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Abstract

The gut microbiome, a complex assembly of microorganisms, significantly impacts human health by influencing nutrient absorp-
tion, the immune system, and disease response. These microorganisms form a dynamic ecosystem that is critical to maintaining
overall well-being. Prebiotics and probiotics are pivotal in regulating gut microbiota composition. Prebiotics nourish beneficial
bacteria and promote their growth, whereas probiotics help maintain balance within the microbiome. This intricate balance
extends to several aspects of health, including maintaining the integrity of the gut barrier, regulating immune responses, and
producing metabolites crucial for metabolic health. Dysbiosis, or an imbalance in the gut microbiota, has been linked to meta-
bolic disorders such as type 2 diabetes, obesity, and cardiovascular disease. Impaired gut barrier function, endotoxemia, and
low-grade inflammation are associated with toll-like receptors influencing proinflammatory pathways. Short-chain fatty acids
derived from microbial fermentation modulate anti-inflammatory and immune system pathways. Prebiotics positively influence
gut microbiota, whereas probiotics, especially Lactobacillus and Bifidobacterium strains, may improve metabolic outcomes, such
as glycemic control in diabetes. It is important to consider strain-specific effects and study variability when interpreting these
findings, highlighting the need for further research to optimize their therapeutic potential. The aim of this report is therefore to
review the role of the gut microbiota in metabolic health and disease and the effects of prebiotics and probiotics on the gut

microbiome and their therapeutic role, integrating a broad understanding of physiological

perspective.

diabetes mellitus; microbiota; obesity

INTRODUCTION

The gut microbiome is a complex ecosystem comprising
many microorganisms, encompassing bacteria, yeast, viruses,
fungi, protozoans, archaea, and the interaction among them,
their metabolites, and their hosts (1, 2). Its composition,
known as the microbiota, is extremely diverse, and most stud-
ies focus on the bacterial community, which comprises over
1,000 different species. There are many phyla in Bacteria
domain, but most of the species that inhabit the surface of
the gut mucus or reside within the gut lumen are catego-
rized into four dominant phyla: Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria (3, 4). This environ-
ment is distinctive and individualized, and it is recognized
that factors such as the method of delivery at birth, breast-
feeding, and genotype play crucial roles as modulators (5).

The gut microbiome’s significance in human health has
been extensively investigated in recent years. It is widely
acknowledged that various factors influencing its composi-
tion—such as diet, age, genetics, environment, medications,
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mechanisms with a clinical

and stress—profoundly impact human well-being. The
microbiome’s influence extends to the absorption of essen-
tial nutrients, vitamins, and minerals (6); modulation of the
immune system (7, 8); enhanced response to diseases (9);
and maintenance of digestive health (10, 11). The functioning
of the microbiome directly impacts these aspects.

The gut microbiota supports the nutritional needs of the
host by improving digestion and absorption of nutrients. It
also synthesizes essential metabolites like short-chain fatty
acids (SCFAs) and vitamins. In addition, it degrades polysac-
charides and proteins that are resistant to breakdown by
human enzymes (12). Moreover, the immune system regu-
lates commensal microorganisms’ ability to bind to the gut
mucosa. Meanwhile, their metabolites influence immune
function by activating macrophages, stimulating IgA and
neutrophils, and promoting the production of peripheral
immunoglobulins (9).

The relationship between the intestinal microbiome and
a broad spectrum of diseases has become a key area of in-
terest among researchers. Metabolic diseases such as
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obesity, diabetes, and cardiovascular disease have been
extensively studied in recent years as conditions influenced
by the gut microbiome (13). Interventions—ranging from die-
tary modifications to surgical and pharmacological treat-
ments in individuals with diabetes—have notably induced
changes, primarily in bacterial populations within the
Firmicutes phylum compared with the gram-negative
bacterial population in the Bacteroidetes phylum. These
interventions have also led to alterations in over 60 fami-
lies, genera, or species of bacteria (14). It is believed that
understanding the intricate interplay between the gut
microbiome and human health may significantly contrib-
ute to the development of innovative therapies and
treatments.

In this context, prebiotics and probiotics emerge as influ-
ential regulators of the gut microbiota, showing promise in
potentially mitigating metabolic diseases. Prebiotics belong
to a category of dietary substrates that are selectively used
by host microorganisms, conferring health benefits (15).
These compounds resist digestion by the human body, tra-
versing the digestive system until they reach the colon. Once
there, they undergo fermentation by the gut bacteria, which
may produce valuable SCFAs, such as butyrate, acetate, and
propionate, playing crucial roles in both gut and overall
health (15, 16).

Probiotics refer to live microorganisms that, when admin-
istered in adequate amounts, confer a health benefit on the

host (16). These living bacterial strains contribute to the pop-
ulation of beneficial bacteria present in the digestive system,
thereby enhancing its overall health. The advantages of pro-
biotics extend to maintaining a balanced gut microbiome,
which, in turn, assists in improving digestive health, regulat-
ing the immune system, and potentially preventing certain
diseases. In summary, prebiotics function as fiber that nour-
ishes friendly gut bacteria, whereas probiotics are living
microorganisms that confer health benefits (15, 16).

Probiotics and prebiotics are proposed to impact meta-
bolic function by influencing microbiota composition, up-
and downregulating metabolites, and enhancing intestinal
barrier function (17, 18). These interconnected mechanisms
operate collaboratively, preventing detrimental effects from
reaching the circulatory system and potentially causing met-
abolic disorders (Fig. 1). The aim of this report is therefore to
review the role of the gut microbiota in metabolic health and
disease and the effects of prebiotics and probiotics on the
gut microbiome and their therapeutic role, integrating a
broad understanding of physiological mechanisms with a
clinical perspective.

