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Abstract

This study presents the conceptual rationale and development plan for a multi-component
nutraceutical approach designed in capsule form, which addresses the bidirectional interaction
between the stress response, glycemic regulation, immune response, and gut microbiota through
multiple axes rather than a single target. The proposed composition consists of hesperidin,
standardized Rhodiola rosea extract, chromium picolinate, zinc bisglycinate, microencapsulated
Lactobacillus rhamnosus GG, and inulin. Component selection was guided by the principles of (i)
biological plausibility with target axes, (ii) safety and tolerability, (iii) potential
complementarity/synergy, and (iv) technical feasibility within a size 0 capsule volume. Doses were
determined by jointly evaluating the usage ranges reported in clinical and preclinical literature, safety
thresholds, and formulation constraints, resulting in an initial design that does not claim clinical
efficacy and is suitable for further validation studies.

Keywords: nutraceutical; stress adaptation; glycemic control; immune modulation; gut microbiota;
probiotic

1. Introduction

Chronic stress is not merely a psychological condition; it is a systemic biophysiological process
that affects metabolic regulation, immune response, and gastrointestinal function through the
sustained activation of the hypothalamic—pituitary—adrenal (HPA) axis. Prolonged cortisol exposure
is associated with impaired glucose homeostasis, low-grade inflammation, and weakened intestinal
barrier integrity. This picture suggests a dynamic network of interactions involving reciprocal
feedback loops between stress, metabolism, immunity, and microbiota. Supplementation practices in
the field often focus on a single component of this network (e.g., adaptogens alone, probiotics alone, or
glycemic regulators alone). However, it is clear that physiological regulation requires “fine-tuning”
multiple levers simultaneously, rather than simply turning down a single one. The fundamental
assumption of this study is that modulating stress through its metabolic, immune, and microbial
feedback mechanisms may be a more sustainable regulatory approach than attempting to directly
suppress the stress response. In this context, a composition in capsule form targeting four axes
simultaneously (“multi-axis”) has been proposed; component selection, dose rationalization, delivery
system, and validation plan have been designed holistically.

The aim of the study is not to prove clinical efficacy. The aim is to clearly demonstrate the
scientific rationale for a multi-axial nutraceutical design, define its technical feasibility, and provide
a testable roadmap for advanced stability and clinical/semi-clinical evaluations.

2. Materials and Methods
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Conceptual Framework and Design Principles

The formulation development process is based on the following four fundamental principles;

e  Biological Plausibility: Each component must have a relationship with the target axis as defined
in the literature.

e  Safety and Tolerability: Selected doses must be within safe ranges and potential side effects must
be anticipated.

e  Synergy and Interaction: Components must not antagonize each other; where possible, they
should have complementary effect potential.

e  Technical Feasibility: Components must be stable when combined and fit into a size 0 capsule.

Within this framework, stress adaptation, glycemic regulation, immune modulation, and
microbiota support have been identified as target axes.

Component Selection and Functional Roles

Hesperidin

Hesperidin is a bioflavonoid abundant in citrus fruits and possesses a broad biological profile
capable of affecting numerous cellular targets through its potent antioxidant/anti-inflammatory
effects [1,2]. Of particular note in the immune and gut axis is its ability to modulate gut-associated
lymphoid tissue (GALT) and IgA, the “frontline” element of mucosal defense. In animals given oral
hesperidin, the total number of bacteria and the amount of bacteria coated with IgA increased, the
Lactobacillus ratio rose, and the IgA content in the small intestine increased; this was accompanied
by a decrease in interferon-y and monocyte chemotactic protein-1 (MCP-1) [3].

On the stress front, in the chronic unpredictable stress (CUMS) model, hesperidin reduced
depression-like behavioral symptoms, increased 5-HT and BDNF, strengthened the barrier by
reducing inflammatory infiltration in the colon and restoring goblet cell/crypt structure, and shifted
the microbiota toward a more balanced composition by increasing its diversity; thus appearing to be
an agent that alleviates stress load in the “brain-gut axis” in a multifaceted manner [4]. It is
particularly emphasized that there are inconsistencies in human studies regarding both stress and
other clinical outcomes; a significant portion of this may be related to differences in microbiota
composition and associated bioavailability [5]. It highlights the mechanistic/experimental evidence
suggesting that hesperidin may support insulin sensitivity and glucose homeostasis at different levels
in terms of glycemic balance. Findings such as decreased GLUT2 in the liver and increased GLUT4
in the periphery in diabetic models [6] increased hepatic glucokinase activity and glycogen; and
suppression of gluconeogenesis enzymes with naringin strengthen the possibility of an effect that
“targets the source” of hyperglycemia [7,8]. Furthermore, in cells made insulin-resistant with
palmitate, citrus flavonoids reduce lipid accumulation and increase glucose uptake by activating the
AMPK axis; improving parameters such as HOMA-IR and glucose/insulin tolerance in animals
supports hesperidin's balancing role under metabolic stress [9]. For glucosyl hesperidin (GH), a
picture emerges of reducing inflammation signals (macrophage infiltration, MCP-1) in the short term
and improving glucose intolerance and insulin resistance in the long term [10]. However, in the “real-
life” aspect of the work, it is noted that in human studies, meaningful differences are not always
observed in outcomes such as glucose homeostasis, and the response can vary significantly from
person to person; here it is emphasized that factors such as gut microbiota (especially a-
rhamnoseidase activity), low solubility, and food matrix (e.g., orange juice-yogurt combination, fiber
matrix) can indirectly shape both glycemic and immune/stress responses by determining
absorption/bioavailability [11-16]. In this formulation, hesperidin is positioned as a complementary
support component aimed at reducing oxidative/inflammatory load.

