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Abstract

BACKGROUND & AIMS: We recently showed that alcoholic hepatitis (AH) is characterized 
by dedifferentiation of hepatocytes and loss of mature functions. Glucose metabolism is tightly 
regulated in healthy hepatocytes. We hypothesize that AH may lead to metabolic reprogramming 
of the liver, including dysregulation of glucose metabolism.

METHODS: We performed integrated metabolomic and transcriptomic analyses of liver tissue 
from patients with AH or alcoholic cirrhosis or normal liver tissue from hepatic resection. 
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Focused analyses of chromatin immunoprecipitation coupled to DNA sequencing was performed. 
Functional in vitro studies were performed in primary rat and human hepatocytes and HepG2 
cells.

RESULTS: Patients with AH exhibited specific changes in the levels of intermediates of 
glycolysis/gluconeogenesis, the tricarboxylic acid cycle, and monosaccharide and disaccharide 
metabolism. Integrated analysis of the transcriptome and metabolome showed the used of alternate 
energetic pathways, metabolite sinks and bottlenecks, and dysregulated glucose storage in patients 
with AH. Among genes involved in glucose metabolism, hexokinase domain containing 1 
(HKDC1) was identified as the most up-regulated kinase in patients with AH. Histone active 
promoter and enhancer markers were increased in the HKDC1 genomic region. High HKDC1 
levels were associated with the development of acute kidney injury and decreased survival. 
Increased HKDC1 activity contributed to the accumulation of glucose-6-P and glycogen in 
primary rat hepatocytes.

CONCLUSIONS: Altered metabolite levels and messenger RNA expression of metabolic 
enzymes suggest the existence of extensive reprogramming of glucose metabolism in AH. 
Increased HKDC1 expression may contribute to dysregulated glucose metabolism and represents a 
novel biomarker and therapeutic target for AH.

Keywords

Alcoholic Liver Disease; Metabolomics; Therapeutic Targets

Alcohol consumption is a leading cause of global morbidity and mortality, with much 
of the burden resulting from alcohol-related liver disease.1 Alcoholic hepatitis (AH) is a 
particularly severe form of acute-on-chronic liver disease that has a 20%€50% mortality rate 
at 3 months because of profound liver insufficiency and a marked systemic inflammatory 
response that leads to acute kidney injury (AKI) and multiorgan failure.2 Despite the 
significant impact of alcohol-related liver disease on public health, the disease pathogenesis 
remains poorly understood, and medical treatment for alcoholic liver disease (ALD) has not 
changed significantly in 40 years. Indeed, corticosteroids, the current first-line therapy for 
AH, are not useful in many patients.3 Identification of new targets for therapy for patients 
with AH represents one of the most urgent needs in clinical hepatology.

Glucose metabolism is an essential cellular physiologic process for controlling systemic 
energy homeostasis, and its dysregulation has been implicated in the development of 
diseases including cancer,4 Alzheimer disease,5 and liver diseases.6 Hepatocytes are 
important regulators of energy homeostasis via control of the storage, breakdown, and use 
of carbohydrates, lipids, and proteins. It is well known that acute alcohol consumption 
can contribute to dysregulation of hepatocyte metabolism via multiple mechanisms 
including depletion of enzyme cofactor levels, increase of endoplasmic reticulum stress, 
transcriptomic regulation, and alteration of metabolic enzyme activity. In contrast, the effects 
of long-term alcohol consumption on hepatic metabolism, particularly in the setting of 
acute-on-chronic liver diseases such as AH, remain unclear.
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We recently reported that AH is associated with a loss of hepatocyte differentiation and liver 
regeneration.7-9 We hypothesize that the dedifferentiation of hepatocytes that occurs during 
AH may lead to metabolic reprogramming of the liver, including dysregulation of glucose 
metabolism. To address this question, we performed an integrative analysis of the hepatic 
metabolome and transcriptome in patients with AH compared to alcoholic cirrhosis (AC) 
or unaffected liver tissue. One of the limitations for analysis of the hepatic metabolome is 
the small quantity of liver tissue available from transjugular biopsies. To ensure a sufficient 
amount of liver tissue sample, we used a unique cohort of patients with AH (or AC) who 
were undergoing early liver transplantation.10 Furthermore, to our knowledge, this is the 
first integrated analysis of the intrahepatic metabolome and transcriptome from individual 
patients. Our findings show that AH is associated with a unique metabolic signature, 
which includes dysregulation of key metabolic pathways including glucose metabolism. 
Additionally, we identified the up-regulated expression and altered epigenetic environment 
of a recently described hexokinase (HKDC1) in patients with AH. HKDC1 has intermediate 
affinity for glucose, and its expression may be induced to meet increased metabolic demands 
during pregnancy11 and in cancer, including hepatocellular carcinoma,12 but its role in 
alcohol-related liver disease is unclear. Here, we report that increased HKDC1 expression is 
associated with poor patient outcomes, representing a novel metabolic target for AH.

