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Abstract

Purpose: The gastrointestinal tract in humans is composed of various microorganisms including bacteria, viruses, archaea, protozoa, and
fungi. The interactions between gut and the microorganisms are crucial for the processes such as digestion, nutrient absorption, immune
function, and metabolic regulation. Altered gut microbiota called dysbiosis, has been linked to the development and progression of various
non-communicable diseases. This review has been aimed to address the alterations of gut microbiota in various non-communicable dis-
eases.

Methods: A thorough literature search was conducted in PubMed, Embase, Web of Science, Scopus, and Google Scholar between January
2015 and December 2024 to identify studies examining the impact of gut microbiota in metabolic diseases. The search utilized keywords
such as gut microbiota, gut dysbiosis, and altered microbiota in non-communicable diseases. The studies included were full research articles
and studies published in English. In this comprehensive review, we explored the complex interplay between the gut microbiota and human
health, focusing on its role in common metabolic disorders such as obesity, metabolic dysfunction-associated fatty liver disease, type 2
diabetes mellitus, cardiovascular diseases, autoimmune diseases, mental disorders, and cancer. Studies involving animal models, and cell
lines and reviews were excluded.

Conclusions: The altered gut microbiota is involved in the initiation and progression of various non-communicable diseases. The dysbiosis
not only aggravates the disease, but also causes refractoriness to the management of the disease. Hence, it is better to identify the causes
of dysbiosis to control the harmful bacteria and to bring relief to the individuals with common con-communicable diseases.
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1. Introduction

The gastrointestinal tract (GIT) comprises a diverse array of microorganisms, serving as a crucial interface for the acquisition of energy.
The organisms of the GIT possess the ability to transform dietary nutrients into different bioactive compounds, establishing a connection
between the host and gut microbiota. The host factors that influence the composition of the microbiota include diet, genetic makeup, and
immune response to environmental stimuli.

In India, non-communicable diseases (NCDs) account for 60% of deaths from various causes. Common NCD include cardiovascular dis-
ease (CVD), cerebrovascular disease, systemic hypertension, type 2 diabetes mellitus (T2DM), obesity, chronic respiratory disease, and
cancers [1].

Knowledge gap: The metabolic and immune capabilities of the gut microbiota are pivotal in determining its impact on host health and
susceptibility to diseases. Therefore, directing attention towards the gut microbiome and the associated metabolic pathways appears as a
promising approach for developing effective therapeutic interventions for a range of diseases.

This review article aimed to analyze the involvement of the gut microbiome and its metabolites in the development of common NCDs such
as obesity, T2DM, hypertension, CVD, metabolic dysfunction-associated steatotic liver disease (MASLD), autoimmune disorders, and
cancers.

Copyright © Authors. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted
B use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Methods

A thorough literature search was conducted in PubMed, Embase, Web of Science, Scopus, and Google Scholar between January 2015 and
December 2024 to identify studies examining the impact of gut microbiota in metabolic diseases. The search utilized keywords such as gut
microbiota, gut dysbiosis, and altered microbiota in non-communicable diseases. The studies included were full research articles and studies
published in English.

In this comprehensive review, we explored the complex interplay between the gut microbiota and human health, focusing on its role in
common metabolic disorders such as obesity, metabolic dysfunction-associated fatty liver disease, type 2 diabetes mellitus, cardiovascular
diseases, autoimmune diseases, mental disorders, and cancer. Also, included studies with potential therapeutic avenues targeting the mi-
crobiome for disease management and prevention. Studies involving animal models, and cell lines and reviews were excluded. Additionally,
we examined the factors influencing the gut microbiota composition, including diet, antibiotics, physical activity, stress, aging, and gastro-
intestinal surgeries.

Since this was a review article, ethics approval and informed consent were not required and hence, not obtained.

