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Protective mechanisms against drug-induced liver injuryra actively being searched
to identify new therapeutic targets. Among them, the antii ammatory N-acyl
ethanolamide (NAE)-peroxisome proliferators activatecceptor alpha (PPAR) system
has gained much interest after the identi cation of its pragctive role in steatohepatitis and
liver brosis. An overdose of paracetamol (APAP), a commonlused analgesic/antipyretic
drug, causes hepatotoxicity, and it is being used as a liver odel. In the present
study, we have analyzed the impact of APAP on the liver NAE-P#Ra system. A
dose-response (0.5-5-10-20 mM) and time-course (2—6—24 gtudy in human HepG2
cells showed a biphasic response, with a decreasedPPARa expression after 6-h
APAP incubation followed by a generalized increase of NAEHARa system-related
components (PPARa, NAPE-PLD and FAAH), including the NAEs oleoyl ethanolamide
(OEA) and docosahexaenoyl ethanolamide, after a 24-h expage to APAP. These results
were partially con rmed in a time-course study of mice exposd to an acute dose of
APAP (750 mg/kg). The gene expression levels dPpara and Faah were decreased
after 6h of treatment and, after 24 h, the gene expression lals of Nape-pld and
Faah as well as the liver levels of OEA and palmitoyl ethanolangdwere increased.
Repeated APAP administration (750 mg/kg/day) up to 4 days ab decreased the
expression levels of PPAR and FAAH, and increased the liver levels of NAEs. A resting
period of 15 days completely restored these impairments. ker immunohistochemistry
in a well-characterized human case of APAP hepatotoxicity an rmed PPARa and
FAAH decrements. Histopathological and hepatic damageGyp2el, Caspase3, aSma,
Tnfa, and Mcpl)-related alterations observed after repeated APAP admatration
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Rivera et al. Anti-In ammatory PPARa Signaling in Paracetamol Hepatotoxicity

were aggravated in the liver ofPpara-de cient mice. Our results demonstrate that
the anti-in ammatory NAE-PPARx signaling system is implicated in liver toxicity after
exposure to APAP overdose, and may contribute to its recover through a long-term
time-dependent response.

Keywords: paracetamol, PPAR a, FAAH, OEA, toxicity, hepatic injury

INTRODUCTION overdose is administered; excessive NAPQI binds covslentl
to cellular proteins, inducing mitochondrial dysfunctioripid
Drug-induced liver injury (DILI) refers to hepatotoxicityatised  peroxidation, oxidative stress and DNA fragmentatiofs(
by xenobiotics, and it remains an important disease in chhic et al., 2012; Li et al., 20L3APAP is also metabolized
practice Davern, 201p Frequently, DILI is asymptomatic, so through a two-step process in the rodent central nervous
its recognition and diagnosis are often dicult, which caels system (spinal cord and brain)Kglley and Thayer, 2004;
it to be the most common cause of death from acute livelggestatt et al.,, 2005; Ottani et al., 2JOAPAP is subject
failure. Current hypotheses suggest that DILI pathogenesis {o deacetylation to p-aminophenol that in turn reacts with
a multifactorial process involving a hepatotoxic potential ofarachidonic acid through the fatty acid amide hydrolase
the drug, genetic factors and altered immunological respsns (FAAH)—N-acyl ethanolamine (NAE) degradation enzyme. This
(Grant and Rockey, 20)2Thus, there is a need for the reaction results in the synthesis of the active metabolitg fa
identi cation of mechanisms contributing to DILI in orderd  acid amide N-(4-hydroxyphenyl) arachidonylamide (AM404),
develop protective/preventive therapeutic strategies. Sofme a well-characterized indirect activator of the cannabih@B1
these mechanisms are strictly related to dose, whereassothgeceptors, as well as a direct ligand of the transient receptor
derive from individual susceptibility to the toxic e ects of a potential vanilloid-1 (TRPV1). AM404 is able to block the
certain drug. FO”OWing this clinical rationale, DILI isaslsi ed reuptake of the NAE anandamide (AEA) in neurons, WhiCh, in
into intrinsic (dose-dependent) and idiosyncratic (unpretiible)  turn, produces an increased level of AEA, activating the CB1
types (Chalasani and Bjornsson, 2010; Han et al., 3013receptor and mediating antinociceptive actiorie{tramo et al.,
Acetaminophen, or paracetamol (N-acetyl-para—aminophenol1997;Ayoub etal., 2011
APAP), is the only drug whose hepatotoxicity is intimatellated The peroxisome proliferator-activated receptor alpha
to the dose ingestedAqidrade et al., 2009 Acetaminophen- (PPARa) is a member of PPAR nuclear receptors that have
induced liver injury (AILI) is currently the most frequenteise of  emerged as a key player in controlling metabolic homeostasis,
DILI in humans, and human toxicity can be modeled in rodentsjn ammation and brogenesis Charbonnel, 2009; Gross et al.,
when administered in an acute or cumulative overdoser(  2016. PPARxis predominantly present in the liver and is known
etal,, 2013; Lietal., 2013; Shah etal., p013 to regulate the transcription of a wide variety of peroxisomal,
APAP is one of the most popular and most commonly microsomal, mitochondrial, and cytosolic proteins such as
used drugs with peroxide sensitive analgesic and antipyretgtcw coenzyme A oxidase, peroxisomal bifunctional enzyme,
properties. The mechanism of action includes peripheragyiochrome P450 CYP4A, and liver fatty acid-binding protein
e ects by cyclooxygenase (COX) inhibition and central e ectsppaRra controls the lipid ux in the liver and its activation
by COX inhibition, descending serotoninergic pathways angnnibits in ammatory genes induced by nuclear factoB.
increasing activity of the cannabinoid signaling systerC®}  ppaRa activation can confer liver protection in disease models
(J&wiak-Bebenista and Nowak, 2Q14APAP is metabolized ot pnon-alcoholic steatohepatitis (NASH), alcohol liver dise
in the liver primarily by CYP2el Zaher et al, 1993 @ (ALD)and liver brosis. Thus, brates and derivatives augion
cytochrome P450 isoform, producing N-acetyl-p-benzoquinongctiyating PPAR interfere with NASH pathogenesis by reducing
imine (NAPQI), which is normally detoxi ed by conjugation steatosis, inammation and brosis Ratziu et al., 2016
with reduced glu_tathione (GSH) when used at therapeutic goseggq by enhancing mitochondrial functions.i( et al., 201}
However, GSH is exhausted when an acute or repeated APARq eover, PPAR may play a key role in the resistance to APAP
hepatotoxicity (ehendale, 2000 Pre-exposure to peroxisome
Abbreviations: aSma/Acta2alpha smooth muscle actin; AEA, anandamide; ALT, Proliferators aorded remarkable protection from APAP-
alanine aminotransferase; AM404, N-(4-hydroxyphenyl)-arachjdamide; AILI,  induced liver injury assessed by decreased arylation obolit
APAP-induced liver injury; ALP,‘phosptase alkaline; APAP, acetaptien or proteins, hepatic GSH depletion and necrogiéi¢n et al., 2009
paracetamol; AST, aspartate aminotransferase; B220 (CD45), leekmoyinon In recent years, a group of lipids related to the

