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Understanding the glucoregulatory mechanisms of metformin in type 2 diabetes mellitus

Despite its position as the first-line treatment for type 2 diabetes mellitus, the mechanisms underlying the plasma glucose level-lowering effects of metformin (1,1dimethylbiguanide) still remain incompletely understood. Metformin is thought to exert its primary antidiabetic action through the suppression of hepatic glucose production.

Furthermore, the discovery that metformin inhibits the mitochondrial respiratory-chain complex 1 has placed energy metabolism and activation of AMP-activated protein kinase (AMPK) at the center of its mechanism of action. However, the role of AMPK has been challenged and might only account for indirect changes in hepatic insulin sensitivity.

Key points

• Metformin is the first-line drug for treatment of type 2 diabetes mellitus, with an excellent safety profile, high efficacy on glycaemic control and clear but incompletely understood cardioprotective benefits.

• The pleiotropic properties of metformin suggest that the drug acts on multiple tissues through various underlying mechanisms rather than on a single organ via an unifying mode of action.

• The mitochondrial respiratory-chain complex 1 is a key cellular target of metformin and its mild and transient inhibition is involved in the AMPK-independent regulation of hepatic gluconeogenesis by triggering alterations in the cellular energy charge and redox state.

• Metformin might contribute to improvements in obesity-associated metainflammation and tissue-specific insulin sensitivity through direct and indirect effects on various resident immune cells in metabolic organs.

• The gastrointestinal tract has an important role in the action of metformin, which modulates bile acid recirculation and enhances the secretion of the glucose-lowering gut incretin hormone glucagon-like peptide-1 (GLP1).

• The gut microbiota represents a novel target in the mechanisms of metformin action and is involved in both the therapeutic and adverse effects of the drug.

Various mechanisms involving alterations of cellular energy charge, AMP-mediated inhibition of adenylate cyclase or fructose-1,6-bisphosphatase-1 (FBP1) and modulation of the cellular redox state through direct inhibition of mitochondrial glycerol-3phosphate dehydrogenase (mG3PDH) are proposed for the acute inhibition of gluconeogenesis by metformin. Emerging evidence suggests that metformin could improve obesity-induced meta-inflammation via direct and indirect effects on tissueresident immune cells in metabolic organs (that is, adipose tissue, the gastrointestinal tract and the liver). Furthermore, the gastrointestinal tract also has a major role in metformin action through modulation of glucose-lowering hormone glucagon-like peptide-1 (GLP-1) and intestinal bile acid pool and alterations in gut microbiota composition.

Introduction

Metformin is the first line of treatment in patients with type 2 diabetes mellitus (T2DM) as recommended by clinical guidelines published by the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD) 1,2 , which are supported by prospective studies 3,4 and recent 2016 meta-analyses 5,6 . These guidelines are based on the improved glycaemic profile and reduction in cardiovascular mortality induced by metformin treatment, without the risk of hypoglycaemia and/or body weight gains that are associated with the use of other antidiabetic drugs 3,4,6,7 . Furthermore, metformin is also the favoured antidiabetic drug because of its good safety profile and minimal cost 8 .

The drug metformin is a biguanide derivate (1,1-dimethylbiguanide hydrochloride), which originates from the plant goat's rue or French lilac (Galega officinalis) 9 . Originally used in medieval Europe to relieve the symptoms of diabetes mellitus, this plant contains galegine, an isoprenyl guanidine. Although mono-and diguanidine derivatives are toxic, the biguanides (two N-linked molecules of guanidine) synthesized from the reaction between dimethylamine hydrochloride and dicyanodiamide 10 have been used for the treatment of diabetes mellitus since the late 1950s (REF. 9 ). Of note, metformin has been approved for usein Europe and Canada since 1957, although it was only introduced into the USA in 1995. The more potent biguanides, phenformin and buformin, were quite popular in the USA and Europe in the 1960s but were removed from the markets in most countries in the late 1970s owing to an increased risk of lactic acidosis 11 . By contrast, the incidence of lactic acidosis associated with metformin treatment is very low (approximately 3 to 10 cases per 100,000 person-years and ~1.5 deaths per 100,000 patient-years.), except in high-risk groups, particularly patients with chronically impaired renal function or in acute kidney disease 8 . The most common adverse effect of metformin is usually gastrointestinal intolerance (BOX 1).

Metformin is described as an anti-hyperglycaemic agent that does not cause clinical hypoglycaemia in patients with T2DM, nor alter glucose homeostasis in nondiabetic individuals [5][6][7] . Although metformin has been available for over 60 years for the treatment of T2DM, the exact mechanism(s) for its effects on blood glucose levels still remained elusive 12 . However, several actions have been attributed to its ability to lower blood glucose. For example, metformin acts primarily by the suppression of enhanced basal endogenous glucose production in individuals with T2DM through a 25-40% decrease in the hepatic gluconeogenesis rate as determined by 13 C nuclear magnetic resonance (NMR) spectroscopy or tracer infusion 13,14 . Moreover, in some euglycaemichyperinsulinaemic clamp studies, a beneficial effect of metformin on insulin sensitivity has been reported in skeletal muscle 15,16 , although not in all studies 17 . Metformin treatment is accompanied by insulin-stimulated systemic glucose disposal, which occurs predominantly in skeletal muscle 16,18 . In addition, the drug increases peripheral glucose utilization by the intestine, primarily via non-oxidative metabolism 19 . Emphasis is now given to the importance of metformin actions within the gut 20,21 , possibly via alteration of intestinal microbiota 22 . The notion that biguanides decrease mitochondrial oxygen consumption has offered a plausible molecular mechanism of action for a direct suppression of hepatic gluconeogenesis, which occurs via decreases in cellular energy charge and the subsequent activation of AMP-activated protein kinase (AMPK), a cellular energy sensor 23 . However, the contribution of the aforementioned mechanism to metformin's therapeutic effects is a subject of intense debate 12,24 . In addition, the literature is confounded with a plethora of putative mechanisms of action for metformin, which have been elucidated from the use of supra-therapeutic concentrations of metformin in in vitro and preclinical studies, as well as the differences reported between acute and chronic metformin administration in human and animal models.

In this Review, we discuss our current understanding of molecular mechanisms that underlying the pleiotropic actions of metformin on metabolism and inflammation.

In addition, we focus on the recent research developments on the actions of metformin in the liver and intestine to regulate blood glucose levels in patients with T2DM.

Pharmacokinetics and pharmacogenetics

Metformin is administrated orally and has a low bioavailability (40-60%) 25 . The drug is not metabolized and is excreted unchanged in the urine. After a single oral dose of 0.5 g, metformin is distributed systemically within 6 hours following absorption, which predominantly occurs in the upper small intestine, with negligible absorption in the large intestine 25 The peak plasma metformin concentration occurs 3 hours after administration and leads to concentration of ∼3 μg per ml (∼18 μM) 26 . Notably, analysis of tissue-specific biodistribution of the drug using 14 C-labeled metformin or dynamic positron emission tomography (PET) with 11 C-metformin revealed its substantial accumulation in the gastrointestinal tract, liver and kidney in mice 27,28 . Interestingly, these results have been partially replicated in humans, showing 11 C-metformin PET biodistribution mainly in the liver and rapid excretion through the kidneys 29 .

Metformin is a strongly hydrophilic compound with an acid disassociation constant (pKa) of 11.5; at physiological pH the drug exists as a monoprotonated cation 23 .

Given these chemical properties, the transport of the drug across biological membranes involves uptake via specific transporters. This process is in line with the inverse relationship observed in humans between the dose ingested and the relative absorption rate 25 . The absorption, distribution and excretion of metformin depend mainly on the organic cation transporters (OCTs), multidrug and toxin extruders (MATEs) and plasma membrane monoamine transporter (PMAT). For example, metformin is taken up from the intestinal lumen by PMAT (encoded by SLC29A4) and OCT3 (encoded by SLC22A3) that are localized at the apical membrane of enterocytes. Subsequently the drug is transported into the bloodstream by OCT1 (encoded by SLC22A1), which is localized at the basolateral membrane of enterocytes 30 . The hepatic uptake of metformin depends on OCT1 and possibly OCT3, whereas MATE1 (encoded by SLC47A1) contributes to its hepatic elimination 30 . In kidney, the uptake of metformin into renal epithelial cells is primarily facilitated by OCT2 (encoded by SLC22A2), whereas MATE1 and MATE2 (encoded by SLC47A2) contribute to the renal excretion of the drug into the urine 30 .

Importantly, the role of these transporters in the pharmacokinetics of metformin has been recently confirmed by 11 C-metformin functional PET imaging in mice deficient in these transporters or treated with specific inhibitors 28 . Some human genetic studies have associated genetic polymorphisms in the aforementioned transporter genes to modifications of metformin pharmacokinetics 30 . However, studies of the effect of these variants altering metformin transport on clinical responses in patients with T2DM have yielded contradictory results, and uncertainty remains 31 . Although all these transporters clearly play a role in metformin pharmacokinetics, they do not appear to be critical to the pharmacodynamics of the drug in diabetic populations. A recent 2017 large-scale meta-analysis reported that polymorphisms in genes encoding tranporters involved in metformin pharmacokinetics (SLC22A1, SLC22A2, SLC22A4, SLC47A1, and SLC47A2) have no significant effect on glycaemic response to the drug 32 , indicating possible transporter redundancy or the contribution of mechanisms of action that are independent of the systemic exposure to the drug. However, studies of pharmacodynamic genetics revealed that variation in the glucose transporter GLUT2 gene (SLC2A2) is associated with a greater glycaemic response to metformin 33 . Moreover, this effect could be linked to the restoration of glucose sensitivity by the drug 34 . Other genetic candidates for metformin response are the genes encoding the subunits of AMPK (PRKAA1, PRKAA2 and PRKAB2) and the AMPK upstream kinase LKB1 (STK11) 35 . However, additional clinical and mechanistic studies are needed to clearly delineate influences of these genes on the clinical response to metformin.