THE ROLE OF THE GUT MICROBIOTA IN
METABOLIC HEALTH

The gut is home to an extensive microbial community,
and microorganisms can influence organs like the liver,
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adipose tissue, and others (19). Moreover, these microbes
prevent pathogen adhesion to the mucus layer by competing
for nutrients and receptor-binding sites, thereby protecting
the enterocytes (9). In addition, the production of organic
acids, hydrogen peroxide, and bacteriocins serves as antimi-
crobial agents against pathogenic bacteria (20). The subse-
quent sections address mechanistic insights elucidating how
gut microbiota aid in maintaining the gut barrier, interacting
with gut hormones, regulating immune responses and
inflammation, and how produced metabolites, such as short-
chain fatty acids (SCFASs), exert their various functions.

Gut Barrier Maintenance

Maintaining the integrity of the gut barrier relies on a
complex network of interactions between the gut microbiota
and various cell types, playing a pivotal role in human
health. This barrier serves as a crucial defense, preventing
intestinal microorganisms and microbial components from
entering the abdominal cavity and reaching other tissues.
Composed of the mucus layer, commensal bacteria, and dif-
ferent types of epithelial and immune cells (such as entero-
cytes, goblet cells, enteroendocrine cells, Paneth cells, and
microfold cells), the gut barrier is fundamental to the body’s
homeostasis and overall health under normal conditions.
Any disruption in this equilibrium can lead to gut barrier
dysfunction, potentially contributing to metabolic distur-
bances (21).

Several factors are involved in mucus metabolism and the
maintenance of barrier integrity. The presence and diversity
of the gut microbiota can significantly impact the secretion,
thickness, and stability of the mucus layer. Mucins can serve
as an ideal substrate for the adhesion and growth of micro-
bial species, potentially leading to an increase in mucus-
associated bacteria, such as Akkermansia, Lactobacillus,
Bifidobacterium, and Faecalibacterium (22). Bacterial com-
ponents and metabolites play a role in regulating the glyco-
protein mucin2 (MUC2), the primary subtype of mucin
produced by goblet cells (23). The microorganisms can also
modulate the expression of tight junction proteins, including
junctional adhesive molecules (JAMs), claudins, occludins,
and proteins belonging to the zonula occludens (ZO) family,
which are decreased by Clostridium difficile and increased
by Lactobacillus (24). Assessing the positive impact of main-
taining gut barrier integrity can be achieved by measuring
the serum levels of zonulin, endotoxin, and lipopolysaccha-
rides (LPS) and evaluating transepithelial resistance (4). This
evaluation provides insights into the effectiveness of probi-
otics in supporting gut barrier function.

Akkermansia muciniphila is a mucolytic bacterium in the
human gut that thrives on mucin as its primary carbon
source. It possesses glycoside hydrolases capable of remov-
ing mucin sialyl and fucosyl caps, enabling mucin degrada-
tion. Interestingly, despite its role in breaking down mucin,
A. muciniphila has been observed to increase the number
of goblet cells, accelerating mucus turnover and thereby
stimulating mucin secretion by the host (25). In addition,
Amuc_1100, a specific outer membrane protein of A. muci-
niphila, has been identified to upregulate and activate
intestinal cAMP-responsive element-binding protein H
(CREBH). This activation subsequently alleviates intestinal

endoplasmic reticulum (ER) stress, prevents gut barrier
leakage, minimizes blood endotoxemia, promotes intesti-
nal epithelial regeneration, and enhances insulin-like
growth factor (IGF) signaling (26). These mechanisms col-
lectively contribute to the maintenance of gut health and
overall homeostasis.

Lactobacillus strains have shown a noteworthy ability to
upregulate the expression of MUC2 and claudin (CLDN)
(27). Furthermore, these lactic acid bacteria can success-
fully colonize the host’s intestinal tract, leading to the pro-
duction of beneficial metabolites. This colonization
increases the gene expression of ZO-1 and JAM-1, along
with the upregulation of MUC2 and endogenous antimi-
crobial peptides. These alterations are crucial for sustain-
ing the epithelial barrier function and for protecting the
intestinal mucosa from pathogens and harmful substances
originating externally (28).

Bifidobacterium spp. have the potential to protect against
the tight junction barrier dysfunction by upregulation of
occludin and ZO-1 expression and phosphorylation, leading
to the formation, redistribution, and complex stabilization of
tight junction proteins (29). Finally, Faecalibacterium praus-
nitzii produces microbial molecules that upregulate ZO-1
expression to improve intestinal barrier structure and func-
tion (30).

Immune Responses and Inflammation

Considering the intestinal barrier function, it is impor-
tant to highlight the evidence supporting impaired barrier
function in the intestine, allowing bacteria and bacterial
metabolites (such as LPS) to enter the bloodstream and pe-
ripheral tissues. This condition, known as endotoxemia,
triggers the immune system and leads to low-grade inflam-
mation, which adversely affects both local (intestinal) and
systemic health (31).

Studies involving microbiota transplantation also support
the link between inflammation and metabolic health. When
the intestinal microbiota of obese mouse models was trans-
planted into lean, healthy mice, increased gut permeability
and inflammation occurred due to LPS leakage. This resulted
in impaired glucose metabolism in the recipient mice (32). In
another report, fecal microbiota transplantation from mice
without diabetes to mice with diabetes resulted in beneficial
outcomes for the diabetic animals, including reduced fasting
plasma glucose, restoration of inflammatory cytokine levels,
and improved tight junction structure (33). This suggests
that a balanced microbiota may play a causal role in regulat-
ing gut permeability, inflammation, and metabolic function.