3. Discussion

The gut microbiota exhibits significant variations in composition and diversity across different regions of GIT, reflecting the distinct phys-
iological and anatomical characteristics of each segment. From the oral cavity to the colon, the microbial populations within each region
play specialized roles in host physiology, influencing processes such as digestion, metabolism, and immune responses [2].

The diverse groups of microorganisms within GIT, known as the human gut microbiota, are essential for preserving host health in the body.
Gaining insights into the composition of the gut microbiota of GIT is essential for elucidating its impact on human health and the develop-
ment of diseases, through mechanisms involving inflammation, immune dysregulation, metabolic alterations, and microbial metabolite
production [2].

3.1. Gut Microbiota composition

The human GIT hosts a diverse and abundant microbial community, surpassing 100 trillion microorganisms, which is tenfold as many as
the number of human cells. The microbiome comprises over three million genes, giving rise to thousands of metabolites and constituting
over 100 times the genomic content found in the human genome, which includes approximately 23,000 genes [3].

The gut flora consists of various microorganisms, ranging from bacteria, viruses, fungi, protozoa, to archaea, engaging in intricate interac-
tions with the host. These microorganisms play crucial roles in the digestion and absorption of nutrients and also exhibit an immune
response [4].

Bacteria are the predominant microorganisms within the human gut microbiota, constituting an estimated 99% of the total microbiota [5].
The four primary phyla of bacteria in the human gut are Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. Firmicutes, classi-
fied as gram-positive bacteria, make up about 64% of the total colonic microbiota. This phylum encompasses over 200 distinct genera,
including Lactobacillus, Clostridium, Bacillus, Ruminicoccus, and Enterococcus [6]. Bacteroidetes, characterized as gram-negative bacte-
ria, contribute to approximately 23% of the total microbiota. Proteobacteria and Actinobacteria account for roughly 8% and 3% of the total
microbiota, respectively [7]

3.2. Strain specificity

Bacterial strain specificity is important because different strains within the same species have different effects on health and disease. These
functional differences influence the effectiveness of microbiome-based therapies. A well-known example is Escherichia coli. Some strains,
such as enteropathogenic E. coli and enterohemorrhagic E. coli, are harmful and cause severe gastrointestinal disease, while other strains
are harmless and form part of the normal gut microbiota [8].

3.3. GIT regional composition of gut microbiota

The gut microbiota composition undergoes variations throughout GIT, displaying marked distinctions in microbial populations within
different regions [9] (Figure 1). GIT constitutes a sophisticated system, with each segment fulfilling specialized functions. They possess
distinct epithelial structures and cell types that empower them to execute specific roles in the digestion, metabolism, immune responses,
and endocrinological functions [10].
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There is a complex relationship between the oral and gut microbiomes, with mutual colonization and pathogenic effects potentially leading
to systemic diseases. The oral cavity hosts a diverse microbiome, encompassing more than 700 bacterial species. The balance within the
oral microbiome ecosystem is crucial for sustaining oral health [11].

The composition of the oesophageal microbiota closely resembles that of the oral microbiota, featuring key phyla such as Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria, Saccharibacteria, and Fusobacteria, along with genera like Streptococcus, Prevotella, and
Veillonella [12].

The stomach is a crucial organ in the GIT, with key roles in digestion and defence. The low bacterial load in the stomach is influenced by
a variety of factors, including the gastric microbicidal barrier, low pH of 1.5 - 2.5, and other innate defence mechanisms against ingested
pathogens, significantly limiting bacterial colonization. The stomach generally maintains a relatively low overall bacterial count of (10'-
10° CFU/mL) with diverse phyla, including Prevotella, Streptococcus, Rothia, and Veillonella [13].

