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1. Introduction

Probiotics are live microorganisms that confer health benefits
when consumed in adequate amounts, commonly including
species from Lactobacillus, Bifidobacterium, and Bacillus. They
may modulate immunity, compete with pathogens, produce
short-chain fatty acids, and interact with host cells. Despite
market growth, evidence for their broad efficacy, especially in
healthy individuals, remains limited and strain-specific. This has
driven interest in next-generation and personalized probiotics.
The gut microbiota, dominated by Firmicutes and Bacteroidetes
phyla, supports digestion, vitamin synthesis, immunity, and gut
barrier integrity. Dysbiosis, often antibiotic-induced, is linked to
disorders like IBD and obesity. Recovery varies by host and
treatment factors. Microbiome profiling uses both traditional
cultures and molecular methods. 16S rRNA sequencing allows
genus-level analysis, while shotgun metagenomics enables
species-level resolution and functional insights, though at a
higher cost and complexity. Microbial diversity reflects
ecosystem health. o-diversity (within-sample richness,
evenness) and P-diversity (between-sample compositional
differences) are assessed using indices like Shannon, Chaol, and
UniFrac. Greater diversity is linked to resilience and metabolic
flexibility. Antibiotics can reduce diversity and promote
pathogen overgrowth. Although probiotics are often used to
counteract this, their effectiveness on microbiota composition
during treatment remains unclear, and clinical guidelines are
lacking in this regard. Zonulin regulates intestinal permeability
via tight junctions. Elevated levels may lead to a “leaky gut,”
contributing to inflammation and disease. Probiotics may
influence zonulin, but current evidence is inconclusive.
Systematic reviews and meta-analyses synthesize scientific
evidence, improving precision and guiding practice. Their
reliability depends on study quality and consistency, but remains
essential in evidence-based health sciences.



2. Objectives

I. The effect of probiotic supplementation on the gut
microbiome during antibiotic treatment: To evaluate the
effect of probiotic supplementation on gut microbiome diversity
and composition during antibiotic treatment by systematically
reviewing and synthesizing available evidence based on
randomized controlled human trials.

II. The effect of probiotic supplementation in healthy
populations: To assess the impact of probiotic supplementation
in healthy populations by systematically reviewing and
synthesizing available evidence based on randomized controlled
human trials. In this thesis, I intend to report results on the
following specific outcomes:

a) gut microbiome diversity

b) zonulin levels

2.1. Hypotheses

It is hypothesized that probiotic supplementation does not have
a statistically significant or clinically relevant overall effect on
gut microbiome diversity or zonulin levels, both during
antibiotic treatment and in healthy populations. This assumption
is based on the variability in individual microbiome responses,
strain-specific probiotic effects, and inconsistencies in current
literature.

3. Methods

All investigations followed Cochrane guidelines and PRISMA
2020 reporting standards. The protocols were pre-registered in
PROSPERO under the following IDs:

1. CRD42021282983 — The effect of probiotic
supplementation on the gut microbiome during antibiotic
treatment

2. CRD42022286137 — The effect of probiotic

supplementation in healthy populations



3.1. Search strategy and study selection

Using the PICO-S framework, eligibility was defined as follows:
1. Population (P) — people treated with antibiotics
regardless of indication; Intervention (I) — probiotic
supplementation along with antibiotic treatment;
Comparison (C) — no probiotic supplementation
(placebo or no intervention); QOutcome (O) — gut
microbial diversity (any reported diversity indices) and
composition at the end of the intervention (and after a
follow-up period)

2. Population (P) — healthy individuals as specified in the
articles; Intervention (I) — probiotic supplementation;
Comparison (C) — no probiotic supplementation
(placebo or no intervention); Outcome (O) — the
primary outcome was gut microbial diversity (any
reported diversity indices) at the end of the intervention
(and after a follow-up period). Additionally, we aimed to
assess any other outcomes as reported in the identified
studies. In this thesis, I report results on zonulin levels

Only randomized controlled trials (RCTs) were included, with
no restrictions on age, sex, or ethnicity. Searches were
conducted in MEDLINE (PubMed), Embase, and CENTRAL
without filters. The systematic search was conducted on:

1. 15/10/2021 - The effect of probiotic supplementation on
the gut microbiome during antibiotic treatment

2. 12/04/2024 - The effect of probiotic supplementation in
healthy populations

Rayyan was used for study screening, and EndNote X9 for
reference management. Two reviewers independently conducted
screening and selection, with discrepancies resolved by
consensus. Cohen’s kappa quantified inter-rater reliability.
Selection included title/abstract screening followed by full-text
evaluation.



