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Abstract

Background: The chronic-plus-binge model of ethanol consumption, where chronically (8-

week) ethanol-fed mice are gavaged a single dose of ethanol (E8G1), is known to induce 

steatohepatitis in mice. However, how chronically ethanol-fed mice respond to multiple binges 

of ethanol remains unknown.

Methods: We extended the E8G1 model to 3 gavages of ethanol (E8G3) spaced 24h apart, 

sacrificed each group 9h after the final gavage, analyzed liver injury, and examined gene 

expression changes using microarray analyses in each group to identify mechanisms contributing 

to liver responses to binge ethanol.

Results: Surprisingly, E8G3 treatment induced lower levels of liver injury, steatosis, 

inflammation, and fibrosis as compared to mice after E8G1 treatment. Microarray analyses 

identified several pathways that may contribute to the reduced liver injury after E8G3 treatment 

compared to E8G1 treatment. Cytochrome P450 2B10 (Cyp2b10) was one of the top upregulated 

genes in the E8G1 group and further upregulated in the E8G3 group, but only moderately induced 

after chronic ethanol consumption, which was confirmed by RT-qPCR and western blot analyses. 

Genetic disruption of the Cyp2b10 gene worsened liver injury in E8G1 and E8G3 mice with 

higher blood ethanol levels compared to wild-type control mice, while in vitro experimentation 

revealed that CYP2b10 did not directly promote ethanol metabolism. Metabolomic analyses 

revealed significant differences in hepatic metabolites from E8G1-treated Cyp2b10 knockout and 

WT mice, and these metabolic alterations may contribute to the reduced liver injury in Cyp2b10 
knockout mice.

Conclusion: Hepatic Cyp2b10 expression is highly induced after ethanol binge, and such 

upregulation reduces acute-on-chronic ethanol-induced liver injury via the indirect modification 

of ethanol metabolism.
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Introduction:

Alcohol use is a major cause of mortality worldwide, with alcohol-associated liver disease 

(ALD) being one of the most detrimental aspects of alcohol abuse (Griswold et al., 2018). 

Chronic abuse of alcohol is known to promote the development of fatty liver, but how 

and when chronic drinkers progress to more harmful phenotypes are poorly understood 

(Gao and Bataller, 2011). Severe alcoholic hepatitis (AH) is one of the most damaging 

types of ALD that exhibits a high short-term mortality rate, and its onset is associated 

with recent excessive alcohol consumption (Lucey et al., 2009). While the compensatory 

mechanisms behind liver adaptation to chronic alcohol intake have been studied, how the 

liver responds to bouts of excessive drinking, alone or in addition to chronic drinking, 

is relatively unknown. Since the pattern of alcohol intake is known to be related to the 

risk of alcohol-induced liver damage, understanding how the liver develops compensatory 

mechanisms against binge drinking-induced injury is increasingly important (Bellentani et 

al., 1997).

After typical levels of alcohol consumption, ethanol is eliminated via oxidation in the 

liver to acetaldehyde, which is further metabolized to acetate. The major ethanol oxidation 

pathway in the liver involves alcohol dehydrogenase 1 (ADH1), which has a low Km 

for ethanol making it the preferential enzyme for clearance of low levels of ethanol. In 

addition, the cytochrome P450-dependent microsomal ethanol oxidizing system (MEOS), 

which plays a minor role in basal liver ethanol metabolism, is highly induced after chronic 

alcohol consumption or high blood ethanol concentrations (Zakhari and Li, 2007). The most 

prominent member of this system is the chronic ethanol-inducible enzyme CYP2E1, which 

participates in the clearance of ethanol but also contributes to long-term alcohol-induced 

liver injury, mainly due to its generation of reactive oxygen species (ROS) (Gonzalez et 

al., 1991, Cederbaum, 2010). The CYP2B family of enzymes is also known to be slightly 

induced upon chronic and binge ethanol administration, but its role in alcohol-induced liver 

injury and ethanol metabolism is unknown (Koga et al., 2016, Schoedel et al., 2001).

Studying the pathogenesis of ALD in preclinical models is challenging due to much higher 

rates of ethanol metabolism in rodents when compared with humans (Cederbaum, 2012). 

Several models used to study acute ethanol-induced organ injury involve giving rodents 

3 consecutive binges (typically every 12h) and sacrificing 3–9h after the final binge. 

This approach has been used to successfully identify key molecular determinants of acute 

ethanol-induced heart, pancreas, adipose, and liver injury (Ghosh Dastidar et al., 2018). 

Another model that successfully recapitulates some features of AH has been widely used 

to study ALD progression and potential treatments in mice is the NIAAA model of chronic-

plus-binge ethanol, where mice are given chronic ethanol for 10 days to 8 weeks and given a 

single binge to provoke ethanol-induced organ injury (Xu et al., 2015, Bertola et al., 2013a). 

However, liver injury in the NIAAA model is significantly decreased within 24h of the 

binge, making it difficult to study factors that may contribute to repeated instances of liver 

injury. In the current study, we sought to combine the 8-week chronic-plus-binge model with 

the 3 consecutive binge model to better understand how multiple binges in a row on top of 

chronic ethanol consumption can affect liver injury and identify detrimental or protective 

mechanisms.
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Materials and Methods:

Mice.

C57BL/6N mice were purchased from the National Cancer Institute (NCI, Frederick, 

MD, USA). Cyp2b10 knockout (KO) mice were generated in the UC Davis Knockout 

Mouse Project (KOMP) Repository (Strain ID: Cyp2b10tm1a(KOMP)Wtsi) and were 

backcrossed to a C57BL/6N background for more than 10 generations. Cyp2b10 KO 

mice were genotyped using long range polymerase chain reaction (PCR) according 

to the KOMP-CSD standard protocol. The 5’ genotyping primers were: 5’ Universal 

(LAR3) – CACAACGGGTTCTTCTGTTAGTCC; and 5’ Gene Specific (GF4) – 

CAACATGGAGAACTGGCCATTAGC for a 5119 base pair product. The 3’ genotyping 

primers were: 3’ Universal (RAF5) – CACACCTCCCCCTGAACCTGAAAC; and 3’ Gene 

Specific (GR3) – CAACCAACACGTTAGTTCATTAGTCAATTC for an 8881 base pair 

product. After confirmation of the genotype, the Cyp2b10 KO mice were homozygous 

bred. Adh1 KO mice were kindly provided by Dr. Duester (Burnham Institute, La Jolla, 

CA) (Deltour et al., 1999), and backcrossed to a C57BL/6N background for more than 10 

generations. Adh1 KO mice were genotyped as described previously (Anvret et al., 2012). 

