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The adult mammalian liver exhibits a remarkable regenerative capacity,

with different modes of regeneration according to the type and extent of

injury. Hepatocyte–cholangiocyte biphenotypic liver progenitor cell popula-

tions appear under conditions of excessive injury. It has been reported that

mature hepatocytes can transdifferentiate toward a cholangiocyte pheno-

type and be a cellular source of progenitor cell populations. Here, we

determined that among various plasma cytokines, interleukin (IL)-8 levels

were significantly elevated in acute liver failure and severe acute liver injury

patients. In vitro assays revealed that administration of IL-8 homologues

increases the expression of Sry HMG box protein 9 (SOX9). In liver biop-

sies of acute liver injury patients, we observed the appearance of SOX9-

positive biphenotypic hepatocytes accompanied by elevation of plasma IL-

8 levels. Our results suggest that IL-8 regulates the phenotypic conversion

of mature hepatocytes toward a cholangiocyte phenotype.

Tissues that makeup organs are diverse in the

dynamics of their constituent cells as well as in their

structures and functions [1]. Each organ can maintain

homeostasis via cellular replication of differentiated

cells or differentiation from stem cell populations [2].

The adult mammalian liver has a remarkable regenera-

tive capacity, with different modes of regeneration

according to the type and extent of injury. Specifically,

under physiological conditions, new hepatocytes arise

via replication of preexisting hepatocytes during the

homeostatic renewal of the liver [3–5]. In contrast,

when the proliferation of hepatocytes is impaired as a

result of acute or chronic liver injury—such as acute

liver failure (ALF), chronic viral hepatitis, and

nonalcoholic fatty liver disease [6,7]—the liver stem/

progenitor cells (LPCs), which are cells with intermedi-

ate hepatocyte–cholangiocyte phenotype, emerge and

expand in the liver parenchyma [8–10]. Histologically,

the LPCs expand in the parenchyma forming duct-like

structures, which are known as ductular reactions

(DRs) [11]. DRs may arise from the preexisting biliary

epithelium [12], or, as recent evidence shows, from

mature hepatocytes that transdifferentiate into a

cholangiocyte phenotype [13–15].

Sry HMG box protein 9 (SOX9) is a transcription

factor that plays pivotal roles during embryonic devel-

opment of several tissues, such as the testis, pancreas,

bile duct, lung, heart, and central nervous system, as
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well as chondrocytes [16–19]. SOX9 is one of the

earliest biliary markers that regulate bile duct develop-

ment [20]. Recently, it has been suggested that a

subpopulation of periportal hepatocytes of the normal

liver expresses SOX9 and proliferates during chronic

liver injury to contribute to the regeneration of the

liver [21].

During ALF, biliary phenotypic cells expand into

the liver parenchyma, which is accompanied by a dras-

tic decrease in the number of preexisting hepatocytes.

In our previous study, we showed that ALF patient

plasma promotes the proliferation of LPCs in vitro

[22]. Additionally, using our murine hepatectomy

model that involves reactions to mechanical injury

with inflammation, we have demonstrated that bile

duct-like structures emerge in the injury front [23]. In

this present study, we attempted to identify cytokines

in the plasma of ALF and severe acute liver injury

(SLI) patients that are responsible for the phenotypic

conversion of mature hepatocytes. Our findings may

provide insights into the cellular plasticity of hepato-

cytes in response to inflammation in the injured liver.

Materials and methods

Measurement of cytokines in human plasma

From June 2012 to December 2014, the plasma cytokine

levels of 37 ALF and SLI patients were determined on

admission using a Bio-Plex Pro human cytokine 27-plex

assay (Bio-Rad, Hercules, CA, USA). Of the 27 types of

cytokines, we examined interleukin (IL)-8 levels along with

those of eight other inflammatory cytokines for which the

normal range was previously validated in healthy volun-

teers [24]. Serum CXCL1 and CXCL2 levels were exam-

ined using commercially available ELISA kits (ab190805

and ab184862, respectively; Abcam, Cambridge, UK). SLI

is defined as an acute hepatic illness of < 26 weeks with a

prothrombin time-international normalized ratio (PT-INR)

of ≥ 1.5, along with absence of hepatic encephalopathy in

a patient without preexisting chronic liver disease [25].

ALF is defined as an acute hepatic illness of < 26 weeks

with a PT-INR of ≥ 1.5 and any degree of mental alter-

ation (encephalopathy) in a patient without preexisting

chronic liver disease [26] (Table S1). Characteristics of the

patients are summarized in Table 1. All protocols reported

in this study were approved by the institutional review

board of Iwate Medical University (approval number:

H20-36). Informed written consent was obtained from all

participants and the present study was designed and con-

ducted in accordance with relevant guidelines and regula-

tions of the ethical principles for medical research

involving human subjects defined by the WMA Declara-

tion of Helsinki.

Cell lines and culture

AML12 mouse mature hepatocytes (ATCC, Manassas, VA,

USA), a cell line established from a human TGF-a trans-

genic mouse, was maintained in Dulbecco’s Modified

Eagle’s Medium (DMEM)/Ham’s F12 media containing

10% fetal bovine serum (FBS) supplemented with

5 µg�mL�1 insulin, 5 µg�mL�1 transferrin, 5 ng�mL�1 sele-

nium, and 40 ng�mL�1 dexamethasone. 603B mouse

cholangiocytes, a cell line established from a mouse trans-

fected with a thermosensitive mutant SV40 T antigen, was

maintained in DMEM medium containing 10% FBS. The

603B cell line was kindly provided by Y. Ueno of the

University of Yamagata [27]. An epithelial cell adhesion

molecule (EpCAM)-positive liver progenitor cell line from

a 3,5-diethoxycarbonyl-1,4-dihydrocollidine-fed adult

mouse was maintained in Williams’ medium E (Thermo

Fisher Scientific, Waltham, MA, USA) containing 10%

FBS, 10 mM nicotinamide, 2 mM L-glutamine, 0.2 mM

ascorbic acid, 20 mM HEPES (pH 7.5), 1 mM sodium pyru-

vate, 17.6 mM NaHCO3, 14 mM glucose, 100 nM dexam-

ethasone, 50 µg�mL�1 gentamicin, 1% insulin-transferrin-

selenium-ethanolamine (Thermo Fisher Scientific),

10 ng�mL�1 human EGF, and 10 ng�mL�1 human HGF.

