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Abstract

Aims: Sirtuin 1 (SIRT1) is a key player in liver physiology and a therapeutic target against hepatic inflam-
mation. We evaluated the role of SIRT1 in the proinflammatory context and oxidative stress during acet-
aminophen (APAP)-mediated hepatotoxicity.
Results: SIRT1 protein levels decreased in human and mouse livers following APAP overdose. SIRT1-Tg mice
maintained higher levels of SIRT1 on APAP injection than wild-type mice and were protected against hepatotoxicity
by modulation of antioxidant systems and restrained inflammatory responses, with decreased oxidative stress,
proinflammatory cytokine messenger RNA levels, nuclear factor kappa B (NFjB) signaling, and cell death. Mouse
hepatocytes stimulated with conditioned medium of APAP-treated macrophages (APAP-CM) showed decreased
SIRT1 levels; an effect mimicked by interleukin (IL)1b, an activator of NFjB. This negative modulation was
abolished by neutralizing IL1b in APAP-CM or silencing p65-NFjB in hepatocytes. APAP-CM of macrophages
from SIRT1-Tg mice failed to downregulate SIRT1 protein levels in hepatocytes. In vivo administration of the NFjB
inhibitor BAY 11-7082 preserved SIRT1 levels and protected from APAP-mediated hepatotoxicity.
Innovation: Our work evidenced the unique role of SIRT1 in APAP hepatoprotection by targeting oxidative
stress and inflammation.
Conclusion: SIRT1 protein levels are downregulated by IL1b/NFjB signaling in APAP hepatotoxicity, re-
sulting in inflammation and oxidative stress. Thus, maintenance of SIRT1 during APAP overdose by inhibiting
NFjB might be clinically relevant.
Rebound Track: This work was rejected during standard peer review and rescued by Rebound Peer Review
(Antioxid Redox Signal 16: 293–296, 2012) with the following serving as open reviewers: Rafael de Cabo,
Joaquim Ros, Kalervo Hiltunen, and Neil Kaplowitz. Antioxid. Redox Signal. 28, 1187–1208.
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5Centro de Investigación Biomédica en Red de Enfermedades Hepáticas y Digestivas (CIBERehd), Instituto de Salud Carlos III, Madrid,

Spain.
6Oncology Surgery, Cell Therapy and Transplant Organs, Institute of Biomedicine of Seville (IBiS)/University Hospital Virgen del

Rocio/CSIC/University of Seville, Seville, Spain.
7Section of Clinical Pharmacology and Toxicology, Arkansas Children’s Hospital, Little Rock, Arkansas.
8Division of Clinical and Surgical Sciences, University of Edinburgh, Edinburgh, United Kingdom.
*These authors contributed equally to this work, and should be considered as first authors.
#These authors contributed equally to this work.

ANTIOXIDANTS & REDOX SIGNALING
Volume 28, Number 13, 2018
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2017.7373

1187



Introduction

The liver is the main organ in charge of drug catabo-
lism and also the major site susceptible to drug injury.

Drug-induced liver injury (DILI) is the leading cause of he-
patic dysfunction in the United States and Europe. In fact,
hepatotoxicity is the single most frequent reason for removing
approved medications from the market (41). Therefore, new
advances in developing of strategies aimed to reduce DILI are
critical to increase the availability of many drugs for the
treatment of a wide range of diseases. In this regard, in vivo
and in vitro preclinical models of DILI are valuable tools for
identifying molecular mechanisms responsible for hepatocyte
death and for testing new candidate genes responsible for the
susceptibility to DILI as well as therapeutic interventions.

Most of the knowledge about DILI has come from studies
with paracetamol, called acetaminophen (APAP) in the United
States, since at high doses this drug causes liver injury in both
humans and experimental animals (23). At nontoxic doses (up
to 4 g per day in adult humans), APAP is eliminated by glu-
curonide and sulfate conjugation. The initial step in APAP
hepatotoxicity is the formation of the reactive metabolite N-
acetyl-p-aminobenzoquinone imine (NAPQI) by cytochrome
P450 2e1 (CYP2E1). At therapeutic doses, NAPQI is detoxified
by glutathione (GSH) and eliminated in urine or bile as APAP-
cysteine, APAP-N-acetylcysteine, and APAP–APAP-GSH.

After an overdose, glucuronidation and sulfation routes
become saturated, and extensive bioactivation of APAP leads
to a rapid depletion of the hepatic GSH pool. Subsequently,
NAPQI binds to cysteine groups on cellular proteins forming
APAP-protein adducts. NAPQI also binds to mitochondrial
proteins, which, in turn, causes oxidative stress that triggers
signaling pathways through mitochondrial toxicity, leading
to lethal cell injury (8). This massive mitochondrial dys-
function and nuclear DNA damage are the main causes of
necrotic cell death of the hepatocytes on APAP treatment.

During necrosis, released damage-associated molecular
patterns (DAMPs) activate Toll-like receptors (TLRs) on
macrophages and induce proinflammatory signaling pathways
leading to cytokine production. These inflammatory mediators
also activate other immune cells such as neutrophils and
monocytes leading to the recruitment of these leukocytes into
the liver to remove cell debris and to prepare the tissue for
repair (13, 27). Among these proinflammatory cytokines, both
interleukin (IL)1a and IL1b have been recently implicated as
critical mediators of APAP hepatotoxicity (3, 14). However,
recently controversial evidences based on studies in experi-
mental models and humans have suggested a contrasting, del-
eterious or beneficial, role of the inflammatory response in the
regeneration of the liver after APAP-mediated injury (1, 54).

Sirtuin 1 (SIRT1), an NAD+-dependent histone deacetylase,
has been implicated in hepatic metabolism by its ability to

Innovation

Our work has evidenced for the first that sirtuin 1
overexpression confers protection against acetaminophen
(APAP)-mediated hepatotoxicity by targeting interleukin
1b/nuclear factor kappa B-mediated inflammation, there-
by increasing antioxidant defenses. These results might
have clinical implications in the design of novel therapies
for APAP intoxication.

Rebound Track
This work was rejected during standard peer review and

rescued by Rebound Peer Review (Antioxid Redox Signal
16: 293–296, 2012) with the following serving as open
reviewers: Rafael de Cabo, Joaquim Ros, Kalervo Hiltu-
nen, and Neil Kaplowitz. The comments by these re-
viewers supporting the rescue are listed below:

Rafael de Cabo (decabora@grc.nia.nih.gov): I am a
qualified reviewer (per Antioxid Redox Signal 16: 293–296)
and move to rescue this article that was initially rejected
during the regular peer review process. After I have carefully
reviewed all versions of the article, reviewer comments, and
the response to the reviewers provided, I would suggest ac-
cepting the article. I concur with the enthusiasm about the
significance and quality of work that can be read throughout
in some of the reviewers’ comments and consider that the
major concerns raised during the review process have been
entirely satisfied. The authors employed a battery of in vivo
and in vitro models that successfully dissect the mechanistic
aspects of their initial hypothesis. This study provided novel
evidence for the negative modulation of sirtuin 1 (SIRT1) via
interleukin (IL)1b/nuclear factor kappa B (NFjB) pathway
following acetaminophen (APAP) intoxication. The authors
shed new light into the underlying mechanisms that drive
these effects on SIRT1 and how the maintenance of SIRT1
levels after an APAP challenge is protective against hepa-
totoxicity in promoting antioxidant and repressing inflam-
matory responses. Therefore, in the interests of science, I
take full responsibility to rescue this work from rejection.

Joaquim Ros (joaquim.ros@cmb.udl.cat): I am a
qualified reviewer (per Antioxid Redox Signal 16: 293–
296) and move to rescue this article that was rejected
during the regular peer review process after reviewing all
versions of the article and detailed blind reviewer’s
comments. The article entitled ‘‘SIRT1 controls acet-
aminophen hepatotoxicity by modulating inflammation
and oxidative stress’’ by Rada et al. describes key findings
concerning the role of SIRT1 in controlling the toxic ef-
fects of APAP in the liver and the interplay between
macrophages and hepatocytes in this process. The work is
well executed and well written, including data from
in vitro, in vivo, as well as data obtained from samples of
APAP-overdosed patients. Although the exact mechanism
by which APAP is downregulating SIRT1 expression is
not fully provided, the data connecting the modulation of
SIRT1 protein levels with the IL1b/NFjB axis are con-
clusive and represent a novel and highly relevant contri-
bution to understand the hepatotoxicity caused by APAP.
Furthermore, the in vivo experiments using BAY11-7082
are of special interest to reach the conclusions described in
the article. Therefore, in the interest of science, I take full
responsibility to rescue this work from rejection, re-
commending its acceptance to the journal. Regarding the
anonymous peer review process, although this reviewer
could agree with some of the concerns initially raised by
blind reviewers, the truth is that the authors have fully
answered these concerns very satisfactorily, making a
great effort to include new data and amending the article
according to the suggestions made by the blind reviewers.
Based on these comments, I believe that this article merits
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deacetylate key metabolic players such as the peroxisome
proliferator-activated receptor (PPAR) gamma coactivator 1
alpha (PGC1a), a master regulator of oxidative metabolism
and inducer of oxidative stress protection systems such as
manganese superoxide dismutase (MnSOD) and catalase (25,
38). SIRT1 is also involved in the control of inflammatory
responses, and in this context, an important target for SIRT1 is
the nuclear factor kappa B (NFjB) (60), a key mediator of
proinflammatory signaling pathways triggered by cytokines,
both directly by deacetylation and indirectly through the in-
duction of antioxidant systems that prevent reactive oxygen
species (ROS)-induced NFjB nuclear translocation.

