https://bionaturajournal.com

Bionatura Journal
Ibero-American Journal of Biotechnology and Life Sciences

MINI-REVIEW

Role of Probiotics in Gut Health: Mechanisms, Clinical Relevance, And Translational Challenges — A
Critical Comparative Review

Himansu Bhusana Nayak "= 1*

PG Department of Biotechnology, Utkal University, Bhubaneswar, Odisha. India
Corresponding author: hnayak667@gmail.com

W) Check for updates

ABSTRACT

Probiotics have been extensively investigated as modulators of the gut microbiota and host physiology;
however, clinical efficacy remains inconsistent despite substantial mechanistic evidence. This review critically
evaluates the gap between mechanistic findings and clinical outcomes using a comparative analytical
framework. Probiotic efficacy is highly dependent on strain specificity, host microbiome composition, dosage,
and study design. Mechanisms—including competitive exclusion, antimicrobial metabolite production (short-
chain fatty acids, indoles, secondary bile acids), immunomodulation (NF-kB inhibition, IL-10 induction), and
gut barrier enhancement (tight junction regulation via AMPK and occludin/claudin expression)—are strongly
supported by experimental evidence. However, clinical translation is limited by host-specific colonization
resistance, baseline microbiota composition, dietary substrate availability, and methodological heterogeneity
across trials. A multilayer interaction model is proposed that integrates microbial activity, host interface
responses, and systemic physiological effects. This framework explains variability in clinical outcomes and
emphasizes the need for standardized protocols and personalized probiotic strategies.

Keywords: Probiotics; gut microbiota; dysbiosis; immunomodulation; colonization resistance; short-chain
fatty acids; microbiome-host interaction; translational challenges; multi-layer model.
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Graphlcal abstract. Summary of the translational gap from mechanism to clinical application and the proposed conceptual
framework. Mechanisms of probiotic action, including metabolite production (e.g., short-chain fatty acids [SCFAs]); barrier
reinforcement through tight-junction assembly and AMPK signaling; and immunomodulation (e.g., Treg cell induction), are
strongly supported by preclinical evidence but do not consistently translate across clinical conditions. Probiotic efficacy is
limited by key drivers of inter-individual variability, including strain specificity, host genetics, baseline microbiota
characteristics, dietary composition, and inconsistent dosage protocols. The proposed multi-layer interaction model
integrates microbial, host-specific, dietary, and protocol-related factors to guide future personalized intervention strategies
and support precision-medicine approaches to optimize clinical outcomes.
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INTRODUCTION

The human gut microbiota constitutes a complex system essential for metabolic regulation, immune
homeostasis, and intestinal barrier integrity. Disruption of this ecosystem — termed dysbiosis — is implicated
in gastrointestinal disorders (irritable bowel syndrome [IBS], inflammatory bowel disease [IBD]), metabolic
syndromes (obesity, type 2 diabetes), and immune-mediated diseases ' °. Consequently, probiotics have been
proposed as therapeutic agents capable of restoring microbial balance and improving host health *. Despite
this strong biological rationale, clinical outcomes of probiotic interventions remain highly inconsistent. While
some RCTs report significant benefits (e.g., prevention of antibiotic-associated diarrhea [AAD]), others
demonstrate minimal colonization or no physiological effects >°. These discrepancies reflect not only
differences in study populations but also deeper issues: strain-specific variability, host-dependent responses
(e.g., baseline microbiota composition, colonization resistance), and methodological heterogeneity across
trials 7®. A major limitation of the current literature is the tendency to summarize probiotic functions without
critically comparing conflicting findings or quantitatively assessing study quality. Consequently, the
underlying reasons for divergent clinical outcomes from similar probiotic interventions are not well
understood. This review addresses this gap by applying a comparative analytical approach with three
objectives: (i) to synthesize discrepancies between mechanistic evidence and clinical outcomes; (ii) to
delineate factors underlying inter-individual variability (microbial, host, and environmental); and (iii) to
propose a multi-layer interaction framework for the design and evaluation of probiotic interventions.

Mechanisms Of Probiotic Action: From Molecules to Clinical Variability

Probiotics exert effects through multiple interconnected mechanisms, including microbial competition,
metabolic activity, and host physiological responses. Although strongly supported by preclinical evidence,
translation into consistent clinical outcomes remains variable. Host-specific factors — baseline microbiota
composition, diet, immune status, and colonization resistance — decisively modulate probiotic function 7.