All mouse experiments described in the current paper were reviewed and approved by the 

National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committee.

Ethanol Feeding Protocols.—Eight to twelve-week-old male or female mice were 

subjected to several different ethanol feeding protocols as described previously (Bertola 

et al., 2013b, Xu et al., 2015). (1) Pair-fed for 8 weeks (P8w): The mice were pair-fed 

an isocaloric control diet for 8 weeks, followed by gavage administration of isocaloric 

dextrin-maltose. (2) Chronic feeding for 8 weeks (E8w): The mice were initially fed a 

controlled Lieber-DeCarli diet ad libitum for 5 days (F1259SP, Bio-Serv, Flemington, NJ) 

to acclimatize them to a liquid diet. Subsequently, the ethanol-fed groups were allowed free 

access for 8 weeks to an ethanol diet (F1258SP, Bio-Serv) containing 5% (vol/vol) ethanol. 

(3) Chronic (8 weeks)-plus-gavage feeding (E8G1): The mice were fed as described for 

chronic feeding and mice received a single dose of ethanol (5 g/kg body weight) via gavage 

in the early morning and were sacrificed 9 hours later. (4) Chronic (8 weeks)-plus-three 
gavages (E8G3): Mice were fed an ethanol diet for 8 weeks as described above and gavaged 

once per 24 h (5g/kg ethanol) for 3 days. Mice were euthanized 9 hours post the third 

gavage. (5) Acute gavage: The mice received a single dose of ethanol (5 g/kg body weight) 

via gavage in the early morning and were sacrificed 3, 6, 9, 24, or 72 hours later. Mice 

were deeply anesthetized before blood collection from the orbital sinus into EDTA-coated 

tubes (Sardset) on ice or microcentrifuge tubes at room temperature for serum collection 

and euthanized via cervical dislocation. The liver, stomach, and intestines were harvested, 

quickly weighed (if applicable), and either snap frozen in liquid nitrogen or put in 10% 

formalin before further analysis.

Biochemical Assays.

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were 

analyzed by a Catalyst Dx Chemistry Analyzer (IDEXX Laboratories, Inc., Westbrook, 

ME). Serum triglyceride and cholesterol levels were measured using colorimetric/
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fluorometric assay kit (Cayman Chemical Company, Ann Arbor, MI), according to the assay 

protocol. Hydroxyproline was measured using a commercial kit from BioVision (Milpitas, 

CA) following the manufacturer’s instructions.

Histology and Immunohistochemistry.

Tissue specimens were fixed in 10% buffered formalin and embedded in paraffin. Then, 

4-μm sections were used for staining (hematoxylin and eosin (H&E) or Sirius red 

dyes (MilliporeSigma)) and immunohistochemistry. Immunohistochemical staining for 

myeloperoxidase (MPO), α-smooth muscle actin (α-SMA), and CYP2B10 was performed 

using a prediluted rabbit anti-MPO polyclonal antibody (Biocare Medical, LLC, Concord, 

CA), a monoclonal mouse anti-α-SMA (A2547; Sigma, St. Louis, MO), and a rabbit anti- 

CYP2B10 antibody (EMD Millipore, Billerica, MA), respectively. Then, Vectastain rabbit/

mouse avidin/biotin complex (ABC) staining kit (Vector Laboratories, Inc., Burlingame, 

CA), was used according to the manufacturers’ instructions for visualization.

Microarray Analyses of Mouse Liver Samples.

Liver samples from P8w, E8w, E8G1, and E8G3 were subjected to microarray analysis 

at the same time. Dye-coupled cDNAs were purified with a MiniElute PCR purification 

kit (Qiagen) and hybridized to an Agilent 44K mouse 60-mer oligo microarray (Agilent 

Technologies, Santa Clara, CA). The data were processed and normalized using the 

Genespring GX software package (Agilent Technologies). The P8w, E8w, E8G1 microarray 

data were previously published and deposited in NCBI’s Gene Expression Omnibus (No. 

GSE67546)(Xu et al., 2015). The E8G3 microarray data are deposed in NCBI’s Gene 

Expression Omnibus (GSE212755). Differential expression analysis was performed via the 

R package DESeq2 (v1.30.1). Genes with fold change >1.5 and padj <0.05 were put into 

gene set enrichment analysis via the R package clusterProfiler (v3.18.1). The R package 

pheatmap (v1.0.12) was used to create the heatmap plots. Interactive Venn diagrams and 

gene function analyses were processed by Ingenuity Pathway Analysis (IPA). The human 

ALD RNA-Seq data were obtained from Kim et al. (Kim et al., 2021) analyses of Argemi et 

al. (Argemi et al., 2019).

Real-time Quantitative Polymerase Chain Reaction (RT-qPCR).

Total cellular RNA was isolated from the liver using a RNeasy mini kit (QIAGEN Inc., 

Valencia, CA). One microgram of total RNA was reverse-transcribed by random priming 

and incubation with 200 U of Moloney murine leukemia virus transcriptase at 37°C for 1 

hour. The resulting single-stranded cDNA was then subjected to real-time PCR analyses 

with 18 S as internal controls. The primer sequences used are shown in Supporting Table 1.

Microsome Isolation.

Microsomes were prepared as described previously (Sahi et al., 2000) with some 

modifications. Mouse liver tissue samples were snap frozen on dry ice and stored at −80°C 

until processing with all further procedures completed at 4°C. Ice-cold homogenization 

buffer (50 mM Tris-HCl, pH 7.0, 150 mM KCl, 2 mM EDTA) was added to tissue and 

processed with a handheld tissue homogenizer before a 15 second sonication. Homogenates 
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were spun at 9,000 g for 20 min. The supernatant was transferred to ultracentrifuge tubes 

and spun at 100,000 g for 45 min. The supernatants were removed, and the microsomal 

pellet was resuspended in 0.25 M sucrose. Protein concentrations of the subcellular fractions 

were determined using the Pierce bicinchoninic acid (BCA) protein assay kit (ThermoFisher 

Scientific Inc., Grand Island, NY).

