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Abstract

:

The gut microbiota refers to bacteria lodges in the gastrointestinal tract (GIT) that interact through various complex mechanisms. The disturbance of this ecosystem has been correlated with several diseases, such as neurologic, respiratory, cardiovascular, and metabolic diseases and cancer. Therefore, the modulation of the gut microbiota has emerged as a potential therapeutic tool; of the various forms of gut microbiota modulation, fecal microbiota transplantation (FMT) is the most approached. This recent technique involves introducing fecal material from a healthy donor into the patient’s gastrointestinal tract, aiming to restore the gut microbiota and lead to the resolution of symptoms. This procedure implies a careful donor choice, fine collection and handling of fecal material, and a balanced preparation of the recipient and consequent administration of the prepared content. Although FMT is considered a biological therapy with promising effects, side effects such as diarrhea and abdominal pain have also been claimed, making this a significant challenge in the application of FMT. Bearing this in mind, the present review aims to summarize the recent advances in understanding FMT mechanisms, their impact across different pathological conditions, and the associated side effects, emphasizing the most recent published data.






Keywords:


fecal microbiota transplantation; gut microbiota; neurological disorders; cardiometabolic disorders; gastrointestinal disorders; cancer












1. Introduction


For almost a century, it has been recognized that human beings have a diverse and dense ecosystem of microorganisms, which is currently called the human microbiome, where the number of bacterial cells exceeds the total number of human cells and has a progressive distal increase in bacteria along the gastrointestinal tract (GIT). However, we are still beginning to understand how these microorganisms behave and play a role in human health [1].



The human microbiota comprises more than 100 trillion different microbial species, within which bacteria, fungi, viruses, archaea, and protozoa can be distinguished [2]. These microorganisms and their genes form a very dynamic microbial community living in different areas of the human body and playing a vital role in the host’s health [1,3]. Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria are four of the most abundant phyla in the human microbiome, with the first two representing together 90% of the microbiota composition [4,5]. Indeed, from the functional and anatomical point of view, the composition of an adult human microbiome remains practically stable and resilient over time, as its great microbial diversity is acquired during and after birth [6]. Nevertheless, microbiome composition can be changed at any time in an individual’s life by targeted and untargeted interventions [7], such as diet, probiotics, prebiotics, viruses, host genetics, and drugs [6]; bio-engineered commensals and drugs targeting selected microbial metabolism [2]; and bacteriophage therapy and CRISPR-Cas9 [8,9]. Additionally, studies have claimed that gut microbiome composition can also be mainly shaped by environmental factors [10]. Actually, this complex ecosystem has already been recognized for many functions, with active participation in human homeostatic mechanisms, such as nutrient metabolism, maintenance of the integrity of the intestinal mucosa barrier, satiety regulation, defense against pathogens, and development of the immune system [1,11].



In the GIT resides the most significant number and diversity of microorganisms [12], and they coexist in harmony with their host, demonstrating a symbiotic relationship [8]. The gut microbiota affects not only the intestine but also several other areas, such as the heart, liver, kidneys, lungs, and even the immune system [12,13]. Although a balance should be respected between the microbiome and its host to optimize metabolic and immune functions, there is no ideal composition since each individual has a distinct microbiome [14]. Nevertheless, evidence for the importance of a stable microbiome today is unmistakable [1,15]. Many studies support the idea that certain bacterial species in the digestive tract have pathogenic potential, while others are protective and prevent colonization through several recently discovered mechanisms [16,17,18]. Therefore, when dysregulation of the human microbiota occurs, such process is called dysbiosis, which in certain diseases could represent the pathophysiological onset [3]. Indeed, it has been shown that bacteria can appear in different areas of the human body and can communicate with each other bidirectionally, thereby indicating that a vital crossover dialogue between the mucous membranes of the human body (both in a healthy and a pathological state) may exist, since the presence of intestinal complications has been demonstrated in respiratory, cardiac and central nervous system diseases [19]. Therefore, with the present review, we intend to hypothesize fecal microbiota transplantation (FMT) as a prominent method to reshape gut microbiota, describing its positive changes in the progression of diseases, and to explore how the exposure to the donor’s microbiota may change the immunological tone arising from the intestinal wall by addressing some critical issues, such as the following: (1) To what extent does the recipient shift their microbiome to a more favorable phenotype? (2) How does key species engraftment taking place determine the recipient’s success?



Bearing all this in mind, in addition to the need to clarify the microbiome’s role in physiological and pathological conditions, it also becomes important to explore strategies or therapies that can modulate it, as is the case of FMT procedures. For that, in the scope of this review, we will discuss the current understanding of FMT by reviewing recent experimental data addressing FMT’s potential and efficiency in treating multiple diseases, namely neurological, cardiometabolic, gastrointestinal, and respiratory disorders and cancer [20]. Therefore, using different electronic databases, including PubMed and Web of Science, from conception to July 2022, the purpose was to conduct a literature search to locate relevant papers using the keywords ‘Fecal Microbiota Transplantation’ (and their respective correlation) with ‘Gut Microbiota’, ‘Neurological Disorders’, ‘Cardiometabolic Disorders’, ‘Gastrointestinal Disorders’, and ‘Cancer’ (see Figure 1). Based on this, studies had to satisfy the following requirements to be included in this review: studies related to one of the pathologies mentioned above, full text available, human or animal studies, and a control group receiving a placebo or an autologous FMT. Studies with patients receiving FMT through different modalities, such as colonoscopy, enema, or enteric tubes, were all considered for this review (Figure 1). Furthermore, each one of the retrieved papers was evaluated for relevance and cross-references, and duplicates were eliminated.




