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Abstract

Background and Aims

Acute liver failure (ALF) is a rapidly progressive heterogeneous illness with high mortality
rate and no widely accessible cure. A promising drug candidate according to previous pre-
clinical studies is the Reg3a (or HIP/PAP) lectin, which alleviates ALF through its free-radi-
cal scavenging activity. Here we study the therapeutic targets of Reg3a in order to gain
information on the nature of the oxidative stress associated with ALF.

Methods

Primary hepatocytes stressed with the reactive oxygen species (ROS) inducers TNFa and
H>O, were incubated with a recombinant Reg3a protein. ALF was induced in C57BL/6J
mice by an anti-CD95 antibody. Livers and primary hepatocytes were harvested for deoxy-
cholate separation of cellular and extracellular fractions, immunostaining, immunoprecipita-
tion and malondialdehyde assays. Fibrin deposition was studied by immunofluorescence in
frozen liver explants from patients with ALF.

Results

Fibrin deposition occurs during experimental and clinical acute liver injuries. Reg3a bound
the resulting transient fibrin network, accumulated in the inflammatory extracellular matrix
(ECM), greatly reduced extracellular ROS levels, and improved cell viability. Hepatocyte
treatment with ligands of death receptors, e.g. TNFa and Fas, resulted in a twofold increase
of malondialdehyde (MDA) level in the deoxycholate-insoluble fractions. Reg3a treatment
maintained MDA at a level similar to control cells and thereby increased hepatocyte survival
by 35%. No antioxidant effect of Reg3a was noted in the deoxycholate-soluble fractions.
Preventing fibrin network formation with heparin suppressed the prosurvival effect of
Reg3a.
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Conclusions

Reg3a is an ECM-targeted ROS scavenger that binds the fibrin scaffold resulting from he-
patocyte death during ALF. ECM alteration is an important pathogenic factor of ALF and a
relevant target for pharmacotherapy.

Introduction

Acute liver failure (ALF) is a rapidly progressive illness of diverse etiologies characterized by a
massive cell death and a suppression of the regenerative capacity of the liver, often leading to
multi-organ failure [1-3]. Over the last decades, progress in patient care has mostly concerned
intensive care unit protocols and emergency liver transplantation programs [4,5]. No pharma-
ceutical drugs against ALF are available, except for acetaminophen-induced ALF, which is
treatable by a specific antidote, N-acetylcysteine (NAC). The mechanisms of liver cell injury in
ALF are etiology-dependent and involve multiple interconnected death pathways, making it
difficult to identify pertinent therapeutic targets. Hepatocellular oxidative cell death, which is a
shared process among different ALFs, is not well understood, except, to some extent, in the
case of acetaminophen-induced hepatotoxicity [6]. There is indirect evidence that ALF, like
other acute tissue injuries, activates a specific fibrogenesis, different from the common fibrosis
of chronic liver diseases [7-10]. It is widely recognized that the extracellular matrix (ECM)
contains structural and functional proteins that play a key role in the regulation of cellular
function, organization and behavior [11,12]. For example, the ECM glycoprotein fibronectin
has recently been claimed to be a crucial prosurvival factor in ALF [13]. However, extracellular
materials are generally ill protected against oxidation for lack of antioxidants and repair en-
zymes [14,15]. It can therefore be conjectured that the ECM components of liver cells are
strongly oxidized and thus structurally and functionally impaired during ALF. If so, reinforcing
the antioxidant arsenal of the ECM could constitute a new clue guiding the search for anti-ALF
drugs. Here we substantiate this view by demonstrating that the anti-ALF potential of the drug
candidate Reg3a: (also known as HIP/PAP) is based on its capability of restoring the function-
ality of the altered ECM. Reg3a. is a secreted C-type lectin consisting of a single 16-kDa carbo-
hydrate recognition domain and a NH2-terminal secretion signal. It is part of the intestinal
innate immune system, its interaction with peptidoglycan carbohydrates allowing it to bind
and kill Gram-positive bacteria [16-18]. Moreover, Reg3a: is an anti-inflammatory and survival
factor in a variety of eukaryotic cells [19-25] thanks, among other things, to its reactive oxygen
species (ROS) scavenging activity [26].

Materials and Methods
Study approval

Research using human tissues was approved by the review board of the Centre Hépatobiliaire
(Paul-Brousse Hospital, Villejuif). All patients provided written informed consent prior to the
analysis of the retrieved tissues. Human tissue samples were provided by the Biological Re-
source Centre of the Paris-Sud Faculty of Medicine, Villejuif, France (Approval Number: 2011/
39938). Fresh human tissues were obtained after surgical resection by the Pathological Depart-
ment of the Centre Hépatobiliaire (Paul-Brousse Hospital, Villejuif). Tissues were cut in cubes,
put in cryomolds prior to be covered with cryogel and snap frozen in isopenthane/drye ice
(-120°C), and finally stock at -80°C until processing. Freezing time after liver resection was

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015

2/17



@'PLOS ‘ ONE

Extracellular ROS Scavenger

about of 30 min when surgery was done at day time, but could go up to 5 hours when surgery
was process at night. Control and ALF samples were processed similarly. The biological and
pathological features of patients involved in this study are summarized in Table 1. Animal
studies were performed in compliance with the institutional and European Union guidelines
for laboratory animal care and approved by the institutional ethics committee (Comité d’Ethi-
que en Experimentation Animal Campus CNRS Orléans C2EA-3).

Recombinant human Reg3a protein

The Reg3a protein was produced in Escherichia coli, purified to >99% and released in batches
in compliance with the clinical grade manufacturing process by PX Therapeutics. It corre-
sponds to the addition of one amino-terminal methionine to the sequence of the secreted (i.e.,
lacking the 26—amino acid signal sequence) form of the human endogenous Reg3o or HIP/
PAP (NP_620355).

Primary hepatocytes

Human hepatocytes were prepared from a lobectomy segment following surgical liver resection
in patients with colorectal cancer metastases. Murine hepatocytes were retrieved from 6-week-
old male C57Bl/6] mice (Charles River, L'Arbresle Cedex, France). Hepatocyte were isolated
following a two-step collagenase method [27] and platted in William’s medium (Life Technolo-
gies, Saint Aubin, France) containing 10% calf serum without collagen coating. Two days later,

cellular death was induced with TNFo/Actinomycin D (20 ng/mL/50 ng/mL) maintained

Table 1. Clinical characteristics of patients involved in the study.

Patient
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Sex

Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Male

Female
Female
Female
Female
Male

Female
Male

Age
29
58
38
18
17
34
69
37
27
68
65
28
41
39
57
27
31
68
68
61

Disease

ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
ALF
AN

AN

AN

Etiology Diagnostic ASATUIl ALATUINI TP % Timedays Management
Acetaminophen  blood analysis 3575 2781 19 6 MARS:NAC
Acetaminophen  FNA 7730 7158 10 2 MARS:NAC
Acetaminophen  FNA 515 626 9 6 MAR-S/NAC
Acetaminophen  blood analysis 2318 4180 15 6 MARS:NAC
Drug FNA 76 461 24 6 NAC
Drug FNA 561 589 12 10
Mushroom blood analysis 2913 4387 21 7 MARS
HBV Serologic marker 235 1375 11 5 MARS/NAC
HBV Serologic marker 1530 3020 10 5 NAC
Autoimmune FNA 762 745 17 29 Vitamin K/Antibiotics
Autoimmune blood analysis 137 110 20 37 MARS
Autoimmune FNA 28 1751 8 8
Undetermined blood analysis 6481 4011 18 3 Antibiotics
Undetermined FNA 953 631 19 16 MARS/NAC
Undetermined FNA 823 687 23 30
Undetermined FNA 269 154 20 69 MARS
Undetermined FNA 1021 1072 16 90 MARS