In diabetic rats, extracellular vesicles released by gram-
negative bacteria are increased. These vesicles containing
LPS translocate into the circulation and induce inflamma-
tion in tissues beyond the gut (34). This suggests a systemic
effect of bacterial components on inflammation, which may
contribute to the development of diabetic complications.
Toll-like receptors (TLRs) are expressed in immune cells, en-
dothelial cells, adipocytes, and hepatocytes. These receptors
recognize pathogen-associated molecular patterns (PAMPs)
from gut microbiota, such as LPS (35). Binding of PAMPs to
TLR2 and TLR4 activates the Myd88 adaptor protein, trigger-
ing pathways involving NF-«B and c-Jun NH2 terminal
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kinase (JNK). This activation leads to the production of
proinflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-o) and interleukin-6 (IL-6) (36). The subsequent
consequences of this inflammatory response involve reduced
insulin signaling due to the phosphorylation of proteins, spe-
cifically serine or threonine residues (37). Stimulation of the
TLR pathway also leads to B-cell dysfunction and death (38),
which, in association with insulin resistance, are key compo-
nents of the pathophysiology of diabetes. Conversely, inhibi-
tion of JNK has shown to be protective for B-cells (39).
Chronic low-grade inflammation driven by TLR activation is
also shown to affect metabolism in peripheral organs like adi-
pose tissue, leading to insulin resistance (40). Human adipo-
cytes expressing TLRs can initiate an immune response,
contributing to insulin resistance, as shown in Fig. 2.

Short-Chain Fatty Acids and Other Metabolites

The SCFAs (acetate, propionate, and butyrate) are produced
primarily in the gut lumen by the microbial fermentation of di-
etary fiber (complex carbohydrates) and exert multiple physio-
logical functions. These fatty acids can either be absorbed by
enterocytes or enter the bloodstream to reach various tissues
(5). They serve as energy sources and play crucial roles in mod-
ulating anti-inflammatory and immune pathways. Specifically,
SCFAs have been described to downregulate the proinflamma-
tory cytokines TNF-o and IL-1B. Furthermore, they contribute
to maintaining intestinal barrier integrity and promoting
mucus production, both vital for gut health (41). Key
genera linked to SCFA production include Lachnospira,
Lactobacillus, Akkermansia, Bifidobacterium, Roseburia,
Ruminococcus, Faecalibacterium, Clostridium, and Dorea (31).

The primary mechanisms through which SCFAs influence
metabolic health are their anti-inflammatory effects and
modulation of signaling through G protein-coupled recep-
tors (GPCRs) (42). SCFAs, varying in carbon chain lengths,
function as signal transduction molecules, binding to and
activating various cell surface GPCRs, notably GPRA41,
GPR43, GPR109A, OR51E2 (in humans), and OLFR78 (in

Figure 2. The underlying mechanisms of activation of TLRs
by extracellular LPS and induction of inflammation and insu-
lin resistance in adipocytes. LPS binds to TLR, triggering a
pathway that activates JNK, IKK, and NF-kB, leading to the
production of proinflammatory cytokines TNF-o. and IL-6,
increasing expression of JNK and IKK serine/threonine ki-

nase, thereby reducing insulin signaling by phosphorylation ~ e f

of proteins into serine or threonine residues. IL-6, interleu- |
kin-6; IKK, IkB kinase; JNK, c-Jun N-terminal kinase; LPS, li- \
popolysaccharides; TLRs, toll-like receptors; TNF-a, tumor i n |
necrosis factor-alpha. Figure drawn using pictures from A
Servier Medical Art.
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mice). Activation of GPCRs can influence the secretion of
inflammatory cytokines, impact substrate and energy me-
tabolism in peripheral tissues (43), and increase the secre-
tion of crucial gut peptides, such as glucagon-like peptide
(GLP)-1, GLP-2, and peptide YY (PYY) (44). In adipose tissue,
acetate tends to bind to GPR43, whereas propionate and bu-
tyrate exhibit higher affinity to GPR41. Their metabolic roles
are partially redundant, but they are associated with benefi-
cial effects on lipid and glucose homeostasis and the attenu-
ation of inflammation (45).

The influence of SCFAs extends to the regulation of the
immune system and the balance between anti- and proin-
flammatory responses by modulating gene expression, lead-
ing to the downregulation of proinflammatory markers (46,
47). This regulation occurs notably through the TLR/NF-«B
pathway (48). Among SCFAs, butyrate, the most abundant,
demonstrates notable effects such as reducing plasma glu-
cose levels, enhancing the expression of tight junction
proteins in the small intestine, and improving diabetic reti-
nopathy in diabetic mice through reducing retinal thinning
and inhibiting microglial activation in retina (49). In addi-
tion, butyrate contributes to the reduction of LPS transloca-
tion by decreasing oxidative stress, thereby promoting a
more stabilized intestinal mucosa (5). Certain probiotic
strains containing Lactobacillus, particularly L. paracasei
SD1and L. rhamnosus SD11, serve as valuable natural sources
of butyrate (50). Clostridium butyricum is another strain
whose supplementation in rats has shown promising results,
increasing fecal butyric acid levels, decreasing inflammatory
markers, and elevating anti-inflammatory markers (51).
These findings highlight the potential therapeutic benefits of
these probiotic strains in modulating SCFA production and
associated health outcomes.

In addition, the impact of microbiota on carbohydrate me-
tabolism in individuals with insulin resistance involves an
elevation in fecal carbohydrates, particularly host-accessible
monosaccharides and SCFAs, which may improve glucose
homeostasis. A systematic review showed that in mouse
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models of diabetes, butyrate, acetate, and propionate ther-
apy reduced the fasting plasma glucose levels compared
with placebo (52). In a cross-sectional study involving
women, findings revealed an inverse association between
fecal propionate and butyrate levels and both total and vis-
ceral adiposity. In addition, fecal and plasma SCFA levels
were linked to reduced fasting plasma glucose, glycated he-
moglobin (HbA1c), and insulin levels, alongside an improved
B-cell function (53). Dietary intake rich in butyrate and ace-
tate has been reported to elevate the activity of regulatory T
cells while reducing the levels of IL-21, a cytokine implicated
in diabetes development (31). Furthermore, a systematic
review and meta-analysis investigating the effects of SCFAs
on insulin resistance and its consequences in humans dem-
onstrated lower fasting insulin and reduced homeostatic
model assessment of insulin resistance (HOMA-IR) without
altering fasting plasma glucose levels (54). High levels of
plasma-branched SCFAs are associated with lower fasting
and postprandial plasma glucose levels (55). However, one
study found that fecal propionate increased in insulin resist-
ance (56). These findings collectively emphasize the poten-
tial therapeutic implications of SCFAs in reducing insulin
resistance and associated metabolic outcomes.

