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Abbreviations 33 

ALD: alcohol-associated liver disease 34 

AH: alcohol-associated hepatitis 35 

HC: healthy controls 36 

IL-8: interleukin 8 37 

WGCNA: weighted gene correlation network analysis 38 

MIF: macrophage migration inhibitory factor 39 

MifΔHep: Hepatocyte Mif knockout mouse 40 

ELR: glutamate-leucine-arginine motif 41 

MCP-1: monocyte chemoattractant protein-1 42 

NAFLD: non-alcoholic fatty liver disease 43 

HCV: hepatitis C virus 44 

HCV-Cirr: compensated cirrhotic 45 

ME: module eigengenes 46 

MM: module membership 47 

t-SNE: t-stochastic neighborhood embedding 48 

tpm: transcripts per million 49 

Early ASH: early alcohol-associated steatohepatitis 50 

AML-12: alpha mouse liver 12 cells 51 

ALT: alanine aminotransferase 52 

AST: aspartate aminotransferase 53 

UPR: unfolded protein response 54 

CHOP: CCAAT-enhancer-binding protein homologous protein 55 

GRP78: glucose-related peptide 78 56 

DR5: death receptor 5 57 

sXBP1: spliced X-box binding protein 1 58 

qRT-PCR: quantitative reverse transcription PCR  59 
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Abstract 60 

Background: The chemokine system of ligands and receptors is implicated in the progression of 61 

Alcohol-associated hepatitis (AH). Finding upstream regulators could lead to novel therapies. 62 

Methods: The coordinated expression of chemokines in livers of healthy controls (HC) and 63 

patients with AH in two distinct cohorts of patients with various chronic liver diseases. Studies in 64 

cultured hepatocytes and in tissue-specific knockouts were used for mechanistic insight into a 65 

potential upstream regulator of chemokine expression in AH.   66 

Results: Selected C-X-C chemokine members of the Interleukin 8 (IL8) chemokine family and C-67 

C chemokine CCL20 were highly associated with AH compared to HC, but not in patients with 68 

liver diseases of other etiologies (NAFLD or HCV). Our previous studies implicate Macrophage 69 

migration inhibitory factor (MIF) as a pleiotropic cytokine/chemokine with the potential to 70 

coordinately regulate chemokine expression in AH.  LPS-stimulated expression of multiple 71 

chemokines in cultured hepatocytes was dependent on MIF.  Gao-binge ethanol feeding to mice 72 

induced a similar coordinated chemokine expression in livers of wild-type mice; this was 73 

prevented in hepatocyte-specific Mif knockout (MifΔHep) mice.  74 

Conclusion: This study demonstrates that patients with AH exhibit a specific, coordinately 75 

expressed chemokine signature and hepatocyte-derived MIF might drive this inflammatory 76 

response.  77 
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Introduction 78 

Chemokines are small, leukocyte chemotactic proteins that are divided into families based upon 79 

conserved N-terminal cysteine (C) motifs. The C-C and C-X-C families are the most common, 80 

wherein the latter is classified C-X-C due to 2 cysteine residues being separated by any amino 81 

acid. The C-X-C family can be further subdivided into ELR+ and ELR-, so-named for an N-82 

terminal tripeptide motif glutamate-leucine-arginine (ELR) adjacent to the CXC motif.  An 83 

interesting feature of chemokine biology is the inherent redundancy in the system, e.g. multiple 84 

ligands for a given receptor and ligands can bind multiple receptors (1, 2).  This biological 85 

redundancy of chemokine activity poses a significant challenge in targeting chemokine ligand-86 

receptor interactions as potential therapeutics for the treatment of inflammatory diseases.   87 

Chemokines are associated with the progression of many diseases, including alcohol-88 

associated liver disease (ALD) (3-6). In rodent models of ALD, chemokines have been linked to 89 

progression of ethanol-induced liver injury. For example, CCL2, or monocyte chemoattractant 90 

protein -1 (MCP1), promotes monocyte infiltration, steatosis and liver injury following chronic 91 

ethanol feeding in mice (7) and CXCL1 is associated with liver injury via neutrophil accumulation 92 

in livers of mice fed a combination high fat diet with acute ethanol binge (8).  In patients with AH, 93 

hepatic expression of the interleukin-8 (IL8) family, which are all ELR+, C-X-C chemokines, was 94 

increased compared to HC (4). Various studies have revealed that members of the IL-8 family, 95 

e.g. CXCL1, CXCL5, CXCL6 and CXCL8, are associated with liver-associated morbidity and 96 

patient mortality in patients with AH (4, 9-11). Furthermore, our group has identified a 97 

contributing role of macrophage migration inhibitory factor (MIF), a cytokine- and chemokine-like 98 

inflammatory mediator, in ALD via its control of hepatic inflammation and chemokine expression 99 

in mice.  MIF is increased in liver and circulation of patients with AH and is associated with 100 

increased mortality in patients (12-14).  101 
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The goal of the current study was to evaluate if the coordinated expression of the complex 102 

system of chemokines is altered in human and experimental ALD and to identify upstream cues 103 

that lead to this phenomenon. We analyzed data from two different cohorts of patients. In the 104 

first cohort of patients with AH and healthy controls, we compared expression of all genes in the 105 

liver and identified a chemokine signature highly associated with AH (GSE28619).  Liver RNA-106 

seq data was analyzed from a second cohort of patients with different stages of ALD, from mild 107 

disease to severe AH, as well as data from patients with non-alcoholic fatty liver disease 108 

(NAFLD) and hepatitis C virus (HCV). This second cohort allowed us to identify the distinct 109 

changes in chemokine expression that were specific to AH, as compared to other liver diseases.  110 

Finally, we wanted to assess what upstream signals might induce this coordinated expression 111 

program, and investigated the role of pleiotropic inflammatory factor, MIF, in controlling this 112 

specific program of chemokine expression.  The hepatocyte has been implicated as an 113 

important source of MIF in ALD (13), therefore, we generated hepatocyte-specific MIF 114 

knockouts to interrogate the role of hepatocyte-derived MIF in murine models of ethanol 115 

feeding. While changes in individual chemokine-receptor interactions have been studied in ALD, 116 

our analysis identified a novel coordinated chemokine expression signature in the liver that is 117 

distinctive in patients with AH and likely dependent on MIF-mediated signaling. 118 