26 25 81

68 85 87

24 29 100

ALAT, Alanine Aminotransferase; ALF, Acute Liver Failure; AN, Amyloid neuropathy; ASAT, Aspartate Aminotransferase; FNA, Fine Needle Aspiration;
MARS, Molecular Adsorbent Recirculating System; NAC, N-acetylcysteine; TP, Prothrombin level; Time, time in days from diagnostic to liver
transplantation; Ul, International Unit.

doi:10.1371/journal.pone.0125584.t001

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015

3/17



@’PLOS ‘ ONE

Extracellular ROS Scavenger

throughout the cell culture or with a 1 mM H,O, pretreatment for 1 hour. Cell viability studies
were performed under the condition that the cell death rate in stressed control cultures was of
55+10%, a condition easier to fulfill without collagen coating. Hepatocytes were stimulated
with death inducers and 0.24 M Reg3c. or an equivalent volume of buffer (vehicle). Cells were
fixed and stained with 5 pg/mL of Hoechst 33342 (Cell Signaling, Ozyme, France). Living and
apoptotic cells were quantified using a Zeiss Axio Imager.M1. Cell quantification was per-
formed on 20 random microscopic fields per sample. The normalized cell viability is defined as
(NRegs-Nven)/(Npas-Nyen), Where Ngegs, Nyen and np, are the numbers of living cells in Reg3a:-
treated, vehicle-treated and non-intoxicated (basal) cultures at 24h post stress, respectively.
Collagenase type IV, mouse recombinant TNFa, Actinomycin D, H,O, solution 30%, Heparin,
and MG132 were purchased from Sigma Aldrich.

Murine model of ALF

Six-week-old C57BL/6] mice were maintained for 1 week at 22°C before experiments. ALF was
induced by intravenous injection of an anti-CD95 Fas antibody (BD Pharmigen, Le Pont de
Claix, France) at 170 ug.kg ', which is a lethal dose for about 60% of the mice within 24 hours.
Reg3a was intravenously injected at the dose of 2.5 mg/kg. The control groups were injected
with equivalent volumes of vehicle. Mice were sacrificed by decerebration and livers harvested
for deoxycholate separation of cellular and extracellular fractions, immunostaining and
malondialdehyde assays.

Real-time gPCR

Total RNA was isolated using TRI reagent (Sigma) according to the manufacturer’s instruc-
tions. Reverse transcription was performed using oligo(dT) primer and 1ug of total RNA in a
final volume of 20 uL with the RevertAid First Strand cDNA Synthesis Kit (Thermo scientific).
Real time qPCR was performed using the FastStart Essential DNA green Master kit (Roche) on
a lightcycler Instrument equipped with the SW 1.1 data analysis software (Roche). Analyses
were done in triplicate. Data were normalized using HPRT as housekeeping gene. Primer se-
quences are: Reg3o forward: 5 ~TGGATTGGGCTCCATGACCC-3" OH, Reg3a. reverse: 5/ -
TTCGGGATGTTTGCTGTCTG-3" OH, HPRT forward: 5 ~AGGACCTCTCGAAGTGT-3’ OH,
HPRT reverse: 5 ~-TCAAATCCCTGAAGTACTCAT-3' OH.

Immunoblotting

Primary hepatocyte cultures were washed twice with ice cold phosphate buffered saline (PBS)
and then lysed in a deoxycholate (DOC) lysis buffer containing 2% sodium deoxycholate, pro-
tease inhibitors (cOmplete Protease Inhibitor Cocktail, Roche, Meylan, France), 20 mM Tris-
HCl pH 8.8, 2 mM EDTA, 2 mM iodoacetamide and 2 mM N-ethylmaleimide. The DOC-solu-
ble fractions contain the cellular material and extracellular components that are not incorpo-
rated into the ECM, whereas the DOC-insoluble pellet contains the ECM. Homogenates were
passed three times through a 26-gauge needle, and centrifuged at 10,000 g for 10 min at 4°C.
DOC-insoluble fractions were solubilized in SDS lysis buffer containing 1% SDS sodium dode-
cyl sulphate, 20 mM Tris-HCl pH 8.8, 2 mM EDTA, protease inhibitors, 2 mM iodoacetamide
and 2 mM N-ethylmaleimide. Frozen liver samples were processed in the same way. Protein
concentrations were determined with the Bio-Rad Protein Assay Kit using bovine serum albu-
min as a standard. Aliquots of 30 ug were denaturated by boiling in Tris-Glycine SDS Buffer
(Invitrogen), separated by 12% SDS-PAGE and transferred onto nitrocellulose membranes
(Whatman, Dominique Dutscher, Brumath cedex, France) by electroblotting. Membranes
were blocked in 5% non-fat dry milk in 0.1% Tween 20 Tris-buffered saline for 1h and probed
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with primary antibodies against Fibronectin (Santa Cruz Biotechnology), Fibrinogen (Dako),
Actin (Santa Cruz Biotechnology, Heidelberg, Germany), mouse Reg3p (R&D Systems, Lille
cedex, France), human Reg3oa: (Santa Cruz Biotechnology) and a lab-made human Reg3a: con-
sisting of a rabbit polyclonal antibody raised against the complete Reg3o protein purified by af-
finity chromatography [14].

Immunoprecipitation

Aliquots of 50 pg of proteins from DOC-soluble and insoluble fractions were diluted 1 to 10 in
1%-Triton X-100 nondenaturing lysis buffer (50 mM Tris-HCI pH 7.4, 300 mM NaCl, 5 mM
EDTA, 10 mM iodoacetamide, protease inhibitors) and pre-cleared with 20 uL of protein G
magnetic beads (PureProteome, Millipore, Molsheim, France) for 2 hours at room tempera-
ture. Clarified lysates were incubated with 1 pg of Fibrinogen antibody for 1h at 4°C. The im-
mune complexes were captured using 20 pL of protein G magnetic beads at 4°C for 30min,
purified on magnetic rack, washed four times in 0.1%-Triton X-100 buffer and once in ice cold
PBS. Immune complexes were eluted from magnetic beads in 1X Laemmli loading sample buff-
er and processed for anti-Reg3o. immunoblotting.

Immunostaining

Hepatocytes grown on glass coverslip and 4 um-thick frozen liver sections were fixed in forma-
lin solution (10%, buffered) supplemented with 2% acetic acid for 30 min at room temperature,
which is known to extract fibrinogen, fibrinogen and fibrin degradation product and non-
cross-linked fibrin, thus ensuring that cross-linked fibrin is the major immunoreactant [28].
After fixation, the samples were labeled with primary antibodies (see above) for 45 min at 37°C
and then with secondary (Alexa 488 donkey anti-goat, Alexa 594 donkey anti-rabbit; Life Tech-
nologies) antibodies for 30 min at 37°C. Nuclear DNA was stained with 5 pg/mL Hoechst
33342. Histopathology investigations were performed by microscopic examination of hema-
toxylin/eosin-stained sections of paraffin-embedded tissues.

Lipid peroxidation

Malondialdehyde (MDA) was dosed using the thiobarbituric acid method as previously de-
scribed [26]. A standard curve was prepared using the Malondialdehyde Tetrabutylammonium
Salt (Sigma Aldricht, Lyon, France). The results were normalized in relation to the total
protein content.

Protein carbonylation

Carbonyl groups of 1 ug of DOC insoluble and 10 pg of DOC soluble proteins were derivatized
to 2, 4-dinitrophenylhydrozone (DNP) by reaction with 2,4-dinitrophenylhydrazine in solu-
tion in 2N HC], incubated 30 min in the dark at room temperature before being precipitated by
addition of an equal volume of 20% trichloroacetic acid. Protein pellets were washed four times
with 1 mL of ethanol/ethyl acetate (1:1), and resuspended in SDS loading buffer. One half of
each sample was analyzed by Western blot using a rabbit anti-DNP antibody while the other
half was resolved on a 10% acrylamide gel for Coomassie blue staining. Amount of carbony-
lated and total proteins were determined by densitometry using the Image ] image processing
and analyzing software; results were presented as the ratio of carbonylated on total proteins.
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Statistical analysis

Two-tailed Student’s t-test was used to assess statistical differences between groups using Stat-
View 5.0 freeware (SAS Institute, Inc, Cary, North Carolina, USA) and differences with P<0.05
were considered significant. All data are presented as mean over several independent
experiments = SEM.