It has been reported that SIRT1 activity can contribute to
hepatoprotection against some hepatotoxic insults, in particu-
lar, to the protection elicited by resveratrol against D-ga-
lactosamine/lipopolysaccharide-induced acute liver failure. In
addition, a recent study has involved SIRT1/nuclear factor
(erythroid-derived 2)-like 2 (Nrf2)/tumor necrosis factor alpha
(TNFa) signaling pathway in the effect of luteolin in attenu-
ating acute mercuric chloride exposure-induced hepatotoxicity
(59). SIRT1 activity has also been reported to protect against
chronic hepatotoxic injures, for example, in the context of
alcohol-induced liver injury, and the expression of SIRT1 in
hepatic stellate cells is necessary to confer protection against
fibrosis, particularly during aging (43). However, to the best of
our knowledge, there are no mechanistic studies on the role of
SIRT1 in the inflammatory process related to oxidative stress-
mediated APAP hepatotoxicity.

In this study, we found that protein levels of SIRT1 are
decreased in the liver of humans and mice after acute APAP
treatment, and that moderate SIRT1 overexpression in mice
protects against oxidative stress and inflammation during
APAP hepatotoxicity. We also provide new mechanistic in-
sights on the involvement of IL1b/NFjB pathway in the cross
talk between macrophages and hepatocytes that leads to re-
duction of SIRT1 protein levels in hepatocytes on APAP
treatment.

Results

SIRT1 levels are decreased in the liver of humans
and mice on acute APAP treatment

To investigate if SIRT1 protein levels are modulated by
APAP treatment in human livers, we performed immunohisto-
chemistry analysis in samples from five individuals with severe
APAP intoxication who required liver transplantation. Demo-
graphic and biochemical characteristics of patients with APAP
hepatotoxicity were previously reported (33). As shown in
Figure 1A, SIRT1 immunostaining was detected in hepatocytes
from individuals with normal liver. Following an acute APAP
overdose, SIRT1 immunostaining could be visualized only in
the areas of surviving hepatocytes, whereas it was totally absent
in the areas of severe liver damage.

We next evaluated the overall decrease of SIRT1 protein in
the hepatic tissue from mice injected with APAP (300 mg/kg)
for 3 and 6 h. As depicted in the Western blot analysis of
Figure 1B (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/ars), no differences
were found in SIRT1 protein levels 3 h after APAP intoxi-
cation, but at 6 h, the decrease in SIRT1 protein levels was
statistically significant compared with mice injected with
vehicle. In mouse livers, SIRT1 immunostaining was mainly

publication in Antioxid Redox Signal. Therefore, in the
interests of science, I take full responsibility to rescue this
work from rejection.

Kalervo Hiltunen (kalervo.hiltunen@oulu.fi): I am a
qualified reviewer (per Antioxid Redox Signal 16: 293–
296) and move to rescue this article that was rejected
during the regular peer review process after reviewing all
versions of the article and detailed reviewer comments.
APAP/paracetamol (APAP) is a widely used antipyretic
and pain-relieving drug and it is generally considered safe.
However, at a higher dose, APAP can cause severe acute
liver injury. The mechanism of APAP toxicity is a target
of intensive research. The current work tackled regulatory
events leading to liver toxicity by APAP using the mouse
as model organism. The authors approached the set
problem from many angles using monitoring and manip-
ulating hepatic cell signaling pathways with inhibitors,
genetic modification of target animals, and cell cultures.
Western blotting, microscopical inspection of histological
specimens, and cell biological cytological approaches
were the main methods for readouts of the responses. The
article deepens our understanding on the mechanism on
APAP-triggered liver injury, the experiments have been
conducted with care, the data are clearly presented, the
article is logically written, and the drawn conclusions are
supported by the given experimental data. Based on these
novel findings, I support acceptance of this work for
publication in Antioxid Redox Signal. The original article
was reviewed by five anonymous peer reviewers. The
tones of the reviewers’ statements were generally positive,
but also a number of comments were raised. This is ex-
pectable considering the multicity of used approaches,
large numbers of parameters analyzed, and complexity of
mechanisms resulting in APAP-induced liver failure. The
authors show now additional data obtained through im-
munoblotting of liver specimen from human and mice
intoxicated by APAP, which addressed the previous
concerns. In addition, the authors show now supporting
data and revised the text with a suggestion that in SIRT1-
Tg mice liver infiltrating MoMFs are likely polarized to-
wards M2, protecting APAP-mediated inflammation. This
agrees with a previous study showing that deletion of
myeloid SIRT1 stimulates the proinflammatory M1-like
polarization of macrophages and increases the activation
of NFjB. Altogether, the authors have addressed the
major criticisms raised by the anonymous reviewers in a
satisfactory manner and strengthened the article. There-
fore, in the interests of science, I take full responsibility to
rescue this work from rejection.

Neil Kaplowitz (kaplowit@usc.edu): I am a qualified
reviewer (per Antioxid Redox Signal 16: 293–296) and
move to rescue this article that was rejected during the
regular peer review process after reviewing all versions of
the article and detailed reviewer comments. This is a very
carefully conducted study that presents a large body of data
in support of an extremely novel hypothesis for the role of
dysregulation of hepatocellular SIRT1 by IL-1 produced
by macrophage acting on hepatocytes by an NFjB mech-
anism in response to APAP. Transgenic overexpression of
SIRT1 strongly protected, which is itself extremely novel
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located in the areas surrounding the central veins and also
decreased at 6 h after APAP treatment (Fig. 1C).

Mice with moderate overexpression of SIRT1
are more resistant to liver damage
during acute APAP treatment

Two previous studies have reported the protection against
metabolic damage in the liver of transgenic mice with moderate
overexpression of SIRT1 (SIRT1-Tg) in the context of cancer
and obesity (12, 40). This fact together with the observed de-
crease in SIRT1 levels in livers of mice on APAP treatment
(Fig. 1B, C) could be indicative of a role of SIRT1 down-
regulation in APAP toxicity. To test this hypothesis, wild-type
and SIRT1-Tg mice were dosed with APAP (300 mg/kg).

As shown in Figure 2A (left panel) and Supplementary
Figure S2, in the livers of SIRT1-Tg mice, SIRT1 protein
levels were increased by 3.5-fold compared with livers of
wild-type mice and, importantly, SIRT1 protein levels were
also higher at 6 h post-APAP injection (Fig. 2A, right panel
and Supplementary Fig. S2), the time at which reduction of
SIRT1 was detected in wild-type mice (Fig. 1B). At this time
period, the histological analysis revealed less centrilobular
necrotic lesions in SIRT1-Tg mice compared with those of
the wild-type mice (Fig. 2B). Moreover, the marked increase in
alanine transaminase (ALT) levels found in wild-type mice at 3,
6, and 24 h following APAP injection was attenuated in SIRT1-
Tg mice (Fig. 2C) in agreement with liver histology (Fig. 2B).

APAP-induced DNA fragmentation is regarded as a conse-
quence of mitochondrial dysfunction (6). When TUNEL assay
was used to visualize nuclear DNA fragmentation in liver
samples, we found that wild-type mice treated with APAP for
24 h had a substantial number of TUNEL-positive cells in the
necrotic centrilobular regions (Fig. 2D), while TUNEL-positive
cells were less prevalent in the livers of SIRT1-Tg mice.

Taking into account that APAP toxicity is generally asso-
ciated to oxidative stress due to a rapid GSH depletion, we next
determined GSH/GSSG ratio in wild-type and SIRT1-Tg mice
following APAP administration. As shown in Figure 3A, basal
GSH/GSSG ratio was lower in SIRT1-Tg livers compared to
values of the wild-type controls. Moreover, GSH/GSSG ratio
was significantly reduced 1 h after APAP intoxication in wild-
type mice and remained very low at 6 h. By contrast, in SIRT1-
Tg mice, the GSH/GSSG ratio did not decrease 1 h after APAP
intoxication and a minor decrease was detected at 6 h.

Protein carbonyl levels, an indicator of oxidative damage
in the liver, were lower in the APAP-injected SIRT1-Tg mice
than in wild-type animals. However, no differences were
found in either protein expression of the cytochrome P450
isoform involved in APAP catabolism CYP21E (data not
shown) nor in the levels of APAP-cysteine adducts analyzed
at 6 and 24 h of APAP treatment (Fig. 3A), indicating similar
APAP catabolism in both mouse strains and suggesting that
the hepatoprotection conferred by SIRT1 overexpression
could be more closely related to the control of ROS levels
rather than the formation of APAP adducts.

The evaluation of the protein levels of antioxidant enzymes
that are transcriptional targets of SIRT1 and PGC1a in the
livers of both genotypes of mice revealed that APAP admin-
istration led to a substantial decrease of MnSOD and catalase
in wild-type mice; these decreases were less pronounced in
the livers from APAP-treated SIRT1-Tg mice (Fig. 3B and

Supplementary Fig. S3). In agreement with this, nuclear-
specific protein 1 (Sp1), a transcription factor induced by
oxidative stress (45), was markedly increased by APAP in-
toxication in wild-type mice and this effect was reduced in
SIRT1-Tg mice (Fig. 3C and Supplementary Fig. S3). These
results, together with the evaluation of the GSH/GSSG ratio
and carbonyl levels, suggest that SIRT1-dependent induction
of antioxidant genes is likely contributing to the reduced ox-
idative stress in the liver of SIRT1-Tg mice.

