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Anastomotic leak (AL) is a life-threatening postoperative complication following colorectal surgery, which has not decreased over time. Until now, no specific risk factors or surgical technique could be targeted to improve anastomotic healing. In the past decade, gut microbiota dysbiosis has been recognized to contribute to AL, but the exact effects are still vague. In this context, interpretation of the mechanisms underlying how the gut microbiota contributes to AL is significant for improving patients’ outcomes. This review concentrates on novel findings to explain how the gut microbiota of patients with AL are altered, how the AL-specific pathogen colonizes and is enriched on the anastomosis site, and how these pathogens conduct their tissue breakdown effects. We build up a framework between the gut microbiota and AL on three levels. Firstly, factors that shape the gut microbiota profiles in patients who developed AL after colorectal surgery include preoperative intervention and surgical factors. Secondly, AL-specific pathogenic or collagenase bacteria adhere to the intestinal mucosa and defend against host clearance, including the interaction between bacterial adhesion and host extracellular matrix (ECM), the biofilm formation, and the weakened host commercial bacterial resistance. Thirdly, we interpret the potential mechanisms of pathogen-induced poor anastomotic healing.
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Introduction

Anastomotic leak (AL) is a fatal postoperative complication following colorectal surgery. The incidence of AL has not substantially decreased over the last 50 years, despite advances in anastomotic techniques and perioperative care (Vallance et al., 2017). A general question for surgeons is whether there is room to prevent AL by improving surgical techniques. In patients without any known risk factors, AL still occurs. In these cases, surgeons have claimed that inadequate surgical operation could lead to poor blood supply or increased tension, which should be blamed (Shogan et al., 2013). Up to now, investigations on finding the optimal technique to rebuild the continuity on the anastomosis site to ensure proper healing are still ongoing (Kim et al., 2019). Although we have concluded that surficial technique is not all responsible, it is reasonable that a perfect anastomosis cannot be accomplished without an adequate surgical technique (Gershuni and Friedman, 2019). The ideal model is constituted by these factors, which are undoubtedly crucial for the success of anastomoses but are not the root cause. After decades of investigation, one thing is clear: no particular anastomosis construction technique is preferable (Neutzling et al., 2012; European Society of Coloproctology Collaborating G., 2018; Tsai and Chen, 2019). We must acknowledge the dilemma that, until now, there are no specific risk factors or surgical techniques that could be targeted to improve anastomotic healing (Shogan et al., 2013). The mechanism of anastomotic healing and the fundamental pathogenesis of leakage still need to be understood.



Gut microbiota dysbiosis related to AL

For years, it has been established that there is a potential relationship between gut microbiota dysbiosis and AL (Shogan BD et al., 2015; van Praagh et al., 2016; Hyoju et al., 2018; Gershuni and Friedman, 2019; Foppa et al., 2020a). Due to the improvement and lower cost of sequencing technology over the past decade, there have been more opportunities to identify the gut microbiota and to recognize its interaction with the pathophysiological conditions of the human body, including colorectal cancer (CRC), inflammatory bowel disease (IBD), obesity, metabolic disorders, and even parenteral disease (Claesson et al., 2012; Rinninella et al., 2019). Up to now, the effects of microbiota on AL are still unclear, and extensive clinical evidence on the impact of the gut microbiota on postoperative anastomotic complications is still lacking (Russ and Casillas, 2016). In this review, we summarized the clinical investigation of the gut microbiota and AL (Table 1). Due to ethical and technique limitations, no study has discovered variations in the gut mucosal microbiota on the anastomosis site during the perioperative period.


Table 1 | Clinical investigations on the gut microbiota and anastomotic leak (AL).



It has been accepted that AL could be a product of the specific bacteria with the virulence gene (Guyton and Alverdy, 2017). A series of systemic reviews have summarized the gut microbiota and AL from different viewpoints (Bachmann et al., 2017; Gaines et al., 2018; Gershuni and Friedman, 2019; Hajjar et al., 2019; Foppa et al., 2020a). Here, we will only discuss key concepts and recent developments. We aimed to build a framework between the gut microbiota and AL in three sections (Figure 1): 1) factors potentially related to AL contribute to diverse gut microbiota; 2) pathogenic or collagenase bacteria adhere to the intestinal mucosa and avoid host clearance; and 3) the mechanisms by which AL-related gut bacteria affect anastomotic healing.




Figure 1 | Framework of the gut microbiota and anastomotic leak (AL) presented in three levels. Level 1: factors that contribute to the gut microbiota; level 2: how pathogenic or collagenase bacteria adhere to the intestinal mucosa and avoid host clearance; and level 3; the mechanism by which AL-related gut bacteria interact with the host intestinal epithelial and mesenchymal cells, then affecting anastomotic healing.





Factors contributing to the varied gut microbiota potentially related to AL

Variations in the gut microbiota following surgery in CRC patients have been reviewed previously (McDermott et al., 2015; Bachmann et al., 2017). There is a theory that the microbiota can sense a dramatic environmental change from the host health status and then undergo complete compositional and functional adjustments in order to adapt (Shogan BD et al., 2014). For instance, in CRC patients undergoing surgery, the gut microbiota and metabolism showed significant changes 7 days post-surgery, characterized by decreased obligate anaerobes, enriched pathogenic bacteria, and reduced short-chain fatty acids (SCFAs) (Ohigashi et al., 2013a). A clinical study also demonstrated that the Atopobium cluster, Bacillus fragilis group, Bifidobacterium, and Prevotella decreased following CRC surgery. These obligate anaerobes are the most common bacteria and are essential in maintaining environmental stability in the human gastrointestinal tract (Hooper and Gordon, 2001). On the other hand, the facultative anaerobes, such as Enterobacteriaceae and Enterococcus, and the aerobe, such as Pseudomonas, which are potentially pathogenic bacteria, increased (Ohigashi et al., 2013a). Several perioperative manipulations have been recognized to induce phenotype and genotype variations in commensal microbiota, remolding them into invasive tissue-degrading pathogens during surgery (Ohigashi et al., 2013a; Shogan B et al., 2015). This phenomenon reveals that the microbial phenotype, rather than the microbial existence, is more crucial to the tissue disruption that leads to anastomotic leak (Sido et al., 2004). In this review, we focus on the preoperative and surgical factors contributing to gut microbiota alterations that are potentially related to AL.


Preoperative factors


Antibiotics and MBP

In the 1970s, oral antibiotics in combination with mechanical bowel preparation (MBP) are a routine treatment to prevent infectious complications following surgery (Nichols and Condon, 1971). However, this approach remains controversial, highly debated, and poorly understood in terms of its mechanisms of action, and it was gradually discarded over time (Atkinson et al., 2015). Recent discovery has indicated that almost half of the pathogens causing serious postoperative infectious complications are antibiotic-resistant, including Enterococcus faecalis and Pseudomonas aeruginosa, which are the most common bacteria cultured from a leaking anastomosis even when strong antibiotics are used (Ohigashi et al., 2013a). The gut microbiota changes following MBP have been reviewed (Drago et al., 2019). These alterations include increased Enterobacteriaceae and Proteobacteria, but a reduction of Lactobacillus, accompanied by a decreased Gram-positive/Gram-negative ratio, similar to the profile of infectious diarrhea that can last for at least 2 weeks, and in some cases up to 4 weeks (Drago et al., 2016).



Neoadjuvant radiation and nonsteroidal anti-inflammatory therapy

There is still controversy regarding neoadjuvant chemoradiation therapy and AL. Radiotherapy has been demonstrated to change the gut microbiota in patients with rectal cancer, but there has been no clear demonstration of increased AL to date (Olivas et al., 2012). After neoadjuvant chemoradiotherapy, the tumor samples demonstrated significantly lower diversity and a trend toward lower unevenness. Fusobacterium significantly decreased following neoadjuvant chemoradiotherapy, in addition to Peptostreptococcus, Parvimonas, and Porphyromonas, and two genera in Lactobacillales, i.e., Lactobacillus and Streptococcus, were significantly increased (Yi et al., 2021).

A series of studies showed an increased incidence of AL due to nonsteroidal anti-inflammatory drug (NSAID) use (Peng et al., 2016; Modasi et al., 2019). However, this effect was not consistent across all NSAIDs. A review has introduced gut microbiota alterations after NSAID use in clinical and animal studies (Wang et al., 2021). The use of NSAIDs results in the proliferation of Gram-negative bacteria. Aspirin increases Prevotella, Bacteroides, Ruminococcaceae, and Barnesiella. Celecoxib and ibuprofen increase Acidaminococcaceae and Enterobacteriaceae. Furthermore, increases in Rikenellaceae, Propionibacteriaceae, Puniceicoccaceae, and Pseudomonadaceae were observed after ibuprofen intake. However, this gut microbiota alteration varied between men and women (Edogawa et al., 2018). It should be noted that the type of NSAID rather than the amount taken caused the greatest differences in the microbiome.




Intraoperative factors


Poor perfusion and hypoxia

It is generally accepted that adequate tissue perfusion is critical for anastomotic healing. However, there is evidence that, even with minimal flow, anastomotic tissue can heal adequately (Kashiwagi, 1993). Histological analysis of anastomotic tissues excised during emergency surgery for leakage repair in 14 patients found no indication of inadequate blood flow (Schouten et al., 2014). It is reasonable to think that hypoxia is directly detrimental to low blood perfusion. In the study by Shogan et al. performed in mice, devascularization of a colon tube led to poor anastomotic healing. However, hypoxia was not associated with the anastomotic healing grade. In addition, histological examination failed to provide evidence of tissue hypoxiation (Shakhsheer et al., 2017).

Tissue ischemia could impact the local microbiota composition. In a mouse model, mesenteric ischemia followed by reperfusion increased Escherichia coli and decreased Lactobacillus in the ileum and colon, which persisted for approximately 6 h after recovery (Wang et al., 2012). This shift was accompanied by a breakdown of the intestinal barrier and loss of mucosal integrity, which permitted the translocation of potentially pathogenic bacterial species (Guyton and Alverdy, 2017). An interesting study found that human intestinal epithelial cells release soluble factors when subjected to hypoxia and reoxygenation. These factors can induce P. aeruginosa to express the potent barrier-dysregulating protein PA-I lectin/adhesin (Patel et al., 2007). In addition, factors such as adenosine and dynorphin can transition P. aeruginosa to a more aggressive and barrier-disrupting phenotype with high collagen-degrading activity by activating quorum sensing (Alverdy and Chang, 2008; Shogan B et al., 2015). Devascularized conditions support a favorable environment for E. faecalis to transform into phenotypes that can promote anastomotic leaks, independent of tissue hypoxia (Shogan B et al., 2015). The explanation for this might be that the low perfusion caused by devascularization is not bound to hypoxia. In addition, to a certain degree, hypoxia stimulates the cells to produce angiogenic growth factors. In contrast, only severe tissue hypoxia combines with the lactic acid produced by bacteria to lower the tissue pH, which contributes to tissue breakdown. Inadequate nutrients and immune component transportation to the anastomosis site caused by low perfusion might be another explanation for this phenomenon. Two studies demonstrated that, even in ischemic tissues, AL does not occur without intestinal bacteria (Shogan B et al., 2015). These results indicate the essential role of the gut microbiota in ischemia-related AL. The hypoxia-induced dysbiosis of the microbiota composition and virulence acquisition of specific pathogens should be taken into consideration when studying AL under low perfusion and hypoxia.



Inflammation

Inflammation plays a role in AL. Nevertheless, the cellular and molecular aspects of inflammation related to AL remain to be discovered. Inflammation of the gut wall is attributed to tissue injury and intestinal manipulation. In addition, patients with pre-surgery intestinal inflammation such as IBD should also be considered.


