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Summary 

Chronic alcohol consumption is one of the leading causes of chronic liver disease and 

liver-related deaths worldwide. Although more than 90–95% of people with excessive 

alcohol drinking develop fatty liver, only a minority (10–20%) of subjects with an 

alcohol use disorder (AUD) ultimately progress to more advanced stages of alcohol-

associated liver disease (ALD) and its related complications. Even if some advances 

have been made in our understanding of the factors involved in the development of 

ALD, there are still no FDA-approved therapies for treating patients with ALD and 

abstinence is considered the most effective treatment option. 

The intestine and the liver closely communicate via bidirectional links through the 

biliary tract, portal vein, and systemic circulation. The gut acts as a barrier to protect 

our body against invading pathogens and potentially harmful substances. This PhD 

work has focused on the characterization of the microbial and host changes in the 

intestinal barrier linked to alcohol abuse and progression of ALD at early disease 

stages in humans. We tested whether alterations in the duodenal mucosa-associated 

and fecal microbiota associated with host alterations of the gut barrier functions in 

AUD patients and whether these changes could be related to ALD progression. We 

analyzed mechanisms implicated in gut immune dysfunctions as well as systemic 

inflammatory responses linked to microbial translocation and liver disease severity. 

Early progressive forms of ALD (e.g., steatohepatitis and fibrosis) represent silent 

asymptomatic stages, in which non-invasive detection of severe forms is crucial for 

the correct management of these patients. Keratin 18 is the major keratin in 

hepatocytes and upon hepatocellular damage and death is released in the systemic 

circulation in fragments called K18-M65. Since these fragments are released in the 

systemic circulation, we first evaluated whether circulating keratin 18 levels (K18-

M65) could predict progressive forms of ALD at early pre-cirrhotic stages. 

Remarkably, we found high levels of K18-M65 in AUD patients with progressive ALD 

while the levels in the non-progressive ALD were similar to those in healthy controls. 

Circulating keratin 18 highly correlate with transaminases and predicted ALD 

independently from transaminases as well as other potential confounders (gender, 

age, body mass index (BMI)), controlled attenuation parameter (CAP) and liver 

stiffness. We demonstrated that K18-M65 is a reliable biomarker to detect early 

progressive ALD.  
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Therefore, we used K18-M65 in combination with clinical parameters in the next study 

aiming at investigating the relationship between changes in the intestinal barrier and 

ALD severity. We revealed that only a subset of AUD patients had increased intestinal 

paracellular and vascular permeability (“leaky gut”) not related to changes of the 

duodenal microbiota or alterations of the intestinal epithelium but associated with 

compositional changes of the fecal microbiota. Leaky gut alone did not explain 

increased translocation of Gram+, Gram- and fungal microbes and/or their products 

in AUD patients. By contrast, duodenal dysbiosis with a dominance shift towards 

specific potential pathogenic bacteria, elevated translocation of microbes and/or their   

products, and reduced number of duodenal immune effector cells (macrophages and 

T cells) associated with ALD progression.  

The diminution of duodenal T cells associated with elevated translocation of microbes 

and/or their products led us to hypothesize that this reduction in immune effector T 

cells is involved in defective immunosurveillance against microbes. We tested our 

hypothesis in the third study and found a specific reduction of mucosal CD8+ T 

resident memory (TRM) cells in AUD patients with progressive ALD. Transcriptomic 

analysis and in vitro studies revealed apoptosis in TRM lymphocytes driven by 

lysosomal membrane permeabilization and release of cathepsin B into the cytosol. 

Moreover, mitochondria uncoupling and altered lipid metabolism in TRM associated 

with programmed cell death. These changes were linked to changes in intestinal and 

systemic sphingolipids, which could possibly contribute to this phenomenon. As a 

consequence of TRM cell death, we revealed elevated translocation of microbes 

and/or their products, supporting that changes in TRM lymphocytes facilitate 

translocation of microbes and/or their products in progressive ALD. 

Increased translocation of microbes and/or their products may provoke the activation 

of immune responses potentially contributing to ALD. The consequences of elevated 

translocation of microbes and/or their products in circulating monocytes activation 

were explored in the fourth study. Remarkably, the number of total blood monocytes 

increased in AUD patients compared to controls. Among the 3 monocyte 

subpopulations, intermediate and non-classical increased while classical monocytes 

decreased compared to controls. Monocytes from AUD patients had up-regulated 

IL1β and IL8 levels together with TLR2 and down-stream AP-1 while fungal sensor 

CARD9 was down-regulated. Strikingly, L1β and IL8 were differentially secreted in 
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monocytes from AUD patients upon stimulation in vitro with the TLR2 ligand 

Peptidoglycan. In addition, systemic IL8 and monocytes changes correlated with 

elevated translocation of microbes and/or their products. We next investigated 

whether these two inflammatory mediators were elevated in the livers in patients with 

severe forms of ALD. Remarkably, hepatic IL1β and IL8 increased with ALD severity 

together with liver macrophages activation and up-regulation of chemokines involved 

in monocytes attraction. Overall, these results point to a contribution of activated 

monocytes to systemic inflammation and ALD. Monocytes likely infiltrate the liver, 

transform into monocyte-derived macrophages and release IL1β and IL8 in response 

to Peptidoglycan and TLR2 activation. In this fourth study we did not explore other 

liver immune responses implicated in early ALD progression. 

Therefore, in the final study of this PhD thesis, the principal aim was to assess liver 

inflammatory and immune responses at early stages of ALD and to correlate them 

with liver damage and repair mechanisms and/or progression of fibrosis. We here 

demonstrated that a low proliferative capacity was accompanied by increased 

apoptosis and a deficient IL6/Stat3 signaling in hepatocytes during early ALD. 

Moreover, we revealed also predominantly in hepatocytes activation of 

TLR7/Interferon I axis which was strongly associated with the development of 

significant fibrosis. In parallel, activation of pro-inflammatory macrophages leads to 

release of IL1β in the liver thus contributing to chronic inflammation. The source of 

TLR7 ligands (e.g., miRNA and/or viruses) may be derived from the gut and it will 

require future investigations. 

All these data support the role of the different components of the intestinal barrier 

(e.g., microbiota and host factors) as contributors in the pathophysiology of ALD in 

humans. This PhD work has comprehensively investigated different factors involved 

in gut barrier dysfunctions and ALD. However, other mechanisms and cell types 

implicated in the gut-liver axis remain to be investigated, in particular the changes in 

the intestinal epithelium related to reduced immunosurveillance against microbes, the 

role of microbial and host metabolites in intestinal and hepatic dysfunctions during 

ALD, the contribution of other components of the immune system (e.g. the 

complement system, plasma cells and other cell types) in defective 

immunosurveillance of microbes and molecular mechanisms involved in invasion and 

dissemination of microbes and/or their products in the portal and systemic circulation. 
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Innovative technological developments will help us to identify promising biomarkers 

and finally understand the complexity of the different factors and pathways involved 

in gut barrier dysfunction during ALD. A deep understanding of the causal links 

between changes in the gut microbiome and intestinal barrier dysfunction at different 

stages of ALD will help us develop new diagnostic and prognostic tools and identify 

new therapeutic targets. 
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1 ALCOHOL USE DISORDER AND ALCOHOL-ASSOCIATED LIVER DISEASE 
Alcohol is a psychoactive substance with toxic and dependence-producing 

properties*1. Alcoholic drinks have been produced and consumed by humans for 

thousands of years. The importance of these alcoholic beverages is evident in the 

multiplicity of customs and regulations that developed around their production and 

uses. They often became central in the most valued personal and social ceremonies, 

especially rites of passage, and were ubiquitous in such activities as births, initiations, 

marriages, compacts, feasts, conclaves, crowning, magic rites, medicine, worship, 

hospitality, war making, peacemaking, and funerals*2. Beside this role of alcohol in 

the society, chronic alcohol consumption and alcohol dependence have represented 

and continue to represent one of the major cause of diseases and injury conditions.  

The diagnosis of alcohol dependence is described in the Diagnostic and Statistical 

Manual of Mental Disorders (DSM). In May 2013, the American Psychiatric 

Association issued the fifth edition (DSM-5) in which the terms alcohol abuse and 

alcohol dependence, previously considered as two distinct disorders in the fourth 

edition, have been integrated into a single disorder called alcohol use disorder 

(AUD). The DSM-V defines AUD as a problematic pattern of alcohol use leading 

to clinically significant impairment or distress, with graded levels of severity 

depending on the number of diagnostic criteria met. There are 11 diagnostic criteria 

and anyone meeting at least two of them during the last year qualifies for a diagnosis 

of AUD. Severity is established based on the number of criteria met, ranging from 

mild (2–3 criteria), to moderate (4–5 criteria) and severe (≥ 6 criteria)1 (figure 1). 

 

 

 

 

 
*1 Drug dependence is a chronic, progressive disease characterized by significant impairment that is directly 
associated with persistent and excessive use of a psychoactive substance. 
*2 https://www.britannica.com/topic/alcohol-consumption/Alcohol-and-society 
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Figure 1. A comparison between DSM-IV and DSM-5, National Institute of Alcohol abuse and 

Alcoholism, 2013. DSM–IV described two distinct disorders, alcohol abuse and alcohol dependence, 

with specific criteria for each. Under DSM–IV, the diagnostic criteria for abuse and dependence were 

distinct: anyone meeting one or more of the “abuse” criteria within a 12-month period would receive the 

“abuse” diagnosis. Anyone with three or more of the “dependence” criteria during the same 12-month 

period would receive a “dependence” diagnosis. Under DSM–5, anyone meeting any 2 of the 11 criteria 

during the same 12-month period would receive a diagnosis of AUD. The severity of AUD—mild, 

moderate, or severe—is based on the number of criteria met. DSM–5 eliminates legal problems as a 

criterion and adds craving as a criterion for an AUD diagnosis. National Institute on Alcohol Abuse and 

Alcoholism, 2013. 
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Alcohol is consumed by more than half of the population in only three World health 

organization (WHO) regions – the European Region (59.9% of current drinkers), the 

Region of the Americas (54.1%) and the Western Pacific Region (53.8%). Differences 

in the levels of total alcohol consumption between regions of the world and between 

countries are the result of complex interactions between a wide range of factors. 

These include sociodemographic factors, prevalence rates of abstention, level of 

economic development, religion and cultural norms, and the preferred alcoholic 

beverage types. For example, the WHO European Region is home to 13.7% of the 

world’s population aged 15+ years but consumes more than a fifth (21.2%) of the total 

alcohol worldwide. Total alcohol per capita consumption has increased globally after 

a relatively stable phase between 2000 (5.7 litres of pure ethanol) and 2005 (5.5 

litres). Since then, total per capita consumption rose from 5.5 litres in 2005 to 6.4 litres 

in 2010 and was still at the level of 6.4 litres in 2016 (figure 2)2.  

Figure 2. Total alcohol per capita consumption (APC) (15+ years; in litres of pure alcohol), WHO 2016.  
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Chronic alcohol consumption is one of the leading risk factors for population health  

worldwide. The harmful use of alcohol resulted in around 3 million deaths (5.3% of all 

deaths) globally in 2016. Alcohol led also to a large burden of disease and injury in 

2016, causing 132.6 million DALYs*3 which represented 5.1% of all DALYs in that 

year. Among the 230 diseases to which alcohol is related, digestive diseases,  

unintentional injuries*4, cardiovascular diseases (CVDs) and diabetes were the 

leading contributors to the estimated 3 million alcohol-attributable deaths in 2016, and 

were individually responsible for 21.3%, 20.9% and 19.0% of these deaths 

respectively2. Digestive diseases, especially liver cirrhosis, are becoming a more 

frequent cause of mortality and morbidity globally, especially in developed 

countries3. Alcohol is causally related to an increase in the risk of both liver cirrhosis 

and pancreatitis4, causing an estimated 637000 digestive disease deaths and 23.3 

million digestive disease DALYs in 2016. Within the burden of alcohol-associated 

digestive diseases, alcohol-associated liver cirrhosis caused 607000 deaths and 22.2 

million DALYs, while alcohol-related pancreatitis resulted in 30000 deaths and 1.1 

million DALYs2. 

1.1 Alcohol-associated liver disease: Disease spectrum and risk factors 
Alcohol-associated liver disease (ALD) encompasses a spectrum of injury, ranging 

from fatty liver, also called as simple steatosis, to the more advanced stages, such as 

severe alcohol-associated hepatitis (AH) and decompensated cirrhosis*5, which can 

ultimately lead to the development of hepatocellular carcinoma5 (figure 3). It is 

important to take into consideration that these stages are not necessarily distinct 

entities of the disease but rather multiple stages which may be present simultaneously 

in each individual. 

Fatty liver develops in about 90% of individuals who drink more than 60 g/day 

of alcohol. Simple steatosis is usually asymptomatic and rapidly reversible upon 

abstinence. Only a 20-30% of heavy drinkers progress into a form of liver injury 

called alcohol-associated steatohepatitis (ASH), which is characterized by the 

 
*3 Disability-adjusted life years (DALYs) represent the loss of the equivalent of one year of full health. DALYs for a 
disease or health condition are the sum of the years of life lost to due to premature mortality (YLLs) and the years 
lived with a disability (YLDs) due to prevalent cases of the disease or health condition in a population. 
*4 Road injury, poisonings, falls, fire, heat and hot substances, drowning, exposure to mechanical forces and others 
*5 Decompensated cirrhosis is defined as an acute deterioration in liver function in a patient with cirrhosis and is 
characterized by jaundice, ascites, hepatic encephalopathy, hepatorenal syndrome or variceal hemorrhage. 



23 
 

presence of steatosis and inflammation. Fibrosis is believed to start in the perivenular 

area. In certain patients the presence of fibrotic scares is accompanied by the 

disappearance of fatty liver. Progression of ALD culminates in the development of 

cirrhosis and its related complications. A subset of AUD patients develops severe 

alcohol-associated hepatitis, which has a substantially worse short-term prognosis. 

These advanced stages of ALD (AH and decompensated cirrhosis) are thought to be 

irreversible5. Therefore, a deeper comprehension of the molecular mechanisms 

implicated in ALD progression at earlier disease stages is crucial to reverse and/or 

ameliorate the liver disease. 

The fact that only about 30% of heavy drinkers develop advanced ALD indicates that 

other factors play an important role in the physiopathology. Some factors that 

are correlated with disease progression have been identified, including sex, drinking 

patterns, genetics, obesity, and dietary factors5,6. Those factors either increase 

susceptibility to liver damage or aggravate disease by acting synergistically with 

alcohol. The amount of alcohol ingested (independent of the form in which it is 

ingested) is the most important risk factor for the development of ALD. The risk of 

developing cirrhosis increases with the ingestion of >60-80 g/day of alcohol for 10 

years or longer in men, and >20 g/day in women7. Another factor that has been 

identified is the pattern of drinking8. Drinking outside of mealtimes has been 

reported to increase the risk of ALD by 2.7-fold compared to those who consumed 

alcohol only at mealtimes. Women have been found to be twice as sensitive to 

alcohol-associated hepatotoxicity and may develop more severe ALD at lower 

doses and with shorter duration of alcohol consumption than men. This might be 

explained by differences in the relative amount of gastric alcohol dehydrogenase 7 

(ADH7), a higher proportion of body fat in women, or changes in alcohol absorption 

with the menstrual cycle9. The presence and extent of protein calorie malnutrition 

play an important role in determining the outcome of patients with ALD. Mortality 

increases in direct proportion to the extent of malnutrition, approaching 80% in 

patients with severe malnutrition (i.e., less than 50% of normal)10. The interaction 

between obesity and alcohol, in particular for mild or moderate consumption, is 

controversial in humans11. The incidence of obesity and the associated metabolic 

syndrome is increasing worldwide. A recent cohort study showed that patients with 

excessive alcohol consumption have increased prevalence of obesity and metabolic 

syndrome12, which might increase the risk for liver disease progression. It has been 
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reported that moderate alcohol consumption increases the risk of development of 

hepatic steatosis in association with obesity. In contrast, moderate alcohol 

consumption reduces mortality in normal body mass index (BMI)*6 and overweight 

individuals. This beneficial effect was, however, lost in obese subjects. In addition to 

environmental factors, genetic factors predispose to ALD. Polymorphisms*7 of 

genes involved in the metabolism of alcohol (including alcohol dehydrogenase, 

acetaldehyde dehydrogenase and the cytochrome P450 system), and in those 

which regulate endotoxin-mediated release of cytokines have been associated 

with ALD13. Genomic-wide associations studies have identified some genetic risk loci 

for ALD progression, like for example a genetic variant in patatin-like phospholipase 

domain containing-3 (PNPLA3)14. However, the pathological interplay between 

environmental and genetic risk factors is incompletely understood. 

Figure 3. Spectrum of alcohol-associated liver disease. 

