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Abstract

:

The rising prevalence of obesity and type 2 diabetes (T2D) is a growing concern worldwide. New discoveries in the field of metagenomics and clinical research have revealed that the gut microbiota plays a key role in these metabolic disorders. The mechanisms regulating microbiota composition are multifactorial and include resistance to stress, presence of pathogens, diet, cultural habits and general health conditions. Recent evidence has shed light on the influence of microbiota quality and diversity on mitochondrial functions. Of note, the gut microbiota has been shown to regulate crucial transcription factors, coactivators, as well as enzymes implicated in mitochondrial biogenesis and metabolism. Moreover, microbiota metabolites seem to interfere with mitochondrial oxidative/nitrosative stress and autophagosome formation, thus regulating the activation of the inflammasome and the production of inflammatory cytokines, key players in chronic metabolic disorders. This review focuses on the association between intestinal microbiota and mitochondrial function and examines the mechanisms that may be the key to their use as potential therapeutic strategies in obesity and T2D management.
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1. Introduction


The worldwide prevalence of obesity and type 2 diabetes (T2D) has risen dramatically in the last decade, becoming a public health emergency. The World Health Organization [1] estimates that cases of obesity have tripled in 25 years, affecting children/adolescents (124 million in 2016) and adults (650 million in 2016) of both sexes. The global increase of the body mass index (BMI) was associated with 4.0 million deaths in 2015 [2], which has led to predictions that 300 million will be affected by obesity-related diseases by 2025 [3,4]. As with any other chronic disease, obesity and its associated comorbidities are related to a series of personal, financial, familial and social issues, as well as a higher mortality rate. Increased blood glucose and T2D, physical limitations and disabilities, musculoskeletal complications, certain psychiatric disorders, sexual dysfunction and cardiometabolic risk are some of the problems that negatively affect the lives of individuals with obesity [5]. In accordance with the WHO, overweight and obesity account for 44% of diabetes cases, 23% of ischemic heart disease patients and around 7–41% of certain cancers [6]. Of these diseases, T2D is most strongly associated with obesity, and the prevalence of obesity-related diabetes is expected to quadruple in a few years [7]. Consequently, obesity is currently the largest global chronic health problem, and its prevention and management are of vital importance.



Obesity is a multifactorial disease involving a complex network of physical, systemic and physiological disorders. This condition develops as a consequence of an imbalance due to excessive intake and low expenditure of energy, leading to an abnormal accumulation of lipids in metabolic tissues, particularly adipose tissue and the liver [8,9]. Adipose tissue is mostly implicated in systemic metabolic homeostasis, acting as an autocrine and endocrine organ by releasing active mediators named adipokines. The dysregulation of these secretory factors, caused by excess adiposity and adipocyte dysfunction, can promote macrophage infiltration in the inflamed adipose tissue [10,11,12]. Accordingly, the accumulation of macrophages results in the secretion of different proinflammatory mediators, such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α, which can potentially contribute to the initiation and progression of obesity-induced metabolic complications [9]. If the magnitude of cytokines secretion is large enough, these can leak out of the tissue, raising circulating levels and producing endocrine effects in distant organ systems (such as muscle and the liver), thus exacerbating the systemic insulin resistance and beta (β)-cell dysfunction. These pathogenic states influence each other, leading to persistent hyperglycemia and further initiation of and progression to T2D [12,13,14].



Accumulating evidence has highlighted a strong correlation between obesity, T2D, oxidative stress and mitochondrial dysfunction [15,16]. For instance, mitochondrial dysfunction in mature adipocytes has been linked to defects in fatty acid oxidation [17], dysregulation of glucose homeostasis oxidation [18] and secretion of adipokines [19]. Moreover, reduction in the oxidative capacity of brown adipocytes, together with impaired thermogenesis, has been linked to diet-induced obesity [20]. On the other hand, oxidative stress caused by hyperglycemia in diabetic patients can reduce insulin signaling, thus leading to insulin resistance [21]. Antioxidant mechanisms are diminished in these patients, which can further augment oxidative stress. Together, hyperglycemia and insulin resistance may also alter mitochondrial function, and insulin action can be impaired by cytokines in response to metabolic stress [22].



Recently, studies conducted both in human and animal models suggest that obesity and T2D are associated with alterations in the gut microbiota (known as dysbiosis) and related biological pathways [23]. Gut microbes seem to exert a crucial role in the development of metabolic diseases. Indeed, they can affect the host’s metabolic balance by modulating appetite, energy absorption, hepatic fatty storage, gut motility and lipid and glucose metabolisms [23,24]. Moreover, changes in gut microbiota homeostasis can increase intestinal permeability, thus promoting the translocation of bacterial endotoxins into the systemic circulation and further facilitating the metabolic endotoxemia and low-grade inflammation status that characterize these conditions [25]. Unfortunately, the specific mechanisms by which gut microbiota contribute to the pathogenesis of these metabolic disorders are not clearly understood.



Interestingly, a connection between mitochondria and microbiota has been suggested over the last few years [26,27,28]. Gut microbiota have been shown to regulate crucial transcription factors, coactivators and enzymes implicated in mitochondrial biogenesis, metabolism and oxidative/nitrosative stress [26,27,28,29,30]. Moreover, the literature suggests that microbiota metabolites interfere with autophagosome formation, thus regulating the activation of the inflammasome and the production of inflammatory cytokines, both key players in these chronic metabolic disorders [26]. However, once again, the underlying processes require further study and clarification.



Our aim is to provide an overview of the existing literature concerning the role of oxidative stress, mitochondrial dysfunction, inflammasome activation and gut dysbiosis in the onset of obesity and T2D. The review focuses on the fascinating inter-talk between mitochondrial function and intestinal microbiota and discusses the potential mechanisms by which they may become the key to therapeutic strategies to manage these metabolic diseases.




2. Mitochondrial Dysfunction in Obesity and T2D


2.1. Mitochondrial ROS


Reactive oxygen species (ROS) are oxygen-containing species able to react with or oxidize cytoplasmic molecules such as proteins, nucleic acids and lipids. They include hydroxyl radicals (OH•), superoxide anion (O2-) and hydrogen peroxide (H2O2), among others, that act as signaling mediators in many biological processes (cell development, differentiation and death) [31]. ROS are essentially produced by mitochondria, NADPH oxidase and nitric oxide (NO•) and are generated by aerobic metabolism or in response to cytokines or bacterial invasion, during which they act as cell defense modulators [32].



In this sense, growing evidence suggests that ROS are essential secondary messengers of several biological redox-signaling pathways. For instance, the moderate increase in ROS levels in lactate pretreated neuroblastoma cells provides resistance against cellular stress through the activation of the mTOR and PI3K pathways [33]. The metabolic shuttle between neurons and astrocytes depends on the NAD+/NADH redox equilibrium and oxidation of lactate and pyruvate [34,35]. In addition, the acute and controlled burst of H2O2 due to insulin stimulation results in the inhibition of tyrosine phosphatase activity, thus leading to an increase in tyrosine phosphorylation and enhancement of the insulin cascade [21]. Interestingly, studies have revealed that mitochondrial ROS generation via mTORC1-dependent protein translation modulates the induction of peroxisome proliferator-activated receptor (PPAR)-γ transcriptional machinery and triggers adipocyte differentiation signaling in human mesenchymal stem cells [36]. All this evidence affirms that ROS interacts with cellular redox-sensitive elements to shape and finely modulate downstream signaling events in a cell-specific and context-specific manner, thus ensuring oxidative cellular homeostasis.



It is now widely accepted that, under physiological conditions, oxidative cellular homeostasis is achieved through a correct balance between the generation of ROS and the action of the antioxidant defense system in charge of their neutralization [37]. Specifically, these defenses include enzymatic or nonenzymatic systems such as superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase or Kelch-like ECH-associated protein 1 (Keap1)-NRF2-ARE and are able to neutralize the reactivity of ROS-mediated cellular signaling and facilitate the anti-inflammatory response [38]. However, ROS production can be significantly enhanced in response to various stimuli, thus leading to an oxidative stress state. In this sense, an imbalance between the production and inactivation of ROS [38] promotes a direct or indirect cellular dysfunction, which may contribute to the onset of a variety of human diseases, including obesity and T2D [16].




2.2. Oxidative/Nitrosative Stress Signaling


As discussed above, oxidative stress, usually resulting from either excessive mitochondrial ROS production, creates the primary risk factor for the development of several diseases. In this way, mitochondria acquire a fundamental role in human health. In fact, they generate most of the cell’s supply energy. This process is mediated by electron transfer through the electron transport chain (ETC), which is composed of four different multiprotein complexes (I–IV) coupled to the ATP synthase, also named complex V [39]. Mitochondria perform key biochemical functions essential for metabolic homeostasis. First of all, they have an extensive communication system that connects them with the cell environment; for example, they communicate with the nucleus or cytoplasmic molecules to trigger signaling pathways like autophagy, reticulum stress and apoptosis [40]. Moreover, mitochondria respond to different stimuli or environmental stresses by modulating their morphology and distribution, as well as by promoting fission and fusion. Fusion alleviates stress by promoting the complementation between partially damaged mitochondria, while fission generates new organelles and removes the damaged ones, facilitating their apoptosis [41]. These mitochondrial dynamics allow the mitochondrion to adapt to intracellular signaling and contribute to cellular homeostasis. Unfortunately, mutations in these key components and defects in mitochondrial dynamics have been associated with numerous human diseases, including obesity and T2D. In this context, data reveal that mutations of Mitofusin 2 (Mfn2), a protein related to mitochondrial fusion, disrupt mitochondrial dynamics, which affects the motor neurons and muscle cells and leads to neurological and vascular diseases [42]. Bach et al. observed that higher levels of Mfn2 enhanced the glucose disposal rate in human skeletal muscles of obese and T2D subjects. Moreover, the BMI displayed an inversely proportional relationship [43], whereas chemical chaperones or the antioxidant N-acetylcysteine (NAC) ameliorated the glucose tolerance and insulin signaling in liver-specific Mfn2 knockout mice [44].



Since mitochondria are also vulnerable to oxidative stress, vicious cycles involving interactions between mitochondrial dysfunction and oxidative stress can contribute to the initiation and/or amplification of mitochondrial ROS. Mitochondrial ROS (mtROS) overproduction, mainly due to electron leakage from the ETC during oxidative phosphorylation, tilts the redox balance and activates cytosolic signaling pathways. In this sense, an increased nuclear gene expression of nuclear factor kappa-light-chain-enhancer of activated β cells NF-κB, catalase and NRF2/KEAP1 cascade signaling in murine models has been found to strengthen antioxidant cell defenses and restore balance [45,46]. It should be taken into account that there exist several antioxidant NF-κB targets that relieve the severity of the mitochondrial oxidative stress generated. Complex proteins like copper zinc superoxide dismutase, thioredoxins and ferritin heavy chains are clear examples of protective targets of mitochondria and cell survival [47].



