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Type 2 diabetes (T2D) and Non-Alcoholic Fatty Liver Disease (NAFLD) are pathologies whose prevalence continues to increase worldwide. Both diseases are precipitated by an excessive caloric intake, which promotes insulin resistance and fatty liver. The role of the intestine and its crosstalk with the liver in the development of these metabolic diseases is receiving increasing attention. Alterations in diet-intestinal microbiota interactions lead to the dysregulation of intestinal functions, resulting in altered metabolite and energy substrate production and increased intestinal permeability. Connected through the portal circulation, these changes in intestinal functions impact the liver and other metabolic organs, such as visceral adipose tissue, hence participating in the development of insulin resistance, and worsening T2D and NAFLD. Thus, targeting the intestine may be an efficient therapeutic approach to cure T2D and NAFLD.

In this review, we will first introduce the signaling pathways linking T2D and NAFLD. Next, we will address the role of the gut-liver crosstalk in the development of T2D and NAFLD, with a particular focus on the gut microbiota and the molecular pathways behind the increased intestinal permeability and inflammation. Finally, we will summarize the therapeutic strategies which target the gut and its functions and are currently used or under development to treat T2D and NAFLD.

T2D and NAFLD, two closely linked multi-organ pathologies

Diabetes is the most common metabolic disease worldwide. With the western lifestyle pandemic, this multifactorial disease has a worldwide prevalence estimated at 500 million patients [START_REF] Evans | Risk Prediction of the Diabetes Missing Million: Identifying Individuals at High Risk of Diabetes and Related Complications[END_REF]. The majority of diabetic patients suffer from Type 2 Diabetes (T2D), which can be classified in different etiological subgroups [START_REF] Ahlqvist | Novel subgroups of adultonset diabetes and their association with outcomes: a data-driven cluster analysis of six variables[END_REF]. T2D is closely related to other metabolic diseases linked to excessive caloric intake and sedentary life style, such as obesity [START_REF] Evans | Risk Prediction of the Diabetes Missing Million: Identifying Individuals at High Risk of Diabetes and Related Complications[END_REF]. The liver plays a central role in lipid and glucose metabolism, and hepatic insulin resistance (IR) is a hallmark of both T2D and NAFLD [START_REF] Santoleri | Resolving the Paradox of Hepatic Insulin Resistance[END_REF][START_REF] Haas | Pathophysiology and Mechanisms of Nonalcoholic Fatty Liver Disease[END_REF]. Since >70% of T2D patients have NAFLD [START_REF] Younossi | The global epidemiology of NAFLD and NASH in patients with type 2 diabetes: A systematic review and meta-analysis[END_REF][START_REF] Eslam | A new definition for metabolic dysfunction-associated fatty liver disease: An international expert consensus statement[END_REF][START_REF] Mantovani | Non-alcoholic fatty liver disease and risk of incident diabetes mellitus: an updated meta-analysis of 501 022 adult individuals[END_REF], it has been recently proposed to rename NAFLD to "Metabolic Associated Fatty Liver Disease" to highlight this association [START_REF] Eslam | A new definition for metabolic dysfunction-associated fatty liver disease: An international expert consensus statement[END_REF].

NAFLD is a progressive disease initiated by an increase of hepatic lipid content, termed steatosis, the "Non-Alcoholic Fatty Liver" (NAFL) stage. When steatosis becomes chronic, a more complicated histological pattern appears characterized by an increased number of inflammatory foci associated with hepatocyte balloonisation, the "Non-Alcoholic SteatoHepatitis" (NASH) stage. NAFL and NASH are reversible but, without life-style or medical intervention, liver fibrosis progressively appears developing over decades to cirrhosis and hepatocarcinoma [START_REF] Lonardo | Hypertension, diabetes, atherosclerosis and NASH: Cause or consequence?[END_REF][START_REF] Sheka | Nonalcoholic Steatohepatitis: A Review[END_REF].

The development of diagnostic tools to detect the presence of NASH and its progression to fibrosis is crucial given its increasing prevalence. Today, the gold standard of NASH diagnosis is based on scoring of the histological features of NASH on hepatic biopsies [START_REF] Sheka | Nonalcoholic Steatohepatitis: A Review[END_REF]. However, needle biopsies are not without risk and reader variability exists, precluding its application to large numbers of patients. Thus, non-invasive techniques based on biomarkers are being developed to facilitate diagnosis and stage identification [START_REF] Harrison | A blood-based biomarker panel (NIS4) for non-invasive diagnosis of non-alcoholic steatohepatitis and liver fibrosis: a prospective derivation and global validation study[END_REF]. In addition, Magnetic Resonance Imaging (MRI) is used to estimate the hepatic fat content and liver ultrasound elastography to determine the degree of fibrosis [START_REF] Allen | Multiparametric Magnetic Resonance Elastography Improves the Detection of NASH Regression Following Bariatric Surgery[END_REF]. As NAFLD is linked to other metabolic diseases, these new diagnostic tools can be more easily applied to patients suffering from common NAFLD co-morbidities, such as T2D and cardiovascular disease [START_REF] Lonardo | Hypertension, diabetes, atherosclerosis and NASH: Cause or consequence?[END_REF].

It is still unclear whether T2D and NAFLD develop independently or not, but several studies indicate that the hepatic IR observed in T2D promotes NAFLD progression. Both metabolic diseases imply a suspended dialogue between the different metabolic organs (Figure 1). In the initial phase of glucose intolerance, the chronic hyperinsulinemia leads to decreased hepatic insulin receptor signaling due to reduced receptor synthesis and signal transduction defects , hence resulting in hepatic IR [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF]. Moreover, the dialogue between adipose tissue and liver is impaired in obesity and NAFLD, with decreased adiponectin secretion and increased release of free fatty acids by adipose tissue, which worsen hepatic steatosis and fibrosis [START_REF] Khan | Modulation of Insulin Resistance in Nonalcoholic Fatty Liver Disease[END_REF][START_REF] Donnelly | Sources of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease[END_REF]. As a consequence to the loss of insulin sensitivity, hepatic steatosis increases, associated with a dysregulation of liver glycogenesis, gluconeogenesis and lipid synthesis [START_REF] Santoleri | Resolving the Paradox of Hepatic Insulin Resistance[END_REF].

