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Circulating Levels of Soluble Receptor for
Advanced Glycation End Products and Ligands
of the Receptor for Advanced Glycation End
Products in Patients With Acute Liver Failure
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Animal studies suggest that receptor for advanced glycation end products (RAGE)—dependent mechanisms contribute to
acetaminophen-induced liver damage. We examined whether circulating levels of soluble receptor for advanced glycation
end products (SRAGE) or RAGE ligands, including extracellular newly identified receptor for advanced glycation end prod-
ucts binding protein (EN-RAGE), high-mobility group box 1 (HMGB1), and Ne-(Carboxymethyl)lysine adducts (CML), could
aid in prognostication after an acetaminophen overdose. Sixty well-characterized acetaminophen-related acute liver failure
(ALF) patients (30 spontaneous survivors and 30 patients who underwent transplantation and/or died) who were enrolled in
the National Institutes of Health—sponsored Acute Liver Failure Study Group, were matched by age, met standard criteria
for encephalopathy, and had an international normalized ratio > 1.5 were retrospectively studied. HMGB1, EN-RAGE, CML,
and sRAGE were detected by enzyme-linked immunosorbent assay methods in sera from ALF patients and 30 healthy con-
trols. Levels of SRAGE, EN-RAGE, and HMGB1 (but not CML) were significantly greater (P < 0.001) in ALF patients versus
normal controls. The levels of SRAGE, HMGB1, and EN-RAGE were significantly higher (P=0.03, P<0.01, and P=0.03)
in patients with a systemic inflammatory response syndrome (SIRS) score > 2 versus patients with a SIRS score <2. Never-
theless, only SRAGE levels were significantly higher in patients who underwent transplantation and/or died versus spontane-
ous survivors (P<0.001), and they were positively associated with conventional markers of liver disease severity.

Additional Supporting Information may be found in the online version of this article.

Abbreviations: ALF, acute liver failure; ALFSG, Acute Liver Failure Study Group; AST, aspartate aminotransferase; AUROC, area
under the receiver operating characteristic curve; BiLE, bilirubin, lactate, and etiology; CI, confidence interval; CML, Ne-(carboxy-
methyl)lysine adducts; COMA, encephalopathy grade; ELISA, enzyme-linked immunosorbent assay; EN-RAGE, extracellular newly
identified receptor for advanced glycation end products binding protein; HE, hepatic encephalopathy; HMGBI, high-mobility
group box 1; INR, international normalized ratio; LT, liver transplantation; MAPK, mitogen-activated protein kinase; MELD, Model
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Multivariate logistic regression identified an encephalopathy grade >2 as an independent predictor of an adverse outcome
on admission (odds ratio, 13; 95% confidence interval, 2.3-73; P<0.001). The RAGE-ligand axis may interfere with liver
regeneration and should be a promising objective for further research. Liver Transpl 21:847-854, 2015. © 2015

AASLD.
Received December 17, 2014; accepted March 20, 2015.

Acute liver failure (ALF) is a rare but serious condition
occurring in individuals without preexisting liver dis-
ease and characterized by sudden severe liver dys-
function associated with coagulopathy and hepatic
encephalopathy (HE).'? Acetaminophen overdoses are
the number 1 cause of ALF in the United States; they
account for approximately 50% of all cases of ALF
and have a 30% mortality rate.>® Although the major-
ity of patients recover spontaneously after an acet-
aminophen overdose, many develop severe ALF.
Despite significant advances in medicinal therapy, the
only effective treatment for severe ALF due to acet-
aminophen remains emergency liver transplantation
(LT).*® The decision to transplant is complex, particu-
larly in this patient population. Accurate and early
identification of those patients who survive spontane-
ously is, therefore, vital for using LT effectively and
preventing needless transplants. Therefore, prognosti-
cation in ALF patients remains extremely interesting
to investigate. Current models such as the King’s Col-
lege Hospital criteria” are not satisfactory, and
improved strategies for predicting outcomes in ALF
are needed.®*

