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Article history: Obesity and insulin resistance represent major global health challenges driven by complex interactions
Received 25 March 2026 between diet, host metabolism, and environmental factors. Beyond traditional calorie- and

Accepted 1 April 2026 macronutrient-centered models, growing evidence highlights the gut microbiota as a critical metabolic

interface linking dietary substrates to host metabolic regulation. In particular, metabolites produced by
Keywords: gut microorganisms including short-chain fatty acids, secondary bile acids, indole derivatives,
Gut microbiota branched-chain amino acid related metabolites, and trimethylamine N-oxide function as active nutri-
Microbial metabolites . . . . . . . . e .

Insulin resistance tional signals that influence glucose homeostasis, energy balance, inflammation, and insulin sensitivity
Obesity through defined receptor-mediated and intracellular signaling pathways. Dietary composition strongly
Short-chain fatty acids determines microbial metabolite production by shaping substrate availability and fermentation flux,
Bile acids thereby modulating host metabolic responses. This review summarizes the evidence across mecha-
nistic, translational, and human dietary intervention studies to outline how microbial metabolites
mediate the effects of dietary fibers, fat quality, protein sources, and bioactive food components on
obesity and insulin resistance. Key signaling pathways, including SCFA-GPCR signaling, bile acid-FXR/
TGR5 signaling, and indole-aryl hydrocarbon receptor interactions, are discussed in relation to meta-
bolic tissues such as the gut, liver, adipose tissue, and skeletal muscle. The review further highlights
inter-individual variability in metabolite responses, emerging metabolite signatures associated with
insulin resistance, and the therapeutic potential of nutrition-based strategies that target microbial
metabolic outputs rather than microbial composition alone. Collectively, focusing on microbiota-
derived metabolites enables a direct understanding of how diet influences host metabolic pathways,
supporting the development of targeted nutrition-based strategies for insulin resistance and obesity.

© 2026 Published by Elsevier Ltd on behalf of European Society for Clinical Nutrition and Metabolism.

1. Introduction According to WHO projections, 16% of adults were obese and 43%

of adults were overweight in 2022. The prevalence of obesity is

Obesity has grown to be a serious global public health issue rising in most countries, and childhood obesity and overweight

that affects both adults and children in all socioeconomic contexts. has also significantly increased [1,2]. The scope and persistence of

the disease are further shown by extensive worldwide evaluations

that show significant, long-term rising trends in obesity across
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progression, underscoring the necessity of comprehending modi-
fying metabolic drivers [4].

Body weight regulation is governed by intricate neuroendo-
crine mechanisms, energy partitioning, and environmental in-
fluences, rather than solely by conscious calorie control; therefore,
while traditional messaging may be useful, it remains biologically
incomplete when applied to real-world prevention and treatment.
While the mechanical origins of positive energy balance include
multiple biological mechanisms and individual-specific feedback
loops, current obesity science emphasizes that energy balance is a
physical principle [5]. Beyond the amount of calories consumed,
recent study data suggests that fermentable substrates and dietary
quality significantly influence host metabolic responses via
microbiota-dependent pathways [6,7]. Similar to this, explana-
tions that are solely macronutrient-centric (for example, concen-
trating only on the proportions of fat and carbohydrates) may
overlook important factors that influence metabolic responses,
such as food processing, the delivery of fiber and resistant starch to
the colon, and interactions between the diet and the host that
affect hormonal and metabolic physiology in addition to macro-
nutrient totals [8].

The gut microbiota is becoming more widely recognized as an
active “metabolic interface” that connects host physiology and
food. A causal, diet-dependent host-microbe interaction crucial to
energy balance and metabolic regulation is supported by
controlled-feeding human studies that show that modifying diets
to improve colonic substrate delivery can alter microbial fermen-
tation products and host enteroendocrine responses [8]. A more
mechanistic and translational perspective concentrates on what
microorganisms generate, whereas many early studies focused
primarily on microbial composition. Metabolites generated from
the microbiota, such as SCFAs, secondary bile acids, and indole
derivatives, function as signaling molecules that interact with host
receptors and pathways controlling inflammation, lipid meta-
bolism, glucose homeostasis, and barrier integrity [9]. Experi-
mental evidence further demonstrates that microbiota-dependent
tryptophan metabolites can influence insulin resistance through
specific host signaling pathways, such as receptor-mediated and
intracellular mechanisms, supporting the role of microbiota-
derived metabolites in regulating host metabolism [10].
Crucially, a growing body of human dietary intervention and
metabolomic research indicates that metabolites produced from
the microbiota have a causal role in regulating obesity and insulin
sensitivity [6,11,12]. Crucially, since diet directly affects substrate
availability and fermentation processes within the gut ecosystem,
concentrating on microbial metabolites rather than microbial
taxonomy strongly corresponds with nutritional intervention
tactics [13-15]. Therefore, our metabolite-centric framework pro-
vides a more practical and translational strategy for dietary
research targeted at enhancing metabolic health and insulin
sensitivity [13,16].

As a result, this review summarizes data from the causal chain
that includes dietary substrates (fiber, fat quality, protein sources)
microbial metabolism, metabolite signaling to host tissues (gut,
liver, adipose, muscle) pathways causing obesity and insulin
resistance. Metabolite receptor/pathway mechanisms (such as
SCFA-GPCR signaling, bile acid FXR/TGR5 signaling, and indole-
AHR signaling) are highlighted, as are the translational implica-
tions for nutrition-based insulin resistance therapies. Unlike prior
reviews focusing on microbial composition, this review adopts a
mechanistic framework based on microbiota-derived metabolites
integrating dietary substrates, microbial metabolism, and host
signaling pathways relevant to insulin resistance. Unlike previous
reviews primarily focused on microbial composition, this review
uniquely adopts a mechanistic framework based on microbiota-
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derived metabolites, integrating dietary substrates, microbial
metabolic outputs, and host signaling pathways. Furthermore, it
emphasizes translational relevance and precision nutrition stra-
tegies, positioning microbial metabolites as actionable targets
rather than descriptive biomarkers. Despite growing evidence
linking diet, gut microbiota, and metabolic health, the specific
roles of individual microbial taxa and their metabolites in the
development of insulin resistance and obesity remain incom-
pletely understood. This review aims to provide a mechanistic
overview of diet microbiota interactions, with a particular focus on
identifying key microbial taxa, their associated metabolites, and
their contribution to metabolic dysfunction. The Diet-Microbiota-
Metabolite-Host Signaling Axis is given in Fig. 1.

1.1. Methodology of literature search and selection

This narrative review was conducted using a structured liter-
ature search strategy across PubMed, Scopus, and Web of Science
databases up to January 2026. Keywords included “gut micro-
biota”, “microbial metabolites”, “short-chain fatty acids”, “bile
acids”, “insulin resistance”, and “obesity”, combined using Boolean
operators (AND, OR). Studies were selected based on relevance to
diet-microbiota interactions, microbial metabolite signaling, and
metabolic regulation. Both human clinical studies and mechanistic
studies were prioritized to ensure translational relevance. Articles
were excluded if they were non-English, lacked mechanistic or
clinical relevance, or were duplicates. Reference lists of selected
studies were also screened to identify additional relevant
literature.

