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Abstract

:

Peroxisome proliferator-activated receptor alpha (PPARα) is expressed throughout the mammalian gut: in epithelial cells, in the villi of enterocytes and in Paneth cells of intestinal crypts, as well as in some immune cells (e.g., lamina propria macrophages, dendritic cells) of the mucosa. This review examines the reciprocal interaction between PPARα activation and intestinal microbiota. We refer to the published data confirming that microbiota products can influence PPARα signaling and, on the other hand, PPARα activation is able to affect microbiota profile, viability, and diversity. PPARα impact on the broad spectrum of events connected to metabolism, signaling (e.g., NO production), immunological tolerance to dietary antigens, immunity and permeability of the gut are also discussed. We believe that the phenomena described here play a prominent role in gut homeostasis. Therefore, in conclusion we propose future directions for research, including the application of synthetic activators and natural endogenous ligands of PPARα (i.e., endocannabinoids) as therapeutics for intestinal pathologies and systemic diseases assumed to be related to gut dysbiosis.
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1. Introduction


Peroxisome proliferator-activated receptors (PPARs) coordinate numerous signaling pathways involved in: (1) the sensing of nutrients (fatty acids and their derivatives), (2) the metabolism of lipids, amino acids and carbohydrates, (3) the modulation of immune system and inflammatory response. Out of three PPAR isotypes, PPARα is particularly deeply involved in fatty acid transport and catabolism, including mitochondrial and peroxisomal β-oxidation and branched-chain amino acid catabolism, while it also strongly inhibits inflammation through the repression of nuclear factor kappa B (NFκB), the activation protein 1 (AP-1), as well as the signal transducer and activator of transcription (STAT) signaling pathways [1].



In this review, we shall analyze the role of PPARα in the regulation of immunological processes in gut mucosa, which potentially alter the microbiota composition and host-microbiota interactions. On the other hand, we will also discuss the impact of microbiota and its metabolites on the activity of PPARα in the gut epithelia, lymphoid cells and the systemic energy metabolism. These two directions will illustrate the reciprocal interactions between PPARα and a variety of commensal microorganisms.



Intestinal inflammation is commonly accompanied by the epithelial barrier dysfunction, frequently referred to as the “leaky gut” syndrome. The already demonstrated and theoretically feasible ability of PPARα agonists, both endogenous and synthetic to counteract processes leading to the intestinal leakage, will also be presented.




2. The Role of PPARα in the Gastrointestinal Mucosa: Modulation of Metabolism and Immunity


Transcriptomic analysis of Ppara gene in the gut revealed that its expression level in the human small intestine was even larger than in the liver, regarded as one of the most important destinations of PPARα activity [2]. PPARα is also abundant in a healthy colon [3]. The study by Bunger et al. [2] demonstrated that apart from the metabolism, PPARα also coordinates multiple processes involved in the innate and adaptive immune responses carried out by the intestinal mucosa.



The Ppara transcription quantification in villus-crypt axis showed that the highest expression is observed in the peaks of villi of the middle part between duodenum and ileum of murine intestine [2]. The analysis of the PPARα-activated gene clusters revealed the up-regulation of gene sets involved in acyl-CoA and fatty acid metabolism, which was expected, but it also pointed to carboxylic acid, sterol, aromatic compound metabolism and peroxisome biogenesis and organization. However, surprisingly numerous PPARα-regulated gene clusters were identified as immune response-related, namely: the presentation of exogenous peptides as antigens via MHC class II proteins, antigen processing and presentation, humoral defense. The last set of PPARα-regulated gene clusters included mitosis, apoptosis, angiogenesis and blood vessel morphogenesis, which most likely coordinate mucosa renewal and regeneration. The gene set enrichment analysis (GSEA) confirmed that the most up-regulated pathways included fatty acid metabolism, but also electron transport chain components, branched-chain amino acid degradation and bile acid synthesis. Interestingly, among the most downregulated genes were those related to immune response: complement system activation (both classical and lectin-dependent pathways), granzyme A-mediated apoptotic pathways, inflammation, B cell receptor (BCR) signaling, T cell signal transduction, FAS/CD95 signaling, as well as caspase apoptotic cascade. Ingenuity pathway analysis (IPA), which helps to visualize mutual interactions between genes and links them into a network with crucial participants shown as nodes and larger hubs, demonstrated that the biggest part of network downregulated by PPARα was concentrated around MHC class II transactivator (MHC2TA)-dependent genes, which comprised MHC genes participating in antigen presentation and processing, such as: HLA-DQA, HLA-DRB1, HLA-DMA, HLA-DMB, β-2 microglobulin, but also interferon regulatory factors (IRF1, IRF3), STAT1, CD79A, CD79B from B cell signaling and CCL5, CCL6 chemokines [2]. Taken together, these results suggest that PPARα plays a crucial role in the regulation of innate and adaptive branches of gut-associated lymphoid tissue (GALT) immune response.



Importantly, Bunger et al. [2] noticed that Ppara expression in the small intestine increased after the treatment with synthetic PPARα agonists, fenofibrate and Wy-16434. Such a treatment also led to the elongation of villi, but not the crypt depth. Assuming that the fatty acids, which are natural PPARα ligands, are abundantly released from dietary fats in the small intestine, they most likely stimulate PPARα receptors within enterocytes that absorb them. This mechanism could affect the presentation of dietary antigens by enterocytes, which are regarded as non-canonical antigen presenting cells (APCs). This could contribute to the development of tolerance towards dietary antigens.



2.1. The Role of PPARa in Immunotolerance of Dietary Antigens


Enterocytes uptake and transcellularly transport antigens from intestinal lumen and can present antigens to lamina propria T cells, because they express low levels of MHC class II molecules on their basolateral membranes [4,5]. This process, important for the development of tolerance to dietary antigens and to host commensal microbiota, is also crucial to maintaining the balance between GALT tolerance vs. hypersensitivity or inflammation. The immune tolerance to orally administered antigens occurs through various routes, for instance through transforming growth factor β (TGFβ)-mediated suppression, clonal T cell deletion, or frequently clonal T cell anergy [6]. T cell anergy develops when APCs lack full range of costimulatory molecules on their surface, such as B7-1/2 (CD80/CD86), ICAM-1, etc. Enterocytes do not express these costimulatory molecules [7], so their engagement in the antigen presentation normally leads to anergy of naïve CD4+ T cells [6]. CD8+ and CD4+ T lymphocyte populations both take part in the suppression of immune response to oral antigens, which is mediated by the release of IL-4, IL-10 and TGFβ with simultaneous suppression of IFNγ secreting cells [8].



Dendritic cells (DCs), present in intestinal mucosa and Peyer’s patches, are professional APCs which, in cooperation with microfold cells (M cells), determine the GALT response to antigens: either tolerance or priming [9]. In healthy mucosa, DCs express low levels of B7-1 and CD40 costimulatory molecules and play a crucial role in the development of tolerance to soluble proteins and noninvasive microorganisms in GALT [6]. PPARα receptors are expressed at high levels in immature DCs [10]. PPARα activation by fenofibrate or Wy-16434 inhibits DCs maturation (regarded as the elevated expression of costimulatory molecule genes) and suppresses DCs effector functions, such as IL-12 production, in response to pro-inflammatory signals (e.g., lipopolysaccharide, LPS or oxidized low density lipoproteins, oxLDL), thus directing DCs into a less stimulatory phenotype [10,11]. Interestingly, fenofibrate inhibited monocyte differentiation into DCs and their T cell stimulatory functions [12]. This effect was manifested by morphological changes, such as reduction in the length and number of dendrites, as well as the suppressed expression of DCs maturation markers (genes encoding CD1a, CD40 and HLA-DR) and reduction in LPS or oxLDL-triggered IL-10 and IL-12 secretion [12]. In summary, PPARα activation may contribute to maintenance of tolerogenic behavior of DCs towards antigens from the diet or commensal microbiota.