LPCs were kindly provided by A. Miyajima and M.

Tanaka of the University of Tokyo [28].

Isolation and culture of primary mouse

hepatocytes

Primary mouse hepatocytes were isolated using the digi-

tonin-collagenase perfusion method [29]. C57BL/6J mice

were anesthetized by inhalation of isoflurane (2.5% v/v)

and mouse livers were initially perfused through the portal

Table 1. Clinical characteristics of ALF and SLI patients. Data are

presented as n (%) or medians (interquartile range). AST, aspartate

aminotransferase; ALT, alanine aminotransferase.

n = 37

Age, median (range), years 65 (51.0–72.0)

Male, n (%) 17 (45.9)

Etiology, n (%)

Autoimmune hepatitis 7 (18.9)

Drug 7 (18.9)

Hepatitis B virus 6 (16.2)

Hepatitis A virus 2 (5.4)

Hepatitis E virus 2 (5.4)

Other 4 (10.8)

Unknown 9 (24.3)

Survived without transplant, n (%) 30 (81.1)

AST, median (range), U�L�1 1489 (458–1858)

ALT, median (range), U�L�1 1480 (671–2616)

Total bilirubin, median (range), mg�dL�1 11.5 (3.7–20.4)

PT-INR, median (range) 1.66 (1.47–2.29)
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vein with 12 mL of liver perfusion medium (Thermo Fisher

Scientific). Liver perfusion medium containing 4 mg�mL�1

digitonin (Merck Millipore, Burlington, MA, USA) was

perfused until a regularly scattered periportal discoloration

was observed (Fig. S1). Next, 40 mL of HEPES buffer

without magnesium containing 25 mM HEPES (pH 7.4)

and 0.6 mg�mL�1 type IV collagenase (Worthington Bio-

chemical, Lakewood, NJ, USA) was infused via the portal

vein. The liver was removed and gently agitated in HEPES

buffer containing 25 mM HEPES and 2 mg�mL�1 bovine

serum albumin. After filtering the digested liver tissue, the

solution containing hepatocytes was centrifuged at 40 g for

2 min (three times) and the cells were resuspended in Way-

mouth medium (Thermo Fisher Scientific) containing 10%

FBS, 0.1 µM insulin, and 0.1 µM dexamethasone. For flow

cytometric analysis of hepatocyte purity, cells were fixed

with 4% paraformaldehyde followed by permeabilizing

using 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO,

USA). Cells were then incubated with a rabbit anti-albumin

antibody (1 : 100; ab207327; Abcam) or a rabbit IgG iso-

type control antibody (ab172730; Abcam) for 30 min at

4 °C. After several washes, the cells were stained with goat

anti-rabbit IgG Alexa Fluoro 488 secondary antibody

(1 : 2000, ab150077; Abcam) for 30 min at 4 °C. Flow

cytometry was performed using a BD FACSCanto II sys-

tem (BD Biosciences, San Diego, CA, USA). More than

5000 cells were counted for each sample. The obtained data

were analyzed with FACSDIVA software (BD Biosciences). All

animal experiments were approved by the Iwate Medical

University Ethical Committee for Animal Experiment Reg-

ulation (approval number: 28-037).

Cell proliferation assay

AML12 cells, LPCs, and 603B cells were placed in 96-well

plates at a seeding density of 1.0 9 104 cells/well, cultured

for 16 h, and then cultured for an additional 8 h in the

absence or presence of recombinant IL-8 homologues, ker-

atinocyto-derived chemokine (KC), or macrophage inflam-

matory protein (MIP)-2 (American Research Products,

Waltham, MA, USA), ranging from 100 pg�mL�1 to

10 ng�mL�1. Eight hours after addition of KC or MIP-2,

the number of viable cells was counted using Cell Count

Reagent SF (Nacalai Tesque, Kyoto, Japan) [30]. Light

absorbance was measured at 450 nm with a microscope

photometer (Immuno Mini NJ-2300; InterMed, Tokyo,

Japan).

Western blotting

For western blotting analysis, AML12 cells and LPCs were

placed in 6-well plates at a seeding density of

1.0 9 106 cells/well, cultured for 24 h, and then cultured

for an additional 8 h in the absence or presence of KC and

MIP-2, ranging from 100 pg�mL�1 to 10 ng�mL�1. Cells

were lysed for 30 min on ice with lysis buffer [50 mM per

liter Tris/HCl (pH 7.4), 1% Nonidet P-40, 0.25% sodium

deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenyl-

methylsulfonyl fluoride, 1 lg�mL�1 aprotinin, 1 lg�mL�1

leupeptin, 1 lg�mL�1 pepstatin, 1 M Na3VO4, and 1 mM

NaF] [31]. After centrifugation at 13 000 g for 10 min, the

protein concentration in the supernatant was measured

using the Bradford reagent (Bio-Rad, Tokyo, Japan). The

supernatant protein was denatured by boiling for 10 min.

Thirty micrograms of protein from each sample was

resolved in a sodium dodecyl sulfate/polyacrylamide gel

electrophoresis gradient gel (4–12%) and then transferred

onto nitrocellulose membranes. Blocking was carried out

using 5% nonfat dry milk in Tris-buffered saline (20 mM

Tris and 150 mM NaCl, pH 7.4) with 0.1% Tween 20 for

2 h at 20–24 °C. Anti-cyclin D1 antibody (1 : 1000; sc-717;

Santa Cruz Biotechnology, Dallas, TX, USA) and anti-b-
actin antibody (1 : 1000; sc-1616; Santa Cruz Biotechnol-

ogy) were diluted in blocking solution and incubated over-

night at 4 °C. To detect antigen–antibody complexes,

peroxidase-conjugated secondary antibodies [1 : 10 000; sc-

2357 (anti-rabbit), sc-2354 (anti-goat); Santa Cruz Biotech-

nology] were diluted in blocking solution and incubated for

2 h at room temperature. Immune complexes were detected

using chemiluminescence with the ECL Prime Western

Blotting Reagent (GE Healthcare, Tokyo, Japan).

RNA preparation and reverse transcription PCR

Total RNA was extracted using RNeasy Mini kit (Qiagen,

Tokyo, Japan) according to the manufacturer’s protocol.

