
133

Hepatology CommuniCations, Vol. 6, no. 1, 2022  

The Integrated “Multiomics” Landscape 
at Peak Injury and Resolution From 
Alcohol- Associated Liver Disease
Sukanta Das,1 Xiaodong Ge,1 Hui Han,1 Romain Desert,1 Zhuolun Song ,1 Dipti Athavale,1 Wei Chen,1 Harriet Gaskell,1 
Daniel Lantvit,1 Grace Guzman,1 and Natalia Nieto 1,2

Alcohol- associated liver disease (ALD) is a significant clinical problem for which the most effective therapy is alcohol 
abstinence. The two aims of this study were, first, to identify the liver transcriptome, fecal microbiome, and portal 
serum metabolome at peak injury and during early and late resolution from ALD; and second, to integrate their inter-
actions and understand better the pathogenesis of ALD. To provoke alcohol- induced liver injury, female and male wild- 
type mice were fed the control or ethanol Lieber- DeCarli diets for 6  weeks. To study early and late resolution, alcohol 
was withdrawn from the diet and mice were sacrificed after 3 and 14  days, respectively. At peak injury, there was in-
creased signal transducer and activator of transcription (Stat3), Rho- GTPases, Tec kinase and glycoprotein VI (Gp6), and 
decreased peroxisome proliferator– activated receptor signaling. During resolution from ALD, there was up- regulation 
of vitamin D receptor/retinoid X receptor, toll- like receptor, p38 and Stat3, and down- regulation of liver X receptor 
signaling. Females showed significant changes in catabolic pathways, whereas males increased cellular stress, injury, and 
immune- response pathways that decreased during resolution. The bacterial genus Alistipes and the metabolite dipeptide 
glycyl- L- leucine increased at peak but decreased during resolution from ALD in both genders. Hepatic induction of 
mitogen- activated protein kinase (Map3k1) correlated with changes in the microbiome and metabolome at peak but 
was restored during ALD resolution. Inhibition of MAP3K1 protected from ALD in mice. Conclusion: Alcohol ab-
stinence restores the liver transcriptome, fecal microbiome, and portal serum metabolome in a gender- specific man-
ner. Integration of multiomics data identified Map3k1 as a key gene driving pathogenesis and resolution from ALD. 
(Hepatology Communications 2022;6:133-160).

According to the National Institutes on 
Alcohol Abuse and Alcoholism, about 
88,000  people (62,000 men and 26,000 

women) die from alcohol use disorders annually, 

making alcohol the third leading preventable cause 
of death in the United States. Overall, alcohol 
causes more than 5% of the global disease burden 
worldwide.

Abbreviations: AA, arachidonic acid; AH, alcohol- associated hepatitis; ALD, alcohol- associated liver disease; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; BA, bile acid; CA, cholic acid; CHO, cholesterol; Cyp, cytochrome P450; d- CA, dimer of cholic acid; EtOH, ethanol; FC, 
fold change; FDR, false discovery rate; GP6, glycoprotein VI; H&E, hematoxylin and eosin; HC, healthy control; IHC, immunohistochemistry; IL, 
interleukin; LDC, Lieber- DeCarli; LPS, lipopolysaccharide; MAPK, mitogen- activated protein kinase; mRNA, messenger RNA; PCA, principal 
component analysis; PEITC, phenethyl isothiocyanate; PLS- DA, partial least squares– discriminant analysis; PPAR, peroxisome proliferator– 
activated receptor; PCR, polymerase chase reaction; RNA- seq, RNA sequencing; RXR, retinoid X receptor; Stat3, signal transducer and activator of 
transcription 3; TG, triglyceride; TLR, toll- like receptor; UDCA, ursodeoxycholic acid; WB, western blot.
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Alcohol and the by- products of its metabolism play 
a central hepatotoxic role in alcohol- associated liver 
disease (ALD).(1,2) The precise molecular mechanisms 
driving the onset of simple fatty liver disease and 
progression to hepatocellular carcinoma due to alco-
hol consumption are not completely elucidated.(1,3) 
Nevertheless, alcohol affects hepatic global gene 
expression.(4- 7)

Chronic alcohol abuse also disrupts the intestinal 
epithelial barrier, decreases transepithelial electric 
resistance, and increases gut permeability.(8) These 
events enable gut- derived bacteria, bacterial prod-
ucts, such as lipopolysaccharide (LPS) and antigens, 
to translocate from the gut lumen to the portal vein. 
After reaching the liver, they activate Kupffer cells and 
infiltrating macrophages to eventually trigger hepato-
cyte injury.(8- 10)

In addition, alcohol and its metabolite acetalde-
hyde cause bacterial overgrowth and intestinal dysbio-
sis,(11- 13) both of which affect key metabolic pathways 
along with the composition of the bile acid (BA) pool, 
contributing to the ALD progression.(14)

To date, there is limited information on how ALD 
progresses and, more importantly, when and how it 
resolves. Therefore, the two aims of this study were, 
first, to identify the liver transcriptome, fecal micro-
biome, and portal serum metabolome at peak injury 
and during early and late resolution from ALD; and 
second, to integrate their interactions to understand 
better the pathogenesis of ALD.

Materials and Methods
geneRal metHoDology

Details on general methodology, such as hema-
toxylin and eosin (H&E) staining, measurement of 

serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) activities, serum and 
liver triglycerides (TGs) and cholesterol (CHO) 
concentration, serum alcohol levels, measurement of 
fluorescein isothiocyanate (FITC)– dextran in por-
tal blood serum, total RNA extraction, and quanti-
tative real- time polymerase- chase reaction (PCR) 
analysis are described in previous publications.(15- 20) 
The sequences of the primers used are listed in 
Supporting Table S1. Immunohistochemistry (IHC) 
for MAP3K1 was performed using the PA5- 79629 
antibody (Invitrogen, Carlsbad, CA). IHC reactions 
were developed using the Histostain Plus detection 
system (Thermo Fisher Scientific, Carlsbad, CA). 
The same antibody was used for western blot (WB) 
analysis.