Results

The Reg3a lectin binds the extracellular fibrin network of primary human
hepatocytes

We cultured primary human hepatocytes (PHHs), incubated them with 0.24 uM of a recombi-
nant Reg3o. protein for 6h and then analyzed Reg3a subcellular distribution by immunofluo-
rescence. Cultured PHHs synthetized an abundant extracellular matrix (ECM) of polymerized
fibrin and fibronectin (Fig 1A and S1A Fig), which covered the entire cell layer 48h after plat-
ting. A similar deposition of a fibrillar matrix in rat hepatocyte cultures was previously reported
[29]. This ECM contained two different fiber networks, one lying on top of the cells and the
other, made of thinner fibers, on the substratum. The Reg3o. staining mostly appeared in the
form of small clusters lining the top fibrin-fibronectin network and scattered throughout the
substratum (Fig 1A, S1A and S1B Fig). Incubations performed with fluorescein isothiocyanate
(FITC)-coupled Reg3a. yielded a similar Reg3o. staining pattern (S1C Fig). We detected some
intracellular staining with the Reg3a. antibody in the PHHs cultured with vehicle (Fig 1B,
upper row), which was however essentially nonspecific (Fig 1B, lower row), indicating that the
exogenous Reg3o was not taken up by PHHs. We nevertheless wondered whether a fast prote-
olysis of a taken-up Reg3a had not occurred. A pre-treatment with 10 uM of the proteasome
inhibitor MG132 did not increase Reg3a. signal in the soluble fractions of PHHs, discarding
this possibility (S2 Fig). An addition of 50 pg/mL of heparin prevented both extracellular fiber
network formation and Reg3a accumulation in the PHH cultures, demonstrating that the latter
was dependent on the former (Fig 1A and S1A Fig). Deoxycholate-insoluble ECM-enriched
fractions and their correlative soluble cellular fractions were extracted from PHHs cultured ei-
ther with or without Reg3a. The anti-fibrinogen immunoblotting revealed the presence of high
molecular weight (MW) fibrin-fibrinogen complexes and low MW fibrin degradation products
in the insoluble fractions (Fig 1C and S2 Fig). These fractions displayed a strong 16-kDa Reg3a.
signal, which was inexistent or weak in the soluble fractions. When the PHHs were treated
with heparin, the insoluble fractions displayed a much-reduced Reg3a. signal, confirming that
the binding sites for Reg3o were located on the fibrin fibers. Non-denaturing gel electrophore-
sis showed that Reg3a and fibrin displayed comparable electrophoretic mobility in the insolu-
ble fractions, suggesting that these proteins co-migrated and thus were bound together by a
protein-protein interaction (S3 Fig). Proteins from insoluble and soluble fractions incubated,
or not, with Reg3o and heparin were immunoprecipitated with an anti-fibrinogen antibody
and then analyzed by anti-Reg3a immunoblotting. A strong Reg3o. signal was found in the in-
soluble fraction of the PHHs, confirming a protein-protein interaction between Reg3a and fi-
brin (Fig 1D). A relatively strong Reg3a. signal was also found in the culture medium of PHHs
with heparin, but not without heparin. This is attributable to the release into the culture medi-
um of residual fibrin fragments interacting with Reg3a. following addition of heparin. In other
words, circulating fibrins can interact with, and serve as carriers for Reg3o. We also monitored
the distribution of Reg3o. in PHHs stressed with the ROS-inducers TNFa [30] and H,0,. In
the two conditions, a fiber network scattered with Reg3c was observed as early as 2h post incu-
bation (Fig 1E). At longer times post incubation, Reg3a: coalesced into large clusters (S1D Fig).
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Fig 1. Reg3a fights oxidative stress to extracellular matrix in vitro. (A and B) Immunofluorescence of
primary human hepatocytes (PHHs) incubated with either a recombinant Reg3a without (A, top) or with
heparin (A, bottom), or (B) vehicle. DNA: blue. (C) Immunoblotting for Reg3a, fibrinogen (Fbg), and
fibronectin (Fn) in DOC-soluble and insoluble extracts from PHHSs cultured under the indicated conditions. (D)
Anti-Reg3a immunoblotting (IB) in the indicated fractions of lysates immunoprecipitated (IP) with an anti-
fibrin/fibrinogen antibody. (E) Immunofluorescence of PHHSs stressed with H,O, or TNFa/ActD and treated
either with Reg3a or vehicle. (F) Left: Immunofluorescence of PHHs incubated with heparin and then TNFa/
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ActD and Reg3a. Right: Normalized cell viability. (G) Normalized concentration of malondialdehyde (MDA) in
DOC-insoluble and DOC-soluble fractions of PHHs subjected to the same treatments as in (F). Scale bars:
50 ym. Student’s t-test, *P < 0.05; **P <0.01.

doi:10.1371/journal.pone.0125584.g001

Reg3a reduces oxidative damage to the extracellular matrix

We studied Reg3a-mediated liver cell viability as a function of the presence, or absence, of an
extracellular fibrin network. Adding Reg3a. to TNFa-stressed PHH cultures resulted in a sub-
stantial increase in cell viability, as previously shown [26]. By contrast, an addition of heparin
at the time of cell platting prevented the formation of a fibrin network and totally suppressed
the Reg3o-mediated PHH survival gain (Fig 1F). When heparin was added several hours post
platting, the fibrin network was not altered and the cell survival gain was preserved (54 Fig).
This underscores the dependence of the cytoprotective effect of Reg3a upon the production of
an extracellular fibrin network. Next we measured the concentration of malondialdehyde
(MDA), an end product of ROS-mediated lipid peroxidation, in the insoluble and soluble frac-
tions of damaged PHHs in the presence, or the absence, of Reg3a and heparin. Stressing PHHs
with TNFa resulted in a significant (about twofold) increase in MDA level in both the soluble
and insoluble fractions. A treatment with Reg3o suppressed the TNFa-induced increase in
MDA level in the insoluble fractions of PHHs, and not in the soluble ones. The anti-oxidant ef-
fect of Reg3o. in the insoluble fractions did not occur in PHHs cultured with heparin (Fig 1G).
Globally, these results indicate that Reg3a binds the fibrin-fibrinogen network of PHHs, re-
duces their extracellular oxidative stress and thereby facilitates their survival in

inflammatory environment.