Results 119 

Gene network analysis identified a specific subset of chemokines associated with AH compared 120 

to Healthy Controls 121 

To test the hypothesis that coordinated chemokine expression is evident in AH, we first 122 

analyzed publicly available microarray data that studied gene expression on a whole 123 

transcriptomic level in patients with AH (11).  WGCNA was carried out to group interrelated 124 

gene expression patterns in livers from AH patients. Hierarchical clustering of the top 50% of 125 

differentially expressed genes (3789) of GSE28619 showed that gene expression in the liver of 126 
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patients with AH clustered away from healthy controls (Supplemental Figure 1).  A network heat 127 

map was constructed from the pairwise correlation of differentially expressed genes and divided 128 

into color-coded modules (Supplemental Figure 1).  The correlation between the MEs of healthy 129 

control and patients with AH was calculated to identify the modules that were highly related to 130 

AH (Supplemental Figure 2). The thickness of the clustering dendrogram branches represent 131 

groups of highly co-expressed genes and the height of the branch is directly proportional to the 132 

number of genes in each cluster and the merged dynamic reduces the dimensionality of the 133 

modules by merging highly similar expression profiles (Supplemental Figure 2A).  Module 134 

adjacency was also calculated to show the hierarchical clustering of the top 6 modules 135 

(Supplemental Figure 2B).  From the results of the merged dynamic tree cut, the green (0.95) 136 

and salmon (0.92) modules were selected for further analysis as their correlation to AH was 137 

greater than 0.9 (Figure 1A). Total membership of green and salmon modules is listed in 138 

Supplemental Tables 1-2.  Module membership was correlated to gene significance for the 139 

green (Figure 1B) and salmon (1C) modules. A Venn diagram was then constructed to assess if 140 

members of the chemokine family of ligands and/or receptors were located in either module 141 

(Figure 1D). A total of 10 chemokine ligand and receptor genes were found to reside in the 142 

salmon and green modules.   Within the salmon module several chemokine ligand and receptor 143 

family members, including the entire IL-8 family of chemokine ligands, CCL2 and CCL20, and in 144 

the green module was CXCL10, an ELR- CXC chemokine (Figure 1E). Importantly, the 145 

differential expression for this subset of chemokines, therefore, was significantly associated with 146 

AH.   147 

Clustering analysis of RNA-seq data from patients with liver diseases of different etiology and 148 

severity identified a unique chemokine signature in severe AH  149 

Since the data in GSE28619 was a direct comparison of healthy individuals versus patients with 150 

AH (4, 11), we next validated this coordinated expression of selected chemokines to AH in a 151 
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second, distinct cohort of patients with AH and other chronic liver diseases (15). Published liver 152 

RNA-seq data was analyzed for the expression of chemokine ligands in the C-C (Figure 2A) and 153 

C-X-C (Figure 2B) families. As in the WGCNA analysis of GSE28619 (Figure 1E), multiple 154 

chemokine ligands were also increased in patients with AH (Figure 2A-B), including CCL2, 155 

CCL11, CCL20, CXCL1, CXCL5, CXCL6, CXCL8, and CXCL10. Correlation analysis 156 

demonstrated that changes in expression of multiple chemokine ligands were primarily 157 

associated with AH compared to other disease etiologies (Figure 2C).  158 

The expression of some chemokine mRNAs in this second cohort also revealed that 159 

coordinated changes in expression were specific to AH as compared to non-alcoholic fatty liver 160 

disease (NAFLD) and hepatitis C virus (HCV). Expression of CXCL10 was increased in patients 161 

with severe AH, but also in patients with HCV either with or without cirrhosis (Figure 2B).  In 162 

addition, expression of CXCL2 mRNA was not changed in any patients as compared to healthy 163 

controls (Figure 2B). Interestingly, the strongest association with disease and hepatic 164 

chemokine mRNA expression was primarily found in patients with AH (Figure 2C), with 165 

Pearson’s coefficients above 0.5 for CCL2, CCL11, CCL20, CXCL1, CXCL5, CXCL6, and 166 

CXCL8.  167 

Taken together, the analysis of chemokine ligand expression in these two separate datasets of 168 

gene expression in the livers of patients with AH suggests co-regulation of specific chemokine 169 

ligands.  In order to define this coordinated expression, clustering analysis of chemokine 170 

expression in the dataset was performed by t-distributed stochastic neighborhood embedding (t-171 

SNE). A cluster consisting of 30/40 patients with AH segregated from all other diagnoses 172 

(Figure 3A).  Most patients with NAFLD clustered with healthy controls, and patients with HCV 173 

clustered either with or without cirrhosis (Figure 3A). When all AH patients were grouped 174 

together, the clustering suggested that regulation of hepatic chemokine expression has an AH-175 
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related etiology. Hence, all patients with AH were grouped together, irrespective of severity, for 176 

subsequent analyses. 177 

Pairwise correlations for the expression of individual chemokine RNAs revealed that expression 178 

of several chemokines was significantly correlated in the liver (Figure 3B).  Clustering of 179 

chemokine expression by t-SNE revealed that CXCL1, CXCL6, CXCL8, as well as CCL2 and 180 

CCL20, were clustered apart from other chemokines (Figure 3C). Taken together, based on the 181 

analysis of these two cohorts, coordinated expression of specific chemokines consisting of 182 

CXCL1, CXCL6, CXCL8 as well as CCL2 and CCL20 in liver was tightly co-regulated in patients 183 

with AH. 184 

Hepatocyte-derived MIF directs hepatic chemokine expression after ethanol feeding 185 

The coordinated control of chemokine expression is not well understood, but MIF, a pleiotropic 186 

cytokine/chemokine, has been implicated in regulation of chemokine expression in a number of 187 

disease models, including ethanol feeding in mice (12-14).  Importantly, MIF concentrations are 188 

increased in the circulation of patients with AH and are associated with patient morbidity and 189 

mortality, and accumulating evidence indicates that hepatocytes are an important source of MIF 190 

in patients with AH (13). We therefore utilized AML-12 hepatocytes to investigate the direct role 191 

of MIF in regulating expression of the ethanol-induced chemokine signature by hepatocytes.  192 

AML12 hepatocytes readily release MIF into the culture media (13, 16) therefore, we made use 193 

of a small molecular MIF inhibitor, MIF098, to interrogate the impact of endogenously produced 194 

MIF on chemokine expression. When AML-12 cells were challenged with increasing 195 

concentrations of LPS for 90 minutes, the expression of chemokine mRNA was increased in an 196 

