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Alcohol use disorders (AUD) is characterized by persistent or intermittent alcohol cravings and compulsive drinking. The functional changes in the central nervous system (CNS) after alcohol consumption are alcohol-associated cognitive impairment and mood disorders, which are major health issues reported in AUDs. Studies have shown that transferring the intestinal microbiota from AUDs patients to germ-free animals causes learning and memory dysfunction, depression and anxiety-like behavior, indicating the vital role of intestinal microbiota in development of neuropsychiatric disorders in AUD. Intestinal flora composition of AUD patients are significantly different from normal people, suggesting that intestinal flora imbalance orchestrate the development of neuropsychiatric disorders in AUD. Studies suggests that gut microbiome links bidirectional signaling network of the enteric nervous system (ENS) to central nervous system (CNS), forming gut-microbe-brain axis (brain-gut axis). In this review, we discussed pathogenesis and possible treatment of AUD-induced cognitive deficits, anxiety, and depression disorders. Further, we described the mechanism of intestinal flora imbalance and dysfunction of hippocampus-amygdala-frontal cortex (gut-limbic circuit system dysfunction). Therefore, we postulate therapeutic interventions of gut-brain axis as novel strategies for treatment of AUD-induced neuropsychiatric disorders.
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Alcohol use disorder (AUD) is one of the most prevalent mental disorders worldwide. AUD causes a high disease burden as about 3.3 million deaths are attributing to AUD worldwide each year (WHO, 2014). The AUD is characterized by persistent or intermittent alcohol cravings and compulsive drinking. Symptoms of alcohol withdrawal are anxiety, sleep disturbance, headache, nausea, hallucinations, delirium, and epilepsy drinking (WHO, 2014). Long-term alcoholism and withdrawal in AUD patients cause cognitive impairment and emotional changes, which are manifested as deficits in acquisition, consolidation or retrieval of memory, depression, and anxiety (Stavro et al., 2013). Additionally, alcohol alters the composition and function of intestinal flora by affecting the metabolism, immunity, and intestinal barrier of the host, leading to the disturbance of colo-intestinal flora (Leclercq et al., 2014; Jansen et al., 2015; Fan et al., 2018; Bajaj, 2019). Interestingly, transplants of gut microbes from AUDS patients or alcohol-fed mice into normal healthy controls significantly changed the composition of gut bacteria, shifted behavioral phenotypes, and exhibited cognitive and mood impairments as reported in AUD patients (Bercik et al., 2011; Zhao et al., 2020). It suggests that alterations in the composition and abundance of intestinal flora directly correlate with patient’s cognitive function and emotional changes. The gut microbiome plays a key role in shaping social behavior patterns.

Intestinal flora are microbes living in the gut, includes not only bacteria, but also Eukarya, Archaea (Gill et al., 2006). Gut microbiota is considered as independent organ system (Cryan and Dinan, 2012; Clarke et al., 2014; Liu, 2016) to perform specific and vital functions. The intestinal flora participates in nutrition, digestion, and immunity. It also plays a vital role in brain’s behavioral and cognitive functions. Bidirectional communication between brain and gut are well known for past two decades. The intimate communication between the intestinal microbiome and host CNS is one of the key mechanisms for development of several mental disorders. Studies have shown that alcohol-induced intestinal flora imbalance could influence the patient’s cognitive function, mood change, and drinking behavior through the interactions with the immuno-endocrine system and vagus nerve. Therefore, dissecting the potential mechanism of gut-brain communication is crucial for treatment strategies of AUD-induced neuropsychiatric disorders (Figure 1). In this review, we described the pathogenesis, possible treatment strategies of AUD-induced cognitive deficits, anxiety, depression, and pathogenesis of intestinal flora imbalance. This review provides a new sight and strategies for treating AUD-induced neuropsychiatric disorders.
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FIGURE 1. Alcohol directly acts on the brain to cause cognitive and emotional dysfunction and causes intestinal flora disorder through the vagus mechanism and HPA axis. In turn, intestinal flora disorder acts on the brain through the vagus nerve and immune endocrine pathway to cause behavioral abnormalities.



