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Probiotics and their metabolites have gained increasing 

recognition due to their extensive applications in human 

health, disease prevention, and industry. This review 

synthesizes the latest advances regarding the biological 

functions and applications of probiotics, postbiotics, and 

paraprobiotics. Highlighting their roles in modulating the 

gut microbiota, enhancing immune responses, managing 

metabolic and gastrointestinal disorders, and impacting 

mental health via the gut-brain axis, this paper integrates 

evidence from 50 recent studies. The potential use of 

probiotic metabolites in food preservation and therapeutics 

is also discussed. Challenges, safety concerns, and future 

directions in personalized probiotic therapies and next-

generation probiotics are elaborated. 

 

Introduction 

The human gastrointestinal tract hosts a complex and 

dynamic microbial community essential for maintaining 

host homeostasis. Probiotics, defined as live 

microorganisms that, when administered in adequate 

amounts, confer health benefits on the host (Hill et al., 

2014), have attracted significant attention. Beyond live 

microbes, their metabolites—collectively known as 

postbiotics—and inactivated cells termed paraprobiotics have emerged as promising 

alternatives with enhanced safety and stability (Aguilar-Toalá et al., 2018; Taverniti 

& Guglielmetti, 2019). 

This review aims to present an up-to-date synthesis of the applications of probiotics 

and their metabolites, focusing on mechanisms of action, clinical and industrial 

applications, and future trends. 
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Definitions and Classifications 

Probiotics 

Probiotics are live microorganisms that confer a health benefit on the host when 

administered in adequate amounts (FAO/WHO, 2001). Common probiotic genera 

include Lactobacillus, Bifidobacterium, Saccharomyces, and others (Hill et al., 2014). 

 

Postbiotics 

Postbiotics are bioactive compounds produced by probiotic microorganisms during 

fermentation, including short-chain fatty acids (SCFAs), peptides, enzymes, and cell 

wall fragments that provide health benefits (Aguilar-Toalá et al., 2018). 

 

Paraprobiotics 

Paraprobiotics refer to non-viable microbial cells or cell fractions that retain the 

ability to confer beneficial health effects without the risks associated with live 

microorganisms (Taverniti & Guglielmetti, 2019). 

 

Mechanisms of Action of Probiotics and Their Metabolites 

Modulation of Gut Microbiota 

Probiotics maintain intestinal homeostasis by competing with pathogens for adhesion 

sites and nutrients, producing antimicrobial substances like bacteriocins and organic 

acids (Azad et al., 2018; Gänzle, 2009). They can alter gut microbiota composition 

favorably, improving microbial diversity (Kobyliak et al., 2020). 

 

Immunomodulation 

Probiotic bacteria and their metabolites modulate immune responses by stimulating 

dendritic cells, macrophages, and T cells. They promote anti-inflammatory cytokines 

(e.g., IL-10) and reduce pro-inflammatory cytokines (e.g., TNF-α) (Kleerebezem & 

Vaughan, 2009; Plaza-Diaz et al., 2019). SCFAs like butyrate strengthen gut barrier 

function and reduce systemic inflammation (Aguilar-Toalá et al., 2018). 

 

Enhancement of Gut Barrier Integrity 

Probiotics and postbiotics reinforce tight junctions between intestinal epithelial cells, 

reducing gut permeability and preventing translocation of pathogens and toxins 

(Vinderola et al., 2020). 

 

Neurotransmitter and Metabolite Production 

Certain probiotics produce neurotransmitters (e.g., GABA, serotonin precursors) 

influencing the gut-brain axis, affecting mood, cognition, and behavior (Dinan et al., 

2013; Liu et al., 2020). 

 

Clinical Applications 

Gastrointestinal Disorders 

Probiotics have been widely studied in the management of various gastrointestinal (GI) 

disorders such as irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), 

antibiotic-associated diarrhea (AAD), and Clostridium difficile infections (McFarland, 

2015; O’Mahony et al., 2005). A meta-analysis by McFarland (2015) concluded that 

probiotics reduce the risk of AAD by approximately 42%. Specific strains like 

Lactobacillus rhamnosus GG and Saccharomyces boulardii have been effective in 

preventing AAD (Szajewska & Kolodziej, 2015). 

In IBD patients, probiotics exert anti-inflammatory effects by modulating gut 

microbiota and immune responses (Derwa et al., 2017). For example, the probiotic 
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mixture VSL#3 has shown promise in maintaining remission in ulcerative colitis 

(Matsuoka et al., 2018). 

