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Abstract

:

Antibiotics strongly disrupt the human gut microbiota, which in consequence loses its colonization resistance capacity, allowing infection by opportunistic pathogens such as Clostridium difficile. This bacterium is the main cause of antibiotic-associated diarrhea and a current problem in developed countries, since its incidence and severity have increased during the last years. Furthermore, the emergence of antibiotic resistance strains has reduced the efficiency of the standard treatment with antibiotics, leading to a higher rate of relapses. Here, we review recent efforts focused on the impact of antibiotics in the gut microbiome and their relationship with C. difficile colonization, as well as, in the identification of bacteria and mechanisms involved in the protection against C. difficile infection. Since a healthy gut microbiota is able to avoid pathogen colonization, restoration of the gut microbiota seems to be the most promising approach to face C. difficile infection, especially for recurrent cases. Therefore, it would be possible to design probiotics for patients undergoing antimicrobial therapies in order to prevent or fight the expansion of the pathogen in the gut ecosystem.
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1. Introduction


Clostridium difficile is a Gram-positive, spore-forming anaerobic bacterium and is the agent that causes C. difficile infection (CDI) [1]. The first confirmed case of CDI was reported in 1977 and its incidence has continued rising since then, and at present it is the most frequent cause of nosocomial diarrhea worldwide, representing around 20% of cases in hospitals [2,3]. The major risk factor for CDI is antibiotic exposure, especially the use of broad-spectrum antibiotics with activity against anaerobes [4,5], but also old age (>65 years), hospitalization and an immunocompromised status can also be contributing factors [6,7]. Moreover, the use of proton-pump inhibitors, H2 antagonists and methotrexate has been associated with a higher rate of CDI, as well as the presence of some gastrointestinal problems such as inflammatory bowel disease [8,9,10].



The development of high-throughput sequencing technologies has revealed the importance of the gut microbiome for human health, including its role in avoiding the infection by opportunistic pathogens (called colonization resistance capacity). Disruption of the microbiota by antimicrobial therapies results in a higher susceptibility to infection by harmful microorganisms such as Salmonella spp., Klebsiella oxytoca or C. difficile [11,12,13,14].



The pathogenesis of C. difficile generally starts with the disruption of the normal gut microbiota equilibrium, thus reducing its colonization resistance capacity. Then, pathogen spores of endogenous or exogenous origin germinate and grow into vegetative cells. The pathogen penetrates the mucus layer and adheres to the enterocytes, colonizing the gastrointestinal tract [4]. The next phase of the pathogenesis is the production of toxins A and B encoded by the genes tcdA and tcdB. Those genes are located in the pathogenicity locus PaLoc along with the tcdE gene encoding a putative holin and the genes tcdR and tcdC encoding regulatory proteins [15,16]. The toxins TcdA and TcdB modify the actin cytoskeleton of epithelial cells leading to cytoskeleton disorganization, inhibition of cell division and membrane trafficking, resulting in the destruction of the intestinal epithelial cells and induction of inflammatory responses [17,18,19,20,21]. Some toxinogenic strains (around 23% of C. difficile isolates) present a binary toxin called CDT (encoded by cdtA and cdtB in the Cdt locus) that also leads to cytoskeleton disorganization [22]. This toxin is considered an additional virulence factor since it potentiates the toxicity of TcdA and TcdB, causing a more severe disease [23,24]. The most common initial treatments for CDI are oral antibiotic therapies, mainly vancomycin and metronidazole [25], although a high number of patients (between 20% and 35%) develop recurrent illnesses [26,27].



Here, we review the interplay between antibiotic treatment and C. difficile and the different bacteria and mechanisms operating in the gut microbiome related to the protection against C. difficile. Such knowledge may give us clues for the design of probiotics for patients under antimicrobial therapies, preventing the expansion of C. difficile and consequent infection.




2. Overview of the Human Gut Microbiota


The human body harbors complex microbial communities with around 1014 microbial symbionts, outnumbering the human cells by at least 10-fold [28]. The majority of microorganisms and the largest diversity are found in the intestinal tract, which contains on average 1012 cells per gram of faces and around 100-fold more genes than the human genome [28,29,30]. The collective genomes of our indigenous microbes is defined as the microbiome. The gut microbiota of adult individuals is unique and relatively stable during long periods of time (in the absence of disturbances), and the composition is influenced by several factors such as host genetics, diet, or host age [31,32,33,34,35,36].