First-strand cDNA was synthesized from 100 ng of total

RNA using the High-Capacity cDNA RT Kit (Applied

Biosystems, Foster City, CA, USA). For semi-quantitative

RT-PCR analysis, PCR amplification was performed with

Takara Ex Taq (Takara Bio, Kusatsu, Japan). PCR was

carried out using a Takara PCR Thermal Cycler Dice

(Takara Bio). PCR conditions were as follows: initial acti-

vation of the Taq-DNA-Polymerase at 94 °C for 5 min,

denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s,

and extension at 72 °C for 30 s. For normalization, mouse

glyceraldehyde-3-phosphate dehydrogenase mRNA was

simultaneously amplified. Amplified PCR products were

separated by agarose gel electrophoresis and stained with

ethidium bromide.

For quantitative real-time PCR analysis (qRT-PCR),

AML12 cells were placed in 6-well plates at a seeding den-

sity of 1.5 9 105 cells/well and then cultured for 120 h in

the absence or presence of 10 ng�mL�1 of KC, MIP-2, or

tumor necrosis factor (TNF)-a (Peprotech, Rocky Hill, NJ,

USA). Primary hepatocytes were placed in type I collagen-

coated 6-well plates at a seeding density of 2.0 9 105 cells/

well and then cultured for 72 h in the absence or presence

of 10 ng�mL�1 of either KC or MIP-2. Interaction between

Notch and IL-8 homologue signaling pathways was tested

2107FEBS Open Bio 9 (2019) 2105–2116 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

T. Sasaki et al. IL-8 induces hepatocytes toward a cholangiocytic state



by applying 10 µM c-secretase inhibitor N-[N-(3,5-difluo-

rophenacetyl-L-alanyl)]-S-phenylglycine t-butyl Ester (DAPT),

an inhibitor of Notch signaling (D5942; Sigma-Aldrich). For

qRT-PCR, FastStart SYBR Green Master (Roche Diagnos-

tics, Mannheim, Germany) was used. All real-time PCR pro-

cedures were performed using a Light-Cycler (Roche

Diagnostics). RNA expression was normalized with the

housekeeping 18s rRNA gene. Primer sequences are listed in

Tables S2 and S3.

Immunofluorescence labeling of cells and

fluorescence microscopy

AML12 cells were placed in 6-well plates at a seeding den-

sity of 1.5 9 105 cells/well and then cultured for 120 h in

the absence or presence of 10 ng�mL�1 of KC, MIP-2, or

TNF-a (Peprotech). Primary hepatocytes were placed in

type I collagen-coated 6-well plates at a seeding density of

2.0 9 105 cells/well and then cultured for 72 h in the

absence or presence of 10 ng�mL�1 of either KC or MIP-2.

Interaction between Notch and IL-8 homologue signaling

pathways were tested by applying 10 µM DAPT. The

detailed protocol of medium change is indicated in the fig-

ure legends. Cells were grown in slides and fixed with 4%

paraformaldehyde for 10 min at room temperature. Cells

were then washed in PBS three times and incubated with

PBS containing 0.2% Triton X-100 (Sigma-Aldrich) for

20 min at room temperature. Next, cells were washed in

PBS three times, blocked with PBS containing 5% fetal

bovine serum and 0.2% Triton X-100 for 60 min at room

temperature, and then incubated with diluted rabbit anti-

SOX9 antibody (1 : 236; ab185966; Abcam), anti-EpCAM

antibody (1 : 400; ab71916; Abcam), and anti-CK-19 anti-

body (1 : 400; ab52625; Abcam) overnight at 4 °C. After

several washes, the slides were incubated with goat anti-

rabbit antibody (1 : 2000; A27039; Invitrogen, Carlsbad,

CA, USA) for 2 h at room temperature in the dark. The

slides were washed three times in PBS and stained with

40,6-diamidino-2-phenylindole (DAPI) to visualize the

nucleus. Finally, the slides were washed, mounted with

glycerin, and analyzed using an EVOS fluorescence micro-

scope (Thermo Fisher Scientific).

Immunohistochemistry of liver biopsy

Paraformaldehyde-fixed paraffin-embedded (FFPE) (4%)

liver tissue blocks were cut into 3-µm sections. For colori-

metric immunohistochemical staining, rabbit anti-SOX9

antibody (1 : 4000; AB-5535; Merck Millipore) was used as

a primary antibody. After incubation with primary antibody,

the FFPE sections were incubated with peroxidase-labeled

anti-rabbit antibodies (Histofine Simple Stain Max-PO Kit;

Nichirei, Tokyo, Japan). In stained biopsy sections, five

portal tract regions were selected per slide at 3009

magnification, and then SOX9-positive hepatocytes and

SOX9-positive cholangiocytes within an area of 0.2 mm2 per

portal tract were counted. For immunofluorescence detec-

tion, the following primary antibodies were used on the

FFPE sections: rabbit anti-SOX9 antibody (1 : 4000; AB-

5535; Merck Millipore), rabbit anti-EpCAM antibody

(1 : 4000; ab71916; Abcam), rabbit anti-CK19 antibody

(1 : 300; ab15463; Abcam), mouse anti-HNF4a antibody

(1 : 75; sc-374229; Santa Cruz Biotechnology), and mouse

anti-Hep-par1 antibody (1 : 400; V2341-20UG; NSJ Biore-

agents, San Diego, CA, USA). The anti-SOX9 primary anti-

bodies were detected with anti-rabbit Alexa Fluor 596

(ab150076; Abcam). The anti-HNF4a and anti-Hep-par1

antibodies were incubated with peroxidase-labeled anti-

rabbit secondary antibody (Histofine Simple Stain Max-PO

Kit; Nichirei). The bound secondary antibody was detected

with TSA Fluorescein (SAT701001EA; Perkin Elmer Life

Sciences, Waltham, MA, USA). Nuclei were counterstained

with DAPI. Images were obtained using laser confocal

microscopy (Nikon, Tokyo, Japan).

Statistical analysis

Data are expressed as the mean � SEM. Demographic

data of patients are presented as median and interquartile

range or n (%) for continuous and categorical variables.

Statistical analyses, including Student’s unpaired two-tailed

t-test and Mann–Whitney U-test, were conducted using

GRAPHPAD PRISM version 7 (GraphPad Software, San Diego,

CA, USA). Differences were considered significant when

the P-value was < 0.05.