Competitive Exclusion and Colonization Resistance

Competitive exclusion refers to the inhibition of pathogens through competition for adhesion sites and
nutrients. Lactobacillus and Bifidobacterium strains reduce pathogen colonization in vitro and in gnotobiotic
models '®!!. However, clinical findings are inconsistent: some RCTs report successful colonization and
pathogen suppression, while others show minimal impact due to resistance from the pre-existing microbiota
12 This discrepancy occurs from colonization resistance— a property of the resident microbiota mediated by
niche occupation, bacteriocin production, and nutrient depletion !*. In individuals with stable, diverse
microbiota (e.g., healthy adults), colonization resistance limits the establishment of probiotics. For example,
Zmora et al. (2018) demonstrated that probiotic Lactobacillus strains failed to colonize the gut mucosa of most
healthy volunteers, with colonization patterns predicted by baseline microbiota composition '*. Thus,
competitive exclusion is context-dependent rather than universally reproducible. Recent work has further
shown that Akkermansia muciniphila mediates competitive colonization by directly interacting with the host
immune system and reinforcing the mucus layer '°.

Antimicrobial Metabolite Production: Beyond SCFAs Probiotics produce bioactive metabolites, including
short-chain fatty acids (SCFAs: acetate, propionate, butyrate), indoles, and secondary bile acids '®!”. SCFAs
enhance epithelial integrity, regulate immune signaling via G protein-coupled receptors (GPR41, GPR43), and
inhibit histone deacetylases (HDACS), leading to anti-inflammatory effects '®. Indoles activate the aryl
hydrocarbon receptor (AhR), modulating IL-22 production and mucosal barrier function '°. Secondary bile
acids (e.g., lithocholic acid and deoxycholic acid) bind to FXR and TGRS receptors, influencing metabolic
and immunological pathways 2°. Although strong mechanistic evidence exists, clinical translation is
inconsistent. Major limitations comprise: (i) most clinical trials do not directly measure metabolite production;
(i1) metabolite synthesis depends on dietary substrates (e.g., fiber for SCFAs, tryptophan for indoles); and (iii)
inter-individual variation in gut transit time and microbial ecology affects metabolite yields *'*2. For example,
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individuals consuming fiber-rich diets demonstrate elevated SCFA production compared to those on low-fiber
diets, independent of probiotic administration .

Immunomodulation: Pathways and Conditional Effects. Probiotics regulate cytokine production and immune
cell activity. Experimental studies demonstrate enhanced levels of anti-inflammatory cytokines (IL-10, TGF-
B) and suppression of pro-inflammatory mediators (TNF-a, IL-6, IL-8) via inhibition of the NF-kB and MAPK
pathways 2*%°. However, human RCTs show inconsistent results: some report significant reductions in
inflammatory markers (e.g., CRP, fecal calprotectin), while others show no measurable changes 2¢.
Discrepancies develop from differences in baseline immune status (healthy vs. diseased), disease activity
(remission vs. active), probiotic strains (immunostimulatory vs. immunosuppressive), treatment duration
(days vs. months), and inter-individual variability in immune responsiveness 2”**. Importantly,
immunomodulation should be considered condition—dependent on the host immune set point and
environmental exposures rather than a predictable therapeutic outcome. A comprehensive meta-analysis
confirmed that probiotic supplementation markedly decreases the expression of pro-inflammatory genes
(TNFa, IL1B, IL8), but with high heterogeneity across studies *°.

Gut Barrier Integrity: Tight Junction Regulation. Probiotics maintain intestinal barrier function by
regulating tight junction (TJ) proteins (occludin, claudins, ZO-1) and reducing epithelial permeability.
Mechanistic studies implicate activation of AMPK and PKC pathways, leading to TJ assembly and reduced
paracellular flux 3*3!. Although short-term experimental studies show promising results, long-term clinical
validation remains limited. Variability in host microbiota composition, baseline barrier integrity (leaky gut vs.
intact), and environmental factors (diet, stress, medications) also influence effectiveness *2. A systematic
review confirmed that specific Lactobacillus and Bifidobacterium strains modulate TJ proteins via NF-
kB/MLCK and TLR2/PPARy pathways, but the effect is strain- and context-specific **. Collectively, these
mechanisms are well supported by experimental evidence but demonstrate inconsistent clinical translation.
This indicates that mechanistic efficacy alone does not reliably predict therapeutic success and highlights the
importance of incorporating host-specific and environmental factors.
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Figure 1. Molecular mechanisms of probiotic-mediated intestinal homeostasis and gut-host axis signaling. Schematic
representation of the multi-level interactions at the lumen-epithelium interface. (A) Luminal Modulation: Competitive
exclusion of pathogens for ecological niches and secretion of antimicrobial peptides (bacteriocins). (B) Barrier Fortification:
Activation of the AMPK signaling pathway leading to the upregulation of tight junction proteins, including ZO-1 and
occludin, enhancing epithelial integrity. (C) Inmunomodulation: Induction of regulatory T (Treg) cells via short-chain fatty
acid signaling through G protein-coupled receptors (GPR41 and GPR43), and activation of the aryl hydrocarbon receptor
(AhR) by indole derivatives. This cascade results in increased IL-10 secretion and the suppression of the pro-inflammatory
NF-kB pathway within the lamina propria.