2. Diet as the primary determinant of microbial metabolite
production

2.1. Dietary fibers and fermentable carbohydrates

From the perspective of microbial metabolites, fermentability
and accessibility to microbial enzymes are more important than
“soluble vs. insoluble” in and of itself. While poorly fermentable
fibers primarily contribute to bulking/accelerated transit with
relatively smaller metabolite shifts, many soluble, viscous fibers
(such as p-glucans, pectins, and inulin-type fructans) are highly
fermentable and tend to increase short-chain fatty acid (SCFA)
production (acetate, propionate, butyrate). Crucially, the “fiber
gap” associated with Westernized eating habits can eventually
lower microbial functional capacity, possibly reducing the variety
of fermentative pathways that can produce advantageous metab-
olites [17]. Different microbial guilds preferentially use different
carbohydrate structures (linkage type, branching, degree of poly-
merization) during microbial fermentation, which determines
which taxa bloom and which metabolites predominate. Variations
in fiber structure, including linkage type, branching, and degree of
polymerization, influence microbial fermentation patterns, lead-
ing to differences in metabolite production and host metabolic
responses [18]. Recent research has shown that microbial meta-
bolic outcomes are determined not only by the amount but also by
the structural features of dietary fibers, since different forms of
fiber have substrate-specific effects on microbial composition and
fermentation pathways [6]. Short-chain fatty acid (SCFA)-produc-
ing bacteria like Faecalibacterium and Roseburia, which are linked
to better metabolic control and decreased inflammation, are
among the functional microbial groups that certain fiber types
specifically support [19]. According to new research, fiber func-
tionality which is based on structural and fermentative charac-
teristics is more important for predicting metabolic outcomes than
standard categories like “soluble” and “insoluble” fiber [20]. For
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Schematic representation of the integrated pathway through which dietary components influence host metabolic regulation via gut microbial metabolism. Dietary substrates,
including fermentable fibres, dietary fats, proteins, and bioactive compounds, shape the metabolic activity of the gut microbiota, leading to the production of key microbial
metabolites such as short-chain fatty acids (SCFAs), secondary bile acids, indole derivatives, branched-chain amino acid-related metabolites, and trimethylamine-derived
compounds. These metabolites act as nutritional signaling molecules that engage host signaling pathways across multiple metabolic tissues, including the intestine, liver, adi-
pose tissue, skeletal muscle, and immune cells. Through coordinated effects on glucose homeostasis, insulin sensitivity, energy balance, and inflammatory signaling, diet-driven
microbial metabolites contribute to the development and modulation of insulin resistance and obesity.

example, it has been demonstrated that resistant starch and
inulin-type fructans have different effects on the generation of
SCFA and gut microbial fermentation, which can have varying
impacts on host metabolic pathways such as insulin sensitivity
and glucose regulation [21]. Additionally, inter-individual differ-
ences in the composition of the gut microbiota have a substantial
impact on metabolic reactions to dietary fiber, indicating that
tailored nutritional strategies would be necessary to maximize
microbial metabolite production and metabolic health outcomes
[22]. Dietary fiber influences metabolic health through
microbiota-dependent mechanisms. Fermentable fibers promote
the growth of beneficial bacteria such as Faecalibacterium praus-
nitzii and Roseburia spp., which produce short-chain fatty acids
(SCFAs), particularly butyrate. These metabolites help prevent
obesity and insulin resistance by improving glucose homeostasis,

controlling energy metabolism, and lowering systemic inflam-
mation [23].

2.2. Dietary fats and bile acid metabolism

Bile acid metabolism and gut microbiota are significantly
influenced by dietary fat composition. Research indicates that
high-fat diets change bile acid pools and disturb microbial
composition, which can lead to metabolic dysfunction [24]. Satu-
rated fat-rich diets alter the composition of bile acid and increase
its secretion, which encourages the growth of bile-tolerant mi-
croorganisms and is linked to increased inflammation and meta-
bolic disorders [25]. Through enzymatic activities, the gut
microbiota further converts primary bile acids into secondary bile
acids. These microbial alterations have a major impact on the



R. Gupta, P. Saini, V. Srivastava et al.

composition and function of bile acids [26]. In particular, farnesoid
X receptor (FXR) and Takeda G protein-coupled receptor 5 (TGR5),
which are important regulators of glucose metabolism, lipid ho-
meostasis, and inflammation, are regulated by these microbiota-
driven alterations [27]. Overall, through coordinated interactions
between bile acids, gut bacteria, and host signaling pathways, the
type of dietary fat (saturated versus unsaturated) influences
metabolic outcomes [28]. Human dietary interventions demon-
strate that unsaturated fat-rich dietary patterns, such as
Mediterranean-style diets, are associated with favorable bile acid
profiles and improved insulin sensitivity compared with saturated
fat-rich diets [29,30]. Dietary fat composition influences gut
microbiota and bile acid metabolism, thereby modulating meta-
bolic regulation. Saturated fat-rich diets encourage microbial al-
terations linked to elevated secondary bile acid synthesis and pro-
inflammatory signaling, which exacerbates insulin resistance.
Unsaturated fats, on the other hand, are linked to better metabolic
outcomes and microbial profiles [31].

2.3. Dietary proteins and amino acid fermentation

Protein fermentation in the colon occurs when dietary protein
exceeds small-intestinal absorptive capacity or when fermentable
carbohydrates are limited, shifting microbial metabolism toward
amino acid fermentation [32]. Increased protein fermentation in
the colon produces nitrogen-containing metabolites such amines,
phenolic compounds, and ammonia, which have been linked to
inflammation, poor gut barrier function, and detrimental meta-
bolic consequences [33]. Tryptophan, tyrosine, and phenylalanine
are important precursors for microbial products like indoles/
indole-derivatives and phenolic acids, many of which function as
signaling molecules (e.g., via AhR pathways) that affect gut barrier
and systemic inflammation processes closely linked to obesity and
insulin resistance. In order to produce bioactive metabolites like
indole, indole-3-propionic acid, indole-3-acetic acid, p-cresol, and
phenylacetic acid, certain gut microbial taxa, such as Clostridium
spp., Bacteroides spp., and Escherichia coli, metabolize dietary
tryptophan, tyrosine, and phenylalanine [34]. By altering epithelial
tight junction proteins and triggering host signaling pathways like
the aryl hydrocarbon receptor (AhR), these microbial metabolites
are crucial in controlling the function of the gut barrier [35]. While
dysregulation of these metabolites can lead to barrier dysfunction
and metabolic endotoxemia, activation of these pathways im-
proves intestinal barrier integrity and lowers inflammation [36]. In
human and mechanistic research, higher levels of circulating BCAA
and insulin resistance have been associated with increased
abundance of these bacteria and their biosynthesis pathways [37].
Prevotella copri, Bacteroides vulgatus, and several members of the
Firmicutes phylum are specific gut microbial taxa involved in the
production of branched-chain amino acids (BCAAs), and their
higher abundance has been linked to elevated circulating BCAA
levels and insulin resistance in humans [38]. Insulin resistance and
metabolic dysfunction have been associated with metabolites
including nitrogen-containing chemicals and branched-chain
amino acids that are produced when the gut microbiota fer-
ments proteins. Prevotella copri and Bacteroides vulgatus are two
examples of microbial taxa that promote BCAA production, which
is linked to poor insulin signaling and an elevated risk of obesity
[38,39]. Gram-negative bacteria, such as those from the genera
Escherichia, Enterobacter, Klebsiella, and Desulfovibrio, are the
main producers of lipopolysaccharide (LPS), which has been linked
to elevated endotoxemia, systemic inflammation, and insulin
resistance [40,41]. Dietary components, food sources, microbiota-
derived metabolites, and their roles in metabolic regulation is
given in Table 1. Diet composition primarily determines substrate
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delivery to the colon and thereby shapes microbial metabolic
outputs; key diet components and their typical metabolite-
direction effects are summarized in Table 2.

