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Cytokine regulation of high-output nitric oxide (NO) derived from inducible NO synthase
(iNOS) is critically involved in inflammation biology and host defense. Herein, we set out
to characterize the role of type | interferon (IFN) as potential regulator of hepatic INOS
in vitro and in vivo. In this regard, we identified in murine Hepal1-6 hepatoma cells a
potent synergism between pro-inflammatory interleukin-p/tumor necrosis factor-a and
immunoregulatory IFNB as detected by analysis of INOS expression and nitrite release.
Upregulation of INOS by IFNp coincided with enhanced binding of signal transducer and
activator of transcription-1 to a regulatory region at the murine INOS promoter known to
support target gene expression in response to this signaling pathway. Synergistic INOS
induction under the influence of IFNf was confirmed in alternate murine Hepa56.1D hep-
atoma cells and primary hepatocytes. To assess iINOS regulation by type | IFN in vivo,
murine acetaminophen (APAP)-induced sterile liver inflammation was investigated. In
this model of acute liver injury, excessive necroinflammation drives iINOS expression in
diverse liver cell types, among others hepatocytes. Herein, we demonstrate impaired
iINOS expression in type | IFN receptor-deficient mice which associated with diminished
APAP-induced liver damage. Data presented indicate a vital role of type | IFN within the
inflamed liver for fine-tuning pathological processes such as overt INOS expression.

Keywords: type | interferon, inducible nitric oxide synthase, signal transducer and activator of transcription-1,
acetaminophen, liver damage

INTRODUCTION

High-output nitric oxide (NO) production achieved by inducible NO synthase (iNOS) is key to effi-
cient innate host defense but also involved in pathological inflammation at diverse organs including
the liver (1-4). There, iNOS is detectable in several cell types including Kupffer cells and hepatocytes.
Accordingly, expression and biological activity of iNOS has been related to the pathogenesis of
acute and chronic liver diseases, among others drug-induced liver injury, non-alcoholic fatty liver
disease/steatohepatitis, alcoholic liver disease, liver fibrosis, viral hepatitis, and carcinogenesis (3, 4).
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Especially under conditions of glutathione depletion, hepatotox-
icity by xenobiotics is frequently mediated at least partly by the
highly reactive NO metabolite peroxynitrite (5).

Regulation of iNOS expression and activity occurs foremost
on the level of gene transcription with pathways activating
nuclear factor (NF)-kB and signal transducer and activator
of transcription (STAT)-1 being of particular importance.
Depending on the biochemical and cellular context STAT1 is
able to support iNOS expression as STAT1 homodimer or as
part of a protein complex together with STAT2 and IRF9 known
as interferon (IFN)-stimulated gene factor (ISGF)-3 (1, 2, 6-9).
Particularly in non-leukocytic cells such as renal mesangial cells
and hepatocytes, INOS mRNA is amplified by NO-driven feed-
forward mechanisms (10, 11). Whereas a crucial role for [FNy
concerning iNOS induction is established in diverse cell types
including hepatocytes (12), information on the role of immu-
noregulatory type ITFN (including IFNa/p) as cofactor for induc-
tion of hepatocyte iNOS is currently lacking. Of note, IFNo/p
is reported to efficiently drive monocyte/macrophage-derived
iNOS in humans and mice (9, 13-15). Moreover, in combina-
tion with interleukin (IL)-22, IFNa upregulates expression of
iNOS in human DLDI colon carcinoma cells (16). Herein, we
set out to further characterize in vitro and in vivo the role of type
I IFN for murine hepatic iNOS regulation by using the cellular
model of IFNB-stimulated hepatoma cells (Hepal-6, Hepa56.1D)
and hepatocytes and by investigating murine acetaminophen
(paracetamol, APAP)-induced sterile liver inflammation in the
context type I IFN receptor-deficient mice.

MATERIALS AND METHODS

Reagents

Human IL-1p and murine tumor necrosis factor (TNF)-a were
from Peprotech, Inc. (Frankfurt, Germany). Murine IFN was
purchased from PBL (New York, USA) and APAP from Sigma-
Aldrich (Taufkirchen, Germany). Inhibitor-kB kinase (IKK)-VII
inhibitor was from Calbiochem/Merck Millipore (Darmstadt,
Germany).

Cultivation of Murine Hepa 1-6 and

Hepab56.1D Cells

Hepal-6 cells (LGC Standards, Wesel, Germany) and Hepa56.1D
(CLS GmbH, Eppenheim, Germany) were maintained in DMEM
supplemented with 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 10% heat-inactivated FCS (Thermo Fisher Scientific,
Langenselbold, Germany). For experiments, cells were seeded on
six-well polystyrene plates (Greiner, Frickenhausen, Germany) in
the aforementioned medium.

Isolation of Primary Murine Hepatocytes

C57Bl/6 mice were sacrificed and obtained livers were perfused
post mortem. The isolation procedure was adapted from Godoy
et al. (17). Briefly, perfusion was performed with 37°C warm
HBSS without Ca** and Mg** (supplemented with 15 mM HEPES,
2.5 mM EGTA, 1 g/l glucose, 100 U/ml penicillin, and 100 pg/ml
streptomycin) using a roller pump (10 ml/min) for 10 min.

Thereafter, the liver was perfused with HBSS with Ca** and Mg**
[supplemented with 15 mM HEPES, 5 mM CaCl,, 0.13 mg/ml
collagenase IV (Sigma-Aldrich, Darmstadt, Germany), 100 U/ml
penicillin, and 100 pg/ml streptomycin] for additional 10 min.
The liver was carefully removed from the abdominal cavity,
placed in a Petri dish on ice in DMEM (supplemented with 10%
FCS, 100 U/ml penicillin, and 100 pg/ml streptomycin) and
opened with a forceps. Liver cells were resuspended and put over
a 100 um cell strainer (Becton Dickinson, Heidelberg, Germany).
After two rounds of centrifugation (5 min at 50 g and 4°C) and
resuspension, cell viability was determined by trypan blue dye
exclusion, and cells were seeded in DMEM (supplemented with
10% FCS, 100 U/ml penicillin, and 100 ug/ml streptomycin) on
collagen G-coated plates (Biochrom, Berlin, Germany). Adherent
hepatocytes were washed after 4 h with PBS and fresh Williams
Medium E [supplemented with 10% FCS, 2 mM r-Alanyl-L-Glu-
tamin (Biochrom), 2 ng/ml insulin, 100 ng/ml dexamethasone,
100 U/ml penicillin, and 100 pg/ml streptomycin] was added.
Stimulation with recombinant cytokines for analysis of iNOS
expression was performed 16 h thereafter. Dexamethasone was
not removed from standard supplemented Williams Medium
E because this glucocorticoid is known to inhibit hepatocyte
apoptosis (18, 19) thereby supporting viability. This protocol
was adhered to despite the prospect that dexamethasone at this
concentration is capable of reducing NF-«B thus partly affecting
hepatocyte iNOS (20).

Detection of CXCL9, IFNa, IFNg, iNOS,

MIP2, and STAT1 mRNA

Total RNA isolation was performed as described (16). Briefly,
RNA isolated by Tri-Reagent (Sigma-Aldrich) was transcribed
using random hexameric primers (Qiagen, Hilden, Germany)
and Moloney virus reverse transcriptase (Thermo Fisher
Scientific). During realtime PCR, changes in fluorescence are
caused by the Taq polymerase degrading a probe containing a
fluorescent dye (GAPDH: VIC; all others: FAM). Pre-developed
reagents (Thermo Fisher Scientific): GAPDH (4352339E),
CXCL9 (MmO00434946_m1), IFNa2 (MmO00833961_sl),
IFNa4 (MmO00833969_s1), IFNa5 (Mm00833976_s1), IFNf
(Mm00439552_s1), STAT1  (Mmo00439531_ml), iNOS
(Mm00440502_m1), and MIP2 (Mm00436450_m1). Assay mix
was from Thermo Fisher Scientific. Realtime PCR (AbiPrism7500
Fast Sequence Detector, Thermo Fisher Scientific): two initial
steps at 50°C (2 min) and 95°C (20 s) were followed by 40 cycles
at 95°C (3 s) and 60°C (30 s). Detection of the dequenched probe,
calculation of threshold cycles (Cr values), and data analysis were
performed by the Sequence Detector software. Relative changes
in mRNA expression compared with unstimulated control and
normalized to GAPDH were quantified by the 27#4°T method.
As IFNa and IFNP gene loci lack introns, all RNA isolates were
digested with RNase-free DNase I (Thermo Fisher Scientific)
before reverse transcription.