Differential effect of APAP in nonparenchymal
cell populations in livers of wild-type
and SIRT1-Tg mice

APAP-induced liver toxicity is accompanied by an in-
flammatory response involving activation of resident mac-
rophages (Kupffer cells) and recruitment of neutrophils and
mononuclear cells into the liver (26, 31, 53). Since SIRT1 has
been shown to modulate hepatic inflammation induced by
metabolic and oxidative stress (12, 40, 42, 61), and SIRT1-Tg
mice showed reduced oxidative stress and APAP liver tox-
icity, the effect of SIRT1 overexpression in the early in-
flammatory responses during APAP intoxication was
examined. Mice were injected with APAP or vehicle and
sacrificed 3 h later. Immune cells of the liver were isolated,
labeled with specific antibodies against cell surface markers,
and cell populations analyzed by flow cytometry.

Kupffer cells (CD45+CD11b+F4/80+) were similarly
depleted in wild-type and SIRT1-Tg livers after APAP
injection (Fig. 4A), although newly recruited monocytes
(CD11b+CCR2+Ly6C+) were higher in SIRT1-Tg livers than
in wild-type livers (Fig. 4B). The analysis of the recruited
leukocytes revealed that on APAP treatment, moderate SIRT1
overexpression increased the percentage of infiltrated neutro-
phils (CD45+Ly6G+F480-) compared with the increase ob-
served in APAP-treated wild-type mice (Fig. 4C). Recruitment
of cytotoxic T lymphocytes (CD45+CD3+CD8+) was in-
creased by APAP in wild-type mice, but not in SIRT1-Tg
mice, and in the latter group, noncytotoxic T lymphocytes

and the presumption is that enhanced antioxidant defense
is the mechanism. The article is written in a clear and
circumspect manner and uncertainties are acknowledged
appropriately. I have considered the five reviewers’ com-
ments and am satisfied that most are very satisfactorily
addressed. Like all good science, the findings are provoc-
ative and will require additional studies, particularly to
more definitely link the in vitro and in vivo data. However,
the authors present an interesting hypothesis, a variety of
different approaches to support their hypothesis, and
technically well-executed experiments. I believe this
should be accepted and the rest of us in the field can de-
termine if the hypothesis is correct or needs modification.
Ultimately, the known mechanistic contributors to pro-
moting or protecting against APAP downstream of cova-
lent binding include sustained c-Jun N-terminal kinase
activation, its interplay with mitochondria, mitophagy, and
mitochondrial biogenesis. These will need to be addressed
in future studies to fit into the authors’ hypothesis.
Therefore, in the interests of science, I take full responsi-
bility to rescue this work from rejection.
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FIG. 1. SIRT1 levels are de-
creased in the liver of humans
and mice on acute APAP treat-
ment. (A) Representative anti-
SIRT1 immunostaining in human li-
ver sections from five individuals
with severe APAP intoxication that
required liver transplantation and
from a healthy individual as control.
Scale bars = 100lm. (B) SIRT1 pro-
tein levels in liver extracts from wild-
type mice i.p. injected 300 mg/kg
APAP or saline for 3 or 6 h. Graph
depicts SIRT1 densitometric quanti-
fication. After quantification of all
blots, results are expressed as fold
change relative to the saline-injected
condition and are mean – SEM. Sta-
tistical analysis was performed by
one-way ANOVA followed by Bon-
ferroni post hoc test. *p < 0.05 ver-
sus saline-injected mice. n = 5–6
mice per group. (C) Overnight fas-
ted mice were i.p. injected physio-
logical saline (vehicle) or 300 mg/kg
APAP. After 6 h, mice were sacri-
ficed. Liver sections were stained
against SIRT1 protein. Scale bars =
100 lm. ANOVA, analysis of vari-
ance; APAP, acetaminophen; i.p.,
intraperitoneal; SEM, standard error
of the mean; SIRT1, sirtuin 1. To see
this illustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars

‰

FIG. 2. Mice with moderate overexpression of SIRT1 are more resistant to liver damage during acute APAP treat-
ment. Overnight fasted wild-type (SIRT1-WT) and mice overexpressing SIRT1 (SIRT1-Tg) were i.p. injected physiological
saline (vehicle) or 300 mg/kg APAP. Mice were sacrificed after 3, 6, or 24 h, as indicated, and livers and serum were collected.
(A) Left panels, SIRT1 protein levels detected in liver extracts derived from SIRT1-WT or SIRT1-Tg mice sacrificed before
APAP or vehicle injection. Blots were quantified and results are expressed as fold change relative to SIRT1-WT mice. Values
are mean – SEM. ***p < 0.001 versus SIRT1-WT mice according to Student’s t-test. n = 5 mice per genotype. Right panels,
Immunoblots showing SIRT1 protein levels in liver extracts from SIRT1-WT and SIRT1-Tg mice treated with APAP or saline
for 6 h. a-Tubulin was used as loading control. Densitometric quantification depicts SIRT1 protein levels in each condition. After
quantification of all blots, results are expressed as fold change relative to the vehicle-injected condition and are mean – SEM.
Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. ***p < 0.001 versus each vehicle-
injected control. ###p < 0.001 versus APAP-injected SIRTI-WT mice. n = 6–8 mice per group. (B) Images of hematoxylin and
eosin staining of liver sections from wild-type and SIRT1-Tg mice treated with APAP or saline for the indicated times. Scale
bars = 200 lm. n = 5 mice per group. (C) Plasma ALT levels measured in the same experimental conditions. Values are
mean – SEM. Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. ***p < 0.001 versus
control (vehicle) condition. ##p < 0.01, ###p < 0.001 versus SIRT1-WT mice. n = 6–8 mice per group. (D) Images of TUNEL
staining and quantification of TUNEL-positive cells analyzed 24 h after APAP injection. Scale bars: 100lm. Values are
mean – SEM. Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. *p < 0.05,
***p < 0.001 versus control (vehicle) condition. ###p < 0.001 versus SIRT1-WT. n = 5 mice per group. ALT, alanine transami-
nase. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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(CD45+CD3+CD8-) were increased compared with the values
found in wild-type mice (Fig. 4D).

The analysis of the natural killer T (NKT) population
(CD45+CD3+NK1.1+) revealed a strong increase in APAP-
treated SIRT1-Tg mice compared with that of APAP-treated
wild-type mice (Supplementary Fig. S4). However, in APAP-

treated wild-type mice, 18.14 – 1.60% of this cell population
expressed the cytotoxic surface marker CD8 (CD45+CD3+

NK1.1+CD8+), whereas in SIRT1-Tg mice, this population was
30% lower than in the wild type (12.05 – 0.66% in SIRT1-Tg
mice). Thus, our data indicate that moderate overexpression of
SIRT1 enhances myeloid cell recruitment; however, cytotoxic

1192 RADA ET AL.



FIG. 3. Moderate overexpression of SIRT1 contributes to reduction in oxidative stress by improving the antioxi-
dant capacity during APAP treatment. Overnight fasted SIRT1-WT and SIRT1-Tg mice were i.p. injected physiological
saline (vehicle) or 300 mg/kg APAP and sacrificed after the indicated times. (A) GSH/GSSG ratio, protein carbonyl content,
and APAP-Cys adducts were analyzed in livers from SIRT1-WT and SIRT1-Tg mice treated with APAP for 6 and 24 h.
Values are mean – SEM. Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test.
**p < 0.01, ***p < 0.001 versus each control (vehicle) condition. ##p < 0.01, ###p < 0.001 versus SIRT1-WT mice. n = 6–8
mice per group. (B) Immunoblot analysis of catalase and MnSOD levels in total liver extracts from SIRT1-WT and SIRT1-
Tg mice 6 h after APAP injection. p85a was used as a loading control. After quantification of all blots, results are expressed
as fold change relative to the saline-injected condition and are mean – SEM. Statistical analysis was performed by one-way
ANOVA followed by Bonferroni post hoc test. **p < 0.01, ***p < 0.001 versus vehicle-injected mice. #p < 0.05, ##p < 0.01
versus SIRT1-WT mice. n = 6–8 mice per group. (C) Nuclear levels of Sp1 are increased by APAP in wild-type mice and
this effect was attenuated in SIRT1-Tg mice. Representative immunoblots showing nuclear Sp1 and Lamin B as a loading
control. After quantification of all blots, results are expressed as fold change relative to vehicle condition and are
mean – SEM. Statistical analysis was performed by two-way ANOVA followed by Bonferroni post hoc test. **p < 0.01,
***p < 0.001 versus control (vehicle) condition. ##p < 0.01, ###p < 0.001 versus SIRT1-WT mice. n = 5–6 mice per
group. GSH, glutathione; MnSOD, manganese superoxide dismutase; Sp1, specific protein 1.

