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RESUMEN ABSTRACT

Antecedentes/objetivos. Los metabolitos bioactivos
producidos por la microbiota intestinal, en particular
los &cidos grasos de cadena corta (AGCC), constituyen
mediadores clave de la comunicacién metabolica entre
la microbiota y el huésped, al influir en vias inflama-
torias, mitocondriales y sistémicas. Los adultos con un
desequilibrio metabdlico temprano suelen presentar una
menor produccion de AGCC y un estado de inflamacion
cronica de bajo grado. Como una nueva clase terapéuti-
ca, las formulaciones metabioticas integran prebioticos,
probidticos y metabolitos bioactivos posbidticos para
favorecer la eubiosis intestinal y la homeostasis meta-
bdlica sistémica.

Métodos. El presente ensayo clinico aleatorizado, doble
ciego y controlado con placebo, estudia 42 adultos con un
indice de masa corporal (IMC) de 30 a 34.9 kg/m? y sin
comorbilidades diagnosticadas que reciben el producto
metabiotico o un placebo durante cuatro semanas, con
base en un esquema de administracion cronobiotico. Los
desenlaces primarios incluyen la cuantificacion fecal de

Background/objectives. Bioactive metabolites
produced by the intestinal microbiota, particularly
short-chain fatty acids (SCFAs), are key mediators of
microbe-host metabolic communication, influencing
inflammatory, mitochondrial and systemic pathways.
Adults with early metabolic imbalance often exhibit
reduced SCFA production and low-grade inflammation.
As an emerging therapeutic class, metabiotic formu-
lations integrate prebiotics, probiotics and bioactive
postbiotic metabolites to support intestinal eubiosis
and systemic metabolic balance.

Methods. In this randomized, double-blind, placebo-con-
trolled human study, 42 adults with a BMI of 30 - 34.9 kg/
m? and no diagnosed comorbidities received either the
Metabiotic product or placebo for four weeks following a
chronobiotic schedule. Primary outcomes included fecal
acetate, propionate and butyrate, and serum markers:
high-sensitivity C-reactive protein, malondialdehyde,
total antioxidant capacity and body weight. Functional
outcomes included stool frequency and consistency.
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acetato, propionato y butirato, asi como la determinacion
sérica de proteina C reactiva de alta sensibilidad (PCR-as),
malondialdehido (MDA), capacidad antioxidante total y
peso corporal. Los desenlaces funcionales incluyen la
frecuencia y la consistencia de las evacuaciones.
Resultados. En comparacion con el grupo placebo, el
grupo que recibe metabiotico muestra incrementos sig-
nificativos en las concentraciones de acetato y butirato
(p < 0.0001), mientras que el propionato no presenta
cambios significativos. Asimismo, se observan dismi-
nuciones en los niveles de proteina C reactiva de alta
sensibilidad (PCR-as; p < 0.05) y de malondialdehido
(MDA; p<0.0001), junto con un aumento significativo
de la capacidad antioxidante total (p <0.0001). Ademas,
el patron de las evacuaciones se normaliza, con mejoras
tanto en la regularidad (p < 0.0001) como en la consis-
tencia (p < 0.05).

Conclusiones. Los hallazgos ponen de manifiesto el
potencial biomodulador de los metabidticos para favo-
recer el restablecimiento de la eubiosis y fortalecer las
interacciones metabolicas entre la microbiota intestinal
y el huésped, lo que contribuye al mantenimiento de la
homeostasis metabdlica sistémica.

Palabras clave. Metabidtico, cronobidtico, ensayo
clinico, acidos grasos de cadena corta, homeostasis
metabolica, estrés oxidativo, eubiosis, salud intestinal,
metabiosis, probioticos.

INTRODUCTION

Many of the body’s essential regulatory pathways are not
driven solely by human cells but also by molecular signals
originating from organisms that coevolved with us.! Mito-
chondria themselves retain a bacterial ancestry, illustrating
how interactions with microbial partners have shaped fun-
damental aspects of our biology.? Among these ecosystems,
the gut is one of the most remarkable, hosting the majority
of the microbiota.? This complex environment supports key
physiological processes by contributing to nutrient digestion,
metabolic regulation, immune modulation, and epithelial in-
tegrity.*’ Its equilibrium is commonly described in terms of
cubiosis and dysbiosis, reflecting balanced versus disrupted
microbial composition.® Over recent years, accumulating
evidence has underscored the relevance of gut microbial
balance in maintaining physiological function, including
metabolic processes linked to the gut-liver axis. Since these
interactions are critical for systemic health, early shifts in
lipid handling and low-grade inflammation often serve as
precursors to broader metabolic syndrome, arising well before
overt clinical disease becomes evident.”

