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PROTON PUMP INHIBITORS AND GUT MICROBIOTA: A COMPREHENSIVE REVIEW OF MICROBIAL ALTERATIONS AND CLINICAL IMPLICATIONS

ABSTRACT
Background: Significant changes in the gut microbiota of PPI users were discovered in a study examining the effects of proton pump inhibitors (PPIs) on the gut flora. Among PPI users, the relative abundance of eighteen bacterial families, or 20% of the bacterial taxa, varied statistically significantly. 
Introduction: Proton pump inhibitors (PPIs) have the potential to produce dysbiosis, which is the underlying cause of gastrointestinal illnesses, as well as alter the gut microbiota, which is important for IBD (inflammatory bowel disorders). Prolonged hypergastrinemia can speed up colonic epithelial cell growth, and IBD patients are more likely to get bacterial super infections. In patients with cirrhosis, long-term PPI use raises the risk of IBS, SIBO, and hepatic encephalopathy. Treating H. pylori infection is recommended for all patients in order to lower the long-term risk of stomach cancer. Patients with Rheumatoid arthritis, celiac disease, liver cirrhosis, and systemic lupus erythematosus (SLE) may see changes in their gut flora when using proton pump inhibitors (PPIs). These drugs raise the chance of acquiring certain illnesses by inducing inflammation and immune complexes in different organs. Proton pump inhibitors (PPIs) are indicated for severe medical conditions and are used to treat gastrointestinal ailments. In contrast to the safer histamine-2 receptor antagonists (H2RAs) than Proton Pump Inhibitors, continuous use raises the risk of pneumonia, enteric infections, and bowel disorders.
Objective: This article focus on altered microbiota and gastrointestinal disorders, nutritional influences on the gut microbiota and the implications for gastrointestinal health, as well as improved understanding of gut-microbiota–brain communication, this review examines current knowledge and future perspectives on the composition and function of the human gut microbiota.
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ABBREVIATIONS
PPIs: Proton pump inhibitors 
CDI: Clostridium difficile infection 
IBD: Inflammatory bowel disorders  
rRNA: Ribosomal ribonucleic acid
E. Coli: Escherichia coli
CD: Crohn's disease 
UC: Ulcerative colitis 
IBS: Inflammatory Bowel syndrome
H. pylori: Helicobacter Pylori
CRC: Colorectal Cancer 
F. nucleatum: Fusobacterium nucleatum
Fap A: Fibroblast activation protein alpha 
Fad A: Fusobacterium adhesin A
NF-κB: Nuclear factor kappa light chain enhancer of activated B cells
TNF-α: Tumour necrosis factor alpha
IL: Interleukins
T cells: Thymus cells
IBS: Inflammatory bowel syndrome
SIBO: Small intestine bacterial overgrowth
HE: Hepatic encephalopathy 
SBP: Spontaneous bacterial peritonitis 
SLE: Systemic lupus erythematosus
NSAIDS: Nonsteroidal anti-inflammatory drugs
RA: Rheumatoid arthritis
DMARDS: Disease modifying anti-rheumatic drugs
LES: Lower oesophageal sphincter
GERD: Gastro oesophageal reflux disease
H2RA: histamine 2 (H2)-receptor antagonists

INTRODUCTION
Proton pump inhibitors (PPIs) have been linked to Clostridium difficile infection (CDI), yet it is unclear how PPIs and CDI are related. Antibiotics with a broad spectrum of action are the primary cause of gastrointestinal tract microbiome loss and a major risk factor for CDI. One additionally, the microbiome undergoes more targeted alterations before to CDI. At the time of hospital admission, there is a correlation between an increased risk of developing CDI later on with increases in Enterococcaceae and declines within important Clostridial taxa (Manges et al 2010). According to reports, the effects of PPIs on the gut microbiome can be attributed to a combination of two mechanisms: the indirect stimulation of the growth of some common oral bacteria, which is mediated by the rise in gastrointestinal pH, and the direct inhibition of some commensal gut bacteria, such as Ruminococcus and Dorea species (Zhang, J et al 2023). 
1. Proton Pump Inhibitors affect the gut microbiota
We looked into how PPI use affected the gut microbiota because its makeup can either raise or lower the risk of enteric infections. We discovered significant alterations in the gut microbiota of PPI users using the 16S rRNA sequencing of stool samples from 1815 people over three separate cohorts. When compared to the relative abundances in samples from non-users, the relative abundance of 20% of the bacterial taxa, or 18 bacterial families, was statistically substantially different among PPI users (either raised or decreased) (Imhann, F., et al. 2015). Other organizations were also looking into the impact of PPIs on the gut flora at the same time as we were just a few months before to our study, a modest intervention trial was published, and the same issue of Gut published an observational study that was comparable. (Freedberg, D. E., et al. 2015, Jackson, M. A., et al. 2016).