2. Fecal Microbiota Transplantation


Nowadays, FMT is used in humans and animals as a way of treatment for numerous conditions associated with gut dysbiosis or during scientific experiments to study the role of the microbiota in organisms [3]. Experimentally, this method involves transferring the intestinal bacterial community from a previously studied healthy donor, or from the recipient in a specific period before the onset of the disease and associated dysbiosis, to a recipient who has an imbalance in their gut microbiota [3,20].



Several studies reported that this strategy reduces mortality among severe Clostridium difficile infection (CDI) patients [21,22], with a recent meta-analysis concluding that FMT results in a 90% clinical resolution of CDI symptoms [23]. This is often used in the treatment of gastrointestinal diseases caused by pathogenic microorganisms, which is an important subject due to its relationship with the hypothesis of evolution and improvement in so many other pathologies, such as metabolic syndrome, diabetes, multiple sclerosis, psoriasis, Crohn’s disease, and Parkinson’s disease [20,24]. This may represent a unique approach to patients who would otherwise be prohibited from surgery due to their age, comorbidities, or clinical status and are now a target population for this therapy [24,25].



Initially, it was thought that the donor should be a relative of the patient to have greater efficiency and less chance of rejection. However, recent studies have found that fecal material taken from nonrelatives has the same effect as that from close relatives, so the donor could be a family member, friend, or an unrelated volunteer, as long as they meet the required parameters [22,26,27]. Several scientific studies have highlighted that men and women have different microbial behavior with similar microbiota profiles. Such an issue has indeed been discussed, and considerations about the role of sex hormones in immunity and susceptibility to infections and chronic diseases exist, whereby there are indications that during FMT, gender should be considered [3]. Although this point is still a matter of discussion, it has become clear that microbiota in human and animal models varies according to gender, with males and females having different actions and profiles with the same bacteria [28,29]. In fact, these sex disparities have also been correlated with varying effects on systemic immunology, local GIT inflammation, and susceptibility to various inflammatory illnesses. Indeed, several animal studies have shown that male mice had considerably lower Bacteroidetes levels than females, and a more excellent ratio of Firmicutes and Bacteroidetes than female mice, demonstrating that sex impacts the gut microbiota profile [28,29]. The gut microbiota not only varies between intestinal metabolism and immune reactions (e.g., inflammation) but also presents different profiles between males and females, which could potentially contribute to disparities regarding immunity [30]. Therefore, when considering FMT, studies have already indicated that gender immune differences led to different reactions after FMT procedures. The hypothesis is that this should be regarded as selecting gender-specific gut microbiota composition [30,31], which could open the possibility of developing personalized strategies to target gut microbiota in different diseases.



To ensure that the donor is wholly healthy and to minimize the potential for infectious transmissions of transmissible diseases to the recipient, all FMT donors must undergo rigorous screening [27]. For instance, potential donors are questioned about their travel history, previous surgical interventions, sexual behavior, blood transfusions, and antibiotic use, as well as about their clinical conditions such as asthma, allergies, autoimmune or metabolic diseases, and other factors that increase the risk of transmissible disease [32,33]. In addition, host genetic factors such as diet, innate immune responses, xenobiotic exposure throughout life, and microbial interactions may also shape FMT [34]. Nevertheless, FMT is not a standardized treatment, and protocols differ according to local procedures [26]. Precisely, fecal microbiota administration can be performed in several ways, namely by oral capsules, nasogastric or gastroenteric tube in the upper gastrointestinal tract (UGT), and colonoscopy or enema in the lower gastrointestinal tract (LGT) [7]. Of all these procedures, colonoscopy is the most used method, presenting higher efficacy rates in a global analysis [35] and more advantages than other methods because the fecal substrate is deep in the cecum. In addition, there is no risk of fast removal of the fecal material, which is very likely to happen with enema administrations [3]. Similarly, administering oral capsules has several advantages, such as less invasiveness, higher patient acceptability, and no sedation risk. However, the expensive and enormous capsule burden are the major drawbacks claimed by the patients. Regarding the use of an enema, this can be considered because of its low cost, less invasive method, no associated sedation risk, and the fact that it can be easily repeated. Remarkably, studies have suggested that this method can be used in pediatric patients as well as in multiple administrations of biomaterials to increase the effectiveness of the FMT procedures [36]. Despite promising outcomes, there is no consensus on the ideal route of administration for FMT. Still, Furuya-Kanamori et al. and Nicco et al. suggested that lower gastrointestinal FMT delivery may be preferable to upper gastrointestinal delivery, as patients treated via UGT had 3 times more risk of clinical failure compared to those treated via LGT, despite it being performed in a controlled environment and covering the entire colon [27,37]. Patients’ clinical presentation and personal preferences can help decide on an administration method.