In addition to mtROS, mitochondria can also generate reactive nitrogen species (RNS), which originate from NO. Interactions between NO and ROS result in peroxynitrite (ONOO-) formation and induce changes in the protein structure and/or activity via S-nitrosylation of the thiol groups and by nitrating irreversible tyrosine residues [48]. Exposure to NO in chronic situations induces mitochondrial oxygen consumption inhibition, whereas ONOO- overproduction can also inhibit complex I, complex II/III, cytochrome oxidase (complex IV) and ATP synthase of the mitochondrial ETC and increase the mitochondrial proton permeability [49,50]. These actions have important consequences for the redox state of the mitochondria, which eventually increases ROS production. Furthermore, it has recently been reported that NO exerts beneficial actions such as the improvement of cardiac contractility or pulmonary vascular tone, though it can also induce mitochondrial dysfunction and NF-κB activation in sepsis [51,52].



In this context, mitochondrial oxidative stress damage activates a selective recycling cascade with the aim of eliminating the dysfunctional mitochondrial section and restoring the redox equilibrium. This process is known as mitophagy and takes place through interactions between the mitochondrial membrane and cytosolic cascade signaling. Fission-induced mitochondrial depolarization and fragmentation tag this organelle to autophagosomes through PARKIN-PINK1 signaling [53]. Specifically, PINK1 accumulates on the surface of damaged mitochondria, where it rapidly recruits and activates Parkin’s E3 ubiquitin ligase activity. Thus, dysfunctional mitochondria are engulfed within autophagosomes and then degraded by lysosomes [53]. In addition to PARKIN-PINK1, other key effectors in the autophagy pathway, such as BCL2 and the adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) and BNIP3-like (BNIP3L, also known as NIX), contribute to the clearance of mitochondria. Specifically, these proteins bring mitochondria to autophagosomes through direct interactions with microtubule-associated protein 1A/1B-light chain 3 (LC3), a ubiquitin-like modifier that is required for the growth of autophagosomes [54]. The depletion of Beclin 1 (autophagosome formation marker) or LC3B results in the accumulation of altered mitochondria and the cytosolic translocation of mitochondrial DNA (mtDNA) in murine models [55]. The suppression of mitophagy leads to the accumulation of dysfunctional ROS-generating mitochondria, and this, in turn, activates the NLRP3 (nucleotide oligomerization domain (NOD), leucine-rich repeat (LRR) and pyrin domain (PYD)) inflammasome, a cytosolic multiprotein complex that promotes inflammation, resulting in the release of proinflammatory IL-1β in response to pathogens and cellular distress. These inflammasome components are ubiquitinated and subsequently degraded by autophagy, as is pro-IL-1β [56]. Hence, there is an interplay between mitophagy and inflammasome proteins that controls the inflammasome activation, which occurs when autophagy-deficient cells accumulate abnormal mitochondrion complexes with increased mtROS and reduced mitochondrial membrane potential [57] (Figure 1).




2.3. Mitochondrial Dysfunction in Obesity and T2D


Considered together, the above-mentioned knowledge shows that supraphysiological concentrations of ROS are responsible for metabolic and redox damage in cell homeostasis. In this sense, a substantial body of the literature is in agreement about the chronic and disruptive oxidative stress damage generated in obesity and T2D [15,16]. Firstly, in obese patients, the excess of macronutrients in adipose tissues stimulates them to release inflammatory mediators that, in turn, propagate the systemic inflammation associated with the development of hyperinsulinemia, insulin resistance and other comorbidities. Interestingly, the altered adipokine profile, which involves the upregulated expression and secretion of proinflammatory cytokines, contributes to the formation of toxic ROS and the subsequent generation of oxidative stress [58] through different processes. For example, in adipose tissue, obesity can induce oxidative stress mainly via catalytic activity of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme (NOX). Data reveal that, in the early and intermediate stages of obesity, NADPH oxidase-derived ROS are responsible for the recruitment of macrophages to the inflamed tissue, while in the later stages, mitochondrial-derived ROS maintain a proinflammatory environment and contribute to the development of insulin resistance [16,59]. Moreover, elevated lipid levels, which are abundant in obesity, seem to impair mitochondrial ETC and generate ROS, which can modify the chemical composition of lipids and makes them more reactive, thus maintaining a low level of inflammation [60]. It is also widely established that imbalanced levels of ROS are associated with adipogenesis dysfunction and adipocyte hypertrophy in adipose tissue and harmful systemic effects on vascular dysfunction, such as endothelial inflammation and hypercontractility [61,62].



In addition, oxidative stress has been closely related to β-cell dysfunction, one of the key players in the pathophysiology of T2D [60,61]. Pathological levels of ROS can activate NOX2 and the stress-sensitive serine/threonine kinase (JNK) in β cells and attenuate the insulin cascade, thus increasing insulin resistance [60,61]. Notably, β cells present very low levels of antioxidant enzymes, which make them more susceptible to oxidative stress [62]. This makes β cells highly sensitive to ROS-related signaling and susceptible to oxidative damage. Results by Sasaki et al. [63] reveal a key mechanism by which ROS impairs β-cell functions in diabetic rats: the activation of hypoxia-inducible factor 1α (Hif1α) results in remodeling towards increased aerobic glycolysis and suppressed cytokine-induced cell death. As a result, glucose oxidation and insulin secretion are impaired [63].



Growing evidence suggests that mitochondrial dysfunction and the excess generation of mtROS are also associated with the initiation of inflammation and development of insulin resistance [64]. Indeed, as previously reported, obesity and T2D are characterized by a cluster of metabolic factors that provoke increased reactive species production (ROS, NO and ONOO-) and mitochondrial DNA (mtDNA) synthesis, a higher mitochondrial fission and membrane depolarization [64]. This metabolic situation activates the NF-κB and, in turn, the synthesis and assembly of the inflammasome complex NLRP3 [65] (Figure 1). In particular, ROS can directly stimulate inflammasome assembly or be indirectly detected through cytoplasmic proteins that regulate and modulate the complicated activity of the inflammasome. Data reveal that ATP-mediated ROS generation can activate the PI3K pathway, and pharmacological inhibition of PI3K inhibits ATP-mediated caspase-1 activation, thereby pointing to PI3K as a key player in inflammasome activation downstream from ROS [66]. Similarly, research reveals that ROS can liberate TXNIP (thioredoxin-interacting protein), a protein linked to insulin resistance, which then interacts with NLRP3 and stimulates inflammasome assembly [67]. As a result, the inflammasome complex induces procaspase-1 activation, which is followed by IL-1β and IL-18 maturation (Figure 1). Thus, the release of these proinflammatory mediators into the systemic circulation leads to the initiation and/or promoting of a state of chronic inflammation that characterizes obesity and T2D [64]. Of note, under physiologically stressed conditions, regulation of the cellular inflammatory state and redox homeostasis occurs primarily at the transcriptional level, and the Nrf2/Keap1/ARE pathway (nuclear factor E2-related factor 2/Kelch-like ECH-associated protein 1/antioxidant response element) is the primary mediator of this response [68]. Cysteine residues on Keap1 are modified, resulting in the translocation and stabilization of Nrf2 into the nucleus, where it moves closer and binds to the promoter region of the ARE. Thus, Nrf2-ARE initiates the transcription of various cytoprotective enzymes that facilitate cellular survival through different processes, including inflammatory inhibition, the transport of toxic metabolites and the upregulation of antioxidant function [68]. However, there is accumulating evidence to associate this pathway with diabetic dysfunction in various cell types and tissues [69,70]. Indeed, the Nrf2/Keap1 pathway is shown to be dysregulated and functionally insufficient in diabetic animal models [70]. The same study revealed that the forced upregulation of Nrf2-directed transcription through the knockdown of Keap1 restores redox and inflammatory homeostasis [70]. These results endorse a mutual contribution of a systemic oxidative overload and an impaired Nrf2 antioxidant signaling pathway to the inflammatory state in diabetes.



In light of the above, it seems clear that obesity and T2D are associated with chronically increased levels of oxidative stress, which, in turn, can trigger mitochondrial dysfunction, exacerbate the inflammatory process and lead to insulin resistance. It thus seems entirely possible that this oxidative stress and mitochondrial dysfunction is the molecular tipping point in the progression of poor health associated with these metabolic diseases. Importantly, a clear idea of the role of oxidative stress and mitochondrial dysfunction in these processes would allow the identification of potential therapeutic targets to slow or prevent the related health problems of obese and diabetic subjects.





3. Gut Microbiota: A Novel Key Player in Obesity and T2D


The human gastrointestinal tract is colonized by large numbers of symbiotic, commensal and pathogenic microorganisms, including archaea, protozoa, fungi, viruses and bacteria, collectively identified as the “gut microbiota”. It consists of up to 100 trillion microbes, more than 1000 different bacteria species and five phyla (Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria and Verrucomicrobia), of which two are dominant: Bacteroidetes (Bacteroides, Xylanibacter and Prevotella) and Firmicutes (Clostridium, Ruminococcus, Eubacterium, Lactobacillus, Roseburia and Faecalibacterium) [71]. The gut microbiota serves several essential functions: preventing colonization by pathogens; producing vitamins such as vitamin K, folate and biotin; participating in energy regulation; fermenting dietary fibers in short-chain fatty acids (SCFAs); metabolizing xenobiotics; modulating brain activity by interacting with the enteric nervous system and assisting in the development of a mature immune system [71]. The bacterial quantity and diversity progressively increase from the stomach to the colon [72], with the colon being home of the densest and metabolically most active community.



Different studies have assumed that the first contact with colonizing bacteria occurs in the birth canal. In this regard, distinctive microbiomes have been found in the placenta, umbilical cord and amniotic cavity; such microorganisms belong to the Bacteroidetes, Firmicutes, Fusobacteria, Tenericutes and Proteobacteria phyla; are not pathogenic and constitute the initial bacteria that colonize the fetal gastrointestinal tract [73,74]. In the first days of life, different types of bacteria, mainly aerobic microorganisms, rapidly colonize the gut, reaching its maximum density within 72 h of birth. This microbiota composition in the infant depends on the type of delivery; birth gestational date; methods of milk feeding; weaning period and external factors such as illness, the use of antibiotics and changes in diet [75]. The phylogenetic diversity of microbiota gradually increases and favors colonization by anaerobic bacteria [76]. Three years after birth, the gut microbiota has progressed to a “mature” stage, which remains essentially stable throughout adulthood [76,77]. Although there is not a unique optimal composition of the gut’s microorganisms, a healthy host-microbiota balance must be maintained in order to guarantee immune and metabolic functions and prevent disease development as much as possible. Unfortunately, changes in intestinal microbiota and in microbial metabolite composition, due mainly to an “unhealthy” diet, lifestyle factors, the use of antibiotics [78] and emotional and physiological stress [79], may affect the gut homeostasis and lead to dysregulation of the microbiota composition (also known as dysbiosis), as well as nonspecific inflammation and diseases [80].



