

[image: image1]
Utilizing Probiotics for the Prevention and Treatment of Gastrointestinal Diseases












	 
	REVIEW
published: 09 August 2021
doi: 10.3389/fmicb.2021.689958





[image: image]

Utilizing Probiotics for the Prevention and Treatment of Gastrointestinal Diseases

Erin Milner1,2*, Benjamin Stevens1, Martino An1, Victoria Lam1, Michael Ainsworth1, Preston Dihle1, Jocelyn Stearns1, Andrew Dombrowski1, Daniel Rego1 and Katharine Segars1

1Department of Chemistry and Life Science, United States Military Academy, West Point, NY, United States

2Department of Medicine, Uniformed Services University of the Health Sciences, Bethesda, MD, United States

Edited by:
Irma Schabussova, Medical University Vienna, Austria

Reviewed by:
Robert J. Moore, RMIT University, Australia
Carolina Maldonado-Galdeano, CONICET Centro de Referencia para Lactobacilos (CERELA), Argentina

*Correspondence: Erin Milner, erin.milner@westpoint.edu

Specialty section: This article was submitted to Food Microbiology, a section of the journal Frontiers in Microbiology

Received: 01 April 2021
Accepted: 05 July 2021
Published: 09 August 2021

Citation: Milner E, Stevens B, An M, Lam V, Ainsworth M, Dihle P, Stearns J, Dombrowski A, Rego D and Segars K (2021) Utilizing Probiotics for the Prevention and Treatment of Gastrointestinal Diseases. Front. Microbiol. 12:689958. doi: 10.3389/fmicb.2021.689958

Probiotics are heavily advertised to promote a healthy gastrointestinal tract and boost the immune system. This review article summarizes the history and diversity of probiotics, outlines conventional in vitro assays and in vivo models, assesses the pharmacologic effects of probiotic and pharmaceutical co-administration, and the broad impact of clinical probiotic utilization for gastrointestinal disease indications.
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INTRODUCTION

Probiotic supplement utilization has been steadily increasing based upon the perceived health benefits associated with replenishing the gut microbiome (Saxelin, 2008; Vanderhoof and Young, 2008). A variety of probiotic strains are undergoing clinical trials to treat complex gastrointestinal and inflammatory diseases, but the traditional drug development paradigm associated with preclinical and clinical studies is lacking. In addition, the myriad of probiotic strains and formulations, coupled with a lack of regulatory and quality control associated with commercially available products, has confounded their utilization in patients. Considering these issues, this manuscript focuses on highlighting the history and taxonomy of select probiotics, outlining the data associated with preclinical in vitro assays and in vivo animal models, and evidence for clinical efficacy and safety for several gastrointestinal disease indications.



HISTORY AND TAXONOMY OF SELECT PROBIOTICS


Defining Probiotics

Understanding the complex relationship of microbes within the host gastrointestinal (GI) system has long been an elusive and evolving narrative. While Hippocrates ruminated that “death sits in the bowels,” Nobel Laureate Elie Metchnikoff, who studied immune response, indicated “lactobacilli as probiotics (‘probios,’ conducive to life of the host as opposed to antibiotics)” and advocated for the consumption of lactic acid-producing bacteria (Gasbarrini et al., 2016). The World Health Organization (WHO) and the Food and Agriculture Organization (FAO) of the United States adopted a broader definition of probiotic as “live microorganisms which when administered in adequate amounts confer a health benefit on the host organism” (Joint Food and Agriculture Organization World Health Organization Working Group, 2002).



History of Probiotics

Historical references that date back to 7000 BCE in the Neolithic villages of China and 5000 BCE in Mesopotamia often mention the use of food fermentation techniques (Gasbarrini et al., 2016). Fermentation remained a primary beneficial use of microbes until the late 1800s with the modern concept of the microbiome, which continued to be developed into the early 1900s (Farré-Maduell and Casals-Pascual, 2019). Conducting research at the Pasteur Institute, Metchnikoff studied the benefits of microbes on human health and proposed a theory that, “the dependence of the intestinal microbes on the food makes it possible to adopt measures to modify the flora in our bodies and to replace the harmful microbes by useful microbes” (Metchnikoff, 1907; Gasbarrini et al., 2016). Recognizing health benefits from Bulgarian yogurt and fermented foods, his approach to microbial-treated nutrition revolutionized the dairy industry and promoted a new food industry (Gasbarrini et al., 2016; Farré-Maduell and Casals-Pascual, 2019). A contemporary of Metchnikoff, Dr. Alfred Nissle is credited with identifying Escherichia coli strain Nissle 1917 from a soldier who had shown resistance to diarrheal diseases afflicting other soldiers. Dr. Nissle patented the discovery with the trade name “Mutaflor,” a probiotic product that remains currently available (Sonnenborn, 2016; Farré-Maduell and Casals-Pascual, 2019). The probiotic industry continues to flourish due to high consumer demand and the United States market may encompass $77.9 billion by 2025 (Grandview Research, 2019). Probiotics are heavily marketed as part of a preventative healthcare diet, which may appeal to health-oriented consumers. Currently the industry is developing new probiotic supplements such as drops, tablets, and capsules for the rapidly expanding market (Probiotics Market Size Share and Trends Analysis Report By Product, 2019).