The unique environment of small intestine, characterized by rapid motility, presence of antimicrobial peptides, and proximity to ingested
nutrients, creates a rich ecosystem for microbe-microbe and host-microbe interactions [14]. The duodenum has a low bacterial load, ranging
from 10'-103 CFU/mL. The predominant bacterial phyla in the duodenum are Firmicutes, Proteobacteria, and Actinobacteria [15]. The
jejunum exhibits several functional resemblances to the duodenum. In healthy individuals, the jejunum bacterial count is approximately
103-10° CFU/mL [9], [16]. The ileum possesses distinct characteristics in comparison to the jejunum and duodenum. When the digest
reaches the ileum, it has exhausted almost all its nutrient contents. The main absorption functions of the ileum include the absorption of
vitamin B12 and bile acids. This reduced nutrient absorption in the ileum leads to a relaxation of immune mechanisms that typically limit
microbial diversity in the proximal small intestine. As a result, there is a notable increase in microbial quantity in the ileum compared to
the jejunum, with estimates ranging from 103 to10® CFU/mL [9], [17].

The colon has the most diverse array of microbes within the human body, surpassing the combined microbial count of all other bodily
regions and boasting a bacterial density ranging 10'° - 10'> CFU/mL [13]. Its highly anaerobic environment, slow motility with transit
times of up to 30 hours, and the presence of indigestible complex polysaccharides and dietary fibre, along with traces of nutrients and
residual bile acids that are not absorbed in the ileum, contribute to the flourishing microbial population [18]. A symbiotic companion has
evolved over in the colon with adaptive strategies for immune evasion and modulation. This enhances the survival of the microbes in the
GIT despite the defence mechanisms in the host.

A vital mutualistic role of the gut microbiome revolves around the microbial production of short-chain fatty acids (SCFAs) through the
anaerobic fermentation of pectin, cellulose, high-amylose starch, inulin, or mucosal glycans by Firmicutes and Bacteroides phyla. The
released SCFAs include acetate, propionate, and butyrate [19]. SCFAs are essential for maintaining host well-being, providing approxi-
mately 5 - 15% of the total caloric needs for humans. Additionally, they are involved in the production of vitamins such as vitamins K and
B12 [19]. SCFAs participate in diverse metabolic pathways in both the host and microbial systems, with butyrate as the primary energy
source for colonocytes. Colonocytes metabolize butyrate into COz, reducing oxygen levels in the colon and promoting an anaerobic state.
This anaerobic setting is vital for maintaining immune balance, resisting pathogens, and facilitating the proliferation of anaerobic microbial
populations that produce butyrate, thus establishing a positive feedback loop [19].

4. Factors Affecting Gut Microbiota Composition

Gut dysbiosis is characterized by disruption in the balance of the composition and hence the physiological functions of the gut microbes.
This leads to alterations in the microbial diversity, increased abundance of pathogenic species, and changes in the metabolic functions of
the microbiota, which can cause harmful effects on the host [20].

During gut dysbiosis, the intestinal epithelial barrier gets compromised, leading to increased permeability of the intestinal wall, also known
as leaky gut. The integrity of the intestine can be compromised due to various mechanisms. The reduction of beneficial gram-positive
bacteria, such as Firmicutes, leads to the inappropriate production of SCFAs [20]. SCFAs maintain the integrity of the intestine by increas-
ing the production of mucus as well as increasing the expression of tight junction proteins [21].

Dysbiosis can also lead to the production of microbial metabolites, such as phenols and amines, which may be toxic to the intestinal
epithelium and disrupt the integrity of the intestinal barrier [21]. Factors contributing to gut dysbiosis include antibiotic use, a high-fat diet,
a low-fibre diet, stress, aging, physical activity, and gastrointestinal surgeries [21]. (Figure 2) The disruption of the gut barrier, increased
production of endotoxins, and metabolic alterations are key mechanisms through which dysbiosis may contribute to the development of
many non-communicable diseases like T2DM, obesity, cancer, autoimmune disease, major depressive disorder (MDD), CVD, and
MAFLD.
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Fig. 2: Factors Affecting the Composition of Gut Microbiota.
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4.1. Diet

Diet has a significant role in shaping the composition of the gut microbiome, and various types of diets can lead to gut dysbiosis. A high-
calorie western-style diet is associated with the induction of gut dysbiosis, leaky gut, and inflammation, which can result in the translocation
of gut-derived bacterial content causing hepatic inflammation [22]. Additionally, high-fructose diets can downregulate tight junction pro-
teins, promote gut barrier deterioration and increase the leakage of gut-derived metabolites and bacterial products into the portal circulation
[22].