Numerous studies in animal models and humans have demonstrated that gut microbiota dysbiosis can be considered a major player in the development of obesity and T2D [81,82,83]. Specific bacterial phyla, class, order or species and/or bacterial activity seems to be detrimental or beneficial to the onset of such syndromes. Indeed, although the composition of the intestinal microbiota fluctuates markedly in healthy individuals, those exhibiting insulin resistance, overall adiposity and dyslipidemia are characterized by low bacterial variety [84] (Figure 2).



Obese and T2D individuals report consistent changes in the intestinal microbiota composition in comparison to lean individuals. Of note, the prevalence of Bacteroidetes is lower in obese and diabetic subjects and increases with weight loss [85,86]. Clostridium and Lactobacillus species are correlated with insulin resistance; Clostridium is negatively associated with fasting glucose and glycated hemoglobin levels, while Lactobacillus is positively correlated with such parameters [87]. In addition, two large metagenome-wide association studies showed that T2D individuals present a lower proportion of butyrate-producing Clostridiales (Faecalibacterium prausnitzii and Roseburia) and higher proportions of Clostridiales that do not produce butyrate, indicating a protective role of butyrate-producing bacteria against T2D [81,87]. In addition, several reports show that obese people present a low amount of Akkermansia muciniphila, a mucin-degrading bacterium responsible for the unsealing of the intestinal barrier [88]. A lower abundance of this microorganism leads to an increased gut permeability and a further translocation of bacterial endotoxins into the systemic circulation, thus contributing to the chronic inflammation related to both obesity and insulin resistance [89].



Unfortunately, the mechanisms by which gut microbiota contribute to the pathogenesis of these metabolic disorders are not clearly understood. In this sense, recent data have shed light on interactions between microbiota quality and diversity and mitochondrial function [26]. Of note, the intestinal microbiota seems to play a crucial role in the regulation of several transcription factors, transcriptional coactivators and enzymes associated with the mitochondrial biogenesis and metabolism [26,27,28,29,30]. Furthermore, microbiota metabolites seem to interfere with mitochondrial oxidative/nitrosative stress and autophagosome formation, thus regulating the activation of the NLRP3 inflammasome and the release of different inflammatory cytokines [26,28], all key players in chronic metabolic disorders (Figure 3).



In the following sections, we will focus on the association between intestinal microbiota and mitochondrial function and discuss potential mechanisms by which they can be used as therapeutic strategies in obesity and T2D management.




4. Microbiota and Mitochondria in Obesity and T2D: Friends or Foes?


Recent evidence in microbiology has demonstrated that, despite their different roles, mitochondria and microbiota bacteria share many common features. Indeed, the endosymbiotic theory broadly states that the ancestor of mitochondria is a member of the alpha-proteobacteria phylum that developed a symbiotic relationship with the eukaryotic cell [90], thus giving it similar structural and functional features to bacteria. Both mitochondrial and bacterial membranes are degraded through similar autophagic systems; mitochondrial and bacterial ribosomes are more related to each other than either is to eukaryotic ribosomes and are both sensitive to antibiotics [91]. Some bacterial proteins can be brought into the host mitochondria because of the similarity of the mitochondrial and bacterial cytoplasmic protein targeting sequences [28].



Due to their essential roles in determining metabolic health, both the gut bacteria and mitochondria have become key targets in medical and biological investigations, potentially opening up new avenues for the treatment of obesity and T2D. The interaction between microbiota and mitochondria seems to occur principally through endocrine, immune and humoral links [92]. Notably, a role has been assigned to SCFAs, ROS, NO and hydrogen sulfide (H2S) in the cross-talk between the microbiota and mitochondria (Figure 3). This modulation depends on the diversity and quality of the gut bacteria to increase its pathogenic versus beneficial effects. Furthermore, the microbiota can directly interact with the host cell’s gene expression by promoting bacterial and mitochondrial DNA insertions in the nuclear genome [93].




5. SCFAs, Secondary Bile Acids and Mitochondria


One of the primary reasons for the rise of obesity and diabetes is dietary changes. In fact, the increased consumption of processed carbohydrates and inadequate amounts of dietary fibers have been recognized as significant risk factors for these metabolic diseases.



Principle dietary fibers include soluble fibers such as inulin, pectin, hemicellulose and arabinoxylan and insoluble fibers such as cellulose. Soluble fibers are preferentially fermented by microbiota in the colon to produce SCFAs, saturated aliphatic organic acids that consist of one to six carbons, of which acetate (C2), propionate (C3) and butyrate (C4) are the most abundant (≥95%) [94]. Starches are difficult to degrade by digestive enzymes due to their structures, reach the colon where they are fermented and increase the SCFAs levels. Both soluble and insoluble fibers play essential roles at the intestinal level by ameliorating oxidative status and mucosal inflammation and regulating transepithelial fluid transport, as well as reinforcing the epithelial defense barrier [95]. However, the effects of SCFA are not restricted to the intestine, as they have been reported to enter the peripheral circulation and to cooperate in peripheral tissue metabolism. In systemic circulation, they influence the energy metabolism and homeostasis by regulating the mitochondrial functions and dynamics in the liver, brown adipocytes and skeletal muscle via the G protein-coupled receptor and FFA receptor (FFAR) signaling [96,97].



For instance, acetate, the most abundant SCFA, secreted by the phylum Bacteroides, can be used by the mitochondria as a source of energy [98], while butyrate, produced by Firmicutes, stimulates mitochondrial biogenesis via the inhibition of histone deacetylases [99], thus leading to increased energy expenditure and weight loss. Notably, Mollica et al. showed that sodium butyrate reduced ROS production and ameliorated mitochondrial function in the livers of insulin-resistant obese mice [100]. Similarly, Shuxian et al. revealed that both acetate and butyrate can prevent mitochondrial dysfunction and reduce oxidative and nitrosative stresses in human islets and β cells after exposure to the apoptosis inducer and metabolic stressor streptozotocin (STZ) [101]. In addition to these rescuing effects, SCFAs prevented the downregulation of the mitochondrial fusion genes Mfn1, Mfn2 and Opa1 and the upregulation of the fission genes Drp1 and Fis1 during STZ exposure. Acetate revealed more efficiency in inhibiting the ROS and increasing the metabolism, while butyrate had a weaker effect but was stronger in inhibiting NO generation and the SCFA receptor GPR41 [101].



Additionally, acetate and N-butyrate may also influence the metabolism and mitochondrial function in colonocytes through the activation of AMP-activated protein kinase (AMPK) [102,103], a crucial energy sensor able to regulate mitochondrial oxidative phosphorylation (OXPHOS) [104]. Similarly, SCFAs can activate the uncoupling protein 2 (UCP-2)-AMPK-acetyl-CoA carboxylase (ACC) pathway, which, in turn, leads to a downregulation of PPAR-γ gene expression, along with a reduction in lipogenesis and an increase in the AMP:ATP ratio [103]. This increased ratio may also stimulate AMPK in the liver, muscle [105] and adipose tissue [106], thus activating glucose uptake and mitochondria OXPHOS and decreasing lipid and protein synthesis.



Besides SCFA, the gut microbiota produces secondary bile acids that might influence the mitochondrial energy metabolism and biogenesis, making it a potential therapeutic target for endurance. The anaerobic bacteria of the genera Eubacterium, Clostridium and Bacteroides degrade 5–10% of the primary bile acids to produce secondary bile acids [107]. These secondary bile acids interact with mitochondria by regulating transcription factors associated with carbohydrates and the lipid metabolism, including G-coupled membrane protein 5 (TGR5) and farnesoid X receptor (FXR) [108]. While TGR5 induces ERK/DRP1-dependent mitochondrial fission and beige remodeling of white adipose tissue [109], FXR is a target of NAD-dependent protein deacetylase sirtuin-1 (SIRT1) [110], which regulates the carbohydrate response element binding protein (ChREBP), steroid response element binding protein-1c (SREBP-1c) and PPAR-α, thus stimulating fatty acid uptake and oxidation [111]. Growing evidence suggests that the secondary bile acid metabolism might also directly modify SIRT1 and the Fasting-induced adipose factor (FIAF) expression, as well as the intestinal barrier function, mitochondrial biogenesis and inflammation in different types of cells [112,113,114,115,116], thus indicating potential mechanisms by which microbiota and mitochondria can be used as therapeutic strategies in the management of obesity and T2D.



The majority of the above-mentioned reports are the results of research in animal models, while evidence obtained in humans is scarce. Therefore, it is necessary to further elucidate the potential mechanisms by which SCFAs and secondary bile acids produced by the gut microbiota regulate the metabolism of mitochondrial energy. In this sense, further research is warranted to clarify whether the manipulation of microbiota metabolites and related factors could provide more health-related benefits than modulating the quality and diversity of the microbiota.




6. Microbiota, Mitochondria and the Immune System


Accumulating data suggest that interactions between the immunity and metabolism reveal a central role in the development of obesity-related chronic comorbidities. The impairment of both innate and adaptive immune systems leads to an enhanced risk of chronic low-grade inflammation, which, in turn, can cause metabolic dysfunction and chronic diseases, such as insulin resistance and T2D [117]. The gut microbiota has appeared as a critical factor in the early events that trigger the inflammation linked to obesity and metabolic dysfunction [23]. LPS, a major component of the Gram-negative bacterial outer membrane, binds to Toll-like receptors (mainly Toll-Like receptor 4, TLR4). TLRs are well-described immune transmembrane proteins able to activate NF-κB; upregulate inflammatory chemokines and cytokines and engage intracellular signaling pathways to control the nature, duration and magnitude of the inflammatory response [118]. As a result, and in response to microbial and inflammatory stimuli, phagocytes release ROS, either within the mitochondria or through a process termed “oxidative burst” via the NADPH oxidase complex. Simultaneously, an increase of intestinal permeability along with a subsequent translocation of immunogenetic bacterial products leads to the exacerbation of the inflammatory tone [119].



Although there are few data regarding the microbiota-mitochondria inter-talk in the immune system, studies in animal models revealed that LPS injections in cats determined a 40% decrease of cyclooxygenase (COX) activity, as well as a partial uncoupling of mitochondrial OXPHOS [120]. However, in another study, mice showed a decrease in the expression of UCP-2 and higher ROS production [26,93]. In 2014, Lee and Hüttemann proposed that LPS/TLR bindings stimulate the production of TNF-α and IL-6, thus activating tyrosine kinase and leading to downstream COX phosphorylation and impaired ATP production in mitochondria [121].



At the same time, the mitochondrial function seems to modify the intestinal microbiota composition and activity, since it is able to stimulate an immune response [122] when cellular damage and infectious microorganisms are detected. Similarly, immune cells are under the influence of the intestinal microbiota, whose supporting role in mitochondria functions and activities is becoming increasingly obvious.



These data suggest that the interaction between the innate immune system and the intestinal microbiota collectively contributes to the regulation of some mitochondrial oxidative functions and the further development of metabolic syndromes. However, the underlying mechanisms are still poorly understood, and further studies are needed to clarify them.