The sustained increase of bioactive lipids, such as ceramides and diacylglycerols, increase IR by altering hepatic insulin receptor signaling. Indeed, diacylglycerols activate protein kinase C isoforms which phosphorylate insulin receptor substrates [START_REF] Bezy | PKCδ regulates hepatic insulin sensitivity and hepatosteatosis in mice and humans[END_REF][START_REF] Perry | The role of hepatic lipids in hepatic insulin resistance and type 2 diabetes[END_REF]. Moreover, ceramides produced in hepatocytes or released by the intestine [START_REF] Holland | Lipid-induced insulin resistance mediated by the proinflammatory receptor TLR4 requires saturated fatty acid-induced ceramide biosynthesis in mice[END_REF][START_REF] Jiang | Intestinal farnesoid X receptor signaling promotes nonalcoholic fatty liver disease[END_REF] enhance protein kinase Cζ and phosphatase A2 which inhibit Akt2 [START_REF] Bikman | Ceramides as modulators of cellular and whole-body metabolism[END_REF], hence aggravating hepatic IR. Ceramides and diacylgycerols drive hepatocyte endoplasmic reticulum stress, induce liver inflammation, via pathways including the Nucleotide-binding oligomerization domain-Like Receptor Pyrin domain-containing-3 (NLRP3) inflammasome, and apoptosis [START_REF] Pihlajamäki | Serum interleukin 1 receptor antagonist as an independent marker of non-alcoholic steatohepatitis in humans[END_REF][START_REF] Schwabe | Apoptosis and necroptosis in the liver: a matter of life and death[END_REF][START_REF] Shulman | Ectopic fat in insulin resistance, dyslipidemia, and cardiometabolic disease[END_REF]. These mechanisms promote the hepatic recruitment of immune cells, including macrophages, dendritic cells and CD8 + T lymphocytes [START_REF] Haas | Transcriptional Network Analysis Implicates Altered Hepatic Immune Function in NASH development and resolution[END_REF][START_REF] Breuer | CD8+ T cells regulate liver injury in obesity-related nonalcoholic fatty liver disease[END_REF][START_REF] Dudek | Auto-aggressive CXCR6+ CD8 T cells cause liver immune pathology in NASH[END_REF], maintaining inflammation and activating hepatic stellate cells resulting in fibrosis [START_REF] Bhattacharjee | Hepatic Natural Killer T-cell and CD8+ T-cell Signatures in Mice with Nonalcoholic Steatohepatitis[END_REF][START_REF] Arriazu | Signalling via the osteopontin and high mobility group box-1 axis drives the fibrogenic response to liver injury[END_REF]. Muscle IR is linked to a decrease of muscular glycogen synthesis and an increase of hepatic de novo lipogenesis after carbohydrate ingestion [START_REF] Petersen | The role of skeletal muscle insulin resistance in the pathogenesis of the metabolic syndrome[END_REF]. In NAFLD patients, low skeletal muscle mass is associated with liver fibrosis development [START_REF] Hsieh | Muscle alterations are independently associated with significant fibrosis in patients with nonalcoholic fatty liver disease[END_REF] and an increase of muscle fat content is associated with NASH [START_REF] Nachit | Muscle fat content is strongly associated with NASH: a longitudinal study in patients with morbid obesity[END_REF]. Furthermore, sarcopenia independently associates with NAFLD in T2D, suggesting that it may contribute to hepatic impairment in these patients [START_REF] Seo | Sarcopenia is associated with non-alcoholic fatty liver disease in men with type 2 diabetes[END_REF]. Moreover, the hepatic damages in diabetic patients with advanced NAFLD may further promote organ dysfunctions, such as chronic kidney disease, cardiovascular complications or neurodegenerative diseases [START_REF] Targher | Risk of cardiovascular disease in patients with nonalcoholic fatty liver disease[END_REF][START_REF] Targher | Nonalcoholic fatty liver disease and chronic vascular complications of diabetes mellitus[END_REF][START_REF] Mantovani | Screening for non-alcoholic fatty liver disease using liver stiffness measurement and its association with chronic kidney disease and cardiovascular complications in patients with type 2 diabetes[END_REF][START_REF] Weinstein | Association of Nonalcoholic Fatty Liver Disease With Lower Brain Volume in Healthy Middle-aged Adults in the Framingham Study[END_REF][START_REF] Weinstein | Non-alcoholic fatty liver disease, liver fibrosis score and cognitive function in middle-aged adults: The Framingham Study[END_REF]. Thus, the dysregulation of cross-talk between liver and other metabolic organs plays a crucial role in the development of these metabolic diseases In this review, we will discuss the role of the disrupted gut-liver crosstalk in T2D and NAFLD, focusing on changes in gut microbiota, gut permeability, the entero-hepatic cycle, the endocrine intestine and the immune system. Finally, we will discuss the intestine and its functions as potential therapeutic targets for the treatment of T2D and NAFLD.

The role of gut-liver cross-talk disruption in T2D and NAFLD

The intestine is a complex tissue with many functions: it is not only a physical barrier controlling the absorption of nutrients, but also a site of hormone production and an immunological checkpoint.

The gut lumen also hosts the microbiota, which are essential in the maintenance of a proper energy whole body balance. Through its direct anatomical connection with the liver via the portal vein, the intestine also directly regulates hepatic metabolism. Disruption of the dialogue between the intestine and the liver is likely a major contributor to the development of metabolic diseases such as T2D and NAFLD (Figure 2).

Dysregulation of intestinal lipid metabolism promotes dyslipidemia and hepatic steatosis

The main function of the intestine is the absorption of nutrients. For instance, dietary lipids like triglycerides (TG) are hydrolyzed by pancreatic lipase. Released fatty acids are then transported in enterocytes by specific intestinal fatty acid carriers. In the enterocyte, re-assembled TG are packaged into triglyceride-rich lipoproteins called chylomicrons, which are excreted at the basolateral side of enterocytes. Furthermore, the gut also plays a buffering role by storing lipids after high fat meals in enterocytes, which are then secreted at later stages depending on the metabolic conditions [START_REF] Stahel | Role of the Gut in Diabetic Dyslipidemia[END_REF].

T2D patients display a postprandial dyslipidemia due to a combination of elevated chylomicron secretion and decreased intra-vascular clearance. Obese and T2D individuals exhibiting systemic IR display also lower insulin-responses in the intestine. The resulting decreased Akt phosphorylation in enterocytes results in an increased chylomicron production [START_REF] Veilleux | Intestinal lipid handling: evidence and implication of insulin signaling abnormalities in human obese subjects[END_REF][START_REF] Nogueira | Absence of acute inhibitory effect of insulin on chylomicron production in type 2 diabetes[END_REF]. Moreover, obesity and IR lead to intestinal inflammation and oxidative stress, as demonstrated by higher intestinal levels of tumor necrosis factor-α (TNF-α) and cyclooxygenase-2 (COX-2) as well as increased basal and lipopolysaccharide (LPS)-induced interleukin 6 (IL-6) secretion [START_REF] Veilleux | Intestinal lipid handling: evidence and implication of insulin signaling abnormalities in human obese subjects[END_REF].

