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Abstract

Background: One mechanism underlying the development of alcoholic liver disease is over
activation of the innate immune response. Recent investigations indicate that the lysosomal
pathway of autophagy down regulates the inflammatory state of hepatic macrophages, suggesting
that macrophage autophagy may regulate innate immunity in alcoholic liver disease. The function
of macrophage autophagy in the development of alcoholic liver disease was examined in studies
employing mice with a myeloid-specific decrease in autophagy.

Methods: Littermate control and Afg54™ mice lacking Afg5-dependent myeloid autophagy
were administered a Lieber-DeCarli control (CD) or ethanol (ED) diet alone or together with
lipopolysaccharide (LPS) and examined for the degree of liver injury and inflammation.

Results: Knockout mice with decreased macrophage autophagy had equivalent steatosis but
increased mortality and liver injury from ED alone. Increased liver injury and hepatocyte death
also occurred in Atg54™ mice administered ED and LPS in association with systemic
inflammation as indicated by elevated serum levels of proinflammatory cytokines. Hepatic
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macrophage and neutrophil infiltration was unaffected by decreased autophagy, but levels of
proinflammatory cytokine gene induction were significantly increased in the livers but not adipose
tissue of knockout mice treated with ED and LPS. Inflammasome activation was increased in ED/
LPS-treated knockout mice resulting in elevated interleukin (IL)-1p production. Increased IL-1p
promoted alcoholic liver disease as liver injury was decreased by administration of an IL-1
receptor antagonist.

Conclusions: Macrophage autophagy functions to prevent liver injury from alcohol. This
protection is mediated in part by down regulation of inflammasome dependent and independent
hepatic inflammation. Therapies to increase autophagy may be effective in this disease through
anti-inflammatory effects on macrophages.

Keywords

Alcoholic liver disease; Inflammasome; Interleukin-1@; Lipopolysaccharide; Tumor necrosis
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INTRODUCTION

Investigations into the mechanisms of hepatotoxic liver injury have demonstrated that
hepatocyte injury and death are mediated in large part by the secondary effects of injurious
factors produced by the associated hepatic and systemic innate immune response (Krenkel
and Tacke, 2017). The liver presents a unique immune environment for two reasons — an
anatomical location that leads to continuous exposure to absorbed intestinal materials
including immune activators such as bacterial lipopolysaccharide (LPS), and the presence of
a large number of resident tissue macrophages. Gut-produced pathogen-associated molecular
patterns such as LPS activate hepatic resident Kupffer cells and infiltrating macrophages
recruited after injury. The importance of LPS in the etiology of alcoholic liver disease has
been demonstrated by studies in which mice lacking the LPS receptor toll-like receptor 4 are
protected from alcohol-induced injury (Uesugi et al., 2001).

The normal function of macrophage activation is to promote the repair of tissue damage. In
many types of liver injury, however, over activation of the innate immune response occurs by
unknown mechanisms and acts to potentiate liver injury including that in alcoholic liver
disease (Maher et al., 2008; Adams et al., 2010; Szabo et al., 2012; Wang et al., 2012).
Activated proinflammatory macrophages produce cytotoxic factors such as the cytokines
tumor necrosis factor (TNF) and interleukin (IL)-1p that promote liver injury and
inflammation in alcoholic liver disease (limuro et al., 1997; Yin et al., 1999; Petrasek et al.,
2012). A delineation of the mechanisms that restrict proinflammatory macrophage activation
is therefore important to understanding and potentially preventing liver injury from alcohol.

The lysosomal degradative pathway of macroautophagy, hereafter referred to as autophagy,
regulates essential cellular processes in many cell types (Czaja, 2011). A number of liver
diseases including that from alcohol have been shown to be associated with a decrease in
hepatic autophagic function (Czaja et al., 2013). Studies have also indicated that autophagy
plays an important regulatory function in inflammation. The initial link between autophagy
and inflammation was the demonstrated ability of this pathway to down regulate
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inflammation secondary to microbial infections through sequestration and elimination of the
pathogens (Levine et al., 2011; Deretic et al., 2013). Recent investigations in knockout mice
with a macrophage-specific inhibition of autophagy have demonstrated in the liver that
autophagy performs critical functions in down regulating sterile inflammation. We have
shown that in the setting of obesity-induced hepatic steatosis macrophage autophagy is
impaired and that this defect increases liver inflammation and injury from LPS by promoting
proinflammatory M1 macrophage polarization (Liu et al., 2015). Alternatively in acute
fulminant toxic liver injury from galactosamine/LPS decreased macrophage autophagy
promoted hepatic inflammation and injury by increasing caspase 1-dependent
inflammasome cleavage of pro-1L-1p to its active, secreted form (llyas et al., 2016).
Similarly in chronic liver injury from carbon tetrachloride, impaired macrophage autophagy
led to IL-1-dependent liver injury and fibrosis (Lodder et al., 2015).