 
*6 Body mass index (BMI) is a measure that relates body weight to height and is expressed in units of kg/m², 
resulting from mass in kilograms and height in meters. BMI is sometimes used to measure total body fat and 
whether a person is a healthy weight. 
*7 Polymorphism involves one of two or more variants of a particular DNA sequence. 
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1.2 Diagnosis and management of alcohol-associated liver disease 
The diagnosis of ALD is made based on a history of alcohol abuse, clinical 

evidence of liver disease, and supporting laboratory tests.  

Detailed history on alcohol consumption to identify AUD is essential. As patients often 

underreport alcohol intake, questionnaires can be complemented by information from 

relatives (if appropriate) or by objective measures (e.g., physical signs of chronic 

alcohol use), and tests suggestive of alcohol abuse (i.e., elevated blood alcohol, γ-

glutamyl transpeptidase or urinary ethyl glucuronide elevation). The primary 

screening tool to detect alcohol abuse and dependence is the Alcohol Use 

Disorders Identification Test (AUDIT) (figure 4). AUDIT is a 10-item questionnaire, 

which has been validated as a clinical tool for the accurate detection of alcohol 

consumption15 (figure 4). A biomarker in longstanding use, γ- glutamyl transferase 

(GGT), has been evaluated in several settings, including large population surveys. 

Unfortunately, low sensitivity and specificity limit the usefulness of elevated GGT to 

diagnose alcohol abuse the levels of which may fluctuate with extensive liver injury16. 

Carbohydrate-deficient transferrin combined with γ-glutamyl transferase has high 

sensitivity. However, the levels of carbohydrate-deficient transferrin may be 

confounded with increasing disease severity and active smoking16. The combination 

of GGT and Carbohydrate-deficient transferrin increases the specificity in the 

detection of alcohol consumption17. Newer biomarkers using metabolites of alcohol 

such as ethyl glucuronide can reveal alcohol use in the urine up to 3–4 days after the 

last alcohol drink. However, due to its high sensitivity, it can yield false-positive results 

with exposure to alcohol containing medications and hand sanitizers containing small 

amounts of ethanol. In addition, assessment of ethyl glucuronide in hair samples can 

detect alcohol use for a longer period of up to 1 month18. 

The diagnosis of ALD is made by documentation of chronic alcohol consumption 

and evidence of liver disease. No single laboratory marker definitively 

establishes alcohol to be the etiology of liver disease. Furthermore, alcohol may 

be one of several factors causing liver injury, and the specific contributory role of 

alcohol alone may be difficult to evaluate in a patient with multifactorial liver disease. 

Different laboratory abnormalities, including elevated serum aminotransferases, have 

been reported in patients with alcohol-associated liver injury, and used to diagnose 

ALD. Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 
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are typically elevated in patients with inflammation in the liver. However, even in the 

presence of fibrosis, serum transaminases can be at normal levels (< 40 IU/l) in 

certain patients. Therefore, an appropriate evaluation of liver fibrosis with non-

invasive techniques is fundamental. As a high proportion of patients with histological 

features of ALD do not express any clinical symptoms or laboratory abnormalities, 

asymptomatic patients consuming a critical amount of alcohol should undergo 

appropriate screening investigations. Screening investigations should not only include 

liver function tests (LFTs), i.e., gamma glutamyl transpeptidase, serum ALT and 

serum AST, but also a test to detect liver fibrosis (e.g., transient elastography 

(Fibroscan®*8)) since advanced liver fibrosis may present with normal LFTs19. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Diagnosis of alcohol use disorder (AUD) using AUDIT tool and on management of early 

alcohol-associated liver disease (ALD). Singal AK et al., AM J Gastroenterol., 2018 

 
*8 Fibroscan® device (Echosense, Paris, France) works by measuring shear wave velocity. The shear wave velocity 
can then be converted into liver elasticity, which is expressed in kilopascals (kPa), and represents an indirect 
measurement of fibrosis. In addition, it measures the so-called controlled attenuation parameter (CAP), the degree 
of ultrasound attenuation by hepatic fat. Results are measured in dB/m over a range of 100–400 dB/m. 
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In case of suspected advanced fibrosis or cirrhosis, serum albumin, prothrombin time 

or international normalized ratio (INR)*9, serum bilirubin levels, as well as platelet and 

white blood cell counts should be determined to evaluate liver function and evidence 

of portal hypertension*10. Whenever there is evidence of cirrhosis, upper 

gastrointestinal endoscopy should be performed to screen for esophageal varices, 

unless there is a low risk of having varices requiring treatment based on Baveno*11 

criteria (platelets >150,000/µl of blood) and Fibroscan <20 kPa20. A liver biopsy may 

be used to establish the definite diagnosis of ALD, to assess the exact stage and 

prognosis of liver disease and to exclude alternative or additional causes of liver 

injury. Usually, the liver biopsy is done percutaneously under ultrasound guidance or 

laparascopically or via a transjugular approach. However, a liver biopsy is an 

invasive procedure with significant morbidity21. Therefore, a biopsy is not 

generally recommended for all patients with suspected ALD, but the risks should be 

carefully weighed against the clinical benefits and therapeutic consequences.  

Patients with ALD are suffering from two different disorders, namely AUD and liver 

disease. Hence, the treatment should involve integrated management targeting 

both the disorders. 

Alcohol abstinence represents a critical goal in patients with ALD since 

abstinence improves clinical outcomes at all stages of ALD. Many pharmacological 

agents have been used for treatment of AUD including disulfiram, acamprosate, 

gabapentin, naltrexone, topiramate, sertraline, and baclofen22. Of these, only 

baclofen, a γ-amino butyric acid-B receptor agonist has shown no major side effects 

in patients with ALD and cirrhosis23. The other major approach to induce or to maintain 

alcohol abstinence in patients with ALD is behavioral interventions such as 

motivational enhancement therapy, cognitive behavioral therapy, motivational 

interviewing, supportive therapy, and psychoeducation24. Alcohol withdrawal 

syndrome (AWS) is a common condition affecting AUD patients who abruptly 

 
*9 International normalized ratio is a laboratory measurement of how long it takes blood to form a clot. 
*10 Portal hypertension is the hemodynamic abnormality associated with the most severe complications of cirrhosis. 
Hepatic venous pressure gradient (HVPG) measurement is the gold-standard method to assess the presence of portal 
hypertension, which is defined as HVPG ≥10 mmHg. 
*11 Baveno is a sequel of meetings where experts aim to develop definitions of key events in portal hypertension 
and variceal bleeding, to review the existing evidence on the natural history, the diagnosis, and the therapeutic 
modalities of portal hypertension, and to issue evidence-based recommendations for the conduct of clinical trials 
and the management of patients. 
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discontinue or markedly decrease alcohol consumption. Light or moderate AWS 

usually develops within 6–24 hours after the last drink and symptoms may include 

nausea/vomiting, hypertension, tachycardia, tremors, hyperreflexia, irritability, 

anxiety, and headache. Benzodiazepines are the most used drugs to treat AWS, and 

the main goal of this treatment is to prevent the life-threatening onset of major 

withdrawal signs such as seizures and delirium tremens25. 

Standardized and reproducible assessment of disease activity and fibrosis is a 

prerequisite for histology-based patient stratification, prognosis, and monitoring of 

treatment effects. By contrast of other chronic liver diseases such as Non-alcoholic 

fatty liver disease (NAFLD) and viral hepatitis, few proposals for specific grading and 

staging systems of ALD have been made and a universally accepted system for 

the full clinical spectrum of ALD is currently lacking. Recently, a group of 

European liver pathologists, members of the EASL*12-endorsed consortium for the 

Study of Alcohol-related Liver disease in Europe (SALVE), comprising the SALVE 

Histopathology Group (SHG), convened to design a morphological grading and 

staging system valid for the whole clinical spectrum of the disease. A 

semiquantitative evaluation method was defined using numerical scores for 

macrovesicular steatosis (0-3), hepatocellular ballooning*13 (0-2), Mallory-Denk 

Bodies (MDB)*14 (0-2), and lobular neutrophils (0-2). The SALVE staging system 

details 7 SALVE fibrosis stages (SFS) comprising 4 pre-cirrhotic (SFS 0, 1, 2, and 3), 

and 3 cirrhotic stages (SFS 4A, 4B, and 4C) (figure 5)26.  

 

 

 

 

 

 

 

 
*12 European Association for the Study of Liver diseases 
*13 Hepatocyte ballooning is a special form of liver cell degeneration associated with cell swelling and enlargement 
found particularly in steatohepatitis. 
*14 Mallory-Denk bodies (MDB), are cytoplasmic hyaline inclusions of hepatocytes. 
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Figure 5. SALVE grading of alcohol-associated liver disease based on histological features. Lackner C. et al., 
Journal of Hepatology, 2021. 
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1.3 Physiopathology of alcohol-associated liver disease 
1.3.1 Alcohol-associated fatty liver (simple steatosis) 

Steatosis, the earliest response of the liver to alcohol abuse, is characterized by the 

accumulation of fat (mainly triglycerides, phospholipids, and cholesterol 

esters) in hepatocytes. Early studies indicated that alcohol consumption increases 

the ratio of reduced nicotinamide adenine dinucleotide/oxidized nicotinamide adenine 

dinucleotide in hepatocytes, which disrupts mitochondrial β-oxidation of fatty acids 

and results in steatosis27. Alcohol intake has also been shown to augment the supply 

of lipids to the liver from the small intestine28, and increasing mobilization of 

fatty acids from adipose tissue and uptake of fatty acids by the liver27. Recent 

studies indicate that alcohol exposure, directly or indirectly, regulates lipid 

metabolism-associated transcription factors; this stimulates lipogenesis and inhibits 

fatty acid oxidation. Ethanol increases fatty acid synthesis in hepatocytes via up-

regulation of sterol regulatory element-binding protein 1c (SREBP-1c), a transcription 

factor that promotes fatty acid synthesis via up-regulation of lipogenic genes29. 

Alcohol consumption could directly increase transcription of SREBP-1c gene via its 

metabolite acetaldehyde or indirectly increase SREBP-1c expression by activating 

processes and factors that stimulate SREBP-1c expression, such as the endoplasmic 

reticulum response to cell stress, adenosine and innate immune receptors which 

bind microbes and/or their products30. Moreover, alcohol consumption inhibits fatty 

acid oxidation in hepatocytes mainly via inactivation of the peroxisome proliferator-

activated receptor (PPAR)-α, a nuclear hormone receptor that controls transcription 

of a range of genes involved in free fatty acid transport and oxidation. The ethanol 

metabolite acetaldehyde, but not ethanol itself, directly inhibits the transcriptional 

activation activity and DNA-binding ability of PPAR-α in hepatocytes31,32. In addition 

to modulating fat metabolism–associated transcription factors, ethanol can also affect 

the activities of enzymes involved in fat metabolism by inhibiting AMPK*15, which 

reduces fat metabolism and fatty liver. AMPK is a serine-threonine kinase that can 

phosphorylate and subsequently inactivate acetyl-CoA carboxylase (ACC), a rate-

limiting enzyme for fatty acid synthesis. Inactivation of ACC also reduces levels of 

 
*15 5' Adenosine monophosphate (AMP)-activated protein kinase, a central regulator of energy homeostasis, which 
coordinates metabolic pathways and thus balances nutrient supply with energy demand. 
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malonyl-CoA, a precursor in fatty acid synthesis and an inhibitor of carnitine 

palmitoyltransferase 1, a rate-limiting enzyme for fatty acid oxidation31 (figure 6).  

 

Figure 6. Potential mechanisms underlying the alcohol-associated fatty liver. Hepatic sterol regulatory 

element binding protein 1 is responsible for fatty acid synthesis and peroxisome proliferator activated 

receptor-α, - protein kinase (AMPK) and adiponectin are responsible for fatty acid oxidation. Alcohol also 

increases lipids supply from the small gut. Ethanol may influence the activity of PPAR-α, SREBP-1, and 

AMPK directly or through adiponectin and tumor necrosis factor-α. These effects activate the lipogenic 

pathways and inhibit fatty acid oxidation. Besides the fatty acid synthesis and oxidation, ethanol also 

alters lipid droplets (the storage form of triglycerides) metabolism in hepatocytes and very low-density 

lipoproteins secretion from liver. All these alterations contribute to alcohol-induced steatosis. Jeon S. 

and Carr R., Journal of lipid research, 2020. 

 

1.3.2 Alcohol-associated steatohepatitis (ASH) 
A subset of AUD patients progresses to a form of liver injury called steatohepatitis, 

which is characterized by the presence of steatosis and inflammation. This form of 

the disease is usually silent, it can be diagnosed by the concomitant presence of 

steatosis and elevated transaminases and by using a liver biopsy. In this early stage 

of the disease, fatty liver is associated with presence of hepatocellular injury (e.g., 
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Mallory-Denk bodies, ballooning), inflammation (e.g., infiltration of inflammatory cells 

and elevated hepatic levels of immune mediators) and absence of significant fibrosis.  

Multiple studies have highlighted the fact that multiple “hits” contribute to the 

development of ASH6. 

Ethanol hepatotoxicity 

Ethanol metabolism generates reactive oxygen species and causes lipid peroxidation, 

mitochondrial glutathione depletion, and S-adenosylmethionine depletion; all these 

products subsequently prime and sensitize hepatocytes to injury. Excess 

acetaldehyde binds covalently to microtubules, resulting in the intracellular retention 

of normally excreted proteins and the subsequent swelling of the hepatocytes. 

Acetaldehyde is a reactive compound; it is highly toxic to hepatocytes because it 

forms a variety of protein and DNA adducts that promote glutathione depletion, lipid 

peroxidation, and mitochondrial damage33. Acetaldehyde is transformed into acetate 

by the enzyme called acetaldehyde dehydrogenase (ALDH). Although acetate has no 

direct hepatotoxicity, it is believed to regulate the inflammatory response in patients 

with AH via the up-regulation of proinflammatory cytokines in macrophages34.  

The fact that only a minority of heavy drinkers develop progressive form of ALD 

suggest that ethanol hepatotoxicity might not be sufficient to promote 

development of ALD, and other factors likely contribute to liver disease progression. 

 

Hepatocellular injury 

Alcohol, oxidative stress and immune responses can eventually lead to hepatocyte 

death. Damaged hepatocytes release endogenous DAMPs*16, which are usually 

hidden from the extracellular environment. DAMPs activate cellular pattern 

recognition receptors, which results in sterile inflammation35. Features include the 

production of proinflammatory cytokines, recruitment of immune cells to the site of 

injury, and assembly of a cytosolic protein complex machinery termed the 

 
*16 Damage-associated molecular patterns are molecules within cells that are a component of the innate immune 
response released from damaged or dying cells 
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“inflammasome”*17, which conveys DAMP signals into proinflammatory cytokines 

(e.g., interleukin IL-1β)36.  

Emerging evidence suggests an important role of different forms of hepatocyte cell 

death (e.g., apoptosis*18, necrosis*19) in liver disease. During the early phases of cell 

death, enzymes called caspases are activated and cleave different substrates, 

including proteins of the cytoskeleton. Keratin 18 is the principal cytoskeletal 

protein of the hepatocytes, and it plays an important role in the maintenance of 

cellular integrity37. The cleavage of keratin 18 at two distinct sites (Asp238 and 

Asp396) during cell death results in the release of two different peptides in the 

systemic circulation: K18-M65, an epitope exposed to fragmented K18 released from 

dying cells, thus considered as a marker of hepatocyte damage, and K18-M30, a 

neo-epitope mapped to positions 387 to 396 of K18, so called K18-Asp396 that is only 

revealed after caspase cleavage of the protein and is postulated as a selective 

biomarker*20 of apoptosis37. The fact that these cleaved products of Cytokeratin 18 

are released in the systemic circulation pave the way to their possible use as a 

diagnostic tool in early “silent” stages of ALD to potentially discriminate 

patients with steatohepatitis and fibrosis38. 

Impairment of liver regeneration 

The liver is unique in its ability to regenerate in response to injury or loss of tissue. 

Liver regeneration from partial hepatectomy or acute injury has been extensively 

studied in animal models. Regeneration of the liver can be more correctly defined as 

compensatory hyperplasia where in the remaining liver tissue expands to meet the 

metabolic needs of the organism. Recovery of liver mass occurs mainly via 

proliferation of remaining adult hepatocytes, biliary epithelial cells, and endothelial 

cells. Under pathogenic conditions in which proliferation of hepatocytes is inhibited, 

liver progenitor cells (oval cells or ductular hepatocytes) proliferate and differentiate 

into hepatocytes or biliary epithelial cells39. In both experimental animals and humans, 

increased rates of hepatocyte death occur at the earliest stages of alcoholic liver 

 
*17 The inflammasome is a multiprotein intracellular complex that detects pathogenic microorganisms and sterile 
stressors, and that activates the highly pro-inflammatory cytokines interleukin IL-1β and IL-18 
*18 Apoptosis is the morphologic description of a form of programmed cell death. 
*19 Necrosis is an uncontrolled type of cell death that happens before the end of the natural life span of the cell. 
*20 A biological molecule found in blood, other body fluids, or tissues that is a sign of a normal or abnormal 
process, or of a condition or disease. 
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disease40. In severe alcohol-associated hepatitis, the degree of ductular reaction 

expansion correlates with disease progression and short-term survival41. It is thought 

that long-term alcohol consumption not only causes hepatocyte death but also inhibits 

hepatocyte proliferation in patients, thereby contributing to the pathogenesis of ALD. 