NAFLD patients display also often a dyslipoproteinemia characterized by increased apolipoprotein (Apo) B-containing lipoproteins [START_REF] Nass | High prevalence of apolipoprotein B dyslipoproteinemias in non-alcoholic fatty liver disease: The lifelines cohort study[END_REF]. An elevated TG absorption, associated with high plasma free fatty acid levels, contributes to an increase of de novo hepatic ceramide synthesis, hepatic steatosis and IR in NAFLD patients [START_REF] Tilg | NAFLD and diabetes mellitus[END_REF][START_REF] Luukkonen | Hepatic ceramides dissociate steatosis and insulin resistance in patients with non-alcoholic fatty liver disease[END_REF].

Disruption of the intestinal barrier increases low grade inflammation and liver injury

The intestine is highly selective for the absorption of dietary nutrients and metabolites, while acting as a barrier to protect the organism against harmful molecules and bacterial translocation. The luminal mucus layer, which is mainly produced by mucin-producing goblet cells, prevents bacterial adhesion. The intestinal epithelial cells, which transport the luminal metabolites, also react to noxious stimuli by secreting antimicrobial peptides [START_REF] Pelaseyed | The mucus and mucins of the goblet cells and enterocytes provide the first defense line of the gastrointestinal tract and interact with the immune system[END_REF]. The epithelial cell monolayer is glued together by intercell junctions, notably the tight junctions, which are composed of several proteins, such as zonula occludens 1 (ZO-1), junctional adhesion molecule A (JAM-A) and occludin. These cell junctions establish intestinal integrity and allow specific permeability to control the passage from the lumen to the systemic or lymphatic circulation. In the lamina propria, the intestinal immune system (see next section for details) produces chemokines, cytokines and immunoglobulins (Ig) in response to danger stimuli [START_REF] Turner | Intestinal mucosal barrier function in health and disease[END_REF][START_REF] Camilleri | Leaky gut: mechanisms, measurement and clinical implications in humans[END_REF].

Finally, beyond the lamina propria, the junctions between endothelial cells around the portal vein are increasingly considered as the last layer of the intestinal barrier, called the gut vascular barrier [START_REF] Mouries | Microbiota-driven gut vascular barrier disruption is a prerequisite for non-alcoholic steatohepatitis development[END_REF].

In healthy conditions, most dietary nutrients cross the intestinal barrier through enterocytes, while fluids are mainly passively absorbed in a para-cellular manner [START_REF] Schoultz | The Intestinal Barrier and Current Techniques for the Assessment of Gut Permeability[END_REF]. In inflammatory states and metabolic diseases, tight junctions are disrupted leading to the uncontrolled passage of several microbiota-derived molecules, such as LPS, leading to low grade systemic inflammation and endotoxemia. Although there are only limited studies addressing whether intestinal permeability is dysregulated in T2D patients, a leaky gut has been shown to play a role in type 1 diabetes and NAFLD onset [START_REF] Bosi | Increased intestinal permeability precedes clinical onset of type 1 diabetes[END_REF][START_REF] Munck | Intestinal permeability in human nonalcoholic fatty liver disease: A systematic review and meta-analysis[END_REF]. Miele et al. found an association between increased gut permeability and liver steatosis in biopsyproven NAFLD patients [START_REF] Miele | Increased intestinal permeability and tight junction alterations in nonalcoholic fatty liver disease[END_REF]. The urinary excretion of orally administrated Chromium-51 Ethylene Diamine Tetra-acetate, as an estimate of gut permeability, was higher in NAFLD patients and correlated positively with liver steatosis. Immunohistochemically assessed ZO-1 protein was also decreased in duodenal biopsies of the NAFLD patients [START_REF] Miele | Increased intestinal permeability and tight junction alterations in nonalcoholic fatty liver disease[END_REF]. JAM-A mRNA and protein expression levels are lower in colon biopsies from ultrasonography diagnosed NAFLD subjects [START_REF] Rahman | Loss of Junctional Adhesion Molecule A Promotes Severe Steatohepatitis in Mice on a Diet High in Saturated Fat, Fructose, and Cholesterol[END_REF]. In obese children with NAFLD, diagnosed using MRI and liver biopsy, the intestinal permeability increase positively correlated with liver steatosis, but not with liver inflammation, ballooning nor NASH [START_REF] Pacifico | Increased circulating zonulin in children with biopsy-proven nonalcoholic fatty liver disease[END_REF]. A large meta-analysis of adult and pediatric NAFLD cohorts did not observe a link between increased intestinal permeability and liver inflammation and fibrosis in NAFLD patients [START_REF] Munck | Intestinal permeability in human nonalcoholic fatty liver disease: A systematic review and meta-analysis[END_REF]. Thus, whereas steatosis and intestinal permeability appear connected, the role of intestinal permeability in inflammation and fibrosis is still under debate.

Feeding mice a high fat diet (HFD) increases hepatic steatosis and IR. These mice show body and liver weight increases, fasting hyperglycemia glucose intolerance and hyperinsulinemia [START_REF] Cani | Metabolic endotoxemia initiates obesity and insulin resistance[END_REF]. Intestinal JAM-A deficient mice developed severe liver damage, illustrated by elevated plasma transaminase levels, when fed a NAFLD-inducing high fructose-high sucrose-high cholesterol diet. These mice also showed a rise of systemic LPS exposure, associated with exacerbated hepatic stellate cell activation, fibrosis and inflammation due to hepatic immune cell recruitment [START_REF] Rahman | Loss of Junctional Adhesion Molecule A Promotes Severe Steatohepatitis in Mice on a Diet High in Saturated Fat, Fructose, and Cholesterol[END_REF]. Moreover, HFD-feeding rapidly induced gut vascular barrier damage related to decreased Wnt/b-catenin signaling in endothelial cells [START_REF] Mouries | Microbiota-driven gut vascular barrier disruption is a prerequisite for non-alcoholic steatohepatitis development[END_REF]. Gut barrier integrity thus likely plays an important role in the development of metabolic diseases such as T2D and NAFLD. Although the chronology of events is still unclear, gut microbiota-derived endotoxemia may contribute to the altered gut liver cross-talk.