In light of the emerging importance of autophagy in modulating the hepatic immune
response, and the established role of dysregulated macrophage activation in alcoholic liver
disease, we examined the function of macrophage autophagy in this disease by studying the
effects of a selective inhibition of myeloid cell autophagy in mice fed an alcohol diet alone
or together with an injection of LPS. Macrophage autophagy does not regulate the excessive
lipid accumulation induced by alcohol, but with decreased macrophage autophagy there is
increased liver injury and inflammation. Hyperactivation of both inflammasome independent
and dependent macrophage activation occur with impaired autophagy. These findings
identify macrophages as an important hepatic cell type in addition to hepatocytes in which
levels of autophagy regulate the development of liver disease from alcohol.

MATERIALS AND METHODS

Animal Model

Mice were maintained under 12 h light/dark cycles with unlimited access to food and water
prior to the period of Lieber-DeCarli diet feeding. All studies were performed in 10-14 week
old female mice. Atg5”F mice (Hara et al., 2006) containing floxed alleles for the autophagy
gene Afg5were crossed with LysM-Cre mice (Clausen et al., 1999) to generate Azg547ve
mice with a myeloid cell-specific knockout of Azg5-dependent autophagy, as previously
described (Liu et al., 2015). Both strains of transgenic mice are on a C57BL/6J background.
Mouse genotypes were confirmed by PCR with established primers. For all studies
Atg5AmYe mice littermates lacking the Cre transgene were used as controls.

Mice were fed a liquid Lieber-DeCarli diet. At start of the experiments all mice were placed
on 5 days of control diet (Bio-Serv, Flemington, NJ; #F1259SP). Mice were then
randomized to receive a 5% liquid ethanol diet (Bio-Serv; #F1258SP), or pair-fed an equal
caloric amount of the control diet for 21 days. On the final day of feeding some mice
received a single intraperitoneal injection of LPS (7.5 mg/kg; E. coli 0111:B4; Sigma, St.
Louis, MO) as previously described (Lalazar et al., 2016). Mice were sacrificed at 6 h after
LPS injection for analysis. Some mice were pretreated with an equal volume of normal
saline (NS) vehicle or 25 mg/kg of the IL-1 receptor antagonist (IL-1Ra) anakinra (Amgen,
Thousand Oaks, CA) 24 and 0.5 h before LPS administration. All mouse studies were
approved by the Animal Care and Use Committees of the Albert Einstein College of
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Medicine or Emory School of Medicine and followed the National Institutes of Health
guidelines for animal care.

Kupffer Cell Isolation and Culture

Mouse liver nonparenchymal cells were isolated by Liberase (Roche, Basal, Switzerland)
perfusion and centrifuged at 50 g two times to remove all hepatocytes. Kupffer cells were
isolated from the total nonparenchymal cell population by differential centrifugation through
a 29% Nycodenz (Accurate Chemical & Scientific Corp., Westbury, NY) gradient at 1,380 g.
Following washing in DMEM (Hyclone, Logan, UT), the cells were plated in DMEM, 10%
fetal bovine serum (Gemini Bio-Products, West Sacramento, CA), 2% 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Fisher Scientific, fair Lawn, NJ), 1% penicillin/streptomycin
(Gemini Bio-Products), 1% non-essential amino acids and 1% sodium pyruvate (GE
Healthcare Life Sciences, Logan, UT). Non-adherent cells were removed after 1 h by
changing the medium to RPMI-1640 (Fisher Scientific) with the same supplements. Cell
purity was demonstrated by mRNA enrichment for macrophage genes and absence of
expression for hepatocyte, cholangiocyte and hepatic stellate cell genes by quantitative real-
time reverse transcription polymerase chain reaction. After overnight culture, the medium
was changed in the cells, and some cells were treated with 200 nM bafilomycin Al (Sigma)
for 2 h.

