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Abstract

Aging is accompanied by low-grade intestinal inflammation, shifts in gut microbiota, and impaired
oxidative balance. Probiotic supplementation has been proposed to mitigate these processes, yet evidence
in elderly populations remains limited. In this pilot trial, older adults received oral Lactiplantibacillus
plantarum OL3246 or placebo, with assessments including fecal calprotectin and zonulin as markers of
intestinal inflammation, systemic oxidative stress parameters, self-reported quality of life and mood, and
gut microbiome composition analyzed by sequencing and functional profiling. L. plantarum OL3246
supplementation was well tolerated and associated with consistent improvements across clinical,
biochemical, and microbial measures. Participants reported enhanced quality of life and mood, while fecal
calprotectin levels declined, indicating reduced intestinal inflammation. Moreover, oxidative stress
markers improved with lower AOPP, stabilization of SOD, and restoration of redox balance. Microbiome
analyses showed greater diversity and enrichment of health-associated taxa. These findings indicate that

Lactiplantibacillus plantarum OL3246 may support healthy aging.

Keywords: probiotics, Lactiplantibacillus plantarum OL3246, healthy aging, intestinal inflammation,
oxidative stress balance, microbiome, quality of life, depression



Introduction

In recent decades, the idea of extending lifespan while maintaining good quality of life has gained growing
attention across both scientific and commercial fields. This shift is mainly driven by the global aging of
populations, a parallel rise in chronic age-related diseases (CARDSs), and the mounting costs of elderly
healthcare . Forecasts suggest that aging-related health expenditures will increase by 1.8% of GDP in
Japan and 1.3% in the EU in the coming decades ®. These arguments emphasize the importance of
strategies aimed at improving quality of life throughout aging, especially in the context of CARDs, which
profoundly influence individual well-being, healthcare cost and social participation 2 >°.

As a biological process, aging is characterized by cellular and molecular hallmarks such as genomic
instability, mitochondrial dysfunction, telomere shortening, cellular senescence, and chronic low-grade
inflammation ‘. These changes contribute to the development of numerous age-related conditions,
including metabolic disorders, sarcopenia, frailty, neurodegeneration, and immune dysregulation 8°. In
recent years, increasing attention has been given to the gut microbiome as an important modulator of
aging and disease progression, with dysbiosis, defined as functional imbalance in microbial ecosystem °,
emerging as a key factor influencing both cellular aging and disease progression across the human lifespan
11 Microbial imbalance compromises gut barrier integrity, leading to increased permeability (“leaky
gut”), which in turn exposes the gut-associated immune system and systemic circulation to pathogen
associated molecular patterns (PAMPs) and toxic metabolites such as lipopolysaccharides and uraemic
toxins. These molecules activate multiple proinflammatory mechanisms, contributing to low-grade
systemic inflammation, tissue damage and heightened vulnerability to chronic diseases >4, Notably,
microbial dysbiosis has been linked to the progression of neurodegenerative changes during aging through
the gut-brain axis . Dysbiosis-derived metabolites can adversely modulate neuroimmune signaling and

vagal pathways, thereby increasing inflammatory and neurodegenerative processes 6 7.

As a consequence, neurodegeneration contributes to a decline in quality of life in older individuals,
frequently accompanied by the onset of depressive symptoms and progressive loss of functional
independence. Its impact extends beyond cognitive decline, affecting emotional stability, motivation, and
the ability to engage in meaningful social relationships. These dimensions (psychological and social well-
being) are increasingly recognized as central determinants of healthy aging - understood as developing
and maintaining the functional ability that enables well-being in older age '#°2°, High levels of well-
being in later life are associated with lower incidence of chronic disease, greater adherence to treatment

regimens, improved immune function, and reduced mortality risk. Conversely, disruptions in well-being



can exacerbate physical decline, accelerate cognitive deterioration, and diminish quality of life, even in
the absence of overt disease. In this context, preserving well-being is not only a marker of resilience, but
also a target for preventive strategies aimed at maintaining autonomy and life satisfaction among older
individuals 212, Addressing neurodegenerative-related impairments in healthy older adults remains
particularly complex, not only due to their multifactorial etiology but also because of the lack of effective
therapies that could relieve symptoms. Consequently, there is an urgent need to explore alternative
strategies aimed at mitigating or delaying neurodegenerative-related impairments. That approach is
integral with the concept of healthy aging, which emphasizes the preservation of quality of life and the

attenuation of low-grade inflammation 24,

To date, several gut microbiome-targeted interventions have been explored, particularly those aligned
with a healthy diet. Promising strategies include high-fiber diets, which enhance short-chain fatty acid
(SCFA) production and reshape microbial composition; polyphenol-rich food, known for their
antioxidant properties and support of beneficial taxa; and finally, probiotic supplementation. Probiotics
have garnered growing attention for their potential to affect a broad range of physiological processes. A
growing body of evidence supports their beneficial role in metabolic, cardiovascular, gastrointestinal and
even oncological conditions °. By modulating the microbiome and engaging in both direct and indirect
interactions with host cells, probiotics exhibit promising anti-inflammatory and anti-cancerogenic
potential mainly in preliminary studies and in small trials 2527, Notably, emerging research suggests that
they may ameliorate neurodegeneration related symptoms or biomarkers associated with aging through

the gut-brain axis 282°,

However, despite this potential, there is a notable lack of clinical studies which address probiotics as a
preventive agent or modulator of quality of life in healthy elderly populations. To our knowledge only a
limited number of clinical trials have investigated specific probiotic strains in this context 323, The main
body of evidence comes from preclinical animal models, and it remains a significant challenge to

determine how these findings translate to humans.

Therefore, it is essential to evaluate the mechanisms through which probiotics act on the human gut and
gut-brain axis, as well as their clinical effectiveness in supporting well-being in older adults, particularly
those living independently, who may be at elevated risk for emotional decline and loss of life satisfaction.
To address this gap, we conducted a randomized, double-blind, placebo-controlled, pre—post pilot trial to
test the hypothesis that probiotic supplementation could improve intestinal health and contribute to the

maintenance of psychological and emotional well-being in healthy older individuals.



Methods
Study design

The study has been conducted as a randomized, pre-post, placebo-controlled trial in healthy elderly adults
with no signs of neurodegenerative diseases and in general good health. The main hypothesis was how
the administration of the probiotic Lactiplantibacillus plantarum OL3246 (deposit number: KPD 1760)
for 3 months will affect quality of life (primary outcome), inflammatory status measured in blood and

stool samples as well as microbiome composition.
Participant enrollment

The total number of participants recruited to the study was 15 per group (Table 1). During the study 4
participants were rolled-out, due to external factors (4 - COVID infections, 1 - resignation). By the end
of the trial, overall retention was approximately 86.6%. Minor differences in sample size across analyses
reflect outlier removal and occasional mismatches or missing data between questionnaire, serum, and

fecal samples. The study was conducted during the period: June 1% — November 15" 2023.