Recent findings suggest that SCFAs may significantly con-
tribute to enhancing gut barrier integrity in mice by increas-
ing mucin content and the expression of MUC2 (57).
However, translational studies conducted ex vivo have
shown that acute exposure to physiological concentrations
of butyrate did not confer protection to human colonic tissue
against increased permeability induced by a chemical stres-
sor (58), and in colonic biopsies treated with different con-
centrations of SCFAs, they do not interfere with virus
entrance in cells (59). Interestingly, succinate, another
metabolite, has exhibited extracellular signaling capabilities
through its specific receptor, succinate receptor 1 (SUCNR1).
Studies have demonstrated its ability to improve barrier
function in the small intestine by enhancing the expression
of ZO-1 and goblet cell production. This enhancement has
resulted in an increased relative abundance of A. mucini-
phila, reduced plasma levels of LPS, and lowered proinflam-
matory cytokines such as TNF-q, IL-6, and IL-1f (60). These
findings highlight the potential function of succinate and its
receptor on the intestinal barrier, attenuating inflammatory
responses.

Several dietary-derived compounds produced by gut bac-
teria contribute to inducing metabolic changes. Microbial
metabolism of L-tryptophan results in the production of
indole derivatives, which have a significant impact in regu-
lating genes responsible for the formation of the gut barrier.
These compounds aid in enhancing the function of intesti-
nal epithelial cells involved in mucin secretion and other
essential products, thereby promoting gut barrier integrity
(5). Indole derivatives function by binding to the aryl hydro-
carbon receptor (AhR), a ligand-activated transcription factor
known to regulate various immune processes and increase
mucin production (61). Moreover, microcins, a class of riboso-
mally assembled and posttranslationaly modified peptides,
including lasso peptides produced by Enterobacteriaceae, ex-
hibit antimicrobial properties. They work to limit the growth
of microbial competitors, acting as antimicrobial or anti-
inflammatory agents. These microcins have been observed to
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ameliorate intestinal villi shedding, dampen inflammation,
and enhance gut integrity (62). Bile salts and their derivatives
also play a role in modulating the microbiota within the gut.
They contribute to reducing the presence of gram-negative
bacteria and impact innate and adaptive immune responses
by reducing proinflammatory mediators (5).

Despite their beneficial physiological functions, SCFAs
may have negative or neutral effects because not all SCFAs
are physiologically equivalent. A study investigating SCFA
concentrations reflecting the range of levels measured in
human blood in the myotube cell culture model found that
high concentrations of SCFAs are required to exert beneficial
extraintestinal effects by increasing insulin-stimulated glu-
cose uptake and that these levels may not be achievable by
microbial fermentation processes (63). The SCFAs can pro-
mote lipid accumulation by modulating the expression of
enzymes involved in fatty acid metabolism and may induce
impairment of brain neurochemistry (64).

Interaction with Gut Hormones

Gastrointestinal hormones have a critical role in glucose
homeostasis and may be modulated by the gut microbiota
(65). The levels of several hormones, including glucagon-like
peptide-1 (GLP-1), glucose-dependent insulinotropic polypep-
tide (GIP), and pancreatic peptide YY (PYY), are altered by
changes in the gut microbiota (66). The release of incretins
GLP-1 and GIP from enteroendocrine cells can be stimulated
by gut microbiota SCFAs through the activation of GPR43
(67). After bariatric surgery, a greater presence of species
belonging to the families of Streptococcaceae, Akkermansia-
ceae, Rickenellaceae, Enterobacteriaceae, Oscillospiraceae,
Veillonellaceae, Enterobacterales, and Fusobacteriaceae was
associated with the improvement in the incretins (68). On the
other hand, a GLP-1 receptor agonist increased the abundance
of Limosilactobacillus reuteri, suggesting a synergistic effect
(69). Furthermore, the satiety-regulating peptide YY may
have a role as an antimicrobial agent against pathogenic
microorganisms when released from lysozyme-expressing
Paneth cells (70).

The involvement of the gut microbiota in maintaining
metabolic health is complex, but it is evident that its compo-
sition influences the production of metabolites, immune
responses, and inflammation, all of which have a critical
function in maintaining gut barrier integrity and overall
metabolic health (Fig. 3). Understanding these interactions
is crucial in comprehending the underlying mechanisms of
various metabolic diseases.

THE MICROBIOME AND METABOLIC
DISEASES

The impact of microbial metabolites and the compromise
of the gut barrier due to dysbiosis can significantly contribute
to the development of metabolic disorders associated with
inflammation, affecting multiple organs (40). The gut micro-
biota imbalance is increasingly spotlighted as a modifiable
factor potentially implicated in the onset and progression of
type 2 diabetes, obesity, and cardiovascular disease (71).

Both obesity and diabetes prevalence have increased
around the world (72). Obesity is marked by an excessive
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Figure 3. Schematic representation of the main pathways of microbial components across intestinal cells. Akkermansia muciniphila induces mucin
secretion and degradation, accelerating the mucus turnover. Akkermansia muciniphila upregulates and activates intestinal CREBH, which subsequently
mitigates intestinal ER stress, gut barrier leakage, and blood endotoxemia, as well as promoting intestinal epithelial regeneration and enhancing IGF sig-
naling. The healthy microbiota produces SCFAs, which can either be absorbed by the enterocytes, increasing tight junction proteins and the secretion
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Figure drawn using pictures from Servier Medical Art.

accumulation of adipose tissue, resulting from an imbalance
between caloric intake and energy expenditure. It is associ-
ated with insulin resistance and is closely linked to the
occurrence of diabetes, although not all individuals with
obesity develop diabetes. Diabetes, on the other hand, is
characterized by persistent hyperglycemia caused by insulin
resistance and inadequate insulin secretion due to impair-
ment in B-cell function. This condition arises from intricate
interactions between genetic predisposition and environ-
mental factors. The repercussions of diabetes, including
chronic diabetic complications, elevated mortality rates,
and substantial healthcare expenses, are widely recognized
(72). In addition to factors like excessive caloric intake and
diminished energy expenditure, emerging research identi-
fies the gut microbiome as a potential contributor to the
pathogenesis of obesity and diabetes by influencing host
metabolism (73).

