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Abstract

:

The gut microbiota (GM) comprises billions of microorganisms in the human gastrointestinal tract. This microbial community exerts numerous physiological functions. Prominent among these functions is the effect on host immunity through the uptake of nutrients that strengthen intestinal cells and cells involved in the immune response. The physiological functions of the GM are not limited to the gut, but bidirectional interactions between the gut microbiota and various extraintestinal organs have been identified. These interactions have been termed interorganic axes by several authors, among which the gut–brain, gut–skin, gut–lung, gut–heart, and gut–metabolism axes stand out. It has been shown that an organism is healthy or in homeostasis when the GM is in balance. However, altered GM or dysbiosis represents a critical factor in the pathogenesis of many local and systemic diseases. Therefore, probiotics intervene in this context, which, according to various published studies, allows balance to be maintained in the GM, leading to an individual’s good health.
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1. Intestinal Microbiota and Dysbiosis


The human body is in direct contact with approximately 3.9 × 1013 bacteria, which colonize all surfaces and cavities that come into contact with the external environment and with which we must maintain a symbiotic relationship for the proper functioning and health of our bodies. For this reason, the term human microbiota (HM) is used to refer to these microorganisms, including bacteria, fungi, protozoa, and viruses, among others [1]. Since the proportion of bacteria is two or three times greater than that of any other microbe, studies have focused mainly on the analysis of the composition and functions of bacterial communities [2,3]. It is estimated that the ratio of bacteria to human cells is 1:1 and that bacteria are responsible for approximately 3.3 million nonself genes, which implies a contribution of 150 times more genetic information than the human genome itself [3,4,5]. This has led to the HM being considered the “hidden organ” of the human body. Additionally, the HM participates in various physiological functions and metabolic activities that benefit the host [5].



The HM comprises several distinct microbial communities found on epithelial and mucosal surfaces that are in contact with the outside environment, such as skin, the oral cavity, conjunctiva, and the respiratory, genitourinary, and gastrointestinal (GI) tracts [2]. Since the GI tract has one of the largest epithelial surfaces in the human body, with a surface of 250 to 400 m2 [6], it is estimated that 70% of all bacteria in the human body are found in the colon alone [1], which are referred to as the gut microbiota (GM) [2,7]. There are more than 500 species of bacteria in the intestine, the most common belonging to the phyla Bacteroidetes and Firmicutes, followed by Proteobacteria, Actinobacteria, and Verrucomicrobiota [8,9].



The metabolic functions of the GM transform dietary substrates and generate new metabolites, polysaccharides, short-chain fatty acids (SCFAs), vitamin K, folic acid, and amino acids such as arginine and glutamine [4,10]. Furthermore, the GM has an important immunomodulatory role since it affects the immune system by providing physical protection and preventing the entry of bacteria, antigens, proinflammatory factors, or other metabolites. It also promotes tolerance to bacteria through the induction of regulatory T cells (Treg) and anti-inflammatory cytokines to maintain a balanced immune response [6].



Symbiotic interactions between GM and the host contribute to maintaining intestinal homeostasis and influence the innate and adaptive immune response, which gives these interactions a key role in the regulation of our health.



1.1. Intestinal Dysbiosis and Its Health Consequences


Factors such as diet, age, antibiotic consumption, tobacco consumption, and lifestyle, among others, can impact and modify the composition and function of the GM [11,12]. This alteration in the GM is termed intestinal dysbiosis (ID) and is typically characterized by the proliferation of pathogens and a loss of diversity and commensal bacteria [12].



Pathogens, which are bacteria that can harm the host through virulence factors, and pathobionts, which are commensal bacteria that can become harmful in certain circumstances, increase their abundance during ID and disrupt homeostatic and metabolic processes in the host [13,14]. In a dysbiotic state, the pathogenic bacteria produce proinflammatory metabolites, harmful secondary bile acids such as deoxycholic and lithocholic acid, and hydrogen sulfide, all of which contribute to the exacerbation of inflammatory conditions in the gut epithelium [15].



In particular, ID plays a role not only in the pathologies of the gastrointestinal tract but also in diseases that originate in the extraintestinal organs [12]. The altered GM can communicate and interact with the immune system through these harmful metabolites, thereby increasing the number of proinflammatory cells, cytokines, and metabolites that enter the bloodstream and arrive in distal organs such as the brain, lungs, heart, and skin, where they contribute to the inflammatory state of these organs.



The interactions between the GM and extraintestinal organs have been grouped and are referred to as interorganic axes [16]. It is now well established that the GM plays an essential role in the development or alleviation of diseases in these specific organs outside the intestinal tract by providing an alternative means of worsening inflammation or improving symptoms.




1.2. Prebiotics, Probiotics, Synbiotics, and Postbiotics


It has been well established that restoring the balance of the GM favors dynamism and the functioning of the immune system [17]. In recent years, biotics have been researched due to their ability to modulate the GM in order to improve the health status of the host. The term biotics refers to prebiotics, probiotics, synbiotics, and postbiotics, which have an impact on homeostasis.



Prebiotics are the food for the bacteria in the microbiota. The best known are inulin and fructooligosaccharides, which stimulate the proliferation of Bifidobacterium spp. and Lactobacillus spp. [18]. On the other hand, the term probiotics refers to bacteria that exert beneficial functions on the microbiota. They are live microorganisms that have health benefits for the host in great enough quantities [19]. Strains of Bifidobacterium and Lactobacillus can inhibit pathogen colonization, improve barrier function, and modulate the immune response [20,21]. Synbiotics refer to the functional combination of probiotics and prebiotics, which, through their interaction, have a positive effect on the host [18].



Finally, postbiotics are specific bioactive compounds released by microorganisms through their metabolic activity that also exert a beneficial effect on the host [22]. This group includes, but is not limited to, organic acids, carbohydrates, lipids, proteins, vitamins, surface proteins, and complex molecules such as lipoic acids and derivatives of peptidoglycans [23].



In this review, we analyze the most studied axes that involve the GM and extraintestinal organs, such as the microbiota–gut–brain axis, microbiota–gut–skin axis, microbiota–gut–lung axis, microbiota–gut–heart axis, and the interaction of the microbiota with metabolic disease, such as obesity and diabetes mellitus. We also discuss how the pathologies of these organs are affected during ID. Finally, we consider previous research that has administered oral probiotics as an alternative or complementary treatment and whether their use improves the symptoms of diseases related to these axes.





2. Microbiota–Gut–Brain Axis (MGB)


The nervous system consists of the central nervous system (CNS), including the brain and spinal cord, and the peripheral nervous system (PNS), which consists of the ganglia that give rise to nerve branches connected to the organs of the human body [24]. The PNS is divided into the somatic nervous system and the autonomous nervous system. The latter is considered involuntary and has several variants, including the enteric nervous system (ENS), which integrates various sympathetic and parasympathetic nerve fibers that enable bidirectional communication between the CNS and the GI tract. The practical cooperation between the two systems has led to the ENS being considered the second brain, or the little brain, of the human body [25,26].



The ENS extends throughout the digestive tract and is divided into two plexuses, the submucosal and the myenteric. These plexuses are organized by different types of neurons that control motility and peristalsis and even regulate the immunity of the intestinal mucosa [27]. The millions of bacteria that make up the GM are close to the ENS. It has even been observed that a communication system exists between gut bacteria and the CNS. These findings have led to the description of the “microbiota–gut–brain axis.” This axis includes connections between different biological systems to regulate homeostatic processes at the GI level, in the CNS, and in the gut bacteria themselves [16,28].



The microbiota–gut–brain axis has successfully linked the contents of the GM to various neurodegenerative disorders, developmental disorders, and mood changes [29,30,31,32,33,34,35,36]. The relationship between these diseases and the microbiota is mainly related to several bacterial metabolites that act as immunoregulatory and neurochemical factors [37,38,39].



The bacterial metabolites involved in regulation mainly include SCFAs, various tryptophan metabolites, and microbial neurotransmitters (Figure 1) [37]. SCFAs consist of fatty acids with no more than six carbon atoms, with the most significant proportions being acetate (C2), propionate (C3), and butyrate (C4). SCFAs have the ability to cross the blood–brain barrier (BBB) or bind to the receptors located there. In addition, SCFAs promote the secretion of hormones from intestinal endocrine cells; due to these properties, they may regulate various functions at the CNS level and may even be involved in the development of neurological disorders [37,40]. Tryptophan metabolites, for their part, have been described as molecules with a high regulatory potential that send signals from the GM to various peripheral organs, including the brain, where they can regulate the development and activation of microglia and induce the production of molecules to modulate inflammation in the CNS [41,42]. Finally, microbial neurotransmitters include molecules such as γ-aminobutyric acid (GABA), a molecule that can modulate brain function and inflammatory processes associated with the CNS, and catecholamines, which can regulate cognitive abilities, mood, and gut motility [27,43].



Given the link between alterations in the GM and neurological disorders, the use of probiotic microorganisms capable of producing the microbial metabolites associated with the regulation of various CNS disorders has emerged as a therapeutic strategy. In the following sections, we will address the relationship between certain diseases and the processes of gut dysbiosis and how the use of probiotics has been shown to be a potential therapeutic tool for these diseases.



2.1. Alzheimer’s Disease


Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases. It is a progressive condition that impairs cognitive function [44]. AD is based on the accumulation of amyloid plaques that promote a state of chronic inflammation. These plaques are characterized by the increased expression of a misfolded β-amyloid protein (Aβ), tau proteins, and intraneuronal neurofibrillary tangles, which promote the loss and atrophy of neuronal development in addition to neuroinflammation [45,46].



Dysbiosis is an essential factor in the development or exacerbation of AD. Several studies have linked alterations in the composition of the GM and the presence of pathogenic microorganisms in the gut to AD development [5,34,47,48].



Some studies on the relationship between dysbiosis and AD have shown, by using sequencing techniques, that the GM composition differs between AD patients and control subjects matched for age and sex. Among the differences, a decreased abundance of Firmicutes and Bifidobacterium and an increase in the abundance of Bacteroidetes bacteria were found in AD patients [49]. Other reports have described an increase in the fecal serum concentration of calprotectin, a protein associated with gut inflammation, resulting in impaired barrier function in AD patients compared with control subjects [50].



In animal models, changes in GM induced by endotoxin administration in C57BL/6J mice have been shown to promote Aβ production in the brain and also cause BBB dysregulation and cognitive decline in mice [51,52]. Furthermore, gut dysbiosis in a Drosophila model of AD resulted in the exacerbation of the disease, leading to neuronal loss, increased apoptosis, decreased locomotor activity, and decreased life expectancy [53].



Supplementation with probiotics and their metabolites effectively restores the altered GM and ameliorates AD symptoms. Among the probiotics studied, the administration of Lactiplantibacillus plantarum DP189 prevented cognitive dysfunction and increased the levels of microbial neurotransmitters, such as serotonin, dopamine, and GABA; this allowed an improvement in neuronal damage as well as a reduction in Aβ deposition [54]. Similarly, the administration of a probiotic mix containing Lactobacillus acidophilus, Lacticaseibacillus casei (basonym of Lactobacillus casei), Bifidobacterium bifidum, and Limosilactobacillus fermentum (basonym of Lactobacillus fermentum) was successful in improving cognitive function as well as metabolic state in AD patients [55]. Other probiotics have also shown the ability to restore the GM composition, improve cognitive impairment, and reduce Aβ deposition. These probiotics include Bifidobacterium longum, Candida rugosa, and the components of kefir [56,57,58].




2.2. Parkinson’s Disease


Parkinson’s disease (PD) is the second most common neurodegenerative disease. This pathology is associated with progressive neuron loss and musculoskeletal dystrophy. PD is characterized by the accumulation of alpha-synuclein (α-syn) protein aggregates and an exponential increase in cell death [59]. α-syn stimulates microglial activation, leading to the death of dopaminergic neurons and the exacerbation of inflammation through the release of proinflammatory cytokines [60].



Since patients with PD have ID, it has been suggested that the GM may be a potential regulator of the pathogenesis of the disease [61]. In an animal model, PD development was associated with a low expression of bacteria belonging to the taxa Bacteroides, Lactobacillus, Prevotella, Peptostreptococcus, and Butyricicoccus, and a substantial increase in the genera Enterobacter and Proteus spp. [62,63]. In addition, a study of stool samples from PD patients found an increase in butyrate-producing species such as Blautia, Coprococcus, and Roseburia, as well as bacteria of the genus Faecalibacterium, compared with samples from healthy individuals [64].



Other studies have shown that patients with PD have significantly increased intestinal permeability, which is related to an increase in α-syn at the intestinal level [65]. ID has also been associated with the development of motor dysfunction and microglial activation, and these events were strongly associated with the concentration of SCFAs [66]. Other associations between changes in GM and PD include the overgrowth of pathogens such as Helicobacter pylori [67] and constant changes in the microbiota depending on the stage of development of the disease [62].



The use of probiotics and their metabolites has shown that the development of PD can be regulated, especially in its early stages. This is based on the regulation of SCFA levels in the gut [68]. Additionally, the use of a probiotic mix of Lacticaseibacillus rhamnosum (basonym of Lactobacillus rhamnosus), L. acidophilus, Lactiplantibacillus plantarum (basonym of L. plantarum), and Enterococcus in patients with PD was able to restore intestinal barrier integrity by strengthening the tight junctions. This approach also changed the bacterial composition of the GM, which was associated with a decrease in inflammatory components [69,70].




2.3. Autism Spectrum Disorder


Autism spectrum disorder (ASD) is an early neurodevelopmental disorder with cognitive features, including alterations in communication and social interaction, sensory abnormalities, repetitive behaviors, and variable levels of intellectual disability [71,72]. The etiology of ASD is complex and depends on various genetic and hereditary factors, from changes in chromosome number to maternal age, perinatal hypoxia, and factors related to diet and medication use during fetal pregnancy [61].



Some GI problems have been associated with ASD in children, including constipation, diarrhea, gastroesophageal reflux, and abdominal pain. These problems exacerbate the behavior of patients with ASD. Although it has not yet been proven, the cause of associated GI issues is thought to be a change in the composition of the GM. The main species associated with dysbiosis in ASD are Bacteroides, Barnesiella, Odoribacter, Parabacteroides, Prevotella, Alistipes, Proteus, Shigella, and Parasutterella, which are found in greater abundance in ASD patients. In contrast, the abundance of Bifidobacterium species is significantly reduced [61,73,74].



Both animal models and clinical trials have been used to investigate whether the restoration of the GM through the administration of probiotics has a beneficial effect on ASD development and treatment [75]. The results observed include products at the GM level, the GI, and behavioral symptoms [76,77,78,79,80,81,82,83,84,85]. Some of the studies are summarized in Table 1.




2.4. Multiple Sclerosis


Multiple sclerosis (MS) is an autoimmune and inflammatory disease of the CNS, characterized by the degradation of the myelin sheaths that cover the brain and spinal cord [87]. The MS etiology has not been fully elucidated, but the main cause is known to be the loss of self-tolerance developed against various CNS antigens and myelin sheaths [88,89].



This disease depends on both genetic and environmental factors, such as vitamin D deficiency, tobacco use, obesity, and infection with the Epstein–Barr virus [90]. In addition, several studies in both murine models and humans have demonstrated important differences between MS patients compared with healthy subjects; however, these alterations require further research since different characteristics have been found depending on the geographical region [91]. Within the alterations in the GM in MS, there is a lower abundance of Firmicutes and Bifidobacterium, as well as a decrease in the abundance of the Lactobacillus genus, especially Limosilactobacillus reuteri [91,92]. Bacteria such as Methanobrevibacter, Escherichia, and Shigella have been found in abundance in MS patients [49,93,94,95,96].



Given the relationship between ID and MS, attempts have been made to supplement classical treatments with probiotic administration [97]. Among the probiotics used, L. casei, L. acidophilus, L. reuteri, B. bifidum, and Streptococcus thermophilus have been the most successful [98,99]. A study tested the oral administration of a probiotic mix that included Lactobacillus, Bifidobacterium, and Streptococcus for 2 months in MS patients and reported a decrease in bacteria associated with MS, such as Akkermansia and Blautia, as well as an increase in the anti-inflammatory response, which suggests a synergistic effect of these probiotic strains with traditional therapy [100].



Other double-blind, placebo-controlled clinical studies have tested probiotics in the treatment of MS with promising results: (1) treatment with L. acidophilus, L. casei, B. bifidum, and L. fermentum for 12 weeks managed to improve general health and scores on the extended disability scale and Beck’s depression, anxiety, and stress scales, as well as beneficially regulate C-reactive protein (CRP), nitric oxide, and malondialdehyde metabolites [101]; (2) this probiotic mix was also shown to downregulate IL-8 and TNFα gene expression in MS patients [102]. These results were also replicated in other populations [103,104].




2.5. Depression and Anxiety


Depression and anxiety are two related disorders that represent serious problems for public health. These disorders are characterized by physical and emotional deterioration, as well as problems with social functioning [105]. These types of disorders can occur at any stage of life and are difficult to treat due to high relapse rates [106]. Depression is defined as “a common mental disorder that causes people to experience low mood, loss of interest or pleasure, feelings of guilt or low self-esteem, sleep or appetite disturbances, low energy and poor concentration” [107], while anxiety represents “a persistent feeling of discomfort, worry or fear” [108].



Anxiety and depression disorders are commonly associated with various alterations in the GM. It has been proposed that ID could regulate mental processes, such as mood, behavior, and memory [109].



The ID associated with these disorders has been verified in both depressed patients and nonhuman primate models [105]. In this regard, a marked difference was found in the GM composition of depressed patients, in which the bacterial populations belonging to Bacteroidetes were diminished, while the abundances of the phyla Actinobacteria and Firmicutes were notably increased [110,111,112]. In anxiety patients, there is an increase in Bacteroidaceae and a reduction in the phyla Firmicutes and Tenericutes [113]. Microbiota analyses in animal models of anxiety and depression have reported a decrease in the abundance of the Fusobacteria phylum and in the Lactobacillus, Prevotella, and Bifidobacterium genera, as well as a decrease in the Actinobacteria:Proteobacteria ratio [114,115].



There are a large number of preclinical and clinical trials in which probiotics are used for the treatment of behavioral patterns characteristic of depression and anxiety. Among these, the use of B. longum was evaluated in a double-blind, randomized, placebo-controlled trial in patients with mixed disorder, and an improvement was found, with a decrease in depressive traits [105]. In another study, L. plantarum was administered, and in addition to improving depressive behavior, an increase in learning abilities was also observed [116]. In another triple-blind, placebo-controlled study, a probiotic mix containing B. bifidum, Bifidobacterium lactis, L. acidophilus, Levilactobacillus brevis, L. casei, Ligilactobacillus salivarius, and Lactococcus lactis was administered to depressed patients, and the results showed a significant improvement in the symptoms of depression alongside reduced cognitive reactivity [117].





3. Microbiota–Gut–Skin Axis (MGS)


The skin, together with the mucosal epithelial barriers of the human body, is part of innate immunity and is the first defensive barrier against the external environment. It is essential in protecting against physical, chemical, and biological damage, preventing water and nutrient loss, regulating temperature, and participating in the immunological and neuroendocrine functions necessary for maintaining homeostasis [118,119].



The outermost layer of the skin is mainly responsible for its barrier function. The epidermis, in turn, consists of four cell layers in which stratum basalis stem cells differentiate into epidermal cells or keratinocytes of the stratum spinosum and stratum granulosum until they reach the stratum corneum, where the keratinization process converts them into corneocytes, cells without a nucleus that are keratinized and layered in a “brick and mortar” structure. In addition, keratinocytes express antimicrobial peptides, cytokines, and chemokines in the defense against pathogens. The epidermis also contains other immune cells, such as Langerhans cells. Additionally, both the epidermis and dermis contain dendritic cells, macrophages, mast cells, NK cells, CD4+ T, CD8+ T, and Treg lymphocytes [120].



When follicular structures such as hair follicles, eccrine and apocrine ducts, and sebaceous glands are considered, the skin has one of the most extensive epithelial surfaces, at 25 m2 [121]. As the mucous membranes of the GI, respiratory, and genitourinary tracts, the epithelial surface of the skin is in constant contact with millions of microorganisms, with which it maintains a symbiotic relationship through the epithelial cells and the immune system. This relationship is disturbed in dermatological diseases, such as acne, atopic dermatitis, psoriasis, and others, and dysbiosis may play an essential role in the etiology of these pathologies [122]. Moreover, it has been reported that not only the skin microbiota is altered in dermatoses but also the GM [119]. Similarly, a relationship between the skin and gut is observed in GI diseases in which cutaneous manifestations are observed [123]. This has led to the theory that there is a bidirectional communication axis between the skin and gut, involving the microbiota in contact with these epithelial surfaces, termed the “microbiota–gut–skin axis” [123,124].



The possible mechanisms that enable the link between the GM and the homeostatic or altered state of the skin are as follows: (1) metabolites produced by gut bacteria entering the bloodstream, (2) the translocation of gut bacteria, and (3) the modulation of the immune response by the GM [119]. Studies in mice have shown that the oral administration of probiotics such as L. reuteri led to an increase in dermis thickness, folliculogenesis, and the production of sebocytes, as evidenced by a shinier coat. These effects are only possible due to the production of the anti-inflammatory cytokine IL-10, as these differences were not observed in mice deficient in this cytokine [125]. In humans, the oral administration of L. brevis SBC8803 resulted in improved hydration of the stratum corneum of the skin and decreased transepithelial water loss (TEWL) [126]. This suggests that the oral ingestion of probiotics benefits distal organs such as the skin through anti-inflammatory cells and cytokines to restore homeostasis, providing a potential alternative route for treating various skin diseases (Figure 2).



3.1. Atopic Dermatitis


Atopic dermatitis (AD), or eczema, is the most common chronic inflammatory dermatosis, occurring in 2–10% of adults and 15–30% of children [127,128]. It is characterized by severe pruritus in eczematous lesions that develop into crusty erosions and exudative or lichenified plaques, epidermal barrier disruption, dry skin, and IgE-mediated sensitization to food and environmental allergens [129]. Histologically, the plaques show epidermal intercellular edema and an infiltrate of lymphocytes, monocytes, macrophages, dendritic cells, and eosinophils [129]. One of the possible causes of barrier dysfunction is mutations in the gene encoding filaggrin, resulting in the loss of function of this protein, which plays a vital role in maintaining barrier function [127,128]. This increases susceptibility to invasion by environmental antigens, leading to an enhanced type 2 immune response, which compromises the integrity of the epidermal barrier.



The role of the microbiota in AD development has been explained by the microbiota hypothesis, which states that a modern lifestyle reduces exposure to microorganisms and alters the microbiota composition, which, in turn, leads to the incomplete development of the immune system and favors allergy development [130,131]. The establishment of ID preceding the development of this disease is evidence to support this theory, as decreased microbial diversity and colonization by pathogens such as Escherichia coli and Clostridium difficile at a young age is associated with increased AD risk in infants [132,133,134,135,136]. This dysbiosis continues with the development of the disease, as AD patients have higher levels of pathogenic bacteria such as bacteria of the genus Clostridium, C. difficile, E. coli, Staphylococcus aureus, and others, and lower levels of symbiotic bacteria such as Bifidobacterium, Faecalibacterium prausnitzii, and Akkermansia muciniphila [135,137,138,139,140].



ID in AD is enriched by proinflammatory metabolites that increase the proportion of IL-4-producing CD4+ T lymphocytes and reduce the proportion of Foxp3+CD25+CD4+ T lymphocytes [139]. Other studies have positively correlated the frequency of these pathogens with the eosinophil proportion and IgE level in the blood [132,138]. In addition, AD patients have low levels of SCFAs, such as butyrate and propionate, due to a reduction in the number of bacteria producing these metabolites, which is associated with AD severity [141,142]. These results suggest an essential role of the GM in the pathogenesis of AD, promoting the proinflammatory response and affecting the epithelial barrier’s function since SCFAs are necessary for its integrity and have an anti-inflammatory effect. The reduction in the number of bacteria producing these metabolites and the increase in pathogens lead to a deterioration of intestinal and epidermal barrier function and exacerbate the clinical manifestations of AD.



There is evidence that probiotic treatment reduces the severity of the clinical manifestations of AD [143], although further studies are needed to confirm this since others report no effect [144]. In addition, several studies have reported the potential use of oral probiotics to prevent this condition [145,146]. Probiotic mixtures containing Bifidobacterium and Lactobacillus are the most commonly used in these studies. Various strains, such as B. bifidum, B. longum, Bifidobacterium breve, L. rhamnosus, L. acidophilus, and others, administered during pregnancy and early infancy in women with a family history of this disease, reduce the risk of developing AD in infants [147,148,149,150,151].



Regarding the effect of oral probiotics in treating AD, studies in mice have reported a reduction in AD lesions, erythema, scratching, and epidermal thickness [152,153,154,155]. Various strains of L. rhamnosus, L. plantarum, F. prausnitzii, and A. muciniphila reduce infiltration by eosinophils and mast cells, reduce the levels of IgE and cytokines associated with a Th2 profile, such as IL-4 and IL-5, and reduce the levels of cytokines that induce this lymphocyte subtype, such as TSLP (thymic stromal lymphopoietin). The administration of these probiotics increases anti-inflammatory cytokines, such as IL-10, and cytokines with a Th1 profile, such as IFN-γ [152,153,154,155]. These changes in the inflammatory profile are induced through the modulation of the immune system by probiotics to restore the balance of Th1/Th2 lymphocytes via an increase in Treg lymphocytes [144], in addition to improving the function of the intestinal and epidermal barrier by increasing the production of filaggrin in the skin and the tight junction proteins ZO-1 and claudin-1 in the intestine [155].



A recent study by Fang et al., in which they used B. longum CCFM1029 in a mouse model of AD, postulated another mechanism of action of probiotics. This probiotic modulates the GM to increase the production of indole-3-carboxaldehyde, a tryptophan metabolite, which suppresses the Th2 response via the aryl hydrocarbon receptor (AHR). AHR activates signaling pathways that inhibit the transcription factor for differentiation to Th2, STAT6 [156]. Similarly, B. longum inhibits the expression of TSLP, which promotes the differentiation of these lymphocytes and is involved in the pathogenesis of AD [156,157].