Despite that a limited number of phyla (mainly Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria) are found in the human intestine, it harbors a high diversity of species and strains [37,38]. Some of the most prevalent and abundant genera in the human gut are Faecalibacterium, Roseburia, Ruminococcus (Firmicutes), Bacteroides, Alistipes, Parabacteroides (Bacteroidetes) or Bifidobacterium (Actinobacteria) [39,40]. Members of these genera are essential for host physiology. For instance, species of Bacteroides specialize in degrading a wide range of dietary carbohydrates undigested by the human [41,42,43,44,45]. In addition, some of the most common genera from Firmicutes, such as Roseburia, Ruminococcus or Coprococcus, are active producers of short-chain fatty acids (SCFAs) such as acetate, propionate and butyrate [46,47]. These molecules are absorbed by the host and provide around the 10% of calories obtained from the daily diet [48,49]. Additionally, SCFAs produced by gut bacteria also regulate the epithelial cell growth and differentiation and stimulate the immune system [50,51,52,53].



The genetic potential of the human gut microbiota has been deeply examined in recent years through “omics” approaches, such as metagenomics, metatranscriptomics or metaproteomics [39,43,54,55,56,57,58,59]. The great variation detected by these techniques regarding bacterial composition calls into question the existence of a core microbiota. Nevertheless, the great number of shared genes between individuals allows identifying a core microbiome with a high functional redundancy [57,58,60,61]. The human gut microbiome comprises a large number of genes involved in the biodegradation of dietary complex sugars and glycans that are indigestible by the host, as well as synthesis of some essential amino acids and vitamins, or detoxification of xenobiotics. These functions are important for the maintenance of the equilibrium of the gut microbial ecosystem and for host-bacterial interactions, most of them not only present, but also enriched in our gut microbiome [43,54,55,56,57,59]. As we previously discussed, a relevant function of the gut microbiota is to avoid pathogen colonization and consequent infection. In this sense, multiple levels of defense of the gut microbiota have been proposed, mainly through direct interactions between microorganisms such as competence or metabolic exclusion, and also via indirect mechanisms by stimulating the host immune system (known as immune-mediated colonization resistance) [11,62,63].




3. Antibiotic Effects on Diversity and Composition of the Gut Microbiota


Most of the studies regarding antibiotic effects on the gut microbiota in animals and humans have described large variations in the relative abundance of bacterial taxa during antimicrobial therapies, and a reduced diversity of the total microbiota [64,65,66,67,68,69,70,71,72]. Antibiotic therapies also have long-term effects on the community structure, with a lower abundance of specific bacterial groups, as well as an increase in the risk of antibiotic resistance genes and its transference to pathogens [66,67,68,69,72,73]. However, the gut microbiota, as a whole, is considered relatively resilient to antibiotics challenge and after short-term therapy, it returns to the pre-treatment state [74].



So far, Dethlefsen and colleagues carried out the two longest follow-up studies about antibiotic effects on human gut diversity and composition [66,67]. They studied the effects of the commonly used antibiotic oral ciprofloxacin on the fecal microbiota of different individuals by sampling their microbiota before, during and after the antimicrobial therapy. In both studies, ciprofloxacin administration correlated with a reduction of taxon richness and diversity, and the individuals showed different responses and recovery periods. Interestingly, in one of the studies, individuals were treated with a second round of ciprofloxacin and they responded differently with respect to the first course. The authors postulated that repeated disturbances have an accumulative detrimental effect on the gut microbiota, even when the community seems to recover from the initial perturbation [66]. Recent works have also addressed the effects of antibiotics on the active fraction of the gut microbiota, showing strong changes in the microbial composition, mainly in the Firmicutes phylum [71,72,75].



Although it is known that some antibiotics target specific pathogenic populations, most of the administered antibiotics in clinical practice have broad-spectrum activity and are used to treat many infections [76]. In general, the use of broad-spectrum antibiotics resulted in an increase in the relative abundance of Gram-negative bacteria as Bacteroidaceae or Enterobacteriaceae families and a decrease in the abundance of Firmicutes species [64,70,71,72,77,78]. However, the high inter-individual variability described for the human gut microbiota is reflected in the responses to antibiotics. The microbial composition of an individual strongly influences the shifts of the microbiota structure during antibiotic therapies and also the recovery process after it ends [66,67,72]. This means that the specific assembly of microorganisms of each individual interacting in diverse ways in the gut leads to a differential evolution of the microbiota under disturbance by external factors such as antibiotics.



