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Interferon-pB Mediates Signaling Pathways Uniquely
Regulated in Hepatic Stellate Cells and Attenuates the
Progression of Hepatic Fibrosis in a Dietary Mouse Model

Rigko Shimozono,' Kazumi Nishimura, Hideo Akiyama? Saeko Funamoto? Akiko lzawa,'
Takafumi Sai! Kana Kunita,' Mie Kainoh,! Tomohiko Suzuki! and Norifumi Kawada*

The results of clinical and experimental studies suggest that type I interferons (IFNs) may have direct anti-
fibrotic activity in addition to their antiviral properties. However, the mechanisms are still unclear; in particular,
little is known about the antifibrotic activity of IFN-P and how its activity is distinct from that of IFN-a. Using
DNA microarrays, we demonstrated that gene expression in TWNT-4 cells, an activated human hepatic stellate
cell line, was remarkably altered by IFN-B more than by IFN-o. Integrated pathway enrichment analyses
revealed that a variety of IFN-P-mediated signaling pathways are uniquely regulated in TWNT-4 cells, in-
cluding those related to cell cycle and Toll-like receptor 4 (TLR4) signaling. To investigate the antifibrotic
activity of 1IFN-B and the involvement of TLR4 signaling in vivo, we used mice fed a choline-deficient L-amino
acid-defined diet as a model of nonalcoholic steatohepatitis-related hepatic fibrosis. In this model, the ad-
ministration of IFN- significantly attenuated augmentation of the area of liver fibrosis, with accompanying
transcriptional downregulation of the TLR4 adaptor molecule MyD88. Our results provide important clues for
understanding the mechanisms of the preferential antifibrotic activity of IFN-B and suggest that IFN-f itself, as
well as being a modulator of its unique signaling pathway, may be a potential treatment for patients with hepatic
fibrosis in a pathogenesis-independent manner.

introduction effects. On the basis of their antiviral activity, IFN-f and IFN-¢,
classified as type I IFNs (Pestka and others 1987; Uz€ and others
EPATIC FIRROSIS IS A COMMON FEATURE of chronic liver  2007), have been widely used as therapeutic agents for viral
diseases and can develop into cirrhosis, hepatic failure, eradication in patients with chronic Viﬁ}l hepatitis. Type I TFN
and hepatocellular carcinoma (HCC). There are disparate therapy was found to suppress progressive fibrosis and prevent
causes that can lead to the development of hepatic fibrosis, but  the subsequent occurrence of HCC in patients without virologic
the main causes are chronic hepatitis C virus infection, auto- Tesponse (Almasio and others 2003; Soga and others 2005),
immune liver diseases, alcohol abuse, and nonalcoholic stea-  indicating their therapeutic usefulness in preventing hepatic
tohepatitis (NASH). The hepatic stellate cells (HSCs) are  injury, fibrosis, and carcinogenesis.
primarily responsible for producing extracellular matrix inthe ~ The differences in the antitumor effects of IFN-f and IFN-a
injured liver (Friedman and others 1985; Gibele and others have been thoroughly investigated, and there is a growing
2003)_ Under physiologic condiﬁons, [he quiescentphenotypcs body Of eVldence ShOW]ng [hat the antlprohferaﬁve effect Of
of HSCs reside in the space of Disse outside sinusoids and store  IFN-P on certain HCC cell lines is superior to that of IFN-
vitamin A when in the normal state. Following chronic injury, (Murata and others 2006, Damdinsuren and others 2007).
they undergo activation in response to inflammatory stimuli ~ Although IFN- also has a preferential antiproliferative effect
derived from injured hepatocytes and neighboring endothelial 00 HSCs (Shen and others 2002; Sekiya and others 2011), few
and Kupffer cells, and transdifferentiate into proliferative, fi- studies have been published conceming the differences in the
brogenic, and contractile migrating myofibroblastic-like cells signaling pathways of IFN-p and IFN-o on HSC lines and the
(Friedman 2000; Bataller and Brenner 2005). antifibrotic activity of IFN-B in vivo.
Type I interferons (IFNs) constitute a pleiotropic cytokine 1{1 this study, an immortalized and activated HSC line
family with antiviral, immunomodulatory, and antiproliferative ~ (Shibata and others 2003), TWNT-4, was shown to be a
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‘Department of Hepatology, Graduate Schiool of Medicine, Osaka City University, Abeno, Osaka, Japan.
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useful tool for analyzing the signaling pathway of IFN-B. As
a result of DNA microarray analysis using TWNT-4 cells,
we selected the appropriate experimental model of hepatic
fibrosis and investigated the antifibrotic properties of IFN-p.

Materials and Methods
Interferons

Natural human [FN-o (Samiferon; Dainippon Sumitomo
Pharma) and natural human IFN-§ (Feron; Toray Industries)
were used in this experiment. Recombinant murine IFN-$
derived from Escherichia coli were obtained from Kama-
kura Techno-Science.

Cell lines and cell culture

Human HSC line TWNT-4 cells, immortalized by retro-
virally introducing human telomerase reverse transcriptase
into LI 90 cells, an HSC line from the human liver mes-
enchymal tumor (Murakami and others 1995), were kindly
provided by Dr. Naoya Kobayashi (Department of Surgery,
Okayama University, Okayama, Japan, Present affiliation:
Okayama Saidaiji Hospital, Okayama, Japan) with the per-
mission of Okayama University (Okayama, Japan). The
cells were maintained in Dulbecco’s modified Eagle's me-
dium containing 10% fetal bovine serum and 100 U/mL
penicillin and 100pg/mL  streptomycin (Invitrogen). A
human HCC-derived cell line, HuH-7 cells (JCRB0403)
(Nakabayashi and others 1982), was obtained from the
Japanese Collection of Research Bioresources and main-
tained in accordance with the provider’s recommendation.
All cells were incubated at 37°C in 5% CO, atmosphere,

Cell proliferation assay

The cells were plated at a density of 5 x 10* cells/well in a
96-well plate. The next day (day 0}, the culture medium was
replaced with a fresh one containing different concentrations
of IFNs. On days 2, 4, 5, 7, and 11, viable cell count and cell
viability values were determined by MTS methods using the
CellTiter 96% AQueous One Solution Cell Proliferalion
Assay {Promega).

Flow cytometry

The TWNT-4 cells were serum starved for 21h to syn-
chronize the cells in the GO/G1 phase and then the medium was
replaced with a fresh one containing IFNs (1001U/mL) and
serumn. At 24 h after treatment, the cells were harvested by
trypsinization, washed with phosphate-buffered saline (PBS),
and fixed in ice-cold 70% ethanol. Following cell washing with
PRS, cellular DNA was stained with 0.025 mg/mL propidium
iodide (Life Technologies) in the presence of 100 pg/mL
RNase A (Life Technologies). The fluorescence intensity of
10,000 cells was measured using a FACSCaliber flow cyto-
meter (Becton Dickinson),

Western blot analysis

The TWNT-4 cells were treated with IFNs (100, 1,000 1U/
mL). After treatment for 16h, the cells were lysed with the
RIPA lysis buffer containing protease and phosphatase in-
hibitors (Santa Cruz Biotechnology) and centrifuged (38,000
g, 10min at 4°C) to remove insoluble material. Sample ali-
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quots (20 pg of protein) were separated by 4-10% gradient
SDS-PAGE and electrotransferred onto polyvinylidene di-
fluoride membranes (Bio-Rad Laboratories). Nonspecific
binding was blocked with Blocking One buffer (Nacalai
Tesque) and incubated with the primary antibodies, anti-p21
(No. 2947; Cell Signaling Technology) and anti-actin (No.
sc-1615; Santa Cruz Biotechnology). The membranes were
washed with PBS with 0.1% Tween-20 and incubated with
the secondary antibodies, alkaline phosphatase-labeled anti-
rabbit TeG (Promega) and anti-goat IgG (Caltag Medsys-
temns), respectively, The immunoreactive protein bands were
visualized using a BCIP-NBT solution kit (Nacalai Tesque).