Rhodiola rosea
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Adaptogens are defined as “stress-response modulators” that support homeostasis by re-
regulating the organism's response to stressors at the neuroendocrine and immunological levels. The
evidence accumulated for Rhodiola rosea (R. rosea) in this context suggests that the regulation of the
stress response via the HPA axis and the rebalancing of the inflammatory response via cytokines and
T-cell subpopulations can be considered together. Indeed, R. rosea administration in the EAE model
has been associated with a reduction in clinical and histopathological severity; decreases in serum
and spleen cell supernatants levels of IL-6, sIL-6R, IFN-y, and IL-17A, and an increase in IL-4 levels
have been reported. In the same model, the suppression of Thl and Th17 responses, the recovery of
the Treg population, and the normalization of Th17/Th1, Th17/Th2, and Th17/Treg ratios indicate
that the adaptogenic activity of R. rosea may manifest through immune response polarization [17].
In the context of stress physiology, it has also been reported that R. rosea significantly reduced stress-
induced CRH and peripheral corticosterone increases in an intense physical and psychological stress
protocol; it supported the modulation of HPA axis reactivity along with a decrease in the
hypothalamic c-Fos response [18].

Clinical and narrative reviews provide a consistent basis for the potential of Rhodiola rosea
preparations to improve physiological dysfunction in the context of “non-specific stress damage”;
they emphasize that the possible biological activity may be related to major components such as
salidroside [19,20]. Rhodiola's potential effects on the microbiota and glycemic balance can be
interpreted holistically within the stress—inflammation-barrier integrity—metabolic endotoxemia
axis. In the db/db mouse model of type 2 diabetes, R. rosea root extract improved fasting blood
glucose; altered the response to exogenous insulin; and reduced circulating lipopolysaccharide levels
and hepatic C-reactive protein transcript levels. The study suggested that these findings may be
partially related to reduced systemic circulation of inflammatory biomolecules through microbiota
modulation and improved intestinal barrier integrity [21].

In terms of glycemic regulation, Rhodiola species have also been shown to inhibit a-amylase/a-
glucosidase; specifically, a-glucosidase inhibition may be related to phenolic content and phenolic
profile; comparative evaluations with marker compounds such as tyrosol support this biological
activity [22]. Preclinical data more directly supporting the microbiota-barrier axis indicate that
Rhodiola crenulata extract reduces colonic damage in the DSS-colitis model; preserves epithelial
barrier function by upregulating tight junction proteins such as ZO-1 and occludin; and reverses
dysbiosis by reducing the abundance of Proteobacteria and opportunistic pathogens while increasing
beneficial taxa such as Lactobacillus and Bifidobacterium [23]. When this literature is evaluated
collectively, it can be concluded that Rhodiola forms a multi-mechanistic network capable of
influencing metabolic endotoxemia and glycemic control through its stress response-
suppressing/balancing effects (HPA axis), re-polarization of the immune response (Th17/Thl
suppression and Treg restoration), and barrier-microbiota regulation; however, to validate this
inference in the clinical setting, testing the causal chain with standardized preparations and well-
designed RCTs remains necessary [24-28]. In this formulation, Rhodiola rosea has been evaluated as
an adaptogenic component for stress adaptation and balancing HPA axis-related responses.

Chromium Picolinate

Chromium (Cr) is a well-known trace element with important oxidizing states such as Cr (III)
and Cr (VI). Compared to Cr (IlI), Cr (VI) passes through cell membranes more easily due to ion
carriers. This property makes Cr (VI) more toxic [29,30]. In contrast, Cr (IIl) is considered an
important mineral involved in biochemical reactions in human metabolic pathways [31,32] and is
evaluated as a candidate trace element for improving metabolic disorders associated with insulin
resistance, impaired glucose metabolism, and homeostasis. Dietary chromium (Cr) is naturally found
in barley, fruits, vegetables, meat, fish, and especially brewer's yeast [33,34].

The recommended daily chromium intake for all adults is 30 micrograms. However, high
chromium intake has been associated with potential adverse effects such as developmental problems,
damage to the skin, respiratory, reproductive, and digestive systems, and cancer. Therefore, the lack
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of a defined tolerable upper intake level for chromium, combined with limited data in the literature,
indicates a situation that requires a cautious approach [35]. Oxidative stress arises from the disruption
of the balance between the accumulation/production of reactive oxygen species (ROS) and
antioxidant capacity [36,37].

It is emphasized that low ROS levels are necessary for processes such as cellular signaling,
proliferation, and host defense; however, excessive ROS can play a role in the pathophysiology of
cancer, cardiovascular diseases, metabolic syndrome, inflammatory and neurodegenerative diseases
through protein, lipid, and DNA damage. Therefore, the effectiveness of endogenous antioxidant
defense and factors that can affect the oxidant/antioxidant balance, such as environmental factors,
genetics, radiation, toxic exposure, diet, and nutrition, are important [38]. In this context, it has been
reported that chromium intake may reduce oxidative stress markers by inhibiting epinephrine
through its insulinotropic effect and activating enzymes such as glutathione reductase, which
detoxify free radicals/ROS [39,40].

Clinical and observational findings suggest that individuals with impaired glucose tolerance
(IGT), diabetes, and certain lipid disorders may have a relative chromium deficiency; chromium
supplementation in these populations may have a beneficial effect on insulin resistance and related
disorders [41]. However, effects on antioxidant enzymes and total antioxidant capacity (TAC) in
human studies are not always consistent: While Cr (III) supplementation has been reported to yield
positive results in markers such as GSH, GSHPx, TBAR, MDA, and TAC in type 2 diabetes and
polycystic ovary syndrome [42,43], some studies have failed to detect a significant effect [44,45].
Therefore, the claim of “improving glycemic balance” should be interpreted considering the context
(initial deficiency, dose, form, duration, metabolic phenotype). Evidence that chromium (especially
Cr3+) supplementation may modulate the inflammatory response is growing, but results are
heterogeneous. To reduce this uncertainty, systematic reviews and meta-analyses have been reported
that aim to more accurately predict the effectiveness of chromium supplementation on mediators
such as TNF-a, hs-CRP, and IL-6 [46].