In spite of the variability in microbial composition between individuals, the selection of resistant microorganisms after similar antibiotic treatments has led to microbial assemblies that share some features. Specifically, properties of the antibiotics as the spectrum has a large effect on the gut microbial composition. Thereby, the significant influence of the class of antibiotic on the modelling of the human gut microbiota has been recently described in individuals undergoing antibiotic therapy [72,79,80].




4. Antibiotic Effects on the Functional Profile of the Gut Microbiome


The antibiotic effect on the metabolic functions carried by the human gut microbiota has been poorly addressed. Mice studies showed that the microbial fermentation of carbohydrates is disrupted by broad spectrum antibiotics such as enrofloxacin, imipenem/cilastatin, gentamicin and ceftriaxone, since high concentrations of oligosaccharides (sucrose, cellobiose and raffinose), and low concentrations of monosaccharides (glucose, fucose, xylose and galactose), amino acids and SCFAs were observed in antibiotic-treated animals [81,82,83,84].



Regarding humans, in a culture-based study of metabolic activities of the gut microbiota in young adults and in elderly subjects (treated and non-treated with antibiotics), Woodmansey and colleagues showed that antibiotic-treated individuals presented a high proteolytic species diversity (Fusobacteria, Clostridia and Propionibacteria) [85]. Increased levels of protein break-down and amino acid fermentation from the metabolism of this group of bacteria resulted in the formation of toxic metabolites [86]. In addition, the presence of bacterial fermentation products that are essential to host health, specifically SCFAs (mainly butyrate, propionate, acetate), was lower in antibiotic-treated elderly. More recently, a chemostat model consisting of a defined consortium model (14 species) of the most common cultivable and saccharolytic and amino acid fermenting bacteria of the gut was used to study the effects of two broad spectrum antibiotics (metronidazole and ampicillin) on bacterial composition and metabolic activities. The two antibiotics showed great differences in their effect on the microbiota model, but for both agents, the production of SCFAs decreased while the production of some hydrolytic enzymes depended on the antibiotic-resistant bacteria [87].



Our group carried out the first follow-up study on antibiotic-associated changes of the human gut microbiota based on the integration of multiple “omics” approaches, including 16S rRNA based approaches, metagenomics, metatranscriptomics, metaproteomics and meta-metabolomics [71]. We characterized the antibiotic-associated changes of an individual undergoing beta-lactam antibiotic treatment. During the first days of treatment, the gut microbial community responded by up-regulating the expression of genes involved in avoiding the antimicrobial effects (as beta-lactamases), while during the last days of treatment the up-regulated genes were related to renewal, maintenance and repair of essential molecules (as cell wall components). The protein production was decreased during treatment, given that bacterial processes such as the glycolysis, TCA cycle, glutamate metabolism, vitamin synthesis or iron uptake were affected, leading to a lower amount of iron, sugars, branched amino acids, short organic acids or pyruvate in the gut environment, affecting the overall metabolic status of the gut ecosystem. Moreover, metabolites produced by the host and further processed by bacteria (derivatives of bile acids, cholesterol, hormones) decreased during antibiotic treatment and increased afterwards, showing how the antibiotics can alter the interplay between the liver/pancreas and colonic bacteria, possibly affecting the entero-hepatic recirculation and systemic lipid metabolism of the host [71].



On the other hand, a general mechanism of antibiotic response of the gut microbiome is related to sugar transport and metabolism, since a higher presence of genes from the phosphotransferase system (PTS) has been described in the metagenomes of a group of individuals undergoing broad-spectrum antibiotic therapies [72]. The PTS is the main sugar translocation system for bacteria and it participates in regulatory processes including stress responses [88]. In a study by Hernández and co-workers, it was found that antibiotic-treated and obese individuals showed higher and less balanced sugar anabolic capability with respect to healthy and lean subjects [89]. The beneficial effect of this function may be due to the role of sugar transporters in counteracting osmotic stress, as well as to their participation in the energy metabolism, giving the microorganisms an advantage for survival and colonization in the gut under unstable conditions.