However, data in humans about the role of liver cell proliferation during ALD are 

scarce. In particular, it is not known in which stages of ALD (ASH or liver fibrosis) 

impairment of liver regeneration might play a role in the pathophysiology of 

liver disease. 

Activation of innate and adaptive immune responses  

A large body of evidence has suggested that activation of systemic and hepatic 

inflammatory processes play an important role in the development of ASH and 

progression to fibrosis, cirrhosis, and hepatocellular carcinoma. Infiltration of innate 

and adaptive immune cells in the liver in response to hepatic injury and/or 

translocation of microbial components coming from the intestine represent a 

key feature of ALD42. 

The liver is a key, frontline immune organ. Ideally positioned to detect pathogens 

entering the body via the gut, the liver appears designed to detect, capture, and 

clear bacteria, fungi, viruses, and macromolecules43. Containing the largest 

collection of phagocytic cells in the body, this organ is an important barrier between 

us and the outside world. Importantly, as portal blood also transports many foreign 

but harmless molecules (e.g., food antigens), the liver's default immune status 

is anti-inflammatory or immunotolerant; however, under appropriate 

conditions, the liver can mount a rapid and robust immune response. This 

balance between immunity and tolerance is essential to liver function. Dynamic 

interactions between the numerous populations of immune cells in the liver are key to 

maintaining this balance and overall tissue health44.  

The liver is a unique organ in that it is supplied by both arterial and venous blood. The 

anatomical organization of the liver allows these two blood supplies to mix and to bath 

the various structures and cells in the liver with their contents. Oxygen-rich arterial 

blood enters the liver via the hepatic artery; however, this is a minor source of the 

blood supplied to the liver. Most of the blood entering the liver is supplied by the portal 

vein. Portal blood is rich in both nutrients and pathogen-derived molecules45.  
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When the gut barrier is disrupted, higher amounts of microbes and/or their 

products translocate to the liver, leading to the activation of the hepatic immune 

system through pattern recognition receptors like Toll-like receptors (TLRs). TLRs 

(ten members in humans and twelve members in mice) are a family of pattern-

recognition receptors that play a critical role in the activation of innate immune system 

by recognizing pathogen-associated molecular patterns (PAMPs) coming from 

the gut*21 which subsequently leads to activation of antigen-specific adaptive 

immunity46. Endogenous components derived from dying host cells, termed damage-

associated molecular patterns (DAMPs), can also activate TLRs. TLRs are expressed 

widely in immune and non-immune cells in the liver46.  

It has been proposed that activation of the TLR4 signaling pathway by LPS plays a 

pivotal role in disease progression. Mice deficient in TLR4, CD14, and LPS-binding 

protein (LBP) show resistance to alcohol-induced liver injury47. Other studies in mice 

show the pathophysiological importance of TLR4 in resident macrophages (e.g., 

Kupffer cells), monocyte-derived macrophages, and hepatic stellate cells48. However, 

data in AUD patients at different liver disease stage are scarce. 

Macrophages represent the first line of defense against infection and injury of the 

tissue. Kupffer cells, the largest population of tissue macrophages in the body (~80%), 

are liver resident macrophages that fulfill important roles of clearing pathogen-

associated molecular patterns and translocated gut bacteria present in portal blood49. 

Circulating inflammatory monocytes are recruited to the liver during 

inflammation and fibrosis, main mechanisms possibly involved in ALD 

progression. Once in the liver, monocytes transform into monocyte-derived 

macrophages and release many pro-inflammatory mediators (e.g., IL-1β, TNF-α) 

 
*21 The TLR ligands are generally categorized into three types: proteins, nucleic acids, and lipid-based elements. 
TLR4 recognizes LPS (also known as endotoxin), a Gram-negative bacterial cell wall component. The recognition 
process is enhanced by LPS-binding protein (LBP) that carries LPS to the CD14 molecule, where it then binds to the 
MD2–TLR4 complex. This complex forms a symmetrical TLR4 homodimer. TLR2 can form a heterodimer with either 
TLR1 to sense bacterial triacylated lipopeptides, or with TLR6 to recognize bacterial diacylated lipopeptides like 
MALP-2. Because of the sequence similarity with TLR1 or TLR6, TLR10 senses triacylated lipopeptides by 
heterodimerization with TLR2. In addition, the scavenger receptor CD36 enhances recognition capability of TLR2 to 
their ligands. Thus, the dimerization of these TLRs increases the specificity and sensitivity of the recognition for a 
variety of microbial components. TLR5, the receptor for bacterial flagellin, is expressed on dendritic cells (DCs) on 
the lamina propria to maintain homeostasis of intestinal immunity. TLR3 senses double-stranded RNA produced 
during viral replication in the endolysosome. Mouse TLR7 and human TLR7/8 recognize viral single stranded RNA. 
TLR9 acts as a receptor for unmethylated CpG islands in bacterial and viral DNA. 
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which have been shown to play a key role in ALD progression in animal models50. 

Human studies generally focused on the role of monocytes and monocyte-derived 

macrophages in late-stages liver disease such as decompensated cirrhosis and 

severe AH51,52. Little is known about the role of monocytes and monocyte-

derived macrophages in the development of systemic inflammation and 

alcohol-associated liver disease progression in response to microbial antigens 

in earlier stages of ALD.  

Infiltration of liver by parenchymal neutrophils is a prominent feature of AH50. Up-

regulation of IL-8, CXCL1 (Gro-α), and IL-17 in liver contributes to this infiltration and 

the severity of AH53. However, a recent investigation found that alcohol-associated 

hepatitis patients with more neutrophils had a better outcome than those with less 

neutrophil infiltration, probably due to defective bacterial clearance and impaired liver 

regeneration54. 

Activation of adaptive immune responses may also favor the progression to ASH and 

to the more advanced stages of ALD. However, data in early stages of ALD are 

lacking. In advanced stages of ALD, presence of both CD4+ and CD8+ lymphocytes 

correlated significantly with regenerating nodules, intralobular inflammation, central 

sclerosis, and abnormalities of Kupffer cells55. Another study by Liaskou et al. 

investigated whether these intrahepatic T cells in patients with advanced ALD 

reflected bystander activation or were a consequence of antigen- specific activation 

by using high-throughput T cell receptor (TCR) sequencing analysis. The authors 

identified the oligoclonal nature of these lymphocytes with signs of clonal expansions 

and the least T cell diversity56. Although activated T cells are often detected in ALD 

and may contribute to disease pathogenesis, excessive alcohol drinking also caused 

broad immunosuppression including inhibition of T cells, thereby resulting in an 

increased risk of bacterial infection in patients with ALD57. Human livers contain 

abundant mucosa-associated invariant T (MAIT) cells, representing 20%–50% of 

intrahepatic T cells. MAIT cells express invariant TCR that recognizes microbial 

riboflavin/vitamin B2 metabolites presented by the major histocompatibility complex 

class I-related protein 1, playing a key role in controlling bacterial infection58. A 

marked reduction of MAIT cells has been observed in patients with advanced ALD, 

which may contribute to the increased risk of bacterial infection in these patients59.  
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1.3.3 Liver fibrosis 
In chronic liver disease, fibrosis develops as the result of an imbalance between the 

new deposition of extracellular matrix (ECM) and its resorption, representing the 

wound healing response of the liver to repeated injury. The accumulation of ECM in 

the fibrotic liver is quantitatively, qualitatively, and topographically abnormal. The end-

result is the development of cirrhosis, a diffuse morphology that is characterized by 

excess fibrous tissue circumscribing parenchymal nodules, which consist of 

regenerating hepatocytes, and by alterations in hepatic vascular architecture60. 

Collagen deposition around terminal hepatic veins has been described as one of the 

earliest fibrotic changes associated with chronic alcohol consumption, in a process 

called perivenular fibrosis (PVF). PVF seems to correlate with the amount and 

duration of alcohol consumption and may represent an important predictor of disease 

progression with development of fibrosis and cirrhosis61. 

The onset of liver fibrosis is usually subtle and most of the related morbidity and 

mortality occurs after the development of cirrhosis. In most patients, progression to 

cirrhosis occurs after an interval of 10 to 20 years. Major clinical complications of 

cirrhosis include ascites, renal failure, hepatic encephalopathy, variceal bleeding, and 

hepatorenal syndrome. The disease can progress from compensated to 

decompensated cirrhosis, often associated with life-threatening complications7. Liver 

transplantation is usually the only effective therapy16. 

Mechanistically, hepatocyte injury followed by inflammation and activation of the 

innate immune system leads to liver fibrosis mediated by hepatic stellate cell 

activation and extracellular matrix (ECM) secretion and deposition. Quiescent hepatic 

stellate cells (qHSCs) are in the space of Disse, a perisinusoidal space between 

hepatocytes and LSECs. qHSCs store vitamin A in lipid droplets, which represent the 

major vitamin A storage site for humans. Activated hepatic stellate cells 

(aHSCs/myofibroblasts) are the major source of ECM production in the liver fibrosis 

induced by alcohol consumption and contribute to liver inflammation by secreting 

cytokines62.  

Hepatic stellate cell activation results from the inflammatory activity of liver immune 

cells, predominantly macrophages. Macrophage-derived TGF-β1 activates hepatic 

stellate cells and is the most potent known fibrogenic agonist. Hepatic macrophages, 

including Kupffer cells and recruited monocyte-derived macrophages, also enhance 
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liver fibrosis by promoting the survival of aHSCs in a NF-κB–dependent manner. 

Macrophage/hepatic stellate cell crosstalk is mediated by IL-1β, and TNF-α. ROS 

produced upon ethanol metabolism stimulates the production of collagen I in 

aHSCs/myofibroblasts, acting as an intracellular signaling mediator for TGF-β1–

induced fibrosis63. In animal models, it has also been demonstrated that 

activation of innate receptors of microbial antigens, such as TLR4, can lead to 

hepatic macrophages activation with subsequent release of inflammatory and 

fibrogenic cytokines, production of ROS, activation of hepatic stellate cells 

(HSCs) and portal fibroblasts that transdifferentiate into collagen producing 

myofibroblast64. Kupffer cells and macrophages are targets for the TLR4 ligand LPS, 

and these cells express profibrogenic cytokines that activate hepatic stellate cells, 

which also express TLR4. Several lines of evidence indicate that LPS/TLR4 signaling 

provides a mechanistic link between inflammation and fibrosis. In response to LPS, 

hepatic stellate cells express chemokines (MCP-1, MIP-1α) and adhesion molecules 

(ICAM-1, VCAM-1, and E-selectin) to recruit circulating monocytes which transform 

into monocyte-derived macrophages in the liver64. However, data in humans about 

the possible involvement of innate immunity and specific innate receptors in 

the development of alcohol-associated fibrosis are lacking.  

Taken all together, these investigations have shown that multiple factors (e.g., 

hepatocellular injury, impaired liver regeneration, activation of hepatic immune 

responses by gut-derived molecules) likely contribute to the progression of ALD 

from the “benign” form of the disease, namely simple steatosis (figure 7). Emerging 

body of evidence supports a key role of the intestinal changes in the development 

of alcohol-associated liver disease. However, a deeper characterization of the 

alterations in the gut-liver axis at early disease stages (e.g., ASH and significant 

fibrosis) is currently lacking. Understanding the molecular mechanisms of the 

changes happening in the gut at these ALD stages could provide us with the 

possible identification of therapeutic targets in a disease without any FDA-

approved drugs. Therefore, this PhD work focuses on the characterization of the 

changes in the intestinal barrier possibly contributing to the progression of ALD in 

humans. 
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Figure 7. Schematic representation of the factors possibly involved in the progression from simple fatty   
liver to steatohepatitis and fibrosis. 

     

1.4 Alcohol metabolism  
To better understand the pathophysiology of alcohol-associated liver disease, it is 

important to take into consideration how ethanol is absorbed and metabolized in the 

human gastrointestinal tract. Ethanol is absorbed by simple diffusion through the 

mucosa of the gastrointestinal tract. The rate of diffusion of ethanol across the 

intestinal mucosa is determined by the concentration gradient between the intestinal 

lumen and the sub-epithelial capillaries, regional blood flow and the permeability of 

the mucosa in question. High concentrations of ethanol, similar to those of 

ingested beverages, are reached only in the duodenum and jejunum. Luminal 

alcohol concentrations in the ileum, cecum, and colon are similar to serum ethanol 

concentrations, suggesting that ethanol reaches the intestinal lumen from blood 

capillaries. Luminal ethanol can be metabolized by the host because ethanol 
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metabolizing enzymes are expressed in the intestinal wall. Alcohol dehydrogenase 

(ADH), the main enzyme involved in the first step of ethanol oxidation, has been found 

in all parts of the gut. Ethanol metabolism has been shown to occur in the small 

intestine but seems to be in small quantities compared with that documented in the 

stomach65.  

Exposure of the mucosal side of the small intestine to alcohol inhibits the active 

transport of numerous nutrients across the epithelial layer. An inhibition of absorption 

has been reported for monosaccharides, several L-amino acid residues and lipids 

(fatty acids, monoglycerides) as well as for some vitamins65. The pathophysiological 

mechanisms of the disturbed digestion and/or absorption of lipids and protein 

in AUD subjects have not been clarified. An important contribution to this field 

came from a study on AUD without confounding disorders such as cirrhosis or 

pancreatic insufficiency. When the duodenal and jejunal absorption of a nutrient 

solution containing a mixture of proteins, lipids, and carbohydrates (90% 

dextrin maltose) was determined using an intestinal perfusion technique, the 

duodenal absorption of all three nutrients was lower in AUD patients compared 

to age-matched controls, but jejunal absorption rates were not decreased66. The 

authors explained the different absorption rates in the duodenum versus the jejunum 

of the alcoholics as being due to the more pronounced alcohol-induced mucosal 

alterations in the duodenum66. When duodenal biopsies from AUD patients were 

studied, some authors found normal histology by light-microscopy while others 

demonstrated significant histological alterations65,67. The conflicting results may be 

explained by the fact that, in most subjects studied, the endoscopy was performed 3–

14 days after admission. Considering the high regeneration rate of the small intestinal 

epithelium, many changes might have healed within the interval between starting 

abstinence and the endoscopy. Standardization of the clinical setting in which 

AUD patients are recruited is therefore key to dissect molecular alterations in 

the duodenal mucosa linked to active chronic alcohol consumption. 

Ethanol’s hepatotoxicity is mainly mediated through its conversion to 

acetaldehyde. There are 3 classic main hepatocyte pathways of ethanol metabolism 

that lead to the production of acetaldehyde: a) Alcohol dehydrogenase (ADH). This 

enzyme is found in the hepatic cytosol and is the major pathway of ethanol 

metabolism. Multiple isoenzymes can be found in the hepatic cytosol. Catalysis of this 
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reaction requires the conversion of nicotinamide adenine dinucleotide NAD+ to 

NADH. b) Catalase. Found in the hepatocyte peroxisomes, it can metabolize ethanol 

into acetaldehyde through the conversion of H2O2 to 2H2O. This process catalyzes a 

small proportion of remaining ethanol. c) Cytochrome P450-2E1 (CYP2E1). This 

microsomal enzyme also contributes to ethanol conversion to acetaldehyde but is 

only significant in situations of excessive alcohol consumption. Oxidation of ethanol 

by this enzyme also leads to the production of reactive oxygen species (ROS)68.  

1.5 THE INTESTINAL BARRIER*22 

The intestinal tract is the largest interface in the body that is in contact with the 

external environment, fulfilling the function of nutrient absorption and allowing the 

survival of commensal symbiotic microbes while avoiding the growth and invasion of 

potential pathogens. The gut represents therefore a major line of defense for our body 

in which different epithelial, stromal and immune cell types work in concert to fight off 

pathogens and dampen their attachment and invasion to the tissues. Intestinal cells 

have co-evolved with trillions of a wide range of microbes, which are called the gut 

microbiota, in a beneficial and mutualistic relationship. The microbiota contributes to 

many physiological functions of the host barrier, while in return the host offers food 

and a correct habitat. In addition, the gut microbiota also contributes to the 

maintenance of the gut barrier by defending it against the invasion of pathogens. 

1.5.1 Gut microbiota 
The gut is the natural habitat for 100 trillion microorganisms (bacteria, archaea, fungi 

and viruses)69. This community of microbe’s genome–the microbiome- encodes 100 

times more genes than the human genome70. These microbes exert a remarkable 

influence on the host during homeostasis and disease. Indeed, the gut microbiota 

can modulate multiple physiological functions of the host, such as strengthening gut 

integrity and shaping the intestinal epithelium, harvesting energy71, protecting against 

pathogens72 and regulating immune response73.  