2.2. The Role of PPARα in Pathophysiology of Colitis


Due to its anti-inflammatory and metabolic functions, PPARα is regarded as a valuable therapeutic target in chronic colitis in its various forms, such as inflammatory bowel disease (IBD): ulcerative colitis or Crohn disease (CD). Multiple studies demonstrated the involvement of PPARα in the alleviation of symptoms and histological hallmarks in animal models of these diseases [13,14]. Recently, using an innovative artificial intelligence-based approach, Katkar and co-authors have designed and synthesized a dual PPARα/PPARγ agonist PAR5359 and proved it to be an effective candidate to treat IBD [15]. In their work, Boolean Network explorer (BoNE) computational tool was used to analyze multiple transcriptomic datasets (derived from healthy human colon, ulcerative colitis and CD samples, as well as normal murine gut and mouse colitis samples) to reveal a severe downregulation of PPARα and γ genes, as well as their signaling pathways in IBD. This discovery served to predict that simultaneous activation of PPARα and γ would decrease inflammation, tissue damage and fibrosis and help to restore the epithelial barrier [15]. Despite contradictory evidence in the literature regarding the role of PPARα and its agonists in IBD models (i.e., protective role confirmed in spontaneous model of colitis in IL-10 −/− mice [16]; in dextran sulfate sodium (DSS)-induced colitis [13,14,17,18]; in dinitrobenzene sulfonic acid (DNBS)-induced colitis [19]; but the disease exacerbation was documented by [20,21,22]), the computational approach suggested that the activation of both PPARα and γ receptors in the immune target cells, such as macrophages and DCs, would be beneficial through calming down the inflammation with simultaneous support of an adequate level of immune response [15]. The protein-protein interactome (PPI) analysis in silico indicated that PGC-1α would be a common interactor between PPARα and γ after using a double ligand. Notably, both PPARα and PGC-1α are necessary for the therapeutic effect of infliximab (a chimeric monoclonal IgG1 antibody against TNF), a golden standard drug effective in patients with moderate or severe IBD [14,23]. In the animal IBD model, the double PPARα/γ agonist PAR5359 significantly alleviated both Citrobacter rodentii- and DSS-induced colitis. This compound effectively reduced fecal bacteria load, leukocyte infiltration in the colon and the associated tissue damage. These results indicated a rapid clearance of pathogens and well-resolved inflammation, neither of which were seen in mice treated with a single PPARα or γ agonist [15]. PAR5359 was also effective in the alleviation of clinical and histological parameters of severity in DSS-induced colitis. Importantly, the simultaneous activation of both PPARα and PPARγ helped to preserve the expression of epithelial tight and adherens junction genes and achieve a proper balance of macrophage inflammatory and pro-resolving functions (M1/M2 gene signatures) [15]. The authors concluded that single PPARγ activation suppressed destructive inflammation but did not overcome the infection, whereas single PPARα activation supported pathogen elimination, but was not sufficient in resolving the inflammation.




2.3. The Role of PPARα in the Production of Antimicrobial Peptides and Paneth Cell Functions


The mucosal immune functions are supported by anti-microbial peptides, such as defensins. These peptides not only protect epithelium from pathogenic microbial insults but are also able to modulate functions of immune effector cells, such as macrophages. PPARα agonists, fenofibrate and gemfibrozil, dose-dependent induced expression of β-defensin 1 encoding gene in LPS-stimulated macrophages, while simultaneously downregulating Toll-like receptor 4 (TLR4), pro-inflammatory NFκB and Erk signaling, as well as chemokine CXCL2 and cytokine TNFα and IL-6 [24]. Surprisingly, these effects depended on the presence of β-defensin 1: siRNA-mediated knockdown of DEFB1 gene abolished the anti-inflammatory action of PPARα agonists [24]. This mechanism involved a kind of an autocrine regulation because IP-depletion of β-defensin from the macrophage conditioned media abrogated the effect of gemfibrozil and fenofibrate.



PPARα involvement in β-defensin 1 gene expression is likely to be mediated by peroxisome proliferator response elements (PPRE) found in DEFB1 gene [25]. These PPRE elements were proposed to act with PPARγ, which contribute to the proper anti-bacterial response in the colon [25]. Nevertheless, anti-microbial immunity in ileum does not depend on PPARγ [25], and PPARα seems to be a natural candidate here.



Alpha and beta defensins are important components of the innate anti-microbial defense, but the study by Ann et al. [24] suggest their broader immunoregulatory role. The main source of anti-microbial peptides in the small intestine are Paneth cells, which produce α-defensin (called cryptidin in mice), lysozyme, matrix metalloproteinase 7 and phospholipase PLA2G2 [26]. Paneth cells are important not only for bactericidal innate immunity, but also create a niche for intestinal stem cells (ISCs) in the crypts and support ISCs epithelial cell renewing potential. This latter role has been recently explored by Pentinmikko et al. [27], who discovered that a WNT inhibitor Notum, produced by Paneth cells in aged intestinal epithelium, impaired ICSs renewal and regenerating potential, both in human and murine intestines. The Paneth cell senescence leads to enhanced activity of mammalian target of rapamycin complex 1 (mTORC1), which is a known antagonist of PPARα [28]. Indeed, active mTORC1 signaling in ageing Paneth cells suppressed PPARα activity, which resulted in the increased secretion of Notum. Notum acts as a Wnt deacylase which induces dissociation of Wnt ligands (important for the maintenance of stemness) from LRP5/6-Frizzled receptors [27]. PPARα antagonist GW6471 was demonstrated to increase Notum secretion in ‘young’ Paneth cells, which led to a reduced regenerative potential of the intestinal mucosa [27]. Interestingly, a decline in fatty acid oxidation, a canonical PPARα-dependent metabolic pathway, is associated with an impaired ISCs function during aging [27]. These data indicate the indispensable role of PPARα in sustaining the renewal potential of ISCs niche in gut mucosa.



Paneth cell differentiation and bactericidal activity is also regulated by PPARβ [29]. This Ppard gene shows a particularly strong expression in the intestinal crypts, in the places occupied by Paneth cells. PPARβ activity is responsible for Paneth cell development and function through antagonism with Indian hedgehog signaling [29]. In the small intestine of PPARβ knock-out mice, there are significantly fewer Paneth cells than in wild type (wt) mice and they express lower levels of functional markers, such as α-defensin, lysozyme and MMP-7 (the enzyme necessary for activation of α defensins) and lysates from these intestines show reduced bactericidal activity towards Escherichia coli K12 [29]. Nevertheless, the abundance of bacterial populations of Enterobacteria, Staphylococci and Bacteroides sp. in the small intestines were similar in both Ppard +/+ and −/− mice. The significant differences in favor of wt mice were seen in case of Lactobacilli, but Bifidobacteria were more abundant in ileum of Ppard −/− mice [29]. These alterations in microbiota composition do not necessarily reveal the situation in the colon, because the small intestine microbiota is much less abundant and diverse in comparison to the colon [30]. Nevertheless, these results indicate potential involvement of PPAR receptors in the modulation of Paneth cell function, which in consequence affects various gut microbiota species.