Preexisting intestinal inflammation

A number of patients with IBD need ileocecal resection. Steroid use and preoperative abscess in these patients are associated with higher anastomotic rates (Tzivanakis et al., 2012). Thus, the preexisting inflammatory condition is a crucial issue in identifying the effect of surgery on abnormal intestinal wound healing (Binnebösel et al., 2014).

The pathogenesis of IBD is driven by an abnormal and prolonged T-cell-mediated immune response directed toward the commensal gut microbiota that occurs in genetically susceptible individuals. In addition, patients with IBD display a reduction in SCFA-producing bacteria such as Faecalibacterium prausnitzii, which is well known to have anti-inflammatory properties through its ability to produce butyrate, allowing for T regulatory cell and T helper 17 regulation (Zhou et al., 2018).

Strong evidence indicates intestinal microbiota dysbiosis as responsible for triggering IBD (Lavelle and Sokol, 2020). The composition of the microbial taxa in patients with IBD has been extensively studied. The gut microbiota of these patients demonstrate low diversity, specific shifts in the proportion of taxa, and an altered functional capacity; all of these characteristics can be found in patients with AL (Kostic et al., 2014). These include increased Gammaproteobacteria, E. faecalis, E. coli, and Fusobacterium species and reduced Bacteroides, Firmicutes, Clostridia, Ruminococcaceae, Bifidobacterium, and Lactobacillus (Kostic et al., 2014; Lengfelder et al., 2019). The metalloprotease GelE, produced by commensal strains of E. faecalis, contributes to the development of AL by activating matrix metalloproteinase 9 (MMP-9) (Shogan BD et al., 2015). The relative abundance of the mucin-degrading Ruminococcus has been associated with AL, similarly to the case in IBD (van Praagh et al., 2016). Fusobacterium nucleatum aggravates the progression of IBD. It can induce the activation of macrophages and then promote phenotype transformation via the AKT2 signaling pathway. These effects can damage the intestinal mucosal barrier, which is destructive for wound healing (Liu et al., 2019).

Other changes lead to the loss of protective factors, such as SCFAs, and an increase in pro-inflammatory factors, such as lipopolysaccharide (LPS), further leading to an inflammatory versus tolerogenic milieu (Kostic et al., 2014; Vatanen et al., 2016). In addition, when antibiotics are used in IBD therapy when infectious complications are suspected and before surgical interventions, the already destroyed gut microbiota can become weaker, characterized by low diversity and depleted SCFA-producing taxa, which could also lead to AL indirectly (Ianiro et al., 2016). However, whether this preexisting microbiota dysbiosis contributes to AL is unknown.



Surgical tissue injury and wound healing-related inflammation

Surgical manipulation of the intestinal tube activates local inflammatory response within the muscular layer (Türler et al., 2002). This inflammatory overflow includes resident muscularis macrophage activation, immunocompetent leukocyte extravasation, and a cascade of cytokine fluid (Sido et al., 2004). Matrix metalloproteinase (MMP) is upregulated following intestinal manipulation (Moore et al., 2011). Excessive inflammatory mediators are supposed to contribute to AL directly or indirectly (Pantelis et al., 2011). However, gut microbiota alteration due to surgical manipulation has not been studied in depth to date.

The classic course of wound healing includes inflammation, proliferation, and remodeling stages, which have been extensively studied in the skin (Gurtner et al., 2008), and many researchers think of gastrointestinal healing in terms of these phases (van der Vijver et al., 2012). The early stages of inflammation are characterized by innate immune cell activation, such as neutrophils and macrophages (Marks et al., 2017). Neutrophils increase hypoxia in inflammatory environments as they consume more oxygen than other cells for the antimicrobial oxidative burst. These effects potentially lead to microbiota shifts. A number of anti-inflammatory interventions and their role in preventing AL have been investigated in animals and humans, which gave inconsistent results (Foppa et al., 2020b). Inflammation-related gut microbiota changes might be a mediator for the deleterious effects of AL on anastomotic healing.




Surgical stress

So far, there is no evidence proving the relationship between surgical stress and AL. Patients who undergo surgery should experience a complicated endocrine and metabolic shift to surgical stress. Stress and the gut microbiota are linked through the bidirectional microbiota–gut–brain axis. Stress can affect the microbiota composition, and the microbiota can influence the host’s response to stress (Malan-Muller et al., 2018). Stress is not only able to shift the microbiota but also increases the intestinal permeability in favor of microorganism translocation (Rodiño-Janeiro et al., 2015).

Using quorum sensing, opportunistic pathogens can sense host environmental changes and respond by inducing a phenotypic shift in their virulence (Seal et al., 2010). The release of host stress factors activates bacterial virulence genes and transforms the pathogen from an innocuous colonizer into a virulent and invasive phenotype. These effects play a key and causative role in anastomotic disruption (Luong et al., 2014). Certain bacteria have been identified as able to recognize and respond to host-derived elements during physiological stress, such as E. coli and P. aeruginosa, all of them being collagenase bacteria (Sperandio et al., 2003; Wu et al., 2005), as well as Salmonella typhi, Yersinia enterocolitica, and Campylobacter jejuni (Lyte, 2014).



Exposure to oxygen during surgery

Many species in the gut are facultative or obligate anaerobes. Exposure to oxygen during bowel sections or anastomosis construction could significantly deplete these species. The disappearance of the beneficial obligate anaerobes (Bacteroides) and the occurrence of detrimental facultative anaerobes (Enterococcus) have been observed after opening the bowel in a rat model (Shogan B et al., 2014). It is suspected that laparoscopic surgery delivers limited oxygen to the intestinal lumen, which might have a weak effect on this issue compared to open surgery. However, there is no study available on this subject. One study found that laparoscopic surgery appears to be associated with better intra- and postoperative intestinal tissue oxygen pressure. On the other hand, high-pressure pneumoperitoneum may impair the postoperative intestinal tissue oxygen pressure, which might also affect obligate anaerobes in the gut. We look forward to these types of studies in order to discover more information on gut microbiota and laparoscopic surgery in the future.





Colonization of pathogens on the gut mucosa

Surgical resection of the intestinal tube and anastomotic repair lead to alterations in the gut microbiota, which are mainly related to intestinal tissues, but not the microbiota in luminal contents. This phenomenon suggests that tissue-specific microbial taxa possess an adhesion ability, which may partly illustrate their tendency toward wound tissues (Wang et al., 2018). The “adhesin” proteins of bacteria are essential for their adhesion effect on the host cell or the extracellular matrix (ECM) (Singh et al., 2012a). On the other hand, the high colonization rate of collagenolytic strains on healing anastomotic wounds after surgery suggests that the healing anastomotic environment is a favorable niche for these strains. E. faecalis is a low-abundance commensal organism comprising less than 1% of the adult gut microflora. It is unknown why its population significantly (up to 500-fold) increases at the site of colon surgery. The ECM is not present when tissues are intact but exposed to the surgical site. The central fibrous proteins forming parts of the ECM are collagens, fibronectins, and laminins, making these molecules a preferred target for bacterial adhesion (Singh et al., 2012b). In addition, bacteria can quickly and effectively attach to host cells or protect themselves by forming a biofilm to escape the clearance effect (Krachler and Orth, 2013) (Figure 2).




Figure 2 | Level 1: patients with anastomotic leak (AL) are characterized by an altered gut microbiota. Level 2: the wound healing tissue is a desirable environment for collagenolytic strains. The extracellular matrix (ECM) on the anastomosis site, which includes collagen, fibrinogen, and laminin. Bacterial adhesin proteins are essential for the adhesion process. In addition, pathogen biofilm formation and a weakened colonization resistance from commensal bacteria together contribute to this process together. Level 3: following successful colonization, the pathogen can degrade mucin and inhibit epithelial cell repair. Most importantly, pathogens such as Enterococcus faecalis and Pseudomonas aeruginosa have been identified to express proteases and then activate matrix metalloproteinases (MMPs), which contribute to submucosal ECM breakdown and lead to AL.




ECM is a prerequisite for bacterial colonization

A healing anastomotic environment is exposed to an ECM that is usually not present when the intestinal wall is intact. These ECM components include collagen, fibrinogen, and laminin (Flores-Mireles et al., 2014), in which bacterial adhesion is enhanced in the presence of serum (Nallapareddy and Murray, 2008), another typical exposure cue at the anastomotic site of surgical injury.

Some bacteria colonize intestinal tissues depending on their ability to feed off mucus, a source of enriched organic phosphate on the surface of the mucosa (Tailford et al., 2015). Mucus depletion leads to collagen exposure on anastomotic sites, allowing the pathogen to colonize and express collagenases (Wiegerinck et al., 2018). A classic study found that irradiated rats were more inclined to develop AL when treated with P. aeruginosa. This is due to the non-irradiated rats maintaining an intact mucus layer to defend against the colonization of pathogens and the virulence effects of the collagenolytic activity phenotype (Hyoju et al., 2018).


Collagen

Collagen is the primary ECM component that plays a critical role in wound healing. Fibroblasts in the connective tissue secrete collagens. However, epithelial cells also produce certain types of collagens during the wound healing process (Ricard-Blum, 2011). Collagen-binding adhesins were found to exist in some pathogenic bacteria. These proteins are essential for bacteria to adhere to collagen. Most adhesin–host protein interactions were found in Gram-negative bacteria with collagen types I, IV, and V, such as the saccharides of P. aeruginosa (Singh et al., 2012a).



Fibronectin

Fibronectin is a glycoprotein on cell surfaces that can also be found in body fluids. The primary function of fibronectin is to connect the cell and the ECM, then recognize the tissue structure. Over 40 years ago, Staphylococcus aureus was discovered to have the ability to bind to fibronectin. This first study reported bacterial binding capacity to the ECM (Kuusela, 1978). Fibronectin-binding proteins on bacterial cells are significant for the adhesion ability of bacteria. Inactivation of the respective fibronectin-binding protein genes leads to a diminished or abolished adhesion effect (Schwarz-Linek et al., 2003).



Laminin

Laminin is a multifunctional molecule with numerous heterotrimeric isoforms that are differentially distributed in different types of tissues. Laminin is in charge of keeping the structural scaffold of the tissue, mediating cell migration, and signaling transduction (Singh et al., 2012a). The existence of laminin-binding proteins has been identified in Gram-negative pathogens such as E. coli, Neisseria meningitides, Haemophilus influenza, Y. enterocolitica, Helicobacter pylori, and Borrelia burgdorferi (Singh et al., 2012a).




AL-related pathogens equipped with adhesins

A series of adhesin proteins have been identified as present on the surface of pathogens. These molecules mediate the adherence ability of bacteria to colonize the wound healing tissue. In addition, adhesins help pathogens form a biofilm in order to deal with host clearance strategies (Berne et al., 2015).


Enterococcus faecalis

E. faecalis is a commensal bacterium that mainly colonizes the gastrointestinal tract. In patients with compromised immunity, E. faecalis transforms into an opportunistic pathogen and then causes a series of infectious diseases, such as wound infection, hospital-acquired infections, and urinary tract infections. In healthy individuals, E. faecalis exists in a low abundance of less than 1% in the adult gut microflora. However, its population can increase 500-fold at the anastomosis site in rats after colon surgery. In addition, this strain isolated from the tissue around the anastomosis site expresses a higher level of collagenase (Christley et al., 2020), performs collagen-degrading and MMP-9-activating activities in intestinal tissue, and contributes to the pathogenesis of anastomotic leak (Shogan BD et al., 2015). Moreover, clinically isolated E. faecalis strains showed an adherent capacity to ECM components, such as collagens I, II, IV, and V, fibronectin, vitronectin, and laminin (Tomita and Ike, 2004; Singh et al., 2010). Knockout or antibody blocking experiments confirmed these results, suggesting that successful colonization and infection of tissues by E. faecalis depend on an efficient adhesin-mediated adherence to the ECM, particularly collagen (Singh et al., 2010). Clinical evidence shows that patients with endocarditis caused by E. faecalis infection can be identified with a high level of collagen adhesins and specific antibodies in serum (Nallapareddy et al., 2000).