Finally, in humans, an improvement in clinical symptoms in children and adults with AD has been reported [158,159,160,161]. The ingestion of probiotics from Bifidobacterium and Lactobacillus species is associated with a reduction in AD severity and TEWL, as well as an improvement in skin hydration [158,159,160,161]. These studies report that this improvement is related to the modulation of the GM to favor tryptophan metabolism, the reduction in microbial translocation, the increase in Treg and Th1 lymphocytes, and the decrease in Th2 lymphocytes, IgE, and proinflammatory cytokines such as TNF, TSLP and the chemokine CCL17 [156,158,159,160]. Table 2 shows a summary of relevant and recent studies about the use of probiotics in AD.




3.2. Psoriasis


Psoriasis is a chronic inflammatory disease of the skin with a prevalence of 0.91–8.5%, which varies widely depending on the geographic region, occurring between the ages of 15 and 25 years [163,164]. It is characterized by thickened, inflamed, and scaly erythematous lesions, often accompanied by well-defined plaques, with pruritus in 50% of cases, which can occur anywhere on the body [164]. These clinical manifestations are the result of the hyperproliferation of keratinocytes with incomplete keratinization, accompanied by an inflammatory infiltrate composed of dendritic cells, macrophages, T lymphocytes, and neutrophils [165]. Etiology and pathogenesis are still not well understood, although genetic, environmental, and immunological factors influence the development of the disease [164].



Abnormal intestinal structures with a smaller epithelial surface and loss of intestinal integrity have been reported in patients with psoriasis [166,167], as well as an increased risk of developing inflammatory bowel diseases (IBD) such as ulcerative colitis, Crohn’s disease, and celiac disease [168]. The GM of patients with psoriasis has a similar microbial composition to those of people with IBD and differs from the microbiota of healthy people [169,170]. Analysis of the GM of these patients shows a decrease in the abundance of Bacteroidetes and an increase in Firmicutes [169,171], as well as a reduction in symbiotic bacteria such as F. prausnitzii, A. muciniphila, and Prevotella copri with a concomitant increase in pathogenic bacteria such as E. coli [169,170,172]. These results indicate a possible relationship between gut dysbiosis and psoriasis that should be explored.



Studies in mice and humans show how probiotics help to reduce the levels of proinflammatory biomarkers and the characteristic lesions of the disease. Chen et al., reported that the consumption of Lactobacillus pentosus GMNL-77 in mice with imiquimod-induced psoriasis resulted in less erythema, scaling, and epidermal thickening, as well as a reduction in the expression of proinflammatory cytokines such as TNF-α, IL-6, IL-23, IL-17A, IL-17F, and IL-26 [173]. In humans, two studies reported that the consumption of Bifobacterium infantis 35624, B. longum CECT 7347, B. lactis CECT 8145, and L. rhamnosus CECT 8361 helped reduce plasma levels of CRP and TNF-α, modulated the GM with a significantly higher number of beneficial genera, and were also associated with a clinical improvement in lesion severity in psoriasis patients [174,175]. Probiotics thus show promise in the treatment of psoriasis.




3.3. Acne


Acne vulgaris is a chronic inflammatory disease of the pilosebaceous unit characterized by comedones, small bumps caused by follicular obstruction and sebaceous gland hyperplasia, and painful inflammatory lesions such as papules, pustules, and cysts [176,177,178]. Worldwide, it is the eighth most common disease, accounting for 0.29% of the global disease burden, and the second most common dermatologic disease [179,180]. In developed countries, it affects 85–90% of people aged between 12 and 24 years [176,181].



It is thought to be a multifactorial disease caused by the oversecretion of sebum, the obstruction of the excretory ducts due to the abnormal desquamation of keratinocytes, and the proliferation and colonization of Cutibacterium acnes, which secretes proinflammatory mediators in the comedo [177,178]. In addition, a diet with a high glycemic index and a high level of milk protein plays an essential role in pathogenesis by increasing insulin signaling and insulin-like growth factor-1 (IGF-1), which inhibits the transcription factor that regulates mTORC1, Fox01. The activation of mTORC1 leads to hyperproliferation, lipogenesis, and keratinocyte hyperplasia, contributing to the development of acne [182].



Several studies have shown that the GM of patients with acne differs from that of healthy controls. Acne patients have lower microbial diversity, a lower abundance of Firmicutes, and an increase in Bacteroidetes [176,183,184]. These differences are gender-dependent, as male acne patients have higher dysbiosis levels than females [183]. Similarly, a decrease in the number of bacterial phyla with anti-inflammatory properties and producers of metabolites, such as SCFAs, with antimicrobial and immunomodulatory activity has been reported. These include Bifidobacterium, Butyricicoccus, Lactobacillus, Lactococcus, Clostridium, Clostridiales, Lachnospiraceae, and Ruminococcus [176,183,184]. This suggests that patients with acne have ID, which may exacerbate the skin manifestations of this pathology.



Orally administered probiotics represent an alternative for treating acne that has shown promising results, although further studies are needed. In 1961, the first study was published in which the administration of the probiotics L. acidophilus and Lactobacillus delbrueckii subsp. bulgaricus resulted in clinical improvement in patients with acne, especially in cases with inflammatory lesions [185]. Jung et al., showed that synergistic treatment with the probiotics L. acidophilus, L. bulgaricus, and B. bifidum and the antibiotic minocycline resulted in a more significant decrease in acne skin lesions than treatment with the antibiotic alone [186]. A study by Fabbrocini et al., showed that the administration of L. rhamnosus SP1 to acne patients also improved skin condition, with a reduction in lesions due to a decrease in the expression of IGF-1 and an increased expression of Fox01 [178]. Thus, the beneficial effects of these particular probiotics arise from the regulation of IGF-1/mTORC1 metabolism and the increased expression of anti-inflammatory cytokines and molecules that affect the microbiota–gut–skin axis, reducing the exacerbated inflammation found in acne.





4. Microbiota–Gut–Lung Axis (MGL)


The microbiota–gut–lung axis refers to the connection between the two systems, mainly due to the ability of the GM to influence the course and outcome of lung disease and vice versa [187]. The commensal microbiota is established in the mucous membrane tissues exposed to the external environment, including the lung and gut [188]. Histologically, there are four layers in the respiratory and GI tracts: mucosa (epithelium and lamina propria), submucosa, cartilage and muscle, and adventitia [189]. The epithelium is the primary physical protective barrier in the respiratory and GI tracts against components of the vascular system and the intestinal or airway lumen.



The respiratory system interacts with pathogens, allergens, and other particles through air inhalation and exhalation [189,190]. In the lower respiratory tract, alveolar macrophages and various subsets of dendritic cells act as sensors, as they warn of the presence of pathogenic bacteria, viruses, or fungi through pattern-recognition receptors. On the other hand, tissue-resident lymphocytes such as innate lymphoid cells, NK cells, natural killer T (NKT) cells, mucosa-associated invariant T (MAIT) cells, epithelial γδ-T cells, and tissue-resident memory T cells are also found. Together, they trigger the mechanisms required for timely pathogen elimination or tolerance of the resident and transient microbiota [191].



The microbiota of the respiratory system is very different from that of the gut [192]. The lung microbiota composition depends on several factors, such as bacteria immigration and excretion through the airways, as well as the relative growth rate in the pulmonary mucosa [193]. In healthy subjects, the central lung microbiota consists of Pseudomonas, Streptococcus, Prevotella, and Fusobacterium, followed by Haemophilus, Veillonella, and Phorphyromonas, with Pseudomonas as the dominating genus of the three lobes of the lung [194]. The Pulmonary HIV Microbiome Project, one of the most extensive multicenter studies, characterized the lung and airway microbiome from 2009 to 2015, revealing that the most abundant bacterial genera in the mouth and lungs were Streptococcus, Prevotella, and Veillonella, while in the lungs the following taxa were overrepresented: Haemophilus, Enterobacteriaceae, Methylobacterium, and Tropheryma [195].



The intestines and lungs communicate through lymphatic and blood circulation. The largest lymphatic vessel is the thoracic duct, and the lymph from the thoracic duct enters the left subclavian vein, which means that the lung is the first organ to encounter the mesenteric lymph [196]. For this reason, the gut–lung axis is regulated mainly by the GM, as well as the immune response it induces [197,198]. To date, several studies have demonstrated the involvement of gut dysbiosis in bidirectional pulmonary complications via the microbiota–gut–lung axis. Probiotics and prebiotics used for the treatment of different pulmonary diseases are shown in Table 3.



4.1. COPD


Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide [210]. It is considered a chronic degenerative disease characterized by persistent respiratory symptoms, airflow limitation, and the development of emphysema. The main etiologic factors are smoking and exposure to harmful gasses or particles, in combination with genetic factors [211].



Other tissues are affected in addition to the respiratory tract in patients with COPD. Rutten et al., demonstrated for the first time that enterocyte damage and increased intestinal permeability in the intestine are due to a mismatch of the ventilation/perfusion ratio, which leads to tissue hypoxia [212]. Kirschner et al., reported the loss of integrity in the small intestine barrier in COPD patients, with increased intestinal permeability in active and former smokers. They also found a decrease in the plasma concentration of some SCFAs, mainly acetate. While the concentration of SCFAs is not associated with other parameters of intestinal integrity, it suggests a possible alteration in the GM and its ability to produce these metabolites [213].



Li et al., elucidated some of the underlying mechanisms of gut dysbiosis and its importance in disease progression. The results show that patients with complications had a lower abundance of bacteria of the families Bacteroidaceae and Fusobacteriaceae compared with healthy subjects. This was also associated with a significant decrease in the total SCFA concentration in stool samples. To support this association, mice that received fecal microbiota transplantation from COPD patients showed lung inflammation, emphysema, airway remodeling, mucus hypersecretion, and impaired lung function [214].



The damage caused to the intestinal barrier integrity and the ID contribute to the migration of metabolites, cytokines, and cells residing in the gut to the lung tissue, where they act as effectors and further contribute to systemic inflammation. In this context, Wang et al., demonstrated that GM restoration improves pulmonary inflammatory parameters in mice with COPD. They also describe the dominating bacterial genera in COPD mice as being Candidatus_Stoquefichus, Streptococcus, and Marvinbryantia, which are negatively associated with body weight and lung function and positively associated with Th17/Treg balance and proinflammatory cytokine concentration [215]. In another study in COPD patients, an association between the GM and the decrease in forced expiratory volume in one second (FEV1) was found. Firmicutes and Stenotrophomonas were increased in the more severely affected patients, whereas control subjects had increased Bacteroidetes, Alloprevotella, and Acinetobacter. These results show that, as concluded by the authors, “pulmonary inflammatory status in mice and patients with COPD may be modulated in part by their GM” [216] (Figure 3).



Smoking and poor diet are important risk factors for COPD development and ID. In COPD mice, supplementation with L. rhamnosus and B. breve prevents airway inflammation and lung injury, reduces bronchoalveolar lavage, and restores the cytokine and chemokine balance [217]. The effect of dietary fiber on this disease has also been studied in mouse models. Jang et al., demonstrated that a high-fiber diet attenuated the physiological changes associated with emphysema progression and the inflammatory response. They also emphasized that dietary fiber modulates microbial diversity and its metabolites, such as SCFAs, bile acids, and sphingolipids [200].



On the other hand, in a randomized, double-blind trial with humans, Koning et al., investigated whether the intake of multistrain probiotics during and after antibiotic treatment alters the GM of COPD patients. However, no differences in GM composition were found [218].




4.2. Asthma


Asthma is a chronic respiratory disease that affects between 1 and 18% of the population in different countries, with symptoms such as wheezing, shortness of breath, chest tightness, coughing, and variable expiratory airflow limitation. It is associated with airway hyperresponsiveness and inflammation [219]. Asthma is a complex, multifactorial, and heterogeneous respiratory disease [220].



There is still no conclusive evidence of a causal relationship between asthma and the gut microbiome. However, asthma was the second most common comorbidity in an IBD cohort [221]. A meta-analysis described 15 studies that reported an association between asthma and Crohn’s disease, and 16 studies showed an association with ulcerative colitis. In most of these studies, IBD preceded the onset of asthma [222]. An analysis of 456,327 Europeans showed that the presence of asthma in childhood increased the risk of developing gastroesophageal reflux, irritable bowel syndrome (IBS), and peptic ulcer disease [223]. Shen et al., conducted two retrospective cohort studies, one with asthma patients and the other with IBS patients. They found that asthma patients were at significantly higher risk for IBS and vice versa [224]. However, to date, there is no conclusive evidence to suggest that both conditions arise due to a similar pathology and risk factors [222].



Environmental risk factors for asthma development include the role of the GM via the microbiota–gut–lung axis. Differences have been found in the GM between healthy subjects and patients with asthma. In a population from Guangzhou, China, specifically at the taxonomic family level, a higher relative abundance of Veillonellaceae and Prevotellaceae was observed in patients with asthma, in addition to a decrease in Acidaminococcaceae, which positively correlates with the mean FEV1 and disease severity [225].



In an asthma murine model, the attenuation of physiological and histological asthmatic features increased the relative abundance of the phylum Verrucomicrobia and of A. muciniphila in the lung microbiota. In addition, an increase in tight junction protein expression in alveolar epithelial cells and a decrease in LPS biosynthesis and mucin production were observed. This, in turn, led to an increase in the abundance of beneficial bacterial species in the gut, such as Bacteroides acidifaciens, and, consequently, an increase in butyric acid concentration [226] (Figure 3).



A study in asthma patients classified by allergic and nonallergic phenotypes in southern China found that the gut microbiome profile differed significantly between healthy and unhealthy subjects and between asthma phenotypes. In this context, it was found that the disease state and serum IL-4 concentration were the two main contributors to the differences in gut microbiome between patients and controls. The findings include 28 different bacterial species between controls and patients and 17 species with diagnostic potential in the stratification of asthma with or without allergy. These data suggest a close relationship between the gut microbiome and differences in disease state [227].



Because asthma develops early in human life and depends on prenatal and postnatal stages of pregnancy, probiotic supplementation is usually investigated during this period. Murine models have been used to demonstrate promising therapeutic approaches, such as L. lactis NZ9000, which favored a decrease in leukocyte inflammation. L. rhamnosus GR-1 decreased airway hyperresponsiveness and contributed to a reduction in asthmatic disorders. B. breve M-16V promoted a decrease in eosinophils in the bronchoalveolar fluid of newborn mice, thus reducing lung inflammation due to allergies caused by environmental pollution [204,205]. Mice with asthma treated with L. reuteri ATCC 23272, L. rhamnosus GG, or B. lactis Bb-12 showed decreased airway hyperreactivity and reduced bronchoalveolar cell inflammation [228]. In humans, the results are somewhat more variable. In children with eczema, asthma, and allergic rhinitis, L. rhamnosus GG was administered. However, no reduction in the risk of asthma development was observed, but the wheezing frequency was lower, so probiotics are not considered a therapeutic agent for this disease [207].



Postbiotics such as vitamin D display an essential role as a modulator of the intestinal epithelial barrier, as well as the homeostasis of the microbiota. The Vitamin D Antenatal Asthma Reduction Trial (VDAART), conducted by Lituonja et al., investigated whether vitamin D supplementation in pregnant women can prevent asthma and allergy development in their children. It was found that vitamin D supplementation in pregnant mothers did not alter the risk of asthma in their children [229]. Other metabolites such as SCFAs have also been studied. In a prospective study that included individuals with and without bronchial asthma, those with higher concentrations of butyrate and propionate showed an increase in T cell differentiation, reducing allergic reactions [230]. The differences between the results obtained in mice and humans may be attributed to methodological differences, selection criteria, and differences in environmental regulation between mice and humans.




4.3. COVID-19


Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of coronavirus disease 2019 (COVID-19); its genome is composed of positive single-stranded RNA ssRNA (+), and it belongs to the order Nidovirales, family Coronaviridae, and species SARS [231]. Transmission occurs by droplets from people with respiratory symptoms and by contact with surfaces contaminated with a viral load [232,233,234]. The first case worldwide was reported as “pneumonia of unknown cause” on 31 December 2019, in Wuhan, China [235]. Since then, the virus has spread rapidly. In March 2020, the World Health Organization (WHO) declared COVID-19 a pandemic. It currently represents the most significant public health problem, with 539,119,771 confirmed cases worldwide (as of 23 June 2020), of which 6,322,311 have died [236].



COVID-19 primarily manifests as a respiratory infection, with the most reported symptoms being fever, fatigue, and dry cough. Pneumonia and cytokine storm are typical clinical manifestations of COVID-19 [237]. Cells susceptible to SARS-CoV-2 infection include respiratory epithelial cells, alveolar macrophages, intestinal epithelial cells, myocardiocytes, olfactory cells, bile duct cells, and Sertoli testicular cells. They all exhibit high expression of the ACE2 receptor, which is necessary for recognizing and integrating the virus into host cells. Therefore, infection with this virus leads to various respiratory diseases, heart failure, and GI symptoms, such as diarrhea, vomiting, and nausea [238].



As for damage to the GI tract, SARS-CoV-2 could impair tryptophan absorption by binding to ACE2 in the intestine [239]. According to work by Hashimoto et al., this leads to the decreased secretion of antimicrobial peptides in the gut [240], which has been shown to affect microbiota composition and promote ID [241]. Patients with niacin or tryptophan deficiency are known to suffer from pellagra, and 90% of them develop severe colitis and diarrhea, conditions also associated with COVID-19, either as a complication or as a risk factor [242,243].



To date, it is unclear whether the GI symptoms of patients with COVID-19 result from fecal–oral infection or are due to indirect mechanisms mediated by an association with the pulmonary mucosa [196,244]. In SARS-CoV-2 infection, local immune cells produce proinflammatory cytokines, which affect extrapulmonary tissues such as the GI tract. Then, they activate resident cells, and this inflammatory response is associated with dysbiosis and increased intestinal permeability, promoting systemic and pulmonary inflammation [245].



Several papers have linked the GM to COVID-19 severity based on the immunomodulatory capacity of local cells that emit systemic signals [246,247,248]. Tang et al., demonstrated the association between the abundance of certain intestinal bacteria and clinical indicators in patients with COVID-19 pneumonia. The relative abundance of probiotic (Lactobacillus and Bifidobacterium) and anti-inflammatory bacteria (F. prausnitzii, Clostridium butyricum, Clostridium leptum, and Eubacterium rectale) was negatively associated with proinflammatory markers in serum (IL-6, CRP, and neutrophil level), indicators of liver damage (ALT and AST), and markers of organic dysfunction (D-dimer, LDH, and creatine kinase) (Figure 3). On the other hand, bacteria known for their pathogenic effect (Enterococcus, Enterobacteriaceae, and Atopobium) correlated positively with these indicators. In a group of critical patients, the GM is enriched in pathogenic bacteria [249]. In a cohort study, the GM in patients positive for SARS-CoV-2 correlated with an increase in the concentration of proinflammatory cytokines and other inflammatory markers, such as CRP, LDH, AST, and GGT. The relative abundance of F. prausnitzii, E. rectale, and Bifidobacterium species is decreased in stool samples from patients even 30 days after infection, which the authors believe may contribute to the late symptoms of the disease [245].



Although there are several studies describing the ability of probiotics, prebiotics, and postbiotics to reduce clinical severity in other respiratory diseases, for COVID-19, there are not yet any conclusive results [250]. A study by Ceccarelli et al., consisting of a cohort of patients who tested positive for SARS-CoV-2, characterized their GM. Those who were symptomatic for a more extended period showed more severe dysbiosis. These individuals received multiple supplements with Lactobacillus helveticus, L. acidophilus, L. paracasei, L. plantarum, L. brevis, S. thermophilus, and B. lactis. In patients with pneumonia, those who received this supplementation had a higher survival rate [208]. On the other hand, the use of yogurt as a support food and supplement for probiotics and postbiotics, with micronutrients such as zinc, potassium, magnesium, and calcium, has been suggested. This suggestion is mainly because active peptides from casein are present in yogurt that act as inhibitors of ACE2 expression, thus reducing viral entry into host cells [251]. Furthermore, bioinformatics tools were used to determine which probiotics and bacterial strains can reduce the expression of the genes ACE, AGTR1, and ACE2. As a result, it was found that Bacteroides thetaiotaomicron, Bacteroides fragilis, A. muciniphila, and F. prausnitzii beneficially modulated miR-124-3p and miR-26b-5p miRNAs, which modified the expression of these genes [252]. Although bioinformatic analyses are very descriptive, they can never replace in vitro and in vivo assays that allow us to see the interaction and response under normal patient conditions.





5. Microbiota–Gut–Heart Axis (MGH)


The GM and its metabolites are associated with cardiovascular disease (CVD) progression, including hypertension, dyslipidemia, atherosclerosis, thrombosis, heart failure, and ischemic stroke [253]. In addition, the GM influences the response to cancer therapy and susceptibility to toxic side effects [254]. Drugs can alter the microbiome and cause side effects that are independent of the drug molecule itself [255]. Recently, antitumor chemotherapeutic agents such as cisplatin and doxorubicin in the GM have caused disorders involved in the pathogenesis of cardiotoxicity [256,257]. Table 4 shows recent relevant studies on probiotic use in CVD.



5.1. Hypertension


Hypertension is the most common modifiable risk factor for CVD, the leading cause of death worldwide; although it is modifiable, it is still one of the most important. Excessive salt intake is associated with elevated blood pressure (BP), whereas a low-sodium diet lowers BP and reduces morbidity and mortality from CVD [266,267].



Although few studies have linked the GM to human hypertension, Joe et al., recently showed that germ-free rats have hypotension and reduced vascular contractility. Restoring the GM in these rats also restores BP and vascular contractility [268]. A study by Li et al., reported that the transplantation of the fecal microbiota of hypertensive patients to germ-free rats is associated with increased BP in these animals [269]. These results suggest a role for the GM in regulating BP.



Recent evidence shows that gut dysbiosis is associated with the development of hypertension [270,271]. This dysbiosis is highlighted by an increased ratio of Firmicutes to Bacteroidetes and a decrease in SCFA-producing bacterial species in murine models. At the same time, lower microbial richness is found in hypertensive patients [269,272].



In addition, analysis of the GM in patients with hypertension and prehypertension shows similarities in their composition, as well as an increased abundance of bacteria such as Prevotella and Klebsiella and a decrease in bacteria of the genera Faecalibacterium, Oscillibacter, Roseburia, Bifidobacterium, Coprococcus, and Butyrivibrio compared with healthy control subjects. The microbiome analysis shows a decrease in the activity of genes related to amino acid synthesis, fatty acid utilization, and saccharide transport. At the same time, the biosynthesis of metabolites such as LPS is increased [269]. This may indicate how gut dysbiosis causes low-grade inflammation, which may be involved in the development of hypertension.



Other bacterial metabolites associated with BP include trimethylamine (TMA) and trimethylamine-N-oxide (TMAO), which are gut microbial products derived from certain food components. TMAO is associated with CVD and CNS disease [273,274]. Elevated circulating TMAO induces an inflammatory response and oxidative stress not only in peripheral tissues, including heart, aorta, and kidney [275,276,277], but also in the CNS [278,279], as TMAO can rapidly overcome the BBB [280] (Figure 4).



Recent studies report that high salt intake alters the composition of the GM, which, in turn, increases the plasma concentration of TMAO in animals [271,281]. Recently, Liu et al., showed that long-term intake of a high-salt diet (HS) leads to an increase in the metabolite TMAO, produced by the GM, in the bloodstream and brain, which is associated with an increase in neuroinflammation and oxidative stress in the paraventricular nucleus (PVN). The inhibition of TMAO formation ameliorates HS-induced sympathetic arousal and hypertension by reducing neuroinflammation and oxidative stress in the PVN. These findings may provide new insights into HS-induced hypertension mechanisms [282].



The team of Wang et al., showed that using a small-molecule inhibitor of microbial choline TMA lyase activity suppressed microbial TMA and TMAO formation, macrophage foam cell formation, and atherosclerosis in vivo. Whether targeting this pathway leads to a parallel reduction in CVD risk in humans is still unknown. However, it is an essential area for future research [283].



On the other hand, beneficial metabolites produced by the GM, such as SCFAs, are also associated with BP because a reduction in the levels of these metabolites is usually associated with hypertension [272,284]. A study by Marques et al., showed that a diet high in fiber and acetate in hypertensive mice not only altered the GM and increased the proportion of acetate-producing bacteria but was also associated with a reduction in BP, cardiac fibrosis, and left ventricular hypertrophy [285], demonstrating that SCFAs are associated with low BP.



Finally, probiotic intake is also associated with improved BP in hypertensive patients. These effects are related to the duration and dose of probiotic treatment and the patient’s age. They are also related to other benefits such as lowering BMI and blood glucose levels [286].




5.2. Atherosclerosis


Atherosclerosis (AS) refers to plaques formed in arteries with a lipid core or atheroma surrounded by a fibrous layer, which is the underlying pathology of CVD, and its prevalence is increasing worldwide [287]. These atherosclerotic plaques contain bacterial DNA, and the bacterial taxa observed in the atherosclerotic plaques were also found in the intestines of the same individuals [288,289]. These observations suggest that the microbial communities at these sites may be a source of bacteria in plaque that could influence plaque stability and CVD development.



Recent studies report that AS is closely associated with abnormal chronic low-level inflammation and gut dysbiosis. Alterations in the microbiota are associated with inflammatory status and progression from AS to CVD in both mouse models and human patients [290,291,292,293].



Polyunsaturated fatty acids (PUFAs) can modulate the GM and inflammation and have pleiotropic benefits in chronic metabolic diseases [294]. However, the effects of dietary PUFAs on AS and their mechanisms have not yet been fully elucidated. Yiwei et al., conducted an interesting study investigating the effects of PUFAs in a mouse model of AS with apolipoprotein E (ApoE)−/− deficiency. The results show that administration of flaxseed oil (FO), which is rich in α-linolenic acid (ALA), a PUFA, improved AS injury, body weight, and levels of bile acids, chronic systemic and vascular inflammatory cytokines, and macrophages. In addition, FO decreased LPS levels, improved intestinal integrity, and modulated GM and SCFAs. Treatment with FOs in combination with antibiotics reduced their beneficial effects, suggesting that the GM acts in synergy with PUFAs [295]. These results indicate that an FO-rich diet improves AS in ApoE−/− mice via the microbiota–gut–heart axis.