ALCOHOL USE DISORDERS RELATED NEUROPSYCHIATRIC DISORDERS


Alcohol Use Disorders Induced Depression and Anxiety

Repetitive and high-frequency drinking causes alteration in CNS function and induce mental disorders, such as depression and anxiety. AUD is often accompanied by sleep disturbance, headache, hallucinations, delirium, depression, and anxiety. These symptoms in turns affects each other in diagnosis and treatment. The dysfunction of emotional control centers are associated with limbic system including the prefrontal cortex, amygdala, and hippocampus circuits (Witkiewitz et al., 2019). Studies have shown that acute alcohol intake activates brain neurotransmitter receptors, such as GABA and dopamine receptors, and produces anti-anxiety behavior temporarily; while chronic alcohol dependence inhibit GABA receptor activity, which offsets the anti-anxiety effect induced by acute alcohol intake and produces anxiety symptoms (Bruce et al., 2005; Sharma et al., 2007). Repeated withdrawal of alcohol drinking leads to over-activation of CNS, which makes alcohol-dependent patients more susceptible to mood disorder, resulting in negative emotions after stopping drinking (Kushner et al., 2000). Long-term alcohol intake and withdrawal in AUD are prone to emotional disorders such as depression and anxiety.

The abundance of Firmicutes decreased in AUD patients, while Bacteroidetes and Proteobacteria are increased significantly (Fan et al., 2018). The changes of intestinal microflora in patients with depression and anxiety has been reported as similar to the intestinal flora imbalance induced by alcohol (Jiang et al., 2015; Chen et al., 2019). We believe that alcohol-induced intestinal microflora imbalance is one of the causes of mood disorder. Studies reports that transplantation of the fecal microbiota from alcohol-exposed mice to the recipients can transfer the behavioral phenotype of chronic alcohol use disorder to the recipients, who manifested similar depression, anxiety and alcohol seeking behaviors (Bercik et al., 2011; Xiao et al., 2018; Zhao et al., 2020). Zhao et al. (2021) suggests that when germ-free Swiss Webster mice with fresh fecal contents are colonized by microbial flora of BALB/c mice, these original germ-free Swiss Webster mice showed similar anxiety-like behavior to those of BALB/c mice. In contrast, germ-free BALB/c mice colonized with the microbiota of Swiss Webster mice showed reduction in anxiety-like behavior and similar phenotype to the behavior of Swiss Webster mice separated into two groups, one of the groups was transplanted with fecal microbiota from the patients with alcoholism and marked as FMT-Alc, while other group transplanted with the fecal microbiota from the alcohol-free adults is marked as FMT-Con (Zhao et al., 2020). In the open field test, the average time spent in the central area of test chamber in FMT-Alc mice was significantly less than FMT-Con, indicating that mice transplanted with the intestinal flora from patients with alcoholism show more anxiety-like behavior than those transplanted with intestinal flora of non-drinking adults (Zhao et al., 2020). The findings were further supported by elevated plus maze (EPM) test, where percentage of time spent in open arms of FMT-Alc mice was significantly decreased as compared to FMT-Con mice. In tail suspension test (TST), the immobility time of FMT-Alc mice was significantly increased than FMT-Con mice, suggesting that the intestinal flora of mice receiving fecal microbiota transplantation from alcohol patients can promote depression-like behaviors (Zhao et al., 2020). Current animal experiments have described the correlation between alcohol and mood disorders through the brain-gut axis and the possible mechanisms and treatments. There are very few clinical studies, and there are differences between humans and animals. External factors such as disease factors in human body and living environment may lead to different responses to alcohol. Secondly, the limited number of experimental animals in the study may lead to errors in the results. Therefore, more clinical studies are needed to confirm the validity of this idea.

These studies support the hypothesis that the gut microbiota affects emotional behaviors, possibly via the gut-microbe-brain axis (or brain-gut axis). The regulation from the bottom-up signaling, through the vagus nerve and immune pathways, will affect behaviors, brain activities, and levels of neurotransmitters and their receptors and neurotrophic factors. The CNS signals will affect intestinal functions, intestinal permeability, and change in composition of intestinal microbiota through a top-down approach. The list of studies related to mood disorder as shown in Table 1.