Results. Compared with placebo, the metabiotic
group showed significant increases in acetate and
butyrate (p < 0.0001), with propionate unchanged.
High-sensitivity C-reactive protein (p < 0.05) and
malondialdehyde (p < 0.0001) decreased, while
total antioxidant capacity increased (p < 0.0001).
Stool patterns normalized, with improvements in
regularity (p < 0.0001) and consistency (p < 0.05).
Conclusions. These findings highlight the biomodu-
latory potential of metabiotics in restoring eubiosis
and reinforcing coordinated microbe-host metabolic
interactions, supporting systemic metabolic balance.

Keywords. Metabiotic, chronobiotic, clinical trial,
short-chain fatty acids, metabolic homeostasis, oxidative
stress, eubiosis, gut health, metabiosis, probiotics.

Yet microbial life extends beyond the gut, with commu-
nities in the brain, skin, liver, pancreas, lungs, kidneys, oral
cavity, and reproductive tract establishing diverse microbial
environments throughout the body.”* These environments
are increasingly viewed as participating in a cross-organ
interplay, supported by growing evidence that their alteration
accompanies early metabolic disturbances and contributes
to the development of complex chronic diseases.”!° This
broader perspective points toward the need for a concept
that reflects a form of biological interaction that transcends
the biota itself."

Building on this perspective, we expand the use of the
term metabiosis, originally employed in ecology to describe
a succession in which one organism modifies the environment
in ways that facilitate the activity of another.!>!* The prefix
meta, meaning “beyond”, 1*17 captures the idea of extend-
ing biological interactions past a single microbial habitat.
Applied to the human microbiome, metabiosis refers to the
integration of microbial communities across multiple organs,
forming extraintestinal networks that complement intestinal
eubiosis in sustaining overall microbial functional stability
within the host.
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Although still under active characterization, extraintestinal
microbiomes contribute to tissue-specific functions, including
epithelial barrier maintenance, local immune modulation, and
the sensing of environmental chemical cues.” In the skin, for
instance, microbial communities can transform volatile and
environmental molecules into physiological signals, illus-
trating that these niches do not operate in isolation.!® Taken
together, these ecosystems act in parallel with the intestinal
microbiota, providing complementary inputs to the integrat-
ed physiological state of the organism. Within the intestinal
environment, microbial metabolism produces well-studied
bioactive compounds such as short-chain fatty acids (SC-
FAs) and secondary bile acids, as well as microbiota-derived
transformations of dietary substrates into indole derivatives
and phenolic compounds.”!*!° Collectively, these metabolites
support epithelial energy supply, modulate mitochondrial
function and redox balance, shape immune tone, and influence
enteroendocrine signaling. These metabolites also participate
in gut-liver metabolic communication, where SCFAs help
regulate hepatic oxidative stress, lipid homeostasis, and
inflammatory tone.?*?> Homeostasis therefore reflects the dy-
namic interplay between intestinal eubiosis and extraintestinal
metabiosis, maintained through continuous communication
between host cells and microbial communities that together
support systemic metabolic equilibrium.

As research on the human microbiome has expanded and
its relevance for metabolic balance has become increasingly
clear, interest has grown in identifying strategies capable of
influencing microbial activity. Approaches traditionally used
for this purpose include prebiotic substrates and selected
probiotic strains, and, more recently, microbial metabolites
referred to as postbiotics.”*? These interventions are often
described as having biomodulatory potential because each
can affect specific aspects of microbial function. However,
acting on only one component of the microbial system, or on
partial combinations, may limit their capacity to influence the
coordinated interactions that characterize complex microbial
ecosystems.?¢2

With this rationale, a new generation of biomodulatory
formulations known as Metabiotics was developed to inte-
grate prebiotics, probiotics, and postbiotics within a single,
coordinated model (Figure 1) .* In this integrated approach,
prebiotics supply fermentable substrates that nourish bene-
ficial microbial groups, probiotics contribute communities
that help reinforce a healthier microbial balance, and post-
biotics provide bioactive metabolites capable of exerting
direct physiological effects on the host.?* Together, these
components offer a more comprehensive way to support
microbial function.