3.2. Data collection

Data were extracted independently by two reviewers using a
standardized form and cross-checked. Extracted information
included study characteristics, participant demographics,
intervention details (strain, dose, duration), and outcomes.
Where only graphical data were available, values were extracted
using GetData Graph Digitizer and PlotDigitizer.

3.3. Synthesis methods

3.3.1. The effect of probiotic supplementation on the gut
microbiome during antibiotic treatment

Meta-analysis was conducted in R (v4.2.1) using meta and
dmetar. Mean differences (MD) with 95% confidence intervals
(ClIs) were calculated for Shannon, Chaol, and observed OTU
indices. If only quartile data were available, means and SDs
were estimated using the methods by Luo and Shi. Assumptions
of normal distribution were supported by raw data from Oh et al.
A random-effects model with inverse variance weighting was
used due to expected heterogeneity. Sensitivity analyses
included before-treatment comparisons and before—after
changes using a correlation coefficient derived from Oh et al.
Heterogeneity was assessed using Cochran’s Q and 7* statistics;
1> was estimated using the Q profile method with a maximum-
likelihood estimator. Publication bias was not assessed due to
the limited number of studies (<10). Forest plots illustrated the
pooled effects. The findings are reported as (MD [95% CI lower
limit — 95% CI upper limit]).

3.3.2. The effect of probiotic supplementation in healthy
populations — Diversity indices

Due to the frequent reliance on box plots, effect sizes were
expressed as median differences (MedD) with corresponding
95% Cls. The pooled estimate of MedDs was calculated using a



random-effects model with inverse variance weighting.
Heterogeneity variance (t*) was estimated with the restricted
maximume-likelihood method and Q profile confidence intervals.
Potential outliers were assessed using leave-one-out influence
measures as recommended by Harrer et al. Subgroup and
sensitivity analyses were performed based on probiotic type,
intervention duration, and risk of bias. Publication bias was
assessed using funnel plots and Egger’s test. We assumed a
possible small study bias if the p-value was less than 10%. All
analyses were performed in R (v4.4.1) with meta, metamedian,
metafor, and dmetar. The findings are reported as (MedD [95%
CI lower limit — 95% CI upper limit]).

3.3.3. The effect of probiotic supplementation in healthy
populations — Zonulin levels

A random-effects model was used to calculate standardized
mean differences (SMD, Hedges’s g) between probiotic and
control groups. Post-intervention values were analyzed
assuming comparable baselines due to the RCT design.
Heterogeneity was quantified using t> and 2. Results were
significant if the 95% CI excluded zero. Analyses were
performed in R (v4.4.1) using the meta package. The findings
are reported as (SMD [95% CI lower limit — 95% CI upper
limit]).

3.4. Risk of Bias assessment

Two reviewers independently assessed the risk of bias using the
Cochrane RoB2 tool, resolving disagreements by consensus.
Domains included randomization, deviations from intervention,
missing outcome data, measurement of outcomes, and selective
reporting. Overall risk was categorized as low, some concerns,
or high.



3.5. Certainty of evidence

Certainty was evaluated using the GRADE framework,
considering risk of bias, inconsistency, indirectness,
imprecision, and publication bias. The evidence was classified
as high, moderate, low, or very low. Two reviewers performed
the assessments independently, with consensus reached in all
cases.

4. Results

4.1. The effect of probiotic supplementation on the gut
microbiome during antibiotic treatment

4.1.1. Study selection

The search identified 19,596 records, with Cohen’s kappa values
of 0.86 (title/abstract) and 0.95 (full text), indicating high inter-
rater agreement. Fifteen studies (877 patients) were included in
the qualitative synthesis, of which five (335 patients)
contributed data on Shannon diversity index and three (236
patients) on Chaol index and observed OTUs. No additional
records were found via reference screening, and overlapping
populations were excluded. Most studies involved adults; one
included neonates, and another adolescents.