Pseudomonas aeruginosa

P. aeruginosa can cause widespread human diseases and is a leading pathogen of nosocomial infections such as pneumonia, urinary tract infections, and bacteremia, especially in immunocompromised patients (Skariyachan et al., 2018). Clinically isolated strains often present as multi-drug resistant. An early study found that P. aeruginosa colonizes the mucus of the respiratory tract of patients with chronic lung disease. A specific adhesin–receptor system realizes this effect. A group of adhesins helps P.aeruginosa to attach to epithelial cells or mucins, such as mucoid exopolysaccharide and LPS (Ramphal et al., 1987). P. aeruginosa also produces two types of lectins to perform their virulence effects: PA-IL and PA-IIL. These two molecules bind to galactose- and fucose/mannose-containing glycoconjugates (Imberty et al., 2004). In addition, P. aeruginosa has been found to adhere to collagens I, II, and IV in the basal lamina (Tsang et al., 2003). A study also demonstrated that the adherence of P. aeruginosa to stable ECM or epithelial cells may be less significant than that hidden in the self-build biofilm by binding to mucin, which is characterized by high affinity (Paulsson and Riesbeck, 2018).




Biofilm formation supports pathogen colonization

Bacterial biofilms are diverse populations of bacteria mixed with a matrix attached to biotic or abiotic surfaces. Biofilms act as a community where the microorganisms cooperate closely as a strategy to defend against clearance resistance (Costerton et al., 1995). Biofilm formation occurs when bacteria accumulate on a biological surface and are enclosed by a polymeric matrix (Costerton et al., 1999). A previous study has emphasized that the colon microbiota protects itself in a biofilm (Wu et al., 2013). Approximately 80% of infectious diseases in the human body are mediated by biofilms (Sender et al., 2016). Biofilms have been demonstrated to contribute to several conditions affecting the gut, including gut wounds (Tytgat et al., 2019).

Bacterial biofilms can enhance bacterium-induced loss of intestinal barrier function (Soler et al., 1999). Since biofilm-mediated conditions allow bacteria to expand on the surface of the intestinal epithelial barrier, a necessary precondition for bacterial invasion triggers subsequent inflammatory responses (Johansson et al., 2014). A previous study found that P. aeruginosa can adhere to the respiratory mucosa through its type IV pili and flagellum and then secrete ECM to form a biofilm and secrete toxins damaging to the host cells of the lung epithelium (Maurice et al., 2018). However, the significance of bacterial biofilms in AL has not been determined and needs further investigation.



Weakened commensal bacterium-induced colonization resistance

Due to preoperative interventions or surgical stress, a perturbation of the gut microbiota is always characterized by low microbial diversity, leading to abnormal metabolic balance and weak colonization resistance to pathogens, which could contribute to the development of AL (Shogan et al., 2013). Generally, the protective effect of the mucous layer against mucosal infections is provided by the commensal bacteria that occupy the microbial niche, where it is difficult for opportunistic pathobionts and enteric pathogens to inflict infection (Li et al., 2015). Therefore, bacterial survival or extinction in the host may be determined by its adaptation to life and the microbial community structure in this layer. For example, the mucous layer is a dynamic structure that undergoes rapid renewal. Microbes have to compete with one another for resources to survive (Bachmann et al., 2017).

A low microbiota diversity can be seen in diabetic and overweight patients, which may partly explain why these patients have a relatively high risk of AL development (Buffie and Pamer, 2013; Shogan BD et al., 2015). Loss of the colonization resistance of the normal microbiota that protects intestinal tissues from invasion by collagenolytic microbes is a prerequisite for strains such as E. faecalis in order to predominate at sites of anastomotic tissues (Bachmann et al., 2017).




The mechanism of pathogens affecting anastomotic healing

Due to the complicated biological processes, it is not easy to build a model of anastomotic healing in vitro. In addition, a systematic review claimed that animal studies on AL are limited (Yauw et al., 2015). It has been demonstrated that intestinal anastomotic healing is anatomically vague for supervision, compelling surgeons to evaluate the success of anastomosis based merely on the patient’s general wellbeing (Thornton and Barbul, 1997). Not only is this a puzzle in daily clinical practice, but it is also an explanation that knowledge of intestinal healing is very much limited compared to skin wound healing.

Similar to skin wound healing, the anastomotic healing process is also considered to involve four classic stages. The first inflammatory stage is characterized by the activation of neutrophils, macrophages, fibroblasts, and platelets and the release of a group of growth factors, as well as protease activation to increase the collagenolytic profile. This phase would be affected by the gut microbiota and surgical manipulation. Indeed, 2 days following surgery, colorectal anastomosis is only at 30% of its initial strength (Guyton et al., 2016). The next proliferative stage is collagen deposition from fibroblasts, smooth muscle cells, and epithelial cells. In the final remodeling stage, the microscopic structure of the anastomosis is remodeled by collagenase and other protein enzymes to increase its elasticity and contractile capacity (Chang et al., 2015). It has been suggested that the gut microbiota significantly positively or negatively affects gut wound healing in the inflammatory and proliferative stages (Meneghin and Hogaboam, 2007).

The illustration above explains why researchers draw direct parallels between anastomotic and skin wound healing. However, are these two processes identical, or should they be treated as two separate entities? Nevertheless, due to apparent differences between the skin and bowel healing processes, caution should be taken when studying anastomotic healing. One aspect is heavy gastrointestinal colonization with bacteria, which could lead to a higher possibility of infectious complications. In addition, the load and the composition of the skin and gut microbiota flora are entirely different, which can play distinct roles in wound healing (Grice and Segre, 2011). Finally, the collagen subtypes in the gastrointestinal tract, mainly collagens I, III, and V, are secreted by smooth muscle cells and fibroblasts, while collagens I and III are secreted by fibroblasts only in the skin (Bosmans et al., 2015).

Moreover, it should be noted that the relative importance of the four bowel wall layers, i.e., mucosa, submucosa, muscularis propria, and serosa, has not been determined in anastomotic healing. Nevertheless, the mucosa and submucosa are closer to the gut microbiota. Here, we illustrate the already known anastomotic healing mechanism and the potential contribution of the gut microbiota to this process based on the anatomic hierarchy of the intestinal wall (Figure 2).


Mucin layer

The colon epithelia are protected by a two-level mucous layer formed by the mixture of the MUC2 mucin and a limited number of other components secreted from goblet cells (Hand, 2016). The inner colonic mucous layer is about 200 μm in humans, which is impenetrable to bacteria, and this layer is quickly renewed (Hansson, 2012). The inner layer is covered by a non-attached outer mucous layer that is penetrable by colonized bacteria, which use this layer as their habitat. A clinical study found a higher abundance of the mucin-degrading taxa of Lachnospiraceae and Bacteroidaceae in the anastomotic tissue of patients with AL. The abundance of these bacteria could be used to predict AL (van Praagh et al., 2019).

A functional study found that Muc2 gene knockout mice lack a mucous layer; therefore, the colonized bacteria make contact with the epithelial cells directly in the intestine (Bosmans et al., 2017). In addition, without a mucous layer, Muc2 knockout mice experience more inflammation, less collagen deposition, and angiogenesis. Thus, the mucous layer promotes the healing of colonic anastomoses. Furthermore, there is a higher bacterial translocation to the mesenteric lymph nodes and spleen in Muc2 gene knockout mice (Bosmans et al., 2017). It has been proven that colonic ischemia results in mucus detachment, which facilitates a direct connection between bacteria and the epithelium (Grootjans et al., 2013). Certain bacteria have been identified to affect the mucous layer, including Akkermansia muciniphila and Listeria monocytogenes (Coconnier et al., 1998; Everard et al., 2013). Bacteroides and Blautia, belonging to the Lachnospiraceae family, are known as mucin degraders (Ouwerkerk et al., 2013). The correlation identified between AL and Lachnospiraceae (van Praagh et al., 2016), a large group of the Lachnospiraceae sequence at the species level, was found to comprise mucin-degrading taxa (Ruminococcus obeum, Ruminococcus gnavus, and Ruminococcus torques) (Sun and Shen, 2018). Other factors affecting the mucous layer are luminal factors such as prostaglandins and SCFAs (Barcelo et al., 2000). SCFAs can modulate the expression profile of epithelial cells, enhancing the production of proteins involved in the biosynthesis of mucin (Finnie et al., 1995). Specifically, butyrate enhances the expression of MUC2, activating the MUC2 promoter and enhancing histone acetylation through histone deacetylase (HDAC) inhibition in cell cultures (Finnie et al., 1995; Burger-van Paassen et al., 2009).



Epithelial layer

During surgical anastomosis, the distance between two sutures leads to the proximal and distal ends not being meticulously connected circumferentially. However, circumferential linking of the two ends is a prerequisite for primary intestinal wound healing because the first step is epithelialization (Mammen and Matthews, 2003).

A recent study has demonstrated that gut resident bacteria could promote epithelial restitution via inducing reactive oxygen species (ROS) generation in epithelial cells (Swanson et al., 2011). Microbiota epithelial cell interactions can activate β-catenin signaling, a critical factor in regulating epithelial cell proliferation (Sun et al., 2004). A. muciniphila plays a significant role in wound healing by stimulating signaling pathways to increase the migration and proliferation of epithelial cells. Mechanically, molecular FPR1 and neutrophilic NADPH oxidase (NOX2) is needed to deplete local oxygen that leads to the enrichment of anaerobic bacteria, which is beneficial to wound healing (Alam et al., 2016).

Bacteria ferment fibers to produce SCFAs, including acetic acid, propionic acid, butyric acid, valeric acid, and isovaleric acid, which comprise the primary fuel for colonocytes and exert an immediate nutritive effect on the colonic mucosa (Parada Venegas et al., 2019). Butyrate is the primary energy resource for colonocytes to carry out re-epithelialization and maintain viability and barrier integrity (Canani et al., 2011). In addition, butyrate can downregulate pro-inflammatory cytokines (Arvans et al., 2005). However, a clinical study found that the concentrations of gut SCFAs decreased after surgery (Ohigashi et al., 2013b). This effect might be attributed to the disturbed microbial stability, which may affect the normal metabolic balance in the gut, i.e., a decrease in butyrate production and energy deprivation. Butyrate is the preferred fuel utilized by colon epithelial cells and has been shown to promote the proliferation of epithelial cells and enhance the intestinal barrier by increasing the expression of tight junction proteins, such as claudin-1 and zonula occludens-1. In addition, these organic acids are usually the most abundant in the intestinal tract, which helps maintain the acidity of the tract to inhibit the growth of pathogenic bacteria. Epithelial cells express receptors for SCFAs, such as G protein-coupled receptor 41 (GPR41), GPR43, and GPR109a. The activation of GPR41/GPR43 by SCFAs upregulates the production of cytokines and chemokines by the colonic epithelium, contributing to the clearance of pathogenic bacteria (Kim et al., 2013). In a word, the decreased abundance of obligate anaerobes may have caused the reduced concentrations of SCFAs, which in turn may have increased the number of facultative and aerobic bacteria (Ohigashi et al., 2013b).

Animal studies have provided proof that an intraluminal supplement of SCFAs results in stronger colonic anastomoses (Rolandelli et al., 1986). The application of butyrate-producing bacteria assists in epithelial repair (Scales and Huffnagle, 2013). Until now, no clinical investigation has been performed to evaluate the positive effect of SCFAs on AL.



