molecules ﬁw\p\py

Review

From Inclusion Complexes to Metabolic Signaling: The Emerging
Role of y-Cyclodextrin in Gut Microbiota and

Metabolic Regulation

Pirscoveanu Denisa Floriana Vasilica 1'f, Pluta Ion Dorin ¥, Dirnu Rodica 2, Carmen Vladulescu 3,

Diana-Maria Trasca **, Renata Maria Varut >*, Adina Kamal 4, Maria Stoica ¢, Gabriela Pura 7, Romeo Popa 8,

9

Virginia Radulescu °© and George Alin Stoica '

Department of Neurology, Faculty of Medicine, University of Medicine and Pharmacy of Craiova,

200349 Craiova, Romania; denisa.pirscoveanu@umfcv.ro

Faculty of Medical and Behavioral Sciences, Constantin Brancusi University of Targu Jiu,

210185 Targu Jiu, Romania; dorin.pluta@e-ucb.ro (P1.D.); rodica.dirnu@e-ucb.ro (D.R.)

Department of Biology and Environmental Engineering, Faculty of Horticulture, University of Craiova,
200585 Craiova, Romania; carmen.vladulescu@edu.ucv.ro

Department of Internal Medicine, University of Medicine and Pharmacy of Craiova,

200349 Craiova, Romania; adina.kamal@umfcv.ro

Research Methodology Department, Faculty of Pharmacy, University of Medicine and Pharmacy of Craiova,
200349 Craiova, Romania

Department of Intensive Care and Anesthesia, Emergency County Hospital, 200349 Craiova, Romania;
maria.stoica@umfcv.ro

Department of Medical Devices and Pharmaceutical Practice, Iuliu Hatieganu University of Medicine and
Pharmacy, 400012 Cluj-Napoca, Romania; gabrielapura@gmail.com

Department of Pharmacology, University of Medicine and Pharmacy of Craiova, 200349 Craiova, Romania;
romeo.popa@umfcv.ro

Department of Nephrology, Faculty of Medicine, University of Medicine and Pharmacy of Craiova,
200349 Craiova, Romania; virginia.radulescu@umfcv.ro

Department of Pediatric Surgery, Faculty of Medicine, University of Medicine and Pharmacy of Craiova,
200349 Craiova, Romania; alin.stoica@umfcv.ro

*  Correspondence: diana.trasca@umfcv.ro (D.-M.T.); renata.varut@umfcv.ro (R.M.V.)

These authors contributed equally to this work.

10

Abstract

v-Cyclodextrin (y-CD) is a cyclic oligosaccharide with high aqueous solubility, low toxicity,
and a large internal cavity that enables inclusion complex formation with selected bioactive
compounds. Beyond its established role as a pharmaceutical and food excipient, emerging
evidence suggests that y-CD may influence metabolic regulation through interactions
with the gut microbiota, microbial fermentation products, and host metabolic signaling

pathways. This review synthesizes current evidence on the effects of y-CD on short-chain
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comes, but most evidence derives from in vitro experiments, animal models, and limited
human studies. Therefore, the clinical relevance of y-CD remains insufficiently estab-

lished. Future studies should include well-designed human trials, standardized doses,
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1. Introduction

Cyclodextrins (CDs) represent a group of cyclic oligosaccharides formed from D-glucose
units connected through «-(1—4) glycosidic linkages [1,2]. Structurally, they are arranged
as macrocyclic molecules with a characteristic torus-like three-dimensional configuration.
The size of the internal cavity depends on the number of glucose residues that make up the
ring. The most widely studied forms include «-, 3-, and 'y-CDs, consisting of six, seven, and
eight glucopyranose units, respectively. Among the naturally occurring cyclodextrins, y-CD
is distinguished by its larger ring structure, consisting of eight glucose units, compared to
six and seven in «- and -cyclodextrin, respectively. The structural differences between -,
-, and y-CDs, particularly regarding cavity size and inclusion capacity, are illustrated in

Figure 1.
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Figure 1. Structural comparison of -, 3-, and y-CDs, highlighting differences in cavity size, molecular
conformation, and inclusion capacity. Created in BioRender. Varut, M. (2026) https://BioRender.
com/1t4tx80o (accessed on 30 June 2026).

This increased number of glucose subunits results in a wider internal cavity, which
enhances the ability of y-CD to accommodate bulkier guest molecules and form stable
inclusion complexes. In addition, y-CD has a higher molecular weight and a larger exter-
nal diameter than «- and -CD, contributing to differences in aqueous solubility, cavity
dimensions, and interaction with guest compounds. These structural characteristics make
v-CD particularly suitable for applications involving the encapsulation, stabilization, and
delivery of larger or more complex bioactive substances [3].

In addition to conventional inclusion complexes, cyclodextrins can also be used as
building blocks for cross-linked polymeric systems known as cyclodextrin nanosponges.
These supramolecular networks are able to entrap, stabilize, and release bioactive molecules
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in a controlled manner, thereby expanding the pharmaceutical and biomedical applications
of cyclodextrin-based delivery systems. Although the present review focuses primarily
on native y-CD and its metabolic relevance, CD-nanosponges represent an important
technological extension of cyclodextrin chemistry and should be considered within the
broader field of advanced CD-based formulations [4].

Among the three native cyclodextrins, y-CD demonstrates several advantageous prop-
erties when compared with its o- and 3-counterparts. In terms of aqueous solubility at room
temperature, y-CD exhibits a markedly higher value, approximately 23.2 g/100 mL, com-
pared with x-cyclodextrin, approximately 14.5 g/100 mL, and especially 3-cyclodextrin,
which has a much lower solubility, approximately 1.8 g/100 mL [5-8]. This improved
solubility contributes to the broader use of y-CD in drug delivery systems, nutritional ap-
plications, and the food industry, where efficient dispersion, inclusion complex formation,
and improved bioavailability of guest molecules are essential [5].

From a safety perspective, y-CD is characterized by low toxicity, with reported LDs
values exceeding 3750 mg/kg (IV, rat), indicating a favorable toxicological profile [5]. In
contrast, 3-cyclodextrin has been associated with moderate toxicity, including nephrotoxic
effects at lower doses (LDsg ~ 788 mg/kg, IV, rat), which limits its systemic use despite
its utility in pharmaceutical and environmental applications [7,8]. Similarly, while x-
cyclodextrin also presents low toxicity (LDsp ~ 1000 mg/kg, IV, rat), its comparatively
smaller cavity size restricts its ability to encapsulate larger molecules, thereby narrowing
its functional scope in advanced delivery systems [6].

Overall, the combination of higher solubility, lower toxicity, and a larger cavity struc-
ture positions y-CD as a particularly versatile candidate for applications requiring the
inclusion and stabilization of complex or bulky bioactive compounds, especially within
pharmaceutical and nutritional contexts [5].

v-CD is produced from starch via enzymatic processes and is distinguished by its
characteristic molecular architecture, consisting of a relatively hydrophobic inner cavity sur-
rounded by a hydrophilic outer surface [1,2,9]. This amphiphilic configuration allows y-CD
to encapsulate a wide range of guest molecules through inclusion complex formation, which
underlies its broad applicability across multiple scientific fields, including pharmaceutical
sciences, biotechnology, environmental applications, and materials engineering [10-12].

A key feature of y-CD is its capacity to improve the physicochemical properties of
bioactive compounds, particularly by increasing their aqueous solubility, chemical stability,
and overall bioavailability. These properties have contributed significantly to its growing
role in drug delivery strategies, where inclusion complexes can enhance the therapeutic
performance of various active pharmaceutical ingredients [13,14]. Furthermore, structural
modification of cyclodextrins has enabled the development of derivatives with optimized
characteristics, allowing more precise adaptation to specific formulation requirements.

Although y-CD has applications in several technological fields, the present review
focuses only on those properties with direct nutritional or biomedical relevance, partic-
ularly solubility, safety, inclusion complex formation, intestinal availability, microbial
fermentation, and potential effects on metabolic regulation [15,16].

The relevance of y-CD to metabolic regulation does not derive solely from its chemical
structure but from the way its physicochemical properties may translate into biological
effects. Its larger cavity size and high aqueous solubility may influence the inclusion and
intestinal availability of lipophilic compounds, while its partial resistance to upper gas-
trointestinal digestion may allow a fraction of y-CD or y-CD-containing complexes to reach
the colon, where microbial fermentation can occur. Through these mechanisms, y-CD may
connect cyclodextrin chemistry with gut microbiota modulation, SCFA production, lipid
handling, and host metabolic signaling. Metabolic health refers to the coordinated regula-
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tion of glucose concentrations, lipid profiles, blood pressure, adiposity, and inflammatory
status, maintained through efficient nutrient utilization and metabolic flexibility [17-19].
Disturbances in these processes have contributed to the increasing prevalence of metabolic
dysfunction, obesity, type 2 diabetes, cardiovascular disease, and metabolic dysfunction-
associated fatty liver disease, conditions strongly influenced by lifestyle, dietary quality,
and gut microbiota composition [20-24].

Because diet and intestinal microbiota play central roles in metabolic regulation, di-
etary components capable of modulating microbial fermentation, short-chain fatty acid
(SCFA) production, intestinal barrier function, and lipid handling have become increasingly
relevant in metabolic research [25-30]. Within this framework, y-CD is of interest because
it may act at the interface between dietary carbohydrate-like structures, gut microbial
metabolism, and host metabolic regulation. Beyond its conventional role as a formu-
lation excipient, y-CD may contribute to metabolic regulation through interconnected
mechanisms, including modulation of fermentative microbial taxa, stimulation of SCFA
production, and alteration of lipid or bioactive compound availability via inclusion complex
formation. These properties support its consideration as a potential dietary modulator of
the gut-metabolism axis [31,32].

From a nutritional and regulatory perspective, cyclodextrins differ across regions.
In the European Union, 3-cyclodextrin is approved as a food additive (E459), with an
acceptable daily intake (ADI) of 5 mg/kg body weight per day [33]. By contrast, «- and y-
CD are classified as novel food ingredients, and specific ADI values have not been formally
established [34].

At the international level, the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) has recognized cyclodextrins as General Food Standard Additives (GFSA). While
an intake limit has been established for 3-cyclodextrin (0-5 mg/kg body weight per day),
no such restriction has been imposed for «- or y-CD, indicating a favorable safety profile
and broader flexibility in their use within food products [35-37]. Similarly, regulatory
authorities in the United States, including the Food and Drug Administration (FDA), clas-
sify native cyclodextrins as Generally Recognized as Safe (GRAS). Extensive toxicological
evaluations, particularly for o- and y-CD, have not identified significant safety concerns,
further supporting their application in nutritional contexts [38].

In light of these considerations, the present review aims to explore the role of y-CD in
the context of metabolic health and nutrition. By examining its structural characteristics,
functional properties, and potential physiological effects, this work seeks to highlight
its relevance as a dietary component with possible benefits in modulating key metabolic
processes (Table 1).

Table 1. Nutritional, pharmaceutical, and biomedical applications of y-CD inclusion complexes and
their functional relevance.

Application Field Guest Molecule Cyclodextrin Type Function/Benefit Example
Poorly soluble drugs Enhances solubility, Improved delivery of
. . . O drugs, such as
Pharmaceuticals (e.g., antifungals, v-CD bioavailability, and .
steroids) stability of drugs itraconazole and
dexamethasone [39]
Stabilizes volatile Encapsulatlon of
L limonene (flavor) to
Flavors, essential oils, compounds, protects ..
Food Industry o v-CD . o prevent evaporation in
vitamins against oxidation,

citrus-based

improves shelf life products [40]
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Table 1. Cont.

Application Field Guest Molecule Cyclodextrin Type  Function/Benefit Example
Imgrovss; olu}nhty Cyclodextrin-enhanced
Pesticides, an SE ! %tylo delivery of herbicides,
Agriculture herbicides, plant v-CD iféicce:mlca S reducing runoff and
growth regulators . improving soil
environmental
toxicit uptake [41]
y
Enhances targeted
drug delivery, Cyclodextrin-based
Biomedical Anticancer agents, v-CD (including improves stability nanocarriers for
gene therapy vectors modified y-CD) and controlled delivering doxorubicin in
release of cancer therapy [42]
biomolecules
Enables formation of Cyclodex.t rin-based
Nanoparticles, drugs, y-CD (including nanocarriers for nanoparticles for. .
Nanotechnology ’ ’ targeted drug delivery in

bioactive molecules

modified y-CD)

targeted delivery and

cancer treatment or

diagnostic purposes imaging [43]

2. Metabolic Health, Gut Microbiota, and Major Metabolic Disorders

The human gut microbiota comprises a highly diverse and dynamic community of
microorganisms—including bacteria, archaea, fungi, and viruses—that colonize the gas-
trointestinal tract and maintain a symbiotic relationship with the host [44]. Owing to its
extensive contribution to physiological regulation, immune homeostasis, and metabolic
function, the gut microbiota is frequently regarded as an “overlooked organ” [45]. Its
composition is continuously shaped by environmental and host-related factors, including
nutrient availability, pH, bile acid composition, oxygen tension, and other physicochemical
conditions within the intestinal milieu [45]. Although microbial composition varies along
the gastrointestinal tract, the colon harbors the highest density and diversity of microor-
ganisms, with Firmicutes, Bacteroidetes, and Proteobacteria accounting for the majority of
the gut microbial population [46,47].

From a functional perspective, the gut microbiota is deeply involved in carbohydrate
and protein metabolism, energy harvesting, synthesis of essential metabolites, immune
modulation, maintenance of intestinal barrier integrity, drug metabolism, and xenobiotic
biotransformation [48-51]. Despite pronounced interindividual variability, healthy micro-
biota are generally characterized by high diversity, functional stability, and a conserved
repertoire of core metabolic activities [48,52-54]. Consequently, perturbations in this ecolog-
ical balance may profoundly influence host metabolism and contribute to the pathogenesis
of chronic metabolic disorders.

A disrupted microbial state, commonly referred to as gut dysbiosis, has been closely
associated with oxidative stress, inflammation, and metabolic dysfunction [55]. Dysbiosis
may impair intestinal barrier function, alter microbial metabolite production, and trigger
immune activation, thereby promoting the generation of reactive oxygen species (ROS) and
perpetuating a vicious cycle between oxidative stress and microbial imbalance [56,57].

The differences between healthy gut microbiota and dysbiosis, as well as their
metabolic consequences, are illustrated in Figure 2.

Experimental evidence indicates that excessive ROS production may itself alter micro-
bial diversity and reshape gut community structure [57], whereas interventions aimed at
restoring eubiosis, including probiotics and bioactive dietary compounds, can attenuate
oxidative stress and inflammatory signaling [58-60]. At the same time, ROS should not be
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viewed exclusively as harmful molecules, as they also participate in physiological signaling
pathways that support epithelial renewal and intestinal homeostasis [61].

Among the most important functional outputs of the gut microbiota are short-chain
fatty acids (SCFAs), which are generated through the bacterial fermentation of indigestible
dietary substrates, especially plant-derived fibers [62,63]. These metabolites arise from the
breakdown of polysaccharides, oligosaccharides, glycoproteins, peptides, and other undi-
gested substrates by anaerobic microorganisms [64—67]. The principal SCFAs—acetate, pro-
pionate, and butyrate—are the dominant end-products of this fermentation process [68,69],
and, once absorbed, they exert pleiotropic effects on local and systemic metabolism [70-72].
Many of the recognized benefits of dietary fiber and prebiotic interventions are thought to
be mediated, at least in part, through SCFA production [73-76]. In physiological conditions,
acetate, propionate, and butyrate are present in an approximate molar ratio of 60:20:20 [77].

Healthy Gut dysbiosis = Obesity— Metabolic
syndrome- Type 2 diabetes

Balanced diet .
(fiber-rich) Excessive sugar, saturated fat

and protein consumption

W‘/

\&

{ Gut inflammation 1 Gut inflammation

T Improved lipid metabolism 1 Intestinal permeability

T Antioxidants production 1 Risk of CVD

T Short chain f{my acids T LPS (metabolic endotoxemia)
! Risk _of |nfeqt{ops 1 Short chain fatty acids

T Insulin sensitivity T Risk of infections

T Akkermansia muciniphila 1 Insulin resistance

1 Bifidobacterium 1 Akkermansia muciniphila

Figure 2. Healthy vs. dysbiotic gut microbiota and their metabolic effects, highlighting the role
of diet, SCFA production, and inflammation in metabolic disorders. CVD, cardiovascular disease;
LPS, lipopolysaccharide. Upward arrows (1) indicate an increase, whereas downward arrows (J)
indicate a decrease in the respective parameter. Created in BioRender. Varut, M. (2026) https:
/ /BioRender.com/idgfww4 (accessed on 30 June 2026).

SCFAs are rapidly absorbed throughout the colon and subsequently metabolized in the
intestinal epithelium, liver, and peripheral tissues [69,78]. Butyrate serves as the principal
energy substrate for colonocytes [79], whereas propionate and butyrate contribute to hepatic
metabolic pathways, including gluconeogenesis [80], and acetate may enter the systemic cir-
culation to support energy production in peripheral tissues such as skeletal muscle [81,82].
Beyond their energetic role, SCFAs also act as signaling molecules through specific G
protein-coupled receptors, mainly, GPR41/FFAR3, GPR43/FFAR2, GPR109A /HCAR?2,
and, in experimental models, Olfr78. Through these receptors, acetate, propionate, and
butyrate can influence glucose homeostasis, lipid metabolism, enteroendocrine hormone
secretion, inflammatory pathways, immune responses, and vascular regulation [83-87].
Collectively, these observations position the gut microbiota-SCFA axis as a central mediator
of metabolic health.
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Obesity, one of the most prevalent metabolic disorders worldwide, is characterized by
excessive fat accumulation and represents a major risk factor for T2DM, cardiovascular dis-
ease, metabolic-associated liver disorders, and several malignancies [88-100]. It generally
arises from a chronic imbalance between energy intake and expenditure, leading to excess
storage of lipids in adipose tissue and ectopic depots [101-103]. Adipose tissue is now
widely recognized as an active endocrine organ that regulates systemic metabolism through
the secretion of adipokines, cytokines, and extracellular mediators [104-113]. Excess adipos-
ity is accompanied by adipose tissue hypertrophy and hyperplasia, immune cell infiltration,
and persistent low-grade inflammation, all of which contribute to insulin resistance, dyslipi-
demia, and broader metabolic impairment [108-115]. In recent years, the gut microbiota has
emerged as a major environmental determinant of obesity and obesity-related metabolic
complications [116-125]. Both animal and human studies have shown that microbial
composition can influence dietary energy extraction, adiposity, and host metabolic effi-
ciency [126-132]. Although early studies proposed an increased Firmicutes/Bacteroidetes
ratio as a microbial feature of obesity, later investigations produced inconsistent results.
Therefore, this ratio should not be considered a universal or reliable biomarker of obesity.
Obesity-associated dysbiosis is better interpreted as a complex, context-dependent micro-
bial and functional alteration involving microbial diversity, SCFA-producing taxa, intestinal
barrier function, bile acid metabolism, and inflammatory signaling [120,122,133-136]. Ex-
perimental studies in germ-free and conventionalized animals further demonstrated that
an “obese microbiome” can promote fat accumulation, alter lipoprotein lipase activity, and
increase energy harvest from the diet [116,117,119,137]. Dysbiosis may also contribute to
obesity through increased intestinal permeability, metabolic endotoxemia, chronic inflam-
mation, and disruption of gut-brain—-adipose signaling pathways [138-142]. Within this
context, SCFAs have attracted particular attention as mediators of host energy balance
and adiposity regulation [143-151]. However, the relationship between SCFA levels and
obesity in humans remains heterogeneous, with studies reporting both positive and inverse
associations between fecal or circulating SCFAs and anthropometric indices such as BMI,
waist circumference, and visceral adiposity [152-162].

Obesity and T2DM should be viewed as systemic, multi-organ disorders rather than
isolated disturbances of adipose tissue or pancreatic 3-cell function. Chronic nutrient excess
promotes adipocyte hypertrophy, hypoxia, macrophage infiltration, and secretion of pro-
inflammatory cytokines, generating a persistent low-grade inflammatory state commonly
referred to as metaflammation. This inflammatory milieu contributes to insulin resistance
in adipose tissue, skeletal muscle, and liver, while increased lipolysis and ectopic lipid
deposition further impair hepatic glucose production and lipid handling. In parallel, pan-
creatic 3-cells are exposed to glucotoxicity, lipotoxicity, oxidative stress, and inflammatory
mediators, which progressively compromise insulin secretion. The gut microbiota partici-
pates in this network by modulating intestinal permeability, metabolic endotoxemia, SCFA
production, bile acid signaling, and gut-brain communication. Therefore, the progression
from obesity to T2DM involves reciprocal interactions between immune cells, adipose
tissue, liver, pancreas, brain, and gut, providing a mechanistic rationale for studying y-CD
within the gut-metabolism axis.