antigen; Cyp2e] cytochrome P450 2E1; DAPIC@&-diamidino-2-phenylindole; . . .
DHEA, docosahexaenoyl ethanolamide; DILI, drug-induced livguary; Faah acylethan0|am'des (NAES) has been identi ed as endoqenous

fatty acid amide hydrolas@GT, gamma-glutamy! transpeptidase; HDL, high- ligands for PPAR. Thus, the PPAR signaling system consists
density lipoprotein-cholesterol; IL6, interleukin 6; LDL, low-demsipoproteins;  of this receptor and high-a nity NAEs that activate PPAR
',\\l"cpl’ijchz' m‘?“o‘;yte %he_r(‘;ﬂa“r:aml‘m P’Otei”r;l?N:El,s' N‘adg*“a‘(’;aErRi”esl? such as oleoylethanolamide (OEA) and palmitoilethanolzmid
ape- -ac osphatidylethanolamine phospholipase D; , oleo : - .
ethre)mglamide; )I;EpA pslmitojl ethanolamidlépr;la, l;erosisome proliferator- y(PEA) (Fidaleo et al,, .203'4 It ajlso includes the machinery
activated receptor alpha; TEtumor necrosis factoa; VLDL, very low-density ~dedicated to NAE biosynthesis and release, such as N-
lipoproteins. acyl phosphatidylethanolamide-specic phospholipase D
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(NAPE-PLD), as well as mechanisms for cellular uptake anBesearch Committee at the University Hospitals of Malaga
hydrolysis, such as fatty acid amide hydrolase (FAAH) andRef. no. PI-0337-2012) and were conducted according to the
N-acylethanolamide-hydrolyzing acid amidase (NAAA)Jegda principles expressed in the Declaration of Helsinki.
et al., 201)) Recent reports indicate that OEA reduced brosis
development through inhibition of the pro- brotic cytokine Human HepG2 Cell Culture and in Vitro
TGF-bl-induced hepatic stellate cell activatio®hen et al., Treatment with APAP
2019. Hepatocytes highly express the NAE-degrading enzymehe human hepatoblastoma cell line HepG2 was cultured
FAAH, which prOteCtS them from AEA-induced injury and in Minimum Essential Medium (MEM, 5mM g|ucose)
cell death Siegmund et al., 20).3Thus, hepatocyte cell death sypplemented with 1% L-glutamine, 10% heat-inactivated
is considered to promote brogenesis, whereas eliminatién ofetal bovine serum (FBS), 100 U/mL penicillin and bagmL
activated hepatic stellate cells could represent a cann@bino streptomycin (37C in humidi ed atmosphere of 95% air and 5%
independent mechanism to attenuate the brogenic responseQ,). HepG2 cells (1.5 10* cells/well) were cultured in MEM
(Bataller and Brenner, 2005 containing APAP (0.5, 5, 10, or 20 mM) or vehicle (0.5% DMSO)
Although PPAR may be a potential therapeutic target for 2, 6, and 24 hr{ D 3). Then, culture media and HepG2 cells

in APAP-induced hepatotoxicity, the involvement of the live were collected and snap-frozen for LC/MS-MS and molecular
machinery dedicated to the signaling, synthesis and degi@ul  analyses, respectively.

of the endogenous fatty acid derivatives NAEs has not been

fully investigated. The present study is designed viithvitto ~ Animal Model

and in vivo experimental approaches to investigate how thecr:CD1 (ICR) male mice (Charles Rivers Laboratories,
hepatic endogenous NAE-PPARsignaling system is aected Barcelona, Spain) anBpa® knockout (KO) male mice with
across the di erent stages of APAP-induced liver injury.d&@s  C57BI/6 background (The Jackson Laboratories, Bar Harbor,
involved a measurement of NAE levels and the liver gene/prote ME, USA), weighting 25-30 g and aging 3—4 months old, were
expressions of PPARand enzymes that synthesize (NAPE-PLD)housed in standard conditions (vivarium of the University
and degrade (FAAH) NAEs. This study was rst performedof Malaga) at 20 2 C room temperature, 40 5% relative

in a human liver HepG2 cell line cultured with APAP in a humidity and a 12-h light/dark cycle with dawn/dusk e ect.
dose-response (0.5, 5, 10, and 20mM) and time-course (vater and standard rodent chow (Prolab RMH 2500, 2.9 kcal/g)
6, and 24h) manner. Then, experiments were carried Oujvere availabled libitum. The animals were handled for 10 min
in several mouse models of APAP-induced liver injury (75Qdaily and habituated to an oral gavage procedure for 1 week prio
mg/kg/day) in order to analyse the e ects of 1) acute APAPto experimentation in order to minimize stress e ects.

in a time-course (6, 24, and 48 h) manner, 2) repeated APAP

administration for 3 and 4 days, and 3) a resting period ofln Vivo Treatment with APAP

6 and 15 days after a 4-day repeated APAP administratiolAPAP (Acetaminophen, cat. no. A7085, Sigma-Aldrich, Stig,ou
Immunohistochemical analysis was also performed in the rmousMO, USA) was orally (gavage) administered (750 mg/kg/day;
liver after APAP administration and in the liver of a human 10mL/kg), as was previously describegiakins et al., 20)5
patient with acute hepatic failure caused by APAP overdos&Ve generated four experimental groups O 6/group) of
Finally, hepatic damage was compared to that in the liveCD1 mice: A single vehicle administration group (vehicle
of Ppaia-de cient mice. Our results indicate that acute and group); and one APAP administration and sacri ced 6 h later
repeated APAP overdose-induced liver injury alters therlive(APAPx1 6 h group), 24 h later (APAPx1 24h group) or 48h
expression of the NAE-PPARsignaling-related machinery in a later (APAPx1 48h group) groups. We also generated three

time-response manner. experimental groupsn(D 6/group) of CD1 mice: A repeated
vehicle administration for 4 days group (vehicle group); a

MATERIALS AND METHODS repeated APAP administration for 3 days group (APAPx3 group);
and a repeated APAP administration for 4 days group (APAPx4

Ethics Statement group). For analysing the putative recovery e ect due to the

The protocols for animal care and use were approved by theessation of the repeated APAP administration, we generated
Ethics and Research Committee at the University Regionalvo additional experimental groups © 6/group) of CD1 mice:
Hospital of Malaga and University of Malaga (Ref. no. 24A repeated APAP administration for 4 days and sacri ced 6
2015-A). All experimental animal procedures were carried outlays later group (APAPx4 6d group); and a repeated APAP
in strict accordance with the European Communities direetiv administration for 4 days and sacri ced 15 days later group
86/609/ECC (24 November 1986) and Spanish legislation (BO@PAPx4 15d group). Finallyfppaia KO mice were also exposed
252/34367-91, 2005) regulating animal research. All e argse  to a repeated vehicle or APAP administration for 3 dags)
made to minimize animal su ering and to reduce the number of 6/group). Animals were fasted for 12 h before sacri ce to avoid
animals used. food-induced changes in liver genesida et al., 2015; Gavito
Liver samples (biopsies) were obtained after written infame et al., 2015
consent from all the patients and donor's family, as requebie
speci ¢ legal and clinical guidelines of the Ethics and Regear Sample Collection
Committee at the University Hospitals of Malaga. ResearcAnimals were intraperitoneally anesthetized (sodium
procedures were approved and supervised by the Ethics amentobarbital, 50 mg/kg) and blood samples were transcadydial
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collected (K3-EDTA tubes) and centrifuged (1,66010 min,
4 C). The plasma and liver portions were snap-frozen in liquid(ThermoFisher).