BioNatura Publishing Consortium (BIPC) © Clinical Biotec S.L. — Madrid, Spain E



https://bionaturajournal.com

BioNatura Journal 2026, 10.70099/BJ/2026.03.02.7

Clinical Evidence: Comparative Analysis By Condition
Clinical evidence on probiotics shows substantial heterogeneity across conditions. Table 1 provides a
comparative synthesis by indication, including effect sizes and quality assessments.

Antibiotic-Associated Diarrhea (AAD)

Probiotics show relatively consistent benefits for AAD prevention. A Cochrane meta-analysis (39 RCTs,
n=9,931) reported that probiotics (mainly Lactobacillus rhamnosus GG and Saccharomyces boulardii)
reduced AAD risk by 60% (RR 0.40, 95% CI 0.32—0.51) in children, though more recent updates suggest the
effect may be more moderate in adults ***. Subsequent meta-analyses confirmed benefit in children in the
outpatient setting, with moderate GRADE evidence °. Benefits are likely due to be defined mechanisms
(restoration of microbiota diversity, SCFA production) and controlled conditions (short duration, defined

trigger).

Irritable Bowel Syndrome (IBS)

IBS studies report mixed outcomes. A recent comprehensive meta-analysis (35 RCTs, n=3,806) found modest
benefits for global symptom improvement (RR 1.57, 95% CI 1.23-2.00) but with high heterogeneity (I1>=85%)
37 Multi-strain products showed better results than single-strain products. More recent meta-analyses confirm
that specific probiotics reduce IBS-SSS scores but do not notably improve quality of life compared to placebo
3839 Inconsistencies are associated with differences in strains, treatment duration (>8 weeks needed), patient
heterogeneity (IBS subtype, baseline dysbiosis), and placebo response rates (up to 40%) .

Inflammatory Bowel Disease (IBD)

IBD evidence remains inconclusive. A major meta-analysis (12 RCTs, n=536) found no significant benefit for
maintenance of remission in Crohn’s disease (RR 1.03, 95% CI 0.85—1.25) and limited evidence for ulcerative
colitis (RR 1.14, 95% CI 0.93-1.40) *!. An umbrella review confirmed that probiotics reduce relapses in
ulcerative colitis compared with placebo but show no advantage over standard pharmacological therapy, such
as mesalazine **. Limitations comprise short-term trials (<12 weeks), small sample sizes, and variability in
disease activity, concomitant medications (biologics, immunomodulators), and probiotic strains.

Metabolic Disorders (Obesity, Type 2 Diabetes)

Obesity and metabolic syndrome studies show conflicting findings. A large meta-analysis (27 RCTs, n=1,441)
reported small reductions in BMI (MD —0.28 kg/m?, 95% CI —0.46 to —0.10) and waist circumference (MD
—0.91 cm, 95% CI —1.40 to —0.42) but with high heterogeneity and no significant effects on glucose or lipid
parameters **. Further systematic reviews confirmed that probiotics reduce waist circumference and body
weight in patients with metabolic syndrome, but effects on glycemic and lipid parameters remain inconsistent
#_ Variability is ascribed to differences in host metabolism, dietary factors (baseline fiber intake), baseline
microbiota composition, and probiotic strains.

Condition Best Studied Strain(s) Study Type Outcome Key Limitations Quality
(Meta-analysis/RCT) (Effect Size, (GRADE)
95% CI)
AAD (children) * | L. rhamnosus GG, S. Cochrane MA (39 RR 0.40 [0.32— Short-term only; Moderate
boulardii RCTs, n=9,931) 0.51] strain-specific; adult
effect modest
IBS (global Multi-strain (e.g., B. MA (35 RCTs, RR 1.57[1.23— High heterogeneity; Low to
symptoms) %’ longum, L. n=3,806) 2.00]; > =85% | large placebo response moderate
acidophilus)
Ulcerative Colitis E. coli Nissle 1917, MA (12 RCTs, n=536) = RR 1.14 [0.93— Small trials; short Low
(maintenance) ! VSL#3 1.40] duration; concurrent
medications
Obesity (BMI L. gasseri, L. MA (27 RCTs, MD —0.28 High heterogeneity; no Low
reduction) plantarum n=1,441) kg/m?[-0.46 to = effect on glucose/lipids
—0.10]