 

Metabolic Disorders 

Obesity, type 2 diabetes mellitus (T2DM), and non-alcoholic fatty liver disease 

(NAFLD) are linked to gut microbiota dysbiosis. Probiotic supplementation has been 

reported to improve insulin sensitivity, reduce body weight, and ameliorate lipid 

profiles (Kobyliak et al., 2020; Bakhshimoghaddam et al., 2018). 

A randomized controlled trial by Asemi et al. (2013) showed that a probiotic 

combination significantly improved glycemic control and antioxidant status in T2DM 

patients. SCFAs, metabolites of probiotics, regulate energy homeostasis and glucose 

metabolism (Canfora et al., 2015). 

 

Mental Health and the Gut-Brain Axis 

Psychobiotics, probiotics that influence mental health, have attracted attention for 

their potential to alleviate depression, anxiety, and stress (Dinan et al., 2013). 

Probiotic strains can modulate the hypothalamic-pituitary-adrenal axis, produce 

neurotransmitters, and regulate inflammation, thereby impacting mental health 

outcomes (Liu et al., 2020). 

A recent systematic review showed that probiotics reduce depressive symptoms 

significantly compared to placebo (Ng et al., 2018). 

 

Probiotics in Infectious Diseases 

Probiotics have shown potential in reducing the risk and severity of infections. For 

instance, Lactobacillus species reduce the incidence of respiratory tract infections by 

enhancing mucosal immunity (King et al., 2014). Probiotic metabolites inhibit the 

growth of pathogens such as Helicobacter pylori, Salmonella, and Clostridium 

difficile through antimicrobial peptides and organic acids (Kleerebezem et al., 2010). 

Several studies highlight the role of probiotics in combating infectious diseases 

beyond the gut. Lactobacillus and Bifidobacterium strains produce antimicrobial 

peptides, such as bacteriocins, which inhibit pathogenic bacteria including 

Staphylococcus aureus and Escherichia coli (Heeney et al., 2018). Probiotics also 

enhance innate immunity by stimulating macrophages and natural killer cells (Doré et 

al., 2021). 

In viral infections, probiotics reduce the severity of upper respiratory tract infections 

(URTIs) by modulating the mucosal immune response (Wang et al., 2020). A recent 

meta-analysis showed that probiotics reduce the incidence of ventilator-associated 

pneumonia in intensive care patients (Gupta et al., 2018). 

 

Probiotics in Allergies and Autoimmune Disorders 

Clinical trials suggest probiotics can modulate immune responses to prevent or reduce 

allergic manifestations, including atopic dermatitis and asthma (Cuello-Garcia et al., 

2015). Probiotics induce regulatory T cells (Tregs), which promote immune tolerance, 

potentially benefiting autoimmune conditions like rheumatoid arthritis (Rook et al., 

2014). Emerging evidence shows that probiotic interventions early in life may prevent 

the development of allergies by promoting immune tolerance (West et al., 2019). The 

modulation of Th1/Th2 balance by probiotics reduces IgE-mediated allergic responses 

(Majamaa & Isolauri, 2015). In autoimmune diseases, probiotics help restore 

microbial balance, reducing systemic inflammation (Zheng et al., 2020). 

For example, in rheumatoid arthritis, supplementation with Lactobacillus casei 

improved clinical symptoms and decreased inflammatory markers (Vaghef-

Mehrabany et al., 2014) 
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Postbiotics and Paraprobiotics: Emerging Alternatives 

Due to safety concerns related to live microorganisms, especially in 

immunocompromised patients, postbiotics and paraprobiotics are gaining momentum 

(Aguilar-Toalá et al., 2018; Taverniti & Guglielmetti, 2019). 

Postbiotics, including butyrate, acetate, and bacteriocins, have anti-inflammatory, 

anti-pathogenic, and gut barrier-enhancing properties (Nataraj et al., 2020). 

Paraprobiotics, non-viable cells or fragments, maintain immunomodulatory effects 

without risk of infection (de Almada et al., 2016). 

Postbiotics such as SCFAs not only serve as energy sources for colonocytes but also 

regulate gene expression, apoptosis, and inflammatory pathways (Silva et al., 2020). 

Paraprobiotics offer an appealing alternative for vulnerable populations as they reduce 

risks of bacteremia and translocation (Taverniti & Guglielmetti, 2019). 