Spontaneous recovery from ALF depends, in part,
on the capacity of the liver to regenerate after acute
injury,'® and amplification of proinflammatory media-
tors in the regenerating tissue is also recognized as
playing an important role in limiting liver regenera-
tion.!! A key pathway in this process appears to
involve the receptor for advanced glycation end prod-
ucts (RAGE),'?>'* a cell-surface multiligand pattern
recognition receptor linked with amplification of the
innate inflammatory response to cell death.'® Engage-
ment of membrane-bound RAGE with ligands such as
high-mobility group box 1 (HMGB1) protein, extracel-
lular newly identified receptor for advanced glycation
end products binding protein (EN-RAGE), and Ne-
(Carboxymethyl)lysine adducts (CML) sustains inflam-
matory responses and promotes apoptosis in the
hepatic remnant after massive hepatectomy.!® The
blockade of this pathway by soluble receptor for
advanced glycation end product (sRAGE), the extra-
cellular ligand-binding domain of the receptor, which
interrupts ligand-RAGE signaling, markedly reduced
hepatic necrosis in animals with acetaminophen-
induced liver injury.'* In human plasma, there are
also circulating isoforms of RAGE, collectively called
sRAGE, which have the same ligand-binding specific-
ity as membrane RAGE. The sRAGE isoform consists
of a heterogeneous population with at least 2 different
isoforms: (1) extracellular RAGE formed by ectodo-
main shedding of the membrane-associated receptor
by the action of membrane-associated matrix metallo-
proteinases (MMPs)!® and (2) an endogenous secreted

form generated by alternative RNA splicing.'” Span-
ning the ligand-binding domain, sRAGE probably acts
as a decoy for ligands and thus competitively inhibits
the engagement of cell-surface RAGE.'” Circulating
levels of sSRAGE are elevated in patients with
decreased renal function, and this may be due to
increased levels of MMPs'®; however, they are reduced
in chronic diseases, including coronary artery disease,
essential hypertension, chronic obstructive lung dis-
ease, and heart failure.'” Therefore, the balance of
RAGE ligands, circulating sRAGE, and cell-surface
RAGE expression is a complex, dynamic system with
important pathophysiological implications.

In patients with acetaminophen-induced ALF who were
enrolled in the National Institutes of Health-sponsored
Acute Liver Failure Study Group (ALFSG), we explored
whether circulating levels of SRAGE and RAGE ligands
(EN-RAGE, HMGBI1, and CML) were involved and could
aid in prognostication in this group of patients.

PATIENTS AND METHODS
Patient Selection

The ALFSG was established in 1998 as a consortium of
liver centers interested in better defining the causes
and outcomes of ALF. To date, more than 2500 subjects
have been enrolled prospectively at 23 tertiary centers
within the United States, all of which have LT programs.
All enrolled subjects met standard criteria for ALF:
presence of coagulopathy [prothrombin time > 15 sec-
onds or international normalized ratio (INR) > 1.5] and
any degree of HE occurring within 26 weeks of the onset
of first symptoms in a patient without a previous under-
lying liver disease.'®-?° Because the subjects were ence-
phalopathic by definition, written informed consent was
obtained from their legal next of kin. Detailed demo-
graphic, clinical, laboratory, and outcome data as well
as daily sera for 7 days were collected prospectively. All
centers were in compliance with their local institutional
review board requirements. A certificate of confidential-
ity was obtained from the National Institutes for Mental
Health for the entire study.

The cohort of 60 well-characterized acetaminophen-
related ALF patients from the registry were selected as
consecutive patients meeting the aforementioned cri-
teria; they were balanced to obtain roughly an equal
number of survivors and patients who either died or
underwent transplantation. Within this cohort, 30
patients who were spontaneous survivors and 30 who
underwent transplantation and/or died (3 of whom
underwent transplantation) of similar ages were
selected. Patients in the ALFSG registry are enrolled
at or near admission to the study site hospital and
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are managed according to a relatively uniform proto-
col?!; however, decisions concerning listing and trans-
plantation are, of necessity, individual site decisions.
In general, patients meeting the usual criteria are
listed as United Network for Organ Sharing status 1
and are assumed to have a high 7-day mortality. The
decision to transplant depended on subsequent organ
availability, and the decision was made at the time an
organ became available.

In addition, 30 age-matched healthy controls were
included. Serum samples were tested for RAGE
ligands as well as circulating sSRAGE. The institutional
ethics committee of the University Hospital of Pisa
(Italy) approved the study (approval number 3653).