It is increasingly recognized that changes in the composi-
tion of the microbiota with the loss of beneficial microbial
organisms and the expansion of pathobionts, known as dys-
biosis, can lead to a proinflammatory status, deranged
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glucose metabolism, and insulin resistance (71). The gut
microbiota involvement in the development of metabolic
disorders is linked to several factors, including increased
energy extraction from the diet, induction of low-grade
inflammation, modulation of fatty acid composition of tis-
sues, and regulation of appetite via the gut-brain axis (74).
The connections between the gut microbiota and underlying
mechanisms involved in obesity and diabetes include
chronic inflammation induced by low-grade endotoxemia,
regulation of adipose tissue and liver fatty acid composition
by gut microbes, modulation of gut-derived peptide secre-
tion by gut microbiota, etc.

Although differences at the phylum level between lean
and obese individuals have shown conflicting results, other
aspects of the microbiota have been suggested to influence
responses to interventions targeting weight management
(75-77). Obesity is characterized by excessive accumulation
of fat that triggers activation of cells involved in the innate
immune response, leading to a chronic low-grade inflamma-
tory state. Recent evidence highlights the substantial role of
the gut microbiota in perpetuating inflammation associated
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with obesity and related disorders (75-77). Specific, naturally
occurring gut bacteria, notably underrepresented in individ-
uals with type 2 diabetes have functions crucial for main-
taining gut barrier stability and producing butyrate, which is
important to glucose and insulin homeostasis. In type 2 dia-
betes, abnormalities in the gut microbiome have been
observed, particularly reductions in the abundance of spe-
cific bacteria such as A. muciniphila and microbes responsi-
ble for converting dietary fiber into butyrate and other
SCFAs (75-77).

Regarding the risk of developing type 2 diabetes, Li et al.
utilized Mendelian randomization, a statistical method
that helps circumvent reverse causation and confounding
factors. Their study identified positive association between
Lachnoclostridium, Roseburia, and Streptococcus and the
risk of type 2 diabetes, whereas Oscillospira, Rumino-
coccaceae UCG-003, and Ruminococcaceae UCG-010 were
negatively associated with the risk of developing this condi-
tion (78).

Understanding the intricate mechanisms through which
the gut microbiota interacts with the human host has paved
the way for innovative approaches in treating metabolic dis-
eases. Identifying predictors of metabolic responses to alter-
ations in the gut microbiota and comprehending their
impact on metabolic disorders has unlocked new avenues
for potential treatments, including interventions involving
probiotics and prebiotics.

PREBIOTICS

The International Scientific Association for Probiotics and
Prebiotics defines prebiotics as “a dietary substrate that is
selectively used by the microorganisms of the host, confer-
ring a health benefit” (15). In the context of managing and
preventing metabolic diseases, the emphasis is placed on
health-promoting substrates, like prebiotics, which exert
numerous positive effects (79). The use of prebiotics is recog-
nized as a strategy to modify the intestinal microbiota com-
position, fostering a favorable gut environment (80). The
main prebiotics are polysaccharides, such as fructooligosac-
charides, galactooligosaccharides, mannanoligosaccharides,
and xylooligosaccharides, but several other compounds can
be considered prebiotics, like phenols and other phytochem-
icals, conjugated linolenic acid, and polyunsaturated fatty
acids (81). Functional foods containing prebiotics have the
potential to promote a healthier intestinal microbiota, which
is particularly beneficial for people with type 2 diabetes mel-
litus. This may lead to increased production of SCFAs, ulti-
mately improving glycemic control (82).

Different classes of prebiotics exert effects on gut micro-
bial communities, particularly by promoting the growth
of beneficial bacteria such as Bifidobacterium spp. and
Lactobacillus spp., while inducing shifts in the abundance of
Bacteroidetes and Firmicutes phyla (83). A recent study has
shown that administering a prebiotic fiber combined with
polyphenols during short-term metformin therapy results in
significant changes in microbial composition. Notably, there
was a modest increase in Firmicutes and a decrease in
Bacteroides (84). Studies indicate that increased availability
of fermentable carbohydrates from a high-fiber diet can lead
to metabolic improvements in individuals with type 2
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diabetes. This improvement is associated with enhanced
abundance of beneficial bacteria, such as Lactobacillus,
Bifidobacterium, and Akkermansia, while reducing the num-
ber of opportunistic pathogens (85). Moreover, in vitro culti-
vation of stool samples of newly diagnosed and untreated
individuals with diabetes suggests that prebiotics can aug-
ment the abundance of beneficial intestinal bacteria, as xyli-
tol and mannitol increased Lactobacillus and soluble starch +
choline + L-carnitine increased Bifidobacterium (86).

Prebiotic supplements in individuals with type 2 diabetes
exhibit multiple effects, including enhancements in incretin
responses (87), preservation of intestinal permeability (88),
and reduction in inflammation (89). For instance, polysac-
charides derived from Smilax glabra have been shown to
significantly enhance gut microbiome diversity, reduce epi-
thelial cell permeability, maintain tight junction integrity,
and subsequently decrease the production of proinflamma-
tory cytokines, such as IL-1B, IL-6, and TNF-a (90).
Moreover, an interesting study demonstrated that a complex
polysaccharide obtained from Chinese yam effectively
reduced pathogenic bacteria and mitigated LPS-induced sys-
temic inflammation, leading to decreased levels of TNF-a,
IL-6, and IL-1B (91). In addition, Citrus medica polysaccha-
rides were found to augment goblet cells, stimulate mucin
(MUC2) secretion, and reduce TNF-u levels while elevating
IL-10 levels in a model of intestine inflammation (92).

