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Alcoholic liver disease (ALD) is one of the leading causes of morbidity among adults with alcohol use disorder (AUD) worldwide. Its clinical course ranges from steatosis to alcoholic hepatitis, progressing to more severe forms of liver damage, such as cirrhosis and hepatocellular carcinoma. The pathogenesis of ALD is complex and diverse elements are involved in its development, including environmental factors, genetic predisposition, the immune response, and the gut-liver axis interaction. Chronic alcohol consumption induces changes in gut microbiota that are associated with a loss of intestinal barrier function and inflammatory responses which reinforce a liver damage progression triggered by alcohol. Alcohol metabolites such as acetaldehyde, lipid peroxidation-derived aldehyde malondialdehyde (MDA), and protein-adducts act as liver-damaging hepatotoxins and potentiate systemic inflammation. Additionally, ethanol causes direct damage to the central nervous system (CNS) by crossing the blood-brain barrier (BBB), provoking oxidative stress contributing to neuroinflammation. Overall, these processes have been associated with susceptibility to depression, anxiety, and alcohol craving in ALD. Recent evidence has shown that probiotics can reverse alcohol-induced changes of the microbiota and prevent ALD progression by restoring gut microbial composition. However, the impact of probiotics on alcohol consumption behavior has been less explored. Probiotics have been used to treat various conditions by restoring microbiota and decreasing systemic and CNS inflammation. The results of some studies suggest that probiotics might improve mental function in Alzheimer’s, autism spectrum disorder, and attenuated morphine analgesic tolerance. In this sense, it has been observed that gut microbiota composition alterations, as well as its modulation using probiotics, elicit changes in neurotransmitter signals in the brain, especially in the dopamine reward circuit. Consequently, it is not difficult to imagine that a probiotics-based complementary treatment to ALD might reduce disease progression mediated by lower alcohol consumption. This review aims to present an update of the pathophysiologic mechanism underlying the microbiota-gut-liver-brain axis in ALD, as well as to provide evidence supporting probiotic use as a complementary therapy to address alcohol consumption disorder and its consequences on liver damage.
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INTRODUCTION
Alcohol consumption is the third most important cause of health impairment worldwide, with 5.3% of all annual deaths due to its excessive use. Approximately 43% of the population over 15 years of age consumed alcohol in the last 12 months, indicating an early life risk of death and disability due to this cause (World-Health-Organization, 2018).
Chronic alcohol consumption is one of the main risk factors of liver injury (Rocco et al., 2014), with alcoholic liver disease (ALD) as one of the leading causes of morbidity among adults with alcohol use disorder (AUD). The liver damage induced by alcohol consumption includes the following clinical impacts: steatosis, steatohepatitis, alcoholic hepatitis, fibrosis, and cirrhosis, each considered a relevant public health burden (World-Health-Organization, 2018). Globally, AUD has a significant socioeconomic impact on the population, with an elevated mortality rate from alcohol cirrhosis associated with increased alcohol consumption rates. It is estimated that alcohol consumption and ALD incidence will continue to increase in the coming decades, inextricably linked to psychosocial issues that our society is facing.
Consequently, healthcare systems confront a significant and increasing demand for ALD treatment. So far, abstinence-based interventions remain the cornerstone of clinical ALD management. However, due to the high relapse rate observed in AUD patients, there are increasing needs for developing and implementing new treatment options for this disorder (Axley et al., 2019).
In recent years, numerous studies have focused on the role of the microbiota-gut-liver axis in ALD pathophysiology. Diverse strategies directed to reestablish the homeostatic function of this axis have also been assayed in ALD patients with successful therapeutical results, including probiotic-based approaches. In this review, we summarize some of this evidence, including an additional landscape focused on integrating this knowledge to the role of the brain functions over these mechanisms and vice-versa. Bidirectional modulation of this relationship will help advance toward better integral management of this pathology, which is based on the microbiota-gut-liver-brain axis as a central component in ALD.
MICROBIOTA-GUT-LIVER AXIS IN THE PATHOGENESIS OF ALCOHOLIC LIVER DISEASE
Once a drink is swallowed, it is mainly absorbed in the intestinal tract and subsequently transported via the portal vein to the liver, where it is metabolized. A significant part of absorbed alcohol can induce direct damage to this organ. However, only 10–35% of heavy drinkers develop alcoholic steatohepatitis, and of those subjects, 10% develop liver cirrhosis (McCullough and O'Connor, 1998), suggesting that other mechanisms can contribute to the ALD pathogenesis.
ALD pathogenesis is complex and multifactorial, including environmental factors, genetic predisposition, immune response, and gut microbiota. In recent years, several researchers have focused on studying ALD pathogenesis regarding the interaction between the gut microbiota and the liver. The influence of intestinal microbiota on liver disease development has been highlighted among the findings, as well as, contrariwise, the impact exerted by the liver and bile acid secretion on microbiota status (Szabo, 2015). In this regard, abusive alcohol consumption influences the microbiota-gut-liver axis interaction, a mechanism highly relevant to ALD progression (Bajaj, 2019). The interplay of the components belonging to the axis sets the behavior of diverse mechanisms that are part of it, such as intestinal immune responses, intestinal barrier function, microbiota composition, and hepatic and systemic inflammation, all of which are seriously altered in ALD (Leclercq et al., 2014b; Chen et al., 2015; Neuman et al., 2020).
Increasing evidence has demonstrated that alcohol intake leads to small and large intestinal changes in intestinal microbial composition and a loss of intestinal barrier function, giving rise to an inflammatory response that reinforces the liver damage progression triggered by alcohol. Differences in microbiota diversity and composition have been described in the pathophysiology of many diseases such as Inflammatory Bowel Disease, Parkinson’s, and Autism (Bajaj, 2019). A particular dysbiosis is observed for ALD, which is described to be conservative across the studied populations and closely associated with the severity of alcohol dependence (Llopis et al., 2016). Compared to healthy subjects, the dysbiosis observed in AUD is characterized by decreased abundance for the phylum Bacteroidetes but elevated for Proteobacteria, while at the family level, an increased number of Enterobacteriaceae has been observed in individuals with cirrhosis, which is related to plasma endotoxin abundance increases. By contrast, Lachnospiracea and Ruminococcaceae have lower abundance in individuals with AUD, which is linked with reduced intestinal short-chain fatty acids (SCFAs) (Litwinowicz et al., 2020). Since SCFAs are products derived from bacterial fermentation, changes in intestinal microbial composition might be related to differences in intestinal metabolism responsible for decreased SCFA levels observed after alcohol intake (Hartmann et al., 2015). SCFAs provide energy to enterocytes and exert a protective effect on the gut barrier function by promoting an anti-inflammatory environment, thus mediated by regulatory mechanisms of immune response activation (Litwinowicz et al., 2020). Additionally, at the genus level, increased levels of Bifidobacterium and Streptococcus have been shown after alcohol consumption, being described as the most common pathogens responsible for bacterial infections in cirrhotic individuals (Litwinowicz et al., 2020). In this context, Zhong X. et al. demonstrated that increased Streptococcus abundance was linked with hepatocyte damage severity in patients with alcoholic liver cirrhosis, which in turn was correlated with AST plasma level, a major indicator of alcoholic liver injury (Zhong et al., 2021).
The factors contributing to dysbiosis in ALD are not fully known. However, it has been described that environmental factors, genetics, intestinal dysmotility, increased gastric pH, altered bile flow, and an altered immune response participate in its development (Hartmann et al., 2015). Moreover, the down-regulation of intestinal antimicrobial peptides (AMPs) after chronic ethanol consumption (Litwinowicz et al., 2020) contributes to intestinal dysbiosis. Intestinal alpha-defensins are AMPs that play an innate host defense against bacterial infection and maintain intestinal mucosa homeostasis (Muniz et al., 2012). It has been shown that chronic ethanol intake down-regulates the expression of alpha-defensins in the intestine, leading to dysbiosis, loss of intestinal barrier function, and systemic inflammation (Shukla et al., 2018). In this regard, new evidence has shown that cathelicidin-related antimicrobial peptide (CRAMP) knockout mice fed with alcohol exacerbate ALD response by an increased hepatic inflammasome activation and an elevated serum interleukin (IL)-1β levels. Indeed, the exogenous administration of CRAMP can reduce alcohol-induced hepatic steatosis by reverting alcohol-induced endotoxemia and inflammasome activation (Li et al., 2020).
Chronic alcohol ingestion also may lead to small and large intestinal bacterial overgrowth, which along with changes in the microbiota composition, have been correlated with alcoholic cirrhosis severity. This evidence suggests that microbiota modulation can be an attractive target for ALD therapy (Hartmann et al., 2015). Dysbiosis in ALD led to an abnormal accumulation of bacterial products in the portal circulation (Tilg et al., 2016). In fact, dysbiosis, bacterial overgrowth, and alcohol consumption are associated with increased intestinal epithelial permeability, facilitating microbial product's translocation to the liver, including lipopolysaccharide (LPS), an endotoxin from Gram-negative bacteria (Figure 1) (Araneda et al., 2016). Several studies have demonstrated that alcohol consumption increases LPS levels in the systemic circulation, mainly observed during the early stages of ALD. Upon reaching the liver, LPS activates inflammatory pathways conducted by interacting with Toll-like receptor-4 (TLR-4), triggering intracellular signaling, principally regulated by the nuclear factor-kappa B (NF-kB), toward the expression of the inflammatory genes. Consequently, the release of proinflammatory cytokines by Küpffer and other hepatic cells occurs, inducing liver and systemic inflammation (Hartmann et al., 2015; Araneda et al., 2016). Among the cytokines TNF-α stands out as a proinflammatory cytokine that induces liver fibrosis and necro-inflammatory hepatic damage processes. High systemic TNF-α levels are also associated with worsening gut permeability (Rocco et al., 2014) and intestinal inflammatory responses that enlarge the initial impact induced by alcohol over the gut microbiota composition.