Targeting mitochondria

The notion that metformin could exert some its action through direct interaction with the mitochondria dates back from the early 1950-1960s, when various biguanides were shown to inhibit mitochondrial oxidative phosphorylation (OXPHOS) 36,37 .

However, the hypothesis that mitochondria are involved in the cellular mechanism of action of metformin was conceptually strengthened in the 2000s, when two independent groups reported for the first time that metformin inhibited the mitochondrial respiratory-chain complex 1 (the first and largest enzyme complex of the electron transfer chain) 38,39 . This effect was highly specific but also weak and reversible 38,39 , contrasting with the characteristics of canonical mitochondrial respiratory-chain complex 1 inhibitors, such as rotenone and piericidin A 40 , which are both uncharged and highly hydrophobic molecules with a very low IC50 (~2 µM). The inhibition of mitochondrial respiratory-chain complex 1 by metformin leads to a mild decrease in ATP generation by mitochondrial OXPHOS and a concomitant moderate increase in the AMP:ATP ratio in hepatocytes 38,39 . During the last 20 years, the selective inhibition of mitochondrial respiratory-chain complex 1 by metformin has been further confirmed in multiple biological models and species 41,42 , including human primary hepatocytes 43 and various cancer cell lines [44][45][46][47][48][49][50][51][52][53] . Furthermore, this effect was usually associated with significant decrease in mitochondrial NADH oxidation, a decrease in the proton gradient across the inner mitochondrial membrane and decreases in cellular oxygen consumption rate 42 , when these aspects have been studied in the models (Figure 1).

Inhibition of mitochondrial complex 1.

The exact mechanism by which metformin specifically targets the mitochondria remains unclear and whether the drug inhibits mitochondrial respiratory-chain complex 1 directly or not is still a matter of debate 41,42,54 . Although many studies have shown that metformin accumulates at high concentrations within mitochondria 39,45 , others have found that the distribution of metformin in hepatocytes is associated predominantly within the cytosol 55 . The main reasons for this controversy are variations in the concentrations of metformin and the experimental model (for example, intact cells versus isolated organelles) used in in vitro studies. Indeed, although clinically relevant drug concentrations of metformin (<100 µM) are sufficient to achieve a dose-dependent and time-dependent in situ inhibition of mitochondrial respiratory chain complex 1 in various cell types 38,46,[56][57][58] , these concentrations are ineffective on the activity of complex 1 in isolated mitochondria. By contrast, only supratherapeutic concentrations (that is, greater than the therapeutic dose) of the drug (20-100 mM) were reported to directly inhibit mitochondrial respiratory-chain complex 1 in both isolated mitochondria and sub-mitochondrial particles 42 .

The low intra-mitochondrial accumulation of metformin in intact cells could primarily be explained by slow transporter-mediated permeation of the drug across the plasma membrane. However, some studies have also suggested the existence of a specific protein-mediated transport system for metformin mitochondrial import 59 . In line with this, experiments performed in Xenopus laevis (African clawed frog) oocytes showed that therapeutic concentrations of metformin were able to directly inhibit mitochondrial respiratory-chain complex 1 activity in isolated mitochondria, but only when delivered as a liposomal-encapsulated form. This finding lead to the hypothesis of an endocytic vesicular process that routes the drug from the plasma membrane to the mitochondria 57 . However, the other hypothesis that is currently favored by the majority of the research community is based on the peculiar physicochemical properties of this biguanide. The positive charge of metformin at physiological pH was proposed to account for its slow accumulation within the matrix of energized mitochondria of intact cells, driven by mitochondrial transmembrane electrochemical potential () 39,45 . As such, it has been proposed that metformin could accumulate in mitochondria, theoretically reaching millimolar concentrations in the matrix of the organelle despite a cytoplasmic level within the micromolar range 39,41 . This -driven mitochondrial import theory might also provide an explanation for the weak inhibitory effect of metformin on mitochondrial respiratory-chain complex 1; as metformin is imported into mitochondria, its progressive accumulation causes a decrease in mitochondrial membrane potential, which limits its own accumulation.

Of note, metformin is known for its metal-binding properties, particularly the binding of the drug with a high affinity to copper. The interaction of metformin with mitochondrial copper ions has been suggested to be involved in the inhibition of mitochondrial respiratory-chain complex 1 by the drug through a mechanism that remains to be fully characterized 60 .

Metformin-mitochondrial respiratory-chain complex 1 interactions.

The mammalian mitochondrial respiratory-chain complex 1 is a large L-shaped membranebound redox enzyme (also known as NADH:ubiquinone oxidoreductase) consisting of 14 core subunits and more than 30 accessory subunits that are encoded by both nuclear and mitochondrial genes 61,62 . The complex couples the transfer of electrons from NADH to the ubiquinone pool with a transfer of four protons from the mitochondrial matrix towards the intermembrane space 61 . Of note, the resolution of the crystal structure of mitochondrial respiratory chain complex 1 showed that it is organized in four functional modules (N, Q, proximal pump [PP] and distal pump [PD]) and exists in two distinct forms: a fully active one and a catalytically inactive so-called 'deactive' D-form (where the enzyme is catalytically inactive) 61,62 . Although research has shown that metformin does not alter the structural integrity of the whole complex 45 and probably binds to one of the phylogenetically conserved core subunits 61 , the exact nature of the molecular interactions between the drug and mitochondrial respiratory chain complex 1 remains unknown. A substantial breakthrough came in 2014 from an elegant study, which methodically dissected the effect of metformin at different levels of the catalytic cycle of the enzyme 45 . Altogether, the study proposed that metformin is a reversible noncompetitive inhibitor that binds to the Cys39-containing matrix loop of the mitochondrial respiratory-chain complex 1 subunit ND3, which is located within the amphipathic region between the redox and proton-transfer domains of the PP module. This interaction stabilizes the enzyme in an open-loop deactive conformation state 45 (Figure 1).

Metformin and hepatic gluconeogenesis

The liver has a central role in the blood glucose lowering effect of metformin in patients with T2DM. Metformin treatment decreases endogenous hepatic glucose production by a mechanism thought to mainly involve inhibition of gluconeogenesis 13,16 .

In addition inhibition of hepatic glycogenolysis by metformin has been reported but less consistently 13,14 . After its intestinal absorption, metformin concentration is high in the portal vein, resulting in the accumulation of higher metformin levels in the liver than in other surrounding organs 27 . Furthermore, PET imaging with 11 C-metformin confirmed that the drug is primarily taken up in the liver in both humans and mice 28,29,27 .

The main hepatic metformin transporter is OCT1. Mice deficient in Oct1 show a decrease in metformin accumulation in the liver and the drug loses its ability to lower plasma glucose levels 28,63 . Similarly, polymorphisms in OCT1 (SLC22A1) are thought to decrease the acute effects of metformin on glucose tolerance in humans 64 . However, the influence of OCT1 decreased-function variants on metformin response has not been consistently reported 31,32 . The discrepancy in study results could be explained by key differences in the assessment of metformin response, which is measured either during a dynamic response to an oral glucose challenge 64 or after a prolonged oral metformin use 32 . Although it seems clear that metformin could act via both acute and long term direct and indirect effects to decrease hepatic glucose production, several conflicting mechanisms have been proposed to explain the inhibition of gluconeogenesis by the drug.

Controversy on metformin concentrations. Over the last years, controversy has arisen concerning the use of high concentrations of metformin in preclinical (200-400 mg per kg) and in vitro studies (250 µM to 2 mM) using intact cells (specifically primary hepatocytes) when compared to the concentrations achieved in plasma from patients with diabetes mellitus treated with the drug 65 . However, due to a wide interindividual variability in metformin pharmacokinectics, the plasma distribution of the drug at steady-state is highly changeable in patients 66,67 , which considerably enlarges the range of clinically relevant metformin concentrations. In rodent studies, the optimal dosage was established on the ability of metformin to induce a relevant glucose-lowering effect, with an effective oral single dose of metformin estimated to be around 200-250 mg per kg in mice [68][69][70][71] . Of note, the high dose of metformin required in rodents compared to humans (humans require about 25-30 mg/kg per day, with patients with T2DM receiving an oral dose of 500 or 850 mg either twice or three times per day, up to a total of 2,550 mg per day) to achieve biological effects might in part result from a faster renal metformin clearance. Indeed, metformin has a mean plasma elimination half-life of 1-2 in mice and 4-9 hours in humans 72,73 .

For in vitro studies, metformin concentrations above those found in patients with diabetes (40-70 uM, measured in the portal vein) were considered as clinically irrelevant 24,65,74,75 . However, studies in mice treated with oral metformin show an accumulation of a higher concentration of metformin in liver than in hepatic portal vein plasma 27,55 . Although concentrations ranging from 100-250 μM can be viewed as suprapharmacological concentrations, these concentrations are reached in the liver of mice treated orally with 50 mg per kg metformin (a dose that is generally accepted as falling in the clinical range) 27 . Interestingly, chronic treatment of mice fed a high fat diet (HFD) with 50 mg kg metformin (leading to plasma concentrations of 29 μM) improved metabolic parameters in HFD-fed mice, however, a higher dose of 200 mg per kg was needed to lower glucose in acute metformin tolerance tests 69 . The acute administration of 250 mg per kg metformin to fasted mice lead to metformin concentrations of ~120 μM and ~0.8 μmol per g in plasma and liver, respectively 70 . This concentration metformin accumulating in the liver is comparable to intracellular metformin concentrations observed in measured in primary rat hepatocytes treated with 100 µM metformin for 4 hours 76 . Therefore, the treatment of primary hepatocytes with metformin concentrations above those found in the circulation might not necessarily be above therapeutic concentrations found in the liver.