Interferona was analyzed by standard PCR using universal
primers that target all a-subtypes: forward, 5-ATGGCTAGR
CTCTGTGCTTTCCT-3'; revers, 5'-AGGGCTCTCCA GAYTT
CTGCTCTG-3'. GAPDH: forward, 5'-CTGGCATTGCTCTCA
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ATGAC-3'; revers, 5-TCTTACTCCTTGGAGGCC-3'. PCR
conditions: 95°C for 10 min (1 cycle), 95°C for 30 s, 62°C (IFN)
or 55°C (GAPDH) for 30 s, and 72°C for 45 s (with 37 cycles for
IFNa and 25 cycles for GAPDH), and a final extension phase at
72°C for 7 min. Amplicon length: IFNa, 524nt; GAPDH, 110nt.
Amplicons was confirmed by sequencing (Eurofins, Ebersberg,
Germany).

Chromatin Immunoprecipitation (ChiP)
Chromatin immunoprecipitation was performed as previously
described (21). For immunoprecipitation, an IgG control or a spe-
cific STAT1 antibody was used (rabbit polyclonal antibody; Santa
Cruz Biotechnology, Heidelberg, Germany). To amplify murine
iNOS promoter regions enclosing relevant STAT1-binding sites
[-951 to —912 bp relative to the transcriptional start site (TSS)
(8)], the following primers were used for PCR (9): forward,
5'-ccaactattgaggccacacac-3" (—1,098 to —1,078 bp); reverse,
5’-gcttccaat aaagcattcaca-3' (—889 to —869 bp). Conditions: 95°C
for 10 min (1 cycle), 95°C for 30 s, 56°C for 30 s, 72°C for 45 s
(40 cycles), and final extension (72°C, 7 min). Amplicons were
confirmed by sequencing (Eurofins).

Murine Model of Experimental
APAP-Induced Liver Injury

C57BL/6 mice were maintained under SPF conditions at
the “Zentrale Tierhaltung” (Paul-Ehrlich-Institut, Langen,
Germany). Type I IFN-receptor (IFNAR) chain 1-deficient mice,
lacking a functional receptor for type I IFN (IFNAR™~ mice),
were approximately 20X backcrossed on the C57BL/6 background
(22). All animal experiments using C57Bl/6 mice [male, 9-10-
week old, wild-type (wt), and IFNAR~~ mice] were carried out in
accordance with the recommendations of the Animal Protection
Agency of the Federal State of Hessen (Regierungsprasidium
Darmstadt, Germany). The protocol was approved by the
Regierungsprasidium Darmstadt (Germany).

Murine APAP (500 mg/kg)-induced liver injury was performed
as described (23). Briefly, fasted male mice obtained i.p. injec-
tion of either warm 0.9% NaCl (B. Braun, Melsungen, Germany)
or 500 mg/kg (dissolved in warm 0.9% NaCl) APAP. Mice that
obtained NaCl are depicted as control mice (ctrl) throughout the
manuscript. Mice had free access to food and water. After 6 h
(only wt-mice) or 24 h (wt- and IFNAR ™~ mice), mice underwent
isoflurane (Abbott, Wiesbaden, Germany) anesthesia and were
sacrificed thereafter. Blood was taken from the retroorbital venous
plexus. Serum alanine aminotransferase (ALT) activity was
quantified according to manufacturer’s instructions (Reflotron,
Roche Diagnostics, Mannheim, Germany). Serum was stored at
—80°C. For RNA and protein analysis, liver tissue was snap frozen
in liquid nitrogen and stored at —80°C. For histological analysis,
liver tissue was perfused with PBS via the portal vein followed
by overnight incubation in 4.5% buffered formalin. Thereafter,
tissue was embedded in paraffin for histologic analysis. Paraffin-
embedded liver sections (4 um) were stained with hematoxylin
(Applichem, Darmstadt, Germany). The degree of histopatho-
logical liver injury was quantified by Keyence BZ-II Analyzer
software (Neu-Isenburg, Germany). Specifically, computer-aided

analysis of tissue necrosis was performed by using similarly
located liver sections obtained from 9 wt- and 9 IFNAR-deficient
individual mice (n =9 per genotype) treated with APAP (500 mg/
kg, 24 h). One complete liver section per individual mice under-
went analysis. The software quantifies the degree of liver necrosis
by identifying necrotic areas based on differences in hematoxylin
staining. Results are presented as text-only and expressed as
(%-reduction) of liver necrosis observed in IFNAR-deficient mice
compared with wt-mice.

Immunohistochemical Detection of iINOS
Paraffin-embedded liver sections (4 um) were used for detection
of iNOS. Briefly, sections were deparaffinized and unmasked
by heat treatment (Target Retrieval Solution; Dako, Glostrup,
Denmark). Sections were stained using either a self-made in-
house (24, 25) or a commercially available (Enzo Life Sciences,
Lorrach, Germany) rabbit polyclonal antimurine iNOS antibody
overnight at 4°C. Notably, both iNOS detecting antibodies gen-
erated analogous iNOS staining in livers of APAP-treated mice.
For detection, goat antirabbit ABC staining system (Santa Cruz
Biotechnology) and the 3,3’-diaminobenzidine Substrate Kit for
Peroxidase (Sigma-Aldrich) were used. Sections were counter-
stained with hematoxylin.

Immunoblot Analysis

Tissue homogenates were generated as previously described (23).
Briefly, cells or liver homogenates were generated using lysis
buffer [150 mM NaCl, 1 mM CaCl,, 25 mM Tris-Cl (pH 7.4),
1% Triton X-100], supplemented with protease inhibitor cocktail
(Roche Diagnostics) and DTT, Na;VO,, PMSF (each 1 mM),
and NaF (20 mM). Thereafter, SDS-PAGE and immunoblot-
ting were performed. To detect iNOS or pSTAT1 together with
GAPDH on the same blot, the blot was cut. Antibodies: iNOS,
rabbit polyclonal antibody (Enzo Life Sciences); GAPDH, rabbit
polyclonal antibody (Trevigen, Gaithersburg, USA); pSTATI
(Tyr-701), rabbit polyclonal antibody (Cell Signaling, Frankfurt,
Germany). Quantifications of immunoblots were performed by
Quantity-One analysis software (Bio-Rad, Munich, Germany).
As a “positive control” for iNOS expressing murine C57BL/6 tis-
sue, cutaneous wound lysates obtained 3 days after skin wound-
ing were used. At that time point iNOS protein expression in the
wounded skin peaks (26). Wound lysates of iNOS-deficient mice
from the same time point were analyzed as “negative control”
Those cutaneous wound lysates were kindly provided by Dr.
Itamar Goren and Prof. Stefan Frank (University Hospital,
Goethe University Frankfurt, pharmazentrum frankfurt). All
animal experiments were approved by the Regierungsprasidium
Darmstadt (Germany).

Analysis of Nitrite Production

Griess assays (Merck, Darmstadt, Germany) were performed
as described (10). Briefly, nitrite, a stable NO metabolite, was
determined in cell-free supernatants using the Griess reagent
(Merck, Darmstadt, Germany). Supernatants were mixed with
equal volume of Griess reagent. The absorbance was measured at
540 nm using a microplate reader and nitrite concentrations were
calculated using a sodium nitrite calibration curve.
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Statistics

Data were checked with the Kolmogorov-Smimov test for para-
metric distribution and are shown as mean + SD (in vitro) or SEM
(in vivo) (fold-induction or raw data relative to GAPDH, percent
of input, Adj. Vol. INT*mm?, units/liter, or micromolar). Statistics
was performed on raw data as indicated by either one-way analysis
of variance with post hoc Bonferroni correction or by unpaired
Student’s t-test (Prism 5.0, GraphPad, La Jolla, CA, USA).