[image: Figure 1]FIGURE 1 | Gut-microbiota-liver-brain axis in ALD. Interaction diagram of the different mechanisms participating in the gut-microbiota-liver-brain axis involved in the pathophysiology of ALD. (A) Alcohol consumption has adverse effects on the gut; it disrupts the gut barrier leading to high permeability and translocation of bacterial products. These effects create a proinflammatory environment which affects microbiota. (B) ALD has a specific microbiota dysbiosis favoring an overgrowth of nonbeneficial bacteria. The decrease of SCFA due to alcohol consumption influences these alterations because SCFA is food for helpful bacteria. This context produces a translocation of different substances called PAMPs, such as LPS or peptidoglycan, to the liver and circulation, increasing endotoxemia. (C) The liver is a vital organ in ethanol metabolization and suffers many changes in chronic consumption; activation of Küpffer cells and proinflammatory TLR4 pathway, causing hepatitis, increased reactive oxygen species, and cytokines, such as IL-18, IL-8, and IL-1β. In advanced stages, the liver fails in its detox task, and organisms accumulate ammonia. (D) All the aforementioned inflammatory processes lead to a systemic inflammation that affects the brain, contributing to ethanol-triggered neuroinflammation. PAMPs and alcohol also produce disruption of the blood-brain barrier, astrocyte senescence, and more significant changes in the brain; alteration of the DR1 and 2, increased levels of anxiety, depression, and alcohol craving. Finally, the gut and the microbiota are influenced by the brain and vice-versa through nerve and GABA signaling modulation. ALD: Alcoholic liver disease; SCFA: Short-chain fatty acids; PAMPs: Pathogen-associated molecular patterns; LPS: Lipopolysaccharide: PGN: Peptidoglycan; ROS: Reactive oxygen species; BBB: Blood-brain barrier; DR1/DR2: Dopamine receptor 1/2; GABA: γ-aminobutyric acid; TLR4: Toll-like receptor 4.
The liver is the main organ responsible for ethanol metabolism. Ethanol oxidation can occur in two steps: the first is conducted by alcohol dehydrogenase (ADH), a cytoplasmic enzyme promoting fast oxidation from ethanol to acetaldehyde, a process that occurs mainly in the liver due to a high expression of the enzyme in this organ (Seitz and Oneta, 1998). ADH expression is also observed in the gut, associated with a lesser degree of alcohol metabolism, limiting the ethanol charge in the portal vein and, thus, in the liver and the systemic circulation (Seitz et al., 1994). Subsequently, acetaldehyde is further metabolized to acetate in a second stage by acetaldehyde dehydrogenase (ALDH).
Ethanol and its metabolites can exert a direct cytotoxic effect on the cells acting as hepatotoxins. Acetaldehyde damages the liver by triggering inflammation, extracellular matrix remodeling, and fibrogenesis (Rocco et al., 2014). Additionally, acetaldehyde can directly disrupt the epithelial barrier function. In vitro studies conducted by K. J. Atkinson and R. K. Rao showed that acetaldehyde, at elevated pathophysiological concentrations, was able to disrupt tight junction structures of Caco-2 cell monolayers, mainly zonula occludens-1, by a tyrosine phosphorylation-dependent mechanism, contributing to increased gut permeability (Atkinson and Rao, 2001).
ADH conducts the main route to metabolize ethanol. However, chronic alcohol consumption upregulated the microsomal ethanol oxidizing system by cytochrome P450 (CYP) enzymes, specifically CYP 2E1. First, CYP 2E1 catalyzes ethanol oxidation to acetaldehyde and then metabolizes it to acetate (Ceni et al., 2014). The catalytic reaction of ethanol by CYP2E1 generates significant reactive oxygen species, such as superoxide anion, hydrogen peroxide, and the hydroxyl radical. These molecules can induce direct damage to hepatic cells, generating toxic effects such as lipid peroxidation, enzyme inactivation, DNA mutations, and cell membrane destruction (Ceni et al., 2014). Reactive oxygen species can also induce inflammatory processes of alcohol-induced liver damage by recruiting immune cells to the liver, increasing systemic proinflammatory cytokine levels, and contributing to lipid peroxidation (Rocco et al., 2014). Lipid peroxidation is one of the main reactions in alcohol-induced liver damage due to the generation of toxic aldehydes, including malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE). Similar to acetaldehyde, these molecules can react with DNA, lipids, and proteins to form adducts (Ceni et al., 2014; Rocco et al., 2014) that interfere with liver function by mechanisms of mitochondrial damage, activation of stellate cells, increased liver fibrosis, and inflammation (Ceni et al., 2014).
The mechanisms involved in the communication of the microbiota-gut-liver axis that continuously contributes to ALD development are not alone. The reciprocal impact of brain function perturbations in ALD progression has acquired increasing importance.
ALCOHOL AND MICROBIOTA-GUT-LIVER-BRAIN AXIS
The alterations of the microbiota-gut-liver axis in ALD have been widely described during the last years. Interest has recently increased regarding the role of this axis in brain function and its reciprocal influence on the intestinal environment and liver functions. Thus, growing evidence has emerged to consider the microbiota-gut-liver-brain axis as an integrative approach for better understanding ALD pathophysiology.
As mentioned earlier, diverse evidence has shown that microbiota disturbances and liver damage affect gut-brain axis communication. In this regard, Stärkel P. et al. observed that depression, anxiety, and alcohol craving are positively correlated with increased intestinal permeability in patients with alcohol dependence (Leclercq et al., 2014a). Moreover, brain function alteration in primary psychiatric disorders such as schizophrenia, in the absence of AUDs, is associated with gut-brain axis interaction disturbances that are enhanced by alcohol consumption (Bajaj, 2019).
Brain function is affected throughout the spectrum of AUDs, ranging from acute intoxication to chronic changes, such as hepatic encephalopathy (Bajaj, 2019). The direct effects of alcohol on the brain are explained because ethanol is a lipophilic molecule that easily crosses the blood-brain barrier, causing direct damage to the central nervous system (CNS). Among its deleterious effects is increased neuronal membrane fluidity, which can be mediated by lipid composition proportion changes (Leonard, 1986) and genotoxic damage that leads to cell death (Lamarche et al., 2003). In addition, endogenous DNA-damaging molecules, such as oxygen radicals, lipid peroxidation products, and acetaldehyde, all produced due to ethanol metabolism, contribute to this process (Brooks, 1997). Ethanol also activates an immune response in the brain conducted by an increased TLR4 pathway activation. It consequently induces inflammatory cytokines, such as TNF-α and IL-6, mediating neuroinflammation and blood-brain barrier impairment (Gupta et al., 2021). Inflammatory brain damage contributes to alcohol dependence after its chronic and heavy consumption. Furthermore, brain reward circuit activation enhances this behavior, which is associated with a positive reinforcement that drinking exerts on further ethanol intake, due partially to dopamine production (Stärkel et al., 2016).
As we mentioned earlier, the impact of alcohol on brain functions can indirectly be mediated by gut-liver-brain axis disturbance. Alcohol-induced microbiota changes and its consequences on intestinal barrier function can contribute to bacterial components and metabolites translocating to the bloodstream and liver, inducing low-grade systemic inflammation. In this regard, increased bacteria component loads in peripheral circulation have also been associated with alcohol dependence and consumption habits (Leclercq et al., 2012; Stärkel et al., 2016). This generates a vicious circle, where alcohol-induced microbiota damage leads to consuming more alcohol, and its ingestion perpetuates the intestinal microenvironment injury. In this regard, Jadhav KS. et al. demonstrated that a differential microbiota composition was associated with alcohol consumption behavior in vulnerable and resilient experimental rat groups trained daily to self-drink 0.1 ml of alcohol (10% weight/volume) during 80 following sessions of 30 min. They observed that, unlike a resilient group of rats, the vulnerable group (those that lose control over alcohol consumption) showed microbiota composition changes and were correlated with striatal dopamine receptor expression level alterations (Jadhav et al., 2018). These results suggest a regulatory role of microbiota over the dopamine reward system in the brain.
The mesocorticolimbic dopamine system or reward system consists of heterogeneous dopaminergic neurons localized in the mesencephalon, diencephalon, and olfactory bulb. Mesodiencephalic dopaminergic neurons are part of substantia nigra pars compacta, the ventral tegmental area (VTA), and the retrorubral field. The dopamine system includes the mesolimbic and mesocortical pathways, which arise from VTA. The mesolimbic dopaminergic system includes VTA that project to the nucleus accumbens, amygdala, and hippocampus. The mesocortical dopaminergic system, which includes the VTA, extends its fibers to the prefrontal, cingulate, and perirhinal cortex (Arias-Carrión et al., 2010). As a component of the reward pathway, the striatum comprises medium spiny neurons classified into those expressing dopamine receptor D1, the direct pathway, and those expressing the D2 receptor or indirect pathway as a reward pathway component. D1 medium spiny neurons mediate reinforcement and reward, so a current consensus suggests that D1 medium spiny neurons facilitate the selection of rewarding actions. D2 medium spiny neurons, by contrast, have been associated with aversion and avoidance, so D2 medium spiny neurons help suppress cortical patterns that encode maladaptive or non-rewarding actions (Jadhav et al., 2018). Therefore, positive reinforcement learning would be modulated by signaling the D1 direct pathway, while negative reinforcement learning would be modulated by signaling the D2 indirect pathway (Jadhav et al., 2018). In the Jadhav KS study, the vulnerable group of rats showed a lower expression of striatal D2 receptors, concomitant with higher expression of D1 receptors at the striatum. These findings suggest that dysbiosis-induced alcohol consumption predisposition was due to a higher reward effect.