The use of probiotics in AS appears to be protective, although the mechanism is not yet understood. Probiotics are associated with a reduction in AS lesions and inflammation in mouse models and AS patients [258,259,260]. However, this effect depends on the probiotics administered, as not all studies report these benefits [261].




5.3. Coronary Artery Disease


Coronary artery disease (CAD) is a significant cause of mortality in the world. Unstable angina (UA) is characterized by a set of angina symptoms typical of ischemic cardiovascular and cerebrovascular disease [296]. IGF-1 has been identified as a valuable biomarker and a therapeutic target for CAD. Clinical studies have shown that low circulating IGF-1 levels are highly associated with a high incidence of CAD [297,298]. IGF-1 has several beneficial effects, including reducing inflammation, reducing apoptosis, and the stimulation of angiogenesis, all of which are related to vascular function and AS [299].



Recent studies have highlighted the role of the GM between UA occurrence and development [300]. For example, a clinical study showed that UA patients had a lower abundance of Bacteroidetes and a higher abundance of Firmicutes than healthy individuals [301]. In addition, another multiomics analysis study demonstrated the complex interplay of the GM, circulating metabolites, and severity of UA [301].



It has been reported that the GM is involved in regulating IGF-1-related signaling and contributes to UA development. Although the mechanism of IGF-1 induction by the GM is unclear, metabolites such as SCFAs contribute to increased IGF-1 production [302].



Langsha Liu and Fanyan Luo conducted a comparative study between UA patients and healthy subjects, in which they found that the relative abundance of Bacteroidetes increased in UA patients. Some bacteria belonging to the Bacteroidetes species are involved in amino acid biosynthesis and degradation, suggesting that an imbalanced amino acid metabolism in UA patients may be due to its increased abundance. They also found a negative correlation between the relative abundance of Bacteroidetes and serum IGFBP-4 levels, suggesting that these bacteria may be related to the IGF-1 system and even to UA development. Another important finding of this study was that UA patients had a higher relative frequency of Synergistetes, which are associated with periodontal disease [303].



Because probiotics reduce inflammatory markers, they represent a potential avenue for CAD prevention. Studies in patients suffering from or at risk of developing CAD show how probiotics such as L. plantarum 299v reduce the risk of this pathology by decreasing BP and levels of proinflammatory cytokines such as IL-6, IL-8, and IL-12 and adipokines such as leptin and increasing SCFA levels [262,263]. Further studies are needed to determine which types of probiotics are most effective in this pathology, but these initial studies suggest that it is possible to improve the symptoms of CAD to prevent the exacerbation of the disease.




5.4. Heart Failure


Heart failure is a chronic and progressive disease caused by abnormal changes in cardiac structure and function [304]. There is a growing body of scientific evidence supporting the role of the gut in the development of heart failure, the so-called “gut hypothesis of heart failure.” This hypothesis states that decreased cardiac output and increased systemic congestion may cause ischemia and edema of the intestinal mucosa, leading to increased bacterial translocation and an increase in circulating endotoxins, which may contribute to the underlying inflammation observed in patients with heart failure [305].



Niebauer et al., found that patients with heart failure who had peripheral edema had higher plasma concentrations of endotoxin and inflammatory cytokines than patients without edema. After short-term diuretic therapy, serum concentrations of endotoxin, but not cytokines, decreased [306].



Another study in patients with heart failure showed that lower intestinal perfusion was associated with higher serum concentrations of anti-LPS IgA, which correlated with greater growth of bacteria obtained from biopsies of the intestinal mucosa but not from fecal bacteria. The nature of the bacterial microbiota also appeared to differ in these subjects from that of the control subjects [307]. Recently, Pasini et al., reported an increase in the amount of pathogenic intestinal bacteria such as Campylobacter, Shigella, and Salmonella, as well as Candida fungi, in patients with chronic heart failure compared with healthy control subjects [308]. These data suggest that an assessment of gut barrier function may lead to a better understanding of the effects of therapy on heart failure.



There is scientific evidence of the relationship between the GM and cardiovascular and metabolic function. Heart disease can alter the GM’s richness, diversity, and composition. Anwar et al., reported that a rat model of cardiac remodeling induced by the forced swimming-induced stress (FSIS) model resulted in gut dysbiosis with a reduction in microbial diversity compared with control animals. Vitamin C treatment decreased the abundance of Bacteroidetes while the abundance of spirochetes increased. Decreased CRP and creatine kinase myocardial band were also observed. The results suggest that FSIS-induced cardiac complications are also associated with changes in gut microbial abundance. Higher doses of vitamin C boost immunity by modulating the GM, which has a positive effect on the heart [309].



Although probiotics are considered an alternative treatment for various diseases, more studies are needed to determine their benefits in heart failure. In a mouse model of coronary artery occlusion, the use of the probiotic L. rhamnosus GR-1 shows attenuation of left ventricular hypertrophy and an improvement in ventricular function, suggesting that the probiotic alters disease progression to heart failure [264]. In another study conducted on patients with heart failure, administration of the fungal probiotic Saccharomyces boulardii lowered levels of inflammatory biomarkers such as creatinine, uric acid, and high-sensitivity CRP and improved cardiovascular function by decreasing the left atrial diameter and improving the left ventricular ejection fraction compared with the placebo group [265].





6. Relationship of Microbiota with Other Metabolic Alterations


Currently, obesity and type 2 diabetes mellitus (T2DM) are pathologies that are increasing relative to the total world population. Recent studies have identified ID as a key factor related to the metabolism of these diseases, with bacteria being able to produce metabolites that stimulate hormones and a proinflammatory immune response. Likewise, the low-grade inflammation found in these pathologies alters the microbial communities found in the gut, leading to exacerbation of the inflammation. The bidirectional interaction between the GM and metabolism shows a possible pathway to prevent and control metabolic diseases. While more studies are needed, these interactions hint that probiotic implementation in the treatment of obesity and T2DM is a viable pathway [310]. Table 5 summarizes the most relevant results about probiotic use from studies of obesity and T2DM.



6.1. Obesity


Globally, it is estimated that nearly 1.4 billion adults are overweight, while 500 million fall into the obese category [320]. Overweight and obesity are known inflammatory diseases that involve the abnormal accumulation of visceral adipose tissue. This adipose tissue influences the release of proinflammatory mediators such as TNF-α, IL-1β, and IL-6. These cytokines can act in endocrine or paracrine pathways and interfere with insulin signaling through the activation of the protein complex NF-κB [321,322].



The inflammatory state of obesity is not accompanied by an infection or by signs of autoimmunity and does not show signs of tissue damage; this is why some researchers use the term metainflammation, which refers to an inflammation state that is metabolically triggered [323]. Some studies have confirmed the association between the indexes of overweight and obesity with inflammatory markers such as CRP [324].



In addition, these pathologies are related to other nontransmissible chronic diseases, such as diabetes mellitus and cardiopathies [325]; however, there are no characteristic symptoms beyond abdominal growth [326]. These pathologies are commonly caused by an imbalance between dietary intake and energy expenditure [327,328], as well as other environmental and biological factors, such as an alteration in the GM, which plays an important role in the inflammation associated with these diseases [329].



The GM participates in the regulation of adipose tissue, and depending on its composition, the effect can be negative through the release of LPS, which promotes a proinflammatory immune response in the adipose tissue, or positive through SCFAs, which are associated with the accumulation of fat through the activation of GPR43 and GPR41, which inhibit lipolysis, thus improving the differentiation of adipose cells [330]. In this way, it is clear that an altered state of the GM not only leads to an increased susceptibility to intestinal infections but also to metabolic pathologies such as obesity, T2DM, cancer, allergies, etc. [331,332].



In recent years, various studies have focused on the possible contribution of the GM, specifically ID, to the pathogenesis of obesity. In 2006, the first study on the relationship between the intestinal microenvironment and obesity was presented by Ley et al., in which they analyzed the GM of mice with leptin deficiency. The results of this study show that the most abundant bacterial phyla were Firmicutes and Bacteroidetes, which demonstrated that obese mice with leptin deficiency carried an increased Firmicutes/Bacteroidetes ratio in comparison to the mice of normal weight [333]. Posterior studies verified that an imbalance in the proportion between Firmicutes and Bacteroidetes remains in obese human adults, in which the former decreases while the latter increases, in contrast to people of normal weight. Furthermore, an association between a loss of adipose tissue and an increase in the proportion of Firmicutes was also reported [330,334].



The traditional treatments for obesity with a nutritional focus include hypocaloric diets, bariatric surgery, physical activity, and, in some cases, pharmacotherapy. However, understanding the symbiotic relationship between the GM and metabolism in obesity could be the key to alternative treatments for this disease. Recently, diverse studies have shown the benefits of using prebiotics and probiotics in human nutrition [19,335].



Prebiotics such as fructooligosaccharides, oligosaccharides, and galactooligosaccharides have a possible beneficial role in the treatment of obesity [114,336]. The administration of prebiotics in obesity reduces lipid levels as well as the levels of inflammatory markers in serum. These effects depend on the prebiotic type and dose ingested [337].



Moreover, the use of probiotics in obesity treatment has been extensively reported. Studies conducted in experimental animal models and humans with obesity corroborate previous findings, suggesting that probiotics have a positive effect on obesity, improving weight loss, enabling the achievement of a lower BMI, and decreasing waist–hip circumference. The addition of foods rich in probiotics, such as yogurt and fermented drinks, as well as capsules and gels, boosts an increase in these bacterial populations in the intestine. The most used probiotic strains are Bifidobacterium animalis spp., B. lactis, L. acidophilus, L. lactis LL-23, and L. bulgaricus [311,312,313,314,315,338,339].



Lacticaseibacillus rhamnosus GG (LGG), one of the most studied probiotic strains, is known to have benefits for glucose homeostasis. Mice treated with LGG show an improvement in insulin sensitivity and a reduction in lipid accumulation, as LGG stimulates adiponectin secretion and AMPK activation, a key enzyme in cellular energy control [316]. The use of live probiotic strains of Lactobacillus and Bifidobacterium genera on newborn mice significantly reduces body weight and visceral adipose tissue and improves insulin sensitivity [317].



The impact that prebiotics and probiotics exert on the modulation of the GM in relation to the prevention of overweight and obesity is related to a greater fermentation of SCFAs and an improvement in intestinal barrier function. Likewise, the increase in SCFAs is involved in the release of anoxygenic hormones, peptide YY, and glucagon-like peptide 1 (GLP-1) and is also related to the inhibition of triglyceride and cholesterol synthesis. The improvement of the GM helps to reduce bacterial translocation and the levels of blood LPS, thus promoting a reduction in some proinflammatory markers such as IL-6, TNF-α, and CRP [310] (Figure 5).




6.2. Type 2 Diabetes Mellitus


T2DM is a chronic disease that involves reduced insulin action in conjunction with a progressive loss of beta cell function [340,341]. It is a multifactorial pathology in which various pathophysiological and metabolic mechanisms are involved, which leads to a state of hyperglycemia. According to the WHO, in 2015, 1 in 11 adults suffered from T2DM worldwide, with a total of 415 million cases, of which 46.5% had not been previously diagnosed. Currently, it is estimated that by the year 2040, this number could increase to 642 million, affecting 1 out of every 10 adults [342].



There are various mechanisms involved in the development of T2DM, such as a decrease in the production and effect of incretins, insulin resistance, increased glucose absorption by the kidneys, and the altered regulation of glucose metabolism [342]. Insulin resistance is one of the factors that predisposes individuals to adipose tissue accumulation and is the result of the activation of proinflammatory mechanisms that involve the dysfunction of this tissue, which, in turn, synthesizes proinflammatory cytokines, promoting an exacerbated inflammatory phenotype [343]. In addition, other inflammatory markers are reported to be involved such as CRP, IL-6, IL-7, TNF-α, and TGF-β [344], producing a proinflammatory microenvironment.



In recent years, three mechanisms have been identified that directly influence the development of T2DM: low-grade inflammation, a decrease in amylin, and a modification of or alteration in the GM [345]. Additionally, the GM plays a vital role in the development of conditions related to diabetes mellitus, such as insulin resistance [346]. The GM also mediates immunomodulatory mechanisms through its lipid products, such as the release of LPS by Gram-negative bacteria and a decrease in SCFAs. A good intestinal barrier may prevent and control the molecular transport of dangerous metabolites through the expression of tight junction complexes; however, the highly proinflammatory microenvironment alters the expression of these proteins, leading to an increase in the activation of the inflammatory response by the GM.



The GM of patients with T2DM is very characteristic due to the reduced presence of butyrate-producing bacteria, such as Roseburia intestinalis. Other bacterial genera commonly associated with T2DM are Bifidobacterium and Bacteroidetes, and other studies have reported an association with Faecalibacterium, Akkermansia, Roseburia, Ruminococcus, Fusobacterium, and Blautia [347]. Likewise, an alteration in the bacterial proportion produces moderate dysbiosis, which promotes a proinflammatory environment through an increase in the expression of microbial genes that promote oxidative stress and that are also involved in the synthesis of vitamins, and an increase in the serum concentration of LPS and intestinal permeability [318,346].



Furthermore, as in obesity, ID associated with T2DM is related to a significantly lower presence of Firmicutes and an increase in Bacteroidetes [348]. During the course of this disease, there is an increase in opportunistic pathogens such as Bacteroides caccae, Clostridium hathewayi, Clostridium ramosum, and E. coli [346].



Due to this, strategies that modulate the GM have been analyzed to control or prevent T2DM, and among these, the use of probiotics has increased. The intake of probiotics not only promotes the modulation of the GM, resulting in the better fermentation of SCFAs but also improves intestinal barrier function. The increase in SCFAs leads to the release of GLP-1 and, consequently, a decrease in proinflammatory markers such as IL-6 and TNF-α, while anti-inflammatory markers are increased [318,319,349]. Studies carried out in murine models and humans have reported that the proportions of probiotic strains that belong to the phyla Firmicutes (Clostridia, Bacilli, and Negativicutes) and Bacteroidetes (Bacteroidia, Flavobacteriia, Sphingobacteria, and Cytophagia) are associated with alterations in lipid oxidation and carbohydrates [343,350,351] (Figure 5).



These results demonstrate the effect of the GM not only in the modulation of the immune response but also on the metabolism during this pathology. The use of probiotics can lead to a diminished immune response and better control of the factors related to T2DM.





7. Conclusions and Future Perspectives


In recent years, the GM has gained relevance as a regulator of a diversity of pathological processes, both at a local level and at distal organs. From this point onward, the so-called interorgan regulatory axes have emerged, such as the microbiota–gut–brain axis, microbiota–gut–skin axis, microbiota–gut–lung axis, and microbiota–gut–heart axis, as well as a critical relationship with metabolic diseases.



ID has been highlighted as a key element in the etiology of multiple pathologies, either directly through the production of metabolites such as SCFAs, tryptophan derivatives, and diverse neurotransmitters, or indirectly by the regulation of the immune response at an enteric system level and even at a distal organ level, for example, in the brain by allowing the passage of regulatory molecules through the BBB.



Among the main pathologies related to alterations in the regulatory axes, there are neurodegenerative diseases, developmental disorders, dermatoses, lung and heart diseases, and diseases related to metabolism. The microbiota–gut–organ alterations have created an opportunity to study different potential therapeutic agents that could treat pathologies from this approach through the regulation of the GM.



Among the therapeutic perspectives for the modulation of the GM, one of the most studied is the use of probiotic microorganisms, particularly those belonging to strains of the genera Lactobacillus and Bifidobacterium. Probiotic administration has already been proved to offer beneficial effects on different pathological processes. However, the validation of these therapies is still under research. Undoubtedly, probiotics present an important opportunity for the treatment of multiple pathologies in the near future.



Most of the proposed mechanisms that are responsible for the probiotic functions in the pathologies mentioned in this review are based on the production of microbial metabolites by the different strains that belong to the GM. By definition, these metabolites are considered postbiotics: molecules secreted by probiotic microorganisms that play a beneficial role in the health of the host when administered in adequate amounts [22]. This suggests that in the coming years, in addition to probiotic administration as a therapeutic agent in various diseases, it would be interesting to further research the use of postbiotics, which would allow for a higher degree of specificity in the treatment of pathologies. Additionally, it will also be necessary to strengthen the study of emerging approaches in the field of nanonutraceuticals, such as nanoprobiotics, as an alternative treatment that could offer greater functionality than probiotics due to its potential to generate better protection for microorganisms and ensure an increased delivery of probiotics at the intestinal level [352,353].



Finally, it is necessary to continue the study of the microbiota–gut–organs relationship to elucidate the mechanisms that favor the treatment of different pathologies and, thus, be able to identify the best probiotics to use in each of the ailments. In addition, it is still necessary to deepen the knowledge of other interorgan interactions, such as the microbiota–gut–liver axis, and to consolidate the relationship with organs, such as the kidney. Furthermore, there is a lack of research into more complex axes that involve more than one regulatory organ, such as the microbiota–gut–brain–skin axis or the microbiota–liver–brain axis [354,355].







Author Contributions


All the authors contributed to the writing and reading of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sekirov, I.; Russell, S.L.; Antunes, L.C.; Finlay, B.B. Gut microbiota in health and disease. Physiol. Rev. 2010, 90, 859–904. [Google Scholar] [CrossRef] [PubMed]

	



Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body. PLoS Biol. 2016, 14, e1002533. [Google Scholar] [CrossRef] [PubMed]

	



Sender, R.; Fuchs, S.; Milo, R. Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host Cells in Humans. Cell 2016, 164, 337–340. [Google Scholar] [CrossRef] [PubMed]

	



Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A human gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, 59–65. [Google Scholar] [CrossRef]

	



Hou, K.; Wu, Z.-X.; Chen, X.-Y.; Wang, J.-Q.; Zhang, D.; Xiao, C.; Zhu, D.; Koya, J.B.; Wei, L.; Li, J.; et al. Microbiota in health and diseases. Signal Transduct. Target. Ther. 2022, 7, 135. [Google Scholar] [CrossRef] [PubMed]

	



Thursby, E.; Juge, N. Introduction to the human gut microbiota. Biochem. J. 2017, 474, 1823–1836. [Google Scholar] [CrossRef]

	



Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.; Relman, D.A. Diversity of the human intestinal microbial flora. Science 2005, 308, 1635–1638. [Google Scholar] [CrossRef]

	



Noble, W.C.; Pitcher, D.G. Microbial Ecology of the Human Skin. In Advances in Microbial Ecology: Volume 2; Alexander, M., Ed.; Springer: Boston, MA, USA, 1978; pp. 245–289. [Google Scholar]

	



Ley, R.E.; Peterson, D.A.; Gordon, J.I. Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell 2006, 124, 837–848. [Google Scholar] [CrossRef]

	



Quigley, E.M. Gut bacteria in health and disease. Gastroenterol. Hepatol. 2013, 9, 560–569. [Google Scholar]

	



Kho, Z.Y.; Lal, S.K. The Human Gut Microbiome—A Potential Controller of Wellness and Disease. Front. Microbiol. 2018, 9, 1835. [Google Scholar] [CrossRef]

	



Levy, M.; Kolodziejczyk, A.A.; Thaiss, C.A.; Elinav, E. Dysbiosis and the immune system. Nat. Rev. Immunol. 2017, 17, 219–232. [Google Scholar] [CrossRef] [PubMed]

	



Casadevall, A.; Pirofski, L.A. Host-pathogen interactions: Redefining the basic concepts of virulence and pathogenicity. Infect. Immun. 1999, 67, 3703–3713. [Google Scholar] [CrossRef] [PubMed]

	



Chow, J.; Tang, H.; Mazmanian, S.K. Pathobionts of the gastrointestinal microbiota and inflammatory disease. Curr. Opin. Immunol. 2011, 23, 473–480. [Google Scholar] [CrossRef] [PubMed]

	



Rath, S.; Rud, T.; Karch, A.; Pieper, D.H.; Vital, M. Pathogenic functions of host microbiota. Microbiome 2018, 6, 174. [Google Scholar] [CrossRef] [PubMed]

	



Gebrayel, P.; Nicco, C.; Al Khodor, S.; Bilinski, J.; Caselli, E.; Comelli, E.M.; Egert, M.; Giaroni, C.; Karpinski, T.M.; Loniewski, I.; et al. Microbiota medicine: Towards clinical revolution. J. Trans. Med. 2022, 20, 111. [Google Scholar] [CrossRef] [PubMed]

	



Hemarajata, P.; Versalovic, J. Effects of probiotics on gut microbiota: Mechanisms of intestinal immunomodulation and neuromodulation. Ther. Adv. Gastroenterol. 2013, 6, 39–51. [Google Scholar] [CrossRef]

	



Pihurov, M.; Păcularu-Burada, B.; Cotârleţ, M.; Vasile, M.A.; Bahrim, G.E. Novel Insights for Metabiotics Production by Using Artisanal Probiotic Cultures. Microorganisms 2021, 9, 2184. [Google Scholar] [CrossRef]

	



Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [Google Scholar] [CrossRef]

	



Bermudez-Brito, M.; Plaza-Díaz, J.; Muñoz-Quezada, S.; Gómez-Llorente, C.; Gil, A. Probiotic Mechanisms of Action. Ann. Nutr. Metab. 2012, 61, 160–174. [Google Scholar] [CrossRef]

	



Segers, M.E.; Lebeer, S. Towards a better understanding of Lactobacillus rhamnosus GG—host interactions. Microb. Cell Factories 2014, 13, S7. [Google Scholar] [CrossRef]

	



Żółkiewicz, J.; Marzec, A.; Ruszczyński, M.; Feleszko, W. Postbiotics—A Step Beyond Pre- and Probiotics. Nutrients 2020, 12, 2189. [Google Scholar] [CrossRef] [PubMed]

	



Nataraj, B.H.; Ali, S.A.; Behare, P.V.; Yadav, H. Postbiotics-parabiotics: The new horizons in microbial biotherapy and functional foods. Microb. Cell Factories 2020, 19, 168. [Google Scholar] [CrossRef] [PubMed]

	



Morais, L.H.; Schreiber, H.L.T.; Mazmanian, S.K. The gut microbiota-brain axis in behaviour and brain disorders. Nat. Rev. Microbiol. 2021, 19, 241–255. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, B.B.; Mazmanian, S.K. The Enteric Network: Interactions between the Immune and Nervous Systems of the Gut. Immunity 2017, 46, 910–926. [Google Scholar] [CrossRef] [PubMed]

	



Quigley, E.M.M. Microbiota-Brain-Gut Axis and Neurodegenerative Diseases. Curr. Neurol. Neurosci. Rep. 2017, 17, 94. [Google Scholar] [CrossRef]

	



Geng, Z.-H.; Zhu, Y.; Li, Q.-L.; Zhao, C.; Zhou, P.-H. Enteric Nervous System: The Bridge Between the Gut Microbiota and Neurological Disorders. Front. Aging Neurosci. 2022, 14, 810483. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, P.P.; Tavares-Gomes, A.L.; Stockler-Pinto, M.B. Relaxing the “second brain”: Nutrients and bioactive compounds as a therapeutic and preventive strategy to alleviate oxidative stress in the enteric nervous system. Nutr. Rev. 2022, nuac030. [Google Scholar] [CrossRef]

	



Dinan, T.G.; Cryan, J.F. Gut instincts: Microbiota as a key regulator of brain development, ageing and neurodegeneration. J. Physiol. 2017, 595, 489–503. [Google Scholar] [CrossRef]

	



Nandwana, V.; Nandwana, N.K.; Das, Y.; Saito, M.; Panda, T.; Das, S.; Almaguel, F.; Hosmane, N.S.; Das, B.C. The Role of Microbiome in Brain Development and Neurodegenerative Diseases. Molecules 2022, 27, 3402. [Google Scholar] [CrossRef]

	



Lee, S.H.F.; Ahmad, S.R.; Lim, Y.C.; Zulkipli, I.N. The Use of Probiotic Therapy in Metabolic and Neurological Diseases. Front. Nutr. 2022, 9, 887019. [Google Scholar] [CrossRef]

	



Barrio, C.; Arias-Sánchez, S.; Martín-Monzón, I. The gut microbiota-brain axis, psychobiotics and its influence on brain and behaviour: A systematic review. Psychoneuroendocrinology 2022, 137, 105640. [Google Scholar] [CrossRef] [PubMed]

	



Meng, H.Y.H.; Mak, C.C.H.; Mak, W.Y.; Zuo, T.; Ko, H.; Chan, F.K.L. Probiotic supplementation demonstrates therapeutic potential in treating gut dysbiosis and improving neurocognitive function in age-related dementia. Eur. J. Nutr. 2022, 61, 1701–1734. [Google Scholar] [CrossRef] [PubMed]

	



Horn, J.; Mayer, D.E.; Chen, S.; Mayer, E.A. Role of diet and its effects on the gut microbiome in the pathophysiology of mental disorders. Transl. Psychiatry 2022, 12, 164. [Google Scholar] [CrossRef] [PubMed]

	



Halverson, T.; Alagiakrishnan, K. Gut microbes in neurocognitive and mental health disorders. Ann. Med. 2020, 52, 423–443. [Google Scholar] [CrossRef] [PubMed]

	



Larroya-García, A.; Navas-Carrillo, D.; Orenes-Piñero, E. Impact of gut microbiota on neurological diseases: Diet composition and novel treatments. Crit. Rev. Food Sci. Nutr. 2019, 59, 3102–3116. [Google Scholar] [CrossRef]

	



Sittipo, P.; Choi, J.; Lee, S.; Lee, Y.K. The function of gut microbiota in immune-related neurological disorders: A review. J. Neuroinflammation 2022, 19, 154. [Google Scholar] [CrossRef]

	



