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INTRODUCTION

Over the last decade, considerable research has focused on the gut microbiota to better understand its role in disease development and to investigate its potential as a target for therapeutic intervention. The gut microbiome, or intestinal microbiome, has emerged as an important area of biomedical research because it represents a highly active metabolic interface between the external environment and the human host. Through its interactions with the host, the intestinal microbiota can influence a wide range of physiological and pathological processes. It also plays a crucial role in mediating the effects of dietary factors, medications, and various diseases on human health.

Rapid socioeconomic development, changing lifestyles, and increasing social acceptance of alcohol use have contributed to a growing global burden of alcohol-related health problems. In 2016, approximately 32.5% of the world's population consumed alcohol, including an estimated 1.5 billion men and 900 million women.[1] However, alcohol consumption patterns vary considerably between countries and populations.[2] In the same year, alcohol use was ranked seventh among the leading risk factors for disability and death worldwide and was the most important risk factor for several major diseases among people aged 15–49 years.[1] Alcohol-related liver disease (ALD) is a major cause of chronic liver disease and contributes substantially to global morbidity and mortality. It accounts for approximately 0.9% of all deaths worldwide and 47.9% of deaths associated with liver cirrhosis.[13] The disease encompasses a broad clinical spectrum, ranging from mild alcohol-related liver injury and hepatic steatosis to alcoholic hepatitis, liver fibrosis, and cirrhosis.[3]

Severe alcoholic hepatitis (SAH) represents one of the most serious manifestations of ALD and is typically characterized by an acute hepatitis-like presentation, pronounced jaundice, and, in many cases, pre-existing cirrhosis. The prognosis is poor, with reported 30-day mortality ranging from 20% to 50%.[14] Treatment options for severe alcoholic hepatitis remain limited. Corticosteroids are currently the principal pharmacological treatment and provide an initial response in approximately 60% of patients; however, they have not demonstrated a sustained long-term survival benefit compared with placebo.[14] Liver transplantation remains the only potentially curative treatment for selected patients with advanced disease, but recent alcohol use, active infections such as sepsis, concerns regarding alcohol relapse, and ethical or psychosocial considerations may restrict access to transplantation.[15] These limitations emphasize the need for new and more effective therapeutic approaches for patients with severe ALD. The burden of ALD has also increased considerably in Asia, where its prevalence rose from 3.82% during 2000–2010 to 6.62% during 2011–2020.[5] This trend raises concerns that ALD may become an increasingly important cause of chronic liver disease in the region. China is currently one of the world's largest alcohol-consuming countries.[6,7], and alcohol is recognized as a major cause of liver injury after viral hepatitis.[8] Regional studies have also reported substantial alcohol consumption among different populations. In Liaoning Province, 35.30% of adults were reported to consume alcohol, while a study from Tongzhou District of Beijing documented alcohol consumption, hazardous drinking, and harmful drinking rates of 45.29%, 3.63%, and 4.03%, respectively.[9,10] 

Although the pathogenesis of ALD is complex and remains incompletely understood, several mechanisms have been implicated, including the direct toxic effects of ethanol and its metabolites, oxidative stress, abnormalities in lipid metabolism, altered autophagy, genetic factors, sex-related differences, non-coding RNAs, and changes in the gut microbiome. The gut–liver axis has received increasing attention because alcohol exposure can affect the intestinal environment and disrupt the normal composition and function of the gut microbiota. The resulting intestinal dysbiosis may impair gut barrier integrity and increase the passage of microbial products into the circulation. Patients with alcohol use disorders, alcoholic hepatitis, and alcohol-related cirrhosis have been reported to have higher circulating levels of bacterial products than healthy individuals.[4,5] These findings suggest that microbial translocation and altered gut–liver communication may contribute to hepatic inflammation and disease progression. Early ALD may develop without prominent clinical symptoms, making timely diagnosis difficult. Conventional biochemical tests may not reliably identify early disease, while liver biopsy, although valuable for histological assessment, is invasive.[11] Alcohol abstinence remains the fundamental approach to managing ALD, but maintaining long-term abstinence is challenging for many patients. As the disease advances, liver transplantation may become necessary, placing considerable physical, psychological, and financial burdens on patients and their families and creating a substantial socioeconomic impact.[12] 

This review explores the role of the gut microbiota in alcohol-related liver disease, focusing on its contribution to disease pathogenesis and the emerging potential of microbiome-based therapeutic approaches.