Serum Assays

Histology

Serum alanine transaminase (ALT) and aspartate transaminase (AST) were measured by
commercial kits (TECO Diagnostics, Anaheim, CA).

Portions of livers were fixed in 10% neutral formalin, stained with hematoxylin and eosin
and graded in a blinded fashion by a single pathologist for the degree of steatosis or liver
injury. The percentage of hepatic parenchyma with steatosis or apoptotic/necrotic injury was
semi-quantitatively graded on a sliding scale of: 0, absent; 0.5, minimal; 1, mild; 1.5, mild to
moderate; 2, moderate; 2.5, moderate to marked; and 3, marked.

Triglyceride Assay

Liver triglyceride content was determined using a kit according to the manufacturer’s
instructions (Sigma) and normalized to liver weight.

Protein Isolation and Western Blotting

Total liver protein was isolated and western blotting performed as previously described
(Wang et al., 2004; Wang et al., 2006). Membranes were probed with antibodies that
recognized Atg5 (Cell Signaling, Beverly, MA; #12994), caspase 1 (Santa Cruz
Biotechnology, Dallas, TX; #SC-514), caspase 3 (Cell Signaling; #9665), caspase 7 (Cell
Signaling; #9492), IL-1p (R&D Systems, Minneapolis, MN; #AF-401-NA), microtubule
associated protein 1 light chain 3 (LC3; Cell Signaling; #2775), sequestosome-1 (p62; Cell
Signaling; #39749), and tubulin (Cell Signaling; #2148).
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TUNEL Assay

Numbers of TUNEL positive cells were determined in liver sections with the commercial kit
DeadEnd Colorimetric System (Promega, Madison, WI). Tissue sections were
deparaffinized in xylene, gradually rehydrated in decreasing concentrations of ethanol, and
the assay performed according to the manufacturer’s instructions. Under light microscopy,
the numbers of TUNEL positive cells in 10 randomly selected high power fields (400X
magnification) were counted per liver section.

Immunofluorescence Microscopy

Immunofluorescence staining for macrophages and neutrophils was performed on frozen
liver sections as previously described (Ilyas et al., 2016). The antibodies employed were
anti-CD68 (Abd Serotec, Raleigh, NC; #MCA1957GA), anti-Ly6G (Biolegend, San Diego,
CA,; #127602) and a Cy3-conjugated secondary antibody (Jackson ImmunoResearch, West
Grove, PA; #111-165-152).

Cytokine Assay

Measurements of serum cytokines were by a multiplex kit MCYTOMAG-70K (Millipore,
Burlington, MA) that employed Luminex® xXMAP® Technology.

Quantitative Real-time Reverse Transcription Polymerase Chain Reaction (QRT-PCR)

Total RNA was isolated using the commercial kits RNeasy Plus (QIAGEN, Valencia, CA)
for liver and RNeasy Lipid Tissue (QIAGEN) for white adipose tissue. Reverse transcription
with 1 ug of RNA was carried out in an Eppendorf Mastercycler (Hamburg, Germany) using
a high capacity cDNA reverse transcription kit (ABI, Foster City, CA). Primer annealing was
done at 25°C for 10 min, followed by elongation at 37°C for 2 h and inactivation of the
enzyme at 85°C for 5 min. Negative controls (no added transcriptase) were performed in
parallel. gRT-PCR for the genes Cd68, Ly6g, tumor necrosis factor (Tnf), interleukin-13
(111b), interleukin-1a (1/18), interferony (/fng), and glyceraldehyde 3-phosphate
dehydrogenase (Gapah) was performed in triplicate in a 7500 Fast Real-Time PCR System
(ABI). The primers in Table 1 were employed and purchased from Integrated DNA
Technologies (Coralville, 1A). gRT-PCR was carried out using Power SYBR Green Master
Mix (ABI). Taq polymerase was activated at 95°C for 10 min. The cycling parameters were
denaturation at 95°C for 30 sec and extension at 60°C for 1 min (for 40 cycles). Data
analysis was performed using the 2722CT method for relative quantification. All samples
were normalized to Gapah.