ANA extraction and quality check

The TWNT-4 and HuH-7 cells were treated with IFNs
(100TU/mb). Alter treatment for 4 b, total RNA was prepared
from the cells using the RNeasy® Mini Kit (Qiagen). The
RNA concentration and purity were assessed by UV absor-
bance determined using a NanoDrop Spectrophotometer ND-
1000 (Nanodrop Technologies, Thermo Fisher Scientific).
For microarrays, confirmation of the RNA quality was per-
formed using a 2100 Bioanalyzer (Agilent Technologies).

DNA microarray

For the DNA microarray analysis, 1 pg of total RNA was
amplified and labeled using an Amino Allyl MessageAmp™
II aRNA Amplification kit ((Applied Biosystems) in ac-
cordance with the manufacturer’s instructions. Each sample
of aRNA labeled with Cy3 or Cy5 was cohybridized with
3D-Gene™ Human Oligo chip 25k (Toray Industries) at
37°C for 16h. After hybridization, each DNA chip was
washed and dried. Hybridization signals were scanned using
a ScanArray Express scanner (PerkinEhmer) and processed
by GenePix™ Pro ( Molecular Devices). The detected signals
for each gene were scaled using the global normalization
method (Cy3/Cy5 ratio median=1). Integrated pathway
enrichment analyses were performed using the knowledge-
based canonical pathways in MetaCore™ (GeneGO).

Animals and in vivo experimental design

The animal experiments were conducted in accordance
with the Guidelines for Animal Experiments, Research and
Development Division, Toray Industries, Inc. Seven-week-
old male C57BL6/N mice (Charles River Laboratories
Japan) were randomly divided into 4 groups, that is, the
naive group (n=3), naive+IFN-f group (n=3), choline-
deficient L-amino acid-defined (CDAA) control group
(n=5), and CDAA +IFN-f group (n=35). The mice in the
CDAA control and CDAA + IFN- groups were fed with a
CDAA diet (Research Diets, Inc.) for 8 weeks. During the
same period, the mice in the naive and naive+IFN-8
groups were fed with the CRF-1 diet (Charles River La-
boratories Japan). The mice in the naive+IFN-§ and
CDAA +IFN-B groups received IFN-B by tail vein injec-
tion from 4 wecks after feeding at a dose of 10* TU/body,
thrice weekly (Monday, Wednesday, and Friday), for 4
weeks. Laparotomy and blood sampling were performed
under isoflurane anesthesia 3 days after the last adminis-
tration. After blood sampling, mice were euthanized by
exsanguination under isoflurane anesthesia and the livers
were immediately removed.
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Histopathological examination

Formalin-fixed paraffin-embedded 2 pm-thick slices of
liver were processed with hematoxylin and eosin stain and
Sirius red stain using established methods. The Nano-
Zoomer Digital Pathology System (Hamamatsu Photonics)
was used to acquire digital high-resolution images through
the 100x objectives. Image analysis was performed using
Definiens XD software (Definiens). Three images per
specimen were examined blindly and randomly and Sirius
red-positive areas were quantified as the percentage of the
fibrosis area.

Measurerment of plasma transaminases

Plasma samples were obtained from the abdominal aorta
using tubes containing lithium heparin and plasma separator
(BD). Plasma alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured using a DRI-CHEM
system (Fujifilm).

Real-time quantitative polymerase chain reaction

Total RNA was extracted from each liver using the RNeasy
Mini Kit (Qiagen) and translated into complementary DNA
(cDNA) with High-Capacity cDNA Reverse Transcription kits
(Applied Biosystems). Each cDNA was subjected to real-time
quantitative polymerase chain reaction (qQPCR) using the ABI-
Prism 7000 and 7500 Sequence Detection System (Applied
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Biosystems) and amplified by the SYBR® Premix Ex Taq™
{TaKaRa Bio) reaction mixture utilizing gene-specific primers
(Supplementary Table S1; Supplementary Data are available
anline at www Hebertpub.com/jir), The relative amount of each
mMRNA was determined using the 2724T method. The cycle
threshold (Ct) values of each gene were corrected against
values for the reference gene glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (ACt) and normalized against the mean
ACt of the naive group (AACH).

Statistical analysis

In vivo quantitative data were analyzed by Wilcoxon’s
test. P<0.05 was considered statistically significant from
the naive or CDAA control group.

Results

IFN-8 inhibits proliferation of TWNT-4 cells more
potently than IFN-x

To investigate the antifibrotic effects of type 1 IFNs on
TWNT-4 cells, we first evaluated the effects of IFNs on the
cell proliferation. While both IFN-§ and IFN-o decreased
cell proliferation at a concentration of 1001U/mL, IFN-§
was the more potent of the 2 (Fig. 1A, upper). A dose-
response experiment also showed that IFN-B had a more
potent antiproliferative effect on TWNT-4 cells than IFN-o
(Fig. 1A, lower). This finding was based on the 50%

100 UL 100 iUfmL
gooq oM . N IFN-o
300 7 ) i

2n 4n 2n 4n 2Zn 4n
GOG1: 50.1% GO/G1: 91.1% GO0/G1: 87.5%
$:33.3% 8:2.8% 8:8.1%
G2/M: 13.2% G2/M:55% G2iM:4.3%
IB: p21
{8: actin

control 100 1000 100 1000 W/mL

IFN-B IFN-c

IFN sensitivity profiling of TWNT-4 cells. (A) Cells were incubated with IFN-B or IFN-a (1001U/mL) for 2-5

days (upper) or with IFN-B or IFN-u at the concentration of 10-10,0001U/mL for 4 days (lower). Viable cell count was
determined by MTS methods. Cell growth {lower) is shown as a percentage when the average cell number for control cells
without IFNs was arbitrarily set to 100% and that for seeded cells on day O was arbitrarily set to 0%. The results shown
represent the meantSD from triplicate-quintuplicate assays. (B) Cells synchronized in the GO/G1 phase were then incu-
bated with IFN-P or IFN-a (100 IU/mL) for 24 h. The cell cycle was analyzed by flow cytometry. The black region indicates
the histogram measured by flow cytometry, GO/G1 phase [left, diploid (2n) DNA content], G2/M phase [right, tetraploid
(4n) DNA content], and S phase (between 2n and 4n), respectively. {C) Cells were incubated with IFN-B or IFN-a (100,
1,0001U/mL) for 16 h. Cell lysates were subjected to IB with p21 antibody (upper panels). IB with actin antibody was used
as a loading control (lower panels). (A—C) Control indicates nontreated cells. IB, immunoblot; IFN, interferon.
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inhibitory concentration (ICsy) value, which calculated with
linear extrapolation from the values above and below the
inhibition threshold was 1.25x 10° 1U/ml. for [FN-f§ and
421 x10° 1U/mL for IFN-e, This finding was confirmed in

SF1 B LI 90 cells, the parental cell line of TWNT-4 (Supplemen-

tary Fig. S1).

Difference in the effect on G1 cell cycle arrest
coniributes 1o antiproliferalive effect of IFNs
in TWNT-4 cells

To analyze the mechanism of the antiproliferative effect of
IFNs in TWNT-4 cells, the cell ¢ycle distribution was deter-
mined. IFN-§ treatment significantly decreased the S phase and
the following G2/M phase population at 24 h after treatment;
furthermore, the S phase population in the cells treated with
IFN-B was smaller than in the cells treated with IFN-o at 24 h
(Fig. 1B), We next tested forexpression of akey regulator of the
G1-8 transition, p21/WAF1/CIP] (Howe and others 1993), and
observed increased expression of the p21 protein compared
with the control preferentially induced by IFN-, but not IFN-o.
(Fig. 1C). Together, these results indicate that IFN-B is superior
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to IFN-o in terms of induction of G1 arrest through an increase
in p21, which is a mechanism that contributes to the anti-
proliferative effect of IFNs.