Inclusion criteria: age between 55 and 85 years, generally good overall health, the absence of any

exclusion, MMSE score > 24.

Exclusion criteria: diagnosed dementia, parkinson disease, diabetes mellitus, clinically active depression
(BDI > 26 and positive clinical diagnosis), substance use disorders or intoxication, uncontrolled
hypertension, unstable ischemic heart disease, allergies, particularly severe allergic reactions, other
serious medical conditions that, in the investigator’s opinion, could interfere with test performance or
supplement tolerance, use of psychotropic medications, use of antibiotics and probiotics during past 3
months, major changes in diet in last 3 months. The prebiotics use was not controlled in protocol. Another
limitation of this study is that sleep patterns and physical activity were not specifically controlled or
monitored. These lifestyle factors can influence gut microbiota composition and inflammatory markers;

however, the study was conducted under free-living conditions to reflect real-world probiotic use.

The qualification and verification of participants have been made by neurologists from Academy of
Physical Education in Katowice and Medical University of Silesia. The study has been registered under

the Resolution No. 6/2022 of the University Bioethics Committee for Scientific Research at the Jerzy



Kukuczka Academy of Physical Education in Katowice, dated June 23, 2022, regarding the opinion on
the proposed medical experiment.

Randomization and blinding

Permuted-block randomization with a fixed block size of four (2:2 ratio) was generated using a computer
algorithm. Both participants and researchers were blinded to the group allocation. Additionally, the
randomization sequence was kept confidential until study completion and implemented by a trained
assistant, who assigned participants to the intervention or Placebo group strictly according to the pre-

generated sequence.

1. Intervention group / probiotic group: tested formulation had a pharmaceutical form of capsules,
containing Lactiplantibacillus plantarum OL3246 (deposit number: KPD 1760) lyophilizate (further:
0L3246) and excipients such as: maltodextrin, magnesium stearate and silicon oxide (1,4 x 10°
CFU per day; taken orally as a 370 mg capsule containing 7 x 10° CFU/capsule twice a day: morning
and evening)

2. Placebo group: placebo capsules contained equal mass of fulfillment, while probiotic was substituted

by maltodextrin (taken orally as a 370 mg capsule twice a day: morning and evening)

The study product was developed and manufactured in-house at Olimp Laboratories Sp. z 0.0. Debica,
Poland by the research and development team, who are co-authors of this study, in compliance with Good
Manufacturing Practice (GMP) guidelines and all relevant quality assurance standards. The appearance
(shape, size, and packaging) of both products was identical. Before administration to participants both
products were examined to align with local guidelines of food and dietary supplement manufacturing to

confirm safety and quality of product.

Study capsules were maintained in cool storage (4 °C). Participants were instructed to store capsules in
their home fridge, and to contact the study centre if they are accidentally left at room temperature for more
than 2 days, or left in the hot sun for 30 min or more; under these circumstances, replacement capsules

were issued.
Short Form Health Survey (SF-36)

Quality of life was assessed using the Short Form Health Survey (SF-36), a widely used, multidimensional

instrument developed to evaluate health-related quality of life (Ware & Sherbourne, 1992). For the



purposes of this study, quality of life was assessed using the Polish version of the SF-36 questionnaire,
adapted by ®*. This version yields a total score ranging from 0 to 171 points, where higher scores indicate
lower quality of life. The maximum possible scores for the physical and mental components are 103 and
68 points, respectively. The questionnaire was applied at baseline and post-intervention to detect changes

in perceived health status.
Beck’s depression inventory scale (BDI)

Depressive symptoms were assessed using the Beck Depression Inventory (BDI), a widely validated self-
report questionnaire commonly used to monitor both the severity and changes in depressive
symptomatology. In line with current knowledge, the BDI is suitable for evaluating depressive symptoms
across various populations, including older adults. The version with 21 questions was used. Scores range
from 0 (no depression symptoms) to 63 (severe depression symptoms) 3. A cut-off score of 11 points has
been recommended for identifying clinically relevant depressive symptoms in several populations,
including the Polish population. Scores above this threshold are indicative of depressive disturbances,

with a reported sensitivity of 82.5% 6%,
Safety assessment

Safety was monitored throughout the study. At the initial visit, participants received a diary and were
instructed to record any adverse effects (solicited and unsolicited) occurring during the 12-week
supplementation and the subsequent 2-week follow-up. Participants were also instructed to promptly
report any adverse event to the principal investigator. Additionally, possible adverse effects were assessed
during each study visit. The predefined grading system included three levels of severity (mild, moderate,
severe), and each event, if reported, was to be classified as related, possibly related, or unrelated to the
study product. No adverse events (AEs) or serious adverse events (SAES) were reported in either study

arm. No participant discontinued the intervention due to safety reasons.
Analysis of a-synuclein level

Total human a-synuclein concentrations in serum samples were determined using Human a-Synuclein
ELISA Kit (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA #KHB0061) according to the
manufacturer’s instructions. In short, 50 pl of standards, controls or serum samples were pipetted into
appropriate wells pre-coated with an anti-a-synuclein antibody. Subsequently, 50 puL of HRP-conjugated

detection antibody was added to each well. Plates were incubated for 3 hours at room temperature and



then washed four times with a washing buffer. Next, 100 pL of freshly prepared Anti-Rabbit IgG-HRP
solution was added to each well and incubated for 30 minutes at room temperature. After a second wash
step, 100 pL of TMB substrate solution was added and allowed to develop in the dark for 30 minutes. The
enzymatic reaction was terminated by the addition of 100 pL Stop Solution and absorbance was measured

at 450 nm using a microplate reader.
Analysis of advanced oxidation protein products (AOPP)

The level of advanced oxidation protein products (AOPP) was determined using the AOPP Assay Kit
(#ab242295; Abcam, Cambridge, UK) according to the manufacturer’s instructions. Serum samples and
chloramine standards were loaded in a volume of 200 pL per well in a 96-well plate. Subsequently, 10
ML of Chloramine Reaction Initiator was added to each well, followed by incubation on a shaker for 5
minutes at room temperature. The reaction was stopped by adding 20 pL of Stop Solution. Absorbance
was measured immediately at 340 nm using a microplate reader. AOPP concentrations were calculated

based on a standard curve generated from chloramine solutions of known concentrations.
Evaluation of superoxide dismutase (SOD) level