2. Proton Pump Inhibitors - associated dysbiosis
A crucial part of maintaining human health is the gut microbiome. Proton pump inhibitors, among other medications, are known to induce dysbiosis, which is the root cause of a number of extra-intestinal and intestinal disorders. A current literature analysis was carried out to determine alterations in the makeup of the gut microbiota associated with long-term proton pump inhibitor medication and to emphasize the potential pathogenic role of dysbiosis in gastrointestinal illnesses.
3. Effect on large intestine
According to recent research, acid-suppressive drugs may affect immune system function or cause changes in the gut microbiota, which are both important aspects of the pathophysiology of inflammatory bowel disease (IBD). (Juillerat, P., et al. 2012) Because of genetic polymorphisms and changes in the microbiota's composition, the gastrointestinal microbiota is being investigated for the etiology of inflammatory bowel disease (IBD). Research on microbial diversity indicates that the Proteobacteria phylum is more prevalent in IBD patients, and the disease has been associated with adherent-invasive Escherichia coli, Campylobacter concisus, and Helicobacter. Recognizing patterns in the immune response of the host is essential, since Proteobacteria can take advantage of host defenses. (Mukhopadhya, I., et al. 2012). It is believed that during IBD, pro-inflammatory bacteria proliferate and defensive bacteria decrease simultaneously. Higher E. Coli concentrations have been seen in both Crohn's disease (CD) and ulcerative colitis (UC), especially in adherent-invasive E. Coli, a type that can colonize the ileal mucosa and is in charge of the early inflammatory state.( Darfeuille-Michaud, A., et al. 2004).  More precisely, in CD sample studies linked to unidentified species of Clostridium, a decrease in anti-inflammatory bacteria, including Faecal bacterium prausnitzii, Bifidobacterium adolescentis, and Dialister invisus, has been noted (particularly clusters IV and XIVa). (Joossens, M., et al. 2011). It has been shown in ulcerative colitis (UC) that Fusobacterium species have increased while Roseburia, Faecal bacterium prausnitzii, and Akkermansia muciniphila have decreased. (Machiels, K., et al. 2014). PPIs may cause IBD flare-ups that last only a few days when dysbiosis is present. This is probably because individuals with inflammatory bowel disease (IBD) are more prone to developing bacterial super infections. These include infections caused by Clostridium difficile, Campylobacter, Salmonella, Shigella, and Entamoeba histolytica, which are harmful agents that can trigger a relapse of the disease in an already compromised microenvironment. (Singh, S., et al. 2009) (Mylonaki, M., et al. 2004).
 It is now commonly known that H. pylori is the only microbe that directly and primarily contributes to the formation of GI cancers or Colorectal Cancer (CRC). Yet, as more information becomes available, scientists are becoming increasingly interested in the complex and comprehensive role that an imbalance in gut microbiota can have in influencing the colon milieu and promoting oncogenesis. (Jobin, C. 2013) (Raskov, H., et al. 2017). The intestinal mucosa's pro-inflammatory properties have been extensively documented, and its existence may have an association with the course of a patient's treatment. (Flanagan, L., et al. 2014) (Tilg, H., et al. 2018). It is important to carefully consider F. nucleatum's participation in this situation. Large concentrations of the commensal anaerobic oral cavity bacterium F. nucleatum, which is linked to periodontal diseases, have been detected in CRC. (Shang, F. M., et al. 2018). Two adhesion proteins, FapA and FadA, are present in this microbe; the latter facilitates the bacterium's entry into the intestinal epithelium. The upshot of this incursion is the stimulation of NF-κB signaling and the production of several cytokines, including TNF-α, IL-6, IL-8, IL-10, and IL-18. Overall, these modifications lead to the development of a pro-inflammatory environment that promotes tumour growth, which is supported by the inhibition of T cells' cytotoxic action through FapA. (Gao, R., et al. 2017). Chronic hypergastrinemia, which is often associated with PPI usage, can accelerate the proliferation of cancerous colonic epithelial cells, which can have a detrimental effect on adenoma-carcinoma sequencing. (Joshi, S. N., et al. 1996). However, it is crucial to emphasize that several studies conducted over the years have failed to find a direct link between the use of PPIs in clinical practice and a higher risk of colorectal cancer. (Distrutti, E., et al. 2016). PPI use probably puts patients at risk for developing IBS. As previously mentioned, long-term PPI usage promotes the development of enteric infection. Additionally, these medications may affect the activities of the gut-brain axis, causing the emergence of IBS, through secondary changes in the composition of the microbiota. (Carabotti, M., et al. 2015). (Si, J. M., et al. 2004). Reduced alpha diversity and an imbalance between microbial groups—represented by a deficiency of Bifidobacteria and Lactobacilli members and an excess of potentially dangerous Enterobacteriaceae, including E. coli—are the main features of IBS dysbiosis. (El-Salhy, M. 2015) (Fujimori, S. 2015).