Gut microbiota dysbiosis increases gut permeability and liver damage

The healthy human intestinal microbiota is composed of a large diversity of microorganisms, mainly anaerobic bacteria [START_REF] Sonnenburg | Diet-microbiota interactions as moderators of human metabolism[END_REF]. In a healthy state, the microbiota have symbiotic interactions with its host. It participates in nutrient absorption, assists in intestinal barrier function protection to prevent pathogen invasion, improves the function of the intestinal immune system and modulates metabolism [START_REF] Sonnenburg | Diet-microbiota interactions as moderators of human metabolism[END_REF]. The ability of the gut microbiota to process non-digestible components of the diet results in the production of key metabolites for the host such as short-chain fatty acids (SCFA; butyrate, propionate and acetate) from dietary fibers. These SCFA induce intestinal L-cell release of Glucagon-Like Peptide-1 (GLP-1) [START_REF] Ducastel | The nuclear receptor FXR inhibits Glucagon-Like Peptide-1 secretion in response to microbiota-derived Short-Chain Fatty Acids[END_REF] and butyrate improves the maintenance of the intestinal barrier and the intestinal immune system [START_REF] Mathewson | Gut microbiomederived metabolites modulate intestinal epithelial cell damage and mitigate graft-versus-host disease[END_REF]. Gut bacteria also enzymatically modify host products, such as bile acids (BA), hence impacting on host metabolism [START_REF] Bäckhed | The gut microbiota as an environmental factor that regulates fat storage[END_REF][START_REF] Wahlström | Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact on Host Metabolism[END_REF]. Simultaneously, certain gut microbiota can produce harmful components, such as LPS by Gram-negative bacteria, or ethanol and acetaldehyde. In the healthy state, low production of these compounds may contribute to the prevention of intestinal toxicity [START_REF] Chu | Small metabolites, possible big changes: a microbiota-centered view of non-alcoholic fatty liver disease[END_REF].

Quantitative or qualitative changes in the composition of the microbiota, called dysbiosis, may alter this fine-tuned balance. Changes in the host's diet, administration of antibiotics, an opportunistic pathogen or a pathology can disrupt this equilibrium [START_REF] Chu | Small metabolites, possible big changes: a microbiota-centered view of non-alcoholic fatty liver disease[END_REF].

Demonstration of the involvement of dysbiosis in the development of metabolic diseases has

prompted studies aimed at understanding these variations and to develop new strategies to treat T2D and/or NAFLD through modulation of the gut microbiota. However, a "healthy or normal" microbiota is under the influence of the environment, genetics and geographical location of its host [START_REF] Qin | A metagenome-wide association study of gut microbiota in type 2 diabetes[END_REF][START_REF] Karlsson | Gut metagenome in European women with normal, impaired and diabetic glucose control[END_REF]. The gut microbiota of patients is therefore very heterogeneous, both at the phyla and family levels, which explains the complexity of studying the signature of a specific microbiome [START_REF]Structure, function and diversity of the healthy human microbiome[END_REF][START_REF] Vigliotti | Gut microbiota and human NAFLD: disentangling microbial signatures from metabolic disorders[END_REF][START_REF] Fan | Gut microbiota in human metabolic health and disease[END_REF].

In humans, lower microbial diversity associates positively with dyslipidemia, IR, chronic inflammation, diabetes and obesity [START_REF] Qin | A metagenome-wide association study of gut microbiota in type 2 diabetes[END_REF][START_REF] Karlsson | Gut metagenome in European women with normal, impaired and diabetic glucose control[END_REF][START_REF] Chatelier | Richness of human gut microbiome correlates with metabolic markers[END_REF]. Furthermore, transplantation of fecal microbiota (FMT) from NAFLD patients into germ-free mice induces hepatic steatosis and inflammation, which are exacerbated by HFD-feeding [START_REF] Chiu | Nonalcoholic Fatty Liver Disease Is Exacerbated in High-Fat Diet-Fed Gnotobiotic Mice by Colonization with the Gut Microbiota from Patients with Nonalcoholic Steatohepatitis[END_REF]. The richness of only a few bacteria may vary specifically in metabolic diseases. For instance, Akkermansia muciniphila are decreased in obese and T2D patients [START_REF] Cani | Next-Generation Beneficial Microbes: The Case of Akkermansia muciniphila[END_REF][START_REF] Kim | Akkermansia muciniphila Prevents Fatty Liver Disease, Decreases Serum Triglycerides, and Maintains Gut Homeostasis[END_REF] and high levels of E. coli correlate positively with hepatic fibrosis [START_REF] Loomba | Gut Microbiome-Based Metagenomic Signature for Non-invasive Detection of Advanced Fibrosis in Human Nonalcoholic Fatty Liver Disease[END_REF]. The accompanying increase in systemic LPS correlates with increased hepatic nuclear factor-kappa B (NF-kB) and Toll-Like Receptor 4 (TLR4) positive macrophages in biopsy-proven NASH patients. Circulating bacterial 16S rDNA levels correlate positively with liver damage in obese patients and measurement of its plasma concentrations has been suggested as a marker of liver fibrosis [START_REF] Lelouvier | Changes in blood microbiota profiles associated with liver fibrosis in obese patients: A pilot analysis[END_REF]. Although there is a strong assumption that these bacterial components originate from the gut, there is no clear physiological evidence that microbiota exist in blood and 16s rDNA levels may only reflect the increased intestinal permeability. Moreover, their exclusive intestinal origin is not unequivocally proven [START_REF] Lelouvier | Changes in blood microbiota profiles associated with liver fibrosis in obese patients: A pilot analysis[END_REF].

In rodents with metabolic disorders, a strong link between dysbiosis and increased intestinal permeability has been established. HFD-feeding of mice induces dysbiosis with gut vascular barrier damage and bacterial translocation to the liver. FMT from healthy mice to HFD mice restored intestinal permeability, as evidenced by the FITC-dextran assay, and metabolic disorders improved [START_REF] Mouries | Microbiota-driven gut vascular barrier disruption is a prerequisite for non-alcoholic steatohepatitis development[END_REF]. The same protection of the gut barrier is observed upon antibiotic treatment of HFD-fed mice [START_REF] Cani | Changes in Gut Microbiota Control Metabolic Endotoxemia-Induced Inflammation in High-Fat Diet-Induced Obesity and Diabetes in Mice[END_REF]. Treatment with the TLR4 inhibitor improves the liver of mice on a NAFLD-inducing diet [START_REF] Carpino | Increased Liver Localization of Lipopolysaccharides in Human and Experimental NAFLD[END_REF].

Other products of Gram-negative bacteria, such as endogenous ethanol, from carbohydrate fermentation, and acetaldehyde, an ethanol metabolite, stimulate the release of pro-inflammatory cytokines from enterocytes and disrupt gut tight junctions [START_REF] Llorente | The Gut Microbiota and Liver Disease[END_REF][START_REF] Chaudhry | Glutamine supplementation attenuates ethanol-induced disruption of apical junctional complexes in colonic epithelium and ameliorates gut barrier dysfunction and fatty liver in mice[END_REF]. In rodent models of NAFLD, endogenous gut-produced ethanol increases hepatic TNF-α expression and inhibits the tricarboxylic acid cycle, resulting in TG accumulation in the liver. Ethanol may increase the activity of cytochrome P450 2E1 which produces free radicals through the its oxidation in the liver [START_REF] Chu | Small metabolites, possible big changes: a microbiota-centered view of non-alcoholic fatty liver disease[END_REF][START_REF] Zhu | Characterization of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: a connection between endogenous alcohol and NASH[END_REF][START_REF] Raucy | Regulation of CYP2E1 by Ethanol and Palmitic Acid and CYP4A11 by Clofibrate in Primary Cultures of Human Hepatocytes[END_REF]. This observation challenged the name "NAFLD", as alcohol may contribute to the disease without exogenous intake [START_REF] Eslam | MAFLD: A Consensus-Driven Proposed Nomenclature for Metabolic Associated Fatty Liver Disease[END_REF].