GUT MICROBIOME
The human intestine harbors a complex microbial ecosystem comprising bacteria, archaea, fungi, and viruses. More than 1,000 bacterial species have been identified in the gut, with the microbiota generally becoming relatively stable during early childhood and influenced by factors such as dietary patterns.[16-17] Bacterial cells are present in numbers comparable to human cells, while the collective microbiome contains more than 3 million genes, greatly exceeding the approximately 23,000 genes in the human genome. Nearly 90% of intestinal bacteria belong to the phyla Firmicutes and Bacteroidetes, with smaller proportions represented by Actinobacteria, Fusobacteria, Proteobacteria, and Verrucomicrobia. Although many intestinal bacteria are difficult to culture, the gut microbiota is essential for maintaining host health.[18-21] The normal gut microbiota supports digestion, nutrient metabolism, vitamin and neurotransmitter synthesis, bile acid metabolism, and detoxification. It also contributes to immune system development, intestinal barrier integrity, regulation of cell proliferation and vascularization, and intestinal, neurological, endocrine, and skeletal functions. In a healthy colon, these microorganisms maintain a mutually beneficial relationship with the host and contribute to intestinal homeostasis. Disruption of this balance, known as dysbiosis, may impair normal physiological functions and contribute to disease development.[22]
ALCOHOL-INDUCED GUT MICROBIOTA DYSBIOSIS 

Excessive alcohol consumption can disturb the balance of the gut microbiota, increase harmful bacteria and reducing beneficial microorganisms.[23] Alcohol-dependent individuals may also have a higher risk of small intestinal bacterial overgrowth, while increased cytolytic enterococci have been associated with more severe alcoholic hepatitis and higher mortality.[24] Alcohol use can additionally alter the intestinal fungal community, with Candida albicans and its toxin candidalysin potentially worsening alcohol-related liver injury.[25-26] Animal studies further demonstrate that gut microbiota can influence alcohol metabolism and susceptibility to ALD.[27] Although the exact mechanisms remain unclear, alcohol-related microbial changes may involve alterations in intestinal metabolites, including acetate.

PATHOGENESIS OF ALCOHOL-ASSOCIATED LIVER DISEASE: ROLE OF ETHANOL METABOLISM, GUT–LIVER AXIS, AND OXIDATIVE STRESS

Alcohol-associated liver disease (ALD) develops through a complex interaction of alcohol metabolism, oxidative stress, immune activation, intestinal dysfunction, and metabolic disturbances. Alcohol-associated steatohepatitis (ASH) and severe forms of ALD are observed in a considerable proportion of individuals who consume alcohol heavily. Although the precise mechanisms underlying disease progression are not completely understood, several interconnected pathways are known to contribute to liver injury.[28] These include oxidative stress generated during ethanol metabolism, disturbances in methionine metabolism, increased intestinal permeability, translocation of bacterial endotoxins, and activation of hepatic Kupffer cells. The metabolism of ethanol produces acetaldehyde, a highly reactive and toxic intermediate that plays an important role in alcohol-induced tissue injury. Although the liver is the primary site of alcohol metabolism, ethanol can also be metabolized in other organs, including the gastrointestinal tract, pancreas, heart, and brain. In the intestine, alcohol metabolism by both host and microbial enzymes can contribute to acetaldehyde formation. Acetaldehyde is subsequently metabolized by aldehyde dehydrogenase. When its production exceeds the capacity for detoxification, acetaldehyde can accumulate and contribute to cellular injury. Acetaldehyde has several harmful effects on hepatocytes. It can impair mitochondrial function, increase oxidative stress, and directly damage cellular components by forming stable adducts with proteins and DNA.[29-30]
These alterations interfere with normal cellular processes and promote hepatocellular injury, inflammation, and fibrosis. Experimental evidence also indicates that impaired aldehyde metabolism may increase acetaldehyde accumulation and accelerate the progression of alcohol-induced liver damage. Alcohol consumption also has a profound effect on the intestinal environment and the gut–liver axis. Chronic alcohol exposure can disturb the composition and function of the gut microbiota and increase intestinal permeability, commonly referred to as increased gut leakiness.[31-32] Acetaldehyde generated within the gastrointestinal tract contributes to this process by affecting the structural integrity of the intestinal epithelial barrier. It can alter the distribution and function of tight-junction proteins, including occludin and zonula occludens-1, as well as adherens-junction proteins such as E-cadherin and β-catenin.[33] Disruption of these junctional complexes weakens the intestinal barrier and facilitates the movement of bacterial products and endotoxins into the circulation. The increased passage of microbial products from the intestine to the liver promotes activation of the innate immune system. Bacterial endotoxins reaching the liver can activate Kupffer cells and stimulate the release of pro-inflammatory mediators. This inflammatory response contributes to hepatocyte injury and may promote the progression from simple steatosis to steatohepatitis, fibrosis, and advanced liver disease.[34] 