Of note, the uptake of metformin into hepatocytes is slow, but the drug has the ability to accumulate at high concentrations within the cell and the mitochondrial matrix due to its positive charge, which allows it to interact with the polarized mitochodrial membrane 39,45,77 . Accordingly, the ratio of intracellular to extracellular metformin has been shown to be ∼5:1 in primary rat hepatocytes incubated with 100-500 µM metformin 76 . Consequently, the effects of metformin are both concentration-dependent and time-dependent. Moreover, this point has been well illustrated in studies showing inhibition of mitochondrial respiratory-chain complex 1 in rat hepatoma H4IIE cells after incubation with low metformin concentrations (50-100 µM) for a prolonged period of time (24 and 60 hours) 39 . Similarly, a decrease in glucose production occurs after incubation of mouse primary hepatocytes with 250 µM metformin at 8 hours 68 , whereas a separate study showed inhibition of glucose output with lower metformin concentrations (80 µM) after a longer incubation period of 24 hours 24 . Therefore, effects observed with relatively high concentrations of metformin might also occur at lower concentrations after longer incubation. In future studies, it will be interesting to correlate the levels of intracellular metformin accumulation with the impact of the drug on hepatic glucose production.

Metformin-induced AMPK activation.

The cellular energy sensor AMPK is a critical regulator of energy homeostasis that is activated by energy stresses that increase cellular ADP:ATP and/or AMP:ATP ratios 23 . In 2001, metformin was reported to stimulate AMPK activation in rat primary hepatocytes 77 . Furthermore, this effect was later attributed to the inhibition of mitochondrial respiratory-chain complex 1 by the drug, which causes an altered cellular energy charge characterized by a decline in intracellular ATP levels concomitant with increase in intracellular ADP and AMP intracellular levels 23,43,68 . An elegant 2010 study confirmed this finding by using cells expressing AMPK mutant insensitive to AMP and showing that metformin-induced AMPK activation is dependent on AMP binding to the regulatory AMPK- subunit, even if changes in the levels of intracellular adenine nucleotide levels are technically undetectable 78 .

Although it is assumed that AMPK activation is mediated by the canonical energy stress mechanism, evidence is accumulating that glucose starvation can activate AMPK by a non-canonical mechanism that is independent of changes in the AMP:ATP ratio, which involves the formation of a complex comprising AMPK, axin, LKB1, v-ATPase and ragulator at the surface of lysosomes 79,80 . Whether metformin could also activate AMPK via this lysosomal pathway has been examined in mice and primary hepatocytes deficient for axin. Interestingly, metformin-mediated AMPK activation was abolished in liver-specific axin-deficient mice after chronic intraperitoneal administration of 50 mg per kg of metformin and in axin-deficient hepatocytes treated with 70 µM metformin for 3 hours 81 . Nonetheless, the consequence of axin deletion on metformin-induced inhibition of glucose production has not been addressed. These data raise the intriguing possibility that metformin acts at the lysosome surface as well as within mitochondria, therefore future studies examining the functional link between metformin and the lysosomal pathway are warranted.

An important 2001 study suggested that activation of AMPK was necessary for metformin-induced inhibition of glucose production in rat primary hepatocytes based on the use of the AMPK inhibitor Compound C (also known as Dorsomorphin) 77 . Later, the involvement of AMPK in metformin action was strengthened by a study reporting that deletion of LKB1 (the upstream kinase of AMPK) prevented activation of AMPK and suppressed the glucose-lowering effects of metformin in vivo, in HFD-fed mice 82 .

Moreover, this study suggested that activation of the LKB1-AMPK signalling pathway by metformin represses the gluconeogenic transcriptional program through the phosphorylation and nuclear exclusion of the transcriptional coactivator cAMP-response element-binding protein (CREB)-regulated transcription coactivator 2 (CRTC2), which is a key regulator of gluconeogenic gene expression 82 (Figure 2A). In addition, other mechanisms induced by metformin that lead to the inactivation of CRTC2 and involving AMPK have also been proposed [83][84][85] .

Importantly a breakthrough 2010 study challenged the aforementioned model of AMPKdependent transcriptional inhibition 68 . This study demonstrated that metformininduced inhibition of glucose production was preserved in primary hepatocytes, even when the expression of gluconeogenic enzymes was forced through overexpression of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), which is a master co-activator of gluconeogenic genes. As such, the findings indicate that metformin inhibits the activity of gluconeogenic enzymes rather than their gene expression 68 . Importantly, metformin still inhibits glucose production and gluconeogenic gene expression in primary hepatocytes from mice deficient in AMPK catalytic subunits or LKB1 expression in the liver, which demonstrates that neither AMPK nor LKB1 are crucial for inhibition of hepatic glucose production by metformin 68 . Furthermore, hepatic AMPK-deficient mice displayed normal glycaemia, pyruvate tolerance and blood glucose-lowering effect of metformin 68,86,87 .

To further support the absence of a direct effect of AMPK activation on the regulation of hepatic gluconeogenesis, treatment with the small-molecule direct AMPK activator (A-769662) showed no influence on endogenous hepatic glucose production both in vitro in primary hepatocytes 68 and in vivo in mice 75 . Similarly, the more potent AMPK activators PF-249 and PF-739 have no impact on the endogenous glucose production after acute administration in mice 87 . Thus, although metformin activates AMPK by reducing cellular energy charge, the metformin-induced acute suppression of glucose production is seemingly independent of the LKB1-AMPK signalling pathway and transcriptional alterations.

Several studies have suggested that the effects of metformin that are associated with a reduction in cellular energy charge result from supra-pharmacological concentrations of the drug; at therapeutic concentrations, metformin is proposed to act without affecting cellular energy levels 24,74,75,88 . Specifically, low concentrations of metformin have been shown to suppress glucose production in primary hepatocytes via AMPK activation, independently of any detectable changes in AMP:ATP ratio 24 .

AMP-dependent mechanisms. It has been proposed that metformin acutely inhibits hepatic glucose production through AMPK-independent mechanisms that involve modulation of cellular energy status and allosteric inhibition of crucial gluconeogenic enzymes. Gluconeogenesis is a highly energy-consuming metabolic pathway, which requires six ATP equivalents (4 ATP and 2 GTP) per molecule of glucose synthesized. As such, the decrease in intracellular ATP levels resulting from the inhibition of mitochondrial respiratory-chain complex 1 could be the simplest explanation to account for the reduction of hepatic gluconeogenic flux by metformin 68 . This model is supported by the strong correlation between decreases in intracellular ATP levels and inhibition of glucose production in mouse primary hepatocytes that are incubated with metformin, which emphasizes the close relationship between hepatic energy status and glucose production 68 .

The alteration of cytosolic and mitochondrial NADH:NAD + ratios by metformin 38,39 could also be involved in the inhibition of glucose production (Figure 2B). Furthermore, the mild metformin-induced increase in intracellular AMP levels through compromised hepatic energy status might also exert a major role in the flux control of gluconeogenesis via an allosteric inhibition of fructose 1,6-bisphosphatase (FBP1), which is a key enzyme in gluconeogenesis 68 (Figure 2B). Interestingly, in one study the glucose-lowering effect of metformin was shown to be significantly decreased in a mouse model bearing a point mutation in FBP1 that rendered it insensitive to inhibition by AMP 70 . In addition, it has been shown that the increase in intracellular AMP levels induced by metformin decreased glucagon-stimulated gluconeogenesis in liver 71 . Indeed, AMP inhibits the glucagon-induced activation of adenylate cyclase (the enzyme that catalyzes the cyclization of ATP into cyclic AMP) by binding to an inhibitor site on the enzyme known as site P, which subsequently lowers intracellular cyclic AMP levels, decreases protein kinase A (PKA) activity and decreases the phosphorylation of essential factors that stimulate gluconeogenesis, which include 6-phosphofructo-2-kinase/fructose-2,6biphosphatase 1, inositol trisphosphate receptor and CREB-1. These events in turn lead to a decrease of glucagon-stimulated glucose production 71 (Figure 2C).

Alteration of redox state. An alternative model of metformin action has been

suggested, in which the drug decreases hepatic gluconeogenesis independently of AMPK-mediated and energy charge-mediated effects through a direct inhibition of mitochondrial glycerol-3-phosphate dehydrogenase (mG3PDH) 75,88 . The concerted action of the mitochondrial isoform of G3PDH (mG3PDH), which is located on the outer side of the inner membrane, and the cytosolic isoform of G3PDH (cG3PDH) creates the glycerol-phosphate shuttle. This shuttle is one of two shuttles that transfer the cytosolic reducing equivalents (that is, NADH) directly into the mitochondrial electron transport system for their re-oxidation. Importantly, two outcomes of the inhibition of the glycerol-phosphate shuttle by metformin have been proposed: first, a disruption of glucose production from glycerol; second an increase in cytosolic redox potential (NADH:NAD + ), which impedes the utilization of lactate for gluconeogenesis 75,88 (Figure 3A). This mechanism predicts that metformin suppresses gluconeogenesis from glycerol or reduced gluconeogenic substrates (such as lactate) but not from oxidized substrates (such as alanine or pyruvate).

