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Abstract

Background—Alcohol increases intestinal permeability to pro-inflammatory microbial products 

that promote liver disease, even after a period of sobriety. We sought to test the hypothesis that 

alcohol affects intestinal stem cells using an in vivo model and ex vivo organoids generated from 

jejunum and colon from mice fed chronic alcohol.

Methods—Mice were fed a control or an alcohol diet. Intestinal permeability, liver steatosis/

inflammation, and stool short chain fatty acids (SCFA) were measured. Jejunum and colon 

organoids and tissue were stained for stem cell, cell lineage, and apical junction markers with 

assessment of mRNA by PCR and RNA-seq. ChIP-PCR analysis was carried out for Notch1 using 

an antibody specific for acetylated histone 3.

Results—Alcohol-fed mice exhibited colonic (but not small intestinal) hyperpermeability, 

steatohepatitis and decreased butyrate/total SCFA ratio in stool. Stem cell, cell lineage, and apical 

junction marker staining in tissue or organoids from jejunum tissue were not impacted by alcohol. 

Only chromogranin A (Chga) was increased in jejunum organoids by qPCR. However, colon 

tissue and organoid staining exhibited an alcohol-induced significant decrease in cytokeratin 20+ 

(Krt20) absorptive lineage enterocytes, a decrease in occludin and E-cadherin apical junction 

proteins, an increase in Chga, and an increase in the Lgr5 stem cell marker. qPCR revealed an 
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alcohol-induced decrease in colon organoid and tissue Notch1, Hes1, and Krt20 and increased 

Chga, supporting an alteration in stem cell fate due to decreased Notch1 expression. Colon tissue 

ChIP-PCR revealed alcohol feeding suppressed Notch1 mRNA expression (via deacetylation of 

histone H3) and decreased Notch1 tissue staining.

Conclusions—Data support a model for alcohol-induced colonic hyperpermeability via 

epigenetic effects on Notch1, and thus Hes1, suppression through a mechanism involving histone 

H3 deacetylation at the Notch1 locus. This decreased enterocyte and increased enteroendocrine 

cell colonic stem cell fate and decreased apical junctional proteins leading to hyperpermeability.
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INTRODUCTION

Chronic alcohol abuse results in end organ damage such as alcoholic liver disease (ALD).

(Wang et al., 2010) ALD is currently the second leading cause of liver transplantation. Data 

from our laboratory and others have shown that alcohol-induced increased intestinal 

epithelial permeability (leaky gut) is an essential component of alcohol-induced organ 

damage and ALD.(Wang et al., 2010, Keshavarzian et al., 1999, Keshavarzian et al., 2009) 

Prior studies have shown that the effect of alcohol on the gut barrier could vary among 

different sites of the intestine.(Elamin et al., 2013) However, the mechanisms contributing to 

alcohol-induced intestinal hyperpermeability and its differential effects on large and small 

intestine have not been established. Intestinal epithelial cells bind to one another through 

apical junctional complex (AJC) proteins that include tight junction, adherens junction and 

desmosome junctional proteins(Laukoetter et al., 2006) to form the major component of the 

gastrointestinal barrier. The integrity of this barrier relies on normal and mature epithelial 

cells. Mature epithelial cells in the small and large intestine show rapid turnover rates, and 

die within 3–5 days after formation.(Barker, 2014) Therefore, maintenance of continuous 

epithelial cell differentiation and the presence of mature epithelial cells are critically 

important for the integrity of the barrier. Several studies have revealed the important role of 

intestinal crypt stem cells in the continual replenishment of gastrointestinal epithelium and 

barrier by supplying cells that differentiate into different cell lineages.(Barker, 2014)

Two key cell lineage pathways are derived from intestinal stem cells.(Barker, 2014, Clevers, 

2013) The secretory cell lineage pathway results in Paneth, enteroendocrine, and goblet cells 

in the small intestine and enteroendocrine and goblet cells in the colon. The absorptive cell 

lineage pathway results in differentiation into enterocytes (about 80% of epithelial cells) in 

both the small intestine and colon. Stem cell Notch1 signaling is the critical determinant that 

regulates which cell fate pathway is followed: secretory or absorptive.(Barker, 2014, Noah 

and Shroyer, 2013). Therefore, effects on the stem cells, such as alcohol-induced 

suppression of Notch1 signaling, could potentially dysregulate epithelial cell differentiation, 

disrupting the mucosal barrier function as recently shown for decreased intestinal Notch1 
signaling in diabetic mice.(Min et al., 2014)

Forsyth et al. Page 2

Alcohol Clin Exp Res. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Notch receptors are type one transmembrane receptors that are activated by ligands located 

on adjacent cells. Upon activation, the Notch receptor is first cleaved by an ADAM protease 

and subsequently by a gamma secretase to yield an NICD intracellular domain. The NICD 

translocates to the nucleus and pairs with CBF-1/Rbpj in humans/mice to activate 

transcription of Notch target genes. There are four Notch receptors (Notch 1–4) in mammals 

and five Notch ligands (Dll1,3,4 and Jagged 1–2).(Noah and Shroyer, 2013) Notch1 is by far 

the predominant Notch receptor in the mammalian intestine and is expressed by intestinal 

stem cells.(Fre et al., 2011) Notch signaling regulates cell differentiation, proliferation and 

especially cell fate and is conserved from drosophila to mammals. In the mammalian 

intestine, Notch1 is the principal regulator of intestinal stem cell fate with increased Notch1 
signaling promoting absorptive lineage enterocytes and decreased Notch1 signaling resulting 

in secretory lineage enteroendocrine, goblet, or Paneth cells (small intestine).(Noah and 

Shroyer, 2013)

Our group has shown that alcohol effects on intestinal epithelial cells and barrier function 

persists beyond the 3–5 days which is the turnover rate of the mature epithelial layer in vivo.