3. Role of specific gut microbial taxa in insulin resistance
and obesity

There is growing evidence that certain gut microbial taxa
directly contribute to the development of obesity and insulin
resistance through their metabolic activity [42]. Similarly, lipo-
polysaccharide (LPS), which causes metabolic endotoxemia, sys-
temic inflammation, and insulin resistance, is largely produced by
gram-negative bacteria such Escherichia coli, Enterobacter spp., and
Desulfovibrio spp [40]. On the other hand, good bacteria like
Roseburia spp. and Faecalibacterium prausnitzii create short-chain
fatty acids, especially butyrate, which strengthen the intestinal
barrier, lower inflammation, and increase insulin sensitivity [23].
Reduced levels of these microorganisms have been repeatedly
linked to metabolic diseases and obesity [43]. Furthermore,
tryptophan-metabolizing bacteria species, such as Clostridium
and Bacteroides, produce indole derivatives that control immu-
nological responses and gut barrier function by activating the aryl
hydrocarbon receptor (AhR), which in turn affects metabolic
health [36]. These insights highlight the potential of targeting
specific gut microbial taxa and their metabolic pathways as ther-
apeutic strategies for the prevention and management of insulin
resistance and obesity.

4. Short-chain fatty acids (SCFAs) as metabolic signaling
molecules

4.1. Acetate, propionate, and butyrate: sources and concentrations

The primary SCFAs produced by anaerobic fermentation of di-
etary fibers, resistant starches, and other microbiota-accessible
carbohydrates in the colon are acetate, propionate, and butyrate
(rather than from host metabolism). Extensive syntheses highlight
that SCFAs are bioactive metabolites that link dietary substrate
delivery to host endocrine, immunological, and metabolic path-
ways, rather than being “energy harvest” products [18]. The gen-
eral molar distribution of fecal/colonic SCFAs in humans is
typically reported as ~60% acetate, ~20-25% propionate, and
~15-20% butyrate, though this varies depending on gut transit,
microbiome functional capability, and food composition [44].
Because colonocytes and the liver actively metabolize propionate
and butyrate, whereas acetate is more likely to enter the periph-
eral circulation, SCFA concentrations are highest in the colon
(millimolar range) and fall sharply along the gut-liver axis. After
consuming non-digestible carbohydrates, seminal human research
demonstrates quantifiable post-fermentation increases in pe-
ripheral blood SCFAs and emphasizes that portal concentrations
surpass peripheral levels with significant hepatic extraction,
particularly for propionate and butyrate [45].

4.2. SCFA receptors and signaling pathways

FFAR2 (GPR43) and FFAR3 (GPR41), which are expressed across
the gut metabolic axis (including enteroendocrine cells, immune
cells, and adipose-related compartments), are the signaling path-
ways for SCFAs. The evidence that FFAR2/FFAR3 activation con-
nects microbial fermentation to host energy balance, gut hormone
production, and metabolic inflammation all essential to the
physiology of obesity and insulin resistance is consolidated by
mechanistic overviews [18]. SCFA-stimulated secretion of GLP-1
(and, occasionally, PYY) from colonic L cells is a highly
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Table 1
Dietary components, food sources, microbiota-derived metabolites, and their roles in metabolic regulation.
Dietary Component Food Sources Food  Microbial Metabolite Microbiota-Dependent Mechanism Effect on Insulin Resistance/ References
Sources Metabolism
Dietary fiber Whole grains, Short-chain fatty acids ~ Fermentation of fiber by gut microbiota Improves insulin sensitivity, [6]
(fermentable legumes, fruits, (SCFAs: Acetate, produces SCFAs that act via GPCR signaling reduces inflammation, enhances
carbohydrates)  vegetables propionate, butyrate) and metabolic pathways gut barrier function
Specific fiber types Oats, barley, SCFAs (butyrate- Fiber structure selectively promotes SCFA-  Modulates glucose metabolism  [17]
(e.g., resistant bananas, producing pathways) producing bacteria and alters microbial and energy homeostasis
starch, inulin) potatoes metabolic outputs
Dietary fat Red meat, butter, Secondary bile acids Gut microbiota modifies primary bile acids  Regulates lipid and glucose [122]

processed foods

Branched-chain amino
acid (BCAA) metabolites

Dietary protein
(excess protein
reaching colon)

Tryptophan (dietary Meat, dairy, eggs
amino acid)

Olive oil, nuts,
fish

Indole and indole
derivatives

into secondary bile acids, influencing host
receptors (FXR, TGR5)

Microbial proteolysis and amino acid
fermentation produce metabolites affecting
host metabolic pathways

Microbial metabolism of tryptophan
produces signaling molecules acting on host

metabolism; affects insulin

sensitivity

Associated with insulin resistance [132]
and metabolic dysfunction

Improves gut barrier integrity and [132]
reduces inflammation

receptors (e.g., AhR)

Choline, L-carnitine Meat, eggs, dairy
(animal-based
diet)

Trimethylamine N-oxide
(TMAO)

Red meat, eggs

Gut microbiota converts dietary precursors
into TMA, further oxidized in host to TMAO

Context-dependent effects; linked [133]
with metabolic and
cardiovascular risk

Table 2
Dietary components shaping microbial metabolite profiles.

Dietary component/pattern ~ Main substrates reaching

colon

Primary metabolite shifts

Mechanistic notes References

Microbiota-accessible
carbohydrates (MACs)

Fermentable dietary fibers
(inulin-type fructans,
p-glucans, pectins)

Resistant starch (RS)

byproducts
RS delivered to colon
(bypasses small-intestinal
digestion)
Fiber-rich background
reduces proteolytic
fermentation pressure

endpoints
High fiber modulating
tryptophan metabolism

Unsaturated-fat dominant
patterns (e.g.,
Mediterranean-style fat
quality)

High saturated fat

modifies bile acid pool
dynamics

Increased bile

delivery + antimicrobial

BA pressure

High protein/low fiber (animal More undigested protein
protein-heavy patterns) — amino acids in colon

potential barrier effects

Polyphenol-rich foods

(berries, cocoa, tea, etc.)

Polyphenols reaching
colon — microbial
biotransformation
Choline, carnitine, betaine
— microbial TMA

“postbiotic” products)

Choline/i-carnitine-rich foods

(red meat, eggs) conversion)

t SCFAs (especially butyrate/
propionate); favorable metabolic

| indole (often) and 1 beneficial Trp
metabolites (context-dependent)

Higher MUFA/PUFA intake More favourable bile-acid signaling
milieu (FXR/TGR5-related outcomes)
Altered bile acid profiles; dysbiosis

tendency; inflammatory signaling risk disturbances and gut inflammation (mechanistic

tproteolytic metabolites (ammonia,
amines, phenolic compounds, BCFA);

tphenolic/aryl metabolites (bioactive

1t TMA — TMAO (host FMO3

1SCFAs (acetate/propionate/butyrate); Enhances saccharolytic fermentation; supports incretin- [57]
shift away from proteolytic

related signaling via SCFA pathways

RS supplementation can promote weight loss and
improve insulin resistance in humans; effects linked to
microbiome changes

Fermentable fiber can redirect microbial tryptophan
metabolism toward metabolite profiles associated with
healthier host responses

Fat quality influences bile secretion/composition and
microbial bile acid transformation; downstream
signaling links to metabolic regulation

[127]

[134]

[135]

High-fat/high-cholesterol diets can exacerbate bile-acid [136]

support)

Colonic protein fermentation yields nitrogenous/
phenolic metabolites; excessive protein with low fiber
shifts fermentation toward proteolysis

Microbes convert polyphenols into smaller bioactive
metabolites; linked to metabolic and barrier effects

[137,138]

[139,140]

Diet provides substrates for microbial TMA formation;
TMAO pathway links to cardiometabolic phenotypes
(context-dependent)