The aforementioned hypothesis has been experimentally supported by studies in vivo and in primary hepatocytes 75,88 . Metformin treatment reduced hepatic glucose production, while increasing cytosolic redox and decreasing mitochondrial redox states in liver 75,88 . These findings were replicated in mG3PDH-deficient mice 75 . Similarly, primary hepatocytes that are deficient in mG3PDH showed inhibited gluconeogenesis, which recapitulates the effects of metformin in control hepatocytes. In mG3PDHdeficient hepatocytes, glucose production was abolished from glycerol or reduced substrates (for example, lactate) but was unaffected from oxidized substrates (for example, alanine or pyruvate) 75 . However, this model of metformin action raises several concerns. The glycerol-phosphate shuttle has an important role in tissues that oxidize glucose rapidly (such as skeletal muscle and the brain) to regenerate NAD from NADH that is produced by glycolysis 89,90 . However, in the liver, the malate-aspartate shuttle is the primary NADH shuttle 91,92 . Furthermore, as highlighted elsewhere 93 , inhibition of the glycerol-phosphate shuttle might not be sufficient to impact gluconeogenesis. In a mouse model, disruption of the glycerol-phosphate shuttle has no effect on glycaemia whereas the disruption of malate-aspartate shuttle lowers fasting glycaemia and increases the cytosolic ratio of NADH:NAD + (REF. 63 ).

Finally, the model of inhibition of mG3PDH by metformin was recently challenged 74 . In this study, researchers found that metformin had no effect on mG3PDH activity in cell-free assays and that the drug inhibited hepatic glucose production from both reduced and oxidized gluconeogenic substrates. In addition, the study reported that pharmacological inhibition of mG3PDH had no effect on glucose production 74 . These findings led to the proposal that metformin increases the cytosolic ratio of NADH:NAD + independently of the inhibition of mG3PDH or of mitochondrial respiratory-chain complex 1 via mitochondrial membrane depolarization, which is caused by metformin accumulation in mitochondria. In turn, this accumulation then inhibits the electrogenic transporter for aspartate of the malate-aspartate shuttle 74 . However, the same study suggested that metformin inhibits gluconeogenesis by an energy charge-independent and redox-independent mechanism. Metformin-induced inhibition of the malateaspartate shuttle might stimulate the glycerol-phosphate shuttle, leading to a decrease in glycerol-3P (a potent allosteric inhibitor of PFK1 (phosphofructokinase 1) levels. As a result, gluconeogenesis is inhibited through the partitioning of substrates towards glycolysis 74 (Figure 3B).

The alteration of hepatic redox potential caused by metformin probably has an important role in the inhibition of gluconeogenesis. However, concern exists about whether the effect of metformin on the redox state (that is, the ratio of NADH:NAD + ) is dissociable from an effect on energy charge (that is, the ratio of AMP:ATP). NADH is the major source of electrons that flow through the mitochondrial electron transport chain to generate ATP. Consequently, whether metformin hampers NADH mitochondrial transfer by mG3PDH inhibition, or alternatively by acting to depolarize the mitochondria membrane, de facto cellular energy charge is expected to be impaired. Thus, a model in which metformin modifies redox status without compromising energy charge seems contradictory. Of note, in the studies supporting the metformin redox state hypothesis, changes in the redox state induced by metformin were concomitant with AMPK activation 74,75,88 , which is a very sensitive marker of cellular energy stress.

In addition, in the proposed metformin mechanism of action that involves a mild inhibition of mitochondrial respiratory chain complex 1, both the AMP:ATP and the NADH:NAD + ratios are altered 38,39 . Altogether, despite intense debate, the relative contributions of energy charge and redox state changes in metformin action still need to be established.

Effects of chronic AMPK activation. Although AMPK activation does not account

for the acute glucose-lowering effect of metformin, chronic metformin-induced AMPK activation might indirectly inhibit hepatic glucose production by increasing hepatic insulin sensitivity. For example, pharmacological activation of AMPK has been reported to alleviate hepatic steatosis in fatty liver mouse models 86,94,95 via the inhibitory phosphorylation of acetyl CoA carboxylase (ACC) 1 and ACC2, which results in the inhibition of lipid synthesis and stimulation of fatty acid oxidation (Figure 2D).

Moreover, the importance of AMPK-ACC pathway in the action of metformin on glucose and lipid metabolism was further demonstrated in mouse models in which ACC1 and ACC2 were rendered insensitive to AMPK phosphorylation 69 . These mouse models are resistant to the lipid-lowering and glucose-lowering effects of metformin, which indicates that the decrease in blood glucose levels in response to metformin depends on the ability of the drug to lower intracellular lipid content. Thus, the ability of metformin to improve insulin sensitivity through the AMPK-ACC pathway might, at least in the long-term, contribute to the suppression of hepatic glucose production in the context of insulin resistance. Importantly, this mechanism might also explain the resistance of HFD-fed LKB1-deficient mice to the glucose-lowering effect of metformin, which was described earlier 82 . However, it is not clear whether this mechanism is relevant in humans owing to the controversy that exists regarding the efficacy of metformin treatment to reduce hepatic lipid content 96 .

Metformin and meta-inflammation

The chronic low-grade inflammation associated with obesity, which is also called meta-inflammation or metaflammation, is one of the major contributors to insulin resistance and impaired glucose and lipid homeostasis in metabolic syndrome and T2DM 97 . The immune system is now well recognized to have a key role in the regulation of whole-body metabolic homeostasis through a variety of innate and adaptive immune cells that are present in various organs, most notably in adipose tissue and the liver 98,99 .

In obesity, the oversupply of dietary nutrients (especially fatty acids) triggers enhanced recruitment of monocytes to metabolic organs (that is, adipose tissue and liver), which become polarized towards pro-inflammatory 'M1-like' macrophages. Importantly, M1like macrophges are believed to mediate, at least in part, tissue-specific insulin resistance 100 .

In healthy adipose tissue, a network of type 2 immune cells secretes antiinflammatory cytokines, which trigger macrophages to become polarized towards an alternatively activated 'M2-like' state. These M2-like macrophages support the resolution of inflammation and tissue-specific insulin responsiveness, this latter effect through mechanism(s) that are currently largely unknown. In obesity and T2DM, this finely-tuned system is altered 101 , leading to change in adipose tissue macrophage polarization in favor of classically activated 'M1-like' macrophages, which orchestrate insulin resistance through enhanced secretion of pro-inflammatory cytokines 100 .

Similarly, both newly-recruited and resident liver macrophages (Kupffer cells) and neutrophils were shown to play a pathogenic role in insulin resistance in both rodents and humans by increasing hepatic inflammation through the secretion of proinflammatory cytokines and elastase, respectively [102][103][104] .

Other immune cells are present in adipose tissue and the liver that are also involved in meta-inflammation, for example CD4 + T helper 1 (TH1) and T helper 17 (TH17) cells, B cells and natural killer T (NKT) cells 98,99 . At the molecular level, both in vitro and in vivo studies in rodent models of obesity have shown that the proinflammatory cytokines produced by macrophages (IL-6, TNFα and IL-1β), TH1 cells (IFN) and TH17 cells (IL-17) contribute to the inhibition of the canonical insulin signalling, notably through activation of NFB and JNK pathways 105 . By contrast, the TH2 cytokines IL-4 and IL-13 have been shown to promote insulin sensitivity and glucose homeostasis, at least in part by triggering the JAK-STAT-PPAR axis in various metabolic organs [106][107][108][109][110] . In addition, the production of IL-10 and TGF by regulatory T cells (Treg) has been linked with protection against insulin resistance in mouse models of obesity 111,112 .

Modulation of immune cell functions. Some clinical studies have suggested beneficial effects of metformin on systemic inflammatory markers, such as serum levels of TNF, IL-6, PAI-1 and the neutrophil-to-lymphocyte ratio, in patients with type 2 diabetes [113][114][115] or patients with polycystic ovary syndrome (PCOS) 115 (BOX 2). However, most of the data supporting anti-inflammatory properties of metformin came from in vivo studies in HFD-fed obese mice [116][117][118][119] and a zebrafish model of obesity 120 , or in vitro and ex vivo experiments with supra-therapeutic concentrations of the drug in various immune cell types, particularly macrophages 115,[121][122][123][124][125][126][127] . In line with this, metformin was found to inhibit the lipopolysaccharide (LPS)-induced expression of pro-inflammatory cytokines (IL-6 and TNFα) in both mouse peritoneal macrophages and human monocyte-derived macrophages 121,124 . At the mechanistic level, this anti-inflammatory effect was attributed, at least in part, to an AMPK-dependent decrease in NFkB activity that is secondary to either inhibition of JNK signalling pathway or Activating Transcription Factor 3 (ATF3) induction 121,124 (Figure 4). Furthermore, metformin has been reported to inhibit monocyte-to-macrophage differentiation in the THP-1 macrophage cell line via an AMPK-mediated inhibition of STAT3 activation, which might contribute to reduce atherosclerosis by lowering the inflammatory environment within the vessel wall 124 .

Metformin has also been shown to inhibit LPS-induced IL-1β secretion whilst potentiating IL-10 expression in mouse bone marrow-derived macrophages. However, the mechanism is thought to be independent of AMPK activation and might instead result from the specific inhibition of mitochondrial reactive oxygen species (ROS) production driven by reverse electron transport (RET) at the mitochondrial respiratorychain complex 1 122 . Of note, this specific inhibition of RET-mediated ROS production has also been proposed to contribute to the decrease in oxidative stress-related cell death induced by metformin 46,56,58 and to its cardioprotective properties.