7. Microbiota and Mitochondria: Potential Therapeutic Strategies in Obesity and T2D


To achieve an adequate long-term metabolic control in obesity and T2D, a combination of pharmacological treatment and lifestyle changes is usually necessary. Due to a lack of efficacy and poor tolerability of the drugs currently in use [123], along with their high cost, research into new approaches is vital. In this sense, targeting microbiota may represent a new avenue for therapeutic approach to treat or prevent obesity, T2D and related metabolic disorders. These strategies include dietary manipulation, such as the use of probiotics, prebiotics or symbiotic, as well as the transplantation of fecal microbial communities.



In addition, experimental studies and human clinical trials have shown the effects of various prebiotic and probiotic strains and their potential efficacy in ameliorating obesity, T2D and their related metabolic comorbidities. In particular, they seem to confer beneficial effects by reversing dysbiosis and restoring the gut functional integrity [124,125]. Similarly, Lactobacillus acidophilus, Lactobacillus bulgaricus, Streptococcus thermophilus and/or Bifidobacterium lactis administered for six to 12 weeks has been shown to be effective in improving glycemic control in adults with T2D [126]. In addition, the anti-obesogenic effects of symbiotic, prebiotic and probiotic compounds improve the glucose, lipid and carbohydrate metabolisms; insulin sensitivity; fasting blood glucose and antioxidant status, as well as reducing the metabolic stress in such patients [125,127]. For example, B. animalis subsp. lactis BB-12 and L. acidophilus La-5 administration in T2D patients reduces LDL-C, TC and hemoglobin A1c levels and increases GPx and erythrocyte SOD activity and the total antioxidant status with respect to the controls [128,129]. Although further studies are required to understand their underlying mechanisms of actions, other potential bacterial candidates, such as Enterobacter halii, Akkermansia muciniphila and Saccharomyces cerevisiae var. boulardii, have been identified as novel therapeutic strategies in the management of metabolic diseases [130].



Growing evidence suggests that fecal microbiota transplantation (FMT) is a valuable and promising therapeutic option for diabetes and obesity disorders [131]. FMT showed beneficial effects by attenuating the pancreatic islet β-cell destruction and improving the insulin resistance in T2D patients [131,132], as well as reducing the low-grade chronic inflammation caused by a microbiota imbalance [131]. Moreover, a recent study by Who et al. showed that altered gut microbiota mediates some of the antidiabetic effects of metformin, a drug widely used in T2D that inhibits complex I and enhances the ADP:ATP ratio, thereby activating liver AMPK to slow liver gluconeogenesis [133]. In this sense, the transfer of metformin-treated human microbiota (obtained before and four months after treatment) to germ-free mice improved the glucose tolerance and insulin sensitivity in mice receiving metformin-altered microbiota [134].



Although there are numerous studies about the function of FMT and its beneficial effects, the mechanism underlying the FMT-induced alleviation of such diseases remains to be determined, for which further controlled and randomized trials are required. On the other hand, assuming a central role of mitochondrial dysfunction in the development of obesity and T2D, novel therapeutic approaches have recently been developed to regulate and/or restore mitochondrial biogenesis, metabolism, respiration and function. Firstly, lifestyle modifications, such as diet and exercise, can offer several benefits, including an increased electron-transport activity, stimulation of mitochondrial biogenesis and dynamics, the activation of AMPK and the phosphorylation of the peroxisome proliferator-activated receptor-γ coactivator (PGC-1α), along with an improvement of insulin sensitivity [135,136].



In addition to nonpharmacological strategies, there are several pharmacological approaches to the treatment of mitochondrial dysfunction. In this regard, small molecules have been shown to modulate ROS production and, consequently, to ameliorate mitochondrial function. Drugs can act indirectly on the mitochondria by binding to regulatory targets in the cytosol or nucleus or directly through conjugation to lipophilic cations or to peptides, thus facilitating the drug effectiveness, limiting side effects and accelerating the delivery [137,138]. These different molecules include succinate, antioxidants, vitamin B1, vitamin E, NAC, coenzyme Q, α-lipoic acid, proteins and substrates of the ETC [139,140].



One of the most widely known mitochondria-targeting substances is mitoquinone (MitoQ), an antioxidant compound incorporated into the matrix-facing surface of the inner mitochondrial membrane (IMM) that decreases the ROS and modulates the antioxidant activities, such as GPx1, under oxidative stress conditions. In this sense, recent data have shown the positive effects of MitoQ in leukocytes from T2D patients [141]; the findings revealed that MitoQ has an antioxidant and anti-inflammatory action by reducing ROS production, TNF-α and leukocyte-endothelium interactions through a reduction of NF-κB [141]. Moreover, Pung YF et al. demonstrated that MitoQ normalized the metabolic profile in obese rats, decreasing the lipid peroxidation and attenuating the levels of the UCP-2 protein to values like those in lean animals [142]. Interestingly, a recent in vitro study demonstrated the potential benefits of MitoQ for pancreatic β-cell functions by modulating the mitochondrial function and ameliorating the NF-κB activation and endoplasmic reticulum ER stress [143].



Another group of mitochondria-targeted antioxidants includes water-soluble Szeto Schiller (SS) peptides, small cell permeable antioxidants that are selectively and rapidly taken up into the IMM of different types of cells, including renal, embryonic and endothelial cells. It has been shown that they can modulate mitochondrial ROS production and reduce the mitochondrial permeability transition, preventing necrosis and apoptosis, which are promoted by inhibition of the mitochondrial ETC or oxidative stress [144]. Another current strategy under evaluation for mitochondrial targeting is that of liposomes, of interest due to their clearance rates after systemic injection. Liposomes are self-assembling colloidal structures mainly composed of phosphatidylglycerol, cholesterol and phosphatidylcholine. In addition, several studies suggest that mitochondria-targeting liposomes are able to enhance the drug efficacy in both in vitro and in vivo models by delivering therapeutic moieties to the mitochondria [144].



It is clear that, due to the mitochondrial bilayer structure and their negative potential natures, therapeutic drugs have recurring problems in reaching mitochondria. To overcome this difficulty, researchers have developed different pharmaceutical preparations, such as polymeric nanoparticles, inorganic nanoparticles, liposomes and those modified by mitochondriotropic moieties that allow specific targeting. Although they have been extensively proved as an effective therapy for diabetes and its related comorbidities, more investigation is needed to confirm their use as a viable therapeutic option.



In summary, the mitochondria and microbiota are key targets in the treatment of obesity and T2D. Different compounds and strategies have been developed to alleviate mitochondrial dysfunction and gut dysbiosis in these conditions. Various targets and mechanisms of action have been focused on, such as the regulation of mitochondrial dynamics, stimulation of mitochondrial biogenesis, regulation of apoptosis and oxidative stress and restoration of gut homeostasis and intestinal barrier integrity. Accumulated evidence suggests that therapy that targets mitochondria-microbiota inter-talk may constitute novel ways to treat these diseases or to minimize their complications, since it would allow a wider range of action, rather than interfering with the mitochondria and microbiota separately. Although recent data have thrown light on the intricate molecular signaling between intestinal microbiome and mitochondria in the pathogenesis of obesity and T2D, further in-depth studies are required.




8. Concluding Remarks and Future Perspectives


The prevalence of obesity and T2D has resulted in pandemic levels worldwide, and their associated comorbidities have increased the risk of morbidity and mortality in the last decade. Emerging evidence suggests that mitochondrial dysfunction and oxidative stress are closely related to these disorders, positioning themselves as critical determinants of the autophagic process, endoplasmic reticulum stress, insulin sensitivity and inflammation. Moreover, reported data have highlighted the key role of the gut microbiota in the pathogenesis of these metabolic disorders and their associated cardiovascular complications. Indeed, gut dysbiosis has been linked to weight gain, mucosal immune response and inflammatory damage, as well as insulin resistance and glucose metabolism, through the activation of multiple metabolic pathways, including lipopolysaccharide, short-chain fatty acids, aromatic amino acids and their related metabolites.



In recent years, a prominent role has been demonstrated for gut microbiota in the modulation of mitochondrial functions and vice versa. Indeed, it would appear that microbes are able to influence the mitochondrial energy biogenesis and metabolism, alter the epithelial barrier function, induce inflammasome signaling and activate immune cells. Concurrently, mitochondrial ROS production can regulate the gut microbiota activity and composition by modulating mucosal immune responses and intestinal barrier functions. Considering that mitochondria derived from an ancestral bacterial endosymbiosis, it is not surprising that a special connection exists between this organelle and the bacteria. The scientific data reported in this review suggest that microbiota-mitochondria inter-talk represents a promising avenue for exploring novel treatment targets for obesity and T2D. These precise therapeutic interventions could modulate imbalances in the composition of gut microbiota, as well as the alterations in mitochondrial biogenesis, metabolism and oxidative/nitrosative stress that define such diseases.



Although the knowledge of this inter-talk has increased considerably, many fundamental issues related to the topic of this review remain unsolved at present. For example: “Which primary species of gut microbiota specifically interfere with mitochondrial function?”, “Is ROS production directly correlated to microbiome species diversity rather than microbiota metabolites?”, “Which specific molecular triggers govern the mitochondria-microbiota interplay?” and “What are the possible factors/pathways that would allow their use as a new therapeutic approach in obesity and T2D?”



Considering these questions, further research on microbiota-mitochondria inter-talk is obviously required in order to examine and clarify the mechanisms that could be used as potential strategies in obesity and T2D management.







Survey Methodology


A literature search aimed at compiling any published data about the key roles of mitochondrial dysfunction and gut dysbiosis in the onset of obesity and T2D, with a special focus on microbiota-mitochondria inter-talk. We searched for literature relevant to the topic of the article by using databases such as PubMed and Google Scholar. The keywords oxidative stress, mitochondrial dysfunction, inflammasome activation, gut dysbiosis, microbiota-mitochondria inter-talk, obesity and type 2 diabetes were used to search. Screened articles were used as references for this review.




Author Contributions


Conceptualization, T.V., Z.A.-J. and V.M.V.; methodology, T.V. and Z.A.-J.; investigation, T.V., Z.A.-J. and M.M.-C.; data curation, T.V. and Z.A.-J.; writing—original draft preparation, T.V. and Z.A.-J.; writing—review and editing, M.M.-C., M.R. and V.M.V.; visualization, M.R. and V.M.V.; supervision, M.R. and V.M.V.; project administration, M.R. and V.M.V.; funding acquisition, M.R. and V.M.V. All authors have read and agreed to the published version of the manuscript.




Funding


This study was financed by grants PI19/00838, PI19/0437 and CIBERehd CB06/04/0071 from the Carlos III Health Institute and by the European Regional Development Fund (ERDF “A way to build Europe”); by PROMETEO/2019/027 by the Ministry of Education of the Valencian Regional Government; UGP-15-220 by FISABIO and by an unrestricted grant from Menarini S.A. V.M.V is the recipient of contract CES/10/030, and M.R. is the recipient of contract CPII16/00037, both from the Ministry of Health of the Valencian Regional Government and Carlos III Health Institute. T.V. and Z.A-J. are the recipients of Sara Borrell and PFIS contracts from the Carlos III Health Institute (CD19/00180 and FI17/00144, respectively).