Diversity of Probiotic Strains

The evolving history of human interactions with beneficial microbes has generated a diverse panel of probiotic organisms currently marketed for public consumption. Available probiotics encompass a range of microorganisms as outlined in Table 1, including yeast such as Saccharomyces species, as well as bacteria from notably different genera (National Institutes of Health, 2019). A study of over 170 species of Lactobacillus concluded that there are significant differences among genomes, phenotypes, and biological effects in experimental models, which leads to variability and inconsistencies when comparing study outcomes (Azaïs-Braesco et al., 2010). Different phenotypic traits (Table 1) exhibited by the diverse organisms may contribute to their utility as probiotic supplements. For example, acid tolerance is likely correlated to probiotic survival as they encounter acidic environments during digestion. Bifidobacterium animalis subsp. lactis BB-12 is considered to have a high tolerance for acidic conditions and produces bile salt hydrolase enzymes, limiting harm from bile salt exposure in the intestines (Jungersen et al., 2014). Similarly, oxygen tolerance is an important feature of probiotic organisms. Although many gastrointestinal microbes are anaerobic, traditional probiotic bacteria survive in aerobic environments prior to ingestion (Talwalkar et al., 2001). Talwalkar et al. (2001) have reported high oxygen tolerance for several strains of Lactobacillus acidophilus, a species commonly used for probiotics. Spore formation may afford an additional benefit for probiotic organisms, supporting their ability to endure sometimes harsh preparation and storage conditions (Cutting, 2011). Saccharomyces cerevisiae is a commonly used yeast for fermentation and biofuels (Belda et al., 2019) and Bacillus subtilis is a widely studied probiotic species with dormant spores that survive in extreme conditions and a variety of environments (Kovács, 2019).


TABLE 1. Selected probiotic products used in the commercial market.
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PRECLINICAL IN VITRO ASSAYS AND IN VIVO ANIMAL MODELS


In vitro Antimicrobial Activity

In vitro assays have demonstrated several bacterial and yeast species inhibit the growth of pathogenic species (Fijan et al., 2018) or reduce pathogen adhesion to gut epithelial cells (Collado, 2006). In particular, B. animalis subsp. lactis BB-12 and Lactobacillus reuteri DSM 17938 inhibited the growth of E. coli (Fijan et al., 2018). The concept of employing probiotic species in conjunction with phage treatment to reduce the cytotoxicity of pathogenic E. coli was found to be effective at controlling hemorrhagic E. coli and ameliorating its cytotoxic effects (Mohsin et al., 2015; Dini et al., 2016). Lactobacillus paracasei FJ861111.1 has demonstrated significant inhibition against several common intestinal pathogens including Shigella dysenteriae, E. coli, and Candida albicans via agar diffusion assay models (Deng et al., 2015). A significant decrease in adherence of food-borne pathogens to HT-29 cells (human colon adenocarcinoma cell line) in the presence of L. paracasei was also demonstrated (Deng et al., 2015).

Clostridioides difficile growth was inhibited in a pH-dependent manner when co-cultured with commercial Bifidobacterium and Lactobacillus strains (Fredua-Agyeman et al., 2017). The same study also demonstrated inhibition by neutralized cell free supernatant by both strains, although the Bifidobacterium strain showed greater inhibition than the Lactobacillus strain. In addition, probiotic mixtures have demonstrated effectiveness against C. difficile (Deng et al., 2015).

Listeria monocytogenes, a common foodborne pathogen, was inhibited by strains of Lactobacillus plantarum B7 and Lactobacillus rhamnosus D1, demonstrated using spot-on-lawn antagonism (Valente et al., 2019). Probiotic formulations of L. rhamnosus, B. lactis, and Bifidobacterium longum have been shown to reduce proinflammatory cytokines in vitro (Sichetti et al., 2018). A Caco-2 cell monolayer in vitro assay has been developed to probe the expression of genes involved in the tight junction signaling as a possible mechanism probiotic species utilize to improve intestinal barrier function (Anderson, 2010). Researchers are beginning to elucidate the anti-inflammatory mechanisms associated with Saccharomyces boulardii relating to the modulation of protein kinase activity, expression of peroxisome proliferator-activated receptor-gamma, and inhibition of proinflammatory cytokine production (Pothoulakis, 2009). S. boulardii has also demonstrated growth inhibition of intestinal pathogens such as C. albicans, Yersinia enterocolitica, Aeromonas hemolysin, Salmonella Typhimurium (Ducluzeau and Bensaada, 1982; Altwegg et al., 1995; Zbinden, 1999).



In vivo Animal Models

Several animal models are commonly used for the preliminary assessment of efficacy and safety of probiotics, including mice, zebrafish, and Drosophila (fruit fly), which have grown in popularity as cost-effective and simplified models to investigate host-microbiota interactions (Trinder, 2017). While there are limitations associated with preclinical models to study probiotics and host-specific microbiota interactions, these species provide an avenue for investigating the diverse microbiota ecosystem and unraveling the complex interactions prior to costly and logistically burdensome clinical trials.