Fresh or frozen stools can be used for the transplant process, as the frozen ones also maintain their molecular integrity and appear not to influence the efficacy outcomes of FMT [26,35,38]. When using fresh material, collecting the biomaterial in a unique disposable container directly at the place where the fecal material will be processed is recommended. Therefore, freshly collected samples must be delivered to the processing site as a ready-to-use product to further increase sample viability and efficacy within all the procedures [39,40]. Before and after the collection of the fecal material, screening must be carried out to ensure that all feces collected and frozen between the two dates are safe [27]. In preparing the donor’s stool for the transplant, some discrepancies exist across labs. However, similar steps are taken, such as combining feces with a bacteriostatic solution, removing particle matter, and increasing the feces delivered to the receiver. In addition, dilution ratios are considered, as they can input possible modifications in the heterogeneity of fecal microorganisms among donors and recipients. So, the sample must be initially diluted, usually with a saline solution or water, followed by homogenization and filtration through a sterile gauze or stainless-steel sieve to remove any particle or gross material, if required. Then the prepared feces can be frozen at least –80°C with the addition of glycerin or used immediately [26,41]. After defrosting, refreezing must not be allowed. More recently, new processing and storage techniques have been introduced. For instance, the fecal aliquot straw technique (FAST) enables a simple and reproducible fecal processing/storage with fewer resources, allowing samples to be stored at extremely low temperatures for lengthy periods and easily subsampled without the need to thaw them several times [24,29].



In studies concerning CDI treatment, it has been suggested that only one infusion of FMT is needed to achieve promising results. This is curious and interesting at the same time because C. difficile is an opportunistic pathogen that thrives in dysbiotic environments, re-storing healthy gut microbiota and allowing the naturally occurring microbiome to compete with the toxigenic strain of C. difficile, thereby leading to the infection’s eventual resolution in 90% of cases. However, for other chronic/inflammatory diseases, such as irritable bowel syndrome and obesity, studies have claimed that more than one transplantation procedure is required since the diversity of pathogenic bacteria involved in the onset and progression of these diseases is much larger than that in CDI. Nevertheless, disease stage and condition cannot be excluded, as variations in different contexts (e.g., inflammation levels, cytokine levels, bacterial levels) may also influence and modulate the treatment requirements [41]. Therefore, several studies prove that FMT is an up-and-coming option for treating various diseases, differing from each other in clinical characteristics and pathophysiology, as shown in Figure 2. Thus, it is expected in the future that we will be able to obtain different FMT protocols for the most varied diseases, achieving greater individualization in the techniques.




3. FMT and Neurological Disorders


In the past few years, researchers have found that the gut microbiota affects several parts of the human body, having an essential role in the pathophysiology of certain diseases. It can affect the functioning and development of the central nervous system (CNS) through interaction with the gut–brain axis, affecting the brain’s physiological, behavioral, and cognitive functions [42].



Although studies have reported an alteration in the human gut microbiota composition compared to healthy controls, the exact mechanism of communication between the brain and the gut has not yet been fully understood. Some neurological disorders where this connection is already known to exist are Parkinson’s disease [43], multiple sclerosis [44], autism spectrum disorder [45,46], Alzheimer’s disease [47], depression [48], and others.



This axis is bidirectional crosstalk between the brain and the GIT and its microbiota, involving multiple overlapping pathways such as the endocrine, nervous, and immune systems [49,50]. The bacteria and other microorganisms present in the gut are in constant contact with the intestinal epithelium, which in turn is surrounded by muscles and nerve cells, the so-called enteric nerve system, and these cells are also in connection with the autonomic nervous system, thus providing the complex communication and interaction between the gut and brain [51].



Intestinal dysbiosis can negatively influence the physiology of the gut, causing an inadequate transmission of stimuli along the gut–brain axis and, consequently, causing a change in intestinal permeability and the entry of cytokines into the bloodstream. Lipopolysaccharides (LPSs) are pro-inflammatory endotoxins that can influence the modulation of the central nervous system by modulating the neuropeptide synthesis and increasing the activity of areas connected to emotionalism control [46,50]. This activation of the inflammatory and immune responses has been mentioned as a causal factor for the onset of psychiatric disorders such as depression and schizophrenia [46,49]. Cytokines and metabolites produced by gut microbiota, such as short-chain fatty acids (SCFAs), gamma-aminobutyric acid (GABA), tryptophan, serotonin, and catecholamines, can signal to long-distance targets beyond the GIT through activation of afferent vagal pathways or specific receptors on intestinal cells, or even via an endocrine route [45,49].



Sun et al. showed that when a Parkinson’s disease (PD) mouse model received feces from healthy mice, there was an improvement in motor function, increased striatal neurotransmitters, and decreased neuroinflammation. The opposite was also verified since healthy mice that received feces from PD mice had deteriorated motor function and decreased striatal neurotransmitters compared to controls [52]. With this study, it was evidenced that gut microbiota from PD mice had a decrease in phylum Firmicutes and an increase in phylum Proteobacteria, which is consistent with observations in human subjects with PD since it is known that increases in Proteobacteria can be a consequence of gut inflammation [53]. Huang et al. described a case report in which the PD patient had reduced tremors in both lower limbs and more accessible and quicker defecation after the FMT treatment. Although this was one of the first attempts to treat PD with FMT, the symptoms of shivering and constipation were significantly improved after the transplant. However, other symptoms such as face and neck stiffness showed no significant change, and the improvements demonstrated disappeared over time, indicating that the effect gradually diminished [53]. Consequently, it can be concluded that gut microbiota from PD subjects can induce motor dysfunctions and neurotransmitter loss, and according to several studies, FMT has neuroprotective effects [43,52]. In fact, FMT has attracted the attention of several researchers due to its potential treatment for children with autism spectrum disorder (ASD), and clinical trials are already underway [45]. Kang et al. studied 18 patients diagnosed with ASD, who were re-evaluated two years after FMT, and observed significant improvements in gastrointestinal and behavioral symptoms. After the end of treatment, it was observed that the gastrointestinal benefits obtained with FMT were maintained, and the symptoms of autism improved significantly. These findings demonstrate that FMT is a promising therapy for treating patients with ASD who have gastrointestinal problems [54]. Although the theoretical basis for applying FMT to autism is solid, few tests have been conducted so far, and further investigation is needed [55,56].