LPS dose-dependent manner (Supplemental Figure 3; Figure 4A).  The threshold for increased 197 

expression of Cxcl1, Lix and Ccl20 mRNA was at 1 ng/ml LPS, a concentration that is 198 

physiologically relevant in patients with severe AH (17, 18). LPS stimulation also rapidly 199 

increased the concentration of MIF in the media, detected as early as 30 min after challenge 200 
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with LPS (Supplemental Figure 3).  In order to interrogate the contribution of MIF to chemokine 201 

expression, AML-12 cells were treated with MIF098 (50 µM) during LPS challenge.  When cells 202 

were treated with MIF098, basal expression of Cxcl1 and Lix mRNA was decreased and LPS-203 

mediated (1 ng/ml) expression of Cxcl1, Lix, Ccl2 and Ccl20 mRNA attenuated (Figure 4B).   204 

We next investigated upstream signaling pathways that contributed to MIF-mediated increases 205 

in expression of chemokine mRNA.  We targeted pathways common and downstream to both 206 

LPS and MIF after 30 minutes of LPS challenge.  LPS increased phosphorylation of 207 

extracellular regulated kinase (p-ERK) I and II; this response was decreased by MIF098 co-208 

exposure (Figure 5C).  LPS treatment also activated the nuclear factor kappa B (NFkB) 209 

pathway, indicated by increased phosphorylation of the p65 subunit (p-p65) and decreased 210 

abundance of NFkB inhibitor alpha (IkBa); however, this response was not impacted by MIF098 211 

co-exposure (Figure 5C). Pretreatment of hepatocytes with U0126 (10 µM), an inhibitor of ERK 212 

activation, also attenuated LPS-stimulated upregulation of chemokine expression in hepatocytes 213 

(Supplemental Figure 4), consistent with a role for this signaling pathway in the response to 214 

MIF. Taken together, these data demonstrate that MIF was required in coordinated chemokine 215 

expression in response to LPS in cultured AML-12 hepatocytes, consistent with the coordinated 216 

expression of chemokines observed in livers of patients with AH. 217 

We next tested if hepatocyte-derived MIF is important for the regulation of chemokine 218 

expression in livers of mice in response to Gao-binge ethanol feeding, a model of ethanol-219 

induced liver injury associated with increased chemokine expression, exacerbated 220 

hepatocellular injury and hepatic inflammation in mice (19). If hepatocyte MIF contributed to the 221 

coordinate regulation of chemokines in liver, then hepatocyte-specific Mif deficiency should 222 

prevent this response.  Therefore, hepatocyte-specific knockouts (Supplemental Figure 5) were 223 

generated (MifDHep) to test the hypothesis that hepatocyte-derived MIF drives coordinated 224 

chemokine expression after Gao-Binge ethanol feeding in mice. Importantly, hepatic expression 225 



10 
 

 

of the coordinated chemokine signature, Cxcl1, Lix, Ccl2, and Ccl20 mRNA, was increased in 226 

WT mice, but was completely prevented in MifDHep mice after Gao-Binge feeding (Figure 5A).  227 

Lix is the murine homolog of human CXCL5 and CXCL6, and is therefore a surrogate for both 228 

chemokines in mice (20, 21).  A hallmark of Gao-binge ethanol feeding is increased neutrophil 229 

infiltration; Gao-binge induced expression of mRNA for ELR+, C-X-C chemokines, important 230 

stimulators of neutrophil recruitment, was also completely prevented in MifDHep mice.  231 

Furthermore, expression of Ccr2, a receptor located on pro-inflammatory monocytes, was 232 

decreased in MifDHep mice as compared to WT mice (Figure 5B). Therefore, hepatocyte-derived 233 

Mif was required for upregulation of the hepatic chemokine signature and leukocyte infiltration 234 

after Gao-Binge ethanol feeding.  235 

Importantly, MifDHep mice were protected from Gao-binge (Figure 5C), as well as chronic ethanol 236 

(Supplemental Figure 6) induced increases in plasma ALT and AST as compared to Miffl/fl mice 237 

and WT mice (Figure 5C). Multiple arms of the ER stress pathways were induced in the liver by 238 

Gao-Binge feeding in Miffl/fl and WT mice including increased splicing of x-box protein 1 (sXbp1) 239 

mRNA, and increased expression of glucose-regulated peptide 78 (Grp78), C/EBP homologous 240 

protein (Chop), and Chop-dependent gene death receptor 5 (Dr5) mRNA. Gao-binge also 241 

induced sXbp1 and expression of Grp78 mRNA in MifDHep mice, but not expression of Chop and 242 

Dr5 mRNA (Figure 5D). Hepatocyte-derived Mif expression was required for ethanol-induced 243 

liver injury, steatosis and cellular stress; directly connecting hepatocyte-derived MIF as 244 

necessary to drive ethanol-induced liver injury and inflammation. 245 

Discussion 246 

Inflammation is associated with the onset and progression of almost all chronic diseases, 247 

including ALD and other liver diseases (6, 22). The current study highlights critical changes in 248 

expression of chemokines in the livers of patients with AH and how changes in expression of 249 
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multiple chemokines might be controlled in patients with severe AH.  Canonical functions of 250 

chemokines and MIF in ALD are associated with leukocyte infiltration into the liver, including 251 

monocytes, macrophages and neutrophils (23-25).  There is some controversy to what role(s) 252 

leukocytes play in the progression of ALD in humans, i.e. the accumulation of neutrophils in the 253 

livers of patients with AH has been associated with both favorable and negative outcomes for 254 

patient morbidity and mortality (25-28).  As current therapeutic options for ALD are limited and 255 

ineffective in nearly half of patients, a complete understanding of the underlying inflammation 256 

will optimize mechanistic discoveries in the future.  In the current study, we investigated how the 257 

dynamics of the chemokine ligand family changed transcriptionally throughout ALD progression 258 

and discovered a coordinated upregulation of CXCL1, CXCL5, CXCL6, CXCL8, CCL2 and 259 

CCL20 expression that was tightly correlated to patients with AH, and controlled by hepatocyte-260 

derived MIF in ethanol-fed mice.  Understanding how this signature is upregulated in ALD has 261 

the potential to provide meaningful therapeutic insight into the specific pathophysiology of ALD 262 

compared to other liver diseases. 263 

The WGCNA method of analysis identified modules of differentially expressed genes that had 264 

the strongest correlation to AH as compared to HC.  The analysis was unsigned, therefore the 265 

opposite signs of the correlation values, 0.95 and -0.92 for green and salmon, respectively, do 266 

not suggest whether members of the modules would contribute to or protect from AH 267 

pathogenesis.  However, the opposite signs do suggest that overlap between module members 268 

was unlikely (Figure 1F; Supplemental Tables 1-2). The chemokines identified are upregulated 269 

in patients with AH as compared to HC when measured individually, consistent with other 270 

studies (3, 4).   271 

We next extended the analysis into a different cohort which included patients who drink alcohol 272 

to excess with early, non-severe ALD, through those with severe AH that required liver 273 

transplant (Figures 2-3).  While the two analyses were generally consistent with each other, 274 
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there were some modest differences that could be attributed to the sensitivity of the technique 275 

