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Abstract

Gut microbial translocation contributes to alcoholic hepatitis. Using a mouse model of alcoholic 

hepatitis, we investigated the effects of chronic alcohol plus binge and found increased abundance 

of Paneth cells and IL-17A in the proximal small intestine (PSI). Alcohol increased IL-17A 

production and pro-apoptotic signaling evidenced by Bax, Bim, caspase-3 and −8 increases via 

endoplasmic reticulum (ER) stress indicated by C/EBP homologous protein (CHOP) upregulation; 

this was prevented by the ER stress inhibitor, 4-PBA, in isolated crypts in vitro and in vivo. 

Mechanistically, IL-17 augmented alcohol-induced ER stress in isolated crypts. In vivo IL-17A 

blocking antibody administration in alcohol-treated mice attenuated ER stress-mediated apoptosis 

and IL-18 induction and prevented alcohol-induced impairment of tight junctions in the PSI and 

LPS translocation to the liver. Acute-on-chronic alcohol resulted in inflammasome activation, 

caspase-1 cleavage and IL-18 production in the PSI. In vivo treatment with antibiotics or 4-PBA 

prevented CHOP upregulation and inflammasome activation. Our data suggest that alcohol 

upregulates innate immune mechanisms by increasing Paneth cell numbers and IL-17A release 

contributing to apoptosis amplification, inflammasome activation and gut leakiness in the PSI. 

Binge alcohol-induced Paneth cell expansion, ER stress and inflammasome activation in the PSI 

are modulated by the gut microbiome.
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Introduction

Alcohol-induced intestinal barrier dysfunction contributes to the development of alcoholic 

liver disease and alcoholic hepatitis.1 Previous studies have shown that chronic alcohol 

consumption changes the composition of the gut microbiome, results in inflammatory 

cytokine expression in the small bowel and disrupts the epithelial tight junction barrier that 

collectively lead to increased circulating levels of pathogen-associated molecular patterns 

(PAMPs) including bacterial lipopolysaccharide (LPS).2, 3 It has been shown that PAMPs 

and alcohol-induced damage-associated molecules (DAMPs) contribute to tissue 

inflammation in the liver and other organs.4

Paneth cells (PCs), immune-like epithelial cells of the crypts of Lieberkühn, are increasingly 

recognized as important regulators of intestinal homeostasis that shape gut microbial 

composition and restrain bacterial translocation.5, 6 PCs produce antimicrobial peptides 

(lysozyme, cryptdins, phospholipase A [PLA2g2a]) and inflammatory cytokines that are 

readily induced and secreted in response to various microbial or inflammatory stimuli. 

Moreover, PC-derived interleukin (IL)-17 is an important regulator of the tight junction,7 

and has been implicated in the pathogenesis of various organ injuries.8 PCs have a highly 

secretory phenotype with active endoplasmic reticulum (ER) function that renders them 

susceptible to perturbations in ER function,9 as occurs in other organs after chronic alcohol 

consumption.10

ER stress and activation of the unfolded protein response (UPR) have been identified both as 

physiologic and pathogenic factors in the healthy and diseased intestine. Accumulation of 

nascent or misfolded proteins in the ER leads to dissociation of the ER chaperone, Bip, from 

its binding partners, inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 

(ATF6), and PKR-like ER kinase (PERK), allowing them to initiate adaptive, pro-apoptotic, 

and pro-inflammatory signaling cascades.11 When ER stress is prolonged or cannot be 

resolved, the UPR signaling switches from pro-survival to pro-apoptotic, activating C/EBP 

homologous protein (CHOP) and growth arrest and DNA damage-inducible gene 34 

(GADD34) and transmitting proapoptotic signals from the ER to the mitochondria through 

pore-forming small proteins such as Bax, Bim, and Bid.12 Recently, ER stress has also been 

directly and indirectly associated with inflammatory signaling. Of particular interest, ER 

stress induced caspase-2 activation and mitochondrial damage have been shown to lead to 

the activation of the inflammasome,13 a multi-protein complex that acts through caspase-1, 

which cleaves and activates pro-IL-1β and pro-IL-18.14

Alcohol was found to induce ER stress in different tissues,10 however the role of UPR 

signaling and/or the contribution of PCs is yet to be evaluated in alcohol-induced changes in 

the intestinal mucosa. Here, we show that alcohol consumption results in intestinal, pro-

apoptotic and pro-inflammatory signaling, and that PCs are susceptible to alcohol-related 

changes in the SI.
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Results

Alcohol induces cell death and inflammation in the proximal small intestine and leads to 
bacterial product translocation

Alcohol consumption leads to many physiologic changes throughout the body, beginning in 

the gastrointestinal tract. Using a model of chronic alcohol plus binge feeding in mice that 

results in features of early alcoholic hepatitis,15 we initially measured bacterial translocation 

from the intestine and found evidence of bacterial product translocation within the liver. 

Both bacterial 16S ribosomal DNA (rDNA) and the bacterial wall component, 

lipopolysaccharide (LPS), were increased in the liver of alcohol-fed mice compared to pair-

fed animals (Fig. 1A and B). Since the liver is the first organ encountered by the portal 

circulation after the intestine, we sought to investigate the effects of alcohol on the small 

intestine. In the proximal small intestine (PSI), we observed that compared to pair-fed mice, 

alcohol-fed mice had significantly more cell death detected by measuring the extent of 

Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling (TUNEL) (Fig. 1C and D). 

Additionally, we measured the expression of multiple PSI proinflammatory cytokines 

including Tnfα, Il6, Il1β, Mcp1, Il23 and Il17a and found that alcohol increased the mRNA 

expression of each of these cytokines (Fig. 1E). Together, these data suggest that alcohol 

induces significant changes in the PSI, including cell death and proinflammatory signaling, 

and these changes correlate with translocation of bacterial products from the intestinal 

lumen to the liver.