RESULTS

IFNp Amplifies Hepatocyte iNOS

Expression in Cell Culture
Whereas type I IFN is an established inducer of iNOS in mono-
cytes/macrophages (9, 13-15), information on effects of IFNa/p

on hepatocyte iNOS is scarce. Notably, one earlier report demon-
strated that iNOS in human hepatoma Huh?7 cells is not induced
by IFNa as sole stimulus. Interactions with other cytokines were
not investigated in that earlier report (27). To further investigate
this matter, murine Hepal-6 hepatoma cells were exposed to IFNf
in the presence or absence of NF-kB-activating cytokines IL-1f
and TNFa (28). The combination IL-1f plus TNFa was employed
since pilot experiments in Hepal-6 cells (data not shown) dem-
onstrated that this combination synergizes for induction of the
prototypic hepatocyte-derived NF-kB-dependent chemokine
MIP2 (29). Herein, we demonstrate that IFNf in cooperation
with aforementioned pro-inflammatory cytokines potentiates
iNOS expression (Figure 1A) and activity as detected by nitrite
release (Figure 1B). Potentiation of nitrite release by coincuba-
tion with IFNp was stable over a 48 h time period (Figure 1C).
Notably, in accord with the aforementioned report (27), IFNp
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FIGURE 1 | Inducible nitric oxide synthase (INOS) upregulation by interferon (IFN)B in murine hepatoma cells. (A-E) Hepa1-6 cells were either kept as unstimulated
control or stimulated with interleukin (IL)-1p (2 ng/ml), tumor necrosis factor (TNF)a (2 ng/ml), IL-1p/TNFa (each 2 ng/ml), IFNB [at 250 U/ml (A,C-E) or the indicated
concentrations (B)], or with IL-1p/TNFa (each 2 ng/ml)/IFNB [at 250 U/ml (A,C~E) or the indicated concentrations (B)]. (E) Before addition of IL-13/TNFa, cells were
pre-incubated with IFNB for 1 h. After 16 h (A), 24 h (B,E), 8 h (D), or the indicated time periods (C) cells and culture supernatants were harvested. (A,D) INOS mRNA
determined by realtime PCR was normalized to that of GAPDH and is shown as fold-induction compared with unstimulated control [mean + SD, n =5 (A), n =4

(D); *P < 0.05, **P < 0.001 versus unstimulated control, P < 0.05, **P < 0.001]. (B,C,E) Nitrite production was determined using the Griess-assay [mean + SD,
n=4;*P <0.05, *P < 0.001 versus unstimulated control (at the indicated time point (C)), P < 0.05, #P < 0.01, #*P < 0.001]. (F) Hepa56.1D cells were either kept
as unstimulated control or stimulated with IL-18/TNFa (each 2 ng/ml), IFNB (250 U/ml), or IL-1p/TNFa (each 2 ng/mi)/IFNB (250 U/ml). After 16 h cells were harvested
and mMRNA determined by realtime PCR was normalized to that of GAPDH and is shown as fold-induction compared with unstimulated control (mean + SD, n = 3;
***P < 0.001 versus unstimulated control, ##P < 0.001). (A=F) Statistical analysis, raw data were analyzed by one-way ANOVA with post hoc Bonferroni correction.
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failed to induce iNOS as sole stimulus (Figures 1A-C). Detailed
analysis furthermore revealed that triplet stimulation by IL-1p/
TNFo/IFNp is superior to that by either IL-1B/IFNf or TNFa/
IFNp (Figure 1D) and that potentiation of iNOS is likewise
detectable in the context of IFNp preincubation (Figure 1E).
Amplification of hepatocyte iNOS by IFNP was not confined to
Hepal-6 cells. Synergism between IL-1B/TNFa and IFNp for
iNOS expression was actually even more pronounced in alternate
murine Hepa56.1D hepatoma cells (Figure 1F). Moreover, IFNf
likewise potentiated iNOS in murine primary C57BL/6 hepato-
cytes which was readily detectable on mRNA (Figure 2A) and
nitrite level (Figure 2B).

In order to characterize molecular mechanisms of murine
hepatic iNOS gene induction by IFNp, we chose to focus herein
on Hepal-6 hepatoma cells. Activation of the transcription factor
STAT1 is key to immunoregulation by IFNa/p (30, 31). STAT1
activation, assessed by analysis of Tyr-701 phosphorylation
(pSTAT1), was readily detectable in Hepal-6 cells under the
influence of IFNp (Figure 3A). Within the murine iNOS pro-
moter, a specific region (—912 to —1,029 bp relative to the TSS)
was found to mediate STAT1-induced iNOS transcriptional
activation which may be achieved by STAT1-homodimers (in
response to IFNy or type I IFN) or by the type I IFN/ISGF3 axis.
In this region (Figure 3B, upper panel), adjacent STAT1-binding
elements are located. Namely, a dual GAS/IFN-stimulated
response element (ISRE) sequence (—951 to —935 bp)—bind-
ing STAT1 homodimers or ISGF3—and an additional ISRE site
(=924 to —912 bp)—likewise potentially binding ISGF3 (8, 9, 31).
STAT1 binding to this region was investigated herein to further
characterize mechanisms mediating IFNp potentiation of iNOS
in Hepal-6 hepatoma cells. In the presence of IL-1p/TNFaq,
ChIP analysis revealed STAT1 binding to this site in response
to IFNB which suggests enhanced STATI-dependent tran-
scriptional activity at the iNOS promoter. Unexpectedly, IFN
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FIGURE 2 | Inducible nitric oxide synthase (INOS) upregulation by interferon
(IFN)B in primary murine hepatocytes. (A,B) Primary murine hepatocytes were
either kept as unstimulated control or stimulated with interleukin (IL)-1p/tumor
necrosis factor (TNF)a (each 2 ng/ml), with IFNp (at 250 U/ml), or with IL-1p/
TNFa (each 2 ng/ml)/IFNB (at 250 U/ml). After 8 h (A) and 16 h (B) cells and
culture supernatants were harvested. (A) INOS mRNA determined by realtime
PCR was normalized to that of GAPDH and is shown as fold-induction
compared with unstimulated control (mean + SEM, n = 3; **P < 0.001
versus unstimulated control, #P < 0.01, #P < 0.001). Statistical analysis,
raw data were analyzed by one-way ANOVA with post hoc Bonferroni
correction. (B) Nitrite production was determined using the Griess-assay
(mean + SEM, n = 3; **P < 0.001 versus unstimulated control,

##P < 0.001). Statistical analysis, data were analyzed by one-way ANOVA
with post hoc Bonferroni correction.

as single stimulus failed to initiate STAT1 binding in Hepal-6
cells. This was in contrast to IFNy and may propose pivotal
action of ISGF3 signaling in the context of stimulation by IFN.
Data indicate that, in Hepal-6 cells, signaling by IL-1p/TNFa
enforces IFNf-induced STAT1 binding to the iNOS promoter
thereby enabling synergistic gene induction. As expected, IL-1f/
TNFa-stimulation, without IFNf, did not mediate STAT1 bind-
ing to this promoter region (Figure 3B, lower panel). In order to
further deepen the connection between IL-13/TNFa and IFNf-
related STAT1 binding to the hepatocyte iNOS promoter, NF-kB
activation was inhibited by exposing cells to the IKK inhibitor
IKK-VII (32). As detected by ChIP analysis, STAT1 binding to the
aforementioned region of the iNOS promoter (=912 to —1,029 bp
relative to the TSS) was significantly impaired under the influence
of IKK-VII (Figure 3C). Data indicate that NF-kB activation by
IL-1B/TNFa, likely mediated by an active proximal NF-«B site at
—85 to —76 bp relative to the TSS (8), supports STAT1 binding to
the iNOS promoter in murine Hepal-6 hepatoma cells.