Results

Serum IL-8 levels in ALF and SLI patients are

significantly elevated

Figure 1 and Table S4 show serum cytokine levels of

ALF and SLI patients; IL-8 levels were the highest

among the measured cytokines. It has been reported

that serum IL-8 levels are elevated following N-acetyl-

p-aminophenol overdose and are predictive of hepato-

cellular damage [32]. In addition, IL-8 levels are signif-

icantly elevated in chronic liver disease patients

depending on the cirrhosis stage [33]. Therefore, we

focused on the effects of IL-8 on mouse mature hepa-

tocytes in subsequent analyses.

IL-8 homologues suppress proliferation of mouse

mature hepatocytes

We determined whether administration of IL-8 homo-

logues KC and MIP-2 affected the proliferative activ-

ity of a mature hepatocyte cell line (AML12) in vitro.

Previous studies have proposed that human IL-8
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induces recruitment and activation of neutrophils to

inflamed sites by two G-protein-coupled receptors:

CXCR1 and CXCR2 [34]. The homologue of human

IL-8 is absent in the mouse genome. The chemokines

KC and MIP-2, which also bind to the CXCR1 and

CXCR2 receptor, compensate as a functional homo-

logue of IL-8 in mice [35,36]. Therefore, we used KC

and MIP-2 in our mouse experiments instead of IL-8.

Before the proliferation assay, we verified whether the

AML12, LPCs, and 603B cell lines expressed the IL-8

receptor protein-encoding genes Cxcr1 and Cxcr2

using reverse transcription PCR. We confirmed that all

cell lines expressed both the Cxcr1 and Cxcr2 genes

(Fig. 2A). The effects of IL-8 on mouse cell prolifera-

tion were evaluated using cell proliferation assays. The

administration of KC and MIP-2 significantly sup-

pressed the proliferation of AML12 cells (Fig. 2B,

left). In contrast, KC and MIP-2 significantly pro-

moted the proliferation of LPCs (Fig. 2B, middle),

whereas KC and MIP-2 did not affect the proliferative

activity of 603B cells (Fig. 2B, right). Incubation with

KC or MIP-2 suppressed cyclin D1 expression in

AML12 cells and upregulated its expression in LPCs

(Fig. 2C).

IL-8 homologues upregulate Sox9 mRNA and

SOX9 protein levels in immortalized mouse

mature hepatocytes

Following the results that KC and MIP-2 suppressed

the proliferation of mature hepatocytes, we examined

the effects of KC and MIP-2 on the differentiation of

these cells. It was reported that TNF-a promotes

phenotypic conversion of mature hepatocytes into

cholangiocytes [37]. Therefore, we hypothesized that

IL-8 induces the conversion of hepatocytes into

cholangiocytic status. mRNA levels of Sox9, a bile

duct-associated gene and liver progenitor marker,

were quantified using qRT-PCR. Administration of

10 ng�mL�1 of KC for 96 h significantly upregulated

Sox9 mRNA levels in AML12 cells (P = 0.0324)

(Fig. 3B). Administration of 10 ng�mL�1 of MIP-2

for 96 h tended to upregulate Sox9 mRNA levels,

but not in a statistically significant manner. Adminis-

tration of TNF-a, a cytokine that induces phenotypic

conversion of mature hepatocytes into cholangiocytes,

also tended to upregulate Sox9 mRNA levels but not

in a statistically significant manner (Fig. S2).

Immunofluorescence staining revealed that SOX9 pro-

tein was expressed in KC- or MIP-2-treated AML12

cells (Fig. 3C). Biliary epithelial cell markers

EpCAM- or CK19-protein was not detected in KC-

or MIP-2-treated AML12 cells (Fig. S3A). Previous

studies have proposed that Notch is the key molecule

that induces transdifferentiation of mature hepato-

cytes into the biliary epithelial cell phenotype

[15,38,39]. Therefore, we assessed if the administra-

tion of Notch inhibitor DAPT inhibits the upregula-

tion of Sox9 mRNA and SOX9 protein levels caused

by an IL-8 homologue. Administration of

10 ng�mL�1 of KC with 10 µM of DAPT inhibited

the upregulation of Sox9 mRNA and SOX9 protein

levels induced by KC (Fig. S4A,B).

IL-8 homologues upregulate Sox9 mRNA and

SOX9 protein levels in primary mouse mature

hepatocytes

Next, we examined the effects of KC and MIP-2

on Sox9 mRNA and SOX9 protein levels in pri-

mary mouse hepatocytes. The purity of the hepato-

cytes was confirmed by flow cytometry which

showed that isolated primary hepatocytes were over

90% pure (Fig. S5). Consistent with previous

reports, isolated primary hepatocytes expressed the

Cxcr2 gene but not Cxcr1 gene [40,41] (Fig. S6).

In these cells, MIP-2 significantly upregulated Sox9

mRNA levels (P = 0.0096) (Fig. 3E). KC also

tended to upregulate Sox9 mRNA levels, but not

in a statistically significant manner. Similar to

AML12 cells, SOX9-expressing cells were observed

in KC- or MIP-2-treated primary hepatocytes

(Fig. 3F). EpCAM- or CK19-protein was not

detected in KC- or MIP-2-treated primary hepato-

cytes (Fig. S3B). Administration of 10 ng�mL�1 of

MIP-2 with 10 µM of DAPT inhibited the upregula-

tion of Sox9 mRNA and SOX9 protein levels

induced by MIP-2 (Fig. S4C,D).

Fig. 1. Serum cytokine levels of ALF and SLI patients. Results are

presented as median and interquartile range.

2109FEBS Open Bio 9 (2019) 2105–2116 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

T. Sasaki et al. IL-8 induces hepatocytes toward a cholangiocytic state



SOX9-positive hepatocytes appear in the

periportal area in liver biopsies of patients with

acute liver injury

To investigate SOX9 expression in the liver tissues of

acute liver injury (ALI) patients, we performed

immunostaining of SOX9 in liver biopsy specimens of

eight ALI patients. Because of bleeding risk associated

with coagulopathy, liver biopsy of ALF patients is

unfeasible during clinical practice. On the other hand,

ALI patients have a low bleeding risk compared to

ALF or SLI, and therefore immunostaining of liver

biopsy specimens was performed in ALI patients. ALI

is defined as an acute hepatic illness of < 26 weeks with

a PT-INR less than 1.5 and without preexisting chronic

liver disease. Intriguingly, SOX9-positive hepatocytes

were observed in a small portion of the periportal area,

as well as in preexisting cholangiocytes. It has been

shown that SOX9-positive hepatocytes are present even

in normal liver tissue [21]. Therefore, we used a liver

biopsy specimen of a patient with simple steatosis,

which is assumed to have neither bile ducts nor prolifer-

ating SOX9-positive hepatocytes, as a control. The

number of SOX9-positive hepatocytes was significantly

higher in ALI patients than in the simple steatosis

patients (P = 0.0121) (Fig. 4A). Next, we evaluated

whether SOX9-positive cells observed in the periportal

area expressed the conventional mature hepatocyte

markers HNF4a and Hep-par1. Double immunofluo-

rescence staining of serial liver sections demonstrated

that SOX9/HNF4a and SOX9/Hep-par1 double-posi-

tive cells were observed in the periportal area (Fig. 4B–
D). We further examined the expression of EpCAM

and CK19 to characterize SOX9-positive cells.