Alcohol increases the frequency of Paneth cells in the PSI and results in their 
degranulation

Paneth cells (PCs) are localized in the intestinal crypts of Lieberkühn and show increased 

abundance from the proximal to the distal segment of the SI in healthy intestines.16 We next 

investigated whether the distribution of PCs changed upon alcohol feeding in mice. We first 

measured PC frequency using PAS-staining (Fig. 2A) and immunohistochemistry for the PC 

marker, lysozyme, (Fig. 2B) in SI sections. We found a significant increase in the frequency 

of PCs in the PSI of alcohol-fed mice compared to control pair-fed mice (Fig. 2C and D). 

Remarkably, the alcohol-induced increase in PC frequency was restricted to the PSI and 

alcohol feeding did not change PC numbers in the distal SI (DSI) compared to controls. We 

also found that alcohol feeding resulted in crypt degranulation, indicated by PAS-positive 

material in the lumen of crypts, suggesting that alcohol exposure promotes release of 

antimicrobial substances from the PCs (Fig. 2A inserts and E).

PCs play a role in anti-microbial defense and in intestinal self-renewal.17 Thus, we tested 

expression of genes implicated in PC differentiation and function and found increased 

mRNA expression of differentiation markers, Sox9 and Igfbp4,18 Spdef and Math1,19 and 

Lgr5, while the inhibitory Klf420 was decreased in the PSI of alcohol-fed mice compared to 

pair-fed mice (Fig. 2F). Although these genes could be expressed by multiple cell types, 

these findings are consistent with the increased numbers of PCs in the PSI after alcohol 

feeding. The expression of antimicrobial peptide genes (Cryptdins; defensins Defcr1, Defcr4 
and Defa-rs1; PLA2g2a; lysozymes Lyz1 and Lyz2; and Muc2) was also significantly higher 

in the PSI of alcohol-fed compared to control diet-fed mice (Fig. 2G). Indeed, an acute binge 
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increased Cryptdins expression after both 4h and 9h, while mice treated with chronic alcohol 

and no binge did not show an increase in expression (Suppl. Fig. 2).

Alcohol induces IL-17 in the PSI and in isolated small intestinal crypts

Recent studies support that IL-17 contributes to gut homeostasis,21 however the role of 

IL-17 in alcohol-induced gut permeability is unknown. Immunoblot and 

immunohistochemistry analyses revealed increased IL-17A levels in the PSI of alcohol-

compared to pair-fed mice (Fig. 3A–D). The IL-17A staining was localized to the bottom of 

the crypts identical to the localization of PCs (Fig. 3A). However, IL-17 could also be 

released by a subset of T cells, the T helper (Th)-17 cells. Therefore, we isolated resident 

intestinal immune cells of the PSI lamina propria and quantified Th17 cells by flow 

cytometry. We found no differences in the number of Th17 cells between alcohol- and pair-

fed mice (Fig. 3E). These results suggest that PCs are likely the source of alcohol-induced 

intestinal IL-17A increase.

Having observed PC expansion and degranulation in alcohol-fed mice, we aimed to explore 

mechanisms by which ethanol might regulate PC function. Therefore, we isolated crypts that 

are enriched in PCs from wild-type mice and exposed them to different doses of ethanol ex 
vivo. Ethanol exposure of these isolated PSI crypts resulted in a significant increase in 

IL-17A release that correlated with the in vivo observation of increased IL-17A in PCs in the 

SI in alcohol-fed mice. The ex vivo ethanol-induced IL-17A release was time- and dose-

dependent, beginning at 2 hours and peaking at 6 hours (Fig. 3F). The IL-17A increase 

detected in the supernatants was due to secretion from viable crypts and not a consequence 

of ethanol-induced cell death because there was no increase in lactate dehydrogenase (LDH) 

cytotoxicity assay in EtOH-treated crypts compared to controls (Suppl. Fig. 1)

Alcohol-induced IL-17A release is mediated by ER stress

PCs are highly secretory and, consequently, susceptible to ER stress.9 We therefore 

hypothesized that alcohol-induced ER stress might be involved in IL-17 release. To test this 

hypothesis, we measured the effect of 4-PBA (a FDA-approved ER stress inhibitor) on 

ethanol-induced IL17A release.22 We found that administration of 4-PBA prevented alcohol-

induced IL17A release, in a dose-dependent manner (Fig. 4A). Conversely, IL-17A release 

was induced by treatment with the ER stress inducer, thapsigargin, in a dose-dependent 

manner with increasing IL-17A detected in crypt supernatants following 0.3, 1 and 3μM 

thapsigargin (Fig. 4B). These results indicate that alcohol induces IL-17A release in SI 

crypts via an ER stress-dependent mechanism.

Next, we sought to investigate the role of IL-17A on cell signaling pathways in the SI. SI 

crypts treated with recombinant IL-17A ex vivo had increased cleavage of PARP that was 

not affected further by alcohol exposure (Fig. 4C and D). Administration of an IL-17A 

blocking antibody in vivo abrogated PARP cleavage following acute-on-chronic alcohol 

exposure. Together, these data suggest an IL-17-mediated process of PSI apoptosis. 