Maiuolo, J.; Gliozzi, M.; Musolino, V.; Carresi, C.; Scarano, F.; Nucera, S.; Scicchitano, M.; Oppedisano, F.; Bosco, F.; Ruga, S.; et al. The Contribution of Gut Microbiota-Brain Axis in the Development of Brain Disorders. Front. Neurosci. 2021, 15, 616883. [Google Scholar] [CrossRef]

	



Rogers, G.B.; Keating, D.J.; Young, R.L.; Wong, M.L.; Licinio, J.; Wesselingh, S. From gut dysbiosis to altered brain function and mental illness: Mechanisms and pathways. Mol. Psychiatry 2016, 21, 738–748. [Google Scholar] [CrossRef]

	



Dong, Y.; Cui, C. The role of short-chain fatty acids in central nervous system diseases. Mol. Cell Biochem. 2022, 2022, 1–13. [Google Scholar] [CrossRef]

	



Hosseinalizadeh, H.; Mahmoodpour, M.; Samadani, A.A.; Roudkenar, M.H. The immunosuppressive role of indoleamine 2, 3-dioxygenase in glioblastoma: Mechanism of action and immunotherapeutic strategies. Med. Oncol. 2022, 39, 130. [Google Scholar] [CrossRef]

	



Tennoune, N.; Andriamihaja, M.; Blachier, F. Production of Indole and Indole-Related Compounds by the Intestinal Microbiota and Consequences for the Host: The Good, the Bad, and the Ugly. Microorganisms 2022, 10, 930. [Google Scholar] [CrossRef] [PubMed]

	



Rutsch, A.; Kantsjö, J.B.; Ronchi, F. The Gut-Brain Axis: How Microbiota and Host Inflammasome Influence Brain Physiology and Pathology. Front. Immunol. 2020, 11, 604179. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, H.; Nagamoto-Combs, K.; Golovko, S.; Golovko, M.Y.; Klug, M.G.; Combs, C.K. Probiotics ameliorate intestinal pathophysiology in a mouse model of Alzheimer’s disease. Neurobiol. Aging 2020, 92, 114–134. [Google Scholar] [CrossRef]

	



Luo, S.; Zhang, X.; Huang, S.; Feng, X.; Zhang, X.; Xiang, D. A monomeric polysaccharide from Polygonatum sibiricum improves cognitive functions in a model of Alzheimer’s disease by reshaping the gut microbiota. Int. J. Biol. Macromol. 2022, 213, 404–415. [Google Scholar] [CrossRef]

	



Zhang, H.; Cao, Y.; Ma, L.; Wei, Y.; Li, H. Possible Mechanisms of Tau Spread and Toxicity in Alzheimer’s Disease. Front. Cell Dev. Biol. 2021, 9, 707268. [Google Scholar] [CrossRef] [PubMed]

	



Seo, D.-O.; Boros, B.D.; Holtzman, D.M. The microbiome: A target for Alzheimer disease? Cell Res. 2019, 29, 779–780. [Google Scholar] [CrossRef]

	



Li, F.; Hearn, M.; Bennett, L.E. The role of microbial infection in the pathogenesis of Alzheimer’s disease and the opportunity for protection by anti-microbial peptides. Crit. Rev. Microbiol. 2021, 47, 240–253. [Google Scholar] [CrossRef]

	



Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.; Zetterberg, H.; Blennow, K.; et al. Gut microbiome alterations in Alzheimer’s disease. Sci. Rep. 2017, 7, 13537. [Google Scholar] [CrossRef]

	



Leblhuber, F.; Geisler, S.; Steiner, K.; Fuchs, D.; Schütz, B. Elevated fecal calprotectin in patients with Alzheimer’s dementia indicates leaky gut. J. Neural. Transm. 2015, 122, 1319–1322. [Google Scholar] [CrossRef]

	



Jaeger, L.B.; Dohgu, S.; Sultana, R.; Lynch, J.L.; Owen, J.B.; Erickson, M.A.; Shah, G.N.; Price, T.O.; Fleegal-Demotta, M.A.; Butterfield, D.A.; et al. Lipopolysaccharide alters the blood-brain barrier transport of amyloid beta protein: A mechanism for inflammation in the progression of Alzheimer’s disease. Brain Behav. Immun. 2009, 23, 507–517. [Google Scholar] [CrossRef]

	



Kahn, M.S.; Kranjac, D.; Alonzo, C.A.; Haase, J.H.; Cedillos, R.O.; McLinden, K.A.; Boehm, G.W.; Chumley, M.J. Prolonged elevation in hippocampal Aβ and cognitive deficits following repeated endotoxin exposure in the mouse. Behav. Brain Res. 2012, 229, 176–184. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.-C.; Cao, Z.-S.; Chang, K.-M.; Juang, J.-L. Intestinal microbial dysbiosis aggravates the progression of Alzheimer’s disease in Drosophila. Nat. Commun. 2017, 8, 24. [Google Scholar] [CrossRef] [PubMed]

	



Song, X.; Zhao, Z.; Zhao, Y.; Wang, Z.; Wang, C.; Yang, G.; Li, S. Lactobacillus plantarum DP189 prevents cognitive dysfunction in D-galactose/AlCl3 induced mouse model of Alzheimer’s disease via modulating gut microbiota and PI3K/Akt/GSK-3β signaling pathway. Nutr. Neurosci. 2021, 2021, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Akbari, E.; Asemi, Z.; Daneshvar Kakhaki, R.; Bahmani, F.; Kouchaki, E.; Tamtaji, O.R.; Hamidi, G.A.; Salami, M. Effect of Probiotic Supplementation on Cognitive Function and Metabolic Status in Alzheimer’s Disease: A Randomized, Double-Blind and Controlled Trial. Front. Aging Neurosci. 2016, 8, 256. [Google Scholar] [CrossRef]

	



Batista, L.L.; Malta, S.M.; Guerra Silva, H.C.; Borges, L.D.F.; Rocha, L.O.; da Silva, J.R.; Rodrigues, T.S.; Venturini, G.; Padilha, K.; da Costa Pereira, A.; et al. Kefir metabolites in a fly model for Alzheimer’s disease. Sci. Rep. 2021, 11, 11262. [Google Scholar] [CrossRef] [PubMed]

	



Menden, A.; Hall, D.; Hahn-Townsend, C.; Broedlow, C.A.; Joshi, U.; Pearson, A.; Crawford, F.; Evans, J.E.; Klatt, N.; Crynen, S.; et al. Exogenous lipase administration alters gut microbiota composition and ameliorates Alzheimer’s disease-like pathology in APP/PS1 mice. Sci. Rep. 2022, 12, 4797. [Google Scholar] [CrossRef]

	



Lee, H.-J.; Lee, K.-E.; Kim, J.-K.; Kim, D.-H. Suppression of gut dysbiosis by Bifidobacterium longum alleviates cognitive decline in 5XFAD transgenic and aged mice. Sci. Rep. 2019, 9, 11814. [Google Scholar] [CrossRef]

	



Abdi, I.Y.; Ghanem, S.S.; El-Agnaf, O.M. Immune-related biomarkers for Parkinson’s disease. Neurobiol. Dis. 2022, 170, 105771. [Google Scholar] [CrossRef]

	



Bloem, B.R.; Okun, M.S.; Klein, C. Parkinson’s disease. Lancet 2021, 397, 2284–2303. [Google Scholar] [CrossRef]

	



Park, J.; Kim, C.H. Regulation of common neurological disorders by gut microbial metabolites. Exp. Mol. Med. 2021, 53, 1821–1833. [Google Scholar] [CrossRef]

	



Hasegawa, S.; Goto, S.; Tsuji, H.; Okuno, T.; Asahara, T.; Nomoto, K.; Shibata, A.; Fujisawa, Y.; Minato, T.; Okamoto, A.; et al. Intestinal Dysbiosis and Lowered Serum Lipopolysaccharide-Binding Protein in Parkinson’s Disease. PLoS ONE 2015, 10, e0142164. [Google Scholar] [CrossRef] [PubMed]

	



Parashar, A.; Udayabanu, M. Gut microbiota: Implications in Parkinson’s disease. Parkinsonism Relat. Disord 2017, 38, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Keshavarzian, A.; Green, S.J.; Engen, P.A.; Voigt, R.M.; Naqib, A.; Forsyth, C.B.; Mutlu, E.; Shannon, K.M. Colonic bacterial composition in Parkinson’s disease. Mov. Disord. 2015, 30, 1351–1360. [Google Scholar] [CrossRef]

	



Forsyth, C.B.; Shannon, K.M.; Kordower, J.H.; Voigt, R.M.; Shaikh, M.; Jaglin, J.A.; Estes, J.D.; Dodiya, H.B.; Keshavarzian, A. Increased intestinal permeability correlates with sigmoid mucosa alpha-synuclein staining and endotoxin exposure markers in early Parkinson’s disease. PLoS ONE 2011, 6, e28032. [Google Scholar] [CrossRef]

	



Sampson, T.R.; Debelius, J.W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru, V.; et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell 2016, 167, 1469–1480.e1412. [Google Scholar] [CrossRef]

	



Pellegrini, C.; Colucci, R.; Antonioli, L.; Barocelli, E.; Ballabeni, V.; Bernardini, N.; Blandizzi, C.; de Jonge, W.J.; Fornai, M. Intestinal dysfunction in Parkinson’s disease: Lessons learned from translational studies and experimental models. Neurogastroenterol. Motil. 2016, 28, 1781–1791. [Google Scholar] [CrossRef] [PubMed]

	



Aho, V.T.E.; Houser, M.C.; Pereira, P.A.B.; Chang, J.; Rudi, K.; Paulin, L.; Hertzberg, V.; Auvinen, P.; Tansey, M.G.; Scheperjans, F. Relationships of gut microbiota, short-chain fatty acids, inflammation, and the gut barrier in Parkinson’s disease. Mol. Neurodegener. 2021, 16, 6. [Google Scholar] [CrossRef]

	



Ghyselinck, J.; Verstrepen, L.; Moens, F.; Van Den Abbeele, P.; Bruggeman, A.; Said, J.; Smith, B.; Barker, L.A.; Jordan, C.; Leta, V.; et al. Influence of probiotic bacteria on gut microbiota composition and gut wall function in an in vitro model in patients with Parkinson’s disease. Int. J. Pharm. X 2021, 3, 100087. [Google Scholar] [CrossRef]

	



Leta, V.; Ray Chaudhuri, K.; Milner, O.; Chung-Faye, G.; Metta, V.; Pariante, C.M.; Borsini, A. Neurogenic and anti-inflammatory effects of probiotics in Parkinson’s disease: A systematic review of preclinical and clinical evidence. Brain Behav. Immun. 2021, 98, 59–73. [Google Scholar] [CrossRef]

	



Cervin, M. Developmental signs of ADHD and autism: A prospective investigation in 3623 children. Eur. Child Adolesc. Psychiatry 2022, 2022, 1–10. [Google Scholar] [CrossRef]

	



Lord, C.; Brugha, T.S.; Charman, T.; Cusack, J.; Dumas, G.; Frazier, T.; Jones, E.J.H.; Jones, R.M.; Pickles, A.; State, M.W.; et al. Autism spectrum disorder. Nat. Rev. Dis. Prim. 2020, 6, 5. [Google Scholar] [CrossRef] [PubMed]

	



De Angelis, M.; Francavilla, R.; Piccolo, M.; De Giacomo, A.; Gobbetti, M. Autism spectrum disorders and intestinal microbiota. Gut Microbes 2015, 6, 207–213. [Google Scholar] [CrossRef] [PubMed]

	



Ding, H.T.; Taur, Y.; Walkup, J.T. Gut Microbiota and Autism: Key Concepts and Findings. J. Autism Dev. Disord. 2017, 47, 480–489. [Google Scholar] [CrossRef]

	



Song, W.; Zhang, M.; Teng, L.; Wang, Y.; Zhu, L. Prebiotics and probiotics for autism spectrum disorder: A systematic review and meta-analysis of controlled clinical trials. J. Med. Microbiol. 2022, 71, 001510. [Google Scholar] [CrossRef] [PubMed]

	



Pochakom, A.; Mu, C.; Rho, J.M.; Tompkins, T.A.; Mayengbam, S.; Shearer, J. Selective Probiotic Treatment Positively Modulates the Microbiota–Gut–Brain Axis in the BTBR Mouse Model of Autism. Brain Sci. 2022, 12, 781. [Google Scholar] [CrossRef] [PubMed]

	



Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.; et al. Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013, 155, 1451–1463. [Google Scholar] [CrossRef]

	



Liu, Y.-W.; Liong, M.T.; Chung, Y.-C.E.; Huang, H.-Y.; Peng, W.-S.; Cheng, Y.-F.; Lin, Y.-S.; Wu, Y.-Y.; Tsai, Y.-C. Effects of Lactobacillus plantarum PS128 on Children with Autism Spectrum Disorder in Taiwan: A Randomized, Double-Blind, Placebo-Controlled Trial. Nutrients 2019, 11, 820. [Google Scholar] [CrossRef]

	



Tabouy, L.; Getselter, D.; Ziv, O.; Karpuj, M.; Tabouy, T.; Lukic, I.; Maayouf, R.; Werbner, N.; Ben-Amram, H.; Nuriel-Ohayon, M.; et al. Dysbiosis of microbiome and probiotic treatment in a genetic model of autism spectrum disorders. Brain Behav. Immun. 2018, 73, 310–319. [Google Scholar] [CrossRef]

	



Kong, Q.; Wang, B.; Tian, P.; Li, X.; Zhao, J.; Zhang, H.; Chen, W.; Wang, G. Daily intake of Lactobacillus alleviates autistic-like behaviors by ameliorating the 5-hydroxytryptamine metabolic disorder in VPA-treated rats during weaning and sexual maturation. Food Funct. 2021, 12, 2591–2604. [Google Scholar] [CrossRef]

	



Mintál, K.; Tóth, A.; Hormay, E.; Kovács, A.; László, K.; Bufa, A.; Marosvölgyi, T.; Kocsis, B.; Varga, A.; Vizvári, Z.; et al. Novel probiotic treatment of autism spectrum disorder associated social behavioral symptoms in two rodent models. Sci. Rep. 2022, 12, 5399. [Google Scholar] [CrossRef]

	



Kong, Q.; Chen, Q.; Mao, X.; Wang, G.; Zhao, J.; Zhang, H.; Chen, W. Bifidobacterium longum CCFM1077 Ameliorated Neurotransmitter Disorder and Neuroinflammation Closely Linked to Regulation in the Kynurenine Pathway of Autistic-like Rats. Nutrients 2022, 14, 1615. [Google Scholar] [CrossRef] [PubMed]

	



Lu, C.; Rong, J.; Fu, C.; Wang, W.; Xu, J.; Ju, X.-D. Overall Rebalancing of Gut Microbiota Is Key to Autism Intervention. Front. Psychol. 2022, 13, 862719. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Gao, Z.; Liu, C.; Liu, T.; Gao, J.; Cai, Y.; Fan, X. Alteration of Gut Microbiota: New Strategy for Treating Autism Spectrum Disorder. Front. Cell Dev. Biol. 2022, 10, 792490. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, L.K.; Davies, P.S.W. Pre- and probiotics in the management of children with autism and gut issues: A review of the current evidence. Eur. J. Clin. Nutr. 2021, 76, 913–921. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Xu, Y.; Li, H.; Li, B.; Duan, G.; Zhu, C. The role of probiotics in children with autism spectrum disorders: A study protocol for a randomised controlled trial. PLoS ONE 2022, 17, e0263109. [Google Scholar] [CrossRef] [PubMed]

	



Colpitts, S.L.; Kasper, E.J.; Keever, A.; Liljenberg, C.; Kirby, T.; Magori, K.; Kasper, L.H.; Ochoa-Repáraz, J. A bidirectional association between the gut microbiota and CNS disease in a biphasic murine model of multiple sclerosis. Gut Microbes 2017, 8, 561–573. [Google Scholar] [CrossRef]

	



Farshbafnadi, M.; Agah, E.; Rezaei, N. The second brain: The connection between gut microbiota composition and multiple sclerosis. J. Neuroimmunol. 2021, 360, 577700. [Google Scholar] [CrossRef]

	



Calahorra, L.; Camacho-Toledano, C.; Serrano-Regal, M.P.; Ortega, M.C.; Clemente, D. Regulatory Cells in Multiple Sclerosis: From Blood to Brain. Biomedicines 2022, 10, 335. [Google Scholar] [CrossRef]

	



Sato, W.; Yamamura, T. Multiple sclerosis: Possibility of a gut environment-induced disease. Neurochem. Int. 2019, 130, 104475. [Google Scholar] [CrossRef]

	



Jangi, S.; Gandhi, R.; Cox, L.M.; Li, N.; Von Glehn, F.; Yan, R.; Patel, B.; Mazzola, M.A.; Liu, S.; Glanz, B.L.; et al. Alterations of the human gut microbiome in multiple sclerosis. Nat. Commun. 2016, 7, 12015. [Google Scholar] [CrossRef]

	



Tremlett, H.; Fadrosh, D.W.; Faruqi, A.A.; Zhu, F.; Hart, J.; Roalstad, S.; Graves, J.; Lynch, S.; Waubant, E.; US Network of Pediatric MS Centers. Gut microbiota in early pediatric multiple sclerosis: A case—control study. Eur. J. Neurol. 2016, 23, 1308–1321. [Google Scholar] [CrossRef] [PubMed]

	



Cattaneo, A.; Cattane, N.; Galluzzi, S.; Provasi, S.; Lopizzo, N.; Festari, C.; Ferrari, C.; Guerra, U.P.; Paghera, B.; Muscio, C.; et al. Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively impaired elderly. Neurobiol. Aging 2017, 49, 60–68. [Google Scholar] [CrossRef] [PubMed]

	



Chu, F.; Shi, M.; Lang, Y.; Shen, D.; Jin, T.; Zhu, J.; Cui, L. Gut Microbiota in Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis: Current Applications and Future Perspectives. Mediat. Inflamm. 2018, 2018, 8168717. [Google Scholar] [CrossRef] [PubMed]

	



Horton, M.K.; McCauley, K.; Fadrosh, D.; Fujimura, K.; Graves, J.; Ness, J.; Wheeler, Y.; Gorman, M.P.; Benson, L.A.; Weinstock-Guttman, B.; et al. Gut microbiome is associated with multiple sclerosis activity in children. Ann. Clin. Trans. Neurol. 2021, 8, 1867–1883. [Google Scholar] [CrossRef]

	



Camara-Lemarroy, C.R.; Metz, L.; Meddings, J.B.; Sharkey, K.A.; Wee Yong, V. The intestinal barrier in multiple sclerosis: Implications for pathophysiology and therapeutics. Brain 2018, 141, 1900–1916. [Google Scholar] [CrossRef] [PubMed]

	



Calvo-Barreiro, L.; Eixarch, H.; Montalban, X.; Espejo, C. Combined therapies to treat complex diseases: The role of the gut microbiota in multiple sclerosis. Autoimmun. Rev. 2018, 17, 165–174. [Google Scholar] [CrossRef]

	



Alonso, A.; Logroscino, G.; Jick, S.S.; Hernán, M.A. Incidence and lifetime risk of motor neuron disease in the United Kingdom: A population-based study. Eur. J. Neurol. 2009, 16, 745–751. [Google Scholar] [CrossRef]

	



Ojeda, J.; Ávila, A.; Vidal, P.M. Gut Microbiota Interaction with the Central Nervous System throughout Life. J. Clin. Med. 2021, 10, 1299. [Google Scholar] [CrossRef]

	



Tankou, S.K.; Regev, K.; Healy, B.C.; Tjon, E.; Laghi, L.; Cox, L.M.; Kivisäkk, P.; Pierre, I.V.; Hrishikesh, L.; Gandhi, R.; et al. A probiotic modulates the microbiome and immunity in multiple sclerosis. Ann. Neurol. 2018, 83, 1147–1161. [Google Scholar] [CrossRef]

	



Kouchaki, E.; Tamtaji, O.R.; Salami, M.; Bahmani, F.; Daneshvar Kakhaki, R.; Akbari, E.; Tajabadi-Ebrahimi, M.; Jafari, P.; Asemi, Z. Clinical and metabolic response to probiotic supplementation in patients with multiple sclerosis: A randomized, double-blind, placebo-controlled trial. Clin. Nutr. 2017, 36, 1245–1249. [Google Scholar] [CrossRef]

	



Tamtaji, O.R.; Kouchaki, E.; Salami, M.; Aghadavod, E.; Akbari, E.; Tajabadi-Ebrahimi, M.; Asemi, Z. The Effects of Probiotic Supplementation on Gene Expression Related to Inflammation, Insulin, and Lipids in Patients With Multiple Sclerosis: A Randomized, Double-Blind, Placebo-Controlled Trial. J. Am. Coll. Nutr. 2017, 36, 660–665. [Google Scholar] [CrossRef] [PubMed]

	



Salami, M.; Kouchaki, E.; Asemi, Z.; Tamtaji, O.R. How probiotic bacteria influence the motor and mental behaviors as well as immunological and oxidative biomarkers in multiple sclerosis? A double blind clinical trial. J. Funct. Foods 2019, 52, 8–13. [Google Scholar] [CrossRef]

	



Rahimlou, M.; Hosseini, S.A.; Majdinasab, N.; Haghighizadeh, M.H.; Husain, D. Effects of long-term administration of Multi-Strain Probiotic on circulating levels of BDNF, NGF, IL-6 and mental health in patients with multiple sclerosis: A randomized, double-blind, placebo-controlled trial. Nutr. Neurosci. 2022, 25, 411–422. [Google Scholar] [CrossRef]

	



Zou, R.; Tian, P.; Xu, M.; Zhu, H.; Zhao, J.; Zhang, H.; Chen, W.; Wang, G. Psychobiotics as a novel strategy for alleviating anxiety and depression. J. Funct. Foods 2021, 86, 104718. [Google Scholar] [CrossRef]

	



Struijs, S.Y.; de Jong, P.J.; Jeronimus, B.F.; Van der Does, W.; Riese, H.; Spinhoven, P. Psychological risk factors and the course of depression and anxiety disorders: A review of 15 years NESDA research. J. Affect. Disord. 2021, 295, 1347–1359. [Google Scholar] [CrossRef]

	



Foundation, M.H. Mental Health Foundation Depression. Available online: https://www.mentalhealth.org.uk/explore-mental-health/a-z-topics/depression (accessed on 29 June 2022).

	



Foundation, M.H. Mental Health Foundation Anxiety. Available online: https://www.mentalhealth.org.uk/explore-mental-health/a-z-topics/anxiety (accessed on 29 June 2022).

