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A B S T R A C T

Background and Aims: ACLF is usually associated with a precipitant in the setting of a chronically damaged liver.
We aim to combine a mouse model with a pre-injured liver (Abcb4/Mdr2−/−) with a recently standardized
ethanol feeding model to dissect alcohol-related inflammatory responses in this model.
Method: Ten (n=64) and 15 (n=64) week old wild-type (WT) C57BL/6 J and Abcb4−/− knock-out (KO) mice
were either fed control (WT/Cont and KO/Cont groups) or liquid ethanol diet (5% v/v) followed by an ethanol
binge (4mg/kg) (WT/EtOH and KO/EtOH groups). Hepatic mRNA levels of IL6, IFN-G, IL-1B, TGFB1, TNF-A,
CCL2, HGF, CRP, RANTES, PNPLA3 and COL3A1 were evaluated using the 2−ΔΔCt method. IL6 and HGF plasma
levels were quantified by ELISA.
Results: Older mice in KO/EtOH group displayed higher IL6 expressions compared to KO/Cont, WT/EtOH and
WT/Cont groups of the same age, whereas HGF did not differ. Significant over-expression of CCL2 also corre-
sponded to the same group. Males in KO/EtOH group exhibited higher IL6 expression than females. Lipid
droplets were observed in about 80% of mice challenged with ethanol. There was a profound downregulation in
PNPLA3 and RANTES levels after ethanol exposure. Mean size of the LDs was inversely correlated with hepatic
PNPLA3 levels.
Conclusion: We propose a novel promising approach to model alcohol-related ACLI. Acute inflammatory IL6-
driven response might help transition from a stable chronic state to a progressive liver damage in Abcb4−/−

mice. Repression of PNPLA3 resulted in a notable expansion in size of lipid droplets, indicating lipid remodeling
in this model.

1. Introduction

Alcoholic liver disease (ALD), as the name implies, is generally re-
garded as the liver injury resulting from alcohol abuse. Alcohol con-
sumption is globally common and thus, alcohol is one of the major
causes of liver diseases worldwide with a wide spectrum of liver related
disorders ranging from fatty liver to severe types of liver injury such as
cirrhosis, liver failure, and hepatocellular carcinoma [1,2]. These dis-
eases are chronic and characterized by persistent hepatic inflammation
with complex pathophysiological mechanisms. An acute hepatic insult
in this setting, on the other hand, may result in the aggravation of pre-
existing liver injury. The clinical outcome of such an acute insult may
either be the deterioration of liver function, which further worsens the
pathobiochemical and histopathological abnormalities as in the case of
acute-on-chronic liver injury (ACLI) or the failure of one or more organs
with a high short and medium term mortality rate of 50–90%, which is

the case in acute-on-chronic liver failure (ACLF) [3,4]. Liver injury in
these acute-on-chronic complications is usually associated with under-
lying precipitating events, with bacterial infections and/or acute al-
cohol excess being the most frequent precipitants [5]. In a recent study,
severe systemic inflammatory response (SIRS) has been suggested to be
associated with the rapid progression of liver disease from compensated
cirrhosis to ACLF, in which different cytokine profiles have been
identified depending on the precipitant [6]. SIRS was found to be more
frequently present in patients with active alcoholism/acute alcoholic
hepatitis in this study, implying the significance of alcohol as the trigger
event of excessive inflammatory responses. Other studies in patients
with acute deterioration of alcoholic cirrhosis also confirmed the pre-
sence of SIRS in these patients [7,8]. Despite the evidence of a dysre-
gulated immune response playing a key role in the development of the
disease, alcohol related ACLI and/or ACLF have not been described and
characterized in vivo so far. Even though the underlying mechanism is
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still unknown, not only alcohol consumption itself but also the drinking
pattern of an individual has been documented to profoundly affect al-
coholic liver injury [9,10].