TABLE 1 | Primer references for TaqMa@ gene expression assays

nitrogen and stored at 80 C for biochemical, molecular and

. . _Gene ID GenBank Assay ID Amplicon
LC/MS-MS analyses. Other batch of animals was transca_lrd|al?y accession n length
xed with 4% formaldehyde in 0.1 M phosphate bu er. Portions
of liver were collected for histological and immunohistechical GAPDH NM_001256799.1 Hs02758991_gl 93
analysis. 2-microglobulin (B2m) NM_009735.3 Mm00437762_m1 77
. . . Cyp2el NM_021282.2 MmO00491127_m1 83
Biochemical Analysis _ o _ asma (Acta2) NM_007392.3  Mm00725412_sl 95
Total cholesterol (TChol), high-density lipoprotein (HDL)- caspases NM_001284409.1 Mm01195085_m1 70
cholesterol, triglycerides (TG), phosphatase alkaline (Al s, NM 0012786011 MmO00443258 mi a1
the hepatic enzymes alanine aminotransferase (ALT), adpartg,q NM 0311681 Mm00446190 mil 78
aminotransferase (AST) and gamma-glutamyl transpeptidag\(;;Cpl (Col2) NM 011333.3 MM00441242 mi 74
(9GT) were analyzed using commercial kits according to the,,., NM 001001928.2 Hs00947536 m1 62
mgnufgcturers instructions in a Hitachi 737 Autgmanc Aynz;er. b NM 0011134181 Mm00440939_m1 24
(Hitachi Ltd., Tokyo, Japan) as were previously described,,. NM 0011228381  Hs00419593 m1l 79
(Warnick et al., 1990; Crespillo et al., 2911 Napepld NM_178728.5 MmO00724596_m1 a5
: : P FAAH NM_001441.2 Hs01038660_m1 122
Quanti cation of Endocannabinoids and - ° -
Faah NM_010173.4 MmO00515684_m1 62

Related Compounds
The determination of the NAEs N-arachidonoyl ethanolamide

(AEA or anandamide), N-docosahexaenoyl ethanolamid@ABLE 2 | Antibodies used for protein expression by western blotting
(DHEA), N-oleoyl ethanolamide (OEA) and N-palmitoyl ) —
ethanolamide (PEA) in human HepG2 culture cell media and™"Moen  Immunogen M;:tl;fu"ng Dilution
mouse liver samples was based on methodology previously
described [Pastor et al., 20)4 and it was adapted for the bactin A modi ed synthetic SIGMA. Mouse 1:1000
extraction of endocannabinoids from liver tissue. Twenty b-cytoplasmic actin N-terminal ~ monoclonal
microlitres were injected into the LC/MS-MS system. peptide 2’;2‘)1%‘“/- Cat.n:
RNA |SO|ati0n and RT_q PCR AnalySiS PPARa Synthetic peptide Fitzgerald. Ra_bbit 1:300
Wg performed real-time qPC_R (TagMan, ThermoFisher (VDTESPICPLSPLEADD) 2(23' Cf?;g:?gfgl
Scienti C.’ Waltham, MA’ USA) in_human HEpGZ cells and NAPE-PLD A 13-aa peptide comprising part Developed by our 1:100
mouse liver as described previousiyu@rez et al., 20).4Real- of both the C-terminal and the  group. Rabbit
time gPCR was performed using a CFX96 TouciReal-Time N-terminal regions of NAPE-PLD  polyclonal antibody
PCR Detection System (Bio-Rad). Primers used were obtained (MDENSCDKAFEET)

FAAH Synthetic peptide from rat FAAH, Cayman. Rabbit 1:200

based on TagMah Gene Expression Assays and the FAM a8 561579

polyclonal antibody.

dye label format (ThermoFisherTable 1). Absolute values from Cat. N : 101600

each sample were normalized with regard to the housekeeping
geneGAPDH (human HepG2 cells) or 2-microglubulifmouse
liver). The relative quanti cation was calculated using i Ct
method and normalized to the control group.

(CLRFMREVEQLMTPQKQPS)

by clinical, biochemical, and histopathological criterlaver
samples were retrieved from the tissue bank of Pathology
Service at the University Regional Hospital and University
Western Blot Analysis Virgen de la Victoria Hospital of Malaga. The control group
Protein levels from mouse liver were measured as previousfipnsisted of liver samples selected from healthy donors. We
described Crespillo et al., 20)1 An appropriate combination histopathologically con rmed the absence of macroscopic and
of primary and HRP-conjugated secondary antibodies was usdudicroscopic alterations. Regarding the etiology of the DILI
(Table 9. Western blots showed that each primary antibodypatients analyzed, we could only select a unique case of acute
detected a protein of the expected molecular size. The proteffepatic failure, due to an abusive consumption of paracetamol
intensity was quanti ed with the image processing softwareover time, without other relevant comorbidities. At the ment
ImageJ (Rasband, W.S., ImageJ, U.S., NIH, http://imagejmihh  of emergency admission, the patient (male, 40 years old,
ij, 1997—2012). The results were expressed as the protaatin ~ several suicide attempts) showed low blood pressure (70/40),
ratio. drowsiness, peripheral cyanosis, conjunctival icterus, trigh
upper quadrant abdominal pain, and altered circulating levels
Human Subjects of aspartate aminotransferase (AST 4,600 U/L), creatinine
Human liver biopsies were retrospectively selected from 2.6 mg/dL), leukocytosis (39,000,000 U/L), among othebe T
patients with DILI and from 8 brain-dead, heart-beating, APAP concentration in serum measured at admission of the
non-diabetic, non-obese adult matched controls, all d@zggd patient to the emergency room (over 4 h post ingestion) was
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220mg/mL, indicating possible liver toxicity (Rumack-Matthiew P < 0.001]. A dose e ect on the gene expressionFéfAH
monogram). The clinicians proceeded with N-acetylcysteingvas speci cally found f4, 75y D 5.53,P < 0.001]. Interaction
treatment. The post-mortem analysis of the liver (2 daysraftebetween dose and time was observed in the gene expression of
emergency admission) indicated extensive necrosis, stinge PPAR1 [Fg 75 D3.90,P < 0.001],NAPE-PLD[Fg, 75 D2.51,P

in Itration, hemorrhage and ischaemia, all signs compatitlith < 0.05] andFAAH [Fg, 75)D4.51,P < 0.001] Figures 1B-D.