	



Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling, C.; Golubeva, A.V.; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99, 1877–2013. [Google Scholar] [CrossRef]

	



Lai, W.-T.; Zhao, J.; Xu, S.-X.; Deng, W.-F.; Xu, D.; Wang, M.-B.; He, F.-S.; Liu, Y.-H.; Guo, Y.-Y.; Ye, S.-W.; et al. Shotgun metagenomics reveals both taxonomic and tryptophan pathway differences of gut microbiota in bipolar disorder with current major depressive episode patients. J. Affect. Disord. 2021, 278, 311–319. [Google Scholar] [CrossRef]

	



Liu, R.T.; Rowan-Nash, A.D.; Sheehan, A.E.; Walsh, R.F.L.; Sanzari, C.M.; Korry, B.J.; Belenky, P. Reductions in anti-inflammatory gut bacteria are associated with depression in a sample of young adults. Brain Behav. Immun. 2020, 88, 308–324. [Google Scholar] [CrossRef]

	



Zheng, P.; Wu, J.; Zhang, H.; Perry, S.W.; Yin, B.; Tan, X.; Chai, T.; Liang, W.; Huang, Y.; Li, Y.; et al. The gut microbiome modulates gut–brain axis glycerophospholipid metabolism in a region-specific manner in a nonhuman primate model of depression. Mol. Psychiatry 2021, 26, 2380–2392. [Google Scholar] [CrossRef]

	



Chen, Y.-H.; Bai, J.; Wu, D.; Yu, S.-F.; Qiang, X.-L.; Bai, H.; Wang, H.-N.; Peng, Z.-W. Association between fecal microbiota and generalized anxiety disorder: Severity and early treatment response. J. Affect. Disord. 2019, 259, 56–66. [Google Scholar] [CrossRef]

	



Burokas, A.; Arboleya, S.; Moloney, R.D.; Peterson, V.L.; Murphy, K.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Targeting the Microbiota-Gut-Brain Axis: Prebiotics Have Anxiolytic and Antidepressant-like Effects and Reverse the Impact of Chronic Stress in Mice. Biol. Psychiatry 2017, 82, 472–487. [Google Scholar] [CrossRef] [PubMed]

	



Davis, D.J.; Doerr, H.M.; Grzelak, A.K.; Busi, S.B.; Jasarevic, E.; Ericsson, A.C.; Bryda, E.C. Lactobacillus plantarum attenuates anxiety-related behavior and protects against stress-induced dysbiosis in adult zebrafish. Sci. Rep. 2016, 6, 33726. [Google Scholar] [CrossRef] [PubMed]

	



Rudzki, L.; Ostrowska, L.; Pawlak, D.; Małus, A.; Pawlak, K.; Waszkiewicz, N.; Szulc, A. Probiotic Lactobacillus Plantarum 299v decreases kynurenine concentration and improves cognitive functions in patients with major depression: A double-blind, randomized, placebo controlled study. Psychoneuroendocrinology 2019, 100, 213–222. [Google Scholar] [CrossRef] [PubMed]

	



Chahwan, B.; Kwan, S.; Isik, A.; van Hemert, S.; Burke, C.; Roberts, L. Gut feelings: A randomised, triple-blind, placebo-controlled trial of probiotics for depressive symptoms. J. Affect. Disord. 2019, 253, 317–326. [Google Scholar] [CrossRef] [PubMed]

	



Cui, L.; Jia, Y.; Cheng, Z.-W.; Gao, Y.; Zhang, G.-L.; Li, J.-Y.; He, C.-F. Advancements in the maintenance of skin barrier/skin lipid composition and the involvement of metabolic enzymes. J. Cosmet. Dermatol. 2016, 15, 549–558. [Google Scholar] [CrossRef]

	



O’Neill, C.A.; Monteleone, G.; McLaughlin, J.T.; Paus, R. The gut-skin axis in health and disease: A paradigm with therapeutic implications. BioEssays 2016, 38, 1167–1176. [Google Scholar] [CrossRef]

	



Sanford, J.A.; Gallo, R.L. Functions of the skin microbiota in health and disease. Semin. Immunol. 2013, 25, 370–377. [Google Scholar] [CrossRef]

	



Gallo, R.L. Human Skin Is the Largest Epithelial Surface for Interaction with Microbes. J. Investig. Dermatol. 2017, 137, 1213–1214. [Google Scholar] [CrossRef]

	



Ellis, S.R.; Nguyen, M.; Vaughn, A.R.; Notay, M.; Burney, W.A.; Sandhu, S.; Sivamani, R.K. The Skin and Gut Microbiome and Its Role in Common Dermatologic Conditions. Microorganisms 2019, 7, 550. [Google Scholar] [CrossRef]

	



Huang, B.; Chandra, S.; Shih, D. Skin Manifestations of Inflammatory Bowel Disease. Front. Physiol. 2012, 3, 13. [Google Scholar] [CrossRef]

	



Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin Axis. Front. Microbiol. 2018, 9, 1459. [Google Scholar] [CrossRef] [PubMed]

	



Levkovich, T.; Poutahidis, T.; Smillie, C.; Varian, B.J.; Ibrahim, Y.M.; Lakritz, J.R.; Alm, E.J.; Erdman, S.E. Probiotic Bacteria Induce a ‘Glow of Health’. PLoS ONE 2013, 8, e53867. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, M.; Saiki, A.; Matsui, Y.; Tsuchimoto, N.; Nakakita, Y.; Takata, Y.; Nakamura, T. Effects of oral intake of heat-killed Lactobacillus brevis SBC8803 (SBL88™) on dry skin conditions: A randomized, double-blind, placebo-controlled study. Exp. Med. 2016, 12, 3863–3872. [Google Scholar] [CrossRef]

	



Seite, S.; Bieber, T. Barrier function and microbiotic dysbiosis in atopic dermatitis. Clin. Cosmet. Investig. Derm. 2015, 8, 479–483. [Google Scholar] [CrossRef]

	



Bin, L.; Leung, D.Y.M. Genetic and epigenetic studies of atopic dermatitis. Allergy Asthma Clin. Immunol. 2016, 12, 52. [Google Scholar] [CrossRef] [PubMed]

	



Bieber, T. Atopic Dermatitis. N. Engl. J. Med. 2008, 358, 1483–1494. [Google Scholar] [CrossRef]

	



Johnson, C.C.; Ownby, D.R. The infant gut bacterial microbiota and risk of pediatric asthma and allergic diseases. Trans. Res. 2017, 179, 60–70. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.J.; Kim, H.Y.; Lee, S.Y.; Seo, J.H.; Lee, E.; Hong, S.J. Clinical efficacy and mechanism of probiotics in allergic diseases. Korean J. Pediatr. 2013, 56, 369–376. [Google Scholar] [CrossRef]

	



Lee, E.; Lee, S.Y.; Kang, M.J.; Kim, K.; Won, S.; Kim, B.J.; Choi, K.Y.; Kim, B.S.; Cho, H.J.; Kim, Y.; et al. Clostridia in the gut and onset of atopic dermatitis via eosinophilic inflammation. Ann. Allergy Asthma Immunol. 2016, 117, 91–92.e91. [Google Scholar] [CrossRef]

	



Abrahamsson, T.R.; Jakobsson, H.E.; Andersson, A.F.; Björkstén, B.; Engstrand, L.; Jenmalm, M.C. Low diversity of the gut microbiota in infants with atopic eczema. J. Allergy Clin. Immunol. 2012, 129, 434–440.e2. [Google Scholar] [CrossRef]

	



Kalliomäki, M.; Kirjavainen, P.; Eerola, E.; Kero, P.; Salminen, S.; Isolauri, E. Distinct patterns of neonatal gut microflora in infants in whom atopy was and was not developing. J. Allergy Clin. Immunol. 2001, 107, 129–134. [Google Scholar] [CrossRef]

	



Penders, J.; Stobberingh, E.E.; Thijs, C.; Adams, H.; Vink, C.; Van Ree, R.; Van Den Brandt, P.A. Molecular fingerprinting of the intestinal microbiota of infants in whom atopic eczema was or was not developing. Clin. Exp. Allergy 2006, 36, 1602–1608. [Google Scholar] [CrossRef]

	



Penders, J.; Thijs, C.; van den Brandt, P.A.; Kummeling, I.; Snijders, B.; Stelma, F.; Adams, H.; van Ree, R.; Stobberingh, E.E. Gut microbiota composition and development of atopic manifestations in infancy: The KOALA Birth Cohort Study. Gut 2007, 56, 661–667. [Google Scholar] [CrossRef]

	



Fujimura, K.E.; Sitarik, A.R.; Havstad, S.; Lin, D.L.; Levan, S.; Fadrosh, D.; Panzer, A.R.; LaMere, B.; Rackaityte, E.; Lukacs, N.W.; et al. Neonatal gut microbiota associates with childhood multisensitized atopy and T cell differentiation. Nat. Med. 2016, 22, 1187–1191. [Google Scholar] [CrossRef]

	



Kirjavainen, P.V.; Arvola, T.; Salminen, S.J.; Isolauri, E. Aberrant composition of gut microbiota of allergic infants: A target of bifidobacterial therapy at weaning? Gut 2002, 51, 51–55. [Google Scholar] [CrossRef]

	



Watanabe, S.; Narisawa, Y.; Arase, S.; Okamatsu, H.; Ikenaga, T.; Tajiri, Y.; Kumemura, M. Differences in fecal microflora between patients with atopic dermatitis and healthy control subjects. J. Allergy Clin. Immunol. 2003, 111, 587–591. [Google Scholar] [CrossRef]

	



Fieten, K.B.; Totté, J.E.E.; Levin, E.; Reyman, M.; Meijer, Y.; Knulst, A.; Schuren, F.; Pasmans, S.G.M.A. Fecal Microbiome and Food Allergy in Pediatric Atopic Dermatitis: A Cross-Sectional Pilot Study. Int. Arch. Allergy Immunol. 2018, 175, 77–84. [Google Scholar] [CrossRef]

	



Nylund, L.; Nermes, M.; Isolauri, E.; Salminen, S.; de Vos, W.M.; Satokari, R. Severity of atopic disease inversely correlates with intestinal microbiota diversity and butyrate-producing bacteria. Allergy 2015, 70, 241–244. [Google Scholar] [CrossRef]

	



Song, H.; Yoo, Y.; Hwang, J.; Na, Y.C.; Kim, H.S. Faecalibacterium prausnitzii subspecies-level dysbiosis in the human gut microbiome underlying atopic dermatitis. J. Allergy Clin. Immunol. 2016, 137, 852–860. [Google Scholar] [CrossRef]

	



Chang, Y.-S.; Trivedi, M.K.; Jha, A.; Lin, Y.-F.; Dimaano, L.; García-Romero, M.T. Synbiotics for Prevention and Treatment of Atopic Dermatitis: A Meta-analysis of Randomized Clinical Trials. JAMA Pediatr. 2016, 170, 236–242. [Google Scholar] [CrossRef]

	



Huang, R.; Ning, H.; Shen, M.; Li, J.; Zhang, J.; Chen, X. Probiotics for the Treatment of Atopic Dermatitis in Children: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Front. Cell Infect. Microbiol. 2017, 7, 392. [Google Scholar] [CrossRef]

	



Zuccotti, G.; Meneghin, F.; Aceti, A.; Barone, G.; Callegari, M.L.; Di Mauro, A.; Fantini, M.P.; Gori, D.; Indrio, F.; Maggio, L.; et al. Probiotics for prevention of atopic diseases in infants: Systematic review and meta-analysis. Allergy 2015, 70, 1356–1371. [Google Scholar] [CrossRef]

	



Doege, K.; Grajecki, D.; Zyriax, B.C.; Detinkina, E.; Zu Eulenburg, C.; Buhling, K.J. Impact of maternal supplementation with probiotics during pregnancy on atopic eczema in childhood—A meta-analysis. Br. J. Nutr. 2012, 107, 1–6. [Google Scholar] [CrossRef]

	



Bertelsen, R.J.; Brantsæter, A.L.; Magnus, M.C.; Haugen, M.; Myhre, R.; Jacobsson, B.; Longnecker, M.P.; Meltzer, H.M.; London, S.J. Probiotic milk consumption in pregnancy and infancy and subsequent childhood allergic diseases. J. Allergy Clin. Immunol. 2014, 133, 165–171.e8. [Google Scholar] [CrossRef]

	



Enomoto, T.; Sowa, M.; Nishimori, K.; Shimazu, S.; Yoshida, A.; Yamada, K.; Furukawa, F.; Nakagawa, T.; Yanagisawa, N.; Iwabuchi, N.; et al. Effects of bifidobacterial supplementation to pregnant women and infants in the prevention of allergy development in infants and on fecal microbiota. Allergol. Int. 2014, 63, 575–585. [Google Scholar] [CrossRef]

	



Rozé, J.-C.; Barbarot, S.; Butel, M.-J.; Kapel, N.; Waligora-Dupriet, A.-J.; De Montgolfier, I.; Leblanc, M.; Godon, N.; Soulaines, P.; Darmaun, D.; et al. An α-lactalbumin-enriched and symbiotic-supplemented v. a standard infant formula: A multicentre, double-blind, randomised trial. Br. J. Nutr. 2012, 107, 1616–1622. [Google Scholar] [CrossRef]

	



Kukkonen, K.; Savilahti, E.; Haahtela, T.; Juntunen-Backman, K.; Korpela, R.; Poussa, T.; Tuure, T.; Kuitunen, M. Probiotics and prebiotic galacto-oligosaccharides in the prevention of allergic diseases: A randomized, double-blind, placebo-controlled trial. J. Allergy Clin. Immunol. 2007, 119, 192–198. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Kwon, J.H.; Ahn, S.H.; Lee, S.I.; Han, Y.S.; Choi, Y.O.; Lee, S.Y.; Ahn, K.M.; Ji, G.E. Effect of probiotic mix (Bifidobacterium bifidum, Bifidobacterium lactis, Lactobacillus acidophilus) in the primary prevention of eczema: A double-blind, randomized, placebo-controlled trial. Pediatr. Allergy Immunol. 2010, 21, e386–e393. [Google Scholar] [CrossRef]

	



Kim, H.-J.; Kim, Y.-J.; Kang, M.-J.; Seo, J.-H.; Kim, H.-Y.; Jeong, S.K.; Lee, S.-H.; Kim, J.-M.; Hong, S.-J. A novel mouse model of atopic dermatitis with epicutaneous allergen sensitization and the effect of Lactobacillus rhamnosus. Exp. Dermatol. 2012, 21, 672–675. [Google Scholar] [CrossRef]

	



Won, T.J.; Kim, B.; Lim, Y.T.; Song, D.S.; Park, S.-Y.; Park, E.S.; Lee, D.I.; Hwang, K.W. Oral administration of Lactobacillus strains from Kimchi inhibits atopic dermatitis in NC/Nga mice. J. Appl. Microbiol. 2011, 110, 1195–1202. [Google Scholar] [CrossRef]

	



Lee, S.-H.; Yoon, J.-M.; Kim, Y.-H.; Jeong, D.-G.; Park, S.; Kang, D.-J. Therapeutic effect of tyndallized Lactobacillus rhamnosus IDCC 3201 on atopic dermatitis mediated by down-regulation of immunoglobulin E in NC/Nga mice. Microbiol. Immunol. 2016, 60, 468–476. [Google Scholar] [CrossRef]

	



Lee, Y.; Byeon, H.R.; Jang, S.-Y.; Hong, M.-G.; Kim, D.; Lee, D.; Shin, J.-H.; Kim, Y.; Kang, S.-G.; Seo, J.-G. Oral administration of Faecalibacterium prausnitzii and Akkermansia muciniphila strains from humans improves atopic dermatitis symptoms in DNCB induced NC/Nga mice. Sci. Rep. 2022, 12, 7324. [Google Scholar] [CrossRef]

	



Fang, Z.; Pan, T.; Li, L.; Wang, H.; Zhu, J.; Zhang, H.; Zhao, J.; Chen, W.; Lu, W. Bifidobacterium longum mediated tryptophan metabolism to improve atopic dermatitis via the gut-skin axis. Gut Microbes 2022, 14, 2044723. [Google Scholar] [CrossRef]

	



Indra, A.K. Epidermal TSLP: A trigger factor for pathogenesis of atopic dermatitis. Expert Rev. Proteom. 2013, 10, 309–311. [Google Scholar] [CrossRef]

	



Climent, E.; Martinez-Blanch, J.F.; Llobregat, L.; Ruzafa-Costas, B.; Carrión-Gutiérrez, M.Á.; Ramírez-Boscá, A.; Prieto-Merino, D.; Genovés, S.; Codoñer, F.M.; Ramón, D.; et al. Changes in Gut Microbiota Correlates with Response to Treatment with Probiotics in Patients with Atopic Dermatitis. A Post Hoc Analysis of a Clinical Trial. Microorganisms 2021, 9, 854. [Google Scholar] [CrossRef]

	



Michelotti, A.; Cestone, E.; De Ponti, I.; Giardina, S.; Pisati, M.; Spartà, E.; Tursi, F. Efficacy of a probiotic supplement in patients with atopic dermatitis: A randomized, double-blind, placebo-controlled clinical trial. Eur. J. Dermatol. 2021, 31, 225–232. [Google Scholar] [CrossRef]

	



Iemoli, E.; Trabattoni, D.; Parisotto, S.; Borgonovo, L.; Toscano, M.; Rizzardini, G.; Clerici, M.; Ricci, E.; Fusi, A.; De Vecchi, E.; et al. Probiotics reduce gut microbial translocation and improve adult atopic dermatitis. J. Clin. Gastroenterol. 2012, 46, S33–S40. [Google Scholar] [CrossRef]

	



Alves, E.; Gregório, J.; Baby, A.R.; Rijo, P.; Rodrigues, L.M.; Rosado, C. Homemade Kefir Consumption Improves Skin Condition—A Study Conducted in Healthy and Atopic Volunteers. Foods 2021, 10, 2794. [Google Scholar] [CrossRef]

	



Brough, H.A.; Kalayci, O.; Sediva, A.; Untersmayr, E.; Munblit, D.; Rodriguez del Rio, P.; Vazquez-Ortiz, M.; Arasi, S.; Alvaro-Lozano, M.; Tsabouri, S.; et al. Managing childhood allergies and immunodeficiencies during respiratory virus epidemics—The 2020 COVID-19 pandemic: A statement from the EAACI-section on pediatrics. Pediatr. Allergy Immunol. 2020, 31, 442–448. [Google Scholar] [CrossRef]

	



Parisi, R.; Symmons, D.P.; Griffiths, C.E.; Ashcroft, D.M. Global epidemiology of psoriasis: A systematic review of incidence and prevalence. J. Investig. Dermatol. 2013, 133, 377–385. [Google Scholar] [CrossRef]

	



Pariser, D.M.; Bagel, J.; Gelfand, J.M.; Korman, N.J.; Ritchlin, C.T.; Strober, B.E.; Van Voorhees, A.S.; Young, M.; Rittenberg, S.; Lebwohl, M.G.; et al. National Psoriasis Foundation clinical consensus on disease severity. Arch. Dermatol. 2007, 143, 239–242. [Google Scholar] [CrossRef]

	



Nestle, F.O.; Kaplan, D.H.; Barker, J. Psoriasis. N. Engl. J. Med. 2009, 361, 496–509. [Google Scholar] [CrossRef]

	



Barry, R.E.; Salmon, P.R.; Read, A.E.; Warin, R.P. Mucosal architecture of the small bowel in cases of psoriasis. Gut 1971, 12, 873. [Google Scholar] [CrossRef]

	



Humbert, P.; Bidet, A.; Treffel, P.; Drobacheff, C.; Agache, P. Intestinal permeability in patients with psoriasis. J. Dermatol. Sci. 1991, 2, 324–326. [Google Scholar] [CrossRef]

	



Wu, J.J.; Nguyen, T.U.; Poon, K.Y.; Herrinton, L.J. The association of psoriasis with autoimmune diseases. J. Am. Acad. Dermatol. 2012, 67, 924–930. [Google Scholar] [CrossRef]

	



Sikora, M.; Stec, A.; Chrabaszcz, M.; Knot, A.; Waskiel-Burnat, A.; Rakowska, A.; Olszewska, M.; Rudnicka, L. Gut Microbiome in Psoriasis: An Updated Review. Pathogens 2020, 9, 463. [Google Scholar] [CrossRef]

	



Scher, J.U.; Ubeda, C.; Artacho, A.; Attur, M.; Isaac, S.; Reddy, S.M.; Marmon, S.; Neimann, A.; Brusca, S.; Patel, T.; et al. Decreased bacterial diversity characterizes the altered gut microbiota in patients with psoriatic arthritis, resembling dysbiosis in inflammatory bowel disease. Arthritis Rheumatol. 2015, 67, 128–139. [Google Scholar] [CrossRef]

	



Codoñer, F.M.; Ramírez-Bosca, A.; Climent, E.; Carrión-Gutierrez, M.; Guerrero, M.; Pérez-Orquín, J.M.; Horga de la Parte, J.; Genovés, S.; Ramón, D.; Navarro-López, V.; et al. Gut microbial composition in patients with psoriasis. Sci. Rep. 2018, 8, 3812. [Google Scholar] [CrossRef]

	



Eppinga, H.; Sperna Weiland, C.J.; Thio, H.B.; van der Woude, C.J.; Nijsten, T.E.C.; Peppelenbosch, M.P.; Konstantinov, S.R. Similar Depletion of Protective Faecalibacterium prausnitzii in Psoriasis and Inflammatory Bowel Disease, but not in Hidradenitis Suppurativa. J. Crohn’s Colitis 2016, 10, 1067–1075. [Google Scholar] [CrossRef]

	



Chen, Y.-H.; Wu, C.-S.; Chao, Y.-H.; Lin, C.-C.; Tsai, H.-Y.; Li, Y.-R.; Chen, Y.-Z.; Tsai, W.-H.; Chen, Y.-K. Lactobacillus pentosus GMNL-77 inhibits skin lesions in imiquimod-induced psoriasis-like mice. J. Food Drug Anal. 2017, 25, 559–566. [Google Scholar] [CrossRef]

	



Navarro-López, V.; Martínez-Andrés, A.; Ramírez-Boscá, A.; Ruzafa-Costas, B.; Núñez-Delegido, E.; Carrión-Gutiérrez, M.A.; Prieto-Merino, D.; Codoñer-Cortés, F.; Ramón-Vidal, D.; Genovés-Martínez, S.; et al. Efficacy and Safety of Oral Administration of a Mixture of Probiotic Strains in Patients with Psoriasis: A Randomized Controlled Clinical Trial. Acta. Derm. Venereol. 2019, 99, 1078–1084. [Google Scholar] [CrossRef] [PubMed]

	



Groeger, D.; O’Mahony, L.; Murphy, E.F.; Bourke, J.F.; Dinan, T.G.; Kiely, B.; Shanahan, F.; Quigley, E.M. Bifidobacterium infantis 35624 modulates host inflammatory processes beyond the gut. Gut Microbes 2013, 4, 325–339. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Y.; Wang, H.; Zhou, J.; Mou, Y.; Wang, G.; Xiong, X. Patients with Acne Vulgaris Have a Distinct Gut Microbiota in Comparison with Healthy Controls. Acta. Derm. Venereol. 2018, 98, 783–790. [Google Scholar] [CrossRef] [PubMed]

	



Smith, R.N.; Mann, N.J.; Braue, A.; Mäkeläinen, H.; Varigos, G.A. A low-glycemic-load diet improves symptoms in acne vulgaris patients: A randomized controlled trial. Am. J. Clin. Nutr. 2007, 86, 107–115. [Google Scholar] [CrossRef]

	



Fabbrocini, G.; Bertona, M.; Picazo, Ó.; Pareja-Galeano, H.; Monfrecola, G.; Emanuele, E. Supplementation with Lactobacillus rhamnosus SP1 normalises skin expression of genes implicated in insulin signalling and improves adult acne. Benef. Microbes 2016, 7, 625–630. [Google Scholar] [CrossRef]

	



Vos, T.; Flaxman, A.D.; Naghavi, M.; Lozano, R.; Michaud, C.; Ezzati, M.; Shibuya, K.; Salomon, J.A.; Abdalla, S.; Aboyans, V.; et al. Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990–2010: A systematic analysis for the Global Burden of Disease Study 2010. Lancet 2012, 380, 2163–2196. [Google Scholar] [CrossRef]

	



Karimkhani, C.; Dellavalle, R.P.; Coffeng, L.E.; Flohr, C.; Hay, R.J.; Langan, S.M.; Nsoesie, E.O.; Ferrari, A.J.; Erskine, H.E.; Silverberg, J.I.; et al. Global Skin Disease Morbidity and Mortality: An Update From the Global Burden of Disease Study 2013. JAMA Dermatol. 2017, 153, 406–412. [Google Scholar] [CrossRef]

	



Bhate, K.; Williams, H.C. Epidemiology of acne vulgaris. Br. J. Dermatol. 2013, 168, 474–485. [Google Scholar] [CrossRef]

	



Melnik, B.C.; Zouboulis, C.C. Potential role of FoxO1 and mTORC1 in the pathogenesis of Western diet-induced acne. Exp. Dermatol. 2013, 22, 311–315. [Google Scholar] [CrossRef]

	



Huang, Y.; Liu, L.; Chen, L.; Zhou, L.; Xiong, X.; Deng, Y. Gender-Specific Differences in Gut Microbiota Composition Associated with Microbial Metabolites for Patients with Acne Vulgaris. Ann. Dermatol. 2021, 33, 531–540. [Google Scholar] [CrossRef]

	



Yan, H.-M.; Zhao, H.-J.; Guo, D.-Y.; Zhu, P.-Q.; Zhang, C.-L.; Jiang, W. Gut microbiota alterations in moderate to severe acne vulgaris patients. J. Dermatol. 2018, 45, 1166–1171. [Google Scholar] [CrossRef] [PubMed]

	



Siver, R.H. Lactobacillus for the Control of Acne. J. Med. Soc. N. J. 1961, 59, 2. [Google Scholar]

	



Jung, G.W.; Tse, J.E.; Guiha, I.; Rao, J. Prospective, randomized, open-label trial comparing the safety, efficacy, and tolerability of an acne treatment regimen with and without a probiotic supplement and minocycline in subjects with mild to moderate acne. J. Cutan. Med. Surg. 2013, 17, 114–122. [Google Scholar] [CrossRef] [PubMed]

	



Price, C.E.; O’Toole, G.A. The Gut-Lung Axis in Cystic Fibrosis. J. Bacteriol. 2021, 203, e0031121. [Google Scholar] [CrossRef] [PubMed]

	



Charlson, E.S.; Bittinger, K.; Haas, A.R.; Fitzgerald, A.S.; Frank, I.; Yadav, A.; Bushman, F.D.; Collman, R.G. Topographical continuity of bacterial populations in the healthy human respiratory tract. Am. J. Respir. Crit. Care Med. 2011, 184, 957–963. [Google Scholar] [CrossRef]

	



Randall, T.D. Structure, Organization, and Development of the Mucosal Immune System of the Respiratory Tract. Mucosal. Immunol. 2015, 1, 43–61. [Google Scholar] [CrossRef]

	



Johansson, M.E.; Sjövall, H.; Hansson, G.C. The gastrointestinal mucus system in health and disease. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 352–361. [Google Scholar] [CrossRef]

	



Cesta, M.F. Normal structure, function, and histology of mucosa-associated lymphoid tissue. Toxicol. Pathol. 2006, 34, 599–608. [Google Scholar] [CrossRef]

	



Huffnagle, G.B.; Dickson, R.P.; Lukacs, N.W. The respiratory tract microbiome and lung inflammation: A two-way street. Mucosal. Immunol. 2017, 10, 299–306. [Google Scholar] [CrossRef]

	



Yagi, K.; Huffnagle, G.B.; Lukacs, N.W.; Asai, N. The Lung Microbiome during Health and Disease. Int. J. Mol. Sci. 2021, 22, 10872. [Google Scholar] [CrossRef]

	



Erb-Downward, J.R.; Thompson, D.L.; Han, M.K.; Freeman, C.M.; McCloskey, L.; Schmidt, L.A.; Young, V.B.; Toews, G.B.; Curtis, J.L.; Sundaram, B.; et al. Analysis of the lung microbiome in the “healthy” smoker and in COPD. PLoS ONE 2011, 6, e16384. [Google Scholar] [CrossRef] [PubMed]

	



Morris, A.; Beck, J.M.; Schloss, P.D.; Campbell, T.B.; Crothers, K.; Curtis, J.L.; Flores, S.C.; Fontenot, A.P.; Ghedin, E.; Huang, L.; et al. Comparison of the respiratory microbiome in healthy nonsmokers and smokers. Am. J. Respir. Crit. Care Med. 2013, 187, 1067–1075. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Yang, X.; Chatterjee, V.; Wu, M.H.; Yuan, S.Y. The Gut-Lung Axis in Systemic Inflammation. Role of Mesenteric Lymph as a Conduit. Am. J. Respir. Cell Mol. Biol. 2021, 64, 19–28. [Google Scholar] [CrossRef] [PubMed]

	



Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al. Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 2013, 341, 1241214. [Google Scholar] [CrossRef]

	



Ursell, L.K.; Haiser, H.J.; Van Treuren, W.; Garg, N.; Reddivari, L.; Vanamala, J.; Dorrestein, P.C.; Turnbaugh, P.J.; Knight, R. The intestinal metabolome: An intersection between microbiota and host. Gastroenterology 2014, 146, 1470–1476. [Google Scholar] [CrossRef] [PubMed]

	



