
 32 

Harnessing Probiotics and Prebiotics for Modulation of Immune and 

Endocrine Systems for Optimal Gut Health 
 

Ammara Afzal1, Muqaddas Zia1, Kashif Iqbal1,*, Anum Iqbal2, Sahar Javed1, Malaika Faisal3, Marwah Akhtar4, Amna 
Manzar5 and Ifraha Abbas5 
 
1Institute of Physiology and Pharmacology, University of Agriculture, Faisalabad, Pakistan 
2Department of Pharmacology, Faculty of Pharmaceutical Sciences, Government College University, Faisalabad, Pakistan 
3Institute of Microbiology, University of Agriculture, Faisalabad, Pakistan 
4Department of Pharmacy, The University of Faisalabad, Pakistan 
5Riphah Institute of Pharmaceutical Sciences, Riphah International University, Faisalabad, Pakistan 

*Corresponding author: Kashif.iqbal@uaf.edu.pk 

 

Abstract 

The chapter delves into the complex interplay between the probiotics, prebiotics, and their influence on the immune and endocrine systems 
for optimal well-being of the gut. It explores the composition and working of the gut microbiota emphasizing its contribution in regulating 

and maintaining the immune and endocrine homeostasis. Moreover, it also explores the outcomes of dysbiosis on these systems and mentions 

probiotics that are favorable microorganisms assisting in safeguarding the integrity of intestinal epithelium, mediating the immune cells, and 

modulation of the cytokine release were also examined in detail, particularly the proliferative advantages for gut microbes. Furthermore, the 
chapter also addresses the practical applications of these approaches that can contribute to the management of immune and endocrine 

diseases, discussing various ways to deal with challenges and future perspectives including focusing on developing the personalized 

treatments and going for novel drug delivery systems. Moreover, it also underlines the promising potential of probiotics and prebiotics in 

regulating gut health, scope of their implications for immune and endocrine working. 
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Introduction 
 

In recent years, the term “gut health” has become a hot topic for discussion in research literature regarding food and supplements. 
Contrary to the occidental medicine, which usually avoids mentioning the health problems related to gut as taboo, Asian medicine retains high 

significance on gut health, with Japanese conventions explaining the abdomen as pivot point to the physical and mental health (Olvera-Rosales 

et al., 2021). This outlook is exceedingly recognized in the Western world, where gut health is visualized as crucial element for overall health, 

inspired by the excelled prevalence of gastrointestinal health issues and its demand in the field of marketing (Sanders et al., 2019). Whereas, 

academically, the concept was poorly described and interpreted. This book chapter reviews the recent knowledge of gut health, providing 
insights on its definitions, mode of actions, assessment, maintenance, and its role in precautionary medicine. The term “gut health” is deficient 

in the clear scientific description but is usually interpreted as a state of spiritual as well as physical health without important gastrointestinal 

(GI) symptoms, health problems indicators or diagnosed inflammatory bowel disease (Palai et al., 2020). 

 
1.1 Objective and Scope 

The basic goal of this book chapter is to explore the roles of probiotics and prebiotics in regulating the hormonal and immune functioning 

to boost the gut health. A keen understanding of the mechanisms through which the dietary fibers influence the gut microbiota and also 

modulate the immunity of the host individual and hormonal functions. It will also highlight the research gap by incorporating the findings from 
the research in the fields of immunology, microbiology and endocrinology, providing insights regarding the therapeutic protective effects for 

improving gut health and the usual well-being.  

 

1.2 Overview of Probiotics and Prebiotics: Definitions and Distinctions 

Probiotics and prebiotics are crucial elements for sustaining a healthy gut microflora, but they have unique purposes. Probiotics are the 
live microbes that are beneficial when taken by individuals in sufficient quantities (Marco et al., 2021). Common sources of probiotics comprise 

of fermented foods widely used as a part of routine such as yogurt, tempeh, or sauerkraut, etc. On the contrary, prebiotics are non-digestible 
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and non-absorbable fibers that serve as food for good bacteria in the gut. They trigger the growth and development of these beneficial bacteria, 

which can also assist in improving the digestive system and overall well-being of guts (Ballini et al., 2023). Prebiotics are commonly present in 

foods with rich fiber content such as whole grains, fruits or vegetables. Both prebiotics and probiotics work in the symbiotic relationship to 
sustain the normal growth and functioning of gut microorganisms, promoting the healthy working of digestive system and supporting the 

immune function (Fiocchi et al., 2022). Studies have demonstrated that probiotics can also ameliorate digestion, decreasing the risk of anti-

biotic related diarrhea, and also reduces the usual symptoms of anxiety and depression (Ansari et al., 2023). Prebiotics, serving as a food source 

for the probiotics, not only improve their efficiency, but also contribute to the usual health of the host (individual). Comprehending the 
combined effects of probiotics and prebiotics is necessary for boosting the gut health and protecting the host from several disorders (Manzoor 

et al., 2022).  