Furthermore, high-fat diets can reduce the beneficial microbes such as Akkermansia muciniphila and Lactobacillus spp, which are associ-
ated with healthy metabolic states. Similarly, high-protein diets have been linked to reduced levels of butyrate-producing bacteria. Moreo-
ver, gluten-free diets have been associated with microbiota dysbiosis, potentially due to the reduced consumption of whole grains [23].
Increased adherence to the Mediterranean Diet is positively associated with the abundance of SCFAs producers in the gut microbiome [24].

4.2. Use of antibiotics

Exposure to high-level broad-spectrum antibiotics can lead to a reduction in microbial diversity, changes in the abundance of specific taxa,
and alterations in gene expression, protein activity, and metabolome [25]. Antibiotics can also damage the three intestinal barriers: the
epithelial cell layer, the mucus layer, and the immunological barrier, which can weaken the gut's ability to maintain a healthy microbial
balance. Antibiotics can disrupt the natural defence mechanisms provided by the gut microbiota against opportunistic pathogens. This can
lead to secondary infections and further dysbiosis [25].

4.3. Physical activity

Intense physical activity alters gut blood flow and oxygen levels, promoting the growth of oxygen-sensitive bacteria. This increases intes-
tinal permeability, leading to a leaky gut. High-intensity exercise modulates the immune system, predisposing to inflammation. Athletes in
intense training, may have specific dietary habits, affecting nutrient availability for different bacteria and potentially influencing the gut
microbiota [26].

4.4. Stress

Stress through the hypothalamic-pituitary-adrenal axis stimulates the release of cortisol. Cortisol directly influences the gut environment
and alters the microbial composition through its immunomodulatory and anti-inflammatory effects [27]. Stress can also activate the sym-
pathetic and parasympathetic branches of the autonomic nervous system, changing gut motility, blood flow, and secretion, which impacts
the local environment for gut microbes [28]. Stress hormones can influence microbial metabolism and nutrient utilization, selectively
favoring the growth of certain bacteria and contributing to shifts in the gut microbiota composition. It can also induce epigenetic modifi-
cations that impact the gene expression involved in immune function and microbial-host interactions [29].

4.5. Age

The human gut microbiota undergoes significant developmental changes from infancy to old age, influenced by factors such as mode of
delivery of the child, genetics, environment, diet, lifestyle, and use of antibiotics [30]. Specifically, the Firmicutes/Bacteroidetes ratio is
altered through different ages of life from birth to adulthood [31]. By the age of three, the gut microbiota of a child closely resembles that
of adults, dominated by Firmicutes, Bacteroidetes, and Actinobacteria. In individuals over the age of 70 years, changes in gut microbes are
influenced by stress, digestion and absorption of nutrients, and weakened immune activity [2]. In the elderly, higher levels of Firmicutes,
Proteobacteria, and Actinobacteria have been linked with inflammation and metabolic disorders, and intestinal inflammation and permea-
bility [32].

4.6. Gastrointestinal surgeries

Gastric bypass surgery and colectomy lead to an increase in Bacteroidetes and a decrease in Firmicutes [33]. Altered ratios of clostridial
clusters have been observed in colon cancer patients, potentially contributing to gut dysbiosis [34]. [leostomy and colostomy procedures
are associated with an abundance of Proteobacteria [35]. The removal of the vermiform appendix through appendectomy is linked to
dysbiosis-induced diseases [36].

5. Gut Microbiota and Metabolic Diseases

Recently, research focus has increasingly shifted to the human microbiome as a major factor influencing health and disease. Early studies
showed significant variation in gut microbiota between individuals and identified links with many conditions, including obesity, T2DM,
CVD, inflammatory bowel disease, allergies, neurodegenerative disorders, and cancer. However, much of the research has been based on
associations rather than clear causal relationships.