Laboratory Analysis
Blood Sample Collection

Serum samples, which were usually obtained on day 1
of admission to the study, were centrifuged at 4°C and
stored at —80°C until analysis. All laboratory tests were
performed in blinded fashion with respect to the iden-
tity of the samples. Routine biochemical analyses were
determined by standard laboratory methods.

The Model for End-Stage Liver Disease (MELD) score
and the bilirubin, lactate, and etiology (BiLE) score
were derived as indicated elsewhere.?2-23

Determination of Serum sRAGE Levels

Serum sRAGE levels were determined with a double-
sandwich  enzyme-linked immunosorbent assay
(ELISA) kit (DuoSet ELISA development kit; R&D Sys-
tems, Minneapolis, MN) as previously described.?*
The intra-assay and interassay coefficients of varia-
tion were 5.9% and 8.2%, respectively. The lower limit
of detection of sRAGE was 21.5 pg/mL.

Determination of Serum CML Levels

Serum CML levels were measured with an in-house com-
petitive ELISA using the mouse F(ab’)2 fragment anti-
advanced glycation end product monoclonal antibody
(clone 6D12; ICN Biochemical Division, Aurora, OH), as
previously described.?® The intra-assay and interassay
coefficients of variation were 3.2% and 8.7%, respec-
tively. The lower limit of detection of CML was 0.5 pg/mL.

Determination of Serum HMGB1 Levels

Serum HMGBI1 levels were determined with a double-
sandwich ELISA kit (IBL International GMBH, Ham-
burg, Germany) according to the manufacturer’s
description. The intra-assay and interassay coefficients
of variation were <8% and 10%, respectively. The lower
limit of detection of HMGB1 was 0.1 ng/mL.

Determination of Serum EN-RAGE Levels

The EN-RAGE concentration was measured with an
in-house competitive ELISA assay as previously
described.?® The intra-assay and interassay coeffi-
cients of variation were <7.9% and <8.0%, respec-

tively. The lower limit of detection of EN-RAGE was
0.05 ng/mL.

Statistical Analysis

Data with a normal distributions are presented as
means and standard deviations (SDs). Variables with
a skewed distribution are expressed as medians and
interquartile ranges. Variables with a nonnormal dis-
tribution were logarithmically transformed before
each analysis. Chi-square tests and Student t tests
were used to compare categorical variables and con-
tinuous variables, respectively. A Pearson correlation
analysis was performed to examine the relationship
between sRAGE and the study’s variables. Variables
that were statistically significant (P<0.01) in Table 1
formed a pool of potential independent predictors for
which the sensitivity, specificity, diagnostic accuracy,
and area under the receiver operating characteristic
curve (AUROC) were assessed (Table 2). These predic-
tors were then entered into a backward elimination
variable selection procedure by multivariate logistic
regression analysis. The predictors with a P val-
ue < 0.05 were retained. For all analyses, a 2-tailed P
value <0.05 was considered significant. Statistical
analyses were performed with SPSS software for Win-
dows (version 10.0; SPSS, Chicago, IL).

RESULTS

Serum levels of RAGE ligands and sRAGE were meas-
ured in 30 healthy subject controls and in 60 age-
matched acetaminophen-related ALF patients. Circu-
lating levels of sRAGE, EN-RAGE, and HMGB1 were
found to be significantly higher (P<0.001) in ALF
patients versus normal controls, whereas CML values
did not differ between the 2 groups (Table 3). The val-
ues of sSRAGE were significantly higher in the trans-
planted and/or died group versus the spontaneous
survivor group (P<0.001). EN-RAGE levels tended to
be higher in nonsurviving patients versus spontane-
ous survivors (P=0.05), whereas HMGB1 and CML
levels did not differ between the 2 groups (Table 1).
Between the 2 groups, there were significant differen-
ces in plasma levels of prothrombin time, creatinine,
aspartate aminotransferase (AST), and pH (Table 1).
Furthermore, they differed significantly for the ence-
phalopathy grade (COMA) and MELD score, and there
were significant differences in the BiLE score, a novel
predictor of poor outcome in ALF patients®® (Table 1).
The Pearson correlation analysis highlighted that in
all patients, sRAGE levels were positively associated
with the MELD score (r=0.39, P=0.002), BiLE score
(r=0.48, P=0.004), COMA (r=0.28, P=0.03), and
systemic inflammatory response syndrome (SIRS)
score (r=0.33, P<0.01). Furthermore, sRAGE was
positively associated with conventional markers of
disease severity such as AST (r=0.30, P=0.02), cre-
atinine (r=0.48, P<0.001), and prothrombin time
(r=0.26, P=0.04) as well as EN-RAGE (r=0.41,
P=0.001) and HMGBI1 levels (r=0.25, P=0.05). We
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TABLE 1. Univariate Analysis of Variables on Admission in Spontaneous Survivors and Patients Who Died or
Underwent Transplantation for ALF
Spontaneous Patients Who Died or