Regarding Alzheimer’s disease (AD), several studies have claimed that AD patients have a different gut microbiota composition compared to healthy controls or elderly without dementia [57]. Recently, it has been hypothesized that gut dysbiosis may be associated with AD since it can influence brain activity and cause cognitive dysfunctions [58]. Characterized by the depleted SCFA-producing bacteria such as Firmicutes and the enriched inflammation-promoting bacteria such as Proteobacteria, the gut microbiota’s role includes direct actions of bacteria, indirect measures, or aging-related processes [42,57]. Studies showed that FMT therapy might be a potential therapeutic strategy for AD by reversing changes in gut microbiota and SCFAs [59].



Although some evidence is available, well-designed large, double-blinded, randomized controlled trials are needed to elucidate the effect of FMT in neurological diseases.




4. FMT and Respiratory Diseases


Contrary to what was defended a few years ago, it has been shown that the respiratory tract has its specific microbiome and is colonized by thousands of different microorganisms, although with a much smaller diversity and abundance than the GIT microbiota [60]. Its composition depends on several factors such as inhalation and micro-aspiration of microorganisms and local conditions such as nutrition, temperature, regional oxygenation, and quality and quantity of anti-inflammatory cells [61]. The commensal bacterial species that usually reside on the surfaces of nasal passages interact with the host uninterruptedly, suppressing the colonization of opportunistic pathogens that compete for limited space and nutrients, which are also found in the lower respiratory tract [62,63]. Nevertheless, the lung microbiota communities are likely dynamic since the airways are constantly exposed to air that flows through the upper respiratory tract and oral cavity [64]. Indeed, as these microorganisms correlate with each other in the lungs and several parts of the body, it is not surprising that the imbalance in the gut microbiota has a direct consequence on the development of respiratory diseases; namely, the gut microbiota plays a central role in preserving immunity and in the integrity of internal tissues, where when there is an imbalance, the host’s immune system negatively influences several organs, including the lungs [65]. Nonetheless, although the gut and the lungs are anatomically distinct, they communicate through complex pathways, such as the modulation of immune cells that subsequently migrate into the lung and the translocation of LPSs, reinforcing the idea of an existing gut–lung axis [61]. The respiratory tract microbiota can be influenced by the production of metabolites in the GI tract, such as SCFAs and lipopolysaccharides (LPSs), which can be translocated from the gut to the lung through several channels. Functionally, these can modulate the composition of the respiratory tract and influence the host’s immune response, reinforcing the importance of this axis in these processes [65,66].



Such assumptions in treating gastrointestinal diseases through FMT led us to believe that it can also be used in pathological respiratory conditions such as chronic obstructive pulmonary disease (COPD), pulmonary emphysema, asthma, cystic fibrosis, chronic bronchitis, and lung cancer, in which bacteria play a significant role in perpetuating the inflammation that leads to frequent pulmonary exacerbations. For instance, compared to healthy individuals, patients with asthma or COPD showed increased levels of Proteobacteria and Firmicutes, while the proportion of Bacteroidetes was significantly decreased [63]. In patients with cystic fibrosis, an increase in the Proteobacteria phylum and an additional outgrowth of the Actinobacteria phylum were reported [13,67]. Lung cancer is one of the deadliest cancers, with a higher incidence and mortality rates, having a higher economic and social burden on the global health systems [64]. The growth of pathogenic bacteria such as Streptococcus and Proteobacteria has been reported and correlated with high levels of chronic inflammation through the release of inflammatory mediators and metabolites, such as IL-6, IL-1β, IL-12, TNF-α, and LPSs, affecting cell apoptosis and increasing mutations, thereby leading to cellular signaling modifications or direct DNA damages [68]. For instance, in a study performed by Jang et al. [65], the authors addressed whether FMT and a high-fiber diet attenuated emphysema development by suppressing inflammation and apoptosis. From such work, the results demonstrated that alveolar structures were relatively preserved when using fresh feces from mice fed with a high-fiber diet for FMT in emphysema mice. Additionally, they also found that the levels of IL-6 and IFN-γ were reduced, indicating a decrease in inflammation. In addition, the researchers found that when the two variables (FMT and high-fiber diet) were combined, there was a synergistic effect, allowing them to conclude that the combinatory application of FMT and high-fiber diet will lead to better results [69,70].