Preclinical model data also support this line of reasoning. In diabetic obese rats, 7 weeks of Cr
niacinate supplementation (400 ug/kg) reduced TNF-a, IL-6, CRP, and oxidative stress biomarkers
by preventing NF-kB activation. Similarly, in a study comparing Cr-niacin (Cr-N) and Cr-picolinate
(Cr-P) in diabetic rats, Cr-N produced a greater reduction in TNF-a, IL-6, glucose, HbA1, cholesterol,
TG, and lipid peroxidation, Cr-N caused a greater reduction in TNF-a, IL-6, CRP, LP, HbA1, TG, and
cholesterol, while Cr-P showed a decrease in TNF-q, IL-6, and LP [47]. Furthermore, the increase in
serum SOD and TAC levels observed after 400 ug/kg Cr intake in growing pigs suggests an indirect
immune/inflammatory effect via antioxidant defense systems [48]. Within the general mechanistic
framework, the beneficial effects of chromium supplementation have been associated with the
activation of glutathione reductase and other enzymes, the improvement of insulin resistance, and
the prevention of protein glycosylation [49].

Chromium picolinate (CrPic) stands out as a form that can exhibit both antidepressant and
antidiabetic properties. In a controlled design conducted in diabetic rats, CrPic administration (80
pg/day; based on body weight) increased brain chromium levels in the high-fat diet/STZ model and
improved measurements of carbohydrate metabolism and serotonergic properties (P <0.001). Parallel
to this improvement, serum and brain insulin, tryptophan, and serotonin levels increased (P <0.001),
while serum cortisol levels decreased (P < 0.01). The absence of significant changes in general
parameters other than chromium levels in the control group and the lack of reported side effects
indicate that CrPic may be functional at the intersection of “stress response—glycemic balance,”
particularly in the context of metabolic stress/diabetes. The critical point here is that CrPic's “stress-
reducing” effect has been demonstrated in a metabolic disease model not directly through
psychosocial stress, but through cortisol and serotonergic system indicators [50]. Therefore, the claim
must be properly contextualized. CrPic is associated with measurable changes in the neuroendocrine-
metabolic axis, at least under certain conditions. It is becoming increasingly clear that micronutrients
can influence hormone effects and host metabolism, and that dietary components, microbes, and the

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


https://doi.org/10.20944/preprints202602.0973.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2026 d0i:10.20944/preprints202602.0973.v1

5 of 20

host's immune-endocrine-metabolic responses interact in the gut. Minerals and trace elements can
affect the composition of the microbiota, intestinal barrier function, segmented metabolic
inflammation, and endocrine control of glucose metabolism (including insulin and thyroid
hormones). This perspective suggests that the potential effects of supplemental forms such as Cr (III)
and especially CrPic on glycemic balance and inflammation may extend beyond “blood parameters”
to the gut-host axis. However, since this text does not provide specific evidence demonstrating
CrPic's direct effect on the microbiota, the most accurate approach here is to formulate a hypothesis
and clearly indicate the need for research. CrPic's relationship with glycemic control, oxidative stress,
and inflammatory mediators may be a “potential node” in the microbiota-immune-metabolic
network; but targeted preclinical/clinical studies are needed to clarify which bacterial profiles, which
barrier markers, and which immune responses this node interacts with [51].

The collected findings indicate that the toxicity and bioavailability profile changes depending
on the form of chromium; Cr (III) and especially CrPic carry potential effects on glycemic balance,
oxidative stress, and inflammation indicators, but there is a consistency issue in human data [52-62].
Specifically in the diabetic model, improvements in serotonergic system indicators and stress-related
biomarker changes such as decreased cortisol, along with improved carbohydrate metabolism,
provide a strong biological rationale within the “stress—glycemic balance” axis [63]. It is logical to
place chromium within the framework of micro-nutrient — microbiota — immune — metabolic
interactions in terms of microbiota and immunity. However, since CrPic requires direct evidence of
microbiota effects, this topic should be positioned as a “research agenda” rather than an “established
finding” at this stage [64]. In this formulation, chromium picolinate is considered a supportive
component for managing glycemic fluctuations.

Zinc

Glycine is a neurotransmitter that plays a role in regulating physiological inhibitory processes
in the central nervous system (CNS) with GABA and can exert this effect by increasing
transmembrane conductance in specific pentameric ligand-gated ion channels. Zinc ions can enhance
receptor affinity for glycine, thereby strengthening channel opening and supporting inhibitory
processes in the CNS. Therefore, addressing glycine and zinc deficiencies is considered a beneficial
approach in conditions such as post-stress CNS dysfunction and difficulty falling asleep [65].
Diabetes is associated with depression, anxiety, and cognitive decline, and in mental disorders, it
increases stress, reduces self-care, and negatively affects glucose metabolism. For this reason, it can
contribute to the development of diabetes. Therefore, comorbidity is common. Nutrition is a
determining factor in both conditions, and deficiencies in omega-3 fatty acids, vitamin D, B vitamins,
zing, chromium, magnesium, and selenium have been reported to be associated with pathogenesis.
Personalized dietary interventions and targeted nutritional supplementation have been shown to
have the potential to improve both metabolic and mental health outcomes in individuals with type 2
diabetes [66].

Zinc is an essential trace element necessary for growth and development and contributes to the
function of numerous enzymes. It plays a role in immunity, endocrine functions, gene expression,
and antioxidant defense. It has been reported that different forms of zinc supplements have
advantages and limitations, and new formulations are being discussed in this context [67].
Bioavailability is closely related to the dietary matrix; phytates can reduce absorption, while proteins,
peptides, and amino acids can increase it. Organic zinc forms (e.g., amino acid complexes) are more
readily absorbed than some inorganic forms, and zinc-amino acid combinations can utilize amino
acid transporters for absorption [68]. It is noted that zinc supplementation at appropriate levels is
considered safe and has reported potential benefits in various clinical conditions [69].