‰

FIG. 4. SIRT1 overexpression modulates immune populations in the early stage of APAP toxicity. Overnight fasted
SIRT1-WT and SIRT1-Tg mice were i.p. injected physiological saline (vehicle) or 300 mg/kg APAP. Mice were sacrificed
after 3 or 6 h, as indicated, and NPCs were isolated and analyzed by flow cytometry. (A) Analysis of active resident
macrophages 3 h after APAP injection (percentage of F4/80+CD11b+ cells pregated on CD45+ cells). Values are mean – SEM.
Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. **p < 0.01 versus control
(vehicle) condition. n = 6 mice per group. (B) Newly recruited monocytes 3 h after APAP injection (percentage of
CCR2+Ly6C+ cells pregated on CD11b+ cells). Values are mean – SEM. Statistical analysis was performed by one-way
ANOVA followed by Bonferroni post hoc test. ***p < 0.001 versus control (vehicle) condition. #p < 0.05 versus SIRT1-WT
mice. n = 6 mice per group. (C) Analysis of neutrophils (Ly6G+F4/80- cells on CD45+ pregated cells). *p < 0.05, ***p < 0.001
versus control (vehicle) condition. ###p < 0.001 versus SIRT1-WT mice. n = 6 mice per group. (D) Study of cytotoxic and
noncytotoxic T lymphocytes (percentage of CD3+CD8+ or CD3+CD8- cells on CD45+ pregated cells, respectively). Values are
mean – SEM. Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. **p < 0.01,
***p < 0.001 versus control (vehicle) condition. ##p < 0.01, ###p < 0.001 versus SIRT1-WT mice. n = 6–8 mice per group. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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T lymphocytes, belonging to the acquired immune system, were
mostly recruited into the livers of wild-type mice on APAP
treatment.

SIRT1-Tg mice have reduced proinflammatory
cytokines, increased anti-inflammatory cytokines,
and reduced NFkB signaling in APAP hepatotoxicity

We next investigated the impact of non-parenchymal liver
cells (NPCs) resident and/or recruited into the liver after APAP
treatment in the levels of circulating and hepatic proin-
flammatory cytokines, as well as in intrahepatic signaling me-
diators. As shown in Figure 5A, SIRT1-Tg mice had lower
plasma levels of the proinflammatory cytokines IL6 and IL1b6 h
post-APAP treatment compared with wild-type mice. No levels
of TNFa were detected. Likewise, the hepatic messenger RNA
(mRNA) levels of the proinflammatory cytokines IL1b and IL6
were reduced in SIRT1-Tg mice at 3 and 6 h after APAP
injection compared with the values of wild-type mice (Fig. 5B).
By contrast, the analysis of the mRNA levels of the anti-
inflammatory markers IL10 and arginase 1 revealed an increase
in APAP-treated SIRT1-Tg mice compared with wild-type mice.

Moreover, we analyzed signaling pathways triggered by the
proinflammatory milieu of the liver in response to APAP
treatment. APAP induced similar increases in the phosphory-
lation of c-Jun N-terminal kinase (JNK) in liver extracts from
wild-type and SIRT1-Tg mice 6 h after APAP intoxication
(Fig. 5C and Supplementary Fig. S5). Likewise, no differences
in JNK phosphorylation were detected 1 h after APAP intoxi-
cation, the time at which wild-type mice presented a significant
depletion of GSH compared with SIRT1-Tg mice (Supple-
mentary Figs. S6 and S7). By contrast, substantial differences
between genotypes were detected in the NFjB pathway. As
shown in Figure 5D (Supplementary Fig. S5), degradation of
the inhibitor of kappa B alpha (IjBa) was observed in livers of
wild-type mice 6 h after APAP injection, but this effect was
absent in SIRT1-Tg mice, reflecting an anti-inflammatory ef-
fect. In agreement with this, p65-NFjB was detected in the
nucleus exclusively in livers from APAP-injected wild-type
animals (Fig. 5E and Supplementary Fig. S5).

Conditioned media from APAP-treated macrophages
decreased SIRT1 protein levels in hepatocytes

We next investigated at the molecular level the contri-
bution of the inflammatory environment induced by APAP
to the drop of SIRT1 protein levels in hepatocytes. RAW

264.7 macrophages were treated with 5 mM APAP for 8 h;
media were then removed and replaced with fresh media for
an additional 16 h. This conditioned medium of APAP-
treated macrophages (APAP-CM) was used to treat im-
mortalized mouse hepatocytes generated and validated in
our laboratory as described in the Materials and Methods
section. Figure 6A (Supplementary Fig. S8) shows that SIRT1
was downregulated in hepatocytes treated for 16 h with APAP-
CM as compared with hepatocytes incubated with control
(vehicle)-CM. By contrast, direct treatment of hepatocytes with
toxic doses of APAP previously reported (33) did not modify
SIRT1 protein levels (Fig. 6B and Supplementary Fig. S8).

As expected, the decrease of SIRT1 by APAP-CM resulted
in increased PGC1a acetylation (Fig. 6C and Supplementary
Fig. S8). However, similar mRNA levels of SIRT1 were de-
tected in hepatocytes incubated with control-CM and APAP-
CM (results not shown), suggesting a post-transcriptional effect
of the APAP-CM on SIRT1 expression. These results prompted
us to analyze SIRT1 ubiquitination in hepatocytes treated with
APAP-CM in the presence of the proteasome inhibitor MG132.
As shown in Figure 6D (Supplementary Fig. S8), ubiquitin was
detected in anti-SIRT1 immunoprecipitates from hepatocytes
incubated for 4–8 h with APAP-CM and, importantly, at these
time periods, total SIRT1 protein levels remained unchanged.
The data thus suggest that the ubiquitination of SIRT1 in the
presence of APAP-CM occurred before its degradation.

Essential role of IL1b in the modulation of SIRT1
protein levels in hepatocytes during APAP treatment

The analysis of mRNA levels of proinflammatory cyto-
kines in RAW 267.4 macrophages treated 8 h with APAP
(5 mM) revealed a significant increase in IL1b mRNA
(Fig. 7A and Supplementary Fig. S9). Likewise, increased
IL1b was found in the CM of RAW 264.7 cells treated with
APAP compared to the untreated controls.

As recent data indicate a role for the inflammasome in
APAP hepatotoxicity (14), we next evaluated the effect of
APAP on the activation of caspase-1 in RAW 264.7 macro-
phages. As depicted in Figure 7B (Supplementary Fig. S9), the
active fragment of caspase-1 (p10) was detected in RAW
264.7 macrophages exposed to APAP (5 mM) for 4 h. Also,
since IL1b was released by macrophages on APAP challenge
(Fig. 7A and Supplementary Fig. S9), we tested the possibility
of a direct effect of IL1b in the modulation of SIRT1 protein
levels in hepatocytes. Both mouse and human hepatocytes

‰

FIG. 5. SIRT1-Tg mice were protected against the elevation of circulating and hepatic proinflammatory cytokines
and NFjB signaling pathway in APAP toxicity. Overnight fasted SIRT1-WT and SIRT1-Tg mice were i.p. injected
physiological saline (vehicle) or 300 mg/kg APAP and sacrificed as indicated. (A) Plasma levels of IL6 and IL1b analyzed
6 h after APAP injection. Values are mean – SEM. Statistical analysis was performed by one-way ANOVA followed by
Bonferroni post hoc test. ***p < 0.001 versus control (vehicle) condition. ##p < 0.01 versus SIRT1-WT mice. n = 6–8 mice
per group. (B) Il1b, Il6, IL10, and Arg1 mRNA levels determined by qRT-PCR 3 and 6 h after APAP injection. Values are
mean – SEM. Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. *p < 0.05,
***p < 0.001 versus control (vehicle) condition. ##p < 0.01, ###p < 0.001 versus SIRT1-WT mice. n = 6–8 mice per group. (C,
D, E) Representative immunoblots showing (C) phospho-JNK, (D) IjBa, and (C, D) p85a-PI3K as a loading control and (E)
nuclear p65-NFjB and Lamin B as a loading control. After quantification of all blots, results are expressed as fold change
relative to control (vehicle) condition and are mean – SEM. Statistical analysis was performed by two-way ANOVA
followed by Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 versus control (vehicle) condition. ###p < 0.001
versus SIRT1-WT mice. n = 5–6 mice per group. IjBa, inhibitor of kappa B alpha; IL, interleukin; JNK, c-Jun N-terminal
kinase; mRNA, messenger RNA; NFjB, nuclear factor kappa B; qRT-PCR, quantitative real-time PCR.
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directly incubated with IL1b for 16 h had decreased SIRT1
protein expression (Fig. 7C and Supplementary Fig. S9). In
contrast, SIRT1 protein levels did not decrease in hepatocytes
treated with IL6 or TNFa (Supplementary Figs. S10 and S11).

At the molecular level, IL1b activated the NFjB signaling
pathway in mouse hepatocytes as reflected by the time-
dependent nuclear accumulation of p65-NFjB in parallel with
the degradation of IjBa (Fig. 7C and Supplementary Fig. S9),
suggesting that NFjB was likely involved in the effect of IL1b
in the modulation of SIRT1 protein levels in hepatocytes by
APAP-CM. We tested this hypothesis by two different exper-
imental approaches. First, small interfering RNA (siRNA) was
used to decrease p65-NFjB in hepatocytes and then to evaluate
the effect of APAP-CM on SIRT1 protein levels. As shown in
Figure 7D (Supplementary Fig. S9), silencing of p65-NFjB
prevented SIRT1 downregulation in hepatocytes treated with
APAP-CM. Of note, silencing of JNK1/2 did not prevent the
degradation of SIRT1 in hepatocytes exposed to APAP-CM. In
the second approach, APAP-CM was incubated with an anti-
IL1b neutralizing antibody for 1 h before the addition to mouse
hepatocytes for a further 16 h. Figure 7E (Supplementary
Fig. S9) shows that SIRT1 protein levels were preserved in
hepatocytes treated with APAP-CM depleted of IL1b.

Opposing effects on the modulation of SIRT1 protein
levels in hepatocytes treated with APAP-CM from
macrophages of SIRT1-Tg or wild-type mice

Since the livers of SIRT1-Tg mice showed reduced IL1b
mRNA levels, were insensitive to the activation of NFjB
signaling, and preserved SIRT1 protein expression on APAP
challenge compared with the effects found on these parame-
ters in wild-type mice (Figs. 2 and 5), we analyzed the con-
tribution of SIRT1 overexpression in macrophages to this
protective effect. For this goal, peritoneal macrophages were
isolated from wild-type and SIRT1-Tg mice and used to pre-
pare control-CM or APAP-CM and test the differential effects
on the modulation of SIRT1 protein levels in hepatocytes.