Submucosal layer

Whenever a colorectal resection is performed, all four layers are transected and then an anastomosis can be created. Researchers now recognize that the submucosal layer is the main structure in anastomotic healing (Bosmans et al., 2015). This layer of the bowel is the most tensile-resistant fibrous layer consisting mainly of elastin fibers and collagen, the most tensile layers (Thompson et al., 2006). This layer is the primary resource of fibroblasts that changes into an active state after gastrointestinal surgery to produce and deposit collagen.

It is widely accepted that submucosal collagen degradation occurs immediately after surgery, followed by de novo collagen synthesis. This collagenous equivalence is crucial in routine wound healing (Chowcat et al., 1988). As early as the 1990s, this balance was believed to support ECM remodeling and enhance tissue strength, leading to high-quality anastomotic healing (Martens and Hendriks, 1991). Nowadays, researchers agree that, in all wounds, protease activity is an indication of wound healing as a balance between collagen synthesis and degradation (McCarty and Percival, 2013). Early in the 1980s, the theory that the increased collagenase production of bacteria contributes to AL emerged. When applying a collagenase inhibitor, an improvement in the breaking strength and anastomotic burst pressure was achieved in a rat model (Young and Wheeler, 1983). Clinical evidence from a randomized controlled trial (RCT) demonstrated that the application of a collagenase inhibitor significantly decreased the radiological and clinical AL rates (Young and Wheeler, 1984).

Several pathogens have been identified to express collagenase, including E. faecalis, P. aeruginosa, and Serratia marcescens, all of which have been shown to contribute to the development of AL (Olivas et al., 2012; Shogan BD et al., 2015). A cause and effect investigation found that the gelatinase (GelE) of E. faecalis is a protease with a broad substrate. GelE is responsible for the collagenolytic activity of E. faecalis, which can degrade collagen and fibrin (Boiko et al., 2009). Because E. faecalis has to use fibrinogen to support its growth, it requires collagenolytic activity to cleave the nascent molecule (Flores-Mireles et al., 2014). Here, we illustrate two types of proteases that have been reported to be involved in AL.


Matrix metalloproteinases

MMPs are essential in ECM reorganization during the remodeling stage. However, the overactivation of MMPs might lead to AL (Krarup et al., 2013). Patients with poor anastomotic healing display a lower collagen type I/III ratio than others. In addition, significantly higher levels of MMP-2 and MMP-9 in the submucosal layer were found even in the distant sector bowel wall in patients with AL (Stumpf et al., 2005). There is also clinical evidence of MMP-8 and MMP-9 being significantly higher in postoperative peritoneal fluid in patients who developed AL (Pasternak et al., 2010).

An early study identified that some bacterial proteinases could perform MMP-activating function, which may play a significant role in wound healing by remodeling the ECM during bacterial infections (Okamoto et al., 1997). For example, E. faecalis can activate MMP-9 through its collagenolytic ability to aggravate the tissue breakdown effect (Shogan BD et al., 2015).



Plasminogen

Bacterial-mediated plasminogen (PLG) activation also plays an essential role in the pathogenesis of AL (Jacobson et al., 2021). Interestingly, P. aeruginosa and E. faecalis have developed the ability to get the host PLG system up to a high level, leading to collagen lysis (Lahteenmaki et al., 2005). In addition, a broad group of pathogens expresses plasmin receptors to immobilize plasmin on the bacterial cell surface. By this means, pathogens enhance PLG activation with the help of mammalian PLG activators. Tranexamic acid (TXA) is an antifibrinolytic lysine analog that inhibits PLG from binding to bacterial cellular receptors. The pharmacological application of TXA successfully prevented AL by targeting the pathogen-induced PLG activation (Jacobson et al., 2021).




Potential effects of the gut microbiota on angiogenesis on the anastomosis site

Angiogenesis is a complicated process involving endothelial and mesenchymal cell types (Rieder and Fiocchi, 2009). Microbiota-induced angiogenesis is a critical step for proper anastomosis wound healing by forming new blood vessels. In 2002, a study demonstrated that the microbiota helps construct a microvascular network in the submucosa. The authors showed that Bacteroides induce angiogenesis in the small intestine via Paneth cells (Stappenbeck et al., 2002). The gut microbiota can selectively stimulate mucosal endothelial and submucosal mesenchymal cells to induce specific angiogenic activation (Schirbel et al., 2013). Another striking experiment in rodents has shown that gut microbes are crucial to regulating the vascularization of the intestinal mucosa and that they affect wound healing processes (Reinhardt et al., 2012). Commensal bacteria in the gut regulate angiogenesis to restrain intestinal inflammation and promote mucosal tissue healing by vascular endothelial growth factor (VEGFR) signaling in the inflammation stage of wound healing (Chen et al., 2013). In addition, gut microbes alleviated radiation-induced intestinal injury and improved the survival rates in a murine irradiation model. This effect is realized by upregulating the expression of VEGF in the small intestine tissue of irradiated mice (Cui et al., 2017). These studies support the theory that gut microbiota might mediate angiogenesis.




Future perspectives and therapeutic approaches

Until now, the pathophysiology of anastomotic healing is still not fully understood. This could be attributed to the complex biological processes of anastomotic healing, which cannot be mimicked appropriately either in vitro or in animal research. However, the discovered molecular mechanism of anastomotic healing is less pervasive than thought.

This dilemma is perhaps due to the lack of techniques to create anastomosis and to observe the healing progress directly in an internal organ, which is close to a clinically relevant manner. In addition, clinical evidence on the gut microbiota and AL is still insufficient. This is due to the technique or ethical restrictions, which make it impossible to obtain anastomosis site tissue samples postoperatively. Thus, investigation on the pathogenesis of AL would progress markedly by performing further analyses using human anastomotic tissues during and after surgery (Shogan et al., 2014). Furthermore, with technological progress, gut organoids can be used instead of an animal model to determine the molecular process of anastomotic healing (Sato and Clevers, 2013).

Gut microbiota-induced AL is a continuous process with three aforementioned levels. However, we have not identified the definite driver of the altered gut microbiota during anastomotic healing. In addition, the exact molecular mechanism of the bacterium-induced biological effects on epithelial or mesenchymal cells on the anastomotic tissue that affects healing is not well understood. Thus, strategies targeting the disruption of bacteria–host interaction with anti-adhesion therapy should be effective therapeutic methods. These strategies include receptor blocking, inhibiting surface receptor biogenesis on the pathogen receptor or host cell, and inhibiting biofilm formation.

Several studies have demonstrated that the low concentrations of certain antibiotics under the antibacterial effect can lead to various physicochemical properties on the bacterial cell surface and inhibit bacterial adhesion from host cells. This effect of antibiotics is suspected through altered protein production of partial or incorrect protein folding, then impairing the assembly of bacterial adhesins (Wojnicz and Jankowski, 2007). Inhibition of the host receptor biogenesis has also been proven effective in preventing bacteria from adhering to the host. Many bacterial adhesins depend on host membrane glycosphingolipids (GSLs) to perform their function. Depletion of the host GSLs has been proposed as an efficient strategy for preventing infections (Hartlova et al., 2010). The human body’s autogenous defense strategy against bacteria is dependent on sugars, which act as decoys for bacterial cell surface receptors. Receptor analogs can be used as competition-based strategies, such as sugar-related glycomimetics and inhibitors (Shoaf-Sweeney and Hutkins, 2009).

In addition, polyphosphate (PPi-6) also markedly attenuated biofilm production and prevented anastomotic abscess formation and leakage in mice. This effect decreased the S. marcescens and P. aeruginosa colonization and collagenase activity in anastomotic tissues after exposure to these pathogens, but did not affect normal growth and did not lead to bacterial resistance (Hyoju et al., 2018). E. faecalis has been a specific AL pathogen for many years. It is particularly significant as the most common pathogen that can be cultured from a leaking anastomotic tissue from patients (Belmouhand et al., 2018). Unfortunately, it cannot be eradicated by antibiotics (Goh et al., 2017). Such anti-adhesion could be a promising strategy for preventing AL because it does not bring about bacterial resistance, which is a difficult challenge for conventional antimicrobial methods.

Clinical evidence on the gut microbiota and AL is still lacking. Targeting bacteria–host interaction using anti-adhesion therapy should be an effective therapeutic method. Further investigation focusing on the gut microbiota should be a promising avenue for uncovering the elusive cause of AL.



Author contributions

YL contributed to content design, data collection, and manuscript writing. BL is in charge of data collection and drawing the figures. YW was responsible for reviewing the manuscript and making suggestions. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Ningbo Clinical Research Center for Digestive System Tumors (2019A21003) and the National Natural Science Foundation of China (NSFC81970466).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Alam, A., Leoni, G., Quiros, M., Wu, H., Desai, C., Nishio, H., et al. (2016). The microenvironment of injured murine gut elicits a local pro-restitutive microbiota. Nat. Microbiol. 1, 15021. doi: 10.1038/nmicrobiol.2015.21

 Alverdy, J., and Chang, E. (2008). The re-emerging role of the intestinal microflora in critical illness and inflammation: why the gut hypothesis of sepsis syndrome will not go away. J. leukocyte Biol. 83, 461–466. doi: 10.1189/jlb.0607372

 Arvans, D. L., Vavricka, S. R., Ren, H., Musch, M. W., Kang, L., Rocha, F. G., et al. (2005). Luminal bacterial flora determines physiological expression of intestinal epithelial cytoprotective heat shock proteins 25 and 72. Am. J. Physiol. Gastrointest Liver Physiol. 288, G696–G704. doi: 10.1152/ajpgi.00206.2004

 Atkinson, S., Swenson, B., Hanseman, D., Midura, E., Davis, B., Rafferty, J., et al. (2015). In the absence of a mechanical bowel prep, does the addition of pre-operative oral antibiotics to parental antibiotics decrease the incidence of surgical site infection after elective segmental colectomy? Surg. infections 16, 728–732. doi: 10.1089/sur.2014.215

 Bachmann, R., Leonard, D., Delzenne, N., Kartheuser, A., and Cani, P. D. (2017). Novel insight into the role of microbiota in colorectal surgery. Gut 66, 738–749. doi: 10.1136/gutjnl-2016-312569

 Barcelo, A., Claustre, J., Moro, F., Chayvialle, J. A., Cuber, J. C., and Plaisancie, P. (2000). Mucin secretion is modulated by luminal factors in the isolated vascularly perfused rat colon. Gut 46, 218–224. doi: 10.1136/gut.46.2.218

 Belmouhand, M., Krohn, P. S., Svendsen, L. B., Henriksen, A., Hansen, C. P., and Achiam, M. P. (2018). The occurrence of enterococcus faecium and faecalis is significantly associated with anastomotic leakage after pancreaticoduodenectomy. Scand. J. Surg. 107, 107–113. doi: 10.1177/1457496917731188

 Berne, C., Ducret, A., Hardy, G. G., and Brun, Y. V. (2015). Adhesins involved in attachment to abiotic surfaces by gram-negative bacteria. Microbiol. Spectr. 3 (4). doi: 10.1128/9781555817466.ch9

 Binnebösel, M., Schuler, T., Klink, C., Busch, D., Schöb, D., von Trotha, K., et al. (2014). Influence of CD68+ macrophages and neutrophils on anastomotic healing following laparoscopic sigmoid resection due to diverticulitis. Int. J. colorectal Dis. 29, 681–688. doi: 10.1007/s00384-014-1855-5

 Boiko, V. V., Krivorot'ko, I. V., Peev, S. B., Dotsenko, E. G., and Lazirskii, V. A. (2009). [Role of collagen in intestinal anastomosis formation after the rectum resection]. Klin Khir (6), 13–19.