Enzyme Assays.

To determine CYP2b activity, 10 μM pentoxyresorufin (Tocris), a selective CYP2b substrate 

(Lubet et al., 1985), was incubated with control or induced (TCPOBOP) microsomes with 

or without the selective CYP2b inhibitor 2-Phenyl-2-(1-piperidinyl) propane preincubation 

(PPP, Cayman Chemicals) (Chun et al., 2000). Microsomes were preincubated at 10x 

concentration (0.5 mg/mL) with PPP (30 μM) in incubation buffer (100 mM phosphate 

buffer (pH 7.4), 2 mM MgCl2, 5 mM glucose-6-phosphate, 1 mM NADP, 0.5 U/mL 

glucose-6-phosphate dehydrogenase) for 30 min to inactivate CYP2b (Walsky and Obach, 

2007). Microsomes from preincubations (10 μL) were spiked into substrate-containing 

incubation buffer with a final volume of 0.1 mL and a final microsomal concentration of 

0.05 mg/mL. Ethanol concentrations for microsome incubations ranged from 5 – 200 mM. 

Acetaldehyde levels were measured by using gas chromatography mass spectrometry as 

described previously (Ren et al., 2020).

Western Blot Analyses.

Western blotting was performed as described previously (Ki et al., 2010). Protein bands 

were visualized by SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo 

Fisher Scientific Inc, Grand Island, NY). Antibodies for ADH1 and β-actin were purchased 

from Cell Signaling Technology (Danvers, MA); anti CYP2B10 and CYP2E1 were 

purchased from Millipore (Billerica, MA). GAPDH was purchased from Abcam (Waltham, 

MA).

Untargeted Metabolomics.

Materials. LC-MS grade acetonitrile, methanol, water, and formic acid were purchased from 

Fisher Scientific (Pittsburg, PA). All chemicals and reagents were used without further 

purification. Metabolite extraction. Metabolites were extracted from plasma and liver tissues 

as follows. For plasma samples, 25 μL of plasma was combined with 500 μL of cold 

acetonitrile. For the tissue samples, 10 mg of tissue was homogenized in 200 μL of cold 

methanol with 5 mM PBS. An additional 400 μL of cold acetonitrile was added to the 

tissue homogenate. The mixtures were thoroughly vortex mixed for 1 minute and stored 

at −80 °C for four hours. The samples were then centrifuged at 10,000 rpm for 10 min at 

4 °C. Five hundred μL of supernatant was transferred and dried under a steady stream of 

nitrogen at 30 °C. The dried sample was resuspended in water/acetonitrile (1:1, v/v) with 

0.1 % formic acid and stored at −20 °C until analysis. The protein pellet following the 

centrifugation step was used to determine the protein content via a BCA kit (bicinchoninic 

acid assay, Thermo Fisher Scientific, Rockford, USA). Metabolite analysis. The metabolite 

extracts were analyzed by liquid chromatography high-resolution mass spectrometry (LC 

HRMS). The LC HRMS analyses were performed on an Agilent 1290 Infinity LC coupled 

to an Agilent 6560 Quadrupole Time-of-Flight (Q-TOF) mass spectrometer (Agilent Inc., 
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Santa Clara, CA, USA). The separation was achieved using a Waters BEH Amide (1.7 

μm; 2.1 × 150 mm) column (Waters Corp., Milford, MA, USA). Mobile phase A was 

acetonitrile with 0.1% formic acid and mobile phase B was water with 0.1% formic acid. 

The gradient was held at 1% B for 0.1 min, ramped to 70% B in 6.9 min, ramped to 1% 

B in 0.1 min, and held at 1% B for 2.9 min. The flow rate was 0.4 mL/min. The column 

was maintained at 45 °C and the auto-sampler was kept at 5 °C. A 2 μL injection was used 

for both positive and negative ion mode. The MS parameters were as follows: extended 

dynamic range, 2 GHz; gas temperature, 300°C; gas flow, 10 L/min; nebulizer, 50 psi; 

sheath gas temperature, 350°C; sheath gas flow, 12 L/min; VCap, 3.5kV (+), 3.0kV (–); 

nozzle voltage, 250V; reference mass m/z 121.0509, m/z 1221.9906 (+), m/z 119.0363, m/z 
980.0164 (–); range m/z 100–1000; acquisition rate, 3 spectra/s. Data were acquired with 

MassHunter version B.09.00 (Agilent Inc.,). LC HRMS data was analyzed with Profinder 

v10.0 (Agilent Inc.) and MetaboAnalyst 5.0 (Pang et al., 2021). Raw data files were directly 

imported into Profinder where retention time alignment, peak picking, deconvolution of 

adducts, peak integration, and determination of abundance were performed. Preliminary 

identification involved accurate mass correlation at a threshold of 10 ppm to the human 

metabolome database (HMDB) (Wishart et al., 2022). The processed data generated from 

Profinder which included peak area and m/z value was exported into MetaboAnalyst for 

statistical analyses. Raw data has been uploaded to Mendeley Data (LCMS dataset_Hepatic 

CYP2B10 is highly induced by binge ethanol; DOI:10.17632/y2jxf74jyv.1).

Statistical analysis—Data are presented as the mean ± SEM. Statistical analysis was 

performed with GraphPad Prism software (v. 9.0; GraphPad Software, La Jolla, CA). 

Significance of data with multiple groups was evaluated via two-sided one-way or two-way 

ANOVA with Tukey’s post hoc test dependent upon whether there were two types of 

variables (i.e. treatment group and mouse genotype) or a single variable (i.e. different 

treatment groups). Comparisons were considered statistically significant at P values of < 

0.05.

Results:

Liver adapts to bouts of binge drinking with less injury and fewer gene alternations after 
three binges than one binge in chronically ethanol-fed mice

We have previously demonstrated that one binge markedly exacerbates liver damage and 

fibrogenic response in chronically ethanol-fed mice (Bertola et al., 2013b, Xu et al., 2015). 