(Microarray vs. RNA-seq), the quality of the sequencing, or variations stemming from sample 276 

collection or storage (29). Another finding from this second cohort suggests that hepatitis as a 277 

diagnosis, irrespective of etiology, is not sufficient to drive enhanced chemokine expression.  278 

Consistent with other reports, patients with HCV had far fewer changes in expression of 279 

chemokines except for CXCL10 and CXCL11 (Figure 3) (1, 2, 30).  In patients with NAFLD, no 280 

significant changes in expression of chemokines were detected as compared to HC.  281 

Interestingly, in autoimmune hepatitis, a chronic liver disease with a known connection to MIF, 282 

hepatic production of chemokines are primarily T-cell chemotactic factors outside of the IL-8 283 

family (31, 32). Overall, patients with AH exhibited the most changes, both in number and 284 

magnitude, in expression of chemokines compared to other liver diseases.  285 

While many chemokines were up-regulated in patients with AH, clustering analysis revealed a 286 

distinct and specific signature of CXCL1, CXCL6, CXCL8, CCL2 and CCL20, suggesting that 287 

these chemokines may be co-regulated.  The chemokines in this group (Figure 3) are largely 288 

localized to the same genomic neighborhood (within 4 Mb) for either the C-C (Chromosome 17) 289 

or C-X-C (Chromosome 4) chemokine families (33). In contrast, CCL20 (Chromosome 2) is a 290 

standalone gene with regards to its genetic locus within the chemokine family. This data 291 

suggests that upregulation of this chemokine signature was not likely due solely to the proximity 292 

of chemokine genes to one another. An interesting finding was the negative regulation of 293 

CXCL14 specifically in AH; CXCL14 is an ELR- C-X-C chemokine similar to CXCL10 (Figure 294 

3C).  Clustering analysis, however, did not include CXCL14 with the other chemokines, so we 295 

did not continue to include this particular chemokine for the remainder of the study.   Taken 296 

together, the analysis from the chemokine expression in these datasets identified an hepatic 297 

chemokine signature in patients with AH that was distinct from patterns of chemokine 298 
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expression in other hepatopathies, suggesting that there was a common upstream mechanism 299 

directing this phenomenon. 300 

In considering a potential mechanism for expression of this chemokine signature in AH, we 301 

hypothesized a specific role of the pleiotropic cytokine-chemokine MIF in regulation of 302 

chemokine expression.  In patients with AH, expression of MIF protein is upregulated in 303 

hepatocytes.  The concentration of MIF is elevated in suprahepatic sera and is associated with 304 

higher mortality in patients with AH (13). The marked upregulation of MIF protein in livers of 305 

patients with severe AH is not paralleled with increased expression of MIF mRNA (14).  This 306 

has been demonstrated in several studies with alcohol feeding in mice and in human tissues 307 

(12-14). Furthermore, within the current study, expression of MIF mRNA was not increased in 308 

patients with AH in GSE28619 or in the second cohort of patients with ASH and other 309 

hepatopathies (data not shown).  Although MIF mRNA is modestly upregulated in many 310 

diseases, including AH, the large, pre-formed pools of MIF protein that are stored in cells and 311 

ready to be released in response to inflammatory or noxious stimuli are likely of greater 312 

significance to the pathophysiology of the disease (34, 35).  Release of MIF is likely a danger 313 

signal in AH, especially when AH is severe. 314 

Interestingly, the current study identified that the greatest increase in magnitude for expression 315 

of chemokines and the coordinated regulation of expression in patients with severe AH (Figure 316 

3C), that parallels hepatic MIF protein expression and release in patients with AH (13, 14). MIF 317 

is a known regulator of chemokine expression following ethanol feeding with or without binge, 318 

chemically-induced liver fibrosis by carbon tetrachloride, and in other cell types including 319 

endothelial cells, macrophages, and hepatocytes (Supplemental Figure 6) (13, 16, 36, 37). 320 

What is even more compelling about hepatocyte-derived MIF controlling chemokine expression 321 

is that hepatocytes are a pivotal source of many chemokines, like CCL2 and the IL8 family, in 322 

liver diseases including AH (2, 16, 38). If MIF is released by hepatocytes in patients with severe 323 
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AH, then it could represent an autocrine/paracrine feedback loop leading to exacerbated liver 324 

inflammation and mortality in patients with AH.  Furthermore, the current study strongly 325 

suggests that MIF is a contributor to inflammation and injury in AH compared to NAFLD and 326 

HCV.  This disease specific role of MIF in patients with AH is consistent with data from murine 327 

models, where MIF contributes to ethanol-induced liver injury (12-14), but may protect from high 328 

fat diet induced liver injury and chemically-induced liver fibrosis (39, 40).  Additional evidence for  329 

context specific roles of MIF was reported in a recent study, wherein the use of hepatocyte-330 

specific Mif knockouts revealed a previously unknown pro-fibrotic effect of MIF in diet-induced 331 

model of fibrosis in mice, contrasting with previous results utilizing global Mif knockouts (41).  332 

Taken together, the complex biology of MIF in liver diseases is multifaceted and context-333 

dependent.   334 

While chemokine expression is typically associated with inflammatory cells, they are also 335 

abundantly expressed in epithelial cells, including hepatocytes (1, 16). The findings after Gao-336 

Binge ethanol feeding in the MifDHep mice added strong evidence that hepatocyte-derived MIF 337 

was sufficient to drive ethanol-mediated hepatocellular injury and liver inflammation. Mif 338 

deficiency only in hepatocytes was sufficient to prevent increased hepatocellular injury, cytotoxic 339 

arms of ER stress, immune cell recruitment and most importantly, expression of the chemokine 340 

signature after Gao-Binge ethanol feeding (Figure 5). The results from MifDHep mice following 341 

Gao-binge feeding and cultured hepatocytes presented here adds to the growing body of 342 

evidence that hepatocytes are a critical source of MIF in ALD (12, 13).  343 

 It is worthy of note that the magnitude of expression for hepatic chemokine mRNA after Gao-344 

binge in mice is much lower than that observed in patients with AH. This may be related to 345 

species differences and/or differences in disease severity. In addition, murine and human 346 

chemokines differ; for example, mice do not express CXCL8 and the closest murine form of 347 