Human samples
Tissue samples for WB analysis were provided by 

Dr. Zhaoli Sun from the Clinical Resources Center 
for Alcoholic Hepatitis Investigation ( Johns Hopkins 
University, Baltimore, MD). The procurement and 
use of these archived samples was internal review 
board– approved.

miCe
C57BL/6J (Stock No. 000664) wild- type (WT) 

female and male mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME).

moDel oF alCoHol- inDuCeD 
liVeR inJuRy

The Lieber- DeCarli (LDC) model was used to pro-
voke early alcohol- induced liver injury.(21) The control 
and ethanol LDC diets (Bio- Serv Inc., Frenchtown, NJ) 
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are equicaloric and have the same composition of 
fat (42% of calories) and protein (16% of calories). 
The content of carbohydrates is 42% of total calories 
(dextrin- maltose) in the control diet and 12% of total 
calories in the ethanol diet, where up to 30% of carbo-
hydrate calories are replaced by ethanol.(21)

Equal number of female and male mice 
(12- week- old, ~25  g) were acclimatized to the liq-
uid diet by feeding them the control LDC diet for 
7 days. The percentage of ethanol- derived calories was 
progressively increased from 10% (1  week) to 20% 
(1 week), 25% (2 weeks) and 30% (2 weeks) to achieve 
peak injury. Resolution from ALD was develop by 
switching mice to control diet for 3 days (early reso-
lution) or 14 days (late resolution). Control groups, at 
each time point, consisted of mice fed control LDC 
diet (Supporting Fig. S1A,B). Mice were pair- fed, 
and liver and body weight were recorded upon sacri-
fice to calculate the liver– to– body weight ratio. Blood 
was drawn by submandibular and portal vein bleeding 
under anesthesia. Feces were collected from the large 
intestine, and livers were removed.

map3K1 inHiBition
MAP3K1 activity was inhibited by using phenethyl 

isothiocyanate (PEITC), which directly binds to the 
adenosine triphosphate binding pocket of MAP3K1 
and results in inhibition of kinase activity.(22) PEITC 
(96%) was purchased from Thermo Fisher Scientific 
(Fair Lawn, NJ) and incorporated into the LDC 
diets. WT (12- week- old) female and male mice were 
allowed to acclimatize to the LDC liquid diet and 
then were randomly assigned into six groups (n = 4/
group) and fed as follows: (1) LDC control diet for 
6 weeks (control), (2) LDC control diet with 100 mg/
kg/day PEITC for 6  weeks (control + PEITC), (3) 
LDC ethanol diet for 6  weeks (EtOH), (4) LDC 
ethanol diet with 100 mg/kg/day PEITC for 6 weeks 
(EtOH + PEITC), (5) LDC ethanol diet for 6 weeks 
followed by 3 days for LDC control (resolution), and 
(6) LDC ethanol diet for 6 weeks followed by 3 days 
for LDC control with 100 mg/kg/day PEITC (reso-
lution + PEITC). The percentage of ethanol- derived 
calories was progressively increased as described 
before. Body weight was monitored weekly, and after 
6 weeks or 6 weeks and 3 days of feeding, mice were 
sacrificed under anesthesia.

stimulation to pRimaRy 
HepatoCytes

Primary hepatocytes from 12- week- old male WT 
mice were isolated and cultured in 12 well- plates 
(1  ×  106 cells/well) as previously.(17) After 4  hours, 
hepatocytes were serum- deprived and treated with 
ethanol (100  mM), PEITC (20  µM), arachidonic 
acid (20 µM), LPS (1 µg/ml), tumor necrosis factor α 
(TNFα; 15 ng/mL), interleukin (IL)- 1β (25 ng/mL), 
and H2O2 (1 µM) for 24 hours, and RNA and protein 
were isolated. Cytosolic and nuclear proteins were iso-
lated using the compartmental protein extraction kit 
(Millipore, Burlington, MA).

stuDy appRoVal
All animals received humane care according to 

the criteria outlined in the “Guide for the Care and 
Use of Laboratory Animals” prepared by the National 
Academy of Sciences and published by the National 
Institutes of Health. Housing and husbandry condi-
tions were approved by the Institutional Animal Care 
and Use Committee office from the University of 
Illinois at Chicago before initiation of the studies. All 
in vivo experiments were carried out according to the 
Animal Research: Reporting of In Vivo Experiments 
guidelines.

statistiCal analysis
Data are given as means ± SEM unless otherwise 

indicated. Statistical analyses were performed using 
GraphPad Prism v7 with statistical significance set 
at  P  ≤  0.05. Comparisons between two groups were 
performed using the unpaired (two- tail) Student t test 
or Mann- Whitney U test.

Details methods are includes in the Supporting 
Information.

Results
liVeR inJuRy at peaK anD 
Resolution FRom alD

WT mice were fed the control or ethanol LDC 
diets for 6  weeks to develop peak ALD. A sepa-
rate group of mice with peak ALD was switched to 
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control diet for 3 or 14  days to allow early or late 
resolution, respectively. Liver injury was assessed by 
H&E staining, pathological scoring, and serum ALT 
activity. Both females and males at peak ALD showed 
increased steatosis, hepatocyte ballooning degenera-
tion, and inflammation (Fig. 1A- E) as well as ele-
vated ALT activity (Fig. 1F) compared with controls. 
In this model, inflammation results from prolifera-
tion and activation of Kupffer cells and infiltrating 
macrophages.(18) All of these parameters decreased 
significantly throughout resolution from ALD (Fig. 
1A- F).

During progression to peak ALD, ethanol- fed 
mice showed lower body weight than control- fed 
mice, especially females. Throughout resolution 
from ALD, mice increased body weight, espe-
cially males (Supporting Fig. S1C,D). Liver weight 
and the liver– to– body weight ratio at peak ALD 
were significantly higher than in control- fed mice 
(Supporting Fig. S2A,B). Liver TGs and CHO, as 
well as serum ALT and AST activities, increased at 
peak ALD compared with controls, but decreased to 
baseline values during resolution (Supporting Fig. 
S2A,B and Fig. 1F). Overall, these findings suggest 
that ceasing alcohol consumption gradually resolves 
ALD.

liVeR tRansCRiptome at 
peaK anD Resolution FRom 
alDliVeR tRansCRiptome at 
peaK anD Resolution FRom 
alD

To examine the changes in hepatic gene expression 
occurring at peak and resolution from ALD, we per-
formed RNA sequencing (RNA- seq). Both genders 
showed a large number of genes up- regulated (fold 
change (FC) ≥ 1.5) or down- regulated (FC ≤ 0.67) at 
peak and resolution from ALD (Fig. 2A- D). Further 
analysis revealed that nine genes in females and 1,057 
genes in males increased at peak were down- regulated 
throughout resolution from ALD (Fig. 2A,C). 
Conversely, 16 genes in females and 1,208 genes in 
males decreased at peak were up- regulated through-
out resolution from ALD (Fig. 2B,D). These results 
indicate that only 2.5% (25 of 970) genes in females 
return to baseline values throughout resolution from 
ALD as opposed to 46.5% (2,265 of 4,871) genes in 
males.

lanDsCape oF CanoniCal 
patHWays at peaK anD 
Resolution FRom alD

Next, using Ingenuity Pathway Analysis (IPA), we 
analyzed the transcriptomics data to identify canon-
ical pathways changing at peak and resolution from 
ALD. Females had a significant number of path-
ways changed at peak ALD (Fig. 3A,B). Among the 
activated, only STAT3 and death receptor signaling 
decreased during late resolution from ALD (Fig. 3A). 
Among the inactivated, only LPS/IL- 1 mediated 
inhibition of retinoid X receptor (RXR) signaling 
increased throughout resolution from ALD (Fig. 3B). 
Peroxisome proliferator– activated receptor (PPAR) 
signaling, suppressed at peak, was reactivated during 
late resolution from ALD (Fig. 3B). Activation of 
serotonin catabolism at peak was reduced in early res-
olution from ALD (Fig. 3C). The genes from these 
pathways are listed in Supporting Table S2.