Materials and Methods

Patient Samples and Clinical Data

Sections of liver tissue explants from AH were collected at the University Hospital in 
Lille, France (n = 9) or Johns Hopkins Medical Center (n = 3). Sections of liver tissue 
explants from AC were collected at the University Hospital in Lille, France (n = 10). All 
samples were identified by histologic analysis. Control liver tissues were collected from 
patients undergoing resection for hepatic metastases by the Tissue Procurement Facility at 
the University of North Carolina at Chapel Hill in Chapel Hill, NC (n = 10) and at the 
University Hospital in Lille, France (n = 5). We could perform metabolomics analyses from 
the complete cohort (normal, n = 15; AH, n = 12; and AC, n = 10), whereas for RNA 
sequencing (RNA-seq), because of limited sample availability, we used lower sample size 
(normal, n = 12; AH, n = 10; and AC, n = 6) (Figure 1A). All liver tissue samples were snap 
frozen immediately after collection and stored at …80†C until RNA-seq and metabolomics 
analysis. To analyze histone chromatin immunoprecipitation coupled to DNA sequencing 
(ChIP-seq) in the HKDC1 genomic region, we performed in silico analysis from our data 
previously generated from AH (n= 7) and normal livers (n = 5)9 (Figure 1B). As a validation 
cohort for our RNA expression study, we used microarray data obtained from patients with 
clinical, analytical, and histologic features of AH (n = 15) and control individuals (n = 7), 
as described previously13 (Figure 1C). HKDC1 tissue expression was evaluated in healthy 
control individuals and in patients with AH (n = 5), ALD cirrhosis (n = 5), and non-ALD 
cirrhosis (n = 3). Samples were collected at Hospital Santa Creu i Sant Pau, Spain. HKDC1 
messenger RNA (mRNA) and serum protein levels were also analyzed in an additional 
cohort that included the following phenotypes: (1) normal liver tissue (n = 13), (2) patients 
with AH (n = 69), (3) patients with compensated alcohol-related cirrhosis (n = 26), (4) 
patients with genotype 1 hepatitis C virus (HCV) chronic infection (n = 26), and (5) patients 
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with morbid obesity and associated nonalcoholic steatohepatitis (NASH) (n = 37) (Figure 
1D). Serum HKDC1 was also evaluated in heavy drinkers (n = 10). Samples were collected 
at Veterans Affairs Long Beach Healthcare System. Figure 1 contains a schematic flowchart 
of human samples used in this work.

Experiments were performed with the approval of the respective institutional review boards 
and in accordance with the relevant guidelines established at the institution of collection. All 
patients included in the study gave written informed consent.

Metabolomics of Human Liver Tissues

Sample preparation for metabolomics was performed at Metabolon, Inc, where samples 
were prepared by using the automated MicroLab STAR system (Hamilton Company). After 
protein removal, sample extracts were divided into fractions for analysis by either reversed„
phase/ultraperformance liquid chromatography coupled to tandem mass spectrometry with 
positive ion mode electrospray ionization (ESI), reversed-phase/ultraperformance liquid 
chromatography coupled to tandem mass spectrometry with negative ion mode ESI, or 
hydrophilic interaction/ultraperformance liquid chromatography coupled to tandem mass 
spectrometry with negative ion mode ESI. Raw data were peak-identified by using 
Metabolon‡s library of authenticated standards or recurrent unknown entities and quality„
control processed by using Metabolon‡s hardware and software. Peaks were quantified by 
using area under the curve, normalized to raw area counts, and rescaled to set the median 
equal to 1. Statistical significance was determined with 1-way analysis of variance. The 
false discovery rate was estimated by using q values to account for multiple comparisons. 
Heatmap visualization was created using the pheatmap package in R (R Foundation for 
Statistical Computing).

RNA Sequencing of Human Liver Tissues

A subset of liver tissue samples from AH patients (n = 9), AC patients (n = 6), and 
control individuals (n = 10) were used for total RNA-seq. Sequencing was performed 
by the University of North Carolina‡s High-Throughput Sequencing Facility. Total RNA 
was extracted from human liver tissues by using the Qiagen AllPrep DNA/RNA/Protein 
Mini kit, following manufacturer‡s instructions. Extracted RNA was analyzed with the 
Agilent 2100 Bioanalyzer system (Agilent Biotechnologies). High-quality RNA was used 
for library construction by using the Illumina TruSeq Stranded Total RNA Ribo-Zero Gold 
kit. Multiplexed samples were sequenced by using the Illumina HiSeq2000 platform using a 
read length of 2 ˆ 50 bases. Short read alignment was performed using the STAR alignment 
algorithm with default parameters.14 Differential gene expression was determined by using 
the DESeq2 package, and data were visualized by using DESeq2, pheatmap, or ggplot2 
packages in R. Changes in disease-associated pathways were identified by using Ingenuity 
Pathway Analysis (IPA) (Qiagen) and visualized by using the ggplot2 package in R.

Integrative Analysis of the Hepatic Metabolome and Transcriptome

Both RNA-seq and metabolomic data sets were filtered for expression level (sum of 
expression over all samples, >0) and sample variability (standard deviation over all samples, 
>0). Raw RNA-seq count data and median-scaled metabolomic data were then log2„
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transformed before all analyses. Pairwise Spearman rank correlation tests were performed 
between each gene and metabolite by using the base R function cor.test to generate both 
Spearman rho and a P value estimate; P < .05 was used to determine significance.

Chromatin Immunoprecipitation Coupled to DNA Sequencing of Histone Marks

ChIP-seq was performed by the Mayo Epigenomics Development Laboratory (EDL) using 
recently described procedures.9 ChIP-seq of liver tissue from 5 control and 7 severe 
AH explants (provided by the University of Lille, France) were analyzed for 4 histone 
modifications, using antibodies against histone H3 lysine 27 acetylation (H3K27ac, Cell 
Signaling no. 8173), histone H3 lysine 27 trimethylation (H3K27me3, Cell Signaling no. 
9733), histone H3 lysine 4 monomethylation (H3K4me1, EDL, Mayo Clinic, lot no. 1), and 
histone H3 lysine 4 trimethylation (H3K4me3, EDL, Mayo Clinic, lot no. 1). Briefly, reads 
were aligned to the hg19 genome assembly using BWA. The Integrative Genomics Viewer 
was then used to visualize the H3K4me1, H3K4me3, H3K27ac, and H3K27me3 peaks in 
the context of the HKDC1 genomic region.