The gut microbiome represents our first line of defense against potential 

pathogens74. Intestinal microbes compete with pathogens for nutrients and produce 

antimicrobial molecules called bacteriocins75 which shape the composition of the gut 

microbiota. Commensal microbes further contribute to the development of the 

 
*22 This section was adapted from Maccioni L et al., Int J Mol Sci 2021, Annex 1 
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mucosal immune system via direct interactions with host epithelial and immune 

cells76. In addition, the gut microbiome is responsible for a number of vital metabolic 

and signaling functions for the host, such as biotransformation of bile acids77, 

production of short-chain fatty acids71, synthesis of all B vitamins and vitamin K78 as 

well as synthesis of essential amino acids79. The gut microbiota communities are 

highly dynamic and colonize the different regions of the gastrointestinal tract 

according to the microenvironment. Some specific features are important for 

colonization, such as the source of available nutrients, the most adapted habitat 

(lumen or attached to the mucosa) for microbial growth and maintenance as well as 

the symbiosis status with the host80 (Figure 8). The gastrointestinal tract is 

characterized by a great regional diversity, housing extensive gut microbes and 

providing different functions. Each region is geographically specialized in gene 

expression and function, regulating complex and diverse digestive, immunological, 

metabolic, and endocrinological processes. Whether it is the acidity in the stomach, 

the entry point of bile acids and pancreatic secretions, the digestive and absorptive 

surfaces of the small intestine, or water extraction and stool formation in the colon, 

these properties create critical environmental conditions that determine microbial 

community assemblage, fitness, and functions that mutually benefit host and 

microbes81 (Figure 8).   

Most of the new techniques used to analyze bacterial composition are based on next-

generation sequence analysis of the 16S ribosomal genes (16S rRNA also called 16S 

rDNA), which are highly conserved between bacterial species and are therefore used 

for bacterial identification. The identification is based on the similarity of their 16S 

rRNA gene sequences to previously analyzed sequences present in the Ribosomal 

Database Project82. Operational taxonomic units (OTUs) are used to categorize 16S 

rRNA gene sequences that differ by less than a fixed sequence dissimilarity threshold, 

most commonly 3%83. Different measures can be used to assess the differences in 

the microbiota between groups of patients, for example in disease stages. The most 

widely used diversities are α- and β-diversity: the former considers the average 

diversity within a habitat type at a local scale while the latter indicates the 

differentiation between microbial communities from different environments84. The vast 

majority of the studies analyze the gut microbiota composition in stool samples, which 

is easily sampled and rich in microbial diversity, density, and abundance85. However, 

analysis of the microbial communities in the small intestine is usually not performed 
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given the difficulties to access the small gut especially for certain diseases. Studying 

microbiota composition only in stool samples represents a limitation if we 

consider the high heterogeneity and functionality of the microbial communities along 

the gut. Therefore, in this PhD thesis, gut microbiota profiling of the mucosa-

associated microbiota in distal duodenal biopsies together with fecal microbiota 

analysis has been performed to evaluate whether local changes might be associated 

with dysfunctions of the intestinal barrier and/or progression of ALD. 

 

Figure 8. Representative Host and Microbial Factors and Community Membership along the 

gastrointestinal (GI) tract, Martinez-Guryn et al., Cell & Host Microbe, 2019.  
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1.5.2 The small intestinal epithelium 
The principal functions of the intestinal barrier are nutrient absorption and defense 

against invading pathogens and potentially harmful substances. Mucosal cell types 

dynamically contribute to a balance between protective immunity and prevention 

of excessive immune responses against nutrients and commensal microbes. A 

first single-layer of cells, called the intestinal epithelium, facilitate absorption of 

nutrients while preventing microbial attachment and their translocation into the blood 

circulation86.  

The small intestinal epithelium is organized in villi and crypts of Lieberkühn. Adult 

stem cells reside at the base of the crypts and give rise to all absorptive and secretory 

cells making up the epithelial layer87. Moving up the crypt, the transit amplifying (TA) 

cells, the progeny lineage of the stem cells, can be found, which are fast dividing cells 

differentiating into various epithelial cell types. The transit-amplifying cells divide 4-5 

times in the crypts in a time frame of approximately 2 days before being integrated 

into the villus at which point they are fully differentiated88. The differentiated cells 

reach the top of the villus in roughly 3 days where they undergo spontaneous 

apoptosis with the remains of the cell being dispersed into the lumen. The intestinal 

epithelium is completely renewed every 4 to 5 days in humans and this constant 

renewal of the epithelium is of upmost importance for it to be able to perform 

correctly its functions. To ensure the renewal of cells, multiple pathways such as 

the Wnt/β-catenin, Notch, Epidermal growth factor (EGF) and bone morphogenesis 

protein (BMP) signalling pathways act together and crosstalk, thereby permitting a 

correct balance between proliferation in the crypts and apoptosis in the villi. 

Proliferation and differentiation are tightly linked and pathways known to be important 

in proliferation were also described to play a role in the differentiation process and 

vice versa89. As for the proliferation the differentiation process needs to be very 

well orchestrated to ensure that all types of cells are present in the correct 

proportions. 

Gut barrier functions are insured by different epithelial cell types (Figure 9). Secretory 

goblet cells produce mucus, a viscous fluid enriched in mucin glycoproteins that form 

a first physical barrier against luminal microbes. Commensal bacteria also degrade 

glycans to extract the energy content which then they share with the host in a 

mutualistic relationship90. Moreover, goblet cells produce antimicrobial peptides, such 
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as trefoil factor91 and resistin-like molecule beta92, to dampen mucosal attachment of 

microbes. In addition, they are also able to present bacterial antigens to dendritic cells 

via the so called “goblet cells antigen-associated passages” (GAPs), thus educating 

the intestinal immune system93. Paneth cells, which reside at the base of the crypts, 

contribute to gut barrier function by producing and releasing in the crypt lumen 

antimicrobial molecules such as antimicrobial peptides, the regenerating islet-derived 

3 (Reg3) family of proteins, lysozyme and secretory phospholipase A294. Microfold 

cells, also known as M cells, are located in follicle-associated epithelium. They uptake 

antigens and microorganisms from the lumen and deliver to organized lymphoid 

tissues within the mucosa95. Enteroendocrine cells (EECs) represent 1% of the 

epithelium and are key sensors of the intestinal luminal environment. In particular, 

EECs are able to sense microbial metabolites and can orchestrate immune 

responses96. Absorptive enterocytes also contribute to defense mechanisms by 

regulating paracellular permeability with tight junction proteins and directly 

recognizing a variety of PAMPs with different pattern recognition receptors, including 

Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-containing 

proteins (NODs)97. The surface of absorptive enterocytes is covered by a layer of 

microvilli, in which are present the enzymes that are needed to digest dietary 

component, as well as nutrient transporters. Microvilli increase the surface area 

available for digestion, which is already increased by the long villi in the proximal small 

intestine, where most digestion occurs. Furthermore, a dense glycocalyx consisting 

of extended and heavily glycosylated membrane mucins covers the surface of 

enterocytes reinforcing the protective properties of the intestinal mucus98. 
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Figure 9. Locations and functions of intestinal epithelial cells in the small gut, Ohashi W et al., Dig. Dis. Sci., 2019 
 

1.5.3 The intestinal immune system 
The gut contains the largest number of immune cells of any tissue in the human body. 

The mucosal immune system plays an important role in orchestrating intestinal 

defense mechanisms against potential pathogenic microorganisms by coordinating 

innate and adaptive responses. Immune cells strategically localize in different 

compartments of the gut mucosa according to the expression of different receptors 

and capacity to sense directly or indirectly microbes or their products99.  

Macrophages are in part found under the epithelium in the lamina propria where they 

engulf and kill invading microorganisms and subsequently expose their antigens to 

adaptive immune cells. Unlike phagocytes in other parts of the body, gut 

macrophages produce large amounts of regulatory cytokines such as IL-10 and 

contribute to maintain a tolerant status in the intestine while avoiding excessive 
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inflammatory reactions100. The intestinal macrophages are continuously replaced 

by circulating monocytes. However, a recent report sheds light on the existence of 

long-lived tissue-resident gut macrophages that are not replaced by infiltrating 

monocytes101.  

Dendritic cells (DCs) orchestrate mucosal immunity by acquiring antigens in the 

epithelium through goblet or microfold epithelial cells or by directly capturing and 

sampling luminal antigens. They then present antigens to T cells and B cells in the 

mucosa or in organized secondary lymphoid structures known as Peyer’s Patches, 

as well as in mesenteric lymph nodes102. Tolerogenic dendritic cells promote 

differentiation of regulatory T cells (Treg)103, which in turn are able to induce 

tolerogenic DCs via IL-10, TGF-β and other surface molecules104. DCs in gut-

associated lymphoid tissue (GALT) and mesenteric lymph nodes further promote 

differentiation of B cells into immunoglobulin A (IgA)-producing plasma cells and 

memory B cells. Dimers of immunoglobulin A are transported through intestinal 

epithelial cells and secreted into the lumen where it binds commensal and pathogenic 

microbes, without initiating a pro-inflammatory response105, and therefore contributes 

to mucosal defense.  

The intestine also represents the home of the highest number of T lymphocytes in the 

human body. T cell numbers are several fold-higher in the duodenum and jejunum 

compared to the ileum, decreasing even further in the colon99. The majority of 

mucosal T cells are locally activated and resident populations of CD8+ and CD4+ T 

lymphocytes called T resident memory cells (TRM) play an important role in the 

maintenance of gut microbial immune surveillance. These lymphocytes are long-

lived cells present in both epithelium and lamina propria and allow the fast initiation 

of targeted immune responses against invading pathobionts106. The different actors 

of the small intestinal barrier are schematically represented in Figure 10.  
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Figure 10. The small intestinal barrier in healthy conditions. The intestinal barrier is composed of 

three main layers: the mucus, the epithelium and the lamina propria. The epithelium which is overlaid by 

a thin and discontinuous mucus layer together with enterocytes and specialized cells constitute a first 

line of defense. Immune cells in the mucosa further fine-tune defense mechanisms against pathogens. 

Macrophages underlying the epithelium regulate immune response by phagocytosis of microbes and 

production of large amounts of anti-inflammatory cytokines, thus preventing excessive immune 

responses. Dendritic cells capture, process and present microbial antigens to different adaptive immune 

cells. T lymphocytes rapidly act against pathogens by killing infected cells, producing cytokines and 

coordinating immune responses. Maccioni L et al., Int J Mol Sci, 2021 (Annex 1). 

 

 

Defects in the functions ensured by the different cell types of the intestinal barrier are 

associated, in chronic intestinal diseases and liver diseases, with microbial 

overgrowth, attachment and invasion of microbes into distant tissues via the portal 



49 
 

and/or systemic circulation with subsequent activation of immune responses107. The 

increased passage/translocation of metabolites and/or products coming from 

the gut microbiota, a process called microbial translocation, appear to be linked 

to dysregulation of the gut barrier functions in different diseases of the gastrointestinal 

tract, such as inflammatory bowel disease (IBD), celiac disease, irritable bowel 

syndrome (IBS)108. This process can occur via different routes (e.g., paracellular or 

transcellular) and mechanisms, which remain largely unknown. 

Since the gut cannot be regarded as a simple and static barrier, different techniques 

are used to evaluate its different functions. The research question as well as the study 

design and accessibility to biological samples drive the choice for the techniques used 

to assess intestinal barrier function. Therefore, a combination of complementary 

techniques has been used in this PhD thesis to gain a better insight into the 

functionality of the gut barrier in AUD patients and its relation to ALD progression at 

early pre-cirrhotic stages. 

1.6 METHODS TO EVALUATE INTESTINAL BARRIER FUNCTION 
1.6.1 Intestinal permeability 

The first line of defense of the gut barrier is represented by epithelium in which 

epithelial cell membranes and tight junction proteins limit the selective passage 

of relatively small molecules (>300 Da*23) in the paracellular space. These tight 

junction proteins include integral and transmembrane proteins, such as claudins, 

occludin, junctional adhesion molecules and zonula occludens-1 (ZO-1)109.  

Histological evaluation is important to assess the integrity of the epithelial barrier as 

well as the morphology of the small intestine (e.g., villi and crypts length). Intestinal 

epithelial damage can be further evaluated non-invasively by measuring serum 

levels of intestinal fatty acid binding protein (I-FABP), released by enterocytes in 

the blood circulation upon damage110. Electron microscopy led to the discovery of 

tight junctions. Moreover, immunofluorescence of different tight junction proteins can 

be used to visualize their structure, which is closely related to their functions. Protein 

and mRNA transcript levels of tight junction molecules can be assessed with western 

blotting and quantitative PCR*24, respectively. However, tight junction proteins are 

 
*23 Dalton (Da) is a unit of mass that is equal to one twelfth of the mass of a free carbon-12 atom at rest. 
*24 Polymerase Chain Reaction (PCR) is a laboratory technique used to amplify DNA sequences. The method 
involves using short DNA sequences called primers to select the portion of the genome to be amplified. 
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mainly regulated at the structural level and therefore evaluation of their structural 

features by immunohistochemistry/immunofluorescence is likely the most 

appropriated method109.  

In addition, paracellular intestinal permeability can be evaluated under in vivo 

conditions via the enteral administration of non-digestible markers. This method is 

based on the assessment of the flow from the gut lumen to extraintestinal space such 

as blood, urine or specific organs. Non-digestible markers used for this purpose in 

humans are the radioactive probe 51Cr-EDTA, the lactulose/mannitol ratio and 

polyethylene glycol-400 (PEG-400)111. Each test to evaluate intestinal permeability 

and barrier function has its own advantages and disadvantages. Among them, 51Cr-

EDTA represents the gold standard to evaluate paracellular intestinal 

permeability for two main reasons: first, it is not degraded by microbes and second, 

but not in order of importance, measuring the urinary excretion at different time points 

allows the evaluation of intestinal permeability along the whole intestinal tract112.  

The intestinal epithelium does not represent the sole layer that controls the selective 

passage of molecules. Within the lamina propria the capillary endothelium partly 

restricts the passage of relatively big molecules present in the blood stream such 

as albumin, which has a molecular weight of 66.5 kDa. This additional barrier is 

called gut vascular barrier (GVB), formed by endothelial cells held together by tight 

junctions and adherens junctions and sustained by enteric glial cells and pericytes, 

which form the gut vascular unit113 (Figure 11). The passage of molecules from the 

intestinal blood stream to the lumen and the related vascular permeability can be 

evaluated by measuring albumin in the stools. Assessment of fecal albumin for the 

measurement of gut vascular permeability can result in false negative results when 

albumin synthesis by the hepatocytes is decreased (e.g., advanced stages of liver 

disease) or in albumin losing diseases (e.g. kidney disease)111. So far, no studies in 

humans have evaluated the possible use of fecal albumin in conditions where albumin 

concentrations in the circulation are in normal ranges. The liver of AUD patients at 

early stages of ALD presents a preserved synthetic function and in principle also a 

normal kidney function in pre-cirrhotic stages of ALD. Therefore, we have evaluated 

in this PhD study intestinal vascular permeability by measuring fecal albumin together 
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with immunofluorescence analysis in distal duodenal biopsies of plasmalemma 

vesicle-associated protein-1 (PV-1), a marker of endothelial cells permeability113. 

Figure 11. Gut epithelial and vascular barrier in health conditions, Brescia P. and Rescigno M., Trends 

in Molecular Medicine, 2021. 

1.6.2 Microbial translocation 
The passage of viable microbes and/or their products into the blood circulation is 

highly controlled and restricted by the intestinal barrier. The mechanisms underlying 

microbial translocation are largely unknown and likely involve defective responses of 

multiple cell types in the gut barrier. Animal models of ALD and data obtained in 

advanced stages of liver disease have highlighted the importance of translocation of 

microbes in the portal and systemic circulation114,115. Different methods have been 

developed to assess the circulating levels of gut-derived and translocated PAMPs. 

The Gram-negative product Lipopolysaccharide (LPS) can be measured by the 

Limulus assay or by other ELISA assays. Peptidoglycan, part of the bacterial cell wall, 

can also be measured by different ELISA kits116. The direct measurement of 

microbial products needs highly sterile conditions and can easily lead to false 

positive results. To overcome this problem, serum levels of so-called surrogate 

markers of microbial translocation are often measured. Markers of microbial 

translocation are proteins released by multiple cell types in response to microbial 

antigens, and bind microbes or some of their parts117,118. In addition, serum levels of 

antibodies directed against certain bacteria or fungi can be measured as an indirect 

evaluation of microbial translocation and response to microbes.  
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Translocation of viable microbes appear to play an important role in advanced stages 

of liver disease since a high percentage of AUD patients with decompensated 

cirrhosis and severe AH have increased incidence of infections, which are a cause of 

morbidity and mortality119. Aerobic and anaerobic culture techniques are used to 

detect the presence of viable microbes in both circulation and tissues114. However, 

only a minority of microbes can be cultured by traditional culture techniques. To 

elucidate the role of different non-cultivable microbes in the gut microbiota, 

metagenomics*25 approaches have been developed to analyze their genome in 

relation to healthy and diseases conditions120.   