 

2. Understanding the Gut Microbiota 
The GIT (gastro-intestinal tract) physiology in the homo sapiens incorporates a niche for a complex and diversified community of the 

microorganisms, often referred to as gut microbiota in general (Larabi et al., 2023). This diverse ecosystem comprises of viruses, bacteria, 

and fungi. Among these, bacterial microbes are most excessively utilized. Moreover, gut microbiota also plays very important roles in 

regulation of various physiological phenomena including metabolism, digestion, endocrinological modulation, and management of the 
immune system (Cao et al., 2020). 

 

2.1 Composition and Function of Gut Microbiota 

The gut microbiota of humans (homo sapiens) demonstrates exceptional differences in species members, controlled by numerous factors 

including dietary habits, aging, genetic factors, and environmental stressors (Larabi et al., 2023). Although the fundamental microbe 
community often comprising of the dominant phyla of beneficial bacteria for example, Actinobacteria, Firmicutes, and Bacteroidetes are most 

popular among healthy individuals (Rychlík, 2020). The dynamic microbial populace performs several vital functions that contribute to the 

healthy existence of the host. It not only supports nutrient metabolism by breaking complex carbohydrates and fermenting the proteins but 

also synthesizes the essential compounds such as Vitamin K and B complex (Liu et al., 2020). The microbiota also plays a particularly important 
role in the regulation of immune functions, including both natural and acquired immunity, and assists in maintaining the integrity of intestinal 

barrier, thereby providing protection against harmful microbes and pathogens. Also, the gut microbes play a significant role not only in 

producing the short-chain fatty acids (SCFA), xenobiotics, various neurotransmitters, but also in the biotransformation of bile acids which 

influence the brain working and metabolic health altogether (Vich Vila et al., 2020). The disturbance in normal regulation of gut microbiota 
homeostasis, also referred to as dysbiosis, can undermine or disrupt these processes, leading to immune dysfunction and several health 

problems, including neurodegenerative disorders and metabolic diseases (Zhao et al., 2018). The capability of fair amount of gut microbiota to 

impart colonization resistance highlights its position as an important defender against excessive production of pathogens, further accentuating 

its significance in maintaining the overall well-being of host (humans in his case) (Xu et al., 2019).  

 
2.2 The Gut as a Central Player in the Immune and Endocrine Systems 

The microbiota in the human gut consists of trillions of microorganisms, plays a very important role in reta ining overall well-being. 

Current studies have outlined its important influence on both the endocrine and immune systems (Caputi et al., 2021). The gut microbiota 

includes various species of microorganisms including fungi, archaea bacteria, viruses, protozoa and most important and abundant ones, 
i.e. bacteria, from the various phyla such as Firmicutes, Bacteroides, Actinobacteria or Proteobacteria, etc (Chaudhary et al., 2024). Though 

just like fingerprints, everyone has their own composition of gut microbiota which assists in the maturation of the immune cells, such as 

neutrophils, and several antigen presenting cells, that plays an important role in the development and maintenance of normal and healthy 

gut and systemic immune responses (Chen et al., 2022). Such dysfunction of the gut microbiota results in the development of immune-
mediated disorders including the IBD (inflammatory bowel disease), psoriasis and rheumatoid arthritis. Moreover, the gut micr obiota also 

stimulates the production of hormones such as dopamine, GABA (gamma aminobutyric acid) or 5-HT (serotonin), which modulates the 

systemic processes such as appetite, insulin, metabolism and development of insulin resistance (Oyama & Node, 2019). The earlier studies 

have also exhibited that gut microbiota can also be demonstrated as “virtual organ” attributed to its effects such as influencing behavior, 
metabolism, gastrointestinal tract or neuroendocrine (involving the HPA axis) communication. While maintaining the normal microflora, 

future research should also pay more attention to understanding and interpreting these complex connections and maintaining the 

therapeutic strategies, targeting the gut microbiota (Caputi et al., 2021). A brief pictorial summary of Role of Gut Microbiota in regulation 

of normal physiological functioning is given in Fig. 1. 