(Barker, 2014, Wood et al., 2013) Also, alcoholics exhibit intestinal hyperpermeability for 

weeks after cessation of drinking alcohol.(Bjarnason et al., 1984) Based on this information, 

we hypothesized that alcohol disrupts intestinal barrier function, at least in part, by 

influencing stem cell function. To test our hypothesis, we first used an in vivo model to 

assess gut leakiness and collect tissue from control and alcohol-fed mice. This tissue was 

used to generate ex vivo intestinal epithelial organoids to examine alcohol-induced changes 

to the stem cells of small (jejunum) and large (colon) intestinal epithelium. Organoids grow 

from intestinal stem cells into 3D mini-gut epithelial crypt structures that recapitulate many 

aspects of intestinal epithelial biology in vivo.(Leushacke and Barker, 2014, Sato and 

Clevers, 2013) In the organoid culture system, Lgr5+ intestinal stem cells (ISC) continue to 

differentiate to form the major cell types of the intestinal epithelium, providing an 

appropriate ex vivo model to study in vivo effects on intestinal stem cells.(Leushacke and 

Barker, 2014) In this study, our permeability data show that chronic alcohol feeding 

promoted colonic but not small intestinal hyperpermeability in mice. Using the organoid 

model we show that chronic alcohol feeding disrupts AJC proteins in the colonic (but not 

jejunum) organoids and this disruption was associated with changes in stem cell fate 

possibly via an epigenetic suppression of Notch1 expression via deacetylation of Histone H3 

at the Notch1 locus.

MATERIALS AND METHODS

Mice and Chronic Alcohol Feeding Model

All animal studies in these experiments were approved by the Rush University Institutional 

Animal Care and Use Committee (IACUC). All experiments used 6–8 week old male 

C57BL/6J mice; hereafter BL/6 mice; from Jackson Labs (Bar Harbor, ME). Mice were 

maintained on a standard 12h light/12h dark (6am–6pm) schedule under SPF conditions in 

isolator cages with 3–5 mice/cage. Mice were fed a standard chow diet with either water or 

15% alcohol v/v for a total of 8 weeks with a 2 week alcohol ramp period. The 2 week ramp 

period was as follows: 4d at 3% ethanol, 5d at 6% ethanol, then 5d 10% ethanol then 8 
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weeks at 15% ethanol. Consumption of alcohol was measured daily, with average 

consumption of 5ml of 15% alcohol/day equaling about 24g/kg/day ethanol consumption 

during the 8 week treatment period. After 10 weeks, mice were sacrificed by decapitation 

and trunk blood was collected. Liver was collected and fixed overnight in 10% buffered 

formalin for staining or flash frozen for MPO analysis. For organoid culture, intestines were 

immediately placed in cold PBS and processed as described below. Additional sections of 

jejunum and colon were placed in RNAlater and stored at −80°C for RNA analysis (qPCR or 

RNA-Seq).

Liver Steatosis and Inflammation

Slides cut from formalin fixed and paraffin embedded liver tissue were analyzed after H&E 

staining as we have previously described.(Summa et al., 2013) Briefly, slides were scored by 

a blinded liver pathologist (SS) using a 0–3 point scale. For liver steatosis: severity was 

scored as percent hepatocyte involvement (0 = <5%, 1 = 5–33%, 2 = 34–66%, 3 = >67%), 

corresponding to the fraction of lipid-containing hepatocytes. For inflammation: severity 

was scored 0–3 based on the number of inflammatory foci per 200x field (0 = no foci, 1 = 1 

focus, 2 = 2–4 foci, 3 = >4 foci). These two scores were combined to yield an average 

composite score (n = 8 mice/group). As an alternative measure of liver inflammation we 

measured myeloperoxidase (MPO) in liver tissue by ELISA (Sigma, St. Louis, MO) (n = 4 

mice/group).

Intestinal Permeability

In vivo intestinal permeability was assessed at the end of the 8 week alcohol treatment 

period as we have previously described.(Shaikh et al., 2015, Summa et al., 2013) Briefly, 

mice were fasted for eight hours prior to the test performed at time ZT0 (lights on). A 200ul 

solution was orally gavaged containing lactulose (3.2 mg), sucrose (0.45 mg), sucralose 

(0.45 mg) and mannitol (0.9 mg), after which 2ml of 0.9% saline was administered 

subcutaneously to promote urine output. Mice were placed in metabolic cages and urine was 

collected for five hours and the total volume recorded. Intestinal permeability was calculated 

by measuring urinary sugar concentration with gas chromatography and expressed as 

percent excretion of oral dose of sugar (n=4 mice/group).(Shaikh et al., 2015)

SCFA Measurement for Stool Samples

The levels of SCFA in stool were measured according to our modified protocol of Rose et al.

(Rose et al., 2010) using gas chromatography and an internal standard as detailed in 

Supplementary Information (n = 7 mice/group).

Mouse Intestinal Organoid Preparation and Culture

Mouse intestinal organoid cultures were prepared from for both jejunum and colon using the 

methods described by Sato et al. (Jung et al., 2011, Sato et al., 2011, Sato et al., 2009) in 

which intact intestinal crypts are isolated and grown with crypt niche growth factors and 

Matrigel in 24-well plates as described in detail in Supplementary Materials and Methods 

and Supplementary Table 1.
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Crypts were isolated from small and large intestine of alcohol and control fed mice and used 

to grow organoids in culture.(Sato et al., 2011) In order to verify/document that our organoid 

cultures were similar to those described by others, we took images of jejunum and colon 

organoid cultures on days 0–7 for the jejunum (Figure 1a–g) and on day 21 for the colon 

(Figure 1h). Based on these results, jejunum organoids at day 7 and colon organoids at day 

21 were used for all analyses. The time difference (i.e., day 7 vs. day 21) is due to the slower 

growth of the colon organoids compared to the growth of jejunum organoids to attain similar 

size.