3. PPARα-Mediated Modulation of Gut Microbiota Composition


3.1. The PPARa Influence on the Microbiota Profile


PPARα activity is necessary for the maintenance of the intestinal barrier and the development of tolerance towards gut microbiota through the suppression of Th1/Th17 inflammatory response [18]. The experimental evidence demonstrated that the lack of Ppara expression in the gut led to dysbiosis. Dysbiosis is a state of imbalance of the natural microbiota composition, abundance or diversity, associated with a pathological outcome. The absence of PPARα and subsequent dysbiosis facilitated the development of colitis in mouse model, due to up-regulation of the Th1/Th17 response. PPARα up-regulated IL-22 production by innate immune cells, which helped to maintain a proper intestinal mucosa function and tolerance of gut microbiota [18]. IL-22 is an IL-10 family cytokine, which is indispensable for the production of antimicrobial peptides, such as regenerating islet-derived proteins RegIIIβ, RegIIIγ, calprotectin (S100A, S100B), as well as tight junction protein claudin 2 [31,32]. These proteins are crucial for the host response to fight with the intestinal pathogens. Ppara −/− mice had decreased levels of IL-22 and anti-microbial peptides, but also significantly larger populations of segmented filamentous bacteria (SFB), Prevotellaceae and TM7 bacteria (Saccharibacteria) in their colons, compared to wt mice, and were much more susceptible to colitis [18] (Table 1). These results demonstrate that PPARα-mediated IL-22 production by innate lymphoid cells is necessary for maintaining gut commensal microbiota homeostasis, which means protecting from pathogens, supporting “healthy” microbiota and suppressing unnecessary inflammation.



PPARα-induced changes in the production of anti-microbial peptides in the gastrointestinal mucosa may have deep consequences to the host-microbiome homeostasis and the composition of intestinal microbiota. The example of mice with various levels of α defensins (MMP7 −/− mice that lack mature, active α defensins and homozygous or heterozygous transgenic mice expressing human α defensin DEFA5 gene (+/−), (+/+)) revealed that the presence of α defensin dramatically changed the microbiota composition in the small intestine, i.e., significantly increased Bacteroidetes and Proteobacteria counts, while decreased the abundance of Firmicutes and Actinobacteria [33]. Importantly, the total bacteria load in feces of the mice with all of the genetic backgrounds were the same. Interestingly, the presence of human α defensin resulted in a complete loss of segmented filamentous bacteria (SFB). SFB belong to Firmicutes and are capable of invading mucus. Through a direct adhesion to epithelial cells, they induce IL-17 mediated inflammatory response [34,35]. The amount of SFB in the intestines showed a strong positive correlation with the number of IL-17A producing CD4+ T cells in lamina propria: no IL-17A was detected in mice with no SFM, whereas mice with higher abundance of SFM presented higher IL-17A production by T lymphocytes [33]. These data point to the crucial role of the anti-microbial peptides, such as α defensin, in the gut microbiota modulation and functional profile of T lymphocytes in the mucosa. This concept points to a direction where PPARα and its agonists may be exploited in various pathophysiological conditions associated with gut dysbiosis and/or inflammation.




3.2. The PPARa Agonist as Modulators of Gut Microbiota Diversity


Oleoylethanolamide (OEA) is an endogenously produced PPARα ligand, classified as an endocannabinoid due to its similar structure to anandamide. Apart from PPARα, OEA activates other receptors: G-protein coupled GPR119 and GPR55 receptors, which also bind various cannabinoids, although their homology to ‘classical’ cannabinoid receptors CB1 and CB2 is not very high [36,37,38]. OEA is synthesized in the small intestine from membrane lipids N-acylated phosphatidylethanolamines (NAPEs) in response to feeding and has an anorexigenic effect [39,40] or enterocytes convert dietary oleic acid into OEA through NAPE-dependent or independent reactions [41]. A recent study by Di Paola and co-authors [42] demonstrated that the i.p. administration of exogenous OEA to mice showed a tendency to increase microbial diversity and shift in colonic microbiota composition towards higher Bacteroidetes and lower Firmicutes abundance (the comparison between T0 before the treatment and on day 11 of OEA treatment). On the genus level, the treatment decreased Bacillus and Lactobacillus (Firmicutes) counts, whereas increased Bacteroides, Prevotella and Parabacteroides (Bacteroidetes) representation (Table 1). The decrease in Firmicutes/Bacteroidetes (F/B) ratio after OEA administration mimics the effect of a polysaccharide-rich, low-fat diet. The altered microbiota composition also had implications for mucosal immune system: the cells isolated from Peyer’s patches of the OΕA treated mice were less prone to the induction of pro-inflammatory response to LPS; they produced significantly less IL-6, IL-17 and IFNγ than the cells from the control mice and shifted the T cell polarization from Th1 to Th2 type [42].



The evidence from animal and human studies indicate that low F/B ratio is associated with lean body structure (smaller proportion of adipose tissue), the process of losing weight in obese individuals [43,44,45]. A high percentage of Firmicutes in gut microbiota correlates with more effective calorie yield from the same amount of ingested food, which may lead to a positive balance of calories while maintaining the same energy expenditure. If such a situation lasts long enough, it may result in weight gain and obesity development [44,46].



Apart from endogenous PPARα ligands, such as OEA, synthetic agonists have also been proved to be effective in modulating gut microbiota. The study performed on mice with high-fat diet (HFD)-induced diabetes revealed that mice treated with fenofibrate (0.1% of feed supplementation) gained significantly less weight and had increased concentrations of short chain fatty acids (SCFA: acetate, propionate, butyrate) in serum, retina and feces compared to mice which did not receive the drug [47]. The elevation of SCFA suggested possible changes in the gut microbiota composition, as these fatty acids are characteristic products of undigestible polysaccharide fermentation carried out by certain species of commensal bacteria [48]. SCFA in the colon protect mucosa integrity serve as an energy source of colonocytes and calm down inflammation [49]. The microbiota composition determines the amounts of SCFA produced in the gut.



The administration of fenofibrate increased the percentage of Bacteroidetes and decreased Firmicutes, thus normalizing F/B ratio, which was severely up-regulated in HFD mice [47] (Table 1). The percentage of Proteobacteria group was also decreased, which is important because an abundance of these microbes is associated with endotoxemia and systemic inflammation due to properties of their LPS [47,50]. Increased counts of Proteobacteria in mice may result from high-fructose diet and are a marker of non-alcoholic fatty liver disease (NAFLD) [51]. LPS-mediated endotoxemia is a complication frequently associated with HFD-induced obesity because obesity induces dysbiosis, which negatively affects the epithelial tightness [52]. Importantly, a synthetic PPARα agonist fenofibrate improved barrier functions of intestinal mucosa in HFD mice, which was manifested by lower permeability for fluorescently labelled high molecular weight dextran and higher expression of the genes encoding for tight junction proteins, zonula occludens 1 (ZO-1) and occludin in the colon [47]. These data suggest that such an action of fenofibrate could counteract the development of endotoxemia. In support of this notion, Wang and co-authors demonstrated that fenofibrate downregulated TLR4 and inhibited both systemic and retinal inflammatory response, which could be attributed to the recovery from HFD-induced dysbiosis [47].