Survivors (n = 30) Underwent Transplantation (n = 30) P Value
Age, years 34.4* 14 38.9+13.5 0.21
Male, n (%) 11 (37) 5(17) 0.14
Prothrombin time, seconds 30.6 +19.3 45.9+23.1 0.007
Platelets count, X10°/L 136 + 77 155+ 93 0.39
Creatinine, mg/dL 1.1+0.7 25=*1 < 0.001
Bilirubin, pmol/L 77.9 61 79.7 £ 51 0.90
INR 2.4 (1.75-3.35) 4.4 (2.2-6.9) 0.01
AST, U/L 2569 (1031-5768) 7818 (3314-11,027) <0.01
White blood cells, x102/L 9.2+4.4 12.9+ 10 0.08
COMA>2, n (%) 13 (43) 26 (87) 0.001
pH 7.45+0.1 7.36+0.16 0.01
SIRS > 2, n (%) 4 (13) 9 (30) 0.18
BiLE score 2.8 (0.99-4.2) 5.84 (4.3-8.6) 0.01
MELD score 22.6 +10.6 35.6 +10.3 <0.001
sRAGE, pg/mL 2625 (1636-3813) 4864 (3538-6858) <0.001
EN-RAGE, ng/mL 15.7 (11-28) 33.6 (12-42) 0.05
HMGBI1, ng/mL 2.6 (1.0-7.4) 3.9 (1.6-8.7) 0.33
CML, pg/mL 6.2+0.7 5.9+0.7 0.16

NOTE: Data are given as mean * SD, number (%), or median (interquartile range).

also found significantly higher levels of sRAGE,
HMGBI1, and EN-RAGE in patients with SIRS scores
>2 (3 and 4 grades) versus patients with SIRS scores
<2 (Fig. 1).

Variables that were statistically significant (with
P<0.01) in Table 1 formed a pool of potential inde-
pendent predictors of outcome. As shown in Table 2,
creatinine > 1.9 mg/dL displayed the best diagnostic
accuracy (84%), whereas both COMA>2 and
sRAGE > 3021 pg/mL had major diagnostic sensitivity
(87% and 83%, respectively). Finally, a multivariate
logistic regression analysis with these predictors was
then assessed. COMA >2, with an odds ratio of 13
[confidence interval (CI), 2.3-73; P<0.001], was the
best predictor of outcome selected in this model.

In order to improve the prognostication of ALF
patients, we emulated the study of Bechmann et al.,?”
in which a modified MELD score using levels of cell
death marker cytokeratin 18/M65 in place of bilirubin
better predicted the prognosis of ALF patients. Thus,

we modified the MELD score with sRAGE in place of
bilirubin (which in our ALF patients had no prognos-
tic value) while retaining all other factors:

Modified MELD score = 10[0.957 X In creatinine
(mg/dL) + 0.378 X In sRAGE (pg/mL)+1.12 X In
INR + 0.643]

The sRAGE-modified MELD scores had a somewhat
higher diagnostic accuracy (84% versus 80%) than
unmodified MELD scores, but there was no effect on
outcome in the multivariate logistic analysis.