In another clinical trial, Zhang et al. observed that in patients with spreading respiratory diseases, stool microbial diversity and relative abundance at eight months post-FMT were significantly higher than those before the transplant and were close to the composition of the healthy donors [71]. Additionally, FMT has also demonstrated a potential capability to improve immunotherapy’s efficacy in animal models resistant to treatment [60]. Some clinical trials are in currently progress to address whether FMT may be an adjuvant strategy to increase the effectiveness (and reduce the toxicity) of immunotherapy in lung cancer patients [72]. Such a possibility can lead to the fascinating concept that altering the gut microbiota with FMT may improve the treatment response even in lung cancer resistance to immunotherapy, in which microbiota assessment may be used to identify patients most likely to benefit from this kind of treatment [60,62].



Concerning COVID-19 (for which there is no defined and effective treatment), FMT has gained some evidence in this field, particularly in asymptomatic or mildly symptomatic patients, to be used as adjuvant therapy, namely in patients with associated gastrointestinal manifestations who do not respond to other treatment procedures [73]. Studies in patients with CDI and coexisting COVID-19 concluded that FMT was safe and effective, and both patients experienced mild clinical courses despite having risk factors for COVID-19, such as comorbidities and immunosuppression. One possible explanation is that FMT may mitigate some adverse outcomes through microbiome–immune interactions [74]. However, another concern remains: donor screening is crucial to screen out possible positive cases and prevent transmission of the SARS-CoV-2 virus by using FMT [75]. Thus, clinical and pre-clinical studies should be carried out to investigate the safety and efficacy of FMT in patients infected with SARS-CoV-2 [73].



Altogether, the involvement of the gut microbiota, particularly in respiratory diseases, opens the way for new therapeutic options such as FMT. Nevertheless, although promising results have been achieved, it would be interesting to find out whether FMT from sick donors to healthy hosts could affect the respiratory system, thereby requiring additional pre-clinical and clinical studies to understand the underlying mechanisms of FMT applications.




5. FMT and Gastrointestinal Disorders


The gut microbiota is an essential factor in the pathophysiology of many diseases, especially the gastrointestinal tract, contributing to their onset and maintenance [76]. Therefore, modulation of the intestinal microbiota with FMT is expected to restore the correct crosstalk between the host and the microbiome. In fact, the first randomized controlled trials demonstrating FMT efficacy in treating or ameliorating pathological conditions of the GIT started to appear only in recent times [36,77,78]. For instance, Clostridium difficile is a Gram-positive anaerobic spore-forming bacteria that produces toxins that cause colon inflammation and is responsible for gastrointestinal illnesses associated with antibiotics, ranging from diarrhea to pseudomembranous colitis, in immunocompromised patients [79]. As demonstrated by Brandt et al. and Quraishi et al., the efficacy of FMT for CDI has success rates of approximately 90%, independent of preparation and route of delivery [23,80].



Irritable bowel syndrome (IBS) is a common gastrointestinal disorder with a significant impact on everyday life [76]. FMT is known for helping reduce intestinal permeability in deregulated gut microbiota by increasing the production of SCFAs, especially butyrate, which will help maintain the integrity of the epithelial barrier and thus decrease the severity of the disease [77,81]. IBS is characterized by chronic alterations in the patient’s microbiota, especially in Firmicutes and Bacteroidetes phyla [5]. Therefore, to overcome dysbiosis, FMT has become a potential alternative therapy for these diseases, with studies highlighting that repeated FMT applications might be required for long-term effects [82,83]. Following this, El-Salhy et al. performed a double-blind, placebo-controlled randomized study with patients with IBS, who were divided into three groups to receive FMT or placebo. FMT was obtained from a healthy donor and administered via the upper gastrointestinal tract. From the results, this study showed a reduction of symptoms three months after FMT, significant improvements in fatigue and quality of life, and mild self-limiting adverse effects. Interestingly, significant changes in the microbiota profile of patients receiving FMT were observed, with higher concentrations of Eubacterium and Lactobacillus and lower concentrations of Bacteroides [11,84]. In a similar study, Johnsen et al. also evaluated the effect of FMT on IBS-related quality of life and fatigue [85]. They found that FMT induced significant relief on those issues, with lasting results over time, particularly in the subgroups with no excessive functional comorbidity and depression [85]. Nevertheless, establishing ‘super-donors’ remains one of the crucial steps for a successful FMT.



Some forms of inflammatory bowel disease (IBD) manifestation, such as Crohn’s disease (CD) and ulcerative colitis (UC), have been associated with changes in the composition and function of the intestinal microbiota, where there is a loss of enteric bacterial diversity and an increase in specific pathogenic bacteria such as Enterobacteriaceae [8]. Preliminary clinical reports of FMT in patients with ulcerative colitis or CD have shown an excellent clinical remission maintained for a long time after FMT. In a systematic review and meta-analysis evaluating the efficacy of FMT as a treatment for patients with IBD, Colman et al. concluded that this procedure is safe but has variable effectiveness [86]. On the other hand, Sun et al. also conducted a systematic review with meta-analysis to determine the efficacy and safety of FMT in ulcerative colitis and demonstrated that FMT is potentially helpful in disease management [87]. Having this in mind, Paramsothy et al. designed a randomized controlled FMT trial for UC patients. They showed that when FMT was applied through colonoscopy and enemas for a specific period, patients who achieved remission showed greater microbial diversity and enrichment in Eubacterium hallii and Roseburia inulivorans compared to patients who did not achieve remission. In fact, it has been suggested that E. halli can increase the production of SCFAs, including butyrate and propionate. The authors also discovered that Bacteroides in donor stool samples were associated with remission in patients receiving FMT, and Streptococcus species were associated with no response to treatment [88]. On the other hand, hydrogen sulfide, a metabolite originating in the diet, is a toxin associated with the progression of mucosal inflammation in UC by blocking butyrate metabolism in colonic epithelial cells, and a poor detoxification ability may be involved in the pathogenesis of this disease [89,90].