Statistical Analysis

Numerical results are reported as means + S.E. All data are derived from at least three
independent experiments which were conducted in separate litters of mice at different times.
Sample numbers are specified for each experiment. Higher numbers of mice were used in
the ethanol-treated groups than the control diet-fed groups in order to achieve statistically
significant differences. Statistical significance among control and treated groups was
determined by one way analysis of variance (ANOVA). A log rank test was used to compare
differences in survival among the four groups. Statistical significance was defined as A<0.05.
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RESULTS

Inhibition of Macrophage Autophagy Increases Liver Injury

To examine the effects of macrophage autophagy Afg54™ mice were generated with a
myeloid-specific knockout of the critical autophagy gene Afg5 and fed an ethanol diet. The
hepatic macrophage knockout was confirmed by western blotting of Kupffer cells isolated
from untreated littermate control and Azg54™¢ knockout mice. Kupffer cells from knockout
mice have markedly decreased Atg5 levels (Fig. 1A4). As a result cells from Atg5™ mice
have reduced autophagic flux as demonstrated by decreased levels of LC3-11 after treatment
with the lysosomal inhibitor bafilomycin Al as compared to cells from control mice (Fig.
1A). Untreated knockout cells also have elevated p62 levels that increased to a lesser extent
with bafilomycin Al treatment as compared to control cells, consistent with a decrease in
autophagy (Fig. 1A). Littermate control and Azg54™¢ mice were fed a Lieber-DeCarli
control diet (CD) or ethanol diet (ED) for 21 days. To better examine the effects of the
alcoholic liver disease cofactor LPS in mice with decreased macrophage autophagy, some
ED-fed mice were also administered a single dose of LPS at the end of the 21-day ED
feeding period and analyzed 6 h after LPS injection (ED/L).

Over the 21-day feeding period all CD-fed mice survived whereas ED feeding caused
mortality that was significantly increased in the knockouts (Fig. 15). No deaths occurred in
any of the groups over the time period after LPS administration. In surviving mice excessive
lipid accumulation occurred with ED feeding as indicated by increases in the degree of
steatosis by semi-quantitative, blinded histological grading (Fig. 1C) and hepatic triglyceride
content (Fig. 1D), although only the increase in steatosis was statistically significant.
Decreased macrophage autophagy had no effect on the amount of hepatic steatosis or
triglyceride content (Fig. 1C,D). In control mice the serum markers of liver injury ALT and
AST were unaffected by ED alone, but significantly increased with ED/L treatment (Fig.
2A,B). Levels of both ALT and AST were significantly elevated in Afg57Y€ mice as
compared to littermate controls with both ED alone and ED/L (Fig. 2A,B). Liver injury was
modest by histology, but histological grading confirmed that Azg54™ mice had greater liver
injury than control mice with ED feeding, but the effect was only statistically significant
with ED/L treatment (Fig. 2C). Increased cell death was present in ED/L-treated Atg5Amve
mice as demonstrated by the numbers of TUNEL-positive cells in these livers (Fig. 3A,B).
TUNEL-positive cells were evenly distributed throughout the hepatic lobules. Apoptosis
occurred in ED/L-treated knockout mice as revealed by increased levels of active, cleaved
effector caspase 3 and 7 in knockout mice on immunoblotting (Fig. 3C). These findings
demonstrate that macrophage autophagy functions to prevent liver injury from alcohol
feeding particularly in the setting of LPS stimulation.

Knockout Mice have a Greater Systemic Proinflammatory Response to LPS

Our previous studies demonstrated that with decreased autophagy, hepatic macrophages
assume a more proinflammatory phenotype (Liu et al., 2015; llyas et al., 2016). To assess
whether systemic inflammation occurred with ED feeding in knockout mice, serum cytokine
levels were examined. The proinflammatory cytokines TNF, IL-1p, IL-1a and IFNy were
all increased by ED/L but not ED alone in both control and knockout mice (Fig. 4A-D).
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Serum levels of all four cytokines were significantly greater in the knockout mice (Fig. 4A-
D). In contrast, the anti-inflammatory cytokines IL-4 and IL-10 were significantly increased
with ED/LPS treatment, but induction were equivalent in control and knockout mice (Fig.
4E,F). ED/L treatment therefore led to an increased proinflammatory macrophage response
in knockout mice.