[141,142]

duplicated route; genetic and physiological evidence supports
roles for FFAR2/FFAR3 signaling in these responses and down-
stream glucose homeostasis [46]. In addition to their traditional
endocrine effects, propionate and butyrate can activate gut-brain
neuronal pathways and/or epithelial signaling to trigger intesti-
nal gluconeogenesis, an important “metabolite-to-host” route that
enhances glucose and energy homeostasis in preclinical models
[47]. A crucial butyrate (and niacin) receptor, particularly in the
colon, GPR109A/HCAR?2 is closely linked to preserving mucosal
immunological balance (e.g., anti-inflammatory macrophage/DC
programming; IL-18 induction). Since barrier integrity and in-
flammatory tone are upstream determinants of insulin resistance,
even if a large portion of this is immunology-related, it is meta-
bolically relevant [48]. In several experimental settings, SCFAs
particularly butyrate has been connected to enhanced mitochon-
drial activity and biogenesis in metabolic tissues as well as AMPK

activation. An investigation showed that dietary butyrate, together
with increased fatty acid oxidation, improved mitochondrial
function/biogenesis, and raised AMPK activity, reversed insulin
resistance and obesity caused by a high-fat diet in mice [49]. Bu-
tyrate's activities in regulating mitochondrial dynamics and
function in insulin-resistant ailments are further supported by
more recent mechanistic research, supporting mitochondria as a
likely convergence point for SCFA signaling and metabolic
improvement [50].

4.3. Effects on insulin sensitivity and adipose tissue function

GLP-1-mediated insulinotropic effects, enhanced metabolic
inflammation and barrier function, and direct tissue-level meta-
bolic signaling (including AMPK-linked pathways) are the three
coordinated ways that SCFAs might affect systemic glycemia. I
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highlight inter-study heterogeneity resulting from variations in
dose, delivery site (proximal vs. distal colon), and metabolic
phenotype, while also emphasizing that acetate, propionate, and
butyrate can alter liver, muscle, and adipose metabolism in ways
that generally favor improved insulin sensitivity [51]. Targeted
circulation of propionate to the colon has been demonstrated to
alter gut hormone responses and cardiometabolic endpoints in
adults, supporting the contention that SCFAs function as func-
tional nutritional signals in humans (not just in rodents), based on
human translational evidence [52]. Through receptor- and
context-dependent pathways, SCFAs can influence adipose in-
flammatory tone and lipid storage/mobilization in adipose tissue.
According to experimental research, FFAR2/GPR43 signaling is
involved in adipose immune/metabolic crosstalk, which has im-
plications for inflammatory signaling, which is closely associated
with insulin resistance [53]. Furthermore, increases in oxidative
metabolism and modifications in adipose muscle endocrine
communication (including adipokine-linked pathways) frequently
accompany butyrate's reported metabolic advantages, indicating a
multi-tissue model rather than a single-receptor explanation [49].
However, there is significant inter-individual heterogeneity in
human responses to dietary strategies that boost the production of
microbial metabolites. This heterogeneity is caused by variations
in baseline microbiome functional capacity, habitual diet, gut
transit time, and other host factors, which adds to the variability in
metabolic outcomes and insulin sensitivity across studies [54-56].
Short-chain fatty acids (SCFAs) as metabolic signaling molecules in
insulin resistance is given in Fig. 2.

4.4. Strength of evidence and clinical relevance (short-chain fatty
acids)

Short-chain fatty acids (SCFAs), especially propionate and
butyrate, have been shown in human dietary intervention trials to
modulate insulin sensitivity through effects on incretin secretion
and systemic metabolic control [57]. Randomized cross-over trials
have demonstrated that dietary supplementation with inulin-
propionate ester increases colonic propionate delivery and im-
proves insulin sensitivity, markers of systemic inflammation, and
related metabolic outcomes in adults with overweight or obesity,
underscoring the physiological effect of SCFA augmentation on
human glucose metabolism [57].

Microbial-derived SCFAs may function as signaling molecules
connecting the gut microbiota to host metabolic regulation, ac-
cording to observational data that also show circulating concen-
trations of acetate, propionate, and butyrate are linked to
concentrations of glucagon-like peptide-1 (GLP-1), whole-body
lipolysis, and peripheral insulin sensitivity [58]. Additionally,
higher post-intervention SCFA levels after dietary modification are
linked to lower fasting insulin and improved HOMA-IR, indicating
greater insulin sensitivity across a range of human therapies, ac-
cording to meta-analytic data [12]. The amount and consistency of
metabolic benefit, however, differ significantly between trials due
to participant heterogeneity in fiber type, dose, duration,
fermentation characteristics, and baseline metabolic phenotype.
Despite modulating SCFA levels, certain human therapies show
inconsistent or non-significant effects on glucose and insulin
indices, highlighting the impact of study design and context on
results [59].

While molecular and preclinical evidence for SCFA-mediated
signaling is considerable, human data remain variable and
context-dependent. As of right now, methods for boosting colonic
SCFA generation through dietary fiber or fermentable carbohy-
drate consumption should not be seen as stand-alone treatments
for insulin resistance, but rather as supplemental nutritional
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interventions with the potential to improve metabolic health [6].
Significant inter-individual variation in gut transit time, host
metabolic condition, and microbiome functional capacity is a
significant barrier to reliable clinical translation, highlighting the
necessity for tailored approaches in subsequent studies [6].

5. Bile acid-derived metabolites and host metabolic
regulation

5.1. Microbial transformation of primary bile acids

The liver produces the primary bile acids, cholic acid and che-
nodeoxycholic acid, which are then secreted into the intestine as
conjugated bile salts. In the intestine, gut microbes actively
deconjugate and modify these bile salts, such as by 7a-dehy-
droxylation, to produce secondary bile acids, such as deoxycholic
acid (DCA) and lithocholic acid (LCA). These changes increase the
bile acid pool's chemical variety and modify it signaling capabil-
ities, thereby connecting microbial activity to host metabolic
control. Bile acid composition is mostly determined by microbial
enzyme activities, such as bile salt hydrolases and dehydroxylases.
In models of obesity and dyslipidemia, altered microbial bile acid
metabolism has been linked to metabolic abnormalities [60].
Research contends that bile acid biotransformation mediated by
the gut microbiota impacts not only lipid emulsification and
digestion but also host metabolic signaling by altering the relative
abundance of bile acid species that bind to nuclear and membrane
receptors. As important nodes in the gut microbiota bile acid axis,
these microbially altered bile acids highlight how microbial
transformation influences systemic metabolic implications [61].

5.2. FXR and TGR5 signaling pathways

Bile acids function as endogenous ligands for host bile acid
receptors, particularly TGR5 (G protein-coupled bile acid receptor
1) and FXR (farnesoid X receptor), which function as tissue-wide
metabolic regulators. FXR is a nuclear receptor that controls en-
ergy balance, lipid and glucose metabolism, and bile acid pro-
duction by sensing bile acid levels. FXR signaling has been linked
to the regulation of enterohepatic feedback loops involving fibro-
blast growth factor 19 (FGF19) that affect glucose and energy
metabolism, and FXR activation affects gene networks that regu-
late triglyceride and glucose homeostasis [62]. Bile acids activate
GR5, a membrane receptor that initiates CAMP signaling in adipose
tissue, enteroendocrine cells, and other metabolic organs. This
signaling cascade promotes GLP-1 secretion, improves insulin
sensitivity, and increases energy expenditure. Increased mito-
chondrial respiration in adipose tissues and thyroid hormone
activation have also been associated with TGR5 activation,
underscoring its function as a metabolic integrator [63]. While
both receptors have an impact on metabolic processes, their ef-
fects can differ in time and context. TGR5 is frequently linked to
acute signaling, such as the release of GLP-1, while FXR is involved
in the transcriptional regulation of metabolic genes. The signifi-
cance of bile acid receptor interconnection in influencing systemic
metabolic responses is highlighted by this duality [64].