T2DM is the most common form of diabetes, accounting for approximately 90% of all
cases, and is characterized by insulin resistance, pancreatic 3-cell dysfunction, impaired
glucose utilization, and multiple metabolic abnormalities involving lipid and amino acid
handling [163-170]. Its development is strongly associated with obesity and dietary excess
in many populations [171-175], although substantial heterogeneity exists across ethnic and
geographic groups, indicating that T2DM cannot be reduced to a single phenotypic or
genetic pattern [176-179]. Despite major therapeutic advances, T2DM remains a leading
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cause of cardiovascular morbidity, blindness, renal failure, neuropathy, impaired wound
healing, and premature mortality [180-190]. Dietary patterns play a fundamental role
in disease risk and progression, with high consumption of sugars, sweetened beverages,
processed foods, and energy-dense diets being associated with greater metabolic risk,
whereas plant-rich and fiber-rich dietary patterns appear protective [191-202].

The microbiota—SCFA axis has also been increasingly implicated in diabetes patho-
physiology. SCFAs may exert protective effects through GPCR-mediated signaling in
enteroendocrine cells and pancreatic (3-cells, thereby contributing to glucose regulation
and metabolic homeostasis [203]. Experimental studies suggest that higher SCFA avail-
ability is associated with improved immune regulation, reduced diabetes susceptibility,
and enhanced metabolic resilience [204-206]. These effects include promotion of regulatory
T-cell differentiation, modulation of inflammatory pathways, and epigenetic regulation of
host responses [204-208]. In parallel, obesity-related metabolic derangements—including
lipotoxicity, chronic inflammation, altered adipokine signaling, and (3-cell stress—create a
mechanistic bridge between excess adiposity and T2DM development [209-232].

Alterations in gut microbial composition have been consistently reported in T2DM, al-
though no single universal microbial signature has been established [233-242]. Reduced mi-
crobial diversity is a recurrent finding [237-239], alongside depletion of beneficial butyrate-
producing bacteria such as Faecalibacterium prausnitzii, Roseburia intestinalis, Roseburia inulin-
ivorans, Eubacterium rectale, Ruminococcus, and Subdoligranulum [234,243]. Conversely, op-
portunistic pathogens and taxa associated with metabolic imbalance—including Bacteroides
caccae, Clostridium hathewayi, Clostridium ramosum, Clostridium symbiosum, EQQerthella lenta,
Escherichia coli, Blautia, Coprococcus, Peptostreptococcus, Parasutterella, and Collinselli—have
been reported at increased abundance in T2DM cohorts [234,241-243]. Reduced abundance
of Bifidobacterium, Bacteroides, and Prevotella has also been observed [244,245], whereas lower
levels of Akkermansia muciniphila and Faecalibacterium prausnitzii appear particularly rele-
vant, given their association with intestinal barrier integrity, anti-inflammatory effects, and
improved insulin sensitivity [241,243,246-251]. Similar patterns have also been described
in prediabetes, suggesting that dysbiosis may precede overt disease and may eventually
provide clinically useful biomarkers of metabolic risk (Table 2) [252].

Table 2. Microbial changes in T2D and their clinical reference.

Taxonomic Level Microbial Change in T2DM Functional/Clinical Relevance References
J Firmicutes, 1 Bacteroidetes and B/F ratio linked to elevated
. plasma glucose after oral glucose  [233]
Proteobacteria
load
Phylum - -
1 Firmicutes and Proteobacteria Enhanced F/B ratio observed in
| Bacteroidetes ! T2DM vs. non-diabetic; higher in ~ [239,241]
complicated T2DM
1 Bacteroides caccae, Clostridium
. hathewayi, Clostridium ramosum, Potential contribution to
Opportunistic pathogens Clostridium symbiosum, Eggerthella  inflammation and dysbiosis [242,243]
lenta, Escherichia coli
General with increased 1 Bluutza, ’Cop rococcus, Sporobacter, Associated with metabolic
Abiotrophia, Peptostreptococcus, . [242,243]
abundance . imbalance
Parasutterella, Collinsella
1 Ruminococcus, Subdoligranulum, . h
Butyrate-producing Eubacterium rectale, Faecalibacterium Butyrate improves host
! homeostasis, insulin sensitivity, [234,243]

microbes (depleted)

prausnitzii, Roseburia intestinalis,
Roseburia inulinivorans

and reduces inflammation
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Table 2. Cont.
Taxonomic Level Microbial Change in T2DM Functional/Clinical Relevance References
Bifidobacterium enhances gut
1 Bacteroides, Prevotella, barrier, lowers endotoxemia, .
Other depleted genera Bifidobacterium reduces inflammation, and [244-248]

improves glucose tolerance

Lactobacillus species

Correlates with lower fasting
1 in European female T2DM cohort glucose and improved HbAlc; [239,245]
unrelated to BMI

Maintains mucin layer integrity,

1 Akkermansia muciniphila, . R
reduces inflammation, improves

Protective species/genera  Faecalibacterium prausnitzii (upon . . . . [251-258]
treatment /supplementation) insulin resistance and metabolic
status
J microbial diversity, | Akkermansia .
Pre-diabetic microbiota and Clostridium, T Ruminococcus Early dysbiosis may precede [252]

and Streptococcus T2DM onset

Abbreviations: T2DM, type 2 diabetes mellitus; HbAlc, glycated hemoglobin; BMI, body mass index; F/B
ratio, Firmicutes/Bacteroidetes ratio. 1 indicates increased abundance or level; | indicates decreased abundance
or level.

Dietary Intervention on Gut and T2DM

A growing body of evidence indicates that dietary interventions can significantly
modulate gut microbiota composition and diversity in patients with T2DM. Several studies
have reported changes in microbial diversity and richness following dietary modification.
For instance, a multicenter randomized clinical trial in prediabetic overweight adults
demonstrated that a low-energy diet significantly altered gut microbial diversity, with
significant changes in alpha-diversity indices and community structure based on beta-
diversity distance metrics, together with increased bacterial richness [253]. Similarly, both
low-carbohydrate almond-based and low-fat diets were shown to increase alpha diversity
in T2DM patients, although without significant differences in beta diversity between
groups [254]. Fiber-rich dietary patterns, such as the Ma-Pi 2 diet, also promoted favorable
trends in microbial diversity over time [255], whereas Mediterranean diet interventions
yielded more heterogeneous results, with modest or non-significant changes in diversity
but occasional increases in bacterial richness or shifts in community structure [256,257].

Beyond diversity metrics, dietary composition exerts a pronounced influence on
specific microbial taxa. High-fiber diets consistently promote the growth of beneficial,
SCFA-producing bacteria, including Faecalibacterium prausnitzii, Lachnospiraceae, Akkermansia
muciniphila, Bifidobacterium longum, and Bacteroides fragilis, while reducing opportunistic
or metabolically unfavorable species [255,258-260]. Functional food interventions further
reinforce these effects, notably increasing Akkermansia muciniphila and Faecalibacterium
prausnitzii abundance and reducing Prevotella copri levels [260].

Dietary interventions also induce compositional shifts at higher taxonomic levels.
Low-energy diets have been associated with increased relative abundance of Verrucomi-
crobia and Bacteroidetes, alongside reductions in Actinobacteria and Firmicutes [253]. At
the genus level, increases in Akkermansia, Ruminococcus, and Bacteroides have been
observed, although some studies report concomitant decreases in other beneficial taxa,
including Faecalibacterium and Bifidobacterium [253]. Mediterranean diet interventions
have been linked to shifts in microbial ratios, such as increased Prevotella/Bacteroides and
Firmicutes/Bacteroidetes proportions over time [256].

Distinct dietary patterns produce differential microbiota responses. Ketogenic diets
have been shown to increase taxa such as Akkermansia and Eubacterium while reducing Fir-

https://doi.org/10.3390/molecules31142415


https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415

10 of 30

micutes and Actinobacteria, whereas Mediterranean diets tend to favor Firmicutes and Acti-
nobacteria expansion [257]. Low-carbohydrate diets may promote SCFA-producing genera
such as Ruminococcus, Roseburia, and Eubacterium [254], while amino acid-restricted diets
can significantly alter phylum-level distributions, including increased Bacteroidetes and
decreased Firmicutes [261]. Personalized dietary interventions appear to exert broader and
more individualized effects on microbiota composition compared to standardized dietary
patterns [262,263].

Collectively, these findings highlight that dietary modulation of the gut microbiota
in T2DM is highly dependent on macronutrient composition and dietary quality. High-
fiber dietary patterns consistently support beneficial microbial taxa and SCFA production,
whereas high-fat or low-carbohydrate diets induce distinct, sometimes less favorable, mi-
crobial shifts. These alterations underscore the central role of diet-microbiota interactions
in metabolic regulation and T2DM management (Table 3). Although most dietary interven-
tions summarized in Table 3 do not directly involve y-CD, they are included to provide
metabolic and microbiota-related context. These studies show that diet-induced modu-
lation of gut microbiota, SCFA production, and glycemic control is clinically relevant in
T2DM. This background is important because y-CD is discussed here as a potential dietary
modulator of the gut-metabolism axis rather than as an established antidiabetic therapy.

Table 3. Dietary modulation of glycemic control and gut-metabolism interactions in T2DM: contextual
evidence relevant to y-CD research.

Study Diet/Intervention Main Glycemic Outcomes Additional Findings Ref.
Jian et al. Low-energy diet HbAlc |, FBG |, HOMA-IR | (p <0.001) - [253]
Low-carbohydrate vs. ~ HbAlc | in both; greater reduction in
Ren etal low-fat diet low-carb group (p < 0.01) B [254]
Ma-Pi 2 diet vs. Italian ~ FBG | (p = 0.007), HOMA-IR | High-fiber diet
Candela et al. Professional (p = 0.0004); greater reductions in Ma-Pi improved insulin [255]
Association diet 2 group resistance
HOMA-IR | (—1.03 £ 2.64, p < 0.05), Cohen’s d: —0.41 for
Ismael et al. Mediterranean diet HbA1lc | (—0.67 £ 0.98, p < 0.05), FBG HOMA-IR, —0.70 for [256]
not significant HbAlc
Ketogenic vs. Ketogenic: HbAlc | 1.1% (p = 0.012);
Deledda etal. Mediterranean diet Mediterranean: NS; FBG NS in both B [257]
High dietary fiber vs. HbA1lc | and FBG | (p < 0.001); greater
Zhao et al. Chinese Diabetes HbAlc reduction in fiber group from - [258]
Society diet day 28 (—1.91 4+ 0.24)
Chen et al. High dietary fiber HbAlc |, FBG | - [259]
Medina-Vera High fiber, low-energy  ppy | 1569, HbA1c | 7.2% Functional food diet  [260]
etal. diet
Reduced BCAA diet
Karusheva et al. (BCAA—? vs. full Reduced 1r-1$u.11n sgcretlor}, .m.creased B [261]
amino acid diet postprandial insulin sensitivity
(BCAA+)
Meleshko et al. Personalized diet Blood glucose | (=2.36 =+ 2.13 mmol/L, - [262]
p <0.05)
Shoer et al. Personalized diet vs. HbAlc better controlled in personalized [263]

Mediterranean diet

diet

Abbreviations: HbAlc, glycated hemoglobin; FBG, fasting blood glucose; HOMA-IR, homeostatic model as-
sessment of insulin resistance; FFA, free fatty acids; BCAA, branched-chain amino acids; NS, not statistically
significant. Downward arrows (]) denote a decrease in the indicated glycemic or metabolic parameter.
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3. v-CD on Gut Microbiota and SCFA

Wupper et al. [264] reported in a clinical trial that cyclodextrin supplementation en-
hanced endurance exercise performance in both mice and human males. Supplementation
with cyclodextrins increased the abundance of Bacteroides uniformis and improved exercise
performance in human males, suggesting a role for cyclodextrins in modulating gut micro-
biota to enhance physical capacity, beyond classical prebiotic functions. The mechanisms
underlying the metabolic effects of y-CD, including its interaction with the gut microbiota
and subsequent SCFA production, are illustrated in Figure 3.

Diets supplemented with cyclodextrins, including y-CD, and oligofructose-enriched
inulin increased the Bacteroidetes/Firmicutes ratio compared to a high-fat Western diet. A
higher ratio of these strains was associated with improved health outcomes [265]. Proteobac-
teria were particularly abundant when cyclodextrins were included in the diet.

Ren et al. [266] demonstrated that male C57BL/6] mice on a high-fat diet supplemented
with 5.5% cyclodextrin gained less weight and adipose tissue than mice on a high-fat diet
without supplementation. Cyclodextrin intake increased beneficial gut bacteria such as
Bacteroides, Bifidobacterium, and Lactobacillus, which are typically reduced by high-fat feeding.
Additionally, cyclodextrin supplementation enhanced the production of organic acids and
SCFAs, promoting favorable lipid metabolism and anti-obesity effects.

Parotid gland*
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; T Bifidobacterium
Submandibular gland* . T Akkermansia muciniphila
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Figure 3. Proposed mechanisms linking y-CD to metabolic regulation. y-CD may reach the colon
partially undigested or as inclusion complexes, where it can be fermented by gut microbiota and
promote SCFA production. SCFAs may activate GPCR-dependent signaling pathways, including
GPR41, GPR43, and GPR109A, and may also influence host metabolism through HDAC inhibition,
enteroendocrine hormone release, improved barrier function, reduced metabolic endotoxemia, and
attenuation of low-grade inflammation. In parallel, y-CD may indirectly influence lipid and glucose
metabolism through inclusion complex formation and AMPK-related pathways, although native
v-CD appears to have limited direct cholesterol-sequestering activity. Abbreviations: SCFA, short-
chain fatty acids. Upward arrows () indicate an increase, whereas downward arrows (|) indicate a
decrease in the indicated parameter or bacterial abundance. Created in BioRender. Varut, M. (2026)
https:/ /BioRender.com/oylpip8 (accessed on 30 June 2026).
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Guevara et al. [267] investigated cyclodextrin supplementation in dogs, evaluating
in vitro fermentation, nutrient digestibility, fecal microbiota, and serum lipid profiles.
Diets containing varying amounts of cyclodextrins showed that nutrient absorption in the
small intestine and overall fecal microbiota were not significantly altered, yet total tract
nutrient digestibility and fecal dry matter decreased, indicating modified large-intestine
fermentation. In vitro fermentation experiments showed that cyclodextrin type influenced
SCFA production: y-CD led to the highest total SCFA and acetate production as well as the
greatest butyrate generation; 3-cyclodextrin produced high total SCFA and acetate; and
a-cyclodextrin primarily increased propionate, with lower SCFA and acetate levels and
longer times to reach peak production [267,268] (Table 4).

SCFAs present in the cecum are primarily produced by gut bacteria fermenting undi-
gested carbohydrates. These microbial metabolites play crucial roles in maintaining host
physiological functions. Consumption of a high-fat diet was associated with a marked
reduction in total SCFA and acetate levels in cecal contents, while butyrate (p > 0.05) and
valerate (p < 0.05) levels were slightly elevated.

Supplementation with cyclodextrins, particularly y-CD, significantly enhanced total
SCFA concentrations in the cecum of mice receiving a high-fat diet. Inclusion of 6% y-CD
resulted in nearly a 1.44-fold increase in SCFA levels, showing a more pronounced effect
than cellulose. This SCFA-promoting activity was largely driven by increases in acetate
and propionate [268].

v-CD supplementation was also found to reduce isobutyrate levels, while leaving
butyrate concentrations largely unchanged [269]. In addition to the effects of native y-CD
on microbial fermentation and SCFA production, hydroxypropyl-y-cyclodextrin (HP-y-CD)
has also been evaluated for its influence on the growth of selected probiotic and lactic acid
bacterial strains. These findings are summarized in Table 4 and indicate that HP-y-CD
may differentially support the growth of specific bacterial species, although these data
should be interpreted as strain-specific and not as a complete representation of the human
gut microbiota.

Table 4. Effects of HP-y-CD on selected probiotic and lactic acid bacterial strains.

Bacterial Strain HP-y-CD Effect

Lactobacillus acidophilus

Lactobacillus casei

Lactobacillus plantarum

Lactobacillus brevis

Lactobacillus rhamnosus GG

Lactobacillus reuteri

Pediococcus pentosaceus

Lactococcus lactis

Lactobacillus fermentum

o el el e B I B e B s

Streptococcus thermophilus

1 = increase in bacterial growth; — = no significant change [270].

Taken together, the metabolic effects of y-CD are unlikely to result from a single mecha-
nism. Current evidence suggests a combined model in which y-CD may exert prebiotic-like
effects by supporting microbial fermentation and SCFA production, while also modifying
the intestinal availability of selected lipids or bioactive compounds through inclusion
complex formation. However, native y-CD appears to have limited direct cholesterol-
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sequestering capacity compared with some modified cyclodextrins. Therefore, the most
plausible mechanism involves indirect microbiota-mediated and metabolite-mediated ef-
fects, rather than simple lipid sequestration alone.

3.1. Indirect Effects of y-Cyclodextrin on Lipid Homeostasis: Mechanistic Insights and
Metabolic Implications

For clarity, the evidence discussed in this subsection should be interpreted accord-
ing to the specific form of y-CD investigated. Native y-CD, chemically modified y-CD
derivatives, and y-CD-containing inclusion complexes may differ substantially in solubility,
binding affinity, lipid interaction, intestinal behavior, and biological effects. Therefore,
effects observed with modified derivatives or y-CD-based formulations should not be
automatically attributed to native y-CD.

Regarding native y-CD, available evidence suggests that its direct capacity to sequester
dietary cholesterol is limited. Experimental data indicate that native y-CD exhibits minimal
ability to form inclusion complexes with cholesterol, with negligible cholesterol solubi-
lization across a range of concentrations. Consequently, its capacity to reduce intestinal
cholesterol absorption appears weaker than that of some modified cyclodextrins. This lim-
ited interaction is probably related to structural specificity, including the larger cavity size
and lower binding affinity of native y-CD for sterol molecules. Thus, the potential effects
of native y-CD on lipid homeostasis are more likely to occur through indirect mechanisms,
such as microbial fermentation, SCFA production, modulation of intestinal metabolites, or
altered availability of selected lipophilic compounds, rather than through direct cholesterol
sequestration alone [271].

Modified y-CD derivatives may exert different effects on intracellular lipid handling.
For example, hydroxypropyl-y-cyclodextrin (HPyCD) has been investigated in Niemann-—
Pick type C models, a disorder characterized by impaired lysosomal cholesterol trafficking.
HPyCD treatment was associated with reduced intracellular cholesterol accumulation and
increased expression of lysosome-associated membrane protein 1 (LAMP-1), a key protein
involved in lysosomal function and cholesterol mobilization. These findings suggest that
modified y-CD derivatives may facilitate cholesterol export from late endosomal/lysosomal
compartments through mechanisms that are not necessarily applicable to native y-CD [272].

v-CD-containing inclusion complexes represent a third category and should also be
interpreted separately. In particular, the o-lipoic acid—y-CD inclusion complex has been
shown to activate adenosine monophosphate-activated protein kinase (AMPK) in the liver, a
central energy-sensing enzyme regulated by the cellular AMP/ATP ratio. In animal models
of type 2 diabetes, this complex reduced postprandial hyperglycemia and HbAlc levels,
effects closely connected with broader metabolic regulation. However, these outcomes
should be attributed to the formulation as a whole, in which y-CD may enhance the stability,
solubility, and bioactivity of o-lipoic acid, rather than to native y-CD alone [273].

Similarly, Yoshikiyo et al. investigated y-CD, perilla oil, and 'y-CD—perilla oil inclusion
complexes in a rat model characterized by elevated gastrointestinal 12-hydroxylated bile
acid levels. Importantly, y-CD administered alone aggravated liver injury and dyslipi-
demia, as reflected by increased AST, ALT, total cholesterol, and triglyceride levels relative
to controls. In contrast, when y-CD was administered as an inclusion complex with perilla
oil, these unfavorable effects were attenuated, with reductions in liver injury markers
and a trend toward improved lipid parameters compared with y-CD alone. This obser-
vation is particularly important because it indicates that y-CD should not be presented
as uniformly beneficial across all metabolic contexts. Under conditions of disturbed bile
acid homeostasis, y-CD may interact with intestinal bile acids or lipid-derived metabo-
lites in a manner that aggravates hepatic injury and dyslipidemia. Therefore, baseline
metabolic status, bile acid composition, liver function, and co-administered lipids should
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be considered when evaluating y-CD safety and efficacy. Future studies should specifically
assess hepatic safety markers, bile acid profiles, and lipidomic changes before y-CD can be
proposed for nutritional or therapeutic use in populations with metabolic or hepatobiliary
disorders [274].