In T2D and NAFLD, other metabolites, such as SCFA, are produced and/or modified by the microbiota and have an impact on disease progression. An overall decrease in butyrate-producing bacteria is found in NAFLD and T2D [START_REF] Yang | Role of the gut microbiota in type 2 diabetes and related diseases[END_REF]. In humans, low levels of butyrate are associated with decreased mucus production and a leaky gut [START_REF] Chatelier | Richness of human gut microbiome correlates with metabolic markers[END_REF]. In the colonic lamina propria of mice, butyrate has been shown to induce the expression of Foxp3 in CD4 + lymphocytes, inducing a T-regulatory profile [START_REF] Furusawa | Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells[END_REF]. In vitro butyrate treatment of dendritic cells reduced the expression of pro-inflammatory cytokines in response to LPS [START_REF] Arpaia | Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation[END_REF]. Treatment of HFD-fed mice with butyrate improved villi morphology and gut tight junction protein expression [START_REF] Zhou | Sodium butyrate attenuates high-fat dietinduced steatohepatitis in mice by improving gut microbiota and gastrointestinal barrier[END_REF], which may be due to the regulation of IgA production by B cells, hence protecting the mucus layer [START_REF] Isobe | Commensal-bacteria-derived butyrate promotes the T-cell-independent IgA response in the colon[END_REF]. Butyrate-treated HFD-fed mice have lower levels of hepatic TG and cholesterol associated with decreased expression of fibrosis genes (TGF-β, SMAD2, SMAD7, and α-SMA) and pro-inflammatory (MCP-1, TNF-α, IL-1, IL-2, IL-6, IFN-γ). Thus, decreased systemic butyrate appears to exacerbate NAFLD progression [START_REF] Zhou | Sodium butyrate attenuates high-fat dietinduced steatohepatitis in mice by improving gut microbiota and gastrointestinal barrier[END_REF]. On the other hand, propionate and acetate increase liver TG storage and hepatic gluconeogenesis in a NAFLD mouse model [START_REF] Chu | Small metabolites, possible big changes: a microbiota-centered view of non-alcoholic fatty liver disease[END_REF].

Another microbial product with effects on cardio-metabolic diseases is the choline-derivative trimethylamine, which increases liver glucose intolerance in mice [START_REF] Wang | Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease[END_REF]. In the liver, TMA is oxidized to Trimethylamine N-oxide (TMAO), which has been associated to increased atherosclerosis and cardiovascular risks [START_REF] Wang | Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease[END_REF]. Moreover, diabetic patients display increased blood levels of imidazole propionate, a microbiota-derived metabolite of histidine, which induces liver IR [START_REF] Koh | From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as Key Bacterial Metabolites[END_REF]. Imidazole propionate alters insulin signaling in the liver through activation of p62 and the mechanistic target of rapamycin complex 1 (mTORC1) resulting in insulin receptor degradation, thus exacerbating IR in T2D patients [START_REF] Koh | Microbially Produced Imidazole Propionate Impairs Insulin Signaling through mTORC1[END_REF].

Overall, the gut microbiota, through modulation of the gut barrier and through the beneficial effects of its products, plays a key role in liver health and dysbiosis may promote the progression of T2D and NAFLD.

Alterations of the entero-hepatic cycle of bile acids in NAFLD

Bile acids (BA) are amphipathic molecules acting as detergents to facilitate lipid absorption in the intestine. BA are produced in the liver from cholesterol, secreted in bile and stored in the gallbladder to be released in the intestine after meal ingestion to participate to lipid absorption. In the intestine, the microbiota generates the secondary BA after deconjugation by bacterial bile salt hydrolase, dehydroxylation and epimerization. The majority of BA (95%) are re-absorbed in the distal intestine and recycled to the liver via the portal vein, the remainder being lost in feces [START_REF] Chávez-Talavera | Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2 Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease[END_REF].

Several studies reported changes in BA composition under different metabolic situations, with results often differing between studies possibly due to differences between the cohorts [START_REF] Chávez-Talavera | Bile acid alterations in nonalcoholic fatty liver disease, obesity, insulin resistance and type 2 diabetes: what do the human studies tell?[END_REF]. In T2D patients, both increased [START_REF] Sonne | Postprandial Plasma Concentrations of Individual Bile Acids and FGF-19 in Patients With Type 2 Diabetes[END_REF] or unchanged [START_REF] Brufau | Improved glycemic control with colesevelam treatment in patients with type 2 diabetes is not directly associated with changes in bile acid metabolism[END_REF] plasma BA concentrations have been reported. Higher total plasma BA concentrations have been found in diabetic and non-diabetic NASH patients [START_REF] Chávez-Talavera | Bile acid alterations in nonalcoholic fatty liver disease, obesity, insulin resistance and type 2 diabetes: what do the human studies tell?[END_REF], but the NASH-related increases in plasma BA levels depend on the severity of insulin resistance [START_REF] Grzych | NASH-related increases in plasma bile acid levels depend on insulin resistance[END_REF].

Differences between conjugated and unconjugated BA found in NAFLD patients may be due, at least in part, to the decreased colonization of bile salt hydrolase expressing bacteria in the intestine [START_REF] Yang | Role of the gut microbiota in type 2 diabetes and related diseases[END_REF].

Interestingly, plasma BA concentrations also increase with progression of hepatic fibrosis [START_REF] Caussy | Serum bile acid patterns are associated with the presence of NAFLD in twins, and dose-dependent changes with increase in fibrosis stage in patients with biopsy-proven NAFLD[END_REF].

