analyzed profile over the total number of molecules involved in the canonical pathway
indicated on top of each bar. Red: up-regulation, Green: down-regulation. NS: no-steatosis;
WS: with steatosis.
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Figure 2. Comparison between groups of significant canonical pathways associated with immune

and inflammatory response
Black and gray bars represent steatotic (S group) and no-steatotic (WS group) livers,

respectively. Significance is represented by —log (p-value).
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Figure 3. Histological evaluations of liver allograft infiltrates at post-reperfusion
Representative pictures of Hematoxilin & Eosin (H&E) stained allograft biopsy tissue

sections. A. Normal non-steatotic liver (group WS) demonstrating only rare lymphocytes
within a portal triad. B. Steatotic liver (group S) demonstrating a prominent neutrophilic
infiltrate around affected area of hepatocytes accumulating lipids. Black arrow-heads
indicate neutrophilic pro-inflammatory cellular infiltrates. Microscopic Magnification:
200X.
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Figure 4. Circulating levels of pro-inflammatory cytokines
Concentrations of 10 selected cytokines tested in plasma samples collected at pre-

implantation (L1), post-reperfusion (L2), and 1-day post-surgery (POD1) from LT recipients
of non-steatotic and steatotic grafts are shown individually. Statistical analyses were
performed between L1 vs. L2 and L1 vs. POD1 for each group. Significant p-values are
indicated: * p < 0.05; ** p< 0.01; *** p < 0.001.
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Table 2

Associated network functions for WS and S groups unique genes.

A S group unique genes top ten associated network functions.

Top Diseases and Functions Score M'cjloe((;:lilsl es
Connective Tissue Disorders, Developmental Disorder, Hematological Disease 50 33
Cancer, Hereditary Disorder, Neurological Disease 50 35
Embryonic Development, Organismal Development, Tissue Development 42 30
Developmental Disorder, Hereditary Disorder, Neurological Disease 42 32
Cancer, Cellular Movement, Tumor Morphology 42 31

Cell Morphology, Cellular Function and Maintenance, Connective Tissue Development and Function 39 31

Cell Morphology, Cellular Assembly and Organization, Cellular Function and Maintenance 39 28
Behavior, Nervous System Development and Function, Hereditary Disorder 39 31

DNA Replication, Recombination, and Repair, Cancer, Dermatological Diseases and Conditions 37 30
Molecular Transport, RNA Trafficking, Connective Tissue Development and Function 35 29

B Associated network function in WS liver allografts unique genes.

Top Diseases and Functions Score MEI%CCL:JSI es
Connective Tissue Development and Function, Tissue Development, Cellular Compromise 36 19
Cell Morphology, Cellular Development, Cellular Growth and Proliferation 34 18
Cancer, Amino Acid Metabolism, Molecular Transport 34 22
Cell Morphology, Nervous System Development and Function, Tissue Morphology 29 18
Cancer, Gastrointestinal Disease, Developmental Disorder 22 14
Cellular Assembly and Organization, Digestive System Development and Function, Embryonic Development 20 12
Cellular Development, Embryonic Development, Organismal Development 18 14
Dermatological Diseases and Conditions, Immunological Disease, Gastrointestinal Disease 16 10
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Predicted activity of disease and biological functions in S and WS groups

Table 3

Diseases and Biological Functions Sgroup | WS group
Recruitment of blood cells 35

Recruitment of granulocytes 3.0

migration of blood cells 2.7

Cell movement of blood cells 2.7
Accumulation of myeloid cells 24

Immune response of leukocytes 2.3

Cell movement of lymphocytes 3.6
Cell movement of mononuclear leukocytes 3.6
Activation of antigen presenting cells 34
Adhesion of immune cells 3.0
Mobilization of leukocytes 2.8
Adhesion of blood cells 2.7
Migration of phagocytes 25
Recruitment of antigen presenting cells 2.2
Recruitment of lymphocytes 21
Recruitment of T lymphocytes 2.0
Induction of leukocytes 2.0
Recruitment of cells 3.7 3.7
Homing of cells 3.6 29
Homing 35 2.9
Recruitment of leukocytes 34 33
Recruitment of phagocytes 3.2 2.9
Recruitment of neutrophils 2.8 2.6
Cell movement of leukocytes 2.8 31
Leukocyte migration 2.7 31
Activation of phagocytes 2.6 3.4
Cell movement of myeloid cells 2.6 25
Accumulation of leukocytes 24 2.3
Inflammatory response 23 2.4
Cell movement of phagocytes 2.1 2.6
Cell movement of antigen presenting cells 18 23
Differentiation of blood cells 1.6 2.1
Differentiation of leukocytes 1.2 2.0
Activation of leukocytes 1.0 2.2
Homeostasis of leukocytes 0.8 2.0
Development of lymphocytes 0.6 2.0
Lymphocyte homeostasis 0.6 2.0
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Diseases and Biological Functions Sgroup | WSgroup
T cell homeostasis 0.3 2.0
T cell development 0.3 23

Numbers indicate z-scores. Z-scores equal or higher than 2.0 are considered significant.
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