Interestingly, in vivo administration of the IL-17A blocking antibody also showed a trend of 

reduction in the cleavage and activation of caspase-8, while control antibody had no effect 

(Fig. 4E and F).
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Acute-on-chronic alcohol administration induces pro-apoptotic signaling and ER stress in 
the PSI

ER stress and activation of the unfolded protein response (UPR) are key features of secretory 

cells, such as Paneth cells.23 Given the important connections between IL-17A and ER stress 

and that prolonged ER stress initiates cell death signaling by relaying stress signals from the 

ER to the mitochondria, we next investigated protein levels of the pro-apoptotic molecules, 

Bax, Bim and Bid. These proteins were reported to be central in ER stress-induced apoptosis 

pathways acting downstream of CHOP signaling.12 We found that 10-day alcohol feeding 

alone (10d EtOH no binge) did not significantly increase expression of the pro-apoptotic 

molecules Bax, Bim and Bid (Fig. 5A and B). However, the acute binge on chronic alcohol 

diet significantly upregulated the protein levels of Bax, Bim and Bid in the PSI both 4 and 9 

hours after the binge (Fig. 5A and B). These molecules are responsible for mitochondrial 

outer membrane permeabilization leading to downstream caspase activation. In line with 

this, we found increased cleavage of PARP (Fig. 5A and B), a well-characterized marker of 

caspase activation.

ER stress is compensated by activation of the unfolded protein response, a homeostatic 

signaling mechanism that orchestrates recovery of ER function and upon failure to adapt to 

ER stress, results in apoptosis. We found a significant and selective upregulation of p-eIF2α, 

a marker of the PERK arm of ER stress, and CHOP protein expression in the PSI of mice 

after 10 days of alcohol feeding compared to controls (Fig. 5A and B). Acute binge in the 

chronic alcohol-fed mice resulted in a further significant increase in CHOP, phosphorylation 

of eIF2α and also increased GADD34 (a downstream target of CHOP) levels at 4 and 9 

hours after the acute binge (Fig. 5A and B). Interestingly, these alcohol-induced changes 

were not observed in the DSI (Suppl. Fig. 3). These data suggest that chronic alcohol 

induces CHOP, and an additional acute alcohol binge augments CHOP expression and 

downstream pro-apoptotic events, including translational block (phosphorylation of eIF2α) 

and GADD34 induction in the PSI.

Alcohol increases caspase expression and activation through ER stress

Next, we measured the expression and activation of caspases involved in apoptosis 

pathways. We detected cleavage of the executioner caspase, caspase-3, indicative of ongoing 

apoptotic signaling at 4 and 9 hours after binge in chronically alcohol-fed mice (Fig. 5C and 

D). We also found increased levels of total and cleaved Bid (tBid) at 9 hours after the acute 

alcohol binge (Fig. 5A and B). Bid is a known caspase-8 substrate in the extrinsic apoptotic 

pathway, and has been described as a mediator of the caspase-2 induced inflammasome 

activation upon ER stress.13 Therefore, we measured these two caspases and found a 

significant induction of both caspase-8 and caspase-2 protein levels as early as 4 hours after 

the acute binge (Fig. 5C and D), suggesting that acute-on-chronic alcohol activates both 

extrinsic and intrinsic proapoptotic mechanisms in the PSI.

In order to determine the role of ER stress in small intestinal caspase activation, we treated 

mice in vivo with the ER stress inhibitor, 4-PBA. Acute-on-chronic alcohol administration 

led to the induction of CHOP expression (Fig. 5A and B) as well as caspase-8 (Fig. 5C and 

D).4-PBA administration inhibited ER stress, determined by decreased CHOP expression 
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(Fig. 5E and F). Interestingly, 4-PBA also abrogated the alcohol-induced increase in 

activation of caspase 8 (Fig. 5E and F), indicating that alcohol-induced caspase activation is 

due to the induction of ER stress.

Alcohol-mediated increase of CHOP is localized to Paneth cells in PSI crypts

To characterize the cell type most affected by alcohol, we next isolated epithelial cell 

(containing PCs) and immune cell fractions (containing intraepithelial and lamina propria 

leukocytes) from the PSI. Western blot analysis revealed a significant upregulation of both 

the ER stress proteins CHOP and Bax in the epithelial cell fraction (Fig. 6A and B, upper 

panels), but not in the intraepithelial (IEL) or lamina propria (LPL) immune cell fractions 

(Fig. 6A and B, lower panels), suggesting that alcohol primarily affects epithelial cells. 

Immunofluorescent (IF) staining revealed increased CHOP fluorescent intensity in PCs of 

the crypts in the PSI of alcohol-fed mice compared to controls (Fig. 6C and D). Finally, we 

isolated crypts from the PSI of pair- or alcohol-fed mice in order to differentiate the protein 

expression localized in this particular epithelial cell layer as the epithelial cell isolation 

includes both crypts (containing the PCs) and villus epithelial cells. In the isolated crypts, 

we again detected an increase in ER stress proteins Bax and Bim in alcohol-fed compared 

with pair-fed mice (Fig. 6E and F). These results identified that in vivo alcohol increases 

CHOP expression in PCs in the crypts of the PSI.

Alcohol-reduced intestinal barrier integrity is restored by anti-IL-17 treatment in vivo.

To assess the role of IL-17 in alcohol-induced intestinal barrier dysfunction, we used an 

IL-17 blocking antibody in vivo and found that IL-17 blocking prevented the alcohol-

induced increase in liver LPS levels (Fig. 7A), suggesting a connection between IL-17 and 

the integrity of the intestinal barrier. Therefore, we next evaluated tight junction protein 

expression in the PSI. Although changes in barrier integrity are likely to occur as a 

continuum across time of exposure to alcohol, our acute-on-chronic alcohol feeding model 

dramatically reduced the immunofluoresence of zonula occludens-1 (ZO-1), an important 

component of the PSI tight junction structure (Fig. 7B). Treatment with IL-17 blocking 

antibody recovered expression of ZO-1, while ZO-1 staining was unaffected by the isotype 

antibody (Fig. 7B). Anti-IL-17 also prevented the alcohol-induced decrease in occludin 

dimer protein expression in the PSI (Fig. 7C and D). We found that IL-17 blocking resulted 

in a trend of upregulation in the mRNA expression of claudin−1, −5 and−15 as well as 

occludin and ZO-1 (Fig. 7E). Interestingly, the acute-on-chronic alcohol showed no 

reduction at the mRNA levels of these tight junction proteins that is likely due to the binge 

alcohol effect.2

Inflammasome activation by acute alcohol binge in the small intestine is attenuated by in 
vivo inhibition of ER stress