Reg3a is targeted to the hepatic ECM formed during Fas(CD95)-induced
ALF in mice

We studied fibrogenesis and its interaction with Reg3c in a murine model of ALF induced by
the anti-CD95 antibody (Fas). This model is known to be relevant to human viral ALF with mi-
tochondrial damage and ROS overproduction [31,32]. We first looked at whether the fibrin
network developed by primary murine hepatocytes (PMHs) binds human Reg3c. Indeed, we
found that Reg3a accumulated in the form of small clusters on the extracellular fibrin network
in PMHs, like in PHHs (S5A Fig). Immunoblots of the insoluble, fibrin polymer-rich, fractions
of PMH extracts displayed strong monomeric and polymeric Reg3a signals. These were greatly
reduced by a treatment of the PMHs with heparin (S5B Fig). Next, we injected mice intrave-
nously with a single dose of 2.5 mg/kg of Reg3a at different time points after Fas-intoxication
and sacrificed them 2h after Reg3a injection. As controls, we used Fas-intoxicated mice in-
jected with vehicle and healthy mice injected with vehicle or Reg3a. Livers were analyzed by
immunofluorescence and fractions of liver extracts by immunoblotting. We found an extensive
fibrin deposit in the sinusoid spaces of the livers, in agreement with previous reports on drug-
induced ALF in rodents [33-36]. The fibrin deposit increased gradually as the duration of Fas-
intoxication increased, and reached a substantial density from 6h post-Fas (Fig 2A and S6A
Fig). In damaged livers treated with Reg3o, the Reg3a staining remained weak until 4h post-
Fas and became stronger at 6h post-Fas (Fig 2A). Reg3a was co-localized with fibrin (Fig 2B).
We were not able to detect Reg3p, the murine homolog of human Reg3a, in the damaged livers
of Fas-intoxicated mice injected with vehicle (S6A Fig) although we found an activation of the
Reg3p gene by qPCR (S6B Fig). High-MW fibrin bands were detected at 4h post-Fas in the in-
soluble fractions and increased in intensity over time. Reg3o was accumulated in the insoluble
fractions in the same time range (Fig 2C and S7 Fig). This concomitancy suggests that Reg3o.
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cryosections from mice intoxicated with Fas for the indicated duration times and injected with Reg3a 2 hours before sacrifice. DNA: blue. Control: healthy
livers. (B) Fibrin-Reg3a double immunostaining at Fas = 8h. (C) Immunoblotting for Reg3a and fibrinogen in DOC-insoluble fractions of livers under the same
conditions as (A). (D) Reg3a was injected 6 hours post-Fas intoxication. (E) Normalized concentration of malondialdehyde (MDA) and (F) ratio of
carbonylated proteins to total proteins in DOC-insoluble fractions of livers intoxicated with Fas for 6 hours and treated with Reg3a only 30 min before
sacrifice. ¥*P < 0.05, **P < 0.01. Scale bars: 50 pm.

doi:10.1371/journal.pone.0125584.g002
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preferentially binds higher-MW fibrins and defines a time threshold for extracellular accumu-
lation of Reg3a of about 6h in the experimental model under study. It could also explain the
previous observation that an injection of Reg3a made before 6h post-Fas did not significantly
improve survival and did not attenuate oxidative damage during ALF [26]. In other words, the
therapeutic time threshold for Reg3a corresponded to the time at which its molecular target,
namely, the inflammatory fibrin-fibrinogen matrix, appeared in the course of ALF. The extra-
cellular accumulation of Reg3ca. continued at longer times during the fibrolytic process con-
comitant with liver repair and regeneration. A strong Reg3o band was still seen in the
immunoblots of insoluble fractions at 24h post-Fas, establishing the stability of Reg3o. in the
remodeled ECM (Fig 2D). Finally, a single injection of Reg3a: at a time when the fibrin matrix
was abundant (namely, at 6 h post-Fas) sufficed to rapidly reduce the Fas-induced extracellular
oxidative damage: as shown in Fig 2E, the twofold increase in hepatic MDA level due to Fas in-
toxication was suppressed 30 min after Reg3a injection. This result was further validated by
measuring the level of extracellular carbonylated proteins. A massive increase of protein car-
bonylation was noticed 6 h post-Fas, this level was reduced by 40% in animals treated with
Reg3o. This demonstrates that Reg3o. can be an effective and fast-acting ECM-associated anti-
oxidant in vivo.

Fibrin deposition in hepatic sinusoids during acute liver failure in humans

According to our findings, the existence of a fibrin-fibrinogen scaffold in the fibrosis associated
with human ALF would be an essential requirement for a pharmacological action of Reg3o.
This has not yet been documented, to our best knowledge. We studied fibrin deposit in frozen
liver explants from 17 patients with ALF of various etiologies (4 acetaminophen-, 2 drug-, 1
mushroom-induced, 2 HBV-, 3 autoimmune-induced ALFs, and 5 ALFs of undetermined ori-
gin) by immunofluorescence. Liver explants from 3 patients with amyloid neuropathy were
used as controls [37]. We found substantial fibrin deposits lining sinusoid spaces within the
areas of hepatocellular necrosis in all the end-stage ALF samples studied, and not in the nor-
mal-liver ones (Fig 3) Seven explants of patients with chronic and malignant disorders were an-
alyzed as a control test. Fibrin deposition was detected in all explants, even non-neoplastic
parenchyma adjacent to tumors (S8 Fig). This supports expectations that exogenous Reg3o.
might accumulate on such deposits and thereby act as an ECM-targeted antioxidant in human
ALF and other hepatic disorders.

Discussion

The mechanisms of liver damage and regeneration during ALF are still ill understood. It is gen-
erally accepted that, in case of massive hepatic cytolysis, hepatocytes lose their capacity to re-
generate, and a backup mechanism leading to liver stem cell proliferation/differentiation takes
over. Depending on the cytolysis extension, this second mechanism does not always allow a
fast enough liver repopulation, with for consequence a multi-organ failure and an urgent need
for liver transplantation. During ALF, a number of molecular pathways governing inflamma-
tion and cell death are activated in concert, inducing massive tissue injury and suppressing
liver cell proliferation. The oxidative stress following from a massive—in fact, so massive that it
exceeds the detoxification capacity of the hepatocytes—production of reactive oxygen and ni-
trogen species is presumably an important factor in the pathophysiology of ALF [38]. There is
experimental evidence that ROS are key executers of hepatocyte death, their generation preced-
ing the onset of apoptosis after Fas-induced hepatocyte death [39]. Apoptosis could be pre-
vented by a pre-treatment with the superoxide dismutase mimic (MnTBAP), either on primary
culture of hepatocytes or in the Fas-induced experimental hepatitis mice model [39]. ROS

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015 10/17



@’PLOS ’ ONE

Extracellular ROS Scavenger

Fibrin

Control

Fig 3. Abundant fibrin deposition in human ALFs. Histological analysis using hematoxylin/eosin (H&E)
staining (left), anti-fibrin immunofluorescence (right) of sections of liver explants from patients with end stage
acute liver failure of different etiologies. Control: liver explants from patients with amyloid neuropathy. Scale
bars: 50 ym.

doi:10.1371/journal.pone.0125584.9003

modulated hepatocyte death by decreasing FLIP level and by increasing cytochrome C release
in a BID-dependent manner after TNFo.- and Fas-induced death receptors activation [40]. In
addition, iron chelation, that prevents the transition from superoxide to hydroxyl radical by
the Fenton reaction, rescued mice from Fas-induced hepatitis [41]. Currently, the unique anti-
dote for acute liver failure is an antioxidant therapy, i.e. continuous intravenous infusion of
NAGC, which is recommended by the guidelines to treat patients with acetaminophen poising
[42,43]. NAC is efficient to replenish mitochondrial and cytosolic glutathione within the liver
and to treat the main causes of morbidity in ALF, e.g. multi-organ failure (respiratory distress
syndrome) [44] and sepsis [45]. Recent studies showed that NAC could benefit to patients in-
dependently of glutathione repletion and so be efficient in drug-induced liver injury [46]. Al-
ready, reports of several prospective clinical trials present evidences for its efficacy to treat non-
acetaminophen patients, improving transplant-free survival and serological biomarkers [47-
49]. Despite these great promises, there is place for others antioxidant drugs in the treatment of
ALF as NAC efficiency requires its administration early after the onset of ALF and appears not
to improve transplant-free survival of pediatric non-acetaminophen ALF [50].

This study highlights the pathogenic role of extracellular oxidative stress during ALF and
thus its relevance as a target for pharmacotherapy. This raises the question of the extracellular
sources of ROS that would be involved in experimental and clinical ALFs. Contrary to a wide-
spread opinion, the transport of ROS from intracellular to extracellular compartments is not
necessarily negligible. Some ROS (such as hydrogen peroxide) can diffuse through membranes,
others (such as superoxide) can translocate via carriers (such as VDAC, which is expressed at
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the plasma membrane, and not only in mitochondria) [51]. Furthermore, extracellular sources
of ROS either originating from the matrix itself or released by necrotic cells exist. It is now
clearly established that tissue injuries release damage-associated molecular pattern (DAMPs)
that activate complement cascade and toll-like receptors [52], both priming macrophages
NADPH oxidase and neutrophils myeloperoxidase [53,54]. Activated macrophages and neu-
trophils generate superoxide and hydrogen peroxide radicals, neutrophils producing also hypo-
chlorous acid. Thus ROS are generated within the extracellular spaces in close contact with
hepatocytes where they can diffuse trough cell membrane to induce cell death [55].