5. CDI and the Gut Microbiota


The main risk for developing CDI is antibiotic use in hospitals, mainly clindamycin, cephalosporins, penicillins and more recently fluoroquinolones [90,91]. Antibiotic exposures may have long-lasting effects on the community structure of the microbiota, affecting the biomass, composition and functions of the gut microbiota, including the colonization resistance capacity [71].



The development of animal models to study CDI has led to an advance in understanding the relationship between the microbiota and the development of infection. In mice, a variety of antibiotics has been associated with the loss of resistance to CDI [65,92,93,94]. A study of CDI of antibiotic treated mice described a high abundance of Proteobacteria (mainly Enterobacteriaceae) and a low abundance of normal members of the microbiota such as Lachnospiraceae (Firmicutes) in ill animals compared with healthy controls [93]. The same group investigated, also in mice, the role of strains of both groups (Enterobacteriaceae and Lachnospiraceae) in colonization resistance against CDI [95]. They found that only the Lachnospiraceae strain was able to partially restore the colonization resistance because Lachnospiraceae-inoculated mice presented decreased C. difficile colonization, lower intestinal cytotoxin levels and less severe clinical signs. A different study showed that six phylogenetically diverse species of gut normal bacteria administered together were able to restore colonization resistance and prevent the chronic carriage of C. difficile in mice [96].



Studies of the gut microbiome on patients with CDI have provided data that correlate with some findings from animal studies. Specifically, changes in the diversity and a significant decrease in the relative abundance of some beneficial microbial groups, (i.e., some Clostridiales members, mainly Lachnospiraceae and Ruminococcaceae) have been shown [97,98,99,100,101]. Chang and colleagues profiled the gut microbiota of patients with antibiotic-associated diarrhea due to C. difficile in both initial and recurrent episodes using 16S rRNA-encoding gene clone libraries. They found a highly variable bacterial composition and very low diversity in the recurrent patients. Patients with initial infections showed an intermediate diversity pattern between recurrent CDI patients and controls [98]. In a different study, the microbiota associated to CDI in elderly was examined by pyrosequencing of the 16S rRNA gene amplicons, and a reduced microbial diversity when comparing infected with non-infected patients was described [102]. The infected patients showed a higher abundance of Lactobacillaceae and Enterococcaceae and a lower abundance of Bacteroides, Prevotella and Bifidobacteria. A lower diversity prior to episodes of CDI was observed in a similar comparative study of patients undergoing antibiotic therapy. Bacteria from Bacteroidaceae and Clostridiales were depleted in patients compared with controls, whereas patients were enriched with the Enterococcaceae family [101]. The higher abundance of Enterococcaceae members could be explained by their opportunistic nature that, similarly to C. difficile, could take advantage of a low bacterial diversity to overgrow. A recent research compared the structure of the microbiota (based on 16S rRNA gene pyrosequencing) of three groups of individuals: CDI subjects with diarrhea, C. difficile-negative nosocomial diarrhea (CDN) and healthy controls. Significant alterations in the microbiota were associated to CDI and CDN compared with controls. Bacteria producing butyrate and other SCFAs mainly from Ruminococcaceae and Lachnospiraceae families were depleted in CDI and CDN, suggesting a main role of these bacteria in colonization resistance against the pathogen and in the maintenance of the ecosystem equilibrium [97]. Moreover, supporting the results of the discussed studies, a recent follow-up study of infected and non-infected patients undergoing broad-spectrum antibiotic therapies found that CDI samples were enriched in Enterococcaceae and Lactobacillaceae families, while Ruminococcaceae and Lachnospiraceae were under-represented [100].




6. CDI Current Treatments and Promising Approaches


The most effective initial treatment for CDI are antibiotic therapies, mainly metronidazole, followed by vancomycin commonly administered orally or intravenously [25,103,104]. However, a high number of patients (between 20% and 35%) develop recurrent infection several days to weeks after the initial administration of the antibiotic therapy [26,27]. A pulsed antibiotic (vancomycin/metronidazole) regimen could be used to manage a second or third recurrence. Taur and Pamer indicated that using antibiotics to cure a condition caused by antibiotics is a conceptually incorrect strategy and that it could be the reason for the high recurrence rates for CDI [105]. In fact, the common treatments for relapse cases consist in prolonged or pulsed antibiotic courses with low success [106].