The recently developed chronic-plus-binge alcohol feeding model
(NIAAA mouse model) by the National Institute on Alcohol Abuse and
Alcoholism (NIAAA) mimics the drinking pattern of alcoholic liver
disease patients who have a background of chronic drinking for years
and a recent history of excessive alcohol intake (binge) [11,12]. This
chronic-plus-binge model was shown to induce hepatic steatosis, liver
injury and inflammation in the settings of elevated blood alcohol con-
centrations in C57BL/6 inbred mice, which is an alcohol-preferring
strain and therefore the preferred strain for ad libitum ethanol chal-
lenge. Abcb4 (or Mdr2) knock-out mice (Abcb4−/−) on the other hand,
which lack the hepatobiliary phosphatidylcholine translocator, have
been shown to develop chronic liver inflammation and progressive
hepatic fibrosis, eventually followed by hepatocellular carcinoma
(HCC) at later age [13–15]. ABCB4 is the ATP-dependent phosphati-
dylcholine (PC) translocating protein that flops PC across the canali-
cular membrane of hepatocytes. PC is an essential component of
forming vesicles to reduce the toxic activity of bile acids, the absence of
which contributes to the pathogenesis of liver injury in Abcb4−/− mice.
During the past years, the knockout has been transferred from the
original FVB/NJ to the C57BL6/J background and has been extensively
characterized in our group to allow comparison with the alcohol-pre-
ferring C57BL/6 inbred line mice as wild-type controls.

The current study, therefore, aims to adopt/combine the NIAAA
chronic-plus binge ethanol feeding model with the Abcb4−/− model in
order to evaluate the deleterious effects of alcohol-induced mechanisms
in the setting of pre-injured liver and dissect alcohol-related in-
flammatory responses in this novel pre-clinical model.

2. Materials and methods

2.1. Mouse model

A total of 128 mice were included in the study. Ten and 15week old
C57BL/6 J wild-type mice (n=32 for each age) and Abcb4−/− mice
(n=32 for each age) were housed under environmentally controlled
conditions (temperature, humidity 12 h/12 h dark/light cycle) and
were divided in two groups. Equal numbers of mice from each gender
are included in the study (8 males, 8 females) in each group. Mice were
weighed daily (Supplementary Figs. 1 and 2). Diets and sample pro-
cessing was adapted from the previously established ethanol feeding
model (NIAAA model) [11]. Briefly, all mice were first fed with an ad
libitum liquid diet for acclimatization to tube feeding with control liquid
diet (Rodent liquid diet, Lieber-Decarli´82, Bio-Serv, Frenchtown, NJ)
for a period of five days. At the end of 5th day, mice were either fed
control liquid diet (WT/Cont and KO/Cont groups) for a period of
10 days followed by isocaloric maltose dextrin gavage (9 g/kg body
weight) or Lieber-De Carli ethanol liquid diet (Rodent liquid diet,
Lieber-Decarli´82-Ethanol, Bio-Serv, Frenchtown, NJ, 4% v/v) followed
by an acute ethanol binge (4mg/kg body weight, WT/EtOH and KO/
EtOH groups). Mice were sacrificed 7–9 h after gavage. Plasma samples
were collected from blood taken from the inferior vena cava and liver
tissue samples were frozen in liquid nitrogen and stored at −80 °C for
further use. All experimental protocols were carried out in line with the
relevant welfare regulations and the Animal Care and Use Committee
for Saarland University and were approved by Saarland University
Animal Ethics Committee (TV 44/2015).

2.2. Hepatic gene expression and relative quantification analyses

Total RNA was extracted from snap-frozen liver tissue samples by
RNeasy Mini Kit (Qiagen, Hilden, Germany). The High Capacity cDNA
Reverse Transcription Kit (Life Technologies, Carlsbad, CA) was used
for cDNA transcription of 1 μg of extracted RNA. Interleukin 6 (ll-6;

Mm00446191_m1), C-reactive protein (Crp;
Mm00432680_g1), Collagen 3α1 (Col3a1;Mm01254476_m1),