 
2.3 Dysbiosis: Consequences for Immune and Endocrine Systems 

Dysbiosis, often referred to as disrupted composition of the gut microbiota, has crucial ramifications for both endocrine and immune 

systems, leading to a vast range of health problems as shown in Figure 2. Regarding the realms of immune action, dysbiosis can lead to chronic 

inflammation (low grade), becoming the cause of several inflammatory ailments (Isacco et al., 2021). It may disturb the working equilibrium 
of the immune system, vary the immune actions to environmental pathogens (antigens), enhancing the risk of allergic reactions. Also, the 

debilitated microbiota can mitigate the epithelial lining of intestines, leading to enhanced permeability and increased susceptibility to infections, 

whereas impaired immune cell working and lowering the body’s capability to deal with pathogens effectively (Clemente-Suárez et al., 2024).  

Regarding the hormonal front (endocrinological functioning), dysbiosis is related with metabolic disorders including obesity, insulin 
resistance and type-II diabetes via its influence on glucose metabolism and energy production (Maddalon et al., 2021). It can also disturb the 

production and release of thyroid hormones, alongside its performance and metabolism, playing role in thyroid dysfunction and impaired 
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equilibrium of reproductive hormones, leading to development of PCOS (polycystic ovary syndrome) and infertility (Calero-Medina et al., 2023).  

Moreover, dysbiosis can also interfere with the normal functioning of HPA axis (hypothalamic-pituitary-adrenal axis), instigating 

stress-related diseases and mood disturbances. In children, it can also affect the production and release of growth hormones, howeve r, in 
adults, it may affect bone health by changing calcium (Ca+2) absorption and metabolism, potentially leading to osteoporosis (Mousa et al., 

2022). In addition, dysbiosis can also dysregulate the hormones that are involved in mediation of appetite, causing anorexia nervosa or 

bulimia nervosa. These dynamic consequences highlight the significant position of balanced gut microbiota in sustaining endocrine and 

immune health (Qi et al., 2021).  
 

 

Fig. 1: Role of Gut in 

Regulation of Various Body 

Functions 
 

 

 

Fig. 2: Harmful Impacts of 

Dysbiosis on Important body 

Functions 
 

 

3. Probiotics: Mechanisms and Benefits 

Probiotics are referred to as live microorganisms, that when administered in sufficient quantities, induce beneficial health outcomes for 

hosts. Access of these microbes includes bacteria, where the popular species are Saccharomyces, Lactobacillus, and Bifidobacterium (Mounir et 
al., 2022). Probiotics can also be categorized based on the origin, functioning or application. As an illustration, take, Lactobacillus, and 

Bifidobacterium, which are often produced from fermented foods, whereas the next-generation probiotics may include commensal bacteria 

with particular responsibilities (Wu et al., 2024).  

The health benefits are the outcomes of mutual interactions between the microbes and their hosts. These mechanisms also include 
increasing integrity of outer lining of gut, mediating working of immune cells and modulating cytokine synthesis (Chen et al., 2023).  

 

3.1 Enhancing Mucosal Barrier Integrity 

Probiotics ameliorate the integrity of mucosal barrier via several phenomena, including boosting the epithelial barrier by instigating 
synthesis and release of mucus and antimicrobial peptides, leading to upregulation of tight junction proteins such as claudin and occludin to 

mitigate the GIT permeability (Deng et al., 2020). They mediate immune actions in gut-associated lymphoid tissues (GALT), boosting secretory 

immunoglobulin A synthesis and secretion, and boosting regulatory T cells to avoid pathogen attachment. Probiotic fermentation also induces 

release of SCFAs, such as butyrate, which endorses the colonocyte energy, improves barrier function, and anti-inflammatory action (Chen et 
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al., 2019). Moreover, probiotics also contends with pathogens for nutrients and receptor attachment sites, promotes an equitable gut microbiota, 

invigorates gut microflora, enhance epithelial amelioration, and regulate synthesis and release of cytokines, altogether maintaining mucosal 

equilibrium and gut well-being (Deng et al., 2020).  
 