CXCL5 and CXCL6 is Lix.  Furthermore, although Gao-Binge ethanol feeding is a useful model 348 
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of ethanol feeding that induces neutrophil accumulation in the hepatic parenchyma, the 349 

magnitude of accumulation is markedly lower than in patients with AH (13, 14, 42).  Despite 350 

these differences, the same coordinated pattern of expression for hepatic chemokines is 351 

paralleled both murine models and patients with AH.   352 

The current study demonstrates why targeting a single chemokine or receptor in AH would be 353 

problematic and ineffective, as redundancy and overlap in action are important features of the 354 

chemokine system.  The difficulty in identifying effective therapeutic targets in ALD is likely 355 

related to the multiplicity of factors acting concurrently in the pathophysiology of ALD.  356 

Furthermore, given the cell autonomous roles of factors such as MIF or chemokines, it is likely 357 

that therapeutic targeting to both the source and site of action will be required for refined 358 

interventions. Therapeutic targeting of MIF or MIF-dependent signaling in hepatocytes might 359 

lead to a better outcome in patients with severe AH. 360 

Methods 361 

Weighted Gene Correlation Network Analysis (WGCNA) of Differentially Expressed 362 

Genes in GSE28619 363 

Gene expression analysis in the liver of 7 healthy controls and 15 patients with AH was used in 364 

the unsigned WGCNA analysis with publicly available gene expression database GSE28619.  365 

Patient characteristics and study approval were detailed in a previous publication (4).  The top 366 

50% of differentially expressed genes (3789) were selected to construct an unsigned, co-367 

expression network using the WGCNA package in R, version 3.6 (43). The power of β=10 (scale 368 

free R2 = 0.8) was selected as the soft thresholding parameter to ensure a scale-free network. 369 

The minimum module size was set to 30 and the threshold for merging similar modules was set 370 

to 0.25.  The correlation between Module Eigengenes (MEs) and clinical traits was calculated to 371 

identify the modules that were highly related to AH. Modules with absolute values of MEs above 372 
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0.9 were selected. Genes with an absolute Gene Significance (GS) value above 0.5 and an 373 

absolute Module Membership (MM) values above 0.6 in green (852) and salmon (1852) 374 

modules were regarded as hub genes for further analysis (Supplemental Tables 1-2). 375 

RNA-Seq Database and Clustering Analysis 376 

RNA-seq data from livers of patients with various hepatopathies was acquired by the Bataller 377 

lab; patient characteristics from this cohort are found in the publication (15). In brief, the patients 378 

in this cohort are either healthy controls (HC), heavy drinking patients with diagnoses ranging in 379 

severity from early alcohol-associated steatohepatitis (Early ASH) through patients with AH 380 

receiving liver transplant, patients with NAFLD, and patients with HCV without or with 381 

compensated cirrhosis (HCV or HCV-Cirr). Chemokine expression was supplied as normalized 382 

transcripts per million (tpm).  Clustering analysis of RNA expression was performed via t-SNE 383 

using the Rtsne function in R, version 3.6.  Pearson’s correlations and heatmaps were 384 

generated from normalized RNA expression data and compared to patient diagnosis or as 385 

pairwise correlations in R.  386 

Mouse Model of Mild Alcohol-associated Hepatitis: Generation of Hepatocyte-Specific 387 

Mif-deficient (MifDHep) mice 388 

All procedures using animals were approved by the Cleveland Clinic Institutional Animal Care 389 

and Use Committee.  A breeding colony of floxed Mif (Miffl/fl) mice (44) on a C57BL/6 390 

background was established and maintained at the Cleveland Clinic.  ALB-CRE expressing 391 

mice were purchased from JAX (Bar Harbor, ME) and crossed with Miffl/fl mice to generate 392 

hepatocyte-specific knockout of Mif (MifDHep) mice. The genetic background of the mice was 393 

determined by genotyping of 148 distinct SNPs Jackson Laboratories SNP Genome scanning 394 

analysis (C57BL/6 Substrain Characterization Panel).  Miffl/fl mice were on a mixed C57BL/6J 395 

and C57BL/6N background in an approximate 45:55 ratio of C57BL/6N:C57BL/6J whereas the 396 
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MifDHep mice were a 30:70 ratio of C57BL6/N:C57BL/6J. (Supplemental Table 3).  To properly 397 

control for these differences in genetic background, C57BL/6N mice were purchased from 398 

Charles River (Wilmington, MA) and crossed with C57BL/6J for one generation, generating mice 399 

with a 45:55 ratio C57BL/6N:J mice . The F1 generation was backcrossed once more to 400 

C57BL/6J mice to generate a strain with a 25:75 ratio of C57BL6/N:J (abbreviated as WT) 401 

(Supplemental Table 4). 402 

Gao-Binge Feeding Model 403 

Gao-binge ethanol feeding was carried out as previously described, with minor modifications 404 

(19, 42).  On Day 11, pair-fed and ethanol-fed mice (5% ethanol v/v) were gavaged with an 405 

equivalent volume of 5g/kg maltose or 5g/kg ethanol in water, respectively.  Mice were 406 

anesthetized at 6h post gavage, blood was collected in non-heparinized syringes from the 407 

posterior vena cava, livers excised after a brief perfusion and mice were euthanized by 408 

exsanguination. Some mice were also fed 5% ethanol (v/v) for 10-day but not subjected to the 409 

ethanol binge.   Portions of each liver were fixed in formalin or frozen in optimal cutting 410 

temperature (OCT) compound (Sakura Finetek U.S.A., Inc., Torrance, CA) for histology, flash 411 

frozen in liquid nitrogen to be stored at -80°C for analysis at a later time.  Blood was transferred 412 

to EDTA-containing tubes for plasma isolation, plasma was isolated and stored at -80°C until 413 

further analysis. 414 

RNA isolation and quantitative Real-Time Polymerase Chain Reaction 415 

Flash-frozen liver was homogenized in Qiazol (Qiagen, Germantown, MD) and RNA was 416 

isolated using the Direct-zol RNA Kit (Zymo Research, Irvine, CA). Liver RNA was reverse 417 

transcribed by SuperScript™ VILO™ cDNA Synthesis Kit (ThermoFisher, Waltham, MA).  The 418 

relative messenger RNA (mRNA) was determined using primers listed in Supplemental Table 5 419 

by the DDCt method, normalized to 18S rRNA, on a QuantStudio5 qPCR machine.   420 
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AML-12 Cell Culture 421 

The murine hepatocyte cell line, alpha mouse liver 12 (AML-12), was purchased through the 422 