Abbreviations: AAD, antibiotic-associated diarrhea; CI, confidence interval; IBS, irritable bowel syndrome; MA, meta-analysis;
MD, mean difference; RCT, randomized controlled trial; RR, risk ratio.
Table 1. Comparative Evidence of Probiotic Studies by Clinical Condition
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A consistent observation across conditions is that probiotic efficacy is determined not by general classification
but by specific parameters: strain selection (genomic and functional characteristics), dosage (>10° CFU/day
typically required), duration (>4-8 weeks for chronic conditions), and host microbiome characteristics
(baseline diversity, colonization resistance, dietary patterns).

Multi-Layer Interaction Model: A Conceptual Framework

To address the persistent inconsistency between mechanistic evidence and clinical outcomes, a multi-layer
interaction model is proposed. This framework integrates microbial activity, host-interface responses, and
systemic physiological effects, offering a structured approach to understanding variability in clinical
outcomes. (Figure 2)

Multi-Layer Interaction Model
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Figure 2. Multi-layer hierarchical interaction model for probiotic efficacy. The schematic illustrates the sequential cascade
required to translate microbial supplementation into systemic clinical outcomes. Layer 1 (Microbial Activity): Represents
the primary ecological niche where probiotic strains must bypass colonization resistance and compete for metabolic
substrates. Key processes include the production of primary effectors such as short-chain fatty acids (SCFAs) and indole
derivatives. Layer 2 (Host Interface): Details the molecular signal transduction at the intestinal epithelium, specifically the
upregulation of tight junction proteins (e.g., ZO-1, occludin) and immune modulation via regulatory T (Treg) cell induction
and IL-10 secretion. Layer 3 (Systemic Effects): The distal manifestation of metabolic and immunological homeostasis,
characterized by reduced systemic inflammatory markers (e.g., C-reactive protein [CRP]) and clinical symptom relief.
Vertical arrows denote upward functional dependency; red indicators (X) signify bottlenecks where failure at the microbial
level (Layer 1) precludes downstream physiological benefits.

Layer 1: Microbial Activity (Colonization and Metabolic Output). Probiotic efficacy depends on successful
colonization, interactions with the resident microbiota, and the production of bioactive metabolites. However,
colonization is often limited by host-specific factors: baseline microbiota composition (alpha and beta
diversity), colonization resistance (niche occupancy, bacteriocin production), and intestinal transit time '>!4,
For example, individuals with high baseline Lactobacillus abundance show minimal additional colonization
after probiotic administration 4’

Layer 2: Host Interface (Mucosal Immunity and Barrier Function) At the host interface, probiotics influence
immune signaling pathways (NF-kB, MAPK, AhR) and intestinal barrier function (TJ proteins, mucus
generation). These responses are highly variable and depend on baseline immune status (pro-inflammatory vs.
tolerogenic), genetic factors (NOD2 and TLR polymorphisms), and ecological influences (diet, stress,
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medications) 27?8, Individuals having compromised barrier integrity (e.g., IBD, celiac disease) may respond
differently compared to healthy individuals.

Layer 3: Systemic Physiological Effects (Clinical Outcomes). At the systemic level, combined microbial and
host responses translate into clinical outcomes, including symptom reduction (diarrhea, abdominal pain),
inflammatory markers (CRP, calprotectin), metabolic parameters (glucose, lipids), and quality of life.
However, these outcomes are affected by multiple external factors: diet (fiber, fermentable substrates),
lifestyle (exercise, sleep), underlying disease activity, and concomitant treatments (antibiotics, proton pump
inhibitors, immunosuppressants) *>*3. Importantly, disruption at any stage compromises the overall therapeutic
effect. For example: (i) failure of microbial colonization (Layer 1) prevents activation of immune routes (Layer
2); (ii) variability in host metabolism (Layer 2) alters systemic responses (Layer 3) despite successful
colonization; (iii) dietary insufficiency (e.g., low fiber) limits SCFA production regardless of probiotic dose
23 This model serves as a heuristic framework intended to guide future research and clinical trial design, rather
than as a validated empirical finding.