Nitric oxide (NO) signaling is another important component of intestinal barrier regulation and inflammation. NO is synthesized from L-arginine by nitric oxide synthase enzymes, which include neuronal NOS, endothelial NOS, and inducible NOS. Constitutively expressed NOS enzymes contribute to the maintenance of normal epithelial barrier function, whereas inducible NOS is primarily associated with inflammatory responses. Excessive activation of inducible NOS can increase NO production and contribute to intestinal barrier disruption and tissue injury. Increased inducible NOS activity may also enhance the nitration and oxidation of tubulin, resulting in reduced microtubule stability and disruption of the cytoskeletal structure. These changes can further impair epithelial barrier integrity and increase intestinal permeability. At the hepatic level, excessive NO production may interact with reactive oxygen species and intensify oxidative stress, thereby aggravating hepatocyte damage and inflammatory processes. Epidermal growth factor (EGF) may provide a protective response against alcohol-induced gastrointestinal injury. It supports the growth, repair, and differentiation of gastrointestinal epithelial cells and contributes to the maintenance of mucosal integrity. EGF may also help preserve cytoskeletal stability by reducing excessive inducible NOS activity. Therefore, impairment of protective mechanisms involving EGF, together with increased oxidative and inflammatory stress, may further contribute to disruption of the gut barrier.[35-36]
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Figure 1: Pathophysiology of Alcoholic Liver Diseases.

Gut Microbiota and Its Role in Alcoholic Liver Disease

The human intestinal tract contains a highly diverse microbial ecosystem that develops and changes throughout life. Major modifications in the composition of the intestinal microbial community occur during early development, particularly after weaning. The gut is colonized by hundreds of bacterial species, some of which establish permanent populations, whereas others are transient and pass through the digestive tract.[37] The number and distribution of microorganisms vary considerably between different regions of the gastrointestinal system. Bacterial concentrations are relatively low in the upper gastrointestinal tract but increase progressively toward the distal intestine, reaching their highest levels in the colon. Anaerobic bacteria and Gram-negative organisms are particularly abundant in the large intestine. Common members of the intestinal microbial community include species belonging to the genera Bacteroides, Porphyromonas, Bifidobacterium, Lactobacillus, Clostridium, and Escherichia.[38]
The intestinal microbiota has an important physiological relationship with the host. Under normal conditions, these microorganisms contribute to nutrient metabolism, digestion, maintenance of the intestinal epithelial barrier, and regulation of immune function. The microbial population is not identical in all individuals; rather, each person possesses a distinct microbial profile influenced by factors such as diet, age, lifestyle, medication use, and environmental exposure. In addition, the microbial composition differs between anatomical regions of the gastrointestinal tract.[39-40]
Gut–Liver Axis and Alcohol-Induced Dysbiosis

The intestine and liver are closely connected through the portal circulation, forming the gut–liver axis. The liver normally removes bacterial products and microbial metabolites arriving from the intestine, while bile acids released by the liver help regulate intestinal microbial activity. Chronic alcohol consumption disrupts this balance by altering the composition of the gut microbiota and damaging the intestinal epithelial barrier.[41] Alcohol-associated dysbiosis may increase Gram-negative bacteria and alter the relative abundance of major bacterial groups. An increase in Proteobacteria and changes in Bacteroidetes and Firmicutes have been reported following prolonged alcohol exposure. These microbial alterations can promote intestinal inflammation and increase the production of bacterial components.[42]
Endotoxemia and Inflammation