Males showed a remarkable number of changed 
pathways at peak injury (Fig. 3D,E). Among the acti-
vated, seven decreased throughout resolution from 
ALD (Fig. 3D). Endothelial growth factor (EGF) 
and fibroblast growth factor (FGF), as well as relaxin 
and Rho family of GTPases (Rho- GTPases) signal-
ing, decreased during early and late resolution from 
ALD, respectively (Fig. 3D). Of note, STAT3 sig-
naling remained activated in males (Fig. 3D) but not 
in females (Fig. 3A). Among the inactivated, eight 
pathways increased throughout resolution from ALD 
(Fig. 3E). PPAR, neurotrophin/TRK, and angiopoi-
etin signaling were activated in early resolution from 
ALD (Fig. 3E). Three activated pathways associated 
with cellular stress and injury (acute phase response, 
coagulation, and reactive oxygen species [ROS]/reac-
tive nitrogen species [RNS]) and four pathways linked 
to the immune response (IL- 6, IL- 8, IL- 1, and den-
dritic cell maturation) at peak were reduced during 
resolution from ALD (Fig. 3F). The genes from these 
pathways are listed in Supporting Table S3.

Common genes in patHWays 
CHangeD at peaK anD 
RestoReD tHRougHout 
Resolution FRom alD

There were 15 genes in females and 40 in males 
linked with multiple pathways changed at peak and 
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Fig. 1. Liver injury at peak and resolution from ALD. Female and male WT mice were fed the control or ethanol LDC diets for 6 weeks 
(peak injury). To achieve resolution from ALD, mice were switched to control diet for 3 or 14 days (early or late resolution, respectively). 
Liver H&E staining from females (A) and males (B) (green arrows, macrovesicular steatosis; yellow arrows, microvesicular steatosis; 
red arrows, hepatocyte ballooning degeneration; and blue arrows, inflammatory foci). Scores for steatosis (C), inflammation (D), and 
hepatocyte ballooning degeneration (E). Serum ALT activity (F). Data are expressed as mean ± SEM (n = 4 mice/group/gender). *P < 0.05 
for control versus EtOH; ^P < 0.05 for peak ALD versus early or late resolution. Abbreviations: CV, central vein; PV, portal vein.
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restored throughout resolution from ALD (Fig. 
4A,B). Principal component analysis (PCA) revealed 
clear segregation among groups (Supporting Fig. 
S3A,B). Comparative analysis of the 55 genes with 
publicly available liver microarray data (GSE28619) 
from patients with alcohol- associated hepatitis (AH) 
(n = 15) and control livers (n = 3 cadaveric liver donors 
plus four resections of liver metastases) showed com-
monality with 40 genes linked to multiple pathways in 
males. PCA of the 40 common genes indicated clear 
segregation of patients with AH from controls in the 
microarray data set (Fig. 4C). There was comparative 
expression of the 40 genes in females at peak and res-
olution from ALD (Supporting Fig. S3C), and sparse 
partial least squares– discriminant analysis (PLS- DA) 
highlighted the 40 genes as discriminative features 
among groups (Supporting Fig. S3D). Furthermore, 

using quantitative real- time PCR, the expression of 
the top 10 genes common among females, males, and 
human liver (GSE28619) was validated at peak and 
throughout resolution from ALD (Fig. 4D,E).

FeCal miCRoBiome at peaK 
anD Resolution FRom alD

Alcohol consumption alters the abundance and 
taxonomic composition of the intestinal microbiome, 
which contributes to progression of ALD.(11- 13) Thus, 
we examined whether ceasing alcohol consumption 
could restore the intestinal microbiome and eventually 
facilitate disease resolution. To this end, fecal bacterial 
abundance and composition was analyzed. There were 
gender- specific changes in the abundance of total bac-
teria throughout ALD (Fig. 5A).

Fig. 1. Continued.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28619
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28619
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There was no difference in microbial alpha diver-
sity, suggesting microbial evenness at peak and resolu-
tion from ALD in both genders (Fig. 5B). Weighted 
UniFrac analysis showed clear separation of peak 
ALD from control- fed or ethanol- fed mice resolving 

from ALD (Fig. 5C,D). This suggests that the micro-
bial composition at peak is qualitatively different from 
control- fed or ethanol- fed mice resolving from ALD. 
Seven bacterial fila were most abundant in both gen-
ders throughout ALD (Fig. 5E,F). The abundance of 

Fig. 2. Liver transcriptome at peak and resolution from ALD. Female and male WT mice were fed the control or ethanol LDC diets 
for 6 weeks (peak injury). To achieve resolution from ALD, mice were switched to control diet for 3 or 14 days (early or late resolution, 
respectively). Venn diagrams of dysregulated genes in females (A,B) and males (C,D) (n = 4 mice/group/gender). Genes with a FDR ≤ 0.05 
were included in the analysis. For up- regulation a FC ≥ 1.5 and for down- regulation a FC ≤ 0.67 were considered.
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these fila was markedly different between control- fed 
and ethanol- fed mice at peak and resolution from 
ALD (Supporting Fig. S4A,B). Several studies using 

other animal models of ALD or patients with alco-
holism showed that alcohol affects these intestinal 
bacterial fila (Supporting Fig. S4C).
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Females at peak ALD showed higher abundance 
of two bacterial fila (Actinobacteria and Tenericutes) 
than control- fed mice (Fig. 6A). Actinobacteria 
decreased only in late resolution from ALD (Fig. 
6A). Tenericutes decreased throughout resolution 
from ALD (Fig. 6A). Males at peak ALD showed 
more Deferribacteres than control- fed mice (Fig. 6B). 
Both Deferribacteres and Actinobacteria decreased 
throughout resolution from ALD (Fig. 6B).