The differences in gastrointestinal anatomy, physiology, and microbiotas are evident, yet the reduced expense and ease of maintaining zebrafish and Drosophila colonies under germ-free (GF) conditions has led to their utilization albeit with limitations (Kamareddine et al., 2020). While human microbiota consists of Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia, Drosophila are conventionally populated with Proteobacteria and Firmicutes and zebrafish with Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria (Blum, 2013; Xiao, 2015; Kamareddine et al., 2020). In addition to bacterial species, Drosophila provide the opportunity to study several yeasts (e.g., Candida and Pichia) (Chandler, 2012; Stamps, 2012). Drosophila and Zebrafish models can be employed with conventional microbiota or GF with subsequent selective colonization (Kamareddine et al., 2020). As with all GF models, limitations exist regarding food sources that may contain autoclave-resistant microbial products (Hyun, 1983). While zebrafish are maintained at 28°C in an aquatic environment, which limits the colonization of microbes and confounds the correlation of results to land-based species, they may be colonized by several probiotic bacterial species of interest to humans (to include Bifidobacterium and Lactobacilli). The simplicity of the zebrafish model allowed researchers to develop an intestinal motility model to assess three strains of peristalsis-promoting probiotics (Lactobacillus acidophilium, L. rhamnosus, and B. animalis lactis) at varying concentrations utilizing a fluorescent dye and image analysis (Lu, 2019) (Wang, 2020). Drosophila have been employed as a model to study host-microbiota interactions as a simplified and affordable alternative to mammalian animal models for high-throughput screening of probiotics and to further elucidate host defensive mechanisms against GI pathogens. Zebrafish and Drosophila models mimicking gastrointestinal inflammatory conditions have been developed to study host and microbiota interactions and quantify inflammatory biomarker response (Jiang, 2009; Oehlers, 2011; He, 2013).

Murine models have been utilized to study gut microbiota due to their mammalian physiology, but cost is a consideration, especially GF varieties requiring maintenance in special facilities, routine monitoring, and trained personnel. GF mice function as a sterile control or host for selective colonization, but limitations exist based upon their immature intestinal immune system (Laukens et al., 2016). A subset of GF humanized mice has allowed for the replication of a humanized biome with mixed results indicating host-specific interactions that are challenging to replicate (Laukens et al., 2016). Strain, genotype, phenotype, and gender differences further confound the extrapolation of results and have led to the development of guidelines to control murine microbiota model variability (Laukens et al., 2016).

Germ-free mice were utilized to study the involvement of microbiota in gastrointestinal diseases such as inflammatory bowel disease and colitis, and subsequent prophylactic and treatment modalities of probiotics. For example, Lactic acid bacteria (LAB) were investigated to prevent chronic inflammation. L. plantarum persisted in the digestive tracts of mice with TNBS-induced colitis for up to ten days after treatment without harmful effects exhibited. Overall, intestinal inflammation decreased and there was no incidence of bacterial dissemination (Pavan et al., 2003; Hu et al., 2019). L. reuteri has been shown to reduce C. difficile infection in mice. Based on a recent study, a single dose of L. reuteri biofilm is efficacious in the prevention of C. difficile colitis. When administered either therapeutically or prophylactically, it can reduce the frequency and prevalence of the infection (Shelby et al., 2020). Researchers have also combined conventional and GF mice and zebrafish models to investigate how host-specific interactions modify microbiota communities (Rawls, 2006). Zebrafish were colonized with mouse gut microbiota and mice were colonized with zebrafish microbiota, which allowed for comparison of the host and transplanted communities at the phylogenetic level. Their results indicated the host gut altered the microbiome after transplantation between these species, which further indicates the limitations of extrapolating data across species.




REGULATION, CLINICAL EFFICACY, AND SAFETY

Probiotics in the United States could be regulated by the Food and Drug Administration (FDA) as drugs, biologics, or dietary supplements based on the intended use (U.S. Food and Drug Administration National Institute of Health National Institute of Allergy and Infectious Diseases, 2018; National Institutes of Health National Center for Complementary and Integrative Health, 2021). These products are under the purview of different centers within the FDA, often covered by different laws. As such, it may not always be clear to end-users how a commercially available probiotic is marketed. When considered dietary supplements, probiotics are regulated according to the Dietary Supplement Health and Education Act of 1994 (DSHEA) and the requirements tend to be more in line with food safety expectations rather than drug or biologics (U.S. Food and Drug Administration National Institute of Health National Institute of Allergy and Infectious Diseases, 2018; Venugopalan et al., 2010; U.S. Food and Drug Administration, 2019). A key difference between dietary supplement and drug/biologic regulation lies in the requirements that manufacturers must meet before marketing their products. The FDA typically requires thorough review of in vitro, in vivo, and clinical studies before drug approval or biologic licensing, which may be submitted in the form of detailed applications designed to evaluate safety and effectiveness (U.S. Food and Drug Administration, 2014, 2017). As dietary supplements, probiotics are primarily subjected to FDA premarket review only when they are comprised of a “new dietary ingredient,” which DSHEA describes as “dietary ingredient that was not marketed in the United States before October 15, 1994” (National Institutes of Health Office of Dietary Supplements, 1994). For dietary supplements, it is left to the manufacturers discretion to establish whether their ingredient is new (U.S. Food and Drug Administration, 2020), which could potentially cause inconsistencies in which probiotics are reviewed by the FDA. Manufacturers of dietary supplements with new dietary ingredients are expected to submit a premarket notification to the FDA, which differs from drug approval or biologics licensing in the degree of safety/efficacy evaluation and resulting regulatory decision (U.S. Food and Drug Administration National Institute of Health National Institute of Allergy and Infectious Diseases, 2018). If the manufacturer does not deem their dietary ingredient to be “new,” the FDA generally relies on the companies to ensure that their products meet marketing and labeling requirements. Consequently, the same probiotic product could have very different testing requirements and regulatory processes according to how it will be labeled for use.