Total superoxide dismutase (SOD) concentration was quantified using the Human Total Superoxide
Dismutase ELISA Kit (#A247278; antibodies.com, Stockholm, Sweden) according to the manufacturer’s
protocol. Briefly, 100 uL of standards and appropriately 1:2 diluted samples were added to wells of a
microtiter plate and incubated at 37°C for 90 minutes. After washing the plate twice with Wash Buffer,
100 pL of biotinylated detection antibody was added to each well, followed by a 60-minute incubation at
37°C. Plates were washed three times, then incubated with 100 uL. of HRP-streptavidin conjugate
(SABC) at 37°C for another 60 minutes. After five additional washes, 90 uL of TMB substrate was added
and the plate was incubated in the dark at 37°C for 10-20 minutes. The reaction was stopped by adding
50 uL of Stop Solution to each well. Absorbance was measured immediately at 450 nm using a microplate

reader.
Stool samples collection

Fecal samples were collected at the end of the intervention period. Participants received detailed verbal
and written instructions and were provided with a dedicated sampling kit comprising a sterile stool
collection tool (Katszyk, Kosowski, Wachock, Poland) and a short questionnaire to document participant

ID, date, time of collection, and relevant metadata. Samples were transported at 4 °C and frozen at —80



°C within 2 hours of delivery to ensure preservation of microbial integrity. Frozen samples were
subsequently used for biomarker and microbiota analyses

Evaluation of zonulin level

Fecal zonulin levels were quantified using a competitive IDK® Zonulin ELISA (#K5600;
Immundiagnostik AG, Bensheim, Germany). At first, stool samples were extracted using a dilution buffer
and yielding a 1:50 dilution. Then, extracted stool samples, standards, and controls were mixed with
biotinylated ZFP tracer. After vortexing, 100 pL of each mixture was transferred to wells pre-coated with
polyclonal anti-ZFP antibodies and incubated for 1 hour at room temperature. Following five washes, 100
ML of peroxidase-conjugated streptavidin was added and incubated for another hour under identical
conditions. After washing, 100 pL of TMB substrate was added and incubated in the dark for 25 minutes.
The reaction was stopped by adding 100 pL of stop solution, and absorbance was measured at 450 nm

with a reference at 620 nm.
Analysis of calprotectin level

Fecal calprotectin (MRP8/14) levels were measured using the IDK® Calprotectin ELISA kit (#6927,
Immundiagnostik AG, Bensheim, Germany), strictly following manufacturer’s instructions. At the
beginning, stool samples were extracted using an extraction buffer and yielding a final dilution factor of
1:2500. Then, standards, controls, and diluted stool extracts were pipetted into wells of a microtiter plate
pre-coated with a monoclonal anti-calprotectin antibody. The plate was incubated for 30 minutes at room
temperature 22°C. After five washes with 250 pL of wash buffer, 100 pL of HRP-conjugated detection
antibody was added to each well and incubated for another 30 minutes. Following another wash step, 100
puL of TMB substrate was added and incubated for 25 minutes in the dark. The enzymatic reaction was
stopped by adding 100 pL of stop solution, and absorbance was measured at 450 nm with a 620 nm

reference wavelength.
Microbiome analysis

Microbial DNA was extracted from stool samples using the Genomic Mini AX Stool Kit (#065-60, A&A
Biotechnology, Gdansk Poland) following the manufacturer’s protocol. Briefly, ~100 mg of stool was
lysed in the presence of proteinase K, and DNA was purified using silica spin columns with precipitation
and ethanol wash steps. DNA was eluted in Tris buffer and stored at —20°C until further processing.

Library preparation was carried out using a two-step PCR protocol. The first PCR involved amplification



of the target 16S rRNA gene region with primers containing adapter overhangs. In the second PCR,
sample-specific indices and Illumina sequencing adapters were added. Sequencing was performed on an
Illumina platform using paired-end reads with a minimum of 2 x 300 bp read length. Microbiome analysis
was performed using QIIME2 (version 2022.11) *8. Demultiplexed paired-end reads were processed with
the DADAZ2 plugin for quality filtering, denoising, chimera removal, and inference of amplicon sequence
variants (ASVs) *°. Taxonomic classification of ASVs was conducted using a pre-trained Naive Bayes
classifier specific to the 515F/806R region, trained on the SILVA 138.2 reference database “°. Beta-
diversity was assessed using UniFrac distance metrics **, and group differences were tested with
PERMANOVA “2, Differential abundance analysis was performed with the Analysis of Compositions of
Microbiomes with Bias Correction (ANCOM-BC) method *°.

Prediction of metabolic changes in microbiome (picrust2 + LinDA)

Functional pathway prediction was performed using PICRUSt2 (Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States; 44), based on 16S rRNA gene amplicon data. Raw
sequencing data were processed using QIIME2 (version 2022.11; %), following standard workflows for
denoising (via DADAZ2), taxonomic assignment, and phylogenetic tree construction. The resulting feature
table and phylogeny were used as inputs to the PICRUSt2 pipeline to infer MetaCyc pathway abundances.
This approach has been widely adopted in similar microbiome studies to estimate community-level

functional potential from marker gene data 4>’

The predicted pathway abundance table (compositional) was analyzed using LinDA “¢, a statistical
framework designed for differential analysis of microbiome functions, which accounts for
compositionality and sparsity in relative abundance data. Pathways were considered differentially
abundant at an unadjusted p-value < 0.05 and absolute log. fold change > 1, acknowledging the
exploratory nature of the study. Visualization of pathway-level results, including volcano plots and
category-based summaries, was performed using ggplot2 #° in R.

Due to the exploratory and pilot nature of this study, with a total sample size of n = 21, we did not expect
to detect statistically significant differences after multiple testing corrections. Accordingly, we report
results based on unadjusted p-values to retain sensitivity and avoid type Il errors associated with
overcorrection in small-sample, high-dimensional datasets. This approach is in line with prior
recommendations for pilot microbiome research where the focus is on hypothesis generation rather than

formal inference *°. Pathways with unadjusted p-values below 0.05 and an absolute log2 fold change >1



were considered differentially abundant for exploratory purposes. These results should be interpreted as

putative signals warranting follow-up in larger, confirmatory studies.
Statistical analysis

Statistical analyses were conducted using a linear mixed-effects model with restricted maximum
likelihood estimation (REML), specified as: SF36 ~ Group * Time + baseline +
(1|Patient_ID), where Group (Placebo, L.plantarum OL3246) and Time (Pre, Post) were fixed
effects, and subject ID was included as a random intercept to account for repeated measures. Prior to
model fitting, assumptions were tested by: detecting outliers using the interquartile range (IQR) method;

assessing homogeneity of variance using Levene’s test; evaluating normality of residuals via Q—Q plots.

Estimated marginal means (EMMs) and pairwise contrasts were obtained using the emmeans package
with Kenward—-Roger approximation for degrees of freedom. Effect size (Hedges’s g) was computed using
the eff_size() function. Significance was set at p < 0.05. All analyses were performed in R (version
2024.12.1+563).