In mouse hepatocytes treated with APAP-CM from perito-
neal macrophages isolated from wild-type mice, SIRT1 protein
levels decreased as in hepatocytes treated with APAP-CM from
RAW 267.4 macrophages (Figs. 6A, 8A, and Supplementary
Fig. S12). In contrast, when mouse hepatocytes were treated
with APAP-CM from peritoneal macrophages of SIRT1-Tg
mice, the protein levels of SIRT1 remained unchanged.

To better understand the lack of effect of the APAP-CM
from SIRT1-Tg macrophages on the modulation of SIRT1
levels in hepatocytes, we monitored the activation of the
inflammasome in response to APAP by measuring the protein
levels of active caspase-1. As shown in Figure 8B (Supple-
mentary Fig. S12), a transient increase in the active caspase-1
(p10) fragment was detected in peritoneal macrophages iso-
lated from wild-type mice and treated with APAP (5 mM) for
3 h. Importantly, this effect was not observed in APAP-
treated peritoneal macrophages from SIRT1-Tg mice
(Fig. 8B and Supplementary Fig. S12).

In vivo administration of the NFkB inhibitor
BAY 11-7082 protected from APAP-mediated
acute hepatotoxicity

To provide in vivo evidences of the modulation of
SIRT1 expression through NFjB signaling during APAP

FIG. 6. CM from APAP-treated macrophages de-
creased SIRT1 protein levels in hepatocytes. (A) Hepa-
tocytes were treated 16 h with conditioned media collected
from RAW 264.7 cells treated with vehicle or 5 mM APAP
for 8 h and then reefed with fresh medium for a further 16 h
(control-CM or APAP-CM, respectively). Representative im-
munoblots showing SIRT1 and a-Tubulin (loading control)
protein levels (left). After quantification of all blots, results are
expressed as fold change relative to control-CM condition
(right). Values are mean – SEM. ***p < 0.001 versus control-
CM according to Student’s t-test. (B) Hepatocytes were
treated with APAP (0.5 and 1 mM) for 16 h. Representative
immunoblot showing SIRT1 and a-Tubulin (loading control)
protein levels (left). After quantification of all blots, results are
expressed as fold change relative to vehicle condition (right).
Values are mean – SEM. (C) Hepatocytes were treated with
control-CM or APAP-CM for 16 h, as indicated (A). PGC1a
was immunoprecipitated with anti-PGC1a antibody or protein
A agarose as a negative control. Immunoblot against anti-
Acetil-Lys represents acetylated PGC1a protein levels. Total
a-Tubulin was analyzed in the SUP-IP as a loading protein
control. (D) Hepatocytes were treated with APAP-CM for the
indicated times in the presence of the proteasome inhibitor
MG132 (10 lM) and then the levels of ubiquitinated SIRT1
were analyzed by immunoprecipitation (upper blot). Total
SIRT1 protein detected in the WCL is shown in the lower
blot. APAP-CM, conditioned medium of APAP-treated mac-
rophages; PGC1a, peroxisome proliferator-activated receptor
(PPAR) gamma coactivator 1 alpha; SUP-IP, IP-supernatant;
WCL, whole-cell lysate.
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hepatotoxicity, the NFjB inhibitor BAY 11-7082 (5 mg/kg)
was injected to wild-type mice 1 h prior APAP intoxication.
The efficacy of the NFjB inhibitor was tested by the analysis
of nuclear NFjB 6 h after APAP injection.

Nuclear NFjB was detected in mice injected with APAP, but
this effect was not observed in mice that received the NFjB
inhibitor (Fig. 9A and Supplementary Fig. S13). As shown in
Figure 9B and C (Supplementary Fig. S13), liver damage was
not visualized in the histological analysis of liver sections from
mice injected with BAY 11-7082 before APAP intoxication.
Likewise, elevation in ALT was not observed in the group of
mice treated with BAY 11-7082. Importantly, in those mice,
SIRT1 protein levels were comparable to saline-injected mice
(Fig. 9B, D, and Supplementary Fig. S13). Protection against
APAP hepatotoxicity and preservation of SIRT1 protein levels
were also found in mice that received BAY 11-7082 for 1 h
after APAP injection (Fig. 9E–G and Supplementary Fig. S13).

Discussion

APAP-induced hepatotoxicity impacts key molecular pro-
cesses in hepatocytes such as oxidative stress causing a drop
in the GSH/GSSG ratio leading to mitochondrial collapse and
ATP depletion (16), unresolved endoplasmic reticulum stress
(50), and blockade of the autophagic flux (36), all of which
contribute to necroptotic cell death. This work has further
shown that APAP also induces a fast drop of antioxidant
defenses in parallel to SIRT1 protein degradation in hepa-
tocytes, a process mediated by IL1b/NFjB signaling that
plays a key role in ROS-dependent hepatotoxicity.

Recent research has identified a role for nonparenchymal
immune cells in the excessive inflammation that occurs
during APAP-induced hepatotoxicity, although conflicting
data have been generated in different preclinical models
(reviewed in 17, 58). Regarding Kupffer cells, one study

reported that gadolinium chloride significantly blocked
APAP-caused hepatotoxicity in mice, indicating that re-
cruitment of macrophages into the inflammatory sites con-
tributes to APAP-mediated death of hepatocytes (7), whereas
when Kupffer cells were depleted with clodronate liposomes,
APAP hepatotoxicity was exacerbated due to a reduction in
anti-inflammatory cytokines (e.g., IL10), supporting a cyto-
protective effect of resident macrophages (21).

Similar controversy has been found with neutrophils. For
instance, treatment with neutropenia-inducing antibody ad-
ministered 24 h prior APAP treatment or deletion of intra-
cellular adhesion molecule (ICAM)-1 in mice decreased the
number of FasL-expressing cells and significantly protected
mice against APAP-induced liver injury (30) and, on the
contrary, Cover et al. (5) did not find protection in ICAM-1-
deficient mice. Depletion of both NK and NKT cells de-
creased interferon gamma (IFNc) mRNA, neutrophil accu-
mulation, and protected mice from APAP-induced liver
injury (29). Likewise, IFNc-deficiency or administration of
an anti-IFNc neutralizing antibody alleviated APAP-induced
liver injury (15) although Masson et al. (32) reported that
NKT and NK cells do not play a pathologic role in APAP
treatment in C57Bl/6 mice in the absence of dimethylsulf-
oxide. All of these and other studies (reviewed in 17) failed to
confirm that Kupffer cells, neutrophils, or monocytes directly
cause liver injury on APAP treatment.

The interplay between hepatocytes and NPCs during APAP
hepatotoxicity has been mainly studied in the context of in-
trahepatic release of DAMPs by dying hepatocytes after APAP
toxicity that activated immune liver cells (46). Among DAMPs,
DNA activates TLR9, which in turn activates the inflamma-
some to transcribe pro-IL1b and pro-IL18 and, consequently,
TLR9 deficiency or antagonism confers protection against
APAP hepatotoxicity (14). Again, controversy has emerged
since Williams et al. (53) did not find alterations in APAP
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FIG. 7. Role of IL1b in the modulation of SIRT1 expression in hepatocytes treated with APAP. (A) Left panel, Il1b,
Il6, and Tnfa mRNA levels were determined by qRT-PCR in RAW 264.7 cells stimulated with vehicle or 5 mM APAP for
8 h. Values are mean – SEM. ***p < 0.001 versus vehicle according to Student’s t-test. Right panel, Media from RAW 264.7
cells treated with vehicle or 5 mM APAP for 8 h were collected, and then, IL1b protein levels were measured. After
quantification of all blots, results are expressed as fold change relative to control-CM condition. Values are mean – SEM.
*p < 0.05 versus vehicle according to Student’s t-test. (B) Immunoblots showing the active fragment of caspase-1 (p10)
detected in RAW 264.7 macrophages stimulated with APAP (5 mM) for 4 h and a-Tubulin showing that similar amounts of
protein were loaded in each lane. Representative blots are shown. After quantification of all blots, results are expressed as
fold change relative to vehicle condition and are mean – SEM. **p < 0.01 versus vehicle according to Student’s t-test. (C)
Upper panels, SIRT1 levels detected in protein extracts from primary mouse (left) or human (right) hepatocytes treated with
or without IL1b (20 ng/mL) for 16 h. Densitometric quantifications of protein levels are shown. After quantification of all
blots, results are expressed as fold change relative to untreated condition. Values are mean – SEM. *p < 0.05, ***p < 0.001
versus without IL1b condition according to Student’s t-test. Lower panels, Mouse hepatocytes were treated with IL1b
(20 ng/mL) for the indicated times, and then, the levels of nuclear p65-NFjB and total IjBa were analyzed by immunoblot.
Lamin B and b-Actin were used as nuclear and total protein loading controls, respectively. After quantification of all blots,
results are expressed as fold change relative to untreated condition and are mean – SEM. Statistical analysis was performed
by one-way ANOVA followed by Newman–Keuls multiple comparison test. **p < 0.01, ***p < 0.001 versus without IL1b.
(D) Primary mouse hepatocytes were transfected with siRNAs for p65, JNK1/2, or both or with a control scrambled siRNA
for 48 h. Then, hepatocytes were treated with control-CM or APAP-CM for 16 h in the presence of siRNAs. Total protein
was analyzed by Western blot using the indicated antibodies. Densitometric quantification depicts SIRT1 protein levels in
each condition. Values are mean – SEM. Statistical analysis was performed by two-way ANOVA followed by Bonferroni
post hoc test. ***p < 0.001 versus scramble siRNA-transfected hepatocytes treated with control-CM. (E) Control-CM,
APAP-CM, and APAP-CM, previously incubated with anti-IL1b neutralizing antibody (0.2 lg/mL) for 1 h, were added to
mouse hepatocytes for 16 h, and then, SIRT1 protein levels were analyzed by immunoblot. After quantification of all blots,
results are expressed as fold change relative to control-CM condition. Values are mean – SEM. Statistical analysis was
performed by one-way ANOVA followed by Newman–Keuls multiple comparison test. ***p < 0.001 versus control-CM.
#p < 0.05 versus without anti-IL1b neutralizing antibody condition. siRNA, small interfering RNA.
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hepatotoxicity by modulation of the inflammasome in trans-
genic mice targeting the inflammasome components.