An additional feature of the metabiotic formulation is its
chronobiotic design, developed to align microbial activity and

M.ETA'B-IOTIG

Figure 1. Conceptual diagram illustrating how prebiotics, probiotics
and postbiotic metabolites integrate into a single metabiotic formu-
lation, representing a next-generation microbiome biomodulator.

host metabolism with daily temporal cycles of feeding and
fasting. Chronobiology examines how temporal patterns in-
fluence gut microbiota composition, functional activity, and
metabolite production.’*3! Consistent with this framework,
the product was administered according to a time-specific
schedule: a morning capsule enriched with polyphenol- and
flavonoid-rich prebiotics to provide substrates during the ac-
tive feeding phase, and two evening capsules, one containing
probiotic strains (Lactobacillus paracasei, L. plantarum, L.
fermentum) and another containing postbiotic metabolites
derived from Akkermansia muciniphila, intended to support
microbial activity and microbe-host signaling during the
nocturnal fasting and metabolic renewal period.

The Metabiotic product used in this clinical trial was de-
veloped in Tokyo, Japan, at the Japanese Medical Institute,
using patented Biotra and Gene Sonar technologies that apply
artificial intelligence to integrate metagenomic, metabolomic,
and metaproteomic data for microbial and metabolite selec-
tion. These technologies support a standardized identification
process that prioritizes reproducibility and consistency in
the components included in the formulation. Production was
carried out in cold-fusion bioreactors (30 °C) to preserve
product stability and maintain the biochemical integrity of
the selected metabolites.

920
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Metabiotics have already demonstrated clinical efficacy
in modulating inflammatory biomarkers and metabolic pa-
rameters in a previous intervention study in adults diagnosed
with metabolic dysfunction—associated fatty liver disease
(MAFLD).*? Building on this evidence, it is essential to eval-
uate whether these biomodulatory effects may also attenuate
the progression of early systemic metabolic alterations in
individuals with a high-risk metabolic profile, even in the
absence of overt hepatic disease. This approach broadens the
clinical relevance of metabiotic interventions toward a more
integrative and preventive management of metabolic health.

This study therefore investigated the effects of the Met-
abiotic product in individuals with body mass index values
between 30 and 34.9 kg/m?, using a randomized, double-blind,
placebo-controlled design conducted over a four-week peri-
od. The evaluation focused on fecal short-chain fatty acids,
quantified as functional proxies of microbial fermentative
activity; systemic markers of inflammation and oxidative
stress, including high-sensitivity C-reactive protein, total
antioxidant capacity, and a lipid-peroxidation indicator.
Gastrointestinal function was also assessed through bowel
movement frequency and stool consistency. All outcomes
were measured at baseline and again after the intervention.

The hypothesis proposed that the Metabiotic product would
enhance SCFA production and improve systemic markers of
inflammation and oxidative stress, indicating a shift toward
more effective host-cell-microbiota signaling and potentially
contributing to better intestinal function.

MATERIALS AND METHODS
Study design

This was a randomized, double-blind, placebo-controlled
human study, conducted as a two-arm, parallel-group, sin-
gle-center study. Outcomes were assessed at baseline and
after the 4-week intervention.

Study population

Actotal of 42 adults (men and women), aged 25 to 60 years,
with a body mass index (BMI) between 30 nd 34.9 kg/m? and
no diagnosed comorbidities were enrolled in the study. All par-
ticipants were recruited from a single clinical center through
email or telephone contact and provided written informed
consent prior to screening. Eligibility was determined through
clinical examination and a standardized checklist based on
predefined inclusion and exclusion criteria. Only participants
who fully met the eligibility requirements were enrolled in the
trial. No participants were lost to follow-up, and all completed
the 4-week intervention and final evaluation visit.

Subject selection
Inclusion criteria

1. Male or female adults aged between 25 and 60 years.

2. Body Mass Index (BMI) between 30 and 34.9 kg/m?,
consistent with clinical obesity grade I.

3. No pharmacological treatment or prior medical diagnosis of
chronic comorbidities (e.g., diabetes, cardiovascular disease).

4. General good health as determined by medical history and
physical screening.

5. Willingness to provide written informed consent and
comply with all study procedures.

6. Ability to understand the risks and benefits associated
with participation.

7. Availability for the full duration of the study.

8. For women of childbearing potential: agreement to use
an approved method of contraception and a negative
pregnancy test at screening.

9. Stable dietary habits and no major lifestyle changes an-
ticipated during the study period.

Exclusion criteria

10. Use of prebiotic, probiotic, postbiotic or laxative supple-
ments, or regular consumption of probiotic-enriched foods
(e.g., yogurt with live cultures, kefir, kombucha) within 4
weeks prior to study initiation.