It is known that ECM alteration can dramatically modify not only ECM structure but also
cell fate and function. Many disorders, among which, acute and chronic liver diseases, are asso-
ciated with a strong extracellular oxidative stress. However, the mechanisms connecting ECM
alteration to cell behavior are poorly understood and, from the pharmacological standpoint,
few drugs targeting specific ECM components are available today [56,57]. Here we used the
death receptors TNF and Fas, which induce not only apoptosis, but also necrosis and ROS
overproduction [58], to show that the prosurvival effect of Reg30-HIP/PAP relied on a strong
antioxidant activity specifically deployed in the stressed ECM of injured liver cells. The extra-
cellular accumulation of Reg3a: resulted from its binding to the provisional fibrin deposit that
increased gradually during ALF (Fig 4). In brief, Reg3a. is an ECM-targeted antioxidant that

Healthy liver
Red blood cell

Endothelial cell

—a—— Disse space

Recombinant Reg3a.

Fibrin deposit

=8h

Kupffer cell

Fas

=24h

Fas

Fig 4. Schematic representation of the mode of action of Reg3a during Fas-induced ALF. Mice were
intoxicated with the anti-CD95 antibody (Fas) and were either untreated (left) or injected intravenously with
2.5 mg/kg of Reg3a at 6h post Fas (right). Two hours later (Fas = 8h), Reg3a is accumulated on the
extracellular fibrin network surrounding stressed hepatocytes, reducing the ROS concentration and
improving cell survival and functionality. At 24h post intoxication, liver regeneration is under way in the
Reg3a—treated mice while the fibrin network is being eliminated by physiologic fibrolysis.

doi:10.1371/journal.pone.0125584.9004
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restores the functionality of ECM components involved in cell fate controlling pathways,
which further studies will have to identify.

To date, liver transplantation is the only recognized therapy of proven benefit against ALF,
except for acetaminophen-induced ALF, which is treatable by NAC. There are methods of liver
support used while waiting for a donor liver or for the native liver to regenerate, but their effec-
tiveness remains unproven and is currently evaluated in multicenter clinical trials [59]. Both
transplantation and liver-support methods require specialized units and expensive complicated
equipment. Therefore, the identification of pharmaceutical therapies would be a major step
forward in the care of patients with ALF. Numerous molecules have been reported to counter-
act ALF by reducing hepatocyte cell death or stimulating liver regeneration during preclinical
studies [2]. A few of them have entered clinical trials, among which a recombinant protein ho-
molog of human Reg3a. [26]. The selective targeting of Reg3c to ALF-related acute fibrosis
demonstrated in this study constitutes a pharmacological advantage in terms of both safety
and efficacy. From a therapeutic viewpoint and based on our results, a double-blinded random-
ized phase 2 clinical trial was conducted on patient with non-acetaminophen acute liver failure,
trial that showed significant recovery induced by Reg3a in particular in patients suffering from
autoimmune- and HBV-related acute on chronic liver failure [60]. Finally, it should be noted
that, while the currently explored medical applications of Reg3o. are focused on non-acetamin-
ophen-related ALFs, this study suggests that they could conceivably be extended to other he-
patic or non-hepatic inflammatory diseases characterized by an important extracellular
fibrin deposition.

Supporting Information

S1 Fig. Reg3a colocalizes with the fibrin-fibronectin network of primary human hepato-
cytes. (A-C) Primary human hepatocytes (PHHs) were incubated with 0.24 uM of a recombi-
nant Reg3o:. for 6h either without or with 50 pug/mL of heparin. Control cells were treated with
an equivalent volume of vehicle. (A) Immunofluorescence of Reg3a.-treated PHHs either with-
out (middle) or with heparin (bottom). Reg3a: red; Fibrinonectin: green; DNA: blue. Scale bar:
50 pum. (B) Reg3o-fibrin immunostaining focused on either the top of the preparation (left) or
the substratum (right). Reg3ou: green; Fibrin: red; DNA: blue. Scale bar: 50 um. (C) Direct
immunofluorescence using a FITC-coupled Reg3a. (Left). Scale bar: 50 um. IgG: control using
affinity purified IgGs from non-immune rabbit serum (Right). DNA: blue. Scale bar: 100 pm.
(D) Immunofluorescence of PHHs stressed with H,0, and incubated with Reg3a for the indi-
cated duration times. Reg3o: green. DNA: blue. Scale bar: 50 pm.

(TTF)

S2 Fig. No intracellular Reg3a was detected in Reg3a-treated primary human hepatocytes.
Anti-fibrinogen and anti-Reg3o immunoblotting of the DOC-soluble and insoluble fractions
of Reg3a-treated PHHs cultured either without (basal) or with the proteasome inhibitor
MG132.

(TTF)

S3 Fig. Reg3a and fibrin displayed comparable electrophoretic mobility in the insoluble
fractions. Anti-fibrinogen and anti-Reg3o immunoblotting of the DOC-soluble and insoluble
fractions of Reg3o.-treated PHHs. Proteins were resolved on a 12% native discontinuous acryl-
amide gel. Asterisks: bands revealing a co-migration of Reg3a and fibrinogen.

(TTF)

$4 Fig. Heparin does not inhibit the cytoprotective effects of Reg3a. Left: Immunofluores-
cence of PHHs exposed to TNFa/ActD, Reg3o and heparin 48h after platting and then

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s004

@’PLOS ‘ ONE

Extracellular ROS Scavenger

incubated for 20h. Reg3ou: green. Fibrin: red. DNA: blue. Scale bar: 50 um. Right: Normalized
cell viability.
(TIF)

S5 Fig. Reg3a binds the extracellular fibrin network of primary murine hepatocytes. Prima-
ry murine hepatocytes (PMHs) were incubated with 0.24 uM of a recombinant Reg3a. for 6h ei-
ther without or with 50 pg/mL of heparin. Control cells were treated with an equivalent
volume of vehicle. (A) Anti-Reg3a and anti-fibrin immunofluorescence. Fibrin: red; Reg3ou:
green; DNA: blue. Scale bar: 50 um. (B) Anti-Reg30 and anti-fibrin immunoblotting of DOC-
soluble and insoluble fractions.

(TTF)

S6 Fig. Activation of the murine Reg3 gene during Fas-induced ALF. (A) Immunofluores-
cence of liver cryosections from mice intoxicated with the anti-CD95 antibody (Fas) for the in-
dicated duration times and injected with vehicle 2 hours before sacrifice. Fibrin: red; Reg3o:
green; DNA: blue. Control: Healthy livers. Scale bar: 50 um. (B) qPCR for the endogenous
Reg3p gene, the murine homolog of Reg3a, in ALF-bearing mice at the indicated times post-
Fas.

(TIF)

S7 Fig. Practically no Reg3a was accumulated in liver DOC-soluble fractions of treated
mice. Anti-Reg3a and anti-fibrinogen immunoblotting in DOC-soluble fractions of liver ex-
tracts from mice intoxicated with the anti-CD95 antibody (Fas) and injected with Reg3a or ve-
hicle at different times post-Fas.

(TTF)

S8 Fig. Fibrin deposition in liver of patients with chronic and malignant disorder. Anti-fi-
brin (red staining) immunofluorescence of cryosections of liver explants from patients with dif-
ferent liver disorders. A: adjacent non-neoplastic cirrhotic tissue; B: non-neoplastic
parenchyma adjacent of gallbladder carcinoma; C: non-neoplastic parenchyma adjacent of
colon cancer metastasis; D: Fibrosis stage F3; E and F: Cirrhosis stage F4. Scale bars: 50 um.
(TIF)

Acknowledgments

The authors would like to thank Dr Raphael Boisgard (CEA, University Paris Sud, Orsay,
France) for providing FITC-coupled Reg3a. protein; René Duchateau and Dr Christelle Martin
(CNRS-SEAT, Villejuif, France) for animal care assistance, and Myléne Sebagh (UMR-S 785
INSERM/Université Paris Sud, AP-HP Hopital Paul Brousse, Laboratoire Anatomie Patholo-
gie, Villejuif, France) for pathologist assistance.

