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Abstract

Background: Microbiome-targeted interventions have shown promise for metabolic health, yet
clinical evidence remains inconsistent, particularly across stages of metabolic disease. This study
evaluated the metabolic effects, safety, and tolerability of EDC-HHAO01, a microbiome-informed, non-
pharmacologic intervention, in adults with prediabetes (PD) or Type 2 Diabetes (T2DM). Methods:
In a randomized, double-blind, placebo-controlled clinical trial, participants received EDC-HHAQ1
or placebo for six months. The study was adequately powered (280%) for the primary endpoint.
Outcomes included changes in glycated hemoglobin (HbAlc), indices of insulin resistance, markers
of metabolic endotoxemia, safety-related laboratory parameters, and exploratory patient-reported
measures. Analyses were stratified by metabolic status and background metformin use. Results: In
participants with PD, EDC-HHAO1 supplementation was associated with a statistically and clinically
meaningful reduction in HbAlc compared with placebo, supported by concordant improvements in
fasting insulin, insulin resistance indices, and reductions in endotoxemia markers. In participants
with T2DM, changes were directionally similar but attenuated and did not reach statistical
significance. The intervention was well tolerated, with no serious adverse events, high adherence,
and no clinically relevant adverse changes in renal or lipid parameters. Exploratory patient-reported
outcomes indicated favorable acceptability but were not interpreted as efficacy endpoints.
Conclusions: EDC-HHAO1 was associated with biologically coherent, stage-dependent metabolic
effects, most evident in PD. These findings support further investigation of microbiome-informed
strategies as metabolic support in early-stage dysregulation.

Keywords: microbiome; prediabetes; type 2 diabetes mellitus; glycated hemoglobin (HbA1c); insulin
resistance; metabolic endotoxemia; probiotics; randomized controlled trial
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1. Introduction

Diabetes is a complex, chronic metabolic disorder that requires continuous medical care and
multifactorial risk-reduction strategies extending beyond glycemic control alone [1]. By 2022, the
global prevalence of diabetes among adults aged 18 years and older had doubled since 1990,
increasing from approximately 7% to 14%. Despite this rise, more than half of adults aged 30 years
or older living with PD were not receiving pharmacological treatment, with treatment coverage
particularly limited in low- and middle-income countries, highlighting persistent disparities in access
to care [2].

Type 2 diabetes (T2DM), the most prevalent form of diabetes, is typically diagnosed based on
elevated fasting plasma glucose (27.0 mmol/L or 126 mg/dL) and/or impaired glucose tolerance (=11.1
mmol/L following oral glucose challenge) [3]. Prior to meeting diagnostic thresholds, many
individuals experience prediabetes (PD), a transitional metabolic state characterized by impaired
glucose regulation and increased risk of progression to T2DM and associated cardiometabolic
complications [4]. While standard management of T2DM includes lifestyle modification and oral
antihyperglycemic agents such as metformin, achieving durable glycemic control remains
challenging for many patients, even with appropriate therapy.

Increasing evidence implicates host-microbial interactions as important contributors to
metabolic regulation and the progression of metabolic disease [5,6]. Microbial communities and their
fermentation-derived metabolites influence host glucose metabolism, lipid handling, immune
signaling, intestinal barrier integrity, and systemic inflammatory tone [7]. Dysregulation of these
processes has been associated with insulin resistance, metabolic endotoxemia, and chronic low-grade
inflammation —features common to both T2DM and prediabetic states [6,8,9]. Importantly, these
pathways may retain greater physiological plasticity during earlier stages of metabolic impairment,
suggesting that interventions targeting metabolic regulation may be more effective before advanced
disease is established [10-12].

In 2022, Cuba conducted its first human clinical study evaluating the glucose-regulating effects
of the synbiotic formulation BiotiQuest Sugar Shift® in patients with T2DM [13]. That study
demonstrated improvements in fasting and postprandial glucose, lipid parameters, and markers of
endotoxemia, although HbAlc levels remained unchanged following three months of intervention.
A subsequent six-month pilot study reported broader metabolic benefits, including a reduction in
HbAlc. Notably, exploratory analyses suggested that individuals with less advanced metabolic
dysregulation, including those with PD, exhibited more consistent and pronounced metabolic
responses. These findings informed the rational development of a next-generation synbiotic
formulation designed to more directly support metabolic regulation, immune-metabolic balance,
and inflammatory control —processes relevant to both T2DM and PD [13,14].

The formulation evaluated in the present study, designated EDC-HHAO]I, is a scientifically
designed synbiotic developed through genetic strain profiling and community-level metabolic
modeling. The formulation comprises a consortium of GRAS-designated [15] probiotic strains
selected for complementary functional attributes related to short-chain fatty acid production, vitamin
biosynthesis, immune modulation, and metabolic signaling. The formulation further includes a
bacterial lysate intended to support mucosal immune responses [16] and a fermentable prebiotic fiber
to enhance microbial metabolic activity [17]. Community-based metabolic modeling predicts
cooperative metabolic interactions among constituent strains; however, clinical evaluation in human
populations is required to determine physiological relevance and translational impact [18].

PD represents a critical opportunity for metabolic risk mitigation, as regulatory pathways
governing glucose homeostasis, inflammatory tone, and insulin sensitivity may remain partially
intact and responsive to non-pharmacological intervention [8,11,19]. Accordingly, the present study
conceptualizes synbiotic supplementation not solely as an adjunctive strategy in established T2DM,
but also as a potential risk-modifying intervention in individuals with PD, aimed at supporting
metabolic regulation and delaying disease progression.
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Study Hypothesis

The primary hypothesis of this study is that daily supplementation with the synbiotic
formulation EDC-HHAOQ1 will result in clinically meaningful improvements in glucose regulation
compared with placebo. It is further hypothesized that the magnitude and consistency of response
will be greater in individuals with PD than in those with established T2DM, reflecting greater
metabolic plasticity at earlier stages of dysregulation. Secondary hypotheses posit that improvements
in glycemic measures will be accompanied by favorable changes in metabolic and inflammatory
biomarkers, supporting a biologically plausible mechanism of action.

2. Materials and Methods

2.1. Ethical Considerations

The study was designed as a randomized, double-blind, placebo-controlled human clinical trial
to evaluate the safety and probiotic potential of the synbiotic formulation EDC-HHAO1 in adults
diagnosed with T2DM or PD. The study protocol was reviewed and approved by the Ethics
Committee of the Hermanos Ameijeiras Clinical and Surgical Hospital (approval number
NH24ILH0040; April 1, 2024), the National Institute of Nutrition of Cuba (P145872/24), and the Cuban
Ministry of Public Health.

All study procedures were conducted in accordance with Good Clinical Practice (GCP)
guidelines and the ethical principles set forth in the Declaration of Helsinki [20]. Written informed
consent was obtained from all participants prior to enrollment.

The trial was registered in the Cuban Public Registry of Clinical Trials (Registro Ptblico Cubano
de Ensayos Clinicos, RPCEC) under registration number RPCEC00000441 on May 30, 2024.

2.2. Sample Size

Sample size estimation was informed by prior clinical experience at the Hermanos Ameijeiras
Clinical and Surgical Hospital involving patients with T2DM receiving probiotic interventions [21].
To ensure adequate statistical reliability while maintaining feasibility, a target sample size of
approximately 100 participants was selected.

An initial estimate indicated that a minimum of 94 participants would be required to detect
clinically meaningful differences between groups with a 95% confidence level. To account for
potential attrition and ensure balanced representation of diagnostic subgroups, the final target
enrollment was set at 100 participants. The selected sample size was informed by prior clinical
experience and was deemed sufficient to provide approximately 80% power to detect moderate,
clinically meaningful differences in primary metabolic outcomes between treatment groups,
assuming typical variability observed in similar populations [22].

Participants were randomly assigned in a 1:1 ratio to receive either the EDC-HHAO1 formulation
or placebo, resulting in two study arms of 50 participants each. Within each arm, enrollment was
stratified by baseline diagnosis to include approximately equal numbers of individuals with T2DM
and PD (25 per diagnostic subgroup).

This sample size was considered sufficient to support the planned primary and secondary
analyses while accommodating expected variability in metabolic outcomes and participant retention.

2.3. Study Design and Participants

This study was conducted as a randomized, double-blind, placebo-controlled clinical trial at the
Hermanos Ameijeiras Clinical and Surgical Hospital (HHA) in Havana, Cuba. Participant
recruitment began with the enrollment of the first participant on June 10, 2024, and concluded with
the enrollment of the final participant on December 2, 2024.

The intervention period lasted six months, with participants receiving study product from
January through June 2025. Participants were followed through scheduled clinical consultations
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throughout the intervention period and for an additional three months after completion of
supplementation, with follow-up concluding in September 2025.

Eligible participants were adults aged 18 years or older, of either sex, with a confirmed clinical
diagnosis of T2DM or PD, managed with oral antihyperglycemic therapy and/or dietary intervention
alone. Individuals receiving insulin therapy were not eligible for inclusion. All participants provided
written informed consent prior to enrollment.

Participants were required to be clinically stable, free of acute illness, and not consuming
probiotic or synbiotic supplements at the time of enrollment. Exclusion criteria included type 1 PD
or other specific forms of PD, insulin therapy, chronic kidney disease, active or uncontrolled
comorbid conditions (including untreated endocrine disorders, acute infections, major depressive
disorders, or malignant disease), pregnancy or lactation, substance abuse, or cognitive or
psychological conditions that could impair adherence or informed consent, as assessed by the
principal investigator. Individuals participating in other clinical trials or who had received symptom-
altering interventions within the preceding three months were also excluded.

Randomization was performed using EpiData version 3.1 software [23], which generated a
computer-based random allocation sequence assigning participants in a 1:1 ratio to receive either the
EDC-HHAO1 formulation or placebo Randomization was stratified by baseline diagnosis (I2DM or
PD) to ensure balanced representation across treatment arms. Allocation concealment was
maintained by dispensing the investigational product and placebo in identical capsules and
packaging. Investigators, study staff, and participants remained blinded to treatment assignment
throughout the study.

Inclusion criteria required participants to be clinically stable, free of acute illness, and not
consuming probiotic or synbiotic supplements at the time of enrollment. Exclusion criteria included
type 1 diabetes or other specific forms of PD insulin therapy, chronic kidney disease, active or
uncontrolled comorbid conditions (including untreated endocrine disorders, acute infections,
depressive disorders, or malignant disease), pregnancy or lactation, substance abuse, or cognitive or
psychological conditions that could impair adherence or informed consent, as assessed by the
principal investigator. Individuals enrolled in other clinical trials or who had received symptom-
altering interventions within the preceding three months were also excluded.

A total of 92 participants were enrolled and randomized, comprising 40 participants with PD
and 52 with T2DM. All randomized participants were included in the intention-to-treat population.
Following attrition and loss to follow-up, data from 38 participants in the EDC-HHAO1 group (20
with T2DM and 18 with PD and 37 participants in the placebo group (21 with T2DM and 16 with PD
were available for analysis of the primary outcome. Baseline demographic and clinical characteristics
of the evaluable population are presented in Table 1. Participant flow throughout the study is
illustrated in the CONSORT flow diagram (Figure 1).

Table 1. Baseline distribution of epidemiological variables by treatment group.

Group No (%)
Variabl Total
ariables Placebo  EDC-HHAO1 ota P
o Female 28 (75.7) 21 (55.3) 49 (65.3) 0106 -
Male 9 (24.3) 17 (44.7) 26 (34.6)
Disemosic T2DM 21 (56.8) 20 (52.6) 41 (54.7) 1590 -
& PD 16 (43.2) 18 (47.4) 34 (45.3) '
No 15 (40.6) 16 (42.1) 31 (41.3)
Treatment* 1.000 @
reatmen Yes 22 59.5) 22 (57.9) 44 (58.7) 000
, B No 17 (45.9) 17 (44.7) 34 (45.3)
Physical Activit 1.000 @
ysical ACVIY Yes 20 (54.1) 21 (55.3) 41 (54.7)
Age (mean + SD) 599+123  55.6+10.8 57.7 11.7 0.114°
BMI (mean =SD) 28.7+62 295459 29160 0.538°
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a Refers to the Chi-square test. » Refers to Student’s t-test. “Refers to whether the patient is undergoing
treatment with oral hypoglycemic agents for the metabolic condition (Diabetes or PD).