Loss of Atg5-dependent Macrophage Autophagy did not Affect Hepatic Inflammatory Cell

Number

To determine whether systemic inflammation in knockout mice was due to increased
numbers of hepatic inflammatory cells, livers were examined for the effects of decreased
autophagy on the relative numbers of hepatic macrophages and neutrophils.
Immunofluorescence staining for the macrophage marker CD68 demonstrated that
macrophage number was unaffected by ED feeding or LPS administration and equivalent in
control and knockout mice (Fig. 5A4,B). Cd68 mRNA levels in the livers were also
unchanged among the groups (Fig. 5C). In contrast, low numbers of hepatic neutrophils
were present in control and ED-fed mice, but a marked neutrophil infiltration occurred with
LPS administration (Fig. 50, £). The decrease in macrophage autophagy did not alter the
extent of neutrophil recruitment by immunofluorescence (Fig. 50, E), or the induction of
hepatic Ly6g mRNA by LPS (Fig. 5F). The liver injury and systemic inflammation in ED-
fed knockout mice was not secondary to an increase in the numbers of hepatic inflammatory
cells.

ED-fed Atg52™Ye Mice have an Increased Hepatic Proinflammatory Response to LPS

To determine the effects of the loss of Atg5-dependent macrophage autophagy specifically
on liver inflammation, hepatic cytokine gene induction was examined by qRT-PCR.
Cytokine mRNA expression was significantly increased in both control and in Afg5Amve
mice only with ED/L treatment (Fig. 6,A-D). TnfmRNA induction was equivalent in control
and knockout mice (Fig. 6A), however, the other proinflammatory cytokines //1b, //1aand
Ifng were significantly increased in knockout mice as compared to control mice (Fig. 6 8-D).

Adipose tissue has been implicated as a source of proinflammatory cytokines in alcoholic
liver disease in mice (Lin et al., 1998; Sebastian et al., 2011) and humans (Naveau et al.,
2010; Voican et al., 2015). Epididymal white adipose tissue was therefore also examined for
the effects of decreased macrophage autophagy on cytokine production. ED/L induced
adipose proinflammatory cytokine genes but the effects were equivalent in control and
knockout mice (Fig. 6 £-G). Macrophage sensitization to a more proinflammatory phenotype
from ED/L is therefore specific to hepatic macrophages.

Increased Inflammasome Activation Leads to Hepatic Injury in Knockout Mice

In response to inflammatory stimuli, macrophage IL-18 is generated by increased gene
transcription and translation followed by cleavage of pro-IL-1p to its active secreted form by
caspase 1 in the intracellular structure the inflammasome (Kubes and Mehal, 2012).
Knockout mice had increased //16 gene induction but the increase in serum IL-1p protein
suggested that autophagy-deficient hepatic macrophages had increased inflammasome
activation as well. Immunaoblots of total liver protein confirmed that control and knockout
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mice had similar increases in pro-1L-1p protein in response to ED/L (Fig. 7.A). However,
knockout mouse livers had a marked increase in the amount of active, cleaved IL-1 (Fig.
7A), confirming that the liver is a source of increased serum IL-1p due to increased
inflammasome activation. Although levels were variable, some ED/L-treated knockout livers
had detectable increased cleaved caspase 1 (Fig. 7.4), consistent with elevated
inflammasome activation.

Inflammasome-generated IL-1p has been shown to promote liver injury in the setting of a
fatty liver (Miura et al., 2010; Petrasek et al., 2012). We therefore examined whether IL-1p
generated by deficient macrophage autophagy promoted increased liver injury in knockout
mice. Mice were administered an IL-1Ra that competes with IL-1p and IL-1a for cellular
receptor binding to block IL-1 signaling (Dinarello, 2009). IL-1Ra administration reduced
ED/L-induced liver injury in knockout mice as reflected in significantly decreased serum
ALT and AST levels (Fig. 7B8,0), histological injury score (Fig. 70), and numbers of
TUNEL-positive cells (Fig. 7£). Blocking IL-1 had no effect on macrophage or neutrophil
numbers as determined by mRNA levels for Cd68 (Fig. 7F), and Ly6g (Fig. 7G),
respectively. Examination of hepatic cytokine gene expression revealed a trend to decreased
inflammation with a 20-60% decrease in proinflammatory gene mRNA levels, although only
the decrease in /fng was statistically significant (Fig. 7H,/,J). Impaired macrophage
autophagy therefore promoted liver injury in the setting of ED feeding by amplifying
inflammasome production of IL-1f that injured the liver.