ER stress is known to induce inflammation and PCs are important for the initiation of 

intestinal inflammation.24 Therefore, we investigated activation of the central sensor and 

orchestrator of inflammatory signaling, the inflammasome, in the acute-on-chronic alcohol 

feeding. We found activation of caspase-1 was significantly increased in the PSI of acute-on-

chronic mice compared to PF and chronic alcohol alone (Fig. 8A and B). Inflammasome 

activation was indicated by cleavage of the inflammasome effector, caspase-1 (p10), and its 
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downstream target, IL-18 (18 kDa cleaved form) that were increased in mice after acute 

binge alcohol (Fig. 8A and B).

To investigate whether ER stress could play a role in inflammasome activation, we 

administered the ER stress inhibitor, 4-PBA, in the liquid diet during alcohol feeding. We 

found that alcohol-related CHOP expression was attenuated in 4-PBA-treated mice 

indicating effective ER stress inhibition (Fig. 8C and D). Importantly, in vivo administration 

of 4-PBA in alcohol-fed mice resulted in decreased IL-18 cleavage indicating reduced 

inflammasome activation (Fig. 8C and D). Additionally, 4-PBA treatment significantly 

reduced the cleavage of PARP (Fig. 8E and F). These data suggested that alcohol-induced 

ER stress contributes to inflammasome activation in the PSI. Because we had previously 

observed that induction of ER stress resulted in the release of IL-17 from PSI crypts (Fig. 4) 

and that ER stress contributes to inflammasome activation (Fig. 8C and D), we next 

measured the role of IL-17 in inflammasome activation and found that the induction of 

active IL-18 by alcohol is inhibited when mice were treated with an IL-17 blocking antibody 

(Fig. 8G and H).

Alcohol-induced CHOP induction, IL-18 activation and increase in PC number are 
mediated by the gut microbiota load

Since inflammatory signals from the gut microbiome contribute to the pathogenesis of 

alcohol-induced organ damage, we investigated whether gut decontamination might affect 

the alcohol-induced changes in the PSI. We used a combination of antibiotics (ampicillin, 

neomycin, vancomycin and metronidazole) administered before and simultaneously with the 

alcohol or pair-fed diet. Successful reduction in gut bacterial load was indicated by enlarged 

cecum and log-reduction of both aerobic and anaerobic colony forming units (Suppl. Fig. 4). 

We found that administration of antibiotics significantly reduced the alcohol-induced 

increase in CHOP and IL-18 cleavage in the SI (Fig. 9A and B). Moreover, antibiotics 

prevented the alcohol-induced increase in PC numbers measured by immunohistochemistry 

for lysozyme expression (Fig. 9C and D). These results suggest that signals from the gut 

microbiome are significant contributors to the development of alcohol-induced PSI 

pathology and PC functions.

Discussion

The biological effects of alcohol consumption on the GI tract are not limited only to 

intestinal functions, but extend beyond the GI tract due to alcohol-related changes in gut 

permeability. It has been shown that increased levels of LPS in the portal and systemic 

circulation contribute to the end-organ effects of alcohol in the liver, lung, and brain.4, 25 

Previous studies demonstrated disruption of tight junctions in animal models of alcoholic 

liver disease, as well as in human alcoholics.26 Furthermore, previous studies demonstrated 

pro-inflammatory pathway activation and increased levels of pro-inflammatory cytokines in 

the small bowel after chronic alcohol administration in mice.2 In this study, we report that 

acute-on-chronic alcohol, which induces early alcoholic hepatitis in the liver3, modulates 

small intestinal homeostasis by increasing the numbers of Paneth cells and IL-17 production 

in the PSI. Mechanistically, we show that alcohol induces IL-17A production via ER stress 
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and results in upregulation of the eIF2α and CHOP arm of UPR by chronic alcohol that was 

further augmented by additional acute alcohol binge in the PSI. We showed acute-on-chronic 

alcohol induced pro-apoptotic pathways in the PSI and that IL-17 itself induces ER stress in 

isolated crypts. In vivo, IL-17 blocking antibody prevented the alcohol-induced gut 

permeability and improved gut barrier functions via normalizing ZO-1 and occludin 

expression. We also found that alcohol induced ER stress, pro-inflammatory genes 

upregulation, inflammasome activation and IL-18 production after acute-on-chronic alcohol 

feeding in mice. Finally, decontamination of the gut with antibiotics prevented the alcohol-

induced increase in Paneth cells numbers, CHOP upregulation and inflammasome activation 

in the PSI. Gut decontamination has also been shown to attenuate alcohol-induced liver 

inflammation3 and the data presented here provides further mechanistic evidence for this 

important gut-liver interplay.

The cells of the intestine serve a multitude of functions including the primary role of 

separating the contents of the intestine from the remainder of the body. Here, we show that 

acute-on-chronic alcohol exposure reduces the PSI gut barrier integrity leading to bacterial 

product translocation, although other regions of the intestinal tract may also have altered 

barrier integrity with increased translocation and these regions are an area of opportunity for 

future study. Reduced PSI integrity is associated with an increase in cell death in the PSI and 

an increase in pro-inflammatory cytokine expression. Paneth cells are the main contributors 

in the intestinal mucosal barrier by secreting large amounts of antimicrobial and 

inflammation-associated proteins.5–7, 26 In the normal GI tract, the number of PCs increases 

from proximal to distal and expansion of the PC population was found in infection.27 Here, 

we discovered that alcohol selectively increased the abundance of PCs in the PSI, but not the 

DSI, in mice.