Organoid and Tissue Immunofluorescent and Immunoperoxidase Staining

The organoid immunofluorescent staining was performed on 8 well chamber slides (Nunc, 

Rochester, NY) as fully described in the Supplementary Materials and Methods. Briefly, the 

organoids were fixed with warm 4% PFA on chamber slides for one hour at RT and then 

permeabilized with 1% Triton-X100. The samples were blocked with a solution of 3% goat 

serum/1% BSA/0.2% Triton X-100 for 1 hour. Primary antibody staining for the organoids 

was done overnight. Organoids were washed and incubated for 2 hours with the appropriate 

secondary antibody conjugated to Alexa Flour 488 (green). Organoids were then washed and 

double stained for DAPI and mounted using Flouromount aqueous mounting medium 

(Sigma Aldrich). Organoids were imaged using a Zeiss LSM 700 confocal microscope 

(Zeiss, Oberkochen, Germany). The mouse colon tissue immunofluorescent and 

immunoperoxidase staining was performed on paraffin-embedded formalin-fixed proximal 

colon tissue samples and is fully described in Supplementary Materials and Methods. 

Specific antibodies used for staining are detailed in Supplementary Table 2. All organoid 

and tissue staining data is from n = 4 mice/group with 7–10 images of stained organoids (or 

tissue) to determine relative expression of each marker and to pick the representative images. 

Staining was evaluated by two observers blinded to treatment group for all staining data.

qPCR mRNA Analysis

Cultured intestinal organoids and tissue samples from jejunum and colon were processed for 

RNA isolation according to the manufactures protocol (RNeasy, Qiagen, Hilden, Germany). 

For real time PCR, cDNA was prepared using the high capacity cDNA reverse transcription 

kit from the manufacturer (Applied Biosystems, Foster City, CA). The real time PCR was 

performed on an Applied Biosystems 7500 apparatus using primers (IDT, Coralville, IA) 

and Fast Sybr green (Applied Biosystems). The quantitative analysis was calculated from the 

ΔΔCt values normalized against the β actin values used as a housekeeping gene.(Forsyth et 

al., 2010) Specific primer sequences are detailed in Supplemental Table 3. All qPCR data are 

means ± SEM from n = 4 mice/group.

RNA Extraction and Library Preparation for RNA-Seq

This is fully described in Supplementary Materials and Methods.

RNA-seq QC and Quantification and RNA-Seq Expression Analysis

Complete RNA seq data counts and reads can be found at Gene Expression Omnibus 

(GEO): GSE99291. This is fully described in Supplementary Materials and Methods.
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ChIP-PCR Analysis

Tissue samples from colon were processed for DNA chromatin shearing according to the 

manufactures protocol (truChIP™ Tissue Chromatin Shearing Kit, Covaris, Woburn MA, 

USA). Subsequently, immunoprecipitation and qPCR protocol was performed as described 

in Supplementary Materials and Methods. Specific PCR primer sequences are detailed in 

Supplementary Table 3. All ChIP-PCR data are means ± SEM from n = 4 mice/group.

Statistical Analysis

Statistical evaluations of data were performed using GraphPad Prism software (GraphPad 

Software, Inc, San Diego, CA). The intestinal permeability, MPO, SCFA, and qPCR data are 

represented as means ± SEM. A t-test was used for analysis. Data was considered 

statistically significant at p<0.05. The liver histology data was analyzed via non-parametric 

analysis with a significance value of p<0.05.

RESULTS

Alcohol Fed Mice Have Increased Colonic Permeability and Liver Pathology

Following a two week gradual increase in alcohol concentration, 15% v/v alcohol in the 

drinking water was administered to BL/6 mice for eight weeks. One week before sacrifice, 

intestinal permeability was assessed following a sugar gavage and analysis of urinary sugar 

content as described in the Methods. The urinary lactulose (control 4.96±1.52 vs. alcohol 

7.8±0.44) and urinary mannitol (control 3.754±0.8 vs. alcohol 4.409±0.32) were not 

significantly different in the control vs. alcohol-fed groups. The ratio of urinary lactulose to 

mannitol (L/M ratio), primarily a measure of small intestinal permeability,(Shaikh et al., 

2015) was also not different between control (1.3±0.5) and alcohol-fed (1.5±0.5) mice 

(Figure 2A). However, a significant difference in colonic permeability was observed. 

Urinary sucralose (a measure of whole gut permeability)(Shaikh et al., 2015) was 

significantly elevated in alcohol-fed (2.1±0.5) vs. control-fed mice (0.8±0.5; p<0.05) (Figure 

2B). The urinary sucralose/lactulose (S/L) ratio, another measure of colonic permeability,

(Shaikh et al., 2015) was also significantly elevated in alcohol-fed (0.26±0.5) vs. control-fed 

mice (0.1±0.2; p<0.05) (Figure 2C). Increased intestinal permeability to microbial contents 

such as LPS is required for alcohol-induced steatohepatitis in rodents.(Wang et al., 2010, 

Keshavarzian et al., 2009) Indeed, alcohol-fed mice (0.97±0.3) exhibited significantly 

greater combined steatosis-inflammation scores compared to control-fed mice (0.1±0.1; 

p<0.05) (Figure 2D). We performed an ELISA for myeloperoxidase (MPO) content of liver 

tissue (MPO/ng tissue). Liver MPO content (marker of hepatic PMN infiltration) in alcohol-

fed mice (47.2±2.3) was also significantly higher than in control-fed mice (36.2±4.2; 

p<0.05) (Figure 2E).