Safety And Adverse Effects

Although widely regarded as safe for immunocompetent individuals, probiotics pose risks for certain
populations. A major systematic review reported rare but documented adverse events: bacteremia/fungemia
(mainly in immunocompromised, critically ill, or patients with central venous catheters), endocarditis, and
gastrointestinal side effects (bloating, flatulence) *. An updated expert review validated these findings and
emphasized that most RCTs exclude high-risk populations *°. Future trials should systematically report
adverse events, particularly for next-generation probiotics (e.g., Akkermansia muciniphila, Faecalibacterium
prausnitzii) ',

Limitations Of the Current Evidence Base

Despite extensive research, several limitations persist within the current evidence base. Primarily, most
clinical guidelines aggregate evidence across different strains, overlooking known functional differences
between them *. This issue is exacerbated by the absence of standardized clinical protocols, which lead to
inconsistent dosing, treatment durations, and outcome measures, preventing the conduct of comprehensive
meta-analyses. Furthermore, methodological inconsistencies—such as variable blinding, randomization
procedures, and the use of disparate control groups (active, placebo, or no treatment)—severely complicate
cross-study comparisons. In terms of study design, the reliance on short-term investigations represents a
significant gap, as few trials assess long-term outcomes or safety beyond six months. Compounding these
challenges is high inter-individual variability: although baseline microbiota composition and metabolic
variation strongly influence probiotic efficacy, very few studies stratify participants by these critical factors
47 Finally, the reliability of the existing literature is undermined by publication bias, which leads to an
overrepresentation of positive results while negative trials frequently remain unpublished 2.

Future Directions

Toward Personalized Probiotics

To overcome current limitations, upcoming research should prioritize the transition toward personalized
probiotics. This shift requires developing strategies tailored to individual microbiome composition (such as
baseline diversity and the abundance of specific taxa), host characteristics (including immune status and
genetic polymorphisms), and environmental factors such as diet and medications * 48, In this context,
validating specific biomarkers of response—such as baseline short-chain fatty acid (SCFA) levels, fecal
calprotectin, and the abundance of specific bacterial phyla—is crucial, an approach increasingly advocated
for precision probiotic development *. To support this personalization, the integration of multi-omics
technologies will be vital; metagenomics (for strain-level resolution), metabolomics (to profile SCFAs, bile
acids, and indoles), and transcriptomics (to assess host immune responses) can identify the mechanistic
correlates that distinguish responders from non-responders ' '°. Translating these insights into practice will
require stratified trial designs that employ enrichment strategies based on baseline microbiota profiles (e.g.,
low Bifidobacterium abundance) or biomarkers (e.g., high calprotectin), thereby reducing heterogeneity and
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increasing statistical power "> 4. Recent literature provides a comprehensive roadmap for moving beyond a
"one-size-fits-all" model toward true precision probiotic medicine **. In parallel with personalization,
methodological rigor must be ensured through standardized clinical protocols. Minimum reporting
standards—including the strain's genome sequence, exact dose, viability at the time of administration,
treatment duration, baseline diet, concomitant medications, and defined primary and secondary outcomes—
should be universally enforced **°. Applying these rigorous standards within long-term trials (lasting twelve
months or more) is essential to properly assess sustained efficacy, safety, and effects on microbiota resilience,
which are critical requirements for regulatory approval and clinical use. Finally, the field must look toward
next-generation engineered probiotics; while genetically modified strains featuring enhanced colonization,
targeted metabolite production, or in situ sensing capabilities are actively under development °!, their
successful translation will depend on substantial investment in dedicated safety and regulatory frameworks.

CONCLUSIONS

Probiotics represent a promising yet complex therapeutic strategy for modulating gut health. Although
mechanistic studies provide robust evidence for their biological effects, including competitive exclusion,
metabolite production (SCFAs, indoles, bile acids), immunomodulation (NF-xB, AhR pathways), and barrier
enhancement, clinical outcomes remain inconsistent. This inconsistency is attributable to variability in
probiotic strains, host factors (such as microbiota composition, colonization resistance, immune set point, and
diet), and study design. The proposed multi-layer interaction framework provides a conceptual explanation
for these discrepancies. Probiotic efficacy depends on successful colonization (Layer 1), engagement at the
host interface (Layer 2), and translation to systemic outcomes (Layer 3), with failure at any stage
compromising the overall effect. This model emphasizes that tailored approaches—aligning strain selection
with the baseline microbiota, disease condition, and dietary context—are essential for enhancing
reproducibility and clinical outcomes. For clinicians, probiotics have evidence-supported roles in preventing
antibiotic-associated diarrhea, primarily in children with specific strains, and may offer modest benefits for
symptom management in irritable bowel syndrome, but not for inflammatory bowel disease or obesity. For
researchers, standardized protocols, long-term trials, and biomarker-stratified designs are urgent priorities. For
regulators, strain-specific guidelines and post-marketing surveillance are required for next-generation
probiotics. The integration of advanced multi-omics technologies with rigorous clinical phenotyping will be
essential to realize the therapeutic potential of probiotics in precision medicine.
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