DISCUSSION

Due in part to the difficulties in measuring autophagic function /7 vivo, and the differences
among cell culture and animal models that have been studied, a number of different effects
of alcohol on autophagy have been reported (Li et al., 2014). In models of acute binge
alcohol administration, autophagy is increased in the liver (Ding et al., 2010; Thomes et al.,
2015). However, with chronic ethanol administration as occurs in alcoholic liver disease
autophagic function is decreased (Thomes et al., 2015). Delineating the consequences of
decreased autophagy in alcoholic liver disease is therefore important to understanding the
pathophysiology of this disease. Previous studies have focused on the effects of deficient
autophagy in hepatocytes on alcoholic liver disease (Ding et al., 2010). Activation of the
innate immune response is critical in the development of this disease, but the role of
macrophage autophagy in alcoholic liver disease has not been investigated. The findings of
this study demonstrate that macrophage autophagy regulates liver injury in this disease in
part though the down regulation of proinflammatory macrophage activation.

Macrophage autophagy was protective against liver injury from ethanol alone as knockout
mice had increased mortality and liver transaminases when fed an ED. These effects cannot
be attributed to an increased innate immune response, as elevated inflammation was not
detected in the surviving knockout mice fed an ED alone. It is possible that the deaths
occurred in individual mice who mounted an increased innate immune response, as the
inflammatory state in these mice could not be examined. Alternatively decreased autophagy
could have promoted death from other causes such as infection, although this etiology seems
unlikely in a sterile animal facility.
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Studies of ED and LPS co-administration were conducted because of the known importance
of LPS-induced inflammation in alcoholic liver disease, and the failure of the Lieber-
DeCarli diet to induce significant inflammation as seen in human alcoholic liver disease.
Deficient macrophage autophagy markedly increased liver injury and cell death in
association with an increased hepatic and systemic proinflammatory innate immune
response. The mechanism of this effect was not an increase in hepatic inflammatory cell
number. Rather there was an increased proinflammatory cytokine response with no change
in anti-inflammatory cytokine induction. Both inflammasome dependent and independent
cytokines were increased in knockout mice indicating multiple mechanisms by which
decreased autophagy increased inflammation. These findings are consistent with our
previous findings that autophagy can down regulate proinflammatory M1 macrophage
polarization or inflammasome activation in hepatic macrophages (Liu et al., 2015; llyas et
al., 2016). Unlike other models of liver injury, with ED feeding both proinflammatory
mechanisms drive an over active immune response. The proinflammatory effect of impaired
autophagy promoted alcoholic liver disease as inhibition of the biological effects of the
proinflammatory cytokine IL-1 that was elevated in knockout mice decreased liver injury.

With decreased macrophage autophagy there was increased systemic as well as hepatic
inflammation with ED/L administration. Recent clinical studies in human alcoholic liver
disease have demonstrated the important contribution of systemic inflammation to
decompensation and poor survival in chronic liver disease including that from alcohol
(Claria et al., 2016). Patients with alcoholic liver disease have increased morbidity and
mortality from sepsis (Gustot et al., 2017). Decreased macrophage autophagy may be a
mechanism of both increased systemic inflammation and sensitivity to sepsis in alcoholics.
Interestingly the effects of the decrease in macrophage autophagy were specific for hepatic
macrophages and did not occur in adipose macrophages. This finding may reflect the
collective effects of hepatic ethanol metabolism and the decrease in macrophage autophagy
that occurs in liver but not fat tissue. However, in murine studies of the physiological
decrease in autophagy induced by aging an increase in inflammation also occurred
specifically in the liver and not white adipose tissue (Fontana et al., 2013). There may
therefore exist undefined differences in the function of autophagy in hepatic versus adipose
macrophages.