Regarding the study, an interesting association between D2R mRNA expression and microbiota composition was described in the vulnerable group. A significant correlation was found between changes in the low abundance of some bacteria genera, such as Lachnospiraceae, and reduced D2R mRNA expression in the brain. These findings have suggested that reestablishing gut microbiota composition may contribute to inhibitory innervations in brain circuits associated with addiction. The correlations between intestinal microbial composition and addiction behavior would indicate that variations in bacterial abundance may coincide with differences in the addictive behavior, connecting the gut microbiota and the brain directly, specifically to the striatal D2R mRNA expression (Jadhav et al., 2018).
As we already mentioned, the liver damage stage is linked with intestinal dysbiosis progression. Concurrently, this is associated with increased intestinal permeability and microbial product translocation to the liver, promoting bile acid metabolism imbalance, gut dysmotility, and systemic inflammation (Milosevic et al., 2019). Ammonia and other substances produced by the intestinal microbiota that are cleared by the liver can also be accumulated in ALD. Consequently, high circulating ammonia levels reaching the CNS induce astrocyte senescence, giving rise to a cascade of events leading to brain damage (Gupta et al., 2021). Brain imaging studies have demonstrated that hyperammonemia is related to astrocyte dysfunction (Ahluwalia et al., 2016). Furthermore, an increased level of proinflammatory plasma cytokines, such as TNF-α, also contributes to this inflammatory brain damage (Gupta et al., 2021). Therefore, microbial products, ammonia, and inflammatory mediators produced by disturbances of the microbiota-gut-liver axis can worsen the neuroinflammation of the brain in ALD.
Neurobiological Alteration in Alcohol Addiction and Neuroinflammation
As previously mentioned, ALD is directly associated with the damage produced by alcohol consumption, making it important to go further into the subject of alcohol addiction and the mechanisms involved in its pathogenesis. Recent studies have been focused on how an imbalance in the microbiota-gut-liver-brain axis, due to alcohol consumption, affects brain function in people with ALD, specifically in their cognitive performance (Ahluwalia et al., 2016). Alcohol impacts multiple brain pathways, neuroplasticity, signaling related to reward, stress, habit formation, and decision making, which contribute to producing the phenomenon of addiction (Koob and Volkow, 2010). However, the exact mechanisms exerted by alcohol on the brain and the association between alcohol addiction and the microbiota-gut-liver-brain axis are still unknown.
Chronic administration of alcohol and other abused substances activates the mesocorticolimbic dopamine system, producing functional alterations at several levels (Adinoff, 2004). Ethanol is known to provoke a dose-dependent excitation of dopaminergic VTA neurons (Brodie et al., 1990), increasing dopamine levels in the nucleus accumbens. This finding is relevant, considering that in the pathophysiology of addiction, dopamine synapse plasticity and metaplasticity play an important role in reward-based learning and addiction development (Cui et al., 2013). Interestingly, new evidence suggests that self-administration of ethanol is not dependent only on the dopaminergic activation of the nucleus accumbens. Indeed, this event is necessary for rewarding the effects of ethanol but not essential for other aspects of reinforcing actions of the drug (Weiss and Porrino, 2002).
In this regard, other neuronal pathways contribute to the development of alcohol addiction. It has been demonstrated that ethanol can directly interact with GABAA and NMDA ion channel receptors in the mesocortical system by an unknown mechanism. This interaction mediates the reinforcing action of alcohol. Chronic intake and repeated ethanol withdrawal experiences produce GABAA receptor function adaptations, decreasing its sensitivity. As with inhibitory neurotransmission signaling in the CNS, an increased GABAergic activation by ethanol is related to decreased neuronal excitability in diverse brain areas, including the prefrontal cortex area (Grobin et al., 1998). Therefore, the adaptations induced by ethanol are important in the marked increased CNS excitability that characterizes the withdrawal (Finn and Crabbe, 1997).
Conversely, glutamate is the principal excitatory neurotransmitter in the brain. Ethanol plays a role in modulating ionotropic glutamate receptors, with NMDA receptors being the most studied. Chronic alcohol consumption causes an adaptive up-regulation of the NMDA receptor function (Hoffman and Tabakoff, 1994), a mechanism that could explain withdrawal symptoms that appear due to rebound activation of this receptor.
Another neural signaling pathway involved in alcohol addiction is serotonergic system dysfunction. In abstinent alcoholics, a decreased serotonin (5-HT) content is observed in cerebrospinal fluid, platelet, and low use of tryptophan, the amino acid precursor of serotonin. In line with this evidence, various studies have observed a decrease in plasma tryptophan concentrations in alcohol-dependent patients. Tryptophan deposit depletion in alcoholics does not increase alcohol consumption behavior (Sari et al., 2011). Studies carried out in humans regarding the administration of central serotonergic agonists have not yet provided concordant results, but a significant reduction in the availability of brainstem serotonin transporters was found in alcoholics, which was correlated with alcohol consumption, depression, and anxiety during withdrawal. These findings support the hypothesis of serotonergic dysfunction in alcoholism (Heinz, 1998).
New evidence has suggested that cerebral neuroimmune interaction also plays a role in addiction. Neuroimmune mediators expressed in neurons and glia, such as cytokines and chemokines, are involved in various brain functions. For instance, it has been described that CCL2 and CXCL-12 regulate the release of glutamate, GABA, and dopamine (Cui et al., 2014). Neurotransmitters are involved in the reward system. These findings open new opportunities for exploring the role of this neuroimmune communication in alcohol addiction.
Neuroinflammation involves diverse stages. Initially, an innate immune response, principally characterized by increased levels of TNF-α and IL-1β, is produced by microglia in response to environmental toxins or neuronal damage. These cytokines exert neuroprotective effects on SNC by promoting oligodendrocyte maturation and neurotrophin secretion. However, under overactivated conditions, microglia release abundant proinflammatory cytokines and chemokines, which synergistically mediate neuroinflammatory processes in specific brain areas, such as the central amygdala (Cui et al., 2014). In vivo animal studies provide further evidence about the role of neuroimmune modulation in alcohol addiction; some studies show effects from interrupting certain neuroimmune gene expressions, such as beta-2-microglobulin and cathepsin S (Blednov et al., 2005; Blednov et al., 2012) or targeted disruption of TLR4 in the central amygdala reduced alcohol consumption (Liu et al., 2011). Indeed, pharmacological suppression of neuroimmune signaling pathways, such as the toll-like receptor signaling pathway, reduces alcohol intake behavior in different animal models (Mayfield et al., 2013; Bell et al., 2015). In this regard, alcoholics have shown a positive correlation between alcohol craving and elevated levels of inflammatory cytokines and endotoxins in serum, suggesting that an innate immunity activation may uphold alcohol addiction. This premise is consistent with results obtained from animal studies where injecting LPS increased alcohol consumption, with this effect reversed by deleting immune-related genes (Cui et al., 2014). In this scenario, it is not difficult to imagine that, by an indirect effect of probiotics on microbiota modulation and the reduction of systemic inflammation, they could be a good therapeutic alternative to control alcohol addiction. Probiotic's impact on alcohol-neuroinflammation has been poorly explored. Further studies directed to understand the role of probiotics in cerebral neuroimmune alterations are necessary to comprehend its contribution to alcohol addiction.
While chronic alcohol consumption induces neuroinflammation in the CNS, the peripheral elevation of cytokine levels can promote and reinforce this damaging process. Systemic inflammation is favored by the activation conducted by pathogen-associated molecular patterns (PAMPs), such as LPS and peptidoglycan, over Pattern Recognition Receptors (PRRs) (TLRs or NOD-like receptors) present in various immune cells. It has been seen that the activation of this pathway plays a crucial role in developing alcohol-induced damage, given that they trigger the expression of genes involved in the innate immune response. Thus, the elevation of proinflammatory cytokine levels, such as IL-1β, IL-8, and IL-18 (Akira et al., 2006; Leclercq et al., 2014a) results in a systemic and SNC low-grade inflammation. The contribution of this mechanism in ALD pathogenesis has been strongly demonstrated in TLR4 knockout mice experiments characterized by acquired resistance to both alcohol addiction and liver-damaging (Alfonso-Loeches et al., 2010). Furthermore, these proinflammatory pathways have been directly related to a greater desire for alcohol consumption or craving, as well as its dependence and addiction (Leclercq et al., 2012).
ALD is the most common cause of death among patients with AUD and is considered a preventable disorder. Currently, the alternatives for AUD treatment are limited, including psychological and pharmacological therapy characterized by low efficacy. Some drugs approved by the Food and Drug Administration (FDA), such as disulfiram, naltrexone, and acamprosate, are currently being used to reduce feel-good response to alcohol intake and control the long-term effect of alcohol deprivation (Vuittonet et al., 2014). However, other unapproved drugs, such as gabapentin, baclofen, topiramate, ondansetron, varenicline, and other approved drugs such as nalmefene, are beginning to be used off-label (Leggio and Lee, 2017; Shen, 2018). Therefore, there is a need for a treatment that supports current therapies. In addition, recent studies have positioned ethanol-induced neuroinflammation as a central factor in alcohol dependence and depressive and anxiety disorders, with the latter also present in conjunction with AUD, probably because they share the same pathophysiology.