Taken together, these data demonstrate alcohol-induced colonic hyperpermeability and liver 

steatohepatitis pathology in our mice model of alcoholic liver disease.

Jejunum organoids and tissue are largely unaffected by chronic alcohol feeding

Small intestine organoids recapitulate the development of the small intestinal cell types with 

leucine rich repeat containing G protein coupled receptor 5 (Lgr5+) crypt base columnar 
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(CBC) stem cells differentiating to form the four major cell types in the small intestine. Cell 

fate markers include secretory cell lineage Paneth cells (lysozyme, Lyz1), enteroendocrine 

cells (chromogranin A, Chga), and goblet cells (mucin 2, Muc2) as well as absorptive cell 

lineage enterocytes (cytokeratin 20, Krt20). Organoids generated from jejunum tissue of 

control and alcohol-fed mice showed no differences in Lgr5 staining (stem cell marker) or 

any other cell fate markers including Chga (see PCR data below) (Figure 3Aa–j). Likewise, 

no staining differences were observed between alcohol-fed and control groups for the apical 

junction proteins occludin (tight junction protein) or E-cadherin (adherens junction protein; 

data not shown), or β-catenin (Ctnnb1) a key target transcription factor of the Wnt pathway 

(Figure 3Ak–n). Staining analysis of jejunum tissue revealed no alcohol-induced effects on 

staining for Krt20 or Lgr5 (Figure 3B).

qPCR analysis of mRNA expression for lineage-specific marker genes as well as Lgr5 and 

beta catenin (i.e., Chga, Muc2, Lyz1, Krt20, Lgr5, Ctnnb1) revealed that in jejunum 

organoids there were no significant alcohol-induced effects with the exception of Chga 

which was significantly increased (p<0.05) in alcohol-fed mice (Figure 3C). qPCR analysis 

of jejunum tissue showed that there were no significant effects of alcohol on cell lineage 

marker mRNA expression (Figure 3D).

The results generated in jejunum whole tissue generally match the data for organoids 

prepared from the jejunum tissue, and are overall consistent with the observed lack of 

alcohol effect on small intestinal stem cells and small intestinal permeability in our model.

Colonic organoids and tissue demonstrate alcohol-induced effects on stem cells, cell 
lineage markers and apical junctional proteins

In colonic organoids Lgr5+ stem cells differentiate into three major cell types including 

secretory cell lineage enteroendocrine cells (ChgA+), goblet cells (Muc2+) and absorptive 

lineage enterocytes (Krt20+). Staining analysis revealed striking alcohol-induced changes in 

the colon organoids stem cell and cell fate markers including an increase in Lgr5 (stem cell 

marker), increase in Chga (secretory lineage, enteroendocrine cell), no change in Muc2 

(goblet cell), and markedly diminished staining for Krt20 (absorptive lineage, enterocytes). 

We also found decreased levels of the apical junction proteins Ocln (occludin tight junction 

protein), and Cdh1 (adherens junction protein E-cadherin), as well as decreased Ctnnb1 (β-

catenin) (Figure 4Aa–n). Staining of colon tissue revealed markedly lower Krt20 and 

elevated Lgr5 staining (Figure 4B) in alcohol-fed mice compared to control mice. Colon 

tissue was not stained for apical junction markers Ocln and Cdh1 or for Chga and Ctnnb.

qPCR analysis revealed that colon organoids generated from alcohol-fed mice had 

significantly higher Chga and lower Krt20 expression (both p<0.05) compared to control-fed 

mice organoids, matching the results obtained from staining (Figure 4C). However, there 

was no increase in colon organoid Lgr5 or decrease in Ctnnb mRNA which did not match 

the staining data. Colon tissue assessed by qPCR showed alcohol feeding increased Chga 

and decreased Krt20 and Ctnnb mRNA expression in colon tissue (all p<0.05) but no mRNA 

increase in Lgr5 (Fig. 4D).

Forsyth et al. Page 7

Alcohol Clin Exp Res. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thus, the Krt20 (decreased) and Lgr5 (increased) results for colon tissue staining match the 

staining data for these markers in colon organoids. However in both organoids and colon 

tissue there was no increase in Lgr5 mRNA. Taken together, the colon organoid and colon 

tissue staining, and PCR results support decreased colonic absorptive pathway (Krt20+ 

enterocytes) differentiation and increased differentiation of Chga+ secretory enteroendocrine 

cells.

Next, we used RNA-seq analysis to examine global gene expression similarities and 

differences between colon tissue and colon organoids from control and alcohol-fed mice. 

The data were analyzed for differential expression with a nominal p<0.05. Comparison 

between colon organoids (cO) and colon tissue (cT) revealed that 206 genes were commonly 

affected by alcohol (Figure 5A). Of these genes, 43 were significantly increased due to 

alcohol feeding (Figure 4Ea; TopGenesUP) including genes involved in oxidative 

phosphorylation (Ndufb8n, Dufa4), cellular response to stress and mTor1-mediated 

signaling (Lamtor1, Lamtor22, Hspa14, Chmp6, Dtnll2) as well as Tnfa/Nfkb signaling 

(Fbi, Psmd6, Smarcd1) and TCA Cycle gene (Mds2). In contrast, a total of 33 genes were 

significantly decreased due to alcohol feeding including genes involved in membrane 

biosynthesis and collagen (Cal5a1, Cal6a1) assembly, and Mapk (Flnb, Mapt, Map3k13) 

signaling (Figure 4Eb; TopGenesDown). The top protein hub that was enriched due to 

alcohol feeding was Gabarapl1:(Rps14, Prpf39, Pdcd6ip, Mdh2, Ndufa4, Rcc2, Pls3, Flnb, 

Ank2), which is involved in the formation of autophagosomal vacuoles. Additional RNA-seq 

Venn diagram and heat map analysis is described in Figure 5. The Venn diagram (Figure 5A) 

shows far fewer alcohol-induced changes were observed in the jejunum with only 14 genes 

being commonly influenced by alcohol in jejunum organoids (jO) and jejunum tissue (jT). 