Adenovirus

Human HKDC1 complementary DNA was purchased from the OpenBiosystems 
clone library. The complementary DNA encoding for HKDC1 was 
amplified by polymerase chain reaction (PCR) using sequence-specific primers 
(forward: 5�É-GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATGTTTGCGGTCC 
ACTTGATGGC-3�É; reverse: 5�É„
GGGGACCACTTTGTACAAGAAAGCTGGGTCTAGTTCTCCTTCTGTGCCTGC-3�É). 
The resulting DNA sequence was cloned into the pAd/CMV/V5-DEST Gateway vector 
(Invitrogen) using the Gateway cloning system (Invitrogen). The resulting adenoviral vector 
was linearized with the PacI restriction enzyme and transfected into HEK293A cells. After 
7 days, the medium and cells were collected, freeze-thawed 3 times, and centrifuged. The 
supernatant containing the adenovirus encoding HKDC1 was collected for further adenoviral 
amplification.

Transcript Profiling

Liver RNA-seq data are available in the Gene Expression Omnibus (GSE142530). Liver 
microarray data are available in the Gene Expression Omnibus (GSE28619). Liver ChIP-seq 
peak analysis is available in the Database of Genotypes and Phenotypes (phs001807.v1.p1). 
Liver raw and processed metabolomic data are provided in the Supplementary Materials.

Results

Patients With Alcoholic Hepatitis Exhibit a Unique Hepatic Metabolome

Metabolomics and transcriptomics were performed on liver tissue from normal control 
individuals, patients with AH, and patients with AC. Half of the patients with AH were 
male, with a mean age of 56 years, similar to the unaffected control (66% male; mean 
age, 60 years) and AC (60% male; mean age, 51 years) cohorts. Patients with AH had 
a significantly higher Model for End-Stage Liver Disease score (32) and serum aspartate 
aminotransferase levels (123 U/L) than those with AC (Model for End-Stage Liver Disease, 
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25; aspartate aminotransferase level, 71 U/L). Clinical characteristics of the control, AC, and 
AH cohorts used for metabolomic and transcriptomic analysis are shown in Supplementary 
Table 1.

Metabolomic analysis of liver tissue from patients with AH or AC or normal liver tissue 
detected a total of 869 metabolites across all samples, including 176 intermediates of 
amino acid metabolism, 43 intermediates of carbohydrate metabolism, 45 cofactors and 
vitamins, 11 intermediates of energy metabolism, 390 intermediates of lipid metabolism, 
57 intermediates of nucleotide metabolism, 41 intermediates of peptide metabolism, and 
87 xenobiotics. Principal component analysis showed that the 3 patient cohorts were 
distinguishable by distinct metabolic signatures (Figure 2A). Indeed, 515 metabolites (254 
increased, 261 decreased) were significantly changed in the AH cohort compared to the 
control cohort, and 326 (225 increased, 101 decreased) were significantly changed in the AH 
cohort compared to the AC cohort. There were 206 metabolites that differentiated the AH 
and AC cohorts from the control cohort (Figure 2B), consistent with the similar etiologies 
of these alcohol-induced chronic liver diseases. Importantly, 58 metabolites (24 increased, 
34 decreased) were uniquely changed in patients with AH compared to control individuals 
(Supplementary Table 2), and 22 metabolites were uniquely changed between the AH and 
AC cohorts (Supplementary Table 3). The metabolites significantly altered in AH were 
involved in amino acid, carbohydrate, vitamin, energy, and nucleotide metabolism (Figure 
2C, yellow annotation). These changes in hepatic metabolite levels defined an AH-specific 
metabolite profile.

Profound Carbohydrate Metabolism Dysregulation in Alcoholic Hepatitis

To understand the effect of chronic alcohol consumption on hepatic metabolism in the 
setting of AH, we performed a focused analysis of the metabolites involved in glycolysis/
gluconeogenesis, the tricarboxylic acid (TCA) cycle, and monosaccharide and disaccharide 
metabolism (Table 1). Liver tissue from patients with AH showed a unique profile of 
carbohydrate metabolism intermediates compared to either the control or AC groups. 
Hepatic glucose, 3-phosphoglycerate, and phosphoenolpyruvate (PEP) levels were all 
significantly decreased in AH compared to the control or AC cohorts. In contrast, the levels 
of glucose-6-phosphate (G6P) were increased by more than 200% in the AH compared 
to the control or AC cohorts. Citrate and aconitate, the products of the first 2 steps of 
the TCA cycle, were also increased in AH by 170% and 380%, respectively, compared 
to the control cohort. The TCA cycle intermediates succinyl-carnitine (a surrogate marker 
for succinyl-coenzyme A [CoA]), fumarate, and malate, as well as the monosaccharide 
mannose, were all significantly decreased in AH compared to control or AC samples. 
Cofactors are important for the allosteric regulation of glucose and energy metabolism; thus, 
changes in cofactor levels or ratios can affect enzyme activity. Liver tissue from patients 
with AH exhibited an 80% depletion of oxidized nicotinamide adenine dinucleotide (NAD+) 
stores compared to control samples, which contributed to a significant decrease in the 
NAD+/reduced nicotinamide adenine dinucleotide (NADH) ratio. Collectively, these results 
support our hypothesis that AH is characterized by profound reprogramming of glucose 
metabolism.

