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Abstract

Sterile inflammation is initiated by damage-assetlamolecular patterns (DAMPs) and a key
contributor to acute liver injury (ALI). Howeverhé current knowledge on those DAMPs that
activate hepatic inflammation under ALl remains omplete. We report here that circulating
peroxiredoxin-1 (Prdx1) is a novel DAMP for ALI. thaperitoneal injection of acetaminophen
(APAP) elicited a progressive course of ALl in miegnich was developed from 12 to 24 hours post
injection along with liver inflammation evident byacrophage infiltration and upregulations of
cytokines (IL-B, IL-6 and TNFe); these alterations were concurrently occurredh &irobust and
progressive production of serum Prdx1l. Similar olstons were also obtained in
carbon tetrachloride (C@tinduced ALI in mice. Removal of the source ofsarPrdx1 protected
mice deficient in Prdx1 from APAP and G@hduced liver injury, and decreased macrophage
infiltration, IL-1p, IL-6 and TNFe production. As a resulPrdxI’” mice were strongly protected
from APAP-induced death that was likely progresdemn ALl Additionally, intravenous
re-introduction of recombinant Prdx1 (rPrdx1)Rndx1” mice reversed or reduced all the above
events, demonstrating an important contributionciw€ulating Prdx1 to ALl rPrdx1 potently
induced in primary macrophages the expression @flpap, IL-6, TNF-a, and IL-18 through the
NF-«xB signaling as well as the NOD-like receptor fampyrin domain containing 3 (NLRP3)
inflammasome signaling, evident by caspase-1 daaivaFurthermore, a significant elevation of
serum Prdx1 was demonstrated in patients (n=13) aitl; the elevation is associated with ALI

severity. Collectively, we provide the first demtrasion for serum Prdx1 contributing to ALL.
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1. Introduction

Acute liver injury (ALI) is mainly caused by hep#iic drugs, toxins and viral infection [1,2].
Hepatoxicity is the leading cause for drug withdabwuring development. ALI remains a major
health issue; it can progress to liver failure difelthreatening conditions with little effective
treatment. While the etiology underlying ALl remgimcompletely understood, evidence supports a
major role of damage-associated molecular pattédAgMPs) in the disease pathogenesis [3-9].
DAMPs are molecules or signals released from dachamgls [10-14]; liver injury produces
DAMPs which induce hepatic sterile inflammation aetivating immune cells expressing pattern
recognition receptors (PRRs) [9,15], including-tide receptors and the NOD-like receptor family
pyrin domain containing 3 (NLRP3), which leads h® tproduction of inflammatory cytokines
(IL-1B, IL-6 and TNFe). Although much progress has been made in therstaaeling of sterile
inflammation-contributed ALI, the role of specil@dAMPs in ALI pathogenesis and the underlying
mechanisms remain poorly defined.

Peroxiredoxin-1 (Prdx1) is a small protein (23kD)the Peroxiredoxins family [16,17]; the
family consists of ubiquitously expressed enzyntest teduce peroxide levels [18]. Prdx1 was
discovered twenty years ago, and is well-knownit®mprotective roles in many diseases such as
aging, neurodegenerative diseases and cancerstexalative capability [19-24]. The protection
is widely regarded to be attributable to Prdx1agedi anti-oxidant activities. Surprisingly, a
significant elevation of Prdx1 in serum of patiemtth non-small cell lung cancer was observed
[25]; additionally, evidence indicates that intriad@r Prdx1 is released to the extracellular space
response to stimuli including TGF, LPS and TNFe [26-28]. Unexpectedly, extracellular Prdx1

has recently been identified as a novel DAMP aiteld to its pro-inflammatory property via



binding to Toll-like receptor (TLR) 2/4 [29,30]. HEacellular Prdx1l substantiates
ischemia-reperfusion-induced brain injury [31].

ALl is associated with extensive hepatocyte damagd thus several DAMPSs, including
high-mobility group protein B-1 (HMGB-1) [32,33], itachondrial DNA [34,35] and heat shock
protein [36]. As Prdx1 is a novel DAMP, we thougfiit Prdx1 plays a role in facilitating ALI. This
possibility is supported by the observations thalix® was released into the circulation in ischemic
brain injury [31,37] and acute lung injury [38,38)d that circulating Prdx1 functions as a DAMP
in promoting inflammation under these acute tigsjees.

We report here a significant elevation of circuigtiPrdx1 in mice with ALl caused by
acetaminophen (APAP) or carbon tetrachloride ¢(C@irculating Prdx1 induces inflammation in
part through the production of pro-inflammatoryalyihes (IL-18, IL-6 and TNFe) involving the
NF-xB and NLRP3 inflammasome signaling. Furthermorejramease in circulating Prdx1 was
also detected in patients with ALI. Collectivelyraesearch supports Prdx1 as a novel DAMP in

the pathogenesis of ALL.

2. Materials and M ethods

2.1. Human Subjects

This study was approved by the Ethics CommitteXiahgya Hospital, Central South University

with consent for all patients. Serum samples frammal subjects and patients with ALI or liver

cirrhosis were accordingly obtained. The inclustoteria were defined as previously reported [40].

Briefly, patients with ALI were recruited based the criteria: 1) alanine aminotransferase (ALT)



level >5x the upper limit of normal (ULN); 2) alkaline pdmhatase levet2x the ULN or ALT
level >3x the ULN accompanied by a total of bilirubin (TBllevel >2x the ULN. Additional

clinical characteristics are shown in Table 1-2.

2.2. Materials

APAP was purchased from Sangon Biotech (#A506868n&hai, China) and dissolved in 0.9%
saline. CCJ was obtained from Aladdin (#C1120430, Shanghain&hand dissolved in olive oil.
NF-kB inhibitor BAY117082 (BAY, #S2913), LPS inhibitdPolymyxin B (PMB, #S1395) and
NLRP3 inhibitor MCC950 (#57809) were requested fi®etleck (Shanghai, China). Human Prdx1
ELISA kit was provided by Abnova (#KA0536, Taipeity; Taiwan). Mouse Prdx1 ELISA kit was
purchased from CUSABIO (#CSB-EL018653MO, Hubei, r@hi Mouse ELISA kits for IL-f
(#MLBOOC), IL-6 (#M6000B) and TNFf (#MTAOOB) were purchased from R&D Systems
(Minneapolis, USA).