Besides their role in lipid absorption, BA signal via several receptors, amongst which the nuclear receptor Farnesoid X Receptor (FXR) and the Takeda G-protein-coupled Receptor 5 (TGR5) which are expressed in gut and liver. Both FXR and TGR5 regulate, in an opposite manner, GLP-1 secretion by enteroendocrine L cells. TGR5 activation hence improves glucose homeostasis through the release of pancreatic β-cell insulin [START_REF] Chávez-Talavera | Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2 Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease[END_REF]. Treatment of western diet-fed obese mice with the TGR5 agonist RDX8940 improved IR and hepatic steatosis [START_REF] Finn | Intestinal TGR5 agonism improves hepatic steatosis and insulin sensitivity in Western diet-fed mice[END_REF]. TGR5 activation in rodents also improved hepatic inflammation by mechanisms involving reduced NF-κB signaling [START_REF] Wang | The G-protein-coupled bile acid receptor, Gpbar1 (TGR5), negatively regulates hepatic inflammatory response through antagonizing nuclear factor κ lightchain enhancer of activated B cells (NF-κB) in mice[END_REF]. Furthermore, TGR5 is expressed in various immune cells, including dendritic cells, Kupffer cells and macrophages, and its activation decreases cytokine production and reduces the low grade inflammation observed in metabolic diseases [START_REF] Chávez-Talavera | Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2 Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease[END_REF].

Under physiological conditios, FXR in enterocytes induces the expression of Fibroblast Growth Factor 19 (FGF19) (and its rodent ortholog FGF15). The peptide secreted in the portal circulation targets FGFR4/βKlotho receptor on hepatocytes to repress cholesterol 7 alpha-hydroxylase (CYP7A1) expression and subsequently BA synthesis. Inhibition of BA synthesis reduces hepatic BA toxicity and protects against inflammation [START_REF] Alvarez-Sola | Fibroblast growth factor 15/19 (FGF15/19) protects from diet-induced hepatic steatosis: development of an FGF19based chimeric molecule to promote fatty liver regeneration[END_REF]. In rodents, FGF15-deficiency increases hepatic steatosis and ER stress, which is reversed by adeno-associated virus-mediated expression of FGF19 in the liver [START_REF] Alvarez-Sola | Fibroblast growth factor 15/19 (FGF15/19) protects from diet-induced hepatic steatosis: development of an FGF19based chimeric molecule to promote fatty liver regeneration[END_REF]. Moreover, FGF19 overexpression reduces plasma alanine aminotransferase (ALT) concentrations and improves NASH and fibrosis in a diet-induced NASH model [START_REF] Zhou | Engineered FGF19 eliminates bile acid toxicity and lipotoxicity leading to resolution of steatohepatitis and fibrosis in mice[END_REF]. These mice also lose weight and display improved glucose tolerance [START_REF] Zhou | Engineered FGF19 eliminates bile acid toxicity and lipotoxicity leading to resolution of steatohepatitis and fibrosis in mice[END_REF]. Direct FXR activation in the liver also decreases BA synthesis due to the induction of the Cyp7a1 inhibitor Small Heterodimer Partner (SHP) [START_REF] Chávez-Talavera | Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2 Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease[END_REF]. Finally, with the FGF19 analogue aldafermin improves liver histology in NASH patients (see the next chapter).

Thus, increasing hepatic and intestinal FXR activation, which represses BA synthesis and hepatic fibrosis, is a promising therapeutic strategy to treat NAFLD, which explains the development of numerous FXR agonists. In addition to its approved use in the treatment of primary biliary cholangitis [START_REF] Markham | Obeticholic Acid: First Global Approval[END_REF], the FXR agonist obeticholic acid (OCA) is the most advanced compound for fibrosis treatment in NASH [START_REF] Neuschwander-Tetri | Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial[END_REF], whereas tropifexor and nidufexor are other FXR agonists under development [START_REF] Chianelli | Nidufexor (LMB763), a Novel FXR Modulator for the Treatment of Nonalcoholic Steatohepatitis[END_REF][START_REF] Tully | Discovery of Tropifexor (LJN452), a Highly Potent Non-bile Acid FXR Agonist for the Treatment of Cholestatic Liver Diseases and Nonalcoholic Steatohepatitis (NASH)[END_REF].

Although FXR activation may be a promising strategy to treat fibrosis, the role of FXR in T2D or NAFLD progression remains unclear. Prawitt and colleagues have shown that whole-body FXR knock-out mice are protected against HFD-induced obesity [100]. The improved glycemic control observed in these mice is due, at least in part, to a de-repression of GLP-1 secretion by gut L-cells [101]. To decipher the specific role of FXR in the gut, several studies used intestine-specific FXR-deficient mice. Similarly to what is observed in whole-body FXR knock-out mice, intestinal FXR knock-out mice are protected against HFDinduced obesity [102]. These mice show lower HFD-induced hepatic SREBP1C-dependent steatosis due to a decrease in intestinal ceramide synthesis [START_REF] Jiang | Intestinal farnesoid X receptor signaling promotes nonalcoholic fatty liver disease[END_REF]103]. However, whether these mice are also protected from NASH and fibrosis is unknown at present. All these data highlight the complex role of intestinal FXR in NAFLD progression, also illustrated by the fact that whole-body FXR knock-out mice present gut barrier defects when fed a normal chow diet [104] and hepatic steatosis when fed a cholesterol-supplemented diet [105].

Gut immune system disruption increases liver inflammation

The intestinal immune system, which is an integral part of the gut barrier, contributes to shape gut microbiota tolerance and to maintain gut integrity. Found in intestinal crypts, Paneth cells are specialized cells that secrete antimicrobial peptides which modulate the gut microbiome and the local inflammatory response and contribute to the protection of the organism [106]. Moreover, secondary lymphoid organs, the Peyer's patches, are structures localized in the small intestine that contribute to immune system education and tolerance towards food-derived antigens. Specialized M epithelial cells allow antigen transcytosis from the intestinal lumen to the subepithelial dome of Peyer's patches , where they induce, via dendritic cell-mediated antigen presentation, the production of immunoglobulin IgA and Experiments in macrophage CCR2 -and epithelial CCL2-deficient mice showed that colonic macrophage infiltration increases IR independently of body weight gain [117].

Obese patients display an increased infiltration of CD68 + macrophages in the jejunal epithelium, which correlates with decreased enterocyte insulin signaling [118]. Obese patients also show jejunal mucosa alterations in CD8 + T cell subtypes, with a decrease of CD8αα + and an increase of CD8αβ + T cells, resulting in enhanced pro-inflammatory cytokine secretion [118]. In NAFLD patients, diagnosed using ultrasonography and elevated transaminases, an increased immune cell infiltration in the colonic mucosa has been observed [START_REF] Rahman | Loss of Junctional Adhesion Molecule A Promotes Severe Steatohepatitis in Mice on a Diet High in Saturated Fat, Fructose, and Cholesterol[END_REF] Here, we discuss therapeutic approaching targeting the intestine and the gut-liver axis, already used in the clinic or in a late stage clinical development (Table 1). It should be noted that these studies are difficult to compare due to the heterogeneity of patients and diagnostic methods used for NASH patient stratification.