American Tissue Culture Collection (ATCC) and grown in DMEM:F12 Medium supplemented 423 

with 10% fetal bovine serum, 10 µg/ml insulin, 5.5 µg/ml transferrin, 5 ng/ml selenium and 40 424 

ng/ml dexamethasone (Complete medium).  For experiments, cells were acclimated to complete 425 

medium without dexamethasone for 18 h prior to stimulation with bacterial lipopolysaccharide 426 

(ThermoFisher).  AML12 cells were treated with 50 µM MIF098 (45), ERK activation inhibitor 427 

U0126, or vehicle control (0.1% DMSO) 1h prior to LPS challenge at the indicated 428 

concentrations. RNA was isolated with the Direct-zol RNA Kit (Zymo Research) and protein was 429 

isolated as previously described (14).  Cell lysates were separated on 10% polyacrylamide gels 430 

and used for Western blot analysis with antibodies against phospho-ERK1/2 (SC-7383, Santa 431 

Cruz Biotechnology Inc, Dallas, TX), phospho-p65 (3033S, Cell Signaling Technology, Beverly, 432 

MA), total ERK (06-182, EMD Millipore, Burlington, MA), total p65 (6956S, Cell Signaling 433 

Technology) and IkBa (9242, Cell Signaling Technology).  GAPDH (MAB374, EMD Millipore) 434 

was used as a loading control.  Signal intensities were quantified using ImageJ.  435 

Biochemical Assays 436 

Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were 437 

assayed with enzymatic assay kits from Sekisui Diagnostics (Framingham, MA), per 438 

manufacturer’s instructions.  Liver triglycerides were determined by assay kits purchased from 439 

Pointe Scientific Inc. (Lincoln Park, MI). 440 

Statistical Analysis 441 

Analysis of variance (ANOVA) was performed using the general linear models procedure (SAS, 442 

Carey, IN). Data were log-transformed if necessary to obtain a normal distribution. Post-hoc 443 
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comparisons were made by least square means testing. p values of less than 0.05 were 444 

considered significant. 445 

Study Approval 446 

Animal protocol were approved and conducted in accordance with the Cleveland Clinic 447 

Institutional Animal Care and Use Committee regulations (Approval #2017-1885).  For human 448 

samples, written and informed consent was obtained for all patients as noted in previous 449 

publications (11, 15).  Dataset GSE28619 was obtained from the gene expression omnibus 450 

(ncbi.nlm.nih.gov/geo).  The RNA-seq dataset is available from the Database of Genotypes and 451 

Phenotypes (dbGAP) of the National Center for Biotechnology Information under accession 452 

number phs001807.v1.p1 (15). 453 

Author Contributions 454 

K.L.P., X.F., M.R.M. and L.E.N. conceived, designed and directed the studies with input from 455 

L.L, R.B., M.V., J.A., and R.B.  K.L.P. wrote the manuscript with assistance from all other 456 

authors.  K.L.P. and X.F. performed the WGCNA on GSE286129 and analysis of 457 

phs001807.v1.p1, K.L.P., C.D.K, E.H., X.W. and M.R.M. performed the mouse studies, in vitro 458 

cell work, qPCR and Western Blot analysis.  459 



20 
 

 

References 460 

1. Marra F, and Tacke F. Roles for chemokines in liver disease. Gastroenterology. 2014;147(3):577-461 
94 e1. 462 

2. Saiman Y, and Friedman SL. The role of chemokines in acute liver injury. Front Physiol. 463 
2012;3:213. 464 

3. Affo S, Morales-Ibanez O, Rodrigo-Torres D, Altamirano J, Blaya D, Dapito DH, et al. CCL20 465 
mediates lipopolysaccharide induced liver injury and is a potential driver of inflammation and 466 
fibrosis in alcoholic hepatitis. Gut. 2014;63(11):1782-92. 467 

4. Dominguez M, Miquel R, Colmenero J, Moreno M, Garcia-Pagan JC, Bosch J, et al. Hepatic 468 
expression of CXC chemokines predicts portal hypertension and survival in patients with 469 
alcoholic hepatitis. Gastroenterology. 2009;136(5):1639-50. 470 

5. Seitz HK, Bataller R, Cortez-Pinto H, Gao B, Gual A, Lackner C, et al. Alcoholic liver disease. Nat 471 
Rev Dis Primers. 2018;4(1):16. 472 

6. Gao B, Ahmad MF, Nagy LE, and Tsukamoto H. Inflammatory pathways in alcoholic 473 
steatohepatitis. J Hepatol. 2019;70(2):249-59. 474 

7. Mandrekar P, Ambade A, Lim A, Szabo G, and Catalano D. An essential role for monocyte 475 
chemoattractant protein-1 in alcoholic liver injury: regulation of proinflammatory cytokines and 476 
hepatic steatosis in mice. Hepatology. 2011;54(6):2185-97. 477 

8. Chang B, Xu MJ, Zhou Z, Cai Y, Li M, Wang W, et al. Short- or long-term high-fat diet feeding plus 478 
acute ethanol binge synergistically induce acute liver injury in mice: an important role for CXCL1. 479 
Hepatology. 2015;62(4):1070-85. 480 

9. Huang YS, Chan CY, Wu JC, Pai CH, Chao Y, and Lee SD. Serum levels of interleukin-8 in alcoholic 481 
liver disease: relationship with disease stage, biochemical parameters and survival. J Hepatol. 482 
1996;24(4):377-84. 483 

10. Zimmermann HW, Seidler S, Gassler N, Nattermann J, Luedde T, Trautwein C, et al. Interleukin-8 484 
is activated in patients with chronic liver diseases and associated with hepatic macrophage 485 
accumulation in human liver fibrosis. PLoS One. 2011;6(6):e21381. 486 

11. Affo S, Dominguez M, Lozano JJ, Sancho-Bru P, Rodrigo-Torres D, Morales-Ibanez O, et al. 487 
Transcriptome analysis identifies TNF superfamily receptors as potential therapeutic targets in 488 
alcoholic hepatitis. Gut. 2013;62(3):452-60. 489 

12. Barnes MA, McMullen MR, Roychowdhury S, Pisano SG, Liu X, Stavitsky AB, et al. Macrophage 490 
migration inhibitory factor contributes to ethanol-induced liver injury by mediating cell injury, 491 
steatohepatitis, and steatosis. Hepatology. 2013;57(5):1980-91. 492 

13. Marin V, Poulsen K, Odena G, McMullen MR, Altamirano J, Sancho-Bru P, et al. Hepatocyte-493 
derived macrophage migration inhibitory factor mediates alcohol-induced liver injury in mice 494 
and patients. J Hepatol. 2017;67(5):1018-25. 495 