Type | IFN Supports Expression of iNOS

during APAP-Induced Liver Injury

To investigate regulation of hepatic iNOS by type I IFN in vivo,
the model of moderate APAP-induced acute liver inflammation
was used. Liver injury and thus associated necroinflammation
in this model is at its peak at around 24 h after APAP admin-
istration. Notably, 48 h after onset of intoxication serum ALT
levels, indicative of liver necrosis, drop to approximately or
below 20% of those detectable at 24 h with liver morphology
displaying regeneration and recovery from injury (33-38). In
light of these characteristics, we chose to focus herein on the
24 h time point after APAP administration. Notably, this APAP
toxicity is associated with a cytokine response that includes
upregulation of IL-1p and TNFa (23, 39). Previous reports
demonstrated that, during murine APAP intoxication, iNOS
protein is well detectable (33, 40) in hepatocytes at regions with
centrilobular injury (41, 42). Evaluation of iNOS knockout
mice indicated that iNOS-derived NO may promote injury
during early intoxication (detected by serum ALT) (43, 44).
In contrast, hepatotoxicity was found to be independent from
iNOS analyzed histochemically after 24 h. The role of iNOS
in APAP-induced liver injury appears complex since NO also
inhibits generation of poisonous N-acetyl-p-benzoquinone
imine from APAP and reduces superoxide anion-dependent
lipid peroxidation (43).

In the present study, we confirm increased hepatic iNOS
protein in APAP-treated mice (Figure 4A; with densitometric
quantification, right panel). Inmunohistochemistry likewise cor-
roborated iNOS protein expression by hepatocytes during APAP
intoxication which was absent in ctrl-mice (Figure 4B).

To determine the relevance of type I IFN for iNOS expression
in the context of APAP-induced liver injury, experiments were
performed by using IFNAR™~ mice. Those mice are unable to
respond to type I IFN (22, 31). In fact, induction of hepatic iNOS
protein was impaired in IFNAR-deficient mice (Figure 5A; with
densitometric quantification, right panel). In a next step, expres-
sion of hepatic IFNa/p was determined in order to further assess

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 890


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Bachmann et al. Type | IFN and iINOS

A
95kD — R -‘ <« pSTAT1

50kD —
- > -|«GAPDH

37kD -
L1 - + -+
TNFo. - + - +
IFNp = = + +

B A TATA (30 to -25)
Y NF«B (-85 to -76)

B 1SRE (-924 to -912; -951 t0-938)
@ GAS (948 to -935)

TSS,+1
-1100 ¥ " —
- — region II: -1029 to-721
-1098 to -1078 -889 to -869
Input STAT1-ab ctrl-ab
———,—.—_' — —
LB - + - + = - + - + - - 4+ = 4+ - no
TNFo. = + = + = - 4+ - 4+ = - 4+ - 4+ - DNA
IFNg = = + + = = = & & = = = F § =
IFNy = = = = 4+ - = = = 4+ = = = = <
c cti-ab  STAT1-ab R
o *
= < 001
— — —_— o
[ =
IL-1BTNFo/IFNB  +  + + 4+ + + no 3 0005
IKKVII - + - 4+ - + DNA g
0
IL-1BTNF/IFN +  +
IKKVII -+

FIGURE 3 | Interferon (IFN)g-induced signal transducer and activator of transcription (STAT)1 activation and inducible nitric oxide synthase (iNOS) expression in
murine Hepa1-6 cells. (A) Cells were either kept as unstimulated control or stimulated with interleukin (IL)-1p/tumor necrosis factor (TNF)a (each 2 ng/ml), IFNB
(250 U/ml), or IL-1p/TNFa (each 2 ng/ml)/IFNp (250 U/ml) for 1 h. pSTAT1 and GAPDH were determined by immunoblotting. One representative of three
independently performed experiments is shown. [(B), upper panel)] Schematic of the murine INOS promoter (8). Critical regions of STAT1 (GAS/ISRE-sites) and
nuclear factor (NF)-kB binding as well as the TATA-Box and the transcriptional start site (TSS) are indicated. Primers used for chromatin immunoprecipitation
(ChIP)-PCR are depicted. [(B), lower panel)] Cells were either kept as unstimulated control or stimulated with IL-18/TNFa (each 2 ng/ml), IFNB (250 U/ml), IL-1p/
TNFa (each 2 ng/mi)/IFNB (250 U/ml), or with IFNy (10 ng/ml). After 2 h, ChiIP analysis was performed for detection of STAT1 binding to the illustrated GAS/
ISRE-promoter region (—1,098 to —869 bp). One representative of three independently performed experiments is shown. (C) Cells were either kept as unstimulated
control or stimulated with IL-1p/TNFa (each 2 ng/ml)/IFNp (250 U/ml). Where indicated, cells were pre-incubated with inhibitor-kB kinase-VII inhibitor (10 uM) for

Statistical analysis, data were analyzed by Student’s t-test.

30 min. After 2 h, ChIP analysis was performed for detection of STAT1 binding to the illustrated GAS/ISRE-promoter region. One representative of three
independently performed experiments is shown (left panel). Right panel, densitometric quantification of the PCR signals from the left panel (n = 3; *P < 0.05).

type I IFN action during APAP intoxication. Notably, we did not
observe upregulation of hepatic IFNa/f mRNA as detected 6 h
(data not shown) or 24 h after administration of APAP. However,
basal constitutive type I IFN was readily detectable in all liver
specimens investigated. Figure 5B demonstrates constitutive
hepatic IFNa expression as detected by standard PCR using
primers targeting the entire panel of murine a-subtypes. Those
results were confirmed by realtime PCR for detection of IFNa2

(Figure 5C, left panel), IFNa4 (Figure 5C, middle panel), and
IFNo5 (Figure 5C, right panel). Likewise, hepatic IFNP was
expressed constitutively (Figure 5D).

Besides iNOS, IFNAR-deficient mice exposed to APAP like-
wise displayed decreased hepatic mRNA of STAT1-dependent
CXCL9 (Figure 5E). We and others have previously reported that
STAT1 gene expression is regulated by IFN/STAT1-driven posi-
tive feedback regulation (16, 31, 45-47). Accordingly, decreased
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hepatic STAT1 mRNA was likewise detected in IFNAR-deficient
mice (Figure 5F) which likely contributes to downregulation of
STAT1-inducible genes such as iNOS.

Finally, the role of IFNAR concerning the severity of
APAP-induced liver injury was assessed. This issue is in fact
controversially discussed. Whereas a previous study reported no
effects of IFNAR deficiency on intoxication (35), another study
observed pathological action of type I IFN. Specifically, admin-
istration of IFNAR-neutralizing antibodies diminishes murine
APAP-induced liver damage. Moreover, intoxication is enhanced
in genetically engineered mice displaying impaired IFNAR
degradation but ameliorated when degradation is enforced
by pharmacological means (48). In support of this latter view,
herein, reduced APAP toxicity connected to IFNAR deficiency
which was observed by analysis of serum ALT (Figure 6A) and
histological software-aided evaluation 24 h after administration
of 500 mg/kg APAP (29.6 + 5.3% reduction of liver necrosis in
IFNAR-deficient versus wt mice; n = 9, P < 0.01 by unpaired
Student’s t-test). Figure 6B displays histochemistry of repre-
sentative APAP-induced hepatic injury in wt and IFNAR™~ mice,
respectively.