Author Contributions

Conceived and designed the experiments: NM PA GA CB JF. Performed the experiments: NM
MD KG ADS. Analyzed the data: NM MD KG ADS DS CG PA GA CB JF. Contributed re-
agents/materials/analysis tools: PA GA. Wrote the paper: NM JF.

References

1. BohmF, Kohler UA, Speicher T, Werner S. Regulation of liver regeneration by growth factors and cyto-
kines. EMBO Mol Med. (2010; 2: 294-305. doi: 10.1002/emmm.201000085 PMID: 20652897

2. ChungRT, Stravitz RT, Fontana RJ, Schiodt FV, Mehal WZ, Reddy KR et al. Pathogenesis of liver inju-
ry in acute liver failure. Gastroenterology. 2012; 143: e1—e7.

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125584.s008
http://dx.doi.org/10.1002/emmm.201000085
http://www.ncbi.nlm.nih.gov/pubmed/20652897

@’PLOS ‘ ONE

Extracellular ROS Scavenger

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

Stravitz RT, Kramer DJ. Management of acute liver failure. Nat Rev Gastroenterol Hepatol. 2009; 6:
542-553. doi: 10.1038/nrgastro.2009.127 PMID: 19652652

Bernal W, Auzinger G, Dhawan A, Wendon J. Acute liver failure. Lancet. 2010; 376: 190-201. doi: 10.
1016/S0140-6736(10)60274-7 PMID: 20638564

O'Grady J. Timing and benefit of liver transplantation in acute liver failure. J Hepatol. 2014; 60:
663—670. doi: 10.1016/j.jhep.2013.10.024 PMID: 24211740

Kheradpezhouh E, Ma L, Morphett A, Barritt GJ, Rychkov GY. TRPM2 channels mediate acetamino-
phen-induced liver damage. Proc Natl Acad Sci U S A. 2014; 111: 3176-3181. doi: 10.1073/pnas.
1322657111 PMID: 24569808

Dechene A, Sowa JP, Gieseler RK, Jochum C, Bechmann LP, El FA et al. Acute liver failure is associat-
ed with elevated liver stiffness and hepatic stellate cell activation. Hepatology. 2010; 52: 1008—1016.
doi: 10.1002/hep.23754 PMID: 20684020

Nissim O, Melis M, Diaz G, Kleiner DE, Tice A, Fantola G et al. Liver regeneration signature in hepatitis
B virus (HBV)-associated acute liver failure identified by gene expression profiling. PLoS One. 2012; 7:
e49611. doi: 10.1371/journal.pone.0049611 PMID: 23185381

Schuppan D, Kim YO. Evolving therapies for liver fibrosis. J Clin Invest. 2013; 123: 1887—1901. doi: 10.
1172/JC166028 PMID: 23635787

Yin C, Evason KJ, Asahina K, Stainier DY. Hepatic stellate cells in liver development, regeneration,
and cancer. J Clin Invest. 2013; 123: 1902-1910. doi: 10.1172/JC166369 PMID: 23635788

Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. J Cell Sci. 2010; 123: 4195—
4200. doi: 10.1242/jcs.023820 PMID: 21123617

Giri RK, Malhi H, Joseph B, Kandimalla J, Gupta S. Metal-catalyzed oxidation of extracellular matrix
components perturbs hepatocyte survival with activation of intracellular signaling pathways. Exp Cell
Res. 2003; 291: 451-462. PMID: 14644166

Moriya K, Sakai K, Yan MH, Sakai T. Fibronectin is essential for survival but is dispensable for prolifera-
tion of hepatocytes in acute liver injury in mice. Hepatology. 2012; 56: 311-321. doi: 10.1002/hep.
25624 PMID: 22318920

Kennett EC, Chuang CY, Degendorfer G, Whitelock JM, Davies MJ. Mechanisms and consequences
of oxidative damage to extracellular matrix. Biochem Soc Trans. 2011; 39: 1279-1287. doi: 10.1042/
BST0391279 PMID: 21936802

Rees MD, Kennett EC, Whitelock JM, Davies MJ. Oxidative damage to extracellular matrix and its role
in human pathologies. Free Radic Biol Med. 2008; 44: 1973-2001. doi: 10.1016/].freeradbiomed.2008.
03.016 PMID: 18423414

Cash HL, Whitham CV, Behrendt CL, Hooper LV. Symbiotic bacteria direct expression of an intestinal
bactericidal lectin. Science. (2006); 313: 1126—1130. PMID: 16931762

Lehotzky RE, Partch CL, Mukherjee S, Cash HL, Goldman WE, Gardner KH et al. Molecular basis for
peptidoglycan recognition by a bactericidal lectin. Proc Natl Acad Sci U S A. 2010; 107: 7722-7727.
doi: 10.1073/pnas.0909449107 PMID: 20382864

Mukherjee S, Zheng H, Derebe MG, Callenberg KM, Partch CL, Rollins D et al. Antibacterial membrane
attack by a pore-forming intestinal C-type lectin. Nature. 2014; 505: 103—107. doi: 10.1038/
nature12729 PMID: 24256734

Gironella M, Folch-Puy E, LeGoffic A, Garcia S, Christa L, Smith A et al. Experimental acute pancreati-
tis in PAP/HIP knock-out mice. Gut. 2007; 56: 1091-1097. PMID: 17409121

Lieu HT, Batteux F, Simon MT, Cortes A, Nicco C, Zavala F et al. HIP/PAP accelerates liver regenera-
tion and protects against acetaminophen injury in mice. Hepatology. 2005; 42: 618-626. PMID:
16116631

Lieu HT, Simon MT, Nguyen-Khoa T, Kebede M, Cortes A, Tebar L et al. Reg2 inactivation increases
sensitivity to Fas hepatotoxicity and delays liver regeneration post-hepatectomy in mice. Hepatology.
2006; 44: 1452—1464. PMID: 17133485

Livesey FJ, O'Brien JA, Li M, Smith AG, Murphy LJ, Hunt SP. A Schwann cell mitogen accompanying
regeneration of motor neurons. Nature. 1997; 390: 614-618. PMID: 9403691

Nishimune H, Vasseur S, Wiese S, Birling MC, Holtmann B, Sendtner M et al. Reg-2 is a motoneuron
neurotrophic factor and a signalling intermediate in the CNTF survival pathway. Nat Cell Biol. 2000; 2:
906-914. PMID: 11146655

Simon MT, Pauloin A, Normand G, Lieu HT, Mouly H, Pivert G et al. HIP/PAP stimulates liver regenera-
tion after partial hepatectomy and combines mitogenic and anti-apoptotic functions through the PKA
signaling pathway. FASEB J. 2003; 17: 1441-1450. PMID: 12890698