14. Poulsen KL, McMullen MR, Huang E, Kibler CD, Sheehan MM, Leng L, et al. Novel Role of 496 
Macrophage Migration Inhibitory Factor in Upstream Control of the Unfolded Protein Response 497 
After Ethanol Feeding in Mice. Alcohol Clin Exp Res. 2019;43(7):1439-51. 498 

15. Argemi J, Latasa MU, Atkinson SR, Blokhin IO, Massey V, Gue JP, et al. Defective HNF4alpha-499 
dependent gene expression as a driver of hepatocellular failure in alcoholic hepatitis. Nat 500 
Commun. 2019;10(1):3126. 501 

16. Xie J, Yang L, Tian L, Li W, Yang L, and Li L. Macrophage Migration Inhibitor Factor Upregulates 502 
MCP-1 Expression in an Autocrine Manner in Hepatocytes during Acute Mouse Liver Injury. Sci 503 
Rep. 2016;6:27665. 504 



21 
 

 

17. Kim A, Bellar A, McMullen MR, Li X, and Nagy LE. Functionally Diverse Inflammatory Responses 505 
in Peripheral and Liver Monocytes in Alcohol-Associated Hepatitis. Hepatol Commun. 506 
2020;4(10):1459-76. 507 

18. Fujimoto M, Uemura M, Nakatani Y, Tsujita S, Hoppo K, Tamagawa T, et al. Plasma endotoxin 508 
and serum cytokine levels in patients with alcoholic hepatitis: relation to severity of liver 509 
disturbance. Alcohol Clin Exp Res. 2000;24(4 Suppl):48S-54S. 510 

19. Bertola A, Mathews S, Ki SH, Wang H, and Gao B. Mouse model of chronic and binge ethanol 511 
feeding (the NIAAA model). Nat Protoc. 2013;8(3):627-37. 512 

20. Rovai LE, Herschman HR, and Smith JB. The murine neutrophil-chemoattractant chemokines LIX, 513 
KC, and MIP-2 have distinct induction kinetics, tissue distributions, and tissue-specific 514 
sensitivities to glucocorticoid regulation in endotoxemia. J Leukoc Biol. 1998;64(4):494-502. 515 

21. Smith JB, Wadleigh DJ, Xia YR, Mar RA, Herschman HR, and Lusis AJ. Cloning and genomic 516 
localization of the murine LPS-induced CXC chemokine (LIX) gene, Scyb5. Immunogenetics. 517 
2002;54(8):599-603. 518 

22. Kim A, McCullough RL, Poulsen KL, Sanz-Garcia C, Sheehan M, Stavitsky AB, et al. Hepatic 519 
Immune System: Adaptations to Alcohol. Handb Exp Pharmacol. 2018;248:347-67. 520 

23. Shan Z, and Ju C. Hepatic Macrophages in Liver Injury. Front Immunol. 2020;11:322. 521 
24. Ramaiah SK, and Jaeschke H. Hepatic neutrophil infiltration in the pathogenesis of alcohol-522 

induced liver injury. Toxicol Mech Methods. 2007;17(7):431-40. 523 
25. Jaeschke H. Neutrophil-mediated tissue injury in alcoholic hepatitis. Alcohol. 2002;27(1):23-7. 524 
26. Bissonnette J, Altamirano J, Devue C, Roux O, Payance A, Lebrec D, et al. A prospective study of 525 

the utility of plasma biomarkers to diagnose alcoholic hepatitis. Hepatology. 2017;66(2):555-63. 526 
27. Altamirano J, Miquel R, Katoonizadeh A, Abraldes JG, Duarte-Rojo A, Louvet A, et al. A histologic 527 

scoring system for prognosis of patients with alcoholic hepatitis. Gastroenterology. 528 
2014;146(5):1231-9 e1-6. 529 

28. Mathurin P, Duchatelle V, Ramond MJ, Degott C, Bedossa P, Erlinger S, et al. Survival and 530 
prognostic factors in patients with severe alcoholic hepatitis treated with prednisolone. 531 
Gastroenterology. 1996;110(6):1847-53. 532 

29. Rao MS, Van Vleet TR, Ciurlionis R, Buck WR, Mittelstadt SW, Blomme EAG, et al. Comparison of 533 
RNA-Seq and Microarray Gene Expression Platforms for the Toxicogenomic Evaluation of Liver 534 
From Short-Term Rat Toxicity Studies. Front Genet. 2018;9:636. 535 

30. Fahey S, Dempsey E, and Long A. The role of chemokines in acute and chronic hepatitis C 536 
infection. Cell Mol Immunol. 2014;11(1):25-40. 537 

31. Assis DN, Leng L, Du X, Zhang CK, Grieb G, Merk M, et al. The role of macrophage migration 538 
inhibitory factor in autoimmune liver disease. Hepatology. 2014;59(2):580-91. 539 

32. Czaja AJ. Review article: chemokines as orchestrators of autoimmune hepatitis and potential 540 
therapeutic targets. Aliment Pharmacol Ther. 2014;40(3):261-79. 541 

33. Wang J, Adelson DL, Yilmaz A, Sze SH, Jin Y, and Zhu JJ. Genomic organization, annotation, and 542 
ligand-receptor inferences of chicken chemokines and chemokine receptor genes based on 543 
comparative genomics. BMC Genomics. 2005;6:45. 544 

34. Merk M, Baugh J, Zierow S, Leng L, Pal U, Lee SJ, et al. The Golgi-associated protein p115 545 
mediates the secretion of macrophage migration inhibitory factor. J Immunol. 546 
2009;182(11):6896-906. 547 

35. Sobierajski J, Hendgen-Cotta UB, Luedike P, Stock P, Rammos C, Meyer C, et al. Assessment of 548 
macrophage migration inhibitory factor in humans: protocol for accurate and reproducible 549 
levels. Free Radic Biol Med. 2013;63:236-42. 550 



22 
 

 

36. Gregory JL, Morand EF, McKeown SJ, Ralph JA, Hall P, Yang YH, et al. Macrophage migration 551 
inhibitory factor induces macrophage recruitment via CC chemokine ligand 2. J Immunol. 552 
2006;177(11):8072-9. 553 

37. Asare Y, Schmitt M, and Bernhagen J. The vascular biology of macrophage migration inhibitory 554 
factor (MIF). Expression and effects in inflammation, atherogenesis and angiogenesis. Thromb 555 
Haemost. 2013;109(3):391-8. 556 