DISCUSSION

Type I IFN is a key cytokine component of innate immunity
supposed to affect course of disease particularly in viral but also
during bacterial infections and, due to a substantial immunoreg-
ulatory potential, likewise in sterile inflammation (30, 49-52).
Herein, type I IEN is characterized in vitro and in vivo as signifi-
cant determinant of hepatic iNOS expression having the potential

to determine disease outcome during liver inflammation. On a
cellular level, we demonstrate that IFNf potently synergizes with
the prototypic inflammatory cytokines IL-1p/TNFa for induction
of iNOS in primary murine hepatocytes and murine Hepa56.1D
as well as Hepal-6 hepatoma cells. As determined in this latter
cellular model, IFNP directs STAT1 binding to a critical regula-
tory site within the murine iNOS promoter (—912 to —1,029 bp
relative to the TSS) (8, 9), a process that, in Hepal-6 hepatoma
cells, demanded simultaneous pro-inflammatory signaling by
IL-1B/TNFa. Notably, a recent report identified in murine bone
marrow-derived macrophages (BMDM) an additional distal
STAT1 binding region 30 kB upstream of the iNOS TSS which
may be able to regulate gene expression (53). However, using
IL-1B/TNFo/IFNp-stimulated Hepal-6 cells we confirm evident
binding of STAT1 to the aforementioned proximal promoter
region. Combined with previous studies (8, 9), present data
thus emphasize the relevance of this proximal STAT1-binding
region for iNOS induction. Interestingly, IFNy but not IFNp as
single stimulus mediated STAT1 binding to this site—suggesting
a role for ISGF3. In contrast to the present observations using
Hepal-6 cells, IFNp as single stimulus induces STAT1 binding
to this proximal binding region in BMDM (9) which indicates
cell type-specific mechanisms at work. The unexpected require-
ment of IL-1B/TNFa signaling for STAT1 binding to the iNOS
promoter observed herein is a further cell-type specific facet of
the well-described STAT1/NF-kB synergism that drives inflam-
matory/antimicrobial gene expression (53). Regulation of CXCL9
in murine NIH3T3 fibroblasts may serve as a leading case in that
context. There, efficient STAT1 binding to the CXCL9 promoter
demands TNFa costimulation and downstream STAT1/NF-xB
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FIGURE 5 | Impaired hepatic inducible nitric oxide synthase (INOS) expression in interferon-receptor (IFNAR)~~ mice during acetaminophen (APAP)-induced liver
injury. Wild-type (wt) and IFNAR~~ mice received NaCl-ctrl solution or APAP (500 mg/kg) and were maintained for 24 h. (A) Left panel, hepatic INOS was determined
by immunoblotting (shown are four individual mice per genotype). Right panel, densitometric quantification of INOS from the left panel with two additional mice per
genotype (mean + SEM, n = 6; **P < 0.01). (B) Hepatic IFNa mRNA was determined by standard PCR using universal primers that target all a-subtypes (n = 4
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(F) Hepatic STAT1 mRNA was determined by realtime PCR and normalized to GAPDH (mean + SEM; n = 9 individual mice per genotype; *P < 0.05). (A,E,F)
Statistical analysis, raw data were analyzed by Student’s t-test.

bridging by CREB binding protein—though STAT1 homodimers
are involved in this case (54). The notion of cooperative transcrip-
tion factor binding, specifically NF-kB enforcing STAT1 binding

to the iNOS promoter in IL-13/TNFa/IFNB-stimulated Hepal-6
cells, was confirmed herein by pharmacological inhibition of
NF-«B.
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FIGURE 6 | Acetaminophen (APAP)-induced liver injury in wild-type (wt) and interferon-receptor (IFNAR)~~ mice during APAP-induced liver injury. (A,B) wt or
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analysis, raw data were analyzed one-way ANOVA with post hoc Bonferroni correction. (B) Representative liver sections (H&E stain) 24 h after the onset of APAP

Upregulation of iNOS in vivo during murine APAP-induced
liver injury and sterile inflammation in fact largely depended
on type I IFN signaling which associated with pronounced liver
injury. Whereas hepatic type I IFN, as assessed by analysis of
IFNo/p expression, was not upregulated during APAP intoxica-
tion, basal type I IFN was well detectable in murine liver tissue,
an observation that agrees with previous reports on constitutive
murine hepatic IFNa (55) and IFNf (56), respectively. Notably,
the liver is regarded a major target for constitutively produced
type I IFN in healthy mice (57) and low-level “physiological”
expression of type I IFN also applies to human liver tissue and
hepatocytes (58, 59). By generally promoting signal transduction
mechanisms related to cellular activation, constitutive low-level
expression of type I IFN is supposed to prime diverse tissues for
immunological alertness (45) which may in particular apply to
the liver as crucial host/environment-interface serving “firewall”
functions (60).

It must, however, be emphasized that regulatory properties
of type I IFN during hepatic inflammation are multilayered and
context dependent. This is exemplified by the general ability
of type I and II IFN to potently upregulate anti-inflammatory
IL-1 receptor antagonist (IL-1Ra) (61) which, by inhibiting IL-1
biological activity, enables protection in murine models of nucleic
acid (virus)-induced liver damage (22, 62). Interestingly, the role
of IL-1 in APAP-induced liver injury is actually discussed contro-
versially with disease aggravating action (63, 64), no significant
role (65), or even protective functions (66) being ascribed to this
cytokine. Of note, administration of IL-1Ra did not affect disease
in the current protocol of APAP-induced liver injury (Bachmann
and Miihl, unpublished data), an observation supporting afore-
mentioned previous report (65). Data thus indicate that putative
upregulation of potentially protective IL-1Ra by surplus type I
IFN falls short in the current pathophysiological context.

Data presented not only relate to sterile inflammation as seen
in APAP intoxication but likewise connect to infectious diseases
such as viral hepatitis. Interestingly, hepatocytes express iNOS
protein during chronic hepatitis C virus (HCV) infection (67)
which, according to data presented herein, should be supported
by induction of endogenous type I IFN in response to the virus

(68). Moreover, HCV patients responding most efficiently to
IFNa therapy likewise display increased serum nitrite/nitrate
levels (69), an established surrogate marker of iNOS activation
during infectious diseases (70).

Taken together, current knowledge and data presented herein
suggest that IFNp supports hepatocyte iNOS by dual complemen-
taryaction. Thatis, IFN signaling directly triggers STAT1 biological
activity, a process further enhanced by feed-forward upregulation
of STAT1 gene expression. Data also suggest a pathogenic role for
constitutive type I IFN during the course of APAP intoxication
which is regarded a prototypic model for drug-induced injury and
sterile inflammation at the liver compartment.

ETHICS STATEMENT

All animal experiments using C57Bl/6 mice (male, 9-10-week-old,
wt, and IFNAR™~ mice) were carried out in accordance with the
recommendations of the Animal Protection Agency of the Federal
State of Hessen (Regierungsprasidium Darmstadt, Germany). The
protocol was approved by the Regierungsprésidium Darmstadt
(Germany).

AUTHOR CONTRIBUTIONS

HM analyzed the data, designed the study, wrote the paper, and
performed manuscript editing. MB performed all experiments,
analyzed the data, and contributed to manuscript writing and edit-
ing. ZW analyzed the data, provided mice, and technical support.
TP provided crucial technical support. JP analyzed the data, pro-
vided reagents (antibodies), and contributed to manuscript editing.

ACKNOWLEDGMENTS

The work of the author is supported by a grant from the DFG
(MU 1284/6-1 to HM). Authors gratefully acknowledge expert
technical assistance of Dorothea Kreuz. Authors are indebted
to Dr. Itamar Goren and Prof. Stefan Frank (pharmazentrum
Frankfurt, Germany) for providing positive/negative control
lysates for iNOS expressing murine tissue.

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 890


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Bachmann et al.

Type | IFN and iINOS

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Pautz A, Art J, Hahn S, Nowag S, Voss C, Kleinert H. Regulation of the
expression of inducible nitric oxide synthase. Nitric Oxide (2010) 23:75-93.
doi:10.1016/j.niox.2010.04.007

Miihl H, Bachmann M, Pfeilschifter J. Inducible NO synthase and antibacte-
rial host defence in times of Th17/Th22/T22 immunity. Cell Microbiol (2011)
13:340-8. doi:10.1111/§.1462-5822.2010.01559.x

Iwakiri Y, Kim MY. Nitric oxide in liver diseases. Trends Pharmacol Sci (2015)
36:524-36. doi:10.1016/j.tips.2015.05.001

Burrack KS, Morrison TE. The role of myeloid cell activation and arginine
metabolism in the pathogenesis of virus-induced diseases. Front Immunol
(2014) 5:428. doi:10.3389/fimmu.2014.00428

Jaeschke H, Gores GJ, Cederbaum AI, Hinson JA, Pessayre D, Lemasters J]J.
Mechanisms of hepatotoxicity. Toxicol Sci (2002) 65:166-76. doi:10.1093/
toxsci/65.2.166

Xie QW, Whisnant R, Nathan C. Promoter of the mouse gene encoding
calcium-independent nitric oxide synthase confers inducibility by interferon
gamma and bacterial lipopolysaccharide. ] Exp Med (1993) 177:1779-84.
doi:10.1084/jem.177.6.1779

. Nathan C. Inducible nitric oxide synthase: regulation subserves function. Curr

Top Microbiol Immunol (1995) 196:1-4.