A bidirectional relationship exists between zinc status and Type 2 diabetes; both deficiency and
excess may be associated with metabolic consequences. Zinc deficiency may negatively affect insulin
synthesis/signaling, increase oxidative stress and inflammation, while excessive intake may lead to
metabolic disorders. Diabetes itself can also lower zinc levels through changes in absorption and
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excretion. Therefore, rather than routine supplementation, an approach of screening to identify and
correct deficiency on an individual basis is considered more reasonable [70].

Zinc can also interact with the gut microbiota, affecting the course of gastrointestinal diseases.
Effects related to immune modulation, inflammation control, and certain infectious/allergic
conditions have been reported [71]. In parallel, it is noted that heavy/toxic metals can alter the
composition of the microbiota and that findings may be heterogeneous depending on variables such
as exposure pattern and duration [72]. In this formulation, zinc is positioned as a fundamental
micronutrient support due to its role as a cofactor in immune functions and
neuroendocrine/metabolic processes.

Lactobacillus rhamnosus GG

The gut microbiota has emerged as a critical modulator in metabolic diseases, and there is
significant evidence supporting its role in alleviating diabetes-related nephropathy. In this context,
the study evaluated how the probiotic Lactobacillus rhamnosus GG (LGG) protects the kidneys from
diabetes-induced damage by targeting the gut-kidney axis. In a study involving six experimental
groups of rats, including healthy controls and diabetic models treated with probiotic and antibiotic
combinations, probiotic supplementation initiated four weeks prior to diabetes induction
significantly improved gut microbiome composition, metabolic parameters, and kidney health in
diabetic rats. The findings included normalized microbial diversity, improved glucose control,
reduced inflammation and oxidative stress, and preserved renal tissue structure; microscopic
examination revealed preserved glomerular architecture and podocyte integrity, while DNA analysis
showed reduced renal cell damage. Six experimental cohorts (control, probiotic-supplemented control,
diabetic, diabetic receiving probiotic therapy, diabetic receiving antibiotic therapy, and diabetic receiving both
antibiotic and probiotic therapy) were established using validated protocols, involving intraperitoneal
streptozotocin (50 mg/kg) administration after overnight fasting; probiotic treatment (3 x 10° CFU/kg,
twice daily) was initiated one month prior to diabetes induction and continued throughout the study;
Blood glucose indices were monitored at two-week intervals, inflammatory biomarkers, renal
function indices, and urinary albumin excretion were evaluated, the metabolic profile was examined
using HOMA-IR and metabolic syndrome scores, and microbiome characterization was performed
using 165 rRNA gene sequencing and metagenomic shotgun sequencing. L. rhamnosus GG
supplementation increased microbiome richness and evenness metrics, principal component analysis
showed distinct clustering between treatment groups, and the Prevotella/Bacteroides ratio, a novel
marker of metabolic dysfunction, returned to normal after probiotic intervention; it also slowed
diabetic progression and reduced glycated hemoglobin by 32%, while proinflammatory cytokines
(IL-6, TNF-a) decreased and anti-inflammatory mediators (IL-10, TGF-B) increased; Renal
morphometric analysis confirmed preserved glomerular architecture and reduced interstitial fibrosis,
while transmission electron microscopy confirmed preserved podocyte foot process integrity;
Consequently, it was emphasized that LGG exhibits a multifaceted nephroprotective effect through
microbiome reconstitution, metabolic improvement, and inflammation modulation, and could form
the basis for combined probiotic-pharmacological approaches [73].

In terms of glycemic balance, in the context of obesity where lipotoxic damage disrupts GLP-1
secretion, LGG supernatant in NCI-H716 cells treated with palmitic acid (PA) restored the PA-
induced decrease in PC1, intracellular proglucagon (GCG) accumulation, and L cell apoptosis by
primarily inhibiting endoplasmic reticulum stress and suppressing the ATE3/Chop pathway;
overexpression of Chop or ATF3 partially reversed this protective effect; in a diet-induced obese
mouse model, LGG improved body weight, insulin resistance, and glucose tolerance in a diet-
induced obese mouse model and restores GLP-1 secretion, which may be related to the inhibition of
the ATF3/Chop pathway, regulation of gut microbiota composition, and increased short-chain fatty
acid production [74]. Similarly, in a 90-day placebo-controlled, double-blind, randomized clinical
trial in healthy middle-aged and elderly adults, ANCOVA with baseline values controlled showed
group differences in follow-up HbAlc values [F (1,90) = 8.44, p = 0.005]; HbAlc increased in the
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placebo group but remained stable in the probiotic group, suggesting that LGG may provide
protection against changes in glycemic control if repeated. Furthermore, within the framework that
restoration of impaired microbiota may be effective on type 2 diabetes, Lactobacillus rhamnosus NCDC
17 and L. rhamnosus GG were administered for six weeks with a high-fat diet (HFD) to rats with type
2 diabetes induced by a high-fat diet and low-dose streptozotocin. NCDC 17 improved biochemical
parameters such as OGTT, fasting blood glucose, plasma insulin, glycated hemoglobin, free fatty
acids, triglycerides, total cholesterol, LDL/HDL cholesterol, and oxidative stress (thiobarbituric acid
reactive substances and catalase, superoxide dismutase, glutathione peroxidase activities in blood
and liver), bifidobacteria and lactobacilli in the cecum, GLP-1 gene expression, and adiponectin in
epididymal fat. It has been reported to reduce propionate levels (%) in the cecum and TNF-a and IL-
6 expression in epididymal fat [75].