AMPK, as a central regulator of cellular metabolism, has a prominent role in both myeloid cell polarization and T cell effector responses 128,129 . Indeed, an emerging paradigm suggests that metabolic reprogramming and immune cell functions are intricately linked and that immune cell activation, proliferation and polarization are underpinned by profound changes in core metabolic pathways 130 . For example, proinflammatory macrophages and effector T cells mostly rely on glycolysis for the generation of ATP, whereas anti-inflammatory macrophages and Treg depend instead on AMPK-dependent fatty acid oxidation and mitochondrial OXPHOS 128,129 (Figure 4). So far, the contribution of AMPK-induced changes in cellular metabolism to the antiinflammatory effects of metformin remains unknown and deserves dedicated investigation. Moreover, since the immunomodulatory properties of metformin have also been proposed to underlie some of its beneficial effects on auto-immune inflammatory diseases [131][132][133][134] and cancer [135][136][137][138] , further studies are required to decipher the immune-mediated mode of action of metformin.

Metformin action in the intestine

Gut as the primary target of metformin. Although it is generally accepted that the anti-hyperglycaemic effect of metformin is primarily attributed to its action on the liver 139 , accumulating data have suggested that the metabolic benefits of the drug might also be due to actions in the gut 19,21,140 (Figure 5). Early studies provided evidence that intravenous administration of metformin is less effective than oral dosing for inducing its glucose-lowering action [141][142][143] . In addition, metformin was reported to inhibit intestinal glucose absorption in proximal small intestine, which is seemingly associated with increased glucose utilization by the enterocytes in the intestine and increased lactate production through anaerobic metabolism 19,[144][145][146][147] .

Interestingly, imaging with PET-CT in patients with T2DM treated with metformin revealed enhanced intestinal glucose utilization as demonstrated by diffusely increased 18 F-fluoro-deoxyglucose (FDG, a non-metabolized glucose analogue) uptake in the colon and to a minor extent in the small intestine 148 . Of note, metformin is considered to increase the intestinal utilization of glucose that is taken up from the circulation, however, increased uptake of glucose from the intestinal lumen could also be contributing to the metabolic benefits of metformin 19,149 . The mechanism of metformin stimulation of intestinal glucose utilization is debated, but might be related to the redistribution of the glucose transporter 2 (GLUT2) at the apical membrane 34,150,151 of enterocytes or increased expression of the sodium glucose transporter 1 (SGLT1) (REFS 152,153 ).

Metformin accumulates at very high concentrations (up to 30-300 times greater than the concentration in plasma) in the small intestine and the large intestine 27,154 , suggesting that the gastrointestinal tract probably represents an important site of metformin action for the management of T2DM. Moreover, studies in rat models and humans with T2DM have linked gastrointestinal metformin exposure in the proximal and distal small intestine to suppression of hepatic glucose production and attenuated glycaemic responses to oral glucose 155,156 . In addition, oral administration of a delayedrelease formulation of metformin, which is released slowly in the distal small intestine (ileum) where absorption is low, resulting in low plasma metformin exposure, was shown to be as effective as the standard immediate-release formulation in lowering fasting plasma glucose levels in individuals with T2DM 20,157 . In further support of a dissociation between metformin plasma exposure and gut-restricted metformin action, inhibition of the transporter MATE, which mediates hepatic and renal elimination of metformin, had little effect on blood glucose levels despite an increase in metformin concentrations in plasma in humans 158 or in the liver in mice 28 . Taken together, these findings indicate that the response to metformin is not only related to its systemic exposure and illustrate the quantitative importance of the gastrointestinal tract in the glucose-lowering effect of metformin.

Effects of metformin on GLP1 release.

One mechanism proposed to underlie the gut-mediated glucose-lowering effect of metformin relies on incretins. An increasing body of clinical evidence suggests that metformin increases the plasma levels of the gut incretin hormone, glucagon-like peptide 1 (GLP1) in patients with T2DM 159,160 . In addition, metformin has been reported to potentiate the responsiveness to incretin in mice by increasing the expression of pancreatic islet GLP1 receptor 161 . Of note, GLP1 has the capacity to improve blood glucose homeostasis in T2DM via pleiotropic actions, including feedback mechanisms that act through a gut-brain neuronal axis, stimulation of glucose-stimulated insulin secretion, inhibition of pancreatic glucagon secretion, slowing of gastric emptying and reduction in appetite and food intake.

The hormone GLP1 is secreted by intestinal enteroendocrine L cells in response to the presence of nutrients in the intestinal lumen. These cells are located mainly in the distal small intestinal mucosa and the colon. However, evidence suggests that the administration of metformin to the lower and upper gut is not critical to the capacity of the drug to increase plasma GLP1 levels and achieve its glucose-lowering effect in humans 156,162 . Instead, a mechanism has been suggested in which metformin acts to decrease glucose absorption in the upper small intestine, which causes an increase in glucose concentrations in more distal regions of the gut. In turn, the increase in glucose concentrations then stimulates GLP1 secretion from the large population of enteroendocrine L cells located within the ileum 145 . The contribution of GLP1 signalling to the acute postprandial effect of metformin on plasma glucose levels was confirmed in a 2018 study of patients with T2DM. Infusion of the GLP1 receptor antagonist exendin 9-39. reduced the effect of metformin on postprandial glucose excursions, suggesting that the metformin-induced secretion of GLP-1 contributes to mode of action of the drug 163 . However, pharmacological inhibition or deletion of incretin receptor signalling showed no significant effect on the capacity of metformin to improve oral glucose tolerance in diet-induced obese mice 161 . This finding suggests that in mice, GLP1 secretion is not the predominant mechanism for the glucose lowering effect of metformin. Of note, incretin-based therapies are approved for use as add-ons to the first line metformin monotherapy to further amplify clinical outcomes, which supports the contribution of GLP1-independent mechanisms to the glucose-lowering impact of metformin 164 .

Metformin has been hypothesized to increase both fasting and postprandial levels of GLP1 by decreasing its degradation by dipeptidyl peptidase-4 (DPP4) or by directly increasing GLP1 secretion from enteroendocine L cells, although in vitro studies have yielded inconsistent results (reviewed in REFS 145,165 ). A range of potential mechanisms for acute metformin-induced GLP1 secretion have been proposed from in vitro and ex vivo studies using intestinal L cell lines or human colonic tissue sections 163 . These mechanisms include a role for muscarinic acetylcholine receptor 166 , Wnt signaling 167 or AMPK activation 155 .

Metformin has also been reported in in vitro studies to protect enteroendocrine GLP1-secreting L cells against lipoapoptosis via a sustained activation of AMPK in these cells 168 . This effect might explain the elevated plasma GLP1 levels that are associated with chronic metformin therapy. However, supporting evidence exists that shows metformin exerting an indirect stimulatory effect by increasing GLP1 secretion in response to the availability of the bile acid pool in the intestine of T2DM patients 160,169 .

For example, metformin induces a decrease in the overall absorption of intestinal bile salts by strongly decreasing their absorption from the ileum (via an active process). This effect occurs despite a small increase in absorption of bile acids in the jejunum (via passive non-saturable concentration-dependent diffusion) 170 . Possible mechanisms for metformin-induced suppression of active bile acid reabsorption in the ileum are inhibition of the apical sodium-dependent bile acid transporter (ASBT) 165 and modulation of the transcriptional activity of farnesoid X receptor (FXR, a bile acid receptor) via an AMPK-mediated mechanism 171 in enterocytes (Figure 5). Importantly, this process results in increased luminal concentration of bile acids in the ileum and colon, which increases GLP1 secretion via the stimulation of Takeda G-protein-coupled receptor 5 (TGR5) on enteroendocrine L cells [172][173][174] . Furthermore, the higher concentration of bile acids now present in the intestinal lumen might simultaneously decrease the activation of FXR in L cells, and hence promote GLP-1 production and secretion 175 . Thus, the combination of these intestinal effects might further stimulate metformin-induced secretion of GLP1 from L cells.

Metformin action on the gut-brain neuronal axis. Emerging evidence suggests

the importance of nutrient sensing in the gut for the control of glucose homeostasis, through the activation of a gut-brain-liver negative feedback system to inhibit hepatic glucose production 176 . For example, glucose sensing in the upper small intestine is mediated through a SGLT1-GLP1 receptor (GLP1R)-dependent neuronal axis 153 . As such, the infusion of glucose into the upper small intestine stimulates intestinal GLP1 release, as revealed by increased portal vein active GLP1 levels, however, there is no effect on peripheral circulating GLP1 levels. These findings suggest that GLP1 acts locally in the gut by activating GLP1R on vagal afferent nerves that innervate the gut mucosa 153,177 .

The mechanism by which intestinal glucose contribute to the release of GLP1 implicates a role for SGLT1-mediated glucose uptake in enteroendocrine cells 178,179 . To evaluate the contribution of small intestinal glucose-sensing mechanisms to the metabolic benefits of gut-restricted metformin, the impact of intraduodenal metformin infusion was assessed in rodents in response to HFD-induced impairments in intestinal glucose sensing. One-day treatment of metformin that is administrated directly into the upper small intestine of HFD-fed rats was found to restore upper small intestinal SGLT1dependent glucose sensing, which resulted in the restoration of glucose-stimulated GLP1 release and suppression of glucose production 153 . In treated rats, increased expression of mucosal SGLT1 was dependent on changes in the composition of the upper small intestine microbiota, as transplantation of the microbiota from metformin treated rats into untreated HFD-fed rats restored the activity of the SGLT1-dependent glucose-sensing pathway 180 . However, future work is warranted to elucidate how metformin affects the composition of the microbiota (further discussed later) and modulates small intestinal glucose sensing.