 Bosmans, J. W., Jongen, A. C., Birchenough, G. M., Nystrom, E. E., Gijbels, M. J., Derikx, J. P., et al. (2017). Functional mucous layer and healing of proximal colonic anastomoses in an experimental model. Br. J. Surg. 104, 619–630. doi: 10.1002/bjs.10456

 Bosmans, J. W., Jongen, A. C., Bouvy, N. D., and Derikx, J. P. (2015). Colorectal anastomotic healing: why the biological processes that lead to anastomotic leakage should be revealed prior to conducting intervention studies. BMC Gastroenterol. 15, 180. doi: 10.1186/s12876-015-0410-3

 Buffie, C. G., and Pamer, E. G. (2013). Microbiota-mediated colonization resistance against intestinal pathogens. Nat. Rev. Immunol. 13, 790–801. doi: 10.1038/nri3535

 Burger-van Paassen, N., Vincent, A., Puiman, P. J., van der Sluis, M., Bouma, J., Boehm, G., et al. (2009). The regulation of intestinal mucin MUC2 expression by short-chain fatty acids: implications for epithelial protection. Biochem. J. 420, 211–219. doi: 10.1042/BJ20082222

 Canani, R. B., Costanzo, M. D., Leone, L., Pedata, M., Meli, R., and Calignano, A. (2011). Potential beneficial effects of butyrate in intestinal and extraintestinal diseases. World J. Gastroenterol. 17, 1519–1528. doi: 10.3748/wjg.v17.i12.1519

 Chang, J. T., Sewell, J. L., and Day, L. W. (2015). Prevalence and predictors of patient no-shows to outpatient endoscopic procedures scheduled with anesthesia. BMC Gastroenterol. 15, 123. doi: 10.1186/s12876-015-0358-3

 Chen, X., Yang, G., Song, J. H., Xu, H., Li, D., Goldsmith, J., et al. (2013). Probiotic yeast inhibits VEGFR signaling and angiogenesis in intestinal inflammation. PloS One 8, e64227. doi: 10.1371/journal.pone.0064227

 Chowcat, N. L., Savage, F. J., Hembry, R. M., and Boulos, P. B. (1988). Role of collagenase in colonic anastomoses: a reappraisal. Br. J. Surg. 75, 330–334. doi: 10.1002/bjs.1800750412

 Christley, S., Shogan, B., Levine, Z., Koo, H., Guyton, K., Owens, S., et al. (2020). Comparative genetics of enterococcus faecalis intestinal tissue isolates before and after surgery in a rat model of colon anastomosis. PloS One 15, e0232165. doi: 10.1371/journal.pone.0232165

 Claesson, M. J., Jeffery, I. B., Conde, S., Power, S. E., O'Connor, E. M., Cusack, S., et al. (2012). Gut microbiota composition correlates with diet and health in the elderly. Nature 488, 178–184. doi: 10.1038/nature11319

 Coconnier, M. H., Dlissi, E., Robard, M., Laboisse, C. L., Gaillard, J. L., and Servin, A. L. (1998). Listeria monocytogenes stimulates mucus exocytosis in cultured human polarized mucosecreting intestinal cells through action of listeriolysin O. Infect. Immun. 66, 3673–3681. doi: 10.1128/IAI.66.8.3673-3681.1998

 Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R., and Lappin-Scott, H. M. (1995). Microbial biofilms. Annu. Rev. Microbiol. 49, 711–745. doi: 10.1146/annurev.mi.49.100195.003431

 Costerton, J. W., Stewart, P. S., and Greenberg, E. P. (1999). Bacterial biofilms: a common cause of persistent infections. Science 284, 1318–1322. doi: 10.1126/science.284.5418.1318

 Cui, M., Xiao, H., Li, Y., Zhou, L., Zhao, S., Luo, D., et al. (2017). Faecal microbiota transplantation protects against radiation-induced toxicity. EMBO Mol. Med. 9, 448–461. doi: 10.15252/emmm.201606932

 Drago, L., Toscano, M., De Grandi, R., Casini, V., and Pace, F. (2016). Persisting changes of intestinal microbiota after bowel lavage and colonoscopy. Eur. J. Gastroenterol. Hepatol. 28, 532–537. doi: 10.1097/MEG.0000000000000581

 Drago, L., Valentina, C., and Fabio, P. (2019). Gut microbiota, dysbiosis and colon lavage. Digestive liver Dis. 51, 1209–1213. doi: 10.1016/j.dld.2019.06.012

 Edogawa, S., Peters, S. A., Jenkins, G. D., Gurunathan, S. V., Sundt, W. J., Johnson, S., et al. (2018). Sex differences in NSAID-induced perturbation of human intestinal barrier function and microbiota. FASEB J. 32 (12), fj201800560R. doi: 10.1096/fj.201800560R

 European Society of Coloproctology Collaborating Group (2018). The impact of stapling technique and surgeon specialism on anastomotic failure after right-sided colorectal resection: an international multicentre, prospective audit. Colorectal Dis. 20, 1028–1040. doi: 10.1111/codi.14308

 Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., et al. (2013). Cross-talk between akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad. Sci. U.S.A. 110, 9066–9071. doi: 10.1073/pnas.1219451110

 Finnie, I. A., Dwarakanath, A. D., Taylor, B. A., and Rhodes, J. M. (1995). Colonic mucin synthesis is increased by sodium butyrate. Gut 36, 93–99. doi: 10.1136/gut.36.1.93

 Flores-Mireles, A. L., Pinkner, J. S., Caparon, M. G., and Hultgren, S. J. (2014). EbpA vaccine antibodies block binding of enterococcus faecalis to fibrinogen to prevent catheter-associated bladder infection in mice. Sci. Transl. Med. 6, 254ra127. doi: 10.1126/scitranslmed.3009384

 Foppa, C., Ng, S. C., Montorsi, M., and Spinelli, A. (2020a). Anastomotic leak in colorectal cancer patients: New insights and perspectives. Eur. J. Surg. Oncol 46 (6), 943–954. doi: 10.1016/j.ejso.2020.02.027

 Foppa, C., Ng, S., Montorsi, M., and Spinelli, A. (2020b). Anastomotic leak in colorectal cancer patients: New insights and perspectives. Eur. J. Surg. Oncol. J. Eur. Soc. Surg. Oncol. Br. Assoc. Surg. Oncol. 46, 943–954. doi: 10.1016/j.ejso.2020.02.027

 Gaines, S., Shao, C., Hyman, N., and Alverdy, J. C. (2018). Gut microbiome influences on anastomotic leak and recurrence rates following colorectal cancer surgery. Br. J. Surg. 105, e131–ee41. doi: 10.1002/bjs.10760

 Gershuni, V. M., and Friedman, E. S. (2019). The microbiome-host interaction as a potential driver of anastomotic leak. Curr. Gastroenterol. Rep. 21, 4. doi: 10.1007/s11894-019-0668-7

 Goh, H. M. S., Yong, M. H. A., Chong, K. K. L., and Kline, K. A. (2017). Model systems for the study of enterococcal colonization and infection. Virulence 8, 1525–1562. doi: 10.1080/21505594.2017.1279766

 Grice, E. A., and Segre, J. A. (2011). The skin microbiome. Nat. Rev. Microbiol. 9, 244–253. doi: 10.1038/nrmicro2537

 Grootjans, J., Hundscheid, I. H., Lenaerts, K., Boonen, B., Renes, I. B., Verheyen, F. K., et al. (2013). Ischaemia-induced mucus barrier loss and bacterial penetration are rapidly counteracted by increased goblet cell secretory activity in human and rat colon. Gut 62, 250–258. doi: 10.1136/gutjnl-2011-301956

 Gurtner, G., Werner, S., Barrandon, Y., and Longaker, M. (2008). Wound repair and regeneration. Nature 453, 314–321. doi: 10.1038/nature07039

 Guyton, K., and Alverdy, J. (2017). The gut microbiota and gastrointestinal surgery. Nat. Rev. Gastroenterol. Hepatol. 14, 43–54. doi: 10.1038/nrgastro.2016.139

 Guyton, K. L., Hyman, N. H., and Alverdy, J. C. (2016). Prevention of perioperative anastomotic healing complications: Anastomotic stricture and anastomotic leak. Adv. Surg. 50, 129–141. doi: 10.1016/j.yasu.2016.03.011

 Hajjar, R., Santos, M. M., Dagbert, F., and Richard, C. S. (2019). Current evidence on the relation between gut microbiota and intestinal anastomotic leak in colorectal surgery. Am. J. Surg. 218, 1000–1007. doi: 10.1016/j.amjsurg.2019.07.001

 Hand, T. W. (2016). The role of the microbiota in shaping infectious immunity. Trends Immunol. 37, 647–658. doi: 10.1016/j.it.2016.08.007

 Hansson, G. C. (2012). Role of mucus layers in gut infection and inflammation. Curr. Opin. Microbiol. 15, 57–62. doi: 10.1016/j.mib.2011.11.002

 Hartlova, A., Cerveny, L., Hubalek, M., Krocova, Z., and Stulik, J. (2010). Membrane rafts: a potential gateway for bacterial entry into host cells. Microbiol. Immunol. 54, 237–245. doi: 10.1111/j.1348-0421.2010.00198.x

 Hooper, L., and Gordon, J. (2001). Commensal host-bacterial relationships in the gut. Sci. (New York NY) 292, 1115–1118. doi: 10.1126/science.1058709

 Hyoju, S. K., Klabbers, R. E., Aaron, M., Krezalek, M. A., Zaborin, A., Wiegerinck, M., et al. (2018). Oral polyphosphate suppresses bacterial collagenase production and prevents anastomotic leak due to serratia marcescens and pseudomonas aeruginosa. Ann. Surg. 267, 1112–1118. doi: 10.1097/SLA.0000000000002167

 Ianiro, G., Tilg, H., and Gasbarrini, A. (2016). Antibiotics as deep modulators of gut microbiota: between good and evil. Gut 65, 1906–1915. doi: 10.1136/gutjnl-2016-312297

 Imberty, A., Wimmerova, M., Mitchell, E. P., and Gilboa-Garber, N. (2004). Structures of the lectins from pseudomonas aeruginosa: insight into the molecular basis for host glycan recognition. Microbes Infect. 6, 221–228. doi: 10.1016/j.micinf.2003.10.016

 Jacobson, R. A., Williamson, A. J., Wienholts, K., Gaines, S., Hyoju, S., van Goor, H., et al. (2021). Prevention of anastomotic leak Via local application of tranexamic acid to target bacterial-mediated plasminogen activation: A practical solution to a complex problem. Ann. Surg. 274, e1038–e1e46. doi: 10.1097/SLA.0000000000003733

 Johansson, M. E., Gustafsson, J. K., Holmen-Larsson, J., Jabbar, K. S., Xia, L., Xu, H., et al. (2014). Bacteria penetrate the normally impenetrable inner colon mucus layer in both murine colitis models and patients with ulcerative colitis. Gut 63, 281–291. doi: 10.1136/gutjnl-2012-303207

 Kashiwagi, H. (1993). The lower limit of tissue blood flow for safe colonic anastomosis: an experimental study using laser Doppler velocimetry. Surg. Today 23, 430–438. doi: 10.1007/BF00309502

 Kim, S., Jung, S. H., and Kim, J. H. (2019). Ileostomy versus fecal diversion device to protect anastomosis after rectal surgery: a randomized clinical trial. Int. J. Colorectal Dis. 34, 811–819. doi: 10.1007/s00384-019-03255-9

 Kim, M. H., Kang, S. G., Park, J. H., Yanagisawa, M., and Kim, C. H. (2013). Short-chain fatty acids activate GPR41 and GPR43 on intestinal epithelial cells to promote inflammatory responses in mice. Gastroenterology 145, 396–406 e1-10. doi: 10.1053/j.gastro.2013.04.056