a hepatotoxic etiology. Thus, increased doses of APAP di erentially a ected the HepG2
cell gene expression of the NAE-PPARIignaling machinery

Histology, Immunohistochemistry, and in an incubation time-dependent manner. Bonferroni anaysi

|mmun0 uorescence indicated that Hesz cells cultured with 10 and 20mM of

Sections carried out at centrolobulillar planes from mousd a APAP for 6h exhibited a decrease in the gene expression of
human liver samples were stained with haematoxylin-eosin (HPPAR (P < 0.01), but it was increased after 24h of APAP
E) for histological assessment of tissue injury. Adjacentisns Incubation compared to the respective control$>(< 0.05)
were incubated in the following diluted primary antibody 8 h ~ (Figure 1B). Gene expression levels NAPE-PLDand FAAH

at 4 C: rabbit anti-PPAR (1:50, Fitzgerald, cat. no. 20R-PR021)Were also increased in HepG2 cells cuI'Fured with 10 and 20 mM
rabbit anti-MAGL (1:50, Cayman, cat. no. 100035), rabbii-ant ©f APAP for 24h (* P < 0.05/0.001)Kigures 1C,0). HepG2
FAAH (1:50, Cayman, cat. n0.101600), rabbit anti-DAGL: 25, cells dld_ not exhibit any change at any concentration in teag
developed by our group), and rat monoclonal anti- B220 offXPression oPPARa after 2h of APAP incubationHigure 1B),
CDA45R (clone RA3-6B2) (1:50, ThermoFisher, cat. no. RM260131d in the gene expression levelsNAPE-PLDand FAAH after

For immunohistochemistry, sections were rst incubated in2 @nd 6h of APAP incubatiorFigures 1C,D). o

a 1:500 dilution of a biotin-conjugated donkey anti-rabbit After LC/MS-MS analysis, two-way ANOVA indicated a
secondary antibody (Amersham) for 1h, and then incubated i€ € €ct on the medium concentration of NAEs in a dose-
the dark for 1h in a 1:2000 dilution of ExtrAvidin peroxidase iNdependent manner [AEAF( 75 D 14.41,P < 0.001; PEA:
(Sigma). Immunolabeling was revealed by exposing to 0.050%2, 75) D7.56,P < 0.01; OEA'F(, 75) D12.83,P < 0-00_1?
diaminobenzidine (DAB; Sigma), 0.05% nickel ammoniumPHEA: F2, 75D 78.12,P < 0.001]. The commercial medium
sulfate, and 0.03% 4@, in 0.1M phosphate-bu ered saline contains acerFhanoIamldes, and we obtained a decrgase in
(PH 7.4). For immuno uorescence, sections were incubated in € concentrations of AEA and PEA, probably re ecting a
donkey anti-rat IgG (KCL) labeled with AlexaFludt 488 (1:500, negative balan_ce_ between production ,_and degradation thhe_s
MolecularProbes, Invitrogen, Paisley, UK, cat. no. A21268) f NAEs. Contrariwise, we observed an increase (produc_:tlon)_ in
2h. For Annexin V detection, we used the FITC Annexinthe concentration of OEA and DHEA contents over time in

V apoptosis detection kit | according to the manufacturersthe culture media after cell incubation relative to the basal
instructions (BD Biosciences, Madrid, Spain, cat. no. 53554 values of NAE contents in the culture media (MEM) before cell
Digital high-resolution microphotographs were taken with anincubation Figures 1E-H. Interestingly, a dose e ect on the
Olympus BX41 microscope equipped with an Olympus DP7@nedium concentration of OEAH, 75D 4.29,P < 0.01] and

digital camera (Olympus Europa GmbH, Hamburg, Germany). @" interaction between factors (time and dose) in the _medium
content of DHEA g 75D 2.27,P < 0.05] were speci cally

Statistical Analvsis observed. Thus, we o.bserved an increased content of .OEA
y and DHEA in the medium of the HepG2 cells cultured with
the mean) of at least six determinations per experimental grou20 mM of APAP for 24 h compared with the respective controls

(n D 6). Kolmogorov-Smirnov normality tests indicated that aII( P < 0.001;Figures 1G.’H' _HepGZ ce_lls did not exhibit any
data followed a Gaussian distributioR & 0.1), so we selected a change at any concentration in the medium content of AEA and

parametric statistical test. Statistical analysis was pagd using PEA when cells were incubated with APAP for 2, 6, and 24h
one- or two-way ANOVA following Bonferroni'post hoctest (Figures 1E.F.

for multiple comparisons or Studentistest when appropriate.

Correlation analyses were also performed through the Pearsd=ffect of Acute APAP on Hepatic

correlation coe cient (). P < 0.05 was considered to be Injury-Related Factors and the NAE-PPAR a

All data are represented as the mears.E.M. (standard error of

signi cant. Signaling System in the Mouse Liver in a
Time-Dependent Manner
RESULTS Mice were treated with an acute oral overdose of APAP

. . (750 mg/kg) and sacriced 6, 24, and 48h latdtigure 2A).
APAP EﬁeCt on the NAE-PPAR _a Slgna“ng We observed a time-response e ect of acute APAP on the
System in Human HepG2 Cells in a Dose histopathology in mouse liverFigures 2B—B. Acute APAP-
and Time-Dependent Manner induced liver injury was addressed by mild sinusoidal ditan,
Human hepatic HepG2 cells were incubated with APAP atn ammation (lymphocytes in Itration) and ballooning in the
dierent doses (0.5, 5, 10, and 20mM) for 2, 6, and 24 hhepatic parenchyma. The liver of vehicle group exhibited a
(Figure 1A). Two-way ANOVA showed a time e ect on the gene hepatic parenchyma surrounding the central vefsigure 2B).
expression oPPARy, NAPE-PLD,and FAAH [F(» 75> 10.00, Moderate sinusoidal dilatation, minimal lymphocyte in Itriain
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FIGURE 1 | Effects of APAP incubation at doses of 0.5, 5, 10, and 20 mM foR, 6, and 24 h on the gene expression levels of NAE/PPA&related components in a
human hepatoblastoma cell HepG2 line(A) Timetable of the experimental design(B—D) Quanti cation of the mRNA levels ofPPARa, NAPE-PLD,and FAAHin
HepG2 cells.(E-H) Quanti cation of the concentration of AEA, PEA, OEA, and DHEMA HepG2 cell media. Quanti cation of the concentration of AR, PEA, OEA, and
DHEA in HepG2 cell media. Histograms represent the mean S.E.M. ( D 3). Bonferroni test: =*=***P < 0.05/0.01/0.001 vs. the respective timing group treated
with vehicle;$¥5=8%% p < 0.05/0.01/0.001 vs. the respective dosing group treated for 2h; ## = p < 0.01/0.001 vs. the respective dosing group treated for 6 h.