TABLE 1. Pre-clinical studies related to mood disorder due alteration of gut flora.
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Alcohol Use Disorders Induced Memory and Cognitive Impairment

Alcohol use disorder is linked to widespread cognitive deficits (Stavro et al., 2013). Long-term excessive drinking causes a wide range of neurological diseases, including cognitive and learning and memory deficits (Liappas et al., 2007; Jansen et al., 2015; Manning et al., 2016; Gass et al., 2017). AUD patients often show deficits in identifying novel objects and initiates sporadic memory impairment at early stage (Kraynak et al., 2018). In the free recall test, AUD patients lose the ability to remember words clearly (Cerqueira et al., 2007). However, no significant impairment was observed in the memory of the same object in the implicit assessment of backward reading or word completion tasks (Cerqueira et al., 2007) suggesting that influence of alcohol on memory tasks is selective. Additionally, alcohol intake causes long-term deficits in recognizing the novel object (Chandler et al., 2017). In middle stages of AUD, patients may lose their spatial memory (Bowden and McCarter, 1993). Spatial learning and memory are mainly regulated by cortex and hippocampus (Hermann et al., 2014; Marin et al., 2017; Schwarzmeier et al., 2019). Wei et al. (2019) reported that alcohol increases the permeability of blood-brain barrier (BBB). It causes neuronal loss in hippocampus and cortex, leading to disordered arrangement and distribution, and even degeneration and necrosis of the neurons (Wei et al., 2019). The metabolic activity in the neurons of hippocampus decreases, resulting in impairment of spatial cognition after alcohol abuse. Animal studies suggest that the acquisition of spatial learning, memory and the execution of working memory tasks are impaired in the novel object location test due to damage of hippocampus neurons (Santin et al., 2000). Primate study (ale rhesus monkeys) reports that chronic administration of alcohol for prolonged time require more training as compared to control groups to reach the average cognitive performance in visuospatial memory tasks. These animal studies showed that AUD increases the difficulty of learning the novel task and subsequent retention of spatial memory task (Crean et al., 2011). These outcomes are consistent with the results from previous clinical studies performed on teenage female AUD patients with intermittent alcohol abuse. Teenagers showed impaired spatial learning and consolidation of memory (Caldwell et al., 2005; Contreras et al., 2019). The findings of pre-clinical and clinical studies suggest that long-term alcohol abuse impair the acquisition and execution of spatial memory tasks (Crean et al., 2011).

Alcohol affects cognitive function through direct and indirect pathways. Chronic drinking induces intestinal permeability and microbial imbalance through the brain-gut axis pathways, causing intestinal microbial metabolites to enter the blood and act on the frontal limb circuits (amygdala, hippocampus, hypothalamus, insula, etc.) Ventral striatum, medial prefrontal lobe, and pre-cingulate cortex) lead to an inflammation cascade, which affects memory by changing the structure and/or function of specific brain regions, such as the hippocampus and/or the medial prefrontal cortex Process. At the same time, immune cells in the intestine secrete significant amounts of cytokines in response to the imbalance of intestinal flora, which is transported to the brain through the bloodstream, aggravating memory deficits (Sherwin et al., 2019). Alcohol destroys the intestinal barrier and increase intestinal permeability due to direct cell damage (transepithelial mechanism). Alcohol intake causes change in the intestine, including mucosal ulcers, erosions, loss of epithelium mainly at the tip of the villi, and weakening of the cell membrane. In addition, reactive oxygen species (ROS) are released during alcohol metabolism, and the process of oxidative stress directly leads to cell damage. Another pathway involves the triggering of paracellular mechanisms. Alcohol and its metabolites act on the tight junction complexes of cells (redistribute proteins, destroy the tight junctions of adjacent cells; change the expression of tight junction proteins) to increase in the permeability of cells. Intestinal microbial metabolites enter the bloodstream and act on the frontal limbic circuits (amygdala, hippocampus, hypothalamus, insula, ventral striatum, medial prefrontal lobe, and pre-cingulate cortex) (Blakemore, 2008), leading to inflammatory responses in the brain-gut system and stress response (Hillemacher et al., 2018). The list of studies related to cognitive dysfunction as shown in Table 2.


TABLE 2. Cognitive dysfunction associated with AUD and alteration of gut flora.
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THE SIGNAL PATHWAYS INVOLVED IN ALCOHOL USE DISORDERS RELATED NEUROPSYCHIATRIC DISORDERS

Chronic alcohol-induced neuropsychiatric disorders due to brain dysfunction has drawn research attention suggesting that intestinal microbiota plays a significant role in the anatomy, physiology, and immune host functions. It affects the brain and ultimately the nervous system through immune, endocrine, and vagus mechanisms.