11. Use of antibiotic, anti-inflammatory, or immunosuppres-
sive drugs within the past 4 weeks.

12. History of pathological bowel diseases (e.g., inflammatory
bowel disease, colon cancer).

13. History of major gastrointestinal surgery.

14. Evidence of abnormal liver or renal function at screening.

15. Constipation due to organic or neurological lesions.

16. Known allergies to soy-derived ingredients or any other
ingredient of the test product.

17. History of alcohol or drug abuse.

18. Pregnant or lactating women.

19. History of anxiety, depression, or recent intake of psycho-
tropic drugs.

20. Acute infection or vaccination within 4 weeks prior to
study initiation.

21. Any other condition that, in the opinion of the Principal
Investigator, may jeopardize study outcomes.

22. Participation in another clinical trial within the previous
3 months.

Sample size

The sample size was determined from prior evidence
generated by our group in a 12-week clinical trial using the
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same Metabiotic product in a comparable population (n =
47; 23 placebo, 24 metabiotic), which showed statistically
significant changes across metabolic and inflammatory
domains, including hepatic enzyme activity, lipid profile,
glycemic and insulin indices, and gut-endocrine hormones.*?
Those effect magnitudes and variance estimates, together
with feasibility considerations, informed the present design.
This sample size was therefore deemed sufficient to assess
safety signals and detect functional metabolic and microbial
responses under controlled conditions, while providing
foundational data to guide the design of future multicenter
clinical trials.

Randomization

Participants were randomized in a 1:1 ratio into two groups
according to a computer-generated block randomization
schedule, with 21 subjects allocated to each group.

*  Group 1: Metabiotic formulation.
*  Group 2: Placebo.

Intervention

Product description. The study product was a Metabiotic
provided by the Japanese Medical Institute (Tokyo, Japan).
It consisted of a dual formulation comprising a nighttime
and a daytime component. The nighttime formulation (two
capsules per dose) contained a Lactobacillus complex (L.
paracasei 1.12 x 10" CFU, L. fermentum 3.36 x 10" CFU, L.
plantarum 1.92 x 107 CFU) together with 26.5 mg of postbi-
otic metabolites derived from Akkermansia muciniphila. The
daytime formulation (one capsule per dose) provided 370
mg of a fermented algae polyphenol complex, including fla-
vones, isoflavones, flavonols, flavanonols, and flavanones.

Packaging. At study initiation, each participant received
two indistinguishable boxes to preserve blinding between
the metabiotic and placebo groups. One box contained 28
morning capsules (one per day), and the other contained
56 nighttime capsules (two per day), providing a complete
4-week supply for a total of 84 capsules. All packaging was
visually identical and labeled only with a unique identification
code to ensure allocation concealment.

Blinding of the study drug. Blinding was performed by
the study sponsor. Each participant was assigned a unique
identification code, and the study packages were labeled ac-
cordingly. The allocation of the specific product (metabiotic
or placebo) remained unknown to participants, study staff,
and investigators throughout the trial. Only the sponsor and
an independent auditing team had access to the randomization
codes and package identifiers, ensuring the integrity of the
double-blind design.

Treatment instructions. Participants received both oral
and written instructions regarding product intake. They were
instructed to maintain their usual diet and lifestyle throughout
the study. Caloric intake and physical activity were quantified
at baseline and at the end of the intervention to monitor ad-
herence and control for potential confounding factors.

Subject follow-up and treatment adherence. To monitor
adherence, each participant received a Daily Intake Tracking
Card to record the date and time of each supplement intake,
as well as any symptoms or adverse reactions experienced
during the study. Information on potential risks and benefits
was de-scribed in the informed consent form. The study
team conducted daily follow-up through phone calls and
email reminders to reinforce compliance and inquire about
side effects or concerns. Adherence was further verified by
the study coordinator, who documented participant-reported
intake during these interactions.

Physical examination. A general and systemic physical
examination was conducted by the investigator at screening,
baseline, and Week 4. Vital signs, including oral tempera-
ture (measured with a digital thermometer), respiratory rate
(breaths per minute at rest), pulse rate (assessed by radial
artery palpation over one full minute), and blood pressure
(measured by the auscultatory method with a mercury
sphygmomanometer in a seated and resting position), were
evaluated at baseline and at the end of the study. Any adverse
events or abnormal findings observed during the examina-
tion were documented in the participant’s Case Report Form
(CRF) and reviewed by the investigator to determine their
clinical relevance and potential relationship to the study
intervention.