Cho et al. investigated the effects of y-CD supplementation in a murine model of
diet-induced obesity and intestinal neoplasia. In mice fed a Western high-fat diet, v-CD
supplementation significantly reduced the size of intestinal adenomas and increased the
proportion of smaller, less advanced lesions compared to the unsupplemented Western diet
group. These effects were associated with increased apoptotic activity in intestinal tissues,
suggesting a suppression of neoplastic progression under obese conditions. Importantly,
v-CD did not significantly alter body weight gain or food intake in obese mice, indicating
that its effects were not mediated by reduced caloric intake but rather by metabolic or
microbiota-related mechanisms. The authors proposed that y-CD may be fermented
in the colon to short-chain fatty acids, particularly butyrate, which is known to induce
apoptosis in cells with dysregulated WNT/ 3-catenin signaling, a hallmark of colorectal
tumorigenesis [275].

Zhu et al. investigated the effects of y-cyclodextrin supplementation in mice fed a
high-fat diet and reported that y-CD exerted modest anti-obesity effects compared with
other cyclodextrin types. In this model, y-CD primarily reduced adipocyte diameter,
without significantly decreasing relative fat mass. Histological analyses further showed
that y-CD attenuated lipid deposition in the liver, brown adipose tissue, and epididymal
fat, although its effects were less pronounced than those observed for 3-cyclodextrin. In
the liver, y-CD contributed to the reduction of macrovesicular and microvesicular steatosis,
while in brown adipose tissue, it decreased lipid droplet enlargement induced by the
high-fat diet. Overall, these findings suggest that y-CD may confer partial, tissue-specific
benefits in the regulation of lipid accumulation and adipose tissue morphology under
high-fat dietary conditions, with effects that appear to be largely independent of caloric
intake [269]. Zhang et al. developed a y-CD-based inclusion complex with epigallocatechin-
3-gallate (EGCG) and demonstrated its therapeutic efficacy in a murine model of ulcerative
colitis. Beyond its anti-inflammatory activity, the y-CD-containing formulation significantly
reduced pro-inflammatory cytokines (TNF-«, IL-6, IL-1$3) and oxidative stress markers,
while restoring intestinal barrier-associated parameters. These effects are relevant in
the context of metabolic disorders, as chronic intestinal inflammation and dysbiosis are
closely linked to lipid metabolism disturbances and obesity-related complications. Notably,
the y-CD inclusion complex exhibited an enhanced capacity to modulate gut microbiota
composition compared to EGCG alone, suggesting a role in regulating host metabolic
homeostasis [276].

3.2. Effects of y-CD on Glycemic Control and T2DM

A patent filed by Abbott Laboratories described the use of y-CD as a functional ingre-
dient capable of modulating postprandial metabolic responses. According to the disclosed
data, oral administration of y-CD was associated with a blunted postprandial glycemic
response and reduced insulin secretion, despite its rapid digestion and absorption in the
small intestine—a finding that contrasts with the expected behavior of readily metaboliz-
able carbohydrates. The proposed mechanism suggests that y-CD may influence glucose
kinetics in a manner that attenuates glycemic excursions without inducing carbohydrate
malabsorption or gastrointestinal adverse effects [277]. The interaction between y-CD and
x-amylase has been investigated, revealing that y-CD can exert an inhibitory effect on
enzyme activity under specific experimental conditions. The inhibitory effect was shown
to be dependent on factors such as concentration, temperature, pH, and reaction time,
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with maximal inhibition observed at 10 mmol/L y-CD, 45 °C, pH 5.9, and 120 min of
incubation. Mechanistically, y-CD was found to induce conformational changes in the
secondary structure of x-amylase, including alterations in «-helix, 3-sheet, and random
coil content, suggesting a direct impact on protein folding and stability. In addition, spec-
troscopic analyses demonstrated changes in the enzyme’s intrinsic fluorescence, indicating
modifications in the microenvironment of aromatic amino acid residues. Nuclear magnetic
resonance data further supported the formation of a y-CD-enzyme complex, in which
part of the x-amylase molecule is accommodated within the hydrophobic cavity of y-CD,
while additional interactions are stabilized through hydrogen bonding at the external
surface [278].

The effects of cyclodextrins on postprandial glycemic response have been evalu-
ated in an experimental animal model using a real-time continuous glucose monitoring
system. In this study, several cyclodextrin types, including «-, 3-, y-, and hydroxypropyl-{3-
cyclodextrin, were administered orally to rats at different doses. The findings demonstrated
that in contrast to «- and (-cyclodextrins, y-cyclodextrin significantly attenuated post-
prandial glycemic excursions following starch administration at both tested doses (10 and
100 mg/kg) [279].

v-CD markedly reduced postprandial glycemia in a dose-dependent manner, with
AUC decreases of 16.5% and 59.8% at 10 and 100 mg/kg, respectively. Male Zucker rats
also exhibited lower glycemic spikes after y-CD administration. These effects are attributed
to the unique structural flexibility of y-CD: its non-cylindrical, non-coplanar ring allows
a-amylase to distort and hydrolyze the molecule, slowing glucose release and delaying
absorption [280,281]. Unlike - and (3-CD, which are rigid and poorly hydrolyzed, y-CD’s
geometry facilitates enzymatic ring opening and controlled breakdown into maltose and
glucose [282,283].

The data suggest that y-CD holds potential for managing postprandial glycemia in
prediabetes, type 2 diabetes, and other hyperglycemic conditions. It may also be applied
in scenarios where high-carbohydrate diets are preferred, including gestational diabetes,
reactive hypoglycemia, nocturnal hypoglycemia, and during prolonged exercise [281].

An in vivo study demonstrated that the combination of o-lipoic acid with y-CD
(«LA/vCD) significantly reduced HbAlc levels in KKAy mice compared to untreated
controls, with a trend toward lower HbAlc than «L A alone, indicating a stronger hy-
poglycemic effect [284]. Plasma adiponectin levels tended to increase with LA /yCD
treatment, and PPARy2 mRNA expression in adipose tissue was higher than with oLA
alone, suggesting improved stability of xLA when complexed with y-CD [285].

Furthermore, xLLA /yCD significantly enhanced phosphorylation of AMPK« in the
liver, consistent with the elevated adiponectin and PPARy?2 levels. Activation of AMPK is
known to stimulate glucose utilization and fatty acid oxidation while inhibiting synthe-
sis pathways, mimicking exercise-like metabolic effects [286-288]. Overall, these results
indicate that y-CD complexation enhances the antidiabetic properties of LA, likely due
to increased stability and bioavailability, with prior reports showing approximately 10%
higher bioavailability of «LA/yCD compared to LA alone [289].

4. Methods

This review was carried out as a narrative overview with elements of a system-
atic search, guided by selected principles of the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) framework. Searches were conducted across
Google Scholar, PubMed, and ScienceDirect using combinations of the following terms:

a7 a7 s

“-cyclodextrin,” “gut microbiota, short-chain fatty acids,” “lipids,” and

“metabolic health.” Emphasis was placed on studies published within the last five years,

prebiotic,
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especially the most recent year, while older studies were included if they provided founda-
tional or unique insights. Articles were considered eligible if they addressed one or more
of the following: (i) structural, chemical, or functional characteristics of y-cyclodextrin;
(ii) effects on gut microbiota composition and activity, including prebiotic potential; or
(iii) influences on metabolic outcomes such as lipid metabolism, obesity, or type 2 dia-
betes. Only full-text articles in English were included, with abstracts, commentaries, and
studies not directly relevant to the research focus being excluded. The objective of this
review was to synthesize current knowledge and highlight key experimental evidence
regarding y-cyclodextrin and its potential role in modulating gut microbiota and metabolic
health, rather than to perform a quantitative meta-analysis. The literature search and study
selection process, following PRISMA principles, is illustrated in Figure 4.
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—
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& getcords |dent|f|e_d through ¢ Duplicate records removed (n =48)
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Reports of included studies
(n=292)
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Figure 4. PRISMA flow diagram illustrating the literature search and study selection process for
this review.

5. Critical Appraisal of Current Evidence

The available evidence on y-CD and metabolic regulation should be interpreted
cautiously because it is heterogeneous in design, dose, biological model, and outcome
assessment. In vitro fermentation studies provide useful mechanistic information regard-
ing microbial utilization of y-CD and SCFA production, but they cannot reproduce host
absorption, immune signaling, bile acid metabolism, or enteroendocrine responses. An-
imal studies allow integrated assessment of microbiota—host interactions and metabolic
outcomes, but their translational relevance is limited by species-specific microbiota com-
position, controlled diets, and doses that may not correspond to typical human exposure.
Human data remain limited and are often derived from small cohorts or indirect endpoints,
making it difficult to determine whether y-CD has clinically meaningful effects on obe-
sity, dyslipidemia, or glycemic control. Therefore, current findings support a plausible
mechanistic role for y-CD, but do not yet establish therapeutic efficacy.

6. Future Perspectives

Future research should aim to uncover how <y-cyclodextrins modulate gut microbial
communities and their enzymes, with a focus on pathways that influence obesity, lipid
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metabolism, and type 2 diabetes. Understanding how y-CDs and their inclusion complexes
release bioactive compounds in the gut, and how they are metabolized by intestinal bacteria,
will be critical for optimizing their metabolic effects. Multi-omics approaches—combining
metagenomics, metabolomics, and transcriptomics—could clarify how y-CDs impact short-
chain fatty acid production, lipid handling, and glucose regulation, linking microbial
changes to systemic metabolic outcomes.

In addition, future studies should include a systematic biological screening of native
v-CD and its main chemically modified derivatives. Hydroxypropylated, methylated,
sulfobutylated, carboxymethylated, amino-functionalized, amphiphilic, and cross-linked
v-CD-based systems may differ substantially in solubility, charge, binding affinity, intesti-
nal behavior, microbiota interaction, cellular uptake, and safety profile. Therefore, their
biological effects should not be generalized from native y-CD alone. Comparative screen-
ing should evaluate microbiota modulation, SCFA production, intestinal barrier function,
lipid and bile acid metabolism, glucose homeostasis, inflammatory signaling, cytotoxi-
city, hemocompatibility, and hepatic or renal safety. Such an approach would support
future structure—-activity relationship analyses and guide the rational design of y-CD-based
formulations for nutritional, pharmaceutical, and metabolic applications (Table 5).

Table 5. Main y-cyclodextrin derivatives and their potential relevance for biomedical and metabolic
research.

v-Cyclodextrin Form or Derivative

Structural/Functional Characteristic

Potential Relevance

Native y-cyclodextrin

Natural cyclic oligosaccharide
composed of eight glucose units; large
internal cavity and high aqueous
solubility

Inclusion complex formation, food
and pharmaceutical applications,
possible microbiota-mediated
metabolic effects

Hydroxypropyl-y-cyclodextrin

Hydroxypropyl substitution increases
aqueous solubility and modifies
interaction with lipophilic molecules

Drug solubilization, intracellular
cholesterol trafficking studies,
biomedical formulations

Methylated y-cyclodextrin

Methyl substitution increases
hydrophobic interactions and may alter
membrane affinity

Enhanced complexation of
hydrophobic guest molecules;
requires careful safety evaluation

Sulfobutyl ether-y-cyclodextrin

Anionic derivative with improved
solubility and altered electrostatic
interactions

Potential use in advanced drug
delivery systems and charged guest
molecule complexation

Carboxymethyl-y-cyclodextrin

Anionic carboxymethylated derivative
with modified solubility and binding
properties

Controlled release systems and
interaction with cationic molecules

Amino- or cationic y-cyclodextrin
derivatives

Positively charged derivatives obtained
by amino-functionalization

Potential interaction with nucleic
acids, negatively charged
biomolecules, and targeted delivery
systems

Amphiphilic y-cyclodextrin
derivatives

Derivatives containing hydrophobic
substituents that promote self-assembly

Nanocarriers, micelle-like systems,
and delivery of poorly soluble
compounds

Cross-linked y-cyclodextrin
systems /y-CD nanosponges

Polymeric networks formed through
cross-linking of cyclodextrin units

Entrapment, stabilization, and
controlled release of bioactive
molecules

v-CD-based metal-organic
frameworks

Porous crystalline systems based on
v-CD and metal ions

Encapsulation, controlled delivery,
and material-based biomedical
applications

v-CD inclusion complexes with
bioactive compounds

Native or modified y-CD complexed
with guest molecules such as «-lipoic
acid, oils, polyphenols, or drugs

Improved solubility, stability,
bioavailability, and biological
performance of guest molecules
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Advancing y-CD-based interventions may allow targeted modulation of the micro-
biome to improve lipid profiles, reduce adiposity, and support glycemic control in predia-
betes or diabetes. Integrating microbiome-informed strategies into the design of y-CD for-
mulations could enhance their prebiotic and metabolic benefits. Additionally, investigations
into environmental, dietary, and epigenetic factors will be important for understanding
variability in host responses. High-throughput sequencing and metabolite profiling may
reveal new microbial species and pathways involved in obesity and dyslipidemia, while
exploration of the gut-brain axis could open avenues for addressing metabolic dysfunction
alongside neurological and inflammatory processes.

A novel perspective emerging from the current evidence is that y-CD should not
be considered only as an inert carrier or excipient but as a potential interface molecule
linking food chemistry, microbial ecology, and host metabolic regulation. Its relevance
may depend on whether inclusion complex formation modifies the delivery of bioactive
compounds to the lower gut, whether y-CD-derived fermentation selectively promotes
SCFA-producing microbial networks, and whether these effects translate into measurable
changes in inflammatory tone, insulin sensitivity, and lipid handling. This integrated view
may help distinguish y-CD from other cyclodextrins and provides a rationale for future
microbiome-informed y-CD formulations.

7. Conclusions

v-CD is increasingly being investigated not only as a pharmaceutical and food ex-
cipient but also as a potential modulator of gut microbiota and host metabolic regulation.
Current evidence suggests that y-CD may influence microbial composition, SCFA produc-
tion, lipid handling, inflammatory tone, and glycemic responses. However, these effects
are context-dependent and vary according to cyclodextrin type, dose, dietary background,
experimental model, and host metabolic status. The strongest evidence currently derives
from in vitro and animal studies, whereas human data remain limited and insufficient to
support definitive clinical recommendations.

From a clinical and nutritional perspective, y-CD may represent a promising adjunc-
tive strategy for modulating the gut-metabolism axis, particularly in conditions character-
ized by dysbiosis, low-grade inflammation, insulin resistance, and altered lipid metabolism.
Nevertheless, its use for obesity, dyslipidemia, or T2DM cannot yet be considered estab-
lished. Future research should prioritize randomized controlled human trials, standardized
v-CD formulations and doses, long-term safety assessment, multi-omics profiling, and
direct comparison between native and modified cyclodextrins. Such studies are necessary
to determine whether y-CD can be translated into evidence-based nutritional or therapeutic
interventions for metabolic disorders.

Author Contributions: Conceptualization: D.-M.T., P1D., C.V,, PD.EV. and D.R.; Methodology:
D.-M.T,, G.AS. and P1.D.; Software: PI1.D., A.K., D.R. and PD.EV.; Validation: RM.V., G.A.S,,
M.S. and R.P; Formal analysis: PD.EV,, D.R,, R.P. and M.S,; Investigation: A.K., D.-M.T,, P1LD.,
D.R. and G.P; Resources: C.V.,, RM.V., G.P. and V.R,; Data curation: G.A.S., AK,, P1D. and G.P;
Writing—original draft preparation: D.-M.T., A K., PD.EV. and R.P; Writing—review and editing:
C.V,RM.V,, M.S. and VR, Visualization: A K., G.A.S., D.R,, R.P. and V.R,; Supervision: RM.V,, C.V,,
G.AS. and D.-M.T.; Project administration: C.V., RM.V. and V.R,; Funding acquisition: G.A.S., C.V.,
D.-M.T. and A.K. All authors have read and agreed to the published version of the manuscript.

Funding: The Article Processing Charges were funded by the University of Medicine and Pharmacy
of Craiova, Romania.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://doi.org/10.3390/molecules31142415


https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 19 of 30

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable.

Acknowledgments: The figures included in this manuscript were created using BioRender.com.
The authors have reviewed and edited the output and take full responsibility for the content of
this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Freudenberg, K.; Meyer-Delius, M. Uber die Schardinger-dextrine aus starke. Ber. Chem. 1938, 71, 1596-1600. [CrossRef]
Freudenberg, K.; Schaaf, E.; Dumpert, G.; Ploetz, T. Neue ansichten uber die starke. Naturwissenschaften 1939, 27, 850-853.
[CrossRef]

Yousaf, R.; Abdul Razzagq, F; Asghar, S.; Irfan, M.; Ullah Khan, I.; Haroon Khalid, S. Cyclodextrins: An Overview of Fundamentals,
Types, and Applications; IntechOpen: Rijeka, Croatia, 2023.

Pyrak, B.; Gubica, T.; Rogacka-Pyrak, K. Cyclodextrin nanosponges as bioenhancers of phytochemicals. Prospects Pharm. Sci. 2024,
22,170-177. [CrossRef]

Kali, G.; Haddadzadegan, S.; Bernkop-Schniirch, A. Cyclodextrins and derivatives in drug delivery: New developments, relevant
clinical trials, and advanced products. Carbohydr. Polym. 2024, 324, 121500. [CrossRef] [PubMed]

Matencio, A.; Navarro-Orcajada, S.; Garcia-Carmona, F.; L6pez-Nicolds, ].M. Applications of cyclodextrins in food science. A
review. Trends Food Sci. Technol. 2020, 104, 132-143. [CrossRef]

Musuc, A.M.; Anuta, V.; Atkinson, I.; Sarbu, I.; Popa, V.T.; Munteanu, C.; Mircioiu, C.; Ozon, E.A.; Nitulescu, G.M.; Mitu, M.A.
Formulation of Chewable Tablets Containing Carbamazepine-f-cyclodextrin Inclusion Complex and F-Melt Disintegration
Excipient. The Mathematical Modeling of the Release Kinetics of Carbamazepine. Pharmaceutics 2021, 13, 915. [CrossRef]
[PubMed]

Musuc, A.M.; Anuta, V.; Atkinson, I.; Popa, V.T.; Sarbu, I.; Mircioiu, C.; Abdalrb, G.A.; Mitu, M.A.; Ozon, E.A. Development and
Characterization of Orally Disintegrating Tablets Containing a Captopril-Cyclodextrin Complex. Pharmaceutics 2020, 12, 744.
[CrossRef] [PubMed]

Morén-Serradilla, C.; Plano, D.; Sharma, A.K.; Sanmartin, C. Following the Trace of Cyclodextrins on the Selenium and Tellurium
Odyssey. Int. ]. Mol. Sci. 2024, 25, 7799. [CrossRef] [PubMed]

Alvarez-Lorenzo, C.; Goyanes, A.; Concheiro, A. Cyclodextrins in 3D/4D printing for biomedical applications. Addit. Manuf.
2024, 84,104120. [CrossRef]

Novac, M.; Musuc, A.M.; Ozon, E.A,; Sarbu, I.; Mitu, M.A_; Rusu, A.; Petrescu, S.; Atkinson, I.; Gheorghe, D.; Lupuliasa, D. Design
and Evaluation of Orally Dispersible Tablets Containing Amlodipine Inclusion Complexes in Hydroxypropyl--cyclodextrin and
Methyl-p-cyclodextrin. Materials 2022, 15, 5217. [CrossRef] [PubMed]

Steiner, D.; Meyer, A.; Immohr, L.I.; Pein-Hackelbusch, M. Critical View on the Qualification of Electronic Tongues Regarding
Their Performance in the Development of Peroral Drug Formulations with Bitter Ingredients. Pharmaceutics 2024, 16, 658.
[CrossRef] [PubMed]

Saha, P; Rafe, M.R. Cyclodextrin: A prospective nanocarrier for the delivery of antibacterial agents against bacteria that are
resistant to antibiotics. Heliyon 2023, 9, €19287. [CrossRef] [PubMed]

Christaki, S.; Spanidi, E.; Panagiotidou, E.; Athanasopoulou, S.; Kyriakoudi, A.; Mourtzinos, I.; Gardikis, K. Cyclodextrins for the
Delivery of Bioactive Compounds from Natural Sources: Medicinal, Food and Cosmetics Applications. Pharmaceuticals 2023,
16, 1274. [CrossRef] [PubMed]

Belenguer-Sapifa, C.; Pellicer-Castell, E.; Mauri-Aucejo, A.R.; Simé-Alfonso, E.F.; Amorés, P. Cyclodextrins as a Key Piece in
Nanostructured Materials: Quantitation and Remediation of Pollutants. Nanomaterials 2021, 11, 7.