Aimbire, F.; Carvalho, J.L.; Fialho, A.K.; Miranda, M.; Albertini, R.; Keller, A. Role of probiotics Bfidobacterium breve and Lactobacillus rhmanosus on lung inflammation and airway remodeling in an experimental model of chronic obstructive pulmonary disease. Eur. Respir. J. 2019, 54, PA2452. [Google Scholar] [CrossRef]

	



Jang, Y.O.; Kim, O.-H.; Kim, S.J.; Lee, S.H.; Yun, S.; Lim, S.E.; Yoo, H.J.; Shin, Y.; Lee, S.W. High-fiber diets attenuate emphysema development via modulation of gut microbiota and metabolism. Sci. Rep. 2021, 11, 7008. [Google Scholar] [CrossRef]

	



Lai, H.-C.; Lin, T.-L.; Chen, T.-W.; Kuo, Y.-L.; Chang, C.-J.; Wu, T.-R.; Shu, C.-C.; Tsai, Y.-H.; Swift, S.; Lu, C.-C. Gut microbiota modulates COPD pathogenesis: Role of anti-inflammatory Parabacteroides goldsteinii lipopolysaccharide. Gut 2022, 71, 309–321. [Google Scholar] [CrossRef]

	



Szmidt, M.K.; Kaluza, J.; Harris, H.R.; Linden, A.; Wolk, A. Long-term dietary fiber intake and risk of chronic obstructive pulmonary disease: A prospective cohort study of women. Eur. J. Nutr. 2020, 59, 1869–1879. [Google Scholar] [CrossRef]

	



Karim, A.; Muhammad, T.; Shahid Iqbal, M.; Qaisar, R. A multistrain probiotic improves handgrip strength and functional capacity in patients with COPD: A randomized controlled trial. Arch. Gerontol. Geriatr. 2022, 102, 104721. [Google Scholar] [CrossRef]

	



van der Aa, L.B.; van Aalderen, W.M.; Heymans, H.S.; Henk Sillevis Smitt, J.; Nauta, A.J.; Knippels, L.M.; Ben Amor, K.; Sprikkelman, A.B. Synbiotics prevent asthma-like symptoms in infants with atopic dermatitis. Allergy 2011, 66, 170–177. [Google Scholar] [CrossRef] [PubMed]

	



Cervantes-García, D.; Jiménez, M.; Rivas-Santiago, C.E.; Gallegos-Alcalá, P.; Hernández-Mercado, A.; Santoyo-Payán, L.S.; Loera-Arias, M.d.J.; Saucedo-Cardenas, O.; Montes de Oca-Luna, R.; Salinas, E. Lactococcus lactis NZ9000 Prevents Asthmatic Airway Inflammation and Remodelling in Rats through the Improvement of Intestinal Barrier Function and Systemic TGF-β Production. Int. Arch. Allergy Immunol. 2021, 182, 277–291. [Google Scholar] [CrossRef] [PubMed]

	



Terada-Ikeda, C.; Kitabatake, M.; Hiraku, A.; Kato, K.; Yasui, S.; Imakita, N.; Ouji-Sageshima, N.; Iwabuchi, N.; Hamada, K.; Ito, T. Maternal supplementation with Bifidobacterium breve M-16V prevents their offspring from allergic airway inflammation accelerated by the prenatal exposure to an air pollutant aerosol. PLoS ONE 2020, 15, e0238923. [Google Scholar] [CrossRef] [PubMed]

	



Cabana, M.D.; McKean, M.; Caughey, A.B.; Fong, L.; Lynch, S.; Wong, A.; Leong, R.; Boushey, H.A.; Hilton, J.F. Early Probiotic Supplementation for Eczema and Asthma Prevention: A Randomized Controlled Trial. Pediatrics 2017, 140, e20163000. [Google Scholar] [CrossRef]

	



Ceccarelli, G.; Borrazzo, C.; Pinacchio, C.; Santinelli, L.; Innocenti, G.P.; Cavallari, E.N.; Celani, L.; Marazzato, M.; Alessandri, F.; Ruberto, F.; et al. Oral Bacteriotherapy in Patients With COVID-19: A Retrospective Cohort Study. Front. Nutr. 2021, 7, 613928. [Google Scholar] [CrossRef]

	



D’Ettorre, G.; Ceccarelli, G.; Marazzato, M.; Campagna, G.; Pinacchio, C.; Alessandri, F.; Ruberto, F.; Rossi, G.; Celani, L.; Scagnolari, C.; et al. Challenges in the Management of SARS-CoV2 Infection: The Role of Oral Bacteriotherapy as Complementary Therapeutic Strategy to Avoid the Progression of COVID-19. Front. Med. 2020, 7, 389. [Google Scholar] [CrossRef]

	



World Health Organization. The Top 10 Causes of Death; WHO: Geneva, Switzerland, 2020. [Google Scholar]

	



Martínez-Luna, N.; Orea-Tejeda, A.; González-Islas, D.; Flores-Cisneros, L.; Keirns-Davis, C.; Sánchez-Santillán, R.; Pérez-García, I.; Gastelum-Ayala, Y.; Martínez-Vázquez, V.; Martínez-Reyna, Ó. Association between body composition, sarcopenia and pulmonary function in chronic obstructive pulmonary disease. BMC Pulm. Med. 2022, 22, 106. [Google Scholar] [CrossRef]

	



Rutten, E.P.A.; Lenaerts, K.; Buurman, W.A.; Wouters, E.F.M. Disturbed intestinal integrity in patients with COPD: Effects of activities of daily living. Chest 2014, 145, 245–252. [Google Scholar] [CrossRef]

	



Kirschner, S.K.; Deutz, N.E.P.; Jonker, R.; Olde Damink, S.W.M.; Harrykissoon, R.I.; Zachria, A.J.; Dasarathy, S.; Engelen, M. Intestinal function is impaired in patients with Chronic Obstructive Pulmonary Disease. Clin. Nutr. 2021, 40, 2270–2277. [Google Scholar] [CrossRef]

	



Li, N.; Dai, Z.; Wang, Z.; Deng, Z.; Zhang, J.; Pu, J.; Cao, W.; Pan, T.; Zhou, Y.; Yang, Z.; et al. Gut microbiota dysbiosis contributes to the development of chronic obstructive pulmonary disease. Respir. Res. 2021, 22, 274. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, N.; Li, Q.; Liu, Z.; Li, Y.; Kong, J.; Dong, R.; Ge, D.; Li, J.; Peng, G. Xuanbai Chengqi Decoction Ameliorates Pulmonary Inflammation via Reshaping Gut Microbiota and Rectifying Th17/Treg Imbalance in a Murine Model of Chronic Obstructive Pulmonary Disease. Int. J. Chronic Obstr. Pulm. Dis. 2021, 16, 3317–3335. [Google Scholar] [CrossRef] [PubMed]

	



Chiu, Y.-C.; Lee, S.-W.; Liu, C.-W.; Lan, T.-Y.; Wu, L.S.-H. Relationship between gut microbiota and lung function decline in patients with chronic obstructive pulmonary disease: A 1-year follow-up study. Respir. Res. 2022, 23, 10. [Google Scholar] [CrossRef] [PubMed]

	



Qu, L.; Cheng, Q.; Wang, Y.; Mu, H.; Zhang, Y. COPD and Gut-Lung Axis: How Microbiota and Host Inflammasome Influence COPD and Related Therapeutics. Front. Microbiol. 2022, 13, 868086. [Google Scholar] [CrossRef] [PubMed]

	



Koning, C.J.; Jonkers, D.M.; Stobberingh, E.E.; Mulder, L.; Rombouts, F.M.; Stockbrügger, R.W. The effect of a multispecies probiotic on the intestinal microbiota and bowel movements in healthy volunteers taking the antibiotic amoxycillin. Am. J. Gastroenterol. 2008, 103, 178–189. [Google Scholar] [CrossRef] [PubMed]

	



National Heart, Lung, and Blood Institute. Global Strategy for Asthma Management and Prevention. Available online: https://ginasthma.org/gina-reports/ (accessed on 29 June 2022).

	



Kaur, R.; Chupp, G. Phenotypes and endotypes of adult asthma: Moving toward precision medicine. J. Allergy Clin. Immunol. 2019, 144, 1–12. [Google Scholar] [CrossRef]

	



Davati, N.; Habibi Najafi, M.B. Overproduction Strategies for Microbial Secondary Metabolites: A Review. Int. J. Life Sci. Pharma. Res. 2013, 3, 23–27. [Google Scholar]

	



Kuenzig, M.E.; Bishay, K.; Leigh, R.; Kaplan, G.G.; Benchimol, E.I. Co-occurrence of Asthma and the Inflammatory Bowel Diseases: A Systematic Review and Meta-analysis. Clin. Trans. Gastroenterol. 2018, 9, 188. [Google Scholar] [CrossRef]

	



Freuer, D.; Linseisen, J.; Meisinger, C. Asthma and the risk of gastrointestinal disorders: A Mendelian randomization study. BMC Med. 2022, 20, 82. [Google Scholar] [CrossRef]

	



Shen, T.-C.; Lin, C.-L.; Wei, C.-C.; Chen, C.-H.; Tu, C.-Y.; Hsia, T.-C.; Shih, C.-M.; Hsu, W.-H.; Sung, F.-C.; Kao, C.-H. Bidirectional Association between Asthma and Irritable Bowel Syndrome: Two Population-Based Retrospective Cohort Studies. PLoS ONE 2016, 11, e0153911. [Google Scholar] [CrossRef]

	



Wang, Z.; Lai, Z.; Zhang, X.; Huang, P.; Xie, J.; Jiang, Q.; Zhang, Q.; Chung, K.F. Altered gut microbiome compositions are associated with the severity of asthma. J. Thorac. Dis. 2021, 13, 4322–4338. [Google Scholar] [CrossRef]

	



Alharris, E.; Mohammed, A.; Alghetaa, H.; Zhou, J.; Nagarkatti, M.; Nagarkatti, P. The Ability of Resveratrol to Attenuate Ovalbumin-Mediated Allergic Asthma Is Associated With Changes in Microbiota Involving the Gut-Lung Axis, Enhanced Barrier Function and Decreased Inflammation in the Lungs. Front. Immunol. 2022, 13, 805770. [Google Scholar] [CrossRef] [PubMed]

	



Zou, X.L.; Wu, J.J.; Ye, H.X.; Feng, D.Y.; Meng, P.; Yang, H.L.; Wu, W.B.; Li, H.T.; He, Z.; Zhang, T.T. Associations Between Gut Microbiota and Asthma Endotypes: A Cross-Sectional Study in South China Based on Patients with Newly Diagnosed Asthma. J. Asthma. Allergy 2021, 14, 981–992. [Google Scholar] [CrossRef] [PubMed]

	



Martens, K.; Pugin, B.; De Boeck, I.; Spacova, I.; Steelant, B.; Seys, S.F.; Lebeer, S.; Hellings, P.W. Probiotics for the airways: Potential to improve epithelial and immune homeostasis. Allergy 2018, 73, 1954–1963. [Google Scholar] [CrossRef]

	



Litonjua, A.A.; Lange, N.E.; Carey, V.J.; Brown, S.; Laranjo, N.; Harshfield, B.J.; O’Connor, G.T.; Sandel, M.; Strunk, R.C.; Bacharier, L.B.; et al. The Vitamin D Antenatal Asthma Reduction Trial (VDAART): Rationale, design, and methods of a randomized, controlled trial of vitamin D supplementation in pregnancy for the primary prevention of asthma and allergies in children. Contemp. Clin. Trials 2014, 38, 37–50. [Google Scholar] [CrossRef] [PubMed]

	



Ivashkin, V.; Zolnikova, O.; Potskherashvili, N.; Trukhmanov, A.; Kokina, N.; Dzhakhaya, N.; Sedova, A.; Bueverova, E. Metabolic activity of intestinal microflora in patients with bronchial asthma. Clin. Pract. 2019, 9, 1126. [Google Scholar] [CrossRef]

	



Cascella, M.; Rajnik, M.; Aleem, A.; Dulebohn, S.C.; Di Napoli, R. Features, Evaluation, and Treatment of Coronavirus (COVID-19). Available online: https://www.ncbi.nlm.nih.gov/books/NBK554776/ (accessed on 29 June 2022).

	



Liu, Y.; Ning, Z.; Chen, Y.; Guo, M.; Liu, Y.; Gali, N.K.; Sun, L.; Duan, Y.; Cai, J.; Westerdahl, D.; et al. Aerodynamic analysis of SARS-CoV-2 in two Wuhan hospitals. Nature 2020, 582, 557–560. [Google Scholar] [CrossRef]

	



Drewnick, F.; Pikmann, J.; Fachinger, F.; Moormann, L.; Sprang, F.; Borrmann, S. Aerosol filtration efficiency of household materials for homemade face masks: Influence of material properties, particle size, particle electrical charge, face velocity, and leaks. Aerosol. Sci. Technol. 2021, 55, 63–79. [Google Scholar] [CrossRef]

	



Echternach, M.; Gantner, S.; Peters, G.; Westphalen, C.; Benthaus, T.; Jakubaß, B.; Kuranova, L.; Döllinger, M.; Kniesburges, S. Impulse Dispersion of Aerosols during Singing and Speaking: A Potential COVID-19 Transmission Pathway. Am. J. Respir. Crit. Care Med. 2020, 202, 1584–1587. [Google Scholar] [CrossRef]

	



World Health Organization. COVID-19—China. Available online: https://www.who.int/emergencies/disease-outbreak-news/item/2020-DON229 (accessed on 29 June 2022).

	



World Health Organization. WHO Coronavirus (COVID-19) Dashboard; WHO: Geneva, Switzerland, 2022. [Google Scholar]

	



Galanopoulos, M.; Gkeros, F.; Doukatas, A.; Karianakis, G.; Pontas, C.; Tsoukalas, N.; Viazis, N.; Liatsos, C.; Mantzaris, G.J. COVID-19 pandemic: Pathophysiology and manifestations from the gastrointestinal tract. World J. Gastroenterol. 2020, 26, 4579–4588. [Google Scholar] [CrossRef]

	



Osuchowski, M.F.; Winkler, M.S.; Skirecki, T.; Cajander, S.; Shankar-Hari, M.; Lachmann, G.; Monneret, G.; Venet, F.; Bauer, M.; Brunkhorst, F.M.; et al. The COVID-19 puzzle: Deciphering pathophysiology and phenotypes of a new disease entity. Lancet Respir. Med. 2021, 9, 622–642. [Google Scholar] [CrossRef]

	



Dvornikova, K.A.; Bystrova, E.Y.; Churilov, L.P.; Lerner, A. Pathogenesis of the inflammatory bowel disease in context of SARS-COV-2 infection. Mol. Biol. Rep. 2021, 48, 5745–5758. [Google Scholar] [CrossRef] [PubMed]

	



Mastroianni, J.R.; Ouellette, A.J. Alpha-defensins in enteric innate immunity: Functional Paneth cell alpha-defensins in mouse colonic lumen. J. Biol. Chem. 2009, 284, 27848–27856. [Google Scholar] [CrossRef] [PubMed]

	



Salzman, N.H.; Hung, K.; Haribhai, D.; Chu, H.; Karlsson-Sjöberg, J.; Amir, E.; Teggatz, P.; Barman, M.; Hayward, M.; Eastwood, D.; et al. Enteric defensins are essential regulators of intestinal microbial ecology. Nat. Immunol. 2010, 11, 76–83. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, T.; Perlot, T.; Rehman, A.; Trichereau, J.; Ishiguro, H.; Paolino, M.; Sigl, V.; Hanada, T.; Hanada, R.; Lipinski, S.; et al. ACE2 links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature 2012, 487, 477–481. [Google Scholar] [CrossRef]

	



Suda, T.; Takahashi, M.; Katayama, Y.; Tamano, M. COVID-19 pandemic and exacerbation of ulcerative colitis. World J. Clin. Cases 2021, 9, 11220–11227. [Google Scholar] [CrossRef]

	



Meng, X.J.; Liang, T.J. SARS-CoV-2 Infection in the Gastrointestinal Tract: Fecal-Oral Route of Transmission for COVID-19? Gastroenterology 2021, 160, 1467–1469. [Google Scholar] [CrossRef]

	



Yeoh, Y.K.; Zuo, T.; Lui, G.C.; Zhang, F.; Liu, Q.; Li, A.Y.; Chung, A.C.; Cheung, C.P.; Tso, E.Y.; Fung, K.S.; et al. Gut microbiota composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut 2021, 70, 698–706. [Google Scholar] [CrossRef]

	



Gu, S.; Chen, Y.; Wu, Z.; Chen, Y.; Gao, H.; Lv, L.; Guo, F.; Zhang, X.; Luo, R.; Huang, C.; et al. Alterations of the Gut Microbiota in Patients With Coronavirus Disease 2019 or H1N1 Influenza. Clin. Infect. Dis. 2020, 71, 2669–2678. [Google Scholar] [CrossRef]

	



Xu, K.; Cai, H.; Shen, Y.; Ni, Q.; Chen, Y.; Hu, S.; Li, J.; Wang, H.; Yu, L.; Huang, H.; et al. [Management of COVID-19: The Zhejiang experience]. Zhejiang Da Xue Xue Bao Yi Xue Ban 2020, 49, 147–157. [Google Scholar] [CrossRef]

	



Kaźmierczak-Siedlecka, K.; Vitale, E.; Makarewicz, W. COVID-19—Gastrointestinal and gut microbiota-related aspects. Eur. Rev. Med. Pharm. Sci. 2020, 24, 10853–10859. [Google Scholar] [CrossRef]

	



Tang, L.; Gu, S.; Gong, Y.; Li, B.; Lu, H.; Li, Q.; Zhang, R.; Gao, X.; Wu, Z.; Zhang, J.; et al. Clinical Significance of the Correlation between Changes in the Major Intestinal Bacteria Species and COVID-19 Severity. Engineering 2020, 6, 1178–1184. [Google Scholar] [CrossRef] [PubMed]

	



Wassenaar, T.M.; Juncos, V.A.; Zimmermann, K. Interactions between the Gut Microbiome, Lung Conditions, and Coronary Heart Disease and How Probiotics Affect These. Int. J. Mol. Sci. 2021, 22, 9700. [Google Scholar] [CrossRef] [PubMed]

	



Gouda, A.S.; Adbelruhman, F.G.; Sabbah Alenezi, H.; Mégarbane, B. Theoretical benefits of yogurt-derived bioactive peptides and probiotics in COVID-19 patients—A narrative review and hypotheses. Saudi. J. Biol. Sci. 2021, 28, 5897–5905. [Google Scholar] [CrossRef] [PubMed]

	



Ahmadi Badi, S.; Malek, A.; Paolini, A.; Rouhollahi Masoumi, M.; Seyedi, S.A.; Amanzadeh, A.; Masotti, A.; Khatami, S.; Siadat, S.D. Downregulation of ACE, AGTR1, and ACE2 Genes Mediating SARS-CoV-2 Pathogenesis by Gut Microbiota Members and Their Postbiotics on Caco-2 Cells. SSRR 2020. [Google Scholar] [CrossRef]

	



Kasahara, K.; Rey, F.E. The emerging role of gut microbial metabolism on cardiovascular disease. Curr. Opin. Microbiol. 2019, 50, 64–70. [Google Scholar] [CrossRef]

	



Russo, M.; Guida, F.; Paparo, L.; Trinchese, G.; Aitoro, R.; Avagliano, C.; Fiordelisi, A.; Napolitano, F.; Mercurio, V.; Sala, V.; et al. The novel butyrate derivative phenylalanine-butyramide protects from doxorubicin-induced cardiotoxicity. Eur. J. Heart Fail. 2019, 21, 519–528. [Google Scholar] [CrossRef]

	



Hitchings, R.; Kelly, L. Predicting and Understanding the Human Microbiome’s Impact on Pharmacology. Trends Pharm. Sci. 2019, 40, 495–505. [Google Scholar] [CrossRef]

	



Zhao, L.; Xing, C.; Sun, W.; Hou, G.; Yang, G.; Yuan, L. Lactobacillus supplementation prevents cisplatin-induced cardiotoxicity possibly by inflammation inhibition. Cancer Chemother. Pharmacol. 2018, 82, 999–1008. [Google Scholar] [CrossRef]

	



Wu, R.; Mei, X.; Wang, J.; Sun, W.; Xue, T.; Lin, C.; Xu, D. Zn(ii)-Curcumin supplementation alleviates gut dysbiosis and zinc dyshomeostasis during doxorubicin-induced cardiotoxicity in rats. Food Funct. 2019, 10, 5587–5604. [Google Scholar] [CrossRef]

	



Huang, Y.; Wang, J.; Quan, G.; Wang, X.; Yang, L.; Zhong, L.; Macfarlane, G.T. Lactobacillus acidophilus ATCC 4356 Prevents Atherosclerosis via Inhibition of Intestinal Cholesterol Absorption in Apolipoprotein E-Knockout Mice. Appl. Environ. Microbiol. 2014, 80, 7496–7504. [Google Scholar] [CrossRef]

	



Chan, Y.K.; El-Nezami, H.; Chen, Y.; Kinnunen, K.; Kirjavainen, P.V. Probiotic mixture VSL#3 reduce high fat diet induced vascular inflammation and atherosclerosis in ApoE(-/-) mice. AMB Express 2016, 6, 61. [Google Scholar] [CrossRef] [PubMed]

	



Szulińska, M.; Łoniewski, I.; Skrypnik, K.; Sobieska, M.; Korybalska, K.; Suliburska, J.; Bogdański, P. Multispecies Probiotic Supplementation Favorably Affects Vascular Function and Reduces Arterial Stiffness in Obese Postmenopausal Women—A 12-Week Placebo-Controlled and Randomized Clinical Study. Nutrients 2018, 10, 1672. [Google Scholar]

	



Tripolt, N.J.; Leber, B.; Blattl, D.; Eder, M.; Wonisch, W.; Scharnagl, H.; Stojakovic, T.; Obermayer-Pietsch, B.; Wascher, T.C.; Pieber, T.R.; et al. Short communication: Effect of supplementation with Lactobacillus casei Shirota on insulin sensitivity, β-cell function, and markers of endothelial function and inflammation in subjects with metabolic syndrome—A pilot study. J. Dairy Sci. 2013, 96, 89–95. [Google Scholar] [CrossRef] [PubMed]

	



Malik, M.; Suboc, T.M.; Tyagi, S.; Salzman, N.; Wang, J.; Ying, R.; Tanner, M.J.; Kakarla, M.; Baker, J.E.; Widlansky, M.E. Lactobacillus plantarum 299v Supplementation Improves Vascular Endothelial Function and Reduces Inflammatory Biomarkers in Men With Stable Coronary Artery Disease. Circ. Res. 2018, 123, 1091–1102. [Google Scholar] [CrossRef] [PubMed]

	



Naruszewicz, M.; Johansson, M.-L.; Zapolska-Downar, D.; Bukowska, H. Effect of Lactobacillus plantarum 299v on cardiovascular disease risk factors in smokers. Am. J. Clin. Nutr. 2002, 76, 1249–1255. [Google Scholar] [CrossRef] [PubMed]

	



Gan, X.T.; Ettinger, G.; Huang, C.X.; Burton, J.P.; Haist, J.V.; Rajapurohitam, V.; Sidaway, J.E.; Martin, G.; Gloor, G.B.; Swann, J.R.; et al. Probiotic administration attenuates myocardial hypertrophy and heart failure after myocardial infarction in the rat. Circ. Heart Fail. 2014, 7, 491–499. [Google Scholar] [CrossRef]

	



Costanza, A.C.; Moscavitch, S.D.; Faria Neto, H.C.; Mesquita, E.T. Probiotic therapy with Saccharomyces boulardii for heart failure patients: A randomized, double-blind, placebo-controlled pilot trial. Int. J. Cardiol. 2015, 179, 348–350. [Google Scholar] [CrossRef]

	



Grillo, A.; Salvi, L.; Coruzzi, P.; Salvi, P.; Parati, G. Sodium Intake and Hypertension. Nutrients 2019, 11, 1970. [Google Scholar] [CrossRef]

	



Rana, I.; Stebbing, M.; Kompa, A.; Kelly, D.J.; Krum, H.; Badoer, E. Microglia activation in the hypothalamic PVN following myocardial infarction. Brain Res. 2010, 1326, 96–104. [Google Scholar] [CrossRef]

	



Joe, B.; McCarthy, C.G.; Edwards, J.M.; Cheng, X.; Chakraborty, S.; Yang, T.; Golonka, R.M.; Mell, B.; Yeo, J.Y.; Bearss, N.R.; et al. Microbiota Introduced to Germ-Free Rats Restores Vascular Contractility and Blood Pressure. Hypertension 2020, 76, 1847–1855. [Google Scholar] [CrossRef]

	



Li, J.; Zhao, F.; Wang, Y.; Chen, J.; Tao, J.; Tian, G.; Wu, S.; Liu, W.; Cui, Q.; Geng, B.; et al. Gut microbiota dysbiosis contributes to the development of hypertension. Microbiome 2017, 5, 14. [Google Scholar] [CrossRef] [PubMed]

	



Marques, F.Z.; Mackay, C.R.; Kaye, D.M. Beyond gut feelings: How the gut microbiota regulates blood pressure. Nat. Rev. Cardiol. 2018, 15, 20–32. [Google Scholar] [CrossRef] [PubMed]

	



Naqvi, S.; Asar, T.O.; Kumar, V.; Al-Abbasi, F.A.; Alhayyani, S.; Kamal, M.A.; Anwar, F. A cross-talk between gut microbiome, salt and hypertension. Biomed. Pharm. 2021, 134, 111156. [Google Scholar] [CrossRef] [PubMed]

	



Yang, T.; Santisteban, M.M.; Rodriguez, V.; Li, E.; Ahmari, N.; Carvajal, J.M.; Zadeh, M.; Gong, M.; Qi, Y.; Zubcevic, J.; et al. Gut dysbiosis is linked to hypertension. Hypertension 2015, 65, 1331–1340. [Google Scholar] [CrossRef]

	