Concerning Crohn’s disease, the effect of FMT has recently been demonstrated to induce remission, and there are currently several clinical trials being performed (NCT04997733 and NCT05321745). In particular, Bak et al. suggested that FMT through the mid-gut may be an option for CD treatment in cases unresponsive to the current conventional therapy (anti-inflammatory agents, steroids, immunosuppressives, and biological medicines), with visible improvements in mucosal lesions, even after ten months of FMT procedure. Interestingly, clinical remission was sustained for more than twelve months [83]. Additionally, it was also found that FMT could eliminate small intestine bacterial overgrowth (SIBO) in most patients with chronic intestinal pseudo-obstruction [91].




6. FMT and Cardiometabolic Disorders


Hypertension, hyperlipidemia, hyperglycemia, insulin resistance, and obesity are major risk factors for developing cardiovascular diseases [92]. Meanwhile, it is already known that intestinal dysbiosis is also present in all these clinical conditions, which will increase gut permeability and lead to metabolic endotoxemia and chronic inflammation, thus contributing to metabolic and cardiovascular disease [32].



In cardiovascular diseases, the potential of FMT has been tested in experimental models. In experimental autoimmune myocarditis mouse models, an increase in microbial richness and diversity was found after FMT, with a significant decrease in the Firmicutes/Bacteroidetes ratio being observed [93,94]. Li et al. showed that FMT from hypertensive human donors to germ-free mice could cause elevated blood pressure, describing an exciting and novel causal role of dysbiotic gut microbiota in contributing to the pathogenesis of hypertension, which can represent a direct influence of gut microbiota on blood pressure [95].



Recent studies in animal models and human subjects have revealed that gut dysbiosis is associated with the development of certain metabolic diseases such as obesity, dyslipidemia, type 2 diabetes, and insulin resistance [96]. In addition, changes in the quantitative and qualitative composition of the gut microbiota have shown the ability to inhibit or alter immune responses, thus leading to pro-inflammatory conditions and impaired mucosal barrier function [7,97]. On the other hand, although few studies address this issue, some suggest that FMT from unaffected donors will increase the insulin sensitivity of recipients through regulation of glucagon-like peptide-1 and intestinal gluconeogenesis. This possibility is intriguing since, according to the obtained pre-clinical results, these changes are positively related to an increase in the number of butyrate-producing bacteria and dietary fiber-degrading bacteria [78,98,99,100]. It is known that the translocation of lipopolysaccharides from the intestine to the portal vein is involved in inflammatory conditions associated with obesity and insulin resistance. So, when FMT from lean donors was implemented in an obese mouse model, insulin sensitivity significantly increased because of butyrate-producing bacteria in the intestine, indicating that the gut microbiota could cause and improve obesity and insulin resistance [32]. In obese patients, some studies showed that FMT from lean donors led to minor and transient improvements in glycemic outcomes. However, it is thought that if the procedure were to be repeated several times with the microbiota from lean donors, this would improve metabolic outcomes [97,100]. Yu et al. randomized adults with obesity who were at risk for developing type 2 diabetes to receive either oral FMT capsules from healthy lean donors or a placebo. The results show that oral FMT was safe and tolerable, and possible improvement in metabolism among participants with low microbiome diversity was suggested. Still, and considering type 2 diabetes, in particular, Wang et al. showed that FMT successfully reduced fasting blood glucose levels, improved glucose tolerance in diabetic mice, and attenuated pancreatic islet β-cell destruction, restoring the balance of the gut microbiota and promoting host homeostasis. Their study also demonstrated that the secretion of pro-inflammatory factors decreased, and anti-inflammatory secretion increased in pancreatic tissues [101]. Likewise, in another clinical trial, obese patients receiving FMT from lean donors demonstrated an improvement in insulin sensitivity [102]. Nevertheless, it was also indicated that it seems unlikely that one procedure alone will be sufficient to treat or prevent any disease [103].



So, dietary interventions may be an option for helping maintain FMT efficacy and engraftment in metabolic responses [98].