To examine whether three consecutive binges cause more liver damage than one binge, 

we subjected chronically ethanol-fed mice to either a single binge or a binge every 24h 

for 3 days. Surprisingly, ethanol-fed mice given three binges (E8G3) exhibited less liver 

damage than ethanol-fed mice given one binge (E8G1). Serum ALT and AST, and hepatic 

TG levels were much lower in the E8G3 group than those in E8G1 group (Fig. 1A). 

Liver-to-body weight ratio was only increased after E8G1 but not E8G3 (Fig. S1A–B). Liver 

histology and immunohistochemistry analyses revealed that E8G3 had less steatosis and 

liver fibrosis (as shown by α-SMA and Sirius Red staining) than E8G1 (Fig. 1B). Hepatic 

levels of hydroxyproline, a marker for liver fibrosis, was elevated in E8G1 but not in E8G3 

mice (Fig. 1C). Quantitative RT-PCR analyses demonstrated that hepatic expression of the 
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steatosis-associated gene Fsp27a/b and several fibrosis-associated genes (Col1a1, Col4a2, 

Col5a2, Col12a1) was highly upregulated in E8G1 but not in E8G3 mice compared to those 

in E8w or P8w group (Fig. 1D; Fig. S1C).

One binge activates multiple hepatoprotective pathways that may contribute to the 
adaption to the subsequent binges in chronically ethanol-fed mice.

To determine how the liver responds to bouts of binge drinking, we performed microarray 

analyses on liver tissue from mice in the P8w, E8w, E8G1, and E8G3 groups. Principal 

component analysis (PCA) (Fig. 2A) showed that while the P8w and E8w groups generally 

cluster together, the E8G1 group separated via principal component (PC) 1 and 2, while 

E8G3 only separated from P8w and E8w by PC1. The heatmap of gene alternations between 

E8w and E8G1 revealed that E8G1 caused alterations of many genes in the liver compared 

to the P8w or E8w, but most of these changes in the E8G3 group were diminished and 

returned towards the levels of P8w or E8w (Fig. 2B). Looking at differences at the gene 

level, the volcano plot identified several genes known to be protective in ethanol-induced 

liver injury that are downregulated in E8G3 compared with E8G1, including Lpin1 and 

Gstm1, while ethanol-injury promoting Fabp4 and Cidec are also downregulated (Fig. 2C) 

(Attal et al., 2021, Hu et al., 2013, Xu et al., 2015, Roy et al., 2016). The most up- and 

downregulated genes in E8G3 vs. E8G1 are shown in Supporting Table 2.

To better understand the systemic changes in liver function between E8G1 and E8G3, we 

performed pathway analyses in Ingenuity Pathway Analysis (IPA) and KEGG comparing 

E8G1 and E8G3. In both analyses, oxidative phosphorylation, acute phase response/

complement/coagulation cascades, and glutathione metabolism were altered between E8G1 

and E8G3 (Fig. 2D; Fig. S2A–B). The IPA upstream regulator analysis identified that target 

gene networks of Ppargc1a, Nfe2l2, Tgfb1, Ppara, Mapt, and Agt decrease while Txnrd1 and 

Gsr targets increase in E8G3 compared to E8G1 (Fig. 2E). We also created a network map 

of pathways, upstream regulators, and genes that were predicted to change between E8G1 

and E8G3 (Fig. 2F). Genes that modulate the immune system like Cd44, Cd38, Tnfsf11, 
Il5, and Il10ra are predicted to be inhibited, while protein metabolism-related genes, Arnt2, 
Rictor, and Lxr/Rxr activation are predicted to be activated between E8G1 and E8G3. 

Arnt activity is predicted to be repressed in E8G3 compared to E8G1, leading to predicted 

decreases in triacylglycerol and acylglycerol in E8G3. In addition, Nfe2l2/NRF2-mediated 

oxidative stress responses that are upregulated in E8G1, are predicted to be downregulated in 

E8G3 perhaps due to reductions in oxidative stress in E8G3 (Fig. 2F).

While many of the differences between E8G1 and E8G3 likely play a role in the subsequent 

liver injury, there are clearly some protective and some injury promoting gene/pathways 

that decrease between E8G1 and E8G3, making it difficult to determine the changes that 

drive liver adaptation to binge ethanol. As genes that are up/downregulated 9h after the first 

binge are likely to play a role in subsequent binge ethanol-induced liver injury, we sought 

to determine which genes and pathways are similarly regulated in E8G1 and E8G3 to see 

whether continued activation of protective genes and pathways by binge ethanol play a role 

in liver protection. Therefore, we split the top differentially-regulated genes between P8w 

and E8G1 into four different groups – genes that are upregulated in E8G1 and either (1) 
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further increase (up-up) or (2) decrease in E8G3 (up-down); or genes that are downregulated 

in E8G1 and either (3) further decrease (down-down) or (4) increase (down-up) in E8G3 

(Fig. 3A–B; Fig. S2C–D). Gene Nlrp12 in the up-up group is a known hepatoprotective 

factor that may help to reduce liver injury in E8G3 while Lcn2 promotes ethanol-induced 

liver injury; the roles of the genes in the down-down group have not been probed in 

ethanol-induced liver injury to our knowledge (Fig. 3A–B) (Zhang et al., 2020, Cai et al., 

2016). Furthermore, we evaluated how the top upstream regulators and pathways in E8G1 

vs. E8w compared to E8G3 vs. E8w. While there are some differences in pathway responses, 

including decreased NRF2-mediated oxidative stress response and increased LXR/RXR 

activation in E8G3, the activation status of most pathways and upstream regulators were 

similar between E8G1 and E8G3, indicating that these pathways may play a role in the 

reduced liver injury after E8G3 (Fig. 3C–D).

It is difficult to distinguish exactly how the identified genes, upstream regulators, and 

pathways contributes to liver injury in E8G3, as each could be protective, damaging, or have 

no effect on liver injury. However, the genes and pathways that are upregulated in E8G1 and 

continue to be upregulated in E8G3, despite reduced liver injury, are likely to play a role in 

adaptation to binge ethanol. Therefore, we decided to follow up on CYP2b10 as a potential 

protective factor in ethanol-induced liver injury as it was the highest upregulated gene in the 

up-up group and has no previous data on its role in ethanol-induced liver injury.