DISCUSSION

In this study, we examined the levels and prognostic
significance of sRAGE and RAGE ligands on admis-
sion in a carefully studied cohort of patients with
acetaminophen-related ALF and compared these novel
markers with other indicators of ALF prognosis.
RAGE and RAGE ligands appear to be involved in the
pathogenesis of severe liver injury in humans exposed

TABLE 2. AUROC and Diagnostic Accuracy for the Prediction of Poor Outcomes for ALF Patients

Sensitivity Specificity Diagnostic

AUROC (95% CJ) P Value Cutoff Value (%) (%) Accuracy (%)

Prothrombin time 0.70 (0.56-0.84) 0.001 >35.8 seconds 63 80 72
sRAGE 0.77 (0.64-0.90) <0.001 >3021 pg/mL 83 67 75
MELD score 0.80 (0.56-0.84) <0.001 >30.02 70 79 75
AST 0.73 (0.60-0.86) 0.001 >5768 U/L 67 77 72
Creatinine 0.84 (0.73-0.95) <0.001 >1.9 mg/dL 77 90 84
COMA 0.78 (0.66-0.90) <0.001 >2 87 57 72
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TABLE 3. Comparison of sRAGE, EN-RAGE, HMGBI1,
and CML Values Between ALF Patients and Normal

Controls
All ALF
Patients
Controls (n = 30) (n =60)
sRAGE, pg/mL 735 (519-1150) 3629
(2165-5974)*
EN-RAGE, ng/mL 7.9 (56.5-13.2) 20.5 (12-37.1)*
HMGBI1, ng/mL 0.3 (0.1-0.49) 3.0 (1.35-8.4)*
CML, pg/mL 6.0+ 0.58 6.2+0.71

NOTE: Data are given as mean * SD or median (inter-
quartile range).

*P<0.001 by an unpaired t test performed on the log-
transformed data.

to excessive acetaminophen. We measured 3 RAGE
ligands as well as sRAGE in the same cohort of
patients to explore their interrelationship. EN-RAGE,
HMGB1, and sRAGE were all markedly elevated in
this setting from 3 to 10 times the control values,
whereas CML levels were not increased. We focused
attention on sRAGE because it was the most
increased in ALF patients. The reasons for these ele-
vated levels might be secondary to decreased renal
function or possibly up-regulation of sRAGE, which
would provide “protection” against possible toxic
effects of RAGE ligands. The close association that we
found between sRAGE and creatinine levels indeed
supports the first hypothesis. The relationship
between sRAGE and compromised renal function has
been noted previously by Kalousova et al.'® and in a
recent study on trauma patients in which the release
of sRAGE in the bloodstream was associated with
coagulation abnormalities and acute renal failure.?®
These findings notwithstanding, higher levels of
sRAGE in ALF patients and particularly in those
patients who died and/or underwent transplantation
may still reflect increased tissue expression and
release due to the development of an inflammatory
response and coagulopathy. The positive correlation
between sRAGE levels and SIRS severity in our study
suggests that sSRAGE may be implicated in inflamma-
tory responses occurring in ALF patients. In support
of our results, it has been shown that high admission
plasma levels of sSRAGE in nonsurvivors of sepsis ver-
sus survivors were associated with worse outcomes,?®
and this suggests that circulating sRAGE levels may
reflect tissue RAGE expression and may be elevated
in parallel with serum RAGE ligands as a counter-
system against ligand-elicited tissue damage. Because
RAGE is a cell-surface receptor that belongs to the
immunoglobulin superfamily (eg, intercellular adhe-
sion molecule 1) and whose values at admission were
also more elevated in nonsurvivor septic patients®®
and nonsurvivor ALF patients31 VErsus survivors,
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Figure 1. Serum levels of sSRAGE, HMGB1, and EN-RAGE with
respect to SIRS severity. Data are given as means and standard
errors of the mean. P values are taken from an unpaired ¢ test
performed on the log-transformed data.