Acknowledgments


The authors thank Brian Normanly (University of Valencia/CIBERehd) for his editorial assistance. The figures were created using Server Medical Art (https://smart.servier.com).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the writing of the manuscript.




References


	



World Health Organization. Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight (accessed on 22 June 2020).

	



Abarca-Gómez, L.; Abdeen, Z.A.; Hamid, Z.A.; Abu-Rmeileh, N.M.; Acosta-Cazares, B.; Acuin, C.; Adams, R.J.; Aekplakorn, W.; Afsana, K.; Aguilar-Salinas, C.A. Worldwide trends in body-mass index, underweight, overweight, and obesity from 1975 to 2016: A pooled analysis of 2416 population-based measurement studies in 1289 million children, adolescents, and adults. Lancet 2017, 390, 2627–2642. [Google Scholar] [CrossRef]

	



Collaborators, G.O. Health effects of overweight and obesity in 195 countries over 25 years. N. Engl. J. Med. 2017, 377, 13–27. [Google Scholar] [CrossRef] [PubMed]

	



Dyson, P.A. The therapeutics of lifestyle management on obesity. Diabetes Obes. Metab. 2010, 12, 941–946. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, V.H.; Forhan, M.; Vigod, S.N.; McIntyre, R.S.; Morrison, K.M. The impact of obesity on quality of life. Best Pract. Res. Clin. Endocrinol. Metab. 2013, 27, 139–146. [Google Scholar] [CrossRef]

	



Fruhbeck, G.; Toplak, H.; Woodward, E.; Yumuk, V.; Maislos, M.; Oppert, J.M. Executive Committee of the European Association for the Study of, O. Obesity: The gateway to ill health—An EASO position statement on a rising public health, clinical and scientific challenge in Europe. Obes. Facts 2013, 6, 117–120. [Google Scholar] [CrossRef]

	



Zheng, Y.; Ley, S.H.; Hu, F.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev. Endocrinol. 2018, 14, 88–98. [Google Scholar] [CrossRef]

	



Das, U.N. Obesity: Genes, brain, gut, and environment. Nutrition 2010, 26, 459–473. [Google Scholar] [CrossRef]

	



Esser, N.; Legrand-Poels, S.; Piette, J.; Scheen, A.J.; Paquot, N. Inflammation as a link between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res. Clin. Pract. 2014, 105, 141–150. [Google Scholar] [CrossRef]

	



Kershaw, E.E.; Flier, J.S. Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556. [Google Scholar] [CrossRef]

	



Rabe, K.; Lehrke, M.; Parhofer, K.G.; Broedl, U.C. Adipokines and insulin resistance. Mol. Med. 2008, 14, 741–751. [Google Scholar] [CrossRef]

	



Fernandez-Sanchez, A.; Madrigal-Santillan, E.; Bautista, M.; Esquivel-Soto, J.; Morales-Gonzalez, A.; Esquivel-Chirino, C.; Durante-Montiel, I.; Sanchez-Rivera, G.; Valadez-Vega, C.; Morales-Gonzalez, J.A. Inflammation, oxidative stress, and obesity. Int. J. Mol. Sci. 2011, 12, 3117–3132. [Google Scholar] [CrossRef] [PubMed]

	



Osborn, O.; Olefsky, J.M. The cellular and signaling networks linking the immune system and metabolism in disease. Nat. Med. 2012, 18, 363–374. [Google Scholar] [CrossRef] [PubMed]

	



Zmora, N.; Bashiardes, S.; Levy, M.; Elinav, E. The Role of the Immune System in Metabolic Health and Disease. Cell Metab. 2017, 25, 506–521. [Google Scholar] [CrossRef] [PubMed]

	



Montgomery, M.K.; Turner, N. Mitochondrial dysfunction and insulin resistance: An update. Endocr. Connect. 2015, 4, R1–R15. [Google Scholar] [CrossRef]

	



Marseglia, L.; Manti, S.; D’Angelo, G.; Nicotera, A.; Parisi, E.; Di Rosa, G.; Gitto, E.; Arrigo, T. Oxidative stress in obesity: A critical component in human diseases. Int. J. Mol. Sci. 2014, 16, 378–400. [Google Scholar] [CrossRef]

	



Gao, C.L.; Zhu, C.; Zhao, Y.P.; Chen, X.H.; Ji, C.B.; Zhang, C.M.; Zhu, J.G.; Xia, Z.K.; Tong, M.L.; Guo, X.R. Mitochondrial dysfunction is induced by high levels of glucose and free fatty acids in 3T3-L1 adipocytes. Mol. Cell. Endocrinol. 2010, 320, 25–33. [Google Scholar] [CrossRef]

	



Sutherland, L.N.; Capozzi, L.C.; Turchinsky, N.J.; Bell, R.C.; Wright, D.C. Time course of high-fat diet-induced reductions in adipose tissue mitochondrial proteins: Potential mechanisms and the relationship to glucose intolerance. Am. J. Physiol. Endocrinol. Metab. 2008, 295, E1076–E1083. [Google Scholar] [CrossRef]

	



Koh, E.H.; Park, J.Y.; Park, H.S.; Jeon, M.J.; Ryu, J.W.; Kim, M.; Kim, S.Y.; Kim, M.S.; Kim, S.W.; Park, I.S.; et al. Essential role of mitochondrial function in adiponectin synthesis in adipocytes. Diabetes 2007, 56, 2973–2981. [Google Scholar] [CrossRef]

	



Feldmann, H.M.; Golozoubova, V.; Cannon, B.; Nedergaard, J. UCP1 ablation induces obesity and abolishes diet-induced thermogenesis in mice exempt from thermal stress by living at thermoneutrality. Cell Metab. 2009, 9, 203–209. [Google Scholar] [CrossRef]

	



Rains, J.L.; Jain, S.K. Oxidative stress, insulin signaling, and diabetes. Free Radic. Biol. Med. 2011, 50, 567–575. [Google Scholar] [CrossRef]

	



Bloch-Damti, A.; Bashan, N. Proposed mechanisms for the induction of insulin resistance by oxidative stress. Antioxid. Redox Signal. 2005, 7, 1553–1567. [Google Scholar] [CrossRef]

	



Festi, D.; Schiumerini, R.; Eusebi, L.H.; Marasco, G.; Taddia, M.; Colecchia, A. Gut microbiota and metabolic syndrome. World J. Gastroenterol. 2014, 20, 16079–16094. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.T.; Nieuwdorp, M.; Backhed, F. Microbial modulation of insulin sensitivity. Cell Metab. 2014, 20, 753–760. [Google Scholar] [CrossRef]

	



Marchesi, J.R.; Adams, D.H.; Fava, F.; Hermes, G.D.; Hirschfield, G.M.; Hold, G.; Quraishi, M.N.; Kinross, J.; Smidt, H.; Tuohy, K.M.; et al. The gut microbiota and host health: A new clinical frontier. Gut 2016, 65, 330–339. [Google Scholar] [CrossRef] [PubMed]

	



Saint-Georges-Chaumet, Y.; Edeas, M. Microbiota-mitochondria inter-talk: Consequence for microbiota-host interaction. Pathog. Dis. 2016, 74, ftv096. [Google Scholar] [CrossRef] [PubMed]

	



Franco-Obregon, A.; Gilbert, J.A. The Microbiome-Mitochondrion Connection: Common Ancestries, Common Mechanisms, Common Goals. mSystems 2017, 2, e00017–e00018. [Google Scholar] [CrossRef]

	



Lucattini, R.; Likic, V.A.; Lithgow, T. Bacterial proteins predisposed for targeting to mitochondria. Mol. Biol. Evol. 2004, 21, 652–658. [Google Scholar] [CrossRef]

	



Lobet, E.; Letesson, J.J.; Arnould, T. Mitochondria: A target for bacteria. Biochem. Pharmacol. 2015, 94, 173–185. [Google Scholar] [CrossRef]

	



Neish, A.S.; Rheinallt, M.J. Redox signaling mediates symbiosis between the gut microbiota and the intestine. Gut Microbes 2014, 5, 250–253. [Google Scholar] [CrossRef]

	



Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44–84. [Google Scholar] [CrossRef]

	



Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A. ROS Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxidative Med. Cell. Longev. 2019, 2019, 6175804. [Google Scholar] [CrossRef] [PubMed]

	



Tauffenberger, A.; Fiumelli, H.; Almustafa, S.; Magistretti, P.J. Lactate and pyruvate promote oxidative stress resistance through hormetic ROS signaling. Cell Death Dis. 2019, 10, 653. [Google Scholar] [CrossRef] [PubMed]

	



Cerdan, S.; Rodrigues, T.B.; Sierra, A.; Benito, M.; Fonseca, L.L.; Fonseca, C.P.; Garcia-Martin, M.L. The redox switch/redox coupling hypothesis. Neurochem. Int. 2006, 48, 523–530. [Google Scholar] [CrossRef] [PubMed]

	



Vicente-Gutierrez, C.; Bonora, N.; Bobo-Jimenez, V.; Jimenez-Blasco, D.; Lopez-Fabuel, I.; Fernandez, E.; Josephine, C.; Bonvento, G.; Enriquez, J.A.; Almeida, A. Astrocytic mitochondrial ROS modulate brain metabolism and mouse behaviour. Nat. Metab. 2019, 1, 201–211. [Google Scholar] [CrossRef]

	



Tormos, K.V.; Anso, E.; Hamanaka, R.B.; Eisenbart, J.; Joseph, J.; Kalyanaraman, B.; Chandel, N.S. Mitochondrial complex III ROS regulate adipocyte differentiation. Cell Metab. 2011, 14, 537–544. [Google Scholar] [CrossRef]

	



Panieri, E.; Santoro, M.M. ROS homeostasis and metabolism: A dangerous liason in cancer cells. Cell Death Dis. 2016, 7, e2253. [Google Scholar] [CrossRef]

	



Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxidative Med. Cell. Longev. 2016, 2016, 4350965. [Google Scholar] [CrossRef]

	



Brand, M.D.; Orr, A.L.; Perevoshchikova, I.V.; Quinlan, C.L. The role of mitochondrial function and cellular bioenergetics in ageing and disease. Br. J. Dermatol. 2013, 169 (Suppl. 2), 1–8. [Google Scholar] [CrossRef]

	



Valera-Alberni, M.; Canto, C. Mitochondrial stress management: A dynamic journey. Cell Stress 2018, 2, 253–274. [Google Scholar] [CrossRef]

	



Youle, R.J.; van der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062–1065. [Google Scholar] [CrossRef]

	



Chandhok, G.; Lazarou, M.; Neumann, B. Structure, function, and regulation of mitofusin-2 in health and disease. Biol. Rev. Camb. Philos. Soc. 2018, 93, 933–949. [Google Scholar] [CrossRef] [PubMed]

	