The PPARα synthetic agonist Wy-16434 has been shown to reverse dysbiosis induced by a high-fructose diet in the murine model of NAFLD, as well as in obese mice on HFD [53,54]. The authors observed a significant decrease in F/B ratio, a decreased percentage of Proteobacteria, an increase in Actinobacteria abundance in the metabolically challenged group, treated with the PPARα agonist Wy-16434, in comparison to the vehicle treated group [53,54] (Table 1). The effect of Wy-16434 was strengthened by administration of linagliptin, a synthetic inhibitor of dipeptidyl peptidase-4, which blocks proteolytic degradation of glucagon-like peptide-1 (GLP-1) [53,54]. GLP-1 is a hormone released in response to feeding that controls glucose homeostasis and inhibits food intake [55]. Moreover, Wy-16434 with linagliptin increased mucin synthesis and thickening mucus layer in the intestinal mucosa, as well as induced ZO-1 and occludin, therefore improving the gut barrier functions [53,54]. In the model of HFD-induced obesity, PPARα activation and GLP-1 stabilization resulted in decreased endotoxemia, which could be explained by the lower intestinal permeability to LPS. Decreased endotoxemia calmed down Kupffer cell-mediated inflammation in the liver [54]. The additional beneficial effect exerted by Wy-16434, linagliptin of both, was the increase in Ppara expression in the liver, the activation of PPARα-dependent fatty acid oxidation pathway and the attenuation of high-fructose diet-induced liver steatosis [53].
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Table 1. The experimental evidence of PPARα-mediated modulation of gut microbiota.
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	Model/Agent
	Outcome
	Reference





	Ppara −/− mice
	Increased population of segmented filamentous bacteria (SFB), TM7 bacteria
	[18]



	Oleoylethanolamide (OEA), an endogenous PPARα agonist, mice
	A trend of Bacillus, Lactobacillus decrease, Bacteroides, Prevotella, Parabacteroides increase, decreased Firmicutes/Bacteroidetes ratio
	[42]



	Wy-16434, a synthetic PPARα agonist, mice on high-fructose diet
	Reverse of dysbiosis induced by a high-fructose diet, decreased Proteobacteria, increased Actinobacteria counts
	[53,54]










4. Modulation of PPAR Activity by the Various Taxa of Commensal Bacteria


Lactic acid bacteria (LAB) are Gram-positive components of natural gut microbiota, which utilize carbohydrates as the main or sole source of carbon. Lactobacillaceae, Leuconostocaceae and Streptococcaceae are the main taxonomic groups classified as LAB and they belong to Firmicutes phylum. They can adhere to intestinal mucus layer, contribute to maintenance of gut barrier and exert diverse health-promoting activities through sustaining diversity of commensal microbiota while restricting the prevalence of pathogenic species, so are regarded as valuable members of the microbiota community [56,57,58]. Lactobacilli produce nanomolar amounts of hydrogen peroxide, which is important for the host protection from invasive pathogenic bacteria [59]. Hydrogen peroxide production by Lactobacilli is also responsible for protection against gut mucosa injury and the acceleration of tissue healing in DSS-induced colitis in mice [60].



Apart from these beneficial actions, Lactobacilli can metabolize lipids and long chain fatty acids and transform them into active mediators that modulate host metabolism and inflammation [61,62]. Lactobacilli possess a diverse enzymatic toolbox to generate hydroxy-, keto- or conjugated-fatty acids from dietary polyunsaturated fatty acids, such as linoleic acid, which can later be found in various host tissues and organs [63]. Interestingly, partially saturated trans derivatives, such as 10-oxo-11-trans-octadecenoic or 10-hydroxy-11-trans-octadecenoic acid, are also bacterial products [61,63], making disputable the belief that the trans isomers of fatty acids are exclusively produced during chemical fat hardening in food industry. The linoleic acid derivatives identified as the products of Lactobacillus plantarum (Lactiplantibacillus plantarum in new nomenclature, according to [64]) AKU1009a strain, such as keto- and hydroxy-octadecenoic acid species activate PPARs, particularly PPARα and PPARγ [61]. Moreover, 10-oxo-12(Z)-octadecenoic acid (αKetoA), a potent PPARγ agonist (capable of 7-fold induction in in vitro transactivation assay using a PPRE reporter plasmid), was shown to induce adipocyte differentiation, lipid accumulation, which may contribute to increased adiposity [61] (Table 2). αKetoA levels were higher in feces of mice maintained in specific-pathogen free conditions, which received L. plantarum and feed containing linseed oil (a rich source of α linoleic acid), in comparison to mice fed with soybean oil [62]. This metabolite was absent in the feces of germ-free mice fed with linseed oil, which suggested that αKetoA is truly a microbial product. αKetoA had an anti-inflammatory effect on macrophages and promoted their M2 polarization, as well as reduced number of adipose-tissue infiltrating macrophages in HFD-induced obesity model in mice [62]. These effects were PPAR dependent. Another linoleic metabolite, 10-hydroxy-cis-12-octadecenoic acid (HYA), has been shown to ameliorate DSS-induced intestinal permeability through up-regulation of tight junction proteins (occluding, ZO-1, ZO-2, claudin 1, claudin 3) [65]. HYA suppressed inflammation and improved histological parameters in the colon of DSS-treated mice, although not PPARs, but the G-protein coupled receptor GPR40 was responsible for these effects [65].



Several LAB strains, some applied in food fermentation processes, were demonstrated to induce the expression of Ppara and its downstream genes involved in fatty acid catabolism, which is regarded as a promising strategy for the supportive treatment in various metabolic diseases, such as NAFLD or obesity. Lactobacillus kefiri DH5 (Lentilactobacillus kefiri in new nomenclature, [64]) [66], Lactobacillus amylovorus CP1563 [67,68] and Lactobacillus plantarum (Lactiplantibacillus plantarum) FRT10 strains [69] induced Ppara expression and PPARα function in liver and adipocytes, which ameliorated the liver steatosis parameters in NAFLD or obesity in HFD mice [69]. The organic extract from Lactobacillus amylovorus CP1563 potently activate PPARα and γ in the in vitro transactivation assays [68]. Mill-fragmented preparations of L. amylovorus CP1563 were shown to increase HDL plasma concentration in mice, which serves as an in vivo manifestation of PPARα activity on the systemic cholesterol metabolism [68].



Some defined members of gut commensal microbiota exert their beneficial and health promoting effects through inducing Ppara expression; the mixture of Bacillus subtilis and Enterococcus faecium suppresses liver inflammation, improves intestinal barrier function and alleviates liver steatosis symptoms in NAFLD murine model through activation of hepatic PPARα [70]. The presence of a commensal microbe, Bacteroides acidifaciens, in the gut has been correlated with maintenance of lean phenotype in HFD mice [71]. The detailed experiments showed that B. acidifaciens JCM10556 strain prevents excessive adiposity and weight gain in the murine model of obesity through glucose tolerance improvement and up-regulation of PPARα activity and fatty acid oxidation in adipocytes, which resulted in the increased energy expenditure [71]. This study underscores the importance of the gut microbiota for total body energy balance and at least partially explains the relation between dysbiosis and obesity, for example the relevance of F/B ratio.