7. FMT and Cancer


In the last few years, the involvement of the gut microbiota in carcinogenesis has been increasingly recognized [100,101]. Efforts have been made to identify which microbial agents are capable of causing it, and it is known that depletion of protective bacteria such as Lactobacillus might promote oncogenesis [104]. Modification in gut microbiota composition has been implicated in the development of colorectal cancer, gastric cancer, hepatocellular carcinoma, pancreatic cancer, breast cancer, and melanoma [105]. Indeed, it has been indicated that microorganisms can act directly as cancer-promoting agents through the production of toxic metabolites (vacuolating cytotoxin A and cytotoxin-associated gene A) or some carcinogenic products (TNF-α), or they can act indirectly by inducing inflammation or immunosuppression [106]. Intestinal dysbiosis leads to an SCFA production decrease and exerts pro-inflammatory effects and host DNA damage, which is mediated by microbe-associated molecular patterns (MAMPs) that activate toll-like receptors (TLRs) in macrophages and dendritic cells, thereby promoting the expression of more pro-inflammatory molecules such as IL-23, IL-1, and TNF and inducing local and distant carcinogenesis through the activation of tumorigenic pathways [104,105,107]. Actually, Cui et al. demonstrated that multiple FMT doses increased the survival rate of irradiated mice, improving epithelial integrity and angiogenesis without accelerating tumor growth, suggesting that this method can be used as a new therapeutic approach to improve the prognosis of radiation-induced injuries in cancer by reducing radiotherapy-associated side effects [108,109]. Surprisingly, experimental animal models have shown that before anticancer treatment, FMT can modulate gut microbiota, improve the host’s immune system, and reduce tumor resistance and relevant adverse effects by increasing monotherapy effectiveness [110]. Nonetheless, there are still some concerns regarding FMT applications, namely possible transmissions of pathogens capable of causing viral infections, which would be harmful to immunosuppressed patients, and also the occurrence of diarrhea, cramps, bloating, flatulence, constipation, and low-grade fever in some cases [107,111,112,113,114].



On the other hand, some studies have also shown that the intestinal microbiota can modulate the effectiveness of cancer therapies, especially immunotherapy [105]. Therefore, although FMT may improve the effect of anticancer treatment and reduce the related side effects, additional studies should be considered for a clear assessment of FMT safety alone or in combination with cancer therapies by addressing hypothetical adverse effects and potential underlying mechanisms to overcome them [115]. Indeed, several clinical trials of FMT use in several diseases have been published in the last two years (see Table 1).




8. Ethics and Regulation


FMT regulation varies significantly between countries worldwide because several reasons exist that make regulatory bodies undecided on approving fecal microbiota transplantation. Among them are the lack of adequate clinical studies, difficulty in classifying and controlling the human microbiota, and the lack of recognition of FMT as an acceptable therapy by the medical community [131]. Indeed, the execution of this method implies the approach of two ethically controversial areas, namely clinical and therapeutic research and organ transplantation. Additionally, other ethical issues are associated with this method, such as the mode of informed consent and goals that should be thoroughly explained to participants before obtaining their verbal consent, privacy protection of any clinical information of each participant, and ownership of samples. However, informed consent may be difficult due to the vulnerability of patients, the untested nature of the method, and the lack of information on potential side effects. Moreover, patients’ participation must be voluntary under clinical trials, and anonymity must be guaranteed [131]. Despite all these considerations, Europe uses FMT with high standards to provide safe approaches. Although the European Medicines Agency (EMA) has not yet taken any position on the classification of the FMT, this procedure is considered an experimental method performed only in patients in research environments. Nevertheless, a significant gap in FMT coverage demonstrates a need to raise awareness among the medical community and the general population, increasing the possibility of people being more receptive to this method [132,133]. Contrary to the EMA, the Food and Drug Administration (FDA) considers FMT a new experimental drug, requiring scientists and doctors to use the treatment. For instance, it has been described that FMT can be used to treat patients with C. difficile infection not responsive to standard therapies under the agency’s policy of application. In fact, FDA does not restrict the use of FMT to any particular route of administration such as colonoscopy, enema, or oral capsules. Therefore, FMT presents a new regulatory challenge and provides a chance for critical thinking about the most appropriate ways to oversee this new technology [134]. Notably, in Canada, FMT is approved for clinical use in patients with recurrent C. difficile infection, thereby leading to clinical benefits. Even though patients should meet specific clinical criteria to receive this treatment, due to its clinical contraindications, the inability to find a suitable donor and choose the correct administration method is often a reason to consider this treatment as an option [7,23]. However, patients with other conditions, such as those referred to in this article, may be able to access this treatment through participation in clinical trials.



Therefore, the ethical and legal implications of FMT are worthy of careful consideration by healthcare and regulatory professionals, and technical and public discussions about this should be considered.




9. Conclusions and Future Perspectives


The knowledge of the role of gut microbiota in health and disease has enormously grown in the past decades. A deep relationship between this system and almost all human infections has been found by considering this a potential source of disease understanding and therapeutical developments.



Studies have shown that FMT is a new and promising method for treatment in clinical situations characterized by the development of antibacterial resistance and changes in the composition of the intestinal microbiota, as well as in the presence of several other diseases described throughout this review. Despite a large amount of data, clinical studies, and recommendations, there are still many doubts about its implementation. In addition, although this procedure is being described as safe, the ‘temporary’ side effects (e.g., diarrhea, cramps or abdominal pain, increased frequency of bowel movements, low-grade fever, bloating, flatulence, and constipation) cannot be discredited. In fact, there are insufficient long-term follow-up data, so infection, inflammation, or gastrointestinal malignancies must be considered as potential future problems, requiring further investigation. Therefore, the characterization of super-donors should be considered, as it will allow the development of more specific FMT formulations to help standardize therapy and reduce variability in patients’ responses. Actually, if rules for donor selection can be systematized, further investigation should be performed to address issues related to the frequency of donor screening, biomaterial processing, and storage time. It will also be quite challenging to understand the impact of (bio)engineering advances in the processing of FMT and how different preconditional (environmental) conditions might be a tool to enhance the feasibility, safety, and disease-specific therapeutical potential of FMT for clinical use.
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Figure 1. PRISMA flow diagram for the scoping review. 
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Figure 2. Examining the role of gut microbiota in neurological, respiratory, gastrointestinal, and cardiometabolic disorders and cancer under FMT procedures. From the application point of view, FMT is recognized for reducing intestinal permeability in dysbiotic situations, by increasing the production of butyrate, acetate, and propionate. Such increased levels have been associated with an increase in epithelial barrier integrity and lessened disease severity, especially in brain-gut axis, lungs-gut axis, heart-gut axis, and gastrointestinal axis. In addition, and considering lungs-gut axis in specific, FMT was found to enhance the preservation of alveolar structures and to modulate inflammation through the reduction of IL-6 and IFN- γ levels. 
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Table 1. Fecal microbiota transplantation tested in clinical trials in several diseases.
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	Study
	Year
	Disease
	Treatment
	Type of study
	Via
	Target
	Outcome
	Reference