Recombinant Prdx1 (rPrdx1) was obtained from Abn@tR4543, Taipei City, Taiwan). The
full-length rPrdx1 was generated by usingEstherichia coliexpression system with purity more

than 95% (http://www.abnova.com).

2.3. Mouse Models

Prdx1-knockout Rrdx1™) C57BL/6J mice were generated in our laboratoryngisthe
CRISPR/Cas9 technique (Supplementary Fig.1). Bighen weeks old malerdx1” and wild type

(WT) mice were used. Animal care was provided implbance with the Guidelines for the Care



and Use of Laboratory Animals published by the dlal Institutes of Health (NIH). Experimental
protocols were approved by the Ethics Review Comesifor Animal Experimentation of Central
South University. Mice were maintained in SPF-classising of laboratory under a 12-hour
dark/12-hour light cycle with free access to food avater unless otherwise indicated.

APAP-induced ALI model was generated by intrapeet (i.p.) injection of APAP into WT and
Prdx1” mice at a lethal dose (750mg/Kg) once and obseiored days. Animals were also injected
with a sub-lethal dose (500mg/Kg) once and saexfit2 or 24 hours later.

CClg-induced ALl model was produced by i.p. injectidradCCl, mixture of olive oil: CCJ (3:1;
2ml/Kg) once and sacrificed after 2, 4 or 7 days.

CCls-induced model for chronic liver injury was obtainérough i.p. injection of the Cg£I

mixture at 2ml/Kg twice a week for 4, 6 or 8 weeks.

2.4. Histological and Immunohistochemical Analysis

Mouse liver tissue specimens were fixed in 4% radubuffered formalin, and embedded in
paraffin. The paraffin-embedded sectiongn® were stained with hematoxylin and eosin (H&E),
Masson’s trichrome or Sirius red, as previouslycdbed [41]. For the immunohistochemical
analysis of Prdx1 (#ab15571, Abcam, Cambridge, @id F4/80 (#CI-A3-1, Novus Biologicals,
Minneapolis, USA) expression, endogenous peroxidas®ity was blocked for 20 min, and the
tissues were subjected to antigen retrieval with reM citrate buffer (pH 6.0) for 15 min in a
microwave, after which the slides were incubateth\ai primary antibody (1:200 for Prdx1, 1:100
for F4/80) overnight at 4°C. After immunostainirgy DAB, the sections were counterstained with

hematoxylin. Two independent pathologists blindiyfprmed histological assessments.



2.5. Assessment of Liver Function

Liver function was evaluated using blood samplesfeach mouse at the end of the experiment
duration. Liver function measurements were perfarmeing theAU680 Chemistry System
(Beckman Coulter Inc., USA) in the clinical labamgt of Xiangya Hospital, Central South

University.

2.6. Isolation and Culture of Primary Peritoneal Btaphages

Primary peritoneal macrophages were isolated fromridce as previously described [42], and
cultured in RPMI 1640 medium (Life Technologies,a@Gd Island, NY) supplemented with 10%
fetal bovine serum (FBS), 100U/ml penicillin andUd@| streptomycin at 37°C in an atmosphere
of 5% CQ. Primary peritoneal macrophages were pre-incubatéd BAY (50uM), PMB,
(20ug/ml) or MCC950 (10M) for one hour and then exposed to recombinankP(dPrdx1) for

hours as designed.

2.7. Isolation and Culture of Primary Mouse Hepates

Primary mouse hepatocytes were isolated from m&@éBC/6J mice (aged8-10 weeks) by a
non-reticulating perfusion of livers with 0.05% @glenase Type IV (#C5138, Sigma, St Louis,
MO). Hepatocytes were purified by repeated cergafion at 50g and seeded in 12-well plates with

Dulbecco’s modified Eagle medium (DMEM) supplementeith 10% FBS, 100U/ml penicillin



and 100U/ml streptomycin at 37°C in a humidifiechasphere of 5% C{dvernight. Hepatocytes
were then incubated in FBS-free medium and treaidd or without different doses of APAP for
6-24 hours. The culture mediums were collected éasure the released Prdx1 by an ELISA kit
according to the manufacturer’s instructions. Ekpents using primary hepatocytes were

performed 24 to 48 hours after isolation and haegewithin 72 hours.

2.8. ELISA and Measurement of MDA

Serum and cellular supernatant levels of Prdx13,1l--6, and TNFe were measured by ELISA
kits. Serum malondialdehyde (MDA) level was detdctey TBARS kit from R&D Systems
(#KGEO13, Minneapolis, USA). These experiments weperformed according to the

manufacturer’s instructions.

2.9. Western-blotting Analysis

Protein extracted from fresh liver tissues or aalth cells were separated on 10-12%
SDS-polyacrylamide gels and then transferred onadyvinylidene difluoride membranes
(Millipore, Darmstadt, Germany), which were incughtwith antibodies against Prdx1 (1:5000,
#ab15571, Abcam, Cambridge, UK), NLRP3 (1:1000, #ZIB-0014, Adipogen, San Diego,
USA), pro-IL-13 (1:800, #sc-7884, Santa Cruz, Dallas, USA), BLf1:800, #sc-7884, Santa Cruz,
Dallas, USA), pro-caspase-1 (1:500, #sc-56036, &5&ruz, Dallas, USA), caspase-1 (1:500,
#sc-56036,Santa Cruz, Dallas, USA) and GAPDH (1056859295, Sigma-Aldrich, Darmstadt,

Germany) overnight at 4°C before being hybridizethwiRP-conjugated secondary antibodies for
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1 hour at room temperature. The bands were vimdlizy an ECL kit and quantified with
BandScan 5.0 Software (Glyko, Novato, CA). The-fefigth and cleaved forms of the proteins
were distinguished by molecular weight [43]: predlf is 31kD, IL-13 is 17kD; pro-caspase-1 is

45kD, caspase-1 is 10kD.

2.10. Analysis of mMRNA Expression

Real-time PCR analysis was performed as previode$scribed [44]. Total RNA were isolated
from liver tissues using TRIzol reagent accordioghte manufacturer’s instructions. First-strand
cDNA was synthesized fromug of total RNA in a 2(l reaction using reverse transcriptase
(Fermentas, MD). The specific primers ferdx1-6 inflammatory cytokinesli(-15, IL-6, TNF-)
andg-actin (Supplementary Table 1) were synthesized by SaBgotech (Shanghai, China). The
expression levels of specific mMRNAs in each samydee calculated from the standard curve and
normalized to B-actin mMRNA expression. The comparative®Z" method was used for

guantification and statistical analysis.