In certain situations, the direct contact between live bacteria and epithelial cells is not necessary for inducing the biological effect in gut mucosa. Some bacterial species emit extracellular vesicles (EVs) which reach cell surface and can exert biological effects. One example of such an action was demonstrated for Faecalibacterium prausnitzii, a prominent butyrate producer in the colon [72]. The incubation of colonic epithelial Caco-2 cells with F. prausnitzii-derived EVs induced a several fold increase in the mRNA for tight junction genes ZO-1 and occludin, as well as all three PPAR isotypes. Surprisingly, in the similar experiment with Caco-2 cells, the incubation with live F. prausnitzii cells led to a significant downregulation of ZO-1, occludin and PPARα, β and γ [72] (Table 2). The authors concluded that the F. pracusnitzii EVs, but not live cells, are good candidates to be used as ‘postbiotics’, i.e., the bacterial-derived products that can support intestinal barrier function and possibly exert an immunomodulatory action through the induction of PPARs. Postbiotics could be a therapeutic valuable option for patients who should not receive live bacteria as probiotics, e.g., immunocompromised individuals, patients with severely disrupted intestinal barrier, or with the risk of endotoxemia [72].



Commensal microbiota residing in the colon produce millimolar amounts of short chain fatty acids (SCFA) as a result of fermentation of undigested complex polysaccharides [73]. SCFA, including acetate, propionate and butyrate (usually present in human gut in the proportions of 60%, 20%, 20%, respectively) contribute to lowering the pH in the gut lumen, which reduces the risk of overgrowth of microbial pathogens [74]. SCFA play an important role in maintaining metabolic and immunological homeostasis in the gut mucosa. The majority of anaerobic bacteria form acetate, whereas Bacteroides sp. and F. prausnitzii belong to the main propionate and butyrate producers, respectively. Propionate was shown to potently and dose-dependently induce Ppara expression on mRNA and protein level in mouse colonic epithelial cells, but it also acts as PPARα ligand, triggering fatty acid catabolism through β-oxidation pathway [75]. Butyrate is a metabolite of extreme importance for gut mucosa physiology, because it is the main energy source for colonocytes [76], but it also blocks inflammatory response through the inhibition of IL-6/STAT3/IL-17 pathway and decreases proinflammatory lymphocyte T17 population while promoting an increase in Tregs number [77]. Butyrate produced by F. prausnitzii plays a crucial role in this process and limits bacterial population in the gut of IBD patients that alleviates the symptoms of this disease [77,78,79,80].



Obesity and poor metabolic health status correlate with lower abundance of Akkermansia muciniphila (Verrucomicrobia phylum) in the gut [81,82]. A. muciniphila is a Gram-negative bacterium, present in 90% of people and constitutes between 1 and 5% of total colon microbiota composition [83]. This microbe resides in the mucin layer that covers intestinal mucosa, particularly in the cecum region [84]. This microbe adheres to the surface of intestinal epithelial cells and is capable of utilizing glycans produced by host as a source of carbon, particularly when the host’s diet lacks complex polysaccharides [84,85,86]. Nevertheless, A. muciniphila does not destroy mucus layer but on the contrary, it supports its renewal by increasing the number of goblet cells [87]. A. muciniphila and its EVs strengthen gut barrier functions through up-regulating the expression of tight junction genes, occludin, claudin 4 and ZO-2 [88,89]. It is believed that through the interaction with the intestinal epithelial cells, this bacterial species contributes to the development of immune tolerance and maintenance of immune and metabolic homeostasis [84]. A recent study has demonstrated that A. muciniphila increases the number of RORγt+ Tregs in lamina propria and inhibits DSS-induced colitis through the interaction with TLR4 [90]. Indeed, a decreased count of A. muciniphila was reported in murine models of IBD and patients with ulcerative colitis or CD [90,91,92,93]. The experiments performed on germ free (GF) mice and the animals colonized with A. mucuniphila revealed that the colonization had a strong impact on the gut epithelial cell gene transcription pattern with variability in the particular regions of the gastrointestinal tract [84]. Compared to GF animals, the set of genes up-regulated by A. muciniphila included genes from PPARα/RXRα signaling pathway governing lipid catabolism and ketone body synthesis, genes involved in tryptophan metabolism, integrin signaling and nicotinamide metabolism in ileum and cecum region. In the colon, the genes associated with immune cells proliferation and differentiation, including B cell receptor signaling, leukocyte extravasation as well as complement and coagulation cascades, were up-regulated [84]. Collectively, these data suggest that A. muciniphila modulate epithelial cell metabolism and promote the development of immune tolerance.
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Table 2. The experimental evidence that microbiota modulate PPARα signaling. The bacterial species names are taken from the original references, but in certain cases, the new species names according to the updated taxonomic nomenclature of the genus Lactobacillus [64] are given in parentheses.
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	Species/Strains
	Active Form or Metabolite
	Molecular Target
	Reference





	Lactobacillus plantarum

(Lactiplantibacillus plantarum) AKU1009a
	α-linoleic acid metabolites, keto- and hydroxy-octadecenoic acid species
	PPARα, PPARγ
	[61,62]



	Lactobacillus kefiri

(Lentilactobacillus kefiri) DH5
	Live bacteria
	PPARα
	[66]



	Lactobacillus amylovorus CP1563
	Mill-fragmented bacteria
	PPARα
	[67,68]



	Lactobacillus plantarum

(Lactiplantibacillus plantarum) FRT10
	Live bacteria
	PPARα
	[69]



	Bacillus subtilis + Enterococcus faecium
	Live bacteria
	PPARα
	[70]



	Bacteroides acidifaciens JCM10556
	Live bacteria
	PPARα
	[71]



	Faecalibacterium prausnitzii
	Extracellular vesicles (EVs)
	PPARα, β, γ,

tight junction proteins
	[72]



	
	propionate
	PPARα
	[75]



	Akkremansia muciniphila
	Live bacteria, autoclaved bacteria
	PPARα/RXRα
	[82,84]



	Akkermansia muciniphila
	Live bacteria, 1-PG, 2-PG
	PPARα
	[94]



	Akkermansia muciniphila
	Pasteurized bacteria, Amuc_1100
	TLR2
	[95]



	Lactobacillus plantarum

(Lactiplantibacillus plantarum) NCIMB8826
	Live bacteria
	PPARα
	[96]









5. PPARα and the Gut Microbiota Composition—Implications for Total Energy Expenditure


Certain components of gut microbiota, particularly the presence of A. muciniphila, not only exert a strong impact on the metabolism on the cellular level but are also able to change the systemic energy expenditure, which translates to the level of adiposity and body composition. In obese individuals or in HFD-fed obese mice, the progressive dysbiosis leads to a decreased percentage of A. muciniphila in gut microbiota [82]. The restoration of the diminished population of this bacterial species in obese mice increased the expression of PPARα-driven genes involved in the fatty acid catabolic program, i.e., PPARα, CPT1A, PGC-1α and ACOX in adipocytes, which resulted in the improvement of the fat mass to lean mass ratio [82] (Table 2). In this study, the metabolic effects were accompanied by the recovery of the intestinal mucus layer thickness and were evoked only by live, but not heat killed (autoclaved) A. miciniphila [82]. Nevertheless, further work by this research group revealed that A. muciniphila heat-inactivation in milder, less denaturing conditions (pasteurization in 70 °C for 30 min) retained or even enhanced the positive metabolic outcome in obese mice: less body weight and fat mass gain during HFD feeding; lower glucose intolerance and lower insulin resistance, compared to HFD without pasteurized A. muciniphila supplementation [95]. The molecular analysis demonstrated that the presence of a relatively thermostable outer membrane protein, Amuc-1100, is responsible for exerting the beneficial metabolic effects through the activation of TLR2 signaling. Importantly, the A. muciniphila LPS is structurally different than the one from Escherichia coli and does not effectively bind to TLR4 [86]; therefore, it is less likely to induce endotoxemia. Moreover, Amuc-1100 contributes to the strengthening of the intestinal epithelial barrier through downregulation of cannabinoid receptor CB1, as previously implicated by the increased gut permeability, and by up-regulating the tight junction genes encoding claudin 3 and occludin in jejunum and ileum [95].