Eight studies focused on Helicobacter pylori eradication, one on
Clostridioides difficile infection, two on non-gastrointestinal
infections, and four on healthy participants without clinical
indication for antibiotics. Microbiome analysis methods
included 16S rRNA sequencing (9 studies), standard culturing
(3), terminal restriction fragment length polymorphism
(TRFLP) plus culturing (1), and other PCR-based techniques
(2). All studies were peer-reviewed and available in full text,
except for one protocol-based publication.

4.1.2. Quantitative synthesis

Five studies (335 patients) were included in the meta-analysis of
the Shannon diversity index, showing no significant difference



between probiotic and control groups at the end of antibiotic
treatment (MD = 0.23; 95% CI: —0.06 to 0.51). Three studies
(236 patients) were analyzed for Observed OTUs (MD = 17.15;
95% CI: —9.43 to 43.73) and Chaol index (MD = 11.59; 95%
CIL: —18.42 to 41.60), also with no significant differences
(Figure 1). Neonate data and studies with unclear time points
were excluded to reduce indirectness and heterogeneity.
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Figure 1. After antibiotic treatment, the Shannon diversity index (A), Observed OTUs
(B) and Chaol index (C) are not significantly higher in patients receiving concurrent
probiotic supplementation than in those treated with antibiotics alone, as measured
immediately after antibiotic treatment. CI: confidence interval; MD: mean difference

As a sensitivity analysis, we calculated pre-treatment values
separately and analyzed the magnitude of change (“before-after”
differences) within each study. No significant differences were
found between groups for any diversity index (Shannon: MD =
0.07; 95% CI: —0.19 to 0.32; Observed OTUs: MD = 8.09; 95%
CI: -3.87t0 20.05; Chaol: MD =3.77;95% CI: —10.17to 17.71)
(Figure 2).
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Figure 2. The magnitude of change compared to pre-treatment values of the Shannon
diversity index, Observed OTUs, and Chaol indices is not significantly different in
the group receiving concurrent probiotic supplementation than in the group treated
with antibiotics alone. CI: confidence interval; MD: mean difference

Higher with probiotics

4.1.3. Qualitative synthesis

Most studies not included in meta-analysis showed no
significant differences between probiotic and control groups in
a-diversity indices. B-diversity measures also generally showed
no group differences, except one study reporting improved
stability with probiotics. Antibiotics reduced Firmicutes and
Bacteroidetes, increased Proteobacteria, and altered the
Bacteroidetes:Firmicutes ratio in both groups. Some studies
showed probiotics helped maintain Bifidobacterium levels and
modulate Escherichia, Enterococcus, Roseburia, and Blautia,
but findings were inconsistent and often transient.

4.1.4. Risk of Bias

The overall risk of bias ranged from low to high, mainly due to
baseline differences between groups in some studies.



4.1.5. GRADE Assessment
According to the GRADE assessment, the quality of evidence
was rated as low.

4.2. Probiotics for healthy populations — Diversity indices

4.2.1. Study selection

From 13,625 records, 47 randomized, placebo-controlled studies
were included in the qualitative synthesis of gut microbiome
diversity. Inter-rater agreement was high, with Cohen’s kappa
values of 0.94 and 0.81 (title/abstract screening) and 0.94 and
0.98 (full-text screening). Most studies involved adults; some
focused on infants, children, or the elderly. Pediatric studies
were excluded from meta-analysis to avoid indirectness. Usable
data were available in 22 studies for the Shannon diversity index,
7 for observed OTUs, 9 for the Chaol index, and 10 for the
Simpson’s Index of Diversity.