	Baruch En et al.
	2021
	Melanoma
	FMT
	CT
	Colonoscopy and oral capsules
	Reinduction of anti-PD-1 immunotherapy
	Favorable changes in immune cell infiltrates and gene expression profiles in both the gut lamina propria and the tumor microenvironment. Safe and feasible.
	[116]



	Diwakar Davar et al.
	2021
	Melanoma
	FMT
	CT
	Colonoscopy
	Resistance to anti-PD-1
	Increased abundance of anti-PD-1 response; increased CD8+ T cell activation; decreased frequency of IL-8-expressing myeloid cells; distinct proteomic and metabolomic signatures.
	[117]



	Holvoet T et al.
	2021
	IBS
	FMT
	CT
	Nasojejunal tube
	Microbial ecosystem
	FMT relieved symptoms compared with placebo, although the effects decreased over 1 year.
	[118]



	Pieter de Groot et al.
	2021
	T1DM
	FMT
	CT
	Nasoduodenal tube
	Preservation of stimulated C peptide release
	FMT halts decline in endogenous insulin production in T1DM patients 12 months after disease onset.
	[119]



	Karjalainen EK et al.
	2021
	UC
	FMT
	CT
	Endoscopy and transanal catheter
	Efficacy and safety of FMT in chronic pouchitis
	FMT was not effective in the treatment of chronic pouchitis. The safety profile was good.
	[120]



	Gianluca Ianiro et al.
	2021
	IBS and recurrent CDI
	FMT
	CT
	Colonoscopy
	Microbial ecosystem
	FMT appears to be highly effective and safe and not only eradicates CDI but also improves IBD activity.
	[121]



	Valentim Mocanu et al.
	2021
	Obesity and metabolic syndrome
	FMT
	CT
	Oral capsules
	Microbial ecosystem
	Single-dose oral FMT combined with daily low-fermentable fiber supplementation improves insulin sensitivity.
	[122]



	El-Salhy M et al.
	2021
	IBS
	FMT
	CT
	Nasoduodenal tube
	SCFA levels
	FMT increases fecal SCFA levels in IBS patients. The increase in the butyric acid level is inversely correlated with symptoms in IBS patients following FMT.
	[123]



	Segal A et al.
	2021
	PD
	FMT
	CT
	Colonoscopy
	Motor and non-motor symptoms in PD patients
	FMT improves PD motor and non-motor symptoms, including constipation. Good safety profile.
	[124]



	Wu LH et al.
	2021
	COVID-19
	FMT
	CT
	Nasojejunal tube
	Intestinal mucosal barrier function
	Improvement of intestinal mucosal barrier function, inflammatory response, and immunity. FMT is efficacious and safe.
	[125]



	Dafa Ding et al.
	2022
	T2DM
	FMT
	CT
	Transendoscopic enteral tubing (TET)
	Glucose homeostasis
	T2DM patients can potentially benefit from FMT. Pretreated abundance of Rikenellaceae and Anaerotruncus may serve as potential biomarkers for selecting T2DM patients to receive FMT.
	[126]



	Huang C et al.
	2022
	UC
	FMT
	CT
	Endoscopic spray and retention enema
	Microbial ecosystem
	FMT therapy was as effective as glucocorticoids to induce remission in active mild to moderate UC, accompanied by fewer adverse events.
	[127]



	Su L et al.
	2022
	T2DM
	FMT
	CT
	Oral capsules
	Microbial ecosystem
	FMT worked in conjunction with dietary intervention to accelerate the weight loss effect
	[128]



	Haifer C et al.
	2022
	UC
	FMT
	CT
	Oral capsules
	Corticosteroid-free clinical remission with endoscopic remission
	FMT induced remission in patients with active ulcerative colitis. Continuing FMT was well tolerated and appeared to demonstrate clinical, endoscopic, and histological efficacy.
	[129]



	Mazzawi T et al.
	2022
	IBS
	FMT
	CT
	Colonoscopy
	Colonic enteroendocrine (CEE) cell densities
	CEE cell densities significantly change after FMT
	[130]







Legend: IBS, irritable bowel syndrome; CDI, Clostridium difficile infection; CT, clinical trial; FMT, fecal microbiota transplantation; CEE, colon enteroendocrine; SCFA, short-chain fatty acid; UC, ulcerative colitis; IBD, inflammatory bowel disease; PD-1, programmed cell death protein 1; PD, Parkinson’s disease; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.
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