Molecular components of A. muciniphila, such as Amuc-1100, significantly decrease the energy efficiency of ingested food. The fecal energy content in the animals treated with pasteurized A. muciniphila was higher than in the control group, whereas the food intake remained similar in both groups [94,95,97]. Interestingly, the administration of pasteurized A. muciniphila also increased physical activity and decreased the value of respiratory exchange ratio (RER), a parameter that informed about the proportion of aerobic or anaerobic metabolism and the energy substrates that were preferentially utilized. Average RER oscillates around 0.8; the values near 0.7 indicate fat burning, whereas the values of 1.0–1.2 suggest that the anaerobic carbohydrate catabolism prevails. The HFD-fed mice treated with pasteurized A. muciniphila had lower RER than mice on the control diet, which indicated that their increased energy demand was covered mostly through mobilization of fat from adipocytes [97]. Interestingly, the administration of live and pasteurized A. muciniphila to obese humans significantly increased the plasma concentration of the endocannbinoid 1-palmitoyl-glycerol (1-PG), whereas 2-palmitoyl-glycerol levels were significantly increased by live bacteria, compared to the placebo group [94]. Other components of the endocannabidiome were not altered. Palmitoyl monoacylglycerols 1- and 2-PG were identified as endogenous agonists of PPARα, but not PPARγ; therefore, the beneficial effects of A. mucuniphila in the metabolic syndrome can be attributed to the activation of PPARα [94] (Table 2). Furthermore, a randomized clinical trial showed that the endocannabinoid OEA exogenously applied to obese individuals significantly increased the A. muciniphila abundance and reduced average caloric intake in comparison to the placebo treated group [98]. Taken together, these results illustrate a mutual interplay between A. muciniphila and PPARα agonism and encourage the application of these bacteria or their components as potential treatment against obesity.




6. The PPARα-Mediated Alterations in Metabolism and Their Implications to Host-Microbiota Interactions


As mentioned above, the composition of gut microbiota determines energy yield from food and, subsequently, the modes of its storage in the host. Germ-free mice are leaner than their counterparts bred in conventional conditions with the developed gut microbiota, although the energy intake is higher [46]. Commensal microbes also influence the host energy homeostasis in the situations of food deprivation. Crawford and co-authors showed that GF mice had lower plasma levels of ketone bodies than conventionally bred mice during fasting and lower liver expression of Ppara [99]. The lower hepatic levels of PPARα resulted in the impaired ketogenesis due to the less efficient induction of fibroblast growth factor 21 (Fgf21) and mitochondrial 3-hydroxy-3-methylglutaryl synthase 2 (Hmgcs2), the genes engaged in the ketone body synthesis [99]. Fasting induced a shift in the composition of intestinal microbiota in favor of Bacteroidetes, at the expense of Firmicutes. During food deprivation and in the absence of dietary polysaccharides, Bacteroidetes metabolized the host glycans present in mucus and secreted large amounts of acetate that cumulated in the gut of conventionally bred mice. This process did not occur in GF mice. In mice with microbiota, acetate was absorbed from the gut and served as the source of acetyl-CoA for the ketone body synthesis. Another pool of acetyl-CoA for ketogenesis comes from the mobilization of fat stores and hepatic β-oxidation of fatty acids. GF mice only have the latter source of acetyl-CoA, hence their ketogenesis is less efficient than in mice with intestinal microbiota [99]. The myocardium of conventionally bred mice efficiently utilized the ketone bodies during fasting for energy purposes, while the heart muscles in GF mice were forced to launch a compensatory shift towards glucose oxidation in order to sustain the proper energy level. The heart weights of the latter mice were significantly reduced [99]. These results demonstrate an important, underappreciated evolutionary advantage for the host related to the presence of commensal microbiota; the conventionally bred mice could spare their glycogen stores for other purposes, such as brain or erythrocyte energy support, and rely largely on ketone body oxidation to sustain cardiac muscle function.



The regulation of metabolism by probiotic bacteria, which involves the activation of the PPARα pathway, was also demonstrated in the gut of SIV-infected macaques, who suffered from the leaky gut syndrome induced by dysbiosis resulted from SIV infection [96]. The increased intestinal permeability, associated with reduced levels of ZO-1, occludin and E-cadherin, developed in SIV infected monkeys as a consequence of IL-1β-mediated inflammation, despite the anti-retroviral treatment (ART). The analysis of metabolome present in the gut liminal contents revealed the accumulation of short- and medium-chain fatty acids, which suggested that their catabolism through mitochondrial β-oxidation, as well as oxidative phosphorylation might be impaired [96]. However, the administration of Lactobacillus plantarum (Lactiplantibacillus plantarum) NCIMB8826-MM24 rapidly (within 5 h) restored the intestinal barrier function and potently activated Ppara expression in the gut epithelium and this increase was even stronger than after the treatment with fenofibrate [96]. The induction of PPARα signaling and transactivation of its downstream target genes involved in the fatty acid metabolism and electron transfer chain lead to improved mitochondrial respiration and was responsible for rebuilding of the epithelial barrier tightness [96]. These results point out to the crucial role of PPARα in the protection of the gut mucosa from the SIV-induced damage, as well as the fact that PPARα is an important molecular target of probiotics, such as L. plantarum.




7. Interplay between PPARα, Nitric Oxide Production and Gut Microbiota


Nitric oxide (NO) is one of the ten simplest stable compounds of crucial importance for bacterial microflora and mycobiota. It plays a complex and often ambivalent role in the functioning of intestines, particularly for the communication between the gut and in the rest of the organism.



Nitric oxide, its production and utilization by microorganisms, has been the important missing link between the inorganic chemistry of nitrogen and biological utilization of active forms of nitrogen. Pathogenic microorganisms, but also some gut commensals, including Escherichia coli, Lactobacilli, Bifidobacteria [100]), are capable of executing the denitrification and reduction in nitrite to NO and NO to nitrous oxide. While this was considered to be a rapid reaction, the stationary level of NO was still believed to be maintained at a low level, mainly depending on the level of nitrate and nitrite in the food. NO can be generated in a non-enzymatic way from nitrite in acidic pH [101]. During bacterial denitrification performed in the gut, NO appears as an intermediate. The primary substrate for this process is nitrate undergoing serial reduction through nitrite, nitric oxide, nitrous oxide, down to the gaseous nitrogen [102]. Denitrification is a variation of respiration, where the electrons are transferred not to oxygen but nitrate with a parallel production of ATP [103]. In the anoxic conditions, for instance in the colon, the most important enzymes maintaining the low, but non-zero level of NO in the denitrifying bacteria include: (i) nitrite reductase, containing heme or copper and localized in the periplasma, and (ii) heme-containing reductase of NO, generating N2O, localized in the cellular membrane of denitrifying Gram-negative bacteria [104]. One of the reasons for maintaining low levels of NO by bacteria is its extreme toxicity, another reason for the denitrification is ATP production.