Although animal studies have provided useful mechanistic insights, their translation to human health has been limited. Similarly, microbi-
ome-based interventions such as faecal microbiota transplantation (FMT), probiotics, prebiotics, and postbiotics have shown variable or
modest benefits in clinical trials. These challenges highlight the need for more precise and functional analysis of the microbiome using
multi-omics and artificial intelligence. This approach supports a shift toward systems biology and personalized medicine, enabling better
understanding and targeted treatment of diseases [37].

5.1. Gut microbiota and type 2 diabetes mellitus (T2DM)
In T2DM, gut microbiota is characterized by a decrease in gram-positive bacteria such as Firmicutes, whereas there is an increase in gram-

negative bacteria such as Bacteroidetes and Proteobacteria. This leads to increased intestinal inflammation and permeability, thereby con-
tributing to insulin resistance (IR) and the further complications of T2DM [38]. Lipopolysaccharide (LPS) is an endotoxin shed from Gram-
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negative bacteria in the gut and excreted in the faeces. However, in gut dysbiosis, there is an overgrowth of gram-negative bacteria causing
increased shedding of LPS [38].

LPS induces inflammation in the intestinal mucosa upon binding to LPS-binding protein and the cluster of differentiation 14 present on
monocytes and macrophages. This further activates the Toll-like receptor 4 and nuclear factor-kappa B, leading to the release of pro-
inflammatory cytokines [39]. LPS can also directly damage the intestine by downregulating the expression of claudin, occludin, and other
tight junction proteins [40]. This leads to increased intestinal permeability of LPS into the bloodstream, leading to endotoxemia. In the
bloodstream, LPS triggers an immune response, which can lead to IR and the development of T2DM [39]. Also, there is increased produc-
tion of free radicals; this, along with activation of the c-Jun N-terminal kinase pathway, impairs insulin signalling [41].

Fructoselysine is an Amadori product formed from lysine and glucose that is one of the primary dietary advanced glycated end products
(AGES). Studies have shown that E. coli has the capacity to breakdown fructoselysine. Also, Intestinimonas spp can convert to butyrate.
N-g-carboxymethyllysine, another AGE formed in T2DM is completely utilized by Cloacibacillus and Oscillibacter spp [42].

5.2. Gut microbiota and obesity

Obesity affects the proportion of the gut microbiome. The Firmicutes/Bacteroidetes ratio can predict whether the individual is likely to
develop obesity. Obese microbiota has a significantly higher ratio and the proportion of Firmicutes decreases as weight is lost [43]. Lacto-
bacillus acidophilus regulates body weight, adiposity, inflammation, and IR in animal models by modulating the AMPK-SREBP-1c/PPARa
pathway and activating brown adipose tissue and enhancing energy, glucose, and lipid metabolism [44].

5.3. Gut microbiota and cardiovascular disease (CVD)

The effects of dietary fat on gut microbial populations depend not only on the quantity of fat consumed but also on its composition,
particularly the degree of saturation and the chain length of fatty acids. Saturated long-chain fatty acids have been reported to enhance the
production of trimethylamine (TMA), which is subsequently converted into trimethylamine N-oxide (TMAO), a gut microbiota-derived
biomarker linked to increased cardiovascular risk. This process is mediated through mechanisms such as elevated colonic oxygen levels
and increased taurine-conjugated bile acids, which create a favorable environment for TMA-producing bacteria [45].