Deeper analysis showed significant changes in 
abundance of a large number of bacterial genera at 
peak and resolution from ALD in females (Supporting 
Fig. S4D). Among these, Corynebacterium1, Aerococcus, 
Ruminococcaceae UCG- 014, and Alistipes were more 
abundant at peak but decreased throughout res-
olution from ALD (Fig. 6C and Supporting Fig. 
S4D). In males, Alistipes, RikenellaceaeRC9 gut group, 
Prevotellaceae UCG- 001, Coriobacteriaceae UCG- 
002, and Rikenella were more abundant at peak and 
decreased throughout resolution from ALD (Fig. 6D).

poRtal seRum metaBolome at 
peaK anD Resolution FRom 
alD

The gut- liver axis plays a major role in ALD, as 
multiple metabolites, many of bacterial origin, trans-
locate to the portal blood and enhance liver injury.(8) 
Disruption of the intestinal epithelial barrier, attrib-
utable to the effects of alcohol and its metabolites, 
increases gut permeability. As a result, pathogen- 
associated and damage- associated molecular patterns 
translocate from the gut lumen to the portal circu-
lation and target the liver.(23) Therefore, we mea-
sured gut permeability in our model. In both genders, 

ethanol increased portal serum FITC- dextran but 
it returned to baseline during resolution from ALD 
(Supporting Fig. S5).

Next, we performed untargeted metabolomics in 
portal serum to identify metabolites translocated from 
the intestine to the portal serum, which could contrib-
ute to peak and resolution from ALD. We identified 
281 metabolites in both genders at peak and resolu-
tion from ALD (data not shown). PCA and PLS- DA 
showed clear segregation and discrimination among 
groups (Supporting Fig. S6A- D). There were 10 top 
metabolites based on a variable’s importance score 
of >1.8 in both genders (Supporting Fig. S6E,F). 
In females, tryptophan, tryptophan- NH3, choline, 
glycyl- L- leucine, and xanthine were high, whereas 
4- hydroxy- L- phenylglycine and N- acetylputrescine 
were low at peak; yet, in both cases, they reversed 
during early and/or late resolution from ALD (Fig. 
6E). Males showed increased hexanesulfonic acid– 
sulfate, glycolate, glycyl- L- leucine and leucine- proline, 
and decreased urate at peak, and, except for the latter 
that continued decreasing, the others were restored 
throughout resolution from ALD (Fig. 6F).

poRtal seRum Bas at peaK anD 
Resolution FRom alD

Further analysis showed that several metabolites were 
1.5- fold high or low at peak and resolution from ALD 
in both genders (Supporting Fig. S7A,B). Following 
identification of common metabolites at peak and res-
olution from ALD (FC ≥ 1.5), we performed pathway 
and metabolite enrichment analysis. These analyses 
revealed that most metabolites were associated with BA 
composition (Supporting Fig. S7C- F).

Fig. 3. Landscape of signaling pathways at peak and resolution from ALD. Female and male WT mice were fed the control or ethanol 
LDC diets for 6 weeks (peak injury). To achieve resolution from ALD, mice were switched to control diet for 3 or 14 days (early or late 
resolution, respectively). Pathway analysis in females: signaling (A,B) and catabolic (C) pathways. Pathway analysis in males: signaling 
(D,E), cellular stress and injury (F, top), and immune response (F, bottom) pathways (n = 4 mice/group/gender). Z- scores of pathways 
were considered for their activation status. Predicted activation (black) = positive Z- score and predicted inactivation (gray) = negative 
Z- score. Value of x- axis indicates the −log10 P value of the pathway. Abbreviations: APR, acute phase response; BAG2, Bcl2- associated 
athanogene 2; CCK, cholecystokinin; DC, dendritic cells; EGF, epidermal growth factor; FGF, fibroblast growth factors; Giα, Gi protein 
alpha subunit; Gp6, glycoprotein VI Platelet; HMGB1, high mobility group box 1 protein; Il- 1, interleukin 1; Il- 8, interleukin 8; IL- 6, 
interleukin 6; JNK, Jun N- terminal kinase; LPS, lipopolysaccharides; LXR, liver X receptor; NF- κB, nuclear factor kappa light chain 
enhancer of activated B cells; NRF2, nuclear factor erythroid 2; OS, oxidative stress; P38 MAPK, p38 MAP Kinase; PPAR, peroxisome 
proliferator- activated receptor; PPARα, peroxisome proliferator- activated receptor alpha; PTEN, phosphatase and tensin homolog; ROS, 
reactive oxygen species; RNA, reactive nitrogen species; RXR, retinoid X receptor; RXRα, retinoid X receptor alpha; SPAK, STE20/
SPS1- related proline alanine- rich kinase; TLR, toll- like receptor; TRK, tyrosine receptor kinase; VDR, vitamin D receptor.
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Fig. 3. Continued.
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In females, cholic acid (CA), dimer of cholic acid 
(d- CA), dimer of deoxycholic acid, chenodeoxycho-
lic acid (CDCA), and taurolithocholic acid (TLCA) 
increased, whereas taurocholic acid (TCA), tauro-
deoxycholic acid (TDCA), ursodeoxycholic acid 
(UDCA), and tauroursodeoxycholic acid decreased 
at peak ALD (Supporting Fig. S8A). In males, cho-
late, TCA, TDCA, and taurochenodesoxycholic acid 
(TCDCA) increased, whereas CA, d- CA, deoxycho-
lic acid, CDCA, and UDCA decreased at peak ALD 
(Supporting Fig. S8A).

CoRRelation analysis oF Bas 
anD BaCteRial Fila

Spearman’s rank- correlation analysis showed that 
only a few BAs significantly correlated with the abun-
dance of specific bacterial fila in a gender- specific man-
ner (Supporting Fig. S8B). In females, CA, d- CA, and 
CDCA showed inverse correlation with Actinobacteria. 
LCA and TLCA showed direct correlation with 

Deferribacteres and/or Verrucomicrobia (Supporting 
Fig. S8B). In males, TCA and TCDCA showed 
direct correlation with Actinobacteria. Cholate and 
deoxycholate (DC) showed direct correlation, whereas 
CDCA and UDCA showed inverse correlation with 
Deferribacteres (Supporting Fig. S8B). Overall, these 
findings suggest that alcohol alters intestinal BA com-
position in a gender- specific manner, and intestinal 
dysbiosis may contribute to it.

integRation among tHe gut 
miCRoBiome, poRtal seRum 
metaBolome, anD liVeR 
tRansCRiptome