Massey et al. Page 7

Gastroenterology. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Deregulated Hepatic Messenger RNA Expression of Enzymes Involved in Carbohydrate 
Metabolism in Alcoholic Hepatitis

To explore changes in the hepatic expression of genes encoding enzymes involved in 
glucose metabolism in the context of AH, total RNA-seq of control liver tissue or tissue 
from patients with AC or AH was performed. Principal component analysis showed 
observable grouping of the 3 disease types into separate clusters (Supplementary Figure 
1A). Differential gene expression analysis showed that nearly 7500 genes were differentially 
expressed in AH compared to control samples, with more than 5000 of those genes being 
uniquely altered in AH (Supplementary Figure 1B). Consistent with previous findings, 
KRT23 and extracellular matrix€associated genes (eg, MMP2, MMP14, SPP1, LAMA2) 
were significantly increased in patients with ALD (Supplementary Figure 1C-E). IPA 
was performed to identify disease-associated pathways up-regulated and down-regulated 
in AH compared to normal tissue (Supplementary Figure 2). Consistent with chronic 
liver disease, IPA identified liver inflammation as the third most up-regulated disease„
associated pathway along with ‰increased response of liverŠ and ‰inflammation of organ.Š 
IPA analysis predicted changes in several metabolic pathways, including down-regulation 
of D-glucose concentration, quantity of carbohydrates, and metabolism of carbohydrates. 
Thus, these results suggest attenuated intermediate metabolism in AH, which is consistent 
with decreased hepatic glucose levels and altered levels of intermediates of carbohydrate 
metabolism identified by metabolomics.

To further explore changes in the gene expression of enzymes involved in intermediate 
metabolism, we performed a focused analysis on genes encoding the enzymes of 
glycolysis, gluconeogenesis, the TCA cycle, glycogen metabolism, and monosaccharide 
and disaccharide metabolism (Figure 3). The mRNA expression of glucokinase and 
the liver-enriched phosphofructokinase (PFKL), which govern 2 of the irreversible 
steps of glycolysis, were not significantly changed in patients with AH. However, the 
phosphofructokinase isozymes PFKM and PFKP, which have appreciable hepatic expression 
levels, were increased by 180% and 460%, respectively, in AH compared to control samples. 
HKDC1, a novel hexokinase that converts glucose into G6P, was increased by 600% 
in patients with AH compared to control individuals. The mRNA expression levels of 
enolase 3, pyruvate kinase, and lactate dehydrogenase enzymes A and D were significantly 
decreased in AH, whereas enolase 2 mRNA expression was significantly increased. Pyruvate 
kinase, which produces pyruvate via the third irreversible glycolytic reaction, was decreased 
to 35% of control levels in AH. The mRNA expression levels of enzymes that regulate 
reactions unique to gluconeogenesis were all decreased in AH compared to control 
samples, including pyruvate carboxylase, malate dehydrogenase 1 and 2, PEP-carboxykinase 
(PCK1), fructose 1,6-bisphosphatase, and glucose 6-phosphatase. Similarly, enzymes of 
the TCA cycle tended to be significantly decreased in AH, including the pyruvate 
dehydrogenase E1 beta subunit (PDHB), pyruvate dehydrogenase complex component 
X (PDHX) and dihydrolipoamide dehydrogenase enzymes of pyruvate dehydrogenase 
complex, isocitrate dehydrogenase (NADP+) 2 (IDH2), succinate-CoA ligase (SUCLG) 1 
and SUCLG2, succinate dehydrogenase complex (SDH) A and SDHB, fumarase, and malate 
dehydrogenase 2 (MDH2). The mRNA expression levels of all identified enzymes involved 
in glycogen metabolism were significantly decreased, including glycogen synthase, which 
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catalyzes the rate-limiting step of glycogen synthesis, and glycogen phosphorylase, which 
catalyzes the rate-limiting step of glycogen breakdown. Importantly, mRNA expression 
levels of only 8 of these enzymes were significantly altered in the AC compared to the 
control group, suggesting that dysregulation of intermediate metabolism gene expression is 
unique to AH.

Glucose Metabolism Reprogramming in Alcoholic Hepatitis Shown by Integrated Analysis 
of Hepatic Metabolomics and Transcriptomics

We performed a systems biology integrative analysis examining changes in expression and 
correlation between genes and metabolites related to glycolysis, gluconeogenesis, and the 
TCA cycle. Using a network-based approach, we identified several possible metabolite 
sinks, including G6P, acetyl-CoA, and citrate (Figure 4A). These metabolites showed 
increased abundance in AH versus control samples, along with a decrease of downstream 
intermediates, suggesting that there are multiple points of localized metabolite buildup. The 
TCA cycle in particular shows multiple metabolites with significantly decreased levels, 
suggesting that normal liver energetic processes are disrupted by AH in favor of alternate 
pathways, such as triglyceride synthesis and the pentose-phosphate pathway (Figure 4A). 
These changes in metabolites are also accompanied by altered expression levels of related 
genes, such as HKDC1, glucose-6-phosphate dehydrogenase (G6PD), and PDHB, which 
may contribute to these metabolite sinks or to altered glucose metabolism, for example, 
by promoting use of the pentose-phosphate shunt. Glycogen synthesis also appears to be 
affected by AH, with several key enzymes showing significant down-regulation; at the same 
time, glycogenolysis appears to be slightly up-regulated (Figure 3). This suggests that AH 
liver is incapable of proper glucose use and storage, which may contribute to the lack of liver 
regeneration and, ultimately, to the hepatocellular failure seen in these patients.

We also performed correlation analysis between gene expression and metabolite changes. 
We found no significant correlations in AH or control samples (Figure 4B, panel 1). 
However, there were significant inverse correlations in AH only (Figure 4B, panel 2), 
opposite correlations in AH and control livers (Figure 4B, panel 3), and significant direct 
correlations in AH only (Figure 4B, panel 4). The differences in enzyme expression/
metabolite correlations between control individuals and patients with AH were mostly 
related to the TCA cycle (Figure 4A and Supplementary Figure 3). Succinate in particular 
appears strongly inversely correlated with several TCA cycle-relevant genes, suggesting 
the presence of a bottleneck in the mitochondrial Krebs cycle. Taken together, our 
results suggest that dysregulation of glucose metabolism, through altered storage/release 
mechanisms, use of alternate energetic pathways, and metabolite sinks and bottlenecks, 
could contribute to abnormal liver function in AH.