Bariatric surgery

Bariatric surgery is a therapeutic option for obese patients with BMI>40, or >35 when comorbidities are present, such as T2D or NASH. These surgical interventions, beyond their effect on weight, cure not only T2D [121], but also improve NASH [122]. Indeed, bariatric surgery induces histological reversion of NASH in 85% of patients one year after the intervention [123], an effect which is sustained 5 years after surgery [124]. Similar results were obtained in patients with non-invasively diagnosed for NASH, combining elastography and MRI [START_REF] Allen | Multiparametric Magnetic Resonance Elastography Improves the Detection of NASH Regression Following Bariatric Surgery[END_REF]. In addition, results from a retrospective study revealed that patients are less likely to progress to cirrhosis after bariatric surgery [125].

Nevertheless, the type of surgical procedure seems to have an impact, since sleeve gastrectomy is less efficient than Roux-en-Y gastric bypass in reducing the Fatty Liver Index and BARD non-invasive scores of NAFL and fibrosis [126].

FGF19 analogs

As discussed above, several preclinical studies identified beneficial effects of the intestinal FGF19 pathway on liver health [START_REF] Alvarez-Sola | Fibroblast growth factor 15/19 (FGF15/19) protects from diet-induced hepatic steatosis: development of an FGF19based chimeric molecule to promote fatty liver regeneration[END_REF][START_REF] Zhou | Engineered FGF19 eliminates bile acid toxicity and lipotoxicity leading to resolution of steatohepatitis and fibrosis in mice[END_REF]. Therefore, aldafermin (NGM282), a recombinant non-tumorigenic modified FGF19 peptide, was developed. Twelve weeks of treatment with aldafermin reduced liver fat and ALT levels in biopsy-proven NASH patients, without improving IR [127]. Aldafermin treatment reduced the NAS score, and plasma markers of collagen in a dose-escalating phase 2 study, suggesting an improvement of hepatic fibrosis [127,128]. In addition to the reduction of liver fat, 24 week treatment with aldafermin (1 mg) resulted in histological improvement of NASH, i.e. lower steatosis, inflammation, ballooning and fibrosis scores without weight loss or effects on IR [129]. Unfortunately, the ALPINE 2/3 study did not meet its primary endpoint, liver fibrosis improvement, and, even though the secondary endpoint, ie NASH resolution without fibrosis worsening, was achieved, the clinical development of aldafermin for NASH treatment was stopped [130].

FXR agonists

Rather than injecting exogenous recombinant FGF19, endogenous enterocyte FGF19 production is induced by FXR agonists, such as OCA, hence increasing peripheral blood FGF19 levels in T2D and NAFLD patients [131]. This synthetic BA is presently the most clinically advanced FXR-targeting therapy.

In NASH patients, long-term OCA treatment improves hepatic histological markers of NASH [START_REF] Neuschwander-Tetri | Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial[END_REF]132].

However, glucose control and IR may deteriorate after OCA treatment and plasma LDL-cholesterol levels increased requiring statin treatment [START_REF] Neuschwander-Tetri | Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial[END_REF].

Other therapies targeting FXR with (semi-)synthetic compounds show interesting results in preclinical models and, at present, in a few clinical studies. INT-767, a modified BA dual FXR/TGR5 agonist with intestinal tropism, reduces histological features of NASH and lowers fibrosis [133], while promoting brown adipogenesis in rodents [134]. Other synthetic FXR agonists are tropifexor, which reduces plasma TG and induces intestinal FGF15 production in rats [START_REF] Tully | Discovery of Tropifexor (LJN452), a Highly Potent Non-bile Acid FXR Agonist for the Treatment of Cholestatic Liver Diseases and Nonalcoholic Steatohepatitis (NASH)[END_REF], and nidufexor, which improves hepatic steatosis and NASH in murine models of T2D and NASH murine model. These compounds are now under evaluation in phase 2 clinical trials for NASH treatment [START_REF] Chianelli | Nidufexor (LMB763), a Novel FXR Modulator for the Treatment of Nonalcoholic Steatohepatitis[END_REF]135].

Finally, the intestine-restricted FXR agonist fexaramine[136] improves insulin sensitivity in mice through a microbiota-dependent increase of plasma GLP-1 concentrations [137], but its potential effect on NASH has not yet been reported.

Targeting the incretin pathway

Complementary to physical exercise and dietary intervention, activation of the GLP-1R either by subcutaneous injection of semi-synthetic recombinant GLP-1R agonists or per os treatment with a gliptin, which inhibits the GLP-1-degrading dipeptidyl peptidase-4 (DPP-4) hence increasing endogenous active GLP-1 concentrations, are largely used therapeutic options for the treatment of obesity and T2D.

As these metabolic disorders are linked to NAFLD, they are also being tested for this indication in more recent clinical trials. 

Targeting microbiota

As discussed above, the gut microbiota plays an important role in health and metabolic diseases, as demonstrated by the fecal microbiota transplantation (FMT) in germ free mice [START_REF] Chiu | Nonalcoholic Fatty Liver Disease Is Exacerbated in High-Fat Diet-Fed Gnotobiotic Mice by Colonization with the Gut Microbiota from Patients with Nonalcoholic Steatohepatitis[END_REF]. Lean donor FMT to patients with metabolic syndrome improved peripheral insulin sensitivity [147]. However, FMT with a healthy donor graft did not improve the hepatic fat fraction nor IR in NAFLD patients [148].

Nevertheless, improved intestinal barrier function was observed, as assessed by the lactulose/mannitol urinary test [148]. Except for the treatment of intestinal C. difficile infection, application of FMT is limited due to problems of patient acceptance and lack of definition of an healthy graft [149].

Since germ-free mice were protected against diet-induced weight gain and hyperglycemia, the use of antibiotics to modulate the microbiota may also be considered. However, antibiotic treatment increased TG levels [150] and penicillin treatment worsened IR and NAFLD in rodent models of HFDinduced obesity [151]. Such approach has only been tested in a limited manner in humans. Rifaximin, a broad spectrum antibiotic, lowered ALT levels, endotoxemia and HOMA-IR in histologically-diagnosed obese NASH patients [152]. Treatment combining metrodinazole, an antiprotozoal antibiotic, and the prebiotic inulin decreased transaminase levels in prediabetic patients, an effect not observed with inulin alone [153]. The lack of bacterial species-selective antibiotics and the apparition of antibiotic resistance strongly limit the use of antibiotics for metabolic disorders, which should be restricted to infections. Overall, the benefits of microbiota-based approaches on NAFLD and T2D appear modest. The use of these medications seems limited to the reduction of hepatic steatosis and cytolysis, with sometimes benefits on IR. They thus appear indicated in the prevention and treatment of early, less severe forms of NAFLD.

Conclusion

The metabolic consequences of an altered liver-intestine dialogue reveal its central role in maintenance of energy homeostasis. As T2D and NAFLD impact both organs, targeting the intestine and its functions seems to be a promising therapeutic strategy in the management of obesity, T2D and NAFLD. Further research on the intestine-liver connection is therefore warranted. 