SCFAs and omega-3 polyunsaturated fatty acids exert protective effects by reducing intestinal pH and promoting the growth of beneficial
SCFA-producing bacteria, while simultaneously suppressing TMA-producing microbial populations. Therefore, dietary strategies that fo-
cus on optimizing fatty acid composition may help modulate gut microbiota and their metabolites, offering a promising approach for the
prevention and management of CVD [45]. Gut dysbiosis influences host blood pressure, potentially contributing to the development and
progression of hypertension [46]. In hypertensive individuals, increased levels of TMAO predict adverse cardiovascular outcomes.
Reduced dietary intake of fibre leads to a decreased formation of butyrate. Lower levels of butyrate may promote local inflammation,
worsen dysbiosis, and contribute to impaired gut barrier function, leading to the leakage of LPS, which can further fuel local and systemic
inflammation. Decreased butyrate-producing microbes have been linked to CVD and heart failure [45]. Hence, dietary fibre enrichment,
prebiotics, probiotics, and TMAO-lowering agents can act as adjunctive strategies in hypertension management [47].

5.4. Gut microbiota and lung diseases

Lung diseases such as idiopathic pulmonary fibrosis, chronic obstructive pulmonary disease, bronchial asthma, lung cancer, pulmonary
arterial hypertension, and cystic fibrosis show altered gut microbiota. SCFAs and deaminotyrosine enter the lung from the gut and influence
lung immune function. Also, immune cells and immune factors that enter the respiratory system from the intestine aggravate the inflam-
matory process [48].

5.5. Gut microbiota and metabolic dysfunction-associated steatotic liver disease (MASLD)

The gut-liver axis involves communication between the gut and liver through the intestinal barrier, gut microbiota, portal circulation, bile
acids, and immune system [49]. Disruptions in this axis due to poor diet, alcohol intake, or metabolic disorders can cause intestinal dysbiosis
and increased gut permeability. This allows harmful microbial products to reach the liver through the portal circulation, leading to liver
inflammation and injury. Such changes are seen in MASLD, alcoholic liver disease, autoimmune liver diseases, and cirrhosis [50]. These
disturbances also contribute to disease progression, complications, and poor treatment outcomes [49].

Restoring gut microbial balance, strengthening the intestinal barrier, and improving host—microbe interactions may help prevent or slow
the progression of liver disease [49]. Lipid peroxidation, pro-inflammatory factors, cytotoxic effects of secondary bile acids, and IR, along
with dysbiosis of intestinal microbiota are considered as the pathogenic mechanisms of MASLD [51]. Gut microbiota can metabolize and
produce trimethylamine (TMA), which is further oxidized to form trimethylamine-N-oxide (TMAO) in the liver. High levels of TMAO
have been linked with non-alcoholic steatohepatitis, contributing to MASLD [52].

5.6. Gut microbiota and cancer

The microbiota promotes the development of cancer through their influence on inflammation and also by causing genomic stability of host
cells through the dysregulation of various signalling pathways. Helicobacter pylori (H. pylori) have been designated as a carcinogenic
substance, emphasizing its role in gastric cancer. In H. pylori infected patients, there is altered gastric microbiota [53]. Microbial pathogens
are recognized as drivers of approximately 20% of tumorigenesis, and a significant number of malignancies are associated with dysbiosis.
During dysbiosis, there is release of toxins that induce DNA breaks, causing genomic instability, and progression to cancer in predisposed
cells [54].

5.7. Gut microbiota and autoimmune diseases
Gut dysbiosis is associated with several autoimmune diseases, including rheumatoid arthritis, systemic lupus erythematosus, and Sjogren’s

syndrome. The intricate interplay between genetic predisposition, environmental factors, and microbial influences underscores the com-
plexity of the balance between gut microorganisms and autoimmune diseases [55]. Environmental and genetic factors influence the immune
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system, leading to the abnormal generation of B cells producing autoantibodies, T cells with self-reactivity, and the abnormal production
of proinflammatory cytokines [55].

On a molecular level, the gut microbiota mediates autoimmunity through processes involving the posttranslational modification and cross-
reactivity of autoantigens. Due to impaired gut integrity, bacteria enter the liver, initiating direct interactions with immune cells and tissue
cells. This process ultimately initiates systemic autoimmunity [55]. The gut microbiota influences the differentiation and function of Treg
cells, with certain microbial components contributing to the induction and activation of Treg cells. This promotes an anti-inflammatory
environment, suppressing excessive immune responses that could otherwise lead to autoimmunity [55].