IFN-8 alters gene expression profiles of TWNT-4
cells substantially more than IFN-u does,
and in a different manner

Using a highly scnsitive DNA chip, 3D-Gene (Nagino
and others 2006), DNA microarray analyses were performed
to characterize the type I IFN-induced gene alterations in
HuH-7 and TWNT-4 cells and to compare differcnces be-
tween cell types. In Hull-7 cells, similar differential gene
expression profiles were obtained in both IFN-J and IFN-or
treatments (Fig. 2A, upper). In contrast, there was a striking
difference in the number of genes altered between the IFN-f
and IFN-a-treated TWNT-4 cells (Fig. 24, lower), which
indicates that there are various genes that are preferentially
regulated by IFN-B in the cells. Genes that increased or
decreased more than 1.5-fold were defined as having been
altered. There were 2,083 and 1,947 differentially expressed
genes in the IFN-B and IFN-g—treated HuH-7 cells, and

B Huh-7 TWNT-4

IFH-f
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FIG. 2. IFN-induced genc alteration profiles of HSC line or hepatocellular carcinoma cell line. {A) The DNA mi-

croarray was hybridized with Cy3 or Cy5-labeled aRNAs, which were extracted from TWNT-4 and HuH-7 cells
incubated with IFN-§ or IFN-a (1001U/mL) for 6h. The scatter plots compare the logarithmic scale (base 2) signal
intensities expressed by each gene from microarray experiments. Control indicates nontreated cells. (B) A heat map
represents color-coded expression pattein of the gene sets constituting a GeneGo Pathway Map; Antiviral actions of
Interferons (Table 1, No. 4), which were constructed by hierarchical cluster analysis using Cluster 3.0 software (http://
bonsai.ims.u-tokyo.ac.jp/ ~ mdehoon/software/cluster) and the following graphical analysis using TreeView (http:/
jtreeview.sourceforge.net/). The red or green color represents a relatively high or low expression, respectively. HSC,
hepatic stellate cell.
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TABLE 1. THE STATISTICALLY SIGNIFICANT GENEGO PaTHwAY MapS

FDR
Hih-7 TWNT-4
No. GeneGo pathway maps IFN-B IFN-a IFN-f IFN-o
|  Immune response_IFN alpha/beta signaling pathway 2.87E-05 6.82E-08 5.27E-05
2 Development_EPO-induced Jak-STAT pathway 1.31E-03 4.54E-04
3 Immune response_Alternative complement pathway 2.82E-03 2.71E-04
4 Immune response_Antiviral actions of Interferons 7.79E-04 1.11E-03
5  Oxidative phosphorylation 141E-05 1.87E-13
6  Ligand-independent activation of Androgen receptor in Prostate 271E-04
Cancer
7  Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling 1.93E-03
8  Cell adhesion_Plasmin signaling 1.93E-03
9  Immune response_Role of PKR in stress-induced antiviral cell 2.87E-05
- response
10 Immune response_HSP60 and HSP70/TLR signaling pathway 3.25E-05
11 Immune response_IL-33 signaling pathway 5.27E-05
12 Immune response_Innate immunte response to RNA viral infection 5.27E-05
13 Immune response_IL-1 signaling pathway 2.48E-04
14  Proteolysis_Role of Parkin in the Ubiquitin-Proteasomal Pathway 2.73E-04
15  Immune response_IL-17 signaling pathways 3.70E-04
16  Signal transduction_NF-kB activation pathways 4.00E-04
17 Immune response_TLR2 and TLR4 signaling pathways S5.11E-04
18  Apoptosis and survival TNFR1 signaling pathway 5.11E-04
19  Apoptosis and survival_Role of PKR in stress-induced apoptosis 5.32E-04
20 Immune response_ HMGB1/RAGE signaling pathway 5.32E-04
21 Development_PEDF signaling 6.35E-04
22 Neurophysiological process_Receptor-mediated axon growth 7.51E-04
repulsion
23  Immune response_MIF-induced cell adhesion, migration, and 9.19E-04
angiogenesis
24  Immune response_MIF-the neurcendocrine-macrophage connector 9.19E-04
25  Apoptosis and survival_Apoptotic TNF-family pathways 1.04E-03
26  Apoptosis and survival_Lymphotoxin-beta receptor signaling 1.04E-03
27  Immune response_Histamine HI receptor signaling in immune 1.25E-03
response
28  Immune response_TLR5, TLR7, TLRS, and TLRY signaling 1.25E-03
pathways
29 Cell cycle_Influence of Ras and Rho proteins on G1/S Transition 1.25E-03
30  Immune response_Inflammasome in inflammatory response 1.25E-03
31  Apoptosis and survival_FAS signaling cascades 1.39E-03
32  Neurophysiological process_Dynein—dynactin motor complex in 1.39E-03
axonal transport in neurons
33  Immune response_Bacterial infections in normal airways 1.36E-03
34  Cell adhesion_Endothelial cell contacts by junctional mechanisms 1.39E-03
35  Expression targets of Tissue factor signaling in cancer 1.39E-03
36 Immune response_MIF-mediated glucocorticoid regulation 1.39E-03
37  Development_Angiopoietin-Tie2 signaling 1.40E-03
38  Immune response_IL-18 signaling 1.47E-03
39  Immune response_MIF in innate immunity response 1.47E-03
40  Cell adhesion_Ephrin signaling 1.51E-03
41  Immune response_HMGBI/TLR signaling pathway 1.75E-03
42  Apoptosis and survival_Caspase cascade 2.96E-03
43 Development_FGF2-dependent induction of EMT 2.99E-03
44  Protein folding and maturation_POMC processing 1.07E-12
45  Ubigquinone metabolism 5.45E-06
46  Cytoskeleton remodeling_Regulation of actin cytoskeleton by Rho 2.38E-05
GTPases :
47  Protein folding and maturation_Insulin processing 4.27E-05
48  Development_Regulation of cytoskeleton proteins in oligodendrocyte 1.01E-03

differentiation and myelination

FDR, false discovery rate; IFN, interferon.
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3,864 and 2,547 genes in the IFN-§ and IFN-o—-treated
TWNT-4 cells, respectively.

Pathway prediction reveals IFN-fi—mediated
signaling pathways that are uniquely regulated
in TWNT-4 cells

To further characterize the effects of IFN-B and IFN-o on
the canonical signaling pathway in both cells, these altered
genes were sorted based on gene ontology using GeneGo
Pathway Maps, and the statistically significant gene maps
(false discovery rate <0.003) are listed in Table 1, They
were categorized into common or similar pathways (No. I
5) and unique pathways (No. 6-48), and the former included
an antiviral pathway of IFNs (No. 4). The expression of the
gene set constituting No. 4 was examined (Fig. 2B), re-
vealing gene induction pattems almost identical to those in
Huh-7 cells. In TWNT-4 cells, there were many quantitative
or gqualitative differences between IFN-f§ and IFN-« treat-
ments. While the overall level of gene induction by IFNs
tended to be weak, IFN-P altered gene expression levels
more dynamically than did IFN-a in HuH-7 cells,

When unigue pathways were of interest, of particular note
was the fact that there were various unique pathways of
IFN-B (No. 9-43) and IFN-o (No. 44-48) identified in
TWNT-4 cells. This indicates that each IFN regulates in-
dividual signaling pathways in HSCs. Among pathways
unique to IFN-B, a pathway with relevance to the cell cycle
(MNo. 29) was identified, in which expression of the p21 gene
was increased (1.89-fold) by IFN-B, as well as that of the
p21 protein (Fig. 1C). This finding supports the quantitative
difference in effects of IFNs on Gl cell cycle arrest in
TWNT-4 cells, as demonstrated by flow cytometer analyses
(Fig. 1B). Furthermore, many of the pathways unique to
IFN-B (No. 9, 10, 17, 19, 20, 24, 30, 33, 39, and 41) were
related to common signaling through Toll-like receptor 4
(TLR4), including IFN-f~induced increased expression of
the TLR4 gene (2.14-fold), with an associated increase in
gene expression of the TLR4 adaptor molecule myeloid
differentiation primary response 88 (MyD88), which was
also increased (1.84-fold) by IFN-B.