Janeiro, M.H.; Ramírez, M.J.; Milagro, F.I.; Martínez, J.A.; Solas, M. Implication of Trimethylamine N-Oxide (TMAO) in Disease: Potential Biomarker or New Therapeutic Target. Nutrients 2018, 10, 1398. [Google Scholar] [CrossRef]

	



Yang, S.; Li, X.; Yang, F.; Zhao, R.; Pan, X.; Liang, J.; Tian, L.; Li, X.; Liu, L.; Xing, Y.; et al. Gut Microbiota-Dependent Marker TMAO in Promoting Cardiovascular Disease: Inflammation Mechanism, Clinical Prognostic, and Potential as a Therapeutic Target. Front. Pharmacol. 2019, 10, 1360. [Google Scholar] [CrossRef]

	



Chen, K.; Zheng, X.; Feng, M.; Li, D.; Zhang, H. Gut Microbiota-Dependent Metabolite Trimethylamine N-Oxide Contributes to Cardiac Dysfunction in Western Diet-Induced Obese Mice. Front. Physiol. 2017, 8, 139. [Google Scholar] [CrossRef]

	



Li, T.; Chen, Y.; Gua, C.; Li, X. Elevated Circulating Trimethylamine N-Oxide Levels Contribute to Endothelial Dysfunction in Aged Rats through Vascular Inflammation and Oxidative Stress. Front. Physiol. 2017, 8, 350. [Google Scholar] [CrossRef]

	



Li, T.; Gua, C.; Wu, B.; Chen, Y. Increased circulating trimethylamine N-oxide contributes to endothelial dysfunction in a rat model of chronic kidney disease. Biochem. Biophys. Res. Commun. 2018, 495, 2071–2077. [Google Scholar] [CrossRef]

	



Meng, F.; Li, N.; Li, D.; Song, B.; Li, L. The presence of elevated circulating trimethylamine N-oxide exaggerates postoperative cognitive dysfunction in aged rats. Behav. Brain Res. 2019, 368, 111902. [Google Scholar] [CrossRef]

	



Zhao, L.; Zhang, C.; Cao, G.; Dong, X.; Li, D.; Jiang, L. Higher Circulating Trimethylamine N-oxide Sensitizes Sevoflurane-Induced Cognitive Dysfunction in Aged Rats Probably by Downregulating Hippocampal Methionine Sulfoxide Reductase A. Neurochem. Res. 2019, 44, 2506–2516. [Google Scholar] [CrossRef] [PubMed]

	



Del Rio, D.; Zimetti, F.; Caffarra, P.; Tassotti, M.; Bernini, F.; Brighenti, F.; Zini, A.; Zanotti, I. The Gut Microbial Metabolite Trimethylamine-N-Oxide Is Present in Human Cerebrospinal Fluid. Nutrients 2017, 9, 1053. [Google Scholar] [CrossRef] [PubMed]

	



Bielinska, K.; Radkowski, M.; Grochowska, M.; Perlejewski, K.; Huc, T.; Jaworska, K.; Motooka, D.; Nakamura, S.; Ufnal, M. High salt intake increases plasma trimethylamine N-oxide (TMAO) concentration and produces gut dysbiosis in rats. Nutrition 2018, 54, 33–39. [Google Scholar] [CrossRef]

	



Liu, G.; Cheng, J.; Zhang, T.; Shao, Y.; Chen, X.; Han, L.; Zhou, R.; Wu, B. Inhibition of Microbiota-dependent Trimethylamine N-Oxide Production Ameliorates High Salt Diet-Induced Sympathetic Excitation and Hypertension in Rats by Attenuating Central Neuroinflammation and Oxidative Stress. Front. Pharm. 2022, 13, 856914. [Google Scholar] [CrossRef]

	



Wang, Z.; Roberts, A.B.; Buffa, J.A.; Levison, B.S.; Zhu, W.; Org, E.; Gu, X.; Huang, Y.; Zamanian-Daryoush, M.; Culley, M.K.; et al. Non-lethal Inhibition of Gut Microbial Trimethylamine Production for the Treatment of Atherosclerosis. Cell 2015, 163, 1585–1595. [Google Scholar] [CrossRef] [PubMed]

	



Durgan, D.J.; Ganesh, B.P.; Cope, J.L.; Ajami, N.J.; Phillips, S.C.; Petrosino, J.F.; Hollister, E.B.; Bryan, R.M. Role of the Gut Microbiome in Obstructive Sleep Apnea–Induced Hypertension. Hypertension 2016, 67, 469–474. [Google Scholar] [CrossRef]

	



Marques, F.Z.; Nelson, E.; Chu, P.Y.; Horlock, D.; Fiedler, A.; Ziemann, M.; Tan, J.K.; Kuruppu, S.; Rajapakse, N.W.; El-Osta, A.; et al. High-Fiber Diet and Acetate Supplementation Change the Gut Microbiota and Prevent the Development of Hypertension and Heart Failure in Hypertensive Mice. Circulation 2017, 135, 964–977. [Google Scholar] [CrossRef]

	



Chi, C.; Li, C.; Wu, D.; Buys, N.; Wang, W.; Fan, H.; Sun, J. Effects of Probiotics on Patients with Hypertension: A Systematic Review and Meta-Analysis. Curr. Hypertens Rep. 2020, 22, 34. [Google Scholar] [CrossRef]

	



Li, J.-J.; Fang, C.-H. Atheroscleritis is a more rational term for the pathological entity currently known as atherosclerosis. Med. Hypotheses 2004, 63, 100–102. [Google Scholar] [CrossRef]

	



Ott, S.J.; El Mokhtari, N.E.; Musfeldt, M.; Hellmig, S.; Freitag, S.; Rehman, A.; Kühbacher, T.; Nikolaus, S.; Namsolleck, P.; Blaut, M.; et al. Detection of diverse bacterial signatures in atherosclerotic lesions of patients with coronary heart disease. Circulation 2006, 113, 929–937. [Google Scholar] [CrossRef]

	



Koren, O.; Spor, A.; Felin, J.; Fåk, F.; Stombaugh, J.; Tremaroli, V.; Behre, C.J.; Knight, R.; Fagerberg, B.; Ley, R.E.; et al. Human oral, gut, and plaque microbiota in patients with atherosclerosis. Proc. Natl. Acad. Sci. USA 2011, 108, 4592–4598. [Google Scholar] [CrossRef] [PubMed]

	



Jonsson, A.L.; Caesar, R.; Akrami, R.; Reinhardt, C.; Hållenius, F.F.; Borén, J.; Bäckhed, F. Impact of Gut Microbiota and Diet on the Development of Atherosclerosis in Mice. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 2318–2326. [Google Scholar] [CrossRef]

	



Mitra, S.; Drautz-Moses, D.I.; Alhede, M.; Maw, M.T.; Liu, Y.; Purbojati, R.W.; Yap, Z.H.; Kushwaha, K.K.; Gheorghe, A.G.; Bjarnsholt, T.; et al. In silico analyses of metagenomes from human atherosclerotic plaque samples. Microbiome 2015, 3, 38. [Google Scholar] [CrossRef] [PubMed]

	



Ziganshina, E.E.; Sharifullina, D.M.; Lozhkin, A.P.; Khayrullin, R.N.; Ignatyev, I.M.; Ziganshin, A.M. Bacterial Communities Associated with Atherosclerotic Plaques from Russian Individuals with Atherosclerosis. PLoS ONE 2016, 11, e0164836. [Google Scholar] [CrossRef]

	



Karlsson, F.H.; Fåk, F.; Nookaew, I.; Tremaroli, V.; Fagerberg, B.; Petranovic, D.; Bäckhed, F.; Nielsen, J. Symptomatic atherosclerosis is associated with an altered gut metagenome. Nat. Commun. 2012, 3, 1245. [Google Scholar] [CrossRef]

	



Fu, Y.; Wang, Y.; Gao, H.; Li, D.; Jiang, R.; Ge, L.; Tong, C.; Xu, K. Associations among Dietary Omega-3 Polyunsaturated Fatty Acids, the Gut Microbiota, and Intestinal Immunity. Mediat. Inflamm. 2021, 2021, 8879227. [Google Scholar] [CrossRef]

	



Li, Y.; Yu, Z.; Liu, Y.; Wang, T.; Liu, Y.; Bai, Z.; Ren, Y.; Ma, H.; Bao, T.; Lu, H.; et al. Dietary α-Linolenic Acid-Rich Flaxseed Oil Ameliorates High-Fat Diet-Induced Atherosclerosis via Gut Microbiota-Inflammation-Artery Axis in ApoE−/− Mice. Front. Cardiovasc. Med. 2022, 9, 830781. [Google Scholar] [CrossRef]

	



Xiaomeng, Z.; Jiarui, W.; Bing, Z.; Wei, Z. Danshenchuanxiongqin injection in the treatment of unstable angina pectoris: A systematic review and Meta-analysis. J. Tradit. Chin. Med. 2016, 36, 144–150. [Google Scholar] [CrossRef]

	



Juul, A.; Scheike, T.; Davidsen, M.; Gyllenborg, J.; Jørgensen, T. Low serum insulin-like growth factor I is associated with increased risk of ischemic heart disease: A population-based case–control study. Circulation 2002, 106, 939–944. [Google Scholar] [CrossRef]

	



Laughlin, G.A.; Barrett-Connor, E.; Criqui, M.H.; Kritz-Silverstein, D. The prospective association of serum insulin-like growth factor I (IGF-I) and IGF-binding protein-1 levels with all cause and cardiovascular disease mortality in older adults: The Rancho Bernardo Study. J. Clin. Endocrinol. Metab. 2004, 89, 114–120. [Google Scholar] [CrossRef]

	



Delafontaine, P.; Song, Y.-H.; Li, Y. Expression, Regulation, and Function of IGF-1, IGF-1R, and IGF-1 Binding Proteins in Blood Vessels. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 435–444. [Google Scholar] [CrossRef]

	



Liu, H.; Chen, X.; Hu, X.; Niu, H.; Tian, R.; Wang, H.; Pang, H.; Jiang, L.; Qiu, B.; Chen, X.; et al. Alterations in the gut microbiome and metabolism with coronary artery disease severity. Microbiome 2019, 7, 68. [Google Scholar] [CrossRef]

	



Cui, L.; Zhao, T.; Hu, H.; Zhang, W.; Hua, X. Association Study of Gut Flora in Coronary Heart Disease through High-Throughput Sequencing. BioMed Res. Int. 2017, 2017, 3796359. [Google Scholar] [CrossRef]

	



Yan, J.; Charles, J.F. Gut Microbiota and IGF-1. Calcif. Tissue Int. 2018, 102, 406–414. [Google Scholar] [CrossRef]

	



Liu, L.; Luo, F. Alterations in the fecal microbiota and serum metabolome in unstable angina pectoris patients. Front. Biosci. 2022, 27, 100. [Google Scholar] [CrossRef]

	



Chen, L.; Li, S.; Ai, L.; Zhou, J.; Huang, J.; Xu, F.; Zeng, X.; Han, J.; Yin, F.; Zhu, Y.; et al. The Correlation Between Heart Failure and Gut Microbiome Metabolites. Infect. Microbes. Dis. 2020, 2, 136–143. [Google Scholar] [CrossRef]

	



Sandek, A.; Bauditz, J.; Swidsinski, A.; Buhner, S.; Weber-Eibel, J.; von Haehling, S.; Schroedl, W.; Karhausen, T.; Doehner, W.; Rauchhaus, M.; et al. Altered intestinal function in patients with chronic heart failure. J. Am. Coll. Cardiol. 2007, 50, 1561–1569. [Google Scholar] [CrossRef]

	



Niebauer, J.; Volk, H.D.; Kemp, M.; Dominguez, M.; Schumann, R.R.; Rauchhaus, M.; Poole-Wilson, P.A.; Coats, A.J.; Anker, S.D. Endotoxin and immune activation in chronic heart failure: A prospective cohort study. Lancet 1999, 353, 1838–1842. [Google Scholar] [CrossRef]

	



Sandek, A.; Swidsinski, A.; Schroedl, W.; Watson, A.; Valentova, M.; Herrmann, R.; Scherbakov, N.; Cramer, L.; Rauchhaus, M.; Grosse-Herrenthey, A.; et al. Intestinal blood flow in patients with chronic heart failure: A link with bacterial growth, gastrointestinal symptoms, and cachexia. J. Am. Coll. Cardiol. 2014, 64, 1092–1102. [Google Scholar] [CrossRef]

	



Pasini, E.; Aquilani, R.; Testa, C.; Baiardi, P.; Angioletti, S.; Boschi, F.; Verri, M.; Dioguardi, F. Pathogenic Gut Flora in Patients With Chronic Heart Failure. JACC Heart Fail. 2016, 4, 220–227. [Google Scholar] [CrossRef]

	



Anwar, F.; Alhayyani, S.; Al-Abbasi, F.A.; Nadeem, M.S.; Kumar, V. Pharmacological role of Vitamin C in stress-induced cardiac dysfunction via alteration in Gut microbiota. J. Biochem. Mol. Toxicol. 2022, 36, e22986. [Google Scholar] [CrossRef]

	



Moens, F.; Verce, M.; De Vuyst, L. Lactate- and acetate-based cross-feeding interactions between selected strains of lactobacilli, bifidobacteria and colon bacteria in the presence of inulin-type fructans. Int. J. Food Microbiol. 2017, 241, 225–236. [Google Scholar] [CrossRef]

	



Kim, J.; Yun, J.M.; Kim, M.K.; Kwon, O.; Cho, B. Lactobacillus gasseri BNR17 Supplementation Reduces the Visceral Fat Accumulation and Waist Circumference in Obese Adults: A Randomized, Double-Blind, Placebo-Controlled Trial. J. Med. Food 2018, 21, 454–461. [Google Scholar] [CrossRef]

	



Hibberd, A.A.; Yde, C.C.; Ziegler, M.L.; Honoré, A.H.; Saarinen, M.T.; Lahtinen, S.; Stahl, B.; Jensen, H.M.; Stenman, L.K. Probiotic or synbiotic alters the gut microbiota and metabolism in a randomised controlled trial of weight management in overweight adults. Benef. Microbes 2019, 10, 121–135. [Google Scholar] [CrossRef]

	



Gomes, A.C.; de Sousa, R.G.M.; Botelho, P.B.; Gomes, T.L.N.; Prada, P.O.; Mota, J.F. The additional effects of a probiotic mix on abdominal adiposity and antioxidant Status: A double-blind, randomized trial. Obesity 2017, 25, 30–38. [Google Scholar] [CrossRef]

	



Pedret, A.; Valls, R.M.; Calderón-Pérez, L.; Llauradó, E.; Companys, J.; Pla-Pagà, L.; Moragas, A.; Martín-Luján, F.; Ortega, Y.; Giralt, M.; et al. Effects of daily consumption of the probiotic Bifidobacterium animalis subsp. lactis CECT 8145 on anthropometric adiposity biomarkers in abdominally obese subjects: A randomized controlled trial. Int. J. Obes. 2019, 43, 1863–1868. [Google Scholar] [CrossRef]

	



Michael, D.R.; Davies, T.S.; Jack, A.A.; Masetti, G.; Marchesi, J.R.; Wang, D.; Mullish, B.H.; Plummer, S.F. Daily supplementation with the Lab4P probiotic consortium induces significant weight loss in overweight adults. Sci. Rep. 2021, 11, 5. [Google Scholar] [CrossRef]

	



Kim, S.-W.; Park, K.-Y.; Kim, B.; Kim, E.; Hyun, C.-K. Lactobacillus rhamnosus GG improves insulin sensitivity and reduces adiposity in high-fat diet-fed mice through enhancement of adiponectin production. Biochem. Biophys. Res. Commun. 2013, 431, 258–263. [Google Scholar] [CrossRef]

	



Savcheniuk, O.; Kobyliak, N.; Kondro, M.; Virchenko, O.; Falalyeyeva, T.; Beregova, T. Short-term periodic consumption of multiprobiotic from childhood improves insulin sensitivity, prevents development of non-alcoholic fatty liver disease and adiposity in adult rats with glutamate-induced obesity. BMC Complementary Altern. Med. 2014, 14, 247. [Google Scholar] [CrossRef]

	



Razmpoosh, E.; Javadi, A.; Ejtahed, H.S.; Mirmiran, P.; Javadi, M.; Yousefinejad, A. The effect of probiotic supplementation on glycemic control and lipid profile in patients with type 2 diabetes: A randomized placebo controlled trial. Diabetes Metab. Syndr. Clin. Res. Rev. 2019, 13, 175–182. [Google Scholar] [CrossRef]

	



Lim, S.-M.; Jeong, J.-J.; Woo, K.H.; Han, M.J.; Kim, D.-H. Lactobacillus sakei OK67 ameliorates high-fat diet–induced blood glucose intolerance and obesity in mice by inhibiting gut microbiota lipopolysaccharide production and inducing colon tight junction protein expression. Nutr. Res. 2016, 36, 337–348. [Google Scholar] [CrossRef]

	



Ogden, C.L.; Fryar, C.D.; Martin, C.B.; Freedman, D.S.; Carroll, M.D.; Gu, Q.; Hales, C.M. Trends in Obesity Prevalence by Race and Hispanic Origin—1999-2000 to 2017-2018. JAMA 2020, 324, 1208–1210. [Google Scholar] [CrossRef]

	



Pradhan, A.D.; Manson, J.E.; Rifai, N.; Buring, J.E.; Ridker, P.M. C-Reactive Protein, Interleukin 6, and Risk of Developing Type 2 Diabetes Mellitus. JAMA 2001, 286, 327–334. [Google Scholar] [CrossRef]

	



Bell, C.G. The Epigenomic Analysis of Human Obesity. Obesity 2017, 25, 1471–1481. [Google Scholar] [CrossRef]

	



Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [Google Scholar] [CrossRef]

	



Bochud, M.; Marquant, F.; Marques-Vidal, P.-M.; Vollenweider, P.; Beckmann, J.S.; Mooser, V.; Paccaud, F.; Rousson, V. Association between C-Reactive Protein and Adiposity in Women. J. Clin. Endocrinol. Metab. 2009, 94, 3969–3977. [Google Scholar] [CrossRef]

	



Pi-Sunyer, F.X. The Obesity Epidemic: Pathophysiology and Consequences of Obesity. Obes. Res. 2002, 10, 97S–104S. [Google Scholar] [CrossRef]

	



Romero-Corral, A.; Somers, V.K.; Sierra-Johnson, J.; Thomas, R.J.; Collazo-Clavell, M.L.; Korinek, J.; Allison, T.G.; Batsis, J.A.; Sert-Kuniyoshi, F.H.; Lopez-Jimenez, F. Accuracy of body mass index in diagnosing obesity in the adult general population. Int. J. Obes. 2008, 32, 959–966. [Google Scholar] [CrossRef]

	



Green, M.; Arora, K.; Prakash, S. Microbial Medicine: Prebiotic and Probiotic Functional Foods to Target Obesity and Metabolic Syndrome. Int. J. Mol. Sci. 2020, 21, 2890. [Google Scholar] [CrossRef]

	



Castaner, O.; Goday, A.; Park, Y.-M.; Lee, S.-H.; Magkos, F.; Shiow, S.-A.T.E.; Schröder, H. The Gut Microbiome Profile in Obesity: A Systematic Review. Int. J. Endocrinol. 2018, 2018, 4095789. [Google Scholar] [CrossRef]

	



Saad, M.J.A.; Santos, A.; Prada, P.O. Linking Gut Microbiota and Inflammation to Obesity and Insulin Resistance. Physiology 2016, 31, 283–293. [Google Scholar] [CrossRef]

	



Mitev, K.; Taleski, V. Association between the Gut Microbiota and Obesity. Open Access Maced. J. Med. Sci. 2019, 7, 2050–2056. [Google Scholar] [CrossRef]

	



Bäckhed, F.; Fraser, C.M.; Ringel, Y.; Sanders, M.E.; Sartor, R.B.; Sherman, P.M.; Versalovic, J.; Young, V.; Finlay, B.B. Defining a Healthy Human Gut Microbiome: Current Concepts, Future Directions, and Clinical Applications. Cell Host Microbe. 2012, 12, 611–622. [Google Scholar] [CrossRef]

	



Chen, Z.; Guo, L.; Zhang, Y.; Walzem, R.L.; Pendergast, J.S.; Printz, R.L.; Morris, L.C.; Matafonova, E.; Stien, X.; Kang, L.; et al. Incorporation of therapeutically modified bacteria into gut microbiota inhibits obesity. J. Clin. Investig. 2014, 124, 3391–3406. [Google Scholar] [CrossRef]

	



Ley, R.E.; Bäckhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. USA 2005, 102, 11070–11075. [Google Scholar] [CrossRef]

	



Kim, H.-K.; Youn, B.-S.; Shin, M.-S.; Namkoong, C.; Park, K.H.; Baik, J.H.; Kim, J.B.; Park, J.-Y.; Lee, K.-U.; Kim, Y.-B.; et al. Hypothalamic Angptl4/Fiaf Is a Novel Regulator of Food Intake and Body Weight. Diabetes 2010, 59, 2772–2780. [Google Scholar] [CrossRef]

	



Ganjayi, M.S.; Balaji, M.; Sreenivasulu, D.; Balaji, H.; Karunakaran, R.S. Chapter 5—Recent Developments in the Prevention of Obesity by Using Microorganisms. In Recent Developments in Applied Microbiology and Biochemistry; Buddolla, V., Ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 47–60. [Google Scholar]

	



Schwiertz, A.; Taras, D.; Schäfer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in Lean and Overweight Healthy Subjects. Obesity 2010, 18, 190–195. [Google Scholar] [CrossRef]

	



Singh, A.; Zapata, R.C.; Pezeshki, A.; Reidelberger, R.D.; Chelikani, P.K. Inulin fiber dose-dependently modulates energy balance, glucose tolerance, gut microbiota, hormones and diet preference in high-fat-fed male rats. J. Nutr. Biochem. 2018, 59, 142–152. [Google Scholar] [CrossRef]

	



Ferrarese, R.; Ceresola, E.R.; Preti, A.; Canducci, F. Probiotics, prebiotics and synbiotics for weight loss and metabolic syndrome in the microbiome era. Eur. Rev. Med. Pharm. Sci. 2018, 22, 7588–7605. [Google Scholar] [CrossRef]

	



Mohammadi-Sartang, M.; Bellissimo, N.; Totosy de Zepetnek, J.O.; Brett, N.R.; Mazloomi, S.M.; Fararouie, M.; Bedeltavana, A.; Famouri, M.; Mazloom, Z. The effect of daily fortified yogurt consumption on weight loss in adults with metabolic syndrome: A 10-week randomized controlled trial. Nutr. Metab. Cardiovasc. Dis. 2018, 28, 565–574. [Google Scholar] [CrossRef]

	



Ojo, O.; Feng, Q.-Q.; Ojo, O.O.; Wang, X.-H. The Role of Dietary Fibre in Modulating Gut Microbiota Dysbiosis in Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis of Randomised Controlled Trials. Nutrients 2020, 12, 3239. [Google Scholar] [CrossRef]

	



Roden, M. Diabetes mellitus—Definition, Klassifikation und Diagnose. Wien. Klin. Wochenschr. 2012, 124, 1–3. [Google Scholar] [CrossRef]

	



World Health Organization. Global Report on Diabetes; WHO: Geneva, Switzerland, 2016. [Google Scholar]

	



Salazar, J.; Angarita, L.; Morillo, V.; Navarro, C.; Martínez, M.S.; Chacín, M.; Torres, W.; Rajotia, A.; Rojas, M.; Cano, C.; et al. Microbiota and Diabetes Mellitus: Role of Lipid Mediators. Nutrients 2020, 12, 3039. [Google Scholar] [CrossRef]

	



Schwartz, S.S.; Epstein, S.; Corkey, B.E.; Grant, S.F.; Gavin, J.R., 3rd; Aguilar, R.B. The Time Is Right for a New Classification System for Diabetes: Rationale and Implications of the β-Cell-Centric Classification Schema. Diabetes Care 2016, 39, 179–186. [Google Scholar] [CrossRef]

	



Defronzo, R.A. Banting Lecture. From the triumvirate to the ominous octet: A new paradigm for the treatment of type 2 diabetes mellitus. Diabetes 2009, 58, 773–795. [Google Scholar] [CrossRef]

	



Gurung, M.; Li, Z.; You, H.; Rodrigues, R.; Jump, D.B.; Morgun, A.; Shulzhenko, N. Role of gut microbiota in type 2 diabetes pathophysiology. EBioMedicine 2020, 51, 102590. [Google Scholar] [CrossRef]

	



Morales, P.; Fujio, S.; Navarrete, P.; Ugalde, J.A.; Magne, F.; Carrasco-Pozo, C.; Tralma, K.; Quezada, M.; Hurtado, C.; Covarrubias, N.; et al. Impact of Dietary Lipids on Colonic Function and Microbiota: An Experimental Approach Involving Orlistat-Induced Fat Malabsorption in Human Volunteers. Clin. Trans. Gastroenterol. 2016, 7, e161. [Google Scholar] [CrossRef]

	



Larsen, N.; Vogensen, F.K.; van den Berg, F.W.J.; Nielsen, D.S.; Andreasen, A.S.; Pedersen, B.K.; Al-Soud, W.A.; Sørensen, S.J.; Hansen, L.H.; Jakobsen, M. Gut Microbiota in Human Adults with Type 2 Diabetes Differs from Non-Diabetic Adults. PLoS ONE 2010, 5, e9085. [Google Scholar] [CrossRef]

	



Medina-Vera, I.; Sanchez-Tapia, M.; Noriega-López, L.; Granados-Portillo, O.; Guevara-Cruz, M.; Flores-López, A.; Avila-Nava, A.; Fernández, M.L.; Tovar, A.R.; Torres, N. A dietary intervention with functional foods reduces metabolic endotoxaemia and attenuates biochemical abnormalities by modifying faecal microbiota in people with type 2 diabetes. Diabetes Metab. 2019, 45, 122–131. [Google Scholar] [CrossRef]

	



Von Scholten, B.J.; Reinhard, H.; Hansen, T.W.; Schalkwijk, C.G.; Stehouwer, C.; Parving, H.H.; Jacobsen, P.K.; Rossing, P. Markers of inflammation and endothelial dysfunction are associated with incident cardiovascular disease, all-cause mortality, and progression of coronary calcification in type 2 diabetic patients with microalbuminuria. J. Diabetes Complicat. 2016, 30, 248–255. [Google Scholar] [CrossRef]

	



Roohi, A.; Tabrizi, M.; Abbasi, F.; Ataie-Jafari, A.; Nikbin, B.; Larijani, B.; Qorbani, M.; Meysamie, A.; Asgarian-Omran, H.; Nikmanesh, B.; et al. Serum IL-17, IL-23, and TGF-β levels in type 1 and type 2 diabetic patients and age-matched healthy controls. BioMed Res. Int. 2014, 2014, 718946. [Google Scholar] [CrossRef]

	



Durazzo, A.; Nazhand, A.; Lucarini, M.; Atanasov, A.G.; Souto, E.B.; Novellino, E.; Capasso, R.; Santini, A. An Updated Overview on Nanonutraceuticals: Focus on Nanoprebiotics and Nanoprobiotics. Int. J. Mol. Sci. 2020, 21, 2285. [Google Scholar] [CrossRef]

	



Markus, J.; Mathiyalagan, R.; Kim, Y.-J.; Abbai, R.; Singh, P.; Ahn, S.; Perez, Z.E.J.; Hurh, J.; Yang, D.C. Intracellular synthesis of gold nanoparticles with antioxidant activity by probiotic Lactobacillus kimchicus DCY51T isolated from Korean kimchi. Enzym. Microb. Technol. 2016, 95, 85–93. [Google Scholar] [CrossRef]

	



Ahluwalia, V.; Betrapally, N.S.; Hylemon, P.B.; White, M.B.; Gillevet, P.M.; Unser, A.B.; Fagan, A.; Daita, K.; Heuman, D.M.; Zhou, H.; et al. Impaired Gut-Liver-Brain Axis in Patients with Cirrhosis. Sci. Rep. 2016, 6, 26800. [Google Scholar] [CrossRef]

	



Wang, X.; Li, Y.; Wu, L.; Xiao, S.; Ji, Y.; Tan, Y.; Jiang, C.; Zhang, G. Dysregulation of the gut-brain-skin axis and key overlapping inflammatory and immune mechanisms of psoriasis and depression. Biomed. Pharm. 2021, 137, 111065. [Google Scholar] [CrossRef]








[image: Microorganisms 10 01428 g001 550] 





Figure 1. Microbiota–gut–brain axis. The interaction between the gut microbiota and CNS regulates diverse neurodegenerative diseases, developmental disorders, and mood changes. Gut bacteria produce metabolites, such as SCFAs (acetate, propionate, and butyrate), tryptophan metabolites (indole and its derivatives), and microbial neurotransmitters (GABA, serotonin, and catecholamines), which become activation signals at the ENS level in order to facilitate communication between the gut and brain via immune cells and cytokines. Depending on the composition of the gut microbiota, this may lead to protective effects when in balance or favor disease development in dysbiosis: CNS, central nervous system; SCFAs, short-chain fatty acids; GABA, γ-aminobutyric acid; ENS, enteric nervous system; Treg, regulatory T lymphocyte. Created with BioRender.com. 