CONSORT 2010 Flow Diagram

Enroliment

Assessed for Eligibility (n=92)

Excluded (n = 0)
» Not meeting inclusion creiteria (n=0)
« Declined to participate (n=0)

» Other reasons (n=0)

v

Randomized (n = 92)

l
! v

Allocated to EDC-HHA-01 (n=45) Allocated to Placebo (h=47)
* Received allocated intervention (n=45) « Received allocated intervention (n=47)
« Did not receive allocated intervention (n=0) « Did not receive allocated intervention (n=0)
Follow-Up Follow-up
* Lost to follow-up (n=7) « Lost to follow-up (n=10)
« Patient abandoned voluntarily after visit 1 « Patient abandoned voluntarily after visit 1
for personal or work-related reasons (n=0) for personal or work-related reasons (n=0)
| « Discontinued the intervention (n=7) « Discontinued the intervention (n=10)
Analysis Analysis
* Analyzed to T2DM (n=20) « Analyzed to T2DM (n=21)
« Analyzed for Prediabetes (n=18) » Analyzed for Prediabetes (n=16)
« Excluded from analysis (n=0) « Excluded from analysis (n=0)

Figure 1. CONSORT [24] flow diagram of recruitment and retention throughout the study.

Concomitant Care

Participants continued to receive usual medical care throughout the study period. Background
medications, including stable glucose-lowering therapies such as metformin where applicable, were
permitted provided dosing remained unchanged. No protocol-directed changes to concomitant
medications, diet, or physical activity were mandated during the study, and no new glucose-lowering
therapies were initiated as part of the intervention. Concomitant care was comparable between the
EDC-HHAO1 and placebo groups.

2.4. Development and Composition of the Synbiotic Formulation (EDC-HHAO01)

The investigational product evaluated in this study, designated EDC-HHAQO1, is a synbiotic
formulation developed through a rational, systems-based design process integrating probiotic
organisms, prebiotic substrates, and a defined metabiotic component. The formulation is
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commercially available as Advanced Daily; however, the study denomination is used throughout
this manuscript to preserve scientific neutrality.

Formulation development was guided by the objective of supporting metabolic and glycemic
regulation through coordinated microbial functions rather than reliance on the activity of individual
strains. Design considerations integrated genomic annotation, metabolic pathway analysis, and in
silico modeling as decision-support tools to inform strain selection and formulation logic, while
empirical evidence from peer-reviewed literature and biological plausibility guided final design
decisions.

Candidate probiotic organisms were selected based on established safety history, suitability for
encapsulated delivery, and reported involvement in host-relevant metabolic, inflammatory, and gut
barrier—associated pathways. Genome-scale metabolic reconstructions were generated using the
ModelSEED [25] framework to assess pathway completeness, substrate utilization breadth, and
potential functional complementarity among candidate organisms. Community-level modeling was
used internally to guide formulation decisions; however, modeling architectures beyond strain-level
reconstruction are proprietary.

The final probiotic consortium comprises six bacterial species representing the genera Bacillus,
Bifidobacterium, and Lactobacillus: Bacillus coagulans, Bifidobacterium bifidum, Limosilactobacillus reuteri,
Lactiplantibacillus plantarum, Lacticaseibacillus rhamnosus, and Lacticaseibacillus casei. Strain-level
identifiers were retained internally throughout development to ensure traceability across
manufacturing, quality control, and clinical evaluation but are not disclosed here to protect
proprietary genomic assets. The consortium was designed to balance robustness and functional
diversity by combining spore-forming and non-spore-forming taxa while minimizing unnecessary
functional redundancy.

In addition to live microorganisms, the formulation incorporates both prebiotic [26] and
metabiotic [27] components to enhance functional stability and reduce reliance on probiotic
engraftment alone. The prebiotic fraction includes inulin derived from chicory root, selected to
support fermentative activity of bifidobacteria and lactobacilli and to promote microbial metabolic
outputs associated with short-chain fatty acid-relevant pathways. Microcrystalline cellulose is
included as a formulation excipient and insoluble fiber but was not intended to serve as a targeted
prebiotic substrate.

The metabiotic component consists of an enzymatic lysate of Lactobacillus delbrueckii [28],
produced via lysozyme-mediated cell wall hydrolysis. This process yields non-viable microbial
cellular constituents while preserving structurally and functionally relevant bioactive components.
Inclusion of the metabiotic component was intended to provide microbial-derived signaling
molecules independent of in vivo replication, thereby increasing robustness of functional delivery
across individuals with heterogeneous baseline microbiological states. Detailed manufacturing
specifications for the lysate are proprietary.

The formulation is labeled to provide approximately 15 x 10° colony-forming units (CFU) per
capsule. In the present clinical study, participants received two capsules daily, corresponding to an
administered dose of approximately 30 x 10° CFU per day. Each capsule also contained the prebiotic
and metabiotic components described above, along with standard excipients required for capsule
stability and delivery.

Mechanistic considerations described in this section represent the biological rationale
underlying formulation development and should be interpreted as hypothesis-generating rather than
as direct mechanistic evidence derived from the clinical outcomes reported in this study.

2.5. Intervention and Compliance

Participants were randomized to receive either the EDC-HHAOQ1 formulation or a matching
placebo in a double-blind manner. The intervention period lasted six months. Participants in both
study arms were instructed to consume one capsule every 12 hours (twice daily) throughout the
study duration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The investigational product, EDC-HHAO1, was manufactured in accordance with Good
Manufacturing Practices (GMP) by [manufacturer name]. Each capsule contained a total microbial
consortium concentration of 1.48 x 100 colony-forming units (CFU), composed of seven GRAS-
classified bacterial strains: Bacillus coagulans (20 mg), Bifidobacterium bifidum (30 mg),
Limosilactobacillus reuteri (30 mg), Lactiplantibacillus plantarum (45 mg), Lacticaseibacillus rhamnosus (45
mg), Lacticaseibacillus casei (45 mg), and Lactobacillus delbrueckii enzymatic lysate (10 mg). Each capsule
also contained 100 mg of inulin as a prebiotic carrier.

Placebo capsules were indistinguishable in appearance, weight, and packaging from the active
formulation and contained microcrystalline cellulose as the inert excipient. Placebo capsules were
manufactured and packaged using the same procedures and materials as the active product to
maintain blinding.

Both EDC-HHAO1 and placebo capsules were dispensed in sealed foil packaging and provided
to participants at two scheduled visits: baseline (week 0) and mid-intervention (week 12),
corresponding to routine clinical assessments and sample collection. Participants were instructed to
return unused capsules at follow-up visits, and adherence was monitored through capsule counts
and participant self-report.

2.6. Sample Collection and Study Procedures

Participants underwent clinical evaluation, supplement administration, and biological sample
collection at predefined 12-week intervals throughout the six-month intervention period (baseline,
week 12, and month 6). Venous blood samples were obtained by standard venipuncture, labeled with
a unique participant identification code, and processed within one hour of collection. Samples were
centrifuged, aliquoted, and stored under controlled conditions to preserve integrity for downstream
biochemical analyses.

All clinical and laboratory data were recorded in a secure, password-protected database
accessible only to authorized study and clinical personnel. The Hermanos Ameijeiras Clinical and
Surgical Hospital (HHA) oversaw data security and management of the information technology
infrastructure supporting the study.

Health-related quality of life and safety were assessed using the Semi-Structured Interview for
Assessing sample size of Probiotics and Nutritional Supplements Survey [29], administered at
baseline and at study completion. The primary clinical outcome was glycated hemoglobin (HbA1lc).
Secondary outcomes included fasting and postprandial glucose, total cholesterol, HDL cholesterol,
LDL cholesterol, triglycerides, insulin, homeostatic model assessment indices (HOMA-IR and
HOMA-f), and serum lipopolysaccharide (LPS) levels.

2.7. Study Outcomes

2.7.1. Primary Outcome

The primary efficacy outcome was the change in glycated hemoglobin (HbA1lc) from baseline to
6 months. HbAlc was selected a priori as the primary endpoint because it reflects integrated glycemic
exposure over approximately 8—12 weeks and is less susceptible to short-term behavioral or dietary
fluctuations than fasting or postprandial glucose measurements [30].

2.7.2. Key Mechanistic (Exploratory) Outcome

A key mechanistic exploratory outcome was the change in circulating serum lipopolysaccharide
(LPS) concentrations over the six-month intervention period. LPS was evaluated as a marker of
systemic endotoxemia and gut barrier-related metabolic inflammation, given its established role in
insulin resistance, low-grade chronic inflammation, and dysglycemia [31]. Assessment of LPS was
intended to explore whether modulation of gut-derived endotoxin burden could provide a biological
link between probiotic intervention and downstream metabolic effects.
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Circulating LPS concentrations were measured using two independent analytical platforms to
enhance robustness and reduce assay-specific bias. A Limulus amebocyte lysate (LAL)-based assay
was performed using a commercial kit supplied by GenScript Biotech Corporation (Piscataway, NJ,
USA). In parallel, LPS concentrations were quantified using an enzyme-linked immunosorbent assay
(ELISA) (Human Lipopolysaccharides ELISA Kit, EK711143; AFG Bioscience, Northbrook, IL, USA),
following the manufacturers’ instructions.

For ELISA-based measurements, all samples were analyzed in duplicate under standardized
laboratory conditions using aseptic techniques to minimize contamination. Optical density readings
were obtained using a calibrated microplate reader, and LPS concentrations were calculated from
standard curves generated for each assay run. Quality control procedures were applied in accordance
with manufacturer recommendations to ensure assay precision and reproducibility.

Given the known variability and distributional challenges associated with circulating LPS
measurements, analyses of LPS outcomes were conducted on an exploratory basis. LPS data were
interpreted as supportive mechanistic evidence linking probiotic intervention to metabolic outcomes,
rather than as confirmatory efficacy endpoints.

2.7.3. Secondary Outcomes

Exploratory analyses included evaluation of mechanistic biomarkers and patient-reported
outcomes related to gastrointestinal tolerability, perceived metabolic benefits, and overall well-being.
Prespecified subgroup analyses were conducted by baseline diagnostic category (PD vs. T2DM) and
background metformin use to explore potential stage-dependent and treatment-context-dependent
effects.

Within-subject changes in LPS were combined into a robust composite endotoxemia index using
median and median absolute deviation (MAD) standardization across analytical platforms. This
composite index was intended to provide a distributionally robust measure of endotoxin burden and
was interpreted as a supportive biological correlate of metabolic and glycemic outcomes rather than
as a confirmatory efficacy endpoint.

Patient-reported outcomes were collected using a structured questionnaire assessing
gastrointestinal symptoms, appetite regulation, perceived energy, psychological well-being, and
general health status. Responses were recorded on a 5-point Likert scale and analyzed as exploratory
measures intended to characterize tolerability, acceptability, and patient experience rather than
therapeutic efficacy.

2.7.4. Exploratory and Subgroup Analyses

Exploratory analyses included markers of metabolic endotoxemia, and patient-reported
outcomes related to gastrointestinal tolerability, perceived metabolic benefits, and overall well-being.
Prespecified subgroup analyses were conducted by baseline diagnostic category (PD vs. T2DM) and
background metformin use to explore potential stage-dependent and treatment-context-dependent
effects.

Markers of metabolic endotoxemia were assessed using circulating lipopolysaccharide (LPS)
concentrations measured by two independent analytical platforms (GeneScript/LAL-based assay and
ELISA-based assay (AFG Bioscience, Northbrook, IL 60062, USA). Within-subject changes in LPS
were combined into a robust composite endotoxemia index using median and median absolute
deviation (MAD) standardization across platforms. This composite index was intended to provide a
distributionally robust measure of endotoxin burden and was interpreted as a supportive biological
correlate of metabolic and glycemic outcomes rather than as a confirmatory efficacy endpoint.