IFN-8 exeris histopathological antifibrotic effect in
the livers of mice in a NASH model

To provide fundamental information on hepatocellular
damage, we performed biochemical liver function tests and
confirmed mild elevation of plasma aminotransferase (ALT
and AST) levels in CDAA conirol mice. The mice on a
CDAA dict that received IFN-B showed substantially lower
levels of ALT and AST, although these changes were not
statistically significant (Table 2). On histopathological ex-
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amination, CDAA control mice, fed a CDAA diet for 8
weeks, exhibited liver fibrosis with occasional bridging
between the centrilobular and periportal areas (Fig, 3A, B)
and ~4.5-fold augmentation of the area compared with
naive mice fed a normal diet (1.45% and 0.32%, respec-
tively) (Fig. 3C). This angmentation was considerably re-
duced by administration of IFN-§ (0.57%), whereas [FN-§
did not affect the level of fibrosis in the liver of naive mice
(0.29%) (Fig. 3C).

IFN- downregulates expression of fibrogenic and
Myd88 genes in the livers of mice in a NASH model

To investigate the molecular mechanism of IFN-f anti-
fibrotic properties, we examined the levels of expression of
genes for fibrogenic mediators, including collagen oi(I)
(COL1AL), collagen ol (IV) (COL4AAL), and transforming
growth factor-p1 (TGF-P1). The expression of all of these
genes was elevated in the livers of mice on a CDAA diet
compared with naive mice. However, administration of IFN-
f significantly attenuated gene expression of COLIAT and
COLA4AL in the livers of mice on a CDAA diet, whereas
there was no significant difference in gene expression of
TGF-B1 between CDAA control mice and those on a CDAA
diet given IFN-f (Fig. 4A-C). Expression of TLR4 and
MyDS88 genes was also measured to demonstrate the in-
volvement of TLR4 signaling. CDAA control mice showed
higher gene expression of both TLR4 and MyD88 in the
liver than naive mice, supporting previous studies that nsed
mouse models of NASH (Kawaratani and others 2008;
VYelayudham and others 2009). In contrast, the level of ex-
pression of the MyD88 gene in the livers of mice on a
CDAA diet given IFN-B was equal to that of paive mice
(Fig. 4E). Lower expression of the TLR4 gene was also
observed compared with that in CDAA control mice, al-
though the change was not statistically significant (Fig. 4D).
In the livers of naive mice, administration of IFN-§ did not
affect expression of any fibrogenic gene of interest, whereas
there was slight, but significant, upregulation of expression
of TLR4 and MyD88 genes (Fig. 4A-E).

Discussion

As HSCs display 2 phenotypes, quiescent and myofibro-
blastic-activated states, it is important to use cells resem-
bling a phenotype of activated HSCs to evaluate the effects
of type I IFNs on hepatic fibrosis in vitro. TWNT-4 cells
have been reported to exhibit the characteristics of activated
HSCs, including fibroblastic morphology and expression of
platelet-derived growth factor § receptor, a-SMA, and
COLIAI1 (Shibata and others 2003). In this study, we
demonstrated that IFN-B inhibited TWNT-4 proliferation
more potently than IFN-o through G1 cell cycle arrest,

TabLe 2, WsiGHT DaTta anND BiocHEMICAL DATa

Group N Age (week) Body weight (g) Liver wet weight (g) Plasma ALT (iU/L)  Plasma AST (1U/L)
Maive 3 15 24971142 1.29+0.06 26012 647153
Naive +IFN-B 3 15 24,75+£0.90 1.21£0.05 250410 617212
CDAA control 5 i5 26.25£0.67 1,58+0.07 170.2£17.3 132.0+£9.8
CDAA+IFN-B 5 15 26.02+£0.91 1.58 £0.07 12761152 108.0%5.1

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CDAA, choline-deficient L-amino acid.
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FIG. 3. Antifibrotic efficacy of IFN-B verified by histopathological evaluation of the livers of mice in a NASH model. (A~
C) Histopathological evaluation was performed with the livers of mice fed a diet of CRF-1 for 8 weeks (naive), mice on a
CRF-1 diet with 4-week administration of IFN-[ (naive + IFN-B), mice fed a diet of CDAA for 8 weeks (CDAA control),
and mice on a CDAA diet with 4-week administration of IFN-P (CDAA +IFN-f3). Serial or near-serial sections stained with
hematoxylin and cosin (A} and Sirius red (B) (scale bar, 1 mm). {C) Quantitative evaluation of the Sirius red-positive
fibrosis area. The results shown represent mean+S.E.M. (n=3-5). **P <0.01 between naive versus naive + IFIN-B group or
CDAA coutrol versus CDAA+IFN-B group (Wilcoxon’s test). N.S. means not significant. CDAA, choline-deficient

L-amino acid; NASH, nonalcoholic steatohepatitis.

supporting previous studies using rat primary HSCs or other
human HSC lines (Shen and others 2002; Sekiya and others
2011). In addition, induction of the p2l protein by IFN-§
was detected in TWNT-4 cells, whereas no induction by
[FN-a was detected at concentrations up to 1,0001U/mL,
which indicates that TWNT-4 cells are suitable for the in-
vestigation of the molecular biological characteristics of
IFNs as well as their differences.

For comparative DNA microarray analyses of the effects of
type I IFNs on TWNT-4 cells, we selected HuH-7 cells as an
appropriate HCC cell line as this has been reported to be
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more sensitive to [FN- than IFN-« (Murata and others 2006;
Damdinsuren and others 2007). Our DNA microarray ana-
lyses revealed that gene expression in TWNT-4 cells was
altered more substantially by IFN- than by IFN-u, and more
so than in HuH-7 cells. This finding indicates that HSCs are
very sensitive to IFN-B, and that in HSCs, particular path-
ways are preferentially and selectively modulated by IFN-f.
To enhance the credibility of the microarray data, qPCR is
useful to independently validate the gene expression changes
detected on the microarray. In the case of pathway enrich-
ment analyses conducted in numerous genes, however, gPCR

O

FIG. 4. Transcriptional reg-
ulation of fibrogenic and TLR4
signaling-related genes by
IFN-B in the livers of mice in a
NASH model. Total RNA was
isolated from the livers of mice
described in the legend of Fig.
3, and then real-time quantita-
tive polymerase chain reac-
tion was performed. The results
shown represent the meandt
SEM (n=3-5) of the gene
expression of COLIAL (A),
COL4Al (B), TGE-B1 (O),
TLR4 (@), and MyD83 (E)
relative to those of naive mice.
*P < 0.05 between naive versus
naive + IFN-§ group or CDAA
contro] versus CDAA +IFN-
group (Wilcoxon's test). N.S,
means not significant. TGF-B1,
transforming growth factor-B1;
TLRA4, Toll-like receptor 4.

relative TGF-B 1 gone
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analysis of each genc expression is basically impractical.
Therefore, the transcript abundance of interferon-induced
protein with tetratricopeptide repeats 2 (IFIT2), as a repre-
sentative, was measured vsing the same RNA samples used
on the microarray. It was clearly demonstrated that the IFIT2
gene was differentially expressed by qPCR and had similar