 Komen, N., Slieker, J., Willemsen, P., Mannaerts, G., Pattyn, P., Karsten, T., et al. (2014). Polymerase chain reaction for enterococcus faecalis in drain fluid: the first screening test for symptomatic colorectal anastomotic leakage. the appeal-study: analysis of parameters predictive for evident anastomotic leakage. Int. J. Colorectal Dis. 29, 15–21. doi: 10.1007/s00384-013-1776-8

 Kostic, A., Xavier, R., and Gevers, D. (2014). The microbiome in inflammatory bowel disease: current status and the future ahead. Gastroenterology 146, 1489–1499. doi: 10.1053/j.gastro.2014.02.009

 Krachler, A. M., and Orth, K. (2013). Targeting the bacteria-host interface: strategies in anti-adhesion therapy. Virulence 4, 284–294. doi: 10.4161/viru.24606

 Krarup, P. M., Eld, M., Heinemeier, K., Jorgensen, L. N., Hansen, M. B., and Agren, M. S. (2013). Expression and inhibition of matrix metalloproteinase (MMP)-8, MMP-9 and MMP-12 in early colonic anastomotic repair. Int. J. Colorectal Dis. 28, 1151–1159. doi: 10.1007/s00384-013-1697-6

 Kuusela, P. (1978). Fibronectin binds to staphylococcus aureus. Nature 276, 718–720. doi: 10.1038/276718a0

 Lahteenmaki, K., Edelman, S., and Korhonen, T. K. (2005). Bacterial metastasis: the host plasminogen system in bacterial invasion. Trends Microbiol. 13, 79–85. doi: 10.1016/j.tim.2004.12.003

 Lavelle, A., and Sokol, H. (2020). Gut microbiota-derived metabolites as key actors in inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol. 17, 223–237. doi: 10.1038/s41575-019-0258-z

 Lengfelder, I., Sava, I. G., Hansen, J. J., Kleigrewe, K., Herzog, J., Neuhaus, K., et al. (2019). Complex bacterial consortia reprogram the colitogenic activity of enterococcus faecalis in a gnotobiotic mouse model of chronic, immune-mediated colitis. Front. Immunol. 10, 1420. doi: 10.3389/fimmu.2019.01420

 Li, H., Limenitakis, J. P., Fuhrer, T., Geuking, M. B., Lawson, M. A., Wyss, M., et al. (2015). The outer mucus layer hosts a distinct intestinal microbial niche. Nat. Commun. 6, 8292. doi: 10.1038/ncomms9292

 Liu, L., Liang, L., Liang, H., Wang, M., Lu, B., Xue, M., et al. (2019). Fusobacterium nucleatum aggravates the progression of colitis by regulating M1 macrophage polarization via AKT2 pathway. Front. Immunol. 10, 1324. doi: 10.3389/fimmu.2019.01324

 Luong, P., Shogan, B., Zaborin, A., Belogortseva, N., Shrout, J., Zaborina, O., et al. (2014). Emergence of the P2 phenotype in pseudomonas aeruginosa PAO1 strains involves various mutations in mexT or mexF. J. bacteriology 196, 504–513. doi: 10.1128/JB.01050-13

 Lyte, M. (2014). The effect of stress on microbial growth. Anim. Health Res. Rev. 15, 172–174. doi: 10.1017/S146625231400019X

 Malan-Muller, S., Valles-Colomer, M., Raes, J., Lowry, C., Seedat, S., and Hemmings, S. (2018). The gut microbiome and mental health: Implications for anxiety- and trauma-related disorders. Omics J. Integr. Biol. 22, 90–107. doi: 10.1089/omi.2017.0077

 Mammen, J. M., and Matthews, J. B. (2003). Mucosal repair in the gastrointestinal tract. Crit. Care Med. 31, S532–S537. doi: 10.1097/01.CCM.0000081429.89277.AF

 Marks, E., Naudin, C., Nolan, G., Goggins, B., Burns, G., Mateer, S., et al. (2017). Regulation of IL-12p40 by HIF controls Th1/Th17 responses to prevent mucosal inflammation. Mucosal Immunol. 10, 1224–1236. doi: 10.1038/mi.2016.135

 Martens, M. F., and Hendriks, T. (1991). Postoperative changes in collagen synthesis in intestinal anastomoses of the rat: differences between small and large bowel. Gut 32, 1482–1487. doi: 10.1136/gut.32.12.1482

 Maurice, N. M., Bedi, B., and Sadikot, R. T. (2018). Pseudomonas aeruginosa biofilms: Host response and clinical implications in lung infections. Am. J. Respir. Cell Mol. Biol. 58, 428–439. doi: 10.1165/rcmb.2017-0321TR

 McCarty, S. M., and Percival, S. L. (2013). Proteases and delayed wound healing. Adv. Wound Care (New Rochelle) 2, 438–447. doi: 10.1089/wound.2012.0370

 McDermott, F., Heeney, A., Kelly, M., Steele, R., Carlson, G., and Winter, D. (2015). Systematic review of preoperative, intraoperative and postoperative risk factors for colorectal anastomotic leaks. Br. J. Surg. 102, 462–479. doi: 10.1002/bjs.9697

 Meneghin, A., and Hogaboam, C. M. (2007). Infectious disease, the innate immune response, and fibrosis. J. Clin. Invest. 117, 530–538. doi: 10.1172/JCI30595

 Mima, K., Sakamoto, Y., Kosumi, K., Ogata, Y., Miyake, K., Hiyoshi, Y., et al. (2020). Mucosal cancer-associated microbes and anastomotic leakage after resection of colorectal carcinoma. Surg. Oncol. 32, 63–68. doi: 10.1016/j.suronc.2019.11.005

 Mizuta, M., Endo, I., Yamamoto, S., Inokawa, H., Kubo, M., Udaka, T., et al. (2016). Perioperative supplementation with bifidobacteria improves postoperative nutritional recovery, inflammatory response, and fecal microbiota in patients undergoing colorectal surgery: a prospective, randomized clinical trial. Biosci. Microbiota Food Health 35, 77–87. doi: 10.12938/bmfh.2015-017

 Modasi, A., Pace, D., Godwin, M., Smith, C., and Curtis, B. (2019). NSAID administration post colorectal surgery increases anastomotic leak rate: systematic review/meta-analysis. Surg. endoscopy 33, 879–885. doi: 10.1007/s00464-018-6355-1

 Moore, B., Manthey, C., Johnson, D., and Bauer, A. (2011). Matrix metalloproteinase-9 inhibition reduces inflammation and improves motility in murine models of postoperative ileus. Gastroenterology 141, 1283–92, 92.e1-4. doi: 10.1053/j.gastro.2011.06.035

 Nallapareddy, S. R., and Murray, B. E. (2008). Role played by serum, a biological cue, in the adherence of enterococcus faecalis to extracellular matrix proteins, collagen, fibrinogen, and fibronectin. J. Infect. Dis. 197, 1728–1736. doi: 10.1086/588143

 Nallapareddy, S. R., Qin, X., Weinstock, G. M., Hook, M., and Murray, B. E. (2000). Enterococcus faecalis adhesin, ace, mediates attachment to extracellular matrix proteins collagen type IV and laminin as well as collagen type I. Infect. Immun. 68, 5218–5224. doi: 10.1128/IAI.68.9.5218-5224.2000

 Neutzling, C. B., Lustosa, S. A., Proenca, I. M., da Silva, E. M., and Matos, D. (2012). Stapled versus handsewn methods for colorectal anastomosis surgery. Cochrane Database Syst. Rev. (2), CD003144. doi: 10.1002/14651858.CD003144.pub2

 Nichols, R., and Condon, R. (1971). Preoperative preparation of the colon. Surgery gynecology obstetrics 132, 323–337.

 Ohigashi, S., Sudo, K., Kobayashi, D., Takahashi, T., Nomoto, K., and Onodera, H. (2013a). Significant changes in the intestinal environment after surgery in patients with colorectal cancer. J. gastrointestinal Surg. Off. J. Soc. Surg. Alimentary Tract 17, 1657–1664. doi: 10.1007/s11605-013-2270-x

 Ohigashi, S., Sudo, K., Kobayashi, D., Takahashi, T., Nomoto, K., and Onodera, H. (2013b). Significant changes in the intestinal environment after surgery in patients with colorectal cancer. J. Gastrointest Surg. 17, 1657–1664. doi: 10.1007/s11605-013-2270-x

 Okamoto, T., Akaike, T., Suga, M., Tanase, S., Horie, H., Miyajima, S., et al. (1997). Activation of human matrix metalloproteinases by various bacterial proteinases. J. Biol. Chem. 272, 6059–6066. doi: 10.1074/jbc.272.9.6059

 Olivas, A., Shogan, B., Valuckaite, V., Zaborin, A., Belogortseva, N., Musch, M., et al. (2012). Intestinal tissues induce an SNP mutation in pseudomonas aeruginosa that enhances its virulence: possible role in anastomotic leak. PloS One 7, e44326. doi: 10.1371/journal.pone.0044326

 Ouwerkerk, J. P., de Vos, W. M., and Belzer, C. (2013). Glycobiome: bacteria and mucus at the epithelial interface. Best Pract. Res. Clin. Gastroenterol. 27, 25–38. doi: 10.1016/j.bpg.2013.03.001

 Palmisano, S., Campisciano, G., Iacuzzo, C., Bonadio, L., Zucca, A., Cosola, D., et al. (2020). Role of preoperative gut microbiota on colorectal anastomotic leakage: preliminary results. Updates Surg. 72, 1013–1022. doi: 10.1007/s13304-020-00720-x

 Pantelis, D., Beissel, A., Kahl, P., Vilz, T., Stoffels, B., Wehner, S., et al. (2011). Colonic anastomotic healing in the context of altered macrophage function and endotoxemia. Int. J. colorectal Dis. 26, 737–746. doi: 10.1007/s00384-011-1171-2

 Parada Venegas, D., de la Fuente, M. K., Landskron, G., Gonzalez, M. J., Quera, R., Dijkstra, G., et al. (2019). Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance for inflammatory bowel diseases. Front. Immunol. 10, 277. doi: 10.3389/fimmu.2019.00277

 Pasternak, B., Matthiessen, P., Jansson, K., Andersson, M., and Aspenberg, P. (2010). Elevated intraperitoneal matrix metalloproteinases-8 and -9 in patients who develop anastomotic leakage after rectal cancer surgery: a pilot study. Colorectal Dis. 12, e93–e98. doi: 10.1111/j.1463-1318.2009.01908.x

 Patel, N., Zaborina, O., Wu, L., Wang, Y., Wolfgeher, D., Valuckaite, V., et al. (2007). Recognition of intestinal epithelial HIF-1alpha activation by pseudomonas aeruginosa. Am. J. Physiol. Gastrointestinal liver Physiol. 292, G134–G142. doi: 10.1152/ajpgi.00276.2006

 Paulsson, M., and Riesbeck, K. (2018). How bacteria hack the matrix and dodge the bullets of immunity. Eur. Respir. Rev. 27 (148), 180018. doi: 10.1183/16000617.0018-2018

 Peng, F., Liu, S., Hu, Y., Yu, M., Chen, J., and Liu, C. (2016). Influence of perioperative nonsteroidal anti-inflammatory drugs on complications after gastrointestinal surgery: A meta-analysis. Acta anaesthesiologica Taiwanica Off. J. Taiwan Soc. Anesthesiologists 54, 121–128. doi: 10.1016/j.aat.2016.11.002

 Ramphal, R., Guay, C., and Pier, G. B. (1987). Pseudomonas aeruginosa adhesins for tracheobronchial mucin. Infect. Immun. 55, 600–603. doi: 10.1128/iai.55.3.600-603.1987

 Reinhardt, C., Bergentall, M., Greiner, T. U., Schaffner, F., Ostergren-Lunden, G., Petersen, L. C., et al. (2012). Tissue factor and PAR1 promote microbiota-induced intestinal vascular remodelling. Nature 483, 627–631. doi: 10.1038/nature10893

 Ricard-Blum, S. (2011). The collagen family. Cold Spring Harb. Perspect. Biol. 3, a004978. doi: 10.1101/cshperspect.a004978

 Rieder, F., and Fiocchi, C. (2009). Intestinal fibrosis in IBD–a dynamic, multifactorial process. Nat. Rev. Gastroenterol. Hepatol. 6, 228–235. doi: 10.1038/nrgastro.2009.31

 Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G. A. D., Gasbarrini, A., et al. (2019). What is the healthy gut microbiota composition? a changing ecosystem across age, environment, diet, and diseases. Microorganisms 7 (1), 14. doi: 10.3390/microorganisms7010014

 Rodiño-Janeiro, B., Alonso-Cotoner, C., Pigrau, M., Lobo, B., Vicario, M., and Santos, J. (2015). Role of corticotropin-releasing factor in gastrointestinal permeability. J. Neurogastroenterol. Motil. 21, 33–50. doi: 10.5056/jnm14084

 Rolandelli, R. H., Koruda, M. J., Settle, R. G., and Rombeau, J. L. (1986). Effects of intraluminal infusion of short-chain fatty acids on the healing of colonic anastomosis in the rat. Surgery 100, 198–204.