Patient-reported outcomes were collected using a structured questionnaire assessing
gastrointestinal symptoms, appetite regulation, perceived energy, psychological well-being, and
general health status. Responses were recorded on a 5-point Likert scale and analyzed as exploratory
measures intended to characterize tolerability, acceptability, and patient experience rather than
therapeutic efficacy.
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2.8. Clinical Chemistry Analyses

Blood samples were collected at three predefined time points: baseline (one week prior to
intervention), mid-intervention (week 12), and at the end of the study period (month 6). Glycated
hemoglobin (HbAlc) was measured in whole blood collected into Ks-EDTA tubes and analyzed
immediately using a validated automated analyzer (Cobas 6000 modular system; Roche Diagnostics,
Indianapolis, IN, USA), in accordance with the manufacturer’s instructions.

For additional clinical chemistry assessments, venous blood was collected into serum-separating
tubes without anticoagulant. Samples were allowed to clot at room temperature and subsequently
centrifuged to obtain serum. Serum concentrations of fasting glucose, lipid parameters, and other
biochemical markers were determined using standardized automated immunochemical and
enzymatic assays (Cobas 600 platform; Roche Diagnostics).

All analyses were performed by trained laboratory personnel following established quality
control procedures, including routine calibration and internal controls, to ensure analytical accuracy
and reproducibility.

2.8.1. Serum Lipopolysaccharide (LPS) Measurement

Serum concentrations of lipopolysaccharide (LPS) were quantified using a commercially
available enzyme-linked immunosorbent assay (ELISA) kit (Human Lipopolysaccharides ELISA Kit,
EK711143; AFG Bioscience), following the manufacturer’s instructions. All samples were analyzed in
duplicate to ensure analytical reliability.

Assays were performed under standardized laboratory conditions using aseptic techniques to
minimize contamination. Optical density measurements were obtained using a calibrated microplate
reader, and LPS concentrations were calculated from standard curves generated for each assay run.
Quality control procedures were applied in accordance with the manufacturer’s recommendations to
ensure assay precision and reproducibility.

2.8.2. HOMA-IR and HOMA-( Index Calculations

Insulin resistance and pancreatic (3-cell function were assessed using the Homeostasis Model
Assessment indices HOMA-IR and HOMA-p. Fasting blood samples were obtained following an
overnight fast of at least 8 hours to ensure reliable baseline measurements. To standardize post-
fasting conditions across participants, a controlled breakfast consisting of an energy bar appropriate
for diabetic status was provided prior to subsequent assessments.

Serum insulin concentrations were quantified using a validated immunoassay, while fasting
glucose levels were determined by enzymatic methods using an automated clinical chemistry
analyzer (Cobas 6000 modular system; Roche Diagnostics, Indianapolis, IN, USA). All measurements
were performed in duplicate, with appropriate quality control samples included to ensure analytical
precision and reproducibility.

The HOMA-IR index was calculated according to the following formula:

pasting st (L) x Fasing Gucose (22
asting Insulin L asting ucose(dL)

HOMA — IR =
405

Pancreatic -cell function was estimated using the HOMA-f3 index, calculated as:

U
20 X Fasting I in (—
0 asting Insulin (mL)

HOMA— B =

mmol
Fasting Glucose 7 - 3.5

These indices were derived from the original homeostasis model proposed by Matthews et al.
[32] and are widely used as validated surrogate measures of insulin resistance and {3-cell function in
clinical and metabolic research [33].
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2.9. Statistical Analysis

Statistical analyses were conducted in accordance with the CONSORT 2010 guidelines [24] and
its 2025 update [34]. The level of statistical significance was set at a = 0.05. Where multiple
comparisons were performed, Bonferroni correction was applied as appropriate [35].

Normality of continuous variables was assessed using the Shapiro-Wilk test [36]. As the
assumption of normality was not met for most variables (p <0.05), non-parametric statistical methods
were used throughout. Continuous data are therefore presented as median and interquartile range
(IQR) [37].

Between-group comparisons (EDC-HHAO1 vs. placebo) at individual time points (baseline or
month 6) were performed using the Mann—Whitney U test. Within-group changes between baseline
and month 6 were assessed using the Wilcoxon signed-rank test [37]. Longitudinal analyses across
three time points (baseline, month 3, and month 6) were conducted using the Friedman test, followed
by Bonferroni-corrected post hoc comparisons.

Comparisons among the four clinical subgroups (T2DM + placebo, T2DM + EDC-HHAO1, PD +
placebo, PD + EDC-HHAOQ1) were performed using the Kruskal-Wallis test, with Dunn’s post hoc
tests applied where appropriate. Stratified analyses by baseline diagnosis (T2DM vs. PD were
conducted with adjustment of the significance threshold to a = 0.0083 (0.05/6) to account for multiple
subgroup comparisons.

Adverse events and perceived benefits, assessed using a Likert scale (1-5), were analyzed using
the Mann-Whitney U test for between-group comparisons and the Wilcoxon signed-rank test for
within-group changes. Bonferroni correction was applied for analyses involving 30 questionnaire
items (adjusted a = 0.0017) [35,37].

Effect sizes for non-parametric tests were calculated using Pearson’s r (r = 0.10, small; r = 0.30,
moderate; r = 0.50, large). For variables meeting assumptions of homogeneity of variance (assessed
using Levene’s test), Cohen’s d was calculated; where variance assumptions were violated, Welch's
corrected Cohen’s d was applied [38].

All statistical analyses were performed using SPSS version 27.0 (IBM Corp., Armonk, NY, USA)
and Python [39], with data visualization conducted using Matplotlib [40] and REDC-HHAO1y
packages [41] within the Google Colab environment [42]. Anonymized datasets and analytical code
will be made available upon reasonable request to the corresponding author, in accordance with
institutional ethics approval and data transparency policies.

2.9.1. Statistical Effect Size Estimation

In addition to hypothesis testing, effect sizes were calculated to quantify the magnitude of
observed differences between treatment groups. For non-parametric comparisons, Cliff’s delta ()
was used as a distribution-free measure of effect size [43].

Cliff’s delta estimates the probability that a randomly selected observation from one group will
be greater than a randomly selected observation from another group, minus the reverse probability.
Values range from -1 to +1, where 0 indicates complete overlap between distributions. Positive values
indicate higher values in the treatment group, while negative values indicate higher values in the
comparator group.

Cliff's delta was calculated for between-group comparisons of change scores (A = 6 months —
baseline), including fasting glucose and HbAlc where appropriate. Effect size magnitudes were
interpreted using established thresholds: 181 < 0.147 (negligible), 0.147 < 15| <0.33 (small), 0.33 < 181
<0.474 (moderate), and 10| = 0.474 (large).

Within-group effect sizes for paired analyses were estimated using Cohen’s dz, calculated as the
mean of paired differences divided by the standard deviation of those differences. Effect size
estimates were reported alongside corresponding non-parametric test results to facilitate
interpretation of clinical relevance independent of statistical significance.
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All effect size calculations were performed using Python-based statistical libraries, and values
are reported without confidence intervals given the exploratory nature of subgroup analyses [44].
Data visualization was performed using Python (Matplotlib) [40].

2.9.2. Handling of Missing Data

Missing outcome data were minimal. Analyses were conducted according to the intention-to-
treat principle using all available data. Participants with missing measurements for a given outcome
were excluded from analyses of that specific outcome only (available-case analysis). No imputation
methods were applied due to the low proportion of missing data and the absence of evidence
suggesting differential missingness between treatment groups.

Additional and Exploratory Analyses

Additional analyses were prespecified to explore treatment effects across clinically relevant
subgroups, including stratification by baseline diagnostic category (PD vs. T2DM) and background
metformin use. These subgroup analyses were conducted using non-parametric methods consistent
with the primary analysis plan and were interpreted cautiously given reduced sample sizes.

Exploratory analyses included evaluation of secondary metabolic endpoints, composite markers
of metabolic endotoxemia derived from two independent analytical platforms, and patient-reported
outcomes related to gastrointestinal tolerability and perceived benefits. Exploratory analyses were
intended to provide supportive and hypothesis-generating insights rather than confirmatory
evidence. Where applicable, effect sizes were emphasized alongside p-values, and no additional
adjustments for multiple comparisons were applied beyond those specified for questionnaire-based
analyses.

3. Results

3.1. Analysis Populations

A total of 92 participants were randomized and included in the intention-to-treat analysis.
Participants were stratified a priori by metabolic status into PD and T2DM subgroups. Baseline
demographic and clinical characteristics were comparable between intervention and placebo groups
within each diagnostic stratum (Table 1). Study adherence, assessed by capsule count, exceeded 94%
across groups, and no protocol deviations affecting the primary outcome analyses were identified.

3.2. Baseline Demographic and Clinical Characteristics

Baseline metabolic parameters, including HbA1lc, fasting glucose, insulin, and indices of insulin
resistance, did not differ significantly between intervention and placebo groups within diagnostic
strata (Table 1). Baseline symptom and quality-of-life scores were likewise comparable across groups.

3.3. Primary Outcome: Glycemic Control (HbAIc)

Changes in HbAlc over the intervention period are summarized in Tables 2 and 3 and illustrated
in Figure 2.

In participants with PD the intervention group demonstrated a statistically significant reduction
in HbAlc from baseline compared with placebo. The magnitude of HbAlc reduction was greater in
the intervention group, resulting in a clinically meaningful between-group difference at study end.
Effect size analysis using Cliff’s delta indicated a moderate to large treatment effect favoring the
intervention.

In participants with T2DM, HbAlc levels showed a modest reduction in the intervention group;
however, between-group differences did not reach statistical significance. Within-group changes
were directionally consistent with those observed in the PD subgroup but were attenuated in
magnitude.
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Table 2. Changes in HbAlc from baseline to 6 months stratified by diagnosis and metformin use.

Baseline 6-Month (within;
Cohort Diagnosis Metformin n  HbAlc (%) HbAlc(%) A Median \I/)Vilcoxon,)
Median (IQR) Median (IQR)
. 57—
Placebo preDM No 12 6.10 (5.85-6.43) > 82 850)5 -0.40 0.011
Placebo preDM Yes 4 6.10 (5.78-6.50) 5'02 (3@)8 . -0.80 0.125
.40 (6.30—
Placebo T2D No 3 6.80(6.70-7.30) 6 25160)3 0 -0.40 0.250
Placebo T2D Yes 18 6.80 (5.85-7.33) 5'92 (7?))3 0- -0.70 0.0003
EDC- 4.60 (4.40-
HEIAOL preDM No 13 5.90 (5.70-5.90) 470) 1.30 0.0005
EDC- 4.80 (4.30-
HHAO1 preDM Yes 5 5.60 (5.30-6.00) 4.80) 0.50 0.062
EDC- 5.60 (5.60—
HEIAOL T2D No 1 7.00 (7.00-7.00) 5.60) 1.40 —
EDC- 5.50 (4.95-
HEHAO1 T2D Yes 19 6.40 (6.05-6.65) 5.95) 1.00 <0.0001

Values are median (IQR). A Median reflects within-group change from baseline to 6 months. p

(within) from Wilcoxon signed-rank test. For n<2, Wilcoxon is not applicable (—).

Table 3. Between-group treatment effect on AHbAlc (EDC-HHAO1 vs Placebo) within strata.

EDC- liff’ A . _
Diagnosis Metformin n Placebo n EDC- Cliff’s d on A (treated p (between; Mann

HHAO01 vs placebo) Whitney on A)
preDM No 12 13 -0.64 0.007
preDM Yes 4 5 0.10 0.901
2D No 3 1 -1.00 0.346
2D Yes 18 19 -0.24 0.223

—&— Placebo  —#- EDC-HHAO01

A. Prediabetes B. T2DM
7.5 E

7.0 1

6.5 -

6.0 1

HbAlc (%)

5.5 1

5.0 1

4.5 1

Baseline Month 6 Baseline Month 6

Figure 2. HbAlc trajectories over 6 months by treatment arm and diagnostic category. Median HbAlc values
with interquartile ranges (IQR) at baseline and Month 6 are shown for placebo and EDC-HHAOQ1 groups,
stratified by diagnostic category: (A) PD and (B) T2DM . HbAlc decreased from baseline to Month 6 in both
treatment arms across diagnostic groups; the magnitude of reduction was greater in the PD subgroup receiving
EDC-HHAOL.
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Placebo groups exhibited small reductions in HbAlc across diagnostic strata, consistent with
expected trial participation and lifestyle-related effects. The treatment-over-placebo effect was most
pronounced in participants with PD.