1.6.3 Intestinal immune responses 
Mucosal immunity plays a pivotal role in protecting the intestine from invasion of 

pathobionts while preventing excessive inflammatory responses. The comprehensive 

study of gut immune responses in human pathology represents a significant challenge 

given the difficulty to access tissues in non-advanced stages of diseases. In contrast 

to intestinal permeability, epithelial damage and microbial translocation, which can be 

assessed non-invasively with the use of different markers, a complete evaluation of 

the functions of gut immune cells can be achieved only by accessing the tissues and 

by applying different complementary techniques. It is fundamental that clinical 

settings are standardized to evaluate gut immune cells in biopsies obtained from 

patients in the same “active” status to avoid biases. The highly-standardized clinical 

setting of the alcohol withdrawal unit (described in the general design of the research, 

pages 54-55) allows the characterization of duodenal immune cells from actively 

drinking and abstinent AUD patients at different ALD stages.  

The gut harbors numerous immune cell types, which can be identified and evaluated 

by immunohistochemistry/immunofluorescence staining as well as by flow 

cytometry analysis. Effector molecules, such as cytokines and antimicrobials, and 

chemoattractants (e.g., chemokines) can be assessed by qPCR and Western 

blotting. To get a better insight into the functionality of the immune cells, innovative 

bulk RNA and single-cell RNA sequencing technologies have been developed to 

study transcriptional signatures in isolated gut immunocytes linked to different 

diseases121. Finally, since transcriptional signatures do not provide a complete 

 
*25 Metagenomics is the study of the genomic information extracted directly from clinical or environmental 
samples. 
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overview of the functions of the immune cells, different in vitro approaches can be 

used to evaluate different mechanisms (cell death, metabolism, cytokine’s release 

etc.) in isolated FACS*26-sorted intestinal immune cells.  

1.7 GUT BARRIER DYSFUNCTION IN CHRONIC ALCOHOL CONSUMPTION 
Chronic alcohol consumption in rodents and humans is associated with small 

intestinal bacterial overgrowth122, alterations in the composition of the intestinal 

micro- and mycobiota, also called gut dysbiosis123, and increased microbial 

translocation (translocation of microbes and/or their products)114. In addition, 

both experimental and clinical evidence show modifications at multiple levels of the 

gut barrier, including the epithelium and immune system, which might in turn shape 

the microbial changes, allow microbes to translocate to the portal circulation, and 

eventually participate in alcohol-associated liver disease progression. We here focus 

on the dysfunctional defense mechanisms in the different compartments and cell 

types that finally contribute to the overall failure of the gut barrier. 

1.7.1 Alcohol-associated changes in the gut microbiome 
Most of the studies have investigated the changes in the microbiota composition 

looking specifically at bacteria. Chronic alcohol consumption can lead to intestinal 

bacterial overgrowth 122, compositional changes in the bacterial microbiota 124, and 

elevated systemic levels of bacterial-derived products 114. Several studies have 

assessed the changes in the intestinal microbiome in ALD125. A comparison between 

these studies is not always possible since there are significant differences in design, 

data collection methodology and ALD stage. Recent advances in microbial 

sequencing technologies have allowed us to identify specific patterns of microbial 

alterations in patients with different stages of ALD. Culturing stool samples from AUD 

patients revealed decreased numbers of Bifidobacterium, Lactobacillus, and 

Enterococcus compared with healthy controls. In 2012, Mutlu et al. characterized the 

gut microbiota composition in alcohol use disorder patients using non-cultured, next-

generation sequencing technologies and showed that only a subgroup of AUD 

subjects had altered colonic microbiota composition126. Indeed, a third of subjects 

were defined as having a different microbiota mainly consisting of lower abundance 

of Bacteroidetes and higher ones of Proteobacteria in the colonic mucosa. Two other 

 
*26 Fluorescence-activated cell sorting (FACS) is a technique to purify specific cell populations based on 
phenotypes/markers detected by flow cytometry. 
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studies of our own group confirmed the presence of intestinal dysbiosis in stool 

samples of AUD patients127. We further demonstrated that alcoholics exhibit reduced 

numbers of the beneficial bacteria including Lactobacillus spp. and Bifidobacterium 

spp. Intriguingly, alcohol abstinence alone resulted in a restoration of suppressed 

levels of Bifidobacterium spp. and Lactobacillus spp127.  

Recent reports indicate alcohol-associated overgrowth of gut fungal populations 128, 

with reduced fungal diversity and a proportional increase in Candida albicans (C. 

albicans) and Malassezia restricta (M. restricta) in patients with alcohol-use disorder 
129. Regarding the enteric viruses, only one study by Jiang et al. has evaluated the 

fecal virome of patients with ALD at different disease stage (e.g., severe alcohol-

associated hepatitis, alcohol-use disorder) in comparison to healthy controls 130. 

Patients with severe alcohol-associated hepatitis were characterized by a marked 

increase in mammalian viruses, such as Parvoviridae and Herpesviridae 130. In 

addition, many bacteriophages were more abundant in patients with severe alcohol-

associated hepatitis, including Staphylococcus, Escherichia, Enterobacteria, and 

Enterococcus phages 130. 

Gut dysbiosis is likely one factor that contributes to increased microbial translocation, 

either directly or in an indirect manner. Overrepresented pathogenic microbes can 

attach and invade the host by yet not completely elucidated mechanisms. Moreover, 

loss of commensal microbes involved in different metabolic functions (e.g., 

transformation of bile acids, synthesis of vitamins, short-chain fatty acids and amino 

acids) can negatively affect the intestinal epithelium and immune system 131. 

1.7.2 Alcohol-associated changes in the intestinal epithelium 
Several independent studies have shown alcohol-induced disruption of tight junction 

proteins (e.g., zonula occludens 1 (ZO-1), occludin, and claudins) and subsequent in-

creased paracellular permeability, also called leaky gut, primarily confined to the 

proximal small intestine132. The exact molecular mechanisms of increased intestinal 

permeability remain however largely unknown. Studies conducted in animal models 

and using intestinal cell lines such as CaCo-2 have shown the potential involvement 

of inflammatory pathways in the dysregulation of tight junction proteins133,134. 

However, no studies have identified pathways and mechanisms related to proximal 

small gut permeability in AUD patients at early pre-cirrhotic stages, in which additional 
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factors characterizing liver decompensation (e.g., portal hypertension) are not 

involved in the process132. 

Both animal models and subjects with an alcohol-use disorder are characterized by 

increased production of mucus in the proximal small intestine 135. Mucin-2 deficiency 

in mice leads to amelioration of alcohol-induced liver disease. The protective effect 

was demonstrated to be dependent of changes in the composition of the microbiota 

and increased expression of Reg3 antimicrobial molecules resulted in reduced 

bacterial overload and translocation in mice 135. Moreover, glycosylation of the mucins 

in the intestine is impaired since Fut2, an enzyme involved in α1–2-fucosylation at the 

cell surface of enterocytes and mucus 136, is downregulated in AUD patients 137. 

Membrane and secreted α1–2-linked fucose can be cleaved by bacterial fucosidase, 

and the liberated L-fucose is utilized by certain bacteria 138. Fut2 deficiency could 

therefore induce overgrowth of potential pathogens in the mucosa. Deficiency of Fut2 

exacerbates chronic ethanol-induced liver injury, steatosis, and inflammation in mice 
137, supporting its protective role against alcohol-induced liver disease. 

Chronic alcohol consumption reduces gene and protein expression of Reg3γ and 

Reg3β in murine small intestine and duodenal Reg3γ in AUD patients, indicating 

impaired function of specialized Paneth cells 124. Deficiency in Reg3 lectins in mice 

enhances bacterial translocation into the liver with subsequent activation of the 

immune responses 124. Furthermore, Reg3 knockout mice chronically exposed to 

ethanol had worsened liver injury linked to increased bacterial translocation 122. 

Interestingly, diminution of the antimicrobial molecules Reg3 are associated with 

increased number of mucosa-associated bacteria 122.  

The maintenance of a correct balance between proliferation and differentiation 

programs is crucial for functions of the gut barrier, such as correct absorption of 

nutrients and coordination of defense mechanisms against invading microbes. Mice 

chronically fed ethanol are characterized by damage of adult stem cells via 

dysregulation of Wnt/β–Catenin signaling and reduced expression of stem cell 

markers such as Lgr5 and Bmi1139. In contrast, animal models of chronic and binge 

alcohol consumption show crypt hyperplasia (increased crypt length) with enhanced 

proliferation through the Wnt/β–Catenin and Erk1/2 signaling pathways 140. Currently, 

human data about the intestinal epithelium of AUD patients are scarce and not 

related to active drinking status. Epithelial alterations could influence both defective 
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defense mechanisms as well as malabsorption of nutrients, a well-known 

characteristic of patients with an alcohol use disorder141.  

1.7.3 Alcohol-associated alteration in the gut immune system 
Chronic alcohol consumption is associated with impairment of both innate and 

adaptive immune responses. How these alterations affect attachment and invasion 

of microbes in the gut mucosa in the different stages of ALD is still incompletely 

understood. 

Macrophages in the lamina propria that produce TNF-α are increased in the proximal 

small intestine of mice chronically fed ethanol as well as in AUD patients 142. Which 

subsets of macrophages produce this inflammatory cytokine remain unknown as well 

as its significance for defense mechanisms. Moreover, no studies so far have 

investigated the tolerogenic properties of intestinal macrophages in AUD patients. 

Dendritic cells, together with macrophages, orchestrate immune responses in the gut 

barrier through presentation of the processed antigens to adaptive immune cells. Few 

studies have investigated the impact of alcohol abuse on dendritic cells. Acute alcohol 

intake alters the function and cytokine production of human monocyte-derived DCs in 

the blood circulation 143. Moreover, chronic alcohol consumption is associated with 

changes in the distribution, immunophenotype, and secretion of inflammatory 

mediators 144. Rhesus macaques chronically exposed to ethanol show a reduced 

number of bone marrow and circulating pools of myeloid dendritic cells, with 

suppression of a costimulatory molecule such as CD83, which may attenuate the 

ability of DCs to promote T cell expansion 145. These data support the detrimental 

effect of alcohol abuse on the function of dendritic cells. However, no study has 

characterized the effect of chronic alcohol consumption on intestinal DCs in mice and 

humans related to or suffering from ALD. 

The number of intestinal IgA-secreting plasma cells is reduced in experimental 

models of ethanol-induced liver disease in mice 146. In humans, studies aimed at 

investigating IgA during ALD are scarce and contradictory. In one study, patients with 

decompensated cirrhosis had reduced intestinal secretion of IgA compared to 

compensated alcohol-associated cirrhosis 147. By contrast, two other studies reported 

similar levels of IgA secretion 148 and IgA-secreting plasma cells 149. Characterization 

of IgA levels with different methods as well as characterization of IgA-plasma cells at 

different stages of ALD and the possible impact of a period of abstinence before 
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admission may partially explain these conflicting observations. Future studies are 

needed to elucidate the role of IgA in the development of early and late stages of 

alcohol-associated liver disease.  

Intestinal T cells may play an important role in gut barrier dysfunction during ALD. 

However, the contribution of changes in intestinal T lymphocytes in defective 

immunosurveillance of microbes remains largely unknown, especially at early 

ALD stages. Impaired adaptive immunity linked to defective microbial 

immunosurveillance is a characteristic of more advanced liver disease, such as 

alcoholic hepatitis and cirrhosis. Reduced mucosa-associated invariant T (MAIT) 

cells, which play an important role against bacterial infections, have been observed 

in advanced ALD along with compromised antibacterial and cytotoxic responses 59. 

1.8 HOW CAN GUT BARRIER DYSFUNCTION CONTRIBUTE TO ALD 
PROGRESSION? 

The intestine and liver communicate via bidirectional links through the biliary tract, 

portal vein, and systemic circulation. The liver synthesizes and transports primary bile 

acids and antimicrobial molecules to the intestinal lumen through the bile duct. In the 

gut, the host and microbes metabolize endogenous (bile acids and amino acids) and 

exogenous substrates (dietary and environmental factors) into products that are then 

transported to the liver through the portal vein. Furthermore, the systemic circulation 

connects the gut-liver axis by transporting liver metabolites into the intestine 150. Many 

of those products or metabolites (e.g., bile acids, fatty acids, ethanol metabolites) 

might act as signaling molecules at the local and distant sites where they activate 

various signaling processes (e.g., cell growth and differentiation, host metabolism, 

and immune responses) involved in regulation of the intestinal barrier 151. Changes in 

the levels and in the structure of these signaling molecules, for example, a different 

proportion of secondary and primary bile acids, can negatively affect the processes 

(e.g., intestinal permeability, epithelial differentiation, absorption of nutrients and 

immunity) essential for defense mechanisms in the gut. As a result, breakdown of gut 

barrier function allows microbes and/or their products to get into the liver and systemic 

circulation, where they are recognized by different pattern recognition receptors in 

various cell types with subsequent activation of immune responses (Figure 12). 

According to the stage of ALD, the cell types, and signaling pathways involved, 

activation of a pro-inflammatory response against microbial antigens might be 

beneficial or detrimental for liver disease progression 152. We here discuss some 
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recent findings that support the link between gut barrier dysfunction, systemic 

inflammation, and impaired hepatic immunity in the pathogenesis of early and 

advanced stages of ALD. 

Figure 12. Bidirectional communication between the gut and the liver during Alcohol-associated liver 

disease. The liver produces primary bile acids, antimicrobial molecules, and IgA that are released in the 

intestine through the bile duct. In the intestine, these molecules contribute to shape the microbiota. In 

addition, primary bile acids are converted into secondary bile acids by the gut microbiota. Bile acids, 

which are reabsorbed in the terminal ileum, microbial products and metabolites, as well as viable 

microbes are transported to the liver through the portal vein. Once in the liver, they are implicated in 

triggering immune and inflammatory responses that might lead to liver disease. Moreover, the gut–liver 

axis is connected via the systemic circulation where ethanol, ethanol-derived metabolites, as well as 

other inflammatory mediators (cytokines, metabolites, etc.) can reach the two organs, thus influencing 

their functions. Maccioni L. et al., Int J Mol Sci, 2021 (Annex 1). 

1.8.1 Systemic inflammatory responses 
Increased systemic translocation of bacterial products, such as lipopolysaccharides 

(LPS) and peptidoglycans (PGN), have been shown to be associated with elevated 

plasma levels of inflammatory cytokines (IL1β, IL8, IL18, TNF-α, and IL6) in AUD 

patients 153. Mechanistic analyses have shown that in AUD patients, LPS and to a 
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greater extent PGN can contribute to the activation of peripheral blood 

mononuclear cells (PBMCs). PBMCs are likely contributing to PGN-triggered 

release of IL1β, IL8, and IL18 into the blood 153. In contrast, TNF-α and IL6 were not 

elevated in PBMCs, suggesting that their increased plasma levels might originate 

from other sources 154. Inflammatory chemokine monocyte chemoattractant protein 1 

(MCP-1) levels in the plasma are increased in actively drinking subjects compared to 

the controls 155. This may promote monocyte recruitment and infiltration into the 

liver where they transform into inflammatory monocyte-derived macrophages. This 

process has been observed in mice chronically fed ethanol 156 and it is believed to 

play an important role in the early pathogenesis of ALD 50. Future studies are needed 

to clarify the pathways linked to this process. In contrast to the early stages of alcohol-

associated liver disease, severe alcohol-associated hepatitis is characterized by 

massive hepatic infiltration of neutrophils coming from the circulation 50. However, a 

recent investigation found that alcohol-associated hepatitis patients with more 

neutrophils had a better outcome than those with less neutrophil infiltration 54, 

probably due to defective bacterial clearance and impaired liver regeneration.  

1.8.2 Impairment of hepatic immune responses against microbes 
Increasing evidence supports the role of unbalanced immunity in the different stages 

of ALD. When the gut barrier is disrupted, higher amounts of microbes and/or their 

products translocate to the liver 132, leading to the activation of the hepatic immune 

system through pattern recognition receptors like Toll-like receptors (TLRs) 64. Animal 

models of ALD have shown that activation of the TLR4 signaling pathway plays an 

important role in ethanol- induced liver injury 47. Other studies in mice show the 

pathophysiological importance of TLR4 in resident macrophages (e.g., Kupffer cells), 

monocyte-derived macrophages, and hepatic stellate cells 48. The concept of TLR4 

activation with subsequent TNF-α release has conducted to translational approaches 

such as the anti-TNF-α therapies for patients with severe alcoholic hepatitis. The 

disappointing outcome of these clinical trials 157 highlight two main facts in the field of 

alcohol-associated liver disease: firstly, data obtained in animal models of ALD 

cannot be necessarily extrapolated to humans 158; secondly, but not in order of 

importance, inflammatory responses can be beneficial or detrimental depending 

on the cell type involved and stage of liver disease (Figure 13).  
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Figure 13. Detrimental and beneficial effects of innate immune cells in ALD and NAFLD, Gao B. and 

Tsukamoto H., Gastroenterology, 2016. 