4.2.2. Quantitative synthesis

The meta-analysis of 22 studies (1,068 participants) showed no
significant effect of probiotics on Shannon diversity index at the
end of treatment (MedD =-0.08; 95% CI: —0.16 t0 0.01) (Figure
3). Subgroup analysis by probiotic  composition
(Lactobacillaceae,  Bifidobacteriaceae,  Bacillaceae, or
mixtures) also revealed no significant differences. Seven studies
(447 participants) were included in the meta-analysis of
observed OTUs. No significant difference was found between
probiotic and control groups (MedD = 2.19; 95% CI: -2.20 to
6.57) (Figure 4). Subgroup analyses by probiotic composition
also showed no significant or clinically relevant effects. Nine
studies (456 participants) were included in the meta-analysis of
the Chaol index. No significant difference was found between
probiotic and control groups (MedD =-3.19; 95% CI: -27.28 to
20.89) (Figure 5). Subgroup analysis by probiotic composition
confirmed the absence of significant effects. Ten studies (455
participants) were included in the meta-analysis. Data were
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standardized to ensure higher values reflected greater diversity,
assuming the use of Simpson’s Index of Diversity (1-D). No
significant difference was found between probiotic and control
groups (MedD =-0.01; 95% CI: —0.02 to 0.00) (Figure 6.), and
subgroup analysis by probiotic composition showed no
significant effects.

Sensitivity, subgroup, and meta-regression analyses (by risk of
bias and intervention duration) showed no significant effects.
Publication bias and leave-one-out analyses did not reveal major
concerns or influential studies affecting the meta-analysis
outcomes.

Probiotics No Probiotics Shannon diversity index
Study Total Median Q1 Q3 Total  Mecdian Q1 Q3 MedD 95%-CT  Weight
Shi et al. 2020 25 4.99 25 6.04 -L.06 [-1.53;-0.58] 2.0%
Lopes-Garcia ctal. 2023 20 2.83 19 3.10 027 -0.01] 6.0%
Lremblay etal. 2021258 23 5.49 23 575 0.26 0.16] 2.6%
Lreedman etal, 2021 * 23 4.97 16 522 — 0.25 3 0.13] 3.1%
Bloemendaal et al. 2021 27 -0.12 31 0.04 i 0.16 2; 0.10] 6.1%
Siinchez Macarro et al. 2021 22 2.90 21 3.06 il 0.16 38: 0.07] 7.5%
Moloncy et al. 2021 16 570 24 582 - 0.12 5
Hibberd ct al. 2018 * 24 6.90 36 7.00 — 0.10
Michael et al. 2020 3s 6.51 29 6.60 —— 0.09
Sobn ctal. 2021 35 251 36 259 - -0.08
Son ct al. 2020 8 231 7 239 . 0.08
Shi ctal. 2023 * 25 322 25 3.20 == -0.07
Moore et al. 2023 48 294 2 3.00 ] 0.06
Washburn 15 591 15 5.94 —f— 0.03
Sandiogini et al. 2022 25 3.97 25 3.98% i -0.01 [
Gai etal. 2023 48 4.13 46 4.13 0.00 [
Kang etal. 2021 39 3.39 34 327 S 012 [-
Nakamura et al. 2022 20 6.27 20 015 [
Huang ctal. 2022 12 6.03 12 0.15 [
Park et al. 2020 31 4.11 3 018 [- 0.57] 2.9
Majeed et al. 2023 12 473 14 023 [-0.75; 1.21] 0.5%
Chen et al. 2021 19 517 19 029 [-021; 0.80] 1.8%
Random efTect -0.08 [-0.16; 0.01] 100.0%

Prediction interval

£ 34% [0%; 60%] , T~ 0.06

[
-1.5-1-050051 15

[-0.24; 0.08]

Lower with probiotics Higher with probiotics

Figure 3. Shannon diversity index is not significantly different in healthy people
receiving probiotic supplementation than in those in the control group, as measured
immediately after the treatment period; CI: confidence interval; MedD: mean of
median differences. Q1: first quartile; Q3: third quartile.
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TProbiotics No Probiotics Observed OTUs

Study Total Median Q1 Q3 Total  Median Q1 Q3 MedD 95%-CI  Weight
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Figure 4. The number of Observed OTUs is not significantly different in healthy
people receiving probiotic supplementation than in those in the control group, as
measured immediately after the treatment period; OTU: operational taxonomic unit;
CI: confidence interval; MedD: mean of median differences. Q1: first quartile; Q3:
third quartile.