Lowenstein CJ, Alley EW, Raval P, Snowman AM, Snyder SH, Russell SW,
et al. Macrophage nitric oxide synthase gene: two upstream regions mediate
induction by interferon gamma and lipopolysaccharide. Proc Natl Acad Sci
U S A (1993) 90:9730-4. doi:10.1073/pnas.90.20.9730

Farlik M, Reutterer B, Schindler C, Greten F, Vogl C, Miiller M, et al.
Nonconventional initiation complex assembly by STAT and NF-kappaB tran-
scription factors regulates nitric oxide synthase expression. Immunity (2010)
33:25-34. doi:10.1016/j.immuni.2010.07.001

Miihl H, Pfeilschifter J. Amplification of nitric oxide synthase expression by
nitric oxide in interleukin 1 beta-stimulated rat mesangial cells. J Clin Invest
(1995) 95:1941-6. doi:10.1172/JCI117876

Zhang L, Xiang W, Wang G, Yan Z, Zhu Z, Guo Z, et al. Interferon p (IFN-p)
production during the double-stranded RNA (dsRNA) response in hepato-
cytes involves coordinated and feedforward signaling through toll-like
receptor 3 (TLR3), RNA-dependent protein kinase (PKR), inducible nitric
oxide synthase (iNOS), and Src protein. J Biol Chem (2016) 291:15093-107.
doi:10.1074/jbc.M116.717942

Geller DA, Nussler AK, Di Silvio M, Lowenstein CJ, Shapiro RA, Wang SC,
et al. Cytokines, endotoxin, and glucocorticoids regulate the expression of
inducible nitric oxide synthase in hepatocytes. Proc Natl Acad Sci U S A (1993)
90:522-6. d0i:10.1073/pnas.90.2.522

Ohmori Y, Hamilton TA. Requirement for STAT1 in LPS-induced gene
expression in macrophages. J Leukoc Biol (2001) 69:598-604.

Diefenbach A, Schindler H, Donhauser N, Lorenz E, Laskay T, MacMicking J,
et al. Type 1 interferon (IFNalpha/beta) and type 2 nitric oxide synthase
regulate the innate immune response to a protozoan parasite. Immunity (1998)
8:77-87. d0i:10.1016/51074-7613(00)80460-4

Sharara Al, Perkins DJ, Misukonis MA, Chan SU, Dominitz JA, Weinberg JB.
Interferon (IFN)-alpha activation of human blood mononuclear cells in vitro
and in vivo for nitric oxide synthase (NOS) type 2 mRNA and protein
expression: possible relationship of induced NOS2 to the anti-hepatitis C
effects of IFN-alpha in vivo. ] Exp Med (1997) 186:1495-502. doi:10.1084/
jem.186.9.1495

Bachmann M, Ulziibat S, Hardle L, Pfeilschifter J, Miihl H. IFN« converts
IL-22 into a cytokine efficiently activating STAT1 and its downstream targets.
Biochem Pharmacol (2013) 85:396-403. doi:10.1016/j.bcp.2012.11.004
Godoy P, Hewitt NJ, Albrecht U, Andersen ME, Ansari N, Bhattacharya S, etal.
Recent advances in 2D and 3D in vitro systems using primary hepatocytes,
alternative hepatocyte sources and non-parenchymal liver cells and their use
in investigating mechanisms of hepatotoxicity, cell signaling and ADME. Arch
Toxicol (2013) 87:1315-530. d0i:10.1007/500204-013-1078-5

Qiao L, Farrell GC. The effects of cell density, attachment substratum and
dexamethasone on spontaneous apoptosis of rat hepatocytes in primary
culture. In Vitro Cell Dev Biol Anim (1999) 35:417-24. doi:10.1007/
§11626-999-0117-2

Oh HY, Namkoong S, Lee SJ, Por E, Kim CK, Billiar TR, et al. Dexamethasone
protects primary cultured hepatocytes from death receptor-mediated

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

apoptosis by upregulation of c¢FLIP. Cell Death Differ (2006) 13:512-23.
doi:10.1038/sj.cdd.4401771

De Vera ME, Taylor BS, Wang Q, Shapiro RA, Billiar TR, Geller DA.
Dexamethasone suppresses iNOS gene expression by upregulating I-kappa B
alpha and inhibiting NF-kappa B. Am ] Physiol (1997) 273:G1290-6.
Bachmann M, Paulukat ], Pfeilschifter J, Mithl H. Molecular mechanisms
of IL-18BP regulation in DLD-1 cells: pivotal direct action of the STAT1/
GAS axis on the promoter level. JCell Mol Med (2009) 13:1987-94.
doi:10.1111/j.1582-4934.2008.00604.x

Conrad E, Resch TK, Gogesch P, Kalinke U, Bechmann I, Bogdan C, et al.
Protection against RNA-induced liver damage by myeloid cells requires
type I interferon and IL-1 receptor antagonist in mice. Hepatology (2014)
59:1555-63. doi:10.1002/hep.26915

Scheiermann P, Bachmann M, Goren I, Zwissler B, Pfeilschifter ], Miihl H.
Application of interleukin-22 mediates protection in experimental
acetaminophen-induced acute liver injury. Am J Pathol (2013) 182:1107-13.
doi:10.1016/j.ajpath.2012.12.010

Nitsch DD, Ghilardi N, Miihl H, Nitsch C, Briine B, Pfeilschifter J. Apoptosis
and expression of inducible nitric oxide synthase are mutually exclusive in
renal mesangial cells. Am ] Pathol (1997) 150:889-900.

Allie N, Keeton R, Court N, Abel B, Fick L, Vasseur V, et al. Limited role for
lymphotoxin « in the host immune response to Mycobacterium tuberculosis.
J Immunol (2010) 185:4292-301. doi:10.4049/jimmunol.1000650

Kéampfer H, Pfeilschifter ], Frank S. Expression and activity of arginase iso-
enzymes during normal and diabetes-impaired skin repair. ] Invest Dermatol
(2003) 121:1544-51. doi:10.1046/.1523-1747.2003.12610.x

Metz P, Dazert E, Ruggieri A, Mazur J, Kaderali L, Kaul A, et al. Identification
of type I and type II interferon-induced effectors controlling hepatitis C virus
replication. Hepatology (2012) 56:2082-93. doi:10.1002/hep.25908

Karin M, Greten FR. NF-kappaB: linking inflammation and immunity to
cancer development and progression. Nat Rev Immunol (2005) 5:749-59.
doi:10.1038/nri1703

Kuboki S, Sakai N, Clarke C, Schuster R, Blanchard J, Edwards MJ, et al. The
peptidyl-prolyl isomerase, Pinl, facilitates NF-kappaB binding in hepatocytes
and protects against hepatic ischemia/reperfusion injury. J Hepatol (2009)
51:296-306. doi:10.1016/j.jhep.2009.04.016

Miihl H. Pro-inflammatory signaling by IL-10 and IL-22: bad habit stirred
up by interferons? Front Immunol (2013) 4:18. d0i:10.3389/fimmu.2013.00018
Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated signal-
ling. Nat Rev Immunol (2005) 5:375-86. doi:10.1038/nril604

Waelchli R, Bollbuck B, Bruns C, Buhl T, Eder ], Feifel R, et al. Design and
preparation of 2-benzamido-pyrimidines as inhibitors of IKK. Bioorg Med
Chem Lett (2006) 16:108-12. doi:10.1016/j.bmcl.2005.09.035