Finally, in the human host, NO may be generated enzymatically from L-arginine by NO synthases (NOS), namely NOS-1 (neuronal), NOS-2 (inducible, related to inflammation), and NOS-3 (endothelial) [105]; all of them may be expressed in the gut. NOS-1 in the special type of neurons that belong to the parasympathetic branch of the autonomous neural system, the so called NANC-neurons (non-adrenergic, non-cholinergic, sometimes called the “nitroegric” neurons), very important for the proper motor function (peristalsis) of the intestines [106]. NOS-2 is synthetized during inflammation in macrophages, neutrophils, and in other cells engaged in the inflammatory response [107]. NOS-3 is expressed in the blood vessel wall, in the endothelial cells, including the digestive tract vascularization, while the NO generated here causes the relaxation of blood vessels, leading to the decreased blood pressure and simultaneously to increase the blood volume in the circulation [108,109]. Therefore, because NO is the same, irrespectively of the source, modifications of its generation may modulate some of its functions (summarized in Figure 1).



Notably, PPARα and its agonists have been found to participate in the regulation of the activity of NOS, which should also affect the gut microbiota. In particular, both natural and synthetic PPARα agonists inhibit the expression of NOS2 gene, while facilitating NOS 1 and NOS 3 production. The stationary level of NO may affect the microbiota, as being a substrate for denitrification, but also as a strong antibacterial factor. Here, it should be noted that NOS in the absence of L-Arg turn into the effective producers of superoxide O2−. Superoxide anion is also generated during the neutrophil and macrophage oxidative burst, leading to the appearance of more toxic nitrosative agents, e.g., peroxinitrite, ONOO− [110].



However, microbiota in general are sensitive even to low level of NO, and potential bacterial hosts use NO and its metabolites to destroy prokaryotic microorganisms [104]. These metabolites are mainly produced in the presence of oxygen, so the lack of oxygen prevents generation of toxic NO metabolites. This is probably another reason for the anaerobic induction of the “nitrate respiration” in the denitrifying bacteria. Moreover, many bacterial species are equipped with various systems to remove NO and protect their environment against the nitrosative shock. Besides the aforementioned NO reduction, the important protective enzymatic armamentarium includes antioxidative flavohemoglobins, controlled by Fur system (depending on the level of NO), and alkaline reductase of H2O2 present in Salmonella typhimurium or Mycobacterium tuberculosis [111,112].



At present, it has become obvious how important this set of reactions is for gut microbiota metabolism but also for the metabolism of the whole host organism. It has been shown that NO generated by oral microbiome may affect the systemic blood pressure [113,114]. The acute inflammation or hypersensitivity reactions (allergies, autoimmune conditions) contribute to the systemic balance of NO synthesis. The auto-aggression may lead to some types of diabetes by NO-related destruction of the Langerhans islets in the pancreas [115]. Currently, NO is regarded as factor of general importance in food allergies [116]. The effect of NO on the central nervous system is also not to be ignored. The anti-depressant, mood-controlling effects of NO have been described, as well as its positive impact on immediate memory [117,118].



As PPARs, including PPAR, have turned out to play an important role in the synthesis and utilization of NO [reviewed in [1], their resultant effect on the NO activity in the gut towards gut microbiota, while important, are particularly difficult to estimate. This phenomenon is only just at the onset of its full understanding, which is a driving force to investigate the role of NO in the metabolism, in the pathology and in the evolution of nitric oxide and its complexes.




8. PPARα and Intestinal Permeability


The intestinal epithelial cells are tightly connected by certain areas of the cell membrane referred to as tight junctions (TJs), the dynamic structures, actin cytoskeleton-bound and built by about forty structural and regulatory proteins. One of the important functions of intestinal mucosa involves creation of a physical barrier to the outer space, not allowing the food antigens, food-borne pathogens and commensals with their products to enter into the deeper layers of the mucosa and to translocate further into bloodstream and other tissues. Gut permeability depends both on the composition of mucus covering apical part of epithelial cells, and on intracellular and paracellular transport. To be transported intracellularly, chemical compounds or small particles either have to enter cells by binding to special cell membrane-located transporters or have to be lipid-soluble to freely cross phospholipid bilayer. Paracellular transport of water-soluble substances does not require specific transporters and, in epithelia, is highly regulated by the condition of the TJ complex. Such intestinal epithelial permeability may be substantially increased in many pathological situations, such as infection or dysbiosis, leading to the condition called “leaky gut” syndrome [119]. It is obvious that the molecular keys able to temporarily open the TJ must exist, but only one of them, called zonulin, has been discovered and characterized so far. Zonulin is a multidomain protein, the haptoglobin 2 precursor similar to one of Vibrio cholerae toxins (zot). It is secreted by mammalian enterocytes into the lumen, e.g., in response to stimulation by gut pathogens and gluten, and has been shown to be a molecular switch triggering TJ disassembly and an increase in epithelial permeability [120]. Zonulin (as its bacterial equivalent) binds to protease-activated receptor 2 (PAR2) on the enterocyte membrane and transactivates epidermal growth factor receptor (EGFR) route leading to phosphorylation of TJ proteins and disconnection of ZO-1 from tight junctional complex [107].



It has also been demonstrated that TJ rearrangement takes place and intestinal permeability increases upon production of proinflammatory cytokines in the gut (such as TNFα or IL-1β). The effect is driven by the activation of the canonical NF-κB pathway, myosin light chain kinase (MLCK) activation and degradation of occludin mRNA by miR-200c-3p [121].



What is more, the excessive shedding of mature enterocytes on the villi tips and failure of new TJ to be established quickly enough to prevent focal epithelial gaps is also a possible cause for intestinal barrier collapse [122]. The abnormal cell shedding has been observed in many gut pathologies [123].



Epithelial cells of a healthy gut operate in the steep oxygen gradient both in small intestine and, especially, in the colon. Enterocytes outside crypts are subjected to “physiological hypoxia” as their environment is characterized by much lower oxygen tension than elsewhere in the body (as low as 10 mmHg O2 in the colon) [124]. Hypoxia-evoked stabilization of hypoxia-inducible factors (HIF-1α and HIF-2) in the intestinal epithelium is linked to the maintenance of TJ organization and effective barrier formation by regulation of some TJ proteins such as claudin [125]. Simultaneously, complete local intestinal hypoxia (ischemia) related to various traumatic events lasting for prolonged period of time (the range of hours) and followed by reperfusion (I/R injury) is known to increase gut permeability both in vivo and in vitro in HIF-dependent manner (e.g., Caco-2 monolayer Trans Epithelial Resistance, TEER, is decreased upon experimental I/R procedure) [126]. The question emerges whether the activation of PPARα modulates intestinal barrier function connected to these two events: inflammation (sterile or infectious) and hypoxia. This concept has been partially addressed above (Section 2 and Section 3) in regard to the interaction between microbiota and gut mucosa.