As previously discussed, alcohol leads to CNS and systemic inflammation both directly and indirectly and is a relevant factor to understand while seeking alcohol addiction treatments. The low-grade inflammation observed in AUD is associated with mood disorders, mental illness (schizophrenia and autism), and alcohol addiction, which can develop together. Indeed, depression predisposes to alcoholism and vice versa (Maes, 1999; Felger and Lotrich, 2013). Likewise, the presence of depression symptoms has been widely studied in patients with chronic inflammation. It is shown that the increase in inflammatory cytokines, such as interferon-γ, generates a greater expression of enzymes involved in tryptophan catabolism, the precursor of serotonin. Thus, the persistence of a low-grade inflammation status would explain the appearance of mood disorders frequently observed in alcohol consumption (Lestage et al., 2002). Considering the aforementioned mechanisms, it is not difficult to imagine that reducing systemic inflammation would reduce detrimental psychological symptoms and addiction behavior to alcohol and other drugs, such as cocaine and opioids (Koob and Le Moal, 2005; Zhang et al., 2019).
Given the addictive nature of alcohol, strategies to prevent relapse after withdrawal are currently being investigated. Several studies suggest that intestinal microbiota modulation using probiotics may have a role in ALD. Reestablishing beneficial gut bacteria composition would decrease anxiety, depression, and neuroinflammation in AUD patients and decrease alcohol consumption. Therefore, complementary therapies based on probiotics are an attractive therapeutic alternative to treat addictions and their relapses.
PROBIOTICS AND GUT-BASED THERAPY
Probiotics are defined as “live microorganisms which, when administered in adequate amounts, confer a health benefit on the host” (Mack, 2005). Probiotics’ beneficial effects have been widely studied in different pathologies, such as gastrointestinal diseases, and to treat various central disorders by restoring microbiota properties and the capability to modulate systemic and CNS inflammation. Furthermore, due to probiotics’ potential benefits for CNS and mental disorders, it has recently been proposed to recognize them as “psychobiotic,” with an expectation of low side effects and anti-inflammatory, antidepressant, and anti-anxiety properties (Ansari et al., 2020). Some studies suggest using probiotics to improve mental function in Alzheimer’s and Autism spectrum disorders and attenuated morphine-derived analgesic tolerance (Zhang et al., 2019; Ansari et al., 2020).
Probiotics Benefits on Alcoholic Liver Disease
Diverse studies have shown that probiotics have beneficial effects on ALD. Probiotics can modulate several pathophysiological mechanisms involved in liver damage development, some of them detailed in Figure 2. Among the mechanisms described are microbiota balance restoration, decreasing dysbiosis, and promoting an anti-inflammatory environment that allows for reducing intestinal permeability and translocating of bacterial components (LPS) to the systemic circulation (Kirpich et al., 2008). In addition, by reducing endotoxemia, probiotics can prevent bacterial metabolites reaching the liver and the inflammatory response (Kirpich et al., 2008).
[image: Figure 2]FIGURE 2 | Probiotics’ effect on the gut-microbiota-liver-brain axis in ALD. Probiotics exert their actions at different levels of the gut-microbiota-liver-brain axis, acting directly on each of these organs and indirectly due to the axis component's interplay. (A) At the intestinal level, probiotics improve digestion and tight junction’s expression and are a protective factor for the crypts and mucous layer. (B) The change enhances the effects that probiotics produce in the microbiota, restoring it and decreasing dysbiosis triggered by alcohol abuse, which will lead to a decrease in harmful bacteria and an increase in beneficial ones, therefore reducing the high permeability of the gut and the translocation of PAMPs to the liver. (C) Probiotics’ effect in the brain causes a decrease in proinflammatory cytokines at the systemic level; consequently, the system and neuroinflammation are attenuated by a probiotic-based therapy. Inflammation control is one of the mechanisms behind controlling alcohol consumption and psychological symptoms, such as anxiety and depression. Furthermore, the control of high permeability and the translocation of substances contributes to controlling the disruption of the blood-brain barrier and neuroinflammation. Finally, FGF21 has an important effect on the brain since it produces dopamine transporter transcription in the nucleus accumbens, allowing less dopamine to access the postsynaptic receptor. (D) Probiotics have demonstrated multiple benefits at the liver level since the decrease of steatosis to encephalopathy and cirrhosis. These liver effects are explained by the decrease of PAMPs in the systemic circulation, especially LPS, that induce the normalization of the inflammatory processes that are associated, among others, with the TLR4 pathway. Consequently, the adverse effects of alcohol on the liver are decreased; less activation of Küpffer cells, decreased liver enzymes, proinflammatory cytokines, and less fibrosis. Some probiotics cause increased formation of FGF21 in the liver, which has effects on the brain. ALD: Alcoholic liver disease; SCFA: Short-chain fatty acids; PAMPs: Pathogen-associated molecular patterns; BBB: Blood-brain barrier; TLR4: Toll-like receptor 4; FGF21: fibroblast activation protein 21.
As previously mentioned, changes in the microbiota-gut-liver-brain axis are observed for diverse behavioral and addictive disorders. It is not difficult to imagine that the use of approaches directed to modulate these alterations may treat AUDs. A positive mechanism of probiotics could thus have different consequences in ALD development (Figure 2). It is therefore simple to conceive the possibility of addressing alcohol addiction with probiotics to positively reduce depression, anxiety, alcohol craving, dependence, and systemic inflammation. By reducing systemic proinflammatory status and neuroinflammation, probiotics also offer an excellent alternative to relieve CNS damage reinforcing beneficial effects on addiction and, consequently, alcohol consumption.
Numerous approaches have been explored to modulate intestinal microbiota in ALD. Table 1 summarizes some of the studies related to probiotics use for modulating mechanisms underlying the microbiota-gut-liver-brain axis in this disorder. One highlight is the study of Kirpich IA. et al. who observed that probiotic supplementation with Bifidobacterium bifidum and Lactobacillus plantarum restored Bifidobacteria, Lactobacilli, and Enterococci numbers in a group of alcoholics, to the title reported in healthy controls (Kirpich et al., 2008). Some probiotics approaches have also been shown to modulate intestinal barrier function in AUD patients, mainly using Lactobacillus, Bifidobacterium bifidum, or Akkermansia (Khailova et al., 2009; Grander et al., 2018). In this regard, other probiotics have been reported to improve the expression of tight junction proteins in the ileum and normalize cytokine levels (Chen et al., 2016) in mice with a chronic binge alcohol-fed model. Other studies have revealed that probiotics have beneficial effects on brain functions, mood, behavior, and addiction. For example, a recent study has shown that in a group of patients with alcoholic hepatitis treated orally with cultures of Lactobacillus subtilis and Streptococcus faecium, the probiotic-based treatment decreased serum LPS level compared with placebo (Han et al., 2015). This study also shows that probiotic-based therapy modulates the microbiota environment, specifically reducing E. coli levels and increasing Lactobacillus in patients with alcoholic hepatitis. Interestingly, a considerably decreased LPS level was observed in a subgroup of patients with high liver damage, probably because this group is associated with a high intestinal permeability that causes bacterial translocation. Other probiotics approaches have also been shown to stimulate intestinal epithelial cell growth, improving the barrier function (Yan et al., 2007).
TABLE 1 | Probiotics based treatment in ALD.
[image: Table 1]As noted above, the potential use of probiotics in ALD has already been demonstrated. Evidence has also shown the capacity of probiotic Lactobacillus reuteri to produce antimicrobial peptides that prevent the growth of pathogenic bacteria in the intestine (Jones and Versalovic, 2009). Lactobacillus rhamnosus GG (LGG) was also shown to reduce alcohol-induced intestinal translocation, oxidative stress, and inflammation in the liver and intestine in a rat model of alcoholic steatohepatitis (Forsyth et al., 2009); all these alterations are involved in ALD. LGGs can also increase intestinal fatty acids and amino-acid metabolism (Shi et al., 2015; Li et al., 2016). Furthermore, studies in rats using LGG conclude that it can reverse established alcoholic hepatic steatosis and injury (Li et al., 2016). Probiotics’ direct or indirect improvement of liver function can also be demonstrated based on its effect on restoring ALT levels and AST, lactate dehydrogenase, and total bilirubin described as liver damage biomarkers (Zhang et al., 2019).