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015 15/17


http://dx.doi.org/10.1038/nrgastro.2009.127
http://www.ncbi.nlm.nih.gov/pubmed/19652652
http://dx.doi.org/10.1016/S0140-6736(10)60274-7
http://dx.doi.org/10.1016/S0140-6736(10)60274-7
http://www.ncbi.nlm.nih.gov/pubmed/20638564
http://dx.doi.org/10.1016/j.jhep.2013.10.024
http://www.ncbi.nlm.nih.gov/pubmed/24211740
http://dx.doi.org/10.1073/pnas.1322657111
http://dx.doi.org/10.1073/pnas.1322657111
http://www.ncbi.nlm.nih.gov/pubmed/24569808
http://dx.doi.org/10.1002/hep.23754
http://www.ncbi.nlm.nih.gov/pubmed/20684020
http://dx.doi.org/10.1371/journal.pone.0049611
http://www.ncbi.nlm.nih.gov/pubmed/23185381
http://dx.doi.org/10.1172/JCI66028
http://dx.doi.org/10.1172/JCI66028
http://www.ncbi.nlm.nih.gov/pubmed/23635787
http://dx.doi.org/10.1172/JCI66369
http://www.ncbi.nlm.nih.gov/pubmed/23635788
http://dx.doi.org/10.1242/jcs.023820
http://www.ncbi.nlm.nih.gov/pubmed/21123617
http://www.ncbi.nlm.nih.gov/pubmed/14644166
http://dx.doi.org/10.1002/hep.25624
http://dx.doi.org/10.1002/hep.25624
http://www.ncbi.nlm.nih.gov/pubmed/22318920
http://dx.doi.org/10.1042/BST0391279
http://dx.doi.org/10.1042/BST0391279
http://www.ncbi.nlm.nih.gov/pubmed/21936802
http://dx.doi.org/10.1016/j.freeradbiomed.2008.03.016
http://dx.doi.org/10.1016/j.freeradbiomed.2008.03.016
http://www.ncbi.nlm.nih.gov/pubmed/18423414
http://www.ncbi.nlm.nih.gov/pubmed/16931762
http://dx.doi.org/10.1073/pnas.0909449107
http://www.ncbi.nlm.nih.gov/pubmed/20382864
http://dx.doi.org/10.1038/nature12729
http://dx.doi.org/10.1038/nature12729
http://www.ncbi.nlm.nih.gov/pubmed/24256734
http://www.ncbi.nlm.nih.gov/pubmed/17409121
http://www.ncbi.nlm.nih.gov/pubmed/16116631
http://www.ncbi.nlm.nih.gov/pubmed/17133485
http://www.ncbi.nlm.nih.gov/pubmed/9403691
http://www.ncbi.nlm.nih.gov/pubmed/11146655
http://www.ncbi.nlm.nih.gov/pubmed/12890698

@’PLOS ‘ ONE

Extracellular ROS Scavenger

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Tebar LA, Geranton SM, Parsons-Perez C, Fisher AS, Bayne R, Smith AJ et al. Deletion of the mouse
Reglllbeta (Reg2) gene disrupts ciliary neurotrophic factor signaling and delays myelination of mouse
cranial motor neurons. Proc Natl Acad Sci U S A. 2008; 105: 11400—11405. doi: 10.1073/pnas.
0711978105 PMID: 18678917

Moniaux N, Song H, Darnaud M, Garbin K, Gigou M, Mitchell C et al. Human hepatocarcinoma-intes-
tine-pancreas/pancreatitis-associated protein cures fas-induced acute liver failure in mice by attenuat-
ing free-radical damage in injured livers. Hepatology. 2011; 53: 618-627. doi: 10.1002/hep.24087
PMID: 21274882

Pichard L, Raulet E, Fabre G, Ferrini JB, Ourlin JC, Maurel P. Human hepatocyte culture. Methods Mol
Biol. 2006; 320: 283-293. PMID: 16719400

Schnitt SJ, Stillman IE, Owings DV, Kishimoto C, Dvorak HF, Abelmann WH. Myocardial fibrin deposi-
tion in experimental viral myocarditis that progresses to dilated cardiomyopathy. Circ Res. 1993; 72:
914-920. PMID: 7680288

Stamatoglou SC, Hughes RC, Lindahl U. Rat hepatocytes in serum-free primary culture elaborate an
extensive extracellular matrix containing fibrin and fibronectin. J Cell Biol. 1987; 105: 2417-2425.
PMID: 3316251

Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M. Reactive oxygen species promote TNFal-
pha-induced death and sustained JNK activation by inhibiting MAP kinase phosphatases. Cell. 2005;
120: 649-661. PMID: 15766528

Leu JI, Crissey MA, Taub R. Massive hepatic apoptosis associated with TGF-beta1 activation after Fas
ligand treatment of IGF binding protein-1-deficient mice. J Clin Invest. 2003; 111: 129-139. PMID:
12511596

Malhi H, Gores GJ. Cellular and molecular mechanisms of liver injury. Gastroenterology. 2008; 134:
1641-1654. doi: 10.1053/j.gastro.2008.03.002 PMID: 18471544

Copple BL, Banes A, Ganey PE, Roth RA. Endothelial cell injury and fibrin deposition in rat liver after
monocrotaline exposure. Toxicol Sci. 2002; 65: 309-318. PMID: 11812935

Ganey PE, Luyendyk JP, Newport SW, Eagle TM, Maddox JF, Mackman N et al. Role of the coagula-
tion system in acetaminophen-induced hepatotoxicity in mice. Hepatology. 2007; 46: 1177—-1186.
PMID: 17654741

Miyazaki M, Kato M, Tanaka M, Tanaka K, Takao S, Kohjima M et al. Antithrombin Ill injection via the
portal vein suppresses liver damage. World J Gastroenterol. 2012; 18: 1884-1891. doi: 10.3748/wjg.
v18.i16.1884 PMID: 22563168

Weerasinghe SV, Moons DS, Altshuler PJ, Shah YM, Omary MB. Fibrinogen-gamma proteolysis and
solubility dynamics during apoptotic mouse liver injury: heparin prevents and treats liver damage.
Hepatology. 2011; 53: 1323—-1332. doi: 10.1002/hep.24203 PMID: 21480334

Plante-Bordeneuve V, Said G. Familial amyloid polyneuropathy. Lancet Neurol. 2011; 10: 1086—1097.
doi: 10.1016/S1474-4422(11)70246-0 PMID: 22094129

Tell G, Vascotto C, Tiribelli C. Alterations in the redox state and liver damage: hints from the EASL
Basic School of Hepatology. J Hepatol. 2013; 58: 365—-374. doi: 10.1016/j.jhep.2012.09.018 PMID:
23023012

Malassagne B, Ferret PJ, Hammoud R, Tulliez M, Bedda S, Trebeden H et al. The superoxide dismut-
ase mimetic MNTBAP prevents Fas-induced acute liver failure in the mouse. Gastroenterology. 2001;
121:1451-1459. PMID: 11729124

Ding WX, Ni HM, DiFrancesca D, Stolz DB, Yin XM. Bid-dependent generation of oxygen radicals pro-
motes death receptor activation-induced apoptosis in murine hepatocytes. Hepatology. 2004; 40:
403-413. PMID: 15368445

Sato T, Kobune M, Murase K, Kado Y, Okamoto T, Tanaka S et al. Iron chelator deferasirox rescued
mice from Fas-induced fulminant hepatitis. Hepatol Res. 2011; 41: 660-667. doi: 10.1111/1.1872-034X.
2011.00821.x PMID: 21711425

Prescott LF, Critchley JA. The treatment of acetaminophen poisoning. Annu Rev Pharmacol Toxicol.
1983; 23:87-101.: 87-101. PMID: 6347057

Hamlyn AN, Douglas AP, James O. The spectrum of paracetamol (acetaminophen) overdose: clinical
and epidemiological studies. Postgrad Med J. 1978; 54: 400-404. PMID: 683908

Molnar Z, Shearer E, Lowe D. N-Acetylcysteine treatment to prevent the progression of multisystem
organ failure: a prospective, randomized, placebo-controlled study. Crit Care Med. 1999; 27:
1100-1104. PMID: 10397212

Rank N, Michel C, Haertel C, Lenhart A, Welte M, Meier-Hellmann A et al. N-acetylcysteine increases
liver blood flow and improves liver function in septic shock patients: results of a prospective, random-
ized, double-blind study. Crit Care Med. 2000; 28: 3799-3807. PMID: 11153617