The same linear mixed-effects modeling strategy described for SF-36 was applied to the BDI scale, and
biochemical parameters using the model: Variable (BDI/Biochemical parameter) ~ Group *
Time + baseline + (1|Patient_ID). Diagnostic checks and statistical procedures were applied
identically. Estimated marginal means were derived using emmeans, and group-by-time interactions
were interpreted with pairwise contrasts. For transparency, all Group x Time interaction estimates are
provided in Supplementary Table S1. Models were additionally adjusted for sex as a sensitivity check;
inclusion of sex did not alter the direction or interpretation of effects. Given the exploratory nature of this
pilot study, the main text focuses on simple effects (within- and between-group contrasts) to illustrate
observed trends.

Results
Baseline characteristics of the study population

The baseline demographic and clinical characteristics of the participants are shown in Table 1. Taken

together, these data indicate that the recruited cohort were generally healthy, without serious liver,



kidney and metabolic diseases. Throughout the study period, no adverse events (AES) or serious
adverse events (SAEs) were observed in either study arm during the 12-week intervention and the 2-

week follow-up period.

Please insert Table 1 about here

Lactiplantibacillus plantarum OL3246 improves quality of life and depressive symptoms

Aging is frequently accompanied by a gradual decline in perceived quality of life and a higher prevalence
of mood-related disturbances, including depressive symptoms. These psychological dimensions are not
only critical indicators of individual well-being, but also correlate with physiological aging and disease
burden >, To evaluate the potential impact of L. plantarum OL3246 on subjective health perception and
emotional status, we assessed participants using the SF-36 health survey and the Beck Depression
Inventory (BDI) at baseline and following the intervention. Both instruments are well-established tools

for quantifying multidimensional aspects of quality of life and depressive symptomatology, respectively.

Please insert Figure 1 about here

As shown on Figure 1, the linear mixed-effects model revealed statistically significant changes in SF-36
scores in the L. plantarum OL3246 group compared to Placebo at post-intervention (estimate = 2.547, p
= 0.039). No significant differences were observed at baseline between the groups (p = 0.612). Within-
group comparisons showed a clinically meaningful and statistically significant decrease in SF-36 scores
from pre- to post-intervention in the L. plantarum OL3246 group (estimate = -4.930, p < 0.001), while
changes in the Placebo group were not significant (p = 0.183) (Figure 1; Supplementary Figure S1). The
Hedges’s g effect size was (.76, indicating a medium magnitude of improvement, although the 95%
confidence interval [-0.113, 1.631] suggests some uncertainty due to sample size. These findings suggest
that the probiotic intervention may positively impact patient-reported quality of life in selected cohort, as

measured by SF-36.



In accordance with Beck's depression inventory results, we observed the same pattern as in SF-36. The L.
plantarum OL3246 group improved by 1.29 points in BDI (p = 0.0009), whereas the Placebo group
showed no significant changes over time. The between-group contrasts at post-intervention were
marginally significant (p = 0.050), suggesting a trend toward probiotic-associated benefit (Figure 1;
Supplementary Figure S1). Effect size estimates indicated a small, but biologically meaningful effect due
to low baseline levels (g = 0.36), with wide confidence intervals, which reflected sample-related

uncertainty.

Administration of Lactiplantibacillus plantarum OL3246 improves specific markers of protein

oxidation and lowers levels of alpha-synuclein

One of the few blood-based biomarkers that worsens over time and may contribute to decreased quality
of life and increased disease risk is disrupted redox homeostasis. Excessive production and accumulation
of free radicals, coupled with inadequate antioxidant defenses, can result in extensive molecular damage,
including protein oxidation and misfolding, DNA strand breaks, and lipid peroxidation®2. These
deleterious processes are recognized contributors to the progression of neurodegenerative diseases and
reduced well-being °3. Given this knowledge, we pre-selected two redox markers in study design -
advanced oxidation protein products (AOPP) and superoxide dismutase (SOD) - to monitor inflammatory
and oxidative status across the study period. Additionally, we correlated the pre-post changes in SOD
with those in a-synuclein levels to explore whether modulation of oxidative defense aligns with alterations

in a protein involved in neurodegenerative processes.

Please insert Figure 2 about here

The intervention group exhibited a statistically significant reduction in advanced oxidation protein
products (AOPP) compared to the Placebo group (p < 0.001) and in pre-post comparison (p < 0.0001),
indicating a lower burden of systemic oxidative damage (Figure 2). This reduction suggests that the L.
plantarum OL3246 effectively modulated redox homeostasis, potentially attenuating consequences of
increased oxidation. Regarding superoxide dismutase (SOD), we observed a significant pre-to-post
increase in circulating SOD levels only in the Placebo group, whereas levels remained stable in the
Probiotic group over time. Additionally, when adjusted for baseline values, endpoint SOD concentrations

did not differ significantly between groups, suggesting that the intervention maintained redox stability,



while the Placebo group may have mounted a compensatory antioxidant response to persistent oxidative
stress. To further investigate this relationship, we analyzed the correlation between changes in SOD
(ASOD) and a-synuclein (Aa-synuclein), one of important proteins associated with proteotoxicity and
neurodegeneration. In the Placebo group, a strong positive correlation was identified (r = 0.77, p = 0.015),
indicating that individuals with greater increases in SOD levels also exhibited an increase of a-synuclein.
Conversely, the L. plantarum OL3246 group showed a significant inverse correlation (r = -0.68, p =
0.044), suggesting that the treatment may have disrupted the oxidative stress—a-synuclein axis.
Comparison of pre-post change of a-synuclein in serum between Placebo and L. plantarum OL3246 group
can be found in Figure S2 and Table S2. Collectively, these findings support the hypothesis that the
intervention may beneficially modulate oxidative status, as evidenced by lower AOPP concentrations and
more stable SOD levels. While these changes are intriguing from a mechanistic perspective, they should
be regarded as preliminary and exploratory. Overall, the results suggest a potential link between redox
homeostasis, improved quality of life (SF-36), and mood-related outcomes (BDI), which merits further

investigation in larger and mechanistically focused studies.

Improved inflammatory markers in intestine after Lactiplantibacillus plantarum OL3246

administration

One of the best described mechanisms and effects of probiotics in elderly population is modification of
gut microbiome and modification of inflammation related markers *. Given that the probiotic formulation
was administered orally, its primary site of action was presumed to be the gastrointestinal tract.
Accordingly, we assessed gut-related outcomes by analyzing differences in microbiota composition
between study groups and across timepoints. In parallel, we measured fecal concentrations of zonulin and
calprotectin, two well-established biomarkers associated with intestinal barrier function and mucosal
inflammation. Both markers are frequently elevated in older adults and may reflect age-related increases
in intestinal permeability and low-grade gut-derived inflammation %*. Mentioned changes could be a
seminal point of inflammatory cascade which propagates to blood and then to the brain leading to

increased protein misfolding and neurodegeneration °°.