Hepatocyte Growth Factor (Hgf, Mm01135184_m1), Regulated upon
activation, normal T cell expressed and secreted (Rantes,
Mm013002427_m1), Patatin-like phospholipase domain-containing
protein 3 (Pnpla3, Mm00504420_m1), Monocyte chemo-attractant
protein 1 (Mcp1/Ccl2, Mm00441242_m1), Interferon-γ (Ifng,
Mm01168134_m1), Interleukin-1β (Il1b, Mm00434228-m1),
Transforming growth factor-β1 (Tgfb1, Mm01178820_m1), Tumor ne-
crosis factor-α (Tnfa, Mm00443258_m1) and Glyceraldehyde-3-phos-
phate dehydrogenase (Gapdh, Mm99999915_g1) pre-designed Taqman
gene expression assays (Applied Biosystems/Thermo Scientific, Foster
city, CA, USA) were carried out on the Taqman 7500 Fast Real-Time
PCR System. ΔΔCt algorithm was used to analyze the relative changes
in expressions, where Gapdh served as endogenous control.

2.3. Determination of plasma biochemical markers

The plasma samples were diluted with 0.9% (v/v) NaCl and levels of
alanine aminotransferase ALT, aspartate aminotransferase AST, and
alkaline phosphatase AP (Roche Cobas 8000 c702 modular analyzer) as
well as ethanol (EtOH) (Roche Cobas 8000 c502 modular analyzer)
were determined in the central laboratory of Saarland University
Medical Center.

2.4. Characterization of liver fibrosis and inflammation

Collagen accumulation in liver was evaluated by relative quantifi-
cation of Col3A1 (see above), Sirius Red histochemistry and the col-
lagen specific amino acid hydroxyproline (Hyp) content. For histo-
pathological analysis, 5 μm thick formalin-fixed (4%, v/v), paraffin-
embedded liver sections were stained by Sirius Red [16]. Liver fibrosis
was then quantified using a histomorphometric semi-automatic system
for image analysis (Leica microscope, equipped with Leica application
suite software; Wetzlar, Germany). The percentage of collagenous area
was calculated from five randomly chosen microscopic fields in each
liver section. Hyp was measured photometrically from liver hydro-
lysates with a protocol adapted from Jamall et al. [17].

For assessment of inflammation, hepatic Crp levels were relatively
quantified as described above and 5 μm formalin-fixed (4%, v/v), par-
affin-embedded liver sections were stained with hematoxylin-eosin (H&
E) [16]. H&E stained sections were also used to measure the diameters
of lipid droplets by light microscopy. Briefly, the average diameter of
lipid droplets for each sample was calculated from 20 to 30 lipid dro-
plets randomly chosen in H&E stained microscopic sections with the
help of Leica application suite software.

2.5. Determination of plasma IL-6 and HGF levels

A subset of mice (n=4–5 for each group) was used to assay the IL-6
and HGF levels in plasma by ELISA. Plasma HGF levels were de-
termined with the Mouse/Rat HGF Quantikine ELISA kit (R&D Systems,
Cat # MHG00), and plasma IL-6 levels were measured with the mouse
IL-6 Quantikine ELISA Kit (R&D Systems, Cat # M6000B).

2.6. Immunohistochemistry (IHC)

Inflammatory infiltrates were identified by IHC staining of paraffin-
embedded liver tissue sections for CD45 (Biolegend), CD4 (Abcam),
CD11b (Abcam) and F4/80 (Abcam). In brief, 3 μm thick paraffin slides
were deparaffinised in a descending alcohol series, followed by antigen
retrevial in 10mM citrate buffer (pH 6.0) in a microwave oven (600W,
15min). Endogenous peroxidase was blocked by incubation for 20min
in 3% (v/v) H2O2 in PBS. Blocking with an avidin and biotin system
(Dako) was followed by washing steps with PBS. Samples were then
incubated with the primary antibody (1:100, 1:4000, 1:1000 and 1:400
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dilutions in 2% (w/v) milk powder in PBS for CD45, CD4, CD11b and
F4/80, respectively) over night at 4 °C (for CD45 and CD4) or 1 h at
37 °C (for CD11b and F4/80). Secondary antibody (biotinylated-goat-
anti-rabbit, 1:100 diluted in 2% (w/v) milk powder in PBS) and ABC
complex (Vectastain) were applied afterwards. Finally, nuclei were
counter-stained with Mayer's hematoxylin.