Outcomes and measurements

To evaluate the potential of the metabiotic formulation to
enhance microbial metabolic activity, stool concentrations
of short-chain fatty acids (SCFAs: acetate, propionate, and
butyrate) were analyzed as the primary outcome. Secondary
outcomes focused on systemic effects, including serum bio-
markers of inflammation and oxidative stress: high-sensitiv-
ity C-reactive protein (hs-CRP), total antioxidant capacity
(TAC), and malondialdehyde (MDA). Gastrointestinal func-
tion was assessed through bowel movement frequency and
stool consistency, as direct indicators of intestinal response.
Anthropometric variables (body weight, height, and BMI)
were measured at baseline and Week 4 under standardized
conditions. Weight was measured to the nearest 0.1 kg using
a calibrated electronic scale (Tanita Corp., Tokyo, Japan),
with participants wearing light clothing and no shoes. Height
was measured to the nearest 1 cm, and BMI was calculated
as weight (kg)/height®> (m?). Vital signs were assessed at
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baseline and post-intervention, and adverse events were doc-
umented throughout the study to ensure participant safety.

Biochemical parameters. Fasting blood samples were
collected at 8:00 a.m. following an overnight fast beginning at
9:00 p.m., using vacutainer tubes with or without EDTA from
the antecubital vein. All samples were promptly frozen and
transported to a certified clinical laboratory for analysis. Se-
rum biomarkers included high-sensitivity C-reactive protein
(hs-CRP), total antioxidant capacity (TAC), and malondial-
dehyde (MDA), serving as indicators of low-grade systemic
inflammation, antioxidant defense, and lipid peroxidation,
respectively. hs-CRP was quantified using an immunoturbi-
dimetric assay (mg/L), TAC was determined by a colorimet-
ric method calibrated with Trolox equivalents (mmol/L),*
and MDA was measured by the thiobarbituric acid reactive
substances (TBARS) method (nmol/mL).>* Fecal samples
were collected by participants using sterile containers, stored
immediately at —20 °C, and subsequently transported under
controlled temperature conditions. Short-chain fatty acids
(SCFAs: acetate, propionate, and butyrate) were quantified
by gas chromatography using standard calibration curves and
analyzed as indicators of microbial metabolic activity.

Gut function parameters. Participants recorded the
frequency of daily bowel movements using a standardized
tracking chart provided at baseline. Stool consistency was
assessed with the Bristol Stool Form Scale, a validated tool
that classifies stools into seven types, from hard lumps (Type
1) to entirely liquid (Type 7).3 Before the intervention, partic-
ipants received instructions on how to use the scale to ensure
accurate and consistent reporting.

Safety and adverse events. In the event of a serious
adverse event (SAE), the investigator notified the Principal
Investigator, Dr. Taro Hirata, and the study sponsor within 24
hours by telephone. A detailed written narrative was submitted
within 48 hours of the initial report, including a completed
SAE form and any relevant diagnostic findings to support
classification of the event. Any significant new information
regarding an ongoing SAE was promptly communicated to

Table 1. Subject characteristics at baseline.

the sponsor to ensure appropriate follow-up and compliance
with regulatory requirements.

Statistical analysis

Descriptive statistics were used to characterize the study
population. Continuous variables are presented as mean =+
standard error of the mean (SEM). Data normality was as-
sessed using the Shapiro—Wilk test.

Because each participant served as their own control, with-
in-group comparisons (Week 0 vs. Week 4) were performed
using paired tests: paired t-tests for normally distributed data
or the Wilcoxon signed-rank test otherwise.

For between-group comparisons (metabiotic vs. placebo),
delta values (Week 4 minus Week 0) were calculated to ac-
count for inter-individual baseline variability and analyzed
using the Mann—Whitney U test.

Comparisons across stool consistency categories were
performed using the Kruskal-Wallis test, followed by Dunn’s
post hoc test when appropriate.

All statistical analyses were conducted using two-tailed
tests with a significance threshold of p < 0.05. All analyses
and figure generation were performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA).

Ethical considerations

The study was conducted in compliance with international
ethical standards and clinical research regulations, including
Good Clinical Practice (GCP) guidelines (FDA Title 21 CFR
Part 312 and ICH-GCP), the Nuremberg Code, the Declaration
of Helsinki, the Belmont Report, and all applicable national
and institutional policies. The protocol was approved by the
Ethics Committee of the Japanese Society of Anti-Aging
Nutrition (JAAN; approval reference MTL/BI 0319-GH, ef-
fective 21 January 2022). The study is registered at ISRCTN
(ISRCTN69551216). Written informed consent was obtained
from all participants prior to any study-related procedures. For

Parameter Placebo Metabiotic P value
Age (years) 39.50 + 6.60 40 +£6.80 0.80
Height (m) 1.60 +0.06 1.60 +0.07 0.06
Weight (kg) 85.50+7.62 84.28 +7.50 0.15
BMI (kg/m?) 31.30+£2.32 31.5+2.10 0.79
SBP (mm Hg) 126.4+5.12 128.1 +5.60 0.60
DBP (mm Hg) 88.10+3.22 88.40 + 3.40 0.60