Please insert Figure 3 about here



We observed significant differences in fecal Calprotectin levels in comparison between Placebo and
Intervention at the end of experiment. In the Placebo group, the mean concentration was approximately
104 pg/g, with a median of 109 ug/g. In contrast, the intervention group demonstrated substantially lower
values, with a mean of 54 pg/g and a median of 30 ug/g, placing them around or below the reference
threshold. Despite lack of pre-intervention data about fecal biomarkers, this pattern indicates a beneficial
effect of the intervention on fecal Calprotectin levels. The difference between the Placebo and intervention
groups was statistically significant (p = 0.023). The analysis of zonulin levels did not reveal any changes

due to the probiotic treatment.

Administration of Lactiplantibacillus plantarum OL3246 modulates microbiome in healthy older

people

Aging-related changes in the gut microbiome have been increasingly linked to systemic inflammation,
oxidative stress, and neurodegeneration - all of which were reflected in the physiological and
psychological parameters evaluated in this study. To better understand the possible microbial
underpinnings of the observed improvements in quality of life, mood, and redox status following L.
plantarum OL3246 administration, we next examined whether the intervention affected the global
structure of gut microbiota. We focused on beta diversity as a metric of between-sample dissimilarity in
microbial community structure, providing insight into ecological variation across individuals and
experimental conditions. Changes in beta diversity can reflect dynamic restructuring of the gut
microbiome in response to external interventions. Increases in beta diversity are often interpreted as
indicators of different microbial community structure, potentially signifying a shift toward a more

balanced and health-associated community configuration °°.

We selected weighted UniFrac as the primary beta-diversity metric because it captures differences in both
taxonomic abundance and phylogenetic relationships, which is essential in interventions expected to
modulate rather than replace existing microbial communities (Figure 4). This makes it better suited to
detect shifts in dominant lineages that may impact microbial function or host interaction. To statistically
verify significance we performed the PERMANOVA test and obtained results (Pseudo-F = 2.35, p =
0.021).

Please insert Figure 4 about here



A statistically significant difference in weighted UniFrac beta diversity was observed between the
Intervention and Placebo groups, indicating distinct microbial community structures. The calculated effect
size (Pseudo-F =~ 2.35) reflects a modest, yet biologically relevant shift in overall composition, suggesting
partial overlap between groups alongside a measurable intervention-induced divergence. This indicates
that the two groups differ in their phylogenetic composition and in relative abundance of taxa, not just in
presence/absence. Further ANCOM-BC analysis on family level revealed enrichment in
Ruminococcaceae in Probiotic group (p = 0.03) (Figure 5). Deeper analysis uncovered that
Fecalibacterium (p = 0.035) and Subdoligranulum (p = 0.083) were responsible for differences in beta-
diversity. On species level we observed enrichment of Fecalibacterium prausnitzii and undefined species
of Subdoligranulum and Dialister genus and Clostridia class. All of the mentioned changes had effect
size > 0.4. Additionally, we observed three other switches, which log fold change were higher than 0.4:
Bacteroides uniformis (Ifc = 0.4), genus Eubacterium coprostanoligenes group (Ifc = 0.52) and

Akkermansia muciniphila (Ifc = -0.49), notwithstanding this results were not statistically significant.

Please insert Figure 5 about here

Given that compositional shifts in the gut microbiome can influence its functional output, we next
examined predicted metabolic pathway profiles to assess whether the observed taxonomic differences
translated into changes in microbial metabolic potential. Functional prediction was performed using
PICRUSt2, which infers community-level pathway abundance from 16S rRNA gene data **. This
approach allows for the estimation of biologically meaningful alterations in metabolic activity, including
those relevant to host—microbe interactions, immune modulation, and redox homeostasis. The following

results present key pathway-level differences between the intervention and placebo groups (Figure 6).

Please insert Figure 6 about here

Differential abundance analysis revealed several microbial metabolic pathways with unadjusted p-values

< 0.05 and absolute log2 fold changes > 1. Notably, pathways related to carbohydrate metabolism (e.g.,



GALACT-GLUCUROCAT-PWY, GLUCUROCAT-PWY), vitamin biosynthesis (COBALSYN-PWY,
FOLSYN-PWY), and polyamine/nucleotide biosynthesis (POLYAMINSYN3-PWY) were consistently
upregulated in probiotic group. Although none of the pathways remained significant after false discovery
rate (FDR) adjustment, these uncorrected results offer biologically plausible leads that align with prior
findings in gut microbiome research and justify further targeted investigation. A volcano plot illustrating
these changes highlights the functional categories with the strongest exploratory signals and possible
microbiome-related mechanisms modulated by L. plantarum OL3246 administration. Positive influence
on mentioned pathways may be a possible explanation how OL3246 modulates microbial composition.
Exact laboratory verification, whether OL3246 stimulates synthesis in microbiome (via Clostridia

enrichment) or can produce particular vitamins by its own, should be a target of future studies.

Discussion

Maintaining gastrointestinal health becomes increasingly challenging with age, as the elderly typically
exhibit a decline in beneficial taxa such as - Bifidobacterium and Lactobacillus, accompanied by an
expansion of pro-inflammatory groups including Enterobacteriaceae °’. Such dysbiotic alterations are
associated with a range of health complications that negatively impact quality of life °8. Probiotic
supplementation offers a strategy to re-establish a more balanced microbial ecosystem, thereby potentially
counteracting some of these age-related shifts.

Probiotics have shown considerable promise in improving quality of life among patients with
gastrointestinal diseases >, Comparable benefits have also been observed in the older population, where
probiotic supplementation alleviated age-associated constipation and, in turn, contributed to enhanced
quality of life 262, However, studies on the influence of probiotics on QoL in healthy elderly populations,
where gastrointestinal diseases and symptoms are less prevalent, do not provide clear and consistent
results. The lack of consistent findings largely reflects heterogeneity in study design, including the use
of different assessment tools and methodological approaches 30323 In our study, the L. plantarum
0OL3246 group showed a statistically significant improvement in QoL assessment, while the Placebo
group did not. Post-intervention comparison between groups, adjusted for baseline using a REML model,
also favored the intervention. Although the observed change was slightly below the commonly referenced
MCID thresholds (47 points for 0-100 tests), even modest improvements may carry clinical and practical
significance in generally healthy, high-functioning older adults, where baseline impairment is minimal.