5.3. Implications for glucose homeostasis and energy expenditure

By modifying FXR/TGR5 signaling, the gut microbiota-bile acid
axis has significant impacts on energy metabolism and glucose
regulation. As seen in the metabolic benefits following bariatric
surgery, changes in bile acid composition brought on by microbial
transformation can increase GLP-1 secretion via TGR5, hence
enhancing insulin secretion and glucose tolerance. Furthermore,
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Fig. 2. Short-chain fatty acids (SCFAs) as metabolic signaling molecules in insulin resistance
Dietary fibers and resistant starches are fermented by the gut microbiota to produce acetate, propionate, and butyrate. These SCFAs signal through FFAR2, FFAR3, and GPR109A
across the gut-metabolic axis, promoting incretin secretion, barrier integrity, mitochondrial function, and anti-inflammatory signaling, thereby improving insulin sensitivity and

glucose homeostasis.

hepatic gluconeogenesis and lipid metabolism are impacted by
bile acid-driven FXR signaling, which helps maintain glucose ho-
meostasis throughout the body [63,65,66]. Bile acid signaling has
the ability to directly control energy consumption. Specifically, in
skeletal muscle and brown adipose tissue (BAT), activation of the
bile acid GPCR TGR5 (GPBAR1) boosts cAMP-dependent signaling
and has been demonstrated to increase mitochondrial oxygen
consumption and thermogenesis, contributing to resistance
against diet-induced obesity and insulin resistance in experi-
mental models [67]. Human translational studies also support this
thermogenic concept: bile acid stimulation (e.g., chenodeox-
ycholic acid) can increase whole-body energy expenditure and BAT
activity in humans, consistent with bile-acid/TGR5-driven meta-
bolic activation [68]. Additionally, current evidence demonstrates
that dietary habits and gut microbiota-dependent bile acid
transformations can alter the bile acid pool and subsequently
modulate FXR/TGR5 signaling, with subsequent associations to
increased energy expenditure and enhanced cardiometabolic
phenotypes. This suggests that bile acid receptors are viable tar-
gets for metabolic therapies that are either dietary or microbiota-

directed [69]. With significant ramifications for comprehending
obesity, insulin resistance, and associated metabolic illnesses, the
bile acid-microbiota interaction via FXR and TGR5 forms a major
regulatory hub connecting nutrition, microbial metabolism, and
host energy and glucose regulation [70].

5.4. Strength of evidence and clinical relevance (bile
Acid-Mediated signaling)

Mechanistic studies, bariatric surgery cohorts, and controlled
human dietary and observational studies provide evidence that
bile acids function as signaling molecules through receptors like
the G-protein coupled bile acid receptor TGR5 and the Farnesoid X
receptor (FXR), which are widely expressed in metabolic tissues
and contribute to the regulation of glucose, lipid, and energy
metabolism [64]. While TGR5 activation increases incretin pro-
duction, particularly glucagon-like peptide-1 (GLP-1), with sub-
sequent effects on insulin secretion and glucose tolerance in
experimental models, FXR activation can affect hepatic lipid and
glucose homeostasis [64].
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Bile acid signaling is implicated in human metabolic regulation
because bariatric surgery-induced changes in bile acid composi-
tion have been linked to improvements in glucose control, and
observational human studies show associations between altered
circulating bile acid profiles and insulin sensitivity in metabolic
disorders [71]. However, the intricacy of bile acid metabolism,
enterohepatic circulation, and receptor interactions contributes to
variability in metabolic outcomes across interventions, and direct
causal evidence from long-term randomized controlled trials
focusing on bile acid signaling through diet alone is still scarce
[72]. Consistent clinical translation is further complicated by var-
iations in the composition of bile acid pools, host receptor sensi-
tivity, and microbiota-dependent bile acid modification [72].

Therefore, even though FXR and TGR5 pathway modulation is a
promising and biologically plausible nutritional target for
improving insulin resistance and related metabolic dysfunction, it
is still an emerging strategy that needs more reliable human trials
to establish clinical efficacy and standardized approaches [64].

6. Tryptophan and amino Acid-Derived microbial
metabolites

6.1. Indoles and indole derivatives

The gut microbiota breaks down dietary tryptophan into indole
and indole derivatives (such as indole-3-propionic acid, indole-3-
aldehyde, and indoleacetic acid), which serve as important
signaling molecules that reduce inflammation and fortify the in-
testinal epithelial barrier. By activating host pathways like the aryl
hydrocarbon receptor (AhR) and Pregnane X receptor (PXR), which
upregulate tight junction proteins and suppress pro-inflammatory
responses, these microbial metabolites improve mucosal integrity.
This promotes intestinal homeostasis and reduces systemic
inflammation associated with metabolic diseases, according to
numerous studies. Through AhR-mediated cytokine modulation,
indole derivatives both enhance barrier function and lessen
pathogen-induced inflammation in intestinal models in humans
and mice [73-76]. Further experimental evidence demonstrates
that indole-3-propionic acid reduces metabolic endotoxemia, an
upstream cause of insulin resistance and inflammation associated
with obesity, by protecting epithelial junctional complexes and
guarding against barrier malfunction [76].

6.2. Branched-chain amino acid (BCAA) metabolites

In humans, insulin resistance, obesity, and type 2 diabetes are
closely linked to elevated levels of branched-chain amino acids
(BCAAs: leucine, isoleucine, and valine) and their metabolites.
High BCAA levels are persistently associated with impaired
glucose metabolism and metabolic dysfunction, according to
cohort studies and mechanistic reviews. These findings indicate
that disturbances in BCAA catabolism, even if they are partially
driven by microbiota and food interactions, play a role in systemic
metabolic control. Furthermore, excess BCAAs and their ketoacid
derivatives can disrupt insulin-stimulated glucose uptake in
muscle through nutrient-sensing pathways and mitochondrial
stress, resulting in tissue-level insulin resistance. This is another
way that BCAA metabolism interacts with skeletal muscle insulin
signaling [77-79].

6.3. Strength of evidence and clinical relevance (amino acid-
derived microbial metabolites)

It is becoming more well acknowledged that microbial me-
tabolites generated from tryptophan and branched-chain amino
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acids (BCAAs) are significant modulators of insulin sensitivity and
metabolic inflammation. In human observational studies, elevated
circulating BCAA levels have been repeatedly linked to type 2
diabetes, obesity, and insulin resistance, indicating that altered
BCAA metabolism is connected to systemic metabolic dysfunction
[80]. Although the exact causative processes in humans are still
being studied, it is suggested that dysfunctional BCAA catabolism
and altered metabolic control contribute to insulin resistance
through pathways involving nutrition sensing and mitochondrial
stress [80].

Elevated BCAAs may impact insulin signaling and energy
metabolism pathways through impacts on mTORC1 and other
nutrient-responsive mediators, according to experimental and
mechanistic research, which links amino acid overload to meta-
bolic inflammation and compromised glucose homeostasis [81].
On the other hand, there is currently less and mostly preclinical
evidence for tryptophan-derived indole metabolites, while new
human data point to possible metabolic significance [82]. Tryp-
tophan is converted by gut bacteria into indole and a variety of
indole derivatives that can affect host metabolic responses, im-
mune signaling (e.g., by activating aryl hydrocarbon receptors),
and intestinal barrier function. Certain microbial indole metabo-
lites, like indole-3-propionic acid, have been linked in some
observational studies to a decreased risk of type 2 diabetes [82].

Overall, there is variation in the translational relevance of mi-
crobial metabolites generated from amino acids. While human
data for microbial indoles are developing but not yet convincing,
BCAA metabolites consistently exhibit observational relationships
with insulin resistance in humans [83]. Future well-designed hu-
man intervention studies are needed to demonstrate causal link-
ages and explain if modulation of these microbial pathways might
be harnessed for therapeutic benefit in metabolic disorders [83].