No Probiotics Chaol index
Study Total Qt Q3 Total Median Q1 Q3 MedD 95%-C1 Weight
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Figure 5. Chaol index is not significantly different in healthy people receiving
probiotic supplementation than in those in the control group, as measured immediately
after the treatment period; MedD: mean of median differences. Q1: first quartile; Q3:
third quartile.
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Figure 6. Simpson’s Index of Diversity is not significantly different in healthy people
receiving probiotic supplementation than in those in the control group, as measured
immediately after the treatment period; CI: confidence interval; MedD: mean of
median differences. Q1: first quartile; Q3: third quartile.
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4.2.3. Qualitative synthesis

Most studies reported no significant differences in a-diversity
between probiotic and control groups. A few studies showed
within-group changes, but many lacked placebo comparisons.
Results for specific bacterial families were inconsistent, and
overall findings from the meta-analysis confirmed no significant
effect. B-diversity analyses also largely showed no relevant
differences, though isolated studies reported significant changes
observed after the supplementation with certain strains (e.g. L.
paracasei, L. rhamnosus, L. plantarum, H. coagulans).

4.2.4. Risk of Bias
The risk of bias ranged from low to high across included studies.

4.2.5. GRADE Assessment
The overall quality of evidence was rated as moderate.

4.3. Probiotics for healthy populations — Zonulin levels

4.3.1. Study selection

From 13,625 records, five studies met the criteria for qualitative
synthesis of blood zonulin levels, with high inter-rater
agreement (Cohen’s kappa: 0.90-0.98). One additional study
measuring stool zonulin was included in the review but not
pooled with blood data. All studies involved generally healthy
adults, including male athletes, pregnant women, and
individuals with minor gastrointestinal symptoms or varying
BML

4.3.2. Quantitative Synthesis

The meta-analysis of five studies (307 participants) showed no
significant or clinically relevant difference in blood zonulin

levels between probiotic and control groups at the end of
treatment (SMD =—-0.01; 95% CI: —0.39 to 0.37) (Figure 7).
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Probiotics No Probiotics SMD in Zonulin

Study Sample size Mean S Sample size Mean SD After treatment SMD  95% C1 Weight
1.20 0.60 8 1.40 0.60 - -0.33 [-0.78;0.12) 24.2%
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68.40 12,40 50 66.80 13.50 ™ 0.12 [-0.27;0.51] %
10.80 2.23 12 9.86 427 ™ 0.27 [-0.52; 1.06] 10.1%
35.25 21.80 21 27.41 19.32 T™ 0.37 [-0.22;0.97] 16.1%
157 + -0.01 [-0.39; 0.37] 100.0%
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Figure 7. Zonulin levels are not significantly different in healthy people receiving
probiotic supplementation than in those in the control group, as measured immediately
after the treatment period. Concentrations are expressed as ng/ml. CI: confidence
interval; SD: standard deviation; SMD: standardized mean difference

4.3.3. Qualitative synthesis

Consistent with the meta-analysis, individual studies reported no
significant differences in blood zonulin levels between probiotic
and placebo groups. One study measuring stool zonulin (not
included in the meta-analysis) showed a significant reduction
following probiotic use.

4.3.4. Risk of Bias

Most included studies had a low risk of bias. One study was rated
high risk due to a high dropout rate.

4.3.5. GRADE Assessment

The overall quality of evidence for the meta-analysis was rated
as very low
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5. Conclusions

The summarized results from the currently available randomized
controlled trials do not support probiotic supplementation as an
effective strategy to modify gut microbiome diversity during
antibiotic treatment or in healthy populations. In these contexts,
the meta-analyses of the most common diversity indices,
including Shannon, Chaol, Observed OTUs, and Simpson’s
Index of Diversity, revealed no significant effect of probiotics
on modulating or increasing microbial diversity. While not all
reported outcomes could be analyzed quantitatively, the strong
overall trend across studies suggests a lack of influencing effect
on both a- and B-diversity metrics. Furthermore, our meta-
analysis of five studies with 307 healthy individuals revealed no
significant effect of probiotics on circulating zonulin levels.
There is a strong need for standardized normal ranges and
consistent reporting of diversity metrics to support more robust
and comparable analyses. A consensus for appropriate methods
and clinically important outcomes is critical for further research.
Studies should focus on the potential clinical relevance of
probiotics in specific populations and on understanding the
functional impacts of microbiota modulation.
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