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015 16/17


http://dx.doi.org/10.1073/pnas.0711978105
http://dx.doi.org/10.1073/pnas.0711978105
http://www.ncbi.nlm.nih.gov/pubmed/18678917
http://dx.doi.org/10.1002/hep.24087
http://www.ncbi.nlm.nih.gov/pubmed/21274882
http://www.ncbi.nlm.nih.gov/pubmed/16719400
http://www.ncbi.nlm.nih.gov/pubmed/7680288
http://www.ncbi.nlm.nih.gov/pubmed/3316251
http://www.ncbi.nlm.nih.gov/pubmed/15766528
http://www.ncbi.nlm.nih.gov/pubmed/12511596
http://dx.doi.org/10.1053/j.gastro.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18471544
http://www.ncbi.nlm.nih.gov/pubmed/11812935
http://www.ncbi.nlm.nih.gov/pubmed/17654741
http://dx.doi.org/10.3748/wjg.v18.i16.1884
http://dx.doi.org/10.3748/wjg.v18.i16.1884
http://www.ncbi.nlm.nih.gov/pubmed/22563168
http://dx.doi.org/10.1002/hep.24203
http://www.ncbi.nlm.nih.gov/pubmed/21480334
http://dx.doi.org/10.1016/S1474-4422(11)70246-0
http://www.ncbi.nlm.nih.gov/pubmed/22094129
http://dx.doi.org/10.1016/j.jhep.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/23023012
http://www.ncbi.nlm.nih.gov/pubmed/11729124
http://www.ncbi.nlm.nih.gov/pubmed/15368445
http://dx.doi.org/10.1111/j.1872-034X.2011.00821.x
http://dx.doi.org/10.1111/j.1872-034X.2011.00821.x
http://www.ncbi.nlm.nih.gov/pubmed/21711425
http://www.ncbi.nlm.nih.gov/pubmed/6347057
http://www.ncbi.nlm.nih.gov/pubmed/683908
http://www.ncbi.nlm.nih.gov/pubmed/10397212
http://www.ncbi.nlm.nih.gov/pubmed/11153617

@’PLOS ‘ ONE

Extracellular ROS Scavenger

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Masubuchi Y, Nakayama J, Sadakata Y. Protective effects of exogenous glutathione and related thiol
compounds against drug-induced liver injury. Biol Pharm Bull. 2011; 34: 366—370. PMID: 21372386

Lee WM, Hynan LS, Rossaro L, Fontana RJ, Stravitz RT, Larson AM et al. Intravenous N-acetylcys-
teine improves transplant-free survival in early stage non-acetaminophen acute liver failure. Gastroen-
terology. 2009; 137: 856—64, 864. doi: 10.1053/j.gastro.2009.06.006 PMID: 19524577

Singh S, Hynan LS, Lee WM. Improvements in hepatic serological biomarkers are associated with clini-
cal benefit of intravenous N-acetylcysteine in early stage non-acetaminophen acute liver failure. Dig
Dis Sci. 2013; 58: 1397—1402. doi: 10.1007/s10620-012-2512-x PMID: 23325162

Stravitz RT, Sanyal AJ, Reisch J, Bajaj JS, Mirshahi F, Cheng J et al. Effects of N-acetylcysteine on cy-
tokines in non-acetaminophen acute liver failure: potential mechanism of improvement in transplant-
free survival. Liver Int. 2013; 33: 1324—1331. doi: 10.1111/liv.12214 PMID: 23782487

Squires RH, Dhawan A, Alonso E, Narkewicz MR, Shneider BL, Rodriguez-Baez N et al. Intravenous
N-acetylcysteine in pediatric patients with nonacetaminophen acute liver failure: a placebo-controlled
clinical trial. Hepatology. 2013; 57: 1542—1549. doi: 10.1002/hep.26001 PMID: 22886633

Han D, Antunes F, Canali R, Rettori D, Cadenas E. Voltage-dependent anion channels control the re-
lease of the superoxide anion from mitochondria to cytosol. J Biol Chem. 2003; 278: 5557-5563. PMID:
12482755

Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W et al. Circulating mitochondrial DAMPs cause
inflammatory responses to injury. Nature. 2010; 464: 104-107. doi: 10.1038/nature08780 PMID:
20203610

Jaeschke H, Williams CD, Ramachandran A, Bajt ML. Acetaminophen hepatotoxicity and repair: the
role of sterile inflammation and innate immunity. Liver Int. 2012; 32: 8-20. doi: 10.1111/j.1478-3231.
2011.02501.x PMID: 21745276

Jaeschke H. Reactive oxygen and mechanisms of inflammatory liver injury: Present concepts. J Gas-
troenterol Hepatol. 2011; 26 Suppl 1:173-9. doi: 10.1111/j.1440-1746.2010.06592.x.: 173-179. PMID:
21199529

Jaeschke H. Mechanisms of Liver Injury. Il. Mechanisms of neutrophil-induced liver cell injury during
hepatic ischemia-reperfusion and other acute inflammatory conditions. Am J Physiol Gastrointest Liver
Physiol. 2006; 290: G1083-G1088. PMID: 16687579

Huxley-Jones J, Foord SM, Barnes MR. Drug discovery in the extracellular matrix. Drug Discov Today.
2008; 13: 685-694. doi: 10.1016/j.drudis.2008.05.005 PMID: 18583179

Jarvelainen H, Sainio A, Koulu M, Wight TN, Penttinen R. Extracellular matrix molecules: potential tar-
gets in pharmacotherapy. Pharmacol Rev. 2009; 61: 198-223. doi: 10.1124/pr.109.001289 PMID:
19549927

Schattenberg JM, Worns MA, Zimmermann T, He YW, Galle PR, Schuchmann M. The role of death ef-
fector domain-containing proteins in acute oxidative cell injury in hepatocytes. Free Radic Biol Med.
(2012); 52: 1911-1917. doi: 10.1016/j.freeradbiomed.2012.02.049 PMID: 22406316

Saliba F, Samuel D. Acute liver failure: current trends. J Hepatol. 2013; 59: 6-8. doi: 10.1016/j.jhep.
2013.04.001 PMID: 23567082

Samuel D, Ichai P, Carbonell N, Rudler M, Gerken G, Mathurin P et al. A proof of concept, phase Il Eu-
ropean trial demonstrates the efficacy of a novel, extracellular matrix-targeted, antioxidant in patients
with HBV- and autoimmune-(AIH) related acute on chronic liver diseases. Hepatology. 2013; 58:
1390A—-1391A. doi: 10.1007/s10620-012-2502-z PMID: 23247799

PLOS ONE | DOI:10.1371/journal.pone.0125584 May 4, 2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/21372386
http://dx.doi.org/10.1053/j.gastro.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19524577
http://dx.doi.org/10.1007/s10620-012-2512-x
http://www.ncbi.nlm.nih.gov/pubmed/23325162
http://dx.doi.org/10.1111/liv.12214
http://www.ncbi.nlm.nih.gov/pubmed/23782487
http://dx.doi.org/10.1002/hep.26001
http://www.ncbi.nlm.nih.gov/pubmed/22886633
http://www.ncbi.nlm.nih.gov/pubmed/12482755
http://dx.doi.org/10.1038/nature08780
http://www.ncbi.nlm.nih.gov/pubmed/20203610
http://dx.doi.org/10.1111/j.1478-3231.2011.02501.x
http://dx.doi.org/10.1111/j.1478-3231.2011.02501.x
http://www.ncbi.nlm.nih.gov/pubmed/21745276
http://dx.doi.org/10.1111/j.1440-1746.2010.06592.x
http://www.ncbi.nlm.nih.gov/pubmed/21199529
http://www.ncbi.nlm.nih.gov/pubmed/16687579
http://dx.doi.org/10.1016/j.drudis.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18583179
http://dx.doi.org/10.1124/pr.109.001289
http://www.ncbi.nlm.nih.gov/pubmed/19549927
http://dx.doi.org/10.1016/j.freeradbiomed.2012.02.049
http://www.ncbi.nlm.nih.gov/pubmed/22406316
http://dx.doi.org/10.1016/j.jhep.2013.04.001
http://dx.doi.org/10.1016/j.jhep.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23567082
http://dx.doi.org/10.1007/s10620-012-2502-z
http://www.ncbi.nlm.nih.gov/pubmed/23247799