Relationship Between Hepatic HKDC1 Expression and Clinical Outcomes in Patients With 
Alcoholic Hepatitis

RNA-seq analysis showed that HKDC1 is increased more than 6-fold in AH compared 
to control samples. HKDC1 is a recently discovered hexokinase that shares nearly 70% 
nucleotide and amino acid sequence homology with hexokinase 1 (HK1)15 and contributes 
to cellular hexokinase activity in vitro.16,17 Analysis of microarray data18 confirmed 
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increased HKDC1 as the most up-regulated kinase in AH (Supplementary Figure 4). 
Therefore, we performed a focused analysis on the role of HKDC1 in AH. HKDC1 
expression was found to be robustly induced specifically in hepatocytes in AH, as 
determined by immuno-histochemical analysis (Figure 5A and Supplementary Figure 5). 
Increased hepatic HKDC1 mRNA was validated by real-time PCR in cohorts of patients 
with biopsy-proven AH, other etiologies of liver disease, or control individuals. Expression 
of HKDC1 was increased by nearly 100-fold in livers from patients with AH than in healthy 
control individuals (Figure 5B). HKDC1 mRNA was also overexpressed in livers from 
patients with NASH and ACs. The incidence of AKI was significantly increased in patients 
with AH with high HKDC1 mRNA expression (>32-fold expression) compared to patients 
with AH with low HKDC1 mRNA expression (Figure 5C). High HKDC1 mRNA expression 
was also a good predictor of short-term mortality, as determined by Kaplan-Meier analysis 
(area under the receiver operating characteristic curve, 0.79; 95% confidence interval, 0.62€
0.91) with a cutoff value of 32-fold (Figure 5D). Confirmatory analysis of HKDC1 in liver 
and plasma was performed in a separate cohort of patients with AH and control individuals. 
Circulating HKDC1 levels were higher in AH and compensated patients with AC compared 
to patients with other liver diseases and heavy drinkers (Figure 5E). Additionally, there was 
a trend (P = .06) toward increased incidence of AKI during hospitalization in patients with 
high serum HKDC1 levels (>2900 UI/dL) compared to patients with low serum HKDC1 
levels (Figure 5F) as well as a trend toward decreased short-term survival (area under the 
receiver operating characteristic curve; 0.69; 95% confidence interval, 0.50€0.86) in patients 
with high serum HKDC1 levels, as determined by Kaplan-Meier analysis. These results 
suggest that increased hepatic expression of HKDC1 is accompanied by a raise in its serum 
levels and that HKDC1 could be useful as a noninvasive biomarker to predict short-term 
mortality in patients with AH.

Demonstration of Glucose-Phosphorylating Activity by HKDC1

Since immunohistochemistry showed a marked increased HKDC1 expression in hepatocytes 
(Figure 5A), the effect of ethanol exposure on HKDC1 expression in HepG2 cells 
was determined. Ethanol significantly increased HKDC1 mRNA expression by 50% 
in HepG2 cells (Supplementary Figure 6). Previous studies have shown that the 
overexpression of HKDC1 leads to increased hexokinase activity in HepG2 cells, by 
using plasmid transfection.17 HKDC1 is very active in tumoral cell lines, but its capacity 
to overcome or replace the strong HK1, HK2, HK3, and glucokinase (GCK) activities 
in primary hepatocytes has not been fully explored. By using adenovirus-mediated 
HKDC1 overexpression, we tested the contribution of HKDC1 to cellular hexokinase 
activity in primary rat hepatocytes. HKDC1 overexpression significantly increased glucose 
phosphorylating activity in primary rat hepatocytes compared to Ad-GFP€infected control 
(Figure 5H). G6P production was also increased by more 5-fold (Figure 5I) in Ad„
HKDC1€transduced cells. Because G6P is an allosteric activator of glycogen synthase, 
the rate-limiting enzyme in glycogen synthesis, we also determined the effect of HKDC1 
overexpression on hepatocyte glycogen levels. Primary rat hepatocytes overexpressing 
HKDC1 produced significantly more glycogen compared to GFP-expressing controls 
(Figure 5J). These results confirm both that ethanol can directly induce hepatocyte HKDC1 
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expression and that HKDC1 overexpression promotes hepatocyte glucose phosphorylation 
and increase in glycogen synthesis.

Chromatin Organization on the HKDC1 Promoter Region

We recently described that the livers of patients with alcoholic hepatitis undergo significant 
epigenetic modification.9 Compared to normal livers, AH livers present a severe down„
regulation of metabolically essential genes such as hepatocyte nuclear factor 4 (HNF4A) 
targets. The chromatin landscape of their regulatory regions show an increase in silencing 
(H3K27me3) and a decrease in activating histone marks (H3K4me1, H3K4me3, H3K27ac), 
which correlates with the hepatocellular failure in these patients.9 We thus explored 
chromatin states of HKDC1 region. In agreement with the significant increase in HKDC1 
expression, patients with AH displayed an altered chromatin pattern in HKDC1 genomic 
region, showing an increase in density and signal of H3K27ac peaks in enhancers 4€5 kilo 
base pairs upstream of the transcription start site and within the first and second introns 
(Figure 6A and B). Interestingly, the first 2 sites are expression-quantitative trait loci for the 
HKDC1 gene and have been related to gestational diabetes.17 Further studies with larger 
AH populations might evaluate if single-nucleotide polymorphisms in these expression„
quantitative trait loci could explain AH severity or survival. Trimethylation of H3K4 was 
increased in HKDC1 promoter in patients with AH, alongside increased H3K27ac (Figure 
6C). Contrary to normal livers, the trimethylation of H3K27 was absent in livers of patients 
with AH, which could partially explain the activation of HKDC1 transcription (Figure 6D).