SF2B fold changes to those detected in the microarray (Supple-

AU3 B

mentary Fig. $2). In addition, IFN-p and IFN-o with the same
international units of activity would appear to have equivalent
antiviral efficacy in HuH-7 cells because of their very similar
gene induction pattern of antiviral molecules, which implies
that the different gene expression patterns in TWNT-4 cells
treated with IFN-B and IFN-o are of significance,

The TLR4 signaling pathway, which is a part of many of
the pathways unique to IFN-f-treated TWNT-4 cells, is
known to have an important role in regulating fibrogenic
responses. A previous study that used HSCs revealed that the
TLR4 ligand lipopolysaccharide (LPS) activates inflamma-
tory signals in HSCs throngh their high expression of TLR4,
enhancing HSC activation and fibrosis (Seki and others
2007). Therefore, it is possible that the direct antifibrotic
activity of IFN-} is at lcast partly attributable to modulation
of TLR4 signaling in H3Cs. Based on this insight, we focused
on NASH-related fibrosis to demonstrate the antifibrotic ef-
fect of IFN-P using an animal model. The pathogenesis of
NASH has not been well understood; however, it can be
considered the hepatic manifestation of the metabolic syn-
drome, and hence NASH is probably the most common cause
of hepatic fibrosis worldwide and linked with the increased
global prevalence of obesity. Regarding an association be-
tween NASH and TLR4 signaling, serum levels of LPS were
elevated in NASH patients (Farhadi and others 2008), pre-
sumably duoe to systemic inflammation partly resulting from
an overgrowth of gut microflora and increased intestinal
permeability (Miele and others 2009).

The CDAA diet-induced mouse model of NASH has been
previously demonstrated to represent human NASH by se-
guentially producing steatohepatitis and liver fibrosis {Denda
and others 2002; Kodama and others 2009). Our histopath-
ological examination showed that mice had slight, but sig-
nificant, fibrosis as a result of being fed a CDAA diet for 8
weeks. Although the feeding period was shorter than that
commonly used to validate fibrosis, 20 weeks or more (Denda
and others 2002; Kodama and others 2010), we believe it was
still long enough to allow a satisfactory statistical evaluation
of the effect of IFN-B. IFN-§ attenvated development of
histoputhological fibrosis in the CDAA diet-induced mouse
model of NASH at a dose of 10* IU/body. This is important
as it is approzimately the same dose psed in clinical practice
(6x 10" TU/bodly), and IFN-3 reaument may represent a new
therapeutic option for paticnts with NASH.

It is well known that hepatic injury is largely responsible
for the progression of liver fibrosis throngh accelerated in-
flammatory responses and follows the activation of HSCs, In
this study, the hepatoprotective effect of IFN-J appeared to
be absent or weak as manifested by levels of plasma ami-
notransferases, indicators of hepatocellular damage. There-
fore, the detected attenuvation of liver fibrosis with IFN-§
administration is more likely to result from direct action on
HSCs by IFN-B. Meanwhile, given that preventive treatment
with IFN-B reduces hepatic injury induced by Con A
{Tanabe and others 2007), the possibility remains that the
hepatoprotective effect of IFN-8 on the NASH model may

SHIMOZONO ET AL.

be detectable using a different regimen, In fact, the pre-
liminary examination had suggested that feeding a CDAA
diet for 4 weeks (just before administration of IFN-p in this
experimental design) is enongh to induce clevation of plasma
aminotransferase levels to the plateau phase (unpublished
observation) and hence to establish chronic hepatic injury.
IFN-f treatment might show a hepatoprotective effect even
during the advanced stage of hepatic injury in the NASH
model, which would suggest that it probably achicves its
antifibrotic effect in an additive manner.

Analyses of fibrogenic gene expression suggest that IFN-
B exerts an antifibrotic effect through downregulation of
collagen molecules at the transcriptional level. Expression
of the TGF-B1 gene did not seem to be affected by IFN-J; in
contrast, COLIAl and COL4A1 have been reported to be
common TGF-B1 target genes (Verrecchia and others 2001;
Castro and others 2014). These results indicate that IFN-B
downregulates fibrogenic gene expression in a TGF-BI-
independent manper or that IFN-B modulates protein levels
of TGF-B1 in some way. However, the possibility remains
that a transient reduction in expression of the TGF-B1 gene
was not detected due to the regimen used, in which the liver
was removed 3 days after the last administration of IFN-f.

There is considerable evidence that suggests positive
regulation of MyD88 by IFN- in several kinds of cells,
including endothelial cells, melanoma cells, and macro-
phages (da Silva and others 2002; Leaman and others 2003;
Thomas and others 2006), supported by the result of our
microarray analyses. In addition, in vivo induction of hepatic
MyD88 gene expression was observed in naive mice as late
as 3 days after the last administration of IFN-B. Strikingly,
administration of IFN-f to mice with NASH attenuated the
gene expression of MyD88 to the naive level, which seems
to be at variance with the above-mentioned results. It is
possible that these findings might reflect unconventional
activity of IFN-f under the pathological condition in liver
fibrosis associated with NASH; however, they are more
likely due to a decrease in the population of cells with high
expression of the MyD88 gene in the liver of mice with
NASH. Taking into account that overexpression of MyD38
induces apoptosis (Aliprantis and others 2000), IFN- might
trigger apoptosis when signals of MyD88 exceed a certain
threshold through an additive induction on gene expression
of MyD38 in the liver of mice with NASH. It is also pos-
sible to interpret this finding in light of the antiproliferative
effects of IFN-B.

An experimental study using the CDAA diet model
showed that MyDg8 deficiency protects against NASH-as-
sociated liver fibrosis (Miura and others 2010). Anocther
published study indicates that MyD88-deficient HSCs are
corapletely resistant to LPS-mediated downregulation of
bone morphogenic protein and activin membrane-bound
inhibitor (Bambi), a TGF- psendoreceptor {Seki and others
2007). Taking these data into consideration, IFN-8 might
lead to a situation where only HSCs with low expression of
MyD88 remain in the liver of mice with NASH, which
promotes efficient induction of Bambi and inhibition of
TGF-f-mediated hepatic fibrogenesis. It is particularly
noteworthy that our microarray analyses indicated induction
activity of IFN-B on the Bambi gene expression in TWNT-4
cells (2.44-fold); for comparison, no increase was detected
in IFN-o-treated TWNT-4 cells, IFN-B, and IFN-o~ireated
HuH-7 cells (1.04-, 0.88-, and 0.86-fold, respectively). To
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account for these findings, we propose a bidirectional
mechanism of positive regulation of the Bambi gene ex-
pression by IFN-B consisting of inhibition of down-
regulation and induction of upregulation. In this study, we
tried to detect both a decrease in gene expression of Bambi,
which is thought to occur in HSCs associated with the oc-
currence of liver fibrosis in mice with NASH, and any re-
covery effect induced by IFN-B, but found that neither is
detectable (unpublished observation). These observations
suggest that analysis using whole liver could not identify
variation in the expression of Bambi in HSCs. Therefore,
further investigations, including cell fractionation analysis,
are necessary to confirm whether IFN-B can induce Bambi
expression in HSCs of mice with NASH.