To investigate the relationship between the gut 
microbiome and portal serum metabolome as well as 
their potential role in peak and resolution from ALD, 
we performed Spearman’s rank correlation between bac-
terial genera and metabolites (Fig. 7A,B). In females, 
Corynebacterium1, Aerococcus, and Ruminococcaceae 

Fig. 3. Continued.
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UCG- 014 showed significant direct correlation with 
choline and glycyl- L- leucine, but inverse correlation 
with hydroxy- L- phenylglycine and N- acetylputrescine 
(Fig. 7A). In males, Alistipes, RikenellaceaeRC9 gut 

group, Prevotellaceae UCG- 001, Coriobacteriaceae UCG- 
002, and Rikenella showed positive correlation with 
hexanesulfonic acid– sulfate, glycolate, glycyl- L- leucine, 
and leucine- proline in portal sera (Fig. 7A).
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Moreover, the changes in bacterial genera or metab-
olites showed significant correlation with some of the 
altered genes and in a gender- specific manner (Fig. 
7B). In males, the number of significantly correlating 
genes and bacterial genera was high (Fig. 7B). In both 
genders, Map3k1, Stat3, activating transcription factor 
4 (Atf4), serpin family E member 1 (Serpine1), Tlr2, 
Cd14, heme oxygenase 1 (Hmox1), and Ras homolog 
gene family, member C (Rhoc) significantly correlated 
with a greater number of bacterial genera and portal 
serum metabolites (Fig. 7B). Analysis of the expres-
sion of these eight genes in publicly available human 
liver microarray data sets (GSE28619 and GSE14 
3318) indicated significantly high expression of 
MAP3K1 in patients with AH compared to healthy 
controls (HC) (Fig. 7C). Moreover, in both genders, 
Map3k1 increased at peak and declined throughout 
resolution from ALD (Fig. 4D,E).

Validation by IHC and WB revealed high expres-
sion of MAP3K1 in liver sections and lysate at peak 
and reduction throughout resolution from ALD, 
which occurred in both genders (Fig. 7D,E). Ethanol- 
fed mice displayed enhanced nuclear localization of 
MAP3K1 that declined throughout resolution from 
ALD (Fig. 7D).

In addition, we analyzed the expression of 
MAP3K1 in liver from patients with AH (n = 3) and 
HC (n  =  3). MAP3K1 increased by 2- fold in livers 
from patients with AH compared to HC (Fig. 7F). 
Overall, these findings suggest that alcohol consump-
tion, directly and/or indirectly through the gut- liver 
axis, induces the hepatic expression of MAP3K1, 
which participates in the pathogenesis and resolution 
from ALD.

inHiBition oF map3K1 
pRoteCts FRom alD

To investigate the link between MAP3K1 and 
ALD, we administered mice PEITC, an inhibitor 
of MAP3K1 activity, during progression and resolu-
tion from ALD. WB analysis showed reduced phos-
phorylation of JNK, a MAP3K1 downstream target, 
in PEITC- treated mice, confirming inhibition of 
MAP3K1 activity (Fig. 8A).

Although there was increased steatosis, hepatocyte 
ballooning degeneration, and inflammation, ALT and 
AST activates liver TGs and CHO in ethanol- fed mice 
at peak compared with controls. Importantly, inhibi-
tion of MAP3K1 with PEITC reduced all of these 

Fig. 4. Common genes in pathways changed at peak and restored throughout resolution from ALD. Female and male WT mice were 
fed the control or ethanol LDC diets for 6 weeks (peak injury). To achieve resolution from ALD, mice were switched to control diet for 3 
or 14 days (early or late resolution, respectively). Heatmap of genes linked to multiple pathways altered at peak and resolution from ALD 
in females (A) and males (B) (n = 4 mice/group/gender). PCA of common genes found in the publicly available liver microarray data set 
(GSE28619) (C). Relative expression of the top 10 genes at peak and resolution from ALD in females (D) and males (E). Data are expressed 
as mean ± SEM (n = 4 mice/group/gender). *P < 0.05 and **P < 0.01 for control versus peak; ^P < 0.05 and ^^P < 0.01 for peak ALD 
versus early or late resolution. Abbreviations: A2m, alpha- 2- macroglobulin; Adcy1, adenylate cyclase 1; Aldh3b2, aldehyde dehydrogenase 
3 family member B2; Atf4, activating transcription factor 4; Atm, ataxia telangiectasia mutated; Cd14, monocyte differentiation antigen 
Cd14; Cyp2b9, cytochrome P450, family 2, subfamily b, polypeptide 9; Cyp2b13, cytochrome P450, family 2, subfamily b, polypeptide 
13; Cyp2c37, cytochrome P450, family 2, subfamily c, polypeptide 37; Cyp2c40, cytochrome P450, family 2, subfamily c, polypeptide 40; 
Cyp3a59, cytochrome P450, family 3, subfamily a, polypeptide 59; Cyp4a14, cytochrome P450, family 4, subfamily a, polypeptide 14; 
Egfr, epidermal growth factor receptor; Elk1, ELK1, member of ETS oncogene family; Fga, fibrinogen alpha chain; Fgb, fibrinogen beta 
chain; Fgg, fibrinogen gamma chain; Fas, Fas (TNF receptor superfamily member 6); Fmo5, flavin containing monooxygenase 5; Fos, 
FBJ osteosarcoma oncogene; Gna12, G protein subunit alpha 12; Gna14, G protein subunit alpha 14; Hmox1, heme oxygenase 1; Icam1, 
intercellular adhesion molecule 1; Il1r1, interleukin 1 receptor, type I; Il1r2, interleukin 1 receptor, type II; Il18rap, interleukin 18 receptor 
accessory protein; Il1rn, interleukin 1 receptor antagonist; Irak3, interleukin- 1 receptor- associated kinase 3; Itgb3, integrin beta 3; Map3k1, 
mitogen- activated protein kinase kinase kinase 1; Map4k4, mitogen- activated protein kinase kinase kinase kinase 4; Mras, muscle and 
microspikes RAS; Map2k6, mitogen- activated protein kinase kinase 6; Myd88, myeloid differentiation primary response gene 88; Ngfr, 
nerve growth factor receptor; Ntrk1, neurotrophic tyrosine kinase, receptor, type 1; PC, principal component; Pik3r1, phosphatidylinositol 
3- kinase regulatory subunit alpha; Plcg1, phospholipase C, gamma 1; Prkd3, protein kinase D3; Ptk2b, PTK2 protein tyrosine kinase 
2 beta; qRT- PCR, quantitative real- time PCR; Raf1, v- raf- leukemia viral oncogene 1; Rap2a, RAS related protein 2a; Rasd1, RAS, 
dexamethasone- induced 1; Rhob, ras homolog family member B; Rhoc, ras homolog family member C; Serpine1, serine (or cysteine) 
peptidase inhibitor, clade E, member 1; Stat3, signal transducer and activator of transcription 3; Tgfb3, transforming growth factor beta 
3; Tirap, toll- interleukin 1 receptor (TIR) domain- containing adaptor protein; Tlr2, toll- like receptor 2; Tnfrsf1a, tumor necrosis factor 
receptor superfamily, member 1a; Tnfsf15, tumor necrosis factor (ligand) superfamily, member 15; Ugt1a9, UDP glucuronosyltransferase 
1 family, polypeptide A9; Ugt2b1, UDP glucuronosyltransferase 2 family, polypeptide b1.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28619
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143318
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143318
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28619
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Fig. 4. Continued.
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Fig. 5. Fecal microbiome at peak and resolution from ALD. Female and male WT mice were fed the control or ethanol LDC diets 
for 6 weeks (peak injury). To achieve resolution from ALD, mice were switched to control diet for 3 or 14 days (early or late resolution, 
respectively). Abundance of total bacteria in feces (A). Alpha diversity in intestinal bacteria based on the Shannon Index (B). PCA plot of 
weighted UniFrac distances in females (C) and males (D). Operational taxonomic units (%) of identified bacterial fila in females (E) and 
males (F). Data are expressed as mean ± SEM (n = 4 mice/group/gender). Abbreviations: OTU, operational taxonomic unit; PC, principal 
component.
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parameters (Fig. 8B,C and Supporting Fig. S9A,B). 
At peak ALD, all mice showed similar concentration 
of ethanol in serum, suggesting that PEITC does not 
alter ethanol metabolism (Supporting Fig. S9A,B).