Immune Pathway and Alcohol Use Disorders

Excessive drinking changes the intestinal barrier function, resulting increased intestinal permeability, and bacterial translocation. The intestinal permeability is assessed by examining gram-negative enterobacteria lipopolysaccharide (LPS) antibodies in plasma (Akira and Hemmi, 2003; Gimenez-Gomez et al., 2019). Increased intestinal permeability due to overgrowth of gram-negative bacteria in the upper small intestine, results in leak of bacteria LPS to the circulation. It is an effective pro-inflammatory agent activating the transcription factor NFkB through the CD14-TLR4 receptor (Akira and Hemmi, 2003). NFkB activation induces Kupffer cells to produce pro-inflammatory chemokines, such as tumor necrosis factor-a (TNF-α), interleukin-1(IL-1), interleukin-6(IL-6), and interleukin-12(IL-12), interleukin-18(IL-18), reactive oxygen species (ROS), leukotrienes and chemokines. Along with lipopolysaccharides, the pro-inflammatory cytokines are sequestered to brain regions for induction of neuroinflammatory responses. Activation of peripheral blood mononuclear cell (PBMCs) by gut-derived bacterial toxins contributes to inflammatory response. Expression and activation of LPS receptors such as TLR4 and CD14, and PGN receptor TLR2 in PBMCs of alcoholics are higher than healthy people (O’Brien et al., 2004; Evrensel et al., 2020). Another study suggests that depression is associated with a low-expression of inflammatory markers in the intestine, characterized by elevated levels of pro-inflammatory cytokines, such as IL1, IL-6, and TNF-a (Crews et al., 2006). These inflammatory mediators act on the brain-gut axis to produce depression and anxiety-like behaviors (Figure 2).
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FIGURE 2. Imbalance of the gut flora induces production of proinflammatory factors through immune pathway, which causes neuroinflammatory response and cause cognitive and emotional dysfunction. Gut microbes also produce short-chain fatty acids, which are signaling molecules acting on central nervous system to cause cognitive and emotional dysfunction in the brain.


Recent studies also suggest that symbiosis of the intestinal flora produces endotoxins to induce inflammatory responses in the brain leading to cognitive impairment. This hypothesis is confirmed by increased level of Escherichia coli and LPS in the stool and blood samples of AD and mild cognitive impaired (MCI) patient (Zhan et al., 2016).



Endocrine Pathway and Alcohol Use Disorders


Hypothalamic-Pituitary-Adrenal Axis

HPA axis is the core regulatory system of stress responses in patients with chronic AUD (Scott et al., 2013; Moloney et al., 2014; Wang and Kasper, 2014; O’Mahony et al., 2017). In the brain-gut interactions, the HPA axis functions through endocrine pathway which belongs to the limbic system. Activation of the HPA axis increases secretion of corticotropin-releasing factor (CRF) in hypothalamus and adreno-cortico-tropic-hormone (ACTH) by the pituitary gland. ACTH triggers the release of the immunosuppressive stress hormones (cortisol in primates and corticosterone in rodents) at the adrenal cortex (Mawdsley and Rampton, 2005; Cussotto et al., 2018). Under the chronic stress of alcohol abuse for a long time, glucocorticoid release can increase intestinal mucosal barrier dysfunction (Yeager et al., 2011), leading to intestinal inflammation and changes in enteric microbiota. It causes cognitive changes due to alteration of intestinal flora. Stress-induced cortisol lead to abnormal intestinal permeability. Intestinal inflammation and changes in microbiota affect mood and cognitive function through the bidirectional regulation of the brain-gut axis (Figure 3).
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FIGURE 3. Alcohol can directly damage and affect the brain and induce cognitive and emotional dysfunction. At the same time, alcohol-induced brain injury can lead to intestinal microflora disorder through the vagus nerve and HPA axis. In addition, alcohol can directly act on the gut and cause intestinal flora disorder, and then produce neurotransmitters through intestinal flora’s own secretion and vagal nerve pathways, which in turn act on the brain to aggravate cognitive and emotional dysfunction.