Immune response can be also modulated by probiotics. In this matter, a restoration of neutrophil phagocytic capacity has been observed in patients with alcoholic cirrhosis treated with a probiotic scheme based on Lactobacillus casei Shirota. Indeed, together with an increase of this activity in this immune cell type, a normalization of the TLR4 receptor expression was also observed in treated patients, suggesting a decrease in inflammatory signals induced by pathogenic ligands (Stadlbauer et al., 2008). Based on the above, by reducing systemic inflammation, we can expect a positive impact of the probiotic on the CNS that could be useful to control the desire to consume alcohol. It was demonstrated that some probiotics reduce the systemic TNF-α and IL-10 levels as well. The study concluded that in mice injected with LPS and D-galactosamine, pretreatment with the probiotic mixture VSL#3 prevented colonic barrier function breakdown, reduced bacterial translocation, reduced TNF-α levels tissues, and significantly attenuated liver injury (Ewaschuk et al., 2007). Studies have shown that the use of Lactobacillus spp, including Lactobacillus plantarum and Fructo-oligosaccharides, reduces the production of primed TNF-α by peripheral blood mononuclear cells in cirrhotic patients (Riordan et al., 2003). On the other hand, in vitro studies demonstrated that Bifidobacteria induce the production of IL-10 by cultured human dendritic cells, capable of modulating the immune system (Hart et al., 2004). Other studies of the effect of Bifidobacteria longum and Lactobacillus acidophilus in inhibiting plasma lipid peroxidation showed that both intestinal strains could protect plasma lipids from oxidation to different degrees (Lin and Chang, 2000). Additionally, some probiotics regulate the host defense peptides response by inducing the expression of antimicrobial peptides (AMPs). In fact, the probiotic Escherichia coli strain Nissle (EcN) and some species of Lactobacilli induced a high expression of human beta-defensin-2 in epithelial cells. Similarly, other probiotics, such as Lactobacillus reuteri, can increase the secretion of interleukin-22 (IL-22), which mediate intestinal mucosa repair and defense via AMPs induction (Wehkamp et al., 2004; Gaudino et al., 2021; Patnaude et al., 2021).
In line with this cumulative evidence, there is a particular interest in supporting the use of probiotics in ALD treatment. Targeting the microbiota-gut-liver axis with this approach allows introducing a holistic therapy to manage the multifactorial pathogenesis of ALD.
Probiotics Benefit Addiction and Neuroinflammation
Alcohol dependence is considered an epiphenomenon of systemic neuroinflammation. Although the mechanisms underlying this relationship are not fully described, it has been shown that alcohol and derived metabolites can modify some brain neurotransmitter signals, including γ-aminobutyric acid (GABA), glutamate, and dopamine circuits, with this effect influenced by the inflammation induced by changes of intestinal microbiota. Studies based on the use of magnetic resonance spectroscopy have demonstrated a high glutamine/glutamate to creatinine ratio in alcoholic patients with hepatic encephalopathy (Gupta et al., 2021). Interestingly, it has been observed that Lactobacillus and Bifidobacterium can metabolize glutamate, an excitatory neurotransmitter that regulates glutamine/glutamate signaling, to produce GABA in the gut. As an inhibitory neurotransmitter, GABA acts locally, regulating the information relayed from the gut to the brain. Remarkable findings from a recent clinical study published by Morley K. et al. revealed an inverse correlation between GABA levels in the brain and ALD severity (Morley et al., 2020), suggesting that Lactobacillus and Bifidobacterium could be an interesting therapeutical approach to modulate this neurotransmission pathway in this pathology (Gupta et al., 2021). Indeed, a long-term diet supplemented with multi-species live Lactobacillus and Bifidobacterium mixture has been demonstrated to enhance cognitive and memory functions by altering GABA concentrations in the brain in a middle-aged rat model (O'Hagan et al., 2017).
In line with this evidence, it has been demonstrated that administering the probiotic Lactobacillus rhamnosus increases plasma levels of fibroblast growth factor 21 (FGF21), a transcriptional activator of the dopamine transporter in dopaminergic neurons at the nucleus accumbens of Wistar-derived high drinker UChB rats (Ezquer et al., 2021). Considering the role of dopamine in addiction, increased reuptake of this neurotransmitter in the synaptic cleft due to increased transporter activity induced by this probiotic suggests that this mechanism is responsible for reward reduction alcohol intake in this model. Based on this evidence, it is easy to imagine that a probiotics-based complementary therapy to ALD treatment might diminish disease progression mediated by reducing lower alcohol consumption.
In recent years, probiotics’ impact on the expression of brain receptors involved in addiction, such as dopamine receptor 1 (DR1) and DR2, has been studied. It has been observed that alcohol and other substances can increase dopamine release, generating a sensation of pleasure and leading the subject to repeat a specific behavior. Alcohol acts directly on GABA receptors, positively modulating dopamine release in the nucleus accumbens and the ventral tegmental area (Grace et al., 2007; Koob and Volkow, 2010). According to the aforementioned study conducted by Jadhav KS. et al., the vulnerable group of rats showed a loss of control over alcohol intake associated with a significantly high DR1 expression and lowered DR2 expression in the striatum compared to the resilient group. The study correlated these alterations with intestinal microbiota changes observed in vulnerable rats, suggesting that gut microbiota composition may contribute to inhibitory innervations in addiction-related brain circuits. Although the correlation observed requires further investigation, particularly to discover the mechanism that explains how gut microbiota induces striatal dopamine receptor expression, a positive correlation between D2R mRNA expression and a low abundance of bacteria of the Firmicutes phylum was observed. This phylum includes bacteria of the Clostridial order, which together with the Ruminococcacea and Lachnospiraceae, were positively associated with AUD severity. Thus, DR2 could be an interesting target to achieve by probiotics-based therapeutic approaches to restore intestinal Lachnospiraceae and Ruminococcacea levels (Jadhav et al., 2018).
Additional proposals aimed at intestinal microbiota modulation have also been explored in AUD. It was shown that fecal microbiota transplantation from a healthy donor with high levels of Lachnospiraceae and Ruminococcaceae drove a short-term reduction in craving and consumption of alcohol in patients with alcoholic cirrhosis associated with intestinal microbial changes. Microbial diversity increased with higher Ruminococcaceae and other SCFAs producing taxa, linked with SCFA levels following fecal microbiota transplantation but not placebo (Bajaj et al., 2021). Interestingly, a trend toward higher SCFA levels in stool and plasma was detected in a post-FMT group, positively associated with Lachnospiraceae and Ruminococcaceae constituent. The intermediary role of SCFA in the communication of the gut-brain axis in addiction disorders, in both animal and human models, has been well described. Therefore, increased SCFA content post-FMT suggests this factor as a potential mediator of alcohol addiction behavior (Bajaj et al., 2021).
Based on the above, probiotics-based treatment may be an interesting intervention to reduce alcohol intake and disease progression by restoring gut microbiota and improving microbiota-gut-liver-brain axis communication.
DISCUSSION
Considering that alcohol addiction is a biopsychosocial condition, an integrative treatment is required to achieve better clinical response, greater adherence, and reduced costs associated with the disease, in both the short and long term. In this matter, novel therapeutical approaches have emerged from research efforts toward discovering possible therapeutic targets. Among them, probiotic discovery and development, and gene editing therapy of enzymes, such as alcohol dehydrogenase and aldehyde dehydrogenase, to complement pharmacological and psychological interventions are currently being used.
Along with probiotics, prebiotics has also emerged as a complementary therapy. Both have been recently included in a category denominated “psychobiotics” characterized by their potential benefits for the CNS (Ansari et al., 2020). Prebiotics was described in 1995 as “a non-digestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon, thus improving host health” (Gibson and Roberfroid, 1995). This terminology has remained so far, and it has been observed that they serve as an energy source for microbiota, regulating its composition, functions, and the intestinal environment (Davani-Davari et al., 2019). Furthermore, various studies using a combination of probiotics and prebiotics (symbiotics) in an animal model have been assays, and some formulas, based on specific mixed, have been explored in clinical practice (Markowiak and Śliżewska, 2018). Indeed, increased interest in therapeutical approaches toward microbiota restoration has emerged from diverse studies utilizing prebiotics and probiotics for various conditions such as ALD, addiction, depression, anxiety, autism, schizophrenia, and Alzheimer’s. The beneficial outcomes obtained from these interventions, principally from probiotics as the most used, reinforce research effort in this matter.
Regarding probiotic usage safety, it is considered that they lack factors that allow them to develop pathogenic capacities, and the adverse effects related to them are minimal and occur in specific contexts. There are cases of sepsis due to probiotics, mainly Lactobacilli and Bifidobacteria. However, its incidence according to studies is only 0.02%. In any case, it is recommended to exercise greater caution and vigilance in administering probiotics to patients at risk. On the other hand, its use in patients is still considered beneficial due to reducing bacterial translocation. Many studies show positive effects of probiotics, even in the extreme stages of life, and complications related to their use are extremely rare, despite their unrestricted use (Brunser, 2017 #3).
ALD has complex and multifactorial pathogenesis, including environmental factors, genetic predisposition, immune response, and gut microbiota in its development. In this context, its treatment should target many mechanisms involved in its development and its maintenance. To date, abstinence-based therapy remains the best choice for treatment in ALD. However, the increased relapse rate challenges discovering new therapies to achieve integral management of ALD patients. Therefore, diverse therapeutic interventions focused on each component involved in the pathophysiology of ALD have been explored. The study of gut microbiota and its alteration has gained importance recently due to its multiple impacts on individual health, including psychological and behavioral fields. These findings have positioned the microbiota modulator approaches, such as probiotics, prebiotics, fecal transplantation and antibiotics, as a feasible therapeutic option. In this context, using probiotics stands out due to their effective microbiota modulation properties, being accessible and safe compared to other approaches. Probiotics have proved to have many benefits at the microbiota-gut-liver-brains axis level in ALD. They reduce dysbiosis, restore normal microbiota and intestinal permeability, and decrease bacterial products translocation and liver, brain, and systemic inflammation. Even more important is their role in decreasing the progression of the disease by its properties of modulating alcohol addiction at CNS. In addition, some probiotics, like Lactobacillus rhamnosus, can be used to decrease alcohol intake due to its proven anti-inflammatory properties, which can prevent ALD progression and establishment.