and ballooning in hepatic parenchyma were found after &he vehicle group Figure 2E). Histopathology was associated

and 24h of acute APAP administratiorFiQures 2C,0. No  with changes in the expression of hepatic damage-related
necrosis was detected. The hepatic parenchyma alteratiares wéactors Eigure 2F. Our results indicated a decreased gene
decreased 48h later, becoming a hepatic histology similar texpression of the APAP-related damage mark®mp2eland
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FIGURE 2 | Effects of acute oral overdose of APAP (750 mg/kg) on histopablogy, the gene expression levels of hepatic injury-reledl factors and
NAE/PPARa-related components, and the NAE levels in the mouse liver & 6, 24, and 48 h from treatment.(A) Timeline of the experimental design(B—E)
Representative photomicrographs showing low and high (irets)—magni cation views of H-E-stained liver sections: Vehle group, APAPx1 6 h group, APAPx1 24 h
group, and APAPx1 48 h group. b, ballooning; sd, sinusoidal iatation; v, blood vessel.(F,G) Quanti cation of the mRNA levels ofCyp2el, Caspase3 aSma, Tnfa, 116,
Mcp1, Ppara, Nape-pld, and Faah (H) Quanti cation of the liver levels of AEA, PEA, OEA, and DHEA istograms represent the mean S.E.M. (i D 6). Bonferroni
test, *=**P < 0.05/0.001 vs. vehicle-treated group.

an increased gene expression of the cell proapoptosis marker Regarding the NAE-PPAR signaling system, our results
Caspaseand the hepatic brosis markeaSmain the liver of indicated decreased gene expression leveRpafa and Faah
mice sacriced 6h after treatment ( P < 0.001). The liver and an increased gene expressionNafpe-pldin the liver of

of these mice also exhibited a non-signi cant increase ie th mice sacriced 6h after treatment P < 0.05) Figure 2G).
gene expression levels of the in ammatory cytokifiega, 116 However, after 24 and 48 h of treatment, we observed an iserea
and Mcpl After 48 h of treatment, the gene expression levelf the gene expression levels Mépe-pldand Faah( = P <

of Cyp2el Caspase3and aSmawere statistically normalized 0.05/0.001). No changes were observed in the liver levAlEAf
(Figure 2PB. and DHEA after APAP administrationRigure 2H). In contrast,
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the liver levels of PEA and OEA were elevated after 24 h of APA€hanges were dramatically suppressed after 15 days without

treatment and then normalized after 48 Rigure 2H). APAP administration Figure 3G. Regarding the hepatic
damage-related factorsFigure 3H), our results indicated
Effect of Acute APAP on the Circulating a decreased gene expression @fp2eland increased gene
Levels of Cholesterol, Triglycerides, and expressions okiSmag Tnfa, and Mcpl in the liver of mice
Hepatic Injury-ReIated Enzymes in a sa_cri_ced 6h after a 3-day and 4-day treatment of APAP
(T © P < 0.05/0.01/0.001). Interestingly, an increased gene

Tlme-Dependent Manner expression o€aspase®as also detected in the liver of mice with
We observed increases in the plasma levels of LDL after 6 al 4-day treatment of APAP and in the liver of mice sacri ced

24h, triglycerides, VLDL and ALP after 24 and 48 h, AST affer & qays after the last administration of the 4-day treatmer (
24, and 48h, and ALT after 24 h of acute APAP administration. 0.05) Figure 3H). Only after a resting period of 15 days

(7 ° P < 0.05/0.01/0.001fable 3. In contrast, the plasma oy the |ast administration of the 4-day APAP treatment did
levels of HDL were decreased after 24 and 48 h of administrati we observe a normalization of the gene expression of these

No signi cant di erences in the plasma levels of total chokst hepatic damage-related facto§44=<&&p < 0.05/0.01/0.001)
andgGT were found Table 3. (Figure 3H).

Regarding the PPA&R signaling machinery Kigures 31-K),

Effect of REpeated APAP and Resting on our results indicated a decreased gene and protein expression

Hepatic Injury-Related Factors and the Ppam/PPARa and FaahFAAH in the liver of mice sacri ced 6 h
NAE-PPARa Signaling System in the after a 4-day treatment of APAPT{ = P < 0.05/0.01/0.001).
Mouse Liver Interestingly, decreased gene expression level¥pak, Nape-

Mice were treated with repeated overdoses of AI:,AFpIdandFaahwere also observed in the liver of mice sacri ced 6

(750 mg/kg/day) for 3 and 4 days and then sacriced 6h, ¢lays aftera4-day treatment{ P < 0.01/0.001)Rigure 3I).
days, and 15 days (recovery) after the last oral administrat The signi cance of the changes observed in the gene and protei
(Figure 3A). We observed eects of repeated APAP angexpression oPpaa/PPARa and FaahFAAH were all abolished

gfter a resting period of 15 daysigures 31,K). No changes
were observed in the protein expression of NAPE-PLD after
the repeated APAP administration or restingigure 3K). Our
results also indicated that the liver levels of AEA, PEA, GIEA
DHEA were elevated in the mice treated with APAP for 3 and
increasing the number of dose&igures 3B—G. Thus, sinusoidal 4 days (P < 0.05) fFigure 3L). The signi cance of the changes
dilatation and ballooning were found in the hepatic parenctaym ©Pserved in the liver levels of NAEs was abolished after igest
of acute APAP-treated miceFigure 3C). Moderate necrosis period of 6 and 15 days.

and mild sinusoidal dilatation in the hepatic parenchyma

of 3-day APAP-treated mice were observe#igtre 3D). Effect of Repeated APAP and Resting on

Extensive necrosis, in ltration and hemorrhage charaized . .
the hepatic parenchyma of the 4-day APAP-treated micéhe Circulating Levels of Cholesterol,

(Figure 3B. When the repeated APAP administration was ITiglycerides, and Hepatic Injury-Related
suspended for 6 days, the histology of the hepatic parenchynlanzymes

was signi cantly ameliorated as minimal sinusoidal dittda  The plasma levels of LDL, VLDL and the hepatic enzymes
and ballooning were observedriure 3F. Histopathological AST, ALT andgGT were elevated in mice treated with APAP

resting on the histopathology in the mouse liver. Repeate
APAP administration augmented liver injury as a destruntio
of liver parenchyma architecture (sinusoidal dilatationdan
ballooning), extensive pericentral hepatic necrosis, hehage
and in ammation (lymphocytes in ltration) were found after

TABLE 3 | Effects of acute APAP (750 mg/kg) on the circulating levels afiglycerides, cholesterol and hepatic injury-related mymesT.