1.8.3 Limitations of animal models of alcohol-associated liver disease 
To study the mechanisms implicated in ALD progression, mice and rats are the most 

widely used models. Murine models of chronic alcohol exposure have increased our 

knowledge about the potential role of the gut-liver axis in ALD evolution132.  Changes 

of the gut microbiota composition159,124 , increased paracellular permeability160,161 and 

subsequent translocation of microbial products to the liver activate immune responses 

are implicated in ethanol-induced liver disease progression125. Manipulations 

designed to interfere with this process, all improved liver disease in 

animals142,122,162,163,135. However, these data cannot necessarily be extrapolated to 

human pathology for several reasons. Animals have a natural aversion to alcohol 
158,164, a  5 times faster ethanol metabolism165, and profound differences in their  

immune system166  and their microbiota167 compared to humans. Animals do only 

develop mild forms of ALD (e.g., simple steatosis with no or little inflammation) upon 

chronic alcohol feeding and do not resume the liver-damage pattern observed in 

humans168.  
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Therefore, human studies conducted in highly-standardized clinical settings and 

aiming at investigating the role of the gut-liver axis are needed to decipher 

molecular mechanisms implicated in the progression of ALD. These 

mechanisms could be potentially targeted to ameliorate gut barrier function in alcohol 

use disorder patients with ALD and possibly prevent progression of liver disease. In 

contrast to other studies considering mainly advanced stages of liver disease, the aim 

of this PhD work was to primarily investigate potential mechanisms operating in 

humans at earlier stages of ALD where interventions would be the most meaningful.  
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AIMS 

Changes in the intestinal barrier may trigger and promote the progression of alcohol-

associated liver disease in humans. Several studies conducted principally in animal 

models have highlighted that increased gut permeability or “leaky gut” promotes 

translocation of microbes and/or their products, activation of intestinal and liver 

inflammatory responses, ultimately leading to ALD progression. Currently, human 

data able to bridge findings in animal models to human pathology in ALD are 

extremely scarce. The intestinal barrier represents the most complex barrier of the 

human body in which multiple cell types and factors contribute to the overall gut 

function. We are currently lacking a comprehensive characterization of gut barrier 

dysfunctions (microbial and host-related changes) which may drive progression of 

liver disease at early disease stages in humans. 

Therefore, the aim of this PhD work is to evaluate intestinal barrier alterations in AUD 

patients and to investigate mechanisms linking gut barrier dysfunctions and activation 

of systemic and liver inflammatory responses involved in ALD progression at early 

pre-cirrhotic stages. We also investigated which factors may underlie the potential 

gut-liver interactions.  

To follow the general aim, several hypotheses were generated step-by-step during 

the courses of the studies of this thesis. The following specific aims were addressed: 

1. Only a minority of AUD patients develop progressive forms of ALD. The 

development of steatohepatitis and fibrosis in early pre-cirrhotic stages is usually 

silent. Hepatocytes cell damage is thought to play a major role in the progression of 

ALD. In the first chapter of this thesis, we aimed at evaluating the diagnostic power 

of circulating keratin 18 levels, a marker of liver cell damage, for the detection of 

progressive forms of ALD. We used a combination of non-invasive techniques to 

classify AUD patients into progressive and non-progressive ALD and we tested the 

diagnostic efficiency of K18-M65 in discriminating the two forms of the disease.  

2. Alterations in the gut-liver axis (e.g., increased intestinal permeability, microbial 

translocation, changes in the gut microbiota and intestinal immune responses) may 

contribute to the progression of ALD. The second chapter of this thesis focused on 

the characterization of the relationship between intestinal permeability, the 

duodenal and fecal microbiome, translocation of microbes and/or their 
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products, and gut immunity in AUD patients and how these changes are 

associated with liver disease. To test this, we analyzed epithelial and vascular 

permeability, microbial translocation markers and the composition of the microbiota 

attached to the duodenal mucosa and in the stools of actively drinking AUD patients.  

We finally correlated the observed changes with the pattern of liver disease.  

3. Little is known about the gut immune system in intestinal barrier dysfunction in at 

early stages of ALD in humans Since elevated microbial translocation was associated 

with diminution of T cells, we aimed at characterizing in the third chapter of this thesis 

the molecular changes in the duodenal T cell compartment and to assess the 

relationship between duodenal T lymphocytes and systemic translocation of 

microbes and/or their products in AUD patients. We finally correlate the observed 

changes with the pattern and severity of liver disease.  

4. Increased systemic translocation of bacterial products, such as 

Lipopolysaccharides (LPS) and Peptidoglycans (PGN) have been shown to be 

associated with elevated plasma levels of inflammatory cytokines (IL1β, IL8, IL18, 

TNF-α and IL6) in AUD patients. Mechanistic analyses have shown that in AUD 

patients LPS and to a higher extent PGN can contribute to the activation of peripheral 

blood mononuclear cells (PBMCs). PBMCs are likely contributing to PGN-triggered 

release of IL1β, IL8 and IL18 into the blood of AUD. Among PBMCs, monocytes 

represent the cell type with the highest potential to secrete these cytokines. 

Therefore, in the fourth chapter of this thesis we explored the links between 

monocytes, microbial translocation, systemic inflammation, and ALD.  

5. Multiple factors (e.g., hepatocellular injury, impaired liver regeneration, activation 

of hepatic immune responses by gut-derived molecules) likely contribute to the 

progression of ALD from the “benign” form of the disease, namely simple steatosis. 

However, data in humans are scarce especially for early stages of ALD where 

rigorously standardized conditions for patient selection and sampling are required. 

The aim of the fifth chapter of this thesis was to assess liver inflammatory and 

immune responses at early stages of ALD in humans and to correlate them with 

liver damage and repair mechanisms and/or progression of fibrosis.  
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STUDY DESIGN OF THE RESEARCH 

The studies reported in the thesis were all conducted to a similar design which is 

directly dependent on the alcohol-withdrawal program followed by AUD patients in 

our hospital Cliniques Universitaires Saint Luc, Brussels. This unit was created in 

2003 in a collaborative project between the department of Hepato-gastroenterology 

and Psychiatry to allow management of alcohol use disorder and favor/facilitate 

the possibility of developing a prolonged abstinence. The alcohol withdraw 

program is highly standardized. AUD patients arrived on Monday morning at the 

hospital, and they received vitamins B and most of them benzodiazepines for which 

the dose is adapted according to withdrawal symptoms. All AUD patients recruited for 

the study consumed alcohol until their admission in the unit or the day before. On the 

day of admission, Fibroscan® (Echosense, Paris, France) combined with the 

controlled attenuation parameter (CAP) were performed and a fasting blood sample 

(serum, plasma) was drawn. A 24 h urine collection for 51Cr-EDTA evaluation was 

obtained on the second day and a gastroscopy with distal duodenal biopsies on the 

same day. Stools samples were collected from the first bowel movement after 

admission. In addition, patients underwent an abdominal Doppler ultrasound on the 

second day as part of the routine work-up in the unit. Liver biopsies were taken on 

Wednesday in patients with suspicion of liver disease. The rehabilitation program 

consisted in 2 weeks at the hospital separated by one week where they go back home 

(Figure 1). AUD patients who completed the withdrawal program were tested twice, 

at the beginning of the detoxification program (T1) as explained above, and at the end 

of the third week, after 17 days of abstinence (T2). The patients who relapsed during 

the week at home were excluded from the study at T2.  

Additional inclusion criteria were first admission to the alcohol withdrawal unit and 

absence of previously diagnosed significant alcoholic liver disease. 

Patients with diabetes were eligible for the study if they were on stable treatment 

(metformin, oral anti-diabetics with or without insulin) and a glycosylated hemoglobin 

level < 7% at admission.  

Patients were excluded from the analysis if they had one of the following conditions: 

- Inflammatory bowel disease or other chronic inflammatory or autoimmune 

diseases 



68 
 

- History of cancer within 5 years prior to admission 

- Known liver disease of any other etiology 

- Clinical signs of liver decompensation 

- Clinically significant cardio-vascular, pulmonary, or renal co-morbidities 

- Clinical and biochemical signs of active infection (t° > 37,5°C, viral syndrome, 

high C-reactive protein (CRP), and high White Blood cell count) 

- Administration of antibiotics, probiotics, glucocorticoids, and nonsteroidal anti-

inflammatory drugs during the two months preceding enrollment. 

 

Fig.1 Standardized working scheme of the alcohol withdrawal unit. 
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CHAPTER 1: Circulating cytokeratin 18 detects progressive forms of 
alcohol-associated liver disease in early pre-cirrhotic stages 

The diagnosis of severe forms of alcohol-associated liver disease (ALD) often 

requires a liver biopsy. However, this invasive technique is not readily accessible and 

carries the risk of potential life-threatening complications (e.g., bleeding). In routine 

clinical practice, the diagnosis of ALD is based on the performance of non-invasive 

techniques such as imaging for the detection of fibrosis and measurement of serum 

transaminases levels for liver cell damage. These techniques are not always able to 

discriminate progressive forms of ALD that precedes the development of liver 

decompensation, namely steatohepatitis and fibrosis, therefore, biomarkers capable 

of differentiating these silent forms of ALD from benign fatty liver are needed. 

In our studies, progressive ALD is a combination of clinical markers the patients are 

presenting at admission to the unit. Minimal or non-progressive ALD is defined as no 

liver abnormalities or maximum simple steatosis and progressive ALD as clinical 

features of steatohepatitis (steatosis plus increased transaminases) or fibrosis, based 

on Fibroscan® evaluation. Since this evaluation represents just the status at 

admission without any longitudinal follow-up, our definition does not imply that liver 

disease in these patients will inevitably progress to more advanced stages in the 

future.  

Since hepatocytes damage leads to the release in the blood circulation of keratin 18 

fragments called K18-M65, we aimed at evaluating in this first study the diagnostic 

accuracy of circulating keratin 18 levels to detect progressive forms of ALD at early 

pre-cirrhotic stages. We tested the ability of K18-M65 to predict non-invasive 

measurements of progressive ALD as well as the relationship between this biomarker 

and liver inflammatory signatures linked to ALD physiopathology. 

We here demonstrated the high diagnostic value of keratin 18 fragment M65 (K18-

M65) for the early detection of progressive forms of ALD, namely steatohepatitis and 

fibrosis. Elevated K18-M65 levels are primarily markers of hepatocytes damage and 

can be used to detect “silent” severe forms of liver disease in early ALD. 

The results of this first chapter have been submitted 
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CHAPTER 2: Intestinal permeability, microbial translocation, changes in 
duodenal and fecal microbiota and their associations with alcoholic liver 

disease in humans 
Data obtained in animals chronically exposed to ethanol have highlighted a role of the 

gut-liver axis in the development of alcohol-associated liver disease. Changes in the 

composition of the gut microbiota, increased intestinal permeability, subsequent 

translocation of microbes and/or their products from the gut lumen to the liver could 

lead to the activation of gut and hepatic immune responses implicated in disease 

progression. The first aim of this study was to evaluate the relationship between leaky 

gut, the duodenal and fecal microbiome, gut immune responses and microbial 

translocation in actively drinking AUD patients. The second aim was to assess 

whether these changes are associated with liver disease. Finally, we evaluated 

whether a short period of abstinence was able to restore alcohol-related changes in 

the gut and liver cell damage. 

We showed that only a subgroup of AUD patients had increased intestinal 

permeability linked to changes in the fecal microbiota. We further demonstrated 

that alterations in the duodenal mucosa-associated microbiota together with 

elevated microbial translocation are associated with liver disease progression. 

Intriguingly, the increase of surrogate markers for Gram+, Gram-, and fungal 

microbial translocation in the blood of AUD patients occurred independently from 

leaky gut but was associated with a diminution of duodenal effector immune 

cells, such as macrophages and T cells.  

The results of this second chapter have been published in Gut Microbes 2020, Issue 

1, Volume 12 

 

 

 

 

 

 



96 
 

 

 



97 
 

 



98 
 

 



99 
 

 



100 
 

 



101 
 

 



102 
 

 



103 
 

 



104 
 

 



105 
 

 



106 
 

 



107 
 

 



108 
 

 



109 
 

 



110 
 

 



111 
 

 



112 
 

 



113 
 

 



114 
 

 



115 
 

 



116 
 

 



117 
 

 



118 
 

 



119 
 

 



120 
 

 



121 
 

 



122 
 

 



123 
 

 



124 
 

 



125 
 

 



126 
 

 



127 
 

 



128 
 

 



129 
 

 



130 
 

 



131 
 

 



132 
 

 



133 
 

 



134 
 

 



135 
 

 



136 
 

Complementary discussion and conclusion 
Elevated systemic translocation of microbes and/or their products occurred 

independently from increased intestinal permeability but was associated with reduced 

number of effector immune cells in the duodenum of AUD patients. In addition, 

alterations in the duodenal mucosa-associated microbiota together with elevated 

microbial translocation were linked to ALD progression. By contrast, changes in the 

fecal microbiota did not associate with liver disease severity but were related to leaky 

gut. These results support that mechanisms implicated in increased intestinal 

permeability and translocation of microbes and/or their products across the gut barrier 

could occur independently, and that alterations in the proximal small gut are likely 

directly linked to ALD physiopathology in early pre-cirrhotic stages. The fact that 

diminution of local sentinels in the duodenum involved in immunosurveillance against 

microbes, such as macrophages and T lymphocytes, associated with proximal small 

gut microbiota changes and translocation of microbes and/or their products indicate 

the potential contribution of this phenomenon in the progression of ALD.  

In conclusion, we have characterized in chapter 2 the elements that link the gut and 

the liver during early ALD. Diminution of duodenal immune cells, changes in the 

duodenal microbiota and elevated translocation of microbes and/or their products 

appear to be linked to disease progression. 

The perspectives of chapter 2 are the following: 

 Evaluation of factors potentially involved in the impairment of mucosal 

immunosurveillance against microbes and disease progression. 

 Characterization of molecular mechanism implicated in host-related changes in 

the intestine of AUD patients. 

 Identification of immune cells and inflammatory pathways connecting 

translocation of microbes and/or their products and ALD progression. 
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CHAPTER 3: Duodenal CD8+ T resident memory cell apoptosis links gut barrier 
dysfunction, microbial translocation and alcohol-associated liver disease in 

humans 
We have revealed in chapter 2 that bacterial and fungal systemic translocation and/or 

their products in AUD patients can occur independently from paracellular and 

vascular permeability. These results suggest that other compartments of the intestinal 

barrier also need to fail to allow microbes and/or their products to reach the blood 

circulation. Another key component for the maintenance of the gut barrier is the 

intestinal-associated immune system. Intestinal mucosal T cells represent key 

sentinels that protect against microbial attachment, invasion, and translocation. Since 

we showed that a reduced number of T cells characterized the mucosa of AUD 

patients in association with elevated microbial translocation and/or their products 

(chapter 2), the principal aim of this study was to evaluate the alterations in the 

duodenal T cell compartment and to assess the relationship between duodenal T 

lymphocytes and systemic microbial translocation in AUD patients. We then correlate 

the observed changes with the pattern and severity of liver disease.  

Gut T lymphocytes rely for their generation and long-term survival on the consumption 

of exogenous lipids, which could impact their functions. In an ancillary study, we found 

that lipid profiles might differentiate progressive ALD from simple steatosis (annex 2). 

We therefore hypothesized that these lipids may interfere with some populations of 

intestinal T lymphocytes which was examined as a secondary aim in this study.  

We revealed that apoptosis of duodenal CD8+ T resident memory cells (TRM) related 

to functional changes in lysosomes, mitochondria and lipid metabolism support an 

impaired gut adaptive immunity in AUD patients with progressive ALD. Interestingly, 

increased sphingomyelin (d18:0/14:0) plasma levels correlated with apoptosis 

and stimulation with the sphingomyelin cleavage product dihydroceramide dose-

dependently reduced viability of TRM, pointing to a potential involvement of these 

sphingolipids in cell death. 

The results of this third chapter have been submitted  
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Complementary discussion and conclusion 
We have revealed that apoptosis of duodenal T resident memory lymphocytes is 

associated with lysosome dysfunction, altered lipid metabolism and diminution in 

mitochondria ROS production. We identified different intracellular molecules involved 

in this process, such as Cathepsin B and UCP2. We connected the phenomenon of 

cell death with increased serum levels of sphingomyelins. Stimulation with 

dihydroceramide (d18:0/14:0), cleavage product of the identified sphingomyelin SM 

(d18:0/14:0), dose-dependently reduced viability of intestinal TRM, supporting a 

potential interaction in the proximal small gut between circulating sphingomyelin 

and/or their cleavage products and gut T resident memory lymphocytes. Because of 

unavailability of several molecules, we could not test the potential effect of the 

identified sphingomyelins (d18:0/14:0) and (d20:0/16:0) as well as of dihydroceramide 

(d20:0/16:0).  

Duodenal TRM up-regulated genes associated with lymphocyte activation and 

response to microbes. Interestingly, this response was not linked to pro-inflammatory 

mediators but to antimicrobial molecules as well as tolerogenic cytokine such as IL1 

receptor antagonist (IL1RN). 