7. Trimethylamine N-oxide (TMAO): marker or mediator?
7.1. Dietary precursors and microbial conversion

TMAO is a well-known meta-organismal metabolite that is
created by a two-step process wherein gut microorganisms first
transform dietary materials into trimethylamine (TMA), which is
subsequently oxidized into TMAO by host enzymes (mostly he-
patic flavin-containing monooxygenase 3, or FMO3). The main
dietary precursors include choline/phosphatidylcholine, L-carni-
tine, and betaine, which are often obtained from eggs, red meat,
dairy, and some fish/seafood. On the other hand, the existence of
TMA-lyase pathways (such as cutC/D and cntA/B) and general
community function are necessary for microbial TMA formation
[84]. Most importantly, circulating TMAO is not only a “micro-
biome product”; host FMO3 activity, renal clearance, and direct
dietary intake of TMAO from seafood all have a significant influ-
ence on it. It demonstrates how variations in FMO3 expression or
activity can alter systemic TMAO levels and related metabolic
phenotypes, which explains why TMAO connections might differ
between populations and disease situations [85].

7.2. Conflicting evidence in obesity and insulin resistance

Observational studies have shown that unfavourable car-
diometabolic characteristics are frequently linked to elevated
circulating TMAO. However, due to important variables (kidney
function, food pattern, medication usage, and comorbidities), the
intensity and independence of these relationships for obesity and
insulin resistance differ among cohorts. TMAO may occasionally
function as a marker of hepatic insulin resistance or altered host
FMO3 regulation rather than serving as a direct causal mediator in
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all circumstances [86]. However, in certain situations, experi-
mental results offer tenable causal pathways. The idea that
changing the pathway can affect metabolic outcomes is supported
by classic mechanistic work that connects FMO3/TMAO biology to
metabolic regulation (including lipid and glucose pathways) [86].
In ageing models, more recent adipocyte FMO3/TMAO can
enhance white adipose tissue malfunction and associated meta-
bolic abnormalities, supporting the “mediator” concept at least in
certain biological contexts [87].

7.3. Context-dependent metabolic effects

Preformed TMAO found in seafood can cause brief increases
in circulating TMAO that may not be harmful and may coexist
with the general cardiometabolic advantages of fish-based diets
(a phenomenon known as the “fish-TMAO paradox”). Dietary
studies demonstrate that “healthy” dietary patterns can increase
TMAO depending on food composition and background micro-
biome function, and controlled human data confirm that some
fish/seafoods can boost circulation TMAO abruptly [88].
Furthermore, the biological effects of TMAO probably depend on
(i) host clearance (renal function), (ii) FMO3 regulation, (iii)
metabolic status (healthy vs. obesity/IR), and (iv) co-exposures
like fiber consumption that may change the synthesis of mi-
crobial TMA. The balanced view that TMAO can serve as a
marker in certain situations and a mediator in others is sup-
ported by recent synthesis articles that clearly frame TMAO as a
metabolite whose interpretation must incorporate source (pre-
cursor vs. preformed), host handling, and metabolic phenotype
[89].

7.4. Strength of evidence and clinical relevance (trimethylamine N-
oxide, TMAO)

Trimethylamine N-oxide's (TMAO) function in insulin resis-
tance and obesity is still debatable and context-dependent [90].
Although there is little and inconsistent prospective data con-
necting TMAO to incident type 2 diabetes, elevated circulating
TMAO levels have been linked to unfavourable metabolic profiles,
such as higher fasting insulin and associations with elements of
the metabolic syndrome. This suggests that TMAQ's function may
be more indicative of underlying metabolic dysregulation than a
direct cause of insulin resistance [90]. While some cross-sectional
and case—control studies report higher plasma TMAO in in-
dividuals with type 2 diabetes or impaired glucose regulation
compared with controls, other large cohort analyses have found no
significant prospective association between TMAO and diabetes
incidence after adjustment for key confounders such as age, BMI,
and kidney function, emphasizing the complexity of interpreting
human data [90].

Experimental studies provide mechanistic insights into how
the gut microbiota~-FMO3-TMAO axis may alter host metabolism.
For instance, it has been demonstrated that TMAO binds to and
activates cellular stress sensors that encourage metabolic
dysfunction. In animal models, exposure to TMAO can hinder
glucose-stimulated insulin secretion and cause peripheral meta-
bolic changes, indicating biological pathways by which TMAO may
affect metabolic processes [91]. Nevertheless, circulating TMAO
concentrations are strongly influenced by dietary precursors (e.g.,
choline, carnitine), gut microbiota composition, host hepatic
FMO3 activity, and renal clearance, as well as age and metabolic
status, contributing to heterogeneity in observational findings
across populations and study designs [92].
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Therefore, rather than being a general causative modulator of
insulin resistance, TMAO may serve as a biomarker of metabolic
dysregulation in specific situations. Therefore, rather than being
isolated therapeutic approaches for insulin resistance, nutritional
strategies aimed at modulating TMAO production should be
interpreted carefully and within the context of overall dietary
patterns. Robust long-term human intervention studies are
required to clarify these relationships [93].

8. Microbial metabolites and low-grade inflammation

Metabolic endotoxemia, which is generally defined as chroni-
cally high exposure to gut-derived microbial components,
particularly lipopolysaccharide (LPS), that occurs alongside
decreased intestinal barrier function, is a fundamental notion
connecting the gut to systemic low-grade inflammation. Key
characteristics of diet-induced metabolic illness, such as weight
gain, adipose inflammation, and insulin resistance, were repli-
cated by chronic low-dose LPS exposure, indicating that LPS is a
likely upstream cause of obesity-associated inflammation rather
than just a correlate [94]. Diet-induced barrier disruption and
increased intestinal permeability both contribute to endotoxemia
by increasing the translocation of microbial products into portal/
systemic circulation and maintaining low-grade inflammation
related to insulin resistance [95].

Through receptor-mediated pathways that combine intestinal
and systemic metabolism, microbial metabolites regulate insulin
signaling and immunological tone. SCFAs, bile acid derivatives, and
indole compounds can influence immune cell morphologies and
cytokine programs, affecting insulin sensitivity in liver, muscle,
and adipose tissue, according to a study on microbial metabolites
in type 2 diabetes [96]. For example, SCFAs communicate through
GPCRs expressed on immune and metabolic cells, such as GPR41/
FFAR3, GPR43/FFAR2, and GPR109A. These GPCRs are frequently
associated with decreased pro-inflammatory signaling and
enhanced metabolic outcomes [97]. Concurrently, bile acids in-
fluence inflammatory markers, barrier function, and metabolic
phenotypes by acting as immunometabolism ligands through FXR
and TGR5; recent studies emphasize these receptor axes as key
nodes linking gut-derived metabolites to insulin resistance biology
[62]. By activating host receptors like AhR, which aids in coordi-
nating mucosal immunological homeostasis and epithelial pro-
tection, microbial metabolites generated from indole and
tryptophan provide an additional layer. Microbial indoles can
support barrier integrity and anti-inflammatory programs,
potentially reducing endotoxemia-driven inflammation that con-
tributes to insulin resistance, according to extensive, widely cited
syntheses [73].

All of these findings support to a metabolite-centric model in
which microbial products affect insulin signaling by directly
reprogramming immune cell behaviour and inflammatory medi-
ators that obstruct insulin receptor/AKT signaling in metabolic
tissues, in addition to influencing insulin signaling through
endocrine pathways (such as incretins) [96]. Low-grade inflam-
mation can lead to systemic insulin resistance in adipose tissue,
mostly by macrophage infiltration and changes in macrophage
polarization. The idea that fermentation-derived metabolites can
affect adipose immunometabolism has been directly linked to
SCFA signaling. Experimental evidence demonstrates that the SCFA
receptor GPR43 can control inflammatory signaling in adipose-
tissue macrophages and is connected to insulin sensitivity out-
comes [53]. Beyond SCFAs, bile-acid signaling through TGR5 and
FXR also interacts with inflammatory pathways and barrier
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function, which might lessen systemic exposure to inflammatory
microbial products and hence indirectly reduce adipose inflam-
matory drive [98].