Discussion

The specific treatment of patients with AH has not evolved over the 4 decades since 
prednisolone, the only effective drug, was proposed in 1971.19 In the absence of suitable 
animal models of true AH, there is an urgent need for translational studies using human 
samples to identify molecular drivers. Previous studies investigating mechanisms of AH 
have focused on the activation of hepatic inflammatory pathways.20 As a consequence, 
current efforts to develop novel therapies are focused on targeting inflammatory mediators 
such as the inflammasome or lipopolysaccharide. However, because of the profound 
hepatocellular dysfunction in AH and the central role of hepatocytes in intermediate 
metabolism, it is plausible that glucose metabolism is altered in these patients and could 
represent a potential avenue for biomarker and drug discovery. Despite the fact that alcohol 
exposure is known to affect hepatocyte metabolism both in vivo and in vitro,21-23 the hepatic 
metabolome has not been studied in patients with AH. The current study was designed to fill 
this knowledge gap.

Previous studies from our group have shown that AH is characterized by hepatocyte 
dedifferentiation and loss of hepatocyte regenerative capacity.7-9 We hypothesize that 
hepatocyte dedifferentiation is associated with dysregulation of glucose homeostatic 
function of hepatocytes, leading to metabolic reprogramming. To address this question, 
we performed metabolomic and transcriptomic analyses of human liver tissue. Because the 
limited size of biopsy tissue samples precludes their use for discovery-based metabolite 
analysis, we used explant liver tissue collected from a unique set of AH patients who 
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underwent early liver transplantation.10 We also analyzed explant tissues from patients with 
AC as well as fragments of normal liver tissue from patients undergoing hepatic resection 
for liver metastases. Using an integrative omics approach, the current study showed that 
the hepatic metabolome is significantly altered in AH and is characterized by profound 
glucose metabolism reprogramming. Indeed, we found that more than 450 metabolites 
were significantly changed in AH compared to normal liver tissue, 200 of which were 
not altered in AC, suggesting that these metabolites are uniquely altered during AH. 
As expected, based on the natural history of alcohol-induced liver disease and previous 
serum studies,24 we found that AH was associated with dramatic changes in hepatic lipid 
metabolism, including increased monoacylglycerols, polyunsaturated fatty acids, and free 
fatty acid levels compared to both normal control and AC. We further report significant 
changes in hepatic levels of intermediates of glucose metabolism and concordant changes 
in the mRNA expression of key metabolic enzymes (eg, HKDC1, G6PC, glycogen synthase 
2 [GYS2]) that correlate with changes in hepatic metabolite levels. In addition, network 
analysis suggested that alternate energetic pathways, such as the pentose-phosphate shunt 
and triglyceride synthesis, were the way glucose is used instead of feeding the TCA cycle.

Although previous studies investigating metabolic changes during AH have identified 
changes in serum levels of glucose metabolism intermediates,24 to our knowledge, we are 
the first to describe global changes in hepatic glucose metabolism in the context of AH. 
Our analysis showed significant increases in early intermediates of glycolysis including G6P 
and fructose 1,6-diphosphate/glucose 1,6-diphosphate despite lower levels of intracellular 
glucose in patients with AH. Our transcriptomic data suggest that in the context of AH, 
increased expression of hexokinases, including HKDC1, and a concomitant decrease in 
G6PC expression may contribute to accumulation of G6P. Previous studies have shown that 
G6PC and phosphoenolpyruvate carboxykinase (PEPCK) can be down-regulated via the 
interleukin 6€signal transducer and activator of transcription 3 pathway, which is known to 
be activated in AH.25 Furthermore, decreased mRNA expression of phosphoglucomutase-1 
(PGM1), which diverts G6P into glycogenesis, may prevent storage of excess G6P into 
glycogen. Decreased use of G6P for glycogenesis is further supported by decreased 
mRNA expression of UGP2 and glycogen synthase 1 (GYS1) as well as reduced levels 
of uridine diphosphate€glucose, a glycogen precursor. These findings are consistent with 
previous studies showing decreased glycogen stores and reduced mRNA expression of 
glycogen synthase and phosphorylase in cirrhotic liver.6 Significant changes in fructose 
1,6-bisphosphate, 3-phosphoglycerate, PEP, and pyruvate further suggest dysregulation of 
hepatic glucose metabolism in the context of AH. Interestingly, AH was also associated 
with a robust decrease in PEPCK, an irreversible reaction of gluconeogenesis. In mice, 
the loss of PEPCK has been shown to contribute to the development of hepatic steatosis, 
consistent with increases in lipid intermediates that were found in AH.25 Further studies 
should investigate the functional effects of these changes on alcohol-induced liver injury in 
true mouse models of AH.