Vehicle APAPX1 6h APAPX1 24 h APAPX1 48 h
Triglycerides (mg/dL) 73.14 7.88 97.50 18.11 136.20 12.91% 129.80 12.99**
Total cholesterol (mg/dL) 105.40 3.23 109.83 9.37 130.20 13.81 95 8.17
HDL (mg/dL) 59.24 2.55 50.00 10.24 52.39 6.77* 4160 7.87
LDL (mg/dL) 24.63 3.78 4033 4.34* 4347 6.13* 32.40 5.89
VLDL (mg/dL) 17.17 3.65 19.50 3.62 27.24 2.58* 25.96 2.60
ALP (UL) 22.80 1.78 53.67 14.75 67.39 5.77%* 7358 6.05™
AST (U/L) 61.25 2.03 14400 33.78* 112,11  11.37* 85.78 5.40"
ALT (U/L) 36.20 7.12 47.80 5.47 131.60 33.91* 4933 5.14
gGT (UIL) 545 0.75 8.63 220 6.72 0.33 6.72 0.74

+
Data are expressed as mean S.E.M. Bonferroni test:*=**=***p < 0.05/0.01/0.001 vs. vehicle-treated group.
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FIGURE 3 | Effects of repeated APAP administration (750 mg/kg/day) on kiophatology, the gene expression levels of hepatic injurselated factors, the gene/protein
expression levels of NAE/PPAR-related components, and the NAE levels in the mouse liver & 6 h, 6, and 15 days from treatment.(A) Timeline of the experimental
design. (B—G) Representative photomicrographs showing low and high (irets)}—magni cation views of H-E-stained liver sections. b, hllooning; h, hemorrhage; i,

in ammation; sd, sinusoidal dilatation; v, blood vessel(H) Quanti cation of mRNA levels ofCyp2el, Caspase3 aSma, Tnfa, I16, and Mcpl. (I-K) Quanti cation of
mRNA and protein levels ofPpara/PPARa, Nape-pld/NAPE-PLD andFaalWFAAH. (J) Representative immunoblots(L) Quanti cation of the liver levels of AEA, PEA,
OEA, and DHEA. Histograms represent the mean S.E.M. (1 D 6). Bonferroni test: =*===P < 0.05/0.01/0.001 vs. vehicle-treated group;& =& =%&& p <
0.05/0.01/0.001 vs. APAPx4 15 days group.
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TABLE 4 | Effects of repeated APAP (750 mg/kg/day) and resting for 6 and8.days on the circulating levels of triglycerides, cholestel and hepatic injury-related
F
enzymes'.

Vehicle APAPX3 APAPx4 APAPXx4 6 days APAPx4 15 days
Triglycerides (mg/dL) 85.83 18.24 131.66 20.47 10250 15.18 76.33  5.00 87.33 9.82
Total cholesterol (mg/dL) 102.50 4.30 118.67 13.66 103.33 13.59 104.22 10.63 100.17 5.24
HDL (mg/dL) 60.70 3.01 58.67 10.81 48.40 5.90 51.43 2.56 59.83 4.98
LDL (mg/dL) 2722 2.19 3367 9.26 49.47  3.14wnHHH=R& 19.87 2.07 22.87 6.15
VLDL (mg/dL) 14.63 1.58 26.33  4.09* 20.83 2.79* 15.27 1.00 17.47 1.96
ALP (U/L) 2417 232 28.00 3.64 36.83 10.20 98.53  6.22+8&E& 31.67 7.41
AST (UIL) 62.44 229 208.40 57.43* 318.67 33.28~7%& 90.67 10.63* 102.75 7.83*
ALT (U/L) 30.24 3.19 61.67 4.51%* 308,50 43.24+&& 3478 1.71 50.88  16.42
gGT (U/L) 489 05 9.78 2.82 18.70  1.40*8&& 9.57 1.12% 6.90 1.15

T -
Data are expressed as mean S.E.M. Bonferroni test:*=+*=+p < 0,05/0.01/0.001 vs. vehicle-treated group;**#P < 0.001 vs. APAPx4 6 days group;%& <&& p < 0,01/0.001 vs.
APAPx4 15 days group.
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FIGURE 4 | Effects of repeated APAP administration (750 mg/kg/day) on thexpression of hepatic injury-related factors in the livesf Ppara = mice. (A)
Quanti cation of mMRNA levels ofCyp2el, Caspase3, aSma, Tnfa, and Il6. Histograms represent the mean S.E.M. fi D 6). Student'st test: *=***P < 0.05/0.001 vs.
vehicle-treatedPpara = group. (B) Representative photomicrographs showing low and high (irets)—magni cation views of H-E staining and B220 (CD45R)
immuno uorescence in liver sections.(C) Representative photomicrographs showing uorescent labehg for the apoptotic Annexin V and DAPI in the liver of CD1 and
Ppara = mice repeatedly treated with APAP. V, blood vessel.

for 4 days (¢ = P < 0.05/0.01/0.001)Table 4. After a plasma levels of LDL, ALP, AST, ALT amgizT (4&=%&&p
resting period of 6 days from the fourth administration of < 0.01/0.001). No signicant dierences in the plasma
APAP, the plasma levels of ALP, AST ag®T were also levels of triglycerides, total cholesterol and HDL were fdun
elevated. However, a resting period of 15 days normalized th@able 4).
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Effect of Repeated APAP on Hepatic
Injury-Related Factors and the Circulating
Levels of Cholesterol, Triglycerides, and
Hepatic Injury-Related Enzymes in the

Ppara =~ Mouse Liver
As observed previously, the results also indicated a dessleasCorrelation between NAE Levels and

gene expression dfyp2elas well as an increase in the geneHepatic Damage-Related Factors
expression levels dfaspasg®Sma Tnfa and 16 in the liver 14 455655 the relevance of NAE changes in apoptosis and
of Ppam ~ mice sacri ced 6 h after a 3-day treatment of APAP iy ammation, we statistically analyzed the correlationteen
(= P<0.05/0.001)Kigure 4A). _ ' the liver levels of NAEs and the liver gene expression levels o
_In the hepatic parenchyma ofPpama = mice, the phepatic damage-related factol@asp3aSma Mcpl, Tnfa, and
histopathology was compatible with an increase in hepatigg) The results indicated that the liver levels of AEA, PEA
fat accumulation anql T lymphocyte in ltration associa.ltgdthvi. and DHEA, but not OEA, positively correlated witicplgene
B220 (CDA45) labeling after repeated APAP administration,,ression Table 6, whereas only DHEA positively correlated
(Figure 48). Interestingly, the apoptotic Annexin V. marker it the gene expression levelsasmaMcp1,and Tnfa, but not
was highly detected in the hepatocyteshgiam = mice than  cagpandIL6 (Table 7). These results indicated that there is an
in ammatory role of the NAE signaling in APAP-induced liver
injury.

those of CD1 mice when they were repeatedly exposed to APAP
(Figure 40.

The plasma levels of triglycerides, VLDL and alkaline
phosphatase (ALP) were elevatedPipaia = mice treated with
APAP for 3 days ( P< 0.01) Table 5.