Interestingly, in an obese diabetic rodent model, infusion of metformin in the upper small intestine activates AMPK in the duodenal mucosa layer to lower hepatic glucose production. This effect is independent of upper small intestinal glucose sensing and acts through a gut-brain-liver neuronal network that triggers a GLP1R-protein kinase A-dependent pathway 155 . The action of intraduodenal infusion of metformin on the inhibition of hepatic glucose production is abrogated by co-infusion with a GLP1R antagonist and through chemical inhibition of neurotransmission via afferent fibers in the gut. Moreover, this study highlights the importance of an intestinal GLP1 dependent mechanism that is relayed by the activation of GLP1R on vagal afferent neurons in mediating the acute effects of intraduodenal metformin 155 . However, the underlying mechanism linking duodenal AMPK activation and GLP1 signalling has not yet been fully elucidated. It remains uncertain whether metformin activates AMPK directly in GLP1 secreting cells or acts indirectly (for example via bile acids accumulation) to stimulate the release of GLP1 for the subsequent stimulation of GLP1R on the vagus afferent nerve (Figure 5).

The glucoregulatory role of duodenal AMPK activation was also demonstrated in response to intraduodenal infusion of resveratrol (a natural polyphenolic compound known for its many beneficial effects to human health) or the AMPK activator A-769662, indicating the therapeutic relevance of targeting duodenal AMPK for gut-mediated antidiabetic therapies 155,181,182 . In a recent 2018 study, it was reported that inhibition of mTOR signalling is also required for the glucose-lowering effect of intraduodenal metformin but that mTOR acts independently of AMPK signalling 177 , thereby adding a novel potential gut target to potently lower glucose levels in patients with T2DM.

Modulation of gut microbiota.

Evidence is accumulating that suggests a causal relationship between intestinal microbiota dysbiosis (defined as an imbalance in the normal populations of microorganisms present in the gastrointestinal tract) and metabolic diseases such as T2DM 183,184 . For example, metagenomic studies have described a significant effect on bacterial diversity present in faecal samples associated with metformin treatment in rodent models [185][186][187] or individuals with T2DM 22,183,188,189 . These findings suggest that the changes in composition of gut microbiota might be a contributing factor to the glucose-lowering effect of metformin (Figure 5). Accordingly, depletion of the gut microbiota by oral intake of antibiotics abrogates glucose-lowering capacity of metformin in rodents 186 . Furthermore, faecal microbiota transplantation from metformin-treated donor rodents (which had improved glucose tolerance) to HFDfed recipient animals induced similar improvements in glucose tolerance in the recipients 153,189 .

Metformin treatment in patients with T2DM was reported to alter the structure of gut bacterial communities by causing a substantial shift in the abundance of specific subsets of bacterial taxa, which partially restores faecal gut dysbiosis that is associated with T2DM 22,160,183,188 . However, these studies analysed the long-term therapeutic outcome in patients on a stable dose of metformin for more than 3 months and could be the result of changes in microbiota composition that are secondary to the subsequent metabolic improvements. However, evidence is now growing that metformin has rapid effects on the composition and function of the faecal gut microbiota, which contribute to the antidiabetic effect of the drug. In a study with treatment-naive individuals with T2DM, a dramatic shift in the composition of the gut microbiota was reported after 2 and 4 months on metformin and was associated with increases in the abundance of Escherichia species and decreases in Intestinibacter species 189 . Moreover, another study of individuals with newly diagnosed T2DM showed decreased abundance of Bacteroides fragilis only 3 days after their first treatment with metformin 180 .

Although the aforementioned studies clearly document the effects of metformin on distal gut microbiota, a recent 2018 study indicates that metformin also alters microbiota composition in the upper small intestine 153 , where metformin accumulates at a high concentration 27,154 . This effect could also impact on the tolerance to metformin (BOX 1). Interestingly, administration of metformin in rodents in the upper small intestine for 1 day was associated with improved glucose sensing and rapid changes in upper small intestinal microbiota composition, with increased abundance of Lactobacillus species 153 . Moreover, intestinal microbiota transplantation experiments from metformin treated HFD-fed rats to recipient untreated HFD-fed rats confirmed the key role of changes in the upper small intestinal microbiota in mediating metformininduced restoration of glucose sensing 153 . Thus, metformin-induced changes of microbiota in both the upper and lower gastrointestinal tract might concur to regulate glucose homeostasis.

In addition to the modulation of microbiome composition, metformin treatment has been reported to improve metabolic functions of the microbiomeand interactions with host metabolism. This effect is consistent with the enrichment of short chain fatty acid (SCFA)-producing bacteria including Akkermansia, Bifidobacterium, Blautia, Butyrivibrio, Lactobacillus, Megasphaera, Prevotella or Shewanella species in metformintreated patients with T2DM, which results in increased SCFA in the colon, with potential metabolic benefits for the host 22,[187][188][189][190] . Interestingly, in silico analysis of the prevalent human gut bacterial metabolism using genome-scale metabolic models revealed important commensal and competing behavior following metformin treatment in the production of important SCFAs and their association with host cellular metabolism 191 .

An increase in the colonic production of SCFAs in mice, especially butyrate and propionate, is known to trigger intestinal gluconeogenesis and induce metabolic benefits, including a decrease in hepatic glucose production 192 . In addition, manipulation of SCFA production through gut microbial fermentation of prebiotics (nondigestible dietary ingredient that induce the growth or activity of limited number of beneficial bacteria in the colon) 193 or by delivering propionate specifically to the colon was reported to increase plasma GLP1 levels in humans, leading to a decrease in food intake and amelioration of T2DM features (for example, improved glycaemic response) 194,195 .

The gut microbiota also plays an important role for bile acid homeostasis, by generating unconjugated and secondary bile acids 196 . Moreover, metformin influences the ability of the microbiota to alter the bile acid pool by decreasing the abundance of Bacteroides Fragilis and its bile salt hydrolase activity 180 . These changes are accompanied by increased levels of the bile acid glycoursodeoxycholic acid (GUDCA), which is a potent endogenous antagonist of FXR. Importantly, this effect contributes to elevated GLP1 production via an AMPK-independent mechanism 180 . Notably, metformin-induced improvements of glucose tolerance could be transmitted by transplantation of feces from metformin treated patients with T2DM into antibiotictreated and microbiota-depleted mice fed a HFD. The action of metformin on a gut B. fragilis-GUDCA-intestinal FXR axis was further validated by the abrogation of beneficial effects of metformin effect after supplementation of HFD-fed mice with B. fragilis or deletion of intestinal FXR 180 . These data highlight the crosstalk between microbiota and host cells and the potential therapeutic value of gut microbiota remodelling for the treatment of T2DM and related diseases (such as non-alcoholic fatty liver disease).

A number of studies have highlighted the higher abundance of the mucindegrading bacteria Akkermansia muciniphila in the distal gut of metformin-treated humans with T2DM 185,187-189 and metformin-treated HFD-fed mice 186 . Moreover, A. muciniphila has been reported to improve metabolic disorders possibly by increasing the endogenous production of endocannabinoids, which reduce inflammation and promote secretion of GLP1 197 . Furthermore, the beneficial role of A. muciniphila on metabolic homeostasis was demonstrated by administration as a probiotic to HFD-fed mice, which resulted in improved glucose tolerance compared to untreated animals 186 .

Interestingly, these effects were enhanced by treatment with pasteurized A. muciniphila and were partly recapitulated by oral administration of a specific membrane protein isolated from A. muciniphila, providing support for its future use in therapy 198,199 . However, recent 2017 data do not support a significant correlation between A. muciniphila abundance and decrease in HbA1c in a cohort of treatment-naive individuals with T2DM who received metformin for 4 months 189 .

The mechanisms by which metformin selectively shapes the gut microbiota remain to be clarified but could mediated by both direct and indirect action of the drug. The effect of metformin on the abundance of A. muciniphila has been attributed to its action on intestinal mucin-producing goblet cells, which favors the production of mucus for the growth of the bacterium 186 . However, research has demonstrated that metformin can also directly promote the growth of A. muciniphila as well as Bifidobacterium adolescentis 189 , and inhibit the growth of B. fragilis 189 , Fusobacterium nucleatum and Clostridium perfringens 200 in bacterial cultures. To explain the direct inhibitory effect of metformin on microbial growth, it has been hypothesized that metformin might inhibit bacterial NADH:menaquinone oxidoreductase (NDH-1) complex, which is closely related to the eukaryotic mitochondrial respiratory-chain complex 1, and interfere with ATP production 201 . Interestingly, it was found that metformin impairs folate and methionine metabolism of intestinal microbiota in C. elegans 202 , via a mechanism that might also contribute to modulate the function and growth of B. fragilis in the intestine of patients with T2DM treated with metformin 189 . In a recent 2017 study investigating the direct interactions between metformin and microbiota in a dynamic in vitro gut simulator that mimics the human gastrointestinal tract with a stabilized gut microbial community, it was shown that metformin can regulate many bacterial genes encoding metalloproteins or metal transporters 189 , which is possibly related to the metal-binding physicochemical properties of the drug 60 . Overall, these studies suggest that metformin creates an environment that favors the growth of a subset of gut beneficial bacterial species, while directly compromising the survival of potential pathogen-like bacteria to influence the physiology of the host.

Gut microbiota and host immune response. Alterations in gut microbiota are believed to play a role in meta-inflammation, notably through modulation of innate and adaptive immune systems 203 . Specific metabolites are generated by gut commensals, notably SCFAs. These metabolites can affect the local and systemic host immune response and contribute to impairments or improvements in metabolic homeostasis 204 .