Factors other than alcohol itself may decrease hepatic macrophage autophagy and promote
the development of alcoholic liver disease. Aging is associated with reduced levels of
autophagy in the liver (Rubinsztein et al., 2011), and specifically in macrophages (Stranks et
al., 2015). Diet-induced and genetic obesity decreases autophagic function in the liver
(Singh et al., 2009; Yang et al., 2010). High fat diet feeding decreases autophagy in
macrophages (Liu et al., 2015), and promotes proinflammatory macrophage activation in
alcohol-fed mice (Xu et al., 2011). Interestingly, aging (Raynard et al., 2002; Wang et al.,
2014) and obesity (Naveau et al., 1997; Ruhl and Everhart, 2005; Hart et al., 2010) are
recognized cofactors that promote the development of alcoholic liver disease. Our findings
suggest that the mechanism by which aging and obesity promote alcoholic liver disease may
in part be due to the mechanism of decreased macrophage autophagy.
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Human alcoholic liver disease currently lacks any proven therapy. Studies of the function of
autophagy in hepatocytes have indicated that with chronic alcohol ingestion hepatocyte
autophagy is decreased and that increasing autophagy ameliorates disease (Ding et al.,
2010). Our findings suggest that an alternative mechanism by which therapies to augment
autophagy may be effective in this disease is through increasing macrophage autophagy to
down regulate injurious inflammation. Inducers of autophagy that have successfully treated
murine alcoholic liver disease also decreased inflammation (Lin et al., 2013), and our
findings suggest that this effect may have resulted in part from the beneficial induction of
autophagy in macrophages. That a single agent might have the dual benefit of both
decreasing cellular injury and down regulating inflammation in this disease suggests that the
strategy of inducing autophagy could be a very effective approach to the treatment of
alcoholic liver disease.
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Fig. 1.

Mice with decreased macrophage autophagy fed an ED have increased mortality but
equivalent steatosis. (A) Immunoblots of total protein from hepatic macrophages from
control mice (Con) and Ag54™€ knockout (KO) mice probed for Atg5, LC3, p62 and
tubulin as a loading control. Cells were untreated or treated with bafilomycin Al (Baf) for 2
h. The Atg5 band represents the Atg5-Atg12 conjugate form. Molecular weights and LC3-I
and LC3-11 are indicated by arrows. (B) Survival over 21 days of feeding with control diet
(CD) or ethanol diet (ED) in control and knockout mice (KO ED mice A<0.01 as compared
to Con CD mice, and ~£<0.03 as compared to Con ED mice; n=10-24). (C) Semi-quantitative
histological grades of steatosis and (D) hepatic triglyceride content in the livers of control
and knockout mice fed CD, ED or ED with LPS injection (ED/L) (*/~<0.00004 as compared
to control mice on CD; n=5-19).
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Fig. 2.

Inhibition of macrophage autophagy increases alcohol-induced liver injury. (A) Serum ALT
levels in littermate control (Con) and Afg52™€ knockout (KO) mice fed a control diet (CD)
or ethanol diet (ED) alone or with LPS (ED/L) (*/~<0.002, as compared to Con CD mice;
#p<0.01, ##P<0.00001 as compared to Con mice with the same treatment; n=7-18). (B)
Serum AST levels in the same mice (*/~<0.01, **A<0.0000001 as compared to Con CD
mice; #/£<0.000001 as compared to Con ED/L mice; n=7-18). (C) Histological grade of liver
injury in the mice (*£<0.01 as compared to Con CD mice; #/<0.03 as compared to Con
mice with the same treatment; n=5-9). (D) Representative hematoxylin and eosin stained
liver sections from control and knockout mice with the indicated treatments (400X). Arrows

indicate areas of injury and inflammation.
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Fig. 3.

Kr?ockout mice have increased hepatic apoptosis from ED/L treatment. (A) Representative
images of TUNEL -stained livers from control (Con) and knockout (KO) mice that received
the indicated treatments. Arrows indicate TUNEL-positive cells (400X). (B) Quantification
of the numbers of TUNEL positive cells per high power field (HPF) (*/<0.01 as compared
to Con CD; #P<0.0003 as compared to Con ED/L; n=5-9). (C) Immunoblots of total hepatic
protein from control (Atg5 +) and knockout (Atg5 -) mice probed for caspase 3 (Casp 3),
caspase 7 (Casp 7) and tubulin. The procaspase (Pro) and cleaved caspase 3 (p17) and
caspase 7 (p19) forms and the molecular weight of tubulin are indicated by arrows.
Immunoblots are representative of findings from 3 independent experiments.
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Knockout mice have increased serum levels of proinflammatory but not anti-inflammatory
cytokines. Serum from control diet (CD), ethanol diet (ED) and ethanol diet/LPS (ED/L)
treated control (Con) and knockout (KO) mice was assayed for protein levels of (A) TNF,
(B) IL-1B, (C) IL-1a, (D) IFNy, (E) IL-4 and (F) IL-10 (*/<0.001, as compared to Con
CD; #P<0.0003 as compared to Con ED/L; n=6-17).
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Fig. 5.