9. Translational and clinical evidence
9.1. Human dietary intervention studies

Increasing the transport of fermentable substrate to the colon
can alter metabolic risk markers and change the synthesis of mi-
crobial metabolites. Colonic propionate delivery increased
anorectic gut hormones (PYY/GLP-1) acutely and over longer
supplementation, improving adiposity-related outcomes and
preventing deterioration of insulin sensitivity compared with
control in overweight adults, according to research using
inulin—propionate ester, a strategy to selectively increase colonic
propionate [99,100]. Furthermore, the translational importance of
SCFAs as functional “nutritional signals” is strengthened by
mechanistic follow-up clinical research examining colonic propi-
onate targeting, which offers evidence for effects on insulin
sensitivity and metabolic control in humans [57].

In numerous human trials, inulin-type fructans (ITF) can
enhance indicators of insulin resistance and glycemic manage-
ment in addition to propionate targeting. Improvements in gly-
cemic outcomes are reported by a supplementation, and RCT
findings in type 2 diabetes show that ITF can alter fecal microbiota
characteristics corresponding with enhanced fermentation ability
[101]. The “diet microbial fermentation host metabolic effect”
chain in human contexts is supported collectively by these out-
comes, which also show variation by baseline metabolic status,
background food, and length of intervention [101]. Whole-diet
interventions are significant because they simultaneously affect
bile acid pools, amino acid fermentation, and substrate delivery
(fiber/resistant starch), hence influencing several metabolite
classes at once. The degree and direction of microbiome/
metabolite-related cardiometabolic effects in obesity can be
determined by the underlying dietary circumstances, according to
clinical dietary therapies that combine general dietary pattern
alterations with prebiotic enrichment [102].

Resistant starch supplementation has been shown to have
insulin-sensitizing effects in classic clinical experiments, but more
recent trials and syntheses demonstrate that RS can alleviate in-
sulin resistance in those with excess body weight and boost SCFA
production in numerous investigations [103]. A mechanistic die-
t-microbiota-metabolite pathway rather than a purely caloric
explanation is supported by the benefits of RS supplementation,
which can help humans lose weight and improve insulin resis-
tance. These effects are linked to microbiome alterations [104].
Nutritional modulation of gut microbiota—derived metabolites and
metabolic outcomes is given in Fig. 3.

9.2. Metabolite signatures in obesity and insulin resistance

Repeatable circulating metabolite profiles, particularly in-
creases in branched-chain amino acids (BCAAs) and related
metabolic characteristics, are associated with insulin resistance
and are linked to particular microbiome functional capacities. An
important human metabolite-centric example linking microbiome
function to host metabolic risk is provided by the fact that insulin-
resistant people have higher levels of circulating BCAAs and that
gut microbiome functional markers, including BCAA biosynthetic
capability, correspond with insulin resistance phenotypes [105]. a
functional microbiome-carbohydrate metabolism profile con-
nected to insulin sensitivity versus insulin resistance, supporting
the prospect that metabolic phenotype is related to microbial
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metabolic capacity, including fermentation pathways that
generate SCFAs and related metabolites [106]. Increased post-
intervention SCFAs are linked to improved insulin sensitivity
markers (such as lower fasting insulin), according to a systematic
synthesis of human studies. This suggests that SCFAs function as
clinically significant metabolic mediators, though causality and
directionality still need to be carefully interpreted [12].

9.3. Therapeutic potential of targeting microbial metabolism

Strategies that focus on microbial metabolic outputs instead of
just microbial taxonomy are becoming more and more supported
by translational evidence. As an illustration of a “postbiotic
pathway targeting” strategy, therapies intended to raise colonic
propionate through targeted substrate administration have shown
effects on gut hormones, adiposity distribution, and insulin
sensitivity-related outcomes in people [99]. Similarly, prebiotic
strategies like resistant starch and inulin-type fructans could be
seen as therapeutic tools that direct fermentation flux toward the
generation of SCFA (and possibly away from proteolytic fermen-
tation) [101]. One important clinical implication is that tailored
“microbial metabolism targeting” based on metabolic phenotype
and baseline microbiome functional potential is probably going to
be most successful. Human multi-omics research that links
microbiome activities (such as BCAA biosynthesis/transport ca-
pacity) to insulin resistance offers a justification for classifying
individuals who may benefit most from particular diet-based
metabolite-targeting therapies [105]. Human dietary interven-
tion studies provide translational support that altering colonic
substrate delivery (e.g., via inulin-type fructans, targeted propio-
nate delivery, resistant starch, or Mediterranean-style dietary
patterns) modifies microbiota-derived metabolites and is associ-
ated with improvements in insulin sensitivity and related car-
diometabolic outcomes given in Table 3.

10. Nutritional strategies to modulate microbial metabolite
profiles

Prebiotics and dietary fibers increase the transport of
fermentable substrates to the colon, which increases the for-
mation of short-chain fatty acids (SCFAs) and modulates mi-
crobial metabolite production. Increasing colonic fermentation
through resistant starch and inulin-type fructans is linked to
better insulin sensitivity and metabolic outcomes, according to
findings from human interventions [107]. Using inulin-
propionate ester for targeted colonic delivery of propionate
promotes anorectic gut hormones (GLP-1 and PYY), decreases
weight gain and intra-abdominal adiposity, and keeps insulin
sensitivity from declining in overweight people [108].
Fermentable fibers enhance insulin resistance and glycemic
management, especially in people with metabolic risk, ac-
cording to additional human supplementation research
[109,110].

Diets high in polyphenols affect microbial metabolite pro-
files because a substantial portion of dietary polyphenols
penetrate the colon, where gut bacteria transform them into
bioactive phenolic metabolites. Polyphenols found in cocoa,
berries, tea, and red wine improve markers of inflammation and
insulin sensitivity, change the metabolism of gut microbes, and
increase phenolic acid synthesis [111]. The importance of gut
microbiota as a metabolic amplifier of dietary polyphenols is
highlighted by these microbial modifications, which contribute
to metabolic effects that cannot be explained by absorption of
parent polyphenols alone [112,113].
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Fig. 3. Nutritional modulation of gut microbiota-derived metabolites and metabolic outcomes

This schematic illustrates how dietary patterns shape gut microbiota-derived metabolite profiles and downstream metabolic outcomes. A healthy, fiber-rich diet promotes a
balanced gut microbiota and the production of beneficial metabolites, including short-chain fatty acids (SCFAs), propionate, indole derivatives, and indole-3-propionic acid (IPA),
which are associated with improved energy balance, enhanced insulin sensitivity, and favorable weight regulation. In contrast, an unhealthy diet rich in fat and protein and low in
dietary fiber drives dysbiosis and the generation of potentially harmful microbial metabolites, such as secondary bile acids, branched-chain amino acid derived metabolites, and
trimethylamine N-oxide (TMAO). These metabolite profiles are linked to metabolic inflammation, impaired insulin signaling, and the development of obesity and insulin resistant