For instance, increases in the abundance of Akkermansia muciniphila in metformin treated obese mice has been associated with increased activity of intestinal goblet cells and activation of adipose tissue-resident Treg, as well as decreased expression of the proinflammatory cytokines IL-1β and IL-6 in visceral adipose tissue 186 (Figure 4). Although goblet cells have been reported to induce tolerogenic dendritic cells and promote the development of Treg 205 , the underlying molecular mechanisms linking modulation of intestinal immune homeostasis to adipose tissue immunoregulatory responses is unclear. However, these preclinical studies suggest that metformin-induced changes in gut microbiota could increase specific bacterial-derived immunomodulatory molecule(s) that can promote regulatory immune responses in both the intestine and in peripheral metabolic organs, ultimately contributing to dampen mucosal inflammation and/or meta-inflammation. Whether this gut-adipose tissue immunoregulatory axis also occurs in patients with T2DM treated with metformin remains to be determined.

Metformin and T1DM

Despite insulin treatment, many patients with type 1 diabetes mellitus (T1DM) do not achieve optimal glycaemic control 206 , which increases the risk of microvascular complications and cardiovascular diseases 207 . Furthermore, intensive insulin therapy increases the risk of hypoglycaemia and weight gain. Thus, several adjunctive therapies have been evaluated in combination with insulin in patients with T1DM to improve glycaemic control while decreasing the frequency of adverse events. Based on its therapeutic benefits in T2DM, metformin is thought to be a good candidate to improve blood glucose levels and decrease insulin requirements in patients with T1DM, especially in those with overweight or obesity 3,4 . Metformin provides a safe oral option with a low risk of hypoglycaemia and a potential to reduce cardiovascular events 3,4 .

Several randomized placebo-controlled trials have evaluated the efficacy and safety of metformin therapy in T1DM, notably, the REMOVAL study, the largest and longest trial to date 208 . Unfortunately, as pointed out by a recent meta-analysis 209 , these trials concluded that metformin adjunction to insulin therapy in patients with T1DM did not have a sustained effect on glycaemic control, as measured by HbA1c levels [208][209][210] .

Moreover, the REMOVAL study showed that atherosclerosis progression as measured by the carotid intima media thickness was not significantly decreased with metformin compared with placebo 208 . Nevertheless, metformin treatment exhibited minor benefits including decreases in insulin requirement, body weight, total cholesterol and lowdensity lipoprotein cholesterol 208,209 . Given the absence of metformin effects to improve blood glucose control and its minor beneficial effects, the use of metformin for patients with T1DM is questionable.

Conclusions

Sixty years after its introduction for the treatment of T2DM, the molecular mechanisms of metformin action continue to be a vigorous area of research. Major advances have been made with respect to understanding the direct and indirect effects of the drug on metabolic tissues and the regulation of whole-body glucose homeostasis.

Although, it is widely accepted that the main physiological response to metformin is the inhibition of hepatic glucose production via direct action on the liver, evidence exists for indirect actions of the drug by modulation of the glucoregulatory neuronal network and/or enhancement of hepatic insulin sensitivity and meta-inflammation via effects on lipid metabolism and immune cells, respectively. The traditional liver-centered model for the glucose lowering effect of metformin has been also challenged by the key contribution from the gut to increase intestinal glucose utilization, stimulate GLP1 secretion and shape the composition and function of the microbiome. At the molecular level, much work has focused on the inhibition of mitochondrial respiratory-chain complex 1 and the subsequent decrease in cellular energy status and activation of AMPK. It is now clear that AMPK is dispensable for the direct inhibitory effect of metformin on gluconeogenesis, but it might play an indirect role in the long-term effects of the drug by improving hepatic insulin sensitivity.

Metformin decreases hepatic gluconeogenesis through various molecular mechanisms, including alterations of cellular energy charge, inhibition of adenylate cyclase and FBP1 secondary to mitochondrial-mediated increases in intracellular AMP levels and modulation of the intracellular redox status as a consequence of direct inhibition of mG3PDH and/or mitochondria membrane depolarization. However, it remains to be demonstrated whether these signalling pathways are also relevant in the context of chronic metformin treatment and, more importantly, in patients with T2DM.

The mechanisms by which metformin influences the gut microbiota are probably both direct and indirect due to its anti-microbial activities and inhibition of bile acid reabsorption and suggest the potential for the development of novel gut-targeted therapies.

There is considerable variation in the response to metformin at the individual level in terms of glycaemic response and gastrointestinal tolerance (BOX 1); thus, a better understanding of the determinants underlying its clinical efficacy may help clinicians to develop a personalized approach in metformin therapy. The use of modified-release or controlled-release formulations have already paved the way 211,212 . Besides its classic application as an anti-hyperglycaemic agent, the use of metformin has been being significantly expanded with the treatment of PCOS (BOX 2). The long history and much clinical experience with metformin has also encouraged the repurposing of this drug for further therapeutic applications (BOX 3), from cancer to the modulation of age-related diseases, highlighting the vast range of different possible actions of metformin. In addition, moving from the traditional oral use of metformin to different route of administration 213 or drug delivery systems (for example microparticles or nanoparticles) 214,215 might help to accelerate the development of novel therapeutic applications for this multifaceted drug.

Box 1: Metformin intolerance

Gastrointestinal manifestations of abdominal pain, nausea, diarrhoea and vomiting are common adverse effects of metformin when used for the treatment of type 2 diabetes mellitus and polycystic ovary syndrome. These adverse effects occur in up to 20% of patients and limit adherence 216 . The main cause of treatment discontinuation are these initial digestive disorders, with 1.2-5% of all patients stopping therapy due to these effects) 217 . Therapeutic strategies to overcome metformin gastrointestinal intolerance include gradual uptitration of immediate-release metformin or use of extended-release and delayed-release formulations of the drug 217 .

A recent 2018 pharmacokinetic study reported the absence of significant differences in the absorption, distribution or elimination of metformin between tolerant and intolerant individuals, suggesting the involvement of local factors within the intestinal lumen or enterocytes 218 . Interestingly, the association between metformin gastrointestinal intolerance with genetic variations in the metformin transporter OCT1 and serotonin transporter SERT supports the concept that metformin induces alterations in gastrointestinal physiology. The receptor variants might result in higher metformin concentrations in the intestine of susceptible individuals, which could cause changes to intestinal motility and peristalsis or gastric-emptying 219,220 .

Multiple pathophysiological hypotheses have been proposed to explain functional changes in the gastrointestinal tract that result in nausea and vomiting, including metformin-induced release of serotonin from enterochromaffin cells 165 . However, a clinical study using the serotonin receptor 5-HT3 antagonist ondansetron showed no efficacy in the treatment of metformin-induced side effects 221 . Another potential mechanism by which metformin might cause gastrointestinal disturbances is by decreasing reabsorption of bile acids, leading to elevated colonic bile acid concentrations, thereby causing diarrhoea 160,222 . In addition, metformin-induced changes in the gastrointestinal microbiota have been associated with the increase in abundance of common opportunistic pathogens such as Escherichia species and Shigella species 22,189,223 that might trigger the pathophysiological gastrointestinal adverse effects. Moreover, in exploratory studies, a better tolerance to metformin was achieved through the consumption of a prebiotic-antioxidant, which modulated the gastrointestinal microbiome 224,225 .

Box 2: Metformin in the treatment of PCOS • Polycystic ovary syndrome (PCOS) is the most common cause of infertility in women, affecting 5-10% women of reproductive age 226 and is often associated with obesity and metabolic syndrome. Although the molecular defect(s) underlying the disease are unclear, PCOS is characterized by enlarged and/or polycystic ovaries, ovulation dysfunction and hyperandrogenism. Patients with PCOS have excessive secretion of luteinizing hormone (LH) by the pituitary gland, which impairs development of follicles, induces chronic anovulation 227 and stimulates ovarian theca cells to produce excessive amounts of androgens that cause some of the most common clinical symptoms of hyperandrogenism (that is, acne, hirsutism and alopecia).

• 50-70% patients with PCOS have insulin resistance 228,229 and the compensatory hyperinsulinaemia observed in most of these women contributes to pathogenesis by several mechanisms: first, by increasing LH pulse frequency in pituitary gland 230 ; second, by stimulating ovarian theca cells to produce excessive testosterone 231 ; third, by suppressing hepatic sex-hormone-binding globulin (SHBG) production; fourth, by increasing androgen secretion from the adrenal glands 232,233 ; and last by acting synergistically with LH to stimulate ovarian theca cells to secrete androgens.

• Metformin is not the first-line treatment for PCOS but the use of this drug is recommended in patients with PCOS and glucose intolerance 234 . Metformin decreases insulin resistance and hyperinsulinaemia, improves dyslipidaemia and metainflammation 235 , decreases blood pressure and exerts cardioprotective benefits through pleiotropic action on the vascular endothelium [236][237][238] . In combination with lifestyle intervention, metformin treatment is also associated with lower body weight and improved menstrual cyclicity and fertility potential [239][240][241] in women with obesity and PCOS 237 .

Various underlying mechanisms are proposed for the benefial effects of metformin. For example, metformin increases hepatic production of SHBG, which decreases androgen levels. Alternatively, the drug directly inhibits androgen synthesis in theca cells, which decreases testosterone levels. Although its beneficial role on ovulation is still controversial 242,243 , metformin might enhance the efficacy of clomiphene (a selective estrogen receptor modulator inducing ovulation) [239][240][241] and decrease the risk of gonadotropin-induced ovarian hyperstimulation syndrome in women with PCOS undergoing in vitro fertilization 244 .