NSmbers of hepatic macrophages and neutrophils are unaffected by a decrease in autophagy.
(A) Immunofluorescence images of liver sections stained for CD68 from control (Con) and
knockout (KO) mice that received the indicated treatments (400X). (B) Numbers of
macrophages by counts of CD68-positive cells per high power field (HPF; n=3-5). (C)
Hepatic mRNA levels for Cd68 (n=5-10). (D) Immunofluorescence images of the same
livers for Ly6G. (E) Quantification of the numbers of LyG6-positive neutrophils (*/~<0.04 as
compared to Con CD; n=3-5). (F) Liver Ly6g mRNA levels (*/£<0.005 as compared to Con
CD; n=5-10).
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Fig. 6.
Atg54™e mice have increased hepatic proinflammatory gene expression with ED/L

treatment. Hepatic mRNA levels for the proinflammatory genes (A) 7nf, (B) /116, (C) //1a,
and (D) /fng (*P<0.00001, as compared to Con CD; #/<0.002 as compared to Con ED/L;
n=5-12). White adipose tissue mRNA levels for (E) 7nf, (F) //1b6, and (G) //1a (*P< 0.01 as
compared to Con CD; n=4-8).
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Liver injury in knockout mice is caused by infllmmasome generated IL-1p. (A) Western
blots of total liver protein from control (Atg5 +) and knockout (Atg5 -) mice administered
CD or ED/L probed for IL-1f, caspase 1 and tubulin. The two panels for IL-1p and caspase
1 represent shorter (top panels) and longer (bottom panels) exposures of the same
immunoblot. Arrows indicate pro-1L-1p and pro-caspase 1 (Pro), cleaved IL-1B (p14) and
caspase 1 (p10), and the molecular weight of tubulin. Serum (B) ALT and (C) AST levels in
Atg54mYe mice administered CD or ED/L and pretreated with normal saline vehicle (NS) or
IL-1Ra (*P<0.001 as compared to CD mice; #/£<0.001, ##P<0.000001 as compared to NS-
injected mice; n=4). (D) Histological grade of liver injury in the mice (*/<0.02 as compared
to CD mice; #£<0.004 as compared to NS-injected mice; n=4). (E) Numbers of TUNEL-
positive cells in the same livers (*/<0.006 as compared to CD mice; #/<0.002 as compared
to NS-injected mice; n=4). mRNA levels in total liver for Cd68 (F) and Ly6g (G) (*/P<0.001
as compared to CD mice; n=4). Liver mRNA levels for //16 (H), //1a (1), and /fng (J)
(*P<0.001 as compared to CD mice; #P<0.02 as compared to NS-injected mice; n=4).
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Table 1.

gRT-PCR primer sequences.

cd68

Gapdh

Il1a

1116

114

1110

Ifng

Lyég

nf

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse

5'-ATTGAGGAAGGAACTGGTGTAG-3’
5-CCTCTGTTCCTTGGGCTATAAG-3’
5'-AGGTCGGTGTGAACGGATTTG-3’
5'-TGTAGACCATGTAGTTGAGGTCA-3’
5 -CGCTTGAGTCGGCAAAGAAAT-3’
5’-CTTCCCGTTGCTTGACGTTG-3’
5’-GCAACTGTTCCTGAACTCAACT-3’

5 -ATCTTTTGGGGTCCGTCAACT-3’
5'-ATGGATGTGCCAAACGTCCT-3’
5’-AGCTTATCGATGAATCCAGGCA-3’
5’-CGGACTGCCTTCAGCCAGGTG-3’
5’-CACAGGGGAGAAATCGATGACAGC-3’
5’-ATGAACGCTACACACTGCATC-3’
5’-CCATCCTTTTGCCAGTTCCTC-3
5’-GCACATGAAAGAGGCAGTATTC-3’
5’-GAGACATTGAACAGCACACATAG-3’
5-CCCTCACACTCAGATCATCTTCT-3’
5’-GCTACGACGTGGGCTACAG-3’
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