Velazquez-Contreras, F.; Zamora-Ledezma, C.; Lépez-Gonzalez, I.; Meseguer-Olmo, L.; Nufiez-Delicado, E.; Gabaldén, J.A.
Cyclodextrins in Polymer-Based Active Food Packaging: A Fresh Look at Nontoxic, Biodegradable, and Sustainable Technology
Trends. Polymers 2022, 14, 104. [CrossRef]

Sharma, P. Metabolic health: Understanding its significance, challenges, and pathways for optimization. J. Diabetes Metab. 2024,
15,1193. [CrossRef]

Magkos, E; Yannakoulia, M.; Chan, J.L.; Mantzoros, C.S. Management of the metabolic syndrome and type 2 diabetes through
lifestyle modification. Annu. Rev. Nutr. 2009, 29, 223-256. [CrossRef] [PubMed]

Smith, R.L.; Soeters, M.R.; Wiist, R.C.I.; Houtkooper, R.H. Metabolic flexibility as an adaptation to energy resources and
requirements in health and disease. Endocr. Rev. 2018, 39, 489-517. [CrossRef] [PubMed]

Carbillon, L.; Boujenah, J.; Benbara, A.; Cosson, E. Adverse outcomes and potential targets for intervention in gestational diabetes
and obesity. Obstet. Gynecol. 2015, 126, 1309-1310. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142415


https://doi.org/10.1002/cber.19380710809
https://doi.org/10.1007/bf01489430
https://doi.org/10.56782/pps.272
https://doi.org/10.1016/j.carbpol.2023.121500
https://www.ncbi.nlm.nih.gov/pubmed/37985088
https://doi.org/10.1016/j.tifs.2020.08.009
https://doi.org/10.3390/pharmaceutics13060915
https://www.ncbi.nlm.nih.gov/pubmed/34205629
https://doi.org/10.3390/pharmaceutics12080744
https://www.ncbi.nlm.nih.gov/pubmed/32784691
https://doi.org/10.3390/ijms25147799
https://www.ncbi.nlm.nih.gov/pubmed/39063040
https://doi.org/10.1016/j.addma.2024.104120
https://doi.org/10.3390/ma15155217
https://www.ncbi.nlm.nih.gov/pubmed/35955152
https://doi.org/10.3390/pharmaceutics16050658
https://www.ncbi.nlm.nih.gov/pubmed/38794320
https://doi.org/10.1016/j.heliyon.2023.e19287
https://www.ncbi.nlm.nih.gov/pubmed/37662769
https://doi.org/10.3390/ph16091274
https://www.ncbi.nlm.nih.gov/pubmed/37765082
https://doi.org/10.3390/polym14010104
https://doi.org/10.5958/0976-1748.2024.00008.0
https://doi.org/10.1146/annurev-nutr-080508-141200
https://www.ncbi.nlm.nih.gov/pubmed/19400751
https://doi.org/10.1210/er.2017-00211
https://www.ncbi.nlm.nih.gov/pubmed/29697773
https://doi.org/10.1097/aog.0000000000001175
https://www.ncbi.nlm.nih.gov/pubmed/26595569
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 20 of 30

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

Panuganti, KK.; Nguyen, M.; Kshirsagar, R K. Obesity. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.
Available online: https://www.ncbi.nlm.nih.gov/books/NBK555956/ (accessed on 2 March 2026).

Mathew, H.; Farr, O.M.; Mantzoros, C.S. Metabolic health and weight: Understanding metabolically unhealthy normal weight or
metabolically healthy obese patients. Metabolism 2016, 65, 73-80. [CrossRef] [PubMed]

Duque, A.P,; Rodrigues Junior, L.F.; Mediano, M.EFE,; Tibiri¢a, E.; De Lorenzo, A. Emerging concepts in metabolically healthy
obesity. Am. J. Cardiovasc. Dis. 2020, 10, 48-61. [PubMed]

Pillon, N.J.; Loos, R.J.E.; Marshall, S.M.; Zierath, ].R. Metabolic consequences of obesity and type 2 diabetes: Balancing genes and
environment for personalized care. Cell 2021, 184, 1530-1544. [CrossRef] [PubMed]

Castro-Barquero, S.; Ruiz-Leén, A.M.; Sierra-Pérez, M.; Estruch, R.; Casas, R. Dietary strategies for metabolic syndrome: A
comprehensive review. Nutrients 2020, 12, 2983. [CrossRef] [PubMed]

Carreiro, A.L.; Dhillon, J.; Gordon, S.; Higgins, K.A.; Jacobs, A.G.; McArthur, B.M.; Redan, B.W,; Rivera, R.L.; Schmidt, L.R,;
Mattes, R.D. The macronutrients, appetite, and energy intake. Annu. Rev. Nutr. 2016, 36, 73-103. [CrossRef] [PubMed]

Khan, M.A.B.; Hashim, M.].; King, ] K.; Govender, R.D.; Mustafa, H.; Al Kaabi, ]. Epidemiology of type 2 diabetes—Global burden
of disease and forecasted trends. . Epidemiol. Glob. Health 2020, 10, 107-111. [PubMed]

International Diabetes Federation; Mgliano, D.; Boyko, E.; Ali, M.; Anstay, K.; Booth, G.; Duncan, B.B.; Hanley, A.J.; Herman,
W.H.; Huang, E.; et al. IDF Diabetes Atlas, 11th ed.; International Diabetes Federation: Brussels, Belgium, 2025. Available online:
https:/ /diabetesatlas.org/ (accessed on 2 March 2026).

Conrad, N.; Molenberghs, G.; Verbeke, G.; Zaccardi, F.; Lawson, C.; Friday, ].M.; Su, H.; Jhund, P.; Sattar, N.; Rahimi, J.; et al.
Trends in cardiovascular disease incidence among 22 million people in the UK over 20 years: Population based study. BM] 2024,
385, e078523. [CrossRef] [PubMed]

Lazarus, ].V.; Mark, H.E.; Anstee, Q.M.; Arab, J.; Batterham, R.; Castera, L.; Cortez-Pinto, H.; Crespo, J.; Cusi, K.; Dirac, M,; et al.
Advancing the global public health agenda for NAFLD: A consensus statement. Nat. Rev. Gastroenterol. Hepatol. 2022, 19, 60-78.
[PubMed]

Zinocker, M.K.; Lindseth, I.A. TheWestern diet-microbiome-host interaction and its role in metabolic disease. Nutrients 2018,
10, 365. [CrossRef] [PubMed]

Charles-Messance, H.; Mitchelson, K.; De Marco Castro, E.; Sheedy, FJ.; Roche, H.M. Regulating metabolic inflammation by
nutritional modulation. J. Allergy Clin. Immunol. 2020, 146, 706-720. [CrossRef] [PubMed]

EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS); Mortensen, A.; Aguilar, E; Crebelli, R.; Di Domenico,
A.; Dusemund, B.; Frutos, M.].; Galtier, P; Gott, D.; Gundert-Remy, U.; et al. Re-evaluation of 3-cyclodextrin (E459) as a food
additive. EFSA J. 2016, 14, e04628. [CrossRef] [PubMed]

Juncker, J.-C. The Union List of Novel Foods. 2017. Available online: http://etwprlegsl.fao.org/docs/pdf/eur172242 pdf
(accessed on 1 April 2026).

Joint FAO/WHO Expert Committee on Food Additives (JECFA). Safety Evaluation of Certain Food Additives and Contaminants;
WHO Food Additives Series 44; World Health Organization: Geneva, Switzerland, 1995. Available online: https://inchem.org/
documents/jecfa/jecmono/v44jec05.htm (accessed on 1 April 2026).

Joint FAO/WHO Expert Committee on Food Additives (JECFA). Safety Evaluation of Certain Food Additives: Gamma-Cyclodextrin;
WHO Food Additives Series 42; World Health Organization: Geneva, Switzerland, 1999. Available online: https://inchem.org/
documents/jecfa/jecmono/v042jel1.htm (accessed on 1 January 2026).

Joint FAO/WHO Expert Committee on Food Additives (JECFA). Safety Evaluation of Certain Food Additives; WHO Food Additives
Series; World Health Organization: Geneva, Switzerland, 2006; pp. 3-15.

Fenyvesi, E.; Vikmon, M.; Szente, L. Cyclodextrins in food technology and human nutrition: Benefits and limitations. Crit. Rev.
Food Sci. Nutr. 2016, 56, 1981-2004. [CrossRef] [PubMed]

Suta, L.-M.; Ridichie, A.; Ledeti, A.; Temereancd, C.; Ledeti, I.; Muntean, D.; Radulescu, M.; Varut, R.-M.; Watz, C.; Craineanu, F,;
et al. Host-Guest Complexation of Itraconazole with Cyclodextrins for Bioavailability Enhancement. Pharmaceutics 2024, 16, 560.
[CrossRef] [PubMed]

Yuliani, S.; Torley, PJ.; D’Arcy, B.; Nicholson, T.; Bhandari, B. Extrusion of mixtures of starch and d-limonene encapsulated with
B-cyclodextrin: Flavour retention and physical properties. Food Res. Int. 2006, 39, 318-331. [CrossRef]

Saokham, P.; Loftsson, T. y-Cyclodextrin. Int. ]. Pharm. 2017, 516, 278-292. [CrossRef] [PubMed]

Zhang, D.; Lv, P; Zhou, C.; Zhao, Y.; Liao, X.; Yang, B. Cyclodextrin-based delivery systems for cancer treatment. Mater. Sci. Eng.
C 2019, 96, 872-886. [CrossRef]

Karthic, A; Roy, A.; Lakkakula, J.; Alghamdi, S.; Shakoori, A.; Babalghith, A.O.; Emran, T.B.; Sharma, R.; Lima, CM.G.; Kim, B,;
et al. Cyclodextrin nanoparticles for diagnosis and potential cancer therapy: A systematic review. Front. Cell Dev. Biol. 2022,
10, 984311. [CrossRef] [PubMed]

Qin, ].J.; Li, R.Q.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F; Yamada, T.; et al. A
human gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, U59-U70. [CrossRef]

https:/ /doi.org/10.3390/molecules31142415


https://www.ncbi.nlm.nih.gov/books/NBK555956/
https://doi.org/10.1016/j.metabol.2015.10.019
https://www.ncbi.nlm.nih.gov/pubmed/26683798
https://www.ncbi.nlm.nih.gov/pubmed/32685263
https://doi.org/10.1016/j.cell.2021.02.012
https://www.ncbi.nlm.nih.gov/pubmed/33675692
https://doi.org/10.3390/nu12102983
https://www.ncbi.nlm.nih.gov/pubmed/33003472
https://doi.org/10.1146/annurev-nutr-121415-112624
https://www.ncbi.nlm.nih.gov/pubmed/27431364
https://www.ncbi.nlm.nih.gov/pubmed/32175717
https://diabetesatlas.org/
https://doi.org/10.1136/bmj-2023-078523
https://www.ncbi.nlm.nih.gov/pubmed/38925788
https://www.ncbi.nlm.nih.gov/pubmed/34707258
https://doi.org/10.3390/nu10030365
https://www.ncbi.nlm.nih.gov/pubmed/29562591
https://doi.org/10.1016/j.jaci.2020.08.013
https://www.ncbi.nlm.nih.gov/pubmed/32841652
https://doi.org/10.2903/j.efsa.2016.4628
https://www.ncbi.nlm.nih.gov/pubmed/42006029
http://etwprlegs1.fao.org/docs/pdf/eur172242.pdf
https://inchem.org/documents/jecfa/jecmono/v44jec05.htm
https://inchem.org/documents/jecfa/jecmono/v44jec05.htm
https://inchem.org/documents/jecfa/jecmono/v042je11.htm
https://inchem.org/documents/jecfa/jecmono/v042je11.htm
https://doi.org/10.1080/10408398.2013.809513
https://www.ncbi.nlm.nih.gov/pubmed/25764389
https://doi.org/10.3390/pharmaceutics16040560
https://www.ncbi.nlm.nih.gov/pubmed/38675221
https://doi.org/10.1016/j.foodres.2005.08.005
https://doi.org/10.1016/j.ijpharm.2016.10.062
https://www.ncbi.nlm.nih.gov/pubmed/27989822
https://doi.org/10.1016/j.msec.2018.11.031
https://doi.org/10.3389/fcell.2022.984311
https://www.ncbi.nlm.nih.gov/pubmed/36158215
https://doi.org/10.1038/nature08821
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 21 of 30

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Ursell, L.K,; Clemente, ].C.; Rideout, ].R.; Gevers, D.; Caporaso, ].G.; Knight, R. The interpersonal and intrapersonal diversity of
human-associated microbiota in key body sites. J. Allergy Clin. Immun. 2012, 129, 1204-1208. [CrossRef] [PubMed]

Thursby, E.; Juge, N. Introduction to the human gut microbiota. Biochem. |. 2017, 474, 1823-1836. [CrossRef] [PubMed]
Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What is the healthy gut
microbiota composition? A changing ecosystem across age, environment, diet, and diseases. Microorganisms 2019, 7, 14.
[CrossRef] [PubMed]

Maynard, C.L.; Elson, C.O.; Hatton, R.D.; Weaver, C.T. Reciprocal interactions of the intestinal microbiota and immune system.
Nature 2012, 489, 231-241. [CrossRef] [PubMed]

Yang, J.P.; Yang, H.; Li, Y.N. The triple interactions between gut microbiota, mycobiota and host immunity. Crit. Rev. Food Sci.
2022, 66, 11604-11624. [CrossRef]

Pant, A.; Maiti, TK.; Mahajan, D.; Das, B. Human Gut Microbiota and Drug Metabolism. Microb. Ecol. 2023, 86, 97-111. [PubMed]
Kolodnitsky, A.S.; Ionov, N.S.; Rudik, A.V,; Filimonov, D.A.; Poroikov, V.V. HGMMX: Host Gut Microbiota Metabolism Xenobiotics
Database. J. Chem. Inf. Model. 2023, 63, 6463-6468. [CrossRef] [PubMed]

Liu, Y;; Chen, Y.; Gao, X,; Fu, J.; Hu, L. Application of cyclodextrin in food industry. Crit. Rev. Food Sci. Nutr. 2022, 62, 2627-2640.
[PubMed]

Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, ]. H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; FitzGerald, M.G.;
Fulton, R.S.; et al. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207-214. [CrossRef]
Arumugam, M.; Raes, ].; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R;; Tap, J.; Bruls, T.; Batto, ].M.; et al.
Enterotypes of the human gut microbiome. Nature 2011, 473, 174-180. [CrossRef] [PubMed]

Kunst, C.; Schmid, S.; Michalski, M.; Tiimen, D.; Buttenschon, J.; Miiller, M.; Giilow, K. The Influence of Gut Microbiota on
Oxidative Stress and the Immune System. Biomedicines 2023, 11, 1388. [CrossRef] [PubMed]

Ballard, ].W.O.; Towarnicki, S.G. Mitochondria, the gut microbiome and ROS. Cell Signal. 2020, 75, 109737. [CrossRef] [PubMed]
Li, L.; Peng, P; Ding, N.; Jia, W.; Huang, C.; Tang, Y. Oxidative stress, inflammation, gut dysbiosis: What can polyphenols do in
inflammatory bowel disease? Antioxidants 2023, 12, 967. [CrossRef] [PubMed]

Singh, V.; Ahlawat, S.; Mohan, H.; Gill, S.S.; Sharma, K.K. Balancing reactive oxygen species generation by rebooting gut
microbiota. J. Appl. Microbiol. 2022, 132, 4112-4129. [CrossRef] [PubMed]

Sun, Y;; Wang, X; Li, L.; Zhong, C.; Zhang, Y.; Yang, X.; Li, M.; Yang, C. The role of gut microbiota in intestinal disease: From an
oxidative stress perspective. Front. Microbiol. 2024, 15, 1328324. [CrossRef] [PubMed]

Van Buiten, C.B.; Seitz, V.A.; Metcalf, ].L.; Raskin, I. Dietary Polyphenols Support Akkermansia muciniphila Growth via Mediation
of the Gastrointestinal Redox Environment. Antioxidants 2024, 13, 304. [CrossRef] [PubMed]

van der Post, S.; Birchenough, G.M.; Held, ]. M. NOX1-dependent redox signaling potentiates colonic stem cell proliferation to
adapt to the intestinal microbiota by linking EGFR and TLR activation. Cell Rep. 2021, 35, 108949. [CrossRef] [PubMed]
Scientific Advisory Committee on Nutrition. Carbohydrates and Health; Public Health England: London, UK, 2015; ISBN 9780117082847 .
Flint, H.].; Scott, K.P,; Louis, P.; Duncan, S.H. The role of the gut microbiota in nutrition and health. Nat. Rev. Gastroenterol. Hepatol.
2012, 9, 577-589. [CrossRef] [PubMed]

Macfarlane, S.; Macfarlane, G.T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 2003, 62, 67-72. [CrossRef]
[PubMed]

Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Backhed, F. From dietary fiber to host physiology: Short-chain fatty acids as key
bacterial metabolites. Cell 2016, 165, 1332-1345. [CrossRef] [PubMed]

Liu, S.; Li, E;; Sun, Z; Fu, D.; Duan, G; Jiang, M.; Yu, Y.; Mei, L.; Yang, P.; Tang, Y.; et al. Altered gut microbiota and short-chain
fatty acids in Chinese children with autism spectrum disorder. Sci. Rep. 2019, 9, 287. [CrossRef] [PubMed]

Flint, H.J. Gut microbial metabolites in health and disease. Gut Microbes 2016, 7, 187-188. [CrossRef] [PubMed]

Harris, H.C.; Morrison, D.J.; Edwards, C.A. Impact of the source of fermentable carbohydrate on SCFA production by human
gut microbiota in vitro—A systematic scoping review and secondary analysis. Crit. Rev. Food Sci. Nutr. 2021, 61, 3892-3903.
[PubMed]

Wong, ] M.W.,; de Souza, R.; Kendall, CW.C.; Emam, A.; Jenkins, D.J.A. Colonic health: Fermentation and short chain fatty acids.
J. Clin. Gastroenterol. 2006, 40, 235-243. [CrossRef] [PubMed]

Silva, Y.P,; Bernardi, A.; Frozza, R.L. The role of short-chain fatty acids from gut microbiota in gut-brain communication. Front.
Endocrinol. 2020, 11, 25. [CrossRef] [PubMed]

Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The role of short-chain fatty acids in microbiota—gut—brain communication.
Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 461-478. [CrossRef] [PubMed]

Canfora, E.E.; Jocken, ].W.; Blaak, E.E. Short-chain fatty acids in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol.
2015, 11, 577-591. [CrossRef] [PubMed]

Correa-Oliveira, R.; Fachi, ].L.; Vieira, A.; Sato, ET.; Vinolo, M.A. Regulation of immune cell function by short-chain fatty acids.
Clin. Transl. Immunol. 2016, 5, €73. [CrossRef]

https:/ /doi.org/10.3390/molecules31142415


https://doi.org/10.1016/j.jaci.2012.03.010
https://www.ncbi.nlm.nih.gov/pubmed/22541361
https://doi.org/10.1042/bcj20160510
https://www.ncbi.nlm.nih.gov/pubmed/28512250
https://doi.org/10.3390/microorganisms7010014
https://www.ncbi.nlm.nih.gov/pubmed/30634578
https://doi.org/10.1038/nature11551
https://www.ncbi.nlm.nih.gov/pubmed/22972296
https://doi.org/10.1080/10408398.2022.2094888
https://www.ncbi.nlm.nih.gov/pubmed/35869999
https://doi.org/10.1021/acs.jcim.3c00837
https://www.ncbi.nlm.nih.gov/pubmed/37871298
https://www.ncbi.nlm.nih.gov/pubmed/33320702
https://doi.org/10.1038/nature11234
https://doi.org/10.1038/nature09944
https://www.ncbi.nlm.nih.gov/pubmed/21508958
https://doi.org/10.3390/biomedicines11051388
https://www.ncbi.nlm.nih.gov/pubmed/37239059
https://doi.org/10.1016/j.cellsig.2020.109737
https://www.ncbi.nlm.nih.gov/pubmed/32810578
https://doi.org/10.3390/antiox12040967
https://www.ncbi.nlm.nih.gov/pubmed/38136205
https://doi.org/10.1111/jam.15504
https://www.ncbi.nlm.nih.gov/pubmed/35199405
https://doi.org/10.3389/fmicb.2024.1328324
https://www.ncbi.nlm.nih.gov/pubmed/39845056
https://doi.org/10.3390/antiox13030304
https://www.ncbi.nlm.nih.gov/pubmed/38539838
https://doi.org/10.1016/j.celrep.2021.108949
https://www.ncbi.nlm.nih.gov/pubmed/33826887
https://doi.org/10.1038/nrgastro.2012.156
https://www.ncbi.nlm.nih.gov/pubmed/22945443
https://doi.org/10.1079/pns2002207
https://www.ncbi.nlm.nih.gov/pubmed/12740060
https://doi.org/10.1016/j.cell.2016.05.041
https://www.ncbi.nlm.nih.gov/pubmed/27259147
https://doi.org/10.1038/s41598-018-36430-z
https://www.ncbi.nlm.nih.gov/pubmed/30670726
https://doi.org/10.1080/19490976.2016.1182295
https://www.ncbi.nlm.nih.gov/pubmed/27115177
https://www.ncbi.nlm.nih.gov/pubmed/32865002
https://doi.org/10.1097/00004836-200603000-00015
https://www.ncbi.nlm.nih.gov/pubmed/16633129
https://doi.org/10.3389/fendo.2020.00025
https://www.ncbi.nlm.nih.gov/pubmed/32082260
https://doi.org/10.1038/s41575-019-0157-3
https://www.ncbi.nlm.nih.gov/pubmed/31123355
https://doi.org/10.1038/nrendo.2015.128
https://www.ncbi.nlm.nih.gov/pubmed/26260141
https://doi.org/10.1038/cti.2016.17
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 22 of 30