5.8. Gut microbiota and mental disorders

The gut microbiota plays a significant role in influencing mental disorders, including anxiety, depression, and neurodevelopmental disor-
ders, through the bidirectional communication established by the gut-brain axis. This link between the brain and the gut involves immuno-
logical, neuronal, and neuroendocrine pathways [56]. The microbiota generates various metabolites, which have the potential to influence
the central nervous system by exerting effects on the nervous system of the intestine. Disruptions in any of these mechanisms, whether
direct or indirect, can have implications for mental health [57].

Certain bacteria can produce neuroactive compounds, including neurotransmitters such as serotonin, gamma-aminobutyric acid, and dopa-
mine. These compounds play a crucial role in regulating mood and emotional well-being. Dysbiosis is associated with inflammatory pro-
cesses that can impact neural signalling, contributing to the onset of mental health disorders [56]. In a comprehensive meta-analysis on the
gut microbiome in adults with major psychiatric disorders, it is found that there is a decrease in bacterial genera that produce SCFAs.
Simultaneously, an increase in the bacterial genera, which is associated with pro-inflammatory responses in individuals diagnosed with
conditions such as psychosis, schizophrenia, MDD, bipolar disorder, and anxiety [57].

6. Gut Microbiota Targeted Therapies

6.1. Probiotics

Probiotics and prebiotics have gained substantial attention in therapeutic interventions, showcasing their potential to impact various aspects
of health positively [58]. The term probiotic, derived from the Greek meaning “for life,” refers to beneficial microorganisms that support
health. The modern definition, given by the Food and Agriculture Organization and World Health Organization in 2001, describes probiotics
as live microorganisms that, when administered in adequate amounts, provide health benefits to the host [59].

Common probiotics include Lactobacillus, Bifidobacterium, Enterococcus, Lactococcus, and Streptococcus. To be useful and safe, probi-
otics should be genetically stable, able to survive stomach acid and bile, attach to the intestinal lining, and be non-pathogenic. They should
also produce lactic acid, tolerate processing conditions, and multiply quickly. Probiotics strengthen the intestinal barrier, help beneficial
bacteria attach to the gut, and prevent harmful microbes from attaching. They also support the immune system and produce antimicrobial
substances that inhibit pathogens. These antimicrobial substances are called bacteriocins, which are protein-based compounds. Most Lac-
tobacillus and Bifidobacterium strains produce bacteriocins, helping protect gut health [60].

6.2 Prebiotics

Prebiotics are nondigestible dietary components that promote health by selectively stimulating the growth and activity of beneficial gut
microorganisms, as defined by the International Scientific Association for Probiotics and Prebiotics (ISAPP). Most prebiotics are carbohy-
drates, such as inulin, fructo-oligosaccharides, galacto-oligosaccharides, and lactulose. They are naturally found in foods like whole grains,
onions, garlic, and bananas. Since they are not digested by human enzymes, prebiotics reach the colon where they are fermented by bene-
ficial bacteria, producing SCFAs. These metabolites help maintain gut microbiota balance, strengthen the intestinal barrier, regulate im-
mune function, and support overall gut health [59].

6.3 Postbiotics

Postbiotics, as defined by ISAPP in 2021, are preparations of inactivated microorganisms and/or their components that provide health
benefits to the host. They include inactivated microbial cells, cell components, proteins, peptides, SCFAs, vitamins, bacteriocins, and other
bioactive metabolites. Their composition depends on the probiotic strain, growth conditions, and fermentation substrates. Postbiotics exert
beneficial effects by modulating gut microbiota, inhibiting harmful bacteria, strengthening the intestinal barrier, and providing anti-inflam-
matory and antioxidant effects. They also influence immune responses and host metabolism through signaling mechanisms. Since postbi-
otics are non-living and do not replicate, they are considered safer than probiotics, especially for immunocompromised or critically ill
individuals [59].