2.11. Statistical Analysis

All data are expressed as the meantSD. Statisticalysis was performed with SPSS 22.0
software (SPSS, Chicago, IL). Comparisons betweenps were made with one-way ANOVA,
and linear correlations were analyzed by Pearsoariselation coefficient. The Kaplan—Meier
method was used to assess the differences in alitvdtween the groupP<0.05 was considered

statistically significant.
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3. Results

3.1. A significant elevation of circulating PrdxIimce with ALI induced by APAP or GCI

An increase in circulating Prdx1 was previouslyedétd in mice with ischemic brain injury [45]
and acute lung injury [39]; the released extratailiPrdx1l functioned as a DAMP by inducing
sterile inflammation and thus contributed to tlesdie injuries [29,31,37,38,46]. These observations
suggest a potential contribution of circulatingrdo ALI. APAP is a common drug causing ALI
in humans [47] and has been widely used in studiedrug-induced ALI in mice. To investigate a
potential production of Prdx1 in the circulation mice with ALI, we have i.p. injected APAP
(500mg/Kg) into C57/BL6 mice and examined liveruny 12 or 24 hours later. Liver injury
occurred at 12 hours post injection (Fig 1A-C);esdy of the injury progressed from 12 hours to
24 hours, evident by an increase of the region eathtrilobular necrosis (FiglA) and an elevation
of serum ALT (FiglB) at 24 hours compared to 12reolThe kinetics of liver damage caused by
APAP injection in this study was comparable to AHABuced liver injury reported by others
[48,49]. Importantly, we detected a significant reese in serum Prdxl in mice at 12 hours
following APAP injection, which was further incresbat the 24 time point (Fig 1D).

To further support the upregulation of serum PradxInice with ALI, we have induced liver
damage in C57/BL6 mice by one time i.p. injectidiC€l, (2ml/Kg) and examined liver injury in a
period of 2, 4, and 7 days. A transient liver igjwas evident at day 2 based on increases in
hepatocyte necrosis (Fig 1E), serum ALT (Fig 1lRg aerum AST (Fig 1G), which was followed

by a recovery phase from day 4 onward (Fig 1E-G)esE results are in accordance with the
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knowledge that CGlin an acute setting caused ALI, which was healdissquently [50,51]. As
observed in mice with ALI induced by APAP, a sigraht increase in circulating Prdx1 was
detected in CGltreated mice with liver damage but not in thoseovered (Fig 1H). APAP and
CCly induce ALI with different mechanisms [52]; the eéeion of serum Prdx1 in two different
mouse models for ALI strongly suggests its genamablvement in ALI. This concept is further
supported by the lack of an elevation of circulgtfPrdx1 in mice with chronic administration of

CClstwice per week for 8 weeks (Supplementary Fig 2).

3.2. Serum Prdx1 contributes to ALI

The common detection of serum Prdx1 in ALl causgddifferent mechanisms (Fig 1D, H)
indicates circulating Prdx1 being physiologicalgtavant to ALI. This potential functionality can
be tested using a neutralization antibody to seRrdx1. However, this reagent is not currently
available. We thus took a genetic approach to addit@s issue. A mouse line deficient in Prdx1
was generated using the CRISPR-Cas9 technoRigyxl™ mice do not express Prdx1 in multiple
organs examined, including the liver (Supplementargy 1). Prdx1’ mice are viable, fertile, and
healthy at age at least up to 8 months, which msistent with the reported anemia development in
agingPrdx1” mice (9 months and older) [24].

With the availability ofPrdx1” mice, we determined the impact of Prdx1 on ARidx1” male
(8-10 weeks old) and age-matched C57/BL6 mice wateced for ALl by one time i.p. injection
of APAP (500 mg/Kg), and observed at 12 hours athch@urs post injection. In comparison to
C57/BL6 mice Prdx1” mice displayed less hepatocyte necrosis (Fig 24d,raduced the levels for

all liver damage indicators examined: serum ALTQ(EB), serum aspartate aminotransferase (AST)
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(Fig 2C), TBIL (Fig 2D), and direct bilirubin (DBILFig 2E) at both 12 and 24 hours post injection.
Prdx1” mice were also protected from G@hduced ALI, evident by significantly decreases in
hepatocyte necrosis, serum ALT, serum AST, and TiBIPrdx1™ mice at 2 days following CGl
injection (Fig 3A-E). While the protection remaimgomplete, the fact that the protection occurred
in Prdx1’” mice subjected to ALI by different mechanisms (AP&RI CCJ) along with dramatic
upregulations of circulating Prdx1 under these Aamditions support a general role of serum Prdx1
in promoting ALI. This protection was unlikely dtm possible compensations by other members of
Prdxs which might be resulted from Prdx1 deficieray Prdx2, Prdx3, Prdx4, Prdx5, and Prdx6
were expressed at comparable levels in WTRngetI” mice (Supplementary Fig 3).

To further examine the above concept, we have tigaged the effects of Prdx1 deficiency on
chronic liver damage induced by GCUnlike in the CCinduced ALI model in which hepatocyte
necrosis occurred (Fig 1E), persistent administratif CChLin C57/BL6 mice caused extracellular
matrix deposition, revealed by increases in hepdsson staining (Supplementary Fig 4A), and
induced liver fibrosis, evident by elevations ibrbtic score (Supplementary Fig 4B). Additionally,
in this experimental duration, prolonged ¢@tministration did not elicit significant liver oeage
in C57/BL6 mice based on the serum levels of ALT AST (Supplementary Fig 4C). Interestingly,
knockout of Prdx1 did not affect all aforementioreaents (Supplementary Fig 4A-C). Collectively,
the observed specificity of Prdx1 in facilitatind_IAbut not chronic liver injury is in line with a

general involvement of serum Prdx1 in ALI.