Our integrative analysis also identified changes in the intermediates of the TCA cycle. 
The TCA cycle is compartmentalized to mitochondria, where it contributes to adenosine 
triphosphate production through the oxidation of acetyl-CoA derived from carbohydrates 
(eg, glucose), fats, and proteins. We found that AH was associated with a 2-fold increase in 
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pyruvate, a glycolytic product that can be converted into acetyl-CoA. Citrate and aconitate, 
the products of the first 2 steps of the TCA cycle, were also increased in AH. In contrast, 
AH was associated with lower levels of the intermediates (eg, succinyl CoA, succinate, 
fumarate) and enzyme gene expression (eg, SUCLG, SDH) involved in the final steps of the 
TCA cycle. The mechanism of ethanol hepatotoxicity includes the depletion of glutathione 
(GSH) and the consequent production of NADH, reducing the NAD+/NADH ratio. Thus, 
it is possible that the lack of NAD+ undermines the sequence flow of the TCA cycle. 
Metabolomic analysis did not allow discrimination between mitochondrial and cytosolic 
levels of intermediates; however, cellular localization of pyruvate, acetyl-CoA, and citrate 
play an important role in how they are used by the cells. Therefore, despite increases 
in acetyl-CoA and citrate, decreased levels of succinylcarnitine and succinate, along with 
concomitant increases in lipid intermediates, could indicate decreased TCA cycle activity. In 
this case, increased acetyl-CoA and citrate levels may favor fatty acid synthesis, contributing 
to lipogenesis and fat accumulation associated with ALD.26,27 As one of the first studies 
to investigate the effects of long-term alcohol consumption on intrahepatic metabolism, our 
results suggest that chronic alcohol consumption can disrupt the hepatic redox status, similar 
to acute intoxication.

A striking finding in our study is the demonstration that HKDC1, a recently discovered 
hexokinase,16,17 is the most up-regulated kinase in the whole transcriptome of patients with 
AH. HKDC1 was identified as the most up-regulated kinase in our study and was confirmed 
to be up-regulated in additional AH cohorts compared to control cohorts. Previous studies 
have shown that HKDC1 shares significant homology with the canonical HK1 hexokinase 
and that HKDC1 contributes to glycogen phosphorylation.17,28,29 In our study, we found 
that increased hepatic HKDC1 expression in AH was associated with incidence of AKI, 
an early complication associated with poor survival in patients with AH.2 In addition, 
high HKDC1 expression was associated with decreased 90-day survival AH. In vitro 
studies using primary rat hepatocytes supported a functional role of HKDC1 in glucose 
metabolism in the liver and in hepatocytes specifically. Thus, increased HKDC1 serum 
levels and concomitant increases in hepatocyte expression in AH suggest that HKDC1 may 
serve as a novel biomarker of AH and a potential therapeutic target. The mechanisms by 
which the expression of HKDC1 is associated with poorer outcome in AH are unclear 
and deserve further study. The hexokinase isoforms expressed in the healthy liver have a 
low avidity to phosphorylated glucose, so it is mostly stored as glycogen for further use 
by organs such as the brain and heart. The fact that hepatocytes in AH de novo express 
a hexokinase with intermediate avidity to use glucose for energy generation represents 
a sign of profound metabolic reprogramming. It is unclear, however, whether HKDC1 
overexpression is an epiphenomenon reflecting profound epigenome reprogramming in 
hepatocytes or is actually a molecular driver leading to hepatocyte dysfunction and loss 
of mature synthetic functions. Further gain- and loss-of-function studies are needed to assess 
if HKDC1 mediates hepatocyte failure in AH.

Our integrated analysis of human liver tissues was faced with certain limitations. First, our 
discovery-based metabolomics approach did not capture the complete hepatic metabolome 
and was unable to discriminate important intermediates of carbohydrate metabolism, 
including fructose 6-phosphate and glycogen. Additionally, metabolism is dynamically 
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regulated at multiple levels, including transcriptional regulation, protein phosphorylation, 
allosteric activation, and inhibition, and via complex protein-protein interactions. Because 
of limitations of tissue availability, we were restricted to transcriptomic and metabolomic 
analysis for this study and were unable to analyze changes in protein expression or enzyme 
activity in these patient cohorts. Therefore, we can only infer changes in enzyme activity 
based on metabolite level. As early liver transplants become more common for patients 
with AH, the field should focus on strengthening translational research opportunities that 
make explanted liver tissue available for more focused metabolic studies in this understudied 
patient population.

In conclusion, to our knowledge, we report the first integrative analysis of the intrahepatic 
metabolome and transcriptome. Our integrated correlative analysis suggests that glucose 
is not effectively being stored as glycogen, used to produce energy via the TCA cycle 
or to produce glucose. Instead, glucose appears to be accumulating as G6P, preventing 
meaningful energy use or storage. This study expands on previous reports from our group 
and others, which have reported abnormal gene expression involved in multiple pathways 
but not in intermediate metabolism. Importantly, we performed a focused analysis that 
identified HKDC1 as a potential biomarker of AH. In vitro studies support the hypothesis 
that increased HKDC1 expression in the liver of patients with AH can contribute to altered 
glucose metabolism.
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ChIP-seq chromatin immunoprecipitation coupled to DNA sequencing

CoA coenzyme A

EDL Epigenomics Development Laboratory

ESI electrospray ionization

G6P glucose-6-phosphate

G6PC glucose-6-phosphatase, catalytic subunit

HCV hepatitis C virus

HK hexokinase

IPA Ingenuity Pathway Analysis

mRNA messenger RNA

NAD+ oxidized nicotinamide adenine dinucleotide

NASH nonalcoholic steatohepatitis

PCR polymerase chain reaction

PEP phosphoenolpyruvate

PEPCK phosphoenolpyruvate carboxykinase

RNA-seq RNA sequencing

TCA tricarboxylic acid cycle
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

€ Alcoholic hepatitis (AH) is characterized by profound changes in hepatic 
gene expression.

€ HKDC1 is a recently described hexokinase which is associated with increased 
metabolic demand of cancer tissues, including HCC.

NEW FINDINGS

€ AH is associated with increased levels of hepatic G6P and pyruvate, and 
alterations of intermediates of the TCA cycle, glycogenesis, and mono- and 
disaccharide metabolism.