This review provides updated evidence of the role of probiotics not only in the pathogenesis of ALD but also in reducing craving and alcohol consumption. Future research is necessary to support the use of probiotics to decrease the severity and progression of ALD, as well as to evaluate its impact on the interaction in the microbiota-gut-liver-brain axis in other addictive disorders.
AUTHOR CONTRIBUTIONS
CF and MSD: drafting the original manuscript. CF, MSD, LV-P, and CJB conceived the idea and the aim of the review. CJB, LV-P, JP, and JR: reviewing. CJB and LV-P: editing. CF, MSD, JP, JR, LV-P, and CJB: validation. LV-P and CJB: supervision. LV-P and CJB: funding acquisition. All authors contributed to the article and approved the submitted version.
FUNDING
This manuscript was supported by a grant from Agencia Nacional de Investigación y Desarrollo (ANID-Chile). Grant number: FONDECYT 1181699 (CJB). Proofreading service financed by Universidad Mayor, Santiago, Chile.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adinoff, B. (2004). Neurobiologic processes in drug reward and addiction. Harv. Rev. Psychiatry 12 (6), 305–320. doi:10.1080/10673220490910844
 Ahluwalia, V., Betrapally, N. S., Hylemon, P. B., White, M. B., Gillevet, P. M., Unser, A. B., et al. (2016). Impaired Gut-Liver-Brain Axis in Patients with Cirrhosis. Sci. Rep. 6, 26800. doi:10.1038/srep26800
 Akira, S., Uematsu, S., and Takeuchi, O. (2006). Pathogen recognition and innate immunity. Cell 124, 783–801. doi:10.1016/j.cell.2006.02.015
 Alfonso-Loeches, S., Pascual-Lucas, M., Blanco, A. M., Sanchez-Vera, I., and Guerri, C. (2010). Pivotal role of TLR4 receptors in alcohol-induced neuroinflammation and brain damage. J. Neurosci. 30, 8285–8295. doi:10.1523/JNEUROSCI.0976-10.2010
 Ansari, F., Pourjafar, H., Tabrizi, A., and Homayouni, A. (2020). The Effects of Probiotics and Prebiotics on Mental Disorders: A Review on Depression, Anxiety, Alzheimer, and Autism Spectrum Disorders. Curr. Pharm. Biotechnol. 21, 555–565. doi:10.2174/1389201021666200107113812
 Araneda, G., Poniachik, R., Jiménez, A., and Poniachik, J. (2016). Microbiota e hígado graso: potencial terapéutico. Gastroenterol. Latinoam. 27, 47–50. 
 Arias-Carrión, O., Stamelou, M., Murillo-Rodríguez, E., Menéndez-González, M., and Pöppel, E. (2010). Dopaminergic reward system: a short integrative review. Int. Arch. Med. 3, 24. doi:10.1186/1755-7682-3-24
 Atkinson, K. J., and Rao, R. K. (2001). Role of protein tyrosine phosphorylation in acetaldehyde-induced disruption of epithelial tight junctions. Am. J. Physiol. Gastrointest. Liver Physiol. 280, G1280–G1288. doi:10.1152/ajpgi.2001.280.6.G1280
 Axley, P. D., Richardson, C. T., and Singal, A. K. (2019). Epidemiology of Alcohol Consumption and Societal Burden of Alcoholism and Alcoholic Liver Disease. Clin. Liver Dis. 23, 39–50. doi:10.1016/j.cld.2018.09.011
 Bajaj, J. S. (2019). Alcohol, liver disease and the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 16, 235–246. doi:10.1038/s41575-018-0099-1
 Bajaj, J. S., Gavis, E. A., Fagan, A., Wade, J. B., Thacker, L. R., Fuchs, M., et al. (2021). A Randomized Clinical Trial of Fecal Microbiota Transplant for Alcohol Use Disorder. Hepatology 73, 1688–1700. doi:10.1002/hep.31496
 Bell, R. L., Lopez, M. F., Cui, C., Egli, M., Johnson, K. W., Franklin, K. M., et al. (2015). Ibudilast reduces alcohol drinking in multiple animal models of alcohol dependence. Addict. Biol. 20, 38–42. doi:10.1111/adb.12106
 Blednov, Y. A., Bergeson, S. E., Walker, D., Ferreira, V. M., Kuziel, W. A., and Harris, R. A. (2005). Perturbation of chemokine networks by gene deletion alters the reinforcing actions of ethanol. Behav. Brain Res. 165, 110–125. doi:10.1016/j.bbr.2005.06.026
 Blednov, Y. A., Ponomarev, I., Geil, C., Bergeson, S., Koob, G. F., and Harris, R. A. (2012). Neuroimmune regulation of alcohol consumption: behavioral validation of genes obtained from genomic studies. Addict. Biol. 17, 108–120. doi:10.1111/j.1369-1600.2010.00284.x
 Brodie, M. S., Shefner, S. A., and Dunwiddie, T. V. (1990). Ethanol increases the firing rate of dopamine neurons of the rat ventral tegmental area in vitro. Brain Res. 508, 65–69. doi:10.1016/0006-8993(90)91118-z
 Brooks, P. J. (1997). DNA damage, DNA repair, and alcohol toxicity-a review. Alcohol. Clin. Exp. Res. 21, 1073–1082. doi:10.1111/j.1530-0277.1997.tb04256.x
 Brunser, O. (2017). Inocuidad, prevención y riesgos de los probióticos. Rev. Chil. Pediatr. 88, 534–540. doi:10.4067/s0370-41062017000400015
 Ceni, E., Mello, T., and Galli, A. (2014). Pathogenesis of alcoholic liver disease: role of oxidative metabolism. World J. Gastroenterol. 20, 17756–17772. doi:10.3748/wjg.v20.i47.17756
 Chen, P., Stärkel, P., Turner, J. R., Ho, S. B., and Schnabl, B. (2015). Dysbiosis-induced intestinal inflammation activates tumor necrosis factor receptor I and mediates alcoholic liver disease in mice. Hepatology 61, 883–894. doi:10.1002/hep.27489
 Chen, R. C., Xu, L. M., Du, S. J., Huang, S. S., Wu, H., Dong, J. J., et al. (2016). Lactobacillus rhamnosus GG supernatant promotes intestinal barrier function, balances Treg and TH17 cells and ameliorates hepatic injury in a mouse model of chronic-binge alcohol feeding. Toxicol. Lett. 241, 103–110. doi:10.1016/j.toxlet.2015.11.019
 Cui, C., Noronha, A., Morikawa, H., Alvarez, V. A., Stuber, G. D., Szumlinski, K. K., et al. (2013). New insights on neurobiological mechanisms underlying alcohol addiction. Neuropharmacology 67, 223–232. doi:10.1016/j.neuropharm.2012.09.022
 Cui, C., Shurtleff, D., and Harris, R. A. (2014). “Neuroimmune Mechanisms of Alcohol and Drug Addiction,” in International Review of Neurobiology ed . Editors C. Cui, D. Shurtleff, and R. A. Harris (Massachusetts: Academic Press), 1–12. doi:10.1016/b978-0-12-801284-0.00001-4
 Davani-Davari, D., Negahdaripour, M., Karimzadeh, I., Seifan, M., Mohkam, M., Masoumi, S. J., et al. (2019). Prebiotics: Definition, Types, Sources, Mechanisms, and Clinical Applications. Foods 8, 92. doi:10.3390/foods8030092
 Ewaschuk, J., Endersby, R., Thiel, D., Diaz, H., Backer, J., Ma, M., et al. (2007). Probiotic bacteria prevent hepatic damage and maintain colonic barrier function in a mouse model of sepsis. Hepatology 46, 841–850. doi:10.1002/hep.21750
 Ezquer, F., Quintanilla, M. E., Moya-Flores, F., Morales, P., Munita, J. M., Olivares, B., et al. (2021). Innate gut microbiota predisposes to high alcohol consumption. Addict. Biol. , e13018. 
 Felger, J. C., and Lotrich, F. E. (2013). Inflammatory cytokines in depression: neurobiological mechanisms and therapeutic implications. Neuroscience 246, 199–229. doi:10.1016/j.neuroscience.2013.04.060
 Finn, D. A., and Crabbe, J. C. (1997). Exploring alcohol withdrawal syndrome. Alcohol. Health Res. World 21 (2), 149–156.
 Gaudino, S. J., Beaupre, M., Lin, X., Joshi, P., Rathi, S., McLaughlin, P. A., et al. (2021). IL-22 receptor signaling in Paneth cells is critical for their maturation, microbiota colonization, Th17-related immune responses, and anti-Salmonella immunity. Mucosal Immunol. 14, 389–401. doi:10.1038/s41385-020-00348-5
 Gibson, G. R., and Roberfroid, M. B. (1995). Dietary Modulation of the Human Colonic Microbiota: Introducing the Concept of Prebiotics. J. Nutr. 125, 1401–1412. doi:10.1093/jn/125.6.1401
 Grace, A. A., Floresco, S. B., Goto, Y., and Lodge, D. J. (2007). Regulation of firing of dopaminergic neurons and control of goal-directed behaviors. Trends Neurosci. 30, 220–227. doi:10.1016/j.tins.2007.03.003
 Grander, C., Adolph, T. E., Wieser, V., Lowe, P., Wrzosek, L., Gyongyosi, B., et al. (2018). Recovery of ethanol-induced Akkermansia muciniphila depletion ameliorates alcoholic liver disease. Gut 67, 891., 
 Grobin, A. C., Matthews, D. B., Devaud, L. L., and Morrow, A. L. (1998). The role of GABA(A) receptors in the acute and chronic effects of ethanol. Psychopharmacology (Berl) 139, 2–19. doi:10.1007/s002130050685
 Gupta, H., Suk, K. T., and Kim, D. J. (2021). Gut Microbiota at the Intersection of Alcohol, Brain, and the Liver. J. Clin. Med. 10, 541. doi:10.3390/jcm10030541
 Han, S. H., Suk, K. T., Kim, D. J., Kim, M. Y., Baik, S. K., Kim, Y. D., et al. (2015). Effects of probiotics (cultured Lactobacillus subtilis/Streptococcus faecium) in the treatment of alcoholic hepatitis: randomized-controlled multicenter study. Eur. J. Gastroenterol. Hepatol. 27, 1300–1306. doi:10.1097/MEG.0000000000000458
 Hart, A. L., Lammers, K., Brigidi, P., Vitali, B., Rizzello, F., Gionchetti, P., et al. (2004). Modulation of human dendritic cell phenotype and function by probiotic bacteria. Gut 53, 1602–1609. doi:10.1136/gut.2003.037325
 Hartmann, P., Seebauer, C. T., and Schnabl, B. (2015). Alcoholic Liver Disease: The Gut Microbiome and Liver Cross Talk. Alcohol. Clin. Exp. Res. 39, 763–775. doi:10.1111/acer.12704
 Hoffman, P. L., and Tabakoff, B. (1994). The role of the NMDA receptor in ethanol withdrawal. Exs 71, 61–70. doi:10.1007/978-3-0348-7330-7_7
 Hsieh, P. S., Chen, C. W., Kuo, Y. W., and Ho, H. H. (2021). Lactobacillus spp. reduces ethanol-induced liver oxidative stress and inflammation in a mouse model of alcoholic steatohepatitis. Exp. Ther. Med. 21, 188. doi:10.3892/etm.2021.9619
 Jadhav, K. S., Peterson, V. L., Halfon, O., Ahern, G., Fouhy, F., Stanton, C., et al. (2018). Gut microbiome correlates with altered striatal dopamine receptor expression in a model of compulsive alcohol seeking. Neuropharmacology 141, 249–259. doi:10.1016/j.neuropharm.2018.08.026
 Jones, S. E., and Versalovic, J. (2009). Probiotic Lactobacillus reuteri biofilms produce antimicrobial and anti-inflammatory factors. BMC Microbiol. 9, 35. doi:10.1186/1471-2180-9-35
 Khailova, L., Dvorak, K., Arganbright, K. M., Halpern, M. D., Kinouchi, T., Yajima, M., et al. (2009). Bifidobacterium bifidum improves intestinal integrity in a rat model of necrotizing enterocolitis. Am. J. Physiol. Gastrointest. Liver Physiol. 297, G940–G949. doi:10.1152/ajpgi.00141.2009
 Kirpich, I. A., Solovieva, N. V., Leikhter, S. N., Shidakova, N. A., Lebedeva, O. V., Sidorov, P. I., et al. (2008). Probiotics restore bowel flora and improve liver enzymes in human alcohol-induced liver injury: a pilot study. Alcohol 42, 675–682. doi:10.1016/j.alcohol.2008.08.006