Values are expressed as mean + SD. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; mm Hg: milli-

meters of mercury; SD: standard deviation.
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Figure 2. Changes in fecal concentrations of short-chain fatty acids (SCFAs). (A, C, E) Paired in-dividual values for acetate, butyrate, and
propionate, respectively, at baseline (week 0) and after the 4-week intervention (week 4) in the placebo and metabiotic groups. Intra-group
comparisons were performed using paired statistical tests. (B, D, F) Delta values (A = week 4 —week 0) for acetate, butyrate, and propio-
nate, respectively, used for inter-group comparisons between placebo and metabiotic. Bars represent group means £ SEM. ****p < (0.0001.
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Figure 3. Changes in serum biomarkers of inflammation and oxidative stress. (A, C, E) Paired individual values for hs-CRP (mg/L), MDA (umol/L),
and total antioxidant capacity (TAC; mmol Trolox equivalents/L), respectively, at baseline (week 0) and afier the 4-week intervention (week 4)
in the placebo and metabiotic groups. Intra-group comparisons were performed using paired statistical tests. (B, D, F) Delta values (A = week
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individuals unable to read, a legally authorized representative
was present during the consent process to ensure full under-
standing. Participants did not receive financial compensation
but were provided with complimentary clinical and biochem-
ical evaluations of their current health status. All subject data
were handled with strict confidentiality, and access to raw data
was restricted to authorized personnel, including the investi-
gators, ethics committee, sponsor, and regulatory authorities,
exclusively for monitoring, inspections, or audit purposes.

RESULTS
Baseline characteristics

All participants met the eligibility criteria, which required
the absence of diagnosed comorbidities and the non-use of
pharmacological treatments. At baseline, both groups were
comparable in age, blood pressure, and anthropometric
variables (Table 1). Although none of the participants had
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Figure 4. Weekly variation in bowel movement frequency per week. (A) Individual paired values for each subject at baseline (Week 0) and
after intervention (week 4) within each group (placebo and metabiotic). (B) Corresponding delta values (A = Week 4 — Week 0) used for in-
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in all five stool types in the metabiotic group (p < 0.05), whereas no significant changes were observed in the placebo group.
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a clinical diagnosis of hypertension, average systolic and
diastolic blood pressure values were slightly elevated in
both groups, remaining within the borderline-high range. No
statistically significant differences were observed between
groups at baseline.

Changes in Short-Chain Fatty Acids (SCFAs). Stool
concentrations of acetate, butyrate, and propionate were
quantified at baseline and week 4. The metabiotic group
showed a significant intra-group increase in acetate levels
(Figure 24), with a significantly greater delta compared to
the placebo group (Figure 2B, p < 0.0001). Butyrate levels
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Figure 6. Stool consistency modulation following intervention.
(A) Shows the mean change (A = Week 4 - Week 0) in diar-
rhea-type consistency (watery + mushy), (B) shows the change in
adequate-type consistency (banana), and (C) shows the change
in constipation-type consistency (lumpy + hard lumpy). Bars
represent group means + SEM. ***p < 0.001,; ****p < 0.0001.

Figure 7. Body weight variation before and after intervention.
(A) Paired body-weight values for each subject at baseline (Week
0) and after intervention (Week 4) in the placebo and metabiotic
groups. (B) Corresponding delta values (A = Week 4 - Week 0) used
for inter-group comparison. Bars represent group means + SEM.
**xEp < 0.0001.
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similarly increased in the metabiotic group (Figure 2C and
1D, p < 0.0001). In contrast, propionate concentrations re-
mained unchanged in both groups (Figures 2E and IF, p =
0.9059), and no between group differences were detected.

Serum biomarkers of inflammation and oxidative
stress.The metabiotic intervention produced significant
changes in systemic inflammatory and oxidative stress mark-
ers. hs-CRP levels decreased significantly within the metabi-
otic group and were also significantly lower compared with
the placebo group (p < 0.0001 for both intra- and inter-group
comparisons) (Figures 34 and 3B). Malondialdehyde (MDA)
levels showed a similar pattern, with significant reductions
within the metabiotic group and relative to placebo (p <
0.0001 for both comparisons) (Figures 3C and 3D).

Total antioxidant capacity (TAC) increased in both groups
(Figures 3E and 3F). The increase was more consistent across
participants in the metabiotic group (p <0.0001), whereas the
rise observed in the placebo group was modest (p = 0.0108)
and was largely driven by two individuals with unusually high
delta values (+48.13 and +30.24 pmol Trolox equivalents/L).