EpCAM/HNF4a or CK19/HNF4a double-positive cells

were not observed in these liver sections, and SOX9/

HNF4a double-positive cells were not coexpressed with

CK19 (Fig. S7A–C). In addition, serum IL-8 levels were

elevated during the clinical course of each patient,

including the timing of liver biopsy. Serum CXCL1 and

CXCL2 levels were also elevated (Fig. S8). Serum IL-8

levels were significantly higher in ALI patients than in

the simple steatosis patients (P = 0.0485) (Fig. S9).

Discussion

In this study, we show that, among various plasma

cytokines, IL-8 was significantly elevated in ALF and

SLI patients. We also show that the IL-8 homo-

logues KC and MIP-2 induced expression of SOX9,

a biliary epithelial/liver progenitor cell marker, in

Fig. 2. Effects of KC and MIP-2 on the proliferative activity of mouse liver cell lines. (A) Cxcr1 and Cxcr2 mRNA levels in AML12, LPCs, and

603B cells. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) mRNA was used as the internal control. (B) Cell viability of AML12, LPCs,

and 603B cells were estimated in response to administration with KC or MIP-2 (100 pg�mL�1, 1 ng�mL�1, or 10 ng�mL�1). Student’s

unpaired t-test was performed to compare treated and control samples. Results are presented as mean � SEM (n = 3), *P < 0.05. (C)

Western blotting analysis was performed using cell lysates of AML12 and LPCs and antibodies specific for cyclin D1 as indicated. Both

AML12 and LPCs were treated with KC or MIP-2 (100 pg�mL�1, 1 ng�mL�1, or 10 ng�mL�1). b-Actin was used as the internal control.
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mouse mature hepatocytes in vitro. Moreover, in liver

biopsy specimens of ALI patients, we demonstrate

that SOX9-positive hepatocytes appeared in the liver

parenchyma accompanied by elevation of IL-8 levels.

SOX9-positive hepatocytes, a liver cell population

located in the portal triads of healthy livers, undergo

extensive proliferation in a murine chronic liver

injury model [21]. Accumulating evidence has shown

that SOX9-positive hepatocytes appear in fibrotic

processes in chronic liver disease patients [42,43].

Our immunohistochemical staining results of liver

biopsy specimens indicate that SOX9-positive hepato-

cytes also increase in human ALI patients. An

important question for the future is to determine the

pathophysiological role of the increase in these cell

populations.

Fig. 3. Gene expression and immunohistochemical analysis of SOX9. (A) Timeline of experimental protocols of AML12 for quantitative

reverse transcription PCR (qRT-PCR) and immunofluorescence labeling of cells. AML12 cells were seeded at 5.0 9 104 cells�mL�1 into 6-

well plates (1.5 9 105 cells/well). After incubation for 24 h, medium with 10 ng�mL�1 of KC or MIP-2 was changed at 24 and 72 h. (B) Sox9

mRNA levels in AML12 cells collected after 120 h of incubation was determined using qRT-PCR. mRNA levels were normalized using 18s

rRNA as a housekeeping gene. Student’s unpaired two-tailed t-test was performed. Results are represented as mean � SEM (n = 3). (C)

Immunofluorescent staining of SOX9 in AML12 cells treated with or without KC and MIP-2 after 120 h of incubation. The number of SOX9-

positive cells was quantified per 50 cells. Fisher’s exact test was performed to compare treated and control samples. Scale bar, 100 lm.

(D) Timeline of the experimental protocols of primary hepatocytes for qRT-PCR and immunofluorescence labeling of cells. Primary

hepatocytes were seeded at 1.0 9 105 cells�mL�1 into 6-well plates (2.0 9 105 cells/well). After incubation for 24 h, medium with

10 ng�mL�1 of KC or MIP-2 was changed at 24 and 48 h. (E) Sox9 mRNA levels in primary hepatocytes collected after 72 h of incubation

was determined using qRT-PCR. mRNA levels were normalized using 18s rRNA as a housekeeping gene. Student’s unpaired two-tailed t-

test was performed. Results are represented as mean � SEM (n = 3). (F) Immunofluorescent staining of SOX9 in primary hepatocytes

treated with or without KC and MIP-2 after 72 h of incubation. Primary hepatocytes were cultured in the absence or presence of

10 ng�mL�1 of KC or MIP-2. The number of SOX9-positive cells was quantified per 50 cells. Fisher’s exact test was performed to compare

treated and control samples. Scale bar, 100 lm. PH, primary hepatocyte.

2111FEBS Open Bio 9 (2019) 2105–2116 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

T. Sasaki et al. IL-8 induces hepatocytes toward a cholangiocytic state



We have previously shown that plasma of ALF

patients promotes the proliferation of LPCs [22]. Addi-

tionally, using our murine hepatectomy model that

involves reactions to acute local injury with inflamma-

tion, we have demonstrated that immature biliary

epithelial cells appear in the injury front [23]. From

Fig. 4. Colorimetric immunohistochemical staining and immunofluorescent detection of liver biopsy specimens. (A) SOX9 staining of liver

biopsy specimens of ALI and SS patients. Mean � SEM (SS, n = 3; ALI, n = 8). (B) A 53-year-old woman with autoimmune hepatitis. (C) A

35-year-old man with acute hepatitis A. (D) A 64-year-old man with acute hepatitis B. Scale bars: 100 lm for colorimetric

immunohistochemical staining images and 30 µm for immunofluorescent staining images. SS, simple steatosis.
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these studies, we hypothesized that some inflammatory

cytokines are substantially responsible for the induc-

tion of cells with bipotency. Recently, it has been sug-

gested that mature hepatocytes might transdifferentiate

into a cholangiocyte phenotype and be the origin of

bipotential cells [13–15]. In our present study, IL-8

had the highest levels among the measured cytokines

in plasma of ALF and SLI patients. We also con-

firmed that serum IL-8 levels were elevated when

SOX9-positive hepatocytes were observed in the liver

biopsy specimens. Therefore, IL-8 is considered a can-

didate for triggering the phenotypic conversion of

mature hepatocytes to cholangiocytes in plasma of

ALF patients.