Box 3: Metformin therapeutic repurposing • Cancer: Pharmaco-epidemiology has provided several lines of evidence that metformin has utility in cancer prevention and/or treatment 245 . The ability of metformin to inhibit mitochondrial respiratory-chain complex 1 means the drug has potential use for tumorigenesis inhibition 12 . A recent 2019 study reported the benefit of using metformin as an adjuvant therapy in patients with cancer 246 . Many clinical trials have reported encouraging results in protecting patients with T2DM from cancer 245 but the protective effect of metformin remains to be validated in individuals without T2DM.

• Neurodegenerative diseases: There is growing evidence in preclinical and clinical studies for the benefits of metformin to counteract neurodegenerative diseases 247 . The rationale is based on the potential of the drug to act as a neuroprotective agent by targeting neuronal oxidative stress, inflammation and cell death.

• Aging: Early studies have reported that metformin could prolong lifespan in both rodents 248 After accumulation into the mitochondria by an as-yet-unclear process, which might be associated with the positive charge of the molecule, metformin inhibits the mitochondrial respiratory respiratory chain complex 1 (C1) in a reversible and noncompetitive manner. This inhibition presumably occurs by direct interaction of the drug with the Cys39-containing matrix loop of the respiratory chain subunit ND3, which stabilizes the enzyme in an open-loop deactive conformation state. The inhibition of C1 leads to a decrease in NADH oxidation, a decrease in proton pumping across the inner mitochondrial membrane and a decrease in oxygen consumption rate, resulting in lower proton gradient (Δψ) and a decrease in proton-driven ATP synthesis from ADP and inorganic phosphate (Pi). C, cytochrome c; C1-C5, mitochondrial respiratory chain complex 1-5; IMS, inner-membrane space; Q, coenzyme Q (ubiquinone). As a result, gluconeogenesis is inhibited through the partitioning of gluconeogenic substrate towards glycolysis. DHAP, dihydroxyacetone phosphate; FBP1, fructose-1, 6bisphosphatase 1; cG3PDH, cytosolic G3PDH; GLUT2, glucose transporter type 2; LDH, lactate dehydrogenase; OCT1, organic transporter 1. 

Glossary

Lactic acidosis: A medical condition character-ized by excessively low pH in the bloodstream due to excess lactate production by glycolytic tissues, inadequate lactate utilization by gluconeogenic tissues, or varying combina-tions of these two processes.

Pharmacokinetics: The study of the transit of a dosed drug in body fluids and tissues over time, as defined by its rate of absorption, distribution, metabolism and excretion.

Pharmacodynamics: The study of the action of a drug in the body, and its biochemical and physiological effects.

Half-maximal inhibitory concentration (IC50): The concentration of an inhibitor required to decrease the response of the target by 50%.

Pyruvate tolerance: A measure of glycaemic excursion in response to an intraperitoneal or intravenous injection of pyruvate, used to assess hepatic gluconeogenesis.

Cytosolic redox potential: Cytoplasmic oxidation state of the cell, which is assessed by the ratio of reduced to oxidized intracellular metabolite redox couples (for example, lactate/ pyruvate ratio).

Type 2 immune cells: Cells involved in type 2 immune responses, such as type 2 innate lymphoid cells, eosinophils, T helper 2 cells, mast cells, basophils and alternativelyactivated macrophages.

Reverse electron transport (RET): The transport of electrons from ubiquinol back to respiratory complex 1, generating a substantial amount of reactive oxygen species.

Incretins: incretins are gut hormones that are secreted after nutrient intake and stimulate glucose-stimulated insulin secretion.

Lipoapoptosis: A non-canonical form of programmed cell death, which is the result of fatty acid over-accumulation that occurs in diseases associated with over-nutrition and ageing.

Short chain fatty acid (SCFA): A fatty acid with fewer than six carbon atoms (for example, acetate, propionate and butyrate) that is the end-product of fermentation of dietary fibres by the anaerobic intestinal microbiota and acts as a signal molecule in the control of mammalian energy metabolism.

  and C. elegans 202 , fueling interest in the context of anti-aging drug development. The various mechanisms by which metformin could exert its anti-aging action at the cellular and organismal levels were recently extensively reviewed 249 . The Targeting Aging with Metformin clinical trial (TAME) has been recently designed to investigate the impact of metformin on several age-related diseases in humans 250 . • Mycobacterium tuberculosis infection: Evidence has emerged that metformin significant decreased mortality during treatment for M. tuberculosis infection 251 , suggesting a role for the drug as a host-directed therapeutic adjuvant. Metformin was found to reduce the intracellular growth of M. tuberculosis by regulating autophagy and production of ROS 252 . • Lung fibrosis: Idiopathic pulmonary fibrosis is a serious progressive lung disease affecting more than 5 million persons worldwide. A recent 2018 study found that therapeutic concentrations of metformin accelerated the resolution of established fibrosis in a mouse model of lung fibrosis by promoting AMPK activation and apoptosis in fibroblasts 253 . Of note, metformin was also reported to prevent fibroblast differentiation and lung fibrosis via an AMPK-mediated inhibition of TGF-β-induced NADPH oxidase 4 expression 254 , suggesting beneficial effects via different mechanisms.
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 1 Figure legends:

Figure 2 :

 2 Figure 2 : Energy-dependent mechanisms of metformin-induced inhibition of hepatic gluconeogenesis.Metformin is transported into hepatocytes mainly through OCT1 and accumulates in mitochondria. (A-D) In mitochondria, metformin partially inhibits mitochondrial respiratory chain complex 1 (complex 1), resulting in decreased ATP levels and accumulation of AMP. Thus, metformin has a mild effect on the overall cellular energy charge (A) Metformin-induced changes in the AMP:ATP ratio activate AMPK through its phosphorylation by LKB1. Subsequently, AMPK inhibits gluconeogenic gene transcription (Pck1 and G6pc) via the phosphorylation and cytoplasmic sequestration of the transcriptional cofactor CRTC2. This AMPK-dependent mechanism has been challenged by the use of liver AMPK-deficient mice. (B) Gluconeogenesis is a highly energy-consuming metabolic pathway. Therefore, reduction in cellular ATP levels is sufficient to reduce glucose production flux. In addition, elevation of AMP levels contributes to inhibition of glucose production through allosteric inhibition of fructose-1,6-bisphosphatase 1 (FBP1), a key gluconeogenic enzyme. (C) Metformin-induced AMP accumulation inhibits adenylate cyclase and decreases cAMP synthesis, resulting in decreased protein kinase A (PKA) activity and downstream signalling. Gluconeogenesis is suppressed through both the decrease in gluconeogenic enzyme activity and the inhibition of glucagon-induced gluconeogenic gene expression associated with the lack

Figure 3 .

 3 Figure 3. Redox-dependent mechanisms by which metformin might inhibit hepatic gluconeogenesis. (A) Metformin suppresses gluconeogenesis through a direct inhibition of mitochondrial glycerol-3-phosphate dehydrogenase (mG3PDH), an enzyme involved in the glycerol-phosphate shuttle. Metformin-induced inhibition of mG3PDH disrupts glucose production from glycerol and increases cytosolic redox potential (NADH:NAD+), which impedes the utilization of lactate for glucose production. (B) The accumulation of metformin in mitochondria caused by its positive charge leads to mitochondrial depolarization and inhibition of the electrogenic transporter for aspartate (Asp) of the malate-aspartate (Mal-Asp) shuttle, resulting in an increase in the cytosolic NADH:NAD+ ratio. Metformin-induced inhibition of the malate-aspartate shuttle stimulates the glycerol-phosphate shuttle, leading to a decrease in levels of glycerol-3phosphate (glycerol-3P), a potent allosteric inhibitor of phosphofructokinase 1 (PFK1).

Figure 4 :

 4 Figure 4: Metformin and meta-inflammation. Obesity-associated meta-inflammation results partly from pro-inflammatory activation of tissue-resident macrophages, which secrete pro-inflammatory cytokines in metabolic organs (that is, liver and adipose tissue) and contributes to insulin resistance at least partly by inhibiting insulin signalling. Moreover, obesity is often associated with changes in microbiota composition

Figure 5 :

 5 Figure 5: Metformin action in the gut. etformin is taken up from the intestinal lumen in enterocytes by plasma membrane monoamine transporter (PMAT) and OCT3 and transported into the bloodstream by OCT1. Metformin stimulates secretion of the glucose-lowering hormone glucagon-like peptide 1 (GLP1) from enteroendocrine L cells by direct and indirect mechanisms. Of note, GLP1 secretion is directly controlled by muscarinic M3 receptor (M3R), Wnt signalling and AMPK activation in L cells. The GLP1 secretory effects directly induced by metformin are also mediated indirectly by modulation of the bile acid pool and gut microbiota composition. For example, the inhibitory effect of metformin on apical sodium-dependent bile acid transporter (ASBT) reduces the reabsorption of bile acids, leading to an increase in luminal concentrations of bile acids and subsequent stimulation of the bile acid receptor TGR5, as well as a decrease in intracellular bile acid concentrations limiting activation of farnesoid X receptor (FXR). In addition, metformin increases the abundance of short-chain fatty acid (SCFA)-producing bacteria and facilitates SCFA-induced GLP1 secretion via signalling through GPR41 and GPR43 in L cells. Increases in the abundance of Lactobacillus species increases release of GLP1 by a glucose-SGLT1-sensing mechanism. Decreases in the abundance of Bacteroides fragilis elevate the levels of the bile acid glycoursodeoxycholic acid (GUDCA, a potent endogenous antagonist of FXR) to modulate GLP1 secretion. GLP1 acts locally in the gut by activating a gut-brain-liver neuronal axis that contributes to the regulation of blood
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