In this context, subtle shifts in QoL measures may reflect enhanced well-being and resilience, which are



particularly valuable outcomes in preventive interventions. Importantly, the SF-36 results paralleled the
improvements on the BDI scale, strengthening the validity of the observed effects across distinct yet
complementary domains of health. According to Button et al. %, a reduction of approximately 17.5%
from baseline constitutes a clinically meaningful improvement from the patient’s perspective. In our
study, the mean BDI score in pre-post comparison for the L. plantarum OL3246 group decreased from
7.18 to 5.88, corresponding to a reduction of 18.0%. Although both values remained below the clinical
cut-off (scores <13), the observed relative change surpassed the established MCID threshold, indicating
a potentially meaningful enhancement in mood and emotional well-being, relevant in a healthy,
community-dwelling female-predominant older population. These findings underscore the potential value
of interventions designed to promote emotional stability, even among individuals without clinically
manifest symptomatology 4. Epidemiologic data provide a nuanced picture of mood health in older
adults. Large-scale surveys, such as the 2021-2023 U.S. National Health and Nutrition Examination
Survey, showed that the prevalence of major depressive disorder tends to decline with age - from 19.2%
in adolescents to 8.7% among adults aged >60 years . However, this pattern coexists with a substantial
burden of subthreshold depressive symptoms and psychological distress later in life. In the pan-European
SHARE cohort (n = 45 600; >65 years), clinically relevant depressive symptoms (EURO-D > 4) affected
35.1% of women and 21.5% of men %, and meta-analyses report pooled prevalence estimates of 19-32%
among older adults globally 878, Mentioned numbers are much more alarming when compared to
estimates from 1990 and to recent numbers of depressive symptoms in older adults which have been
overgrown by 136.1% ©°. Such findings indicate that while the incidence of major depression may be
lower than in younger cohorts, mood-related disturbances, reduced psychological well-being, and stress
vulnerability remain highly relevant in aging populations. These conditions often accompany
multimorbidity, neurobiological aging, and social isolation, underscoring the need for interventions that
can modulate neuropsychological resilience and emotional health in later life - such as the probiotic
strategies evaluated in the present study. Additionally, presented results are in line with actual knowledge
about probiotics and their anti-depressive effects °. However, there is still a lack of studies, where
effectiveness of single probiotic strain has been evaluated using the BDI scale. In all studies included in
meta-analysis, probiotics were administered in multistrain preparations "°. This limited the possibility of
direct comparisons, as potential synergistic interactions between strains obscured the specific
contribution of L. plantarum within the tested formulations . The only studies employing single-strain
formulations of L. plantarum are those conducted with strains PS128 72 and 299v 37, PS128 has

demonstrated efficiency in reducing depressive symptoms in individuals with insomnia, while 299v has



shown benefits in patients diagnosed with major depressive disorder. Notably, however, there is no data
that L. plantarum strains exert positive effects on mood or depressive symptoms in healthy elderly
populations. Collectively, this suggests that the tested L. plantarum OL3246 strain could act as positive
modulator of mood and/or depressive symptoms in female predominant group of older adults.

The positive clinical effects observed in our study may be mechanistically linked to the regulation of
inflammatory pathways and/or redox homeostasis. A growing body of evidence indicates that probiotics
can modulate host inflammatory response ’°, and may serve as adjunctive interventions for a wide
spectrum of inflammatory diseases including those located in gastrointestinal tract ’® and far beyond "’
. L. plantarum strains have emerged as one of the most comprehensively studied candidates for
therapeutic application from a vast array of probiotics &, with well-established evidence of anti-oxidant
properties 8185 However, as in the case of mood and QoL outcomes, evidence supporting the
effectiveness of L. plantarum strains in older people remains limited, yet encouraging. For example, short-
term supplementation with L. plantarum HEALO9 in healthy individuals over 70-year-olds was shown to
reduce low-grade inflammation, as reflected by decreased fecal calprotectin levels . In our study, we
observed a pronounced effect of L. plantarum OL3246 on redox homeostasis, specifically through the
stabilization of SOD and a reduction in AOPP levels. Given that SOD represents a primary enzymatic
defense against reactive oxygen species, SOD activity is widely regarded as a key indicator of antioxidant
capacity and cellular protection against oxidative stress 88, In mammalian cells, both mitochondrial
MnSOD and soluble Cu/ZnSOD genes are regulated by multiple signaling pathways, including up-
regulation in response to oxidative stress 8. In our study, we observed increased levels of SOD in pre-
post comparison only in the Placebo group, whereas in the intervention group SOD levels remained stable.
These findings suggest an elevation of oxidative stress in Placebo group and, conversely, indicate the
capacity of L. plantarum OL3246 to mitigate this effect. This conclusion was further supported by the
beneficial effect of L. plantarum OL3246 on AOPP levels. AOPP is considered as one of universal
markers of oxidative stress with broad diagnostic and prognostic utility across various diseases, including
chronic kidney disease and renal failure °+%2 prostate and breast cancer %4, cardiovascular %, as well
as autoimmune and inflammatory diseases %'. In healthy elderly individuals, AOPP levels are generally
higher than in younger adults, reflecting an age-associated increase in oxidative protein damage and
systemic oxidative stress %%°. Previous studies have reported mean AOPP concentrations in healthy older
adults of approximately 80 pmol/L 1%, although values vary considerably depending on the studied
population and analytical methodology. In our cohort, mean levels were around 50 umol/L, placing them
in the lower quartile of the reported 40-200 umol/L range, which may be interpreted as relatively low



oxidative damage. Nevertheless, the improvements observed both within and between groups in our trial
suggest that L. plantarum OL3246 contributed to maintaining redox equilibrium and protecting against
protein oxidation. These findings indicate that the tested strain may serve as a valuable protective agent
even in subclinical or otherwise healthy elderly individuals particularly in the context of age-related
accumulation of AOPP as part of the physiological aging process - which needs further investigation.
Protein accumulation and impaired mechanisms of clearance are fundamental processes
underlying numerous pathologies, particularly neurodegeneration, but they also play a critical role in
physiological aging *°*. Given the close interconnection between redox homeostasis, protein misfolding
and aggregation, we assessed plasma levels of a-synuclein - one of the hallmark proteins associated with
neurodegeneration, especially Parkinson’s disease (PD) 1%2. Meta-analyses have clearly demonstrated that
increase of total a-syn in plasma correlates with the early stages of PD 1% underscoring the importance of
preventive strategies and the need to maintain a balanced interplay between oxidative stress and a-syn
regulation. Our study provides exploratory evidence suggesting a potential relationship between oxidative
stress markers (SOD) and a-synuclein expression. Although preliminary, this observation raises an
interesting hypothesis that redox imbalance might influence a-synuclein dynamics, which in turn could
be associated with aspects of mood and quality of life. Mechanistically, increased oxidative damage to
neural tissue may upregulate a-synuclein as a compensatory response, since this presynaptic protein plays
a key role in neurotransmitter release and synaptic stability. However, during sustained oxidative stress,
excessive a-synuclein expression combined with oxidative modification may promote misfolding and
aggregation, processes that can impair cognition, affect mood regulation, and ultimately contribute to
neurodegenerative pathways. These findings are hypothesis-generating and require confirmation in larger
mechanistic studies designed to clarify the interplay between redox homeostasis, a-synuclein regulation,
and quality-of-life outcomes. To date, there is no clear evidence that other strains of L. plantarum
influence AOPP, SOD and a-syn levels, particularly in healthy populations. Existing clinical studies with
L. plantarum remain scarce and typically report effects on single oxidative parameters, such as SOD
activity 194 or other redox single biomarker®4195, Qur study, conducted with a single-strain formulation,
provides novel insights into the relationship between temporal changes in a-syn and SOD. In the Placebo
group, SOD levels positively correlated with rising levels of a-syn, suggesting co-activation of gene
expression for both proteins in response to oxidative stress. In contrast, supplementation of L. plantarum
decoupled this association, maintaining stable levels of SOD and preventing a-syn accumulation. This
effect may reflect reduced ROS production and protein oxidation, thereby attenuating oxidative damage
and preserving protein homeostasis. Importantly, disturbances in proteostasis and oxidative stress have