Bowel movement frequency. The metabiotic group
showed a significant intra-group increase in bowel movement
frequency after four weeks of supplementation (p < 0.0001),
whereas no significant changes were observed in the place-
bo group. The inter-group comparison of delta values also
revealed a highly significant difference between groups (p <
0.0001) (Figure 4).

Stool consistency. Significant changes in stool consistency
were observed only in the metabiotic group. Watery stools
decreased from baseline to Week 4 (p = 0.0133), and mushy
stools were also reduced (p =0.0031). Conversely, the propor-
tion of banana-shaped stools increased markedly (p =0.0001),
indicating a shift toward a more normal stool form. Lumpy
and hard-lumpy stools likewise decreased significantly (both
p = 0.0001). No significant changes were observed in the
placebo group for any stool category (Figure 5).

To evaluate the clinical relevance of these shifts, stool types
were grouped into diarrhea-type (watery + mushy), adequate
(banana-shaped), and constipation-type (lumpy + hard-lumpy)
categories. Between-group comparisons of delta values (Week
4 - Week 0) confirmed this pattern: the metabiotic group showed
significantly greater reductions in mushy (p = 0.005), lumpy
(p = 0.0004), and hard-lumpy (p = 0.0036) stools, together
with a marked increase in banana-shaped stools (p = 0.0001),
compared with the placebo group. No differences were found
between groups for watery stools (Figure 6).

Body weight variation following intervention. A
significant reduction in body weight was observed in the
metabiotic group after four weeks of intervention. This
decrease was consistent across participants and reached
statistical significance in both the intra-group comparison

(p <0.0001) and the inter-group comparison versus placebo.
In contrast, the placebo group exhibited minimal variation
over time, with no significant changes in body weight. Delta
analysis (Week 4 - Week 0) further confirmed a significantly
greater reduction in the metabiotic group compared with the
placebo group (p < 0.0001) (Figure 7).

DISCUSSION

In this clinical trial, supplementation with a Metabiotic
product integrating prebiotics, probiotics and bioactive
postbiotic metabolites derived from Akkermansia mu-
ciniphila produced coherent metabolic and gastrointestinal
improvements within four weeks. A. muciniphila has gained
increasing attention as a keystone organism in metabolic
resilience: higher abundances have been consistently asso-
ciated with improved glucose and lipid regulation, enhanced
mucosal stability and healthier aging trajectories, including
observations of higher abundance in long-lived individuals
and metabolically preserved older adults.’*3¢ These attributes
support its selection as a source of postbiotic metabolites for
this new generation of Metabiotics, reinforcing its relevance
in microbiota centered interventions.

In this study, fecal short-chain fatty acids reflected a clear
improvement in microbial fermentative performance. Increas-
es in acetate and butyrate indicate a trend consistent with
enhanced saccharolytic activity and a regained fermentative
efficiency within the colonic ecosystem.*-*! Propionate did
not change significantly, an expected pattern given its rapid
proximal absorption and lower representation in fecal pools,
4l 'and therefore does not contradict the fermentation linked
recovery suggested by acetate and butyrate. Future work in-
corporating circulating SCFA measurements may help clarify
propionate’s systemic contribution.

The systemic biomarkers measured also reflected a con-
sistent improvement. High sensitivity C reactive protein, a
widely used indicator of systemic inflammation, decreased
in the metabiotic group, suggesting a lower inflammatory
burden,* In parallel, malondialdehyde, a product of lipid
peroxidation and a recognized marker of oxidative stress, was
reduced, while total antioxidant capacity increased, indicat-
ing a shift toward a more protective redox environment.*3*
Together, these changes point to a metabolic state less
burdened by inflammation and oxidative pressure. Because
short chain fatty acids help stabilize epithelial redox tone,
support mitochondrial substrate availability and modulate
intracellular energy regulation, the observed pattern is com-
patible with a more coordinated metabolic response across
mucosal, hepatic and systemic compartments. Notably, these
results address the subclinical inflammatory and oxidative
environment commonly observed in systemic metabolic
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alterations, an underlying context frequently associated with
insulin resistance, dysregulated glucose and lipid metabolism,
and elevated blood pressure, as well as related conditions
such as metabolic dysfunction—associated fatty liver disease
(MAFLD), supporting the view that the metabiotic strategy
acts on foundational drivers of metabolic dysregulation.*