Several studies have investigated the role of prebiotic sup-
plementation as an adjunctive approach to improve glucose
control in type 2 diabetes, but its efficacy is not established.
Most trials of prebiotic supplementation for type 2 diabetes
evaluate resistant dextrin, inulin, B-glucan, short-chain fruc-
tooligosaccharides, and galactooligosaccharides, showing a
small reduction in HbAlc (93). A systematic review address-
ing the impact of probiotic/prebiotic/synbiotic supplementa-
tion on blood glucose conducted subgroup analyses based
on supplementation types. This review found no improve-
ment in glucose control specifically attributed to prebiotic
supplementation among patients with type 2 diabetes (94).
Similarly, a second systematic review exploring the effects of
prebiotics combined with oral antidiabetic agents did not
report improvements on glucose control (95). Although
another systematic review suggested improvements (96), it
was based on an analysis of only 10 randomized clinical tri-
als, leading to concerns about the reliability of the conclu-
sions. In relation to sources of polyphenols as prebiotic, a
systematic review suggested that grapes and their deriva-
tives have potential effects on glucose control improvement,
reducing HOMA-IR and Hb1Ac (97).

PROBIOTICS

The International Scientific Association for Probiotics and
Prebiotics defines probiotics as “live microorganisms that,
when administered in adequate amounts, confer health ben-
efits on the host.” These microorganisms, predominantly
bacteria but also yeasts, are naturally present in fermented
foods and can be incorporated into various food products or
obtained as dietary supplements (16). Among the studied
probiotics, gram-positive bacteria such as Lactobacillus and
Bifidobacterium species prevail (9). These bacteria possess
cell-surface adhesins with multiple repeats, facilitating their
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retention within the mucus layer of the gut, thereby contrib-
uting to gut balance restoration (31). Newer probiotic strains,
originating from the development of better culturing
methodologies, more affordable genome and metagenome
sequencing, and more powerful tools to edit and modify bac-
terial genomes, can be referred to as next-generation probi-
otics or live biotherapeutic products and are more likely to
be delivered under a drug regulatory framework. The range
of next-generation probiotics with potential to act as
adjuncts in conventional therapy for several diseases
includes Akkermansia, Bacteroides, and Faecalibacterium
(98). These emerging strains showcase promising roles
beyond the traditional Lactobacillus and Bifidobacterium,
signaling a progressive expansion in probiotic potential
applications.

Probiotics primarily exert their effects within the gastroin-
testinal tract, influencing the composition of the gut micro-
biome (5). The colonization patterns of probiotics within the
human gut mucosa vary significantly and depend on indi-
vidual factors such as baseline microbiota, specific probiotic
strain, and gastrointestinal tract regions (99, 100). These pro-
biotic functions operate through mechanisms classified into
general and species/strain-specific actions. General mecha-
nisms include gut colonization, where they compete with
pathogens, produce SCFAs and indole derivatives, lower co-
lon pH, ferment undigested fibers, and restore balance to the
gut microbiota (4, 16). On the other hand, species/strain-spe-
cific mechanisms include modulation of the immune sys-
tem, influencing cytokine production; synthesizing vitamins
such as K, B2, B9; and maintaining gut barrier integrity (4,
16, 20). Although these mechanisms primarily impact the
gut locally, they might also exhibit systemic effects.

Probiotic microorganisms release peptides, amino acids,
and DNA, which play pivotal roles in the host’s physiological
functions and immune responses. They actively modulate
both innate and adaptive immune responses within the gut
by stimulating immune effector cells, leading to increased
production of anti-inflammatory cytokines and chemical
mediators (9). In this context, they promote the secretion of
IgA in the intestinal lumen, effectively reducing pathogen
colonization.

Some species of probiotics are more studied and reported
in the literature. Lactobacillus species, notably Lactobacillus
plantarum MB452 and Lactobacillus rhamnosus GG, have
been studied for their diverse physiological effects. These
strains exhibit an impact on tight junctions by upregulating
proteins like occludin and E-cadherin, thereby reducing bac-
terial translocation and preventing inflammation (5, 31).
Recent reviews of studies highlight the additional beneficial
effects of probiotics containing Lactobacillus species on lipid
metabolism, reducing cholesterol and triglyceride levels
while increasing their fecal excretion, possibly through the
modulation of 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase (HMG-CoAR) and cytochrome P450 7Al1 (CYP7AI)
genes (5, 20). Moreover, consumption of Lactobacillus has
been associated with reductions in visceral and subcutane-
ous fat as well as body weight (5). Another effect is the reduc-
tion of insulin resistance and enhancement of gut microbial
diversity in type 2 diabetes. Studies report that Lactobacillus
positively impacts metabolism, leading to reduced fasting
plasma glucose levels, lowered inflammatory markers, and
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increased production of SCFAs by modulating gut microbial
composition (5, 12).

Bifidobacteria are recognized for their anti-inflamma-
tory properties. They enhance gut barrier function by sta-
bilizing proteins like claudin 2 and 4 and occludin at tight
junctions, maintain microvilli integrity, stimulate IgA
secretion, produce anti-inflammatory cytokines, and add
to the maturation of immune system cells (31). In mouse
models of induced inflammation, supplementation with
Bifidobacterium longum and F. prausnitzii led to reduced
intestinal inflammation, increased SCFAs, and partially
reversed thinning of the mucus layer induced by inflamma-
tion (101). In addition, administration of Bifidobacterium bifi-
dum can restore intestinal damage induced by substances
such as dextran sodium sulfate. This process involves correct-
ing dysbiosis, regulating immune markers, and influencing
tight junction expression in the colon. Notably, it includes up-
regulation of reactive oxygen species-scavenging enzymes,
anti-inflammatory cytokines (IL-10, IL-6, and PPAR-y), and
tight junction proteins such as ZO-1, MUC2, and claudin-3.
Simultaneously, downregulation of inflammatory genes like
TNF-o and IL-1f occurs. These changes in gene expression
contribute to reducing intestinal permeability, resulting in
decreased endotoxin levels associated with improved gut
health (31).