Lipopolysaccharide (LPS), a major component of the outer membrane of Gram-negative bacteria, is normally present in the intestine with limited passage into the circulation. Chronic alcohol consumption can increase intestinal permeability, allowing greater quantities of LPS to enter the portal bloodstream. This process results in endotoxemia and activates Kupffer cells in the liver. Activated Kupffer cells release inflammatory mediators, including tumour necrosis factor-alpha, interleukin-1, interleukin-6, and interleukin-8. These cytokines contribute to hepatocyte injury and promote the development of alcoholic steatohepatitis. Inflammation can further damage intestinal tight junctions, increasing intestinal permeability and creating a vicious cycle of bacterial translocation, endotoxin exposure, and hepatic inflammation.[43-44]
Small Intestinal Bacterial Overgrowth

Chronic alcohol consumption may also promote small intestinal bacterial overgrowth (SIBO). Reduced gastrointestinal motility associated with alcohol use can slow intestinal transit and facilitate bacterial proliferation.[45] Organisms such as Escherichia coli, Enterococcus species, and Proteus mirabilis may become more abundant. Excessive bacterial growth can increase bacterial translocation and endotoxin exposure, further contributing to intestinal barrier dysfunction and liver inflammation.[46]
Role of the Immune System in Alcoholic Liver Disease

Long-term alcohol consumption can weaken normal immune defenses while simultaneously promoting chronic inflammation, thereby increasing susceptibility to infections and contributing to alcohol-related morbidity. Ethanol affects both innate and adaptive immunity and can impair important immune functions, including natural killer cell activity and antibody-dependent cellular cytotoxicity. These changes may reduce the ability of the gastrointestinal tract to control the growth and spread of harmful microorganisms.[47] The intestinal immune system provides an important protective barrier against pathogenic bacteria. Several antimicrobial mechanisms, including reactive oxygen species, immunoglobulin A (IgA), β-defensins, and cryptidins, help maintain microbial balance and restrict the excessive growth of potentially harmful organisms.[48-49] Toll-like receptors (TLRs) are another major component of innate immunity. These receptors recognize pathogen-associated molecular patterns (PAMPs), including lipopolysaccharide (LPS), lipoteichoic acid, peptidoglycan, unmethylated DNA, and double-stranded RNA. TLRs are expressed by various cell types within the liver and contribute significantly to inflammatory responses and liver injury. Different hepatic cells express different TLRs. TLR1 is present in hepatocytes, whereas TLR2, TLR3, and TLR4 are expressed by hepatic stellate cells, biliary epithelial cells, and particularly Kupffer cells. Biliary epithelial cells also express TLR5.[50]
Endotoxins derived from Gram-negative bacteria can activate Kupffer cells through the CD14 and TLR4 receptor systems. CD14 is a cell-surface receptor that binds LPS but lacks an intracellular signaling domain, whereas TLR4 is a transmembrane receptor that interacts with the accessory protein MD-2. LPS-binding protein (LBP) facilitates the interaction between LPS and CD14, after which the LPS–CD14 complex is transferred to the TLR4/MD-2 receptor complex.[51] Activation of TLR4 by LPS initiates intracellular signaling pathways that involve transcription factors such as nuclear factor kappa B (NF-κB) and activator protein-1 (AP-1). These pathways stimulate the production of several inflammatory mediators, including tumour necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), interleukin-6 (IL-6), interferon-gamma (IFN-γ), chemokines, and reactive oxygen species. Persistent activation of these pathways contributes to hepatocellular injury and maintains the inflammatory environment associated with alcoholic liver disease.[52-53]
TLR4 signaling also contributes to the development of hepatic fibrosis. Activation of hepatic stellate cells increases inflammatory signaling and promotes the production of chemokines such as interleukin-8 and monocyte chemoattractant protein-1. Activated Kupffer cells can also release transforming growth factor-beta (TGF-β), an important mediator of collagen deposition and fibrogenesis.[54] Following activation, TLRs recruit adaptor proteins, including myeloid differentiation primary response 88 (MyD88), to initiate downstream signaling. Both MyD88-dependent and MyD88-independent pathways can regulate inflammatory responses, cell survival, and apoptosis. Persistent activation of MyD88-associated signaling promotes oxidative stress and the release of proinflammatory cytokines, which can further aggravate hepatocyte damage.[55] The effects of chronic alcohol exposure are not limited to the liver. Ethanol can also influence immune and inflammatory responses in other organs, including the nervous system. Alcohol-induced neuroinflammation has been linked to TLR4 signaling, increased inducible nitric oxide synthase (iNOS) expression, and activation of NF-κB. Acetaldehyde, a major metabolite of ethanol, may also contribute to inflammatory signaling and further amplify NF-κB-mediated responses.[56]
THERAPEUTIC MODULATION OF THE GUT MICROBIOTA IN ALCOHOL-RELATED LIVER DISEASE