An important parameter reflecting the functional state of
the gut microbiota is stool composition. Individuals with in-
cipient metabolic imbalance commonly present heterogeneous
bowel habits, exhibiting either loose stools or hard stools
as manifestations of underlying dysbiosis.”!® In the present
study, gastrointestinal function improved clearly and consis-
tently. Participants receiving the metabiotic product shifted
toward more ideal stool consistency, with reductions in both
diarrhea patterns and constipation patterns.>> Importantly,
bowel movement frequency also increased markedly in the
metabiotic group, essentially doubling from baseline, indicat-
ing a more coherent and physiologically regulated peristaltic
rhythm. Together, these changes suggest that improvements
in microbial fermentation and epithelial function translated
into a more harmonized intestinal environment, supporting
regularity and overall gut function.*1%2

Additionally, modest reductions in body weight were
observed in the metabiotic group, although this was not a pri-
mary endpoint and no dietary or lifestyle interventions were
prescribed. Such changes should be interpreted with caution.
Fermentative performance depends not only on microbial meta-
bolic efficiency but also on the fermentability of habitual dietary
fiber. Individuals with compromised gut community capacity
may exhibit reduced butyrate output despite adequate fiber
intake.”* In this context, the increases in acetate and butyrate
observed here likely reflect qualitative shifts in commensal
metabolic flux rather than differences in substrate availability.

The metabiotic product was well tolerated, with full adher-
ence, no dropouts and no adverse events reported throughout
the four-week intervention. This high level of tolerability
strengthens the feasibility of the formulation for metabolic
applications.

When considered alongside the metabolic, inflammatory,
oxidative and gastrointestinal readouts of this trial, the over-
all pattern suggests that the formulation supported a more
efficient microbial-host metabolic interface. The coordinated
shifts observed across SCFA production, systemic biomarkers
and intestinal function point toward improved epithelial fer-
mentation, strengthened redox balance and a more coherent
mucosal metabolic environment.*?° Although mitochondrial
activity and barrier integrity were not directly assessed, the
biomarker constellation is compatible with enhanced meta-
bolic resilience within the intestinal-systemic axis.?**

These findings align with our previous twelve-week clini-
cal trial in adults with-MAFLD, where the same formulation

improved glucose regulation, HOMA-IR, triglycerides,
hepatic aminotransferases and circulating GLP-1.32 While
the populations and evaluated endpoints differed, both trials
showed convergent improvements in microbial-host metabol-
ic cooperation. The present study builds on this foundation by
demonstrating that even in shorter intervention periods of four
weeks, the metabiotic formulation significantly modulates the
redox environment through the reduction of malondialdehyde
and the increase of total antioxidant capacity. Furthermore,
these biochemical changes were accompanied by a marked
improvement in intestinal function, characterized by a dou-
bled bowel movement frequency and a normalization of stool
consistency. This concordance strengthens the mechanistic
plausibility of the metabiotic strategy across different stages
of metabolic imbalance, ranging from subclinical risk to
established metabolic dysfunction.

The broader physiological implications of this new met-
abiotic therapeutic class relate to the central role of microbial
metabolites in metabolic regulation.>!° Short chain fatty acids
influence luminal fermentation, epithelial energy balance,
enteroendocrine activity and metabolic pathways along the
gut-liver axis.*!*?>% Enhancing SCFA availability may con-
tribute to more stable mitochondrial redox tone and more
coordinated systemic metabolism. Distinguishing bioactive
microbial metabolites from inactivated cellular components
also remains relevant in the evolving field of next generation
biotics, where the term postbiotic is best reserved for metabo-
lite-based activity rather than cellular preparations commonly
described as parabiotics.26-2%4

Overall, the findings of this trial are compatible with the
restoration of eubiosis and with a broader movement toward
extraintestinal metabiosis, where both luminal and systemic
microbial activities regain functional alignment. Given that
this formulation is the first metabiotic approach integrating
prebiotics, probiotics and defined postbiotic metabolites, these
results open meaningful avenues for further investigation.
Longer term studies including larger cohorts, microbiome
sequencing, targeted metabolomics and assessments of mito-
chondrial activity will be essential to clarify the mechanisms
involved and to determine how metabiotic strategies may
support long-term metabolic health and potential applications
in related clinical conditions.

CONCLUSIONS

This clinical trial demonstrates that a novel therapeutic me-
tabiotic formulation is effective and safe, inducing coordinated
improvements in redox and inflammatory balance, together
with increased availability of health-associated microbial
metabolites and enhanced intestinal function in adults with
increased metabolic risk. These integrated effects support the
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role of Metabiotics as a biomodulatory approach to microbi-
ota-centered care and suggest a potential relevance in the pre-
vention and control of systemic metabolic alterations as well.
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