We also describe increased expression of genes involved in intestinal cell differentiation, 

such as Sox9, and its downstream target, Igfbp4.18 Spdef and Math1 are important for 

maintenance and differentiation of the PC lineage,19 while Lgr5 is a marker for intestinal 

stem cells.29 The expression of all of these factors was increased in alcohol-fed animals 

suggesting expansion of PCs. A recent study from Schmitt et al. demonstrated that intestinal 

inflammation, similar to that induced by alcohol, led to an increase in Paneth cell stemness 

and PC30 which may explain in part the paradoxical findings presented here that alcohol 

induces both cell death in the crypts of the PSI while also increasing Paneth cell numbers 

and expression of stem-related genes. Interestingly, PERK-eIF2α dependent signaling plays 

a major role in intestinal stem cell differentiation31 and eIF2α phosphorylation is required 

for normal PC function and mucosal homeostasis.32 Therefore, it is tempting to speculate 

that alcohol-induced eIF2α phosphorylation contributes to increased PC numbers by 

inducing their differentiation. Other mechanisms, such as microbiota-mediated PC 

expansion, are also a possibility.

Strikingly, we found that ethanol stimulated IL-17A release in a dose-dependent manner in 

isolated crypts, mimicking our observations of increased IL-17 in vivo expression in 

alcohol-fed mice. IL-17A is a homeostatic cytokine in the gut that is constitutively present in 

PC granules33 and regulates tight junction barrier integrity. Consistent with this, we found 

that anti-IL-17 blocking in vivo prevented the alcohol-induced increase in LPS in the liver 
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and restored the decreased expression of the tight junction proteins, ZO-1 and occludin, in 

the PSI in alcohol-fed mice indicating that mechanistically, IL-17 plays a role in increased 

gut permeability in alcoholic liver disease. This was also supported by our observation of 

upregulated pro-apoptotic molecules mediated by alcohol and IL-17 and the absence thereof 

in IL-17 antibody-treated mice.

PC-derived IL-17A has been implicated in distant organ injury, including hepatic ischemia/

reperfusion8 and shock.33 In our experiments, the rapid release of IL-17A from ethanol-

treated crypts and the low abundance of IL-17+ immune cells suggest PCs, rather than 

immune cells, as the primary source of secreted IL-17A in vitro and in vivo. While our in 
vitro paradigm uses high concentrations of alcohol (4–100mM) for multiple hour durations, 

conditions that may be supraphysiologic and difficult to reproduce in an in vivo model, our 

findings do emphasize the results from 10-day acute-on-chronic mouse model. Different 

factors including Toll-like receptor ligands, bacteria, TNFα, and immune cell-derived 

interferon-γ have been shown to induce PC degranulation.34 Here, we show that IL-17A 

secretion was mimicked by the ER stress inducer thapsigargin and alcohol-induced IL-17A 

was inhibited by the ER stress inhibitor 4-PBA, implicating alcohol-induced ER stress as a 

promoter of PC degranulation. In human alcoholic hepatitis, increased circulating IL-17 

levels were found to be associated with an increase in Th17 cells in the livers of patients 

with alcoholic hepatitis.35 Here, we found no significant increase in liver IL-17A levels or in 

Th17 cells in the acute-on-chronic alcoholic liver disease model (data not shown). We 

speculate that the increase in IL-17A in PCs may be local mechanism in the PSI rather than 

a systemic effect promoting liver inflammation.15 ER stress is a well-characterized 

pathophysiological factor in intestinal inflammatory diseases2436,37 and alcohol is a potent 

ER stressor10. Although the mechanisms of alcohol-induced ER stress remain to be 

elucidated, we found that alcohol significantly increased eIF2α phosphorylation and CHOP 

levels in the PSI. This suggests that acute-on-chronic alcohol may activate CHOP-mediated 

UPR signaling.38

Here, we show that upregulation of CHOP expression in the proximal (but not in the distal) 

SI of alcohol-fed mice overlapped with the cellular distribution of PCs. Previous studies 

identified PCs as a main target of ER stress signaling and described PCs as one of the most 

susceptible intestinal epithelial cell types for perturbations of ER homeostasis.39 PERK and 

downstream phosphorylation of eukaryotic translation initiation factor 2α (eIF2α) play a 

physiological role in intestinal stem cell differentiation.31 Moreover, the p-eIF2α arm of the 

UPR is required for the normal function of PCs and mucosal homeostasis.32 Interestingly, 

bacteria-derived factors have been shown to induce UPR signaling and subsequent 

inflammation,40 while administration of the ER stress inhibitor, 4-phenylbutyric acid (4-

PBA), ameliorated dextran sulfate sodium (DSS)-induced colitis22 similar to the effect we 

observed with alcohol feeding.

We found that reducing gut bacterial load through antibiotic administration prevented CHOP 

induction in vivo. Chronic alcohol ingestion is associated with both quantitative (small 

intestinal bacterial overgrowth) and qualitative (dysbiosis) microbiome changes in the SI and 

PC antimicrobial peptide production is highly inducible by the microbiome.41 Thus, changes 

in the PSI microbiome might be an indirect mechanism by which alcohol affects PCs. 
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Importantly, alcohol induces changes in the microbiome throughout the intestinal tract while 

our present study focuses only on SI. Interestingly, PCs express ethanol-metabolizing 

enzymes and are prone to acetaldehyde accumulation due to lowered acetaldehyde oxidizing 

capacity.42 Acetaldehyde is a potent ER stressor through adduct formation and by impairing 

protein glycosylation. Thus, ethanol metabolites in PCs could directly cause ER stress.