Diet

Diet is an important factor influencing the composition and activity of the gut microbiota. Changes in food intake can produce rapid alterations in microbial populations and their metabolic products, sometimes within a short period. However, these changes may be temporary and can diminish after the dietary intervention is discontinued.[57-58] Dietary patterns based mainly on animal proteins and fats are associated with increased levels of bacteria such as Bacteroides and with greater production of metabolites formed through protein fermentation. Such diets may also favour bile-tolerant microorganisms, including Alistipes, Bilophila, and Bacteroides, while reducing fibre-degrading bacteria such as Roseburia, Eubacterium rectale, and Ruminococcus bromii.[60-61] In contrast, diets rich in plant-based foods and dietary fibre support the production of short-chain fatty acids, including acetate and butyrate, which contribute to intestinal barrier function and overall gut health. Adequate fibre intake also helps maintain the protective mucus layer of the colon. When fibre availability is low, gut bacteria may utilize intestinal mucus as an alternative nutrient source, potentially compromising barrier integrity. The metabolic functions of individual microorganisms are also relevant to host health. Prevotella copri and Bacteroides vulgatus have been associated with metabolic disturbances, including insulin resistance, whereas Akkermansia muciniphila and Faecalibacterium prausnitzii are linked with improved metabolic health and insulin sensitivity.[62-63] Dietary patterns may therefore influence metabolic outcomes by altering the abundance and activity of specific microbial species. Food and beverages containing polyphenols may provide additional benefits. Fermented dairy products, coffee, tea, and chocolate have been associated with greater microbial diversity in individuals with cirrhosis.[64] Polyphenols present in coffee and tea can interact with gut bacteria and may contribute to beneficial effects on metabolism and liver health.[65] Rhubarb-derived compounds have also been investigated for their ability to promote potentially beneficial bacteria such as Akkermansia muciniphila and Parabacteroides goldsteinii. The type of dietary fat may further influence the gut–liver axis. Experimental studies suggest that saturated and unsaturated fats can produce different effects on gut microbiota, intestinal barrier function, inflammation, and hepatic fat accumulation in the presence of alcohol.[66]
Table 1: Microbiome-based therapeutic approaches.

	Therapeutic Approach
	Mechanism of Action
	Potential Benefits in ALD

	Diet
	Alters gut microbial composition; high-fibre diets increase SCFA-producing bacteria, while high-fat/animal-protein diets promote bile-tolerant microbes.
	Improves intestinal barrier function, reduces inflammation, supports liver and metabolic health.

	Antibiotics
	Reduce bacterial overgrowth and modify gut microbiota; rifaximin alters microbial activity with minimal disruption of overall microbiota.
	May improve hepatic encephalopathy and gut–liver interactions, though evidence in ALD remains inconsistent.

	Prebiotics
	Non-digestible substrates that selectively stimulate beneficial bacteria such as Bifidobacteria and Lactobacilli.
	Enhance gut barrier function, reduce pathogen colonization, and support immune and metabolic regulation.

	Probiotics
	Live beneficial microorganisms that restore microbial balance and strengthen intestinal barrier integrity.
	Reduce endotoxemia, inflammation, ammonia production, and may improve hepatic encephalopathy and liver injury.

	Synbiotics
	Combination of probiotics and prebiotics that enhances survival and activity of beneficial bacteria.
	Improves gut microbiota composition and has shown benefits in minimal hepatic encephalopathy.

	Faecal Microbiota Transplantation (FMT)
	Transfers healthy donor microbiota to restore intestinal microbial diversity and gut–liver homeostasis.
	May improve liver function, hepatic encephalopathy, and survival in severe alcohol-associated hepatitis; evidence remains promising but limited.