3.3. Characterization of serum Prdx1-derived praomobdf ALI

To directly study whether the protectionF?rdxl‘" mice was attributable to the lack of circulating



14

Prdx1, we obtained rPrdx1 from Abnova (Taipei Citgjwan) according to previous report [53].
Prdx1” mice were subsequently induced for ALI by APAP gstine 24 hour-setting in the presence
and absence of rPrdx1 (200 ng/mouse); vehicle (RBE)rPrdx1 were intravenously delivered
following i.p. injection of APAP. The use of rPrdxat dose of 200 ng/mouse rPrdx1 was based on
several considerations; 1) the maximal level olisePrdx1 detected in APAP-treated mice was
approximately 30 ng/ml (Fig 1D); 2) mice have apjmmately 58.5 ml blood/kg on average

(https://www.google.com/search, search term: mdased volume mi/kg); 3) for 8-10 weeks old

males with an average 1.5 ml blood (259g/1000 x)5280 ng rPrdx1 was equivalent to 133 ng/ml,
which was 4.4 (133/30) fold of endogenous circaatPrdx1; 4) it was likely that rPrdx1 was not
as active as endogenous circulating Prdx1, 200 Ind?nax1 was likely within a physiological
range; and 5) this dose could produce the maximaact on the survival oPrdx1”™ mice on
APAP-derived toxicity (see section 3.6 for detailSpmpared to the vehicle control, serum rPrdx1
significantly aggravated liver injury caused by AP{Fig 4A-C). These observations demonstrated
that the lack of circulating Prdxl was responsilite the resistance oPrdxl”™ mice to
APAP-induced liver injury.

Extracellular Prdx1 has been reported to be retesen damaged brain cells and subsequently
augmented brain injury via activation of sterildammation in the brain [31,37,54]. We have thus
made an effort to examine whether circulating Praxinice with ALI was liver-origin. 1) Both
APAP and C(Cj are widely used to study liver toxicity, which ga@pts the concept that the serum
Prdx1 in mice treated with both drugs was resuftech damaged liver tissues. 2) Drug-induced
ALl is primarily caused by hepatocyte damage [55-3%7 accordance with this knowledge, we
were able to show that APAP dose-dependently irdipcaenary mouse hepatocytes releasing Prdx1

into the extracellular space in an apparently ffic manner (Fig 5A, B). 3) Compared to normal



15

livers, livers with APAP-induced ALI showed a sificant reduction of hepatic Prdx1 content and
the level of reduction followed the developmen®&bd (Fig 5C-D). 4). In mice with a chronic liver
disease caused by persistent treatment with, @i lack of damages in hepatocytes concurrently
occurred with the lack of serum Prdx1 (Supplemgntag 2). Collectively, these observations
support the hepatic origin of serum Prdx1 in micenLI.

Prdx1 is well-known for its anti-oxidant activitydt protects oxidative stress-caused diseases
[18,20,58]. Oxidative stress is a pathogenic fadatorALl [59]. It is thus a possibility that
liver-associated Prdx1 protects ALI by anti-oxidaativity, while liver-released Prdx1 promotes
ALI. In this context, the loss of liver-associatetdx1 observed in APAP-treated livers (Fig 5C-D)
alone would aggravate oxidative stress during Abthpgenesis. However, evidence does not
support this possibility; both APAP and G@duced comparable levels of MDA (a maker of lipid
peroxidation [60]) inPrdx1” mice and age-matched C57/BL6 mice (SupplementaysR, B).
Furthermore, under the same conditi®trex1” mice were protected from the drug-induced ALI
compared to C57/BL6 mice (Figs 2, 3). Taken togetbeidence supports that hepatic Prdx1 is a
pro-ALI factor following its release into the cifdation system independent of its anti-oxidant
activity. This intriguing possibility is in line wh cell-free Prdx1 as a DAMP without the

involvement of its anti-oxidant enzymatic activi9,31,61].

3.4. Association of circulating Prdx1 with inflamtaen in ALI

Circulating Prdx1 has been reported to function aasDAMP to augment acute brain

ischemia-reperfusion injury and lung injury throughtivation of sterile inflammation [31,38].

Sterile inflammation is a well-demonstrated and angpathological factor of ALl [2,4,7,9],
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suggesting that serum Prdx1 is associated with tleepdlammation in ALI. To examine this
association, we were able to show a significant @ogressive increase in macrophage infiltration
in livers of APAP-treated C57/BL6 mice following Aprogression, evident by an elevation in the
number of F4/80-positive macrophages (Fig 6A; Semantary Fig 6A). F4/80 is a biomarker of
macrophages [62]. Consistent with macrophage nafitin, hepatic expression of IB11L-6, and
TNF-a was also elevated in C57/BL6 mice in response RARA (Fig 6B-D), demonstrating
an-going inflammation in liver with ALI. More imptantly, these hepatic inflammatory events were
all significantly reduced in APAP-treateBrdx1” mice (Fig 6A-D; Supplementary Fig 6A),
supporting a correlation of Prdx1 with sterile amfimation occurred in ALI. This concept is
strengthened by the down-regulation of hepaticilstémflammation inPrdx1” mice elicited by
CCl, (Fig 6E-H; Supplementary Fig 6B).

The decreases in liver inflammationfndx1’”™ mice treated with APAP were attributable at least
in part to the lack of circulating Prdx1, as ingaeus administration of rPrdx1 significantly
increased hepatic macrophage infiltration as welhepatic expression of ILB1IL-6, and TNFe
in Prdx1”™ mice treated with APAP (Fig 6I-L; Supplementaryg GC). Collectively, these results
demonstrate an association of circulating Prdxh wiepatic sterile inflammation in drug-induced

ALL.

3.5. Prdx1 induces inflammatory cytokines productio primary peritoneal macrophages through

the NFxB and NLRP3 inflammsome signaling pathways

Our observed association of serum Prdx1 with mdage infiltration and the production of

aforementioned cytokines in livers undergoing Abdicate a potential cytokine induction in
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macrophages by extracellular Prdx1. This possyhiitin accordance with macrophage being the
major cell type contributing to inflammation in A[63-66]. To investigate this concept, we have
isolated peritoneal macrophage from mouse andetlghese cells with rPrdx1 in a range of doses.
rPrdx1 clearly induced pro-ILflexpression in primary macrophages in a dose-dem¢ndanner
(Fig 7A) and the induction by 25 nM rPrdx1 was with linear range (Fig 7A). This condition was
thus selected to characterize rPrdx1-mediated upaign of inflammatory cytokines. At 25 nM,
rPrdx1 induced the production of mature IL-6, matuFNF«, and pro-IL-B in primary
macrophages in a time-dependent manner but wittereift kinetics (Fig 7B-D); within the
induction duration (24 hours), the pro-1I3-production was reached plateau between 3-6 hours,
while mature IL-6 and TNF:were continuously accumulated (Fig 7B-D).