Prebiotics help regulate gut microbiota and maintain intestinal integrity. Probiotics have shown benefits in managing gastrointestinal dis-
orders and also demonstrate potential in reducing hypercholesterolemia and hypertriglyceridemia, and supporting the management of
T2DM. Synbiotics, a combination of prebiotics and probiotics, exert synergistic effects that enhance gut health and immune function.
Postbiotics act as bioactive compounds with antibacterial and anti-inflammatory properties [61].

6.4 Faecal microbiota transplantation (FMT)

FMT can help restore disrupted gut microbiota balance. While these interventions have been widely studied in gastrointestinal disorders,
future research should also explore their role in metabolic conditions such as CVD and hyperuricemia [61]. According to He et al., the
safety and potential efficacy of selected donor FMT to enhance first-line immune checkpoint inhibitor-based treatment in metastatic renal
cell carcinoma deserves further investigations [51].
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7. Advances in Microbiome Research

Multi-omics technologies, including genomics, transcriptomics, proteomics, and metabolomics, have advanced microbiome research by
providing a comprehensive understanding of microbial functions and host-microbiome interactions. These approaches support personal-
ized medicine by enabling more accurate diagnosis and targeted therapies [62].

Machine learning (ML) and deep learning (DL) can analyze complex microbiome and metabolome data to predict disease risk and identify
microbial biomarkers in conditions such as T2DM and inflammatory bowel disease. These artificial intelligence (Al)-based tools help
uncover links between gut microbiota, microbial metabolites, and disease mechanisms. Overall, multi-omics and Al have shifted microbi-
ome research from simply identifying microbes to understanding their functional roles, creating new opportunities for precision diagnostics
and microbiome-based therapies [62].

8. Limitations

It is often difficult to determine whether changes in the gut microbiome cause disease or are simply a result of the disease. Factors such as
diet, medications, and inflammation can alter the microbiome, making interpretation challenging. There is no single healthy microbiome,
and since each person’s microbiome is unique, universal probiotic or dietary treatments may not be effective. The microbiome can also
change quickly due to short-term influences like infections or diet, which may affect study results.

Most research uses faecal samples, which do not fully represent microbes in other parts of the gut. In addition, many gut bacteria cannot
be cultured, and technical factors like contamination may affect accuracy. Differences between individuals, limitations of animal studies,
and the influence of medications further complicate research. The long-term safety and effects of microbiome-based therapies are still
unclear. Therefore, more standardized, long-term, and multi-omics studies are needed to better understand the microbiome and develop
reliable, personalized treatments.

9. Conclusion

In conclusion, gut dysbiosis is found to promote the development and progression of various metabolic diseases. The altered gut microbi-
ome influences metabolic processes, immune responses, and inflammation, thereby contributing significantly to disease pathogenesis. The
intricate mechanisms involved in the interactions between the gut microbiota and humans require additional exploration. Furthermore, it
is essential to employ new technologies to examine and control the microbiota with precision for targeted interventions.

10. Future Directions

Gut microbiome research is shifting from simply identifying microbes to developing personalized treatments that improve health. Key
areas include using multi-omics and artificial intelligence to better understand microbial functions and predict disease risk. This will help
create precision therapies such as targeted probiotics, prebiotics, postbiotics, and bacteriophage treatments.

Research is also focusing on tailoring interventions based on an individual’s microbiome to manage chronic diseases. Scientists are studying
not only bacteria but also other microbes such as fungi, viruses, and archaea to understand their roles in health and disease.

New technologies, including metabolomics, machine learning, and gut-on-a-chip models, are helping to reveal how the microbiome inter-
acts with the brain, immune system, and metabolism. These advances aim to move microbiome research toward precise, personalized
therapies for improving overall health and treating complex diseases.
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