Neurotransmitters

Intestinal bacteria secrete several neurotransmitters such as γ-GABA, norepinephrine (NE), serotonin (5-hydroxytryptamine), dopamine (Camilleri, 2009; Roshchina, 2016). It acts on host nerves to induce brain-derived neurotrophic factor (BDNF) expression, which activate or inhibit the CNS function. Abnormal intestinal flora in AUD patients lead disrupts the secretion of neurotransmitters and neurofactors, causing cognitive impairment, depression, and anxiety.

Decreased BDNF and dopamine receptor 2 (D2R) secretion (Berridge and Waterhouse, 2003; Hou et al., 2020) and increased dopamine receptor 1 (D1R) secretion (Jadhav et al., 2018) has been reported in patients with cognitive dysfunction. Levels of γ -GABA (Cryan and Kaupmann, 2005; Kumar et al., 2013; Olivier et al., 2013), serotonin (Wikoff et al., 2009; Hillemacher et al., 2018), norepinephrine (NE) (Diaz Heijtz et al., 2011; Clarke et al., 2013), and BDNF (aan het Rot et al., 2009; Diaz Heijtz et al., 2011; Gareau et al., 2011; Bus et al., 2015) are decreased in patients with depression and anxiety. These neurotransmitters are detected in CNS and produced by intestinal flora. GABA is produced by glutamate in food and broken down by lactobacillus and bifidobacterium in probiotics (Barrett et al., 2012). GABA- producing bacteria have been shown to relieve depression and anxiety behavior (Bravo et al., 2011; Strandwitz et al., 2019). Surprisingly, these phenomena were also observed in patients with AUD. Increased intestinal permeability induced by chronic alcohol abuse causes intestinal microflora disorder, leading to increased metabolism of tryptophan (a precursor of serotonin) to Kynurenine, which reduces serotonin synthesis and induces depression behavior (Hillemacher et al., 2018). Zhao et al. (2020) has reported decreased levels of BDNF, alpha 1 subunit of GABA type A receptor (α-1GABAAR) in the medial prefrontal cortex and decreased metabotropic glutamate receptors 1 in anxious mice. Therefore, alcohol induced-intestinal flora imbalance causes neurotransmitter metabolism disorder (Figure 3).

Notably, recent studies have found that tryptophan (TRP) metabolites through the Kynurenine pathway may play a significant role in psychiatric disorders (Wichers and Maes, 2004; Gimenez-Gomez et al., 2019; Leclercq et al., 2021). The metabolites mainly studied are Kynurenine (KYN), Kynurenic acid (KYNA), and quinoline acid (QUIN), among which KYNA and QUIN have neuroprotective effects and neurotoxicity, respectively. TRP was negatively correlated with depression score, elevated KYN levels were associated with the persistence of depression, elevated QUIN levels can produce locally inflammatory cytokines that have a detrimental effect on cognition (Gimenez-Gomez et al., 2019; Leclercq et al., 2021). Most of the peripheral tryptophan enters the Kynurenine pathway under the action of two rate-restriction enzymes, liver tryptophan 2, 3-dioxygenase (TDO) and extrahepatic indoleamine 2, 3-dioxygenase (IDO), and is gradually metabolized into Kynurenine, KYNA and QUIN (Gimenez-Gomez et al., 2019; Leclercq et al., 2021). Rate-limiting enzyme activity is affected by inflammatory stimuli such as cytokines, Toll-like receptor ligands, bacterial metabolites and bacteria-derived reactive oxygen species (O’Connor et al., 2009; Dantzer et al., 2011; Orhan et al., 2016). Chronic alcohol intake leads to increased intestinal permeability, LPS leakage induces IDO activation, and prolonged alcohol withdrawal leads to TDO activation in the liver, thereby enhancing the Kynurenine pathway, resulting in increased KYN and QUIN, decreased KYNA (Gimenez-Gomez et al., 2019; Leclercq et al., 2021), and ultimately decreased 5-hydroxytryptamine synthesis, which leads to behavioral and cognitive changes. In addition, the tryptophan metabolic pathway is directly or indirectly affected by intestinal bacteria and their metabolites, and the levels of circulating TRP, KYN, and 5-HT in GF mice were normalized after transplantation of normal intestinal flora to normal mice (1, Gimenez-Gomez et al., 2019).