3.2 Role in Immune Modulation 

Probiotics play an important role in modulation of immune responses by enhancing the interaction with several immune cells such as 

dendritic cells T&B lymphocytes or macrophages, playing a role in immune homeostasis and building the tolerance (Zhou et al., 2024). These 
favorable microbes also boost the activity of presenting antigen cells and have a powerful impact on stimulating the maturation of dendritic 

cells which eventually induces the differentiation and maturation of regulatory T cells (Roy & Dhaneshwar, 2023). This process not only assists 

in balancing the pro inflammatory and anti-inflammatory responses but also promotes immune tolerance and mitigates the inflammation. In 

addition, probiotics boost the macrophage phagocytic action and instigate the production and release of anti-inflammatory cytokines for 
example IL-10, whereas they also play role in suppression of pro inflammatory cytokines such as TNF-α (tumor necrosis factor-alpha) and IL-

6 (Interleukin-6) (Javanshir et al., 2021). Such actions which also include the modulation of synthesis and release of cytokines and related 

signaling mechanisms suggest the potential of probiotics in managing the inflammatory ailments and improve the functioning of immune 

systems (Figure 3).  
 

 

Fig. 3: Interaction Between 

Host Intestinal Immune 

Cells and Probiotic 

 

 

Further studies support the role of probiotics in increasing both natural and acquired immunity (Gao et al., 2023). They interact not only 

with the intestinal epithelial cells (IECs) but also the dendritic cells to regulate the toll like receptor (TLR)-associated signaling mechanisms 

which in turn stimulate the immune responses against harmful and toxic pathogens as shown in Figure 3. As an illustration, consider some of 
the probiotic strains that can stimulate the IEC to produce antimicrobial proteins or peptide sequences, leading to both creation of the gut 

defense pathways (Suganya & Koo, 2020). Probiotics also have a great impact on the adaptive immunity by influencing the differentiation, 

maturation, and functioning of the B & T lymphocytes (Figure 4). Moreover, they also promote the synthesis of regulatory T cells which are 

necessary for regulating and maintaining immune tolerance and mitigating excessive inflammation in the cells (Lehtoranta et al., 2020). 
 

 

Fig. 4: How do probiotics 

induce Immune Modulation? 

Abbreviations: PRR: 
Pathogen Recognition 

Receptors; M cells: Microfold 

cells; Tregs: T regulatory 

cells 
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Additionally, probiotics also suggest significant anti-inflammatory action by modulating the cytokine synthesis and release (Figure 4). 

They enhance the concentration of anti-inflammatory cytokines for instance, interferons, alongside causing reduction of the expression of pro 

inflammatory cytokines for instance TNF-α and IL-6 (Liu et al., 2022). Specific regulation of these cytokines plays a leading role in alleviating 
the inflammatory conditions, prominently in the gastrointestinal tract (Lehtoranta et al., 2020). Probiotics also improve the gut barrier, 

increasing the expression of tight junction proteins in the outer epithelial lining of the intestines, mitigating the intestinal permeability, and 

not only safeguarding but also reducing the pathogen translocation (Figure 5). Such immunomodulatory characteristics are clinically important 

as probiotics have shown promising effects in creating ailments with immune dysregulation, for instance IBD and allergic reactions by 
mitigating the severity and recurrence of the symptoms in patients with ailments such as ulcerative colitis (Suganya & Koo, 2020). 

 

 

Fig. 5: Probiotics-protecting 

membrane Integrity via 
Immune Modulation 

 

 

3.3 Role of Probiotics in Endocrine Modulation: Hormonal Pathways and Stress Reduction 

Probiotics interact with the hosts endocrine system through the gut brain axis, which is a complicated network that correlates the 

gastrointestinal tract to the regions from the central nervous system (Xu et al., 2024). This collaboration involves the mediation of 
neurotransmitters and secretion of hormones including dopamine, serotonin and norepinephrine leading to the anxiolytic and antidepressant 

effects eventually causing the regulation of stress management in the host. Production and release of such neurotransmitters and chemicals 

suggested probiotics can have a major impact on the mood, cognition and overall mental well-being of humans (Jach et al., 2023). Moreover, 

the gut microbiota, affected by getting nutrition from the probiotic intake, is identified as an endocrine organ that is entirely capable of 

synthesizing and releasing the hormones. This microbial endocrine activity can have a profound influence on the host hormonal regulation, 
affecting the processes such as metabolism, appetite regulation and primary level stress management (Clemente-Suárez et al., 2024).  