Once marketed, labeling and health claims are also a potential complicating factor in probiotic usage. According to DSHEA, dietary supplement labeling “may not claim to diagnose, mitigate, treat, cure, or prevent a specific disease or class of diseases (National Institutes of Health Office of Dietary Supplements, 1994).” It is relevant to note that per DSHEA, labeling statements are allowable if “the statement claims a benefit related to a classical nutrient deficiency disease and discloses the prevalence of such disease in the United States, describes the role of a nutrient or dietary ingredient intended to affect the structure or function in humans, characterizes the documented mechanism by which a nutrient or dietary ingredient acts to maintain such structure or function, or describes general well-being from consumption of a nutrient or dietary ingredient…” (National Institutes of Health Office of Dietary Supplements, 1994). This distinction in acceptable labeling could result in ambiguous claims concerning probiotic health benefits, which may not be easily interpreted by the public. Dietary supplement advertising falls under the regulatory purview of the Federal Trade Commission rather than the FDA (U.S. Food and Drug Administration, 2019) and shared federal jurisdiction increases the complexity of monitoring product claims marketed to consumers. Further, the National Institutes of Health has noted reports of probiotics with potentially dangerous contents that did not match the labeling (National Institutes of Health National Center for Complementary and Integrative Health, 2021). The Council for Responsible Nutrition and International Probiotics Association offers labeling guidance to probiotic manufacturers that includes specifying detailed information at the strain level concerning the type, quantity, and storage conditions of the organisms; however, these parameters are presented as recommendations rather than requirements (International Probiotics Association, 2017). Historically, many studies have noted that laboratory testing does not always corroborate the presence of microorganisms claimed in probiotic labeling (Yeung, 2012). More recently, Metras et al. (2021) conducted a study to compare labeling information with the actual microbial content of five commercially available fermented kefir products regulated as dietary supplements. Their results demonstrated inconsistencies between the information claimed on the labeling and the actual species and quantified colonies that were present under the conditions tested (Metras, 2020).

Due to lack of probiotic prescribing information, healthcare providers do not have succinct resources outlining the indications, dosage and administration, contraindications, warnings and precautions, adverse reactions, drug interactions, and use in specific populations (Reid et al., 2019). Consequently, much of the knowledge concerning safety and efficacy is derived from a patchwork of literature, which must be reviewed and interpreted by people interested in clinical applications for probiotics. A more standardized approach to probiotic regulation, testing, and labeling processes would be beneficial to reduce the variability and inconsistency that currently exists in the literature. For example, consistent in vivo testing requirements could generate a more robust body of literature concerning whether a given strain is effective against a specific condition and how formulation may affect delivery and disease outcome, information that is generally lacking at present (Sniffen et al., 2018).


Microbiota and Gastrointestinal Pathology and Pathophysiology

The dynamic mix of host cells and microorganisms have evolved (Bäckhed et al., 2005; Ley, 2006) and integrated into critical physiological functions such as shaping the intestinal epithelium (Natividad and Verdu, 2013), digestion (Chang and Martinez-Guryn, 2019), regulating host immunity (Gensollen et al., 2016), and protecting against pathogens (Bäumler and Sperandio, 2016). The microbiota contributes to carbohydrate, lipid, protein metabolism and digestion (simple sugars, fatty acids, and amino acids) via the principal absorption sites of the major nutrients. The small intestine has two primary functions, digestion and absorption, that are affected by the GI microbiota. Segmental movements of the small intestine mix ingested materials withpancreatic, hepatobiliary, and intestinal secretions along with microbiota enzymes. Metabolomic advances are beginning to elucidate the interwoven relationship between healthy and diseased mucosa-associated microbiota, which are strongly correlated to dietary sources (Eetemadi et al., 2020).

As shown in Figure 1, the villus consists of a central lymph channel (lacteal) surrounded by a network of blood capillaries within lymph tissue bordered by epithelial cells (Noah et al., 2011). Surrounding each villus are small pits called the crypts of Lieberkuhn, which contain undifferentiated cells that proliferate rapidly and migrate toward the tip of the villus and are shed into the intestinal lumen (Noah et al., 2011). Maturation and migration from the crypts to the tip of the villus requires 5–7 days and approximately 20–50 million epithelial cells are extruded into the intestinal lumen each minute (Gehart and Clevers, 2019). The cellular composition within the gastrointestinal tracks was recently estimated at 3 × 1013 host cells along with 4 × 1013 microbiota cells (Sender et al., 2016), whereby colonization and microbial diversity occurs in parallel with the development of the mucosal absorption and immune system response (Aidy et al., 2013). Both metabolic processes and signal transduction pathways between the host and microbiota are intimately linked and alterations within the gastrointestinal environment can lead to pathophysiological consequences (Bermudez-Brito et al., 2012; Zhang, 2019).
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FIGURE 1. Structure of the villus of the small intestine and representative probiotic mechanisms of action. Artwork by Audrey Milner.


Although not fully elucidated, the enhanced mucosal barrier function, inhibition of pathogen adhesion, and competitive exclusion of pathogenic microorganisms are also mediated by gut microbiota and probiotic administration (Bermudez-Brito et al., 2012; Cornick et al., 2015). The villous epithelium consists of mucus producing goblet cells and absorptive cells, which are responsible for the absorption of nutrients and medications. Pathogenic microbes and microbial toxins can disrupt goblet cell function and disrupt the integrity of the mucus barrier, leading to chronic inflammatory diseases (Cornick et al., 2015). Probiotics, such as L. rhamnosis and L. plantarum, have been shown to enhance the mucus barrier (Wang et al., 2014), regulate epithelial cell function (Ohland and Macnaughton, 2010), suppress oxidative stress (Ciorba et al., 2012), and mitigate immune response thereby decreasing chronic inflammation (Mann et al., 2013).