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Donohoe, D.R.; Garge, N.; Zhang, X.; Sun, W.; O’Connell, T.M.; Bunger, M.K,; Bultman, S.J. The microbiome and butyrate regulate
energy metabolism and autophagy in the mammalian colon. Cell Metab. 2011, 13, 517-526. [CrossRef] [PubMed]

Morrison, D.J.; Preston, T. Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism. Gut
Microbes 2016, 7, 189-200. [CrossRef] [PubMed]

Chambers, E.S.; Preston, T.; Frost, G.; Morrison, D.]. Role of gut microbiota-generated short-chain fatty acids in metabolic and
cardiovascular health. Curr. Nutr. Rep. 2018, 7, 198-206. [CrossRef]

Hamer, H.M.; Jonkers, D.; Venema, K.; Vanhoutvin, S.; Troost, FJ.; Brummer, R.J. Review article: The role of butyrate on colonic
function. Aliment. Pharmacol. Ther. 2008, 27, 104-119. [PubMed]

den Besten, G.; van Eunen, K.; Groen, A K.; Venema, K.; Reijngoud, D.J.; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325-2340. [CrossRef] [PubMed]

De Vadder, E; Kovatcheva-Datchary, P.; Goncalves, D.; Vinera, J.; Zitoun, C.; Duchampt, A.; Backhed, F.; Mithieux, G. Microbiota-
generated metabolites promote metabolic benefits via gut-brain neural circuits. Cell 2014, 156, 84-96. [CrossRef] [PubMed]
Puchowicz, M.A.; Bederman, I.R.; Comte, B.; Yang, D.; David, F; Stone, E.; Jabbour, K.; Wasserman, D.H.; Brunengraber,
H. Zonation of acetate labeling across the liver: Implications for studies of lipogenesis by MIDA. Am. |. Physiol. 1999, 277,
E1022-E1027. [CrossRef] [PubMed]

Cummings, ].H.; Pomare, E.W.; Branch, W.J.; Naylor, C.P.; Macfarlane, G.T. Short chain fatty acids in human large intestine, portal,
hepatic and venous blood. Gut 1987, 28, 1221-1227. [CrossRef] [PubMed]

Hijova, E.; Chmelarova, A. Short chain fatty acids and colonic health. Bratisl. Lek. Listy 2007, 108, 354-358. [PubMed]

He, J.; Zhang, P; Shen, L.; Niu, L.; Tan, Y.; Chen, L.; Zhao, Y.; Bai, L.; Hao, X,; Li, X; et al. Short-chain fatty acids and their
association with signalling pathways in inflammation, glucose and lipid metabolism. Int. J. Mol. Sci. 2020, 21, 6356. [CrossRef]
[PubMed]

Ohira, H.; Tsutsui, W.; Fujioka, Y. Are short chain fatty acids in gut microbiota defensive players for inflammation and atheroscle-
rosis? J. Atheroscler. Thromb. 2017, 24, 660-672. [CrossRef]

Canals, M.; Poole, D.P,; Veldhuis, N.A.; Schmidt, B.L.; Bunnett, N.W. G-protein-coupled receptors are dynamic regulators of
digestion and targets for digestive diseases. Gastroenterology 2019, 156, 1600-1616. [CrossRef] [PubMed]

Suchy, T.; Zieschang, C.; Popkova, Y.; Kaczmarek, I.; Weiner, J.; Liebing, A.D.; Cakir, M.V.; Landgraf, K.; Gericke, M.; Pospisilik,
J.A; et al. The repertoire of adhesion G protein-coupled receptors in adipocytes and their functional relevance. Int. ]. Obes. 2020,
44,2124-2136. [CrossRef]

Brown, A.].; Goldsworthy, S.M.; Barnes, A.A.; Eilert, M.M.; Tcheang, L.; Daniels, D.; Muir, A.L; Wigglesworth, M.].; Kinghorn, IL;
Fraser, N.J.; et al. The orphan G protein-coupled receptors GPR41 and GPR43 are activated by propionate and other short chain
carboxylic acids. J. Biol. Chem. 2003, 278, 11312-11319. [CrossRef] [PubMed]

Dragano, N.R.V,; Ferno, J.; Dieguez, C.; Lopez, M.; Milbank, E. Recent updates on obesity treatments: Available drugs and future
directions. Neuroscience 2020, 437, 215-239. [CrossRef] [PubMed]

Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera, S.F,;
et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: A systematic
analysis for the global burden of disease study 2013. Lancet 2014, 384, 766-781. [CrossRef] [PubMed]

Bliither, M. Obesity: Global epidemiology and pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288-298. [CrossRef] [PubMed]
Nimptsch, K.; Konigorski, S.; Pischon, T. Diagnosis of obesity and use of obesity biomarkers in science and clinical medicine.
Metabolism 2019, 92, 61-70. [CrossRef] [PubMed]

Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Grosse, Y.; Bianchini, F.; Straif, K. Body fatness and cancer—Viewpoint of the IARC
working group. N. Engl. J. Med. 2016, 375, 794-798. [CrossRef]

Pischon, T.; Nothlings, U.; Boeing, H. Obesity and cancer. Proc. Nutr. Soc. 2008, 67, 128-145. [CrossRef] [PubMed]

Lemieux, I.; Després, ].-P. Metabolic syndrome: Past, present and future. Nutrients 2020, 12, 3501. [CrossRef] [PubMed]

Bapat, S.P.; Whitty, C.; Mowery, C.T.; Liang, Y.; Yoo, A.; Jiang, Z.; Peters, M.C.; Zhang, L.-].; Vogel, I.; Zhou, C.; et al. Obesity alters
pathology and treatment response in inflammatory disease. Nature 2022, 604, 337-342. [CrossRef] [PubMed]

Aleksandrova, K.; Egea Rodrigues, C.; Floegel, A.; Ahrens, W. Omics biomarkers in obesity: Novel etiological insights and targets
for precision prevention. Curr. Obes. Rep. 2020, 9, 219-230. [CrossRef] [PubMed]

Petrakis, D.; Margina, D.; Tsarouhas, K.; Tekos, F,; Stan, M.; Nikitovic, D.; Kouretas, D.; Spandidos, D.A.; Tsatsakis, A. Obesity—A
risk factor for increased COVID-19 prevalence, severity and lethality (Review). Mol. Med. Rep. 2020, 22, 9-19. [CrossRef]
[PubMed]

Morais, A.H.A.; Passos, T.S.; de Lima Vale, S.H.; da Silva Maia, ] K.; Maciel, B.L.L. Obesity and the increased risk for COVID-19:
Mechanisms and nutritional management. Nutr. Res. Rev. 2021, 34, 209-221. [CrossRef] [PubMed]

Izcovich, A.; Ragusa, M.A.; Tortosa, F.; Lavena Marzio, M.A.; Agnoletti, C.; Bengolea, A.; Ceirano, A.; Espinosa, F; Saavedra, E.;
Sanguine, V.; et al. Prognostic factors for severity and mortality in patients infected with COVID-19: A systematic review. PLoS
ONE 2020, 15, €0241955. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142415


https://doi.org/10.1016/j.cmet.2011.02.018
https://www.ncbi.nlm.nih.gov/pubmed/21531334
https://doi.org/10.1080/19490976.2015.1134082
https://www.ncbi.nlm.nih.gov/pubmed/26963409
https://doi.org/10.1007/s13668-018-0248-8
https://www.ncbi.nlm.nih.gov/pubmed/17973645
https://doi.org/10.1194/jlr.r036012
https://www.ncbi.nlm.nih.gov/pubmed/23821742
https://doi.org/10.1016/j.cell.2013.12.016
https://www.ncbi.nlm.nih.gov/pubmed/24412651
https://doi.org/10.1152/ajpendo.1999.277.6.e1022
https://www.ncbi.nlm.nih.gov/pubmed/10600790
https://doi.org/10.1136/gut.28.10.1221
https://www.ncbi.nlm.nih.gov/pubmed/3678950
https://www.ncbi.nlm.nih.gov/pubmed/18203540
https://doi.org/10.3390/ijms21176356
https://www.ncbi.nlm.nih.gov/pubmed/32887215
https://doi.org/10.5551/jat.rv17006
https://doi.org/10.1053/j.gastro.2019.01.266
https://www.ncbi.nlm.nih.gov/pubmed/30771352
https://doi.org/10.1038/s41366-020-0570-2
https://doi.org/10.1074/jbc.m211609200
https://www.ncbi.nlm.nih.gov/pubmed/12496283
https://doi.org/10.1016/j.neuroscience.2020.04.034
https://www.ncbi.nlm.nih.gov/pubmed/32360593
https://doi.org/10.1016/s0140-6736(14)60460-8
https://www.ncbi.nlm.nih.gov/pubmed/24880830
https://doi.org/10.1038/s41574-019-0176-8
https://www.ncbi.nlm.nih.gov/pubmed/30814686
https://doi.org/10.1016/j.metabol.2018.12.006
https://www.ncbi.nlm.nih.gov/pubmed/30586573
https://doi.org/10.1056/nejmsr1606602
https://doi.org/10.1017/s0029665108006976
https://www.ncbi.nlm.nih.gov/pubmed/18412987
https://doi.org/10.3390/nu12113501
https://www.ncbi.nlm.nih.gov/pubmed/33202550
https://doi.org/10.1038/s41586-022-04536-0
https://www.ncbi.nlm.nih.gov/pubmed/35355021
https://doi.org/10.1007/s13679-020-00393-y
https://www.ncbi.nlm.nih.gov/pubmed/32594318
https://doi.org/10.3892/mmr.2020.11127
https://www.ncbi.nlm.nih.gov/pubmed/32377709
https://doi.org/10.7748/nop.2021.e1368
https://www.ncbi.nlm.nih.gov/pubmed/33183383
https://doi.org/10.1371/journal.pone.0241955
https://www.ncbi.nlm.nih.gov/pubmed/33201896
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 23 of 30

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Gammone, M.A.; D'Orazio, N. COVID-19 and obesity: Overlapping of two pandemics. Obes. Facts 2021, 14, 579-585. [CrossRef]
[PubMed]

Gadde, K.M.; Martin, C.K,; Berthoud, H.-R.; Heymsfield, S.B. Obesity: Pathophysiology and management. J. Am. Coll. Cardiol.
2018, 71, 69-84. [CrossRef] [PubMed]

Haas, B.; Schlinkert, P.; Mayer, P; Eckstein, N. Targeting adipose tissue. Diabetol. Metab. Syndr. 2012, 4, 43-54. [CrossRef]

Belaj, K.J.; Eller, P. The fate of fat. Gerontology 2012, 58, 120-125. [CrossRef] [PubMed]

Ibrahim, M.M. Subcutaneous and visceral adipose tissue: Structural and functional differences. Obes. Rev. 2010, 11, 11-18.
[CrossRef] [PubMed]

Gaspar, R.C; Pauli, J.R.; Shulman, G.I.; Mufioz, V.R. An update on brown adipose tissue biology: A discussion of recent findings.
Am. J. Physiol. Endocrinol. Metab. 2021, 320, E488-E495. [CrossRef]

Reyes-Farias, M.; Fos-Domenech, J.; Serra, D.; Herrero, L.; Sanchez-Infantes, D. White adipose tissue dysfunction in obesity and
aging. Biochem. Pharmacol. 2021, 192, 114723. [CrossRef] [PubMed]

Becher, T.; Palanisamy, S.; Kramer, D.J.; Eljalby, M.; Marx, S.J.; Wibmer, A.G.; Butler, S.D,; Jiang, C.S.; Vaughan, R.; Schéder, H.;
et al. Brown adipose tissue is associated with cardiometabolic health. Nat. Med. 2021, 27, 58-65. [CrossRef] [PubMed]

Coenen, A K,; Gruen, M.L.; Chait, A.; Hasty, A.H. Diet-induced increases in adiposity, but not plasma lipids, promote macrophage
infiltration into white adipose tissue. Diabetes 2007, 56, 564-573. [CrossRef] [PubMed]

Reilly, S.M.; Saltiel, A.R. Adapting to obesity with adipose tissue inflammation. Nat. Rev. Endocrinol. 2017, 13, 633-643. [CrossRef]
[PubMed]

Guzik, TJ.; Skiba, D.S.; Touyz, R.M.; Harrison, D.G. The role of infiltrating immune cells in dysfunctional adipose tissue.
Cardiovasc. Res. 2017, 113, 1009-1023. [CrossRef] [PubMed]

Kawai, T.; Autieri, M.V,; Scalia, R. Adipose tissue inflammation and metabolic dysfunction in obesity. Am. |. Physiol. Cell Physiol.
2021, 320, C375-C391. [CrossRef] [PubMed]

Hermano, E.; Goldberg, R.; Rubinstein, A.M.; Sonnenblick, A.; Maly, B.; Nahmias, D.; Li, J.-P.; Bakker, M.A.; van der Vlag,
J.; Vlodavsky, I; et al. Heparanase accelerates obesity-associated breast cancer progression. Cancer Res. 2019, 79, 5342-5354.
[CrossRef] [PubMed]

Galic, S.; Oakhill, J.S.; Steinberg, G.R. Adipose tissue as an endocrine organ. Mol. Cell Endocrinol. 2010, 316, 129-139. [CrossRef]
[PubMed]

Liu, X.Z.; Pedersen, L.; Halberg, N. Cellular mechanisms linking cancers to obesity. Cell Stress 2021, 5, 55-72. [CrossRef] [PubMed]
Habanjar, O.; Diab-Assaf, M.; Caldefie-Chezet, F.; Delort, L. The impact of obesity, adipose tissue, and tumor microenvironment
on macrophage polarization and metastasis. Biology 2022, 11, 339. [CrossRef] [PubMed]

Backhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.E; Gordon, J.I. The gut microbiota as an
environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718-15723. [CrossRef] [PubMed]
Turnbaugh, PJ.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027-1031. [CrossRef]

Béckhed, F.; Manchester, ].K.; Semenkovich, C.F.; Gordon, J.I. Mechanisms underlying the resistance to diet-induced obesity in
germ-free mice. Proc. Natl. Acad. Sci. USA 2007, 104, 979-984. [CrossRef] [PubMed]

Turnbaugh, PJ.; Backhed, F,; Fulton, L.; Gordon, ].I. Diet-Induced Obesity Is Linked to Marked but Reversible Alterations in the
Mouse Distal Gut Microbiome. Cell Host Microbe 2008, 3, 213-223. [CrossRef] [PubMed]

Ley, R.E.; Backhed, F; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl.
Acad. Sci. USA 2005, 102, 11070-11075. [CrossRef] [PubMed]

Bjorneklett, A.; Viddal, K.O.; Midtvedt, T.; Nygaard, K. Intestinal and gastric bypass. Changes in intestinal microecology after
surgical treatment of morbid obesity in man. Scand. J. Gastroenterol. 1981, 16, 681-687. [CrossRef]

Ley, R.E.; Turnbaugh, PJ.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes associated with obesity. Nature 2006, 444,
1022-1023. [CrossRef] [PubMed]

Turnbaugh, PJ.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit,
J.P; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 480-484. [CrossRef] [PubMed]

Arora, T.; Backhed, F. The gut microbiota and metabolic disease: Current understanding and future perspectives. J. Intern. Med.
2016, 280, 339-349. [CrossRef] [PubMed]

Wu, H.; Tremaroli, V.; Backhed, F. Linking Microbiota to Human Diseases: A Systems Biology Perspective. Trends Endocrinol.
Metab. 2015, 26, 758-770. [CrossRef]

de Vos, WM.; Tilg, H.; Van Hul, M.; Cani, P.D. Gut microbiome and health: Mechanistic insights. Gut 2022, 71, 1020-1032.
[CrossRef]

Duranti, S.; Ferrario, C.; van Sinderen, D.; Ventura, M.; Turroni, F. Obesity and microbiota: An example of an intricate relationship.
Genes Nutr. 2017, 12, 18. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142415


https://doi.org/10.1159/000518386
https://www.ncbi.nlm.nih.gov/pubmed/34569546
https://doi.org/10.1016/j.jacc.2017.11.011
https://www.ncbi.nlm.nih.gov/pubmed/29301630
https://doi.org/10.1186/1758-5996-4-43
https://doi.org/10.1159/000334658
https://www.ncbi.nlm.nih.gov/pubmed/22178789
https://doi.org/10.12785/jeps/110211
https://www.ncbi.nlm.nih.gov/pubmed/19656312
https://doi.org/10.1152/ajpendo.00310.2020
https://doi.org/10.1016/j.bcp.2021.114723
https://www.ncbi.nlm.nih.gov/pubmed/34364887
https://doi.org/10.1038/s41591-020-1126-7
https://www.ncbi.nlm.nih.gov/pubmed/33398160
https://doi.org/10.2337/db06-1375
https://www.ncbi.nlm.nih.gov/pubmed/17327423
https://doi.org/10.1038/nrendo.2017.90
https://www.ncbi.nlm.nih.gov/pubmed/28799554
https://doi.org/10.1093/cvr/cvx108
https://www.ncbi.nlm.nih.gov/pubmed/28838042
https://doi.org/10.1152/ajpcell.00379.2020
https://www.ncbi.nlm.nih.gov/pubmed/33356944
https://doi.org/10.1158/0008-5472.can-18-4058
https://www.ncbi.nlm.nih.gov/pubmed/31481501
https://doi.org/10.1016/j.mce.2009.08.018
https://www.ncbi.nlm.nih.gov/pubmed/19723556
https://doi.org/10.15698/cst2021.05.248
https://www.ncbi.nlm.nih.gov/pubmed/33987528
https://doi.org/10.3390/biology11020339
https://www.ncbi.nlm.nih.gov/pubmed/35205204
https://doi.org/10.1073/pnas.0407076101
https://www.ncbi.nlm.nih.gov/pubmed/15505215
https://doi.org/10.1038/nature05414
https://doi.org/10.1073/pnas.0605374104
https://www.ncbi.nlm.nih.gov/pubmed/17210919
https://doi.org/10.1016/j.chom.2008.02.015
https://www.ncbi.nlm.nih.gov/pubmed/18407065
https://doi.org/10.1073/pnas.0504978102
https://www.ncbi.nlm.nih.gov/pubmed/16033867
https://doi.org/10.3109/00365528109182030
https://doi.org/10.1038/4441022a
https://www.ncbi.nlm.nih.gov/pubmed/17183309
https://doi.org/10.3410/f.1157610.617807
https://www.ncbi.nlm.nih.gov/pubmed/19043404
https://doi.org/10.1111/joim.12508
https://www.ncbi.nlm.nih.gov/pubmed/27071815
https://doi.org/10.1016/j.tem.2015.09.011
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1186/s12263-017-0566-2
https://www.ncbi.nlm.nih.gov/pubmed/28638490
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 24 of 30

128.

129.

130.
131.

132.
133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.

Cani, P.D.; Delzenne, N.M.; Amar, J.; Burcelin, R. Role of gut microflora in the development of obesity and insulin resistance
following high-fat diet feeding. Pathol. Biol. 2008, 56, 305-309. [CrossRef] [PubMed]

Cani, PD.; Delzenne, N.M. Gut microflora as a target for energy and metabolic homeostasis. Curr. Opin. Clin. Nutr. Metab. Care
2007, 10, 729-734. [CrossRef] [PubMed]

Delzenne, N.M.; Cani, P.D. Gut microflora is a key player in host energy homeostasis. Med. Sci. 2008, 24, 505-510.