Variations in baseline microbiome functional capacity, to food. Insulin resistance is linked to certain microbial metabolic
particularly processes relating to bile acid transformation, amino fingerprints, such as increased branched-chain amino acid pro-
acid metabolism, and carbohydrate fermentation, are closely duction and transport pathways, according to extensive human
associated with inter-individual diversity in metabolic responses multi-omics studies [114]. Personalized dietary treatments
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Table 3
Human dietary intervention studies targeting microbial metabolites.
Design/population Intervention (dose) & duration Target metabolite Key outcomes reported References
pathway
Randomized controlled human Inulin-propionate ester (IPE) to SCFA (propionate) — Increased PYY/GLP-1, reduced energy intake acutely; [143]
studies (acute + longer increase colonic propionate (targeted enteroendocrine longer supplementation associated with less adiposity
supplementation reported in delivery); longer supplementation signaling gain and improved metabolic outcomes (propionate-
the paper) included targeting strategy).
Randomized cross-over trial in IPE vs inulin, ~6 weeks SCFA Reported improved insulin sensitivity with distinct [57]

adults with overweight/
obesity

Randomized, placebo-
controlled cross-over in type
2 diabetes

Randomized controlled trial in
overweight/obese adults

Inulin-type fructans (mixture of
oligofructose + inulin), 6 weeks (with
washout)

Isocaloric Mediterranean diet
intervention, ~8 weeks

capacity)

Human intervention study in
individuals with excess body
weight

Lifestyle intervention (longer-
term) with diet pattern focus

Resistant starch (RS)
supplementation, ~8 weeks

MedDiet-style lifestyle intervention
(energy-reduced + behavioral
components)

Human supplementation study Resistant potato starch
supplementation

signaling + metabolome/
microbiome shifts
1 SCFAs (fermentation

Multi-metabolite impact
(microbiome + systemic
metabolome)

1 SCFAs via enhanced
fermentation;
microbiome shifts
Multi-metabolite axis
(incl. bile acid-related
pathways reported)

SCFA-linked
fermentation with bile

microbiota/metabolome effects between IPE and inulin.

Demonstrated a prebiotic effect on fecal microbiota and [144]
SCFA-related measures in T2D; supports SCFA-pathway
modulation in a clinical population.

Improved cardiometabolic markers and induced
microbiome + metabolome changes consistent with
diet-driven modulation of microbial metabolic outputs.
Reported weight loss and improved insulin resistance,
linked to microbiome changes (supports metabolite-
centric mechanism beyond calories).

Reported microbiome-related changes associated with
metabolic improvements; supports long-term
translational relevance of
diet—microbiome—metabolites.

Reported changes consistent with RS influencing bile
acid metabolism and circulating metabolic markers.

[29]

[104]

[145]

[146]

acid metabolism effects

enhance postprandial glycemic responses more effectively than
standard dietary recommendations, according to predictive di-
etary models incorporating microbiome traits [115]. Precision
control of microbial metabolite production is supported as a
clinically relevant strategy by subsequent human research that
verify tailored dietary regimens based on microbiome and
metabolic phenotypes produce superior glycemic and metabolic
outcomes [116].

11. Knowledge gaps and future directions

Individual responses to dietary interventions intended to
modify gut microbial metabolites differ significantly. Large human
cohorts show that postprandial glycaemic and metabolic re-
sponses to identical meals vary significantly between individuals,
with host factors like adiposity, insulin sensitivity, habitual diet,
and medication use explaining a significant portion of this vari-
ability along with baseline gut microbiome composition and
function [115,117,118]. In human microbiome research, stool con-
sistency and intestinal transit time are significant but frequently
disregarded variables that strongly influence gut microbial
composition and metabolic output [119,120]. Furthermore, often
prescribed drugs, like metformin, can alter host metabolic re-
sponses to dietary treatments by reshaping microbial metabolic
pathways [121]. Functional stratification of individuals based on
microbial metabolic capacity, rather than just taxonomic compo-
sition, should be the focus of future research. By identifying
metabotype-specific reactions, dietary substrates can be more
precisely targeted to increase beneficial metabolites while
reducing  potentially  hazardous microbial  byproducts
[117,118,122].

The majority of intervention trials are still brief, which limits
judgments about sustainability, long-term efficacy, and safety,
despite the growing interest in microbiome-targeted nutrition.
Targeted regulation of microbial metabolites may result in long-
term metabolic improvements, according to longer randomized
controlled trials. For instance, long-term supplementation tech-
niques intended to improve colonic propionate supply have been
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linked to decreased weight gain and the avoidance of declining
insulin sensitivity in overweight adults [123-125]. Similar re-
ductions in insulin resistance and obesity have been shown by
controlled dietary fiber therapies, such as resistant starch sup-
plementation, along with repeatable microbiome changes, how-
ever results vary among groups [126,127]. Adequately powered
trials that last longer than six months and include standardized
dietary backgrounds, clinically meaningful metabolic endpoints,
and follow-up periods to evaluate impact durability are desper-
ately needed. To determine if microbiome-mediated metabolic
enhancements result in long-term cardiometabolic risk reduction,
such research is crucial [123,125-127].

The use of microbiome sequencing without concurrent evalu-
ation of circulating microbial metabolites, which are the main
mediators of host metabolic effects, is a significant shortcoming of
many recent investigations. The integration of metabolomics to
record host exposure to microbial metabolic products is supported
by multi-omics studies that show strong correlations between gut
microbiome characteristics and fecal and plasma metabolite pro-
files [122,128-130]. Combining microbiome data with anthropo-
metric, metabolic, and lifestyle factors enhances the prediction of
individual food responses, according to precision nutrition trials
[115,117,118]. Standardized metabolomics pipelines, longitudinal
sampling, and causal inference techniques should be used in
future research to find metabolite signatures that can be specif-
ically targeted by tailored dietary interventions [128-131].
Addressing these gaps will require nutrition-focused study designs
that integrate dietary assessment, microbial metabolite profiling,
and clinically relevant metabolic outcomes. Such approaches are
essential to translate microbiome science into evidence-based
nutritional strategies for preventing and managing insulin resis-
tance and obesity.

12. Conclusion

Gut microbiota derived metabolites act as active nutritional
signals that mediate the effects of diet on host metabolic pathways
rather than functioning as passive by-products of digestion.
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Metabolites such as short-chain fatty acids, secondary bile acids,
indole derivatives, and amino acid derived compounds interact
with host receptors and intracellular signaling networks that
regulate glucose homeostasis, energy balance, inflammation, and
insulin sensitivity. These metabolite-driven interactions represent
a functional interface between dietary intake and host physiology,
shifting the focus from microbial composition alone to microbial
metabolic activity as a determinant of metabolic health. Dietary
modulation of microbial metabolite production has direct impli-
cations for the prevention and management of insulin resistance
and obesity. Nutritional patterns that enhance beneficial microbial
metabolites are associated with improved insulin sensitivity,
reduced adipose tissue dysfunction, and attenuation of low-grade
inflammation. Conversely, metabolite profiles linked to dysregu-
lated amino acid and lipid metabolism are consistently associated
with insulin resistance and metabolic dysfunction. These obser-
vations support the view that targeting microbial metabolism of-
fers opportunities to influence disease-related pathways at early
stages, before the development of overt metabolic disease.
Recognition of microbial metabolites as key mediators of diet-host
interactions provide a strong rationale for nutrition-based thera-
peutic strategies that focus on modifying microbial metabolic
outputs. Approaches that target specific fermentation pathways,
bile acid signaling, or amino acid metabolism may offer more
precise and durable metabolic benefits than interventions aimed
solely at altering microbial composition. Integration of dietary
interventions with metabolic phenotyping and microbiome func-
tional profiling supports the development of personalized nutri-
tion strategies designed to optimize microbial metabolite
production and improve metabolic health outcomes. Despite
substantial mechanistic and observational evidence, limitations
include heterogeneity in dietary interventions, short trial dura-
tions, and inter-individual microbiome variability. Most human
studies remain associative, underscoring the need for long-term,
well-controlled intervention trials integrating metabolomics.
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