In view of the major function of the N&B signaling in regulating cytokine expression [@],6
and considering the knowledge that rPrdx1 stimsl&i&«B activation [29,30,53,61]. We have
determined a contribution of the NiB pathway in rPrdx1-stimulated expression of thevab
cytokines (Fig 7A-D). This small molecule inhibitBAY 11-7082 at 5quM has been widely used
to inhibit NF«B signaling [69,70]. At this condition, BAY 11-708fbbustly inhibited the
expression of IL-6, TNFy, and pro-IL-B in primary macrophages treated with rPrdx1 (FigD)B
The LPS inhibitor PMB did not affect the productioh these cytokines, which eliminated the
possibility that the observed effects by rPrdx1 wag to potential contamination of LPS with
rPrdx1 (Fig 7B-D). Furthermore, heat treatmentfrdx1 abolished its activity in inducing these
cytokines (Fig 7B-C), indicating the heating coradithas disturbed rPrdx1 structure or “pattern”
required for cytokine inductions. These resultslemively support a major role of the NdB
pathway in facilitating rPrdx1-induced expressidithe aforementioned cytokines.

Extracellular Prdx1 was reported to be a DAMP ine thaugmentation of
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ischemia-reperfusion-induced brain injury [31,3&]major effector for DAMPS to initiate sterile
inflammation is the NLRP3 inflammasome complex §471], suggesting NLRP3 being involved
in cell-free Prdxl-mediated inflammation. To invgate this possibility, we first examined the
production of mature IL{}, as maturation of IL{1 (cleavage of pro-ILf1 and secretion of ILfl)
depends on the NLRP3 inflammasome signaling [#dx1 stimulated the production of mature
IL-1B in primary macrophages starting from 12 hours,ciwhvas continuously produced at least up
to 24 hours of Prdx1 stimulation (Fig 7E). The likeod of structure alterations by the heat
treatment robustly prevented rPrdx1 from inducibglp maturation in primary macrophages (Fig
7E). As expected, BAY 11-7082 robustly inhibited-1g maturation in primary macrophages
treated with rPrdx1 (Fig 7E), which was likely ditrtable to the inhibition of pro-IL{lexpression
(Fig 7B). Importantly, blocking of the NLRP3 inflanasome signaling by MCC950 abolished the
IL-1B production (Fig 7E), supporting the involvementtioé NLRP3 inflammasome complex in
rPrdx1-initiated sterile inflammation.

To further examine this possibility, we were aldeshow an upregulation of NLRP3 expression
and caspase-1 activation in primary macrophagesukited with rPrdx1 (Fig 7F). Interestingly,
both events co-occurred with the production of meatii-1f, i.e. they were started at 12 hours of
rPrdx1 stimulation and proceeded to higher level24 hours (Fig 7E, F). As the NLRP3
inflammasome complex is a platform for caspase-tleave IL-PB and IL-18, a proteolytic step
required for their maturation [73,74], the obseimad above thus support a feedback regulation in
which rPrdx1 activates the NLRP3 inflammasome c@xphhich in turn mediates rPrdx1l’s
actions in inducing IL-g maturation. This feedback regulation depends orkBIFSignaling, as
BAY 11-7082 abolished caspase-1 activation and NB.RRpression in rPrdx1-treated primary

macrophages (Fig 7F). On the other hand, the NLRP®itor MCC950 only suppressed
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rPrdx1-induced caspase-1 activation but not NLRB&gulation (Fig 7F). Taken together, the
above results revealed that rPrdx1 initiated a ¢expeaction in primary macrophages, leading to
NLRP3 upregulation, caspase-1 activation, and tbivagion of the NLRP3 inflammasome

complex.

3.6. Circulating Prdx1 contributes to poor outconme#\LI

Acute liver injury can progress to poor outcomesite liver failure, liver transplantation, and
fatality [75]. Our observed associations of serundxB with liver inflammationin vivo and
rPrdx1-mediated robust induction of cytokine expras in primary macrophagés vitro suggest a
role of circulating Prdx1 in promoting ALI progréss. To examine this concept, we have induced
Prdx1” (n=14) and age-matched C57/BL6 mice (n=14) withagiwed ALI through one time i.p.
injection of APAP at 750 mg/kg and monitored theedise progression. C57/BL6 mice died at a
significant faster kinetics comparedRedx1’” mice with 21.4% (3/14) and 42.8% (6/14) of death i
WT mice vs 0% and 7.14% (1/14) of fatalityPndx1’ mice at 24 hours and 48 hours post injection
respectively (p=0.0026) (Fig 8A). The protectionsetved inPrdx1”~ mice was at least in part
attributable to the lack of serum Prdx1, evidentabgignificant sensitization d®rdx1’”™ mice to
APAP-derived toxicity upon intravenous injection d?rdx1 (Fig 8B). At 10ug/Kg which is
equivalent to 200 ng/mouse, rPrdx1 achieved thammdxevel of the sensitization (Fig 8B), which
provided the rationale for using rPrdx1 at 200 rmse to study its impact on ALI (Fig 4).

Collectively, evidence supports serum Prdx1 asmributing factor to ALI progression.

3.7. Elevation of circulating Prdx1 in patients ALl
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To further investigate the relevance of serum PridixALI, we have organized a patient cohort
consisting of normal subjects (n=15), patients vt (n=15), and patients with cirrhosis (n=15)
(Table 1). Among 15 patients with ALI, 9 (60%) we@used by hepatitis B virus and 6 (40%) were
drug-induced (Table 2). Except the significant lovevel of TBIL and DBIL in patients with
drug-induced ALI, there were no significant diffeces in other liver function tests in patients with
ALI caused by either hepatitis B virus or drugsif€a?2). Importantly, circulating Prdx1 levels
remained comparable in both types of ALI patieffb(e 2). We thus ignored the etiology of ALI
and used all ALI patients as a single entity irs thnalysis. Compared with normal subjects, a
significant increase in circulating Prdx1 was oledrin patients with ALI, but not in patients with
liver cirrhosis (Fig 9A). Liver cirrhosis is a chme disease which is mainly caused by deposition of
extracellular matrix; these patients often havemarALT and AST level. As an acute disease,
damage in ALI occurs largely on hepatocytes [2,7F6,Klo obvious alterations of serum Prdx1 in
patients with cirrhosis over normal people indicatspecific increase in circulating Prdx1 in ALL.
This concept is supported by an elevation of seRrdx1 in patients with ALI in comparison to
patients with cirrhosis (Fig 9A).