Dragomir AC, Sun R, Mishin V, Hall LB, Laskin JD, Laskin DL. Role of
galectin-3 in acetaminophen-induced hepatotoxicity and inflammatory medi-
ator production. Toxicol Sci (2012) 127:609-19. doi:10.1093/toxsci/kfs117
Scheiermann P, Bachmann M, Hardle L, Pleli T, Piiper A, Zwissler B, et al.
Application of IL-36 receptor antagonist weakens CCL20expression and
impairs recovery in the late phase of murine acetaminophen-induced liver
injury. Sci Rep (2015) 5:8521. doi:10.1038/srep08521

Cavassani KA, Moreira AP, Habiel D, Ito T, Coelho AL, Allen RM, et al.
Toll like receptor 3 plays a critical role in the progression and severity of
acetaminophen-induced hepatotoxicity. PLoS One (2013) 8:e65899.
doi:10.1371/journal.pone.0065899

Ishida Y, Kondo T, Tsuneyama K, Lu P, Takayasu T, Mukaida N. The patho-
genic roles of tumor necrosis factor receptor p55 in acetaminophen-induced
liver injury in mice. J Leukoc Biol (2004) 75:59-67. doi:10.1189/j1b.0403152
Wang X, Sun R, Wei H, Tian Z. High-mobility group box 1 (HMGB1)-Toll-like
receptor (TLR)4-interleukin (IL)-23-IL-17A axis in drug-induced damage-as-
sociated lethal hepatitis: interaction of y8 T cells with macrophages. Hepatology
(2013) 57:373-84. d0i:10.1002/hep.25982

Williams CD, Bajt ML, Sharpe MR, McGill MR, Farhood A, Jaeschke H.
Neutrophil activation during acetaminophen hepatotoxicity and repair in
mice and humans. Toxicol Appl Pharmacol (2014) 275:122-33. doi:10.1016/j.
taap.2014.01.004

Miihl H. STATS3, a key parameter of cytokine-driven tissue protection during
sterile inflammation—the case of experimental acetaminophen (paracetamol)-
induced liver damage. Front Immunol (2016) 7:163. doi:10.3389/fimmu.
2016.00163

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 890


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.niox.2010.04.007
https://doi.org/10.1111/j.1462-5822.2010.01559.x
https://doi.org/10.1016/j.tips.2015.05.001
https://doi.org/10.3389/fimmu.2014.00428
https://doi.org/10.1093/toxsci/65.2.166
https://doi.org/10.1093/toxsci/65.2.166
https://doi.org/10.1084/jem.177.6.1779
https://doi.org/10.1073/pnas.90.20.9730
https://doi.org/10.1016/j.immuni.2010.07.001
https://doi.org/10.1172/JCI117876
https://doi.org/10.1074/jbc.M116.717942
https://doi.org/10.1073/pnas.90.2.522
https://doi.org/10.1016/S1074-7613(00)80460-4
https://doi.org/10.1084/jem.186.9.1495
https://doi.org/10.1084/jem.186.9.1495
https://doi.org/10.1016/j.bcp.2012.11.004
https://doi.org/10.1007/s00204-013-1078-5
https://doi.org/10.1007/s11626-999-0117-2
https://doi.org/10.1007/s11626-999-0117-2
https://doi.org/10.1038/sj.cdd.4401771
https://doi.org/10.1111/j.1582-4934.2008.00604.x
https://doi.org/10.1002/hep.26915
https://doi.org/10.1016/j.ajpath.2012.12.010
https://doi.org/10.4049/jimmunol.1000650
https://doi.org/10.1046/j.1523-1747.2003.12610.x
https://doi.org/10.1002/hep.25908
https://doi.org/10.1038/nri1703
https://doi.org/10.1016/j.jhep.2009.04.016
https://doi.org/10.3389/fimmu.2013.00018
https://doi.org/10.1038/nri1604
https://doi.org/10.1016/j.bmcl.2005.09.035
https://doi.org/10.1093/toxsci/kfs117
https://doi.org/10.1038/srep08521
https://doi.org/10.1371/journal.pone.0065899
https://doi.org/10.1189/jlb.0403152
https://doi.org/10.1002/hep.25982
https://doi.org/10.1016/j.taap.2014.01.004
https://doi.org/10.1016/j.taap.2014.01.004
https://doi.org/10.3389/fimmu.2016.00163
https://doi.org/10.3389/fimmu.2016.00163

Bachmann et al.

Type | IFN and iINOS

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Storto M, Ngomba RT, Battaglia G, Freitas I, Griffini P, Richelmi P, et al.
Selective blockade of mGlu5 metabotropic glutamate receptors is protective
against acetaminophen hepatotoxicity in mice. ] Hepatol (2003) 38:179-87.
doi:10.1016/S0168-8278(02)00384-7

Ito Y, Abril ER, Bethea NW, McCuskey RS. Role of nitric oxide in hepatic
microvascular injury elicited by acetaminophen in mice. Am ] Physiol
Gastrointest Liver Physiol (2004) 286:G60-7. doi:10.1152/ajpgi.00217.2003
Cavar I, Kelava T, Vukojevi¢ K, Saraga-Babi¢ M, Culo E The role of prosta-
glandin E2 in acute acetaminophen hepatotoxicity in mice. Histol Histopathol
(2010) 25:819-30. doi:10.14670/HH-25.819

Michael SL, Mayeux PR, Bucci T], Warbritton AR, Irwin LK, Pumford NR,
et al. Acetaminophen-induced hepatotoxicity in mice lacking inducible
nitric oxide synthase activity. Nitric Oxide (2001) 5:432-41. doi:10.1006/
niox.2001.0385

Salhanick SD, Orlow D, Holt DE, Pavlides S, Reenstra W, Buras JA.
Endothelially derived nitric oxide affects the severity of early acetaminophen-
induced hepaticinjuryin mice. Acad EmergMed (2006) 13:479-85.d0i:10.1111/
j.1553-2712.2006.tb00996.x

Gough DJ, Messina NL, Clarke CJ, Johnstone RW, Levy DE. Constitutive type I
interferon modulates homeostatic balance through tonic signaling. Immunity
(2012) 36:166-74. doi:10.1016/j.immuni.2012.01.011

Cheon H, Yang ], Stark GR. The functions of signal transducers and activators
of transcriptions 1 and 3 as cytokine-inducible proteins. ] Interferon Cytokine
Res (2011) 31:33-40. doi:10.1089/jir.2010.0100

Gough DJ, Messina NL, Hii L, Gould JA, Sabapathy K, Robertson AP, et al.
Functional crosstalk between type I and II interferon through the regulated
expression of STAT1. PLoS Biol (2010) 8:e1000361. doi:10.1371/journal.
pbio.1000361

Bhattacharya S, Katlinski KV, Reichert M, Takano S, Brice A, Zhao B, et al.
Triggering ubiquitination of IFNARI protects tissues from inflammatory
injury. EMBO Mol Med (2014) 6:384-97. doi:10.1002/emmm.201303236
Murira A, Lamarre A. Type-I interferon responses: from friend to foe in the
battle against chronic viral infection. Front Immunol (2016) 7:609. doi:10.3389/
fimmu.2016.00609

Kovarik P, Castiglia V, Ivin M, Ebner E Type I interferons in bacterial infections:
a balancing act. Front Immunol (2016) 7:652. doi:10.3389/fimmu.2016.00652
Gonzalez-Navajas JM, Lee ], David M, Raz E. Inmunomodulatory functions
of type I interferons. Nat Rev Immunol (2012) 12:125-35. d0i:10.1038/nri3133
Prinz M, Kalinke U. New lessons about old molecules: how type I interferons
shape Th1/Th17-mediated autoimmunity in the CNS. Trends Mol Med (2010)
16:379-86. doi:10.1016/j.molmed.2010.06.001