An alternative method for the maintenance and restoration of the gut microbiota after antibiotic therapies involves the use of prebiotics and probiotics. Probiotics as bifidobacteria and lactobacilli seem to counteract the antibiotic-associated diarrhea and relapsing CDI, but some studies on probiotics to treat CDI have shown conflicting results [107,108]. At present, the use of probiotics is not recommended in the clinical community for the prevention of CDI [103,104]. Several other alternative therapies have been proposed such as the use of a novel neutralizing monoclonal antibody against C. difficile toxins, the anion-binding resins that neutralize clostridial toxins, vaccination against the pathogen and its toxins or immunoglobulin based therapies, but most of these treatments are in an early stage of development [109,110,111,112,113].



Since a healthy gut microbiota is able to control the pathogen infection, restoration of the gut microbiota seems to be the most promising approach to face CDI, especially for recurrent cases. In this sense, a therapy known as fecal microbiota transplantation (FMT) that consists in transferring feces from a healthy donor to a patient is being performed at multiple centers around the world for treatment of recurrent CDI. FMT has been very successful, restoring the intestinal microbial diversity in up to 95% of patients [96,105,114,115,116,117,118,119]. However, the microbial ecosystem of feces is complex, and many biological processes which occur there remain unknown. This fact introduces some concerns about fecal microbial transplantation, such as a possible introduction of pathogens, or alterations of microbiota-host interactions that could trigger some microbiota-related diseases, although no evidence of these complications has been found [105,120,121,122]. In fact, a study of fecal microbiota transplantation for CDI in immunocompromised patients showed a high rate of cure and no related infectious complications, suggesting that this approach seems to be safe at least for this risk group [123]. In this regard, an alternative may be to identify the consortia of bacteria involved in pathogen protection, so that they could be administered to patients in an alternative way such as probiotics [105,122]. Thus, some recent studies focusing on the identification of bacteria involved in resistance colonization against this pathogen in both mice and humans are very promising [95,96,97,100,115,124]. Interestingly, regardless of the methods and models used, some of the bacteria under-represented in CDI samples (possibly protectors) are common to many studies, suggesting that we are close to obtaining an optimal set of bacteria that can prevent the pathogen infection (represented in Figure 1). Members of the Clostridiales, principally species from the families Ruminococcaceae and Lachnospiraceae, have been the common factor among these studies [93,95,97,100,101]. For instance, a recent research showed that 33 strains of a healthy donor were able to cure two patients with recurrent CDI, 11 strains being from the Lachnospiraceae family [115]. A mouse study showed that a strain of Lachnospiraceae was able to restore partially the gut microbiota after CDI, but the total restoration was only possible when the fecal microbial community of a healthy donor was transferred to the infected animals [95]. Some genera of these families, such as Ruminococcus, Subdoligranulum (Ruminococcaceae) and Roseburia, Coprococcus (Lachnospiraceae), could be involved in colonization resistance since they have been also depleted in CDI samples from other human studies [97,100,101]. Interestingly, unclassified OTUs belonging to these families have also appeared as possible participants of the colonization resistance response, indicating that species with a possible key role in protection could remain undescribed [95,97,100]. Recently, a clinical study showed that colonization of patients recovered from CDI with a nontoxigenic C. difficile strain significantly reduced CDI recurrence [125]. Moreover, since a diverse microbiota is better at fighting CDI, it has been proposed to also test bacteria from other phyla such as Alistipes (Bacteroidetes), Escherichia (Proteobacteria) or Coriobacteriaceae (Actinobacteria as protectors against CDI [100].