Figure 2 illustrates the trajectory of HbAlc from baseline to Month 6 in placebo and EDC-HHAO1
groups, stratified by diagnostic category (PD and T2DM).

3.4. Secondary Glycemic Measurements

3.4.1. Fasting Glucose

No statistically significant between-group differences in fasting glucose were observed in either
diagnostic subgroup (Table S1). Variability in fasting glucose measurements was high, and changes
were considered supportive rather than primary indicators of intervention efficacy.

3.4.2. Postprandial Glucose (2h)

Postprandial glucose responses demonstrated directionally favorable trends in the intervention
group, particularly among participants with PD; however, these differences did not reach statistical
significance (Table S2). Given the exploratory nature of these analyses and the heterogeneity of
background glucose-lowering therapies, no additional stratified analyses were performed.

3.4.3. Endotoxemia and Inflammatory Markers

Markers of metabolic endotoxemia are summarized in Table 4 and visualized in Figure 3.
Descriptive distributions of the composite endotoxemia change scores indicate opposing median
shifts between treatment groups in participants with PD. Specifically, placebo-treated participants
with PD exhibited a positive median change consistent with increased endotoxemia over the study
period, whereas participants receiving EDC-HHAQ1 demonstrated a negative median change
consistent with reduced endotoxemia.

Table 4. Distribution of Composite Endotoxemia Change by Diagnosis and Treatment Group.

Diagnosis Cohort Median Q1 Q3
T2D Placebo -0.75 —0.87 0.57
T2D EDC-HHAO1 -0.34 -0.46 0.16

preDM Placebo 1.33 0.36 2.63
preDM EDC-HHAO1 -0.69 -1.77 -0.15

Values represent the distribution of a robust composite endotoxemia change score calculated as the
within-subject difference (End of Study - Baseline) in circulating lipopolysaccharide (LPS) measured
by two independent platforms (GeneScript/LAL-based assay and ELISA), standardized using median
and median absolute deviation (MAD) and averaged per participant. Negative values indicate greater
reductions in endotoxemia. This table is intended to provide descriptive distributional context;

stratified inferential analyses accounting for metformin use are presented in Figure 3.

Consistent with these distributional patterns, stratified inferential analyses demonstrated a
statistically significant treatment-associated reduction in circulating lipopolysaccharide (LPS) levels
in participants with PD receiving EDC-HHAO1 compared with placebo, with effect size estimates in
the moderate range. In contrast, among participants with established T2DM, composite endotoxemia
changes were modest and overlapping between treatment groups, indicating attenuated separation
in later-stage disease.

In the T2DM subgroup, reductions in LPS were directionally similar but did not reach statistical
significance.

Overall, reductions in metabolic endotoxemia were most evident among participants with
earlier-stage metabolic dysregulation.
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Visual representations of these changes are shown in Figure 3.

Prediabetes (No Metformin) T2DM (Metformin)

15 - p=0.0148 p=1
5=-0.72 5 =-0.02

10

-5

Composite endotoxemia score
(A EOS — Baseline; robust standardized)

-10

—15

Placebo EDC-HHAO1 Placebo EDC-HHAD1
Figure 3. Changes following EDC-HHAOQ1 supplementation stratified by metabolic status and metformin use.

Within-subject changes in circulating endotoxemia were calculated as End of Study - Baseline
for two independent lipopolysaccharide (LPS) assays (GeneScript/LAL-based assay and ELISA). For
each platform, changes were robustly standardized using median and median absolute deviation
(MAD), and the resulting standardized values were averaged to generate a composite endotoxemia
score for each participant. Lower composite scores indicate greater reductions in endotoxemia. (A)
Participants with PD not receiving metformin demonstrated a significant treatment-associated
reduction in composite endotoxemia scores compared with placebo. (B) In participants with
established T2DM receiving background metformin therapy, no meaningful separation between
treatment and placebo groups was observed. Raincloud plots [45] display kernel density distributions
(half violins), boxplots showing medians and interquartile ranges, and individual participant
datapoints. Horizontal dashed lines denote no change (A = 0). Between-group comparisons were
performed using the Mann-Whitney U test, with effect sizes quantified by Cliff's & and annotated
within each panel.

3.4.4. Insulin Resistance and 3-Cell Function

Indices of insulin resistance and -cell function are summarized in Table 5.

In participants with PD the intervention group demonstrated statistically significant
improvements in insulin resistance indices compared with placebo. Reductions in fasting insulin and
associated derived indices were directionally consistent with the pattern of glycemic improvement
observed in this subgroup.

In participants with T2DM, changes in insulin resistance measures were modest and did not
differ significantly between intervention and placebo groups.

A comprehensive summary of insulin-related and additional metabolic outcomes is provided in

Table S1.
Table 5. Glycemic and Insulin-Related Outcomes Over 6 Months.
Parameter Group Basell(rllall:/;edlan 6-Mor(1;gllged1an A Median p (Wilcoxon)
Gl 15.0 (10.5-21.5) 9.0 (5.0-17.5) -6.0 0.001
Insulin G2 19.5 (11.8-27.5) 13.5 (12.1-19.0) -6.0 0.003
(uIU/mL) G3 19.0 (11.2-24.7) 11.0 (5.2-14.5) -8.0 0.007
G4 21.0 (16.5-33.5) 11.5 (6.8-20.2) -9.5 0.001
Gl 4.7 (2.8-6.7) 2.9 (1.5-5.1) -1.8 0.002
H A-IR
OM G2 4.6 (2.3-8.4) 4.3 (2.4-6.3) -0.3 0.059
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G3 3.9 (2.4-6.0) 2.4 (1.3-3.4) -1.5 0.031
G4 4.9 (3.5-7.8) 3.2 (1.8-5.2) -1.7 0.020
Gl 13.5 (6.9-21.6) 8.3 (3.4-16.1) -5.2 0.002
G2 21.8 (12.8-36.7) 9.5 (7.2-15.4) -12.0 0.001
HOMA B G3 28.2 (17.9-52.6) 11.3 (6.6-27.7) -16.9 <0.001
G4 46.9 (20.8-100.2) 15.1 (8.3-22.1) -31.8 <0.001

G1 (T2DM + Placebo); G2 (T2DM + EDC-HHAO01); G3 (PD + Placebo); G4 (PD + EDC-HHAO1). Values
are presented as median (interquartile range). Within-group comparisons were performed using the
Wilcoxon signed-rank test. Effect size (dz) reflects within-group change magnitude. Between-arm
comparisons of change scores did not demonstrate statistically significant treatment-over-placebo

effects (see text).

3.5. Other Secondary Metabolic Outcomes

Changes in renal function and lipid parameters were evaluated as secondary and safety-related
outcomes (Table S1). Modest within-group changes were observed in select lipid measures and
creatinine; however, these changes were not consistent across diagnostic or treatment strata and did
not demonstrate a clear treatment-over-placebo effect. All measured values remained within
clinically acceptable reference ranges over the 6-month intervention period.

3.6. Safety and Tolerability

Safety and tolerability were evaluated over the six-month intervention period using a structured
patient-reported survey comprising 36 predefined symptoms and perceived adverse effects.
Responses were recorded on a 5-point ordinal scale and analyzed using non-parametric methods due
to non-normal distributions observed for several variables. A comprehensive summary of all
assessed items is provided in Table 6.

Table 6. Participant-Reported Adverse Effects and Benefits: Comparison Between Intervention and Placebo

Groups.
Variable EDC-HHAO01 Group Placebo Group P Effect Size
Mean SD Min Max Mean SD Min Max (t-Student) (Cohen’s d)
Q1 general health 4.18 0.80 2 5 4.06 0.91 2 5 0.579 0.140
Q2 energy level 418 080 2 5 410 0.92 2 5 0.707 0.090
Q3 sleep quality 358 1.06 2 5 342 1.26 1 5 0.563 0.140
Q4 concentration 4.45 080 3 5 4.35 0.85 1 5 0.603 0.130
Q5 digestion 430 079 3 5 423  0.81 2 5 0.722 0.090
Q6 meal regularity 442 075 3 5 442  0.75 2 5 1.000 0.000
Q7 reduced hunger 3.91 1.16 1 5 3.84 1.26 1 5 0.810 0.060
Q8 craving to snack 3.70 1.20 1 5 3.77 1.08 2 5 0.794 0.060
Q9 food cravings 370 135 1 5 3.48 1.32 1 5 0.488 0.170
Q10 appetite easy to control ~ 3.85 132 1 5 3.94 1.24 1 5 0.761 0.080
Q11 bloating after meals 427 104 1 5 3.71 1.6 1 5 0.105 0.410
Qi2abdominal discomfort =, 5y 150 5 5 348 16 1 5 0.018 0.610
or pain
Q13 bowel movements 4.42 099 2 5 4.19 1.08 1 5 0.352 0.230
Q14 diarrhea 448 080 1 5 394 131 1 5 0.054 0.490
Q15 constipation 4.21 122 1 5 426 117 1 5 0.861 0.040
Q16 feeling calm 461 065 3 5 442  0.75 3 5 0.266 0.280
Q17 stress level 436 080 1 5 426 0.73 3 5 0.578 0.140
Q18 positive mood 467 0.60 3 5 448  0.63 3 5 0.222 0.310
Q19 gas 409 099 1 5 432  0.79 3 5 0.292 0.260
Q20 general bloating 476 050 3 5 4.81 0.4 4 5 0.642 0.120
Q21 joint pain 494 024 4 5 484 044 3 5 0.249 0.290
Q22 allergic reaction 497 017 4 5 487 043 3 5 0.238 0.300
Q23 ease of routine 497 017 4 5 4.90 0.30 4 5 0.274 0.280
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Q24 headache 4.88 033 4 5 4.58 0.75 3 5 0.047 0.510
Q25 infection 5.00 0.00 5 5 4.94 0.35 2 5 0.347 0.270
Q26 bronchitis 5.00 0.00 5 5 497 018 4 5 0.392 0.240
Q27 cystitis 5.00 0.00 5 5 497 0.18 4 5 0.392 0.240
Q28 toothache 5.00 0.00 5 5 5.00 0.00 5 5 1.000 0.000
Q29 dizziness 5.00 0.00 5 5 497 018 4 5 0.392 0.240
Q30 muscle discomfort 5.00 0.00 5 5 5.00 0.00 5 5 1.000 0.000
Q31 post-capsule pain 5.00 0.00 5 5 5.00 0.00 5 5 1.000 0.000
Q32 rhinitis 5.00 0.00 5 5 497 0.18 4 5 0.392 0.240
Q33 sore throat 5.00 0.00 5 5 5.00 0.00 5 5 1.000 0.000
Q34 improved digestion ~ 4.97  0.17 4 5 4.90 0.40 3 5 0.363 0.230
Q35 reduced acidity 497 017 4 5 487 043 3 5 0.257 0.290
Q36 weight reduction 2.15 146 1 5 2.13 1.26 1 5 0.953 0.010

No serious adverse events were reported in either the intervention or placebo groups, and no
participants discontinued the study due to safety or tolerability concerns. Overall adherence
exceeded 94%, consistent with good tolerability of the intervention.

Across the full symptom inventory, within-group analyses (Wilcoxon signed-rank test)
demonstrated modest improvements over time in several gastrointestinal and general well-being-
related symptoms in both groups. Between-group comparisons at study end (Mann—-Whitney U test)
indicated that participants receiving EDC-HHAOQ1 experienced greater reductions in the frequency
and severity of selected gastrointestinal complaints, including gas/bloating, diarrhea, and
constipation, compared with placebo. These findings were associated with small-to-moderate effect
sizes and are summarized in Table 7.