Effect of Antibiotics on the Gut Microbiota

It is important to acknowledge the complicated relationship between gastrointestinal disease, gut microbiota, probiotics, and antibiotics. Maintaining the appropriate gut microbiota ecosystem in the age of antibiotic treatments (Gibson et al., 2015) and resistance (Schaik, 2015) is of particular importance. Common pathogenic strains that contribute to GI diseases are Campylobacter, C. difficile, E. coli, Helicobacter pylori, Salmonella species, Shigella, Staphylococcus aureus, Clostridium perfringens, Listeria monocytogenes, Bacillus cereus, and Y. enterocolitica (Alby and Nachamkin, 2016; Harmon, 2017; Sandra and Tallent, 2020). Symptoms include diarrhea, vomiting, abdominal pain, and heartburn (Alby and Nachamkin, 2016). However, elders and immunocompromised individuals can have serious complications from GI diseases due to potentially weakened immune systems. Oftentimes GI infections are treated with antibiotics, however, the rise of antibiotic resistant bacterial strains is yielding mixed results. Thus, researchers are looking for new alternatives to combat GI infections, for example, the use of probiotics and fecal transplant.

The introduction of antibiotics alters the microbial ecosystem, which can lead to a limited gut microbial diversity (Fjalstad et al., 2018) and the reestablishment of pathogenic infections (Yoon and Yoon, 2018). The necessity to limit antibiotic treatment in neonates is prominent due to potentially disease-promoting microbiota alterations. Antibiotic exposure in infants and young children may have significant impacts on the microbiota during critical periods of development (Silverman et al., 2017). Antibiotic treatments can cause reduced colonization rates and increased risk of multi-drug resistant (MDR) strains (Fjalstad et al., 2018). Conversely, the natural microbiome recovery post antibiotic administration has been explored in murine models (Ng, 2019) and documented in human studies with varied microbiome population effects given the heterogeneity associated with antibiotic treatment regimens (MacPherson, 2018; Elvers, 2020).



Antibiotic-Associated Diarrhea

Antibiotic-associated diarrhea (AAD) is a common side effect of antibiotic usage, which affects up to 30% of patients administered antibiotics (McFarland, 2007). There are believed to be several ways by which antibiotics cause diarrhea, including killing beneficial microbes and influencing metabolic processes (McFarland, 1998; Silverman et al., 2017). Some antibiotics, such as amoxicillin-clavulanate, ampicillin, cephalosporin and clindamycin may cause AAD with increased incidence (McFarland, 1998; Silverman et al., 2017). In addition to the type of antibiotics used, individual patient susceptibility may also influence the development of AAD (Barbut and Meynard, 2002).

Probiotics are a common choice for patients suffering from AAD and have been widely advocated as a safe and effective way to reduce adverse side effects of antibiotics on gastrointestinal function (Mills, 2018). C. difficile infection can occur following the antibiotic-associated loss of intestinal flora, potentially increasing serious diarrheal disease (Silverman et al., 2017), and is one of the principal causes of AAD (Young et al., 2018). C. difficile infection has an incidence of approximately 500,000 infections per year in the United States and approximately 30,000 cases resulting in fatality within 30 days (Mada and Alam, 2020). A meta-analysis of 25 randomized controlled trials indicated probiotics reduced the relative risk of ADD (RR = 0.43, 95% CI 0.31, 0.58, p < 0.001) and the analysis of six randomized trials led to statistically significant reduction in C. difficile (RR = 0.59, 95% CI 0.41, 0.85, p < 0.005) (McFarland, 2006). In particular, L. rhamnosus GG and S. boulardii, were identified as effective for treating AAD and S. boulardii was particularly effective for reducing C. difficile infection.

Lactobacillus rhamnosus GG and S. boulardii, have been proposed to maintain the gut microbiota and production of energy via fermentation as well as competition with pathogen binding sites (Hickson, 2011; Vecchio et al., 2015). However, the mechanisms of action are still unknown (Hickson, 2011). When investigating the efficacy in reducing AAD, S. boulardii resulted in a relative risk of 0.47 [95% confidence interval (CI) = 0.35, 0.63; p < 0.001] and 0.31 (95% CI = 0.13, 0.72; p = 0.006) for L. rhamnosus (Hickson, 2011). A recent study demonstrated that S. boulardii acts to reduce toxin A-receptor binding by releasing a protease that cleaves toxin A, an exotoxin released by C. difficile (Castagliuolo et al., 1996; Pothoulakis, 2009). A controlled clinical trial focusing on the prevention of C. difficile infection with S. boulardii indicated a reduction of C. difficile relapse in the recurrent treatment group of patients receiving high-dose vancomycin (p = 0.05), furthering support for usage (Surawicz et al., 2000). However, two studies examining S. boulardii found that the probiotic had no significant effect in treating C. difficile associated diarrhea (AD; Surawicz et al., 1989; Kotowska et al., 2005). L. rhamnosus is reported to increase the production of gut mucin, which functions as a barrier defense for the epithelium thereby reducing the effects of C. difficile AD (Mack et al., 1999).

A study investigating 29 probiotics found that Bio-K+ (a probiotic cocktail comprised of L. acidophilus, Lactobacillus casei, and L. rhamnosus) survived the GI environment inhibiting growth and toxin neutralization (Auclair et al., 2015). BIO-K+ also decreased the production of methicillin-resistant S. aureus by 99%, providing evidence for growth inhibition (Karska-Wysocki et al., 2010). Furthermore, in terms of toxin neutralization, Bio-K+ demonstrated anticytotoxic effects in a toxin neutralization assay that tested 13 strains (Auclair et al., 2015). B. bifidum and Streptococcus thermophilus were supplemented into an infant’s diet and showed decreased occurrence of diarrheal symptoms (Saavedra et al., 1994). Regarding safety concerns, a report investigated the production of putrescine via B. bifidum, but determined the concentrations were consistent with safe food sources (Kim et al., 2018).