In elderly subjects, an 8-week Lactobacillus rhamnosus intervention (10 x 10° CFU daily) was
evaluated for its effects on glycemic index, lipid profile, and microbiome; Gaussian regression
analysis showed a significant improvement in LDL cholesterol in the probiotic group (p = 0.045), and
microbiome analysis reported numerical changes at the phylum and genus/species levels (e.g.,
Proteobacteria RF 14.79 + 5.58 to 23.46 + 8.02, p = 0.100; a significant decrease in Butyricimonas; an
increase in Bacteroides vulgatus, p = 0.021), subtle changes in alpha and beta diversity composition
were observed, and limitations (small sample size, short duration, single strain, lack of long-term follow-
up) were highlighted [76]. In terms of stress and immunity, within the framework of the effects of
chronic stress on the central nervous system (CNS) extending to depression and anxiety, the
administration of Lactobacillus rhamnosus GG (ATCC 53103) (LGG) (15 x 108 cfu/ml/day) reduced
depression-like behaviors in Wistar Albino rats; increased BDNF, 5-HT1A, DRD1, ADRA-2A, GABA-
A al, CNR1 expression levels in the hippocampus and NOD1 receptor expression in the small
intestine (p < 0.05); neurodegeneration, glial cell activity, and intestinal permeability in Wistar Albino
rats; it was also found to be more effective than bupropion and venlafaxine, suggesting that LGG
may be a potential psychobiotic [77].

Evidence is increasing regarding the antidepressant and related GABAergic effects of probiotics
developed from Lactobacillus rhamnosus strains in the gut microbiota—gut-brain axis; depressive states
in addiction withdrawal are associated with HPA axis hyperactivity and weakened GABA signaling;
therefore, it has been discussed that probiotic administration may offer potential therapeutic
pathways aimed at restoring central GABAergic activity responsible for reducing HPA axis
hyperactivity [78]. In terms of immunomodulation, oral LGG supplementation is generally
considered safe, exhibits immunomodulatory and antimicrobial effects, and can colonize the gut and
other parts of the body thanks to its pili expression; It has been evaluated in twenty-two disease areas,
but strong evidence is limited in many areas due to small sample sizes, diverse probiotics, and
adjuvant treatments. However, benefits have been reported in areas such as improving immune
responses after vaccinations and managing antibiotic/cancer-related diarrhea [79]. In this
formulation, LGG is designed as a probiotic component that can contribute to multi-axial regulation
through the intestinal barrier and immune tolerance.

Inulin

The gastrointestinal system plays a critical role in protecting human health through processes
such as nutrient absorption, forming a barrier against pathogens, and two-way communication with
the brain. It has been reported that microbial density in the colon can reach 102 colony-forming units
per gram of lumen content, and that microbial diversity is closely related to metabolic capacity, such
as fiber fermentation, vitamin, and amino acid synthesis. The gut microbiota also supports immune
system activity and is decisive in modulating host physiology and metabolism. However, the gut
microbiota and gut functions change throughout life. Age-related physiological decline involves
changes in immune reactivity and microbiota composition, while the total bacterial load often
remains relatively stable. Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia, and
Fusobacteria are the major phyla frequently reported in the human gut microbiota. In older
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individuals, some studies have reported a decrease in bifidobacteria, while others have reported a
decline in Bacteroides, Clostridia, and Lactobacilli populations. Progressive decline in mucosal immune
response may be observed with age; markers such as fecal calprotectin and (3-defensin2, as well as
indicators such as salivary IgA and total antioxidant capacity (TAC), can be used to monitor these
processes. In this context, enriching the population of bacteria that can ferment dietary fiber may be
beneficial; interest in selected probiotics, prebiotics, and synbiotic formulations is increasing. Inulin
and fructo-oligosaccharides (FOS), resistant starch (RS), galacto-oligosaccharides (GOS), and xylo-
oligosaccharides (XOS) are among the most studied prebiotics. It is emphasized that fibers can
effectively modulate the microbiota, particularly dominant species, and that a diverse microbiota can
benefit the host. In this context, synbiotics, which combine probiotic strains with selectively usable
fibers, are considered an approach that can improve both barrier function and immune response. In
a double-blind, randomized, placebo-controlled clinical trial conducted in elderly individuals, two
Lactobacillus strains (L. plantarum PBS067 and L. acidophilus PBS066), one Bifidobacterium strain (B.
animalis spp. lactis BL050), and two types of fructose (fructo-oligosaccharides with a degree of
polymerization of 3-5 and inulin-type fructans with a DP of 10) were administered for 28 days,
followed by a 28-day follow-up period. During this process, indicators such as gut microbial
composition, fecal -defensin2 and calprotectin, salivary IgA, salivary TAC, and the incidence of
common infectious diseases were evaluated; the design also allowed for comparison of the efficacy
of the synbiotic treatment with the group receiving only prebiotics and with placebo [80]. In stress
models, long-term preventive supplementation with Jerusalem artichoke powder and chicory root
inulin has been reported to reduce anxiety/depressive behaviors, preserve cognitive function,
increase neurogenesis, and alleviate dysbiosis in mice exposed to CUMS [81].