Host-microbe interactions have a significant function in
mitigating bacterial translocation and inflammatory changes.
In Japanese patients with type 2 diabetes, probiotic interven-
tion altered gut microbiota and reduced bacterial transloca-
tion (102). In mice, supplementation with B. longum
suppressed high fat-driven systemic low-grade inflammation,
decreasing serum levels of IL-6, IL-1B, and TNF-o (103).
Human studies further support these findings. A study evalu-
ating 14 live probiotic strains over 8 wk in individuals with
type 2 diabetes showed reduced serum levels of IL-6, IL-1B,
and TNF-o, alongside a slight positive effect on p-cell function
(104). A recent systematic review with meta-analysis involv-
ing 1,827 patients with type 2 diabetes revealed that supple-
mentation with Lactobacillus sp., Bifidobacterium sp., or both
significantly reduced glycemic indices (glycemia, insulin,
HbAIlc, and HOMA-IR) (105).

The mechanisms of action proposed for probiotics in con-
trolling obesity are related to the production of SCFAs, nota-
bly propionate and butyrate, which play a role in regulating
energy metabolism. This process involves a cascade of
events: SCFAs bind to G-protein receptors in the colon, stim-
ulating the production of glucagon and peptide YY. These
hormones trigger the release of glucose and activate gluco-
neogenesis within the intestine. Consequently, a satiety sig-
nal is transmitted to the brain, influencing peripheral
metabolism in other organs such as the pancreas, liver, skel-
etal muscle, and adipose tissue. These actions collectively
affect energy balance and metabolism, potentially contribut-
ing to obesity control (5).

Recent studies have highlighted specific commensal bac-
teria A. muciniphila as a promising candidate for new
probiotics due to their potential effects on gut health and
metabolism (106). In vitro, A. muciniphila elicited an immu-
nomodulatory response interacting with macrophages (107),
promoting a long-term anti-inflammatory phenotype in acti-
vated intestinal macrophages (108). In animal models, A.
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muciniphila has shown the ability to decrease caloric
intake, improve glucose homeostasis and insulin sensitiv-
ity, enhance intestinal barrier integrity, and reduce inflam-
mation levels (109). Notably, it can degrade mucus O-glycans
to produce monosaccharides used by other residing bacteria,
including Clostridium cluster XIV, Lachnospiraceae, Entero-
bacteriaceae, and C. difficile (31). Fortunately, the toxicity
evaluation of A. muciniphila showed gastrointestinal toler-
ance, no mutagenic properties, no risk of spreading resist-
ance genes, no acute or subchronic toxicological effects, and
no pathogenic properties, making it safe for human con-
sumption (110).

On the other hand, F. prausnitzii contributes to maintain-
ing intestinal barrier function by promoting tight junction
proteins and colon epithelial cell proliferation. This bacte-
rium, a vital butyrate producer, reduces acute and chronic
inflammation by expressing a tolerogenic cytokine profile
and producing salicylic acid, which is associated with a
reduction in IL-8 levels (31). Although these findings are still
promising, controlled clinical trials with well-defined dosing
patterns and rigorous monitoring of confounding variables
should be conducted to validate and support the clinical use
of these commensal bacteria as probiotics.

PREBIOTICS, PROBIOTICS, AND METABOLIC
HEALTH

The use of probiotic supplementation has emerged as a
strategy for weight loss due to its speculated anorexigenic
effects, primarily attributed to increased production of
SCFAs. These SCFAs are believed to contribute to fatty
acid oxidation and the secretion of gut hormones (YY pep-
tide and glucagon-like peptide 1) and leptin in adipocytes
(111). Furthermore, the combined use of probiotics and pre-
biotics (synbiotics) in weight management holds promise.
Prebiotics, as substrates for gut microorganisms, potentially
increase gastric volume during meals, adding in weight con-
trol (112). Species from the Lactobacillus and Bifidobacterium
genera are components of probiotic supplements used for
weight loss strategies (113). However, the optimal dosing regi-
mens for these probiotics remain unclear.

The first systematic review exploring the link between gut
microbiota and weight loss in overweight/obese adults
examined 43 studies, with 15 focusing on microbiota manip-
ulation. These studies varied in methodologies and interven-
tion durations, hindering their metanalysis. Probiotics used
differed in strains and durations, showing diverse effects
on the microbiota, with a tendency to reduce body fat.
Prebiotics, on the other hand, exhibited a bifidogenic effect
and increased butyrate producers, likely due to cross-feeding
interactions, thereby contributing to improved gut barrier
integrity and beneficial metabolic outcomes (113). A subse-
quent meta-analysis of randomized clinical trials (15 studies
and 957 patients) investigated the impact of probiotics on
individuals with overweight or obesity for up to 12 wk. This
analysis revealed modest but statistically significant reduc-
tions in body mass index compared with placebo, highlight-
ing the potential of probiotics in weight management (114).