Intestinal Microbial Metabolites

Intestinal microbial metabolites are signaling molecules acting on gut microbes and affects CNS (Erny et al., 2015). It includes short chain fatty acids such as propionate, acetate and butyrate. Several intestinal bacteria have high metabolic capacity and produce short-chain fatty acids (SCFA) by metabolizing food, which act on the brain through the blood-brain barrier and subsequently affects cognitive function and mood. Majority of the metabolites have anti-inflammatory properties to interact with the host’s immune system. SCFAs modulates the release of important neurotransmitters like enteroendocrine serotonin (5-HT) secretion (Holzer et al., 2012). Intestinal short-chain fatty acids are metabolized by intestinal bacteria such as clostridium, Bacteroides, propionibacterium, bifidobacterium, lactobacillus, eubacterium, Prevotella, and Rosicella (Macfarlane and Macfarlane, 2012).

Alcohol disrupts the balance of intestinal flora (Dalile et al., 2019). SCFAs acts directly on the CNS and influence disease and behavior by regulating epigenetic, neuroplasticity and gene expression (Dalile et al., 2019). Schroeder et al. (2007) reported that BDNF are affected by exogenous short-chain fatty acids (sodium butyrate) in the short term. A significant reduction in depression-like behavior was observed in mice receiving sodium butyrate over 28 days (Schroeder et al., 2007). These findings suggest that gut bacteria alter brain function by modulating neurotransmitters in the gut brain axis via microbial metabolites (Figure 2).




Hippocampus-Amygdala-Cortex Frontal Limb Circuit and Alcohol Use Disorders

Alteration of microbial community and inflammatory response by alcohol use disorder affects the hippocampus-amygdala-cortex frontal limb circuit (Stavro et al., 2013; Jansen et al., 2015; Gass et al., 2017). Several studies have reported that depletion of microbiota in gut flora of mice exhibit deficits in emotional processing and cognitive function and abnormalities in different brain regions (Hsiao et al., 2013; Desbonnet et al., 2014; Luczynski et al., 2016a; Sgritta et al., 2019; Sherwin et al., 2019). The neuronal circuit including amygdala, hippocampus, hypothalamus, insula, ventral striatum, medial prefrontal lobe, and pre-cingulate cortex) orchestrates the peripheral inflammation and cognitive function (Schulte et al., 2012; Oscar-Berman et al., 2014; Alba-Ferrara et al., 2016). There are substantial evidence suggesting the long-term effect of alcohol consumption on learning and memory due to changes in the anatomical structure and/or function of brain regions (hippocampus and/or medial prefrontal cortex) (Beck et al., 2012). Amygdala development, HPA axis, hippocampal monoamine concentration, prefrontal cortex myelination, gene expression and dopaminergic neurotransmission in mesocortical circuits are regulated by the gut microbiota and its metabolites (Strandwitz, 2018; Stasi et al., 2019). The amygdala is a baroreceptor. It is located deep in temporal lobe of the brain and regulates negative emotions (Correia and Goosens, 2016; Cai et al., 2018; Sherwin et al., 2019). There are extensive functional association of amygdala with several brain regions through internal connections formed between subnuclei in the amygdala known as amygdala neural circuit. These complex neuronal circuit of amygdala regulates emotional responses. It has been reported that excessive activation of the amygdala causes mood disorders and cognitive dysfunction (Sripada et al., 2011; Aloi et al., 2018). The loss of the microbiota cause disturbance in amygdala neuronal circuit and leads to overall neurological hyperactivity (Luczynski et al., 2016b). Besides, the hippocampus is another important brain region related to brain-gut axis. The microbiota has been well-known to affect hippocampal’s neurogenesis and gene expression, thereby participating in neuroplasticity (Bercik et al., 2010; Stilling et al., 2014; Gronier et al., 2018). The hippocampus is major target of lipid metabolism (Faria et al., 2014; Oliveira et al., 2016). The brain-gut axis mediates the metabolism of glycerophospholipids in the hippocampus (Petra et al., 2015). Intestinal microbes regulate the neurobiochemistry of the brain via this pathway. It has also been reported that the neurobiological basis of mood disorders and cognitive functional changes includes the disorders of the neuroimmune and neuroendocrine systems, synaptic plasticity, impaired neurogenesis, and decreased hippocampal volume (Guida et al., 2018). The hippocampus is highly sensitive to environmental factors such as microbial composition (Mohle et al., 2016; Hueston et al., 2017). Studies have shown that microbial diversity, especially during specific fragile neurodevelopmental periods, may promote the restoration of hippocampal function (Bailey et al., 2011; Clarke et al., 2013). The inflammatory response caused by the gut microbiota causes significant decrease in hippocampal BDNF and monoamine neuromodulation, such as an increase in tryptophan and a decrease in Kynurenine, which lead to mood change and cognitive impairment (Desbonnet et al., 2015). Prefrontal cortex (PFC) regulates emotional functions and plays a vital role in the development of neuropsychiatric disorders (including depression, schizophrenia, autism, etc.) (Shallice and Cipolotti, 2018). It has been reported that myelination dynamics in prefrontal cortex is key factor for the pathogenesis of mental disorders (Bercury and Macklin, 2015. Therefore, we hypothesize that microbiota can be a potential therapeutic target for the treatment of mental disorder.