 

3.3.1 Stress Reduction Mechanisms 

Probiotics have been suggested to alleviate the primary level stress and have exhibited many anxiolytic symptoms through several 
mechanisms as given in Figure 6 out of which the popular ones are discussed here: 

 HPA axis modulation: The HPA axis plays the fundamental role in managing the stress responses by hormonal regulation probiotic 
supplementation has a great influence in attenuating the activation of HPA axis, leading to the mitigated secretion of cortisol, the primary cell 

stress hormone. This mediation assists in reducing the physiological effects of stress on the host body (Tette et al., 2022). 

 Neurotransmitter regulation: Various probiotics can have a great impact on the production and secretion of the neurotransmitter that 
are involved in mood regulation, for example gamma aminobutyric acid or GABA and 5-HT or serotonin. By increasing the secretion of these 
neurotransmitters, probiotics can impart prominent antidepressant and anxiolytic effects (Yuan et al., 2024). 

 Inflammatory Pathway Modulation: chronic stress is linked with systemic inflammation. Probiotics can also regulate the inflammatory 
mechanisms by down regulating the pro inflammatory cytokines such as TNF-alpha and interleukin-6 whereas it can also boost the secretion 

of anti-inflammatory cytokines such as interleukin-10 therefore ameliorating the info information induced stress responses and safeguarding 

the overall mental health (Kosyra et al., 2024).  



 37 

 

Fig. 6: Role of Probiotics in 

Reducing Stress 

 

 

4. Prebiotics: Mechanisms and Benefits 

Prebiotics are fibers that are non-digestible for the host but are the necessary food for the probiotics that play a significant role in the 
growth development and nourishment of the probiotics and are responsible for the maintenance of healthy microflora in the host gut. Popular 

types include galactooligosaccharides (GOS), insulin, and fructooligosaccharides (FOS) (Gowrishankar et al., 2021). These compounds are a gift 

from nature and can be found in products such as onions, asparagus, garlic, leeks and bananas (Saavedra & Tschernia, 2002).  

 
4.1 Mechanisms of Action: Feeding Beneficial Microbes and Their Metabolites 

The fundamental mechanism of prebiotics includes serving as food (substrates) for favorable gut microbiota promoting their development, 

growth and metabolism. This fermentation process eventually leads to the release of metabolites, particularly short chain fatty acids including 

butyrate and acetate as mentioned earlier (You et al., 2022). These fatty acids play a very important role in regulating the gut health by providing 
energy for the microbial colonies inside gut, does enhancing the integrity of intestinal barrier. Alongside the gut they also play a part in retaining 

the immune system in distant organ sites inside the host body (Gowrishankar et al., 2021).  

 

4.2 Impact on Immune Cells and Inflammatory Pathways 
SCFAs exert our valuable contribution to the modulation of inflammatory mechanisms by boosting anti-inflammatory cytokines, such as 

IL-10 or interleukin-10, alongside leading to the suppression of low inflammatory cytokines such as tumor necrosis factor-alpha and interleukin-

6 (Giovanetti et al., 2024). This equilibrium assists in alleviation of chronic inflammatory conditions such as inflammatory bowel disease 

systemic inflammatory ailments. Moreover, SCFAs assist the gut epithelial barrier by stimulating tight junction proteins, such as claudin and 

occludin, the safeguarding the intestinal permeability, which is vital for mitigating the translocation of toxic microbes and pathogens into the 
systemic circulations, which otherwise was not capable of triggering the autoimmune activation (Summer et al., 2024).  

 

4.3 Benefits for Immune System Regulation 

Prebiotics are non-digestible food fibers that particularly boost the growth and activity of the favorable gut microbiota, therefore increase 
the immune system regulation. By serving as food for these beneficial and good bacteria, prebiotics promote the synthesis and release of short 

chain fatty acids such as propionate, acetate, and butyrate, etc (Yoo et al., 2024). These SCFAs contribute in regulating immune actions by 

exerting impact on the differentiation and working of these several immune cells, including T lymphocytic cells and dendritic cells. This 

mediation assists in maintaining immune homeostasis and avoiding overactivation, therefore decreasing the risk of cellular inflammation 
(Jenkins et al., 2022). Furthermore, prebiotics can boost the mucosal immunity by enhancing the production and release of immunoglobulin 

A. IgA is necessary for safeguarding the gut mucosal membrane from harmful and pathogenic bacteria, eventually leading to the boosting of 

the guts defense mechanisms, that's playing a role in the overall well-being of the immune system (Esgalhado et al., 2017).  