IHC analysis showed increased cytosolic staining 
and nuclear localization of MAP3K1 in ethanol- fed 
mice at peak ALD (Fig. 8D). To identify what triggers 

MAP3K1 nuclear localization, primary hepatocytes 
were treated with a polyunsaturated fatty acid (ara-
chidonic acid [AA]), ethanol, AA plus ethanol, LPS, 
TNFα, IL- 1β, and H2O2, all known to be involved 
in ALD. WB analysis revealed increased MAP3K1 
expression in the cytosol and nucleus only in hepato-
cytes treated with ethanol alone or with AA (Fig. 8E).

Fig. 6. Changes in the microbiome and portal serum metabolome at peak and resolution from ALD. Female and male WT mice were 
fed the control or ethanol LDC diets for 6 weeks (peak injury). To achieve resolution from ALD, mice were switched to control diet for 
3 or 14 days (early or late resolution, respectively). Differential analysis of bacterial fila in females (A) and males (B). Differential analysis 
of bacterial genera in females (C) and males (D). Differential analysis of portal serum metabolites in females (E) and males (F). The 
Venn diagrams (top) show the number of significantly altered bacterial genera or metabolites. The bar diagrams (bottom) show changes 
in abundance of bacterial genera or metabolites at peak and throughout resolution from ALD. Log2 FC = fold change in abundance 
of bacterial taxa or metabolites, + increase and − decrease in abundance (n = 4 mice/group/gender). *FDR < 0.05, **FDR < 0.01, and 
***FDR < 0.001.



Hepatology CommuniCations, Vol. 6, no. 1, 2022 DAS ET AL.

149

The hepatic mRNA expression of genes involved 
in lipogenesis (sterol regulatory element binding tran-
scription factor 1 [Srebp1], fatty acid synthase [Fasn], 

acetyl- CoA carboxylase 1 [Acaca], ATP citrate syn-
thase [Acly], and Pparg) and inflammation (Tnfa, Il- 
1r1, and Il- 1r2) increased in ethanol- fed mice at peak 

Fig. 6. Continued.
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Fig. 6. Continued.



Hepatology CommuniCations, Vol. 6, no. 1, 2022 DAS ET AL.

151

ALD; however, co- treatment with PEITC reduced 
them (Fig. 8F top and middle). Finally, we isolated 
primary hepatocytes and co- treated them with etha-
nol in the presence or absence of PEITC. Quantitative 
real- time PCR analysis also showed down- regulation 
in the lipogenic and pro- inflammatory genes (Fig. 
8F bottom). In summary, these results suggest that 
MAP3K1 contributes to pathogenesis in ALD.

Discussion
In the present study, we unveil the gender- specific 

liver transcriptome, fecal microbiome, and por-
tal serum metabolome at peak injury and resolution 
from ALD. We integrate their interactions to obtain 
the “multiomics” landscape and understand better the 
pathogenesis of ALD.
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We reveal that a significant number of genes up- 
regulated or down- regulated during peak are restored 
during resolution from ALD. Thus, key signaling 
pathways return to baseline levels and likely facilitate 
the recovery from ALD. These changes are gender- 
specific and are more pronounced in males. Further 
studies are needed to clarify whether the limited num-
ber of genes altered in females result from the effect 
of estrogens, known to protect against progression of 
chronic liver disease.(24,25)

In females, only a few pathways (STAT3, death 
receptor, LPS/IL- 1- mediated inhibition of RXR func-
tion, PPAR and serotonin degradation) are restored 
throughout resolution from ALD. In contrast, in 
males, almost all signaling pathways identified (Gp6, 
p38 MAPK, nuclear factor kappa B [NF- κB], PPARα/
RXRα, TLR, vitamin D receptor/RXR, p53, stress- 
activated protein kinase [SAPK]/JNK, sphingosine- 
1- phosphate, micropinocytosis, Rac, liver X receptor/
RXR, thrombopoietin, and ErbB4) return to baseline. 
Of note, STAT3 signaling remains activated through-
out resolution from ALD in males but not in females; 
thus, it could be a tipping point responsible for the 
gender differences in ALD. In addition, males appear 
to achieve a more complete recovery from alcohol- 
induced liver injury and steatosis by day 3, compared 
with females, suggesting that the rate of recovery from 
ALD was not identical in both genders.

Signal transduction through the identified path-
ways plays a key role in onset and progression of 
ALD.(4,7,26- 29) Restoration of these pathways due to 
alcohol withdrawal, as observed in this study, suggests 
that ethanol might directly target them, and inhibi-
tion of RXR can be a common pathway to protect 
from ALD in both genders (although this needs 
further validation). Indeed, in Rxr- /-  mice, the activ-
ity of the ethanol- metabolizing cytochrome P450 
2E1 is reduced(30) and is not induced by ethanol.(31) 
Therefore, inhibition or activation of these signals 
could be therapeutic to resolve ALD.