Figure 1. Microbiota–gut–brain axis. The interaction between the gut microbiota and CNS regulates diverse neurodegenerative diseases, developmental disorders, and mood changes. Gut bacteria produce metabolites, such as SCFAs (acetate, propionate, and butyrate), tryptophan metabolites (indole and its derivatives), and microbial neurotransmitters (GABA, serotonin, and catecholamines), which become activation signals at the ENS level in order to facilitate communication between the gut and brain via immune cells and cytokines. Depending on the composition of the gut microbiota, this may lead to protective effects when in balance or favor disease development in dysbiosis: CNS, central nervous system; SCFAs, short-chain fatty acids; GABA, γ-aminobutyric acid; ENS, enteric nervous system; Treg, regulatory T lymphocyte. Created with BioRender.com.



[image: Microorganisms 10 01428 g001]







[image: Microorganisms 10 01428 g002 550] 





Figure 2. Microbiota–gut–skin axis. Bidirectional communication between the gut microbiota and skin occurs through bacterial metabolites, bacterial translocation, and immune system modulation, either by pathogens or probiotics. (a) Intestinal dysbiosis plays an important role in the inflammatory state of the skin in several dermatoses through the increase in proinflammatory metabolites, cytokines, and lymphocytes. (b) Probiotics help restore the balance through the increase in anti-inflammatory metabolites, such as SCFAs, immune cells, such as Treg lymphocytes, and cytokines, such as IL-10, to reduce and control the inflammation produced during these cutaneous pathologies: SCFAs, short-chain fatty acids; APC, antigen-presenting cell. Created with Biorender.com. 
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Figure 3. Microbiota–gut–lung axis. The microbiota–gut–lung communication is bidirectional, through the lymph and blood circulation, being conducted by metabolites released in both mucous membrane tissues. The presence of intestinal dysbiosis during lung disease plays a key role through its immunomodulatory capacity. In COPD, ventilation–perfusion mismatch leads to intestinal tissue hypoxia and epithelial cell damage associated with dysbiosis, which induces a decrease in SCFA secretion, an increase in the Th17/Treg ratio, and the secretion of proinflammatory cytokines, which correlates with pulmonary inflammation. In asthma, intestinal dysbiosis correlates positively with disease severity. The decrease in A. muciniphila and increase in the alveolar epithelium permeability are associated with a decrease in Bacteroides acidifaciens and butyric acid concentration. In COVID-19, SARS-CoV-2 decreases the ACE2 expression in the gut, which is associated with gut dysbiosis, with an increase in pathogens and a decrease in probiotic bacteria. This leads to an increase in intestinal permeability, proinflammatory markers, neutrophil recruitment, and cell activation in the pulmonary tissue. Prebiotic, probiotic, and postbiotic supplementation restores GM, reduces inflammation in the airways, restores the balance between cytokine and chemokine production, decreases leucocyte recruitment, and increases the SCFA concentration: COPD, chronic obstructive pulmonary disease; SCFAs, short-chain fatty acids; COVID-19, coronavirus disease 2019; FEV1, forced expiratory volume in the first second; ALT, alanine transaminase; AST, aspartate transaminase; LDH, lactate dehydrogenase; CK, creatine kinase; Treg, regulatory T lymphocyte. Created with Biorender.com. 
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Figure 4. Microbiota–gut–heart axis. Through the gut microbiota and heart communication axis, ID may trigger or exacerbate heart diseases, such as hypertension, atherosclerosis, CAD, and even heart failure. In this case, ID favors the presence of bacteria that produce toxic metabolites, such as TMA, TMAO, indoxyl sulfate, and other endotoxins, which are responsible for the detrimental relationship between gut and heart. On the other hand, a balanced gut microbiota favors the production of SCFAs, bile acids, and other compounds that promote homeostatic processes in the heart: CAD, coronary artery disease; TMA, trimethylamine; TMAO, trimethylamine N-oxide; SCFAs, short-chain fatty acids. Created with Biorender.com. 
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Figure 5. Microbiota–gut–metabolism axis. In obesity and T2DM, the inflammatory state is not produced by infections or autoimmune factors but by metabolic dysfunction in a condition known as metainflammation. The most abundant bacterial phyla of the gut microbiota are Firmicutes and Bacteroidetes; however, people with T2DM or obesity have an imbalanced proportion of these bacteria in contrast to healthy subjects. In addition, there is an increase in bacterial translocation and blood LPS, which promotes proinflammatory cytokines such as IL-6 and TNF-α. Prebiotic and probiotic intake promotes the positive modulation of the gut microbiota, produces greater saccharolytic and SCFAs fermentation, improves epithelial barrier function, and increases the abundance of anti-inflammatory markers such as IL-4 and IL-10. The increase in SCFAs impacts the release of intestinal hormones PYY and GLP-1 and is associated with the inhibition of triglyceride and cholesterol synthesis. It also reduces bacterial translocation and the production of proinflammatory markers: T2DM, type 2 diabetes mellitus; SCFAs, short-chain fatty acids; PYY, peptide YY; GLP-1, glucagon-like peptide 1; CRP, C-reactive protein. Created with Biorender.com. 
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Table 1. Murine models and clinical trials on the use of probiotics in ASD.
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	Study Model
	Treatment
	Effect
	Ref.





	Autism model in BTBR mice
	Ligilactobacillus salivarium HA-118 and Lacticaseibacillus rhamnosus HA-114
	Effect on positive modulation of social interaction, gut microbial diversity, and brain–gut axis signaling molecules
	[76]



	Autism model in C57BL/6N mice
	Bacteroides fragilis
	Improvement in intestinal permeability, alteration in gut microbiota, and improvement in communicative and sensorimotor behavior
	[77]



	Double-blind, placebo-controlled trial in children with ASD from Taiwan
	Lactiplantibacillus plantarum PS128
	Improvement in opposition/defiance behavior
	[78]



	Randomized controlled trial in children with ASD
	Lactobacillus, Bifidobacteria, and Streptococcus thermophilus
	Trial in progress
	[86]



	Shank3 mice model of autism
	Limosilactobacillus reuteri
	Attenuation of antisocial behavior and repetitive behaviors; modulation of GABA levels
	[79]



	Autistic behavior in rats
	Lactobacillus helveticus CCFM1076 and Lactobacillus acidophilus JCM1132
	Improvement in autistic behavior through regulation of neurotransmitter homeostasis
	[80]



	Model of autism in male Wistar rats
	Lactobacillus spp. and Bifidobacterium spp.
	Attenuation of behavioral symptoms and improvement in social behavior
	[81]



	Model of autism in Wistar rats
	Bifidobacterium longum CCFM1077
	Regulation of GABA neurotransmitter levels
	[82]
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Table 2. Murine models and clinical trials on the use of probiotics in AD.
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	Study Model
	Treatment
	Effect
	Ref.





	Dust-mite-induced AD in NC⁄Nga mice
	Lactiplantibacillus plantarum CJLP55, CJLP133 and CJLP136
	Decrease in AD-like skin lesions, IgE levels, eosinophil and mast cell infiltration, and IL-4 and IL-5 production; increase in IL-10 and IFN-γ and Treg cells
	[153]



	Ovalbumin-induced AD in SKH-1/Hr mice
	Lacticaseibacillus rhamnosus Lcr35®
	Decrease in AD-like skin lesions, IgE levels, inflammatory cell infiltration, and IL-4 and TSLP production; increase in Treg cells
	[152]



	Dust-mite-induced AD in NC⁄Nga mice
	Lacticaseibacillus rhamnosus IDCC32 tyndallized
	Improvement in AD symptoms and decrease in mast cell infiltration, IgE levels, and IL-4 production
	[154]



	DCNB-induced AD in NC⁄ Nga mice
	Faecalibacterium prausnitzii EB-FPDK11 and Akkermansia muciniphila EB-AMDK19
	Improvement in AD symptoms, skin lesions, and Th1/Th2 ratio; decrease in IgE levels, eosinophil and mast cell infiltration, and IL-4 and TSLP production; increase in filaggrin, ZO-1, and claudin-1
	[155]



	DNFB-induced AD in C57BL/6 mice
	Bifidobacterium longum CCFM1029
	Increased indole-3-carbaldehyde production. Inhibition of Th2 immune response; decreased TSLP, IL-4, and IL-5 production
	[156]



	Randomized, double-blind, placebo-controlled trial in pregnant women and infants
	Lacticaseibacillus rhamnosus GG, Lacticaseibacillus rhamnosus LC705, Bifidobacterium breve Bb99, and Propionibacterium freudenreichii subsp.

shermanii JS
	Prevention of AD development
	[150]



	Randomized, double-blind, placebo-controlled trial in pregnant women
	Bifidobacterium bifidum BGN4, Bifidobacterium lactis AD011, and Lactobacillus acidophilus AD031
	Prevention of AD development
	[151]



	Randomized, double-blind trial in neonates
	Lacticaseibacillus rhamnosus LCS-742 and Bifidobacterium longum subsp. infantis M63
	Prevention of AD development
	[149]



	Cohort of pregnant women and infants
	Probiotic milk containing Lactobacillus acidophilus LA-5, Bifidobacterium lactis Bb12, and Lacticaseibacillus rhamnosus GG
	Reduction in AD incidence
	[147]



	Open trial in pregnant women and infants
	Bifidobacterium breve M-16V and Bifidobacterium longum BB536
	Prevention of AD development
	[148]



	Randomized, double-blind, placebo-controlled trial in AD patients
	Ligilactobacillus salivarius LS01 and Bifidobacterium breve BR03
	Improvement in AD symptoms and in Th17/Treg and Th1/Th2 ratios; reduction in microbial translocation and immune activation
	[160]



	Randomized, double-blind, placebo-controlled trial in children with AD
	Lacticaseibacillus rhamnosus IDCC32 tyndallized
	Improvement in AD symptoms; decrease in eosinophil cationic protein and IL-31
	[162]



	Randomized, double-blind, placebo-controlled trial in children with AD
	Bifidobacterium animalis subsp. lactis CECT 8145, Bifidobacterium longum CECT 7347, and Lacticaseibacillus casei CECT 9104
	Improvement in AD symptoms
	[158]



	Randomized, double-blind, placebo-controlled trial in AD patients
	Lactiplantibacillus plantarum PBS067, Limosilactobacillus reuteri PBS072, and Lacticaseibacillus rhamnosus LRH020
	Improvement in AD symptoms; decrease in TNFα, TSLP, and CCL17 levels
	[159]



	Randomized, double-blind, placebo-controlled trial in AD patients
	Bifidobacterium longum CCFM1029
	Improvement in AD symptoms; increased indole-3-carbaldehyde production; decreased IgE levels
	[156]
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Table 3. Effect of probiotics and prebiotics in mouse models and clinical trials in lung diseases.
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	Study Model
	Treatment
	Effect
	Ref.





	COPD model in C57BL/6 mice
	Lacticaseibacillus rhamnosus and Bifidobacterium breve
	Decreased inflammatory microenvironment in lung; reduction in alveolar enlargement and collagen deposition
	[199]



	Emphysema model in C57BL/6 mice
	Cellulose and citrus pectin supplement
	Beneficial modification of the intestinal microbiota and the metabolomic profile; decrease in the severity of emphysema progression
	[200]



	COPD model C57BL/6 and BALB/c mice
	Parabacteroides goldsteinnii MTS01
	Normalized lung function; decrease in IL-1β and TNFα expression in lung tissue and colon
	[201]



	Prospective cohort study in women with COPD
	Total dietary fiber
	Inverse association between total dietary fiber intake and the risk of COPD development
	[202]



	Randomized, double-blind, placebo-controlled trial in patients with COPD
	Multistrain probiotic: “Vivomix 112 billion”
	Improvement in muscle strength and functional performance in COPD patients by reducing intestinal permeability and stabilizing the neuromuscular junction
	[203]



	Randomized, double-blind, placebo-controlled trial in infants with atopic dermatitis
	Bifidobacterium breve M-16V and a galacto/fructooligosaccharide mixture (Immunofortis®)
	Prevention of asthma-like symptoms in infants with atopic dermatitis; decreased prevalence of frequent wheezing and noisy breathing
	[204]



	Ovalbumin-induced asthma model in Wistar rats
	Lactococcus lactis NZ9000
	Decrease in eosinophil infiltration, IL-4, IL-5, and IgE levels; increase in IgA, MUC-2, and claudin expression in intestine; normalization of the intestinal morphological alterations
	[205]



	Prenatal asthma risk model in pregnant BALB/c mice
	Bifidobacterium breve M-16V
	Decrease in eosinophil infiltration, IL-5, and IL-13 expression in neonatal mice; reduced lung inflammation in neonatal mice
	[206]



	Randomized, double-blind, placebo-controlled trial in infants with asthma risk
	Lacticaseibacillus rhamnosus GG
	No improvement was found
	[207]



	Retrospective cohort study in adults with severe COVID-19 pneumonia
	Probiotic mix Sivomixx®, composed of: Streptococcus thermophilus DSM 32245, Bifidobacterium lactis DSM 32246, Bifidobacterium lactis DSM 32247, Lactobacillus acidophilus DSM 32241, Lactobacillus helveticus DSM 32242, Lacticaseibacillus paracasei DSM 32243, Lactiplantibacillus plantarum DSM 32244, and Levilactobacillus brevis DSM 27961
	Improvement in survival rate of pneumonia
	[208]



	Retrospective cohort study in hospitalized adults by COVID-19
	Probiotic mix Sivomixx®, composed of: Streptococcus thermophilus DSM 32245, Bifidobacterium lactis DSM 32246, Bifidobacterium lactis DSM 32247, Lactobacillus acidophilus DSM 32241, Lactobacillus helveticus DSM 32242, Lacticaseibacillus paracasei DSM 32243, Lactiplantibacillus plantarum DSM 32244, and Levilactobacillus brevis DSM 27961
	Lower risk of respiratory failure development with resuscitation support; improvement in COVID-19-related signs and symptoms
	[209]
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Table 4. Murine models and clinical trials on the use of probiotics in CVD.
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	Study Model
	Treatment
	Effect
	Ref.





	ApoE−/− mice fed with high-fat diet
	Lactobacillus acidophilus ATCC 4356
	Prevention of atherosclerosis development
	[258]



	ApoE−/− mice fed with high-fat diet
	Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, Lactiplantibacillus plantarum, Lacticaseibacillus paracasei, Lactobacillus bulgaricus, and Streptococcus thermophilus
	Reduction in atherosclerotic plaques and vascular inflammation
	[259]



	Randomized, double-blind, placebo-controlled trial in obese postmenopausal women
	Bifidobacterium bifidum W23, Bifidobacterium lactis W51, Bifidobacterium lactis W52, Lactobacillus acidophilus W37, Levilactobacillus brevis W63, Lacticaseibacillus casei W56, Ligilactobacillus salivarius W24, Lactococcus lactis W19, and Lactococcus lactis W58
	Decreased BP, VEGF, IL-6, TNFα, and thrombomodulin
	[260]



	Randomized, controlled clinical trial in subjects with metabolic syndrome
	Lacticaseibacillus casei Shirota
	No improvement found
	[261]



	Clinical trial in men with CAD
	Lactiplantibacillus plantarum 299v
	Improvement in vascular function; decrease in I-8, IL-12, and leptin; increase in propionate
	[262]



	Randomized, double-blind, placebo-controlled trial in CAD patients
	Lactiplantibacillus plantarum 299v
	Decrease in BP, leptin, IL-6, and fibrinogen levels
	[263]



	Rats with coronary artery occlusion
	Lacticaseibacillus rhamnosus GR-1
	Attenuation of left ventricular hypertrophy and heart failure
	[264]



	Randomized, double-blind, placebo-controlled trial in patients with heart failure
	Saccharomyces boulardii
	Improvement in cardiovascular function; reduction in inflammatory markers
	[265]
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Table 5. Murine models and clinical trials on the use of probiotics in obesity and T2DM.
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	Study Model
	Treatment
	Effect
	Ref.





	Randomized, double-blind, placebo-controlled trial on obese subjects
	Lactobacillus gasseri BNR17
	Decreased visceral adipose tissue (VAT) with high probiotic doses; reduction in waist circumference with both low and high probiotic doses
	[311]



	Randomized, double-blind, placebo-controlled trial on obese subjects
	Bifidobacterium animalis subsp. lactis 420™ (B420)
	Reduction in waist circumference
	[312]



	Randomized, double-blind, placebo-controlled trial on overweight and obese women
	Lactobacillus acidophilus, Lacticaseibacillus casei, Lactococcus lactis, Bifidobacterium bifidum, and Bifidobacterium lactis
	Reduction in the waist circumference, waist/height ratio, conicity index, and plasma PUFAs
	[313]



	Randomized, parallel, double-blind, placebo-controlled trial on abdominally obese subjects
	Bifidobacterium animalis subsp. lactis CECT 8145 (Ba8145)
	Decrease in waist circumference, waist circumference/height ratio, and BMI; increase in Akkermansia spp.
	[314]



	Randomized, parallel, double-blind, placebo-controlled trial on overweight subjects
	Lab4P probiotic: Lactobacillus acidophilus CUL60, Lactobacillus acidophilus CUL21, Lactiplantibacillus plantarum CUL66, Bifidobacterium bifidum CUL20, and Bifidobacterium animalis subsp. lactis CUL34
	Decrease in body weight, waist circumference, and hip circumference, but no changes in BP
	[315]



	High-fat-diet-induced obesity in C57BL/6 mice
	Lacticaseibacillus rhamnosus GG
	Improvement in insulin resistance; decrease in gluconeogenesis; increase in fatty acid oxidation in the liver and GLUT4 mRNA expression in skeletal muscle; enhanced adiponectin production
	[316]



	MSG-induced obesity in Wistar rats
	Multiprobiotic Symbiter® composed of 14 probiotic bacteria of genera Bifidobacterium, Lacticaseibacillus, Lactococcus, and Propionibacterium
	Reduction in total body and VAT weight; improvement in insulin sensitivity; prevention of nonalcoholic fatty liver development
	[317]



	Randomized, double-blind, placebo-controlled trial in T2DM patients
	Lactobacillus acidophilus, Lacticaseibacillus casei, Lacticaseibacillus rhamnosus, Lactobacillus bulgaricus, Bifidobacterium breve, Bifidobacterium longum, and Streptococcus thermophilus
	Decrease in fasting plasma glucose; increase in HDL cholesterol
	[318]



	High-fat-diet-induced obesity in C57BL/6J mice
	Latilactobacillus sakei OK67
	Downregulation of peroxisome proliferator-activated receptor γ, fatty acid synthase, and TNFα expression in adipose tissue; decrease in hyperglycemia and inflammation; increase in tight junction proteins in colon
	[319]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Healthy skin

Inflammation

L

h,,,w&- " o
“ ll ) y_ w@%
N 1111168
>l
_h o
(e
i1
s
¥ <A 0
A 0
Sal | JHOS
|
(%
il
TGN 7
AN w
b
il
i
e ¢ O
(o= il
Sl 1676
20 ¢ Millgoe
¥ W
P

siuwapid

ik

N AR

Y

. N

en SN
E. coli

W N
\ Lactobacr‘lk?

Bifidobacterium

C. difficile

(b) Probiotics

iosis

(a) Dysb





nav.xhtml


  microorganisms-10-01428


  
    		
      microorganisms-10-01428
    


  




  





media/file2.png
Brain Gut

Enteric immune

°®
[ ]
: e : 0e® system
[ ] .. B o .:
: °% o ireg Immune
Cytokines cells

Neurodegenerative / ’%

disorders Acetate Butvrate Catecholamine  gerotonin

Developmental w S
disorders -
Y
S \ N
Mood changes

Tryptophan
SCFAs metabolites

Intestinal Microbiota





media/file5.jpg
L“"g Dysbiosis Microbiota restoration
R o
e } =
—
e e
Ventdation-pertusion N \ Emphysema progression.
= |t

i

Bidirectional
Gut-lung
axis

=
e I

Gut 1 o

f—

¥ et €| st

Epptitcat

e (e
\bwﬂ!-u =

l Bacteroidetes T Firmicutes






media/file3.jpg
omton N &
josis (b) Probiotics






media/file1.jpg





media/file7.jpg





media/file10.png
Diabetes & Obesity

t

Triglycerides

Bacterial translocation Triglycerides

Bacterial translocation

LPS/IL-6 / TNFa/ CRP
LPS/IL-6 / TNFa / CRP
Barrier function Barrier function
SCFAs / GLP-1/PYY SCFAs / GLP-1/ PYY
IL-4 /IL-10 IL-4 / IL-10
® ® e e 2 ®

« B F. 2 £ £ F
3 - INE E 3 B . 8
\ k=3 @ \ L ] & \ 2 [ \ <3
Teeie® N X oo e’ “ "« &« Probiotics fesie®
1 “
o ® @@’ Dysbmsis\ o ® @ e/ N b o ® ®lo N N .ooo.\ b
) @ ® - o B @ e - W\
e * TSI °*° BN MF ¢ = - B s ~
® ® g S . %
N LY AR .~ e & ™ = o . ~
® ....:..o ® . o o. ‘o o....o SCrA o....
|Bacteroidetes | |Bacteroidetes |
Inflammation
Insulin
sensitivity
Insulin | Firmicutes | |_Firmicutes |

resistance f
f Obese Non-Obese ‘





media/file9.jpg
Diabetes & Obesity

Trgherides
Bacurt valcaton Tgeundes
v Sacari ansosaian

fipevie )

st Sarierrction
scine et 1o 4 R
pore reh






media/file0.png





media/file8.png
&

N O ==

f Atherosclerosis
Hoart falle ypecension Coronary arteries disease Homeostasis
SCFA
Bile acids
Anti-inflammatory
metabolites
Mlllllﬂlﬂi’ B et o o e
L L L R B L L LR LU B R
3 ® o [ o]
o ® o

Dysbiosis Probiotics





media/file6.png
Dysbiosis Microbiota restoration
Lung I Pul Infl ' ’
Asthma uimonary In ammation .
|
COPD Pu monary Inflammation

Inflammatory cytokines
Recruitment of leukocytes
Emphysema progression

COVID-19 / .
Alveolar permeability \

Ventilation-perfusion )
mismatch Akkermansia

muciniphila
l FEV1

l: Total SCFAs |, Butyric acid

Bidirectional ‘I Totalscm"‘ o . ° .

IL-6, TNF-a, CRP,
ALT, AST, LDH, CK

Gut-lung S
Blood ‘I N .«

axis balance

Gut |

V Tissue hypoxia ACE2
a -defensin (N Microbiota Probiotic:
Epithelial cell Thi1/Tiep t t restoration Lactobacillus rhamnosus
damage ‘ SCFAs - Lactobacillus breve
. w / Bifidobacterium breve
\b Dysbiosis Prebiotic:
Fiber
Inuline

: . . Treg/Foxp3+ T o

1 Bacteroidetes I Firmicutes B  Postbiotic:
Micronutrients

SCFAs