Hepatic Cyp2b10 is upregulated after binge ethanol.

First, we decided to confirm the enhanced hepatic expression of Cyp2b10. As illustrated 

in Fig. 4A–C, qRT-PCR, western blot, and immunohistochemistry analyses revealed that 

Cyp2b10/CYP2B10 expression was slightly elevated after chronic ethanol (E8w) but highly 

increased after E8G1 or E8G3. In contrast, hepatic expression of related enzymes Cyp2b9 
and Cyp2b13 seem to be specifically responsive to chronic ethanol, as binge ethanol did not 

further increase their expression (Fig. 4A). In addition, chronic ethanol responsive CYP2E1 

expression was equally upregulated in E8w, E8G1, and E8G3 groups compared to pair-fed 

P8W group, while hepatic expression of ADH1 showed consistent expression throughout the 

experiment (Fig. 4B).

Interestingly, while Cyp2b10 is barely detected in normal mouse livers, Cyp2b10 mRNA 

and CYP2B10 protein were detected at high levels in duodenal mucosa and jejunal mucosal 

where Cyp2e1 and Adh1 mRNA and proteins were detected at very low to undetected levels 

(Fig. S3). Immunohistochemistry analysis also confirmed that both duodenal and jejunal 

mucosal tissues expressed high levels of CYP2B10 proteins (Fig. S3), and the specificity of 

staining was confirmed in Cyp2b10 KO mouse tissues (Data not shown). However, induction 

of Cyp2b10 gene expression by ethanol did not occur in the duodenum indicating that the 

major effect of ethanol on Cyp2b10 occurs in the liver (Fig. S4A).

To determine whether chronic ethanol feeding was required for Cyp2b10 induction, we gave 

mice an acute gavage of ethanol (5g/kg) and checked liver mRNA expression of Cyp2b10 at 

different time points. This data suggests that Cyp2b10 is quickly induced by acute ethanol 

as early as 6h post gavage and returns to baseline by 24h (Fig. S4B). To investigate the 

mechanism of Cyp2b10 induction, we attempted to use primary mouse hepatocytes. As seen 
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in a previous study (Koga et al., 2016), Cyp2b10 induction with ethanol treatment in vitro 
is lackluster (Fig. S4C), suggesting that ethanol does not directly upregulate Cyp2b10 in 

hepatocytes. However, it is also possible that we couldn’t see the induction of Cyp2b10 due 

to primary mouse hepatocytes quickly losing expression of metabolizing enzymes and some 

transcription factors after isolation.

CYP2B10 does not play a role in acute ethanol metabolism but may indirectly contribute to 
chronic plus binge ethanol clearance.

While CYP2b10 has known roles in xenobiotic and lipid metabolism, many members of the 

CYP2 family can metabolize ethanol as part of the microsomal ethanol oxidizing system. 

Therefore, we analyzed genes involved in ethanol oxidation from our microarray data, and 

Cyp2b10 is one of the few CYP2 family genes that is highly induced in E8G3 (Fig. 5A). To 

determine whether the induction of Cyp2b10 after binge ethanol leads to changes in ethanol 

metabolism and liver injury, we generated Cyp2b10 knockout (KO) mice and subjected them 

to the 8-week chronic plus one or three binges of ethanol model. We took blood samples 1h 

after the gavage of maltose/ethanol for each treatment group and sacrificed the mice 9h after 

the gavage to identify differences in liver injury. There were no differences in ethanol levels 

before gavage, but one hour after the first or third gavage, chronically ethanol-fed Cyp2b10 
KO mice exhibited significantly higher levels of ethanol compared to WT mice (Fig. 5B). 

To further identify the role of CYP2b10 in ethanol metabolism, we gave a single dose of 

ethanol to WT, Cyp2b10 KO, or Adh1 KO mice and measured serum ethanol concentrations 

at multiple time points. While Adh1 KO mice had significantly higher levels of ethanol at all 

time points, there were no differences in ethanol concentrations between WT and Cyp2b10 
KO mice (Fig. 5C). To see if CYP2b10 can significantly contribute to microsomal ethanol 

metabolism, we extracted liver microsomes from WT or Cyp2b10 KO mice treated with 

TCPOBOP, a Cyp2b10 inducer, and measured ethanol oxidation to acetaldehyde in vitro. 

Control experiments confirmed TCPOBOP-mediated induction of CYP2B10 in microsomes 

and CYP2B10 inhibitors were working correctly (Fig. S5). Concentration-dependent ethanol 

metabolism did not differ in vehicle or TCPOBOP-treated mouse microsomes (Fig. 5D). In 

addition, Cyp2b10 induction with TCPOBOP or treatment with a CYP2b10 inhibitor (PPP) 

did not alter ethanol oxidation to acetaldehyde in either WT or Cyp2b10 KO mice (Fig. 5E).

CYP2b10 protects against ethanol-induced liver damage but is not responsible for liver 
adaptation to binge ethanol.

To determine whether CYP2b10 plays a role in liver injury, we analyzed liver injury in 

the mice described above. Livers of WT and Cyp2b10 KO mice after E8G1 were stained 

with H&E, MPO, and Sirius Red, and our data revealed that Cyp2b10 KO mice had higher 

levels of steatosis, neutrophil infiltration, and fibrosis compared with WT mice (Fig. 6A). 

Accordingly, Cyp2b10 KO mice showed significantly higher ALT levels and a trend of 

higher AST levels than WT after E8G1 (Fig. 6B–C). In addition, western blot analyses 

showed that Cyp2b10 KO mice exhibited increased 4-HNE adducts after E8G1, indicating 

higher levels of lipid peroxidation in Cyp2b10 KO mice (Fig. 6D). However, it should be 

noted that the toxicological adaptation to binge ethanol still occurs in Cyp2b10 KO mice 

as 4-HNE adducts, ALT, and AST levels in E8G3 groups were similarly decreased in both 

WT and Cyp2b10 KO mice compared to those in E8G1 groups (Fig. 6B–D). Finally, serum 
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triglycerides or cholesterol levels were measured, and our data revealed that there were no 

differences in these parameters between Cyp2b10 KO and WT mice post E8G1 or E8G3 

exposure (Fig. S6A–B).