8.1. PPARα Knock-out Mice and Intestinal Permeability


Some clues on the subject of PPARα modulation of intestinal barrier function came from the knock-out mice studies. In the research carried out by Mazzon and Cuzzocrea, Ppara wt (+/+) and knock-out (−/−) mice were subjected to dinitrobenzene sulfuric acid-evoked experimental colitis [127] or emotional stress in the form of immobilization [128]. It turned out that although in unstressed knock-out mice the gut permeability remained similar to the WT mice, the situation changed upon applying stressors. Both groups of animals responded to stress with increased gut permeability as measured by lactulose/mannitol double sugars permeability test (DSPT), but in Ppara −/− mice the barrier collapse were much more pronounced. It seems that lack of Ppara gene resulted in the significant augmentation of the tight junction structural rearrangement and the permeability rise upon stress. It could be concluded that PPARα might be able somehow to rescue impaired intestinal barrier.




8.2. PPARα Action on Intestinal Barrier Function and Inflammation


As the increase in gut permeability accompanies various systemic and local inflammatory diseases, including those of gastrointestinal tract [129], the question emerges whether the activation of PPARα signaling, being generally anti-inflammatory, can also directly or indirectly regulate gut permeability accompanying gut inflammation. There are some experimental results which strongly support this concept. In Caco-2 cells, the TNF-α treatment or high glucose present in the culture medium (up to 8 g/L) induced epithelial barrier defects (measured by microscopically assessed barrier tortuosity) and this phenomenon was reversed by the addition of fenofibrate. The effect of fenofibrate was abolished by the presence of PPARα antagonist GW6741 [96]. Fenofibrate was also proved to support PPARα-targeted recovery of the intestinal epithelial barrier in an animal model of diabetes mellitus (in dogs) [130].



It was also shown that during DSS-induced colitis in mice the level of two main tight junction proteins, occludin and tight junction protein-1 (Tijp1) in the distal colon was significantly reduced and these proteins were restored by treatment with the natural PPARα ligand, OEA [131]. Matrine, a naturally occurring alkaloid, a bioactive component of herbs, was shown to enhance the intestinal barrier of mice in the same model of colitis as analyzed by intestinal histopathology and by immunoblotting analysis of intestinal proteins, showing the increase in TJ proteins in the intestine. Interestingly, matrine simultaneously inhibited the PPAR-α signaling pathway in the gut [132].




8.3. PPARα Action on Intestinal Regeneration and Its Possible Influence on Gut Permeability


Genome-wide analysis of PPARα activation in murine villus cells of small intestinal epithelium revealed the downregulation of MYC and the cluster of other genes connected with cell proliferation, cell cycle and apoptosis (e.g., EGFR and CASP3) under the influence of PPARα activation (by Wy-16434 and fenofibrate treatment). It is concluded that this regulation leads to an increase in proliferation and a decrease in apoptosis in the villi tips, as confirmed by morphological analysis of the villi, which turned out to be longer in jejunal sections taken from animals treated with PPARα activator [2]. Paneth cells have recently been shown to be important for gut homeostasis not only as producer of antimicrobial peptides, but also as regulators of intestinal epithelium regeneration [133]. It is well established that intestinal permeability tends to increase with age [134]. As already mentioned above, due to reduced PPARα signaling, Paneth cells of aging mice and humans, secrete excessive amounts of Wnt pathway inhibitor Notum, impairing the intestinal stem cells of the crypts and intestinal regeneration. In the model of intestinal organoids PPARα antagonist GW6471 can mimic the aging process and decrease proliferation [27]. The influence of PPARα on the increase in the intestinal permeability due to impaired regeneration and pathological cell shedding has not been directly studied by these authors or elsewhere, but it seems to be an interesting direction for future research.




8.4. PPARα Action on Intestinal Permeability and Hypoxia


The activation of HIF signalling pathway was shown to strongly downregulate Ppara expression in the colon epithelial cells [135], in the endothelial cells of retina [136] and in many types of cancer cells [137]. PPARα acts as an endogenous inhibitor of HIF-1. It was demonstrated using partially HIF-1α-deficient mice in intestinal ischemia/reperfusion (I/R) injury model that HIF-1 activation played a substantial role in the mechanism of intestinal injury, leading to the loss of barrier function. HIF-1α deficiency prevented the induction of ileal mucosal NOS-2 protein level after injury [138]. It is known that NOS-2 is a HIF target gene [139]. Endogenous NO is able to stabilize HIF1 during hypoxia [140]. Such reciprocal links indicate that, theoretically, the balance between HIF, PPAR and NO signalling could be important for gut homeostasis, especially in the context of physiological hypoxia and ischemia; the notion also confirmed by some elegant series of experiments. In the in vitro studies with rat intestinal epithelial cells IEC-6, and also in the studies in vivo on mice subjected to intestinal I/R injury, it was shown that miRNA (miR-23a-5p) targeting PPARα exacerbated damage by promoting oxidative stress. It was also evidenced that IEC cells can be rescued from injury by transfection with Ppara overexpression plasmid [141]. In experiments carried out on Caco-2 human cell line, it was proven that basolateral application of PEA and another endocannabinoid noladin ether (NE), endogenous receptor ligands, prevent the monolayer permeability response to oxygen deprivation through PPARα activation. However, the basolateral application of OEA acted in a reverse way, also via PPARα activation. Interestingly, palmitoylethanolamide (PEA) did not reduce pro-inflammatory cytokine secretion in Caco-2 cells, which suggested that the positive effects of PEA on permeability were not related to an anti-inflammatory effect [126]. It is worth noting that in mice liver and HepG2 hepatoma cells, OEA was able to inhibit endoplasmic reticulum stress-associated cell apoptosis and protect liver from I/R Injury [142], so this molecular mechanism might be precisely tuned and is dependent on the type of cells and spatial location of the signal.





9. Conclusions and Perspectives


PPARα is ubiquitously expressed through the mammalian gut, while its endogenous ligands (such as endocannabinoids) are secreted by intestines. However, the significance of this nuclear receptor in gastrointestinal homeostasis has only recently been undoubtedly spotted and it is still not fully understood, especially in the context of many pathologies which are believed to be gut-originated. Convincing evidence has recently been gathered indicating that PPARα activation plays a role in modulation of many important aspects of gut function, including microbiome interaction, cell regeneration, mucosal immunity, and intestinal permeability (as summarized in Figure 2). It seems that changes in PPARα signaling may contribute to the development of intestinal disorders, which is why PPARα activators are considered as potential new drugs (or rather old drugs in a new role), with respect to many diseases, particularly as a supplementary form of treatment.



The mammalian gastrointestinal tract is inhabited by plethora of commensal microorganisms, unique for the species, and changing from subject to subject and through personal life history. Here, we would like to stress the complication of the system and present the difficulties encountered by researchers conducting in vitro studies, the fact which makes the picture of microbiome-gut-PPARα axis still so non-obvious. Due to the profound influence of diverse microbial metabolites on PPARα and other closely intertwined signaling systems (e.g., NO signaling), it is very difficult to predict the therapeutic potential of PPARα activators in the gut. Nevertheless, it seems that, in near future, it will be a hot topic attracting a lot of attention in gut physiology. The possible interesting future directions for research include evaluation of PPARα agonists for treatment of the leaky gut symptoms, the gut mucosa regeneration and renewal (including functioning of a crypt stem cell niche), as well as analysis of the potential impact of clinically applied probiotic preparations on the PPARα signaling.
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Figure 1. The main sources of nitric oxide and its metabolism in the gut. 
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Figure 2. The scheme that summarizes the described impact of PPARα on various aspects of gut physiology, which may contribute to the development of the “leaky gut syndrome”. 
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