In the present study, our initial observations of SIRT1
depletion on APAP challenge in both human and mouse
livers (Fig. 1), together with the reported role of SIRT1 in the

protection against hepatic inflammation linked to metabolic
damage (12, 40), or against fibrosis induced by hepatic stel-
late cell activation in alcohol liver injury (43), prompted us to
hypothesize that downregulation of SIRT1 could be a con-
sequence of the enhanced proinflammatory environment that

FIG. 8. Effect of APAP-CM from peritoneal macrophages from wild-type and SIRT1-Tg mice in the modulation of
SIRT1 protein levels in hepatocytes. (A) Peritoneal macrophages were isolated from SIRT1-WT and SIRT1-Tg mice and
then used to prepare control-CM or APAP-CM as previously described. Then, mouse hepatocytes were treated with these
CM for 16 h. Immunoblots showing SIRT1 protein levels and a-Tubulin as a loading control. Densitometric quantification
showing SIRT1 protein levels in each condition. Values are mean – SEM. Statistical analysis was performed by two-way
ANOVA followed by Bonferroni post hoc test. *p < 0.05 versus control-CM. (B) Levels of the active fragment of caspase-1
(p10) detected in peritoneal macrophages derived from SIRT1-WT and SIRT1-Tg mice stimulated with APAP (5 mM) for 3
or 6 h. GAPDH showing similar amounts of protein loaded in each lane. Representative blots are shown. After quantification
of all blots, results are expressed as fold change relative to vehicle-treated SIRT1-WT macrophages and are mean – SEM.
Statistical analysis was performed by two-way ANOVA followed by Bonferroni post hoc test. *p < 0.05 versus wild-type
macrophages. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

FIG. 9. In vivo administration of the NFjB inhibitor BAY 11-7082 protected from APAP-mediated acute hepa-
totoxicity. Overnight fasted wild-type mice were i.p. injected physiological saline (vehicle) or 300 mg/kg APAP or BAY
11-7082 (5 mg/kg) 1 h prior APAP intoxication. Mice were sacrificed after 6 h and livers and serum were collected. (A)
Nuclear p65-NFjB and Lamin B as loading control. Blots were quantified and results are expressed as fold change relative
to vehicle (saline)-treated mice. Values are mean – SEM. Statistical analysis was performed by one-way ANOVA followed
by Newman–Keuls test. *p < 0.05 versus control (vehicle)-treated mice, #p < 0.05 versus APAP-treated mice. n = 5 mice per
group. (B) Representative images of hematoxylin and eosin staining (upper panels) or anti-SIRT1 immunostaining (lower
panels) in liver sections from wild-type mice treated with APAP or injected BAY 11-7082 1 h prior APAP intoxication.
Scale bars = 100 lm. (C) Plasma ALT levels measured in the same experimental conditions. Values are mean – SEM.
Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. **p < 0.01 versus control
(vehicle)-treated mice, ##p < 0.01 versus APAP-treated mice. n = 5 mice per group. (D) SIRT1 protein levels detected in liver
extracts. Blots were quantified and results are expressed as fold change relative to control (vehicle)-treated mice. Values are
mean – SEM. Statistical analysis was performed by one-way ANOVA followed by Bonferroni post hoc test. *p < 0.05 versus
control (vehicle)-treated mice, ##p < 0.01 versus APAP-treated mice. n = 5 mice per group. (E) Overnight fasted wild-type
mice were i.p. injected physiological saline (vehicle) or 300 mg/kg APAP or BAY 11-7082 (5 mg/kg) 1 h after APAP
intoxication. Mice were sacrificed after 6 h and livers and serum were collected. Representative images of hematoxylin and
eosin staining (upper panels) or anti-SIRT1 immunostaining (lower panels) in liver sections. Scale bars = 100 lm. (F)
Plasma ALT levels measured in the same experimental conditions. Values are mean – SEM. Statistical analysis was
performed by one-way ANOVA followed by Bonferroni post hoc test. *p < 0.05 versus control (vehicle)-treated mice,
#p < 0.05 versus APAP-treated mice. n = 5 mice per group. (G) SIRT1 protein levels detected in liver extracts. Blots were
quantified and results are expressed as fold change relative to APAP-treated mice. Values are mean – SEM. *p < 0.05 versus
control (vehicle)-treated mice, ##p < 0.01 versus APAP-treated mice. n = 5 mice per group. H&E, hematoxylin and eosin. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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occurs during APAP toxicity due to the prevalent oxidative
stress. This hypothesis was tested in mice with moderate
overexpression of SIRT1 (SIRT1-Tg) that retained higher
SIRT1 protein levels after APAP treatment compared with
levels detected in wild-type mice.

Interestingly, in APAP-treated SIRT1-Tg mice, the re-
tained protein levels of SIRT1 in the liver was associated with
reduced injury assessed by histology and biomarkers, in-
cluding ALT, TUNEL, GSH/GSSG ratio, protein carbonyl-

ation, and levels of the antioxidant enzymes MnSOD and
catalase. Notably, APAP-protein adducts did not differ
among the two genotypes of mice, suggesting similar meta-
bolic bioactivation of APAP through CYP2E1. These results
challenge the traditional view that APAP-protein adducts are
the key drivers in APAP-induced hepatotoxicity. Alter-
natively, the antioxidant capacity of the cell would be the
main component of the resistance to APAP hepatotoxicity in
SIRT1-Tg mice since the ensuing oxidative stress per se
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could be directly responsible for the modulation of the in-
flammatory responses and, ultimately, for the induction of
cell death.

To establish a rationale link between the protection against
APAP hepatotoxicity by preserving SIRT1 protein levels in
the liver of SIRT1-Tg mice and the early inflammatory re-
sponses, we examined the immune cell populations in the
liver 3 h after APAP injection, a time period that precedes
SIRT1 degradation. Taking into account that Kupffer cells
become depleted in the early course of APAP treatment (9)
and that this effect was similar in wild-type and SIRT1-Tg
mice, we analyzed the potential renewal of Kupffer cells from
newly recruited monocytes that has been shown to be in-
volved in the resolution of liver injury (9, 63). Our data
clearly showed a strong elevation of CD11b+CCR2+Ly6C+

cells in the livers of SIRT1-Tg mice as early as 3 h after
APAP treatment.

These results are surprising since recently it has been
shown that this population plays an important role in APAP
hepatotoxicity (34). Such discrepancy suggests that SIRT1
overexpression might be able to prevent the activation of
liver infiltrating macrophages thus reducing their contribu-
tion to parenchymal damage. This hypothesis is supported by
elevations in the anti-inflammatory markers IL10 and
arginase-1 in the livers of SIRT1-Tg mice on APAP intoxi-
cation compared to the levels of wild-type mice. Likewise,
neutrophils were highly elevated in SIRT1-Tg livers and this
could be linked to their role in removal of cell debris during
regeneration, as suggested by Williams et al. (54), rather than
in promoting toxicity.

Also, despite the unclear role of T cells in APAP toxicity
(24), our model of SIRT1-Tg mice has revealed that protec-
tion against APAP toxicity might be linked to an alteration in
the balance between CD8+ cytotoxic T lymphocytes and
CD8- noncytotoxic T lymphocytes (T helper) toward an in-
crease in the latter population. In fact, SIRT1 may mediate
the differentiation of T helper cells by suppressing STAT3
activity (37). Altogether, these results suggest that the dif-
ferential immune responses in APAP toxicity in wild-type
and SIRT1-Tg mice could be responsible, at least in part, to
the reduced hepatic mRNA levels of the proinflammatory
cytokines IL6 and IL1b, increased mRNA levels of IL10 and
arginase-1, and attenuation of the NFjB proinflammatory
signaling in SIRT1-Tg mice.