The human homolog for Cyp2b10, CYP2B6, plays an important role in liver homeostasis 

in addition to its well-known role in drug metabolism, as low CYP2B6 activity in 

human liver microsomes is associated with obesity (Krogstad et al., 2020). We sought to 

determine the expression pattern of CYP2B6 in alcohol-associated liver diseases (ALD) 

and pulled RNA-seq expression data from the livers of healthy controls or patients 

with alcoholic steatohepatitis (ASH), severe alcoholic hepatitis (sAH), explanted alcoholic 

hepatitis (ExAH), non-alcoholic fatty liver disease (NAFLD), hepatitis C virus infected 

(HCV), and HCV progressed to cirrhosis (HCV Cirr) (Argemi et al., 2019, Kim et al., 

2021). Interestingly, CYP2B6 levels were decreased even in ASH, one of the early forms 

of alcoholic liver damage, as well as AH and both forms of HCV (Fig. S6C). However, 

CYP2B6 expression is not decreased in NAFLD livers, indicating that such decreases are 

related to alcoholic liver damage or more severe forms of liver disease.

Metabolomics reveal significant differences in the livers of Cyp2b10 KO and WT mice after 
chronic plus binge alcohol.

To determine the underlying mechanisms by which CYP2b10 protects against ethanol-

induced liver damage, we submitted liver tissue or serum from WT and Cyp2b10 KO mice 

(n=5) in the E8G1 group to metabolomics analysis. The partial least squares discriminate 

analysis (PLS-DA) plots for positive ion mode in both the liver and serum samples showed 

that there were significant changes in metabolomic profiles between WT and Cyp2b10 mice 

after chronic plus binge ethanol (Fig. 7A–B). Over 200 features, including ~65 identified 

metabolites, were significantly different in the livers of Cyp2b10 KO mice, confirming that 

CYP2b10 plays an important role in liver homeostasis after chronic plus binge ethanol (Fig. 

7C). On the other hand, only ~75 features reached significance in serum of Cyp2b10 KO 

mice with only 28 metabolites identified, showing that the biggest impact of CYP2b10 is 

in the liver (Fig. 7D). Several liver metabolites related to the gamma-glutamyl cycle and 

glutathione disposition were changed, including increases in 5-oxoproline (pyroglutamic 

acid/pyrrolidonecarboxylic acid), cysteinylglycine, glutathione, and glutathione disulfide, 

and a decrease in L-glutamic acid in Cyp2b10 KO mice. In addition, glucuronide 

metabolites ethyl glucuronide and thyroxine glucuronide were increased in Cyp2b10 KO 

liver (Fig. 7E). Major changes in serum metabolites included several carnitine metabolites 

that mostly decreased in the Cyp2b10 KO mice. In addition, kynurenine exhibits drastic 

decreases in the Cyp2b10 KO mouse serum compared to WT mice (Fig. 7F).

Discussion

Recent increases in ethanol consumption and ethanol-related deaths worldwide underscore 

the need to develop better models of acute-on-chronic alcohol-related liver disease. While 

the NIAAA model using 10 days or 8 weeks of chronic ethanol plus an acute gavage of 

ethanol recapitulates some alcohol-related liver pathology (Bertola et al., 2013b, Xu et al., 

2015), there is always a need for a model that better captures the clinical features of such 
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liver injury. Therefore, we sought to modify the NIAAA model to add two additional binges 

over two days to potentially better model liver injury. Surprisingly, mice given three gavages 

of ethanol exhibited less liver injury, steatosis, and fibrosis, than mice given a single gavage 

of ethanol after chronic feeding.

To better understand how three binges caused less injury than one binge in chronically 

ethanol-fed mice, we performed microarray analysis of liver tissues alongside previously 

published samples (Xu et al., 2015). While a limitation of our study is that we did not collect 

E8G2 samples to better identify stepwise changes in liver gene expression, we were able to 

identify several pathways that likely contribute to liver adaptation to binge ethanol through 

bioinformatic analysis, including acute phase response and complement cascades. Gavage of 

high doses of ethanol is known to activate the acute phase response in a toll-like receptor 

4-dependent manner, most likely due to the corresponding intestinal barrier dysfunction and 

translocation of gut bacteria (Pruett and Pruett, 2006). In addition, innate immunity and the 

complement system have been implicated in many facets of ALD (Santiesteban-Lores et al., 

2021). While some complement factors are protective and some harmful in the pathogenesis 

of ALD, it seems that the induction of this pathway in E8G3 may function to protect against 

bacterial translocation similar to acute phase response (Cohen et al., 2010, Roychowdhury 

et al., 2009, Duan et al., 2021). Another pathway that changed in our analysis was oxidative 

phosphorylation between E8G1 and E8G3. Ethanol is known to significantly change the 

mitochondria of hepatocytes, triggering the formation of megamitochondria and mitophagy 

as protective mechanisms, so structural and functional changes to mitochondria should be 

further investigated as a potential protective mechanism in the E8G3 mice (Palma et al., 

2019, Williams et al., 2015). One limitation of the current study is that we did not look at 

changes in the intestines and adipose tissues after E8G3 to see whether changes in those 

organs also influence liver adaptation to binge ethanol. As these organs play an important 

role in controlling ALD pathogenesis, future studies should look at whether these organs 

also adapt to binge ethanol and influence liver injury after E8G1 and E8G3.