2.7. Statistical analysis

Statistical analysis was performed by SPSS v18.0 (IBM Corp.,
Armonk, NY, USA). Group differences were estimated by analysis of
variance (ANOVA) [18], including post hoc (Bonferroni) correction for
multiple testing. All values are presented as mean ± standard error
[19]. p-Values < 0.05 were regarded as significant.

3. Results

3.1. Assessment of liver fibrosis

Regardless of age, fibrosis stages ranging from none (wild-type
mice) to bridging fibrosis (knock-out mice challenged with ethanol)
were observed in our mice as shown by Sirius red staining of liver
sections (Fig. 1A). Relative hepatic mRNA levels of Col3a1 (Fig. 1B) and
hydroxyproline contents (Fig. 1D) also demonstrated higher expressions
of collagen in the knock-out compared to wild-type mice. Panel C of
Fig. 1 illustrates that collagen areas (%), calculated by histological
evaluation of paraffin-embedded liver sections with a semi-quantitative
scoring system (fibrosis scores), were also in line with hydroxyproline
contents and relative quantification of Col3a1 expression, showing
significant collagen accumulation in Abcb4 knock-out mice. Although
hydroxyproline assay and collagen area calculation revealed higher
collagen levels in mice challenged with ethanol (Fig. 1C and D), this
increase was not significant when compared to control diet fed coun-
terparts.

3.2. Plasma biochemical markers and ethanol levels

Plasma ethanol levels were found to be highly increased in ethanol
challenged knock-out and wild-type mice of both groups as expected
(p < 0.001) Although not significant, higher plasma activities of ALT
and AST were observed in ethanol challenged mice (Supplementary
Fig. 3).

3.3. Inflammation

Hepatic CRP levels, which is an indicator of inflammation, were
found to be upregulated in 15 week old ethanol challenged knock-out
mice as compared to wild-type mice on control diet (p=0.001)
(Fig. 2B). This finding was also supported by the infiltrating in-
flammatory cells shown by H&E stained liver sections (Fig. 2A).

3.4. Relative expression levels of inflammatory mediators and PNPLA3

No significant difference in hepatic expression of IL-6 was observed
in 10week-old mice, whereas the older knock-out mice fed the ethanol
diet showed a significant induction in comparison to wild-type mice on
control diet (p < 0.001) or ethanol diet (p=0.002), and knock-out
mice on control diet (p=0.003) (Fig. 3A). In line with hepatic ex-
pression levels, IL-6 was also found to be upregulated in plasma of the
same group relative to the others, as measured by ELISA (Fig. 4). On the
other hand, hepatic and plasma HGF levels did not differ either in 10 or
15 week-old mice (Figs. 3B and 4B). Interestingly, higher levels IL-6
were observed in 15week-old male ethanol-fed mice as compared to
their female counterparts (p=0.011) (Fig. 5). A similar increase was
also observed for Hgf, but without reaching significance (Fig. 5). Rantes
levels in liver samples of the knock-out mice were upregulated in both

age groups (p=0.033 and p=0.037, respectively), however this in-
crease was replaced with repression of Rantes upon addition of ethanol
to the diet in 15 week-old wild-type (p=0.038) and knock-out
(p=0.006) mice (Fig. 3C). Similarly, a decrease in Pnpla3 levels was
observed in ethanol-challenged older mice regardless of the genotype
(p=0.002 for wild-type and p=0.044 for knock-out mice) (Fig. 3D).
Besides, a strong down-regulation of Pnpla3 was observed in 15week-
old ethanol-challenged mice when compared with control diet-fed wild-
type mice of the same age (p < 0.001) (Fig. 3D). Whereas ABCB4 de-
ficiency was found to have no effect on hepatic Tnf-α expression, an
upregulation was observed with alcohol administration both in wild-
type and knock-out mice at 15 weeks of age (p=0.014 and p=0.046,
respectively) (Fig. 3E). Ccl2 expression was upregulated by alcohol
exposure both in wild-type and knock-out 15 week-old mice. The
knock-out mice also showed higher levels of Ccl2 in comparison to wild-
type mice. The induction was most significant in the 15week-old
Abcb4−/− mice challenged with ethanol (p < 0.001) (Fig. 3F). Hepatic
IL-1β, Tgf-β and Ifn-γ expression did not differ (Fig. 3G–I).