Collectively, this study provides the first evidence to
show the ability of IFN-fB to suppress NASH-related liver
fibrosis with accompanying transcriptional downregulation
of MyD88. In addition, in vitro investigations using TWNT-
4 indicate that the antifibrotic activity of IFN-J is attribut-
able to preferential actions on TLR4 signaling and cell
proliferation in activated HSCs. Future studies drawing
upon the novel findings of this study and taking a closer look
at the IFN-J signaling pathway could lead to a potential
strategy to improve NASH-related hepatic fibrosis.
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SUPPLEMENTARY FIG. 81. Antiproliferative effects
of IFNs on LI 90 cells. LI 90 cells (JCRBO160) obtained
from the Japanese Collection of Research Bioresources were
incubated with IFN-B or IFN-a (100 1U/mL) for 4-11 days.
The IFN-containing medium was replaced every 4 days.
Viable cell count was determined by MTS methods, Cell
growth is shown as a percentage when the average cell
number for control cells withont IFNs was arbitrarily set to
100% and that for seeded cells on day 0 was arbitrarily set to
0%. The results shown represent the mean+SD from trip-
licate-quintuplicate assays. Control indicates nontreated
cells. IFN, interferon.
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SUPPLEMENTARY FIG. 82, IFN-induced upregulation
of IFIT2 gene expression in HuH-7 cells or TWNT-4 cells.
(A) The RNA samples used on the microarray were trans-
lated into ¢DNA, then each cDNA was subjected to real-
time quantitative polymerase chain reaction using the gene-
specitic primers for the IFIT2 gene (forward: 3-TGGTGGC
AGAAGAGGAAGAT-3, reverse: 5-CCAAGGAATTCTT
ATTGTTCTCACT-3) and the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene (forward: 5-TGATGACAT
CAAGAAGGTGGTGAAG-Y, reverse: 5-ATGGCCTACA
TGGCCTCCAAGGA-3"). The relative amounts of the
IFIT2 gene were determined using the 27 24T method. The
cycle threshold (Ct) values of the IFIT2 gene were corrected
against values for the reference gene GAPDH (ACt) and
normalized against the ACt of the control sample (AACt).
Control indicates nontreated cells. (B) IFN-induced fold
changes for the IFITZ gene in the microarray analysis.
cDNA, complementary DNA; IFIT2, interferon-induced
protein with tetratricopeptide repeats 2.
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s S . Forward ] i _ Reverse ,
COL1A1 Mouse -tggaagageggagaatactg-3° B'-gtactegaacaggaatecat-3'
COL4A1 Mousa 5-gatgtcagesattaggeaggicaag-3' 5'-actecacgcagageagaageaagaa-3’
TGF-B1 Mouse §-aacaacgccalctaigag-3' §-taticegiciceitggtt-3'
TLR4 Mouse 5'-ggacictgatcatggeactg-3' 5'-clgatccatgeatiggtagot-3'
MyD8s Mouss §'-gootigtiagacegigaggat-3' §'-ctaagtatiictggeagtectoct-3'
GAPDH Mouse 5'-tgatgacatcaagaaggtggtgaag-3' , 5-atggcctacatggectecaagya-3’
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Involvement of hepatic stellate cell cytoglobin
in acute hepatocyte damage through the regulation
of CYP2E1-mediated xenobiotic metabolism

Yuga Teranishi'®, Tsutomu Matsubara®®, Kristopher W Krausz®, Thi TT Le', Frank J Gonzalez®,
Katsutoshi Yoshizato'*, Kazuo lkeda? and Norifumi Kawada'

Oxygen (O5) is required for cytochrome P450 (CYP)-dependent drug metabolism. Cytoglobin (CYGB) is a unique globin
expressed exclusively in hepatic stellate cells (HSCs). However, its role in O,-dependent metabolism in neighboring
hepatocytes remains unknown. This study provides evidence that CYGB in HSCs is involved in acetaminophen

(N-acetyl-p-aminophenol; APAP)-induced hepatotoxicity. Serum alanine aminotransferase levels were higher in wild-type
mice than in Cygb-null mice. Wild-type mice exhibited more severe hepatocyte necrosis around the central vein area
compared with Cygb-null mice, thus indicating that CYGB deficiency protects against APAP-induced liver damage.
Although no difference in the hepatic expression of CYP2E1, a key enzyme involved in APAP toxicity, was observed
between wild-type and Cygb-null mice, the serum levels of the APAP metabolites cysteinyl-APAP and N-acetyl-cysteinyl-
APAP were decreased in Cygb-null mice, suggesting reduced APAP metabolism in the livers of Cygb-null mice. In primary
cultures, APAP-induced hepatocyte damage was increased by co-culturing with wild-type HSCs but not with Cygb-null
HSCs. In addition, cell damage was markedly alleviated under low O, condition (5% O,), suggesting the requirement

of O, for APAP toxicity. Carbon tetrachloride-induced liver injury (CYP2E1-dependent), but not lipopolysaccharide/
p-galactosamine-induced injury (CYP2E1-independent), was similarly alleviated in Cygb-null mice. Considering the
function of CYGB as O; carrier, these results strongly support the hypothesis that HSCs are involved in the
CYP2E1-mediated xenobiotic activation by augmenting O, supply to hepatocytes. In conclusion, CYGB in HSCs
contributes to the CYP-mediated metabolism of xenobiotics in hepatocytes by supplying O, for enzymatic oxidation.
Laboratory Investigation (2015) 95, 515-524; doi:10.1038/labinvest.2015.29; published online 16 February 2015

The metabolism of xenobiotics, including clinical drugs,
occurs primarily in the liver. Most xenobiotic detoxification
metabolism involves cytochrome P450 (CYP) enzymes,
which are predominantly expressed in the liver,! and these
processes occasionally result in acute hepatocyte damage. For
instance, acetaminophen (N-acetyl-p-aminophenol; APAP)
and carbon tetrachloride (CCly) are metabolized by CYP to
generate toxic intermediates.

APAP is commonly used as an antipyretic and analgesic
drug. CYP-mediated APAP metabolism is known to generate
N-acetyl-p-benzoquinone imine (NAPQI), which binds to
cellular macromolecules and initiates hepatocyte damage if
present at high concentrations under glutathione (GSH)

depletion.? CYP1A2, CYP2A6, CYP2EL, and CYP3A have
been identified as enzymes that generate NAPQI from APAP3
Among these CYPs, CYP2E1 has the lowest K, for APAP, and
the CYP2E1-dependent metabolism of APAP can result in
hepatotoxicity. CYP2El is a monooxygenase that requires
molecular oxygen (Q,) for its enzymatic activity. A recent
study reported that the APAP-induced damage to primary
mouse hepatocytes was reduced under a low O, concen-
tration (5% O,) compared with normoxic conditions (20%
0,).> Thus, APAP-induced acute liver injury may be
dependent on hepatic O, levels.

The aerobic metabolism of mammals relies on respiratory
proteins that function in the transport and storage of O,.
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Four globin proteins are known to contribute to O; home-
ostasis in mammals.®” Hemoglobin in erythrocytes has an
important role in the transport of O; from the bloodstream
to the viscera. In the viscera, myoglobin, neuroglobin, and
cytoglobin (CYGB) act as local Op-binding molecules that
facilitate the intracellular diffusion of O,.% Notably, CYGB in
mamimals is expressed in various organs, incduding the liver,
heart, brain, and the lung. CYGB is a hexacoordinated heme-
containing protein that is able to bind O, nitric oxide, and
carbon monoxide.”!? CYGB expression increases in response
to the duration and severity of hypoxia.!' Thus, CYGB is
thought to be an O; sensor for the local storage and transport
of Oy; however, its contribution to O,-dependent xenobiotic
metabolism remains unclear.

CYGB is a unique globin expressed exclusively in hepatic
stellate cells (HSCs), which represent ~5-8% of the cells in
the liver.!”” When liver injury occurs, HSCs undergo activa-
tion and acquire myofibroblastic characteristics, including
increased collagen production. Such characteristic alterations
of HSCs are believed to be strongly associated with hepatic
fibrosis and the development of liver cirrhosis and cancer. In
addition, interactions between hepatocytes and HSCs, as well
as the involvement of HSCs in hepatic tissue growth and
regeneration have been reported.'*" However, the interplay
between HS5Cs and hepatocytes in drug metabolism remains
uncharacterized. Furthermore, the effect of CYGB in HSCs
(HSC-CYGB) on APAP-induced acute liver injury has never
been investigated.