Few studies have focused on the relationship between

cytokines and SOX9 expression in mature hepatocytes.

It has been reported that TNF-a is responsible for

inducing the morphological change of hepatocytes into

biliary epithelial cells in vitro [37]. IL-8/CXCL8 is a

member of the CXC chemokine family that attracts and

activates neutrophils in inflammatory regions [44]. It

has been reported that serum IL-8 levels are elevated in

N-acetyl-p-aminophenol overdose patients and are pre-

dictive of hepatocellular damage [32]. In addition, IL-8

levels are significantly elevated in the plasma as well as

in the liver of chronic liver disease patients depending

on the stage of cirrhosis [33]. Our in vitro experiments

show that the IL-8 homologues KC and MIP-2 induce

SOX9 expression in mouse mature hepatocytes. These

findings support the concept that inflammatory cytoki-

nes induce phenotypic conversion of mature hepatocytes

into cholangiocytes.

A previous study reported that SOX9 is a direct target

of Notch signaling [20]. Activation of Notch signaling in

mature hepatocytes results in the conversion to a biliary

epithelial cell phenotype with increasing SOX9 expres-

sion levels [15,38,39]. Our in vitro experiments suggested

that phenotypic conversion from hepatocytes to cholan-

giocytes, induced by IL-8 homologues, is associated

with Notch signaling pathways.

In conclusion, our data support the concept that

immature bile duct phenotypic cells may derive from

mature hepatocytes in an inflammatory environment.

This molecular mechanism is expected to be conserved

in human ALI. These findings may provide insight

into the significance of hepatocyte plasticity during the

process of liver injury as well as for elucidating the

pathology of acute liver diseases.

Acknowledgements

This work was supported by the Japan Society for the

Promotion of Science Grant-in-Aid for Scientific

Research (16K09370 and 19K08475, YT; and

18K15825, YS) and by the Keiryokai Research Foun-

dation (No. 121, TS; and No. 132, YS). This study

was conducted with the support of the Ministry of

Health, Labour and Welfare as an official project by

the Intractable Hepato-Biliary Diseases Study Group

of Japan. We thank Y. Seki for her technical assis-

tance with flow cytometry.

Conflicts of interest

The authors declare no conflict of interest.

Author contributions

TSa carried out most experiments, analyzed the data,

and wrote the manuscript. YS designed and supervised

the study and wrote the manuscript. TW and HA per-

formed primary hepatocyte isolation experiments. AS

supported cell culture and immunofluorescence assays.

KK performed Bio-plex assays, cell proliferation

assays, and western blotting. KI and TSu provided

liver biopsy specimens. YT critically revised and final-

ized the manuscript.

References

1 Edwards JL and Klein RE (1961) Cell renewal in adult

mouse tissues. Am J Pathol 38, 437–453.
2 Wabik A and Jones PH (2015) Switching roles: the

functional plasticity of adult tissue stem cells. Embo J

34, 1164–1179.
3 Wang B, Zhao L, Fish M, Logan CY and Nusse R

(2015) Self-renewing diploid Axin2(+) cells fuel

homeostatic renewal of the liver. Nature 524, 180–185.
4 Malato Y, Naqvi S, Schurmann N, Ng R, Wang B,

Zape J, Kay MA, Grimm D and Willenbring H (2011)

Fate tracing of mature hepatocytes in mouse liver

homeostasis and regeneration. J Clin Invest 121, 4850–
4860.

5 Miyaoka Y, Ebato K, Kato H, Arakawa S, Shimizu S

and Miyajima A (2012) Hypertrophy and

unconventional cell division of hepatocytes underlie

liver regeneration. Curr Biol 22, 1166–1175.
6 Demetris AJ, Seaberg EC, Wennerberg A, Ionellie J

and Michalopoulos G (1996) Ductular reaction after

submassive necrosis in humans. Special emphasis on

analysis of ductular hepatocytes. Am J Pathol 149, 439–
448.

7 Gouw AS, Clouston AD and Theise ND (2011)

Ductular reactions in human liver: diversity at the

interface. Hepatology 54, 1853–1863.
8 Roskams TA, Theise ND, Balabaud C, Bhagat G,

Bhathal PS, Bioulac-Sage P, Brunt EM, Crawford JM,

2113FEBS Open Bio 9 (2019) 2105–2116 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

T. Sasaki et al. IL-8 induces hepatocytes toward a cholangiocytic state



Crosby HA, Desmet V et al. (2004) Nomenclature of

the finer branches of the biliary tree: canals, ductules,

and ductular reactions in human livers. Hepatology 39,

1739–1745.
9 Turanyi E, Dezso K, Csomor J, Schaff Z, Paku S and

Nagy P (2010) Immunohistochemical classification of

ductular reactions in human liver. Histopathology 57,

607–614.
10 Miyajima A, Tanaka M and Itoh T (2014) Stem/

progenitor cells in liver development, homeostasis,

regeneration, and reprogramming. Cell Stem Cell 14,

561–574.
11 Roskams TA, Libbrecht L and Desmet VJ (2003)

Progenitor cells in diseased human liver. Semin Liver

Dis 23, 385–396.
12 Bird TG, Lorenzini S and Forbes SJ (2008) Activation

of stem cells in hepatic diseases. Cell Tissue Res 331,

283–300.
13 Tanimizu N, Nishikawa Y, Ichinohe N, Akiyama H

and Mitaka T (2014) Sry HMG box protein 9-positive

(Sox9+) epithelial cell adhesion molecule-negative

(EpCAM-) biphenotypic cells derived from hepatocytes

are involved in mouse liver regeneration. J Biol Chem

289, 7589–7598.
14 Tarlow BD, Pelz C, Naugler WE, Wakefield L, Wilson

EM, Finegold MJ and Grompe M (2014) Bipotential

adult liver progenitors are derived from chronically

injured mature hepatocytes. Cell Stem Cell 15, 605–618.
15 Yanger K, Zong Y, Maggs LR, Shapira SN, Maddipati

R, Aiello NM, Thung SN, Wells RG, Greenbaum LE

and Stanger BZ (2013) Robust cellular reprogramming

occurs spontaneously during liver regeneration. Genes

Dev 27, 719–724.
16 Furuyama K, Kawaguchi Y, Akiyama H, Horiguchi M,

Kodama S, Kuhara T, Hosokawa S, Elbahrawy A,

Soeda T, Koizumi M et al. (2011) Continuous cell

supply from a Sox9-expressing progenitor zone in adult

liver, exocrine pancreas and intestine. Nat Genet 43, 34–
41.