Scott, K.P; Gratz, S.W.; Sheridan, P.O.; Flint, H.].; Duncan, S.H. The influence of diet on the gut microbiota. Pharmacol. Res. 2013,
69, 52-60. [CrossRef] [PubMed]

Delzenne, N.M.; Rodriguez, J. Nutrition and Microbiome. Handb. Exp. Pharmacol. 2022, 274, 57-73. [CrossRef] [PubMed]
Walters, W.A; Xu, Z.; Knight, R. Meta-analyses of human gut microbes associated with obesity and IBD. FEBS Lett. 2014, 588,
4223-4233. [CrossRef] [PubMed]

Sze, M.A.; Schloss, P.D. Looking for a Signal in the Noise: Revisiting Obesity and the Microbiome. mBio 2016, 7, e01018-16.
[CrossRef] [PubMed]

Schwiertz, A.; Taras, D.; Schifer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in lean and overweight
healthy subjects. Obesity 2010, 18, 190-195. [CrossRef] [PubMed]

Duncan, S.H.; Lobley, G.E.; Holtrop, G.; Ince, J.; Johnstone, A.M.; Louis, P; Flint, H.]. Human colonic microbiota associated with
diet, obesity and weight loss. Int. ]. Obes. 2008, 32, 1720-1724. [CrossRef]

Rabot, S.; Membrez, M.; Bruneau, A.; Gérard, P.; Harach, T.; Moser, M.; Raymond, F.; Mansourian, R.; Chou, C.J. Germ-free
C57BL/6] mice are resistant to high-fat-diet-induced insulin resistance and have altered cholesterol metabolism. FASEB |. 2010,
24,4948-4959. [CrossRef] [PubMed]

Yi, C.X.; Tschép, M.H. Brain-gut-adipose-tissue communication pathways at a glance. Dis. Model Mech. 2012, 5, 583-587.
[CrossRef] [PubMed]

Cani, PD.; Possemiers, S.; Van de Wiele, T.; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.; Neyrinck, A.; Lambert, D.M.;
et al. Changes in gut microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven improvement
of gut permeability. Gut 2009, 58, 1091-1103. [CrossRef] [PubMed]

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

Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492-506.
[CrossRef] [PubMed]

Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in gut microbiota control
metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 2008, 57, 1470-1481.
[CrossRef] [PubMed]

Cunningham, A.L.; Stephens, ].W.; Harris, D.A. Intestinal microbiota and their metabolic contribution to type 2 diabetes and
obesity. J. Diabetes Metab. Disord. 2021, 20, 1855-1870. [CrossRef] [PubMed]

Peterson, C.T.; Perez Santiago, J.; Iablokov, S.N.; Chopra, D.; Rodionov, D.A.; Peterson, S.N. Short-Chain Fatty Acids Modulate
Healthy Gut Microbiota Composition and Functional Potential. Curr. Microbiol. 2022, 79, 128. [CrossRef] [PubMed]

Byrne, C.S.; Chambers, E.S.; Morrison, D.J.; Frost, G. The role of short chain fatty acids in appetite regulation and energy
homeostasis. Int. . Obes. 2015, 39, 1331-1338. [CrossRef]

Blaut, M. Gut microbiota and energy balance: Role in obesity. Proc. Nutr. Soc. 2015, 74, 227-234. [PubMed]

Hu, J.; Lin, S.; Zheng, B.; Cheung, P.C.K. Short-chain fatty acids in control of energy metabolism. Crit. Rev. Food Sci. Nutr. 2018, 58,
1243-1249. [PubMed]

Gao, Z,; Yin, J.; Zhang, J.; Ward, R.E.; Martin, R.J.; Lefevre, M.; Cefalu, W.T.; Ye, J. Butyrate improves insulin sensitivity and
increases energy expenditure in mice. Diabetes 2009, 58, 1509-1517. [CrossRef] [PubMed]

Canfora, E.E.; Blaak, E.E. Acetate: A diet-derived key metabolite in energy metabolism: Good or bad in context of obesity and
glucose homeostasis? Curr. Opin. Clin. Nutr. Metab. Care 2017, 20, 477-483. [CrossRef] [PubMed]

Zhang, L.; Liu, C,; Jiang, Q.; Yin, Y. Butyrate in Energy Metabolism: There Is Still More to Learn. Trends Endocrinol. Metab. 2021,
32, 159-169. [CrossRef] [PubMed]

Chambers, E.S.; Byrne, C.S.; Aspey, K.; Chen, Y.; Khan, S.; Morrison, D.J.; Frost, G. Acute oral sodium propionate supplementation
raises resting energy expenditure and lipid oxidation in fasted humans. Diabetes Obes. Metab. 2018, 20, 1034-1039. [PubMed]
Borgeraas, H.; Johnson, L.K,; Skattebu, J.; Hertel, ].K.; Hjelmesaeth, J. Effects of probiotics on body weight, body mass index, fat
mass and fat percentage in subjects with overweight or obesity: A systematic review and meta-analysis of randomized controlled
trials. Obes. Rev. 2018, 19, 219-232. [PubMed]

Barczyriska, R.; Litwin, M.; Slizewska, K.; Szalecki, M.; Berdowska, A.; Bandurska, K.; Libudzisz, Z.; Kapusniak, ]. Bacterial
Microbiota and Fatty Acids in the Faeces of Overweight and Obese Children. Pol. J. Microbiol. 2018, 67, 339-345. [CrossRef]
[PubMed]

https://doi.org/10.3390/molecules31142415


https://doi.org/10.1016/j.patbio.2007.09.008
https://www.ncbi.nlm.nih.gov/pubmed/18178333
https://doi.org/10.1097/mco.0b013e3282efdebb
https://www.ncbi.nlm.nih.gov/pubmed/18089955
https://doi.org/10.1016/j.phrs.2012.10.020
https://www.ncbi.nlm.nih.gov/pubmed/23147033
https://doi.org/10.1007/164_2022_588
https://www.ncbi.nlm.nih.gov/pubmed/35434750
https://doi.org/10.1016/j.febslet.2014.09.039
https://www.ncbi.nlm.nih.gov/pubmed/25307765
https://doi.org/10.1128/mbio.01018-16
https://www.ncbi.nlm.nih.gov/pubmed/27555308
https://doi.org/10.1038/oby.2009.167
https://www.ncbi.nlm.nih.gov/pubmed/19498350
https://doi.org/10.1038/ijo.2008.155
https://doi.org/10.1096/fj.10.164921
https://www.ncbi.nlm.nih.gov/pubmed/20724524
https://doi.org/10.1242/dmm.009902
https://www.ncbi.nlm.nih.gov/pubmed/22915019
https://doi.org/10.1136/gut.2008.165886
https://www.ncbi.nlm.nih.gov/pubmed/19240062
https://doi.org/10.2337/db06-1491
https://www.ncbi.nlm.nih.gov/pubmed/17456850
https://doi.org/10.1038/s41422-020-0332-7
https://www.ncbi.nlm.nih.gov/pubmed/32433595
https://doi.org/10.2337/db07-1403
https://www.ncbi.nlm.nih.gov/pubmed/18305141
https://doi.org/10.1007/s40200-021-00858-4
https://www.ncbi.nlm.nih.gov/pubmed/34900829
https://doi.org/10.1007/s00284-022-02825-5
https://www.ncbi.nlm.nih.gov/pubmed/35287182
https://doi.org/10.1038/ijo.2015.84
https://www.ncbi.nlm.nih.gov/pubmed/25518735
https://www.ncbi.nlm.nih.gov/pubmed/27786539
https://doi.org/10.2337/db08-1637
https://www.ncbi.nlm.nih.gov/pubmed/19366864
https://doi.org/10.1097/mco.0000000000000408
https://www.ncbi.nlm.nih.gov/pubmed/28795972
https://doi.org/10.1016/j.tem.2020.12.003
https://www.ncbi.nlm.nih.gov/pubmed/33461886
https://www.ncbi.nlm.nih.gov/pubmed/29134744
https://www.ncbi.nlm.nih.gov/pubmed/29047207
https://doi.org/10.21307/pjm-2018-041
https://www.ncbi.nlm.nih.gov/pubmed/30451451
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 25 of 30

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.
167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Riva, A.; Borgo, F; Lassandro, C.; Verduci, E.; Morace, G.; Borghi, E.; Berry, D. Pediatric obesity is associated with an altered gut
microbiota and discordant shifts in Firmicutes populations. Environ. Microbiol. 2017, 19, 95-105. [PubMed]

Fernandes, J.; Su, W.; Rahat-Rozenbloom, S.; Wolever, T.M.; Comelli, E.M. Adiposity, gut microbiota and faecal short chain fatty
acids are linked in adult humans. Nutr. Diabetes 2014, 4, e121. [CrossRef] [PubMed]

Rahat-Rozenbloom, S.; Fernandes, J.; Gloor, G.B.; Wolever, T.M. Evidence for greater production of colonic short-chain fatty acids
in overweight than lean humans. Int. J. Obes. 2014, 38, 1525-1531. [CrossRef]

Rios-Covian, D.; Gonzélez, S.; Nogacka, A.M.; Arboleya, S.; Salazar, N.; Gueimonde, M.; de Los Reyes-Gavilan, C.G. An Overview
on Fecal Branched Short-Chain Fatty Acids Along Human Life and as Related with Body Mass Index: Associated Dietary and
Anthropometric Factors. Front. Microbiol. 2020, 11, 973. [CrossRef] [PubMed]

Kim, K.N.; Yao, Y.; Ju, S.Y. Short Chain Fatty Acids and Fecal Microbiota Abundance in Humans with Obesity: A Systematic
Review and Meta-Analysis. Nutrients 2019, 11, 2512. [CrossRef] [PubMed]

Wang, Y.; Wang, H.; Howard, A.G.; Meyer, K.A.; Tsilimigras, M.C.B.; Avery, C.L.; Sha, W.; Sun, S.; Zhang, J.; Su, C.; et al.
Circulating Short-Chain Fatty Acids Are Positively Associated with Adiposity Measures in Chinese Adults. Nutrients 2020,
12,2127. [CrossRef] [PubMed]

Yin, X.Q.; An, Y.X;; Yu, C.G; Ke, J.; Zhao, D.; Yu, K. The Association Between Fecal Short-Chain Fatty Acids, Gut Microbiota, and
Visceral Fat in Monozygotic Twin Pairs. Diabetes Metab. Syndr. Obes. 2022, 15, 359-368. [CrossRef] [PubMed]

Miranda, V.P.N.; Dos Santos Amorim, P.R.; Bastos, R.R.; de Faria, E.R.; de Castro Moreira, M.E.; do Carmo Castro Franceschini,
S.; do Carmo Gouveia Peluzio, M.; de Luces Fortes Ferreira, C.L.; Priore, S.E. Abundance of Gut Microbiota, Concentration of
Short-Chain Fatty Acids, and Inflammatory Markers Associated with Elevated Body Fat, Overweight, and Obesity in Female
Adolescents. Mediat. Inflamm. 2019, 2019, 7346863. [CrossRef]

Murugesan, S.; Ulloa-Martinez, M.; Martinez-Rojano, H.; Galvan-Rodriguez, EM.; Miranda-Brito, C.; Romano, M.C.; Pifia-
Escobedo, A.; Pizano-Zarate, M.L.; Hoyo-Vadillo, C.; Garcia-Mena, J. Study of the diversity and short-chain fatty acids production
by the bacterial community in overweight and obese Mexican children. Eur. J. Clin. Microbiol. Infect. Dis. 2015, 34, 1337-1346.
[CrossRef] [PubMed]

Ozougwu, J.C.; Obimba, K.C.; Belonwu, C.D.; Unakalamba, C.B. The pathogenesis and pathophysiology of type 1 and type 2
diabetes mellitus. J. Physiol. Pathophysiol. 2013, 4, 46-57. [CrossRef]

Chen, L.; Magliano, D.J.; Zimmet, P.Z. The worldwide epidemiology of type 2 diabetes mellitus—Present and future perspectives.
Nat. Rev. Endocrinol. 2012, 8, 228-236.

Guariguata, L.; Whiting, D.R.; Hambleton, I.; Beagley, J.; Linnenkamp, U.; Shaw, J.E. Global estimates of diabetes prevalence for
2013 and projections for 2035. Diabetes Res. Clin. Pract. 2014, 103, 137-149. [CrossRef] [PubMed]

Hu, EB. Globalization of diabetes: Role of diet, lifestyle and genes. Diabetes Care 2011, 34, 1249-1257. [CrossRef] [PubMed]
D’Alessio, D. The role of dysregulated glucagon secretion in type 2 diabetes. Diabetes Obes. Metab. 2011, 13, 126-132. [CrossRef]
[PubMed]

Lin, Y.; Sun, Z. Current views on type 2 diabetes. J. Endocrinol. 2010, 204, 1. [PubMed]

Okon, E.B.; Chung, AW.Y.,; Zhang, H.; Laher, I.; van Breemen, C. Hyperglycemia and hyperlipidemia are associated with
endothelial dysfunction during the development of type 2 diabetes. Can. . Physiol. Pharmacol. 2007, 85, 562-567. [CrossRef]
[PubMed]

Voet, D.; Voet, ]. Biochemistry, 4th ed.; Wiley & Sons: New York, NY, USA, 2011.

Golay, A.; Ybarra, J. Link between obesity and type 2 diabetes. Best Pract. Res. Clin. Endocrinol. Metab. 2005, 19, 649-663.
[CrossRef] [PubMed]

Nguyen, D.M.; El-Serag, H.B. The epidemiology of obesity. Gastroenterol. Clin. N. Am. 2010, 39, 1-7. [CrossRef]

Whitmore, C. Type 2 diabetes and obesity in adults. Br. J. Nurs. 2010, 19, 880-886. [CrossRef] [PubMed]

Zhou, X,; Ji, L.; Ran, X.; Su, B.; Ji, Q.; Pan, C.; Weng, J.; Ma, C.; Hao, C.; Zhang, D.; et al. Prevalence of obesity and its
influence on achievement of cardiometabolic therapeutic goals in Chinese type 2 diabetes patients: An analysis of the nationwide,
cross-sectional 3B study. PLoS ONE 2016, 11, e0144179. [CrossRef] [PubMed]

Mathews, A E.W.; Mathews, C.E. Inherited (3-cell dysfunction in lean individuals with type 2 diabetes. Diabetes 2012, 61, 1659-1660.
[CrossRef] [PubMed]

Ali, O. Genetics of type 2 diabetes. World ]. Diabetes 2013, 4, 114-123. [CrossRef] [PubMed]

Prasad, R.B.; Groop, L. Genetics of type 2 diabetes—Pitfalls and possibilities. Genes 2015, 6, 87-123. [CrossRef] [PubMed]
Faerch, K.H.A.; Solomon, T.P. Heterogeneity of pre-diabetes and type 2 diabetes: Implications for prediction, prevention and
treatment responsiveness. Curr. Diabetes Rev. 2016, 12, 30-41. [CrossRef] [PubMed]

Karalliedde, J.; Gnudi, L. Diabetes mellitus, a complex and heterogeneous disease, and the role of insulin resistance as a
determinant of diabetic kidney disease. Nephrol. Dial. Transplant. 2016, 31, 206-213. [PubMed]

Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813-820. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142415


https://www.ncbi.nlm.nih.gov/pubmed/27450202
https://doi.org/10.1038/nutd.2014.23
https://www.ncbi.nlm.nih.gov/pubmed/24979150
https://doi.org/10.1038/ijo.2014.46
https://doi.org/10.3389/fmicb.2020.00973
https://www.ncbi.nlm.nih.gov/pubmed/32547507
https://doi.org/10.3390/nu11102512
https://www.ncbi.nlm.nih.gov/pubmed/31817748
https://doi.org/10.3390/nu12072127
https://www.ncbi.nlm.nih.gov/pubmed/32708978
https://doi.org/10.2147/dmso.s338113
https://www.ncbi.nlm.nih.gov/pubmed/35153497
https://doi.org/10.1155/2019/7346863
https://doi.org/10.1007/s10096-015-2355-4
https://www.ncbi.nlm.nih.gov/pubmed/25761741
https://doi.org/10.5897/jpap2013.0001
https://doi.org/10.1016/j.diabres.2013.11.002
https://www.ncbi.nlm.nih.gov/pubmed/24630390
https://doi.org/10.2337/dc11-0442
https://www.ncbi.nlm.nih.gov/pubmed/21617109
https://doi.org/10.1111/j.1463-1326.2011.01449.x
https://www.ncbi.nlm.nih.gov/pubmed/21824266
https://www.ncbi.nlm.nih.gov/pubmed/19770178
https://doi.org/10.1139/y07-026
https://www.ncbi.nlm.nih.gov/pubmed/17632592
https://doi.org/10.1016/j.beem.2005.07.010
https://www.ncbi.nlm.nih.gov/pubmed/16311223
https://doi.org/10.1016/j.gtc.2009.12.014
https://doi.org/10.12968/bjon.2010.19.14.49041
https://www.ncbi.nlm.nih.gov/pubmed/20647979
https://doi.org/10.1371/journal.pone.0144179
https://www.ncbi.nlm.nih.gov/pubmed/28033335
https://doi.org/10.2337/db12-0373
https://www.ncbi.nlm.nih.gov/pubmed/22723272
https://doi.org/10.4239/wjd.v4.i4.114
https://www.ncbi.nlm.nih.gov/pubmed/23961321
https://doi.org/10.3390/genes6010087
https://www.ncbi.nlm.nih.gov/pubmed/25774817
https://doi.org/10.2174/1573399811666150416122903
https://www.ncbi.nlm.nih.gov/pubmed/25877695
https://www.ncbi.nlm.nih.gov/pubmed/25550448
https://doi.org/10.1038/414813a
https://www.ncbi.nlm.nih.gov/pubmed/11742414
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 26 of 30

181.

182.

183.

184.

185.

186.
187.

188.

189.

190.
191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Holman, N.; Young, R.J.; Jeffcoate, W.]. Variation in the recorded incidence of amputation of the lower limb in England. Diabetologia
2012, 55, 1919-1925. [CrossRef] [PubMed]

Akter, K.; Lanza, E.A.; Martin, S.A.; Myronyuk, N.; Rua, M.; Raffa, R.B. Diabetes mellitus and Alzheimer’s disease: Shared
pathology and treatment? Br. |. Clin. Pharmacol. 2011, 71, 365-376. [CrossRef] [PubMed]

Hu, G;; Jousilahti, P; Bidel, S.; Antikainen, R.; Tuomilehto, J. Type 2 diabetes and the risk of Parkinson’s disease. Diabetes Care
2007, 30, 842-847. [CrossRef] [PubMed]

Ali, M.K; Narayan, V.; Tandon, N. Diabetes & coronary heart disease: Current perspectives. Indian J. Med. Res. 2010, 132, 584-597.
[CrossRef] [PubMed]

Leal, J.; Gray, A.M.; Clarke, P.M. Development of life-expectancy tables for people with type 2 diabetes. Eur. Heart J. 2009, 30,
834-839. [PubMed]

Mazzola, N. Review of current and emerging therapies in type 2 diabetes mellitus. Am. J. Manag. Care 2012, 18, 17-26.