been strongly implicated in the pathophysiology of mood disorders, including depression, where elevated
oxidative markers are frequently reported. Thus, stabilization of redox balance and protein integrity may
not only mitigate neurodegenerative risk but also contribute to improved emotional well-being and quality
of life during physiological aging, as reflected in our findings.

The health-promoting effects of probiotics are largely attributed to their activity within the
gastrointestinal tract (GI). A wide range of direct and indirect mechanisms of action have been described.
Direct interactions with the GI tract include strengthening of the intestinal barrier, attenuation of
inflammatory responses, and stimulation of mucin production 1%. Indirectly, probiotics may influence
host physiology by modulating both the composition and metabolic activity of the gut microbiota, thereby
altering the production of bioactive metabolites and signaling molecules. These mechanisms, whether
acting individually or synergistically, are considered central to improvements in systemic health,
including metabolic regulation, immune modulation, and overall well-being /. Importantly, such
activities provide the rationale for evaluating biomarkers that reflect gut barrier function and
inflammation. In this context, fecal levels of calprotectin and zonulin are particularly informative, even
as collected only at the end of experiment, as they represent sensitive indicators of intestinal permeability
and mucosal immune activation.

Fecal calprotectin is a well-established marker of intestinal inflammation %

. In healthy adults,
concentrations below 50 ug/g are generally considered normal, however, levels tend to increase with age.
Accordingly, higher reference values have been proposed for older individuals, with some suggesting a
threshold of 112 pg/g for individuals over 60 years of age 1111, In the present study, calprotectin levels
in the Placebo group exceeded the conventional adult threshold but remained at or slightly below the
higher values regarded as physiologically normal in the context of aging and its associated low-grade
inflammation 1. By contrast, participants in the L. plantarum OL3246 group exhibited markedly lower
mean and median values compared with Placebo, with the median falling well within the generally
accepted normal range (<50 pg/g) 13, In summary, these findings suggest that although calprotectin
levels in the Placebo group may primarily reflect age-related, sub-clinical inflammation, L. plantarum
OL3246 supplementation effectively reduced this marker to a range consistent with intestinal
homeostasis. This outcome underscores the anti-inflammatory potential of the intervention and aligns
with previous clinical trials reporting probiotic-mediated reductions in fecal calprotectin, particularly in
populations with low-grade or subclinical intestinal inflammation .

Zonulin, beside calprotectin, is increasingly recognized as a key regulator of intestinal permeability and

has been implicated in the age-related phenomenon commonly referred to as “leaky gut.” However, the



interpretation of absolute zonulin concentrations remains a matter of debate, as no universally accepted
threshold reliably distinguishes between physiological and pathological permeability 114116, Some studies
suggest that zonulin levels may rise with advancing age. For instance, 7 reported that serum zonulin
concentrations were 22% higher in older adults compared with younger individuals. Conversely, other
investigations, including that of !, found no significant association between zonulin levels and age.
These inconsistencies highlight both the complexity of zonulin biology and the methodological variability
across studies 114116118120 | the present study, zonulin levels fell within the range previously reported
for healthy individuals % and remained unaffected by probiotic supplementation. This finding suggests
that L. plantarum OL3246 did not modify intestinal permeability through modulation of zonulin.
Nevertheless, it cannot be excluded that other tight junction proteins, such as occludins or cadherins, may
have been influenced. Moreover, a longer intervention period or higher dosage may be required to fully
reveal potential probiotic effects on barrier function. Despite the study limitations (single-end
measurement of fecal biomarkers) and the lack of change in zonulin, the observed reduction in calprotectin
levels and alterations in gut microbiota composition suggest that the intervention could bring beneficial
influence on intestinal inflammatory status.

Continuing, although changes in zonulin were not detected, the intervention exerted measurable effects
at the microbial level. Shifts in community composition, particularly the enrichment of health-associated
taxa, may provide a mechanistic explanation for the observed improvements in inflammatory status.
Observed taxonomic differences in gut microbial composition between Placebo and L. plantarum OL3246
groups may underlie the reductions in fecal calprotectin and improvements in oxidative homeostasis.
Among the taxa enriched in the L. plantarum OL3246 group, Fecalibacterium prausnitzii is particularly

121 and its capacity

noteworthy. This species is widely recognized for its anti-inflammatory properties
ability to synthesize butyrate in situ 22, a short-chain fatty acid known to modulate inflammatory
responses, maintain gut barrier integrity, and influence host metabolism !2-12° Reduced levels of F.
prausnitzii have been negatively associated with several age-related diseases including cancer *?°, diabetes
127 and cardiovascular diseases *?. Its higher abundance in the L. plantarum OL3246 group therefore
suggests increased resilience and a more stable microbial ecosystem. Importantly, Fecalibacterium
species is also a strong ecological competitor that can suppress colonization by members of the
Enterobacteriaceae family (E. coli, Klebsiella), which tend to increase with age 4%, In line with this,
age-associated declines in F. prausnitzii abundance have been documented across the lifespan 1 only
two prior studies involving L. plantarum reported a comparable positive influence on F. prausnitzii: first

conducted by 3! in stressed patients and another in malnourished participants receiving L. plantarum



Dad-13 32, Additionally, our intervention promoted enrichment at the family level, with higher relative
abundance of Ruminococcaceae, a key butyrate-producing family alongside Lachnospiraceae that plays
a central role in gut fermentation and SCFA production **3, Notably, many of these taxa are auxotrophic
for vitamins, especially thiamine and folate 34 Recent evidence suggests that enhanced vitamin
availability, whether through dietary supplementation or microbial production, can increase the
abundance of SCFA-producing phyla in gut microbiome 1% In this regard, the enrichment of
unclassified Clostridia in the L. plantarum OL3246 group is particularly relevant, as members of this
class are important contributors to microbial vitamin biosynthesis. This observation is in line with the
parallel increase in abundance of metabolic pathways related to vitamins and polyamines biosynthesis.
Finally, growing evidence suggests that cross-feeding interactions between microbial taxa represent one
of the most important ecological mechanisms for stabilizing gut communities compositionally 3813,
Taken together, our findings suggest that L. plantarum OL3246 have a potential to reshape gut microbial
structures not only through direct modulation of key taxa but also indirectly by enhancing the

community’s metabolic capacity, particularly with respect to vitamin biosynthesis.