17 Lefebvre V and Dvir-Ginzberg M (2017) SOX9 and the

many facets of its regulation in the chondrocyte lineage.

Connect Tissue Res 58, 2–14.
18 Seymour PA, Freude KK, Tran MN, Mayes EE,

Jensen J, Kist R, Scherer G and Sander M (2007)

SOX9 is required for maintenance of the pancreatic

progenitor cell pool. Proc Natl Acad Sci USA 104,

1865–1870.
19 Stolt CC, Lommes P, Sock E, Chaboissier MC, Schedl

A and Wegner M (2003) The Sox9 transcription factor

determines glial fate choice in the developing spinal

cord. Genes Dev 17, 1677–1689.
20 Antoniou A, Raynaud P, Cordi S, Zong Y, Tronche F,

Stanger BZ, Jacquemin P, Pierreux CE, Clotman F and

Lemaigre FP (2009) Intrahepatic bile ducts develop

according to a new mode of tubulogenesis regulated by

the transcription factor SOX9. Gastroenterology 136,

2325–2333.
21 Font-Burgada J, Shalapour S, Ramaswamy S, Hsueh B,

Rossell D, Umemura A, Taniguchi K, Nakagawa H,

Valasek MA, Ye L et al. (2015) Hybrid periportal

hepatocytes regenerate the injured liver without giving

rise to cancer. Cell 162, 766–779.
22 Wang T, Takikawa Y, Watanabe A, Kakisaka K,

Oikawa K, Miyamoto Y and Suzuki K (2014)

Proliferation of mouse liver stem/progenitor cells

induced by plasma from patients with acute liver failure

is modulated by P2Y2 receptor-mediated JNK

activation. J Gastroenterol 49, 1557–1566.
23 Suzuki Y, Katagiri H, Wang T, Kakisaka K, Kume K,

Nishizuka SS and Takikawa Y (2016) Ductular

reactions in the liver regeneration process with local

inflammation after physical partial hepatectomy. Lab

Invest 96, 1211–1222.
24 Yasumi Y, Takikawa Y, Endo R and Suzuki K (2007)

Interleukin-17 as a new marker of severity of acute

hepatic injury. Hepatol Res 37, 248–254.
25 Koch DG, Speiser JL, Durkalski V, Fontana RJ,

Davern T, McGuire B, Stravitz RT, Larson AM, Liou

I, Fix O et al. (2017) The natural history of severe

acute liver injury. Am J Gastroenterol 112, 1389–1396.
26 Polson J and Lee WM (2005) AASLD position paper:

the management of acute liver failure. Hepatology 41,

1179–1197.
27 Mano Y, Ishii M, Kisara N, Kobayashi Y, Ueno Y,

Kobayashi K, Hamada H and Toyota T (1998) Duct

formation by immortalized mouse cholangiocytes: an

in vitro model for cholangiopathies. Lab Invest 78,

1467–1468.
28 Okabe M, Tsukahara Y, Tanaka M, Suzuki K, Saito S,

Kamiya Y, Tsujimura T, Nakamura K and Miyajima A

(2009) Potential hepatic stem cells reside in EpCAM+

cells of normal and injured mouse liver. Development

136, 1951–1960.
29 Lindros KO and Penttila KE (1985) Digitonin-

collagenase perfusion for efficient separation of

periportal or perivenous hepatocytes. Biochem J 228,

757–760.
30 Ishiyama M, Miyazono Y, Sasamoto K, Ohkura Y and

Ueno K (1997) A highly water-soluble disulfonated

tetrazolium salt as a chromogenic indicator for NADH

as well as cell viability. Talanta 44, 1299–1305.
31 Barreyro FJ, Kobayashi S, Bronk SF, Werneburg NW,

Malhi H and Gores GJ (2007) Transcriptional

regulation of Bim by FoxO3A mediates hepatocyte

lipoapoptosis. J Biol Chem 282, 27141–27154.
32 James LP, Farrar HC, Darville TL, Sullivan JE, Givens

TG, Kearns GL, Wasserman GS, Simpson PM, Hinson

JA and Pediatric Pharmacology Research Unit

Network, National Institute of Child Health and

Human Development (2001) Elevation of serum

2114 FEBS Open Bio 9 (2019) 2105–2116 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

IL-8 induces hepatocytes toward a cholangiocytic state T. Sasaki et al.



interleukin 8 levels in acetaminophen overdose in

children and adolescents. Clin Pharmacol Ther 70,

280–286.
33 Zimmermann HW, Seidler S, Gassler N, Nattermann J,

Luedde T, Trautwein C and Tacke F (2011)

Interleukin-8 is activated in patients with chronic liver

diseases and associated with hepatic macrophage

accumulation in human liver fibrosis. PLoS ONE 6,

e21381.