 

5. Synergistic Effects of Probiotics and Prebiotics 
Symbiotics, the collaborative working of probiotics and prebiotics, infer the increased health advantages by synergistically regulating the 

gut microbiota and immune functioning. Probiotics are like favorable microorganisms, when administered in sufficient quantities, impart the 

favorable therapeutic outcomes to the host (Kumari et al., 2024). Prebiotics are undigestible fibers that are particularly responsible for the 

growth and development of these good microorganisms in the gut. When celebrated, symbiotics not only assist in the growth of beneficial 
bacteria but also improve the overall well-being of the host. This diversity is necessary for sustaining the stable gut microbiota, which in 

response assists the several physiological mechanisms, including digestion, metabolism and immune functioning (Murtaza et al., 2024). 
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5.1 Applications in Immune and Endocrine Disorders 

Probiotics and prebiotics have attained crucial positions regarding management of immune and endocrine disorders from therapeutic 

perspectives, due to their synergistic action leading to enhanced therapeutic efficacy (Sánchez-Fuentes et al., 2022). Their synergistic use 
develops a symbiotic relationship that increases the individual benefits, by targeting several physiological mechanisms concurrently. In immune 

disorders, this incredible composition not only mediates the gut microbiome but also increases the diversity of good bacteria and boosts the 

integrity of intestinal barrier, leading to the reduction in translocation of toxic pathogens (Saavedra & Tschernia, 2002). It also regulates 

inflammatory actions by affecting cytokine production and contributing to maintenance of the equilibrium of the immune system. It has also 
shown promising applications during in-vitro trials in conditions such as allergies, autoimmune disorders, for example rheumatoid arthritis or 

multiple sclerosis etc. and IBD or inflammatory bowel diseases such as ulcerative colitis etc. by mitigating their symptoms and reducing 

inflammation which leads to healing eventually (Koneru et al., 2023). 

 
6. Challenges and Future Perspectives 

Probiotic and prebiotic research underlines various pivotal areas for advancement in their applications in the immunomodulation. Strain-

specific properties exhibit the necessity to recognize and characterize the probiotic strains which can play a role in optimal regulation of the 

immune system (Baenas et al., 2024). Dealing with such challenges and finding out the ideal dose and dosage regimens of this supplementation 
needs prolonged research to identify and establish effective therapy. Personal approaches based upon gene expression analysis and informed 

by the specific composition and immune action of gut microbiota may increase probiotic efficacy (Li et al., 2024). Further interpretation of such 

phenomena and mechanisms underlying mode of action of probiotics and their interfaces with the gut microbiome is necessary for advanced 

interpretation. Investigating synergistic effects via combination therapies, together with novel drug delivery systems assuring probiotic 

sustainability, targeted release and enhanced bioavailability could provide better therapeutic and health outcomes. Standardized quality control 
analyzes, and administrative protocols are necessary for the development of safe and efficacious product development. Rigorous invitro studies, 

in-vivo trials and robust clinical studies are required to verify immunomodulatory benefits across dynamic populations and circumstances. 

Moreover, probiotic engineering, alongside genetically modified strains, exhibits an effective methodology for targeting particular health 

conditions and immune functions (Loshali et al., 2024).  
 

Conclusion 

Bringing it altogether, the chapter illustrates the important correlation between probiotics, prebiotics and their combined effects on the 

immune and endocrine working for optimal well-being of individuals. The exploration of composition of gut microflora, the influence of 
dysbiosis, and the favorable (therapeutic) effects of probiotics and prebiotics highlight their potential in maintaining homeostatic equilibrium. 

The symbiotic approach suggests increased benefits for the gut microbial flora, immune functioning, and endocrine balance. Notwithstanding 

the several challenges, including the requirement for personalized approaches and optimized delivery systems, probiotics and prebiotics have 

promising potential to address these challenges. 
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