The Vagus Nerve and Alcohol Use Disorders

The vagus nerve directly mediates intestinal permeability, immune-inflammatory response, endocrine signal transmission and intestinal reflex activities (Bonaz et al., 2018). Intestinal flora alters vagal nerve signals and causes behavioral abnormalities (Peirce and Alviña, 2019). It has been reported that specific bacterial strains utilize vagus nerve signals to communicate with brain and changes the behavior (Yu et al., 2020). Bravo et al. (2011) reposts that Lactobacillus rhamnosus treatment significantly decreased GABA mRNA levels in mice brain and reduce anxiety and depression-like behavior. However, these effects were not observed in vagus nerve-removed mice (Bravo et al., 2011). These finding suggests that imbalance of intestinal flora alteration caused by alcohol leads to mood disorders through the vagus nerve. Intestinal endocrine cells are main sensors of intestinal nutrients to interface intestinal contents with afferent nerves (Gribble and Reimann, 2016). Intestinal endocrine cells release a large number of gastrointestinal neurohormones, including cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), peptide YY (PYY), and serotonin, to regulate digestion, nutrient absorption and, food intake. Intestinal endocrine directly affect sensory neurons of vagus nerve via neurohormones (Bohorquez et al., 2015; Bellono et al., 2017; Kaelberer et al., 2018) diffusion to the neurons terminals (Williams et al., 2016). It has been reported that isolated nucleus tractus solitarius (NTS) is vital brain region to receive vagal nerve afferent signal, where visceral information is transmitted to cerebral cortex, rostral ventrolateral medulla, locus coeruleus (LC), hypothalamus, and dorsal raphe nucleus through the ascending neural pathway (Grill and Hayes, 2012; Hachem et al., 2018).

Dysregulation of intestinal flora increases the intestinal permeability. Intestinal microbiota produces a large number of metabolites, including short-chain fatty acids (SCFAs), cholic acids, lipopolysaccharides (LPS), and casein hydrolytic protease B (Heiss and Olofsson, 2018), which stimulates intestinal chromaffin cells and regulate serotonin biosynthesis (Yano et al., 2015). Metabolites of serotonin activates vagal afference via serotonin receptors (Williams et al., 2016). Recently, a neuronal circuit has been proposed to control learning and memory through the gut: the entero-vagus-NTS-medial-hippocampal pathway (Suarez et al., 2018). Suarez et al. (2018) reported that injury of vagus nerve or subphrenic nerve reduces hippocampal BDNF and impair the episodic memory in rats. Vagal dysfunction also induces depression-like behavior by affecting norepinephrine neurons in the locus coeruleus (LC) (Suarez et al., 2018; Figure 3).

The mechanisms underlying the potential link between the alcohol-induced intestinal flora imbalance and neuropsychiatric disorders have not been investigated widely and few AUD clinical trials study has been reported. There are more studies required to conclude that intestinal flora imbalance induced brain-gut axis dysfunction in alcohol use disorder are associated with cognitive impairment and mood disorder.




PROGRESS IN THE TREATMENT OF ALCOHOL USE DISORDERS

AUD induced alteration of intestinal microflora by regulates brain function through immune, endocrine, vagus nerve, HAP axis, and other pathways (Ames et al., 2020; Nikolova et al., 2021). Therefore, the selection of therapeutic drugs for correcting intestinal microflora disorder may be a new therapeutic approach. However, the use of probiotics has been shown to restore the balance of gut flora (Ma et al., 2021). The commonly used probiotics are mainly Bifidobacterium, Lactobacillus, Clostridium.