In an STZ-induced mouse model of type 1 diabetes, inulin may be associated with a protective
phenotype against the disease, along with increased mucus production, butyrate levels, and
enrichment of specific microbial taxa (e.g., Bifidobacterium, Clostridium cluster IV, Akkermansia
muciniphila). and that the CCL17-CCR4 axis may play a role in regulating T cell migration in this
mechanism [82]. Dietary fiber (DF) is defined as carbohydrate polymers that resist digestion by
endogenous enzymes in the small intestine and contain > 10 monomeric units. DF includes edible
carbohydrate polymers naturally occurring in foods and carbohydrate polymers synthesized by
physical, chemical, or enzymatic methods. DF can be classified as “soluble DF” (SDF) and “insoluble
DF” (IDF) based on solubility, and as “partially fermentable fiber” and “fully fermentable fiber”
based on fermentability. Microfibrils formed by intermolecular and intramolecular hydrogen bonds
prevent the breakdown and utilization of partially fermentable fiber, thereby preventing its
fermentation in the intestine. The health benefits of DF mainly arise from altering the composition of
the gut microbiota and microbial metabolites. Inulin is a type of PFA. It is a type of fructose obtained
mainly from plants such as chicory, ginger, garlic, onion, and asparagus. “Inulin” is a general term
covering all 3-(2,1) linear fructoses, and inulin-type fructoses must have [3-(2,1) bonds that give inulin
its unique structural and physiological properties and make it resistant to enzymatic hydrolysis by
human saliva and small intestine digestive enzymes. Most inulin-type fructoses have an average
degree of polymerization of 10-12 and a chain length of 2-60 molecular weight units. Oligofructose
can be hydrolyzed from inulin by the inulinase enzyme into chains ranging from 2 to 10 units in
length. Therefore, the sugar chain of inulin is longer compared to oligofructose, which results in
slower fermentation and gas production. Inulin is widely used in the development of prebiotics, fat
substitutes, sugar substitutes, texture modifiers, and functional foods. The U.S. Department of
Agriculture recommends a daily fiber intake of 25-36 grams (or 14 grams per 1000 calories per day). In
2003, the U.S. Food and Drug Administration (FDA) classified inulin as a “generally recognized as
safe” substance. The effective daily intake is 5 grams, and the recommended maximum daily intake
is 15-20 grams. The most common side effects of inulin intake are nausea, bloating, and gas. In healthy
adults, consuming less than 40 grams of inulin per day is safe. However, inulin can cause serious side
effects in patients with inflammatory bowel disease (IBD) or allergies. The gut is at the forefront of
the body's defense system and is exposed to many pathogens and bacteria. The gut immune system,
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the body's largest immune organ (also known as the mucosal immune system), consists primarily of
intestinal epithelial cells (IECs), lamina propria lymphocytes, intraepithelial lymphocytes, and
Peyer's patches. A diet rich in inulin has been reported to improve the function of the intestinal barrier
and modulate the immune system. Inulin's unique (-configuration at the C2 monomeric isomer of
fructose prevents the hydrolysis of inulin-type fructose by digestive enzymes (including a-glucosidase,
maltosidase, and sucrase). As a result of fermentation by gut bacteria, inulin produces short-chain fatty
acids (SCFAs), including lactate and acetate, butyrate, and propionate, as well as gases that are
expelled from the body. In particular, lactate does not typically accumulate in a healthy gut because
microbes can convert it into propionate, butyrate, or acetate. The degree of fermentation of dietary
fiber is closely related to its composition. Short-chain dietary fibers (SDFs) such as inulin are generally
more fermentable than inducible dietary fibers (IDFs) and produce more gas and SCFAs.
Additionally, the fermentation properties of inulin are related to the length of the sugar chain; short-
chain inulin is more soluble in water than long-chain inulin. Muthyala and colleagues reported
changes in fecal SCFA levels in mice of different ages after inulin intake. They found that the main
metabolite in middle-aged mice was butyric acid, while the fecal level of propionic acid decreased
with age. These findings indicate that age is an important factor affecting inulin metabolism by the
gut microbiota [83].

It is also emphasized that the metabolic effects of inulin may vary depending on its degree of
polymerization. In a study comparing inulin (DP3-60) and FOS (DP3-10) in a T2DM mouse model, it
was reported that both compounds increased microbiota diversity and reduced the
Firmicutes/Bacteroidetes ratio, but showed different advantages in specific metabolic outputs [84]. In
healthy adults, 32-1 fructan supplementation was reported to increase fecal SCFA and bifidobacteria
content, affect certain immune parameters, but increase the frequency of self-reported
gastrointestinal symptoms [85]. In diabetic rats, inulin treatment has been reported to improve fasting
glucose and lipid panel, increase GLP-1, reduce inflammatory markers, and bring the microbiota
composition closer to a “normal” profile [86].

In a model of gestational diabetes, it has been reported that inulin-type fructose can exert a
beneficial effect on glucose-lipid metabolism and microbiota composition, particularly associated
with changes such as increased presence of Verrucomicrobia, Bifidobacterium, and Akkermansia [87].
Within the context of the gut-brain axis, the potential role of inulin in mitigating stress-related
illnesses is discussed. The framework suggesting that inulin can influence neurochemical and
behavioral outcomes via the gut microbiota is addressed through the components of the gut-brain
axis and possible biological pathways [88]. From a chronological nutritional perspective, it has been
suggested that the timing of inulin administration may alter the effects; evening administration may
be more pronounced in inhibiting the inflammatory response and improving certain metabolic
pathways, supported by metabolomic differences [89]. Confirmations via fecal microbiota
transplantation also suggest that timing is reflected in behavioral outcomes via the microbiota-gut-
brain axis [90].

In the context of generalized anxiety disorder, it has been reported that inulin intake may show
a negative correlation with anxiety symptoms; however, there are also findings indicating that high
doses may have adverse effects [91]. Recent reviews consider inulin not only as a “prebiotic fiber”
but also as a multifunctional component with applications in microbiota, SCFA production, barrier
integrity, immunomodulation, glucose-lipid regulation, and even food/pharmaceutical technology
[91-98]. The long history of consumption of the inulin-FOS group has been discussed since early
times through its bifidogenic effect and its “less physical effects than typical fibers”; the advantage of
prebiotics in promoting the selective growth of endogenous bacteria is emphasized [99]. However, it
is also noted that gastrointestinal symptoms and, in some cases, adverse effects have been reported
in association with inulin consumption; therefore, it is necessary to clarify the tolerable doses and
possible inulin-drug interactions, especially when using supplements [100]. There are also
comprehensive reviews that address inulin's role in microbiome protection through different model
organisms and human data [101]. Furthermore, it is emphasized that inter-individual microbiota
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differences, dosage, dietary context, and synergistic nutrient interactions can significantly shape the
effect of inulin; personalized use approaches will be more critical in the future [102,103]. In this
formulation, inulin was added at a low dose to support a synbiotic approach and was evaluated
based on formulation compatibility and targeted co-use rather than a claim of prebiotic effect at the
clinical level.