Table 7. Selected Adverse Events and Tolerability Outcomes.

Symptom (EI])) (ljiiic;-ll(::):fv?ll’?:iebo) Effect Sizet (r) (Mamll)-\‘/lvali?tiey U Tolerability Interpretation
Gas /bloating | EDC-HHAOL1 > placebo 0.32 <0.001 Improved GI tolerability
Diarrhea | EDC-HHAUO1 > placebo 0.39 <0.001 Improved GI tolerability
Constipation | EDC-HHAO1 > placebo 0.51 <0.001 Improved GI tolerability
Headache | EDC-HHAO1 > placebo 0.20 0.011 Favorable tolerability
Sleep disturbance | EDC-HHAO1 > placebo 0.27 <0.001 Favorable tolerability

t Effect sizes are reported as Pearson’s r derived from Mann-Whitney U statistics. Direction of change
reflects relative differences between intervention and placebo groups at study end. Table 7 presents
selected outcomes for descriptive purposes. Given the exploratory nature of patient-reported
measures and the number of comparisons performed, these findings should be interpreted as

indicators of tolerability and acceptability rather than confirmatory efficacy outcomes.

Additional between-group differences favoring EDC-HHAO1 were observed for headache
frequency and sleep disturbance. No significant differences between groups were detected for
dermatologic, respiratory, or other non-gastrointestinal symptoms. Effect sizes for statistically
relevant comparisons were generally small to moderate and consistent with a favorable tolerability
profile rather than a therapeutic effect.

Given the exploratory nature of patient-reported outcomes and the number of comparisons
performed, these findings should be interpreted as supportive evidence of tolerability and
acceptability rather than confirmatory efficacy signals. Detailed results for all monitored symptoms
and perceived adverse effects are presented in Table 6.

3.7. Patient-Reported Perceived Benefits (Exploratory Analysis)

An exploratory analysis of patient-reported perceived benefits was conducted to characterize
subjective changes in gastrointestinal comfort, appetite-related perceptions, psychological well-
being, and general vitality over the six-month intervention period. Responses were collected using a
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structured ordinal questionnaire and analyzed using non-parametric methods. A comprehensive
summary of all assessed perceived benefit items is provided in Supplementary Table S3.

Compared with placebo, participants receiving EDC-HHAO1 reported more favorable perceived
changes across several gastrointestinal domains, including reduced intestinal gas, improved bowel
habits, and improved stool consistency. Differences favoring the intervention group were also
observed for perceived hunger regulation, digestion-related comfort, and gastric tolerance.

Participants receiving EDC-HHAO1 additionally reported higher perceived physical energy and
lower levels of anxiety at study end relative to placebo. Across assessed domains, between-group
differences were associated with effect sizes in the moderate-to-large range.

Given the subjective nature of these outcomes, the exploratory intent of the analysis, the absence
of adjustment for multiple comparisons, and the potential influence of expectation effects, these
findings should be interpreted as descriptive of patient experience and acceptability rather than as
confirmatory evidence of clinical efficacy.

4. Discussion

4.1. Study Design, Conduct, and Internal Validity

The present study was designed and conducted to address several methodological limitations
that have historically contributed to inconsistent or inconclusive findings in probiotic and
nutraceutical research [46—48]. The randomized, double-blind, placebo-controlled design, combined
with predefined inclusion criteria and a six-month intervention period, provided a robust framework
for evaluating metabolic outcomes while minimizing bias and expectancy effects.

Randomization and blinding were maintained throughout the study, and baseline demographic
and metabolic characteristics were comparable between intervention and placebo groups within
diagnostic strata. Adherence to the intervention was high (>94%), as assessed by capsule count,
indicating good compliance and supporting the reliability of the observed outcomes. Importantly, no
protocol deviations affecting primary or secondary analyses were identified.

Following randomization, all participants were included in the intention-to-treat population.
Losses to follow-up and exclusions after randomization were minimal and occurred at similar
frequencies in the EDC-HHAO1 and placebo groups. Reasons for loss included missed follow-up
visits, inability to provide biological samples at scheduled time points, or withdrawal of consent for
personal reasons. No participants were excluded due to adverse events or protocol-defined safety
concerns. The number of participants contributing data to each analysis is reported in the
corresponding tables and figures.

Outcome measures were selected a priori and included both objective biomarkers (e.g., HbAlc,
insulin resistance indices [49], endotoxemia markers) and patient-reported assessments. Objective
metabolic endpoints were analyzed using non-parametric statistical approaches appropriate for the
distribution of the data, and effect sizes were reported alongside p-values to provide context for the
magnitude of observed differences [50]. Exploratory analyses were clearly distinguished from
primary and secondary endpoints to avoid overinterpretation [51].

Safety and tolerability were evaluated systematically using a structured symptom inventory,
and comprehensive reporting of adverse effects was maintained [52]. No serious adverse events were
reported, and no participants discontinued the study due to tolerability concerns. The absence of
clinically meaningful changes in renal or lipid parameters further supports the internal validity and
safety profile of the intervention over the study period [53].

Collectively, these design and conduct features support the internal validity of the trial and
provide confidence that the observed metabolic and biological effects are unlikely to be attributable
to methodological artifacts or differential compliance.
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4.2. Glycemic Control and Stage-Dependent Effects on HbAlc

The primary metabolic finding of this study was a statistically and clinically meaningful
reduction in HbAlc among participants with PD receiving EDC-HHAUO1. This effect was consistently
observed across analytical approaches, including within-group comparisons and between-group
treatment effect analyses, and was supported by moderate-to-large effect sizes in participants not
receiving background metformin therapy. In contrast, reductions in HbAlc among participants with
established T2DM were directionally similar but attenuated and did not yield statistically significant
treatment-over-placebo effects.

The magnitude of HbAlc reduction observed in PD is notable given the non-pharmacologic
nature of the intervention and the six-month duration of supplementation. HbAlc reflects integrated
glycemic exposure over approximately 8-12 weeks and is less sensitive to short-term behavioral
fluctuations than fasting or postprandial glucose measurements. Consequently, changes in HbAlc
are generally interpreted as reflecting sustained alterations in glucose handling rather than transient
effects related to study participation alone [54,55]. The observation that placebo groups exhibited
modest HbA1lc reductions is consistent with known trial participation and lifestyle effects [56-58];
however, the greater magnitude of change and treatment-over-placebo separation in the PD
subgroup receiving EDC-HHAO1 suggests a biologically relevant intervention effect.

Stratification by background metformin use provides additional context for these findings.
Among participants with PD not receiving metformin, the treatment effect on HbAlc was strongest,
whereas participants already receiving metformin exhibited smaller and more variable changes. This
pattern is consistent with the established glucose-lowering efficacy of metformin and suggests that
the incremental impact of a microbiome-targeted intervention may be more readily detectable in
individuals not already receiving pharmacologic therapy [59,60]. Importantly, the study was not
designed or powered to evaluate add-on effects to metformin, and conclusions regarding
combination effects should therefore be interpreted cautiously.

The attenuated response observed in participants with T2DM likely reflects greater metabolic
heterogeneity, longer disease duration, and more advanced impairments in insulin sensitivity and -
cell function. Prior studies have demonstrated that microbiome composition, intestinal barrier
integrity, and host-microbe signaling pathways are progressively altered with advancing metabolic
disease, potentially limiting the responsiveness of later-stage T2DM to interventions targeting
microbial or barrier-related mechanisms [6,8,61]. In this context, the present findings are consistent
with the concept that microbiome-targeted strategies may exert greater influence during earlier
stages of metabolic dysregulation, when host regulatory pathways remain more plastic [62-64].

Collectively, these HbAlc findings support the interpretation that EDC-HHAOQ1 provides
metabolic support that is most evident in PD rather than functioning as a glucose-lowering therapy
in established T2DM. This stage-dependent pattern aligns with current understanding of metabolic
disease progression and underscores the importance of considering disease context when evaluating
non-pharmacologic interventions aimed at modulating host-microbe interactions [11,65,66].

4.3. Biological Coherence: Endotoxemia and Insulin Resistance

The observed improvements in glycemic control in participants with PD were accompanied by
reductions in circulating markers of metabolic endotoxemia and favorable changes in indices of
insulin resistance, providing biological context for the primary HbAlc findings. While the present
study was not designed to establish mechanistic causality, the convergence of these outcomes
supports a coherent interpretation of the metabolic effects observed.

Metabolic endotoxemia, commonly assessed by circulating lipopolysaccharide (LPS) levels, has
been implicated in the development of low-grade systemic inflammation and impaired insulin
signaling [8,67—69]. Experimental and clinical studies have demonstrated that chronic exposure to
endotoxin can activate innate immune pathways, disrupt insulin receptor signaling, and contribute
to metabolic dysregulation, particularly in early stages of insulin resistance[8,70,71]. In the present
study, reductions in LPS-related measures were most evident in participants with PD receiving EDC-
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HHAOQ1, whereas changes in participants with established T2DM were smaller and did not reach
statistical significance.

Improvements in fasting insulin levels and HOMA-derived indices observed in the PD
subgroup further align with this pattern. Insulin resistance is a central feature of early metabolic
dysfunction and is sensitive to inflammatory and barrier-related perturbations. Prior work has shown
that interventions associated with reduced endotoxin exposure or improved intestinal barrier
function are frequently accompanied by improvements in insulin sensitivity, even in the absence of
marked changes in fasting glucose [6,72,73]. The directional concordance between reduced
endotoxemia markers and improved insulin resistance indices in this study is therefore consistent
with established biological relationships.

The stage-dependent nature of these findings is notable. In PD host-microbe interactions,
intestinal permeability, and inflammatory signaling pathways may retain greater functional
plasticity, rendering them more responsive to interventions targeting microbial or barrier-associated
processes [74-76]. In contrast, advanced T2DM is characterized by greater heterogeneity, longer
disease duration, medication effects, and more entrenched impairments in insulin signaling and (-
cell function, factors that may limit responsiveness to microbiome-targeted strategies [11,61,77,78].
This framework provides a plausible explanation for the attenuated biological responses observed in
participants with T2DM.

Importantly, the present findings should not be interpreted as evidence that reductions in
endotoxemia directly caused improvements in glycemic control. Rather, the parallel changes
observed across endotoxemia markers, insulin resistance indices, and HbAlc suggest that these
outcomes may reflect interrelated aspects of a broader metabolic response. Such convergence
strengthens confidence in the biological plausibility of the observed effects without exceeding the
evidentiary scope of the study.

Taken together, the alignment of glycemic, insulin-related, and endotoxemia-associated
outcomes supports a biologically coherent interpretation of the metabolic effects of EDC-HHAO1 in
individuals with PD [68,69,75]. These findings are consistent with current models linking host—
microbe interactions, inflammatory tone, and insulin sensitivity in early metabolic dysregulation, and
they further reinforce the importance of disease stage in evaluating microbiome-targeted
interventions [6,8,11,61].

4.4. Patient Experience and Tolerability in Context

Patient-reported outcomes assessing perceived gastrointestinal comfort, appetite-related
perceptions, psychological well-being, and general vitality were evaluated as exploratory measures
to contextualize participant experience during the intervention. These outcomes were not
prespecified as efficacy endpoints and were analyzed conservatively, with full results provided in
Supplementary Table S3.

Participants receiving EDC-HHAO1 reported more favorable perceived changes across several
gastrointestinal domains, including reduced intestinal gas, improved bowel habits, and improved
stool consistency, relative to placebo. Additional differences favoring the intervention group were
observed for perceived digestion-related comfort, hunger regulation, physical energy, and anxiety
levels at study end. These findings were associated with moderate-to-large effect sizes but were not
adjusted for expectation effects or multiple comparisons.

Given the subjective nature of these assessments, these outcomes should not be interpreted as
confirmatory evidence of metabolic efficacy. Patient-reported measures are inherently sensitive to
placebo responses, expectancy bias, and contextual factors, particularly in nutrition and microbiome
studies [79-82]. Accordingly, these findings are best viewed as descriptive indicators of participant
experience rather than as primary evidence of biological effect.