 Russ, A. J., and Casillas, M. A. (2016). Gut microbiota and colorectal surgery: Impact on postoperative complications. Clin. Colon Rectal Surg. 29, 253–257. doi: 10.1055/s-0036-1584502

 Sato, T., and Clevers, H. (2013). Growing self-organizing mini-guts from a single intestinal stem cell: mechanism and applications. Science 340, 1190–1194. doi: 10.1126/science.1234852

 Scales, B. S., and Huffnagle, G. B. (2013). The microbiome in wound repair and tissue fibrosis. J. Pathol. 229, 323–331. doi: 10.1002/path.4118

 Schirbel, A., Kessler, S., Rieder, F., West, G., Rebert, N., Asosingh, K., et al. (2013). Pro-angiogenic activity of TLRs and NLRs: a novel link between gut microbiota and intestinal angiogenesis. Gastroenterology 144, 613–23 e9. doi: 10.1053/j.gastro.2012.11.005

 Schouten, S., De Bruin, A., Gosselink, M., Nigg, A., van Iterson, M., Biermann, K., et al. (2014). Is microvessel density correlated with anastomotic leakage after low anterior resection? Hepato-gastroenterology 61, 90–93.

 Schwarz-Linek, U., Werner, J. M., Pickford, A. R., Gurusiddappa, S., Kim, J. H., Pilka, E. S., et al. (2003). Pathogenic bacteria attach to human fibronectin through a tandem beta-zipper. Nature 423, 177–181. doi: 10.1038/nature01589

 Seal, J., Morowitz, M., Zaborina, O., An, G., and Alverdy, J. (2010). The molecular koch's postulates and surgical infection: A view forward. Surgery 147, 757–765. doi: 10.1016/j.surg.2010.03.008

 Sender, R., Fuchs, S., and Milo, R. (2016). Are we really vastly outnumbered? revisiting the ratio of bacterial to host cells in humans. Cell 164, 337–340. doi: 10.1016/j.cell.2016.01.013

 Shakhsheer, B., Lec, B., Zaborin, A., Guyton, K., Defnet, A., Bagrodia, N., et al. (2017). Lack of evidence for tissue hypoxia as a contributing factor in anastomotic leak following colon anastomosis and segmental devascularization in rats. Int. J. colorectal Dis. 32, 539–547. doi: 10.1007/s00384-016-2737-9

 Shoaf-Sweeney, K. D., and Hutkins, R. W. (2009). Adherence, anti-adherence, and oligosaccharides preventing pathogens from sticking to the host. Adv. Food Nutr. Res. 55, 101–161. doi: 10.1016/S1043-4526(08)00402-6

 Shogan, B. D., An, G. C., Schardey, H. M., Matthews, J. B., Umanskiy, K., Fleshman, J. W. Jr., et al. (2014). Proceedings of the first international summit on intestinal anastomotic leak, Chicago, Illinois, October 4-5, 2012. Surg. Infect. (Larchmt) 15, 479–489. doi: 10.1089/sur.2013.114

 Shogan, B. D., Belogortseva, N., Luong, P. M., Zaborin, A., Lax, S., Bethel, C., et al. (2015). Collagen degradation and MMP9 activation by enterococcus faecalis contribute to intestinal anastomotic leak. Sci. Transl. Med. 7, 286ra68. doi: 10.1126/scitranslmed.3010658

 Shogan, B., Belogortseva, N., Luong, P., Zaborin, A., Lax, S., Bethel, C., et al. (2015). Collagen degradation and MMP9 activation by enterococcus faecalis contribute to intestinal anastomotic leak. Sci. Trans. Med. 7, 286ra68. doi: 10.1126/scitranslmed.3010658

 Shogan, B. D., Carlisle, E. M., Alverdy, J. C., and Umanskiy, K. (2013). Do we really know why colorectal anastomoses leak? J. Gastrointest Surg. 17, 1698–1707. doi: 10.1007/s11605-013-2227-0

 Shogan, B. D., Smith, D. P., Christley, S., Gilbert, J. A., Zaborina, O., and Alverdy, J. C. (2014). Intestinal anastomotic injury alters spatially defined microbiome composition and function. Microbiome 2, 35. doi: 10.1186/2049-2618-2-35

 Shogan, B., Smith, D., Christley, S., Gilbert, J., Zaborina, O., and Alverdy, J. (2014). Intestinal anastomotic injury alters spatially defined microbiome composition and function. Microbiome 2, 35. doi: 10.1186/2049-2618-2-35

 Sido, B., Teklote, J., Hartel, M., Friess, H., and Büchler, M. (2004). Inflammatory response after abdominal surgery. Best Pract. Res. Clin. anaesthesiology 18, 439–454. doi: 10.1016/j.bpa.2003.12.006

 Singh, B., Fleury, C., Jalalvand, F., and Riesbeck, K. (2012a). Human pathogens utilize host extracellular matrix proteins laminin and collagen for adhesion and invasion of the host. FEMS Microbiol. Rev. 36, 1122–1180. doi: 10.1111/j.1574-6976.2012.00340.x

 Singh, B., Fleury, C., Jalalvand, F., and Riesbeck, K. (2012b). Human pathogens utilize host extracellular matrix proteins laminin and collagen for adhesion and invasion of the host. FEMS Microbiol. Rev. 36, 1122–1180. doi: 10.1111/j.1574-6976.2012.00340.x

 Singh, K. V., Nallapareddy, S. R., Sillanpaa, J., and Murray, B. E. (2010). Importance of the collagen adhesin ace in pathogenesis and protection against enterococcus faecalis experimental endocarditis. PloS Pathog. 6, e1000716. doi: 10.1371/journal.ppat.1000716

 Skariyachan, S., Sridhar, V. S., Packirisamy, S., Kumargowda, S. T., and Challapilli, S. B. (2018). Recent perspectives on the molecular basis of biofilm formation by pseudomonas aeruginosa and approaches for treatment and biofilm dispersal. Folia Microbiol. (Praha) 63, 413–432. doi: 10.1007/s12223-018-0585-4

 Soler, A. P., Miller, R. D., Laughlin, K. V., Carp, N. Z., Klurfeld, D. M., and Mullin, J. M. (1999). Increased tight junctional permeability is associated with the development of colon cancer. Carcinogenesis 20, 1425–1431. doi: 10.1093/carcin/20.8.1425

 Sperandio, V., Torres, A., Jarvis, B., Nataro, J., and Kaper, J. (2003). Bacteria-host communication: the language of hormones. Proc. Natl. Acad. Sci. United States America 100, 8951–8956. doi: 10.1073/pnas.1537100100

 Stappenbeck, T. S., Hooper, L. V., and Gordon, J. I. (2002). Developmental regulation of intestinal angiogenesis by indigenous microbes via paneth cells. Proc. Natl. Acad. Sci. U.S.A. 99, 15451–15455. doi: 10.1073/pnas.202604299

 Stumpf, M., Klinge, U., Wilms, A., Zabrocki, R., Rosch, R., Junge, K., et al. (2005). Changes of the extracellular matrix as a risk factor for anastomotic leakage after large bowel surgery. Surgery 137, 229–234. doi: 10.1016/j.surg.2004.07.011

 Sun, J., Hobert, M. E., Rao, A. S., Neish, A. S., and Madara, J. L. (2004). Bacterial activation of beta-catenin signaling in human epithelia. Am. J. Physiol. Gastrointest Liver Physiol. 287, G220–G227. doi: 10.1152/ajpgi.00498.2003

 Sun, M. F., and Shen, Y. Q. (2018). Dysbiosis of gut microbiota and microbial metabolites in parkinson's disease. Ageing Res. Rev. 45, 53–61. doi: 10.1016/j.arr.2018.04.004

 Swanson, P. A. 2nd, Kumar, A., Samarin, S., Vijay-Kumar, M., Kundu, K., Murthy, N., et al. (2011). Enteric commensal bacteria potentiate epithelial restitution via reactive oxygen species-mediated inactivation of focal adhesion kinase phosphatases. Proc. Natl. Acad. Sci. U.S.A. 108, 8803–8808. doi: 10.1073/pnas.1010042108

 Tailford, L. E., Crost, E. H., Kavanaugh, D., and Juge, N. (2015). Mucin glycan foraging in the human gut microbiome. Front. Genet. 6, 81. doi: 10.3389/fgene.2015.00081

 Thompson, S. K., Chang, E. Y., and Jobe, B. A. (2006). Clinical review: Healing in gastrointestinal anastomoses, part I. Microsurgery 26, 131–136. doi: 10.1002/micr.20197

 Thornton, F. J., and Barbul, A. (1997). Healing in the gastrointestinal tract. Surg. Clin. North Am. 77, 549–573. doi: 10.1016/S0039-6109(05)70568-5

 Tomita, H., and Ike, Y. (2004). Tissue-specific adherent enterococcus faecalis strains that show highly efficient adhesion to human bladder carcinoma T24 cells also adhere to extracellular matrix proteins. Infect. Immun. 72, 5877–5885. doi: 10.1128/IAI.72.10.5877-5885.2004

 Tsai, Y. Y., and Chen, W. T. (2019). Management of anastomotic leakage after rectal surgery: a review article. J. Gastrointest Oncol. 10, 1229–1237. doi: 10.21037/jgo.2019.07.07

 Tsang, K. W., Shum, D. K., Chan, S., Ng, P., Mak, J., Leung, R., et al. (2003). Pseudomonas aeruginosa adherence to human basement membrane collagen in vitro. Eur. Respir. J. 21, 932–938. doi: 10.1183/09031936.03.00097302

 Türler, A., Moore, B., Pezzone, M., Overhaus, M., Kalff, J., and Bauer, A. (2002). Colonic postoperative inflammatory ileus in the rat. Ann. Surg. 236, 56–66. doi: 10.1097/00000658-200207000-00010

 Tytgat, H. L. P., Nobrega, F. L., van der Oost, J., and de Vos, W. M. (2019). Bowel biofilms: Tipping points between a healthy and compromised gut? Trends Microbiol. 27, 17–25. doi: 10.1016/j.tim.2018.08.009

 Tzivanakis, A., Singh, J., Guy, R., Travis, S., Mortensen, N., and George, B. (2012). Influence of risk factors on the safety of ileocolic anastomosis in crohn's disease surgery. Dis. colon rectum 55, 558–562. doi: 10.1097/DCR.0b013e318247c433