Future studies should focus on testing the effectiveness of different strains of these taxa (and combinations of them) in preventing CDI. This will allow designing specific probiotics for CDI individuals.
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Figure 1. Core of microorganisms and metabolic pathways involved in colonization resistance against C. difficile infection (CDI). The direct mechanisms (left panel) include direct inhibition of the pathogen through the production of antimicrobial compounds as bacteriocins, the competition for nutrients such as sugars or metabolism of bile acids that inhibits C. difficile proliferation. The indirect mechanisms (right panel) are related to stimulation of the immune system and restoration of the intestinal equilibrium through the amino acid metabolism and production of short-chain fatty acids (SCFAs) and polyamines. In the center of the figure (grey circle), a list of genera, mainly from Clostridiales from which some commensal members have been found as protectives against CDI in most of the studies, and which could be involved in some of the represented functions. 
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7. Possible Role of the Bacteria Involved in Colonization Resistance against C. difficile


In this section, we discuss the different mechanisms through which the protective members of the gut microbiota could avoid CDI (summarized in Figure 1).



Most of the bacteria candidates as protectors have been described as producers of SCFAs (mainly from Lachnospiraceae and Ruminococcaceae families), which are the main source of energy of the gut epithelium and have anti-inflammatory effects [62]. In addition, SCFAs stimulate defense barriers by increasing antimicrobial peptide levels and mucin production, as well as participate in the generation of a mucosal regulatory T cell subset as part of immune response [53,125]. Thus, a proposed mechanism of colonization resistance for this group of bacteria is through the production of SCFAs and the positive stimulation of the gut epithelial and immune system functions [62]. In this sense, a study that compared three groups of individuals—healthy, C. difficile negative with nosocomial diarrhea and C. difficile positive with nosocomial diarrhea—found a lower microbial diversity and abundance of SCFAs producers in the individuals with diarrhea, regardless of the infection status [97]. Hence, the depletion of these organisms leads to a dysfunction of the intestine and diarrhea, reinforcing the role of these microbial products in the correct functioning of the gut. In contrast, some studies found that SCFAs administration to infected mice did not reduce the CDI [95,126]. Therefore, it is still unknown if the SCFAs play a leading or secondary role in avoiding the CDI, but it is clear that they contribute positively to preventing and fighting pathogen infection through maintaining the gut epithelial equilibrium and stimulating human defenses.



A different mechanism by which the microbiota could participate in colonization resistance to CDI is through its role in bile acid transformation. Some in vitro studies have shown that primary bile acids produced by the liver and secreted in the small intestine stimulate the germination of C. difficile spores [127,128]. The recent identification of a bile acid receptor of C. difficile required for germination and colonization supports the role of bile metabolism in CDI [129]. Moreover, a fraction of the gut microbiota is involved in the transformation of primary bile acids to secondary bile acids [127,130,131]. Specifically, the action of the microbial enzyme 7-dehydroxylase allows transforming the cholate (primary bile acid) into deoxycholate (secondary bile acid). The secondary bile acids, such as deoxycholate, strongly inhibit the vegetative growth of the pathogen and reduce the C. difficile’s ability to colonize the gut [91,132,133,134]. Antibiotics alter the bile acid equilibrium leading to higher levels of primary bile acids (cholate) that facilitate C. difficile germination and overgrowth [71,81,134]. Additionally, Theriot and colleagues found in a mice model that the gut metabolome of animals susceptible to infection was characterized by a relative increase in primary bile acids and a reduced level of secondary ones [135]. In this regard, Britton and Young (2012) suggested that bacteria harbouring the enzyme responsible of primary bile acid transformation (7-dehydroxylase) may be potential probiotics against C. difficile colonization and infection [91]. It is worth mentioning that the dehydrolase activity in the gut has been described mainly for members of Clostridia as Clostridium and Eubacterium genera [136,137]. Since many of the identified candidate bacteria to protect against CDI have belonged to Clostridia, it is possible that their role in colonization resistance could be related to the metabolism of bile acids. However, it is still unknown which gut microbial members contribute the most to this function in vivo. Further studies should focus on testing the activity of different gut bacterial species regarding bile acid transformation.



Since the gut microbiota forms a complex metabolic network where the product of the metabolism of a specific microorganism is the substrate for another, competition for niches and nutrients has been proposed as a resistance mechanism against the establishment of pathogens [62,91]. For instance, studies with pathogenic E. coli strains showed that these bacteria compete with commensal E. coli strains for nutrients (i.e., sugars) and that commensal members are able to prevent the growth of the pathogenic strains in the mouse intestine [138,139]. In the case of C. difficile, some studies pointed to the competition for available resources, mainly carbohydrates, as a colonization resistance mechanism [140,141,142,143].