Importantly, the favorable patient-reported profile observed in the intervention group aligns
with the high adherence and favorable tolerability documented over the six-month study period. In
this context, perceived improvements in gastrointestinal comfort and general well-being may
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contribute to sustained engagement with the intervention, a factor of practical relevance in long-term
metabolic health strategies [83-85]. Prior studies have noted that tolerability and subjective comfort
can meaningfully influence adherence [86] to non-pharmacologic interventions, even when objective
metabolic endpoints are modest [87-89].

When considered alongside objective metabolic and biological outcomes, patient-reported
findings provide contextual support rather than independent validation. Improvements in HbAlc,
insulin resistance indices, and endotoxemia markers offer biological grounding for the intervention,
while patient-reported outcomes help characterize acceptability and real-world feasibility [86,90].
This triangulated interpretation is consistent with best practices in clinical nutrition and microbiome
research, where subjective experience and objective biomarkers are complementary but not
interchangeable sources of evidence [91].

4.5. Safety and Metabolic Neutrality

Safety and metabolic neutrality are critical considerations in the evaluation of non-
pharmacologic interventions intended for long-term use [92]. In the present study, EDC-HHAO1 was
well tolerated over the six-month intervention period, with no serious adverse events reported and
no discontinuations attributable to safety concerns. Overall adherence exceeded 94%, further
supporting the acceptability of the intervention.

Systematic assessment of adverse effects using a structured symptom inventory did not reveal
any clinically concerning safety signals. Between-group comparisons indicated either no differences
or modest improvements in selected gastrointestinal tolerability measures favoring the intervention
group. In addition, exploratory patient-reported outcomes demonstrated greater perceived
improvements in multiple gastrointestinal domains—including bowel habits, stool consistency,
intestinal gas, and gastric comfort—among participants receiving EDC-HHAOQO1 compared with
placebo. Although these outcomes were subjective and not adjusted for multiple comparisons, the
consistency and magnitude of the observed differences support a favorable tolerability and
acceptability profile rather than a therapeutic effect.

Notably, several of the gastrointestinal domains showing improvement overlap with symptoms
commonly reported in association with metformin use, including diarrhea and altered bowel habits
[93,94]. While the present study was not designed or powered to evaluate metformin-associated
gastrointestinal effects and outcomes were not formally stratified by background metformin therapy,
these exploratory observations are biologically plausible given known interactions between
metformin, the gut microbiome, bile acid metabolism, and intestinal barrier function [95,96].
Accordingly, these findings should be interpreted cautiously but suggest that microbiome-targeted
interventions may merit further investigation for their potential to improve gastrointestinal
tolerability in individuals receiving glucose-lowering medications.

Evaluation of secondary metabolic and safety-related laboratory parameters further
demonstrated metabolic neutrality across key domains. Renal function markers and lipid parameters
remained within clinically acceptable reference ranges throughout the study, and changes observed
over time were modest, inconsistent across strata, and did not demonstrate a clear treatment-over-
placebo effect. These findings indicate that the observed improvements in glycemic and insulin-
related outcomes were not accompanied by off-target metabolic perturbations.

Taken together, the safety and laboratory findings support the conclusion that EDC-HHAO1 can
be administered over a six-month period without evidence of adverse metabolic effects. This
favorable safety and tolerability profile provides an important foundation for the interpretation of
the metabolic findings and supports further investigation of microbiome-targeted strategies in early
metabolic dysregulation [77,97].

4.6. Study Limitations

Several limitations of the present study should be acknowledged when interpreting the findings.
First, although the trial was designed with sufficient statistical power (=80%) to detect clinically
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meaningful changes in the primary outcome (HbA1c), the overall sample size limits the precision of
subgroup analyses, particularly when stratifying by diagnostic category and background metformin
use. Accordingly, findings within smaller strata should be interpreted with appropriate caution.

Importantly, the adequacy of statistical power for the primary endpoint supports the internal
validity of the observed HbAlc effects in participants with PD . The consistency of these findings
across analytical approaches, including within-group comparisons, between-group treatment effect
analyses, and effect size estimates, further reinforces confidence that the primary metabolic signal is
unlikely to be attributable to random variation. Larger studies will nevertheless be required to refine
effect estimates, assess heterogeneity of response, and evaluate additional modifiers of treatment
effect.

Second, although the study incorporated multiple objective metabolic and biological endpoints,
direct characterization of gut microbiome composition and functional capacity was not included in
the present analysis. Microbiome sequencing and associated functional data have been generated and
are currently undergoing independent analysis. Given the complexity of the clinical dataset and the
importance of maintaining analytical clarity, the present manuscript was intentionally focused on
clinical outcomes, metabolic biomarkers, and patient-reported measures. Detailed microbiome and
mechanistic analyses will be reported separately to allow appropriate depth of interpretation.

Third, participants with established T2DM exhibited greater heterogeneity in disease duration,
background therapy, and metabolic status, which may have reduced sensitivity to detect treatment-
over-placebo effects in this subgroup. The study was not designed to evaluate add-on efficacy in
combination with glucose-lowering medications, and conclusions regarding such use should
therefore be avoided.

Finally, patient-reported outcomes were exploratory in nature and inherently subject to
expectation effects and placebo responses. These measures were included to contextualize participant
experience and tolerability rather than to establish efficacy and should be interpreted accordingly.

Taken together, these limitations reflect constraints of study scope rather than deficiencies in
study conduct. The findings provide internally valid evidence supporting a stage-dependent
metabolic effect of EDC-HHAO1 in PD while underscoring the need for larger, mechanistically
informed trials to confirm generalizability, explore longer-term outcomes, and integrate microbiome-
derived insights.

4.7. Implications and Future Directions

The findings of the present study have several implications for the evaluation and development
of microbiome-targeted strategies in metabolic health. The demonstration of a statistically and
clinically meaningful improvement in HbAlc among individuals with prediabetes (PD), supported
by concordant changes in insulin resistance indices and markers of metabolic endotoxemia, suggests
that non-pharmacologic interventions may exert their greatest impact during earlier stages of
metabolic dysregulation. This stage-dependent pattern reinforces the importance of aligning
intervention strategies with disease context rather than extrapolating effects across heterogeneous
metabolic states.

From a clinical perspective, these results support further investigation of microbiome-informed
approaches as adjunctive metabolic support strategies, rather than as substitutes for established
pharmacologic therapies in overt disease. The favorable safety and tolerability profile observed over
six months, together with high adherence, underscores the feasibility of longer-term use in
populations at risk for progression to type 2 diabetes mellitus (T2DM). Such characteristics are
particularly relevant in early intervention paradigms, where acceptability and sustained engagement
are critical determinants of real-world effectiveness.

An important next step is the evaluation of EDC-HHAO1 in drug-naive individuals with
prediabetes, in whom glycemic trajectories—particularly changes in HbAlc, fasting glucose, and
insulin resistance—can be assessed without the confounding influence of background glucose-
lowering medications. Studies in this population would allow clearer attribution of metabolic effects,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0186.v1

22 of 28

refine estimates of treatment magnitude, and help determine whether early microbiome-targeted
intervention can meaningfully alter progression toward pharmacologic dependence.

Future studies should therefore prioritize larger, prospectively powered trials designed to refine
effect estimates, evaluate durability of response, and assess heterogeneity across demographic and
metabolic subgroups. Integration of comprehensive microbiome profiling, functional metagenomics,
and metabolomic analyses will be essential to elucidate the biological mechanisms underlying the
observed clinical effects and to identify predictors of response. In addition, studies explicitly
designed to evaluate interactions with background therapies, including glucose-lowering
medications, may further clarify appropriate clinical use contexts.

In summary, the present findings provide internally valid clinical evidence supporting a
biologically coherent, stage-dependent metabolic effect of EDC-HHAOQ1 in individuals with
prediabetes. By combining objective metabolic biomarkers with careful assessment of tolerability and
patient experience, this work establishes a foundation for subsequent mechanistic investigations and
larger-scale clinical studies aimed at advancing microbiome-informed strategies for metabolic health.

5. Conclusions

In this randomized, double-blind, placebo-controlled clinical trial, six months of
supplementation with EDC-HHAOQ1 was associated with a statistically and clinically meaningful
improvement in glycemic control among individuals with PD . These effects were supported by
concordant changes in insulin resistance indices and markers of metabolic endotoxemia, providing
biological coherence to the observed HbAlc reductions. In contrast, metabolic responses in
participants with established T2DM were attenuated, underscoring the importance of disease stage
in evaluating microbiome-targeted interventions.

The study was adequately powered for its primary endpoint and demonstrated high adherence
and a favorable safety and tolerability profile, supporting the internal validity of the findings.
Secondary and exploratory outcomes, including patient-reported measures, contributed contextual
insight into acceptability and feasibility but were not interpreted as confirmatory efficacy signals.

Collectively, these findings support the potential relevance of microbiome-informed, non-
pharmacologic strategies as metabolic support in early-stage dysregulation rather than as glucose-
lowering therapies in advanced disease. Larger, mechanistically informed trials incorporating
comprehensive microbiome analyses will be required to confirm generalizability, refine responder
profiles, and further elucidate underlying biological pathways.
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study has been filed.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Comprehensive summary of metabolic, Biochemical and Glycemic
parameters Across study groups; Table S2: Exploratory postprandial Glucose responses by intervention group;

Tabel S3: Evaluation of Physiological and Psychological Improvements by Intervention Group.

Author Contributions: Conceptualization, R.dJ.C. methodology, G.G., ].S., A.D., EB., and R.d.].C.; software, AD
validation, Rd]JC formal analysis, G.G, A.D and R.d.].C.; investigation, G.G, M.C.C, ].S, AD, E.B, DM, M.B, V.E;
resources, E.B, L.R,E.V,M.N, N.D and M.C.C.; Data curation, G.G., ].5.,, M.B,A.D, D.M,.; Writing —original draft,
G.G and RdJC; Writing—review & editing, G.G., A.D, D.M, EB and R.d.J.C; Super-vision L.S.; Project

administration, G.G.

Funding: Please add: This research was funded entirely by Chauvell, LLC. The sponsor participated in study

design, data interpretation, and manuscript preparation but had no role in data collection or statistical analysis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0186.v1

23 of 28

Institutional Review Board Statement: This randomized, double-blind, placebo-controlled trial adhered to
Good Clinical Practice guidelines and the Declaration of Helsinki, with ethical approval obtained from the
Hermanos Ameijeiras Ethics Committee (NH24ILHO0040.), the National Institute of Nutrition of Cuba
(PI45872/24), and the Cuban Ministry of Health. The trial is registered in the Cuban Public Registry of Clinical
Trials under the identifier RPCEC00000441.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data supporting the findings of this study are available within the article and
its supplementary materials. No additional datasets were generated or analyzed beyond those presented.

Acknowledgments: We would like to express our heartfelt gratitude to Miguel H. Estévez del Toro, director of
the Hermanos Ameijeiras Hospital, and to Eduardo Lépez, Eng., for their invaluable support in initiating and
conducting this study. We also thank Productos Roche (Panama), S.A., for their generous donation of the

reagents used in the clinical study.

Conflicts of Interest: R.D.C. is the founder and Chief Executive Officer of Chauvell, LLC, which funded the
study and has filed a provisional patent application related to the compositions and methods described herein.
All other authors declare no conflicts of interest. Chauvell, LLC participated in study design, data interpretation,
and manuscript preparation but had no role in data collection or statistical analysis. The decision to publish the

results was made by the authors.

References

1. American Diabetes Association Professional Practice, C. Introduction and Methodology: Standards of Care
in Diabetes—2024. Diabetes Care 2023, 47, S1-S4, d0i:10.2337/dc24-SINT.

Organization., W.H. World Diabetes Day 2024: Breaking barriers, bridging gaps . 2024.