Prolonged and/or unresolved ER stress leads to apoptosis. While the chronic alcohol feeding 

alone did not induce cell death signaling, the addition of an acute binge increased 

proapoptotic signaling with phosphorylation of eIF2α and induction of CHOP-related 

downstream targets, GADD34, Bax and Bim. Phosphorylation of eIF2α decreases protein 

load in the cell by attenuating translation, while allowing expression of certain ER stress-

related proteins.12 Removing p-eIF2α-mediated translational block by GADD34, a 

downstream target of CHOP, allows for further synthesis of pro-apoptotic molecules.12 

Indeed, we found increased expression of the small mitochondrial pore-forming proteins, 

Bim and Bax, in the PSI of alcohol-fed animals. Overexpression of CHOP induces apoptosis 

by enhancing activation and mitochondrial translocation of Bax43 and induces Bim 

expression,44 eventually leading to mitochondrial membrane destabilization and downstream 

caspase activation. We show increased cleavage of the executioner caspase, caspase-3, and 

its downstream target PARP, both well-known markers of ongoing apoptotic signaling. Thus, 

we conclude that acute-on-chronic alcohol activates the CHOP-mediated mitochondrial 

apoptosis pathway leading to downstream caspase activation.

PCs are a site of origin for intestinal inflammation,24 therefore we sought to identify 

possible pro-inflammatory pathways. In line with our previous data in the liver45, 46 and 

intestine,2 we found that alcohol induces increased expression of the pro-inflammatory 

cytokines including Tnfα Il-6, Il1β Mcp1, Il23 and Il17 in the PSI. Now we report increased 

activation of the inflammasome upon acute-on-chronic alcohol ingestion indicated by 

activation of the caspase-1 inflammasome and cleavage of its target, IL-18. Dupaul-Chicoine 

et al. recently showed that caspase-1 knockout mice were more susceptible to acute DSS-

induced colitis and exogenous IL-18 administration resulted in protection in this model.47 

Zaki et al. found increased IL-18 production in DSS-induced colitis and suggested that 

epithelial inflammasome activation was followed by a regenerative proliferative response.48 

Further, these studies identified epithelial cells as the main source of IL-18 production.

Recently, caspase-2-mediated activation of the pro-apoptotic molecule, Bid, was shown to 

link ER stress to inflammasome activation. ER stress induced truncation of Bid through 

caspase-2 activation, which in turn translocated to the mitochondrial membrane leading to 

the release of mitochondrial content and inflammasome activation.13 Further, Upton et al. 
showed that ER stress increased caspase-2 levels by downregulating inhibitory microRNA 

expression leading to apoptosis.49 In our study, we found significant upregulation of both 

caspase-2 and Bid protein expression along with increased cleaved form of Bid, tBid. In 

addition, caspase-8, the downstream effector of the extrinsic apoptotic pathway that can 

cleave Bid,50 was induced by acute-on-chronic alcohol in the PSI. This suggests that alcohol 

might independently induce both extrinsic and intrinsic apoptotic pathways, converging on 

mitochondrial membrane destabilization.
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Importantly, our study focused on the PSI where we noted a significant effect of alcohol on 

PCs, inflammatory cytokines, ER stress and tight junction protein. However, we did not 

investigate each of these factors throughout the entire gastrointestinal system, including the 

DSI (for some markers) and colon. Future investigation of these segments, and the regional 

effect of alcohol on gut barrier function, immune signaling and cellular response may 

provide additional information on the role of PC in alcohol-induced gut permeability and 

ALD.

In conclusion, we describe a novel, alcohol-induced pro-apoptotic signaling and 

inflammasome activation in the small intestine. We show that alcohol upregulates PC 

numbers in the PSI and that alcohol primarily affects PCs, which respond with IL-17A 

release in vitro. Our findings underscore the importance of examining the PSI not only as a 

microbiota-reservoir and tight junction barrier, but also as a complex organ with multiple 

response mechanisms to various impacts, specifically alcohol-mediated injuries.

Materials and Methods

Animal experiments

This study was conducted according to the regulations of the University of Massachusetts 

Medical School IACUC (Worcester, MA). Eight- to ten-week-old, female, wild-type 

C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were fed a 5% (vol/vol) ethanol 

containing Lieber-DeCarli liquid diet or calorie-matched diet for 10 days with or without an 

oral gavage of 5g/kg ethanol or maltose dextrin solution, respectively (the NIAAA model15). 

Mice were sacrificed 4 or 9 hours after the gavage. For depletion of intestinal microbiota, 

ampicillin (1mg/ml), neomycin (10mg/ml), vancomycin (5mg/ml) and metronidazole 

(10mg/ml) were administered by gavage twice daily 5 days prior to and throughout the 

experiment. To verify successful decontamination of the gut, feces was cultured under 

aerobic and anaerobic conditions. 4-PBA (Calbiochem; 1g/kg mouse/day) was dissolved in 

water and mixed with the liquid diet. Its concentration in the diet was calculated based on 

daily monitoring of diet consumption (average 15ml/day). IL-17A blocking antibody (R&D) 

was injected three times before binge alcohol gavage (50ug/mouse, i.p.). IL-17A blocking or 

isotype antibody (R&D, 50ug/mouse through i.p. injection) was injected on 1st and 6th day 

of 5% alcohol diet. 100ug of anti-IL-17A antibody per mouse was injected on the 10th day 

of 5% alcohol diet for the last treatment, and it was injected 3hours before binge alcohol 

gavage.

Sample collection, ELISA, Immunoblotting, qRT-PCR reaction and histology are 

detailed in the Supplementary Materials and Methods.