4. Effect of Small Intestine associated with PPI Use 
Prolonged use of PPIs has a significant negative effect on the microbiota of the small intestine and, in particular, results in SIBO, which is most likely caused by the breakdown of the gastric acid defense barrier. (Lo, W. K., et al. 2013) (Nardelli, S., et al. 2019). Individuals with a genetic predisposition develop inflammatory bowel disease (IBD) due to an inappropriate immune response to the intestinal microbiota. (Rohini, S et al. 2024). In patients with cirrhosis, PPI-induced dysbiosis may be a risk factor for hepatic encephalopathy (HE) and spontaneous bacterial peritonitis (SBP). (Dam, G., et al. 2016) (Bajaj, J. S., et al. 2014). Notably, some of the microbial changes brought on by PPIs are the same as those that patients with cirrhosis already have, particularly those with decompensated cirrhosis. These changes include a relative increase in potentially harmful bacteria like Staphylococcaeae, Enterobacteriaceae, and Enterococcaceae. (Vilstrup, H., 2014). A poor prognosis and rapid disease progression are implied by the findings that this dysbiosis is linked to the incidence of HE and SBP. Hence, the foundation of treatment for HE is the use of prebiotics such lactulose and little absorbed antibiotics like rifaximin. (Malfertheiner, P., et al. 2017).
5. Effect of Stomach associated with PPI Use 
Research has indicated that prolonged usage of proton pump inhibitors (PPIs) increases the frequency of bacterial migration from the antrum to the stomach and fundus. (Ford, A. C., et al. 2014). For this reason, it is advised to treat all patients with an H. pylori infection in order to eliminate the pro-inflammatory stimulus and lower the risk of gastric cancer in the long run. (Durcan, L., et al. 2019).
6. In patients with systemic lupus erythematosus, proton pump inhibitors alter the composition of the gut microbiome
An extremely serious autoimmune condition called systemic lupus erythematosus (SLE) causes inflammation and the development of immune complexes in a number of different organs. (Kiriakidou, M., et al. 2020). Antimalarial medications, glucocorticoids, nonsteroidal anti-inflammatory drugs (NSAIDs), immunosuppressive therapies, B cell-targeting biological agents, and also PPI are generally used to treat gastric ulcers in SLE Patients. These are just a few of the therapeutic agents that have been utilized to induce remission in SLE. It has been discovered that these medications dramatically change the gut microbiota's structure. (Guo, M., et al. 2020) (Jang, S., et al. 2020).
7. After using proton pump inhibitors, celiac disease serology and gut microbiota
An abnormal immune response to ingested gluten in genetically susceptible individuals is the hallmark of celiac disease, an autoimmune enteropathy. Research indicates that the incidence of celiac disease has increased in the last several years. Dietary modifications and drug usage have been proposed as potential variables that may affect the gut flora. It was recently discovered that there is a higher chance of developing celiac disease later on in life if one is exposed to proton pump inhibitors (PPIs). By analysing the connection between PPI usage and immunological responses associated to gluten in the context of alterations in the gut microbiota, we sought to explore plausible reasons underlying this connection. (Qin, N., et al. 2014).
8. Use of proton pump inhibitors most affects the makeup of the stool flora in liver cirrhosis
With a high likelihood of complications, liver cirrhosis is a condition that is becoming more and more frequent. As a result, patients, their families, and the healthcare system bear a heavier medical burden and experience a decline in quality of life. There are structural and functional alterations in the gut microbiota linked to cirrhosis. (Zhernakova, A., et al. 2016). A population‐based deep sequencing study of the faecal microbiome revealed that proton pump inhibitors (PPI) were associated with the most profound microbiome changes, followed by statins, antibiotics, laxatives and beta blockers. (Jeong, Y., et al. 2019).
[bookmark: _Hlk213757121]9. Rheumatoid Arthritis patient’s gut microbiota makeup can be changed by proton pump inhibitors
The gut microbiota is one environmental factor that contributes to the onset of RA. The pathophysiology of RA has been linked to changes in the gut microbiota before the onset of arthritis. (Kim, J. W., et al. 2021). Treatment for RA involves the use of a variety of therapeutic drugs, including glucocorticoids, NSAIDs, and DMARDs. When RA patients are receiving therapy with several treatments, acid-suppressing medications, including as proton pump inhibitors (PPIs) and histamine 2 (H2)-receptor antagonists, are frequently recommended for the prevention and treatment of stomach ulcers. On the other hand, long-term PPI usage raised the chance of developing CDI and other gastrointestinal infections. Acid-suppressive medications may cause the natural flora of the gut to be disrupted and may cause the colonization of unsuitable microorganisms. Recent large-scale cohort studies have shown that PPI users had altered gut micro biomes and decreased alpha-diversity. The use of PPIs has been linked to an increase in the oral commensal bacteria Streptococcaceae. (Vendenplas, Y., et al. 2007).