3. American Diabetes Association Professional Practice, C. 2. Diagnosis and Classification of Diabetes:
Standards of Care in Diabetes—2025. Diabetes Care 2024, 48, S27-549, d0i:10.2337/dc25-5002.

4. Rooney, M.R.; Fang, M.; Ogurtsova, K.; Ozkan, B.; Echouffo-Tcheugui, ].B.; Boyko, E.J.; Magliano, D.J.;
Selvin, E. Global Prevalence of Prediabetes. Diabetes Care 2023, 46, 1388-1394, d0i:10.2337/dc22-2376.

5. Sonnenburg, J.L.; Backhed, F. Diet-microbiota interactions as moderators of human metabolism. Nature
2016, 535, 56-64.

. Tilg, H.; Moschen, A.R. Microbiota and diabetes: an evolving relationship. Gut 2014, 63, 1513-1521.

7.  Fliegerova, K.O.; Mahayri, T.M.; Sechovcova, H.; Mekadim, C.; Mrazek, J.; Jarosikova, R.; Dubsky, M.;
Fejfarova, V. Diabetes and gut microbiome. 2025, Volume 15 - 2024, doi:10.3389/fmicb.2024.1451054.

8.  Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy,
K.M.; Chabo, C. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761-1772.

9.  Berbudi, A,; Khairani, S.; Tjahjadi, A.I Interplay between insulin resistance and immune dysregulation in
type 2 diabetes mellitus: implications for therapeutic interventions. ImmunoTargets and Therapy 2025, 359-
382.

10. Zhong, D.; Sun, Y.; Zhao, L.; Hu, Z.; Li, G,; Li, H.; Xie, Z. Interplay between aging and metabolic diseases:
from molecular mechanisms to therapeutic horizons. Medical Review 2025.

11. Tabak, A.G.; Herder, C.; Rathmann, W.; Brunner, E.J.; Kivim&ki, M. Prediabetes: a high-risk state for
diabetes development. The Lancet 2012, 379, 2279-2290.

12.  Nathan, D.M.; Davidson, M.B.; DeFronzo, R.A.; Heine, R.J.; Henry, R.R.; Pratley, R.; Zinman, B. Impaired
fasting glucose and impaired glucose tolerance: implications for care. Diabetes care 2007, 30, 753-759.

13. Garcia, G; Soto, J.; Rodriguez, L.; Nuez, M.; Dominguez, N.; Buchaca, E.F.; Martinez, D.; Gdmez, R.J.; Avila,
Y.; Carlin, M.R,; et al. Metabolic Shifting Probiotic in Type 2 Diabetes Mellitus Management: Randomized
Clinical Trial. 2023, 6, 270-280, doi:https://doi.org/10.1101/2022.12.06.22283186.

14. Garcia, G.; Soto, J.; Netherland, M., Jr.; Hasan, N.A.; Buchaca, E.; Martinez, D.; Carlin, M.; de Jesus Cano,
R. Evaluating the Effects of Sugar Shift(®) Symbiotic on Microbiome Composition and LPS Regulation: A
Double-Blind, Placebo-Controlled Study. Microorganisms 2024, 12, doi:10.3390/microorganisms12122525.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1101/2022.12.06.22283186
https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0186.v1

24 of 28

15. Burdock, G.A.; Carabin, I.G. Generally recognized as safe (GRAS): history and description. Toxicology letters
2004, 150, 3-18.

16. Lakhtin, V.; Lakhtin, M.; Davydkin, V.Y.; Melikhova, A.; Davydkin, 1.Y.; Zhilenkova, O. Postbiotic and
other protective molecules recognizing and binding glycoconjugates in mucosal organs. American Scientific
Journal 2020, 4-12.

17. Gao, X,; Hu, S.; Liu, Y.; De Alwis, SS.S,; Yu, Y.; Li, Z.; Wang, Z.; Liu, J. Dietary Fiber as Prebiotics: A
Mitigation Strategy for Metabolic Diseases. Foods 2025, 14, 2670.

18. Magnusdéttir, S.; Thiele, I. Modeling metabolism of the human gut microbiome. Current opinion in
biotechnology 2018, 51, 90-96.

19. Di Bonito, P.; Pacifico, L.; Chiesa, C.; Valerio, G.; Miraglia Del Giudice, E.; Maffeis, C.; Morandi, A.; Invitti,
C.; Licenziati, M.; Loche, S. Impaired fasting glucose and impaired glucose tolerance in children and
adolescents with overweight/obesity. Journal of endocrinological investigation 2017, 40, 409-416.

20. Shrestha, B.; Dunn, L. The Declaration of Helsinki on Medical Research involving Human Subjects: A
Review of Seventh Revision. Journal of Nepal Health Research Council 2020, 17, 548-552,
doi:10.33314/jnhrc.v17i4.1042.

21. Garcia, G.; Soto, J.; Netherland, M.; Hasan, N.A.; Buchaca, E.; Martinez, D.; Carlin, M.; de Jesus Cano, R.
Evaluating the Effects of Sugar Shift® Symbiotic on Microbiome Composition and LPS Regulation: A
Double-Blind, Placebo-Controlled Study. Microorganisms 2024, 12, doi:10.3390/microorganisms12122525.

22. Blaise, B.J.; Correia, G.; Tin, A.; Young, ].H.; Vergnaud, A.-C.; Lewis, M.; Pearce, ].T.; Elliott, P.; Nicholson,
J.K.; Holmes, E. Power analysis and sample size determination in metabolic phenotyping. Analytical
chemistry 2016, 88, 5179-5188.

23. Christiansen T, L.J. EpiData—Comprehensive Data Management and Basic Statistical Analysis System., 2010.

24. Moher, D.; Hopewell, S.; Schulz, K.F.; Montori, V.; Getzsche, P.C.; Devereaux, P.].; Elbourne, D.; Egger, M.;
Altman, D.G.J.Ij.o.s. CONSORT 2010 explanation and elaboration: updated guidelines for reporting
parallel group randomised trials. 2012, 10, 28-55, doi:d0i:10.1371/journal.pmed.1000251.

25. Seaver, S,; Liu, F.; Zhang, Q.; Jeffryes, ].; Faria, ].P.; Edirisinghe, J.; Mundy, M.; Chia, N.; Noor, E.; Beber,
M.E. The ModelSEED Database for the integration of metabolic annotations and the reconstruction,
comparison, and analysis of metabolic models for plants, fungi, and microbes. bioRxiv 2020, 2020.2003.
2031.018663.

26. Farnworth, E.R. 17 Probiotics and Prebiotics. Handbook of Nutraceuticals and Functional Foods 2016, 335.

27. Shenderov, B.A.; Sinitsa, A.V.; Zakharchenko, M.; Lang, C. Metabiotics; Springer: 2020.

28. Lazarenko, L.; Oriabinska, L., Bohdan, T. IMMUNOMODULATORY ACTIVITY OF THE
LACTOBACILLUS DELBRUECKII SUBSP. BULGARICUS LB 86 ENZYME LYSATE. Food Science &
Technology (2073-8684) 2024, 18.

29. Diaz Machado A; Campos Castillo M del C; Soto Matos J; Garcia Menéndez G; R., C.C. Entrevista
semiestructurada para estudios de seguridad en probioticos y suplementos alimenticios. Acta Médica 2025,
26.

30. Ketema, E.B.; Kibret, K.T. Correlation of fasting and postprandial plasma glucose with HbAlc in assessing
glycemic control; systematic review and meta-analysis. Archives of Public Health 2015, 73, 43.

31. Pitocco, D.; Di Leo, M,; Tartaglione, L.; De Leva, F.; Petruzziello, C.; Saviano, A.; Pontecorvi, A.; Ojetti, V.
The role of gut microbiota in mediating obesity and diabetes mellitus. European Review for Medical &
Pharmacological Sciences 2020, 24.

32. Matthews, D.R.; Hosker, ].P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia 1985, 28, 412-419, doi:10.1007/b£00280883.

33. Wallace, T.M,; Levy, ].C.; Matthews, D.R. Use and abuse of HOMA modeling. Diabetes Care 2004, 27, 1487-
1495, doi:10.2337/diacare.27.6.1487.

34. Hopewell, S.; Chan, A.W.; Collins, G.S.; Hrdbjartsson, A.; Moher, D.; Schulz, KF.; Tunn, R.; Aggarwal, R;
Berkwits, M.; Berlin, J.A.; et al. CONSORT 2025 statement: updated guideline for reporting randomised
trials. Lancet (London, England) 2025, doi:10.1016/s0140-6736(25)00672-5.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0186.v1

25 of 28

35. Armstrong, R.A. When to use the Bonferroni correction. Ophthalmic & physiological optics : the journal of the
British College of Ophthalmic Opticians (Optometrists) 2014, 34, 502-508, doi:10.1111/opo.12131.

36. Sanchez-Solis, Y.; Raqui-Ramirez, C.E.; Huaroc-Ponce, E.J.; Huaroc-Ponce, N.M. Importancia de Conocer
la Normalidad de los Datos Utilizados en los Trabajos de Investigacion por Tesistas. Revista Docentes 2.0
2024, 17, 404-413, doi:10.37843/rted.v17i2.554.

37. Al-Janabi, R.A.A.; Saleem, Z.A.; Lami, F.; Jaber, O.A,; Jasim, S.M.; Dehghan Nayeri, N.; Shafiee Sabet, M.;
Al-Gburi, G. Demographic, ecological and social predictors of quality of life among parents of autistic
children: A multi-centre cross-sectional study. Autism 2025, 29, 2058-2071, doi:10.1177/13623613251334166.

38. Rendon-Macias Mario Enrique; Zarco-Villavicencio Irma Susana; Angel., V.-K.M. Métodos estadisticos
para el analisis del tamafio del efecto. Rev. alerq. Méx. 2021, 68, 128-136., doi:
https://doi.org/10.29262/ram.v658i2.949.

39. José, U. Python programming for data analysis; Springer: 2021.

40. Hunter, ].D. Matplotlib: A 2D graphics environment. Computing in science & engineering 2007, 9, 90-95.

41. Leyder, S.; Raymaekers, J.; Rousseeuw, P.J.; Servotte, T.; Verdonck, T. RobPy: a Python Package for Robust
Statistical Methods. arXiv preprint arXiv:2411.01954 2024.

42. Bisong, E. Google colaboratory. In Building machine learning and deep learning models on google cloud platform:
a comprehensive guide for beginners; Springer: 2019; pp. 59-64.

43.  Cliff, N. Dominance statistics: Ordinal analyses to answer ordinal questions. Psychological bulletin 1993, 114,
494.

44. Rajagopalan, G. A Python Data Analyst’s Toolkit: Learn Python and Python-based Libraries with
Applications in Data Analysis and Statistics. 2021.

45. Allen, M.; Poggiali, D.; Whitaker, K.; Marshall, T.R.; Van Langen, J.; Kievit, R.A. Raincloud plots: a multi-
platform tool for robust data visualization. Wellcome open research 2021, 4, 63.

46. Zeilstra, D.; Younes, J.A.; Brummer, R.J.; Kleerebezem, M. Perspective: fundamental limitations of the
randomized controlled trial method in nutritional research: the example of probiotics. Advances in Nutrition
2018, 9, 561-571.

47. Liang, D.; Wu, F.; Zhou, D.; Tan, B.; Chen, T. Commercial probiotic products in public health: Current
status and potential limitations. Critical reviews in food science and nutrition 2024, 64, 6455-6476.

48. Ghosh, S.; Singh, K.K.; Raghunath, M.; Sinha, J.K. Clinical Trials and Evidence-Based Nutraceutical
Interventions. In Rejuvenating the Brain: Nutraceuticals, Autophagy, and Longevity; Springer: 2025; pp. 427-
455.

49. Zhang, Z.; Zhao, L.; Lu, Y.; Meng, X.; Zhou, X. Association between non-insulin-based insulin resistance
indices and cardiovascular events in patients undergoing percutaneous coronary intervention: a
retrospective study. Cardiovascular diabetology 2023, 22, 161.