In this study, the correlation between HSC-CYGB and
xenobiotic-mediated hepatocyte injury was investigated
in vivo and in vitro using Cygb-null mice. The results implied
that a CYGB deficiency in HSCs can regulate hepatic O,
levels and can alleviate the acute liver injury induced by
APAP and CCly, by decelerating CYP2E1 metabolism in
hepatocytes.

MATERIALS AND METHODS

Materials

All reagents were obtained from Sigma-Aldrich (St Louis,
MO, USA) or Wako Pure Chemical (Osaka, Japan), unless
otherwise noted.

Mouse Studies

Eight- to 12-week-old male C57BL/6 mice were purchased
from Japan SLC (Shizuoka, Japan). Cygb-null mice
were generated in our laboratory as previously described.!®
Cygb-null mice were compared with their wild-type
littermates. All mice were cared for according to the guide-
lines approved by the Institutional Animal Care and Use
Committee of Osaka City University, Osaka, Japan. Before
APAP treatment, the mice were fasted for 16h. APAP
dissolved in isotonic saline at 65°C was intraperitoneally
(i.p.) injected (300mg/kg) into mice, which were killed
6h later. In the study of CCly-induced acute liver injury, mice
were i.p. injected with CCly (0.5mg/kg) suspended in corn
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oil, fasted, and killed 24 h after the injection. Another group of
mice were administered p-galactosamine (D-GalN; 700 mg/kg)
and lipopolysaccharide (LPS; 5 pg/kg, Escherichia coli 0111:B4)
suspended in saline and were killed 6h later. Blood and liver
tissues were collected and stored at — 80°C for subsequent
analysis. For histopathological analysis, small pieces of the liver
were fixed in 4% formaldehyde overnight and embedded in
paraffin. The liver tissue was sectioned at 5-yum thickness and
stained with hematoxylin and eosin. Relative necrotic area (%)
was estimated by using Image | software.

Isolation, Fractionation, and Culture of Liver Cells
Hepatocytes and HSCs were isolated from male C57BL/6
mice as previously described.'® APAP (2.5, 5, 10, 20, or
30 mM) was dissolved in William’s Medium E (Gibco, Grand
Island, NY) at 65°C. Hepatocytes were plated in 12- or
24-well plates (1 10° cells/ml) (Celltight C-1 Collagen-I,
Sumitomo Bakelite, Tokyo, Japan) and were pre-incubated
in William’s Medium E supplemented with 10% fetal bovine
serum (Gibco) and 0.1 uM dexamethasone for 3h before
APAP treatment. For co-culture experiments, HSCs (5 x 10°
cells/well) were plated in cell culture inserts (Transparent
PET membrane, 1.0 um pore size; Corning, Corning, NY,
USA) and incubated overnight in the William’s Medium E
before co-culture with hepatocytes. The cells were incubated
for 16 h with APAP-containing media under a 5% or 20%
O, atmosphere. Conditioned media derived from the 16-h
culture of wild-type or Cygb-null HSCs were also used.

Measurement of ALT Activity and APAP Metabolites in

Serum

Serum alanine aminotransferase (ALT) activity was deter-
mined using a kinetic test (SRL, Tokyo, Japan). The levels of
APAP and its metabolites in sera collected 2h after APAP
injection were quantified as previously reported.

Visualization of Hypoxia With Pimonidazole

Mice were injected with APAP (300 mg/kg, i.p.), followed
by the administration of pimonidazole hydrochloride
(60 mg/kg, i.p.; Hypoxyprobe, Burlington, MA, USA) 1h
before being killed. Small liver pieces were fixed in 4% para-
formaldehyde and embedded in paraffin. Paraffin sections
(5pum) were prepared in the Central Laboratory of the
Osaka City University Medical School. Pimonidazole was
detected using a Hypoxyprobe-1 Plus Kit, according to the
manufacturer’s instructions. An anti-fluorescein antibody
conjugated to Texas Red (Ab6654; Abcam, Cambridge, UK)
was used to visualize the reaction.

GSH Measurements

Liver tissues (100 mg) were homogenized in 1 ml of ice-cold
phosphate-buffered saline containing 1 mM EDTA (pH 7.5)
and were centrifuged at 10500g for 15min at 4°C. The
supernatants were collected and the GSH content in each
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sample was determined using a GSH quantification kit
{Dojindo, Kumamoto, Japan).

Quantitative Real-Time Reverse Transcription-PCR
Analyses

Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA). cDNA was generated with random hexamer
primers (Invitrogen) and the SuperScript RT II enzyme
(Invitrogen). Quantitative PCRs were performed using
the ABI 5500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). The primers used are listed in
Supplementary Table 1. Relative expression levels were calcu-
lated using the comparative CT method. The expression levels
were normalized to that of 18S ribosomal RNA.

Waestern Blotting

Liver tissues were homogenized with RIPA buffer (50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 1% Triton X-100, 1% SDS)
containing a protease inhibitor (Roche, Basel, Switzerland)
and phosphatase inhibitors (1mM sodium fluoride, 1 mM
B-glycerol phosphate, and 1 mM sodium vanadate) and were
centrifuged at 10000g for 10min. The supernatants (25 g
protein) were subjected to western blot analysis of CYP2EIL.
To obtain nuclear extracts, liver tissues were prepared using
the NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (Thermo Fisher Scientific, Waltham, MA), according to
the manufacturer’s protocol. The nuclear extracts (20 pug
protein) were subjected to western blot analysis of HIF-1a.
Primary hepatocytes, cultured under a hypoxic conditions
(1% Oy), were used as positive control (5ug) for western
blotting of HIF-lo. The samples were separated on
SDS-polyacrylamide gels and transferred to polyvinylidene
fluoride membranes using standard western blotting tech-
niques. The membranes were incubated with an antibody
against CYP2E1 (kindly provided by Dr Koichi Yoshinari
(Tohoku University, Sendai, Japan)) at a dilution of 1:10 000
or with an antibody against HIF-1e (NB100-449, Novus
Biologicals, Littleton, CO) at a dilution of 1:1000. The
CYP2E1 protein levels in the samples were normalized to
those obtained with a glyceraldehyde-3-phosphate dehydro-
genase antibody at a dilution of 1:10000 (MAB374;
Millipore, Billerica, MA, USA). The expression of HIF-1c was
normalized to the signal obtained with Coomassie brilliant
blue staining.

Measurement of Hepatic CYP2E1 Activity in Vitro

Liver tissues (100 mg) were homogenized in 1ml of ice-cold
50 mM potassium phosphate buffer (pH 7.4). The homo-
genate was centrifuged at 9000 g for 20 min. The supernatant
was transferred to a new tube and centrifuged at 105000 g for
60 min. The pellet was suspended with 50 mM Tris-HCI
(pH 7.4)/20% glycerol. The suspension was subjected to
CYP2E] activity assay with vivid CYP2E1 blue screening kit
(Invitrogen).
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Assessment of Cell Death and Viability in
Primary-Cultured Mouse Hepatocytes

Cell death was analyzed with 1pg/ml propidium iodide
(Dojindo), which stains nuclei only when the cellular plasma
membranes become permeabilized, and with Hoechst 33342
(Dojindo). Cell viability was determined using an MTT
assay.!'” The cell viability (%) of the test samples was calcu-
lated relative to that of the control sample.

Statistical Analysis

The statistical analysis was performed using Prism version 6.0
software (GraphPad Software, San Diego, CA, USA). A
P-value <0.05 was considered to indicate a significant
difference.