Bach, D.; Naon, D.; Pich, S.; Soriano, F.X.; Vega, N.; Rieusset, J.; Laville, M.; Guillet, C.; Boirie, Y.; Wallberg-Henriksson, H.; et al. Expression of Mfn2, the Charcot-Marie-Tooth neuropathy type 2A gene, in human skeletal muscle: Effects of type 2 diabetes, obesity, weight loss, and the regulatory role of tumor necrosis factor alpha and interleukin-6. Diabetes 2005, 54, 2685–2693. [Google Scholar] [CrossRef] [PubMed]

	



Sebastian, D.; Hernandez-Alvarez, M.I.; Segales, J.; Sorianello, E.; Munoz, J.P.; Sala, D.; Waget, A.; Liesa, M.; Paz, J.C.; Gopalacharyulu, P.; et al. Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic reticulum function with insulin signaling and is essential for normal glucose homeostasis. Proc. Natl. Acad. Sci. USA 2012, 109, 5523–5528. [Google Scholar] [CrossRef]

	



Han, W.; Fessel, J.P.; Sherrill, T.; Kocurek, E.G.; Yull, F.E.; Blackwell, T.S. Enhanced Expression of Catalase in Mitochondria Modulates NF-κB–Dependent Lung Inflammation through Alteration of Metabolic Activity in Macrophages. J. Immunol. 2020, 205, 1125–1134. [Google Scholar] [CrossRef] [PubMed]

	



Lin, G.; Sun, Y.; Long, J.; Sui, X.; Yang, J.; Wang, Q.; Wang, S.; He, H.; Luo, Y.; Qiu, Z. Involvement of the Nrf2-Keap1 signaling pathway in protection against thallium-induced oxidative stress and mitochondrial dysfunction in primary hippocampal neurons. Toxicol. Lett. 2020, 319, 66–73. [Google Scholar] [CrossRef]

	



Morgan, M.J.; Liu, Z.G. Crosstalk of reactive oxygen species and NF-kappaB signaling. Cell Res. 2011, 21, 103–115. [Google Scholar] [CrossRef]

	



Kaludercic, N.; Giorgio, V. The Dual Function of Reactive Oxygen/Nitrogen Species in Bioenergetics and Cell Death: The Role of ATP Synthase. Oxidative Med. Cell. Longev. 2016, 2016, 3869610. [Google Scholar] [CrossRef]

	



Riobo, N.A.; Clementi, E.; Melani, M.; Boveris, A.; Cadenas, E.; Moncada, S.; Poderoso, J.J. Nitric oxide inhibits mitochondrial NADH:ubiquinone reductase activity through peroxynitrite formation. Biochem. J. 2001, 359, 139–145. [Google Scholar] [CrossRef]

	



Poderoso, J.J.; Helfenberger, K.; Poderoso, C. The effect of nitric oxide on mitochondrial respiration. Nitric Oxide Biol. Chem. 2019, 88, 61–72. [Google Scholar] [CrossRef]

	



Andrades, M.E.; Morina, A.; Spasic, S.; Spasojevic, I. Bench-to-bedside review: Sepsis—from the redox point of view. Crit. Care 2011, 15, 230. [Google Scholar] [CrossRef]

	



Mantzarlis, K.; Tsolaki, V.; Zakynthinos, E. Role of Oxidative Stress and Mitochondrial Dysfunction in Sepsis and Potential Therapies. Oxidative Med. Cell. Longev. 2017, 2017, 5985209. [Google Scholar] [CrossRef] [PubMed]

	



Twig, G.; Shirihai, O.S. The interplay between mitochondrial dynamics and mitophagy. Antioxid. Redox Signal. 2011, 14, 1939–1951. [Google Scholar] [CrossRef] [PubMed]

	



Scherz-Shouval, R.; Elazar, Z. Regulation of autophagy by ROS: Physiology and pathology. Trends Biochem. Sci. 2011, 36, 30–38. [Google Scholar] [CrossRef] [PubMed]

	



Ding, W.X.; Yin, X.M. Mitophagy: Mechanisms, pathophysiological roles, and analysis. Biol. Chem. 2012, 393, 547–564. [Google Scholar] [CrossRef] [PubMed]

	



Grant, R.W.; Dixit, V.D. Mechanisms of disease: Inflammasome activation and the development of type 2 diabetes. Front. Immunol. 2013, 4, 50. [Google Scholar] [CrossRef]

	



Elliott, E.I.; Sutterwala, F.S. Initiation and perpetuation of NLRP3 inflammasome activation and assembly. Immunol. Rev. 2015, 265, 35–52. [Google Scholar] [CrossRef]

	



Pallavi, M.; Suchitra, M.M.; Alok Sachan, L.A.; Srinivasa Rao, P.V.L.N. Role of adipokines, oxidative stress, and endotoxins in the pathogenesis of non-alcoholic fatty liver disease in patients with type 2 diabetes mellitus. Int. J. Res. Med Sci. 2019, 7, 1644. [Google Scholar] [CrossRef]

	



Han, C.Y. Roles of Reactive Oxygen Species on Insulin Resistance in Adipose Tissue. Diabetes Metab. J. 2016, 40, 272–279. [Google Scholar] [CrossRef]

	



Manna, P.; Jain, S.K. Obesity, Oxidative Stress, Adipose Tissue Dysfunction, and the Associated Health Risks: Causes and Therapeutic Strategies. Metab. Syndr. Relat. Disord. 2015, 13, 423–444. [Google Scholar] [CrossRef]

	



Lefranc, C.; Friederich-Persson, M.; Palacios-Ramirez, R.; Nguyen Dinh Cat, A. Mitochondrial oxidative stress in obesity: Role of the mineralocorticoid receptor. J. Endocrinol. 2018, 238, R143–R159. [Google Scholar] [CrossRef]

	



Wang, C.H.; Wang, C.C.; Huang, H.C.; Wei, Y.H. Mitochondrial dysfunction leads to impairment of insulin sensitivity and adiponectin secretion in adipocytes. FEBS J. 2013, 280, 1039–1050. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, M.; Fujimoto, S.; Sato, Y.; Nishi, Y.; Mukai, E.; Yamano, G.; Sato, H.; Tahara, Y.; Ogura, K.; Nagashima, K.; et al. Reduction of reactive oxygen species ameliorates metabolism-secretion coupling in islets of diabetic GK rats by suppressing lactate overproduction. Diabetes 2013, 62, 1996–2003. [Google Scholar] [CrossRef] [PubMed]

	



Rocha, M.; Apostolova, N.; Diaz-Rua, R.; Muntane, J.; Victor, V.M. Mitochondria and T2D: Role of Autophagy, ER Stress, and Inflammasome. Trends Endocrinol. Metab. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.W.; Lee, M.S. Mitochondria and the NLRP3 inflammasome: Physiological and pathological relevance. Arch. Pharmacal Res. 2016, 39, 1503–1518. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, C.M.; Rinna, A.; Forman, H.J.; Ventura, A.L.; Persechini, P.M.; Ojcius, D.M. ATP activates a reactive oxygen species-dependent oxidative stress response and secretion of proinflammatory cytokines in macrophages. J. Biol. Chem. 2007, 282, 2871–2879. [Google Scholar] [CrossRef]

	



Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links oxidative stress to inflammasome activation. Nat. Immunol. 2010, 11, 136–140. [Google Scholar] [CrossRef]

	



David, J.A.; Rifkin, W.J.; Rabbani, P.S.; Ceradini, D.J. The Nrf2/Keap1/ARE Pathway and Oxidative Stress as a Therapeutic Target in Type II Diabetes Mellitus. J. Diabetes Res. 2017, 2017, 4826724. [Google Scholar] [CrossRef]

	



Bitar, M.S.; Al-Mulla, F. A defect in Nrf2 signaling constitutes a mechanism for cellular stress hypersensitivity in a genetic rat model of type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 2011, 301, E1119–E1129. [Google Scholar] [CrossRef]

	



Rabbani, P.S.; Soares, M.A.; Hameedi, S.G.; Kadle, R.L.; Mubasher, A.; Kowzun, M.; Ceradini, D.J. Dysregulation of Nrf2/Keap1 Redox Pathway in Diabetes Affects Multipotency of Stromal Cells. Diabetes 2019, 68, 141–155. [Google Scholar] [CrossRef]

	



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

	



Donaldson, G.P.; Lee, S.M.; Mazmanian, S.K. Gut biogeography of the bacterial microbiota. Nat. Rev. Microbiol. 2016, 14, 20–32. [Google Scholar] [CrossRef] [PubMed]

	



Satokari, R.; Grönroos, T.; Laitinen, K.; Salminen, S.; Isolauri, E. Bifidobacterium and Lactobacillus DNA in the human placenta. Lett. Appl. Microbiol. 2009, 48, 8–12. [Google Scholar] [CrossRef] [PubMed]

	



Aagaard, K.; Ma, J.; Antony, K.M.; Ganu, R.; Petrosino, J.; Versalovic, J. The placenta harbors a unique microbiome. Sci. Transl. Med. 2014, 6, 237ra65. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez, J.M.; Murphy, K.; Stanton, C.; Ross, R.P.; Kober, O.I.; Juge, N.; Avershina, E.; Rudi, K.; Narbad, A.; Jenmalm, M.C. The composition of the gut microbiota throughout life, with an emphasis on early life. Microb. Ecol. Health Dis. 2015, 26, 26050. [Google Scholar] [CrossRef]

	



Matamoros, S.; Gras-Leguen, C.; Le Vacon, F.; Potel, G.; de La Cochetiere, M.-F. Development of intestinal microbiota in infants and its impact on health. Trends Microbiol. 2013, 21, 167–173. [Google Scholar] [CrossRef]

	



Lozupone, C.A.; Stombaugh, J.I.; Gordon, J.I.; Jansson, J.K.; Knight, R. Diversity, stability and resilience of the human gut microbiota. Nature 2012, 489, 220–230. [Google Scholar] [CrossRef]

	



Dudek-Wicher, R.K.; Junka, A.; Bartoszewicz, M. The influence of antibiotics and dietary components on gut microbiota. Prz. Gastroenterol. 2018, 13, 85–92. [Google Scholar] [CrossRef]

	



Li, Y.; Hao, Y.; Fan, F.; Zhang, B. The role of microbiome in insomnia, circadian disturbance and depression. Front. Psychiatry 2018, 9, 669. [Google Scholar] [CrossRef]

	



Belizário, J.E.; Faintuch, J.; Garay-Malpartida, M. Gut microbiome dysbiosis and immunometabolism: New frontiers for treatment of metabolic diseases. Mediat. Inflamm. 2018, 2018, 2037838. [Google Scholar] [CrossRef]

	



Sun, L.; Ma, L.; Ma, Y.; Zhang, F.; Zhao, C.; Nie, Y. Insights into the role of gut microbiota in obesity: Pathogenesis, mechanisms, and therapeutic perspectives. Protein Cell 2018, 9, 397–403. [Google Scholar] [CrossRef]

	