Antibiotics
Patients with alcoholic cirrhosis commonly develop bacterial overgrowth in the small intestine, and this condition tends to become more pronounced as liver disease progresses. Although selective decontamination of the intestine with antibiotics has been shown to reduce liver injury in experimental animal models, similar benefits have not been demonstrated consistently in human studies.[67-69] For example, a randomized, double-blind, placebo-controlled clinical trial involving patients with alcohol-related liver disease found no significant improvement following treatment with the poorly absorbed antibiotic paromomycin for three to four weeks. The lack of benefit may be related to the existing imbalance in the intestinal microbial community, possible selection of potentially harmful bacteria following antibiotic exposure, or the relatively short duration of treatment. The effects of antibiotics on the gut microbiome may vary according to the specific drug used.[70] Fluoroquinolone treatment has been associated with an increase in Bacteroidetes and Proteobacteria, while producing little or no significant change in Firmicutes. Some antibiotics, however, may exert potentially beneficial effects on intestinal microbial function. Rifaximin, for instance, has been investigated in patients with minimal hepatic encephalopathy and appears to modify microbial activity even when major changes in the overall composition of the gut microbiota are not evident.[71-72] Its use has been associated with an increased abundance of certain beneficial bacterial groups, including Eubacteriaceae, while some members of the Veillonellaceae family may decrease. Rifaximin therapy has also been linked to changes in the interaction between the gut microbiome and host metabolism. Studies have reported increased levels of saturated and unsaturated fatty acids and alterations in microbiome–metabolome interactions, particularly those involving bacterial groups such as Enterobacteriaceae, Porphyromonadaceae, and Bacteroidaceae. In addition, rifaximin may promote the growth of potentially beneficial bacteria, including Faecalibacterium prausnitzii and Lactobacillus. Changes in metabolites such as arachidonic acid and linoleic acid may also contribute to beneficial effects on neurological function, although the precise mechanisms underlying these effects require further investigation.[73-75] Interactions between antibiotics and the gut microbiota may also influence the effects of other medications. Experimental research has suggested that combining ampicillin with aspirin can significantly prolong bleeding time compared with aspirin administration alone. This observation has been attributed, at least in part, to antibiotic-induced alterations in the intestinal microbiome. Ampicillin may reduce the ability of gut microorganisms to metabolize aspirin, potentially modifying its pharmacological effects.[76-77]
Prebiotics

Prebiotics are dietary substances that help maintain a healthy balance of microorganisms in the gastrointestinal tract. They mainly support the growth and activity of beneficial bacteria, including Bifidobacteria and Lactobacilli. By encouraging the multiplication of these favorable bacterial populations, prebiotics may strengthen the natural protective mechanisms of the intestine and reduce the opportunity for harmful microorganisms to establish themselves. These compounds are generally not digested or absorbed in the upper parts of the digestive system. Because they are resistant to breakdown by human digestive enzymes, they pass through the stomach and small intestine and eventually reach the colon. Once they enter the large intestine, they are utilized and fermented by selected groups of intestinal bacteria. Their resistance to gastric acid and digestive enzymes allows them to act as an important source of nutrients for beneficial microorganisms residing in the colon. The effects of prebiotics depend partly on their chemical structure. Differences in molecular size, degree of polymerization, and the type of bonds linking their sugar units can influence how they are metabolized by gut bacteria and, consequently, their physiological effects.[78] Unlike probiotics, which may produce different effects depending on the particular microbial strain used, prebiotics within the same general category tend to have broadly similar functions, although their effectiveness may vary according to their structural characteristics. Lactulose, fructooligosaccharides (FOS), and galactooligosaccharides (GOS) are among the most commonly used prebiotic compounds. GOS are nondigestible carbohydrates produced from lactose and are composed mainly of linked galactose units. Similar compounds are also naturally present in human breast milk, where they contribute to the development of a favorable intestinal microbial environment. GOS may also help protect the intestinal tract from harmful microorganisms.[79] They can function as alternative attachment sites for certain pathogens, preventing them from binding effectively to the surface of intestinal epithelial cells. This interference with bacterial attachment may reduce the ability of pathogens to colonize the gut and cause infection. FOS are naturally present in several plant-based foods, including onions, asparagus, wheat, and artichokes. After reaching the colon, they are fermented by selected intestinal bacteria and can influence the composition and activity of the gut microbial community. FOS may support the growth of beneficial microorganisms while limiting the establishment of certain harmful bacteria.[80] In addition to their effects on the intestinal microbiota, they have been associated with the regulation of inflammatory responses and may influence metabolic processes related to lipid and glucose utilization. The ability of prebiotics to resist digestion is central to their biological activity. Since they remain largely undigested during their passage through the upper gastrointestinal tract, they can reach the colon and become available for bacterial fermentation.[81-82]
Probiotics 