38. Zhou Z, Xu MJ, and Gao B. Hepatocytes: a key cell type for innate immunity. Cell Mol Immunol. 557 
2016;13(3):301-15. 558 

39. Heinrichs D, Knauel M, Offermanns C, Berres ML, Nellen A, Leng L, et al. Macrophage migration 559 
inhibitory factor (MIF) exerts antifibrotic effects in experimental liver fibrosis via CD74. Proc Natl 560 
Acad Sci U S A. 2011;108(42):17444-9. 561 

40. Heinrichs D, Berres ML, Coeuru M, Knauel M, Nellen A, Fischer P, et al. Protective role of 562 
macrophage migration inhibitory factor in nonalcoholic steatohepatitis. FASEB J. 563 
2014;28(12):5136-47. 564 

41. Heinrichs D, Brandt EF, Fischer P, Köhncke J, Wirtz TH, Guldiken N, et al. Unexpected Pro-Fibrotic 565 
Effect of MIF in Non-Alcoholic Steatohepatitis Is Linked to a Shift in NKT Cell Populations. Cells. 566 
2021;10(2). 567 

42. Bertola A, Park O, and Gao B. Chronic plus binge ethanol feeding synergistically induces 568 
neutrophil infiltration and liver injury in mice: a critical role for E-selectin. Hepatology. 569 
2013;58(5):1814-23. 570 

43. Langfelder P, and Horvath S. WGCNA: an R package for weighted correlation network analysis. 571 
BMC Bioinformatics. 2008;9:559. 572 

44. Fingerle-Rowson G, Petrenko O, Metz CN, Forsthuber TG, Mitchell R, Huss R, et al. The p53-573 
dependent effects of macrophage migration inhibitory factor revealed by gene targeting. Proc 574 
Natl Acad Sci U S A. 2003;100(16):9354-9. 575 

45. Yoo SA, Leng L, Kim BJ, Du X, Tilstam PV, Kim KH, et al. MIF allele-dependent regulation of the 576 
MIF coreceptor CD44 and role in rheumatoid arthritis. Proc Natl Acad Sci U S A. 577 
2016;113(49):E7917-E26. 578 

 579 

  580 



23 
 

 

 581 

Figure 1. WGCNA Identified Specific Gene Modules related to Alcohol-associated 582 

Hepatitis. A)  The relationship of each color module to disease status.  Correlation coefficients 583 

and p-values are presented within each module per diagnosis. B/C) Correlation of module 584 
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membership versus Gene significance was calculated in GSE28619 from B) green and C) 585 

salmon modules.  D) Venn diagram of the top 50% DEGs in the green module, salmon module, 586 

and chemokine ligands and receptors. E) A total of 10 chemokine ligands and receptors were 587 

located in either the green or salmon modules. 588 
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Figure 2.  Chemokine Expression and Correlation with Diagnosis from RNA-seq in Livers 590 

of Healthy Control and Patients with Various Hepatopathies. A) Expression of C-C 591 

chemokines and CX3CL1 and B) C-X-C chemokines.  Data are displayed as normalized 592 

transcripts per million (tpm) in box-and-whisker plots representing the mean, interquartile range 593 

(Box) and upper and lower quartiles (whiskers) for Healthy Controls (Healthy, n=10), patients 594 

with Early Alcohol-associated Steatohepatitis (Early ASH, n= 12), Non-Severe Alcohol-595 

associated Hepatitis (Non-Severe AH, n=11), Severe AH (n=29), Non-alcoholic Fatty Liver 596 

Disease (NAFLD, n=9) Hepatitis C Virus (HCV, n=9), or Hepatitis C Virus with Cirrhosis (HCV-597 

Cirr, n=9) C) Heatmap of Pearson’s correlation coefficients for expression of chemokine ligands 598 

to patient diagnosis with values represented in the boxes. 599 
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Figure 3. Clustering of chemokine expression data by t-SNE segregated patients with AH 601 

from other diagnoses and refined the hepatic chemokine signature in patients with AH. 602 

A) Clustering of patients as determined by t-SNE of RNA expression for chemokines in livers of 603 

patients.  B) Heatmap of chemokine expression correlations in liver. C) Clustering by t-SNE for 604 

expression of chemokine RNA in livers of patients from all hepatopathies. 605 
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Figure 4. MIF is required for LPS-mediated upregulation of chemokine mRNA expression 607 

in response to LPS challenge. A) AML-12 cells were treated with lipopolysaccharide (LPS) at 608 

the indicated concentrations for 90 minutes and expression of Cxcl1, Lix, Ccl2 and Ccl20 mRNA 609 

was determined by qRT-PCR. B) AML-12 cells were pretreated with VEH (0.1% DMSO) or 610 

MIF098 (50 µM) prior to LPS challenge for 90 minutes.  Expression of Cxcl1, Lix, Ccl2 and 611 

Ccl20 mRNA was determined and normalized to Basal/VEH or LPS/VEH as indicated.  C) AML-612 

12 cells were treated with 1ng/ml LPS for 30 min and phosphorylation of ERK and p65, as well 613 

as the abundance of IkBa, was determined by Western blot. GAPDH was used as a loading 614 

control.  Values are expressed as means ± SEM.  * p<0.05 vs. BAS controls (n=4-7). Means 615 

with different letters are significantly different, p<0.05, by two-way ANOVA with least square 616 

means multiple comparison tests. 617 
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 618 

Figure 5. Hepatocyte-specific Mif deletion prevents Gao-Binge induced hepatocellular 619 

injury, steatosis, and expression of the chemokine signature. Miffl/fl, C57BL/6 and MifDHep 620 

mice were acclimated to a complete liquid diet and allowed free access to ethanol-containing 621 

(n=5-6) or pair-fed (n=4) control diets per Gao-Binge feeding protocol. A) Expression of Cxcl1, 622 

Lix, Ccl2 and Ccl20 chemokine mRNA and B) expression of neutrophil markers Ly6G and Cxcr2 623 
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as well as monocyte surface marker Ccr2 mRNA was determined by qRT-PCR in mouse livers. 624 

C) ALT (U/L) and AST (U/L) activity in circulation was determined in plasma and hepatic 625 

triglyceride content was measured in liver homogenate. D) Expression of ER stress-associated 626 

mRNA for spliced Xbp1 (sXbp1), Grp78, Chop, and Dr5 was determined in mouse liver by qRT-627 

PCR.  Values are expressed as means ± SEM.  * - p<0.05 vs. pair-fed controls within genotype, 628 

by two-way ANOVA with least square means multiple comparison tests. 629 