The Venn diagram also depicts genes differentially expressed due to alcohol feeding (control 

vs. alcohol) that were unique or shared between the intestine sites (jejunum vs. colon) 

(Figure 5A). Significantly, alcohol-induced effects in the colon were much more numerous 

than those in the small intestine, matching the results obtained from the in vivo permeability 

testing and organoid staining and qPCR. Specifically, alcohol appears to have had the 

greatest effect by far on gene expression in colonic organoids (cO) with cO having 3634 

uniquely differentially alcohol expressed genes compared to jO (102 genes), cT (433 genes) 

and jT (785 genes) suggesting an alcohol-specific change especially in colonic stem cells 

(organoids).

Notch1 epigenetic suppression as a mechanism to explain alcohol-induced changes in the 
colon

To investigate the mechanisms contributing to changes in organoid stem cell fate, colon 

tissue from control and alcohol-fed mice were assessed for Notch1. Notch1 receptor staining 

was markedly decreased in colon tissue from alcohol-fed mice compared to control-fed mice 

(Figure 6A). Likewise, qPCR expression of both Notch1 and its downstream effector Hes1 
were significantly decreased in both colon organoids (Figure 6B) and in colon tissue 

obtained from alcohol-fed mice (Figure 6C) (p<0.05 for all). To investigate a possible 

epigenetic mechanism for suppression of Notch1 expression by chronic alcohol feeding, a 

ChIP-PCR analysis for Notch1 expression was performed using an antibody to pan Histone 

3 acetylation (panH3ac) for ChIP followed by qPCR for Notch1. Analysis revealed that 
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chronic alcohol feeding significantly suppressed Notch1 mRNA expression with a 

concurrent deacetylation of H3ac at the Notch1 locus (p<0.01, Figure 6D). These data 

support a role for alcohol-induced H3 deacetylation at the Notch1 locus resulting in 

significant suppression of Notch1 mRNA and protein expression.

Potential role for SCFA and butyrate

Alcohol-induced Notch1 suppression through deacetylation of H3ac in the colon could be 

due to the alteration in the colonic environment secondary to alcohol intake. Our group and 

others showed that chronic alcohol consumption causes intestinal dysbiosis (Mutlu et al., 

2012, Mutlu et al., 2009), specifically an alcohol-induced decrease in the bacteria (e.g., 

Lachnospiracea) that produce the short-chain fatty acids (SCFAs) acetate, propionate and 

butyrate.(Engen et al., 2015) SCFAs are produced due to fermentation of dietary complex 

carbohydrates by the intestinal microbiota and these SCFA, especially butyrate, play an 

important role in the maintenance of the intestinal barrier.(Hamer et al., 2008, Ploger et al., 

2012) In addition, butyrate is a potent histone deacetylase (HDAC) inhibitor (Boffa et al., 

1978) and contributes to epigenetic regulation of gene expression. Thus, alcohol-induced 

changes in the intestinal microbiota and resulting changes in butyrate/SCFA production may 

be one mechanism by which alcohol feeding influences colonic crypt stem cell fate. While 

the total acetate/propionate/butyrate amounts for control- (0.4/0.2/1.2 uM/gm) and alcohol-

fed mice (0.3/0.3/1.8 uM/gm) were similar (Figure 6E), the ratio of butyrate to total SCFA 

was significantly decreased in alcohol-fed (0.10±0.02) vs. control-fed (0.17 ± .03) mice 

(p<0.01) (Figure 6F).(Weaver et al., 1988) Together these data suggest that decreased 

relative butyrate production, could be contributing to the observed changes in stem cell fate 

as a result of decreased H3ac acetylation at the Notch1 locus.

DISCUSSION

The current study shows that chronic alcohol consumption in mice increased intestinal 

permeability and steatohepatitis demonstrating the injurious effects of alcohol in our model. 

Colonic hyperpermeability, rather than small intestinal hyperpermeability, primarily 

accounted for the alcohol-induced gut leakiness. Specifically, the L/M ratio (a measure of 

small intestinal permeability) was not altered by chronic alcohol feeding whereas 

permeability to sucralose and the sucralose/lactulose ratio (both measures of whole gut 

permeability) were increased (Figure 2). Taken together these data support the colon as the 

primary site of alcohol-induced intestinal hyperpermeability.(Arrieta et al., 2006, Summa et 

al., 2013, Shaikh et al., 2015)

Alcohol-induced decreased Notch1 expression is a viable mechanism that may be 

contributing to long-term changes in intestinal barrier integrity. There are numerous studies 

demonstrating that Notch1 regulates the intestinal barrier.(Turgeon et al., 2013, Mathern et 

al., 2014, Min et al., 2014, Obata et al., 2012, Dahan et al., 2011) siRNA knockdown of 

Notch1 in vitro (i.e., Caco-2 cells) is associated with impaired intestinal cell monolayer 

integrity and decreased expression of the tight junction protein occludin.(Dahan et al., 2011) 

Downregulation of Notch1 in vivo is associated with gut leakiness and alterations in tight 

junction protein expression and colon inflammation.(Mathern et al., 2014, Dahan et al., 
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2011, Min et al., 2014) Notch1 cleavage product NICD pairs with the transcription factor 

Rbpj in mice to activate canonical Notch1 target genes and in vivo knockout of Rbpj in mice 

causes intestinal hyperpermeability and colitis.(Obata et al., 2012) A recent study in diabetic 

mice showed that decreased NICD/Hes1 expression resulted in intestinal hyperpermeability.