In a preliminary study based on continuous flow-cultures, it was found that components of the mucin (sialic acids, N-acetylglucosamine, N-acetylneuraminic acid) are required to promote the expansion of intestinal bacteria able to suppress Clostridium [140]. Recently, a transcriptomic study showed that C. difficile is able to use sialic acids as a carbon source to reach high densities and colonize the mice intestine [142]. The authors postulated that when the normal gut microbiota is reduced by antibiotics, sialic acids are liberated with sufficient bacteria with sialidases, but as there are less sialic acid consumers (competitors), C. difficile has a greater chance of achieving colonization. In a recent work by our group, we found an over-representation of sugar transporters in the metagenomes of CDI samples compared with those non-infected, indicating that an alteration of the carbohydrates’ metabolism of a disrupted microbiota could favour C. difficile colonization [100]. Taking into account that the candidate bacteria that we proposed are phylogenetically related to Clostridium, they might share niches and compete for similar resources. This idea is supported by a study where a non-toxigenic C. difficile strain was able to prevent the establishment of a toxigenic C. difficile since it was more successful at competing for limited resources [141,143].



A direct mechanism of colonization resistance by the gut microbiota against CDI could be the production of antimicrobials that inhibit the pathogen growth. Different antimicrobials produced by the gut microbiota are capable of killing pathogens including C. difficile [62,91]. An intestinal strain of Bacillus thuringensis produces the bacteriocin Thuricin CD that has a narrow activity against C. difficile [144]. Although the activity of this bacteriocin was tested in vitro, this capacity could represent a possible defense of specific members of the microbiota against specific pathogens.



The cross-talk between human immune system and gut microbiota could be an indirect colonization resistance mechanism against CDI. The innate and adaptive immune responses of the host are important to reduce the acute inflammation associated to CDI, as well as the recurrence of the disease [145,146,147]. Moreover, these immune-associated responses are at least partly dependent on beneficial bacteria that stimulate the immune system, which in turn targets the pathogen [11]. However, antibiotic treatments reduce microbial diversity and by affecting the microbiota-immune system interactions they suppress the innate immune system, creating an ideal environment in the host for opportunistic pathogens such as C. difficile [148]. The protective group of commensal members of Clostridia exerts a strong influence on development of the host immune system [73,149,150]. It has been described that some beneficial Clostridia species promote the development of T-cell receptor, intraepithelial lymphocytes (IEL) and immunoglobulin A (IgA-). The stimulation of the immune system by this group seems to work through a gradient of SCFAs and secondary bile acids that are sensed by the epithelial cells, triggering the initiation of immunological signaling [151,152]. In relation to the immune system stimulation and the gut epithelial homeostasis, the products of some metabolic pathways related to amino acids’ metabolism (tryptophan or polyamines biosynthesis) have been proposed to be protective against CDI [100]. Specifically, an increase in polyamine levels is associated with a major growth of intestinal mucosal cells and microorganisms, possibly contributing to restoration of the gut equilibrium during stress conditions, and they also have important anti-inflammatory effects [153,154]. The possible protective role of these metabolites against CDI is supported by a recent meta-metabolomic study in which CDI patients showed a deficiency in the production of polyamines with respect to healthy controls [155].




8. Conclusions


Antibiotic treatment depletes members of the gut microbiota that through colonization resistance mechanisms are able of preventing CDI. The gut environment under antibiotic stress contributes to C. difficile germination and growth, with a low abundance of SCFAs, high abundance of primary bile acids, high carbohydrate availability, a suppressed immune system and absence of competitors. On the other hand, the metabolism of commensal members of Clostridiales in the gut contributes to create an adverse environment for C. difficile germination and colonization, since they have a strong influence in physiologic, metabolic and immunological processes in the gut. The FMT has shown promising results in curing CDI, but the dynamics of the gut microbial ecosystem is complex and this treatment could bring some unexpected complications for the host health. Future studies should reveal the colonization resistance mechanism(s) operating in the gut ecosystem, in which microbial members are mainly involved. It will be possible to focus on the capacity of key species of the gut in fighting CDI with the possibility of administering then to the affected individuals. Thereby, hopefully, it will be possible to design specific diets, prebiotics or probiotics for patients undergoing antimicrobial therapies in order to prevent and fight CDI, especially in recurrent cases.
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