Dosage Rationalization

Target Dose Ranges

The dosage ranges of the components in the formulation were determined by considering the
effective usage ranges reported in the current clinical and preclinical literature, as well as the safe
intake levels and upper limits for nutrients defined by the European Food Safety Authority (EFSA).
Accordingly, the target dosage ranges per capsule were defined as follows: 100-300 mg for
hesperidin, 100-300 mg for standardized Rhodiola rosea extract, 100400 pg for chromium picolinate
(approximately 12-50 pg elemental chromium), 5-15 mg for elemental zinc, and 108-10'° CFU for
Lactobacillus rhamnosus GG. Inulin, as a prebiotic fiber, was designed in the range of 20-100 mg.
The EFSA's tolerable upper intake level (UL) for zinc is 25 mg/day, and the zinc intake in the
recommended daily use (1-2 capsules per day) in this study falls below this limit. The adequate intake
(AI) value for chromium as defined by EFSA is approximately 40 pg/day, and the recommended
daily intake is close to this range and does not pose a safety risk. While EFSA has not defined a specific
upper limit for plant flavonoids (e.g., hesperidin) and adaptogenic plant extracts, the safe usage
ranges reported in the literature have been used as a basis. Similarly, there is no upper limit set by
EFSA for probiotics, and the recommended CFU levels are within the ranges considered safe in
clinical studies. Within these ranges, an example capsule contains: 150 mg hesperidin, 120 mg
Rhodiola rosea extract, 200 pg chromium picolinate, 10 mg elemental zinc (in bisglycinate form), 1 x
10° CFU microencapsulated Lactobacillus rhamnosus GG, and 40 mg inulin. This approach reflects a
design strategy that favors moderate doses to support physiological regulation within the EFSA
safety framework, rather than pharmacological loading.

Delivery System Design, Probiotic Viability, and Rationale for Targeted Release

The formulation is designed within the No. 0 capsule system. The No. 0 two-piece hard capsule
is a mid-volume option in the capsule sizing system between 00-5; the manufacturer's technical tables
report the volume of No. 0 as approximately 0.68 mL, the locked length as approximately 21.7 mm,
and the outer diameter as approximately 7.65 mm [104,105]. Capsule size selection is made by
considering the target filling mass (mg) together with the tapped density of the powder mixture
(g/mL); in practice, the required filling volume is calculated using the relationship [Required volume
(mL) = Filling mass (g) / tapped density (g/mL)] and matched with the manufacturer's volume tables
[106]. In this study, the size 0 capsule was preferred because it allows the unit dose of the formulation
to be encapsulated without exceeding the volume limit of 0.68 mL and offers a more convenient
swallowability profile compared to larger capsule sizes. The US Food and Drug Administration
(FDA) recommends that tablets should not exceed 22 mm in maximum size and capsules should not
exceed the standard size 00 for swallowability and patient acceptance [107]. The fact that the locked
length of the size 0 capsule is below this limit [108] and that swallowing difficulties with solid oral
dosage forms are significantly common in the population [109] supports a rational choice in terms of
patient compliance. Indeed, it has been shown that individuals reporting swallowing difficulties have
lower confidence in swallowing larger capsules such as 000 and 00 [110]. Evidence that tablet size
and shape affect swallowability also underscores the importance of patient-centered size selection
[111].

Production and Application Techniques
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Technical feasibility was considered critical in the product development process, particularly in
terms of capsule volume constraints, component compatibility, and delivery system. The
composition can be presented in HPMC or gelatin capsules. To support probiotic viability, the
capsule can be selected to be acid-resistant (enteric); thus, partial protection of the components from
stomach acid and dissolution/release in the intestine are targeted. In the production flow, the
components are weighed, a premix is prepared, and mixed until a homogeneous mixture is obtained.
The resulting mixture is filled into size 0 capsules. It is recommended that production be carried out
in a low-humidity environment; attention should be paid to the heat/humidity sensitivity of probiotic
and herbal components. The composition is designed considering a usage scenario of 1 capsule per
day for adults; and up to 2 capsules per day if needed.

Proposed Formulation And Design Outputs

This study is a design and rationale study not aimed at generating clinical results. Therefore,
this section summarizes the components of the proposed formulation, the target doses per capsule,
and the quality characteristics that will form the basis for further validation steps.

Table 1. Target Components and Representative Doses Per Capsule.

Component Amount of Use
Hesperidin 150 mg
Rhodiola rosea extract 120 mg
Chromium picolinate 200 pg
Zinc 10 mg

L. rhamnosus GG 1x10° CFU

Inulin 40 mg
Orange Flavor 10 mg

3. Results

This article proposes a framework for how the interaction between stress response, metabolic
regulation, immune function, and gut microbiota can be translated into product design, considering
this system as a multiple and interactive system. The strength of the proposed approach lies in its
aim to support physiological regulation through “complementary micro-effects” on different axes,
rather than maximizing a single component. From a mechanistic perspective, increased cortisol via
the HPA axis can fuel glycemic fluctuations and inflammatory responses; disruption of barrier
integrity and translocation of microbial products can sustain low-grade inflammation. In this context,
Rhodiola rosea is a candidate component to support stress adaptation; hesperidin to reduce
oxidative/inflammatory load; chromium picolinate to support glycemic regulation, and zinc to
contribute to regulation through its cofactor role in immune and neurometabolic processes.