In conclusion, we have revealed in chapter 3 a specific diminution of duodenal TRM 

in patients with progressive ALD due to cell death linked to lysosomal dysfunction, 

mitochondria, and lipid metabolism alterations (Fig.3.1). These changes were related 

to reduced immunosurveillance against microbes, especially in progressive ALD.  

Elevated translocation of microbes and/or their products due to reduced TRM cells 

could lead to activation of inflammatory responses in the systemic circulation and/or 

in the liver. Different cell types in the blood and in the liver may be affected by different 

gut-derived products and could activate inflammatory pathways implicated in ALD 

progression. Systemic and hepatic immune pathways linked to microbial translocation 

will be investigated in the next two chapters. 

The perspectives of chapter 3 are the following: 

 Assessment of systemic and liver inflammatory responses caused by elevated 

translocation of gut-derived products 
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Fig.3.1 Schematic representation of the processes described in chapter 4. In patients with progressive 

alcohol-associated liver disease (ALD), apoptosis of duodenal CD8+ T resident memory (TRM) cells 

contribute to reduced immunosurveillance against microbes thus promoting microbial translocation. Cell 

death was related to dysfunctional lysosomes and mitochondria, changes in lipid metabolism and 

increased levels of sphingomyelins. 
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CHAPTER 4: TLR 2 activation in monocytes contributes to systemic inflammation 
and alcohol-associated liver disease in humans 

Increased translocation of bacterial and fungal products into the blood circulation may 

trigger systemic inflammatory responses. Recent studies suggest that peripheral 

blood mononuclear cells (PBMCs) activation by microbial products promotes the 

release of inflammatory cytokines implicated in the development of systemic 

inflammation and potentially ALD progression. Among PBMCs, monocytes have a 

great potential to participate in this process. In this chapter we tested whether 

circulating inflammatory monocytes are recruited to the liver during inflammation and 

fibrosis, main mechanisms involved in alcohol-associated liver disease. disease 

progression in response to bacterial and fungal antigens in earlier stages of ALD. 

The aim of this study was to evaluate the role of monocytes in the development of 

systemic inflammation in relation to elevated systemic translocation of microbes 

and/or their products and its involvement in ALD. We finally tested the relationship 

between monocytes recruitment into the liver, macrophages activation and liver cell 

damage.  

We found that, in AUD patients, the number of blood monocytes increased. 

Monocytes from AUD patients up-regulated IL1β and IL8 together with TLR2 and 

down-stream AP-1 while fungal down-stream effector CARD9 was down-

regulated. According to TLR2 up-regulation, IL1β and IL8 were actively secreted 

upon stimulation in vitro with the TLR2 ligand PGN. By contrast, Candida albicans 

stimulation leads to down-regulation of IL1β and TNF-α, indicating a reduced 

immune response against this fungus overrepresented in AUD patients. In 

parallel, IL1β and IL8 were increased in ALD livers together with activation of 

intrahepatic macrophages and up-regulation of liver chemokines involved in 

monocytes attraction, pointing to the contribution of circulating activated monocytes 

in ALD progression. 

The results of this fourth chapter have been submitted  

 

 

 



178 
 

 



179 
 

 



180 
 

 



181 
 

 



182 
 

 



183 
 

 



184 
 

 



185 
 

 



186 
 

 



187 
 

 



188 
 

 



189 
 

 



190 
 

 



191 
 

 



192 
 

 



193 
 

 



194 
 

 



195 
 

 



196 
 

 



197 
 

 



198 
 

 

 



199 
 

 

 



200 
 

 

 



201 
 

 

 



202 
 

 

 

 

 

 



203 
 

 

 



204 
 

 

 

 

 

 

 

 

 

 

 



205 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



206 
 

 

 



207 
 

Complementary discussion and conclusion 
In this chapter we have demonstrated the role of TLR2 activation in circulating 

monocytes with subsequent release of IL1β and IL8 in the development of systemic 

inflammation and ALD progression. Regarding liver disease, these two inflammatory 

mediators could be implicated in different mechanisms related to early ALD pathology. 

The inflammatory cytokine IL1β is a well-known actor in liver cell damage, and it can 

be produced by resident macrophages (e.g., Kupffer cells) as well as by monocyte-

derived macrophages. By contrast, increased liver gene expression of IL8 in relation 

to ALD severity could be explained by increased production of both macrophages and 

hepatocytes because hepatocytes are important producers of this important 

inflammatory mediator169,170. We also showed in this study up-regulation of 

chemokines involved in monocytes recruitment as well as presence of macrophages 

expressing markers of monocyte-derived macrophages. However, due to the high 

plasticity that characterize both Kupffer cells and monocyte-derived macrophages, we 

cannot formally exclude that some of the macrophages we marked by 

immunofluorescence and immunohistochemistry in liver biopsies are resident 

populations.  

In conclusion, we have revealed in chapter 4 a higher activation of the 

TLR2/Inflammasome/AP-1 pathway in response to peptidoglycan in circulating 

monocytes that release key inflammatory mediators such as IL1β and IL8 contributing 

to systemic inflammation in AUD patients. Furthermore, those activated monocytes 

likely infiltrate the liver and transform into monocyte-derived macrophages activating 

an inflammatory response already at early stages of ALD which might ultimately lead 

to progression of ALD (Fig.4.1).   

The perspective of chapter 4 is the following: 

 Evaluation of other liver inflammatory responses in early ALD 
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Fig.4.1 Schematic representation of the results obtained in the study described in chapter 4. We point to 

a contribution of activated monocytes to systemic and liver inflammation. Monocytes likely infiltrate the 

liver, transform into monocyte-derived macrophages and release IL1β and IL8 in response to 

Peptidoglycan and TLR2 activation, ultimately leading to ALD progression.  
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CHAPTER 5: Deficient IL-6/Stat3 signaling, high TLR7, and Type I Interferons in 
early human alcoholic liver disease: a triad for liver damage and fibrosis 
Alcohol-associated hepatic damage, impairment of liver regeneration and activation 

of liver immune response by gut-derived products have been suggested to play 

crucial roles in the development of progressive forms of ALD. However, to date, the 

relationship between these processes and the underlying mechanisms still remain 

incompletely understood. In the fifth chapter of this thesis, we evaluated the 

connection between progression to steatohepatitis and/or fibrosis and alcohol-related 

hepatic inflammatory responses. The principal aim of this study was to assess liver 

inflammatory and immune responses at early stages of ALD and to correlate them 

with liver damage and repair mechanisms and/or progression of fibrosis. We finally 

evaluated whether a short period of abstinence could reverse those early alcohol-

associated changes in the liver. 

We found that a proinflammatory response, including activation of TNF‐α, IL‐1β, and 

NF‐κB, driven by liver resident macrophages, already occurred at very early stages 

of the disease. The early proinflammatory response was alleviated by short‐term 

abstinence. By contrast, the IL‐6/Stat3 axis was blunted and Stat3 sequestered in 

the cytoplasm of hepatocytes in livers with increased apoptosis. On the other 

hand, livers that were able to overcome alcohol‐associated Stat3 blockage, as 

indicated by preserved nuclear translocation of Stat3, retained some 

proliferative capacity. TLR7 up‐regulation occurred concomitantly with activation of 

interferon signaling predominantly in hepatocytes. Activation of the TLR7–IFN axis 

strongly correlated with liver fibrosis markers and disease progression.  

The results of this sixth chapter have been published in Hepatology communications 

2019, Volume 3, N. 7 
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Complementary discussion and conclusion 
The compensatory proliferative capacity of the liver has been extensively studied in 

animals undergoing partial hepatectomy but data about liver regeneration in disease 

conditions are particularly scarce. We here demonstrated that a blunted IL‐6/Stat3 

axis related to increased hepatocytes apoptosis. On the other hand, livers that were 

able to overcome alcohol‐associated Stat3 blockage, as indicated by preserved 

nuclear translocation of Stat3, retained some proliferative capacity. In parallel, 

activation of pro-inflammatory macrophages leads to release of IL1β in the liver thus 

contributing to chronic inflammation. TLR7 up‐regulation occurred concomitantly with 

activation of interferon signaling predominantly in hepatocytes. Activation of the 

TLR7–IFN axis strongly correlated with liver fibrosis markers and disease progression 

(Fig.5.1). 

 

Fig.5.1 Schematic representation of the findings obtained in the study described in chapter 6. Activation 

of liver macrophages with release of IL1β, blunted IL6/Stat3 linked to impaired liver regeneration and 

increased apoptosis together with activation of TLR7/Interferon I axis in hepatocytes all contribute to 

alcohol-associated liver disease (ALD) progression and fibrosis development. 
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GENERAL DISCUSSION 
 

The results of this PhD thesis strongly support the key role of gut barrier dysfunctions 

in the progression of ALD at early pre-cirrhotic stages. We comprehensively uncover 

the complex relationship existing between intestinal barrier alterations and activation 

of systemic and liver inflammatory responses implicated in disease progression in 

humans. As ALD is a silent disease at early disease stage and since identification of 

more progressive forms is not only crucial for the management of AUD patients but 

also for the correct control of disease progression, we used a combination of non-

invasive techniques for the assessment of liver fibrosis and cell damage. In this 

regard, we found in the first chapter that the circulating levels of the biomarker K18-

M65 can be used to distinguish with a very high-performance patients with 

progressive ALD (steatohepatitis and fibrosis) from the benign forms of the disease. 

High K18-M65 levels are primarily markers of hepatocytes damage and could be used 

to detect “silent” severe forms of liver disease. Other studies have reported the 

diagnostic value of K18-M65 in discriminating progressive forms of fatty liver disease 

with different etiology, namely patients with benign non-alcoholic fatty liver disease 

(NAFLD) from non-alcoholic steatohepatitis (NASH)171,172,173. Our study extends 

current data on the use of circulating cytokeratin 18 levels also to early stages of ALD. 

We then used the high diagnostic power of our integrated approach in the next 

chapters for monitoring liver disease progression and/or regression in AUD patients 

as well as to identify the relationships between intestinal changes and ALD. 

The principal goal of the second study was to evaluate changes in the gut barrier in 

AUD patients and secondly, how they relate to liver disease. Increased intestinal 

paracellular and vascular permeability, as measured by the 51Cr-EDTA and fecal 

albumin, respectively, were found only in a minority of AUD patients. These two 

measurements did not correlate each other, supporting data obtained in animal 

models that indicate independent regulation of epithelial and vascular barriers in the 

gut113. Leaky gut did not associate with elevated systemic translocation of microbes 

and/or their products, result that leads us to ask what in the intestinal barrier can drive 

the real “leakiness” to translocation of microbes and/or their products in the blood 

circulation. Since the gut immune system plays an important role in 

immunosurveillance against microbes, we therefore explored the duodenal immune 
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system and found profound changes in the number and functions of gut immune 

effector cells, such as macrophages and T lymphocytes. A diminution of these 

immune cells together with the potential presence of a “tolerant-immunosuppressive 

status” linked to increased expression of regulatory and anti-inflammatory cytokines 

was strikingly related to elevated translocation of bacterial and fungal products. In 

addition, these phenomena (e.g., reduction of duodenal immune cells and elevated 

microbial translocation) were associated with increased attachment of microbes to 

the duodenal mucosa with predominant shift towards certain specific bacteria coming 

from the oral cavity. Changes in the proximal small intestine (gut immune system, 

duodenal microbiota, and elevated translocation of microbes and/or their products) 

strongly correlated with liver cell damage and progressive ALD, supporting that 

defective gut immunosurveillance against microbes could be a key event in the 

pathogenesis of alcohol-associated liver disease in humans.  

The reduction of duodenal T cells could be explained by different mechanisms, which 

were therefore explored in the third chapter. We here revealed that a specific 

reduction together with functional changes of duodenal CD8+ T resident memory 

lymphocytes (TRM) in progressive ALD correlated with elevated microbial 

translocation and liver disease progression. TRM cells undergo apoptosis at least 

partially related to lysosome dysfunction and altered lipid metabolism. Regarding the 

lysosomes, we found that lysosomal membrane permeabilization with subsequent 

release of Cathepsin B was a driver of apoptosis. Our result open the intriguing 

possibility that in AUD patients lysosome stability is an important regulator of the 

maintenance of memory CD8+ T cells174 in the duodenal mucosa. On top of lysosomal 

alterations, we found reduced mitochondrial ROS production in TRM of patients with 

progressive liver disease linked to uncoupling by the uncoupling protein 2 (UCP2). 

Lower levels of mitochondrial ROS in intestinal CD8+ T lymphocytes, a condition 

known as a “reductive stress”175, might impact their survival. Under normal conditions, 

the maintenance of correct ROS levels in mitochondria is important to initiate 

protective signaling cascades related to cell proliferation, differentiation, immune 

responses and survival175,176. Further studies should allow to gain more insight into 

the complex interaction between redox homeostasis, metabolic status, cell death and 

immune responses in human intestinal CD8+ TRM.  
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Apoptosis of duodenal TRM strongly contributed to elevated systemic microbial 

translocation in patients with progressive ALD. Consequent activation of systemic and 

liver immune responses by translocated gut-derived products were evaluated in the 

last two chapters of this PhD thesis. Our study in the fourth chapter demonstrated a 

higher activation of the TLR2/Inflammasome/AP-1 pathway in response to 

peptidoglycan in increased numbers of circulating monocytes. Monocytes from AUD 

patients differentially release key inflammatory mediators such as IL1β and IL8 

contributing to systemic inflammation in AUD patients. In addition, levels of Gram+ 

translocation marker PGRPs were correlated with proportion of intermediate 

monocytes. Those monocytes express high levels of MHC class II processing and 

presentation genes177, and this result may reflect a link between translocation of 

bacterial products such as peptidoglycan, recognition and presentation of antigens to 

T cells with subsequent activation of adaptive immune responses in the circulation. 

By contrast of peptidoglycan-related immune response, we revealed an intriguing 

down-regulation of CARD9, an intracellular sensor playing a pivotal role in fungal 

immune surveillance178. In accordance with this result, stimulation of monocytes with 

Candida albicans showed a reduced transcription of inflammatory mediators IL1β and 

TNF-α in monocytes from AUD patients compared to controls. Future analyses could 

help us to elucidate mechanisms implicated in immunosurveillance against fungi and 

relative mechanism of translocation of fungi and/or their products in ALD. Circulating 

inflammatory monocytes are recruited to the liver during inflammation and fibrosis, 

principally involved in alcohol-associated liver disease progression50. Once in the 

liver, monocytes transform into monocyte-derived macrophages (MDM) which have 

been shown to play a key role in ALD development in animal models63,156. 

Remarkably, expression of hepatic inflammatory mediators, such as the pro-

inflammatory cytokine IL1β and especially the chemokine IL8, increased 

progressively in more severe forms of liver disease as compared to simple fatty liver. 

Moreover, both factors strongly correlated with markers of hepatocyte damage and 

apoptosis, pointing to their contribution in the early development of alcohol-associated 

liver disease in humans. Recruitment of monocytes appears to play an important role, 

since liver chemokines MCP1 and CX3CL1 correlated with IL1β and IL8 and 

associate with a more advanced disease state such as presence of significant fibrosis.  

Targeting IL1β may represent a future therapeutic target to ameliorate alcohol-

associated liver disease. Interventions aiming at blocking IL1β signaling in rodents 
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chronically fed with ethanol markedly attenuated alcohol-induced liver inflammation, 

steatosis, and damage179. Canakinumab, an anti-IL1β antibody, is now in phase II of 

a clinical trial for the treatment of AUD patients with severe AH180. However, it is 

important to remember that a similar treatment with antibodies anti-TNF-α was proved 

inefficient and dangerous in AH patients157. Targeting IL1β may encounter the same 

failure, since this cytokine also play a key role in controlling and coordinating intestinal 

and liver immune responses against microbes. Identifying and targeting multiple 

signaling pathways in well-characterized patients according to ALD stage and 

degrees of gut barrier dysfunction may represent the future of the interventions for 

ALD.  

We finally assessed liver inflammatory and immune responses at early stages of ALD 

and to correlate them with liver damage and repair mechanisms and/or progression 

of fibrosis. We showed that a proinflammatory response, including production of TNF-

α and IL-1β by liver macrophages, already occurred at very early stages of the 

disease. The early proinflammatory response was alleviated by short-term 

abstinence. By contrast, the IL-6/ Stat3 axis was blunted and Stat3 sequestered in 

the cytoplasm of hepatocytes in livers with increased apoptosis. On the other hand, 

livers that were able to overcome alcohol-associated Stat3 blockage, as indicated by 

preserved nuclear translocation of Stat3, retained some proliferative capacity. In 

contrast to animal data, intracellular TLRs, in particular TLR7, increased at early 

stages in humans, whereas TLR4 did not48. The fact that these inflammatory signaling 

pathways are differentially activated in hepatocytes point to the important role of 

parenchymal liver cells in ALD. TLR7 is an intracellular receptor able to recognize 

single-stranded ribonucleic acids. Induction of TLR7-Interferon I axis is particularly 

important in antiviral immune responses as well as in sensing both single-stranded 

ribonucleic acids from dying cells and certain miRNAs181. We here investigated only 

the possibility that increased expression of TLR7 could be linked to danger-

associated molecular patterns (DAMPs) released by dying hepatocytes, because of 

“sterile” inflammation. Regarding the possible implication of gut-derived viruses, a 

recent investigation has looked at the fecal virome in AUD patients and in patients 

with severe AH. In this study, main divergences were found predominantly in patients 

with severe AH130. However, as shown for the gut bacteria in chapter 2, changes in 

intestinal viruses related to the proximal small gut may be different and potentially 

linked to ALD progression in early pre-cirrhotic stages. The third possibility is that 
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miRNAs could be delivered to hepatocytes with the consequent activation of 

TLR7/Interferon I cascade. These possible interactions clearly deserve future 

investigations.  