When we looked deeper at the microarray data, we noticed that Cyp2b10, an ethanol 

metabolism related gene, was highly upregulated in both E8G1 and E8G3 in contrast to 

other upregulated genes that returned towards baseline in E8G3. Previous studies have 

shown that hepatic expression of Cyp2b enzymes can be upregulated by chronic ethanol in 

several different models (Schoedel et al., 2001, Choi et al., 2018, Koga et al., 2016). We 

confirmed that hepatic Cyp2b10 expression is mildly induced after E8w, but highly induced 

after E8G1 and E8G3. Although Cyp2b10 is highly expressed in the intestine, which was not 

significantly upregulated after ethanol feeding, ethanol induction of Cyp2b10 seems to be 

restricted to the liver. Acute ethanol administration also induced liver Cyp2b10 expression, 

and we sought to identify mechanisms behind Cyp2b10 induction. Although we did not 

examine the molecular mechanisms underlying ethanol-mediated induction of liver Cyp2b10 
expression, several potential mechanisms are likely involved. First, bioinformatic analysis 

predicted activation of CAR in E8G1 and E8G3 (data not shown). CAR is a known Cyp2b10 
inducer (Chen et al., 2011), which probably contributes to binge ethanol induction of hepatic 

Cyp2b10. Second, both pregnane X receptor and peroxisome proliferator-activated receptor 

β/δ have been implicated in the control of hepatic Cyp2b10 expression post chronic or 

binge ethanol feeding, and these mechanisms are likely also involved Cyp2b10 induction 
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by acute-on-chronic ethanol (Choi et al., 2017, Choi et al., 2018, Koga et al., 2016). 

Another known mechanism that may contribute to ethanol-induced Cyp2b10 induction is 

the NRF2-mediated oxidative stress response, which is linked to activation of CAR and is 

highly upregulated after E8G1 based on our bioinformatic data (Ashino et al., 2014, Rooney 

et al., 2019). The human/monkey homolog of Cyp2b10, CYP2B6, is induced by ethanol 

self-administration in several brain regions of monkeys and studies in human brains strongly 

suggest that CYP2B6 is elevated in certain brain regions of people with alcohol use disorder 

(AUD) (Ferguson et al., 2013, Miksys et al., 2003). While these studies focus on CYP2B6 in 

the brain, they provide evidence that ethanol may be able to induce CYP2B6 in humans.

Previous studies suggest that CYP2B6 has the ability to metabolize ethanol, but these studies 

did not further characterize how CYP2B6 regulates ethanol metabolism (Vuppugalla et 

al., 2007, Busby et al., 1999, Hamitouche et al., 2006). Our data showed that Cyp2b10 
KO mice exhibit higher ethanol concentrations than WT mice after E8G1 and E8G3. 

However, Cyp2b10 KO and WT mice had comparable levels of blood ethanol concentrations 

after acute ethanol administration, and in vitro studies of microsomal ethanol metabolism 

revealed that CYP2B10 did not directly participate in ethanol metabolism. Taken together, 

our data suggest that CYP2B10 indirectly promotes ethanol metabolism during chronic 

ethanol consumption. Further studies are required to clarify the mechanisms by which 

CYP2B10 regulates chronic ethanol metabolism. In addition, we also found that CYP2B10 

is protective against ethanol-induced liver injury as Cyp2b10 KO mice exhibited increased 

liver injury (ALT), steatosis, fibrosis, and lipid peroxidation after E8G1 compared to WT 

mice. However, CYP2B10 is not responsible for the liver adaptation to binge ethanol as 

injury still decreased in Cyp2b10 KO mice from E8G1 to E8G3. While the increased 

ethanol concentrations in Cyp2b10 KO mice may contribute to the increased liver injury, 

CYP2B enzymes are known to play other physiological roles. Studies in Cyp2b-knockdown 

and null mice have shown that CYP2B enzymes have sexually dimorphic effects on lipid 

homeostasis, with male Cyp2b-knockdown/null mice gaining more weight on HFD (Damiri 

and Baldwin, 2018, Heintz et al., 2019, Heintz et al., 2020, Heintz et al., 2022). In 

addition, studies using conditional P450 oxioreductase (POR) mice and Cyp2b-knockdown 

mice provided evidence that CYP2B enzymes are likely involved in unsaturated fatty acid 

metabolism (Damiri and Baldwin, 2018, Finn et al., 2009). These potential endogenous 

roles of CYP2B enzymes led us to conduct metabolomic analyses for WT and Cyp2b10 
KO mice after E8G1 to determine the mechanism behind CYP2B10 protection against 

ethanol-induced liver injury.

Liver and serum metabolomics were clearly different between WT and Cyp2b10 KO mice 

after E8G1, with major differences seen in liver nucleotides, amino acids, glutathione, fatty 

acids and lipid precursors, and sugars. The increase in ethyl glucuronide, a marker of ethanol 

use, in Cyp2b10 KO mice correlates well with our data that ethanol levels are elevated 

after E8G1 as compared to WT mice. One of the highest elevated metabolites (7-fold) in 

the livers of Cyp2b10 KO mice was 5-oxoproline (pyroglutamic acid/pyrrolidonecarboxylic 

acid), which is a participant in the gamma-glutamyl cycle that leads to glutathione synthesis. 

Elevated levels of 5-oxoproline are associated with high anion gap metabolic acidosis, a 

serious condition that can be induced by acetaminophen (Tailor et al., 2005, Alhourani et 

al., 2018, Fenves et al., 2006). The enzyme 5-oxoprolinase (Oplah) converts 5-oxoproline 
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to L-glutamate, and since liver 5-oxoproline is increased and L-glutamate is decreased, 

5-oxoprolinase may be dysfunctional in Cyp2b10 KO mice. However, this does not seem to 

disrupt glutathione synthesis as glutathione and glutathione disulfide are both upregulated 

in Cyp2b10 KO mice. Glucose-6-phosphate (G6P) is another metabolite that is highly 

upregulated in the livers of Cyp2b10 KO mice, and accumulation of G6P has been shown 

in liver samples from patients with alcohol-associated hepatitis when compared to control 

samples due to upregulation of hexokinase domain containing 1 (Massey et al., 2021). 

Future studies should identify how CYP2B10 affects energy balance in ethanol-treated 

livers.