Wienerroither S, Shukla P, Farlik M, Majoros A, Stych B, Vogl C, et al.
Cooperative transcriptional activation of antimicrobial genes by STAT and
NEF-kB pathways by concerted recruitment of the mediator complex. Cell Rep
(2015) 12:300-12. doi:10.1016/j.celrep.2015.06.021

Hiroi M, Ohmori Y. The transcriptional coactivator CREB-binding protein
cooperates with STAT1 and NF-kappa B for synergistic transcriptional activa-
tion of the CXC ligand 9/monokine induced by interferon-gamma gene. ] Biol
Chem (2003) 278:651-60. doi:10.1074/jbc.M204544200

Zhang Y, Thai V, McCabe A, Jones M, MacNamara KC. Type I interferons
promote severe disease in a mouse model of lethal ehrlichiosis. Infect Immun
(2014) 82:1698-709. doi:10.1128/IAL.01564-13

Lienenklaus S, Cornitescu M, Zietara N, Lyszkiewicz M, Gekara N, Jabtonska J,
et al. Novel reporter mouse reveals constitutive and inflammatory expres-
sion of IFN-beta in vivo. JImmunol (2009) 183:3229-36. do0i:10.4049/
jimmunol.0804277

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Pulverer JE, Rand U, Lienenklaus S, Kugel D, Zietara N, Kochs G, et al.
Temporal and spatial resolution of type I and III interferon responses in vivo.
J Virol (2010) 84:8626-38. doi:10.1128/JV1.00303-10

Tovey MG, Streuli M, Gresser I, Gugenheim J, Blanchard B, Guymarho J,
et al. Interferon messenger RNA is produced constitutively in the organs of
normal individuals. Proc Natl Acad Sci U S A (1987) 84:5038-42. doi:10.1073/
pnas.84.14.5038

Tsugawa Y, Kato H, Fujita T, Shimotohno K, Hijikata M. Critical role of
interferon-u constitutively produced in human hepatocytes in response to RNA
virus infection. PLoS One (2014) 9:e89869. doi:10.1371/journal.pone.0089869
Thaiss CA, Zmora N, Levy M, Elinav E. The microbiome and innate immunity.
Nature (2016) 535:65-74. doi:10.1038/nature18847

Miihl H, Pfeilschifter J. Anti-inflammatory properties of pro-inflammatory
interferon-gamma. Int Immunopharmacol (2003) 3:1247-55. doi:10.1016/
S1567-5769(03)00131-0

Petrasek J, Dolganiuc A, Csak T, Kurt-Jones EA, Szabo G. Type I interfer-
ons protect from Toll-like receptor 9-associated liver injury and regulate
IL-1 receptor antagonist in mice. Gastroenterology (2011) 140:697-708.
doi:10.1053/j.gastro.2010.08.020

Imaeda AB, Watanabe A, Sohail MA, Mahmood S, Mohamadnejad M,
Sutterwala FS, et al. Acetaminophen-induced hepatotoxicity in mice is depen-
dent on TIr9 and the Nalp3 inflammasome. J Clin Invest (2009) 119:305-14.
doi:10.1172/JCI35958

Chen CJ, Kono H, Golenbock D, Reed G, Akira S, Rock KL. Identification of a
key pathway required for the sterile inflammatory response triggered by dying
cells. Nat Med (2007) 13:851-6. doi:10.1038/nm1603

Williams CD, Farhood A, Jaeschke H. Role of caspase-1 and interleukin-1beta
in acetaminophen-induced hepatic inflammation and liver injury. Toxicol
Appl Pharmacol (2010) 247:169-78. doi:10.1016/j.taap.2010.07.004

Ishibe T, Kimura A, Ishida Y, Takayasu T, Hayashi T, Tsuneyama K, et al.
Reduced acetaminophen-induced liver injury in mice by genetic disruption
of IL-1 receptor antagonist. Lab Invest (2009) 89:68-79. doi:10.1038/
labinvest.2008.110

Lake-Bakaar G, Sorbi D, Mazzoccoli V. Nitric oxide and chronic HCV and
HIV infections. Dig Dis Sci (2001) 46:1072-6. d0i:10.1023/A:1010770230422
Pfeffer LM, Madey MA, Riely CA, Fleckenstein JE The induction of type I
interferon production in hepatitis C-infected patients. ] Interferon Cytokine
Res (2009) 29:299-306. doi:10.1089/ir.2008.0092

Hokari A, Zeniya M, Esumi H, Ishikawa T, Kurasima Y, Toda G. Role of
nitric oxide (NO) in interferon-alpha therapy for hepatitis C. J Infect (2005)
51:47-53. doi:10.1016/j.jinf.2004.08.025

Zangerle R, Fuchs D, Reibnegger G, Werner-Felmayer G, Gallati H, Wachter H,
et al. Serum nitrite plus nitrate in infection with human immunode-
ficiency virus type-1. Immunobiology (1995) 193:59-70. doi:10.1016/
S0171-2985(11)80155-5

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Bachmann, Waibler, Pleli, Pfeilschifter and Miihl. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

11

July 2017 | Volume 8 | Article 890


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S0168-8278(02)00384-7
https://doi.org/10.1152/ajpgi.00217.2003
https://doi.org/10.14670/HH-25.819
https://doi.org/10.1006/niox.2001.0385
https://doi.org/10.1006/niox.2001.0385
https://doi.org/10.1111/j.1553-2712.2006.tb00996.x
https://doi.org/10.1111/j.1553-2712.2006.tb00996.x
https://doi.org/10.1016/j.immuni.2012.01.011
https://doi.org/10.1089/jir.2010.0100
https://doi.org/10.1371/journal.pbio.1000361
https://doi.org/10.1371/journal.pbio.1000361
https://doi.org/10.1002/emmm.201303236
https://doi.org/10.3389/fimmu.2016.00609
https://doi.org/10.3389/fimmu.2016.00609
https://doi.org/10.3389/fimmu.2016.00652
https://doi.org/10.1038/nri3133
https://doi.org/10.1016/j.molmed.2010.06.001
https://doi.org/10.1016/j.celrep.2015.06.021
https://doi.org/10.1074/jbc.M204544200
https://doi.org/10.1128/IAI.01564-13
https://doi.org/10.4049/jimmunol.0804277
https://doi.org/10.4049/jimmunol.0804277
https://doi.org/10.1128/JVI.00303-10
https://doi.org/10.1073/pnas.84.14.5038
https://doi.org/10.1073/pnas.84.14.5038
https://doi.org/10.1371/journal.pone.0089869
https://doi.org/10.1038/nature18847
https://doi.org/10.1016/S1567-5769(03)00131-0
https://doi.org/10.1016/S1567-5769(03)00131-0
https://doi.org/10.1053/j.gastro.2010.08.020
https://doi.org/10.1172/JCI35958
https://doi.org/10.1038/nm1603
https://doi.org/10.1016/j.taap.2010.07.004
https://doi.org/10.1038/labinvest.2008.110
https://doi.org/10.1038/labinvest.2008.110
https://doi.org/10.1023/A:1010770230422
https://doi.org/10.1089/jir.2008.0092
https://doi.org/10.1016/j.jinf.2004.08.025
https://doi.org/10.1016/S0171-2985(11)80155-5
https://doi.org/10.1016/S0171-2985(11)80155-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Type I Interferon Supports Inducible Nitric Oxide Synthase in Murine Hepatoma Cells and Hepatocytes and during Experimental Acetaminophen-Induced Liver Damage
	Introduction
	Materials and Methods
	Reagents
	Cultivation of Murine Hepa 1-6 and Hepa56.1D Cells
	Isolation of Primary Murine Hepatocytes
	Detection of CXCL9, IFNα, IFNβ, iNOS, MIP2, and STAT1 mRNA
	Chromatin Immunoprecipitation (ChIP)
	Murine Model of Experimental 
APAP-Induced Liver Injury
	Immunohistochemical Detection of iNOS
	Immunoblot Analysis
	Analysis of Nitrite Production
	Statistics

	Results
	IFNβ Amplifies Hepatocyte iNOS Expression in Cell Culture
	Type I IFN Supports Expression of iNOS during APAP-Induced Liver Injury

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