 Koob, G. F., and Le Moal, M. (2005). Plasticity of reward neurocircuitry and the 'dark side' of drug addiction. Nat. Neurosci. 8, 1442–1444. doi:10.1038/nn1105-1442
 Koob, G. F., and Volkow, N. D. (2010). Neurocircuitry of addiction. Neuropsychopharmacology 35, 217–238. doi:10.1038/npp.2009.110
 Lamarche, F., Gonthier, B., Signorini, N., Eysseric, H., and Barret, L. (2003). Acute Exposure Of Cultured Neurones to Ethanol Results in Reversible Dna Single-Strand Breaks; Whereas Chronic Exposure Causes Loss Of Cell Viability. Alcohol Alcohol 38, 550–558. doi:10.1093/alcalc/agg118
 Leclercq, S., Cani, P. D., Neyrinck, A. M., Stärkel, P., Jamar, F., Mikolajczak, M., et al. (2012). Role of intestinal permeability and inflammation in the biological and behavioral control of alcohol-dependent subjects. Brain Behav. Immun. 26, 911–918. doi:10.1016/j.bbi.2012.04.001
 Leclercq, S., De Saeger, C., Delzenne, N., De Timary, P., and Stärkel, P. (2014a). Role of Inflammatory Pathways, Blood Mononuclear Cells, and Gut-Derived Bacterial Products in Alcohol Dependence. Biol. Psychiatry 76, 725–733. doi:10.1016/j.biopsych.2014.02.003
 Leclercq, S., Matamoros, S., Cani, P. D., Neyrinck, A. M., Jamar, F., Stärkel, P., et al. (2014b). Intestinal permeability, gut-bacterial dysbiosis, and behavioral markers of alcohol-dependence severity. Proc. Natl. Acad. Sci. U S A. 111, E4485–E4493. doi:10.1073/pnas.1415174111
 Leggio, L., and Lee, M. R. (2017). Treatment of Alcohol Use Disorder in Patients with Alcoholic Liver Disease. Am. J. Med. 130, 124–134. doi:10.1016/j.amjmed.2016.10.004
 Leonard, B. E. (1986). Is ethanol a neurotoxin?: The effects of ethanol on neuronal structure and function. Alcohol Alcohol 21, 325–338.
 Lestage, J., Verrier, D., Palin, K., and Dantzer, R. (2002). The enzyme indoleamine 2,3-dioxygenase is induced in the mouse brain in response to peripheral administration of lipopolysaccharide and superantigen. Brain Behav. Immun. 16, 596–601. doi:10.1016/s0889-1591(02)00014-4
 Li, F., Duan, K., Wang, C., Mcclain, C., and Feng, W. (2016). Probiotics and Alcoholic Liver Disease: Treatment and Potential Mechanisms. Gastroenterol. Res. Pract. 2016, 5491465. doi:10.1155/2016/5491465
 Li, F., Zhao, C., Shao, T., Liu, Y., Gu, Z., Jiang, M., et al. (2020). Cathelicidin-related antimicrobial peptide alleviates alcoholic liver disease through inhibiting inflammasome activation. J. Pathol. 252, 371–383. doi:10.1002/path.5531
 Lin, M. Y., and Chang, F. J. (2000). Antioxidative Effect of Intestinal Bacteria Bifidobacterium longum ATCC 15708 and Lactobacillus acidophilus ATCC 4356. Dig. Dis. Sci. 45, 1617–1622. doi:10.1023/a:1005577330695
 Litwinowicz, K., Choroszy, M., and Waszczuk, E. (2020). Changes in the composition of the human intestinal microbiome in alcohol use disorder: a systematic review. Am. J. Drug Alcohol. Abuse 46, 4–12. doi:10.1080/00952990.2019.1669629
 Liu, J., Yang, A. R., Kelly, T., Puche, A., Esoga, C., June, H. L., et al. (2011). Binge alcohol drinking is associated with GABAA alpha2-regulated Toll-like receptor 4 (TLR4) expression in the central amygdala. Proc. Natl. Acad. Sci. U S A. 108, 4465–4470. doi:10.1073/pnas.1019020108
 Llopis, M., Cassard, A. M., Wrzosek, L., Boschat, L., Bruneau, A., Ferrere, G., et al. (2016). Intestinal microbiota contributes to individual susceptibility to alcoholic liver disease. Gut 65, 830–839. doi:10.1136/gutjnl-2015-310585
 Mack, D. R. (2005). Probiotics-mixed messages. Can. Fam. Physician 51, 1455–1457, 1462–1454.7.
 Maes, M. (1999). Major depression and activation of the inflammatory response system. Adv. Exp. Med. Biol. 461, 25–46. doi:10.1007/978-0-585-37970-8_2
 Markowiak, P., and Śliżewska, K. (2018). The role of probiotics, prebiotics and synbiotics in animal nutrition. Gut Pathog. 10, 21. doi:10.1186/s13099-018-0250-0
 Mayfield, J., Ferguson, L., and Harris, R. A. (2013). Neuroimmune signaling: a key component of alcohol abuse. Curr. Opin. Neurobiol. 23, 513–520. doi:10.1016/j.conb.2013.01.024
 Mccullough, A. J., and O'connor, J. F. (1998). Alcoholic liver disease: proposed recommendations for the American College of Gastroenterology. Am. J. Gastroenterol. 93, 2022–2036. doi:10.1111/j.1572-0241.1998.00587.x
 Milosevic, I., Vujovic, A., Barac, A., Djelic, M., Korac, M., Radovanovic Spurnic, A., et al. (2019). Gut-Liver Axis, Gut Microbiota, and its Modulation in the Management of Liver Diseases: A Review of the Literature. Int. J. Mol. Sci. 20, 395. doi:10.3390/ijms20020395
 Morley, K. C., Lagopoulos, J., Logge, W., Baillie, A., Adams, C., and Haber, P. S. (2020). Brain GABA levels are reduced in alcoholic liver disease: A proton magnetic resonance spectroscopy study. Addict. Biol. 25, e12702. doi:10.1111/adb.12702
 Muniz, L. R., Knosp, C., and Yeretssian, G. (2012). Intestinal antimicrobial peptides during homeostasis, infection, and disease. Front. Immunol. 3, 310. doi:10.3389/fimmu.2012.00310
 Nanji, A. A., Khettry, U., and Sadrzadeh, S. M. (1994). Lactobacillus feeding reduces endotoxemia and severity of experimental alcoholic liver (disease). Proc. Soc. Exp. Biol. Med. 205, 243–247. doi:10.3181/00379727-205-43703
 Neuman, M. G., Seitz, H. K., French, S. W., Malnick, S., Tsukamoto, H., Cohen, L. B., et al. (2020). Alcoholic-Hepatitis, Links to Brain and Microbiome: Mechanisms, Clinical and Experimental Research. Biomedicines 8, 63. doi:10.3390/biomedicines8030063
 O'hagan, C., Li, J. V., Marchesi, J. R., Plummer, S., Garaiova, I., and Good, M. A. (2017). Long-term multi-species Lactobacillus and Bifidobacterium dietary supplement enhances memory and changes regional brain metabolites in middle-aged rats. Neurobiol. Learn. Mem. 144, 36–47. doi:10.1016/j.nlm.2017.05.015
 Patnaude, L., Mayo, M., Mario, R., Wu, X., Knight, H., Creamer, K., et al. (2021). Mechanisms and regulation of IL-22-mediated intestinal epithelial homeostasis and repair. Life Sci. 271, 119195. doi:10.1016/j.lfs.2021.119195
 Riordan, S. M., Skinner, N., Nagree, A., Mccallum, H., Mciver, C. J., Kurtovic, J., et al. (2003). Peripheral blood mononuclear cell expression of toll-like receptors and relation to cytokine levels in cirrhosis. Hepatology 37, 1154–1164. doi:10.1053/jhep.2003.50180
 Rocco, A., Compare, D., Angrisani, D., Sanduzzi Zamparelli, M., and Nardone, G. (2014). Alcoholic disease: liver and beyond. World J. Gastroenterol. 20, 14652–14659. doi:10.3748/wjg.v20.i40.14652
 Sari, Y., Johnson, V. R., and Weedman, J. M. (2011). Role of the serotonergic system in alcohol dependence: from animal models to clinics. Prog. Mol. Biol. Transl Sci. 98, 401–443. doi:10.1016/B978-0-12-385506-0.00010-7
 Seitz, H. K., Gärtner, U., Egerer, G., and Simanowski, U. A. (1994). Ethanol metabolism in the gastrointestinal tract and its possible consequences. Alcohol. Alcohol. Suppl. 2, 157–162.
 Seitz, H. K., and Oneta, C. M. (1998). Gastrointestinal alcohol dehydrogenase. Nutr. Rev. 56, 52–60. doi:10.1111/j.1753-4887.1998.tb01692.x
 Shen, W. W. (2018). Anticraving therapy for alcohol use disorder: A clinical review. Neuropsychopharmacol. Rep. 38, 105–116. doi:10.1002/npr2.12028
 Shi, X., Wei, X., Yin, X., Wang, Y., Zhang, M., Zhao, C., et al. (2015). Hepatic and Fecal Metabolomic Analysis of the Effects of Lactobacillus rhamnosus GG on Alcoholic Fatty Liver Disease in Mice. J. Proteome Res. 14, 1174–1182. doi:10.1021/pr501121c
 Shukla, P. K., Meena, A. S., Rao, V., Rao, R. G., Balazs, L., and Rao, R. (2018). Human Defensin-5 Blocks Ethanol and Colitis-Induced Dysbiosis, Tight Junction Disruption and Inflammation in Mouse Intestine. Sci. Rep. 8, 16241. doi:10.1038/s41598-018-34263-4
 Stadlbauer, V., Mookerjee, R. P., Hodges, S., Wright, G. A., Davies, N. A., and Jalan, R. (2008). Effect of probiotic treatment on deranged neutrophil function and cytokine responses in patients with compensated alcoholic cirrhosis. J. Hepatol. 48, 945–951. doi:10.1016/j.jhep.2008.02.015
 Stärkel, P., Leclercq, S., Delzenne, N. M., and De Timary, P. (2016). “Alcohol-Dependence and the Microbiota-Gut-Brain Axis,” in The Gut-Brain Axis ed . Editors N. Hyland, and C. Stanton (Massachusetts: Academic Press), 363–390. doi:10.1016/b978-0-12-802304-4.00017-7
 Szabo, G. (2015). Gut-liver axis in alcoholic liver disease. Gastroenterology 148, 30–36. doi:10.1053/j.gastro.2014.10.042
 Tian, X., Li, R., Jiang, Y., Zhao, F., Yu, Z., Wang, Y., et al. (2020). Bifidobacterium breve ATCC15700 pretreatment prevents alcoholic liver disease through modulating gut microbiota in mice exposed to chronic alcohol intake. J. Funct. Foods 72, 104045. doi:10.1016/j.jff.2020.104045
 Tilg, H., Cani, P. D., and Mayer, E. A. (2016). Gut microbiome and liver diseases. Gut 65, 2035–2044. doi:10.1136/gutjnl-2016-312729
 Vuittonet, C. L., Halse, M., Leggio, L., Fricchione, S. B., Brickley, M., Haass-Koffler, C. L., et al. (2014). Pharmacotherapy for alcoholic patients with alcoholic liver disease. Am. J. Health Syst. Pharm. 71, 1265–1276. doi:10.2146/ajhp140028
 Wehkamp, J., Wehkamp-von Meissner, J., Harder, C., Wehkamp, K., Wehkamp-von Meissner, B., Schlee, M., et al. (2004). NF-kappaB- and AP-1-mediated induction of human beta defensin-2 in intestinal epithelial cells by Escherichia coli Nissle 1917: a novel effect of a probiotic bacterium. Infect. Immun. 72 (10), 5750–5758. doi:10.1128/IAI.72.10.5750-5758.2004
 Weiss, F., and Porrino, L. J. (2002). Behavioral neurobiology of alcohol addiction: recent advances and challenges. J. Neurosci. 22, 3332–3337. doi:10.1523/JNEUROSCI.22-09-03332.2002
 World-Health-Organization (2018). Global Status report on alcohol and health 2018. Switzerland: WHO.
 Yan, F., Cao, H., Cover, T. L., Whitehead, R., Washington, M. K., and Polk, D. B. (2007). Soluble proteins produced by probiotic bacteria regulate intestinal epithelial cell survival and growth. Gastroenterology 132, 562–575. doi:10.1053/j.gastro.2006.11.022
 Zhang, L., Meng, J., Ban, Y., Jalodia, R., Chupikova, I., Fernandez, I., et al. (2019). Morphine tolerance is attenuated in germfree mice and reversed by probiotics, implicating the role of gut microbiome. Proc. Natl. Acad. Sci. U S A. 116, 13523–13532. doi:10.1073/pnas.1901182116
 Zhong, X., Cui, P., Jiang, J., Ning, C., Liang, B., Zhou, J., et al. (2021). Streptococcus, the Predominant Bacterium to Predict the Severity of Liver Injury in Alcoholic Liver Disease. Front Cel Infect Microbiol 11, 649060. doi:10.3389/fcimb.2021.649060
 Ziada, D. H., Soliman, H. H., El Yamany, S. A., Hamisa, M. F., and Hasan, A. M. (2013). Can Lactobacillus acidophilus improve minimal hepatic encephalopathy? A neurometabolite study using magnetic resonance spectroscopy. Arab J. Gastroenterol. 14, 116–122. doi:10.1016/j.ajg.2013.08.002
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Fuenzalida, Dufeu, Poniachik, Roblero, Valenzuela-Pérez and Beltrán. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-729950-t001.jpg
Intervention
(probiotic treatment)