TABLE 5 | Effects of repeated APAP (750 mg/kg/day) on the circulating iels of

! ) o : S
triglycerides, cholesterol and hepatic injury-related etymes in Ppara mice'. Repeated APAP in Mouse and APAP

Ppara = vehicle Ppara = APAPx3 Overdose in Human Decreased the
Triglycerides (mg/dL) 86.75 3.41 192.80 20.17™ Immunohistochemical EXpreSSIOn of
Total cholesterol (mg/dL) 101.00 3.94 147.40  45.46 PPARa and FAAH in Liver
HDL (mg/dL) 60.25 4.53 68.60 22.55 A reduced immunostaining of PPAR (Figures 5A-B and
LDL (mg/dL) 23.40 3.30 51.45 21.76 FAAH (Figures 5F—-) in the liver of mice treated with APAP
VLDL (mg/dL) 17.35 0.68 3856 4.03" supported the results previously obtained from the gene and
ALP (UIL) 8.25 1.66 16.20 2.82" protein expression analysis. We also observed an increase in the
AST (UIL) 170.75 38.89 78.00 49.26 in Itration of T lymphocytes expressing B22Figures 5K—Q
ALT (UIL) 4475 1212 1108 70.99 in mice repeatedly exposed to APAP. T lymphocyte in Itration
gGT (UIL) 488 1.73 428 159 was almost completely abolished after a resting period of 15

days. Immunohistochemical analysis in the human liver rafte
APAP overdose also con rmed the PPARNd FAAH decreases
(Figure 6). PPARx immunoreactivity was not only detected as a
nuclear labeling in most hepatocytes and stellate cells but also
detected in the cytoplasm of some of theffigures 5A 6A).
FAAH labeling was only detected in the cytoplasm of hepatagyte
especially in those hepatocytes surrounding the blood \&ssel
(Figures 5K 6C).

t
Data are expressed as mean S.E.M. Bonferroni test:**P < 0.01 vs. vehicle-treated
Ppar = group.

TABLE 6 | Statistical correlation between NAEs levels andicp-1 gene
expression in livef.

AEA PEA OEA DHEA

r p r p r p r p

DISCUSSION

Mcpl 0.8969 <0.01 0.7875 <0.05 0.5730 0.1787 0.9658 <0.001
The present study demonstrated that the oral overdose of

t . : -
Pearson correlation coef cients (r) and P values are indicated.
Bold values indicate the statistical signi cance of the P values by Peaon correlation.

acetaminophen, which was acutely and repeatedly admingstere
to induce liver injury, modied the liver expressions of

TABLE 7 | Statistical correlation between the gene expression levgbf hepatic damage-related factors and DHEA levels in liver

Casp3 aSma

Mcpl Tnf a 116

r p r p

p r ] r P

DHEA 0.122 0.7943 0.7944 <0.05

0.9658

<0.001 0.7760 <0.05 0.2710 0.5567

+
Pearson correlation coef cients (r) and P values are indicated.
Bold values indicate the statistical signi cance of the P values by Peaon correlation.
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FIGURE 5 | Representative high-magni cation photomicrographs showig the immunohistochemical expression of PPAR (A-E) and FAAH (F-J), and the

immuno uorescence expression of B220 (CD45R)K-0), in liver sections of mice treated with acute and repeated @ overdoses of APAP after 6 h and 15 days from
treatment. v, blood vessel.

the NAE-based anti-in ammatory system composed by thedays from the last dose of the repeated APAP administration.
PPARa, the NAEs synthesis enzyme NAPE-PLD and thdn contrast,Nape-pldgene expression was increased after 24 h
NAEs degradation enzyme FAAH. 6h after treatment, acutef APAP incubation in the hepatic HepG2 cells and after 6,
and repeated administrations of APAP induced a decrease?#4, and 48 h from acute APAP treatment in the mouse liver.
expression of PPA®R which was observed in the hepatic HepG2Repeated administration of APAP for 4 days also induced a
cells and in the mouse liver (sdggure 7 for a summary). tendency in the increased expression of NAPE-PLD, which was
This e ect on PPAR expression was completely reversed aftereversed or even down-regulated after 6 and 15 days from the
24 h from acute APAP administration and after 6 days fromlast APAP administration. As expected, the changes in thex liv
the last dose of the repeated APAP administration. Moreoveexpression of these NAE metabolic enzymes result in altered
FAAH expression was decreased in the mouse liver after 6 h frofevels of the NAEs AEA, OEA, PEA, and DHEA in the liver. The
acute and repeated APAP treatment and was restored or evémcreased levels of OEA and PEA, but not AEA and DHEA, can
up-regulated after 24 h from acute administration and aftér 1 be explained by the increased gene expressidlapé-pld3-fold
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include sinusoidal dilatation, ballooning, lymphocyte ltration

(in ammation), hemorrhage and extensive pericentral hepati
necrosis, were associated with impairment in hepatic damage-
related factors, such as a decrease in gene expression of the
xenobiotic metabolism factoCyp2eland increases in gene
expression levels of the proapoptotic fact@aspase3the
brogenic factor aSma the pro-in ammatory cytokinesTnfa

and 116, and the monocyte/macrophage migration/in ltration
factor Mcpl (also known as CCL2). Moreover, the greatest
damage in mouse liver (acute and repeated administration of
APAP for 4 days) was accompanied by decreased expressions
of PPARa and FAAH, and by a positive correlation between
Mcpland NAE levels. To further assess the role of P&AR
hepatic damage caused by APAP, we evaluated the e ects of
the repeated administration of APAP on the liver Bpaia ~

mice. In these mice, we observed an up to four-fold increase
in the gene expression ofaspase3and an up to 10-fold
increase in the gene expression levelsa®ma Tnfa, and

FIGURE 6 | Representative high-magni cation photomicrographs showig the I16. Impairment in ammation in Ppaa = mouse liver was
immunohistochemical expression of PPAR (A,B) and FAAH(C,D) in liver con rmed after the qualitative increase in the number of cells
sections of a patient with an acute hepatic failure caused by prolonged expressing the naive T lymphocyte marker B220 (CD45R) and

consumption of paracetamol. v, blood vessel. . h .
P P the number of hepatocytes expressing the apoptotic Annexin V.