Changes in the fecal microbiota also contribute 
to ALD progression.(12,13) We show that ethanol has 
gender- specific effects on the abundance and compo-
sition of the fecal microbiome at peak and resolution 
from ALD. Particularly in females, ethanol strongly 
affects the Tenericutes filum, whereas, in males, it 
strongly affects the Deferribacteres filum. Both are 
gram- negative bacteria and a source of LPS; thus, if 
translocated, they will enhance alcohol- induced liver 
injury. Because ethanol administration causes over-
growth of these fila, and ethanol withdrawal reduces 
them, it is likely that targeting these phyla in a gender- 
specific manner could help to ameliorate ALD. This 
needs further functional validation.

Additionally, we demonstrate commonality in 
intestinal dysbiosis between females and males. 

Fig. 7. Integration among the gut microbiome, portal serum metabolome, and liver transcriptome. Female and male WT mice were 
fed the control or ethanol LDC diets for 6 weeks (peak injury). To achieve resolution from ALD mice were switched to control diet for 
3 or 14 days (early or late resolution, respectively). Spearman’s rank correlation plot depicting the correlation between metabolites and 
bacteria in females and males (A). Spearman’s rank correlation plot depicting the correlation between genes and bacteria or metabolites 
in females and males. Color intensity and circle size represent the magnitude of the correlation. Asterisks indicate the significance of 
the correlation (*P < 0.05, **P < 0.01, and ***P < 0.001) (B). MAP3K1 mRNA expression in publicly available liver microarray data sets 
(GSE28619: n = 15 patients with AH and n = 7 HC [n = 3 cadaveric liver donors plus four resections of liver metastases]; GSE14 3318: 
n = 5 patients with severe AH and 5 HC) (C). IHC for MAP3K1 in liver sections from females and males (orange arrow = MAP3K1- 
positive nucleus in hepatocytes) (D). Western blot of MAP3K1 in livers from females and males (n = 3 mice/group/gender) (E) and in 
patients with AH (n = 3) and HC (n = 3) (F) normalized to Calnexin. Data are expressed as mean ± SEM. **P < 0.01 for control versus 
alcohol; ^P < 0.05 and ^^P < 0.01 for peak ALD versus early or late resolution; ##P < 0.01 and ###P < 0.001 for patients with AH or severe 
AH (SAH) versus HC or control. Abbreviation: A2m, alpha- 2- macroglobulin; Adcy1, adenylate cyclase 1; Atf4, activating transcription 
factor 4; Atm, ataxia telangiectasia mutated; Cd14, monocyte differentiation antigen Cd14; CV, central vein; Egfr, epidermal growth factor 
receptor; Fga, fibrinogen alpha chain; Fgb, fibrinogen beta chain; Fgg, fibrinogen gamma chain; Elk1, ELK1, member of ETS oncogene 
family; Fas, Fas (TNF receptor superfamily member 6); Fos, FBJ osteosarcoma oncogene; Gna12, G protein subunit alpha 12; Gna14, 
G protein subunit alpha 14; Hmox1, heme oxygenase 1; Icam1, intercellular adhesion molecule 1; Il1r1, interleukin 1 receptor, type I; 
Il1r2, interleukin 1 receptor, type II; Il18rap, interleukin 18 receptor accessory protein; Il1rn, interleukin 1 receptor antagonist; Irak3, 
interleukin- 1 receptor- associated kinase 3; Itgb3, integrin beta 3; Map3k1, mitogen- activated protein kinase kinase kinase 1; Mras, muscle 
and microspikes RAS; Map2k6, mitogen- activated protein kinase kinase 6; Myd88, myeloid differentiation primary response gene 88; 
Pik3r1, phosphatidylinositol 3- kinase regulatory subunit alpha; Plcg1, phospholipase C, gamma 1; Prkd3, protein kinase D3; Ptk2b, PTK2 
protein tyrosine kinase 2 beta; Rap2a, RAS related protein 2a; Rasd1, RAS, dexamethasone- induced 1; Rhob, ras homolog family member 
B; Rhoc, ras homolog family member C; Serpine1, serine (or cysteine) peptidase inhibitor, clade E, member 1; Stat3, signal transducer and 
activator of transcription 3; Tgfb3, transforming growth factor beta 3; Tirap, toll- interleukin 1 receptor (TIR) domain- containing adaptor 
protein; Tlr2, toll- like receptor 2; Tnfrsf1a, tumor necrosis factor receptor superfamily, member 1a.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28619
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143318
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Particularly in the case of the Alistipes genus, both 
genders show significant overgrowth during peak, 
which declines throughout resolution from ALD, 

suggesting that the effect of alcohol in this genus 
is not gender- restricted. Alistipes is a relatively new 
genus of bacteria under the filum Bacteroidetes, is 

Fig. 7. Continued.
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present in humans,(32) and is associated with intes-
tinal inflammation(32); therefore, alcohol- induced 
overgrowth of Alistipes could lead to intestinal 
inflammation in ALD.(33)

The data also reveal that alcohol changes intes-
tinal metabolites, as shown by others,(14) but return 
to baseline values after abstinence. The significantly 
altered metabolites in portal serum at peak injury, 

restored throughout resolution from ALD, differ in 
females and males, suggesting that alcohol affects 
intestinal metabolism in a gender- specific manner. 
Nonetheless, glycyl- L- leucine increases at peak and 
declines throughout resolution from ALD in both 
genders. This dipeptide is typically produced as a 
result of incomplete breakdown of proteins; therefore, 
alcohol likely increases intestinal protein catabolism. 