Lactobacilus Rhamnosus GG 10"
Colony-forming unit (CFUY/ML for
1 month Nanji et al. (1994)

Lactobacillus plantarum (TSPOS),
Lactobacilus fermentum (TSF331),
and Lactobacilus reuteri (TSR332)
Hsieh et al. (2021)

Bifidobacterium bifdum 0.9 x

10° GFU and Lactobacilus
plantarum 8PA3 0.9 x 10° CFU
Kirpich et al. (2008)
Bificlobacterium breve ATCC15700:
200 L of ATCC15700 suspension
at the final dose of 10° cells Tian
et al. (2020)

Bifidobacterium, Lactobacillus, and
Streptococcus (VSL#3) Gupta et al.
(2021)

Lactobacillus Acidophilus Ziada
et al. (2013)

Faecalibacterium prausnitzii,
Bifidobacterium, and others Kirpich
et al. (2008)

Lactobacillus casei Shirota
Stadlbauer et al. (2008).

Lactobacillus Rhamnosus GG 5 x
10° CFU Ezquer et al. (2021)

Species

Rat

Mice

Human

Mice

Patients with Chronic
liver diseases, including
alcoholic cirthosis and
cirthosis with HE

Humans

Humans

Humans

Rats

Design and model

Aliquid diet containing ethanol and
com ol for 1 month was
administered, followed by
administration of Lactobacilus
Rhamnosus

Group A, an ethanol-containing
diet (28% ethanol); group B, an
ethanol-containing diet + strain
TSP058.2 x 10° CFU/Kg: V) group
C, an ethanol-containing diet +
strains TSF331 and TSR332 8.2 x
10° CFU/Kg: V) group D, an
ethanol-containing diet + strains
TSPO5, TSF331and TSR3328.2 x
10° CFU/Kg: and vi) group E, fed a
regular diet + strains TSPO5,
TSF331 and TSR332

Alcohoiic aduits were treated with
probiotic therapy

Ethanol-treated mice (alcoholic
group) were given alcohol

(3.8 g/kg body weight, 200 L)
1 hour after probiotic
administration

Patients with these conditions
were treated with probiotics

Ninety patients with ALD were
divided into three groups. Group A
was treated with lactulose, group
B with Lactobacilus acidophilus,
and group C was a control
Randomly, patients received

5 days of Bifidobacterium bificum
and Lactobacillus plantarum 8PA3
or standard therapy (withdrawal +
vitamins)

4-weeks administration of
Lactobacillus casei Shirota to
alcoholic patients

Rats were allowed concurrent two-
bottle choice access to 10 and
20% (v/v) ethanol solution and
water

Summary of results

Improved alcoholic fiver disease
pathology score and lowered
plasma endotoxin level

Improved liver enzymes
Reduced hepatic steatosis and
injury

Neutralized free radicals and
displayed high antioxidant activity
in vitro

Restoration of bowel flora
significantly reduces ALT, AST,
GGT, LDH, and total bilirubin

Significant reduction of
inflammatory cytokines (including
TNFa, IL-1, IL-6, and IL-17) in
both serum and liver

Improved malondialdehyde
Improved proinfiammatory
cytokines (TNF-a, IL-6, and IL-10)
in alcoholic cirrhosis patients
Improved AST, ALT, GGT in
alcoholic cirrhosis patients
Improved neuro metabolites and
psychometric analysis
Decreased glutamine and
glutamate/creatinine ratio

Improved intestinal barrier
integrity and ameforated aloohol-
induced liver damage

Patients with cirrhosis improved

the phagocytic capacity of
neutrophils

Pronounced increase in
plasmatic FGF21 levels

Mechanism

Reduce plasma endotoxin level,
improved barrier, and immune
function

Reduce oxidative stress and
inflammatory responses, thus
preventing ASH development
and liver injury

Restoring normal bacteria levels
improves intestinal barrier
function

ATCC protects alcohol-exposed
mice against liver injury

Protect against alcohol-induced
intestinal barrier dysfunction

Improved ammonia in the blood

Gut microbiota alteration by
changing secretion of specific
metabolites involved in gut
barier dysfunction

Probiotics reduce the
endotoxemia generated by LPS,
increasing neutrophil's function
via IL-10 normalization
Activation of dopamine
transporter transcription in
nucleus accumbens, thus
allowing less dopamine to
access the postsynaptic
receptor





OPS/xhtml/nav.xhtml
Contents

		Cover

		Probiotics-Based Treatment as an Integral Approach for Alcohol Use Disorder in Alcoholic Liver Disease		Introduction

		Microbiota-Gut-Liver Axis in the Pathogenesis of Alcoholic Liver Disease

		Alcohol and Microbiota-Gut-Liver-Brain Axis		Neurobiological Alteration in Alcohol Addiction and Neuroinflammation





		Probiotics and Gut-Based Therapy		Probiotics Benefits on Alcoholic Liver Disease

		Probiotics Benefit Addiction and Neuroinflammation





		Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Probiotics-Based Treatment as
an Integral Approach for Alcohol
Use Disorder in Alcoholic Liver
Disease





OPS/images/fphar-12-729950-g001.gif





OPS/images/fphar-12-729950-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