(Min et al., 2014) Significantly, a rectal enema containing siRNA to Notch1 administered to 

mice reduces colonic stem cell Notch1 expression and results in colonic hyperpermeability.

(Mathern et al., 2014) Taken together, these data demonstrate that Notch1 regulates 

intestinal/colonic barrier integrity and supports alcohol-induced suppression of Notch1 as a 

potential mechanism contributing to alcohol-induced colonic hyperpermeability.

To explore the molecular mechanism by which Notch1 impacts alcohol-induced intestinal 

barrier integrity we investigated the impact of Notch1 signaling on intestinal stem cell fate. 

While little is known about alcohol-induced effects on intestinal stem cells, the impact of 

alcohol on neural stem cells has been extensively studied. Alcohol affects differentiation of 

neural stem cells into neurons, glial cells, and oligodendrocytes and Notch1 plays an 

essential role in cell fate determination in both neural and intestinal stem cells. In rat fetal 

neural ex vivo stem cell neurospheres (analogous to intestinal organoids), alcohol promotes 

the formation of neurons at the expense of glial cells.(Vemuri and Chetty, 2005) Similarly, 

exposure of ex vivo human fetal neural stem cells to alcohol promotes neurons at the 

expense of other cell types.(Vangipuram and Lyman, 2010) Importantly, decreased Notch1 
signaling in the brain favors the development of neurons whereas in the intestine decreased 

Notch1 signaling favors the development of cells of secretory lineage. Thus alcohol effects 

are similar for brain and intestinal stem cell fate and both are characteristic of Notch1 
suppression.

High levels of Notch1 signaling in intestinal stem cells promote the development of cells of 

absorptive cell lineage whereas low levels of Notch1 signaling promote secretory lineage 

cells.(Barker, 2014, Noah and Shroyer, 2013) Specifically, Notch1 signaling activates the 

transcription factor Hes1 to promote the absorptive cell development and repression of 

Atoh1 (Math1) the transcription factor that is required for secretory cell development.(Noah 

and Shroyer, 2013, van der Flier and Clevers, 2009, VanDussen et al., 2012). In the current 

study, Notch1 was decreased by alcohol in both colon tissue as well as in colon organoids 

with a concurrent decrease in Krt20 and increase in Chga supporting a decrease in 

absorptive cell lineage and an increase in secretory cell fate by alcohol. The alcohol-induced 

reduction in Notch1 and Hes1 was observed in colon organoids that were grown in vitro in 

the absence of alcohol for over three weeks, suggesting that alcohol-induced effects persist 

beyond the period of alcohol exposure and may be the consequence of epigenetic changes 

affecting stem cell fate. These data are summarized in Figure 7.

The next question was how alcohol suppresses Notch1 signaling in the colon intestinal stem 

cells. In the current study, stable changes in gene expression/cell fate were observed in tissue 

from alcohol-fed mice and in organoid tissue that had not been exposed to alcohol in at least 

21 days (time required to grow colon organoids), suggesting an epigenetic mechanism may 

contribute to changes in intestinal stem cells. Alcohol has a number of epigenetic effects on 

a variety of tissues (Basavarajappa and Subbanna, 2016, Shukla and Lim, 2013) including 

increased histone deacetylase (HDAC) activity resulting in silencing of gene expression.
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(Palmisano and Pandey, 2017, Kirpich et al., 2013) For example, alcohol craving is 

associated with brain H3ac deacetylation with a concurrent increase in brain HDAC 

expression (Palmisano and Pandey, 2017) that can be reversed with administration of oral 

sodium butyrate.(Simon-O’Brien et al., 2014, Legastelois et al., 2013) Indeed, in the current 

study H3ac at the Notch1 locus was deacetylated resulting in Notch1 suppression in alcohol-

fed mice as shown by ChiP-PCR (Figure 6D). In fact, the Clever’s lab recommends the 

addition of the HDAC inhibitor valproic acid as a way to activate Notch1 signaling in 

colonic organoids (Yin et al., 2014) with other studies also demonstrating that HDACi 

activate Notch1 signaling.(Stockhausen et al., 2005, Greenblatt et al., 2008) A recent study 

demonstrated that knocking out HDAC1 and HDAC2 (thereby promoting acetylation) in 

colonic stem cells upregulates Notch1 activation and increases absorptive lineage markers 

(Turgeon et al., 2013) exactly the opposite pattern of cell fate of what was observed in 

alcohol-fed mice. As would be expected, the pattern of increased enterocytes and decreased 

secretory cells is also observed in mice overexpressing colonic activated Notch1 NICD.

(Stanger et al., 2005) Thus, our data are not the first to show regulation of colonic Notch1 by 

histone acetylation but our data are the first to show this effect due to alcohol feeding. Future 

studies will focus on identifying specific HDAC in colonic stem cells that are increased with 

chronic alcohol. Thus, alcohol feeding may promote suppression of Notch1 through 

deacetylation of H3ac.