Probiotics are live microorganisms that provide health benefits when consumed in sufficient quantities. In alcohol-related liver disease (ALD), they have gained considerable attention because of their potential to restore intestinal microbial balance and improve communication between the gut and liver.[83] Alcohol-induced changes in the gut microbiota can impair intestinal barrier function and promote the movement of bacteria and microbial products into the portal circulation. Probiotics may help counteract these changes by supporting a healthier microbial environment and maintaining the integrity of the intestinal lining. The beneficial effects of probiotics depend largely on the characteristics of individual strains. They can restrict the growth of harmful microorganisms by lowering intestinal pH, competing for nutrients and epithelial attachment sites, and producing antimicrobial substances. To remain effective, probiotic organisms must tolerate gastrointestinal conditions, including gastric acidity, bile salts, and pancreatic secretions.[84-86] 

Strains that survive these conditions can reach the intestine, interact with epithelial cells, and influence local immune responses. Lactobacillus and Bifidobacterium are among the most extensively studied probiotic genera. Experimental investigations have shown that certain Lactobacillus strains can inhibit the growth of pathogenic bacteria such as Escherichia coli and Salmonella Typhimurium. Similarly, Lactobacillus acidophilus has been associated with a reduction in fecal levels of pathogenic E. coli in experimental models. Other probiotic organisms, including Bifidobacterium animalis and Lactobacillus rhamnosus GG, have demonstrated protective effects against intestinal inflammation caused by pathogenic bacteria.[87] In animal studies, administration of Lactobacillus GG was also associated with lower circulating endotoxin levels and reduced severity of liver injury. Preservation of intestinal barrier function is an important aspect of probiotic activity. Probiotics may support epithelial cell viability and mucosal repair through the production of beneficial metabolites, including short-chain fatty acids. These effects can help maintain tight-junction integrity and prevent excessive intestinal permeability. By strengthening the intestinal barrier, probiotics may reduce the movement of bacteria and bacterial products from the intestinal lumen into the portal and systemic circulation.[88] 

Probiotic supplementation may also alter the composition of the gut microbiota by promoting beneficial bacterial populations and restricting the expansion and attachment of potentially pathogenic organisms. This microbial modulation may reduce exposure to endotoxins and other harmful bacterial metabolites, including phenolic and indole compounds. Lower exposure to these substances may help reduce hepatic inflammation. Probiotics may also influence inflammatory signalling pathways, including nuclear factor kappa B, thereby potentially reducing the production of inflammatory mediators such as tumour necrosis factor-alpha, interleukin-6, and interferon-gamma. The influence of probiotics on ammonia metabolism is particularly relevant to hepatic encephalopathy. Certain probiotic interventions may reduce bacterial urease activity and consequently limit intestinal ammonia production. Changes in intestinal acidity may further reduce ammonia absorption and its transport through the portal circulation.[89-90] By lowering the amount of ammonia reaching the systemic circulation, probiotics may contribute to improvement in neurological manifestations associated with hepatic encephalopathy. Some clinical studies have also suggested that improvements in mental status may persist for a period after probiotic treatment has been discontinued. Experimental research has identified specific microorganisms that may influence the progression of alcohol-related liver disease. Administration of Akkermansia muciniphila has been associated with protection against hepatic injury, fat accumulation in the liver, and neutrophil infiltration in animal models of alcohol-related liver disease. In addition, members of the Lactobacillus, Bifidobacterium, and Roseburia genera have been investigated for their possible association with resistance to alcohol-induced intestinal and hepatic disturbances. Clinical evidence from meta-analyses also suggests that probiotic interventions may improve features of minimal and overt hepatic encephalopathy and may contribute to lower circulating ammonia concentrations.[91-92]
Synbiotics 

Synbiotics contain a combination of probiotics and prebiotics and are used to support a healthier balance of intestinal microorganisms. Prebiotics provide nutrients that favor the growth of beneficial bacteria, including Bifidobacteria and Lactobacilli.[93-94] When combined with probiotics, they may also help these microorganisms survive and remain active in the gastrointestinal tract. The potential benefit of synbiotic therapy has been explored in patients with liver disease.[95-96] In a small clinical study, administration of a synbiotic preparation for 14 days resulted in an increase in non-urease-producing Lactobacillus species. This change in the intestinal bacterial population continued for approximately two weeks after treatment was stopped and was associated with an improvement in minimal hepatic encephalopathy.[97] 