We subsequently attempted to examine whether sBrdixil has a predictive value towards ALI
progression. Using our small cohort, a positiverelation between circulating Prdx1 and serum
ALT (Fig 9B) or serum AST (Fig 9C) could be demaastd, indicating an association of serum
Prdx1 abundance with the severity of liver injunya recent investigation of 386 patients with ALI,
bilirubin value was found of being the second musidictive factor of ALI progression [75]. Of
note, serum Prdx1 in our study displays a signifigeositive correlation with serum TBIL (Fig 9D),

supporting circulating Prdx1 as a biomarker of ALI.
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4. Discussion

DAMPs are key initiators in inflammation exacerbgtiALI. Due to lack of effective treatments,
key mediating factors and pathogenesis of thisasdisaeed to be further explored. In this study, we
provide the first demonstration for a specific agon of circulating Prdx1 in APAP- and
CCls-induced ALI in mice and patients with ALI; howeyeserum Prdx1 was not significantly
altered in chronic liver injuries in either. Moreportantly, circulating Prdx1 contributes to ALI
pathogenesis and progression.

We took multiple approaches to show circulatingx®rds a pathological factor of ALIL In mice
deficient in Prdx1, both APAP and CClvere significantly less potent in inducing ALI;eth
resistance was substantially reduced by restosefm Prdx1 using rPrdx1. Furthermore, rPrdx1
was able to upregulate pro-Il31IL-6 and TNFe in primary macrophages through the NB-
pathway; these observations are in accordancepsgiious reports for Prdx1-derived induction of
inflammatory cytokines via activating the TLR2/4-XB pathway [29,31]. Nonetheless, we
provide the first evidence showing that rPrdx1 iceki NLRP3 upregulation in primary mouse
macrophages, which in a positive feedback mannglitédes rPrdx1-mediated activation of the
NLRP3 inflammasome complex, resulting in caspasesctivation and IL-§ maturation.
Collectively, our research supports circulatingrds a novel DAMP to sustain ALI pathogenesis.

While the lack of circulating Prdx1 was protectteedrug-induced ALI, the protection remains
incomplete (Figs 2, 3); and ALI continuously pragges from 12 hours to 24 hours post APAP
injection (Fig 2). The status of incomplete proi@etshows the involvement of other factors in ALI.
These factors could include other DAMPs that asme@ated with ALI, such as HMGB-1 [32,33],

mitochondrial DNA [34,35] and heat shock proteig][3Additionally, other Prdxs members could
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also act as DAMPs for ALI; for incidence, Prdx2 dnaix5 were found in the extracellular space
and contribute to ischemia-reperfusion-induced rbiajury [31]. Whether either Prdxs or other
members of Prdxs also function as DAMPs for ALI @dobe investigated in the future. Future
research also needs to address the mechanismdyimgieell-free Prdx1-mediated activation of
NF-«xB and the NLRP3 inflammasome complex. 1) Is theyem activity of rPrdx1 required? 2)
Which structural features are critical for rPrdx@ #ctivate the NkB and the NLRP3
inflammasome complex? 3) Will rPrdx1 function insttdomain by binding unknown cellular
proteins? 4) What are these proteins? 5) Will thesiéular proteins stay inside or outside of
macrophages? It can be envisaged that these igatstis may lead to identification of cellular
factors or unique structural elements of rPrdx1clvhimay have therapeutic potential in ALI
management.

We have provided several lines of evidence sugugstie hepatic origin of serum Prdx1 in ALI
(see section 3.3 for details). We realize thatissse needs be directly examined in the futureh Wi
the availability ofPrdxI’” mice, this issue could be examined by hepatocyeeifip reintroduction
of Prdx1, and then examine APAP-mediated produatibserum Prdx1. Alternatively, mice with
liver-specific knockout of Prdx1 could also be used

While the mechanisms responsible for releasing Pradto the extracellular space are unclear, it
is likely these mechanisms being compl@xdxl is an inducible gene under stress conditions,
especially during the acute inflammatory respo€79]. Recently, several studies have observed
the elevation of circulating Prdx1l in patients widthemic brain injury [45,80] and cancers
[20,23-25]. Stress is known to cause cells to sdexosomes [81]. APAP has been shown to cause
liver to release exosomes which was toxic to hepyaésin vitro and recipient micén vivo[49]. It

is thus tempting to suggest that microvesiclesrdmute to Prdx1 release under ALL. In addition to
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passive release of Prdxl from damaged cells, secrétom active immune cells is another
mechanism for most DAMPs [10]. Previous studiesehasported that some stimuli including
TGF{1, LPS and TNFe could induce the secretion of Prdx1 from macroplsagvitro. However,
due to lack of signal peptides, the secretory maishas of Prdx1 remain elusive. Several studies
found that the active secretion of Prdx1 is pogsibédiated by a non-classical secretory pathway
[26] or by an exosomal pathway [28]. Although theamanisms are under active investigation, the
process under which Prdx1 is released into theesliular space requires further studies.

In conclusion, our study suggests that circulatingxl aggravates acute liver injury as a novel
DAMP, and that Prdx1l elicits hepatic inflammation l@ast in part via activating the NLRP3
inflammasome signaling pathway. In light of ouradigeries for the importantly detrimental role of
circulating Prdx1 in ALI, neutralization of circulag Prdx1 may be a potential treatment option,

which merits further investigation.
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Figure Legends

Figurel: A significant elevation of circulating Prdx1 in mice with ALI induced
by APAP or CCl,. A-D: Wild-type (WT) mice were injected with saline or AP
(500mg/Kg, i.p.) and then sacrificed on 12 or 2dilspn=6/group. Oh=saline control
group, 12h=12-hours group, 24h=24-hours grofip.Histological images of liver
sections stained with H&E, scale bar: fi0 (200x). B-C: Serum ALT and AST
levels in miceD: CirculatingPrdx1 level was measured by ELISB-H: WT mice
were injected with olive oil or C¢I(0.5ml/Kg, i.p.) and then sacrificed on days 2, 4
and 7, n=5/group. O=olive oil control group, 2=2dlagroup, 4=4-days group,
7=7-days groupk: Histological images of liver sections stainedhAt&E, scale bar:
10Qum (200x).F-G: Serum ALT and AST levels in micel: CirculatingPrdx1 level
was measured by ELISA. Data are expressed as tae i8D; ns: no significance.
vs. control group,”: vs. 12-hours groums: no significance, P<0.05, " P<0.01,

™ P<0.001:*P<0.05,P<0.01.