Bifidobacterium

In terms of negative emotions, Savignac et al. (2014) reported that Bifidobacterium Longum 1714TMM and Bifidobacterium Breve 1205 could reduce the depressive and anxious behaviors of mice. Bifidobacterium Breve 1205 induced low anxiety in elevated masts, while Bifidobacterium Longum 1714 induced antidepressant behavior in tail suspension tests (Savignac et al., 2014). Bifidobacterium longum NCC3001 reduced the depression scores of patients on the anxiety and depression Scale by more than 60% and weakened the response of several brain regions to negative emotional stimuli (Pinto-Sanchez et al., 2017). In terms of cognitive impairment, Bifidobacterium Breve A1 improved cognitive decline in elderly patients with mild cognitive impairment (MCI) and memory impairment in elderly patients (Kobayashi et al., 2019a,b). These studies indicate that bifidobacterium has a good effect on improving mood and cognitive function (Table 3).


TABLE 3. Therapeutic potential of bifidobacterium.
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Lactobacillus

In terms of negative emotions, Lactobacillus Casei Shirota and Lactobacillus rhmanosus JB-1 limits the depressive and anxiety-like behaviors (Bravo et al., 2011; Adikari et al., 2020). It was observed that Lactobacillus rhamnosus JB-1 improved depression and anxiety-related behaviors by regulating GABA synthesis (Bravo et al., 2011). Lactobacillus helveticus NS8 has an anti-anxiety effect by reducing serotonin levels (Luo et al., 2014). Lactobacillus plantarum 90sk and Bifidobacterium executing centis 150 reduced depressively-like behavior in forced swimming tests with an effect similar to fluoxetine (Yunes et al., 2020). Lactobacillus plantarum DR7 improves cognitive and memory dysfunction, and relieved anxiety symptoms (Chong et al., 2019). L. Plantarum C29 improved cognitive function, but there were no significant changes in TNF-α, IL-6, IL-1B, and cortisol concentrations in either the probiotic or placebo groups (Hwang et al., 2019). Lactobacillus Plantarum 299V improved cognitive performance and decreased KYN concentration through affecting Kynurenine pathway (Rudzki et al., 2019) (Table 4).


TABLE 4. Therapeutic potential of Lactobacillus.
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Clostridium

Clostridium is less studied than Bifidobacterium and Lactobacillus, however, the therapeutic potential has been reported. Several studies have reported that Clostridium butyricum MIYAIRI 588 is effective in treating refractory major depression when used in combination with antidepressants (Miyaoka et al., 2018). This is consistent with the results of Akkasheh et al. (2016) and Goh et al. (2019). However, other studies provide a different opinion, suggesting that probiotic therapy is only effective for patients with mood disorders such as mild or moderate depression (Ng et al., 2018).

These studies have reported that probiotic therapy shows great potential, but the results have not reached consensus, which may be caused by different strains, administration time, administration dose, and administration population. In addition, the probiotic mixture also showed a different effect, and we assume that they complement each other and have a better effect on regulating brain function. Pre-clinical studies have reported the efficacy, however, multi-center clinical studies are needed to investigate its effects.




CONCLUSION

Alcohol abuse causes intestinal microbial imbalance, impairing CNS function resulting in cognitive dysfunction and mood changes. Evidence of probiotics treatment efficacy from animal models studies have established a close association of AUD-induced neuropsychiatric disorders with brain-gut axis, however, there are only few clinical studies to support this phenomenon. Clinical studies have been reported that alcohol causes abnormalities in neurotransmitters, inflammatory indicators, and endocrine functions leading to cognitive dysfunction and mood disorders. However, probiotics treatment ameliorates cognitive dysfunction and mood disorders. There is lack of clinical study to delineate the role of brain-gut axis in AUD induced cognitive and mood disorders in human. Therefore, a multi-center clinical studies with large-sample size is required to further elucidate the effects of alcohol on the brain-gut axis and therapeutic effects of probiotics. However, current preclinical studies show great potential. Therefore, we believe that therapeutic strategies targeting the gut microbiome will provide safe, novel and effective treatments for neuropsychiatric diseases.
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