€ Liver tissue from AH exhibits a massive up-regulation of HKDC1 in 
hepatocytes, which is associated with worse clinical outcomes.

LIMITATIONS

€ Human liver tissue availability imposes limitations in the variety of 
experiments we can perform.

IMPACT

€ Dysregulated hepatic glucose metabolism represents a novel pathway for drug 
development in AH. HKDC1 appears to be a promising prognostic biomarker 
and a potential molecular target for AH.
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Figure 1. 
Schematic work flowchart of human samples analyses. (A) Liver metabolomics and RNA„
seq were performed by using a cohort of normal liver fragments from resection for liver 
metastasis (n = 15), livers from patients with AH (n = 12), and livers from patients with 
AC (n = 10). (B) Liver ChIP-seq data were retrieved from a previous study (Database of 
Genotypes and Phenotypes phs001807). Data from a validation cohort of patients with AH 
(n = 15) and control individuals (n = 7) were retrieved from previous study (GSE28619). 
(D) Real-time PCR validation and serum HKDC1 measurements were performed in a 
cohort of normal liver tissue (n = 13) and from patients with AH (n = 69), AC (n = 
26), HCV-infected patients (n = 26), and patients with NASH (n = 37). dbGAP, Database 
of Genotypes and Phenotypes; RP/UPLC-MS/MS, reversed phase/ultraperformance liquid 
chromatography coupled to tandem mass spectrometry.
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Figure 2. 
The hepatic metabolome is altered in patients with AH. Metabolomics was performed at 
Metabolon, Inc, as described in the Materials and Methods section. (A) Plot of the Principal 
Component Analysis of the hepatic metabolome of normal liver tissue (control), AC, and 
AH. (B) Venn diagram representing the metabolites found to be significantly changed by 
multiple comparison testing between AH and control, between AC and control, and between 
AH and AC. (C) Heatmap showing the normalized expression of all metabolites detected 
by metabolomics analysis of the liver tissue. Annotation indicates which metabolites were 
significantly changed in patients with AH compared to either control individuals or patients 
with AC (yellow), only significantly changed in patients with AH compared to control 
individuals (gray), and only significantly changed in patients with AH compared to patients 
with AC (blue).
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Figure 3. 
Heatmap showing normalized mRNA expression levels of enzymes involved in intermediate 
metabolism. RNA-seq of human liver tissue was performed as described in the Materials and 
Methods section. A subset of genes involved in intermediate metabolism pathways is shown. 
The color scale represents sample Z-score. Statistical significance was determined by using 
the DESeq2 package and was adjusted for multiple comparisons. Statistical significance is 
reported as adjusted P values compared to control.
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Figure 4. 
Integrated analysis of metabolomics and RNA-seq. (A) Metabolic map showing significant 
changes in gene expresses (boxes) and intermediates (text) of glucose metabolism in patients 
with AH compared to normal control samples. (B) Representative plots showing correlations 
between genes and metabolites for control (gray) and AH (orange) samples.
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Figure 5. 
Increased hepatic HKDC1 mRNA expression and serum HKDC1 levels in patients with 
AH are associated with higher incidence of AKI and decreased short-term survival. 
(A) Representative pictures of HKDC1 immunostaining (original magnification, ˆ200) in 
control livers and in livers from patients with AH, ALD cirrhosis, and non-ALD cirrhosis. 
(B) Gene expression of HKDC1 was analyzed in control (n = 13), AH (n = 69), HCV 
(n = 26), NASH (n = 37), and compensated AC liver tissue (n = 26). Data are shown 
as mean Œ standard error of the mean. *P < .05 compared to control samples, #P < .05 
compared to the other groups. (C) High HKDC1 mRNA expression (•32-fold of control) 
is associated with the development of AKI during hospitalization in patients with AH. (D) 
Kaplan-Meier curve showing the 90-day survival in patients with AH with high (>32-fold of 
control) or low (<32-fold of control) hepatic HKDC1 expression. (E) Fasting serum levels 
of HKDC1 were evaluated in samples from healthy control individuals (n = 14), heavy 
drinkers (n = 10), and in patients with AH (n = 46), HCV (n = 17), NASH (n = 12), and 
compensated AC (n = 22). Data are shown as mean Œ standard error of the mean; *P < .05 
compared to all other groups. (F) High HKDC1 serum level (>2900 ng/mL) is associated 
with the development of AKI during hospitalization in patients with AH. (G) Kaplan-Meier 
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curve showing the 90-day survival in patients with AH with high (>2900 ng/mL) or low 
(<2900 ng/mL) serum HKDC1 level. (H€J) Rat primary hepatocytes were treated with 
either AdCMV-HKDC1 or AdCMV-GFP as described in the Materials and Methods section. 
Cells were serum- and glucose-starved overnight followed by incubation with 30 mmol/L 
glucose for 4 hours. Hexokinase activity (H), G6P levels (I), and glycogen content (J) were 
determined as described in the Materials and Methods section. Data represent the mean for 
3 independent experiments Œ standard error; *P < .05 compared to the AdCMV-GFP€treated 
cells in medium plus glucose.
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Figure 6. 
Genomic view of histone ChIP-seq data showing increased activity in HKDC1 regulatory 
regions. Data from ChIP-seq in livers from patients with AH (n = 7) and normal livers (n 
= 5) is presented in the genomic context of the HKDC1 gene. H3K27ac and H3K4me1 
were used to mark the activity and location of enhancers, respectively. H3K4me3 was used 
to verify the activity of the promoter. The H3K27me3 mark indicates the presence of gene 
silencing. Shadow squares indicate the detected peaks by MACS2.
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