Statistical analysis

Data are shown as mean ± standard error of the mean. Statistical tests included Mann-

Whitney or unpaired student t-test and p<0.05 was considered statistically significant. 

Graphpad prism software was used to perform Grubbs test to remove outlier. (*=0.05).

Gyongyosi et al. Page 11

Mucosal Immunol. Author manuscript; available in PMC 2019 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

4-PBA 4-phenylbutyric acid

CHOP C/EBP homologous protein

DSS dextran sulfate sodium;eIF2α- eukaryotic translation initiation factor 

2α

ER endoplasmic reticulum

EtOH ethanol

GADD34 growth arrest and DNA damage-inducible gene 34

HBSS Hank’s balanced salt solution

IEL intraepithelial leukocytes

Igfbp4 insulin-like growth factor binding protein 4

IL interleukin

IRE1 inositol-requiring enzyme 1

Klf4 Krüppel-like factor 4

Lgr5 leucine rich repeat containing G protein coupled receptor 5

LPL lamina propria leukocytes

Math1 mouse homolog of the Drosophila proneural gene atonal

MCP1 macrophage chemoattractant protein 1

PAS periodic acid-Schiff
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PARP poly-ADP ribose polymerase

PBS phosphate-buffered saline

PC Paneth cell

PERK PKR-like ER kinase

PF pair-fed

PLA2g2a phospholipase A

Sox9 SRY-box 9

Spdef SAM pointed domain containing ETS transcription factor

Th T helper

TNFα tumor necrosis factor α

UPR unfolded protein response

ZO-1 zonula occludens-1
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Figure 1. Alcohol induces cell death and inflammation in the proximal small intestine and leads 
to bacterial product translocation
(A) Bacterial product translocation to the liver was detected by qPCR of bacterial 16s rDNA 

and (B) by chromogenic endotoxin quantification of liver LPS levels after calorie-controlled 

pair-fed diet (PF) or 10 days of 5% alcohol in liquid diet plus binge alcohol (10d EtOH 9h 

binge) in mice. (C-D) Cell death was measured in the proximal small intestine (PSI) using 

Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling (TUNEL) staining. (E) 

mRNA expression levels of inflammatory cytokines and chemokines, Tnfα, Il-6, Il1β, 

Mcp1, Il23, Il17a, were measured by qPCR. n=5–7 mice/group; * p < 0.05.
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Figure 2. Alcohol increases the frequency of Paneth cells in the proximal small intestine and 
results in their degranulation
(A) Representative images and (C) quantification of PAS-stained proximal small intestinal 

sections. Inserts show individual crypts. (B) Representative images and (D) quantification of 

lysozyme immunohistochemistry (IHC) in PCs from pair-fed (PF) or 10d EtOH 9h binge 

alcohol-fed mice. (E) Crypt degranulation (highlighted by magnifications of (A) where PAS-

positive material is observed in the crypt lumen in EtOH) was measured in the PSI and the 

DSI after 10d EtOH 9h binge alcohol exposure. (F) Expression of differentiation and stem 

markers, including Sox9, Igfbp4, Spdef, Math1, Klf4 and Lgr5, were measured by qPCR in 

the PSI and DSI in alcohol- and pair-fed mice. (G) Expression of antimicrobial peptide 

genes, including Cryptdins; defensins Defcr1, Defcr4 and Defa-rs1; PLA2g2a; lysozymes 

Lyz1 and Lyz2; and Muc2, were also measured by qPCR. n=5–7 mice/group; * p < 0.05.
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Figure 3. Alcohol induces IL17A expression in Paneth cells but not Th17 cells in the proximal 
small intestine
(A) Representative images and (B) quantification of IL-17A immunohistochemistry (IHC) in 

10d EtOH 9h binge alcohol- and pair-fed (PF) mice. (C) IL-17A from whole PSI protein was 

also quantified (D) by Western blot. (E) Flow cytometry of small intestinal lamina propria 

(SI LP) detected Th17 cells, defined as CD45+, TCRb+, CD4+, IL-17+ live single cells. (F) 

Isolated small intestinal crypts were stimulated ex vivo with various concentrations of 

ethanol (0, 4, 25, 50 and 100mM) for 2, 4, 6 or 8 hours and IL-17A was measured from the 

supernatants by ELISA. n=5–7 mice/group; * p < 0.05.
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Figure 4. Ethanol-induced IL-17A release is augmented by ER stress
(A) Isolated small intestinal crypts were treated with ethanol (100mM) to induce IL-17A 

release and some crypts were also treated with 5 or 10mM of the ER stress inhibitor 4-

phenylbutiric acid (4-PBA). Released IL-17A was measured by ELISA from the crypt 

supernatants. (B) IL17A release ELISA performed on isolated crypts treated with the ER 

stress inducer thapsigargin (0.3, 1 and 3μM) or ethanol (25, 50 and 100 mM). (C) Cleaved 

(clv) PARP expression was measured by Western blot and quantified (D) from isolated 

crypts treated ex vivo with 10ng/ml of recombinant IL-17A, 50mM EtOH or IL-17A and 

EtOH. (E) Cleaved PARP, pro-caspase 8 and cleaved caspase 8 p43 subunit from the PSI of 

pair-fed (PF) or alcohol-fed mice treated or not with a control isotype antibody or anti-

IL17A blocking antibody were measured by Western blot and quantified (F). For A-B, n=3 

mice/treatment group; p < 0.05 * vs untreated, # vs EtOH 100 mM. For D-E, n=3–4, p < 

0.05 * vs Untreated. For F-G, n=3–4 mice/group; p < 0.05 * vs PF.
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Figure 5. Alcohol administration induces pro-apoptotic signaling and ER stress in the proximal 
small intestine.
(A) Pro-apoptotic proteins Bax, Bim, Bid, truncated Bid (tBid) and cleaved (clv) PARP, as 

well as ER stress related proteins CHOP, p-eIF2α, eIF2 α, GADD34 full length (fl) were 

measured by Western blot and quantified (B) from PSI tissue of pair-fed (PF) mice as well 

as mice fed a 10-day chronic alcohol, a 10d EtOH plus 4h binge or a 10d EtOH 9h binge 

diet. (C) Caspase-3 (fl), cleaved (clv) caspase-3, caspase-2 and caspase-8 p43 were 

measured from the same PSI samples by Western blot and quantified (D). (E) Mice received 

either calorie matched diet (PF) or 10d EtOH 9h binge and some mice from each group also 

received in vivo administration of the ER stress inhibitor 4-phenylbutiric acid (4-PBA). 