sRAGE might represent a marker of cellular damage.
In this study, we have no serial data on sRAGE levels
during recovery or with deterioration to allow us to
more firmly establish an association between improv-
ing levels in the survivors and outcomes. However, we
recently found that in patients with chronic liver dis-
ease undergoing LT, serum levels of sRAGE decreased
by day 7, and this showed that the levels of this pro-
tein were not stable but changed after surgery.*?
Because bilirubin levels had no prognostic value for
ALF patients, we emulated the study of Bechmann
et al.?” and modified the MELD score through the
substitution of bilirubin by sRAGE in the formula.
This modification improved the diagnostic accuracy of
the MELD score but not its predictive value for out-
come. Although sRAGE levels alone or in combination
with MELD scores were not independent predictors of
mortality, high levels of SRAGE in ALF patients who
died are an important signal of the severity of damage
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ACETAMINOPHEN OVERDOSE
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Figure 2. Schematic diagram of the RAGE-ligand release, inflammatory responses, and feedback mechanism in the RAGE ligand/
RAGE/sRAGE system after an injury induced by an acetaminophen overdose. (1) Highly toxic metabolites produced by acetaminophen
induce initial cell death, and this resulted in diverse “danger” molecules, including HMGB1, which, probably in conjunction with other
inflammatory mediators, activate RAGE signaling on hepatic cells and/or dendritic cells and inflammatory cells. A ligand-RAGE inter-
action can lead to the activation of the MAPK pathways and the translocation of the transcription factor NF-kB from the cytosol to the
nucleus, and this results in the up-regulation of genes involved in cellular inflammatory responses. (2) Then, these mediators, in an
autocrine or paracrine manner, lead to receptor-triggered transcriptional pathways, which result in the production of further proin-
flammatory mediator substances to create full-scale tissue inflammation. (3) Although the exact mechanisms are still unclear, plausi-
bly high levels of sRAGE are part of a counter-regulatory mechanism elicited by inflammation/injury and other pathological
situations, such as renal failure, that enhance the expression of RAGE and its ligands and result in an increased accumulation of

sRAGE as a negative feedback to RAGE interactions with its ligands (4).

to the liver and presumably of spontaneous survival
in ALF patients.

Among RAGE ligands, the most remarkable indica-
tor of liver impairment is HMGB1 protein, which has
been shown to play a role in experimental models of
both acetaminophen-induced hepatotoxicity®>3® and
ischemia/reperfusion injury.%‘s7 In our patients,
there was a positive correlation between HMGB1 and
SIRS severity that is in line with the literature, which
shows the highest levels of HMGBI1 in patients with
sepsis and especially in those with a poor prognosis.38
In agreement with Craig et al.,® our data confirmed
that HMGBI1 levels at admission were significantly
higher in ALF patients versus healthy control sub-
jects, but the levels did not significantly differ between
nonsurvivor patients and spontaneous survivors.
Because of the crucial role attributed to HMGBI1 in

many experimental models of acute injury and sepsis,
it is perhaps surprising that circulating HMGB1 levels
did not predict outcomes for ALF patients. A plausible
explanation is that HMGBI1 is not sufficient to cause
systemic dysfunction because recombinant HMGBI1
fails to stimulate strong proinflammatory reactions.*°
Rather, it seems that HMGB1 forms complexes with
other inflammatory mediators and amplifies the
downstream effects of these mediators through inter-
actions with a variety of receptors, including RAGE.*!

In addition to this ligand, we found a good correla-
tion between SIRS severity and the RAGE ligand
EN-RAGE but no value of EN-RAGE in the prediction
of outcomes. Similarly to HMGB1, the EN-RAGE
levels at admission were found to be up-regulated in
patients with SIRS features versus healthy
subjects.*?
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Of interest, the third ligand studied—the CML
adduct—did not differ between ALF patients and
healthy subjects, and this result was unexpected.
CML adducts form and accumulate in diverse set-
tings, including the inflammatory milieu through the
myeloperoxidase pathway.*® Nevertheless, their accu-
mulation in plasma is not an immediate process, and
more time might be required for them to become
detectable.

In order to bring out the global picture of these inter-
relationships and to highlight the mechanisms by
which sRAGE may increase in this pathological con-
text, we have schematically shown these possible
dynamics in Fig. 2. Thus, we suppose that sSRAGE may
be released to counter the toxic effect of its ligands as a
beneficial response to the inflammatory milieu of ALF;
in addition, its circulating levels increase in the pres-
ence of decreased renal function (Fig. 2).

The chief limitation of this study is its retrospective
nature. It will be necessary to perform a prospective
evaluation of a larger patient set to draw unequivocal
conclusions. However, it provides proof-of-concept
that the RAGE-ligand axis may interfere with liver
regeneration and should be a promising objective for
further research.
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