RESULTS

Alleviation of APAP-Induced Liver Injury in Cygh-Null
Mice

A single injection of APAP (300 mg/kg, ip.) into C57Bl/é6
mice induced significant liver injury, which was accompanied
by a marked increase in the serum ALT levels (Supplementary
Figure S1A) and a moderate to marked centrilobular necrosis
(Supplementary Figure S1B) 6-12 h after the injection. Thus,
in the subsequent experiments, wild-type and Cygb-null mice
were killed 6 h after APAP injection.

The increase in serum ALT levels was significantly atten-
uated in the Cygb-null mice receiving APAP: the ALT levels of
the wild-type and Cygb-null mice were 13970 £ 2370 and
4699 £ 1226 U/], respectively (Figure 1a). In accordance with
these results, the histological area of hepatocyte necrosis
was diminished in the Cygb-null mice (Figure 1b). Relative
necrotic area was larger in wild-type (47.3 £ 11.0%) than in
Cygb-null mice (17.8+5.0%) as shown in Figurelc. The
APAP-induced increase in the hepatic mRNA levels of
chemokine (C-C motif) ligand 2 (Ccl2) in the Cygb-null
mice was reduced to half of that detected in the wild-type
mice. No differences in the hepatic mRNA expression levels
of tumor necrosis factor o, interleukin 1§, or interleukin 6
were observed between the wild-type and Cygb-null mice
(Figure 1d). Hepatic GSH level in both mouse lines decreased
dramatically at 2 h after APAP challenge. After the maximum
depletion, hepatic GSH level in Cygb-null mice recovered
quickly, compared with that in wild-type mice (Figure le).
Three of the tested five wild-type mice showed low hepatic
GSH level at 6h after APAP injection, compared with
Cygb-null mice (Figure 1f). Taken together, these results
suggest that CYGB deficiency restrained APAP-induced acute
liver injury.

Reduced Serum APAP Metabolites and Lower Hepatic O,
Levels in Cygb-Null Mice

The hepatic expression of CYP2E], an enzyme that generates
NAPQI from APAP, was investigated in wild-type and
Cygb-null mice. We confirmed previous reports indicat-
ing that hepatic CYP2El mRNA levels decreased in a
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Figure 1 Analysis of N-acetyl-p-aminophenol (APAP)-induced acute liver injury in wild-type and cytoglobin (Cygb)-null mice. (a) Serum alanine
aminotransferase (ALT) levels. ALT activity was measured 6 h after saline (CONT) or 300 mg/kg APAP administration. Each bar represents the mean
value and s.d. (n=5-6). (b) Representative liver sections stained with hematoxylin and eosin ( x 400, bar =100 um). CV, central vein. PV, portal vein.
(¢) Relative necrotic area was represented by the percentage ratio of necrotic area to liver area. Each bar represents the mean value and s.d. (n=>5).
(d) Quantitative reverse transcription-PCR analysis of tumor necrosis factor-a (TNF-a), interleukin (IL)-18, IL-6, and chemokine (C-C motif) ligand 2 (Ccl2)
mRNAs during APAP-induced liver injury. Each bar represents the mean value and s.d. (n=5-6). () Time course of glutathione (GSH) levels in the liver
(n=2). {f) Hepatic GSH level at 6h, Each bar represents the mean value (n = 5). Wild-type and Cygb-null mice are designated Cygb*’* and Cygb~/",
respectively. Significance was determined by a one-way ANOVA with Bonferroni's test. *P<0.05, ***£ < 0.001; NS, not significant.

time-dependent manner after APAP injection in wild-type
mice (Supplementary Figure S1C).!® No differences were
noted in the CYP2E]l mRNA and protein levels between
untreated wild-type and Cygb-null mice (Figures 2a and b).
After APAP challenge, similar decreases in the CYP2El mRNA
and protein levels were observed in the wild-type and Cygb-
nuoll mice. Furthermore, the hepatic microsomal CYP2E1 activ-
ity in vitro was assessed. The Michaelis-Menten kinetics curve
for the CYP2E] activity of Cygb-null mice were almost same to
that for the wild-type mice. In addition, the V4, and the K,
were 0.32510.10nmol per mg protein/min and 17.48 £
9.85uM for the wild-type mice, and 0.338 1 0.03 nmolper
mg protein/min and 19.72 £2.58 uM for the Cygb-null mice,
respectively. The differences between the wild-type and the
Cygb-null mice were not observed (Figure 2¢). However, the
serum levels of CYP2El-dependent APAP metabolites, ie,
cysteinyl-APAP and N-acetyl-cysteinyl-APAP, which are
derived from NAPQI (Figure 2d), were significantly decreased
in the Cygb-null mice compared with the wild-type mice. In
conirast, the APAP levels tended to be high in the Cygb-null
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mice and the levels of APAP-glucuronide, a CYP2El-in-
dependent metabolite, remained unchanged (Figure 2e).

As O, is required for the CYP2E1-mediated NAPQI gen-
eration, we hypothesized that the livers of the Cygb-null mice
had low concentrations of O, compared with the wild-type
mice. To test this hypothesis, pimonidazole was used, which
is frequently used to detect hypoxic regions in tissues.!® The
resulting pimonidazole staining was limitedly positive
around the central vein of the untreated livers. However,
after treatment with APAP for 6 h, the pimonidazole-positive
areas expanded to zone 2 (intermediate area) in the livers of
the Cygb-null mice, but not in the wild-type mice (Figure 3a).
Although HIF-1o protein was not detected (Figure 3b), the
data may support that CYGB deficiency results in decreased
hepatic O, levels after APAP challenge.

Attenuation of APAP-Induced Cell Death in
Primary-Cultured Mouse Hepatocytes by Hypoxia
Cultured primary mouse hepatocytes were challenged with
2.5-20mM APAP under 5 or 20% O, for 16 h. The APAP
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Figure 2 Cytochrome P450, family 2, subfamily E, polypeptide 1 (CYP2E1) expression and N-acetyl-p-aminophenol (APAP) metabolism in the liver,
Quantitative reverse transcription-PCR (a) and western blot (b} analyses of CYP2E1 expression in the liver 6 h after APAP. Each bar represents the mean
value and s.d. {(n=5-6). Significance was determined by a one-way ANOVA with Bonferroni's test (NS, not significant). (c) Major in vivo APAP metabolic
pathways are indicated. GS-APAP, 3-gultathionyl-APAP; Cys-APAP, cysteinyl-APAP; NAC-APAP, N-acetyl-cysteinyl-APAP. (d) Serum levels of APAP and its
major metabolites in Cygb '/ and Cygb / mice. Serum samples were collected 2 h after the administration of APAP, and APAP metabolites were
measured by a liquid chromatography-mass spectrometry (LC-MS) analysis. The values are expressed as the relative abundance {mean and s.d., n =5).
Significance was determined using an unpaired t-test {(*P <0.05). () Hepatic microsomal CYP2E1 activity. The reaction rate was determined as described

in Materials and Methods.

challenge induced cell death in a dose-dependent manner
under 20% O,. Notably, the hepatocyte damage was sig-
nificantly greater under 20% O, than under 5% O,: when cells
were treated with 20mM APAP, the hepatocyte death in the
presence of 20 and 5% O, was 67.0 and 31.8%, respectively
(Figures 4a and b). In accordance with these results, cell
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viability after exposure to APAP was lower in the presence of
20% O, than in the presence of 5% O, (Figure 4¢). HIF-1«
protein was detected in the presence of 1% O,, but not in the
presence of 5 and 20% O, (Figure 4d). These results demon-
strated that the O, concentration influences the APAP toxicity
in primary-cultured hepatocytes without HIFla activation.
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