  IgM by plasmocytes [107,108]. IgAs are dimeric immunoglobulins secreted in the mucus layer to protect the mucosa against pathogens [109]. Lymphoid cells are also found outside of Peyer's patches in the intestinal tissue. Indeed, intra-epithelial lymphocytes localized between the enterocytes are resident cells contributing to the intestinal barrier [110], and regulatory lymphocytes promoting immune tolerance [111] as well as resident self-maintaining macrophages which control gut homeostasis [112] are also found in the lamina propria. Finally, other immune cells such as innate lymphoid cells and mucosal-associated invariant T cells are found in the intestine and participate in the mucosal defense against pathogens and in the regulation of tissue inflammation [113,114]. The intestinal immune system equilibrium, however, is challenged in obesity and T2D leading to an increased low grade chronic inflammation, dysbiosis and gut permeability [115]. In rodents, HFD feeding modifies the gut immune system through changes in intestinal Pattern Recognition Receptor (PRR) expression, cytokine production and immune cell populations [116]. Moreover, intestinal IgA + B cells are important for the maintenance of glucose tolerance: loss of IgA production results in an increased intestinal pro-inflammatory T cell response in HFD-fed mice [109]. HFD feeding also enhances the pool of F4/80 + CD11b + CD11c + pro-inflammatory macrophages in the colonic lamina propria [117].

  . The epithelial density of CD8 + T cells also correlated positively with the NAS score, although NAS scores were low excluding the presence of overt NASH [118]. Furthermore, bariatric surgery-induced weight loss and improved metabolism are accompanied by increased fecal IgA levels [109]. Whether intestinal immune system dysregulation is a cause or a consequence of gut barrier disruption remains unclear [116]. As gut immune population homeostasis impacts on IR, targeting immune cell populations in the intestinal tissue may be a promising strategy for both T2D and NAFLD.
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  Targeting the intestine to treat T2D and NAFLD As first-line treatment of T2D, weight-reducing strategies, essentially by lifestyle interventions, also efficiently cure NAFLD. A reduction of calorie intake together with increased physical activity improves NAFL, as assessed by MRI liver fat and plasma ALT level analysis [119], as well as later stage biopsy-confirmed NASH and fibrosis [120].

DPP- 4

 4 inhibitor monotherapy with sitagliptin did not improve hepatic steatosis in a two-year clinical trial [138]. In combination with metformin, sitagliptin was shown to decrease the hepatic fat fraction as assessed by MRI, without improving fibrosis in T2D NAFLD patients [139]. Therefore, the efficacy of DPP-4 inhibitors, if any, appears limited to steatosis, without effects on more advanced stages of NASH and fibrosis. GLP-1R agonist treatment reduces body weight and improves glucose homeostasis. Therefore, they are interesting candidates for the management of NAFLD. The LEAN trial was the first study to show efficacy of liraglutide to lower NASH in biopsy-proven NASH patients [140]. More recent studies only show results in patients with less advanced hepatic disease [139,141-143]. In monotherapy, liraglutide was found as efficient as lifestyle interventions to improve NAFL, fasting glycemia and IR assessed by the homeostatic model assessment of insulin resistance (HOMA-IR) [141]. In T2D and NAFLD patients, daily liraglutide and weekly dulaglitide treatment also improved liver steatosis [139,142-144]. Moreover, weekly injections of semaglutide for 72 weeks reversed NASH and reduced ALT levels in NASH patients [145]. Although it is unclear at present whether fibrosis improves upon GLP-1R agonist treatment, this compound is of high interest given the fact that it can also be administered orally. Finally, cotadutide, a dual GLP-1R/glucagon receptor agonist, which mimics the effects of oxyntomodulin, an intestinal peptide dual glucagon receptor and GLP-1R activator, reduced body weight and improved liver histology in mice [146].

  Rather than replacing or destroying the commensal bacterial ecosystem, gut microbiota can be more subtly modulated in different ways. Prebiotics are substrates selectively used by host microorganisms which confer a health benefit by modulating bacterial metabolite production, eg from nondigestible carbohydrates that are transformed into SCFA [154]. Inulin treatment for 14 weeks decreased HFD-induced hepatic injury in mice, as illustrated by decreased ALT levels, lower numbers of hepatic macrophages, improved hepatic steatosis and improved glucose tolerance in HFD-fed mice [155]. Prebiotic treatment of non-diabetic patients lowered transaminases serum levels, serum TG and fasting glycemia [156]. As microbial selection by prebiotics is difficult to control and depends on dietary habits or geographic origin, exogenous intake of non-pathogenic bacteria can be an option. Probiotics are live microorganisms which, when administered in proper doses, confer a health benefit to the host [157]. In HFD-fed mice, Lactobacillus acidophilus NS1 supplementation improved hepatic steatosis and reduced fatty acid synthesis [158]. Administration of Akkermansia muciniphila modestly improved hepatic histology and reduced hepatic IL-6 expression [68]. Rather than using a single bacteria species, some studies evaluated the efficiency of probiotic mixtures on NAFLD. A mixture of 6 probiotic agents lowered hepatic fat content in 12 weeks-treated NAFL patients, without any effect on IR [159]. VSL#3, another probiotic mixture, reduced hepatic steatosis and increased GLP-1 levels, without reducing ALT levels nor IR in obese NAFLD children [160]. Finally, pre-and probiotics can be combined into symbiotics. Similar as in HFD-fed rodents [161], an 8 week treatment with a symbiotic containing 7 probiotics and fructo-oligosaccharides improved hepatic steatosis without decreasing ALT in NAFLD patients [162]. Twenty-eight weeks of treatment with the same symbiotic improved insulin sensitivity, reduced ALT levels and improved fibrosis in Fibroscan diagnosed NAFL patients [163]. However, a recent study reported that combination of Bifidobacterium animalis subspecies lactis BB-12 and fructooligosaccharides for 10-14 months failed to reduce hepatic fat content in NAFLD patients, whereas the degree of weight loss was the only variable correlated to steatosis [164].
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 12 Figure 1: The cross-talk between liver and metabolic organs is altered in T2D and NAFLD. Common

  

  

Table 1 : Clinical trials on NAFLD treatments targeting gut functions.
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	Abbreviations: ALT : alanine aminotransferase; AST : aspartate aminotransferase; BMI : body mass index,
	GGT : gamma-glutamyl transferase; MRI : magnetic resonance imaging; NAFLD : non-alcoholic fatty liver
	disease; NAS : NAFLD activity score; NASH : non-alcoholic steatohepatitis; OCA : obeticholic acid; OGTT :
	oral glucose tolerance test; T2D : type 2 diabetes; TG : triglyceride
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