50. Gilet, H.,; Brédart, A.; Regnault, A.; Bhandary, D.; Parasuraman, B. PCN199 An Evaluation of Statistical
Methods Used to Analyse Patient-Reported Outcomes (PRO) Data in Published Metastatic Cancer Studies.
Value in Health 2011, 14, A471.

51. Roberts, A.; Roche, M.; Sainani, K.L. Exploratory analyses: How to meaningfully interpret and report them.
PM & R: Journal of Injury, Function & Rehabilitation 2023, 15.

52. Basch, E.; Iasonos, A.; McDonough, T.; Barz, A.; Culkin, A.; Kris, M.G.; Scher, H.I; Schrag, D. Patient versus
clinician symptom reporting using the National Cancer Institute Common Terminology Criteria for
Adverse Events: results of a questionnaire-based study. The lancet oncology 2006, 7, 903-909.

53. Cook, N.; Hansen, A.R; Siu, L.L.; Razak, A.R.A. Early phase clinical trials to identify optimal dosing and
safety. Molecular Oncology 2015, 9, 997-1007.

54. Goldstein, D.E.; Little, R.R.; Lorenz, R.A.; Malone, ]J.I.; Nathan, D.; Peterson, C.M.; Sacks, D.B. Tests of
glycemia in diabetes. Diabetes care 2004, 27, 1761-1773.

55. Nathan, D.M.; Kuenen, J.; Borg, R.; Zheng, H.; Schoenfeld, D.; Heine, R.J.; Group, A.c.-D.A.G.S. Translating
the A1C assay into estimated average glucose values. Diabetes care 2008, 31, 1473-1478.

56. Johansen, M.Y.; MacDonald, C.S.; Hansen, K.B.; Karstoft, K.; Christensen, R.; Pedersen, M.; Hansen, L.S.;
Zacho, M.; Wedell-Neergaard, A.-S.; Nielsen, S.T. Effect of an intensive lifestyle intervention on glycemic

control in patients with type 2 diabetes: a randomized clinical trial. Jama 2017, 318, 637-646.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.29262/ram.v658i2.949
https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0186.v1

26 of 28

57.  Arnold, R.; Murphy-Smith, J.; Ng, C.H.; Mischoulon, D.; Byrne, G.J.; Bousman, C.A.; Stough, C.; Berk, M,;
Sarris, J. Predictors of the placebo response in a nutraceutical randomized controlled trial for depression.
Journal of Integrative Medicine 2024, 22, 46-53.

58. Al-Gareeb, A.L The subtle central effect of nutraceuticals: Is it placebo or nocebo? Journal of Intercultural
Ethnopharmacology 2015, 4, 221.

59. Group, U.P.D.S. Effect of intensive blood-glucose control with metformin on complications in overweight
patients with type 2 diabetes (UKPDS 34). The Lancet 1998, 352, 854-865.

60. Rowan, J.A.; Gao, W.; Hague, W.M.; McIntyre, H.D. Glycemia and its relationship to outcomes in the
metformin in gestational diabetes trial. Diabetes Care 2010, 33, 9-16.

61. Karlsson, F.H.; Tremaroli, V.; Nookaew, I; Bergstrom, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; Backhed, F.
Gut metagenome in European women with normal, impaired and diabetic glucose control. Nature 2013,
498, 99-103.

62. Omeragi¢, E.; Imamovi¢, B.; Beci¢, E.; Dedi¢, M.; Hashemi, F. Modulating the human microbiome: the
impact of xenobiotics on gut microbial composition and therapeutic strategies. In Human Microbiome:
Techniques, Strategies, and Therapeutic Potential; Springer: 2024; pp. 587-623.

63. Vatanen, T.; Kostic, A.D.; d'Hennezel, E.; Siljander, H.; Franzosa, E.A.; Yassour, M.; Kolde, R.; Vlamakis,
H.; Arthur, T.D.; Hamalédinen, A.-M. Variation in microbiome LPS immunogenicity contributes to
autoimmunity in humans. Cell 2016, 165, 842-853.

64. Zhang, C; Zhang, M.; Wang, S.; Han, R.; Cao, Y.; Hua, W.; Mao, Y.; Zhang, X.; Pang, X.; Wei, C. Interactions
between gut microbiota, host genetics and diet relevant to development of metabolic syndromes in mice.
The ISME journal 2010, 4, 232-241.

65. Tuomilehto, J.; Lindstrom, J.; Eriksson, J.G.; Valle, T.T.; Hiamaladinen, H.; Ilanne-Parikka, P.; Keinanen-
Kiukaanniemi, S.; Laakso, M.; Louheranta, A.; Rastas, M. Prevention of type 2 diabetes mellitus by changes
in lifestyle among subjects with impaired glucose tolerance. New England journal of medicine 2001, 344, 1343-
1350.

66. Jiang, Q.; Li, ]J.-T; Sun, P.; Wang, L.-L.; Sun, L.-Z.; Pang, S.-G. Effects of lifestyle interventions on glucose
regulation and diabetes risk in adults with impaired glucose tolerance or prediabetes: a meta-analysis.
Archives of endocrinology and metabolism 2022, 66, 157-167.

67. Jian, C.; Carpén, N.; Helve, O.; de Vos, W.M.; Korpela, K.; Salonen, A. Early-life gut microbiota and its
connection to metabolic health in children: Perspective on ecological drivers and need for quantitative
approach. EBioMedicine 2021, 69.

68. Gomes, ].M.G.; de Assis Costa, ]J.; Alfenas, R.d.C.G. Metabolic endotoxemia and diabetes mellitus: a
systematic review. Metabolism 2017, 68, 133-144.

69. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860-867.

70. Tao, G.; Liao, W.; Hou, J.; Jiang, X,; Deng, X.; Chen, G.; Ding, C. Advances in crosstalk among innate
immune pathways activated by mitochondrial DNA. Heliyon 2024, 10.

71. Bergheim, I.; Moreno-Navarrete, ]. M. The relevance of intestinal barrier dysfunction, antimicrobial proteins
and bacterial endotoxin in metabolic dysfunction-associated steatotic liver disease. European Journal of
Clinical Investigation 2024, 54, e14224.

72. Ng,S.C;Xu, Z;Mak, JW.Y,; Yang, K;; Liu, Q.; Zuo, T.; Tang, W.; Lau, L.; Lui, R.N.; Wong, S.H. Microbiota
engraftment after faecal microbiota transplantation in obese subjects with type 2 diabetes: a 24-week,
double-blind, randomised controlled trial. Gut 2022, 71, 716-723.

73. Zhang, Y.; Zhu, X,; Yu, X,; Novak, P.; Gui, Q.; Yin, K. Enhancing intestinal barrier efficiency: A novel
metabolic diseases therapy. Frontiers in nutrition 2023, 10, 1120168.

74. Qin,J;Li, Y.; Cai, Z,;Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D. A metagenome-wide
association study of gut microbiota in type 2 diabetes. nature 2012, 490, 55-60.

75. Cani, P.D.; Delzenne, N.M. The gut microbiome as therapeutic target. Pharmacology & therapeutics 2011, 130,
202-212.

76. Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nature reviews immunology 2011,
11, 98-107.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0186.v1

27 of 28

77. Janiad, S.; Rehman, K. Microbiome-Targeted Therapies: Enhancing Resilience in Metabolic Disorders. In
Human Microbiome: Techniques, Strategies, and Therapeutic Potential; Springer: 2024; pp. 401-436.

78. Xie, C; Yuan, Y,; Wang, Y.; Qi, C.; Wang, W.; An, C; Aikepaer, A.; Zhang, Y.; Zhang, G.; Feng, X. Beyond
Discrete Diagnoses: Conceptualizing Obesity-associated Metabolic Disorders as a Unified, Dynamic
Continuum. Current Obesity Reports 2025, 14, 81.

79. McCarney, R.; Warner, J.; lliffe, S;; Van Haselen, R.; Griffin, M.; Fisher, P. The Hawthorne Effect: a
randomised, controlled trial. BMC medical research methodology 2007, 7, 30.

80. Kristensen, N.B.; Bryrup, T.; Allin, K.H.; Nielsen, T.; Hansen, T.H.; Pedersen, O. Alterations in fecal
microbiota composition by probiotic supplementation in healthy adults: a systematic review of
randomized controlled trials. Genome medicine 2016, 8, 52.

81. Hrdbjartsson AGetzsche, P. Placebo interventions for all clinical conditionsCochrane Database Syst
Rev20101CD003974. 11. Hrobjartsson A, Getzsche PC. Placebo interventions for all clinical conditions.
Cochrane Database Syst Rev 2010, 1.

82. Ioannidis, J.P. The challenge of reforming nutritional epidemiologic research. Jama 2018, 320, 969-970.

83. DiMatteo, M.R. Variations in patients’ adherence to medical recommendations: a quantitative review of 50
years of research. Medical care 2004, 42, 200-209.

84. McGovern, A,; Tippu, Z.; Hinton, W.; Munro, N.; Whyte, M.; de Lusignan, S. Comparison of medication
adherence and persistence in type 2 diabetes: A systematic review and meta-analysis. Diabetes, Obesity and
Metabolism 2018, 20, 1040-1043.

85. Teixeira, P.]J.; Carraga, E.V.; Marques, M.M.; Rutter, H.; Oppert, ].-M.; De Bourdeaudhuij, I.; Lakerveld, J.;
Brug, J. Successful behavior change in obesity interventions in adults: a systematic review of self-regulation
mediators. BMC medicine 2015, 13, 84.

86. Vrijens, B.; De Geest, S.; Hughes, D.A.; Przemyslaw, K.; Demonceau, J.; Ruppar, T.; Dobbels, F.; Fargher,
E.; Morrison, V.; Lewek, P. A new taxonomy for describing and defining adherence to medications. British
journal of clinical pharmacology 2012, 73, 691-705.

87. Gotzsche, P.; Hrobjartsson, A. Placebo interventions for all clinical conditions. Cochrane Database Syst Rev
2010, 2010.

88. Hrobjartsson, A.; Getzsche, P.C. Placebo interventions for all clinical conditions. Cochrane database of
systematic reviews 2004.

89. Enck, P.; Klosterhalfen, S. Placebo responses and placebo effects in functional gastrointestinal disorders.
Frontiers in Psychiatry 2020, 11, 797.

90. Ioannidis, ].P. Why most published research findings are false. Chance 2019, 32, 4-13.

91. Framework, I.C. The MOS 36-item short-form health survey (SF-36). Med Care 1992, 30, 473-483.

92. Rudroff, T. Pharmacological and Non-pharmacological Interventions. In Long COVID Fatigue: Clinical
Sciences, Artificial Intelligence and the Future of Brain Health; Springer: 2025; pp. 135-154.

93. Dandona, P.; Fonseca, V.; Mier, A.; Beckett, A.G. Diarrhea and metformin in a diabetic clinic. Diabetes care
1983, 6, 472-474.

94. Nabrdalik, K.; Skonieczna—Zydecka, K.; Irlik, K.; Hendel, M.; Kwiendacz, H.; L.oniewski, I.; Januszkiewicz,
K.; Gumprecht, J.; Lip, G.Y. Gastrointestinal adverse events of metformin treatment in patients with type 2
diabetes mellitus: A systematic review, meta-analysis and meta-regression of randomized controlled trials.
Frontiers in endocrinology 2022, 13, 975912.

95. Lee, C.B,; Chae, S.U; Jo, SJ.; Jerng, UM.; Bae, S.K. The relationship between the gut microbiome and
metformin as a key for treating type 2 diabetes mellitus. International journal of molecular sciences 2021, 22,
3566.

96. Wang, Y.; Jia, X; Cong, B. Advances in the mechanism of metformin with wide-ranging effects on
regulation of the intestinal microbiota. Frontiers in microbiology 2024, 15, 1396031.

97. Mukherjee, R.; Chang, C.M. Exploring the Ethical, Legal, and Societal Implications of Gut Microbiome
Research in Metabolic Syndrome. In Gut Health and Metabolic Syndrome; Springer: 2025; pp. 195-211.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0186.v1

28 of 28

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0186.v1
http://creativecommons.org/licenses/by/4.0/