Olokoba, A.B.; Obateru, O.A.; Olokoba, L.B. Type 2 diabetes mellitus: A review of current trends. Oman Med. |. 2012, 27, 269-273.
[CrossRef] [PubMed]

Amiel, S.A.; Dixon, T.; Mann, R.; Jameson, K. Hypoglycaemia in type 2 diabetes. Diabet. Med. 2008, 25, 245-254. [CrossRef]
[PubMed]

Fonseca, V.A. Defining and characterizing the progression of type 2 diabetes. Diabetes Care 2009, 32, S151-5156. [CrossRef]
[PubMed]

Leibowitz, G.; Kaiser, N.; Cerasi, E. 3-cell failure in type 2 diabetes. |. Diabetes Investig. 2011, 2, 82-91. [CrossRef] [PubMed]
Khatib, O. Noncommunicable diseases: Risk factors and regional strategies for prevention and care. East Mediterr. Health ]. 2004,
10, 778-788. [CrossRef] [PubMed]

Ludwig, D.S.; Peterson, K.E.; Gortmaker, S.L. Relation between consumption of sugar-sweetened drinks and childhood obesity:
A prospective, observational analysis. Lancet 2001, 357, 505-508. [CrossRef] [PubMed]

Peterson, D.B.; Lambert, J.; Gerring, S.; Darling, P.; Carter, R.D.; Jelfs, R.; Mann, J.I. Sucrose in the diet of diabetic patients—Just
another carbohydrate? Diabetologia 1986, 29, 216-220. [CrossRef] [PubMed]

Lundgren, H.; Bengtsson, C.; Blohmé, G.; Isaksson, B.; Lapidus, L.; Lenner, R.A.; Saaek, A.; Winther, E. Dietary habits and
incidence of noninsulin-dependent diabetes mellitus in a population study of women in Gothenburg, Sweden. Am. J. Clin. Nutr.
1989, 49, 708-712. [CrossRef] [PubMed]

Marshall, J.A.; Hamman, R.E; Baxter, ]. High-fat, low-carbohydrate diet and the etiology of non-insulin-dependent diabetes
mellitus: The San Luis Valley Diabetes Study. Am. ]. Epidemiol. 1991, 134, 590-603. [CrossRef] [PubMed]

Colditz, G.A.; Manson, J.E.; Stampfer, M.].; Rosner, B.; Willett, W.C.; Speizer, F.E. Diet and risk of clinical diabetes in women. Am.
J. Clin. Nutr. 1992, 55, 1018-1023. [CrossRef] [PubMed]

Nseir, W.; Nassar, F.; Assy, N. Soft drinks consumption and nonalcoholic fatty liver disease. World J. Gastroenterol. 2010, 16,
2579-2588. [CrossRef] [PubMed]

Assy, N.; Nasser, G.; Kamayse, I.; Nseir, W.; Beniashvili, Z.; Djibre, A.; Grosovski, M. Soft drink consumption linked with fatty
liver in the absence of traditional risk factors. Can. J. Gastroenterol. 2008, 22, 811-816. [CrossRef] [PubMed]

Amin, T.T;; Al-Sultan, A.L; Ali, A. Overweight and obesity and their association with dietary habits, and sociodemographic
characteristics among male primary school children in Al-Hassa, Kingdom of Saudi Arabia. Indian J. Community Med. 2008, 33,
172-181. [CrossRef] [PubMed]

Panagiotakos, D.B.; Tzima, N.; Pitsavos, C.; Chrysohoou, C.; Papakonstantinou, E.; Zampelas, A.; Stefanadis, C. The relationship
between dietary habits, blood glucose and insulin levels among people without cardiovascular disease and Type 2 diabetes; the
ATTICA study. Rev. Diabet. Stud. 2005, 2, 208-215. [CrossRef] [PubMed]

Villegas, R.; Shu, X.O.; Gao, Y.T.; Yang, G.; Elasy, T.; Li, H.; Zheng, W. Vegetable but not fruit consumption reduces the risk of
Type 2 diabetes in Chinese women. . Nutr. 2008, 138, 574-580. [CrossRef] [PubMed]

Nanri, A.; Mizoue, T.; Noda, M.; Takahashi, Y.; Kato, M.; Inoue, M.; Tsugane, S. Rice intake and Type 2 diabetes in Japanese men
and women: The Japan public health center-based prospective study. Am. J. Clin. Nutr. 2010, 92, 1468-1477. [CrossRef] [PubMed]
Tang, C.; Ahmed, K; Gille, A.; Lu, S.; Grone, H.-J.; Tunaru, S.; Offermanns, S. Loss of FFA2 and FFA3 increases insulin secretion
and improves glucose tolerance in type 2 diabetes. Nat. Med. 2015, 21, 173-177. [CrossRef] [PubMed]

Kim, C.H. Microbiota or short-chain fatty acids: Which regulates diabetes? Cell. Mol. Immunol. 2018, 15, 88-91. [CrossRef]
[PubMed]

Marifio, E.; Richards, J.L.; McLeod, K.H.; Stanley, D.; Yap, Y.A.; Knight, J.; McKenzie, C.; Kranich, ].; Oliveira, A.C.; Rossello, EJ;
et al. Gut microbial metabolites limit the frequency of autoimmune T cells and protect against type 1 diabetes. Nat. Immunol.
2017, 18, 552-562. Erratum in Nat. Immunol. 2017, 18, 1271-1272. [CrossRef] [PubMed]

Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T.;
et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504, 446—450.
[CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142415


https://doi.org/10.1007/s00125-012-2468-6
https://www.ncbi.nlm.nih.gov/pubmed/22398645
https://doi.org/10.1111/j.1365-2125.2010.03830.x
https://www.ncbi.nlm.nih.gov/pubmed/21284695
https://doi.org/10.2337/dc06-2011
https://www.ncbi.nlm.nih.gov/pubmed/17251276
https://doi.org/10.4103/ijmr.2010_132_05_584
https://www.ncbi.nlm.nih.gov/pubmed/21150011
https://www.ncbi.nlm.nih.gov/pubmed/19109355
https://doi.org/10.5001/omj.2012.68
https://www.ncbi.nlm.nih.gov/pubmed/23071876
https://doi.org/10.1111/j.1464-5491.2007.02341.x
https://www.ncbi.nlm.nih.gov/pubmed/18215172
https://doi.org/10.2337/dc09-s301
https://www.ncbi.nlm.nih.gov/pubmed/19875543
https://doi.org/10.1111/j.2040-1124.2010.00094.x
https://www.ncbi.nlm.nih.gov/pubmed/24843466
https://doi.org/10.26719/2004.10.6.778
https://www.ncbi.nlm.nih.gov/pubmed/16335764
https://doi.org/10.1016/s0140-6736(00)04041-1
https://www.ncbi.nlm.nih.gov/pubmed/11229668
https://doi.org/10.1007/BF00454878
https://www.ncbi.nlm.nih.gov/pubmed/3710013
https://doi.org/10.1093/ajcn/49.4.708
https://www.ncbi.nlm.nih.gov/pubmed/2929491
https://doi.org/10.1093/oxfordjournals.aje.a116132
https://www.ncbi.nlm.nih.gov/pubmed/1951264
https://doi.org/10.1093/ajcn/55.5.1018
https://www.ncbi.nlm.nih.gov/pubmed/1315120
https://doi.org/10.3748/wjg.v16.i21.2579
https://www.ncbi.nlm.nih.gov/pubmed/20518077
https://doi.org/10.1155/2008/810961
https://www.ncbi.nlm.nih.gov/pubmed/18925303
https://doi.org/10.4103/0970-0218.42058
https://www.ncbi.nlm.nih.gov/pubmed/19876479
https://doi.org/10.1900/RDS.2005.2.208
https://www.ncbi.nlm.nih.gov/pubmed/17491696
https://doi.org/10.1093/jn/138.3.574
https://www.ncbi.nlm.nih.gov/pubmed/18287369
https://doi.org/10.3945/ajcn.2010.29512
https://www.ncbi.nlm.nih.gov/pubmed/20980490
https://doi.org/10.1038/nm.3779
https://www.ncbi.nlm.nih.gov/pubmed/25581519
https://doi.org/10.1038/cmi.2017.57
https://www.ncbi.nlm.nih.gov/pubmed/28713163
https://doi.org/10.1038/ni.3713
https://www.ncbi.nlm.nih.gov/pubmed/28346408
https://doi.org/10.1038/nature12721
https://www.ncbi.nlm.nih.gov/pubmed/24226770
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 27 of 30

207.

208.

209.

210.

211.

212.

213.
214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.
225.

226.

227.

228.

229.

230.

231.

232.

233.

Zaky, A.; Glastras, S.J.; Wong, M.Y.W.; Pollock, C.A.; Saad, S. The role of the gut microbiome in diabetes and obesity-related
kidney disease. Int. J. Mol. Sci. 2021, 22, 9641. [CrossRef] [PubMed]

Remely, M.; Aumueller, E.; Merold, C.; Dworzak, S.; Hippe, B.; Zanner, ].; Pointner, A.; Brath, H.; Haslberger, A.G. Effects of
short chain fatty acid producing bacteria on epigenetic regulation of FFAR3 in type 2 diabetes and obesity. Gene 2014, 537, 85-92.
[CrossRef] [PubMed]

Chukir, T.; Shukla, A.P; Saunders, K.H.; Aronne, L.J. Pharmacotherapy for obesity in individuals with type 2 diabetes. Expert
Opin. Pharmacother. 2018, 19, 223-231. [CrossRef] [PubMed]

Magkos, E; Hjorth, M.E,; Astrup, A. Diet and exercise in the prevention and treatment of type 2 diabetes mellitus. Nat. Rev.
Endocrinol. 2020, 16, 545-555. [CrossRef] [PubMed]

Malone, J.I.; Hansen, B.C. Does obesity cause type 2 diabetes mellitus (T2DM)? Or is it the opposite? Pediatr. Diabetes 2019, 20, 5-9.
[PubMed]

Rohm, T.V.; Meier, D.T.; Olefsky, ].M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022, 55,
31-55. [CrossRef] [PubMed]

Boden, G. Effects of free fatty acids on gluconeogenesis and glycogenolysis. Life Sci. 2003, 72, 977-988. [CrossRef] [PubMed]
Capurso, C.; Capurso, A. From excess adiposity to insulin resistance: The role of free fatty acids. Vasc. Pharmacol. 2012, 57, 91-97.
[CrossRef]

Muris, D.M.; Houben, A.J.; Schram, M.T.; Stehouwer, C.D. Microvascular dysfunction: An emerging pathway in the pathogenesis
of obesity-related insulin resistance. Rev. Endocr. Metab. Disord. 2013, 14, 29-38. [CrossRef] [PubMed]

Martyn, J.A.; Kaneki, M.; Yasuhara, S. Obesity-induced insulin resistance and hyperglycemia: Etiologic factors and molecular
mechanisms. Anesthesiology 2008, 109, 137-148. [CrossRef] [PubMed]

Zand, H.; Morshedzadeh, N.; Naghashian, F. Signaling pathways linking inflammation to insulin resistance. Diabetes Metab.
Syndr. 2017, 11, S307-S309. [CrossRef] [PubMed]

Blither, M. Adipose tissue inflammation: A cause or consequence of obesity-related insulin resistance? Clin. Sci. 2016, 130,
1603-1614. [CrossRef]

Lauterbach, M.A.; Wunderlich, ET. Macrophage function in obesity-induced inflammation and insulin resistance. Pfliigers Arch.
2017, 469, 385-396. [CrossRef] [PubMed]

Miinzberg, H.; Flier, ].S.; Bjorbaek, C. Region-specific leptin resistance within the hypothalamus of diet-induced obese mice.
Endocrinology 2004, 145, 4880—4889. [PubMed]

El-Haschimi, K.; Pierroz, D.D.; Hileman, S.M.; Bjorbzek, C.; Flier, J.S. Two defects contribute to hypothalamic leptin resistance in
mice with diet-induced obesity. J. Clin. Investig. 2000, 105, 1827-1832. [CrossRef] [PubMed]

Mittendorfer, B.; Horowitz, ].E; DePaoli, A.M.; McCamish, M.A.; Patterson, B.W.; Klein, S. Recombinant human leptin treatment
does not improve insulin action in obese subjects with type 2 diabetes. Diabetes 2011, 60, 1474-1477. [CrossRef] [PubMed]
Konner, A.C.; Briining, J.C. Selective insulin and leptin resistance in metabolic disorders. Cell Metab. 2012, 16, 144-152. [CrossRef]
[PubMed]

Shintani, M.; Ogawa, Y.; Nakao, K. Insulin resistance, role of leptin and leptin receptor. Nihon Rinsho 2000, 58, 327-332. [PubMed]
Niswender, K.D.; Magnuson, M.A. Obesity and the beta cell: Lessons from leptin. J. Clin. Investig. 2007, 117, 2753-2756. [CrossRef]
[PubMed]

Morioka, T.; Asilmaz, E.; Hu, J.; Dishinger, J.F,; Kurpad, A.J; Elias, C.F; Li, H.; Elmquist, ].K.; Kennedy, R.T.; Kulkarni, R.N.
Disruption of leptin receptor expression in the pancreas directly affects beta cell growth and function in mice. J. Clin. Investig.
2007, 117, 2860-2868. [CrossRef] [PubMed]

Villasante Fricke, A.C.; Iacobellis, G. Epicardial adipose tissue: Clinical biomarker of cardio-metabolic risk. Int. J. Mol. Sci. 2019,
20, 5989. [CrossRef] [PubMed]

Liu, C; Feng, X,; Li, Q.; Wang, Y.; Li, Q.; Hua, M. Adiponectin, TNF-alpha and inflammatory cytokines and risk of type 2 diabetes:
A systematic review and meta-analysis. Cytokine 2016, 86, 100-109. [CrossRef] [PubMed]

Gurzov, E.N,; Stanley, W.J.; Pappas, E.G.; Thomas, H.E.; Gough, D.J. The JAK/STAT pathway in obesity and diabetes. FEBS ].
2016, 283, 3002-3015. [CrossRef] [PubMed]

Pinti, M.V,; Fink, G.K.; Hathaway, Q.A.; Durr, A.J.; Kunovac, A.; Hollander, ].M. Mitochondrial dysfunction in type 2 diabetes
mellitus: An organ-based analysis. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E268-E285. [CrossRef] [PubMed]

Stumvoll, M.; Goldstein, B.J.; van Haeften, T.W. Type 2 diabetes: Principles of pathogenesis and therapy. Lancet 2005, 365,
1333-1346. [CrossRef] [PubMed]

Harmon, J.S.; Gleason, C.E.; Tanaka, Y.; Oseid, E.A.; Hunter-Berger, K.K.; Robertson, R.P. In vivo prevention of hyperglycemia
also prevents glucotoxic effects on PDX-1 and insulin gene expression. Diabetes 1999, 48, 1995-2000. [CrossRef] [PubMed]
Larsen, N.; Vogensen, FK.; van den Berg, FW.; Nielsen, D.S.; Andreasen, A.S.; Pedersen, B.K.; Al-Soud, W.A; Serensen, S.J.;
Hansen, L.H.; Jakobsen, M. Gut microbiota in human adults with type 2 diabetes differs from non-diabetic adults. PLoS ONE
2010, 5, €9085. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142415


https://doi.org/10.3390/ijms22179641
https://www.ncbi.nlm.nih.gov/pubmed/34502562
https://doi.org/10.1016/j.gene.2013.11.081
https://www.ncbi.nlm.nih.gov/pubmed/24325907
https://doi.org/10.1080/14656566.2018.1428558
https://www.ncbi.nlm.nih.gov/pubmed/29376439
https://doi.org/10.1038/s41574-020-0381-5
https://www.ncbi.nlm.nih.gov/pubmed/32690918
https://www.ncbi.nlm.nih.gov/pubmed/30311716
https://doi.org/10.1016/j.immuni.2021.12.013
https://www.ncbi.nlm.nih.gov/pubmed/35021057
https://doi.org/10.1016/s0024-3205(02)02350-0
https://www.ncbi.nlm.nih.gov/pubmed/12495777
https://doi.org/10.1016/j.vph.2012.05.003
https://doi.org/10.1007/s11154-012-9231-7
https://www.ncbi.nlm.nih.gov/pubmed/23299657
https://doi.org/10.1097/aln.0b013e3181799d45
https://www.ncbi.nlm.nih.gov/pubmed/18580184
https://doi.org/10.1016/j.dsx.2017.03.006
https://www.ncbi.nlm.nih.gov/pubmed/28365222
https://doi.org/10.1042/cs20160005
https://doi.org/10.1007/s00424-017-1955-5
https://www.ncbi.nlm.nih.gov/pubmed/28233125
https://www.ncbi.nlm.nih.gov/pubmed/15271881
https://doi.org/10.1172/jci9842
https://www.ncbi.nlm.nih.gov/pubmed/10862798
https://doi.org/10.2337/db10-1302
https://www.ncbi.nlm.nih.gov/pubmed/21411512
https://doi.org/10.1016/j.cmet.2012.07.004
https://www.ncbi.nlm.nih.gov/pubmed/22883229
https://www.ncbi.nlm.nih.gov/pubmed/10707553
https://doi.org/10.1172/jci33528
https://www.ncbi.nlm.nih.gov/pubmed/17909621
https://doi.org/10.1172/jci30910
https://www.ncbi.nlm.nih.gov/pubmed/17909627
https://doi.org/10.3390/ijms20235989
https://www.ncbi.nlm.nih.gov/pubmed/31795098
https://doi.org/10.1016/j.cyto.2016.06.028
https://www.ncbi.nlm.nih.gov/pubmed/27498215
https://doi.org/10.1111/febs.13709
https://www.ncbi.nlm.nih.gov/pubmed/26972840
https://doi.org/10.1152/ajpendo.00314.2018
https://www.ncbi.nlm.nih.gov/pubmed/30601700
https://doi.org/10.1016/s0140-6736(05)61032-x
https://www.ncbi.nlm.nih.gov/pubmed/15823385
https://doi.org/10.2337/diabetes.48.10.1995
https://www.ncbi.nlm.nih.gov/pubmed/10512364
https://doi.org/10.1371/journal.pone.0009085
https://www.ncbi.nlm.nih.gov/pubmed/21085711
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 28 of 30

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Qin, J; Li, Y,; Cai, Z,; Li, S.; Zhu, ].; Zhang, F,; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al. A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55-60. [CrossRef] [PubMed]

He, Y.; Wu, W,; Zheng, HM,; Li, P; McDonald, D.; Sheng, H.F.; Chen, M.X.; Chen, Z.H,; Ji, G.Y.; Zheng, Z.D.; et al. Regional
variation limits applications of healthy gut microbiome reference ranges and disease models. Nat. Med. 2018, 24, 1532-1535.
[CrossRef] [PubMed]

Karlsson, FH.; 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. [CrossRef] [PubMed]
Forslund, K.; Hildebrand, F.; Nielsen, T.; Falony, G.; Le Chatelier, E.; Sunagawa, S.; Prifti, E.; Vieira-Silva, S.; Gudmundsdottir,
V.; Krogh Pedersen, H.; et al. Disentangling type 2 diabetes and metformin treatment signatures in the human gut microbiota.
Nature 2015, 528, 262-266. [CrossRef] [PubMed]

Zhang, F.; Wang, M.; Yang, ].; Xu, Q.; Liang, C.; Chen, B.; Zhang, J.; Yang, Y.; Wang, H.; Shang, Y.; et al. Response of gut microbiota
in type 2 diabetes to hypoglycemic agents. Endocrine 2019, 66, 485-493. [CrossRef] [PubMed]

Sedighi, M.; Razavi, S.; Navab-Moghadam, F.; Khamseh, M.E.; Alaei-Shahmiri, F.; Mehrtash, A.; Amirmozafari, N. Comparison of
gut microbiota in adult patients with type 2 diabetes and healthy individuals. Microb. Pathog. 2017, 111, 362-369. [CrossRef]
[PubMed]

Komaroff, A.L. The microbiome and risk for obesity and diabetes. JAMA 2017, 317, 355-356. [CrossRef] [PubMed]

Zhao, L.; Lou, H.; Peng, Y.,; Chen, S.; Zhang, Y.; Li, X. Comprehensive relationships between gut microbiome and faecal
metabolome in individuals with type 2 diabetes and its complications. Endocrine 2019, 66, 526-537. [CrossRef] [PubMed]
Lambeth, S.M.; Carson, T.; Lowe, ].; Ramaraj, T.; Leff, ]JW.; Luo, L.; Bell, C.J.; Shah, V.O. Composition, diversity and abundance of
gut microbiome in prediabetes and type 2 diabetes. J. Diabetes Obes. 2015, 2, 1-7. [CrossRef] [PubMed]

Furet, J.P; Kong, L.C.; Tap, J.; Poitou, C.; Basdevant, A.; Bouillot, J.L.; Mariat, D.; Corthier, G.; Doré, J.; Henegar, C.; et al.
Differential adaptation of human gut microbiota to bariatric surgery-induced weight loss: Links with metabolic and low-grade
inflammation markers. Diabetes 2010, 59, 3049-3057. [CrossRef] [PubMed]

Wu, X.; Ma, C,; Han, L.; Nawaz, M.; Gao, F; Zhang, X.; Yu, P; Zhao, C.; Li, L.; Zhou, A_; et al. Molecular characterisation of the
faecal microbiota in patients with type II diabetes. Curr. Microbiol. 2010, 61, 69-78. [CrossRef] [PubMed]

Sato, J.; Kanazawa, A.; Ikeda, F.; Yoshihara, T.; Goto, H.; Abe, H.; Komiya, K.; Kawaguchi, M.; Shimizu, T.; Ogihara, T.; et al. Gut
dysbiosis and detection of “live gut bacteria” in blood of Japanese patients with type 2 diabetes. Diabetes Care 2014, 37, 2343-2350.
[CrossRef] [PubMed]

Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.R.; Delzenne, N.M. Selective increases
of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through a mechanism associated with
endotoxaemia. Diabetologia 2007, 50, 2374-2383. [CrossRef] [PubMed]

Amar, J.; Chabo, C.; Waget, A.; Klopp, P.; Vachoux, C.; Bermiidez-Humaran, L.G.; Smirnova, N.; Bergé, M.; Sulpice, T.; Lahtinen,
S.; et al. Intestinal mucosal adherence and translocation of commensal bacteria at the early onset of type 2 diabetes: Molecular
mechanisms and probiotic treatment. EMBO Mol. Med. 2011, 3, 559-572. [CrossRef] [PubMed]

O’Mahony, D.; Murphy, S.; Boileau, T.; Park, J.; O'BRien, F.; Groeger, D.; Konieczna, P.; Ziegler, M.; Scully, P.; Shanahan, F;
et al. Bifidobacterium animalis AHC7? protects against pathogen-induced NF-«B activation in vivo. BMC Immunol. 2010, 11, 63.
[PubMed]

de Goffau, M.C.; Luopajérvi, K.; Knip, M.; Ilonen, J.; Ruohtula, T.; Harkonen, T.; Orivuori, L.; Hakala, S.; Welling, G.W.; Harmsen,
H.J.; et al. Fecal microbiota composition differs between children with 3-cell autoimmunity and those without. Diabetes 2013, 62,
1238-1244. [CrossRef] [PubMed]

Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, ].; Maiter, D.; Delzenne,
N.M,; et al. Supplementation with Akkermansia muciniphila in overweight and obese human volunteers: A proof-of-concept
exploratory study. Nat. Med. 2019, 25, 1096-1103. [CrossRef] [PubMed]

Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne,
N.M,; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl.
Acad. Sci. USA 2013, 110, 9066-9071. [CrossRef] [PubMed]

Allin, K.H.; Tremaroli, V.; Caesar, R.; Jensen, B.A.; Damgaard, M.T.; Bahl, M.I; Licht, T.R.; Hansen, T.H.; Nielsen, T.; Dantoft, TM.;
et al. Aberrant intestinal microbiota in individuals with prediabetes. Diabetologia 2018, 61, 810-820. [CrossRef] [PubMed]

Jian, C.; Silvestre, M.P.,; Middleton, D.; Korpela, K ; Jalo, E.; Broderick, D.; de Vos, W.M.; Fogelholm, M.; Taylor, M.W.; Raben, A.;
et al. Gut microbiota predicts body fat change following a low-energy diet: A PREVIEW intervention study. Genome Med. 2022,
14, 54. [CrossRef] [PubMed]

Ren, M.; Zhang, H.; Qi, J.; Hu, A; Jiang, Q.; Hou, Y.; Feng, Q.; Ojo, O.; Wang, X. An almond-based low carbohydrate diet improves
depression and glycometabolism in patients with type 2 diabetes through modulating gut microbiota and GLP-1: A randomized
controlled trial. Nutrients 2020, 12, 3036. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142415


https://doi.org/10.1038/nature11450
https://www.ncbi.nlm.nih.gov/pubmed/23023125
https://doi.org/10.1038/s41591-018-0164-x
https://www.ncbi.nlm.nih.gov/pubmed/30150716
https://doi.org/10.1038/nature12198
https://www.ncbi.nlm.nih.gov/pubmed/23719380
https://doi.org/10.1038/nature15766
https://www.ncbi.nlm.nih.gov/pubmed/26633628
https://doi.org/10.1007/s12020-019-02041-5
https://www.ncbi.nlm.nih.gov/pubmed/31410749
https://doi.org/10.1016/j.micpath.2017.08.038
https://www.ncbi.nlm.nih.gov/pubmed/28912092
https://doi.org/10.1001/jama.2016.20099
https://www.ncbi.nlm.nih.gov/pubmed/28006047
https://doi.org/10.1007/s12020-019-02103-8
https://www.ncbi.nlm.nih.gov/pubmed/31591683
https://doi.org/10.15436/2376-0949.15.031
https://www.ncbi.nlm.nih.gov/pubmed/26756039
https://doi.org/10.2337/db10-0253
https://www.ncbi.nlm.nih.gov/pubmed/20876719
https://doi.org/10.1007/s00284-010-9582-9
https://www.ncbi.nlm.nih.gov/pubmed/20087741
https://doi.org/10.2337/dc13-2817
https://www.ncbi.nlm.nih.gov/pubmed/24824547
https://doi.org/10.1007/s00125-007-0791-0
https://www.ncbi.nlm.nih.gov/pubmed/17823788
https://doi.org/10.1002/emmm.201100159
https://www.ncbi.nlm.nih.gov/pubmed/21735552
https://www.ncbi.nlm.nih.gov/pubmed/21176205
https://doi.org/10.2337/db12-0526
https://www.ncbi.nlm.nih.gov/pubmed/23274889
https://doi.org/10.1038/s41591-019-0495-2
https://www.ncbi.nlm.nih.gov/pubmed/31263284
https://doi.org/10.1073/pnas.1219451110
https://www.ncbi.nlm.nih.gov/pubmed/23671105
https://doi.org/10.1007/s00125-018-4550-1
https://www.ncbi.nlm.nih.gov/pubmed/29379988
https://doi.org/10.1186/s13073-022-01053-7
https://www.ncbi.nlm.nih.gov/pubmed/35599315
https://doi.org/10.3390/nu12103036
https://www.ncbi.nlm.nih.gov/pubmed/33022991
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 29 of 30

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Candela, M.; Biagi, E.; Soverini, M.; Consolandi, C.; Quercia, S.; Severgnini, M.; Peano, C.; Turroni, S.; Rampelli, S.; Pozzilli, P;
et al. Modulation of gut microbiota dysbioses in type 2 diabetic patients by macrobiotic Ma-Pi 2 diet. Br. J. Nutr. 2016, 116, 80-93.
[CrossRef] [PubMed]

Ismael, S.; Silvestre, M.P.; Vasques, M.; Aradjo, ].R.; Morais, ].; Duarte, M.I;; Pestana, D.; Faria, A.; Pereira-Leal, ].B.; Vaz, J.; etal. A
pilot study on the metabolic impact of Mediterranean diet in type 2 diabetes: Is gut microbiota the key? Nutrients 2021, 13, 1228.
[CrossRef] [PubMed]

Deledda, A.; Palmas, V.; Heidrich, V.; Fosci, M.; Lombardo, M.; Cambarau, G.; Lai, A.; Melis, M.; Loi, E.; Loviselli, A.; et al.
Dynamics of gut microbiota and clinical variables after ketogenic and Mediterranean diets in drug-naive patients with type 2
diabetes mellitus and obesity. Metabolites 2022, 12, 1092. [CrossRef] [PubMed]

Zhao, L.; Zhang, F,; Ding, X.; Wu, G.; Lam, Y.Y.; Wang, X.; Fu, H,; Xue, X,; Lu, C.; Ma, J.; et al. Gut bacteria selectively promoted
by dietary fibers alleviate type 2 diabetes. Science 2018, 359, 1151-1156. [CrossRef] [PubMed]

Chen, L.; Liu, B.; Ren, L.; Du, H.; Fei, C.; Qian, C.; Li, B.; Zhang, R.; Liu, H.; Li, Z.; et al. High-fiber diet ameliorates gut microbiota,
serum metabolism and emotional mood in type 2 diabetes patients. Front. Cell Infect. Microbiol. 2023, 13, 1069954. [CrossRef]
[PubMed]

Medina-Vera, I.; Sanchez-Tapia, M.; Noriega-Lopez, L.; Granados-Portillo, O.; Guevara-Cruz, M.; Flores-Lépez, A.; Avila-Nava,
A.; Ferndndez, M.; Tovar, A.; Torres, N. A dietary intervention with functional foods reduces metabolic endotoxaemia and
attenuates biochemical abnormalities by modifying faecal microbiota in people with type 2 diabetes. Diabetes Metab. 2019, 45,
122-131. [CrossRef] [PubMed]

Karusheva, Y.; Koessler, T.; Strassburger, K.; Markgraf, D.; Mastrototaro, L.; Jelenik, T.; Simon, M.-C.; Pesta, D.; Zaharia, O.-P;
Bédis, K.; et al. Short-term dietary reduction of branched-chain amino acids reduces meal-induced insulin secretion and modifies
microbiome composition in type 2 diabetes: A randomized controlled crossover trial. Am. J. Clin. Nutr. 2019, 110, 1098-1107.
[CrossRef] [PubMed]

Meleshko, T.; Rukavchuk, R.; Levchuk, O.; Boyko, N. Personalized nutrition for microbiota correction and metabolism restore
in type 2 diabetes mellitus patients. In Advances in Microbiology, Infectious Diseases and Public Health; Donelli, G., Ed.; Springer
International Publishing: Cham, Switzerland, 2021.

Shoer, S.; Shilo, S.; Godneva, A.; Ben-Yacov, O.; Rein, M.; Wolf, B.C.; Lotan-Pompan, M.; Bar, N.; Weiss, E.I; Houri-Haddad, Y.;
et al. Impact of dietary interventions on pre-diabetic oral and gut microbiome, metabolites and cytokines. Nat. Commun. 2023,
14, 5384. [CrossRef] [PubMed]

Wupper, S.; Fischer, A.; Luersen, K.; Ipharraguerre, L.R.; Chikamoto, K.; Furune, T.; Ishida, Y.; Terao, K.; Rimbach, G. Effects of
dietary gamma-cyclodextrin on voluntary activity and muscle strength in mice. J. Physiol. Pharmacol. 2020, 71, 3. [CrossRef]
Stojanov, S.; Berlec, A.; Strukelj, B. The Influence of Probiotics on the Firmicutes/Bacteroidetes Ratio in the Treatment of Obesity
and Inflammatory Bowel Disease. Microorganisms 2020, 8, 1715. [CrossRef] [PubMed]

Ren, L.; Ma, X.-L.; Wang, H.-L,; Li, R.; Cui, ].-J; Yan, P-].; Wang, Y.-N.; Yu, X.-Y.; Du, P;; Yu, H.-Y;; et al. Prebiotic-like cyclodextrin
assisted silybin on NAFLD through restoring liver and gut homeostasis. ]. Control. Release 2022, 348, 825-840. [CrossRef]
[PubMed]

Guevara, M.A ; Bauer, L.L.; Garleb, K.A.; Fahey, G.C.; de Godoy, M.R.C. In Vitro Fermentation Characteristics, in Vivo Ileal and
Total Tract Nutrient Digestibilities, and Fecal Microbiota Responses of Dogs to «a-Cyclodextrin. J. Anim. Sci. 2016, 94, 2004-2013.
[CrossRef] [PubMed]

Varut, R.M.; Ciolofan, M.S.; Veronica, M.E.; Radivojevi¢, K.; Trasca, D.M.; Popescu, C.; Diaconu, O.; Singer, C.E. Cyclodextrins
as Modulators of Gut Microbiota: Pharmaceutical Applications and Impact on Intestinal Health. Pharmaceutics 2025, 17, 752.
[CrossRef] [PubMed]

Zhu, T,; Zhang, B.; Feng, Y.; Li, Z.; Tang, X.; Ban, X.; Kong, H.; Li, C. Beneficial Effects of Three Dietary Cyclodextrins on
Preventing Fat Accumulation and Remodeling Gut Microbiota in Mice Fed a High-Fat Diet. Foods 2022, 11, 1118. [CrossRef]
[PubMed]

Go “sciniak, A.; Rosiak, N.; Szymanowska, D.; Miklaszewski, A.; Cielecka-Piontek, J. Prebiotic Systems Containing Anthocyanin-
Rich Pomegranate Flower Extracts with Antioxidant and Antidiabetic Effects. Pharmaceutics 2024, 16, 526. [CrossRef] [PubMed]
Somogyi, G.; Posta, J.; Buris, L.; Varga, M. Cyclodextrin Complexes of Cholesterol—Their Potential Use in Reducing Dietary
Cholesterol Intake. Pharmazie 2006, 61, 154-156. [CrossRef] [PubMed]

Singhal, A.; Szente, L.; Hildreth, ].E.K.; Song, B. Hydroxypropyl-f- and y-Cyclodextrins Rescue Cholesterol Accumulation in
Niemann—Pick C1 Mutant Cells via Lysosome-Associated Membrane Protein 1. Cell Death Dis. 2018, 9, 1019. [CrossRef] [PubMed]
Naito, Y.; Ikuta, N.; Nakata, D.; Terao, K.; Matsumoto, K.; Kajiwara, N.; Okano, A.; Yasui, H.; Yoshikawa, Y. Antidiabetic Effect of
the a-Lipoic Acid y-Cyclodextrin Complex. J. Clin. Biochem. Nutr. 2014, 55, 97-102. [CrossRef] [PubMed]

Yoshikiyo, K.; Shimizu, H.; Nagato, E.G.; Ishizuka, S.; Yamamoto, T. Comparative Analysis of y-Cyclodextrin, Perilla Oil, and
Their Inclusion Complexes on Liver Injury and Dyslipidemia Associated with Elevated Gastrointestinal 12-Hydroxylated Bile
Acid Levels. Molecules 2025, 30, 281. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/molecules31142415


https://doi.org/10.1017/s0007114516001045
https://www.ncbi.nlm.nih.gov/pubmed/27151248
https://doi.org/10.3390/nu13041228
https://www.ncbi.nlm.nih.gov/pubmed/33917736
https://doi.org/10.3390/metabo12111092
https://www.ncbi.nlm.nih.gov/pubmed/36355175
https://doi.org/10.1126/science.aao5774
https://www.ncbi.nlm.nih.gov/pubmed/29590046
https://doi.org/10.3389/fcimb.2023.1069954
https://www.ncbi.nlm.nih.gov/pubmed/38173793
https://doi.org/10.1016/j.diabet.2018.09.004
https://www.ncbi.nlm.nih.gov/pubmed/30266575
https://doi.org/10.1093/ajcn/nqz191
https://www.ncbi.nlm.nih.gov/pubmed/31667519
https://doi.org/10.1038/s41467-023-41042-x
https://www.ncbi.nlm.nih.gov/pubmed/37666816
https://doi.org/10.26402/jpp.2020.3.08
https://doi.org/10.3390/microorganisms8111715
https://www.ncbi.nlm.nih.gov/pubmed/33139627
https://doi.org/10.1016/j.jconrel.2022.06.031
https://www.ncbi.nlm.nih.gov/pubmed/35752255
https://doi.org/10.2527/jas.2015-9925
https://www.ncbi.nlm.nih.gov/pubmed/27285698
https://doi.org/10.3390/pharmaceutics17060752
https://www.ncbi.nlm.nih.gov/pubmed/40574064
https://doi.org/10.3390/foods11081118
https://www.ncbi.nlm.nih.gov/pubmed/35454706
https://doi.org/10.3390/pharmaceutics16040526
https://www.ncbi.nlm.nih.gov/pubmed/38675187
https://doi.org/10.1111/j.1365-2125.2006.02627.x
https://www.ncbi.nlm.nih.gov/pubmed/16526565
https://doi.org/10.1038/s41419-018-1056-1
https://www.ncbi.nlm.nih.gov/pubmed/30282967
https://doi.org/10.3164/jcbn.14-56
https://www.ncbi.nlm.nih.gov/pubmed/25320456
https://doi.org/10.3390/molecules30020281
https://www.ncbi.nlm.nih.gov/pubmed/39860151
https://doi.org/10.3390/molecules31142415

Molecules 2026, 31,2415 30 of 30

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

Cho, Y.; Gutierrez, L.; Bordonaro, M.; Russo, D.; Anzelmi, F; Hooven, ]J.T.; Cerra, C.; Lazarova, D.L. Effects of Propolis and
v-Cyclodextrin on Intestinal Neoplasia in Normal Weight and Obese Mice. Cancer Med. 2016, 5, 2448-2458. [CrossRef] [PubMed]
Zhang, Y.; Liu, X.; Wang, J.; Li, H.; Chen, Y.; Zhao, W.; Xu, L. Study on the preparation of EGCG-y-cyclodextrin inclusion complex
and its drug—excipient combined therapeutic effects on the treatment of DSS-induced acute ulcerative colitis in mice. Int. . Pharm.
2023, 630, 122419. [CrossRef]

Wolf, B.; Chow, J.; Lai, C.-S. Method for Using Gamma Cyclodextrin to Control Blood Glucose and Insulin Secretion. U.S. Patent
WO2006004574, 12 January 2006.

Wang, M.; Yang, P.; Shen, W.; Liu, L. Investigation on the interaction between y-cyclodextrin and a-amylase. J. Incl. Phenom.
Macrocycl. Chem. 2019, 94, 39-48. [CrossRef]

Sybuia, M.E,; Guilhermetti, M.; Mangolim, C.S.; Bazotte, R.B.; Matioli, G. Impact of cyclodextrins on postprandial glycemia:
Evaluation in experimental animal model using the real-time continuous glucose monitoring system. |. Med. Food 2015, 18,
625-630. [CrossRef] [PubMed]

Asp, M.L.; Hertzler, S.R.; Chow, J.; Wolf, B.W. Gamma-cyclodextrin lowers postprandial glycemia and insulinemia without
carbohydrate malabsorption in healthy adults. . Am. Coll. Nutr. 2006, 25, 49-55. [CrossRef] [PubMed]

Spears, ].K.; Karr-Lilienthal, L.; Grieshop, C.M.; Flickinger, E.A.; Wolf, B.W.; Fahey, G.C. Pullulans and c-cyclodextrin affect
apparent digestibility and metabolism in healthy adult ileal cannulated dogs. J. Nutr. 2005, 135, 1946-1952. [CrossRef] [PubMed]
Lumbholdt, L.R.; Holm, R.; Jorgensen, E.B.; Larsen, K.L. In vitro investigations of a-amylase mediated hydrolysis of cyclodextrins
in the presence of ibuprofen, flurbiprofen, or benzo[a]pyrene. Carbohydr. Res. 2012, 362, 56—61. [CrossRef] [PubMed]

Harangi, J.; Béke, G.; Harangi, M.; Motyan, ]J.A. The digestible parent cyclodextrin. J. Incl. Phenom. Macrocycl. Chem. 2012, 73,
335-339.

Statnick, M.A.; Beavers, L.S.; Conner, L.J.; Corominola, H.; Johnson, D.; Hammond, C.D.; Rafaeloff-Phail, R.; Seng, T.; Suter, TM.;
Sluka, J.P.; et al. Decreased expression of apM-1 in omental and subcutaneous adipose tissue of humans with type 2 diabetes. Int.
J. Exp. Diabetes Res. 2000, 1, 81-88. [CrossRef] [PubMed]

Iwaki, M.; Matsuda, M.; Maeda, N.; Funahashi, T.; Matsuzawa, Y.; Makishima, M.; Shimomura, I. Induction of adiponectin, a
fat-derived antidiabetic and antiatherogenic factor, by nuclear receptors. Diabetes 2003, 52, 1655-1663. [CrossRef] [PubMed]
Cao, S.; Li, B.; Yi, X,; Chang, B.; Zhu, B.; Lian, Z.; Zhang, Z.; Zhao, G.; Liu, H.; Zhang, H. Effects of exercise on AMPK signaling
and downstream components to PI3K in rats with type 2 diabetes. PLoS ONE 2012, 7, €51709. [CrossRef] [PubMed]

Yamauchi, T.; Nio, Y.; Maki, T.; Kobayashi, M.; Takazawa, T.; Iwabu, M.; Okada-Iwabu, M.; Kawamoto, S.; Kubota, N.; Kubota, T.;
et al. Targeted disruption of AdipoR1 and AdipoR?2 causes abrogation of adiponectin binding and metabolic actions. Nat. Med.
2007, 13, 332-339. [CrossRef] [PubMed]

Kuo, Y.T,; Lin, TH.; Chen, W.L.; Lee, H.M. o-Lipoic acid induces adipose triglyceride lipase expression and decreases intracellular
lipid accumulation in HepG2 cells. Eur. J. Pharmacol. 2012, 692, 10-18. [CrossRef] [PubMed]

Uchida, N.; Suwa, M.; Urano, A.; Okada, T. Bioavailability of alpha-lipoic acid with y-cyclodextrin. New Food Ind. 2007, 49, 6-16.

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.

https:/ /doi.org/10.3390/molecules31142415


https://doi.org/10.1002/cam4.787
https://www.ncbi.nlm.nih.gov/pubmed/27265242
https://doi.org/10.1016/j.ijpharm.2022.122419
https://doi.org/10.1007/s10847-019-00913-x
https://doi.org/10.1089/jmf.2014.0051
https://www.ncbi.nlm.nih.gov/pubmed/25514381
https://doi.org/10.1080/07315724.2006.10719514
https://www.ncbi.nlm.nih.gov/pubmed/16522932
https://doi.org/10.1093/jn/135.8.1946
https://www.ncbi.nlm.nih.gov/pubmed/16046721
https://doi.org/10.1016/j.carres.2012.09.018
https://www.ncbi.nlm.nih.gov/pubmed/23085220
https://doi.org/10.1155/edr.2000.81
https://www.ncbi.nlm.nih.gov/pubmed/11469400
https://doi.org/10.2337/diabetes.52.7.1655
https://www.ncbi.nlm.nih.gov/pubmed/12829629
https://doi.org/10.1371/journal.pone.0051709
https://www.ncbi.nlm.nih.gov/pubmed/23300840
https://doi.org/10.1038/nm1557
https://www.ncbi.nlm.nih.gov/pubmed/17268472
https://doi.org/10.1016/j.ejphar.2012.07.028
https://www.ncbi.nlm.nih.gov/pubmed/22819708
https://doi.org/10.3390/molecules31142415

	Introduction 
	Metabolic Health, Gut Microbiota, and Major Metabolic Disorders 
	-CD on Gut Microbiota and SCFA 
	Indirect Effects of -Cyclodextrin on Lipid Homeostasis: Mechanistic Insights and Metabolic Implications 
	Effects of -CD on Glycemic Control and T2DM 

	Methods 
	Critical Appraisal of Current Evidence 
	Future Perspectives 
	Conclusions 
	References