As previously stated, the relationship between APAP
toxicity and the inflammasome is controversial. However,
negative regulation of the NLRP3 inflammasome by SIRT1
has been reported in vascular endothelial cells (28). The present
work addresses a relationship between IL1b-mediated inflam-
mation by immune cells on APAP challenge and the expression
of SIRT1 in hepatocytes. Our initial experiments demon-
strated that SIRT1 was ubiquitinated and its protein levels
were downregulated by the treatment of hepatocytes with
CM of RAW 264.7 macrophages exposed to APAP (APAP-
CM), which contained higher levels of IL1b compared with
the control-CM. Of note, the effect of APAP on macrophages
was likely mediated by the inflammasome since the cleaved
caspase-1 fragment (p10) was detected in these immune
cells on APAP stimulation for 4 h. Importantly, the effect of
APAP-CM in the modulation of SIRT1 protein levels in he-
patocytes was mimicked by direct stimulation with IL1b and
was abolished by using an anti-IL1b neutralizing antibody or
by targeting IL1b downstream signaling with p65-NFjB
siRNA. However, in agreement with the similar activation of
JNK in the livers of wild-type and SIRT1-Tg mice treated
with APAP, silencing of JNK in hepatocytes did not prevent
SIRT1 degradation by APAP-CM. These results were
somehow unexpected since sustained activation of JNK and
its translocation to the mitochondria followed by binding to
SH3BP5 or Sab, a protein located on its outer membrane, has
been associated with increased mitochondrial ROS produc-
tion during APAP hepatotoxicity (55, 56).

In this regard, we cannot explain the lack of differences in
JNK phosphorylation between wild-type and SIRT1-Tg mice
after APAP intoxication. Moreover, in the livers of SIRT1-Tg
mice injected APAP for 1 h, the maintenance of considerable
GSH levels compared to the depletion detected in wild-type
mice (Supplementary Fig. S6) suggests that NAPQI pro-
duction is inhibited at this early time period. These relevant
issues deserve further investigations. In addition to these
findings, our data have revealed first that the modulation of
SIRT1 protein levels during APAP intoxication was mainly
mediated by the IL1b-NFjB signaling pathway and, second,
that the preservation of SIRT1 in the livers of SIRT1-Tg
mice might be required to enhance the antioxidant defense
and protect against APAP toxicity.

These data were assessed by the protective effect of ad-
ministration of BAY 11-7082, an NFjB inhibitor, to wild-type

FIG. 10. Model for the interplay between
macrophages and hepatocytes in the con-
text of APAP hepatotoxicity. Proposed
model for the cross talk between macrophages
and hepatocytes modulated by APAP and
involving IL1b-mediated NFjB signaling and
SIRT1 degradation in hepatocytes. To see this
illustration in color, the reader is referred to
the web version of this article at www.lie-
bertpub.com/ars
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mice that efficiently protected against the decreased hepatic
SIRT1 protein levels and liver damage induced by APAP.
Further studies will be necessary to define if additional pro-
cesses such as mitophagy and mitochondrial biogenesis are
linked with SIRT1 during APAP hepatotoxicity.

A variety of factors have been shown to regulate SIRT1
expression at both transcriptional and post-translational levels,
including hypoxia, nutrient deprivation, DNA damage, and
oxidative stress (20, 62). In the aorta, SIRT1 levels are posi-
tively modulated by prostacyclin, an anti-inflammatory pros-
tanoid generated by ciclooxygenase-2 (2). Importantly, in the
liver, APAP inhibits prostanoid synthesis (47) and this effect
could be linked to the decrease in SIRT1 levels, thereby re-
sulting in the loss of the protective effect of prostacyclin
against APAP hepatotoxicity also reported (4, 11). Our data
suggest the modulation of SIRT1 protein levels by the proin-
flammatory milieu during APAP hepatotoxicity and a sup-
porting hypothesis is the existence of a cross talk between
macrophages and hepatocytes involving IL1b that acting via
NFjB leads to a reduction in SIRT1 protein levels in hepa-
tocytes and these series of events might be relevant in trig-
gering oxidative stress-mediated liver damage (Fig. 10).

In addition, we have provided new mechanistic insights to
the recent work of Wojnarova et al. (57) who reported de-
creased SIRT1 activity in rats treated with APAP that was
reversed by resveratrol or the SIRT1 activator CAY10591.
Wang et al. (52) reported that resveratrol treatment was as-
sociated with elevated SIRT1 protein in mouse livers that
were protected from APAP hepatotoxicity. In the light of
these previous data, our work provides novel aspects by
demonstrating first, the mechanism by which SIRT1 is de-
graded on APAP challenge and, second, the direct effect of
SIRT1 overexpression on APAP hepatotoxicity. Regarding
this, we have recently reported SIRT1-independent effects of
resveratrol in the liver in the context of insulin resistance (10).

Our experiments with APAP-CM from SIRT1-Tg macro-
phages have demonstrated that SIRT1 overexpression in these
immune cells also contributes to the phenotype of SIRT1-Tg
mice challenged with APAP. In fact, it has been shown that
high glucose significantly downregulates the protein levels of
SIRT1 and upregulates IL1b and TNFa mRNAs in RAW
264.7 macrophages (19). Moreover, myeloid-specific deletion
of SIRT1 promotes macrophage infiltration into insulin-
sensitive organs and aggravates liver inflammation (18, 22).
On the contrary, SIRT1 inactivation exacerbates inflammation
in human monocytes (48). In the light of these studies, our data
suggest the possibility that in SIRT1-Tg mice, the anti-
inflammatory effect of SIRT1 in immune cells targeting the
inflammasome/IL1b, together with the sustained levels of
SIRT1 in hepatocytes, inhibiting the NFjB pathway (60),
might act in conjunction, thereby boosting hepatoprotection
against oxidative stress during APAP toxicity.

Conclusions

In conclusion and as summarized in the working model
proposed in Figure 10, this study provides new insights on the
negative modulation of SIRT1 protein levels by the IL1b/
NFjB axis in the interplay between immune cells and he-
patocytes in the context of oxidative stress during APAP
hepatotoxicity, and strongly suggests that targeting this
pathway may alleviate ROS-induced liver damage.

Materials and Methods

Reagents and antibodies

Fetal bovine serum (FBS) and culture media were obtained
from Invitrogen (Thermo Fisher Scientific, Waltham, MA).
Protein A agarose was purchased from Roche Diagnostics
(Indianapolis, IN). APAP and MG132 were from Sigma-
Aldrich (Saint Louis, MO). The antibodies used in this study
were anti-phospho JNK1/2 (Thr183/Tyr185) (No. 4668) and
anti-ubiquitin (No. 3936) antibodies from Cell Signaling
Technology (Danvers, MA). Anti-PGC1a (sc-13069), anti-
JNK (sc-571), anti-IjBa (sc-371), anti-p65 NFjB (sc-372),
anti-Sp1 (sc-420), and anti-caspase-1 (p10) (sc-514) anti-
bodies were from Santa Cruz (Palo Alto, CA). Anti-p85a-
PI3K (06-195), anti-catalase (219010), anti-Acetyl-Lysine
(05-515) and anti-SIRT1 (07-131) antibodies were purchased
from Merck Millipore (Billerica, MA). Anti-Lamin B
(ab16048) and anti-glyceraldehyde-3-phosphate dehydroge-
nase (ab8245) antibodies were from Abcam (Cambridge,
UK). Anti-MnSOD antibody (ADI-SOD-111-F) was pur-
chased from Enzo Life Sciences (Farmingdale, NY). Anti-a-
Tubulin (T5168) and b-Actin (A5441) antibodies were from
Sigma-Aldrich. Neutralizing anti-IL1b antibody (AF-401-
NA) was from R&D Systems, Inc. (Minneapolis, MN).

Cell culture

Murine RAW 264.7 macrophages, kindly provided by Dr.
Tarı́n (CNIC, Madrid, Spain), were cultured in RPMI-1640
medium supplemented with 10% heat-inactivated FBS,
100 U/mL penicillin, 100 lg/mL streptomycin, and 2 mM
glutamine at 37�C in a humidified atmosphere with 5% CO2.
Elicited peritoneal macrophages were obtained from male
mice 4 days after intraperitoneal (i.p.) administration of
2.5 mL of 3% thioglycollate broth as previously described
(49). Cells were seeded in six-multiwell plates at a density of
4 · 106 cells/plate and cultured in RPMI-1640 medium sup-
plemented with 10% heat-inactivated FBS and antibiotics
(100 U/mL penicillin and 100 mg/mL streptomycin).

The generation and characterization of immortalized
mouse hepatocyte cell line have been previously described
(39). Cells were grown in Dulbecco’s modified Eagle’s me-
dium plus 10% heat-inactivated FBS, 100 U/mL penicillin,
100 lg/mL streptomycin, and 2 mM glutamine.

Human hepatocytes were isolated by the two-step colla-
genase procedure from nontumor areas of liver biopsies from
patients submitted to a surgical resection for liver tumors
after obtaining patients’ written consent as previously de-
scribed (39).

Confluent RAW 264.7 or peritoneal macrophages were
treated with vehicle (phosphate-buffered saline or PBS) or
APAP (5 mM) for several time periods. In other experiments,
macrophages were treated with vehicle or APAP for 8 h, after
which, the medium was replaced by fresh media that were
collected after 16 h. These conditioned media (control-CM or
APAP-CM, respectively) were centrifuged to remove dead
cells and directly added (without dilution) to mouse hepato-
cytes for several time periods.

Human liver biopsies

Human liver samples were obtained from the Department
of Pathology, University of Edinburgh, United Kingdom, as
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previously reported (33). Informed written consent was ob-
tained from each patient.

Animal models

Three-month-old male wild-type and mice overexpressing
SIRT1 under the own promoter elements (SIRT1-Tg) (10, 40)
maintained on the C57Bl/6J · 129Sv/J genetic background
were used throughout this study. Animal experimentation
was approved by the Ethics Committee at CSIC (Spain) and
was conducted according to the accepted guidelines for ani-
mal care of Comunidad de Madrid (Spain). Overnight fasted
mice were i.p. injected 300 mg/kg APAP dissolved in phys-
iological saline. Mice were sacrificed at 3, 6, and 24 h after
APAP injection and livers and blood were collected. The
NFjB inhibitor BAY11-7082 [Sigma-Aldrich; dissolved in
dimethyl sulfoxide (DMSO) and diluted in saline solution]
was i.p. injected (5 mg/kg) 1 h prior or after APAP intoxi-
cation and mice were sacrificed after 6 h of APAP injection.
In these experiments, all mice received similar amounts of
DMSO.