Short-chain fatty acids (SCFAs) are produced as a byproduct of bacterial fermentation by 

specific types of intestinal microbiota and have multiple beneficial effects on the host. The 

SCFA butyrate is a HDAC inhibitor (HDACi) and impacts H3 acetylation.(Vidali et al., 

1978) Chronic alcohol consumption causes intestinal dysbiosis (Mutlu et al., 2012, Mutlu et 

al., 2009) and SCFA/butyrate-producing bacteria are decreased in alcoholics.(Engen et al., 

2015) Oral supplementation with tributyrin, a butyrate precursor, was recently shown to 

prevent alcohol-induced intestinal permeability and damage.(Cresci et al., 2014) In the 

current study, alcohol feeding reduced the stool butyrate ratio to total SCFA content and this 

may contribute to H3ac deacetylation at the Notch1 locus along with alcohol stimulation of 

HDAC as the potential mechanism for colonic Notch1 suppression. Such low butyrate/total 

SCFA ratios are also associated with increased polyps in colon cancer subjects compared to 

healthy subjects.(Weaver et al., 1988)

qPCR analysis revealed that colon organoids generated from alcohol-fed mice had 

significantly higher Chga and lower Krt20 expression compared to control-fed mice, 

matching the results obtained from staining. However, qPCR results for Lgr5 and Ctnnb did 

not match the staining data. Our data show that in the colon no significant change was seen 

in Lgr5 expression by qPCR but Lgr5 staining was elevated in colon tissue and organoids. 

The reason for the discrepancy between staining and qPCR data are not clear. While some 

studies show that intestinal Notch1 repression results in loss of Lgr5, these studies looked at 

the short term effects of chemical Notch1 inhibition.(VanDussen et al., 2012) A recent study 

using chronic Notch1 blocking antibodies observed a short term loss of small intestinal Lgr5 

staining but over several days Lgr5 staining rebounded to become greater than initial values.

(Tian et al., 2015) In another study repression of intestinal Notch1 was associated with 

increased Lgr5 protein without change in Lgr5 mRNA. The authors attributed this effect to 

post-translational regulation of Lgr5.(Srinivasan et al., 2016) This may also be true in our 
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model. The mechanism for loss of β-catenin staining in colon organoids without loss of 

mRNA expression is also not clear but β-catenin has also been linked to Notch1 expression 

and directly interacts with Notch1 NICD.(Andersen et al., 2012, Gopalakrishnan et al., 

2014) Thus, further studies are required in colonic tissue and organoids to investigate the 

effects of alcohol feeding on Lgr5 and β-catenin.

Taken together, data in our study show that chronic alcohol consumption causes colonic 

intestinal hyperpermeability and this is associated with changes in colon (but not small 

intestinal) organoid markers of stem cell fate associated with H3 deacetylation and 

suppression of stem cell Notch1 and downstream Hes1 expression and a decrease in apical 

junctional proteins. Notch1 expression in the colon may act as a sensitive rheostat 

responding to intestinal dysbiosis associated with alcohol consumption (or other stimuli) and 

may explain why the subset of alcoholics with the worse intestinal dysbiosis exhibit the 

greatest gut leakiness and ALD.(Mutlu et al., 2012) Future studies will investigate the 

mechanism for H3 deacetylation at the Notch1 locus including identification of the specific 

HDAC involved and how dysbiosis due to other stimuli may affect intestinal stem cell 

Notch1 expression and thereby regulate gut leakiness via this Notch1 epigenetic mechanism.
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Figure 1. Representative images of small intestinal (jejunum) and colonic organoids
Confocal microscopic images were taken of representative small intestinal (days 0–7; a–g) 

and colonic organoids (day 21, h) growing in 24 well plates as described in Methods. Scale 

bars in all panels (a–h) represent 100μm.
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Figure 2. Alcohol-fed mice demonstrate intestinal hyperpermeability and liver pathology
C57BL/6 mice were fed chow or chow + alcohol in water for a 2 week ramp period followed 

by 8 weeks of 15% alcohol. After week 7 of 15% alcohol, fasted mice were gavaged with a 

solution containing sucrose, mannitol, lactulose, and sucralose and placed in a metabolic 

chamber for 5h for urine collection. Urine was analyzed for sugar content by gas 

chromatography (Methods). Data are expressed as mean urinary % excretion of the original 

oral dose ± SEM (n = 4 mice/group). (A.) Lactulose/Mannitol (L/M) ratio; (B.) Sucralose; 

(C.) Sucralose/Lactulose ratio. p=0.11 for L/M ratio; *p<0.016 for sucralose; *p<0.032 for 

sucralose/lactulose ratio (t-tests). (D.) Liver samples were collected, formalin fixed, paraffin 

embedded, and slides stained with H&E for evaluation of combined steatosis and 

inflammation score (0–6) (n = 8 mice/group) (Methods). Data are means of this score ± 

SEM p*<.05 (Mann-Whitney). (E.) A portion of the liver was flash frozen and later 

analyzed for MPO by ELISA. Data are means ± SEM of ng MPO/gm liver tissue with *p<.

05 (t test)(n = 4 mice/group).
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Figure 3. Jejunum organoids and tissue are largely unaffected by chronic alcohol feeding in mice
(A.) Organoids grown from small intestinal jejunum tissue from control (Control) or 

alcohol-fed (Alcohol) mice were stained for cell lineage and other key markers as described 

in Methods; (a/b) Stem cell marker: leucine rich repeat containing G protein coupled 

receptor 5 (Lgr5); (c/d) Paneth cells: lysozyme 1 (Lyz1); (e/f) Enteroendocrine cells: 

chromogranin A (Chga); (g/h) Goblet cells: mucin 2 (Muc2); (i/j) Enterocytes: cytokeratin 

20 (Krt20); (k/l) Tight junction marker occludin (Ocln); or (m/n) beta-catenin (Ctnnb1). (B.) 
Whole intestinal tissue from jejunum of control (a/c) or alcohol fed (b/d) mice were stained 

for cytokeratin 20 (Krt20)(green) or Lgr5 (DAB staining, brown) as described in Methods. 
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Scale bars in A (a, b, c, d, m, n) represent 50μm; A (e, f, g, h, i, j, k, l) 20μm. Scale bars in 