Helicobacter pylori Infection

Helicobacter pylori infection (HPI) occurs in roughly 60% of the world’s population and can cause various gastroenterological disorders including conditions associated with dyspepsia, peptic ulcer, and stomach cancers (Chey et al., 2017; Hooi, 2017). Available treatment methods for HPI usually involve combinations of two or three antibiotics with a proton pump inhibitor, referred to as “triple therapy” or “quadruple therapy,” respectively (Ables et al., 2007; Chey et al., 2017). Total eradication is rare, as the efficacy of these treatments tend to vary and are impacted by antibiotic resistant strains (Higuchi et al., 2006; Sun et al., 2010). Studies have shown that using probiotics in conjunction with other treatments may aid in eradication of H. pylori. When combined with a triple therapy of omeprazol, clarithromycin, and amoxicillin, pre-treatment of patients with L. acidophilus, S. faecalis, and B. subtilis for two-weeks improved the eradication rate by 18.7% compared to the control (Du et al., 2012). A 24-month clinical trial involving nearly 500 subjects found similar results with a combination of probiotic treatment and triple therapy increasing eradication rate by 7% (Rieko et al., 2020). It is proposed that this colonization reduction may be due to a decrease in the biotic load despite H. pylori antimicrobial resistance (Du et al., 2012). In the afore mentioned studies, research was performed with pretreatment of probiotics, but not with concurrent treatment alongside the triple therapy. Although some studies have shown successful H. pylori eradication with additional probiotic treatment, a meta-analysis performed by Lu et al. (2016) suggests that probiotic use provided little benefit over a placebo. Additionally, Cindoruk et al. (2007) reported that using S. boulardii along with an antibiotic triple therapy did not result in a statistically significant eradication increase but did reduce symptoms associated with treatment when compared to a placebo (Cindoruk et al., 2007). Overall, additional studies are required to elucidate the effectiveness of probiotics with HPI (Chey et al., 2017) and the effect of antibiotic treatments on the survival of probiotics (Rieko et al., 2020).



Blastocystis

Blastocystis species are anaerobic intestinal protozoans, typically considered to be pathogenic although there is increasing evidence that they should be considered a commensal (Sinclair, 2016; Deng, 2021). Infections may be present in both asymptomatic and symptomatic individuals, potentially demonstrating generalized gastrointestinal symptoms (Coyle et al., 2012; Wawrzyniak et al., 2013). There are medications available for Blastocystis infections, including the commonly used metronidazole or trimethoprimsulfamethoxazole; however, clinical indications for when to treat remain somewhat ambiguous (Coyle et al., 2012; Sekar and Shanthi, 2013; Wawrzyniak et al., 2013). Further, there have been case reports of treatment that did not eradicate Blastocystis (Roberts et al., 2014), and emerging resistance to metronidazole has been reported (Sekar and Shanthi, 2013). Despite the apparent need for clarity regarding effective treatment of Blastocystis infections, limited clinical data is available investigating probiotics to support treatment of Blastocystis. One trial examined the use of S. boulardii in lieu of metronidazole in symptomatic children with Blastocystis hominis positive stools. After one month, those treated with doses of S. boulardii had a 94.4% clinical cure rate and 73.3% clinical cure rate was reported for those who received the standard metronidazole treatment; whereas the parasitological cure rate was similar between each group (Dinleyici et al., 2010). While S. boulardii efficacy against B. hominis has not been thoroughly characterized, it has been suggested that probiotics may displace protozoan pathogens in the gastrointestinal tract and potentially alter the patient’s immune response, thus improving the clinical outcome (Vitetta et al., 2016). An in vitro study evaluated the use of some probiotic bacteria and demonstrated that L. rhamnosus, L. lactis, and Enterococcus faecium reduced Blastocystis under the culture conditions tested (Lepczyńska and Dzika, 2019). In addition, a similar study which examined the interactions between Blastocystis subtype 7 (ST7) and various gut bacteria, found that Blastocystis ST7 reduced beneficial Bifidobacterium and Lactobacillus species in mice (Yason, 2019).



Acute Gastroenteritis

Acute gastroenteritis (AG) refers to inflammation within the gastrointestinal track, most often accompanied by an infection and characterized by sudden emergence of symptoms including nausea, vomiting, watery stool, and abdominal discomfort (Graves, 2013; Hartman et al., 2019). Symptomatic treatment, anti-infective therapy, and addressing dehydration are the primary clinical focus (Zollner-Schwetz and Krause, 2015; Hartman et al., 2019). An estimated 1.5–2.5 million children die each year from infectious gastroenteritis. Molecular, immunoassay and culture methods are utilized to diagnose the diverse bacterial and viral pathogens leading to the etiology (Humphries, 2015; Tarr, 2019). Probiotic products may also be useful for AG, in part by modifying the gastrointestinal microbiome, as well as exerting effects on physiology, such as anti-inflammatory responses and fortification of epithelial cell tight junctions (Kluijfhout et al., 2020). The probiotics lactobacilli and S. boulardii are the most researched in treating this disease (Kluijfhout et al., 2020). S. boulardii produced a significant decrease in diarrhea (14.0% day 1; 13.1% day 2) when administered to treat AG (Kluijfhout et al., 2020). In terms of the mechanism of action, S. boulardii has been shown to disrupt the production of proinflammatory cytokines and interfere with inflammation nuclear factors (Sougioultzis et al., 2006). Conversely, another study found that L. rhamnosus and Lactobacillus helveticus did not demonstrate a decrease in presence or symptoms associated with viral infection (Freedman et al., 2020).



Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is the leading cause of neonatal morbidity and mortality (Neu and Walker, 2011). Although the etiology of NEC is not clear, immature immune function and alteration of the intestinal microbiome post antibiotic treatment may be contributing factors (Xiong et al., 2020). Common symptoms include feeding intolerance, lethargy, bloating, and bloody stools. Treatment focuses upon fluid replacement, nutrition, anti-infective therapy, and surgery. There have been several meta-analyses indicating probiotics prevent NEC. A meta-analysis of 24 randomized controlled trials demonstrated clinical efficacy (RR 0.65, 95% CI 0.52–0.81; 17 studies, 5,112 infants) in reducing the incidence of NEC utilizing Lactobacillus monotherapy or co-administration with Bifidobacterium (AlFaleh and Anabrees, 2014), which are present in the microbiomes of healthy infants (Eugenia Bezirtzoglou, 2011). Another meta-analysis (RR 0.36, 95% CI, 0.24–0.53, n = 7345 infants) showed prophylactic efficacy of developing NEC in probiotic-treated infants (Chang, 2017). Although, a 2015 study involving 1,315 infants indicated no evidence of the benefit of using Bifidobacterium breve BBG-001 for the prevention of NEC in preterm infants, underscoring the species variability relative to clinical outcomes (Costeloe et al., 2016).



Irritable Bowel Syndrome and Functional Bowel Disorders

Irritable Bowel Syndrome (IBS) occurs on a spectrum from mild to severe and includes recurrent abdominal discomfort and pain, bloating, and stool alterations varying between constipation and diarrhea (Defrees, 2017). The etiology of IBS remains unclear and the symptoms are often associated with differential diagnoses (Aziz and Simrén, 2021). Studies involving probiotics have shown clinical benefits in treating IBS patients such as fecal consistency, flatulence, bloating, the number of symptoms present, appetite, bowel frequency, and nourishment (Harris and Baffy, 2017). Recent clinical data has supported utilizing probiotics to modify the microflora within the gut to reduce inflammation (Boirivant and Strober, 2007).

In the case of a clinical study conducted to determine the ability for L. acidophilus and B. animalis subsp. lactis to treat bowel disorders, the difference between the test and placebo groups were not statistically significant for the primary endpoints of GI relief and satisfaction. However, several of the symptoms studied significantly improved when compared to the control group. Abdominal bloat showed statistically significant improvement when compared to the control group with a p-value of 0.009 after 4 weeks and a value of 0.06 after 8 weeks (Ringel-Kulka et al., 2015). Additionally, there were no significant changes in standard blood test ranges and fecal samples as safety indicators (Ringel-Kulka et al., 2015).

Lactobacillus acidophilus CL1285, L. casei LBC80R and L. rhamnosus CLR2 have been identified as potential treatments to relieve the symptoms associated with IBS (Preston et al., 2018). This combination of probiotics demonstrated endpoint improvement including abdominal pain, days in pain, buildup of gas within the stomach, and stool habits. Primarily mild to moderate safety concerns were reported in some treatment and placebo participants; however, the authors concluded the concerns could not be definitively linked to the intervention (Preston et al., 2018). Additionally, a small study was conducted to evaluate the safety of L. casei shirota when treating diarrhea occurring in critically ill children, in which no safety signals were observed (Srinivasan et al., 2006).



HIV/AIDS-Associated Diarrhea

Gastrointestinal diseases are a common disorder in patients suffering from human immunodeficiency virus (HIV) and/or acquired immunodeficiency disorder (AIDS), with roughly 40% of HIV/AIDS patients suffering from GI related hyponatremia in certain areas of the world (Shu et al., 2018). Diarrhea in HIV/AIDS affected individuals can be caused by a variety of opportunistic infections or noninfectious causes linked to treatment regimens (Dikman et al., 2015). Current treatment for patients suffering from AIDS-AD involve antisecretory agents and/or fecal microbiota transplantation therapy (Dikman et al., 2015; Ouyang, 2020). Several promising studies have provided insight into utilizing probiotics as an affordable and accessible option to combat diarrhea in patients with HIV/AIDS induced diarrhea. Probiotic yogurts have been historically utilized in Africa to ease HIV/AIDS AD (Reid, 2010; Whaling, 2012). In a 2008 study conducted in Nigeria, yogurt with probiotics Lactobacillus delbruekii subsp. bulgaricus and S. thermophilus, or L. rhamnosus GR-1 and L. reuteri RC-14 resolved diarrheal symptoms in 12/12 patients after 15 days of consumption compared to 2/12 in the control group (Anukam et al., 2008). However, Salminen et al. (2004) study demonstrated little to no difference between experimental and control groups (Salminen et al., 2004). A double-blinded, randomized, placebo-controlled trial involving 44 patients over 12 weeks utilizing molecular sequencing techniques to analyze changes in the gut microbiome following S. boulardii administration demonstrated a significant reduction in pathogenic bacterial species of the Clostridiaceae family and a reduction in inflammatory biomarkers (Villar-García, 2017).