Qin, J.; Li, Y.; Cai, Z.; Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D. A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55–60. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, A.; Yang, W.; Chen, G.; Shafiq, M.; Javed, S.; Ali Zaidi, S.S.; Shahid, R.; Liu, C.; Bokhari, H. Analysis of gut microbiota of obese individuals with type 2 diabetes and healthy individuals. PLoS ONE 2019, 14, e0226372. [Google Scholar] [CrossRef] [PubMed]

	



Le Chatelier, E.; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F.; Falony, G.; Almeida, M.; Arumugam, M.; Batto, J.-M.; Kennedy, S. Richness of human gut microbiome correlates with metabolic markers. Nature 2013, 500, 541–546. [Google Scholar] [CrossRef] [PubMed]

	



Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022–1023. [Google Scholar] [CrossRef]

	



Blandino, G.; Inturri, R.; Lazzara, F.; Di Rosa, M.; Malaguarnera, L. Impact of gut microbiota on diabetes mellitus. Diabetes Metab. 2016, 42, 303–315. [Google Scholar] [CrossRef] [PubMed]

	



Karlsson, F.H.; Tremaroli, V.; Nookaew, I.; Bergström, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; Bäckhed, F. Gut metagenome in European women with normal, impaired and diabetic glucose control. Nature 2013, 498, 99–103. [Google Scholar] [CrossRef]

	



Geerlings, S.Y.; Kostopoulos, I.; de Vos, W.M.; Belzer, C. Akkermansia muciniphila in the Human Gastrointestinal Tract: When, Where, and How? Microorganisms 2018, 6, 75. [Google Scholar] [CrossRef]

	



Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772. [Google Scholar] [CrossRef]

	



Degli Esposti, M.; Chouaia, B.; Comandatore, F.; Crotti, E.; Sassera, D.; Lievens, P.M.-J.; Daffonchio, D.; Bandi, C. Evolution of mitochondria reconstructed from the energy metabolism of living bacteria. PLoS ONE 2014, 9, e96566. [Google Scholar] [CrossRef]

	



Kalghatgi, S.; Spina, C.S.; Costello, J.C.; Liesa, M.; Morones-Ramirez, J.R.; Slomovic, S.; Molina, A.; Shirihai, O.S.; Collins, J.J. Bactericidal antibiotics induce mitochondrial dysfunction and oxidative damage in mammalian cells. Sci. Transl. Med. 2013, 5, 192ra85. [Google Scholar] [CrossRef]

	



Mottawea, W.; Chiang, C.K.; Muhlbauer, M.; Starr, A.E.; Butcher, J.; Abujamel, T.; Deeke, S.A.; Brandel, A.; Zhou, H.; Shokralla, S.; et al. Altered intestinal microbiota-host mitochondria crosstalk in new onset Crohn’s disease. Nat. Commun. 2016, 7, 13419. [Google Scholar] [CrossRef] [PubMed]

	



Saint-Georges-Chaumet, Y.; Attaf, D.; Pelletier, E.; Edeas, M. Targeting microbiota-mitochondria inter-talk: Microbiota control mitochondria metabolism. Cell. Mol. Biol. 2015, 61, 121–124. [Google Scholar]

	



Cook, S.; Sellin, J. Short chain fatty acids in health and disease. Aliment. Pharmacol. Ther. 1998, 12, 499–507. [Google Scholar] [CrossRef] [PubMed]

	



Chambers, E.S.; Preston, T.; Frost, G.; Morrison, D.J. Role of Gut Microbiota-Generated Short-Chain Fatty Acids in Metabolic and Cardiovascular Health. Curr. Nutr. Rep. 2018, 7, 198–206. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.V.; Frassetto, A.; Kowalik, E.J., Jr.; Nawrocki, A.R.; Lu, M.M.; Kosinski, J.R.; Hubert, J.A.; Szeto, D.; Yao, X.; Forrest, G.; et al. Butyrate and propionate protect against diet-induced obesity and regulate gut hormones via free fatty acid receptor 3-independent mechanisms. PLoS ONE 2012, 7, e35240. [Google Scholar] [CrossRef] [PubMed]

	



Nicholson, J.K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-gut microbiota metabolic interactions. Science 2012, 336, 1262–1267. [Google Scholar] [CrossRef]

	



Lumeng, L.; Davis, E.J. The oxidation of acetate by liver mitochondria. FEBS Lett. 1973, 29, 124–126. [Google Scholar] [CrossRef]

	



Galmozzi, A.; Mitro, N.; Ferrari, A.; Gers, E.; Gilardi, F.; Godio, C.; Cermenati, G.; Gualerzi, A.; Donetti, E.; Rotili, D.; et al. Inhibition of class I histone deacetylases unveils a mitochondrial signature and enhances oxidative metabolism in skeletal muscle and adipose tissue. Diabetes 2013, 62, 732–742. [Google Scholar] [CrossRef]

	



Mollica, M.P.; Mattace Raso, G.; Cavaliere, G.; Trinchese, G.; De Filippo, C.; Aceto, S.; Prisco, M.; Pirozzi, C.; Di Guida, F.; Lama, A.; et al. Butyrate Regulates Liver Mitochondrial Function, Efficiency, and Dynamics in Insulin-Resistant Obese Mice. Diabetes 2017, 66, 1405–1418. [Google Scholar] [CrossRef]

	



Hu, S.; Kuwabara, R.; de Haan, B.J.; Smink, A.M.; de Vos, P. Acetate and Butyrate Improve β-cell Metabolism and Mitochondrial Respiration under Oxidative Stress. Int. J. Mol. Sci. 2020, 21, 1542. [Google Scholar] [CrossRef]

	



Canfora, E.E.; Jocken, J.W.; Blaak, E.E. Short-chain fatty acids in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol. 2015, 11, 577–591. [Google Scholar] [CrossRef] [PubMed]

	



den Besten, G.; Gerding, A.; van Dijk, T.H.; Ciapaite, J.; Bleeker, A.; van Eunen, K.; Havinga, R.; Groen, A.K.; Reijngoud, D.J.; Bakker, B.M. Protection against the Metabolic Syndrome by Guar Gum-Derived Short-Chain Fatty Acids Depends on Peroxisome Proliferator-Activated Receptor gamma and Glucagon-Like Peptide-1. PLoS ONE 2015, 10, e0136364. [Google Scholar] [CrossRef] [PubMed]

	



Lantier, L.; Fentz, J.; Mounier, R.; Leclerc, J.; Treebak, J.T.; Pehmoller, C.; Sanz, N.; Sakakibara, I.; Saint-Amand, E.; Rimbaud, S.; et al. AMPK controls exercise endurance, mitochondrial oxidative capacity, and skeletal muscle integrity. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2014, 28, 3211–3224. [Google Scholar] [CrossRef] [PubMed]

	



Hood, D.A.; Uguccioni, G.; Vainshtein, A.; D’Souza, D. Mechanisms of exercise-induced mitochondrial biogenesis in skeletal muscle: Implications for health and disease. Compr. Physiol. 2011, 1, 1119–1134. [Google Scholar] [CrossRef]

	



Richter, E.A.; Ruderman, N.B. AMPK and the biochemistry of exercise: Implications for human health and disease. Biochem. J. 2009, 418, 261–275. [Google Scholar] [CrossRef]

	



Gerard, P. Metabolism of cholesterol and bile acids by the gut microbiota. Pathogens 2013, 3, 14–24. [Google Scholar] [CrossRef]

	



Nie, Y.F.; Hu, J.; Yan, X.H. Cross-talk between bile acids and intestinal microbiota in host metabolism and health. J. Zhejiang Univ. Sci. B 2015, 16, 436–446. [Google Scholar] [CrossRef]

	



Velazquez-Villegas, L.A.; Perino, A.; Lemos, V.; Zietak, M.; Nomura, M.; Pols, T.W.H.; Schoonjans, K. TGR5 signalling promotes mitochondrial fission and beige remodelling of white adipose tissue. Nat. Commun. 2018, 9, 245. [Google Scholar] [CrossRef]

	



Kuipers, F.; Bloks, V.W.; Groen, A.K. Beyond intestinal soap—Bile acids in metabolic control. Nat. Rev. Endocrinol. 2014, 10, 488–498. [Google Scholar] [CrossRef]

	



Joyce, S.A.; Gahan, C.G. Bile Acid Modifications at the Microbe-Host Interface: Potential for Nutraceutical and Pharmaceutical Interventions in Host Health. Annu. Rev. Food Sci. Technol. 2016, 7, 313–333. [Google Scholar] [CrossRef]

	



Gao, Z.; Yin, J.; Zhang, J.; Ward, R.E.; Martin, R.J.; Lefevre, M.; Cefalu, W.T.; Ye, J. Butyrate improves insulin sensitivity and increases energy expenditure in mice. Diabetes 2009, 58, 1509–1517. [Google Scholar] [CrossRef] [PubMed]

	



Korecka, A.; de Wouters, T.; Cultrone, A.; Lapaque, N.; Pettersson, S.; Dore, J.; Blottiere, H.M.; Arulampalam, V. ANGPTL4 expression induced by butyrate and rosiglitazone in human intestinal epithelial cells utilizes independent pathways. Am. J. Physiol. Gastrointest. Liver Physiol. 2013, 304, G1025–G1037. [Google Scholar] [CrossRef] [PubMed]

	



Alex, S.; Lichtenstein, L.; Dijk, W.; Mensink, R.P.; Tan, N.S.; Kersten, S. ANGPTL4 is produced by entero-endocrine cells in the human intestinal tract. Histochem. Cell Biol. 2014, 141, 383–391. [Google Scholar] [CrossRef] [PubMed]

	



Caron, A.Z.; He, X.; Mottawea, W.; Seifert, E.L.; Jardine, K.; Dewar-Darch, D.; Cron, G.O.; Harper, M.E.; Stintzi, A.; McBurney, M.W. The SIRT1 deacetylase protects mice against the symptoms of metabolic syndrome. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2014, 28, 1306–1316. [Google Scholar] [CrossRef] [PubMed]

	



Kazgan, N.; Metukuri, M.R.; Purushotham, A.; Lu, J.; Rao, A.; Lee, S.; Pratt-Hyatt, M.; Lickteig, A.; Csanaky, I.L.; Zhao, Y.; et al. Intestine-specific deletion of SIRT1 in mice impairs DCoH2-HNF-1alpha-FXR signaling and alters systemic bile acid homeostasis. Gastroenterology 2014, 146, 1006–1016. [Google Scholar] [CrossRef]

	



Chen, L.; Chen, R.; Wang, H.; Liang, F. Mechanisms Linking Inflammation to Insulin Resistance. Int. J. Endocrinol. 2015, 2015, 508409. [Google Scholar] [CrossRef]

	



Kawasaki, T.; Kawai, T. Toll-like receptor signaling pathways. Front. Immunol. 2014, 5, 461. [Google Scholar] [CrossRef]

	



Zeng, M.Y.; Inohara, N.; Nunez, G. Mechanisms of inflammation-driven bacterial dysbiosis in the gut. Mucosal Immunol. 2017, 10, 18–26. [Google Scholar] [CrossRef]