Figure2: Prdx1 deficiency plays a protective role in ALI induced by APAP. In
APAP-induced ALI model, WT and Prdx1-knockouwrdx1”) mice were injected
with saline or APAP (500mg/Kg, i.p.) for one timedasacrificed at 12 or 24 hours,
n=6/group. Oh=saline control group, 12h=12-hoursugr 24h=24-hours group:
Histological images of liver sections stained VHIRE, scale bar: 10@m (200x).B-E:
Serum ALT, AST, TBIL and DBIL levels in mice. Dateie expressed as the mean +
SD; ns: no significance; vs. control group?: vs. 12-hours group; vs. WT groupns:

no significance,P<0.05,” P<0.01,” P<0.001;*P<0.05;*P<0.05,*P<0.01.

Figure3: Prdx1 deficiency plays a protective role in ALI induced by CCl;. WT
and Prdx1”™ mice were injected with olive oil or C£{0.5ml/Kg, i.p.) for one time
and sacrificed after 2 days, n=5/groub. Histological images of liver sections
stained with H&E, scale bar: 106 (200x).B-E: Serum ALT, AST, TBIL and DBIL

levels in mice. Data are expressed as the mean A8Mo significance; vs. control



group,” vs. WT groupns: no significance,P<0.05,” P<0.01,” P<0.001;"P<0.05,
#P<0.01.

Figured: rPrdx1 aggravates liver injury in APAP-induced ALI. After APAP
treatment (500mg/Kg, i.p.PPrdx1” mice were intravenously injected with PBS or
rPrdx1 (1Qug/Kg) for 24 hours, n=6/grou: Histological images of liver sections
stained with H&E, scale bar: 106 (200x).B-C: Serum ALT and AST levels in
mice. Data are expressed as the mean + SD, ndgnificance, : vs. PBS control

group,”: vs. APAP group.P<0.05,” P<0.01,” P<0.01;"P<0.05,P<0.05.

Figures: APAP inducestherelease of Prdxl1 from hepatocytes and the decreased
expression of hepatic Prdx1 in ALl mouse model. A: Primary mouse hepatocytes
were exposed to different doses of APAP (5mM, 10mhdl 15mM) for 24 hours
(n=4 independent experiments) and then the leveletdased Prdxl in culture
medium was measured by ELISA;vs. control group”: vs. 5mM APAP groupB:
Primary mouse hepatocytes were exposed to 5mM ARAB, 12, 24 hours (n=3
independent experiments) and then the level o&sel@ Prdx1 in culture medium was
measured by ELISA:: vs. control group”: vs. 6 hours groupC-D: WT mice were
injected with saline or APAP (500mg/Kg, i.p.) amen sacrificed on 12 or 24 hours,
n=6/group. Oh=saline control group, 12h=12-hoursugr 24h=24-hours groujt:
Prdx1 protein level in liver tissue was measuredwmstern blotting;: vs. saline
control group,” vs. APAP 12 hours grou: Immunohistochemical staining for
Prdx1 in liver, scale bar: fén (400x). P<0.05, P<0.01,  P<0.01; *P<0.05,
#P<0.05,"P<0.05.

Figure6: Association of circulating Prdx1 with inflammation in ALI. A-D: In
APAP-induced ALI model, WT anBrdx1” mice were injected with saline or APAP
(500mg/Kg, i.p.) for one time and sacrificed atdk224 hours, n=6/group. Oh=saline
control group, 12h=12-hours group, 24h=24-hoursugroA: Quantitation of

macrophages infiltration indicated by F4/80 staipin vs. saline control grouf; vs.



12-hours group’: vs. WT control groupB-D: mRNA levels of IL-B, IL-6, and
TNF-o in liver tissue were measured by RT-PCRys. WT control groupE-H: WT
and Prdx1”™ mice were injected with olive oil or C£{0.5ml/Kg, i.p.) for one time
and sacrificed after 2 days, n=5/grolp. Quantitation of macrophages infiltration
indicated by F4/80 staining; vs. saline control group; vs. WT control groupF-H:
mRNA levels of IL-B, IL-6, and TNFe in liver tissue were measured by RT-PCR;
vs. WT control groupl-J: After APAP treatment (500mg/Kg, i.p.prdx1” mice
were intravenously injected with PBS or rPrdx1pd4Kg) for 24 hours, n=6/group.
vs. PBS control group’ vs. APAP + PBS group.. Quantitation of macrophages
infiltration indicated by F4/80 staining-H: mRNA levels of IL-B, IL-6, and TNFe

in liver tissue were measured by RT-PCR<0.05,” P<0.01,” P<0.01; *P<0.05,
#P<0.05,"P<0.05;*P<0.05,**P<0.05.

Figure7. Prdx1l induces inflammatory cytokines production in primary
peritoneal macrophages through the NF-kxB and NL RP3 inflammsome signaling
pathways. A: Primary peritoneal macrophages from WT mice wam@ulated with
different doses of rPrdx1 (25nM, 50nM) for 24 hoarsl after that the expression of
pro-IL-18 was detected by western-blottingvs. control group”: vs. 25nM rPrdx1
group. B-F: Primary peritoneal macrophages from WT mice wemawated with
rPrdx1 (25nM) for different times; vs. control group”: vs. 24hours rPrdx1 group.
B-C: Levels of IL-6 and TNFe in the cellular supernatant were measured by ELISA
D: Theexpression of pro-ILf1 was detected by western blottiriy. Level of mature
IL-1B in the cellular supernatant was measured by ELISAThe expression of
pro-IL-1B, pro-caspase-1, NLRP3, mature Ig-4nd cleaved caspase-1 were detected
by western blotting. The inflammatory cytokinesesded by macrophages were
stimulated by rPrdx1, with or without pretreatmehBAY (BAY 11-7082, 5@M for
1lhours), PMB (10g/ml for 1hours), heat (95°C for 10min) and MCCY30uM for
1hour). All experiments were repeated four timesbreviations: sn: cell supernatant;
ns: no significance. Data are expressed as the me&D, P<0.05,  P<0.01,

™ P<0.01:*P<0.05,"P<0.01,P<0.001.