Drug Interactions

The co-administration of probiotics with orally administered drugs warrants further investigation. Although oral administration of drugs is the most convenient, economical, and common route of administration, subsequent interactions with food, co-administered drugs, or microbiota may influence absorption and bioavailability. Gut microbiota are known to produce a diverse array of enzymes capable of metabolizing nutrients and drugs (Claus et al., 2011), which could alter the structure of the parent compound and subsequent membrane diffusion, active transport into the bloodstream, and/or efficacy. The therapeutic activity of lactulose depends on the metabolism by intestinal bacteria such as Lactobacillus (Sahota et al., 1982), which are also employed as probiotics. Interestingly, Lactobacillus metabolites have also been shown to compete for hepatic uptake of drugs such as simvastain, thereby altering the pharmacodynamics (Kaddurah-Daouk et al., 2011). While significant data outlining the relationship between gut microbiota and drug pharmacokinetics and pharmacodynamics (PK/PD) has been reported (Yoo et al., 2014; Swansan, 2015; Zhang et al., 2018), insufficient studies have been conducted to determine the drug interactions associated with the co-administration of probiotics. One animal study determined the administration of E. coli Nissle 1917 (ATCC 25922) altered the PK of amidarone absorption in rats and led to a 43% increase in exposure (Matuskova et al., 2014).




CONCLUSION

Natural microbial colonization occurs after birth and may vary significantly based upon environmental factors and antibiotic administration (Conlon and Bird, 2014). The gut microbiota has gained interest in recent years with respect to probiotic dietary interventions and the regulation of intestinal homeostasis. The metabolic importance of the gut microbiota to nutrient and drug pharmacokinetics underscores the potential of probiotic use for preventive or therapeutic applications in various gastrointestinal disorders. From a mechanistic perspective, probiotics have been shown to strengthen the gut epithelial barrier and reduce inflammation.

Although promising results have been demonstrated for a variety of probiotics undergoing clinical trials to treat complex gastrointestinal and inflammatory diseases, the traditional drug development paradigm associated with preclinical and clinical studies is lacking. Since probiotics are not typically under premarket evaluation by the FDA, the formulation, dosing regimen, mechanism(s) of action, and clinical pharmacology are not readily available in a package insert for healthcare providers. Despite the variability, safety considerations will generally favor a commercially available probiotic approach over the administration of fecal transplantation. An increasing number of clinical trials have indicated improved patient outcomes relative to probiotic use to treat IBS, NEC, antibiotic and HIV AD, and AG. To date, well-controlled clinical studies to clearly document the prophylactic and therapeutic effects of probiotics are limited, which illustrates the numerous gaps relative to the systematic evaluation of species, formulations, and dosing relative to disease indication.

Despite the drawbacks, clinicians recognize the importance of gut microbiota in disruption of several diseases and have been exploring the use of probiotics to restore a ‘healthy’ microbiome. Often patients either self-administer or a healthcare provider indicates probiotic use to restore gut microbiota, but the clinical outcomes are challenging to extrapolate given the heterogeneity of probiotics relative to species, strain(s), purity, formulation, and manufacturer. The concomitant use of probiotics, antibiotics, and other drug classes further alters the pharmacokinetic and pharmacodynamic profile of treatment regimens, while introducing the potential for drug-drug interactions and should be considered relative to patient polypharmacy (Zhang et al., 2018). The myriad of descriptive and observational studies reviewed underscore the need for randomized controlled trials with clearly defined formulations, species, strain(s), dosing regimens, pharmacodynamic endpoints, clinical outcomes and biostatistical analyses.
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Probiotic (Genus, Species, Eukaryotic vs Gram stain  Spore- Oxygen Tolerance Formulation References
strain) Prokaryotic (—/+) Forming
Bacillus coagulans Nr Prokaryotic + Yes Aerobic? Capsules Holt et al., 2000; Sniffen et al., 2018
Bifidobacterium lactis (Animalis) ~ Prokaryotic + No 0.88 (Tolerant via RBGR Yogurt Holt et al., 2000; Sniffen et al., 2018;
Dn-173010 (Cncm 1-2494) study) Talwalkar et al., 2001
Bifidobacterium animalis Lactis Prokaryotic + No 0.02 Capsules, Powder, Holt et al., 2000; Jungersen et al.,
Bb-12 (Cncm |-3446) Fermented Milk 2014; Sniffen et al., 2018; Talwalkar
et al., 2001
Escherichia coli Nissle 1917 Prokaryotic — No Facultative anaerobe? Capsules, Holt et al., 2000; Madigan, 2018;
Suspension Sniffen et al., 2018
Lactobacillus acidophilus Prokaryotic + No RBGR values ranged from  Satchet, Capsules  Holt et al., 2000; Sniffen et al., 2018;
(multiple strains) 0.43 to 0.70 among strains Talwalkar et al., 2001
tested.
Lactobacillus casei Dn-114001 Prokaryotic + No 0.84 (Tolerant via RBGR Fermented Drink,  Holt et al., 2000; Talwalkar et al., 2001
(Cncm 1-1518) study) Yogurt
Lactobacillus rhamnosus GG Prokaryotic + No Facultative anaerobe? Yogurt, Capsules  Holt et al., 2000; Sniffen et al., 2018
(ATCC 53013)
Saccharomyces boulardii Eukaryotic N/A No Facultative anaerobe® Capsules, Sachets Koutsokali and Valahas, 2020;

Cnem [-745 (ATCC 74012)

McCullough et al., 1998; Sniffen et al.,
2018; McFarland, 1998; McCullough
et al., 1998; McFarland, 1996;

Sniffen et al., 2018

Relative Bacterial Growth Ratio (RBGR) is a quantitative method for assessing oxygen tolerance (Talwalkar et al., 2001). RBGR values are provided in the table for bacteria
that were included in the study (Talwalkar et al., 2001). @8Not included in the Talwalkar et al. RBGR study.
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