3.5. Lipid droplets

Lipid droplets (LD) were observed in 80–90% of 15 week old mice
challenged with ethanol regardless of whether they were pre-injured
(knock-out) or not (13/16 in WT-EtOH and 14/16 in KO-EtOH group;
Fig. 6A), whereas no LDs were seen in mice on control diet. In these
mice, hepatic Pnpla3 mRNA expression was significantly (p < 0.001)
downregulated (Fig. 3D), which correlated with a notable expansion in
LD size. Of note, no significant difference was found in terms of LD size
between ethanol treated wild-type and knock-out mice. A non-linear
regression analysis revealed an estimated correlation formula of “mean
LD size(μm)=2.70− 3.01 ln [relative PNPLA3 mRNA level]”
(r2= 0.46 and p < 0.01) (Fig. 6B).

4. Discussion

The details of acutely worsening mechanisms of a chronically pre-
injured liver after an inflammatory insult in ACLI and/or ACLF patients
still remain to be clarified and current knowledge on the pathophy-
siological progress of the disease provided by animal models has been
very limited so far. Although aiming to mimic ACLF in a preclinical
model with ethanol challenge as the precipitating event for better un-
derstanding of alcohol-induced acute inflammatory responses in
chronically injured liver, the current study models alcohol-induced
acute liver injury rather than liver failure on the background of pre-
existing chronic liver disease in Abcb4−/− mice, and thus represents an
“ACLI model”. Several studies, each of which had a different metho-
dology to develop fibrosis and to administer a precipitating acute insult,
have recently been carried out to develop an in vivo ACLF model, such
as bile duct ligation (BDL) [3], intravenous concanavalin A (ConA)
injection [20], carbontetrachloride (CCl4) [21] and heat stable antigen
(HSA) [22] administration with subsequent D-gal/LPS injection and
porcine serum (PS) administration [23], followed by LPS injection.
Adopting the NIAAA ethanol feeding protocol [11] to Abcb4−/− mice
offers a novelty, since no ACLI/ACLF model has so far been developed
in which alcohol is used as an acute insult. An additional superiority
over current models requiring laborious and time consuming protocols
to create fibrosis in healthy animals is due to spontaneous development
of severe fibrosis in Abcb4−/− mice at young age and short (15 day)
protocol of NIAAA feeding. In this regard, the knockout genetic back-
ground of the original FVB/NJ strain has been transferred to the alcohol
preferring C57BL6/J inbred strain in the past years [24]. Moreover, less
stressful applications and low mortality rates in this disease model due
to no need of further interventions to create liver injury make it a more
appropriate model in terms of animal welfare and ethics. ABCB4-defi-
cient mice have been studied extensively over the years, because they
spontaneously develop chronic liver injury, which resembles the human
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disease progressive familial intrahepatic cholestasis (type 3) with
sclerosing cholangitis, liver fibrosis and lesions progressing slowly to
liver cancer [13]. Moreover, this model is particularly interesting, be-
cause in addition to several studies showing the association between
mutations of the orthologous human ABCB4 gene and a wide clinical
spectrum of liver disease [25–28], a recent large-scale whole-genome
analysis of the Icelandic population revealed that common and rare
ABCB4 variants aggravate the progression of chronic liver diseases,
which correlates well with the ABCB4-knockout model [29].

Both ABCB4 deficiency and alcohol diet resulted in increased in-
flammation in 15-week old mice, however, significant inflammation
has been achieved only when older mice were challenged with ethanol,
as presented by the increasing numbers of inflammatory cells and ele-
vated CRP levels (Fig. 2A and B). These inflammatory infiltrates in the
liver were previously shown to be predominated by portal in-
flammatory infiltrates composed of Cd45+ neutrophils and CD11b and
CD4-positive lymphocytes [15,30]. Immunohistochemistry of liver
samples in our model revealed a similar profile of inflammatory in-
filtrates with additional F4/80+ macrophages (Supplementary Fig. 4).