Fig. 8. Inhibition of MAP3K1 protects from ALD. Female and male WT mice were fed the control or ethanol LDC diets with or without 
PEITC for 6 weeks (peak injury). To achieve early resolution from ALD, mice were switched to control diet with or without PEITC for 
3 days. Western blot of p- JNK, total JNK, and MAP3K1 in livers from females and males (n = 3 mice/group/gender) (A). Liver H&E 
staining from females and males (green arrows, macrovesicular steatosis; yellow arrows, microvesicular steatosis; red arrows, hepatocyte 
ballooning degeneration; and blue arrows, inflammatory foci) (B). Scores for steatosis, inflammation, hepatocyte ballooning degeneration, 
and serum ALT activity (C). IHC for MAP3K1 in livers from female and male mice (orange arrows, MAP3K1- positive nuclear staining in 
hepatocytes) (D). Western blot of MAP3K1 in the nuclear (E, left) and cytosolic fractions (E, right) from primary hepatocytes treated with 
AA, EtOH, or both (n = 3/treatment). Relative expression of lipogenic and pro- inflammatory genes in livers from female and male mice 
at peak and resolution from ALD with and without PEITC (F, top and middle, respectively) and in primary hepatocytes (F, bottom). Data 
are expressed as mean ± SEM (n = 4 mice/group/gender or n = 3 hepatocyte replicates/treatment). *P < 0.05, **P < 0.01, and ***P < 0.001 
for control versus EtOH; ^P < 0.05 and ^^P < 0.01 for EtOH versus EtOH + PEITC; and tttP < 0.001 for control versus EtOH or EtOH 
+ AA. Abbreviations: CV, central vein; GAPDH, glyceraldehyde 3- phosphate dehydrogenase; PV, portal vein.
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Fig. 8. Continued.
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Moreover, this dipeptide inhibits the uptake of a 
wide variety of amino acids by the small intestine,(34) 
suggesting that alcohol could inhibit intestinal pro-
tein synthesis. Hence, these observations indicate 
that alcohol could directly act on intestinal protein 
metabolism.

Microbiome and metabolome correlation anal-
ysis reveal a strong relationship with alteration at 
peak and restoration during resolution from ALD. 
Alcohol abstinence restores intestinal dysbiosis, and 
this may reinstate intestinal metabolism or vice versa. 
Correlation analysis between liver transcriptome and 
microbiome or metabolome shows stronger correla-
tion between hepatic genes and bacteria than between 
genes and metabolites. However, a small number 
of genes strongly correlate with both bacteria and 
metabolites. Among these is Map3k1, a serine/thre-
onine kinase and a signal transducer.(35) According 
to the Human Protein Atlas, it is widely expressed in 
hepatocytes. It regulates cell death, survival, migra-
tion, differentiation, tumorigenesis, cytokine produc-
tion, and humoral immunity.(36) We show an increase 
in Map3k1 expression in hepatocytes at peak and a 
decrease during resolution from ALD, suggesting that 
Map3k1 could play a potential role in ALD.

Furthermore, IPA analysis confirms association of 
Map3k1 with NF- κB, TLR, EGF, FGF, Rac, SAPK/
JNK, APR, nuclear factor E2- related factor– oxidative 
stress (NRF2- OS), ROS/RNS and IL- 1 signaling, 
all of which participate in ALD.(4,26,37) Analysis of 
publicly available liver microarray data(38,39) and WB 
demonstrate high hepatic expression of MAP3K1 in 
patients with AH compared to healthy individuals. 
This study also highlights that the increased nuclear 
translocation of MAP3K1 at peak decreases during 
resolution from ALD. Likewise, this occurred in pri-
mary hepatocytes treated with ethanol alone or in 
combination with AA, pointing both at induction and 
translocation of MAP3K1 in ALD. As demonstrated 
here, blocking MAP3K1 activity prevents steatosis, 
inflammation, and ALD.

Notably, we prove that the composition of BAs in 
portal serum changes from peak to resolution from 
ALD. Patients with AH show higher levels of total 
and conjugated BAs, particularly CA, glycocholic acid, 
TCA, glycochenodeoxycholic acid, and taurocheno-
deoxycholic acid in the systemic circulation.(40,41) In 
mice at peak injury, the same BAs increase in portal 
serum and return to baseline values during resolution 
from ALD; however, the changes were gender- specific. 

Alcohol increases BA synthesis by up- regulating the 
expression of BA metabolism enzymes (cytochrome 
P450 [Cyp] 7a1, Cyp27a1, Cyp8b1, and Baat) and BA 
transporters (bile salt export pump [Bsep], multidrug 
resistance– associated protein 2 [Mrp2], phosphogly-
colate phosphatase [Pgp] and apical sodium– bile acid 
transporter [Asbt]); however, our transcriptomics anal-
ysis does not show changes in the genes.

The composition of the gut microbiota is affected 
by BA metabolism, and the gut microbiome regulates 
BA synthesis.(42) Primary BAs (CA and CDCA) are 
synthesized in hepatocytes from CHO and are sub-
sequently conjugated with taurine or glycine in the 
liver.(43) Conjugated BAs then enter the gallbladder, 
and after food intake are released into the duode-
num.(44) Approximately 95% of these BAs are reab-
sorbed in the intestine and return to the liver through 
the portal circulation, while the remaining 5% are 
excreted through the feces.(42,44) Within the small 
intestine, the gut microbiota converts primary into 
secondary BAs. Deconjugation of taurine and glycine 
from conjugated BAs through hydrolysis produces the 
primary BAs CA and CDCA.(44) We show increased 
CA and decreased TCA in portal serum at peak injury 
in females, which declines during resolution from 
ALD. This indicates that in females, ethanol stim-
ulates deconjugation of taurine- conjugated primary 
BAs in the intestine by the gut microbiota. However, 
in males at peak injury, CA is low and TCA is high 
in portal serum and decline during resolution from 
ALD. This suggests that in males, ethanol inhibits 
deconjugation of taurine- conjugated primary BAs in 
the intestine by the gut microbiota.

Our study has some limitations. First, we used a 
model of early alcohol- induced liver injury that does 
not fully replicate the phenotype of patients with AH, 
who develop fibrosis, bilirrubinostasis, and liver failure. 
Future studies will include the acute- on- chronic eth-
anol feeding model, which could provide additional 
clinical relevance. Second, resolution of liver injury in 
mice occurs faster than in humans. Third, we chose 
day 3 and day 14 to study early and late resolution, 
respectively. On day 3, most of the parameters of liver 
injury showed normalization, at least in males. Thus, 
use of earlier time points for resolution from ALD 
will be informative. Fourth, while the portal serum 
metabolome is a proxy of the fecal metabolome, it also 
contains some host- specific species.

In summary, the results from this study demon-
strate that resolution from ALD following cessation 
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of alcohol drinking is mediated by restoration of the 
hepatic transcriptome, fecal microbiome, and portal 
serum metabolome, to ultimately control key molec-
ular pathways in the liver. These events improve the 
crosstalk within the gut- liver axis, a major player in 
ALD.(8) The data indicate that alcohol drinking 
induces hepatic expression of MAP3K1 and absti-
nence returns it to baseline values. Furthermore, 
MAP3K1 directly correlates with most of the altered 
bacteria and metabolites in both genders. Therefore, 
alcohol directly and/or indirectly, through the gut- liver 
axis, drives hepatic expression of MAP3K1, which in 
turn contributes to progression of ALD. This may 
open new therapeutic opportunities to improve the 
clinical management of patients with ALD.
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