 Vallance, A., Wexner, S., Berho, M., Cahill, R., Coleman, M., Haboubi, N., et al. (2017). A collaborative review of the current concepts and challenges of anastomotic leaks in colorectal surgery. Colorectal Dis. 19, O1–O12. doi: 10.1111/codi.13534

 van der Vijver, R., van Laarhoven, C., de Man, B., Lomme, R., and Hendriks, T. (2012). The effect of fibrin glue on the early healing phase of intestinal anastomoses in the rat. Int. J. colorectal Dis. 27, 1101–1107. doi: 10.1007/s00384-012-1435-5

 van Praagh, J. B., de Goffau, M. C., Bakker, I. S., Harmsen, H. J., Olinga, P., and Havenga, K. (2016). Intestinal microbiota and anastomotic leakage of stapled colorectal anastomoses: a pilot study. Surg. Endosc 30, 2259–2265. doi: 10.1007/s00464-015-4508-z

 van Praagh, J. B., de Goffau, M. C., Bakker, I. S., van Goor, H., Harmsen, H. J. M., Olinga, P., et al. (2019). Mucus microbiome of anastomotic tissue during surgery has predictive value for colorectal anastomotic leakage. Ann. Surg. 269, 911–916. doi: 10.1097/SLA.0000000000002651

 Vatanen, T., Kostic, A., d'Hennezel, E., Siljander, H., Franzosa, E., Yassour, M., et al. (2016). Variation in microbiome LPS immunogenicity contributes to autoimmunity in humans. Cell 165, 1551. doi: 10.1016/j.cell.2016.04.007

 Wang, J., Kurilshikov, A., Radjabzadeh, D., Turpin, W., Croitoru, K., Bonder, M. J., et al. (2018). Meta-analysis of human genome-microbiome association studies: the MiBioGen consortium initiative. Microbiome 6, 101. doi: 10.1186/s40168-018-0479-3

 Wang, F., Li, Q., Wang, C., Tang, C., and Li, J. (2012). Dynamic alteration of the colonic microbiota in intestinal ischemia-reperfusion injury. PloS One 7, e42027. doi: 10.1371/journal.pone.0042027

 Wang, X., Tang, Q., Hou, H., Zhang, W., Li, M., Chen, D., et al. (2021). Gut microbiota in NSAID enteropathy: New insights from inside. Front. Cell. infection Microbiol. 11, 679396. doi: 10.3389/fcimb.2021.679396

 Wiegerinck, M., Hyoju, S. K., Mao, J., Zaborin, A., Adriaansens, C., Salzman, E., et al. (2018). Novel de novo synthesized phosphate carrier compound ABA-PEG20k-Pi20 suppresses collagenase production in enterococcus faecalis and prevents colonic anastomotic leak in an experimental model. Br. J. Surg. 105, 1368–1376. doi: 10.1002/bjs.10859

 Wojnicz, D., and Jankowski, S. (2007). Effects of subinhibitory concentrations of amikacin and ciprofloxacin on the hydrophobicity and adherence to epithelial cells of uropathogenic escherichia coli strains. Int. J. Antimicrob. Agents 29, 700–704. doi: 10.1016/j.ijantimicag.2007.01.007

 Wu, L., Estrada, O., Zaborina, O., Bains, M., Shen, L., Kohler, J., et al. (2005). Recognition of host immune activation by pseudomonas aeruginosa. Sci. (New York NY) 309, 774–777. doi: 10.1126/science.1112422

 Wu, N., Yang, X., Zhang, R., Li, J., Xiao, X., Hu, Y., et al. (2013). Dysbiosis signature of fecal microbiota in colorectal cancer patients. Microb. Ecol. 66, 462–470. doi: 10.1007/s00248-013-0245-9

 Yauw, S. T., Wever, K. E., Hoesseini, A., Ritskes-Hoitinga, M., and van Goor, H. (2015). Systematic review of experimental studies on intestinal anastomosis. Br. J. Surg. 102, 726–734. doi: 10.1002/bjs.9776

 Yi, Y., Shen, L., Shi, W., Xia, F., Zhang, H., Wang, Y., et al. (2021). Gut microbiome components predict response to neoadjuvant chemoradiotherapy in patients with locally advanced rectal cancer: A prospective, longitudinal study. Clin. Cancer Res. an Off. J. Am. Assoc. Cancer Res. 27, 1329–1340. doi: 10.1158/1078-0432.CCR-20-3445

 Young, H. L., and Wheeler, M. H. (1983). Collagenase inhibition in the healing colon. J. R Soc. Med. 76, 32–36. doi: 10.1177/014107688307600108

 Young, H. L., and Wheeler, M. H. (1984). Results of a prospective randomized double-blind trial of aprotinin in colonic surgery. World J. Surg. 8, 367–373. doi: 10.1007/BF01655079

 Zhou, L., Zhang, M., Wang, Y., Dorfman, R. G., Liu, H., Yu, T., et al. (2018). Faecalibacterium prausnitzii produces butyrate to maintain Th17/Treg balance and to ameliorate colorectal colitis by inhibiting histone deacetylase 1. Inflammation Bowel Dis. 24, 1926–1940. doi: 10.1093/ibd/izy182



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Li and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        New understanding of gut microbiota and colorectal anastomosis leak: A collaborative review of the current concepts

      

        		

          Introduction

        



        		

          Gut microbiota dysbiosis related to AL

        



        		

          Factors contributing to the varied gut microbiota potentially related to AL

        

          		

            Preoperative factors

          

            		

              Antibiotics and MBP

            



            		

              Neoadjuvant radiation and nonsteroidal anti-inflammatory therapy

            



          



          



          		

            Intraoperative factors

          

            		

              Poor perfusion and hypoxia

            



            		

              Inflammation

            

              		

                Preexisting intestinal inflammation

              



              		

                Surgical tissue injury and wound healing-related inflammation

              



            



            



            		

              Surgical stress

            



            		

              Exposure to oxygen during surgery

            



          



          



        



        



        		

          Colonization of pathogens on the gut mucosa

        

          		

            ECM is a prerequisite for bacterial colonization

          

            		

              Collagen

            



            		

              Fibronectin

            



            		

              Laminin

            



          



          



          		

            AL-related pathogens equipped with adhesins

          

            		

              Enterococcus faecalis

            



            		

              Pseudomonas aeruginosa

            



          



          



          		

            Biofilm formation supports pathogen colonization

          



          		

            Weakened commensal bacterium-induced colonization resistance

          



        



        



        		

          The mechanism of pathogens affecting anastomotic healing

        

          		

            Mucin layer

          



          		

            Epithelial layer

          



          		

            Submucosal layer

          

            		

              Matrix metalloproteinases

            



            		

              Plasminogen

            



          



          



          		

            Potential effects of the gut microbiota on angiogenesis on the anastomosis site

          



        



        



        		

          Future perspectives and therapeutic approaches

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-12-1022603-g002.jpg
Biofilm formation
LEVEL 1: Gut microbiota in
AL patients

Weakened Colonization Mucin degration W

s TOSISTANCE _p S
X e 7

—~

LEVEL 2: Pathogenic bacteria
colonization

C O onlzat10n

’“ LEVEL 3: Pathogenic bacteria

—— %?( impede anastomosis
| healing

F&P aeruginosa * E faecalis

Angiogenesis ? . Collagens Q‘2“%@.Fibrinog_g,en
&-a<——» ec=— G "H Laminin

e e RTINS eae— e—» @ s \ Fibroblast






OEBPS/Images/fcimb-12-1022603-g001.jpg
The factors contribute to AL gut

AL specific pathogenic bacteria
colonize on anastomosis site

LEVEL 2

AL specific pathogenic bacteria
LEVEL 1 impede anastomosis healing

Perioperative factors
Intraoperative factors

Pathogen adhesin——host ECM interaction

Cadherin mediated epithelial-pathogen interactions
Biofilm formation

Colonization resistance

Mucin

Epithelial

Submucosa-Collagen breakdown (MMPs, PLG)
Angiogenesis





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2022.1022603_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

New understanding of gut
microbiota and colorectal
anastomosis leak: A
collaborative review of the
current concepts





OEBPS/Images/table1.jpg
Reference Year No. of

Mizuta et al.
(2016)

van Praagh
et al. (2016)

van Praagh
et al. (2019)

Shogan et al.
(Shogan,
et al., 2015)

Komen et al.
(2014)

Palmisano
et al. (2020)

Mima et al.
(2020)

2016

2016

2019

2015

2014

2020

2020

cases
60
16
(AL =38)
123
(AL =29)
11
(AL=1)
243
(AL = 19)
48
(AL =5)
256

Sample
type

Stool

Anastomosis
site tissue

Anastomosis
site tissue

Distal and
proximal end
swabs

Abdominal
drain fluid

Stool
samples

Fresh frozen
tissues of
colorectal
cancer

Time
point

Before
surgery and
1 week after
surgery

During
surgery

During
surgery

During
surgery

Postoperative
days 1-5

Before
surgery and
after
neoadjuvant
treatment

During
surgery

Method

16S rRNA
sequencing

16S rRNA
sequencing

16S rRNA
sequencing

16S rRNA
sequencing

RT-PCR
for specific
microbes

16S rRNA
sequencing

RT-PCR
for specific
microbes

Design of the study

Patients undergoing colorectal resection
were randomized to two groups before
resection. One group received a probiotic
supplement (Bifidobacterium longum
BB536), preoperatively for 7-14 days and
postoperatively for 14 days, while the
other group received no intervention as a
control. Postoperative infectious
complications were the primary
endpoint.

Eight patients who developed AL
requiring reintervention and eight
matched controls without AL were
compared.

Twenty-nine patients who developed AL
were matched by sex, age, and
preoperative chemotherapy and
radiotherapy with 94 patients who did
not.

Patients undergoing colon surgery
consented to participate in the study.
‘When the operating surgeon removed
the colon sample, the distal and proximal
ends were immediately swabbed for 16§
rRNA analysis and aerobic culture.

Patients enrolled in a multicenter
prospective observational study
underwent left-sided colorectal resection
for malignant and benign tumors. In all
patients, an intra-abdominal drain was
placed during the operation. The
quantitative results of the RT-PCR on
days 2-5 were compared to those of
day 1 to detect changes.

Colorectal cancer patients were divided
into an anastomotic leak group and an
uneventful recovery group.

This retrospective case-control study
included colorectal cancer patients who
underwent elective colorectal resection.

Main findings

The proportions of fecal bacteria changed
significantly in both groups. Actinobacteria
increased in the probiotic group,
Bacteroidetes and Proteobacteria increased in
the control group, and Firmicutes decreased
in both groups. Four patients in the control
group, but none in the probiotic group,
experienced postoperative anastomotic
leakage (p = 0.10).

Lachnospiraceaeis is higher, while the
microbial diversity levels were lower in AL
patients.

In non-C-seal patients, AL development was
related to low microbial diversity and high
abundance of Bacteroidaceae and
Lachnospiraceae. In C-seal patients, where
the AL rates were slightly higher (25% vs.
17%), association with the gut microbiota
composition was hardly detectable. A few
opportunistic pathogenic taxa were associated
with AL in C-seal patients, especially
Prevotella oralis.

Disturbed microbial community structure
and membership distribution in anastomotic
tissues among the 11 patients. One patient
who received reoperation for AL showed a
ratio of Proteobacteria to Bacteroidetes of 3:1,
indicative of a highly imbalanced microbiota.

Increased Escherichia coli concentration was
found in AL patients on days 4 and 5. For
Enterococcus faecalis, this result was found
for days 2-4, with the highest on day 3.

AL patients showed increased Acinetobacter
Iwoffii and Hafnia alvei, an array of bacterial
species that promoted dysbiosis. Non-AL
patients showed increased Faecalibacterium
prausnitzii and Barnesiella intestinihominis,
which have a protective function.

Patients with high Bifidobacterium levels are
at high risk of anastomotic leakage.