34 Holmes WE, Lee J, Kuang WJ, Rice GC and Wood

WI (1991) Structure and functional expression of a

human interleukin-8 receptor. Science 253,

1278–1280.
35 Lee J, Cacalano G, Camerato T, Toy K, Moore MW

and Wood WI (1995) Chemokine binding and activities

mediated by the mouse IL-8 receptor. J Immunol 155,

2158–2164.
36 Hol J, Wilhelmsen L and Haraldsen G (2010) The

murine IL-8 homologues KC, MIP-2, and LIX are

found in endothelial cytoplasmic granules but not in

Weibel-Palade bodies. J Leukoc Biol 87, 501–508.
37 Nagahama Y, Sone M, Chen X, Okada Y, Yamamoto

M, Xin B, Matsuo Y, Komatsu M, Suzuki A, Enomoto

K et al. (2014) Contributions of hepatocytes and bile

ductular cells in ductular reactions and remodeling of

the biliary system after chronic liver injury. Am J

Pathol 184, 3001–3012.
38 Zong Y, Panikkar A, Xu J, Antoniou A, Raynaud P,

Lemaigre F and Stanger BZ (2009) Notch signaling

controls liver development by regulating biliary

differentiation. Development 136, 1727–1739.
39 Jeliazkova P, Jors S, Lee M, Zimber-Strobl U, Ferrer J,

Schmid RM, Siveke JT and Geisler F (2013) Canonical

Notch2 signaling determines biliary cell fates of

embryonic hepatoblasts and adult hepatocytes

independent of Hes1. Hepatology 57, 2469–2479.
40 Fan X, Patera AC, Pong-Kennedy A, Deno G,

Gonsiorek W, Manfra DJ, Vassileva G, Zeng M,

Jackson C, Sullivan L et al. (2007) Murine CXCR1 is a

functional receptor for GCP-2/CXCL6 and interleukin-

8/CXCL8. J Biol Chem 282, 11658–11666.
41 Clarke C, Kuboki S, Sakai N, Kasten KR, Tevar AD,

Schuster R, Blanchard J, Caldwell CC, Edwards MJ

and Lentsch AB. CXC chemokine receptor-1 is

expressed by hepatocytes and regulates liver recovery

after hepatic ischemia/reperfusion injury. Hepatology

53, 261–271.
42 Athwal VS, Pritchett J, Llewellyn J, Martin K,

Camacho E, Raza SM, Phythian-Adams A, Birchall LJ,

Mullan AF, Su K et al. (2017) SOX9 predicts

progression toward cirrhosis in patients while its loss

protects against liver fibrosis. EMBO Mol Med 9,

1696–1710.
43 Yoshii D, Yokouchi Y, Suda H and Inomata Y (2016)

SOX9-positive hepatocytes mediate the progression of

ductular reaction in biliary atresia. Int J Clin Exp

Pathol 9, 5077–5086.
44 Bickel M (1993) The role of interleukin-8 in

inflammation and mechanisms of regulation. J

Periodontol 64, 456–460.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Macroscopic view of mouse liver after perfu-

sion with liver perfusion medium containing 4 mg/mL

digitonin.

Fig. S2. Quantitative reverse transcription PCR of

Sox9 mRNA. AML12 cells were cultured in the

absence or presence of 10 ng/mL TNF-a. mRNA

levels were normalized using 18s rRNA as a house-

keeping gene. Student’s unpaired two-tailed t-test was

performed. Results are represented as mean � s.e.m.

(n = 3).

Fig. S3. Immunofluorescent staining of EpCAM and

CK19 in mouse hepatocytes. (A) EpCAM and CK19

staining in 603B and AML12 cells treated with or

without KC and MIP-2 after 120 h of incubation.

Scale bar, 100 lm. (B) EpCAM and CK19 staining in

primary hepatocytes treated with or without KC and

MIP-2 after 72 h of incubation. Scale bar, 100 lm.

PH, primary hepatocyte.

Fig. S4. Effects of Notch signaling on Sox9 mRNA

and SOX9 protein levels in mouse liver cells. (A) Sox9

mRNA levels in AML12 cells in response to treatment

with 10 ng/mL of KC, 10 lM of DAPT, and their

combination. After incubation for 24 h, medium with

10 ng/mL of KC, 10 lM of DAPT, and their combi-

nation was changed at 24 h and 72 h. Sox9 mRNA

levels in AML12 cells collected after 120 h of incuba-

tion was determined using quantitative reverse tran-

scription PCR (qRT-PCR). mRNA levels were

normalized using 18s rRNA as a housekeeping gene.

Student’s unpaired two-tailed t-test was performed.

Results are represented as mean � s.e.m. (n = 3). (B)

Immunofluorescent staining of SOX9 in AML12 cells

treated with 10 ng/mL of KC, 10 lM of DAPT, and

their combination after 120 h of incubation. Scale bar,

100 lm. (C) Sox9 mRNA levels in primary hepato-

cytes in response to treatment with 10 ng/mL of MIP-

2, 10 lM of DAPT, and their combination. After

incubation for 24 h, medium with 10 ng/mL of MIP-2,

10 lM of DAPT, and their combination was changed

at 24 h and 48 h. Sox9 mRNA levels in primary hepa-

tocytes collected after 72 h of incubation was deter-

mined using qRT-PCR. mRNA levels were normalized
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using 18s rRNA as a housekeeping gene. Student’s

unpaired two-tailed t-test was performed. Results are

represented as mean � s.e.m. (n = 3). (D) Immunoflu-

orescent staining of SOX9 in primary hepatocytes trea-

ted with 10 ng/mL of MIP-2, 10 lM of DAPT, and

their combination after 72 h of incubation. Scale bar,

100 lm. PH, primary hepatocyte.

Fig. S5. Flow cytometric analysis of primary mouse

hepatocyte purity.

Fig. S6. Cxcr1 and Cxcr2 mRNA levels in primary

mouse hepatocytes. Gapdh was used as the internal

control.

Fig. S7. Immunofluorescent detection of liver biopsy

specimens. (A) A 53-year-old woman with autoim-

mune hepatitis. (B) A 35-year-old man with acute hep-

atitis A. (C) A 64-year-old man with acute hepatitis B.

Scale bars: 50 lm for immunofluorescent staining

images. Arrows indicate SOX9/HNF4a double positive

cells.

Fig. S8. Serum CXCL1 and CXCL2 levels in acute liver

injury patients. (A) A 53-year-old woman with autoim-

mune hepatitis. (B) A 35-year-old man with acute hep-

atitis A. (C) A 64-year-old man with acute hepatitis B.

Fig. S9. Serum interleukin (IL)-8 levels of simple

steatosis and acute liver injury patients. Mann-Whit-

ney U-test was performed. Results are represented as

mean � s.e.m. (SS, n = 3; ALI, n = 8) SS, simple

steatosis. ALI, acute liver injury.

Table S1. Definition of ALF, SLI and ALI patients.

Table S2. Primers used for semi-quantitative RT-PCR

analysis.

Table S3. Primers used for quantitative real-time PCR

analysis.

Table S4. Serum cytokine levels in ALF and SLI patients.
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