 10. Proton pump inhibitors' effects on newborns with reflux disease's faecal microbiota 
The transient relaxation of the immature lower oesophageal sphincter (LES) results in gastroesophageal reflux disease (GERD), a typical occurrence in babies. GER occurrences frequently decline as the LES matures throughout the first year of life. GERD, or gastroesophageal reflux disease, can cause vomiting, feeding difficulties, pain, esophagitis, failure to thrive, and/or recurrent respiratory infections in certain newborns. (Rudolph, C. D., et al. 2001).
The standard treatment for gastroesophageal reflux disease is proton pump inhibitors (PPIs). In adults, PPI treatment is linked to Clostridium difficile infections (CDI). Unlike adults, infants' micro biomes develop from sterility at birth toward an adult-like profile in the first years of life; the impact of PPIs on this developing microbiome has never been studied. The purpose of this study was to ascertain the impact of oral PPIs on the faecal microbiome in infants with gastroesophageal reflux disease (GERD). Doctors frequently refer patients with gastroesophageal reflux disease to paediatricians. stomach acid-buffering agents, mucosal surface barriers, and stomach anti-secretory agents are examples of current pharmaceuticals. The use of proton pump inhibitors (PPIs) in paediatric treatment has expanded, while there is still discussion over these drugs' efficacy and long-term safety. (Kierkus, J., et al. 2014).
11. Compared to histamine-2 receptor antagonist, proton pump inhibitors alter the gut microbiota and oral-to-gut microbial transmission more.
Gastric acid suppressants like PPIs and H2RAs are used to manage gastrointestinal disorders like dyspepsia, peptic ulceration, and GERD. They are prescribed for patients with cancer, liver diseases, or other serious medical conditions. However, prolonged use of PPIs increases the risk of bowel diseases, pneumonia, and enteric infections than H2RAs which is widely considered to be a safer alternative. (Park, J.-H., et al. 2020).
12. Brain-gut connection and microbiota in health and illness
The gut microbiota is now included in the well-known homeostatic concept known as the brain-gut axis. The microbiota-gut-brain axis, which recognizes the gut microbiota's capacity to interact with both the gut and the brain, is becoming a fascinating idea in health, offering new possibilities for possible intervention in GI disease states and functional disorders. The microbiota-gut-brain axis is a bidirectional system that includes the central nervous system, the neuroendocrine and neuroimmune systems, the autonomic nervous system, the enteric nervous system, and the intestinal microbiota. The gastrointestinal tract's motor, sensory, and secretory modalities can be influenced by brain signals, and the brain's function can be influenced by visceral messages from the gastrointestinal system. The brain can either directly affect microbiota through neuronally signalled release of molecules from enterochromaffin cells, neurons, and immune cells, or indirectly through changes in gastrointestinal motility, secretion, and/or intestinal permeability. Conversely, enteric microbiota can interact with the brain through a variety of pathways, such as vagal afferents, enterochromaffin-cell signaling, direct stimulation of receptor-mediated signaling, and the recently identified humoral route. Brain shape and neurochemistry, including GABA and serotonin levels, can be changed by this gut-brain transmission. Pain perception, immune response modulation, and emotional regulation are all linked to this microbiota-related brain communication. Numerous lines of evidence point to the gut microbiota's impact on CNS signalling. For example, research using germ-free mice (GFM) has demonstrated the significance of gut microbiota in the development of the hypothalamus pituitary adrenal (HPA) axis. For example, when GFM were recolonized with faecal matter control mice and given Bifidobacterium infantis in a time-dependent manner, the increased HPA response generated by restricted stress was largely reversed. (Q. Aziz et al. 2013)
CONCLUSION
Knowing which medications are changing the microbiota of the gut or its microbes appears to be particularly important. Many medications are available that cause changes to the bacteria in the gut. Nevertheless, a multitude of studies suggest that proton pump inhibitors (PPIs), which are commonly utilized in the field of gastroenterology, may impact the gut microbiota or result in dysbiosis. These studies concentrate on distinct regions of the gastrointestinal (GI) tract. It has been observed that patients taking proton pump inhibitors (PPIs) have altered gut flora. These patients include those with systemic lupus erythematosus (SLE), rheumatoid arthritis, celiac disease, and liver disorders. The common symptoms of new-born GERD, which are the source of faecal microbiota, are not well treated by PPI medication. Physicians usually send patients to paediatricians to manage gastroesophageal reflux disease. Who take contemporary drugs like mucosal surface barriers, stomach anti-secretory medicines, and stomach acid-buffering agents. The gut microbiota and oral-to-gut microbial transmission are altered more by proton pump inhibitors than by histamine-2 receptor antagonists. 
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