These results indicate a higher liver vulnerability to APAP i
increase) in the mouse liver after 24 h of APAP administmatio the absence of PPARPrevious studies described that the lack
The acute APAP e ect oriNape-pldgene expression and OEA of CYP2E1-metabolic activation and oxidative stress ¥alg
levels in the mouse liver was also observed in the hepatic Hep@PAP treatment caused an increase in mitochondrial ROS
cells after 24 h of incubation. Regarding the livers of mieated formation (Jiang et al.,, 20)5and a suppression of PPAR
with repeated APAP administration, the increase in the levelregulated pathways on fatty acid oxidatiofil{en et al., 2009
of AEA, PEA, OEA, and DHEA agree with the outstandingOur results are in strong agreement with a previous report
lower gene/protein expression of FAAH. However, we cannotlemonstrating that elevated reactive oxygen species gedera
ignore the increased gene expression of FAAH after acut@uring APAP-induced hepatotoxicity are partially mediateg b
APAP administration in HepG2 cells and the mouse liver. Theeduced PPAR activity linked to the lack of UCP2 induction
increase in NAE levels observed in our study can be interdrete(Patterson et al., 20)2Regarding this information, the down-
considering a higher in uence of acute APAP administrationexpression oPPARx after 6 h of APAP incubation in the hepatic
on NAPE-PLD activity over FAAH, which contrasts the main HepG2 cells is consistent with a context of cytochrome P450-
e ect of repeated APAP administration in FAAH over NAPE- oxidase system deprivation, as the hepatic HepG2 cell line has lo
PLD expression. Immunohistochemistry in the human livertwit expression of CYP2E1, among other cytochrome P450 isozymes
hepatoxicity caused by abusive APAP consumption con rmedVan Summeren et al., 20).1These results framed in a 6-h-
the decreased expressions of PBABhd FAAH previously time course were con rmed in the mouse models of acute and
observed in our animal models regarding a time-course of 6 hepeated treatment as decreased expression leveRym?E]
from the last APAP administration (acute or repeated). Thes®PARa, and FAAH can be associated. Thus, alteration of CYP2E1
results indicate that the actions of APAP on the NAEs-PBAR activity could also be necessary in order to nd an e ect of APA
signaling system are preserved through species, which sagges FAAH expression and NAEs levels in the liver. Additionally,
an important role in the response to the toxic action of thiswe cannot disregard that the over-expression of the NAEs-RPAR
drug and opens interesting possibilities for investigatihgse signaling system in response to a 24-h APAP hepatotoxicity in
dynamic changes in NAEs machinery and signaling on diagnosithe hepatic HepG2 cells could be produced in a P450-oxidase
prognosis and treatment of APAP-induced liver injury. system-independent manner.

Because of the well-known role of PPAR the regulation Acute and repeated APAP administration resulted in a
of metabolic function, liver regeneration and brosis inciion, PPARa down-expression and likely explains the lack of
it is possible that the APAP-induced recruitment of the NAE-anti-in ammatory properties that characterize APAP actions
based anti-in ammatory signaling system may contributetie  (Abdelmegeed et al., 2011; Ratziu et al., 2dhéagreement with
pathogenesis and nal outcomes of AlLI. In the present studythe increased gene expression of the pro-in ammatory cytekin
we found concordance when we compared the expression dinfa after repeated APAP overdose, PRARctivity has been
the NAE metabolic machinery over time, the expression of thelescribed to be closely down-regulated by pro-in ammatory
hepatic damage-related factors and the histopathologi@igés cytokines Gtraus and Glass, 2001Tn this regard, few data are
in the liver. In acute and repeated APAP administration forpresent in the literature about the immune response of PRAR
4 days, we found that severe histopathological changeshwhii the secretion of MCP1Antonelli et al., 201p Our results
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FIGURE 7 | Scheme that summarizes the acutg(A) and repeated (B) effects of APAP on the liver expression of the NAE/PPARrelated machinery involved in the
signaling (PPAR), synthesis (NAPE-PLD) and degradation (FAAH) of the endaigpus NAE derivatives AEA, PEA, DHEA, and OEA. Red arrows indte the
increased/decreased expression/levels.

also indicated that FAAH down-expression and the lack of AEAwith previous studies, our results indicated that the ince
degradation after APAP treatment could be implicated in theexpression of the brosis markeaSmain acute and repeated
hepatotoxic mechanism of APAP that includes elevated leveBlILlI was accompanied by a decreased expression of BPAR
of LDL, VLDL, and hepatic transaminases in plasma, altered fact that contrasted the high concentration of OEA. APAP
gene expression of hepatic damage-related factors of hrosi;m PPARa de ciency increased the gene expressiona®ma
in ammation and necrosis. The elevated gene expressiorideveand con rmed PPAR:-related molecular mechanisms mediating
of the hepatic brosis markeraSma and the pro-apoptosis APAP-induced liver injury.
marker Caspase3n the liver of mice with repeated APAP Previous studies showed that the analgesic and hypothermic
administration indicates that the liver brosis is likely@moted actions of APAP are partially mediated through the NAE-
by hepatocyte cell deattS{egmund et al., 20).3A previous degrading enzyme FAAH, which facilitates the hydrolysis of
report demonstrated higher levels of AEA in the plasma ofAPAP into the potent TRPV1 agonist AM40D¢ Petrocellis
severe hepatitis and cirrhosis patientSigwas et al., 2003 et al., 2000; Hogestatt et al., 2005; Ghanem et al.,)2016
These authors also demonstrated that AEA-induced cellidieat  AM404 inhibits the carrier-mediated transport of AEA resalj,
human HepG2 cells and primary hepatocytes was preceded by turn, in a reduction of FAAH activity Beltramo et al.,
the activation of pro-apoptotic signaling. Focusing on thetsr 1997; Howlett, 2002; Ayoub et al., 201RAs expected, the
of the repeated APAP-treated mice, our results also agréethet repeated administration of APAP at doses of 750 mg/kg/day
fact that the elevated levels of AEA-induced hepatocytelealth  induced a decreased expression of FAAH and increased levels
(Caspasg3vere determined by the reduced expression of FAAHOf AEA in the mouse liver. However, the acute administration
(Siegmund et al., 2096In contrast to the hepatic stellate cells, of APAP in human HepG2 cells and mice did not induce clear
the high levels of FAAH in hepatocytes may confer less sgitgiti  modi cations in the levels of AEA. This apparent contradictio
to AEA and more resistance to pro- brotic signala§mg. compared to the elevated levels of OEA, DHEA, or PEA
Di erent mechanisms of AEA-induced cell death have beercould be explained regarding the higher reactivity of the NAE
associated with CB1 and CB2 stimulation, ceramide germrati degrading enzyme FAAH with AEA than OEA and PEA as was
JNK activation, ROS generation, and caspase3 activation apdeviously demonstratedieutsch et al., 2002This explanation
apoptosis $iegmund and Schwabe, 200®HEA, which is agreed with the lack of hypothermic actions mediated by
produced by the same pathway as AEA, could also be a locAEA in mice treated with AM404, a metabolite resulting
anti-in ammatory mediator, as itis able to prevent the fortien  from APAP deacetylationAyoub et al., 201)1 There is also
of platelet-leukocyte aggregates and ameliorate in amomati evidence of pharmacological interaction between APAP and
associated degenerative conditioivaifg et al., 2011; Park et al., PEA, whose mechanisms of action confer an enhanced e ect on
2019. antihyperalgesidféciga-Campos and Ortiz-Andrade, 2015
Several studies have also reported that P&ARtivation AEA and OEA have opposed pharmacological pro les, as was
attenuates liver brosislp et al., 200X The circulating levels demonstrated in feeding behavioG(mez et al., 2002In the
of the PPAR agonists OEA and PEA were signi cantly higher present study, both OEA and AEA are elevated after APAP and
in cirrhotic patients Caraceni et al., 20).0Moreover, OEA was may exhibit opposed roles in the onset of brogenesis. OEA
described to suppress the pro- brotic cytokine T®E-signaling administration has been found to attenuate toxic (thioareide-
in mouse models of hepatic brosis, an improvement that wasnduced) liver brosis by targeting hepatic stellate cells. It
lost in PPARx knockout mice Chen et al., 2005In agreement is reasonable to think that the lowering of PPARat the
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