Figure8: Circulating Prdx1 contributes to poor outcomesin ALI. A: To observe
survival rate, WT andPrdx1” mice were injected with APAP (750mg/Kg, i.p.) for
one time, n=14/groumB: Survival rate inPrdx1” mice intravenously injected with
PBS or rPrdx1 (10g/Kg=200ng per mouse or g@/Kg=400ng per mouse) after
APAP treatment (750mg/Kg, i.p.), n=14/group;vs. APAP + PBS control group.
"P<0.05.

Figure9: Elevation of circulating Prdx1 in patientswith ALI. A: Circulating Prdx1
levels in normal subjects (n=15) and patients WAt (n=15), patients with liver
cirrhosis (n=15) were measured by ELISAys. normal subjectg; vs. ALI groupB:
The linear correlations between Prdx1 and ALT itigmas with ALI. C: The linear
correlations between Prdx1 and AST in patients with D: The linear correlations
between Prdx1 and TBIL patients with ALI. The linearrelation was analyzed by
Pearson’s correlation coefficient. Abbreviationg:lAacute liver injury; ALT: alanine
aminotransferase; AST: aspartate aminotransferbBBd;: total bilirubin; Data are

expressed as the mean + SD; ns: no significafe®).05,” P<0.001,”P<0.05.



Tablel. Characteristics of the human subjects

Variable Normal(n=15) ALI(n=15) Liver cirrhosig(n=15) P-value
Gender, n (%)
Male 8(53.3) 12(80) 13(86.7) -
Female 7(46.7 3(20 2(13.3 -
Age (years) 49.73+8.61 42.40-10.16 54.60-11.18 0.036/0.192
Blood Pressure
SBP (mmHg) 126.20+13.02 116.66-12.56 114.9312.07 0.038/0.021
DBP (mmHg) 79.53+12.36 74.676.72 72.07:10.88 0.223/0.090
LFT
TP(g/L) 64.05+3.77 66.777.22 58.09:6.90 0.360/0.00%
ALB(g/L) 39.99+2.45 35.51-4.56 29.3%4.10 0.003"/<0.001**
TBIL (umol/L) 12.89+5.82 218.61193.31 23.76:20.58 0.001"/0.06
DBIL (umol/L) 5.36+2.27 105.5787.86 10.816.65 0.001"/0.008"
TBA (pmol/ L) 3.27+2.02 107.7%77.35 29.66:32.17 <0.001" /0.004*
ALT (UIL) 20.27+13.10 611.74572.81 23.29-9.88 0.0017/0.483
AST (UIL) 22.67+7.32 350.15-348.98 36.76:11.92 0.002"/<0.001#
ALP (UL) 124.28+16.32 210.1%74.00 215.0%231.81 0.003"/0.286
GGT (UL) 20.63+18.39 126.66-72.36 98.81162.23 <0.0017/0.193
CBC
WBC (10"9/L) 6.63+2.16 711253 3.38£0.86 0.474/<0.001*
RBC (10712/L) 4.40+0.42 4270.72 3.17:0.64 0.449/<0.001"
HB(g/L) 133.60+11.42 130.66-20.51 88.67-23.65 0.527/<0.001*
PLT (1079/L) 177.20+38.30 195.2%72.33 63.87-61.54 0.258/<0.001*
Coagulation test
PT(second) 12.97+0.84 16.51+6.69 18.52-4.26 0.087/<0.001*
PTA (%) 105.39+9.53 81.3126.85 60.88-1.48 0.015/<0.001#
INR 1.01+0.07 1.310.57 1.48:2.50 0.089/<0.001*
AFP(ng/ml) 1.05+1.58 248.25-307.75 2.50-2.14 0.021/0.091

Abbreviations: ALI: acute liver injury; SBP: syfitoblood pressure; DBP: diastolic blood presswfeT: liver function test; TP:
total protein; ALB: albumin; TBIL: total bilirubinDBIL: direct bilirubin; TBA: total bile acid; ALT:alanine aminotransferase;
AST: aspartate aminotransferase; ALP: alkaline phatase; GGT: gamma-glutamyltransferase; CBC: cetmpblood count;
WBC: white blood cell; RBC: red blood cell; HB: hegiobin; PLT: platelet; PT: prothrombin time; PTArothrombin time
activity percentage; INR: international normalizedio; AFP: alpha fetoprotein. Data are presentedn@ans+SD.: ALI vs.

normal subjects’; cirrhosis vs. normal subject®<0.05,” P <0.01,” P<0.001,P<0.05,*P <0.01,"4<0.001;



Table2. Details of patientswith AL | classified by etiology.

Variable Hepatitis B viruEtiOIogy Drug P-value
N(%) 9(60) 6(40) -
Prdx1(ng/ml) 34.78+16.33 33.14-16.45 0.852
ALT(UIL) 822.94+688.01 294.93-63.32 0.078
AST(UL) 458.20+414.27 188.08:117.81 0.148
TBIL(umol/L) 317.04+185.58 70.95-76.94° 0.009
DBIL(umol/L) 151.99+79.49 34.95-42.50 0.006
ALP(U/L) 223.22+81.26 186.68:59.31 0.397
GGT(U/L) 127.13+60.91 125.64-97.96 0.972

Abbreviations: ALI: acute liver injury; ALT: alanenaminotransferase; AST: aspartate aminotransfefd@ié: total bilirubin;

DBIL: direct bilirubin; ALP: alkaline phosphatas§GT: gamma-glutamyltransferase. Data are preseasetheanszSD. *:

Hepatitis B virus group vs. drug groug?<0.05, **P <0.01.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Highlights

* Increasesin serum Prdx1 in patients and mice with acute liver injury (ALI).

e Prdx1” mice are protected from drug-induced AL| and AL |-associated inflammation.
* Intravenousinjection of recombinant Prdx1 (rPrdx1) causesALI in Prdx1” mice,

e rPrdx1inducesIL-1B, IL-6, and TNF-a expression in primary macrophages.

e Circulating Prdx1 isanovel DAMP promoting ALI.