GENERAL CONCLUSION AND ADVANCES IN THE FIELD 
 

Overall, the data obtained in this PhD work are in favor of the key role of gut barrier 

dysfunctions in the pathogenesis of early human ALD progression. We here revealed 

for the first time that reduced immunosurveillance against microbes was driven by the 

diminution of duodenal CD8+ T resident memory lymphocytes as well as 

macrophages and possibly by the presence of a pro-tolerogenic status in the mucosa 

of patients with progressive ALD. Interestingly, duodenal immune alterations and 

elevated translocation of microbes and/or their products occurred independently on 

the presence of increased intestinal paracellular and vascular permeability. These 

results are pointing the specific contribution of impaired gut immunity in elevated 

microbial translocation in early stages of ALD.  

Previous data in the field of ALD already described the contribution of increased 

intestinal permeability and changes in the gut microbiota in elevated translocation of 

microbes and/or their products, a process implicated in the activation of systemic and 

liver immune responses. However, these studies principally used animal models of 

ALD, which present intrinsic limitations (e.g., differences in intestinal immune system 

and microbiota between animals and humans) for the evaluation of the gut-liver axis. 

Moreover, studies in humans generally consider advanced stages of ALD. Last, but 

not least, previous studies in humans lacked a standardization of the clinical settings 

for the evaluation of alcohol-associated intestinal alterations in actively drinking and 

abstinent subjects. By contrast to animal models, we showed that increased intestinal 

permeability is not absolutely required for translocation of microbes and/or their 

products to occur in early ALD. However, microbial translocation associated with 

duodenal immune and microbiota changes suggesting that additional elements of the 

gut barrier need to be impaired to finally make this process possible. In addition, 

thanks to the high standardization of the alcohol withdrawal program, we were able 

to investigate gut barrier dysfunctions in actively drinking and abstinent patients. 

Strikingly, we found that increased intestinal permeability was reversed to the level of 

the healthy controls upon short-term abstinence, which was not the case for duodenal 
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immune changes, microbial translocation and liver cell damage. These results further 

support the relationship between duodenal reduced immunosurveillance, 

translocation of microbes and/or their products and ALD progression in early disease 

stages. 

As a consequence of elevated translocation of microbes and/or their products, we 

revealed differential activation of circulating monocytes and liver inflammatory 

responses in AUD patients. Increased number of circulating monocytes activated 

through TLR2 by translocated PGN contributed to systemic and liver inflammatory 

responses via IL1β and IL8 secretion. Furthermore, monocytes infiltrate the liver 

already in early ALD stages and they transform into pro-inflammatory macrophages, 

a process strongly associated with liver fibrosis and disease progression (Figure 1). 

 

 

Figure 1. Gut barrier dysfunctions in early ALD. Reduced immunosurveillance against microbes due to 

a diminution of CD8+ T resident memory lymphocytes as well as macrophages and the presence of an 

immune tolerant status are associated with dysbiosis and elevated translocation of microbes and/or their 

products in the portal and systemic circulation. Increased translocation of microbes and/or their products 

contribute to activation of monocytes and liver inflammatory responses, processes implicated in ALD. 
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A limitation of these studies is that data are in part descriptive and/or based on 

correlations. Furthermore, since suspicion of liver disease was a prerequisite for liver 

biopsy, more severe stages might be overrepresented in cohorts where liver biopsies 

were analyzed. Ex vivo and in vitro approaches have been taken to explore 

mechanisms related to the observations made in humans. However, all these 

approaches do not allow to formally establish a cause-effect relationship. 
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PERSPECTIVES 
 

To try to overcome the intrinsic limitations we faced during this PhD work while 

studying human alcohol-associated gut barrier dysfunctions and ALD pathogenesis, 

other mechanisms and cell types implicated in the gut-liver axis remain to be 

investigated implying the use of novel technologies and systems. Four major topics 

should be investigated. 

1. Evaluation of metabolites possibly linked to gut barrier dysfunctions and 

ALD using a Multi-Omics approach 

Although leaky gut was not related to microbial translocation and liver cell damage, 

we showed in study 2 that increased intestinal paracellular permeability, mainly 

observed in the proximal small gut, associated with fecal microbiota changes and with 

ALD progression (in particular liver fibrosis, figure 1.1). These observations raise the 

question on how the fecal microbiota could promote leaky gut at distant site not 

directly in contact with these microbes. The microbiota could produce different 

metabolites that, once in the circulation, could reach the proximal small intestine thus 

contributing to leaky gut. In accordance to this hypothesis, metabolomics analysis of 

volatile compounds in the stools of AUD patients has shown in a previous study the 

presence of different phenolic metabolites as well indoles associated with increased 

intestinal permeability127. This observation supports the potential role of gut-derived 

metabolites in the development of leaky gut in AUD patients. A future analysis of 

metabolites by untargeted and targeted metabolomics approaches in the stools and 

in the systemic circulation is needed to test our hypothesis. Metabolites identified 

could be tested in vitro systems (see below) to show a potential cause-effect-

relationship. 
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Fig.1.1 Intestinal paracellular permeability during the different stages of alcohol-associated liver disease. 

In this PhD work, we evaluated the lipids in the circulation and in the stools which 

differentiate progressive ALD by using an untargeted lipidomics approach. Increased 

levels of certain saturated sphingomyelins correlated with changes in intestinal TRM, 

this suggests that these lipids may influence TRM function. Additional evidence 

suggest that these sphingolipids are likely not derived from increased absorption, 

raising the possibility that they are locally produced. Analysis of the duodenal 

sphingolipid composition by a targeted lipidomics approach should help us to 

decipher local changes in sphingolipids. Sphingolipid levels should then be analyzed 

together with transcriptomic and proteomic data obtained from biopsies of the same 

patients, to decipher molecular pathways alterations that may promote this potential 

accumulation. Bioinformatics integration of these big data is mandatory to identify the 

connections between the various omics information and their relationship with ALD. 

 

2. Evaluation of the duodenal tolerogenic status and TCR repertoire in TRM  

Since duodenal TRM had increased expression of the anti-inflammatory cytokine 

IL1RN, we have hypothesized that a tolerogenic environment could be present in the 

proximal small intestine of AUD patients with progressive ALD. To test this 

hypothesis, gene and protein expression of regulatory duodenal cytokines, such as 
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IL10 and TGF-β1, on duodenal biopsies together with single-cell RNA sequencing on 

isolated duodenal cell suspensions could be performed to identify which cell types 

differentially produce these cytokines.  

Additional mechanisms might be required on top of the presence of an immune 

tolerogenic status in the mucosa to facilitate translocation of microbes and/or their 

products in the circulation. A diverse TCR repertoire is required for proper response 

against invading pathogens. We have hypothesized that reduced number of duodenal 

TRM results in decreased diversity and recognition of specific pathogens in the 

intestine which might contribute to liver disease progression. To address this 

hypothesis, the next steps should consist in: 

- Analysis of TCR repertoire together with single-cell transcriptomic analysis to 

characterize T resident memory cells heterogeneity 

- Evaluation by high-throughput proteomics of proteins from duodenal 

microbes potentially recognized by TRM 

- Evaluation of TRM responsiveness to the identified microbial proteins 
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3. Evaluation of the changes in the intestinal epithelium in AUD patients 

Assessment of gut barrier dysfunction has been performed by measuring markers of 

intestinal permeability, microbial translocation and especially looking at immune 

responses in the proximal small intestine. However, as introduced in the section 1.5.2, 

beside the intestinal immune system, the gut epithelium represents a first layer of 

defense against potential invading pathogens86. Duodenal biopsies in actively 

drinking patients revealed reduced villi length compared to controls. This alteration 

was found to be independent from intestinal permeability changes. We further found 

increased crypt length, also known as crypt hyperplasia, in the duodenum of AUD 

patients compared to controls (Fig.1.2).  

Fig.1.2 Evaluation of crypt length in the duodenum of alcohol use disorder (AUD) patients showed 

increased crypt length in the duodenum of AUD patients compared to controls. 

 

AUD patients had a significantly higher ratio of Ki67 (a marker of proliferation) positive 

cells per crypt in the duodenal epithelium indicating an increase in proliferation in the 

duodenal epithelium of AUD patients (Fig.1.3). Intriguingly, AUD patients have a 

significantly lower ratio of stem cell niches with a Ki67+ nuclei per crypt compared to 

the control group (Fig.1.3) and the proliferation was mainly confined to the transit 

amplifying zone. In parallel, we found a significantly higher number of goblet cells per 

crypt and villi (Fig.1.4). All these changes suggest a profound alteration of the 

proliferation/differentiation program in the duodenal epithelium of AUD patients.  

This preliminary investigation did not allow us to investigate the presence and the real 

proliferative capacity of the adult intestinal stem cells in AUD patients. Therefore, 

using LGR5 as adult stem cell marker combined with Ki67 could allow us to verify if 
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the adult stem cells are still present in AUD patients and if they maintain or not their 

normal proliferative activity. In addition, since correct renewal is fundamental for gut 

epithelial functions, it will be important to investigate which pathways (for example 

EGF, Wnt/β-Catenin etc.) drive increased proliferation in the duodenal epithelium of 

active drinkers.  

Fig.1.3 Increased proliferation in the crypt of alcohol use disorder (AUD) patients compared to controls 

(left) was primarily linked to proliferation in the transit-amplifying zone (right). 
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Expression of duodenal transcription factors implicated in goblet cell differentiation88, 

such as SPDEF (SAM Pointed Domain Containing ETS Transcription Factor) and 

KLF4 (Krüppel-like factor 4),  could be evaluated to identify differentiation programs 

altered in the duodenal epithelium of AUD patients.  

  

 

Fig.1.4 Periodic Acid Schiff (PAS) staining marking mucus-producing goblet cells showed increased 

number of goblet cells in the duodenum of alcohol use disorder (AUD) patients compared to controls.  

Based on these results, we propose the hypothesis that changes in the 

proliferation/differentiation programs are a “first hit” in the physiopathology of gut 

barrier dysfunction in AUD patients. Modifications in the intestinal metabolic 

microenvironment and subsequent promotion of a tolerant immune status could be 

seen as a “second hit” in the cascade of events implicated in the dysfunctions of host 

protective mechanisms of the intestinal barrier. These phenomena would allow 

microbial invasion and translocation into the blood circulation (Fig.1.5). 
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Fig.1.5 New hypothesis of alcohol-associated gut barrier dysfunction. Ethanol and/or ethanol metabolites 

may provoke alterations in the intestinal epithelium (1) such as changes in the proliferation/differentiation 

program. In certain AUD patients with progressive ALD, epithelial dysfunction may lead to synthesis and 

accumulation of metabolites in the duodenum (2). These metabolites could interfere with immune cells 

functions in the small gut (3), ultimately allowing microbes to proliferate, attach to the mucosa and 

translocate into the circulation (4). 
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4. Development of a new system allowing to test a potential cause-effect 

relationship between the observed gut changes in AUD patients  

At this stage, we have no formal proof of a cause-effect relationship between all the 

observed changes in the intestinal barrier in relation to ALD progression. Studies in 

humans have the intrinsic limitations that a direct modulation of the different 

mechanisms and factors potentially implicated in the physiopathology is not possible 

for obvious ethical reasons. To continue to study more in depth the mechanisms and 

cause-effect relationships existing in humans between the observed changes, we 

have therefore started to develop promising models reproducing important features 

characterizing in vivo the intestinal epithelium. These in vitro models are called 

enteroids and can be derived from primary stem cells obtained from distal duodenal 

biopsies. Enteroids will enable us to perform targeted interventions and modulations 

of the environment (inhibitors, agonists and antagonists, RNA interference, use of 

lipids or aqueous metabolites identified by lipidomics or metabolomics etc.) to 

investigate more thoroughly the signaling pathways implicated not only in the 

differentiation and proliferation programs, but also to characterize the functionality of 

differentiated cells from AUD patients. Intestinal enteroids are limited by the fact that 

only epithelial cells are present. Therefore, co-culture of organoids with isolated 

immune cells from the same patients could help to identify mechanisms underlying 

these potential interactions. In addition, pre-conditioning of epithelial or immune cells 

with ethanol or other factors and subsequent use of the pre-conditioned medium could 

establish a cause-effect relationship between these changes. 

Thanks to this innovative tool, we will be able to address the following questions:  

1.) Is ethanol and/or its metabolites contributing to the changes in proliferation and/or 

differentiation in the duodenal epithelium of AUD patients? 

2.) Which are the changes in epithelial cells functions contributing to the overall 

impairment of the intestinal barrier in AUD patients? 

3.) Are there cause-effect relationships between alterations in the intestinal 

epithelium and gut immune system? 

These studies will help us decode the key molecular mechanisms involved in alcohol-

associated gut barrier dysfunction and liver disease progression during early human 

ALD. Understanding the cause-and-effect relationships between host and microbial 
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changes would provide us with the identification of molecular culprits which could be 

targeted to prevent and/or ameliorate ALD.  
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ANNEX 1 Host factors in dysregulation of the gut barrier function during alcohol-
associated liver disease 
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ANNEX 2 Lipidomics for prediction of progressive alcohol-associated liver 
disease 

Different factors could promote alcohol-related gut barrier dysfunction and alcohol-

associated liver disease. Recent studies suggest that host and microbial metabolites 

could play a role in the impairment of intestinal barrier during ALD described in 

chapter 2. Lipids control several processes implicated in ALD pathogenesis (e.g., 

steatosis, inflammation, and fibrosis) and are therefore potential mediators of the gut-

liver axis. The principal aim of this ancillary study was to evaluate lipid profiles in the 

serum and in the stools of AUD patients subdivided according to liver disease stage 

compared to matched controls. The second aim of this study was to identify lipid 

species that could differentiate and predict progressive ALD. We finally test whether 

alterations in lipid profiles was associated with changes in microbial pathways related 

to lipid metabolism. 

We found that changes in lipidomic profiles in both serum and stools strongly 

associated with progressive ALD. When looking into the different species able to 

differentiate progressive ALD, we revealed only 9 species differentially present in 

both serum and stools in AUD patients with progressive ALD compared to the benign 

forms of liver disease. Among these lipids, certain fatty acids and especially 

saturated sphingomyelins predict severity of ALD. 

The results of this study have been published in Metabolites, May 2022, Vol.12, Issue 

5. 
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Complementary discussion and conclusion 

We here identified lipid differentially present in both serum and stools in AUD patients 

with progressive liver disease. However, it is important to notice that we used a 

completely untargeted approach to identify these lipid species. There are some 

limitations in the untargeted lipidomics approach we used: first, we do not really 

measure the levels of the lipids but we estimate that these lipids could be differentially 

present compared to another group; second, the identification of the lipid species is 

based on a software that matches the mass to charge and retention time in the liquid 

chromatography to libraries which cannot differentiate between possible isomers 

present in the sample182. Targeted approach with the use of standards in a specific 

concentration is needed to confirm the increased levels of these lipids. 

We found increased levels of saturated sphingomyelins only in the blood circulation 

while they decreased in fecal samples of patients with progressive ALD compared 

with non-progressive liver disease. These lipids can be produced and/or transported 

in different organs where they are transformed into dihydroceramides, which serve as 

a second messenger in the sphingomyelin signaling pathway and regulate a wide 

range of cellular responses (e.g., apoptosis, proliferation, fatty acid metabolism, 

lysosome and mitochondrial functions)183. We here did not investigate the possible 

interaction of these lipids with cells implicated in intestinal barrier dysfunction. Since 

different cell types in the intestine (e.g., T cells) use lipids for their functions184, it is 

possible that sphingomyelins and/or their cleavage products could interfere with T 

cells in the gut thus contributing to intestinal barrier dysfunction. The hypothesis of 

potential interaction between sphingomyelin and intestinal T lymphocytes will be 

tested in part in the chapter 3 of this thesis.  

         In conclusion, we have identified in this study the lipids specific of patients with 

progressive ALD compared to the benign forms of liver disease.  

The perspectives of this study are the following: 

 Evaluation of circulating lipid levels by targeted lipidomics 

 Assessment of potential interaction between sphingolipid and intestinal T cells 
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ANNEX 3 Liver alterations are not improved by inulin supplementation in alcohol 
use disorder patients during alcohol withdrawal: A pilot randomized, double-
blind, placebo-controlled study 
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