Faecal Microbiota Transplantation (FMT)

The maintenance of a healthy gut microbiome depends on the combined activity of diverse microbial communities rather than on the presence of one or two dominant bacterial species. Faecal microbiota transplantation (FMT) has therefore gained attention as a potential approach for restoring microbial balance by introducing a complex community of microorganisms from a healthy donor into the gastrointestinal tract of a recipient. The therapeutic use of faecal material has a long history. Historical records from ancient China describe the administration of faecal preparations for the treatment of severe diarrhoea and food poisoning.[98] In modern medicine, FMT was successfully used in patients with severe Clostridioides difficile infection and subsequently became an important treatment option for recurrent disease. Its potential applications have since expanded, with studies investigating its effects in inflammatory bowel disease and various gastrointestinal and systemic disorders. FMT has also been explored in conditions associated with alterations in the gut–liver axis. Research involving patients with recurrent hepatic encephalopathy suggests that modifying the intestinal microbiome may improve neurological outcomes and reduce disease recurrence. FMT has also been used as an adjunct to conventional treatment in patients with cirrhosis and spontaneous bacterial peritonitis, with reported improvements in overall clinical condition.[99-100]
Evidence regarding the use of FMT in alcohol-related liver disease remains limited but encouraging. In patients with severe alcohol-associated hepatitis who were unable to receive corticosteroid treatment, short-term FMT was associated with improvements in liver disease severity and survival. Individual clinical reports have also described improvements in liver function, hepatic encephalopathy, and Model for End-Stage Liver Disease scores following FMT in patients with severe alcohol-associated hepatitis that did not respond adequately to corticosteroid therapy. These findings suggest that restoring beneficial microbial communities may influence intestinal barrier function, inflammation, and the gut–liver axis.[101] Washed microbiota transplantation (WMT) represents a newer development of conventional FMT. This approach involves systematic processing and purification of donor microbiota, together with controlled quality assessment and standardized transplantation procedures, with the aim of improving safety and consistency. WMT has been investigated in other gastrointestinal conditions, including malnutrition associated with Crohn's disease, where it has been reported to improve nutritional status and promote clinical remission when combined with nutritional therapy. More recently, personalized WMT approaches have been proposed to match donor microbiota with individual patient characteristics while attempting to preserve beneficial microbial communities.[102]
CONCLUSION

Gut microbiota dysbiosis is increasingly recognized as an important factor in the development and progression of alcohol-related liver disease. Chronic alcohol exposure disrupts microbial balance, weakens intestinal barrier integrity, promotes bacterial translocation, and activates hepatic inflammatory and immune pathways. These interconnected mechanisms contribute to hepatic inflammation, oxidative stress, fibrosis, and disease progression. Microbiome-targeted strategies, including dietary interventions, prebiotics, probiotics, synbiotics, antibiotics, and faecal microbiota transplantation, offer promising therapeutic possibilities. However, clinical evidence remains heterogeneous, and optimal treatment strategies have not yet been established.
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ABSTRACT


Alcohol-related liver disease (ALD) is a major cause of chronic liver injury, ranging from hepatic steatosis and alcoholic hepatitis to cirrhosis and liver failure. Increasing evidence indicates that disruption of the gut–liver axis is an important contributor to ALD pathogenesis. Chronic alcohol exposure alters gut microbial composition, promotes intestinal permeability, facilitates bacterial translocation, and increases exposure to microbial products such as lipopolysaccharide. These changes activate hepatic immune pathways, oxidative stress, and inflammatory responses, thereby contributing to disease progression. Gut microbiota alterations may also influence intestinal metabolites, bile acid metabolism, and immune regulation. Consequently, microbiome-directed interventions have emerged as potential therapeutic strategies. Dietary modification, prebiotics, probiotics, synbiotics, antibiotics, and faecal microbiota transplantation have demonstrated varying degrees of benefit in experimental and clinical studies. This review summarizes the role of gut microbiota in ALD pathogenesis and evaluates emerging microbiome-based approaches for restoring intestinal homeostasis and improving liver outcomes.
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