To determine how these studies may translate to humans, we analyzed results from a 

previously published RNA-seq dataset that identified gene expression in livers of patients 

exhibiting different types of liver injury (Kim et al., 2021, Argemi et al., 2019). The 

human homolog of Cyp2b10, CYP2B6, was downregulated in early alcohol-associated 

steatohepatitis and severe alcohol-associated hepatitis (AH) but unchanged in non-alcoholic 

fatty liver disease. These alcohol-related liver disease samples were from patients without 

recent binge drinking, which may be the reason CYP2B6 was not highly upregulated 

because upregulation of hepatic Cyp2b10 expression was transient after acute ethanol 

gavage. These decreases in CYP2B6 expression in AH are associated with decreases in 

microRNA-148a, which stabilizes CYP2B6 mRNA and leads to increased transcription, 

and this mechanism may explain the discrepancies between mice and humans (Luo et al., 

2021). Regardless, if CYP2B6 is a protective factor for ALD in humans like CYP2B10 in 

mice, the decreased CYP2B6 expression in ALD patients may be detrimental. CYP2B6 is 

also a highly polymorphic enzyme, with several genetic variants having allele frequencies 

of >30% which significantly reduce enzyme expression or activity (Zanger et al., 2007). 

The association of CYP2B6 polymorphisms with progression of ALD should be further 

investigated to help clarify the role of CYP2B6 in ALD. In summary, these studies 

demonstrated a novel model (E8G3) to study liver (and perhaps other organ) adaptation 

to binge ethanol, identified Cyp2b10 as a protective factor for acute-on-chronic ethanol-

induced liver injury, and provide evidence to further study the role of Cyp2b10 homolog 

CYP2B6 in human ALD.
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Figure 1: Three binges cause less liver damage and fibrosis than one binge in chronically 
ethanol-fed mice.
Eight to ten week-old male C57BL6N mice were fed a liquid diet containing 5% ethanol for 

8 weeks and then received one maltose gavage (E8w), one ethanol binge (E8G1) or three 

ethanol binges (every 24 hours) (E8G3), or pair-fed (P8w); the mice were euthanized at 9 

hours after the final binge. (A) Serum ALT, AST, and liver TG levels. (B) Representative 

images of H&E staining, anti-MPO and anti-α-SMA staining, and sirus red staining of 

livers. (C) Liver collagen content was assayed by determination of hydroxyproline content. 

(D) RT-qPCR analyses of gene expression in the liver tissue. Values represent the mean ± 

SEM (n=5–15 mice per group). *P<0.05, **P<0.01, ***P<0.001 as indicated.
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Figure 2: Microarray comparison of gene expression and pathway analyses of E8G3 vs. E8G1.
(A) Principal component analysis (PCA) plot of microarray data. (B) Heatmap of genes 

significantly changed between E8G1 compared to E8w. (C) Volcano plot of genes 

significantly changed between E8G3 and E8G1. (D) IPA analyses identified significant 

pathways and upstream regulators changed in E8G3 vs. E8G1. The color of each bar 

indicates the predicted activation of each pathway/upstream regulator (Grey indicates not 

enough data to predict activation state). (E) IPA network plot of significantly altered 

regulators and pathways between E8G3 and E8G1.
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Figure 3: Similar gene and pathway regulation in E8G1 and E8G3.
(A-B) The average fold change of top up and downregulated genes in E8G1 compared 

to P8w that are further upregulated (A; up-up) or further downregulated (B; down-down) 

in E8G3. (C-D) IPA analyses identified top significant pathways and upstream regulators 

changed in E8G1 and E8G3 vs. E8w and the color of each bar indicates the predicted 

activation of each pathway/upstream regulator (Grey indicates not enough data to predict 

activation state).
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Figure 4: Hepatic Cyp2b10 is specifically induced by binge ethanol.
(A) RT-qPCR analyses of Cyp2b9, Cyp2b10 and Cyp2b13 gene expression in the livers 

of pair, E8w, E8G1, E8G3 fed mice (n=5). (B) The protein levels of CYP2B10, CYP2E1, 

and ADH1 in the livers of P8w, E8w, E8G1, E8G3 fed mice. (C) Representative images 

of immunohistochemical (IHC) staining of CYP2B10 in the liver of P8w, E8w, E8G1, and 

E8G3. Values represent the mean ± SEM (n=3–5 mice per group). *P<0.05, **P<0.01, 

***P<0.001 compared to WT as indicated.
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Figure 5. Ethanol metabolism is altered in Cyp2b10 KO mice, but CYP2B10 does not directly 
participate in ethanol metabolism.
(A) Heatmap of ethanol oxidation genes identified in IPA. (B) Mice were fed with ethanol 

diet for 8 weeks. Blood ethanol levels were measured before gavage, and 1 h after either 

E8G1 or E8G3 (5 g/kg). (C) WT, Cyp2b10 KO, and Adh1 knockout mice received acute 

ethanol binge (5 g/kg). Blood ethanol levels were measured at 0 (before gavage) and 1, 3, 

6, 8 h post-gavage. (D-E) Microsomes were isolated from the livers of WT or Cyp2b10 KO 

mice either treated with TCPOBOP or vehicle for 24h. Microsomes were challenged with 

different concentrations of ethanol (C) or 25 mM ethanol with or without PPP, a Cyp2b 

inhibitor and acetaldehyde production was measured after 30 min (D). * P<0.05, ** P<0.01, 

*** P<0.05 as indicated
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Figure 6. Genetic deletion of the Cy2b10 gene exacerbates chronic-plus-binge ethanol-induced 
liver injury in mice.
WT and Cyp2b10 KO mice received E8w, E8G1, or E8G3. (A) Representative images from 

E8G1 WT and Cyp2b10 KO mice with H&E staining, anti-MPO, and sirus red staining of 

liver sections. (B) ALT and (C) AST were measured in male mice (n=4~7). (D) Western blot 

of 4-HNE in livers of WT and Cyp2b10 mice after E8G1 and E8G3. * P<0.05 as indicated.
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Figure 7. Metabolomics analysis of WT and Cyp2b10 KO mice.
WT and Cyp2b10 KO mice were subjected to E8G1 before analyzing serum and liver 

samples (n=6) by untargeted metabolomic analysis. Partial least squares discriminate 

analysis (PLS-DA) plots for positive ion mode (A,D) and metabolite heatmaps (B,E) 

were generated for both the liver (A,B) and serum (D,E) samples. Metabolites that were 

significantly changed are listed for liver (C) and serum (F) samples, with red highlights 

signifying increases in Cyp2b10 KO vs. WT and blue highlights indicating decreases in 

Cyp2b10 KO vs. WT.
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