Expression in the PSI of CHOP, procaspase-8 and clv caspase-8 p43 were measured by 

Western blot and quantified (F). For A-D, n=5–7 mice/group; p < 0.05 * vs pair-fed (PF), # 

vs 10d EtOH no binge, † vs 10d EtOH 4h binge. For E-F, n=5–7 mice/group; p < 0.05 * vs 

pair-fed, # vs 10d EtOH no binge, † vs 10d EtOH 4h binge,0 vs 10d EtOH 9h binge.
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Figure 6. Alcohol-induced CHOP expression localizes to Paneth cells
(A) PSI epithelial and immune cell fractions (intraepithelial [IEL] and lamina propria 

leukocytes [LPL]) were isolated from pair-fed (PF) and 10d EtOH 9h binge mice for 

Western blot analysis and quantified (B) of CHOP and Bax proteins. (C) Representative 

CHOP immunofluorescent (IF) images of PSI samples of pair-fed (PF) and 10d EtOH 9h 

binge mice. Insets show individual crypts and the more intense IF staining observed in the 

10-day + 9h binge alcohol samples. (E) Crypts were isolated from PF and 10d EtOH 9h 

binge mice and Bax and Bim proteins were measured by Western blot and quantified (F). 

n=3–7 mice/group; * p < 0.05 vs pair-fed. Scale bars = 50μm.
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Figure 7. Tight-junction levels in the proximal small intestine are reduced by alcohol and 
restored by in vivo IL-17 blockade
(A) The bacterial cell wall component LPS was measured in the livers of pair-fed (PF) and 

10d EtOH 9h binge mice as well as EtOH mice treated with anti-IL-17 antibody or an 

isotype control.(B) ZO-1 immunofluorescent (IF) staining was completed on the PSI of 

these same mice and quantified. (C) Occludin was measured from the PSI by Western blot 

and quantified (D). mRNA expression of multiple tight junction proteins including Claudin‒
1, ‒5 and ‒15, Occludin and ZO-1 were measured by qPCR from PSI. For A, n=5–8 mice/

group. For B, n=6 mice/group and 5 images/mouse were quantified. For C-D, n=6 mice/

group. For E, n=7–10 mice/group. * p < 0.05 vs pair-fed (PF).
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Figure 8. Inflammasome activation by acute alcohol binge in the small intestine is attenuated by 
in vivo inhibition of ER stress
(A) Activation of inflammasome components caspase-1 and IL-18, including the active 

cleaved forms Casp-1 p10 and IL-18 p18, were assessed by Western blot and quantified (B) 

from the PSI of pair-fed (PF), chronic alcohol without binge, 10d EtOH 4h binge and 10d 

EtOH 9h binge mice. (C) ER stress inhibition through in vivo 4-phenylbutiric acid (4-PBA) 

administration was used to reduce CHOP expression and inflammasome target IL-18 

activation was measured by Western blot and quantified (D) from PF and 10d EtOH 9h 

binge mice. (E) Western blot analysis and quantification (F) of cleaved (clv) PARP from PF 

and alcohol-fed mice with and without 4-PBA treatment. (G) Activation of IL-18 was 

measured by Western blot and quantified (H) in the PSI of PF and 10d EtOH 9h binge mice 

as well as EtOH mice treated with anti-IL-17 antibody or an isotype control. n=5–7 mice/

group; p < 0.05 * vs pair-fed, # vs 10d EtOH No binge, † vs 10d EtOH 4h binge, ⁰ vs 10d 

EtOH 9h binge.
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Figure 9. Alcohol-induced CHOP induction, IL-18 activation and PC increases are mediated by 
the gut microbiota load
(A) Gut decontamination using broad-spectrum antibiotics administration (Abx; ampicillin, 

neomycin, vancomycin and metronidazole) significantly reduced the gut microbiota load. 

CHOP and IL-18 activation were measured from PSI of PF and 10d EtOH 9h binge mice by 

Western blot and quantified (B). (C) Representative images and (D) quantification of 

lysozyme immunohistochemistry (IHC) from PF and 10d EtOH 9h binge alcohol-fed mice. 

n=6–10 mice/group; p < 0.05 * vs pair-fed, ⁰ vs 10d EtOH 9h binge.
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Figure 10. Increased IL-17 production, Paneth cell activation, inflammasome and ER stress in 
the proximal small intestine after acute-on-chronic alcohol in mice
Working model based on our data indicates that acute binge on chronic alcohol exposure 

results in increased abundance of Paneth cells in the PSI, leading to ER stress induction, 

IL-17A release, apoptosis and inflammasome activation in crypts in the PSI. The 

mechanistic role of alcohol-induced IL-17A is indicated by experiments where IL-17 

blocking antibody prevented alcohol-induced ER stress, apoptosis, inflammasome activation 

and IL-18 production in isolated crypts in vitro and in vivo in the PSI. Supplementary Table 

1
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