Liver histology and immunohistochemistry

Histological grading of hepatic necrosis was performed by
two blinded observers using hematoxylin and eosin-stained
sections as follows: 30% of the total area necrotic (1 point); 30–
60% of the total area necrotic (2 points); 60% of the total area
necrotic (3 points) as described (33). Immunohistochemistry
was performed as described (33).

TUNEL analysis

For cell death detection, paraffin-embedded liver biopsy
sections were stained using the In Situ cell death detection
kit (Roche) according to the manual instructions.

Isolation and analysis of nonparenchymal
liver cells by flow cytometry

NPCs were isolated as described with slight modifications
(46). Cells (0.3–0.5 · 106 cells/test) were incubated with
CD45-FITC (rat IgG; Beckman), CD11b-(Mac1)-PECy7 (rat
IgG2bk; eBioscience; Thermo Fisher Scientific), F4/80-
APC (rat IgG2ak; eBioscience), Ly6G-PE (rat IgG2ak;
Pharmingen, San José, CA), CD3-PECy7 (Hamster IgG;
eBioscience), NK1.1-APC (mouse IgG2ak; Pharmingen),
CD8a-PE (rat IgG2ak; Cultek, Madrid, Spain), F4/80-PE (rat
IgG2ak; eBioscience), Ly6C-FITC (rat IgMk; Pharmingen),
and CCR2-APC (rat IgG2B; R&D Systems) or their corre-
sponding isotype controls for 20 min at room temperature.
Flow cytometry data were acquired with an FACSCanto II
and data analysis was performed using Cytomics FC500 with
the CXP program.

Transfection with siRNA

siRNA oligos were synthesized by Dharmacon RNAi
Technologies for gene silencing of mouse p65-NFjB and
JNK1/2. Immortalized mouse hepatocytes were seeded in 6-
cm dishes and incubated at 37�C with 5% CO2 overnight.
When 40–50% confluence was reached, cells were trans-
fected with p65-NFjB or JNK1/2 siRNA, or with a scram-
bled control siRNA at 25 nM concentration following

DharmaFECT General Transfection Protocol (Dharmacon,
Lafayette, CO). After 36 h, cells were used for experiments.

Homogenization and preparation of tissue extracts

Frozen livers were homogenized in 16 volumes (w/v) of ice-
cold lysis buffer containing 50 mM Tris-HCl, 1% Triton X-
100, 2 mM EGTA, 10 mM EDTA acid, 100 mM NaF, 1 mM
Na4P2O7, 2 mM Na3VO4, 100 lg/mL phenylmethylsulfonyl
fluoride, 1 lg/mL aprotinin, 1 lg/mL pepstatin A, and 1 lg/mL
leupeptin. Livers were homogenized in the same lysis buffer
using the Brinkman PT 10/35 Polytron. Extracts were kept ice
cold at all times. Liver extracts were cleared by micro-
centrifugation at 40,000 · g for 20 min at 4�C. The supernatant
was aliquoted and stored at -70�C.

Immunoprecipitations and Western blot

After culture and treatments, cells were scraped off in ice-
cold PBS, pelleted by centrifugation at 4000 · g for 10 min at
4�C, and resuspended in lysis buffer containing 10 mM Tris-
HCl, 5 mM EDTA, 50 mM NaCl, 30 mM disodium pyro-
phosphate, 50 mM NaF, 100 lM Na3VO4, 1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride, 10 lg/mL leupeptin,
and 10 lg/mL aprotinin pH 7.6. Cellular lysates were clari-
fied by centrifugation at 12,000 · g for 10 min. After protein
content determination, equal amounts of protein (600 lg)
were immunoprecipitated at 4�C with the corresponding
antibodies. The immune complexes were collected on aga-
rose beads and submitted to Western blot analysis. After
sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
gels were transferred to Immobilon membranes and were
blocked using 5% nonfat dried milk or 3% bovine serum
albumin (BSA) in 10 mM Tris-HCl and 150 mM NaCl pH 7.5,
and incubated overnight with antibodies as indicated in
0.05% Tween-20, 10 mM Tris-HCl, and 150 mM NaCl pH
7.5. Immunoreactive bands were visualized using the ECL
Western blotting protocol (Bio-Rad, Hercules, CA).

Protein determination

Protein determination was performed by the Bradford dye
method, using the Bio-Rad reagent (Bio-Rad) and BSA as the
standard.

Quantitative real-time PCR analysis

Total RNA was extracted with TRIzol� reagent (Invitro-
gen, Madrid, Spain) and reverse transcribed using a Super-
Script� III First-Strand Synthesis System for quantitative
PCR (qPCR) following the manufacturer’s indications (In-
vitrogen). qPCR was performed with an ABI 7900 sequence
detector. Primer/probe sets for mouse Sir2, Tnfa, Il6, Il1b,
IL10, Arg1, and 18s were purchased as predesigned by
TaqMan gene expression assays (Applied Biosystems, Drive
Foster City, CA).

Analysis of ALT activity

Blood was collected in heparin and diluted 1/30 with saline
(0.9% NaCl). ALT activity was determined by direct mea-
surement with the Reflectron test (Ref. 10745120; Roche
Diagnostics).
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Serum cytokine detection assay

Serum samples or culture media were collected and im-
mediately frozen at -80�C. TNFa, IL6, and IL1b were de-
termined using Luminex 100 IS (Merck Millipore).

Determination of GSH/GSSG ratio

Total reduced (GSH) and oxidized (GSSG) glutathione
levels were measured in the same samples using a colori-
metric assay (Assay Designs, Inc., Ann Arbor, MI). The ratio
between GSH and GSSG was also calculated as a marker of
antioxidant status in liver homogenates (51).

Determination of protein carbonyl content

Protein oxidation of liver homogenates was measured as
carbonyl group content according to the method of Richert
et al. (44).

Determination of APAP-protein adducts

Analysis of APAP covalently bound to proteins in the liver
was measured by initial protease treatment of liver homoge-
nates, followed by high-performance liquid chromatography-
electrochemical analysis for APAP-cysteine as previously
described (35).

Extraction of nuclear proteins

Livers or hepatocytes were homogenized at 4�C in
10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl2, 10 mM KCl,
0.5 mM DTT, 0.2 mM PMSF, 0.75 lg/mL leupeptin, and
0.75 lg/mL aprotinin (Buffer A), allowed to swell on ice for
10 min, and then vortexed for 10 s. Samples were centri-
fuged and the supernatant containing the cytosolic fraction
was stored at -70�C. The pellet was resuspended in cold
buffer C (20 mM HEPES-KOH, pH 7.9, 25% glycerol,
420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
DTT, 0.2 mM PMSF, 0.75 lg/mL leupeptin, and 0.75 lg/mL
aprotinin) and incubated on ice for 20 min for high salt
extraction. Cellular debris was removed by centrifugation
for 2 min at 4�C, and the supernatant fraction was stored at
-70�C.

Data analysis

Data are reported as mean – standard error of the mean.
Comparisons between groups were made using Student’s t-test.
To determine the effects of genotype or APAP injection, one-
way or two-way analysis of variance followed by the Bonfer-
roni test, respectively, was carried out. The p-values presented
in figures corresponded to the post hoc test. All statistical an-
alyses were performed using the GraphPad Prism 5.0 software
(GraphPad Software, Inc., San Diego, CA). Differences were
considered statistically significant at p < 0.05.
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Abbreviations Used

ALT¼ alanine transaminase
ANOVA¼ analysis of variance

APAP¼ acetaminophen
APAP-CM¼ conditioned medium of APAP-treated

macrophages
BSA¼ bovine serum albumin

CYP2E1¼ cytochrome P450 2e1
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Abbreviations Used Cont.

DAMPs¼ damage-associated molecular patterns

DILI¼ drug-induced liver injury

DMSO¼ dimethyl sulfoxide

FBS¼ fetal bovine serum

GAPDH¼ glyceraldehyde-3-phosphate
dehydrogenase

GSH¼ glutathione

H&E¼ hematoxylin and eosin

ICAM¼ intracellular adhesion molecule

IFNc¼ interferon gamma

IjBa¼ inhibitor of kappa B alpha

IL¼ interleukin

i.p.¼ intraperitoneal

JNK¼ c-Jun N-terminal kinase

MnSOD¼manganese superoxide dismutase

mRNA¼messenger RNA

NAPQI ¼ N-acetyl-p-aminobenzoquinone imine
NFjB ¼ nuclear factor kappa B
NKT ¼ natural killer T

NPCs ¼ non-parenchymal liver cells
PBS ¼ phosphate-buffered saline

PGC1a ¼ peroxisome proliferator-activated receptor
(PPAR) gamma coactivator 1 alpha

qPCR ¼ quantitative PCR
qRT-PCR ¼ quantitative real-time PCR

ROS ¼ reactive oxygen species
SEM ¼ standard error of the mean

siRNA ¼ small interfering RNA
SIRT1 ¼ sirtuin 1

Sp1 ¼ specific protein 1
SUP-IP ¼ IP-supernatant

TLRs ¼ Toll-like receptors
TNFa ¼ tumor necrosis factor alpha
WCL ¼ whole-cell lysate
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