Progression of liver injury in Abcb4−/− mice is a dynamic process
that depends on strain and time course [13,24,31,32]. The first ab-
normalities in Abcb4 −/− mice were detected in liver at the age of
3 weeks, and the whole liver appears to be fibrotic at the age of
12 weeks [32]. Moreover, an age-dependent deregulation of pathways
related to oxidative stress and proliferation, lipid metabolism, mod-
ifications of DNA methylation and a rational link between inflammation
and tumorigenesis in this model have already been documented by
molecular and metabolic profiling of diseased livers [19,33–35]. In this
regard, the older mice (15 weeks) in our experimental settings served as
a better model, since we obtained more significant results in terms of
inflammation and IL-6 expression in liver, which might be due to the
differences in disease progression depending on time course (Fig. 2B
and 3A).

Interleukins are a class of immunomodulatory cytokines critically
involved in the regulation of immune responses and thus play im-
portant roles in the pathogenesis of acute and chronic disorders, in-
cluding alcoholic liver diseases [36,37]. Depending on the in-
flammatory stimulus, some interleukins may not only have pro- but also
anti-inflammatory functions. IL-6 is among such cytokines, which ex-
hibits two contrasting functions, i.e. it acts as a pro-inflammatory cy-
tokine in models of chronic inflammatory diseases [38,39], and

contrarily shows anti-inflammatory effects in acute inflammation [40].
Acute inflammation is characterized by initial infiltration of neutrophils
at the site of inflammation, which are then replaced by monocytes and
T cells to prevent tissue damage due to accumulation of neutrophil-
secreted proteases [41,42]. Several lines of evidence indicate that IL-6
plays a crucial role in suppressing primarily neutrophil-attracting
(CXCL1, CXCL8, CX3CL1) and enhancing mainly monocyte-attracting
chemokines (CCL2, CCL8, CXCL5, CXCL6) [43–45]. In fact, this tran-
sition from neutrophil infiltration to monocyte recruitment has been
suggested to be the major switch from acute to chronic inflammation
[45]. This feature of IL-6 may be particularly relevant in the Abcb4−/−

model, which provides a suitable experimental framework for acute on
chronic liver injury. Therefore, IL-6 is a primary regulator of both acute
and chronic inflammation. In our experimental set-up, we observed IL-6
upregulation in liver samples of 15 weeks old Abcb4−/− mice, which
were challenged by ethanol (Fig. 3A). This elevation was even more
prominent in plasma, reaching about 10-fold increase of IL-6 levels as
compared with the 15week old wild-type mice on control diet. In this
regard, several therapeutic options for blockade of IL-6 signalling
pathways are available [46]. However, neutralization of IL-6 has been
shown to have protective and detrimental effects in different disease
models. These results might be due to the ambivalent effects of IL-6,
which may act as both pro- and anti-inflammatory cytokine depending
on the stimulus [47–50]. Hence, it would be interesting to study the
effects of blocking IL-6 in this preclinical model. Besides, a molecular
mechanism explaining the lower HCC susceptibility in females by
Naugler et al. [51], in which estrogen steroid hormones had a protec-
tive effect against HCC through inhibition of IL-6 production, was re-
ported. Consistently, a gender bias was also observed in our model.
Similar differences were also observed for inflammation as reflected by
relative hepatic CRP expression (p=0.01), whereas no significance
was observed in terms of liver injury when collagen contents were
compared between male and female knock-out mice on the ethanol diet
(data not shown).

CCL2 (MCP-1) is an important chemokine proposed to be a master
regulator of macrophage recruitment and activation in chronic in-
flammatory diseases [52]. Several lines of evidence suggest a close in-
teraction of IL-6 and CCL2 in various disease conditions [53–57]. Re-
levant to our model, CCL2 was shown to be induced by IL-6 in acute
inflammation [57], and IL-6 and CCL2 were shown to constitute a po-
sitive feedback loop to maintain and amplify STAT3 signalling in cancer