4. Discussion

The combination of LGG and inulin, on the other hand, can intervene in the microbiota-immune
tolerance-neuroimmune signaling pathway via a symbiotic approach. The combined use of these
components establishes a multi-axis regulation hypothesis without claiming to produce strong
pharmacological effects individually. The practical aspect of the design is the enteric delivery
approach aimed at staying within the size 0 capsule volume and maintaining probiotic viability.
However, capsule volume may limit interventions at the gram level, especially for prebiotic
components; therefore, the claim language should be carefully limited in the use of low-dose
prebiotics. Similarly, inter-individual response differences and the possibility of inter-component
interactions should be considered in multi-component designs. At this point, the next scientific step
is to demonstrate the quality characteristics and delivery performance of the formulation with data.
Content validation, stability, dissolution profile, and probiotic viability measurements; followed by
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tolerability and pilot evaluation with selected biomarkers will form the publishable evidence
backbone of this design. Assessments regarding active ingredients and drug interactions are as
follows;

e  Zinc can complex with quinolones and tetracyclines in the gastrointestinal system, reducing the
absorption of both zinc and antibiotics. To minimize this interaction, it is recommended to take
the antibiotic at least 2 hours before or 4-6 hours after zinc, and since zinc can reduce the
absorption/effect of penicillamine, it is recommended to take them at least 1 hour apart [112].

¢  Chromium can increase insulin sensitivity; concomitant use with insulin may increase the risk
of hypoglycemia. Similarly, additive effects and the risk of hypoglycemia have been noted with
metformin and other antidiabetic drugs. It has been reported that taking chromium picolinate
concomitantly with levothyroxine reduces levothyroxine absorption within a 6-hour window
[112].

e There are meta-analyses showing that LGG can reduce the risk of AAD, but the quality of
evidence varies depending on the study, and the emphasis on "strain-specific effect" is important
[113].

e  Although probiotics are considered "generally safe" in most populations, the literature describes
theoretical and rare risks such as systemic infection (fungemia/bacteremia). The AHRQ report
also states that "the current literature is not very suitable for answering with high confidence
regarding safety." The same review also notes "one episode" of invasive disease associated with
LGG in the immunocompromised group [114].

e It is summarized that GI symptoms such as gas, bloating, and abdominal pain can occur with
inulin consumption, and exacerbations have been reported in some IBD models; it is also
specifically stated that the issue of "inulin-drug interactions" needs to be clarified [115].

Effects of Active Ingredients Based on Literature

e  Hesperidin (150 mg): As previously mentioned, the absorption of hesperidin can be significantly
altered by the gut microbiota and food matrix; examples include fibrous matrix/orange
juice/yogurt. Hesperetin, the aglycone of hesperidin, has been shown to inhibit CYP2C9-
mediated drug metabolism in vitro [116].

e This does not mean it will always "happen" in clinical practice; however, it is a point of
theoretical consideration in CYP2C9 substrates with a narrow therapeutic range. Hesperetin has
been reported to inhibit rabbit platelet aggregation in a concentration-dependent manner and to
affect the COX-1 pathway [117].

This data alone does not mean "definite risk with anticoagulants," but a warning should be given
to those using antiplatelet/anticoagulant drugs to consult a physician.

e A case of mania/hypomania associated with Rhodiola use has been reported [118].

e  Therefore, it is reasonable to approach this with more caution, especially in individuals with
bipolar spectrum disorder, a predisposition to agitation/insomnia, or those using psychotropic
medications [118].

As previously mentioned, the formula is designed so that antagonism between its components
is not expected. Findings suggest that inulin is added in low doses not for a "probiotic claim," but to
support a synbiotic approach.

5. Conclusions

This study presents the conceptual rationale, component selection, and technical design
approach for a multi-component nutraceutical capsule targeting the stress regulation — glycemic
balance — immune function — gut microbiota axes together. The presentation of the proposed
composition in an enteric capsule was evaluated as a rational delivery strategy, particularly in terms
of probiotic viability and targeted intestinal release. However, this text does not make claims of
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clinical efficacy; the essential element that will determine the scientific value of the design is the data
to be obtained from planned quality validations and pilot evaluations.

Clinical Validation Requirement

The main limitation of this study is that clinical efficacy has not been directly evaluated. The
next-stage plan includes the following steps:

e  Stability studies (humidity, temperature, shelf life).

e  Probiotic viability verification tests (CFU) and monitoring throughout shelf life.

e  Safety and tolerability assessments.

e  Pilot clinical or quasi-clinical studies (stress scales, glycemic parameters, gastrointestinal
tolerance).

e  In-vitro dissolution tests (SGF—SIF) for delivery system performance and, where appropriate,
standardized digestion simulation (e.g., INFOGEST).

e A short-term bioavailability (PK-lite) or user compliance/tolerability-focused pilot evaluation
between enteric capsule and control capsule under appropriate conditions.

A multi-layered validation approach has been planned to evaluate the interaction between
components and the optimization of bioavailability. In the first stage, intra-formulation compatibility
and stability will be monitored throughout the shelf life using marker analyses for hesperidin and
Rhodiola rosea, zinc/chromium quantification, moisture/water activity measurements, and
Lactobacillus rhamnosus GG viability counts (CFU). In the second stage, the performance of the
delivery system will be evaluated using in-vitro dissolution tests (SGF—SIF) mimicking
gastrointestinal conditions and, where appropriate, standardized digestion simulation (e.g.,
INFOGEST). This will comparatively examine both the release/bioavailability profile of plant
components and the level of protection of probiotic viability in an acidic environment.

In the third phase, to verify bioavailability, a short-term pilot bioavailability (PK-lite) approach
between the enteric capsule and the control capsule, or alternatively, a user compliance/tolerability-
focused pilot evaluation, will be designed, where feasible. This phased approach aims to
systematically evaluate both the technical feasibility (stability, viability, release) and biological
applicability (bioavailability and potential synergy/antagonism signals) of the formulation.

6. Patents

A patent application has been filed regarding the formulation described in this article. Patent
application number: 2025/021949.
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