Please insert Figure 7 about here

In conclusion, this pilot study provides a comprehensive assessment of the influence of L. plantarum
OL3246 on the health outcomes in a female predominant older population (Figure 7). The observed pre-
post changes suggest not only positive impact on quality of life and mood but also measurable benefits at
both systemic and local levels of host physiology. Specifically, reductions in AOPP and stabilization of
SOD levels indicate a restored balance between free radical production and antioxidant defenses. These
systemic effects may be mediated, at least in part, by the local action of L. plantarum OL3246 within the
gastrointestinal tract. Orally administered, L. plantarum OL3246 was associated with reduced fecal
calprotectin levels and increased microbial diversity, including enrichment of SCFA-producing bacterial
families. Such microbial shifts are likely to contribute to the observed improvements in oxidative
homeostasis. Furthermore, the enrichment of taxa with vitamin and polyamine biosynthetic potential
points toward an additional mechanism of action that warrants further investigation. Collectively, these
findings highlight the multifaceted effects of L. plantarum OL3246 and support its potential role in
promoting healthy aging. These preliminary results should be confirmed in larger, sex-balanced cohort

studies and in trials directly comparing single-strain and multi-strain probiotic formulations.
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Figures captions

Figure 1. L. plantarum OL3246 improved quality of life and depressive symptoms in healthy older
adults. Pre/Post comparisons of SF-36 (a; blue-pre, orange-post) and BDI (b; green-pre, orange-post)
between Placebo and Intervention group have been made using REML ANOVA with Tukey post-hoc
comparison; outliers have been filtered using IQR method. For individual pre-to-post (A) changes in each
scale refer to Supplementary Figure S1. Significance code: ns - non significant, * - p < 0.05, ** - p < 0.01,
*** . p<0.001, **** - p <0.0001.

Figure 2. L. plantarum OL3246 administration improved markers of protein oxidation, stabilized
SOD levels, and lowered production of «-synuclein. Pre/Post comparisons of AOPP (a; orange-pre,
blue-post) and SOD (b; orange-pre, purple-post) between Placebo and Intervention group have been made
using REML ANOVA with Tukey post-hoc comparison; outliers have been filtered using IQR method.
Delta - change of «-synuclein (c) has been compared using Welch t-test. Delta’s of SOD and «-syn has
been correlated (d; grey-placebo; green-L. plantarum OL3246) by Pearson method - R and p values are
presented in plot. Significance code: ns - non significant, * - p < 0.05, ** - p < 0.01, *** - p < 0.001, ****
- p <0.0001.

Figure 3. Probiotic L. plantarum OL3246 administration significantly reduced calprotectin with no
influence on zonulin levels in fecal samples. The levels of zonulin and calprotectin (b) have been
analyzed at the end of the experiment. Statistical comparison has been made using Welch t-test.

Significance code: ns - non significant, * - p <0.05, ** - p <0.01, *** - p <0.001, **** - p < 0.0001.

Figure 4. Principal Coordinates Analysis (PCoA) based on Weighted UniFrac distances. Three two-
dimensional PCoA plots depict the spatial clustering of samples along the first three principal coordinates:
a) PCo2 vs PCo3 (explaining 16.17% and 13.56% of variation, respectively), b) PCol vs PCo3 (37.32%



and 13.56%), c) PCol vs PCo2 (37.32% and 16.17%). Samples are color-coded by group: blue for
Placebo, and red for L. plantarum OL3246. Group separation was statistically evaluated using
PERMANOVA (n = 21 samples, 2 groups, 999 permutations), suggesting a significant difference in beta
diversity between groups (pseudo-F = 2.354254, p-value = 0.028, g-value = 0.028).

Figure 5. Volcano plot of differential abundance of microbial taxa between intervention and
Placebo groups identified using ANCOM-BC. Each point represents a microbial feature (taxon). The
x-axis displays the estimated log-fold change (LFC) in relative abundance between the Placebo and L.
plantarum OL3246 groups, while the y-axis represents the corresponding statistical significance as —logio
of the raw p-value. Features with nominal significance (p < 0.05) are highlighted in green; non-significant
in red. Features with moderate or large effect sizes (JLFC| > 0.4) are emphasized with a bold outline;
(JLFC| < 0.4) are emphasized with a narrow outline. Labeled points indicate features with p < 0.05,
annotated with their taxonomic identity and corresponding FDR-adjusted g-value. Dashed vertical lines
denote thresholds for moderate effect size (LFC = £0.4), and the horizontal dashed line indicates the
nominal significance threshold (p = 0.05). ANCOM-BC “*® has been performed using a dedicated Qiime2

plugin. To improve clarity only the last assigned taxonomic level has been displayed on the chart.

Figure 6. Differential abundance of predicted microbial metabolic pathways (volcano plot). Volcano
plot showing log: fold changes (x-axis) and statistical significance (—log.o(p-value); y-axis) for predicted
MetaCyc pathways inferred using PICRUSt2 from 16S rRNA gene data. Each point represents a single
metabolic pathway. Pathways were stratified by functional category and colored accordingly (red —
carbohydrate metabolism, blue — polyamine/nucleotide metabolism, green — vitamin metabolism). Only
pathways with an unadjusted p < 0.05 and [log:FC| > 1 (dashed lines) were considered differentially
abundant in this exploratory analysis. Gray points denote pathways that did not meet these thresholds.

Statistical testing was performed using LinDA, and visualization was created in R using ggplot2.

Figure 7. Schematic summary of the observed results. Created in BioRender. Mytych, J. (2025)
https://BioRender.com/yydja2p




Table caption

Table 1. Baseline characteristics of study participants. Data was presented as average with standard
deviation (average £ SD). Age was presented in full years at the moment of recruitment. Beside each
biochemical parameter normal reference range has been provided. ALT - alanine aminotransferase, AST
- asparagine aminotransferase, CRP - C reactive protein, eGFR - glomerular filtration rate, HbAlc -
glycated hemoglobin.
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