Fig. 2. Evaluation of inflammation. Inflammation reached significant levels only in 15 weeks old knock-out mice challenged with ethanol diet as evidenced by
representative H&E stained liver sections (A) and relative quantification of hepatic Crp expression determined by qPCR (B). Black arrows show infiltrating in-
flammatory cells. Each scale bar is 100μm. p < 0.05 was considered significant. CONT, Control diet; Crp, C reactive protein; EtOH, Ethanol diet; KO, Abcb4 knock-
out mice; WT, C57BL/6 J wild-type mice. Magnification 20×.
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[53]. Furthermore, CCL2-deficient mice are protected, at least in part,
from alcoholic liver injury [58]. Although not documented for liver,
aging has been shown to enhance the CCL2 expression in various tissue
types including vascular smooth muscle and alveolar epithelium
[59–61]. A similar effect of aging in our model might also explain the
more pronounced effects in the older animals in this study.

Acting as a growth factor for a broad spectrum of tissues and cell
types, HGF is a potent mitogen for mature parenchymal hepatocyte
cells. HGF has been proposed to be used as one of the three novel serum
markers to predict the liver stiffness and fibrosis stages in chronic liver
disease patients [62]. Moreover, a close interaction of HGF and IL-6 in
liver related, inflammatory mediated diseases and cancer have been
reported in many studies so far [63–68]. A feedback loop wherein the
anti-inflammatory properties of IL-6 mediated via HGF, which is pro-
duced in response to IL-6 stimulation, has been documented in in-
flammatory diseases [63]. Therefore, in search for such a crosstalk, HGF
was studied in parallel to IL-6, however no significant difference for
HGF was observed in our model, either in plasma or in liver (Fig. 2B
and 3B).

RANTES, which is a key player in inflammatory processes during
progression of liver fibrosis [69], has been shown to activate T cell
signalling pathways through activation of several immune cells in-
cluding T cells, monocytes, basophils, eosinophils, natural killer cells,
and dendritic cells [26] [70]. Moreover, It has been reported to have an
increased expression in murine models of chronic liver inflammation
leading to HCC including Abcb4−/− mice [1,71], which is also in line
with our results. However, the hepatic expression levels of RANTES
were down-regulated both in knock-out mice and wild-type mice upon
ethanol challenge, when compared to their counterparts fed with con-
trol diet. Similarly, in a cohort of 55 patients with decompensated
cirrhosis, 26 of which were presented with ACLF, it has recently been
demonstrated that levels of RANTES were lower in patients with ACLF
compared to patients without ACLF [72].

A profound decrease in the Pnpla3 expression levels was observed in
the ethanol treated mice in our study. A previous in vitro study provided
evidence that PNPLA3-mediated retinol release may protect against
liver fibrosis by inducing a specific signature of proteins involved in
extracellular matrix remodeling [73]. Therefore, the downregulation of

Fig. 3. Relative quantification of mRNA levels in liver. Hepatic transcriptional levels of IL-6 (A), Hgf (B), Rantes (C), Pnpla3 (D), Tnf-α (E), Ccl2 (F), IL-1β (G), Tgf-β (H)
and Ifn-γ (I) were determined by qPCR in 10 (upper panel) and 15 week-old mice (lower panel). p < 0.05 was considered significant. CONT, control diet; EtOH,
ethanol diet; HGF, hepatocyte growth factor; IFN-γ, interferon-γ; IL1-β, interleukin-1β; IL-6, interleukin-6; KO, Abcb4 knock-out mice; MCP-1 (CCL2), monocyte
chemoattractant protein-1 (C-C motif chemokine ligand 2); PNPLA3, patatin-like phospholipase domain-containing 3; RANTES, regulated on activation, normal T cell
expressed and secreted; TGF-β, transforming growth factor-β; TNF-α, tumor necrosis factor α; WT, C57BL/6 J wild-type mice.