 

Applications in the Food Industry 

Probiotic metabolites are extensively applied as natural food preservatives. Organic 

acids and bacteriocins inhibit spoilage and pathogenic microorganisms, extending 

shelf life and improving food safety (Cotter et al., 2005). 

Postbiotics are also added to functional foods and beverages to enhance health 

benefits without the stability issues related to live probiotics (Aguilar-Toalá et al., 

2018).  Probiotic metabolites also enhance flavor, texture, and nutritional value in 

fermented foods (Gobbetti et al., 2018). Nisin, a bacteriocin produced by Lactococcus 

lactis, is widely used as a natural preservative in dairy and canned foods (Cotter et al., 

2013). 

 

Industrial and Agricultural Applications 

Probiotics and their metabolites have applications in animal husbandry, aquaculture, 

and crop protection. Probiotic supplementation improves animal growth, immunity, 

and disease resistance, reducing the need for antibiotics (Gaggìa et al., 2010). In 

aquaculture, probiotics improve water quality and disease resistance in fish and 

shrimp (Nayak, 2010). 

In agriculture, probiotic microbes enhance soil fertility and plant growth by nitrogen 

fixation and pathogen inhibition (Singh et al., 2018). 

 

Challenges and Limitations 

Despite promising results, challenges remain. Strain-specific effects limit the 

generalizability of findings (Sanders et al., 2018). Variability in formulation, dosage, 

and treatment duration complicate interpretation. Stability and viability of probiotics 

during storage and passage through the GI tract affect efficacy (Ouwehand et al., 

2016). 

Additionally, more high-quality randomized controlled trials are needed to confirm 

clinical benefits and optimal therapeutic regimens (Binda et al., 2020). 

9. Safety and Regulatory Considerations 

Although probiotics are generally recognized as safe (GRAS), there are rare reports of 

infections, especially in immunocompromised individuals (Sanders et al., 2010). 

Regulatory standards for probiotics vary worldwide, necessitating harmonization 

(FAO/WHO, 2001). 

Postbiotics and paraprobiotics offer improved safety profiles, but their clinical 

efficacy and regulatory acceptance require further substantiation (Taverniti & 

Guglielmetti, 2019).  Standardized guidelines on strain identification, dosage, and 

efficacy testing are crucial (Hill et al., 2018). The European Food Safety Authority 

(EFSA) and FDA have provided frameworks for probiotic safety assessment, yet 

global consensus is lacking (Sanders et al., 2018). 
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Standardized guidelines on strain identification, dosage, and efficacy testing are 

crucial (Hill et al., 2018). The European Food Safety Authority (EFSA) and FDA 

have provided frameworks for probiotic safety assessment, yet global consensus is 

lacking (Sanders et al., 2018). 

 

Future Perspectives and Challenges 

The future of probiotics lies in personalized nutrition, leveraging metagenomics and 

metabolomics for tailored probiotic formulations (Zheng et al., 2020). Advances in 

genetic engineering enable the development of next-generation probiotics with 

targeted therapeutic functions (Fujimoto & Katayama, 2022). 

Challenges include establishing standardized protocols for probiotic efficacy testing, 

understanding strain-specific actions, and ensuring long-term safety (Sanders et al., 

2018). Advancements in multi-omics and bioinformatics enable precision probiotics 

tailored to individual microbiomes (Zhang et al., 2021). Genetically engineered 

probiotics expressing therapeutic molecules offer novel treatment options for cancer 

and metabolic diseases (Kurtz et al., 2019). 

Advancements in multi-omics and bioinformatics enable precision probiotics tailored 

to individual microbiomes (Zhang et al., 2021). Genetically engineered probiotics 

expressing therapeutic molecules offer novel treatment options for cancer and 

metabolic diseases (Kurtz et al., 2019). 

 

Conclusion 

Probiotics and their metabolites present versatile applications in health promotion, 

disease management, and food industry innovations. The emerging role of postbiotics 

and paraprobiotics addresses safety concerns while retaining therapeutic benefits. 

Ongoing research and clinical trials are crucial to harness their full potential and 

integrate them into personalized medicine. Probiotics and their metabolites hold 

significant promise for health promotion, therapeutic interventions, and food safety. 

Research advances and regulatory harmonization are needed to fully harness their 

potential while ensuring safety. 
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