	



Crouser, E.D.; Julian, M.W.; Blaho, D.V.; Pfeiffer, D.R. Endotoxin-induced mitochondrial damage correlates with impaired respiratory activity. Crit. Care Med. 2002, 30, 276–284. [Google Scholar] [CrossRef]

	



Lee, I.; Huttemann, M. Energy crisis: The role of oxidative phosphorylation in acute inflammation and sepsis. Biochim. Et Biophys. Acta 2014, 1842, 1579–1586. [Google Scholar] [CrossRef]

	



Green, D.R.; Galluzzi, L.; Kroemer, G. Mitochondria and the autophagy-inflammation-cell death axis in organismal aging. Science 2011, 333, 1109–1112. [Google Scholar] [CrossRef] [PubMed]

	



Marin-Penalver, J.J.; Martin-Timon, I.; Sevillano-Collantes, C.; Del Canizo-Gomez, F.J. Update on the treatment of type 2 diabetes mellitus. World J. Diabetes 2016, 7, 354–395. [Google Scholar] [CrossRef] [PubMed]

	



Mazloom, K.; Siddiqi, I.; Covasa, M. Probiotics: How Effective Are They in the Fight against Obesity? Nutrients 2019, 11, 258. [Google Scholar] [CrossRef] [PubMed]

	



Cerdo, T.; Garcia-Santos, J.A.; Bermúdez, M.; Campoy, C. The Role of Probiotics and Prebiotics in the Prevention and Treatment of Obesity. Nutrients 2019, 11, 635. [Google Scholar] [CrossRef]

	



Tiderencel, K.A.; Hutcheon, D.A.; Ziegler, J. Probiotics for the treatment of type 2 diabetes: A review of randomized controlled trials. Diabetes Metab. Res. Rev. 2020, 36, e3213. [Google Scholar] [CrossRef] [PubMed]

	



Saez-Lara, M.J.; Robles-Sanchez, C.; Ruiz-Ojeda, F.J.; Plaza-Diaz, J.; Gil, A. Effects of Probiotics and Synbiotics on Obesity, Insulin Resistance Syndrome, Type 2 Diabetes and Non-Alcoholic Fatty Liver Disease: A Review of Human Clinical Trials. Int. J. Mol. Sci. 2016, 17, 928. [Google Scholar] [CrossRef]

	



Mohamadshahi, M.; Veissi, M.; Haidari, F.; Javid, A.Z.; Mohammadi, F.; Shirbeigi, E. Effects of probiotic yogurt consumption on lipid profile in type 2 diabetic patients: A randomized controlled clinical trial. J. Res. Med Sci. Off. J. Isfahan Univ. Med Sci. 2014, 19, 531. [Google Scholar]

	



Tonucci, L.B.; Olbrich Dos Santos, K.M.; Licursi de Oliveira, L.; Rocha Ribeiro, S.M.; Duarte Martino, H.S. Clinical application of probiotics in type 2 diabetes mellitus: A randomized, double-blind, placebo-controlled study. Clin. Nutr. 2017, 36, 85–92. [Google Scholar] [CrossRef]

	



Cani, P.D.; Van Hul, M. Novel opportunities for next-generation probiotics targeting metabolic syndrome. Curr. Opin. Biotechnol. 2015, 32, 21–27. [Google Scholar] [CrossRef]

	



Wang, H.; Lu, Y.; Yan, Y.; Tian, S.; Zheng, D.; Leng, D.; Wang, C.; Jiao, J.; Wang, Z.; Bai, Y. Promising Treatment for Type 2 Diabetes: Fecal Microbiota Transplantation Reverses Insulin Resistance and Impaired Islets. Front. Cell. Infect. Microbiol. 2019, 9, 455. [Google Scholar] [CrossRef]

	



Montan, P.D.; Sourlas, A.; Olivero, J.; Silverio, D.; Guzman, E.; Kosmas, C.E. Pharmacologic therapy of obesity: Mechanisms of action and cardiometabolic effects. Ann. Transl. Med. 2019, 7, 393. [Google Scholar] [CrossRef] [PubMed]

	



Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence that metformin exerts its anti-diabetic effects through inhibition of complex 1 of the mitochondrial respiratory chain. Biochem. J. 2000, 348, 607–614. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Esteve, E.; Tremaroli, V.; Khan, M.T.; Caesar, R.; Manneras-Holm, L.; Stahlman, M.; Olsson, L.M.; Serino, M.; Planas-Felix, M.; et al. Metformin alters the gut microbiome of individuals with treatment-naive type 2 diabetes, contributing to the therapeutic effects of the drug. Nat. Med. 2017, 23, 850–858. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, S.Z.; No, M.H.; Heo, J.W.; Park, D.H.; Kang, J.H.; Kim, J.H.; Seo, D.Y.; Han, J.; Jung, S.J.; Kwak, H.B. Effects of Acute Exercise on Mitochondrial Function, Dynamics, and Mitophagy in Rat Cardiac and Skeletal Muscles. Int. Neurourol. J. 2019, 23, S22–31. [Google Scholar] [CrossRef]

	



Zafaranieh, S.; Choobineh, S.; Soori, R. The effect of 12 weeks of aerobic exercise on mitochondrial dynamics in cardiac myocytes of type 2 diabetic rats. Sport Sci. Health 2018, 14, 305–312. [Google Scholar] [CrossRef]

	



Smith, R.A.; Hartley, R.C.; Cocheme, H.M.; Murphy, M.P. Mitochondrial pharmacology. Trends Pharmacol. Sci. 2012, 33, 341–352. [Google Scholar] [CrossRef]

	



Nightingale, H.; Pfeffer, G.; Bargiela, D.; Horvath, R.; Chinnery, P.F. Emerging therapies for mitochondrial disorders. Brain 2016, 139, 1633–1648. [Google Scholar] [CrossRef]

	



Serviddio, G.; Bellanti, F.; Sastre, J.; Vendemiale, G.; Altomare, E. Targeting mitochondria: A new promising approach for the treatment of liver diseases. Curr. Med. Chem. 2010, 17, 2325–2337. [Google Scholar] [CrossRef]

	



Apostolova, N.; Victor, V.M. Molecular strategies for targeting antioxidants to mitochondria: Therapeutic implications. Antioxid. Redox Signal. 2015, 22, 686–729. [Google Scholar] [CrossRef]

	



Escribano-Lopez, I.; Diaz-Morales, N.; Rovira-Llopis, S.; de Maranon, A.M.; Orden, S.; Alvarez, A.; Banuls, C.; Rocha, M.; Murphy, M.P.; Hernandez-Mijares, A.; et al. The mitochondria-targeted antioxidant MitoQ modulates oxidative stress, inflammation and leukocyte-endothelium interactions in leukocytes isolated from type 2 diabetic patients. Redox Biol. 2016, 10, 200–205. [Google Scholar] [CrossRef]

	



Pung, Y.F.; Rocic, P.; Murphy, M.P.; Smith, R.A.; Hafemeister, J.; Ohanyan, V.; Guarini, G.; Yin, L.; Chilian, W.M. Resolution of mitochondrial oxidative stress rescues coronary collateral growth in Zucker obese fatty rats. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 325–334. [Google Scholar] [CrossRef] [PubMed]

	



Escribano-Lopez, I.; Banuls, C.; Diaz-Morales, N.; Iannantuoni, F.; Rovira-Llopis, S.; Gomis, R.; Rocha, M.; Hernandez-Mijares, A.; Murphy, M.P.; Victor, V.M. The Mitochondria-Targeted Antioxidant MitoQ Modulates Mitochondrial Function and Endoplasmic Reticulum Stress in Pancreatic beta Cells Exposed to Hyperglycaemia. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2019, 52, 186–197. [Google Scholar] [CrossRef]

	



Rovira-Llopis, S.; Apostolova, N.; Banuls, C.; Muntane, J.; Rocha, M.; Victor, V.M. Mitochondria, the NLRP3 Inflammasome, and Sirtuins in Type 2 Diabetes: New Therapeutic Targets. Antioxid. Redox Signal. 2018, 29, 749–791. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 09 00848 g001 550] 





Figure 1. General mechanisms of ROS-induced mitochondrial dysfunction in obese and type 2 diabetes (T2D) patients. Dysregulated/impaired systemic inflammation, glucotoxicity and lipotoxicity triggers mtROS and RNS generation by mitochondrial ETC. Nitrosative stress also inhibits mitochondrial complexes and O2 consumption, as it is more reactive to ROS. As a result, the cytokines pro-IL-1β and pro-IL-18 and the inflammasome complex are activated through NF-кB translocation in the nucleus. Moreover, mtROS stimulates an increase in antioxidant defense signaling in order to modulate oxidative stress homeostasis. Disrupted mitochondria are targeted by autophagosomes in a process called mitophagy, which aims to restore the mitochondrial function. Abbreviations: ETC, electron transport chain; IL-1β, interleukin-1β; IL-18, interleukin-18; KEAP1, Kelch-like ECH-associated protein 1; mtROS, mitochondrial ROS; NF-кB, nuclear factor kappa-light-chain-enhancer of activated B cells; NRF2, nuclear factor erythroid 2-related factor 2; RNS, reactive nitrogen species; NO, nitric oxide; ONOO-, peroxynitrite; NLRP3, NLRP3 (nucleotide oligomerization domain (NOD), leucine-rich repeat (LRR) and pyrin domain (PYD)) and ROS, reactive oxygen species. 
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Figure 2. Role of gut microbiota in the development of obesity and T2D, including some of the mechanisms thought to contribute to alterations of the host metabolic state. Up and down arrows indicate an increase and decrease, respectively. Abbreviations: IEC, intestinal epithelial cells; LPS, lipopolysaccharide; LDL-C, low-density lipoproteins-cholesterol; SCFAs, short-chain fatty acids; CVD, cardiovascular disease and TJ, tight junction. 
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Figure 3. Microbiota-mitochondria inter-talk: Increased gut permeability in obese and T2D patients can induce LPS translocation to the bloodstream, along with a further inflammatory cascade, ROS and H2S production, as well as inflammasome NLRP3 activation, thus resulting in a mitochondria-mediated inflammatory response. The inhibition of AMPK activation and decreased expression of UCP-2 lead to a reduced glucose metabolism and to the partial uncoupling of mitochondrial oxidative phosphorylation, as well as an increased ROS production. Moreover, microbiota-released metabolites can also undermine or promote mitochondrial biogenesis and energy metabolism. Concurrently, mitochondrial ROS production can regulate gut microbiota activity and composition by modulating mucosal immune responses and intestinal barrier functions. Abbreviations: AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; COX, cyclooxygenase; H2S, hydrogen sulphide; IEC, intestinal epithelial cells; LPS, lipopolysaccharide; NLRP3, inflammasome NOD-like receptor family and pyrin domain containing 3; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NO, nitrogen oxide; ROS, reactive oxygen species; SCFAs, short-chain fatty acids and UCP-2, uncoupling protein 2. 
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