E. Karatayli et al. BBA - Molecular Basis of Disease 1865 (2019) 298–307

303



hepatic Pnpla3 expression observed in our model after ethanol admin-
istration may interfere with the protective pathways linking PNPLA3 to
liver fibrosis, further increasing the present liver injury in Abcb4−/−

mice. On the other hand, Hoekstra et al. reported that a 23-fold increase

in Pnpla3 expression in liver upon feeding with the western type diet
(WTD) was strikingly abolished after a subsequent 16 h fasting period
in C57BL/6 mice [74]. Therefore, the PNPLA3 response in our model
might be due to fasting of animals rather than exposure to ethanol,

Fig. 4. Plasma levels of IL-6 and HGF. Plasma levels quantified of IL-6 (A) and HGF (B) by ELISA in 10 (left) and 15 week-old mice demonstrated approximately 10-
fold increase in ethanol-challenged older mice (p=0.027), whereas HGF did not differ. CONT, control diet; EtOH, ethanol diet; HGF, hepatocyte growth factor; IL-6,
interleukin 6; KO, Abcb4 knock-out mice; WT, C57BL/6 J wild-type mice. p < 0.05 was considered significant.

Fig. 5. Gender disparity. Comparison of males and
females in the ethanol-challenged 15 week-old
knock-out mice revealed that hepatic expression of
IL-6 (left) is significantly (p=0.011) higher in males
than females. Although a similar increase was ob-
served in Hgf expression levels (right) in liver, it was
not significant. EtOH, ethanol diet; HGF, hepatocyte
growth factor; IL-6, interleukin-6; KO, Abcb4 knock-
out mice.
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since the alcohol treated mice were hardly conscious after ethanol ga-
vage and not able to eat for 7–9 h till they were sacrificed. Using the
liver tissue samples available from one of our previous studies [75], this
possibility was further supported by comparing the relative quantifi-
cation of PNPLA3 expression in glucose administered and fasted BALB-
Abcb4−/− mice, where the former were found to have about 5-fold
more hepatic Pnpla3 levels compared to the latter (data not shown).
Irrespective of the cause, the repression of hepatic Pnpla3 expression
levels resulted in a notable expansion in size of lipid droplets observed
in mice challenged with ethanol suggesting a possible role for re-
modeling of lipid droplets in this model. Of note, the correlation be-
tween Pnpla3 expression and lipid droplet size was observed in both
wild-type and ABCB4-deficient mice in our study. Whether the well-
known PNPLA3 p.I148M variant results in a loss or gain of function of
the PNPLA3 protein is still contradictory in the literature. Kumari et al.
showed an increased hepatic triglyceride synthesis in the presence of
this variant due to a gain of function in the lysophosphatidic acid-
acyltransferase activity [76], whereas a study by He et al. on purified
human PNPLA3 protein [77] and a cell culture study with a stable
transfection of PNPLA3 variant by Pirazzi et al. [78] suggested a loss of
function effect for this variant. Interestingly, several studies in mouse
models have shown that carriers of the PNPLA3 p.I148M allele were
also characterized by larger lipid droplets [77,79,80]. Therefore, down-
regulation of PNPLA3 expression, and thereby the possible decrease in
enzymatic activity in our model resulted in a similar phenotype with
models bearing PNPLA3 p.I148M variant favoring the loss of function
side of this controversial issue.

This study proposes a novel promising approach to model alcohol
related acute-on-chronic liver injury by combining a mouse model with
pre-existing liver injury with the well-established chronic-binge ethanol
exposure [11]. In the current model, the up-regulation of CRP and IL-6
appears only in the 15weeks old knock-out mice on ethanol diet,
pointing out the importance of an acute insult (alcohol) on a pre-injured
liver (knock-out). The significant over-expression of CCL2 also corre-
sponds to the same group, suggesting that IL-6/CCL2 interaction might
orchestrate acute inflammatory responses in pre-injured liver that could
promote the transition from a stable chronic state to progressive liver
injury after ethanol exposure. Additionally, combined metabolic dys-
regulation and inflammation was also evident by significant alterations
in expression of chemokines and the critical triacylglycerol hydrolase
PNPLA3 in this model. Furthermore, repression of PNPLA3 resulted in a

notable expansion in size of lipid droplets, indicating lipid remodeling
in this ACLI model. Even though no animal model is ideal for a parti-
cular disease due to its own limitations and advantages, such models
are necessary and useful tools to help clarify the underlying mechan-
isms of the diseases, especially when successful therapeutic options are
not available due to lack of knowledge.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.11.008.
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