Panel B (a, b, c, d) represent 50μm. Jejunum organoids (C.) or Jejunum tissue (D.) were 

analyzed by qPCR as described in Methods for Chga, Muc2, Lyz1, Krt20, Lgr5, and Ctnnb1 

expression.*p<.05 (t-test).
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Figure 4. Colonic organoids and tissue from alcohol fed mice exhibit differences in cell lineage 
markers, apical junction proteins, stem cell markers and RNA-seq
(A.) Organoids grown from colonic intestinal tissue from control (Control) or alcohol-fed 

(Alcohol) mice were stained for cell lineage and other key markers (Methods): (a/b) Lgr5; 

(c/d) Enteroendocrine cells: chromogranin A (Chga); (e/f) Goblet cells: mucin 2 (Muc2); 

(g/h) Colonocytes/enterocytes: cytokeratin 20 (Krt20); (i/j) tight junction protein occludin 

(Ocln); (k/l) E-cadherin (Cdh1); and (m/n) β-catenin (Ctnnb1). (B.) Whole intestinal tissue 

from colons of Control (left) or Alcohol fed (right) mice were stained for (a/b) cytokeratin 

20 (Krt20)(green) or (c/d) Lgr5 (DAB staining, brown) as described in Methods. Tissue from 

colon organoids (C.) or colon tissue (D.) were analyzed by qPCR (Methods) for gene 

expression including Chga, Muc2, Krt20, Lgr5, and Ctnnb1(*p<.05)(t-test) (E.) RNA-seq 

analysis data from colon tissue and organoids from control and alcohol fed mice was used to 

construct heat maps to depict differential gene expression with alcohol feeding (Methods). 

(a.) TopGenesUP (43 genes) and (b.)TopGenesDOWN (33 genes): Heat maps of genes from 
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colon samples that are common between organoids and colon tissue that are upregulated 

(TopgenesUP) or downregulated (TopGenesDOWN) in alcohol fed mice. LogCPM data was 

z-scored transformed and plotted using the Bioconductor pheatmap.(Kolde, 2015) Genes 

were clustered by complete linkage method using Euclidean distance. The analysis was 

performed for the contrast of alcohol fed vs. control, and so the red color indicates increased 

expression in alcohol fed mice, while blue indicates increased expression in control mice. 

The first colored row at the top of the plot indicate the type of colon sample: orange is 

organoid cells, blue is tissue. The second colored band indicates the treatment: green are 

alcohol fed samples while purple are controls. Scale bars in A (a–n) represent 10μm and in 

D (a, b) represent 20μm and D (c, d) represent 50μm.
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Figure 5. Venn diagram and additional heat maps for RNA-seq data
(A.) A Venn diagram of RNA seq data for genes differentially expressed in each designated 

tissue with alcohol feeding (vs. control) was constructed as described in Methods. Groups 

are: jO (jejunum organoids); cO (colonic organoids); cT (colonic tissue); jT (jejunum tissue). 

Heat maps were also constructed from RNA seq data as described in Methods using the 206 

alcohol feeding related genes found to overlap between cO and cT in the Venn diagram (5A) 

but without the genes already shown in heat maps Figs. 4Ea (43 genes) and 4Eb (33 genes) 

and thus depict 130 genes: (B.) Down in tissue (blue) Up in organoids (red); and (C.) Up in 

tissue (red) Down in organoids (blue).

Forsyth et al. Page 22

Alcohol Clin Exp Res. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Analysis for colon Notch1 tissue staining, Notch1 and Hes1 qPCR, ChIP-PCR for 
H3ac-Notch1 and stool SCFA
(A.) Colon tissue from Control (left) and Alcohol fed (right) mice was stained with antibody 

for Notch1 (red) and DAPI (blue) as described in Methods. Scale bar in Panel A represents 

50μm and applies to both control and alcohol images. (B.) Colon organoids and (C.) colon 

tissue from control and alcohol fed mice were analyzed for expression of Notch1 and Hes1 
by qPCR as described in Methods.*p<.05 (t-test) (n = 4 mice/group). (D.) ChIP-PCR for 

Notch1 was carried out using whole colon tissue from control and alcohol fed mice with 

ChIP antibody to pan acetylated Histone 3 (panH3ac) followed by qPCR for Notch1 as 

described in Methods.* p<.01(t-test) (n = 4 mice/group). (E.) Stool samples from control 

and alcohol mice described in Fig. 2 were analyzed at the end of the study for short chain 

fatty acids (SCFA) using gas chromatography as described in Methods. SCFA quantitated 

included acetate, propionate and butyrate. Units shown are uM SCFA/gm stool means ± 
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SEM. (n = 7 mice/group). (F.) Values were determined from the results of the SCFA 

measures for total SCFA and total butyrate and the ratio of butyrate/total SCFA is shown as 

means ± SEM. *p<.01 (t-test) (n = 7 mice/group).
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Figure 7. Model for alcohol effects on colonic stem cell fate determination
CBC Lgr5+ stem cells are in green while transit amplifying (TA) cells are in blue. The left 

hand side of the panel shows a simplified version of the Control (normal) colonic crypt and 

how Notch1-Hes1 signaling regulates cell fate determination. High Notch1 levels stimulate 

Hes1 expression which promotes Krt20+ enterocytes and inhibits Wnt/Atoh1 stimulation of 

secretory lineage cells. In the right hand Chronic Alcohol panel, the presence of alcohol 

results in stable decreased Notch1 expression (heavy inhibitor bar) and thus lower Hes1 
expression resulting in less absorptive lineage enterocyte signaling (dotted line) and fewer 

Krt20+ enterocytes. This lower Hes1 expression also results in less suppression of Wnt/
Atoh1 (shown as dotted line inhibitor bar) and thus increased secretory lineage Wnt/Atoh1 
signaling (heavy arrow) resulting in increased Chga+ enteroendocrine cells.
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