A systematic review of 38 randomized clinical trials,
encompassing data from 2,086 patients with diabetes
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revealed benefits with the use of prebiotics, probiotics, and
synbiotics. These treatments showed a trend in reducing
HbAIc levels [—2.17 mmol/mol; 95% confidence interval (CI):
—4.37, 0.03; P = 0.05] and decreasing levels of fasting plasma
glucose (—0.58 mmol/L; 95% CI: —0.86, —0.30; P < 0.01), total
cholesterol (—0.14 mmol/L; 95% CI: —0.26, —0.02; P = 0.02),
triacylglycerols (—0.11 mmol/L; 95% CI: —0.20, —0.02; P =
0.01), and insulinemia (-10.51 pmol/L; 95% CI: —16.68,—4.33;
P < 0.01), whereas HDL-cholesterol levels exhibited an
increase (0.04 mmol/L; 95% CI: 0.01, 0.07; P < 0.01).
However, the studies included had a relatively small sample
size, statistical heterogeneity was observed in the meta-
analyses, and several probiotic bacteria were used in the sup-
plements, sometimes in combination with prebiotics. In addi-
tion, there was a significant variability in dose and duration of
supplementation across the studies, making it difficult to
draw definitive conclusions (115).

A systematic review of 31 randomized clinical trials sum-
marized data from 1,948 subjects with diabetes and gesta-
tional diabetes that evaluated the effect of probiotics on
glycemia, insulin resistance (HOMA-IR and QUICKI), and
HbAIlc. The review indicated that compared with control
groups, probiotics had a significantly favorable impact on
fasting plasma glucose (WMD: —0.32 mmol/L; 95% CI: —0.47
to —0.17), HbAlc (WMD: —3.5 mmol/mol; 95% CI: —5.1 to
—2.0), fasting insulin (WMD: —20.49 pmol/L; 95% CI: —26.11
to —14.86), HOMA-IR (WMD: —0.82; 95% CI: —1.05 to —0.59),
HOMA-B (WMD: -14.86; 95% CI. —24.57 to —5.16), and
QUICKI (WMD: 0.015, 95% CI: 0.011-0.019). Favorable out-
comes were associated with probiotic doses ranging between
1 and 10 x 10° colony-forming units (CFUs) per day (P <
0.004 for all) and formulations containing 2-4 strains (P <
0.05 for all). However, it is important to consider the limita-
tions of applying these findings, as most of the studies were
conducted on only two continents, and the sample sizes
across the studies were relatively small (116).

The findings of a smaller meta-analysis, comprising 14
randomized clinical trials, reported similar results as those
described by Bock et al. (115) and Cao et al. (116). Similarly,
this analysis supported the efficacy of both probiotic foods
and probiotic supplements in type 2 diabetes. Both probiotic
foods (SMD: —7.1 mmol/mol, 95% CI: —11.4 to —2.8; SMD:
—1.17, 95% CI: —2.14 to —0.20, respectively) and supplements
(SMD: —7.0 mmol/mol, 95% CI: —11.0 to —3.0; SMD: —0.98,
95% CI: —1.55 to —0.40, respectively) were associated with
significant reduction in HbAlc and HOMA-IR (117).

The systematic review conducted by Naseri et al (118),
using a similar methodology as by Bock et al. (115), encom-
passed a larger dataset of 46 randomized clinical trials (3,067
participants). The results were consistent with the previous
findings, demonstrating that supplementation with probiot-
ics and synbiotics was associated with lower fasting plasma
glucose (WMD: —0.62 mmol/L; 95% CI: —0.75, —0.49; P <
0.001), fasting insulin levels (WMD: —8.54 pmol/L; 95% CI:
—12.22, —4.93; P < 0.001), HbAlc (WMD: —3.0 mmol/mol;
95% CI: —4.8, —2.8; P < 0.001), and HOMA-IR (WMD: —0.87;
95% CI: —1.09, —0.65; P < 0.001). However, the intervention
did not yield changes in post oral glucose tolerance test
(OGTT) glycemia, and a limited number of studies were con-
ducted on individuals with prediabetes, suggesting a need
for more studies in this area.
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The systematic review and meta-analysis on the effects of
kefir, a fermented beverage known for its antimicrobial,
anti-inflammatory, and antidiabetic properties, aimed to
evaluate its impact on glycemic control in individuals with
diabetes mellitus, metabolic syndrome, overweight, and
healthy participants. The 6 studies provided data from 323
subjects. The findings suggested that consuming Kefir led to
a reduction in glycemia (WMD: —10.28; 95% CI: —16.53,
—4.02; P = 0.001) and insulinemia (WMD: —2.87; 95% CI:
-3.96, —1.78; P < 0.00001) with no effect on HbAlc. The
study highlighted limitations such as low number of individ-
uals included in the analysis, significant statistical heteroge-
neity observed in the meta-analyses, and the fact that not all
participants necessarily had diabetes, suggesting caution in
interpreting the results (119).

The key findings from a recent umbrella review encom-
passed data from 48 high-quality meta-analyses from 139
distinct randomized clinical trials published between 2013
and 2021. These trials investigated probiotic supplementa-
tion across individuals with diabetes, obesity, or metabolic
syndrome, using a wide range of doses (3.5 x 108 to 5.3 x 10
CFU) and durations (ranging from 5 to 19.5 wk). The meta-
analyses revealed that probiotic supplementation demon-
strated the ability to reduce fasting plasma glucose, HbAlc,
HOMA-IR, and insulin levels. These reductions were particu-
larly notable with moderate dosages (10 or 10° CFU).
Probiotics exhibited a more pronounced effect in lowering
glycemic indices among individuals with diabetes but did
not impact those with metabolic syndrome or obesity.
Patients under 50 yr of age tended to respond more effec-
tively to probiotic supplementation. This could be attributed
to physiological and pathophysiological changes influencing
body composition and insulin sensitivity in this age group.
The effectiveness of probiotics in modulating glucose levels
seems to be strain-specific, as a wide range of probiotic strains
were used in the studies. The authors concluded that probiot-
ics could be recommended as a potent, safe, and effective
complementary therapy for managing hyperglycemia in

individuals with type 2 diabetes and gestational diabetes.
However, it is important to note that the studies did not eval-
uate long-term effects, and several gaps remain regarding
intervention duration and optimal dosage (120).

The results of the various systematic reviews and meta-
analyses that evaluated the efficacy and safety of probiotics,
prebiotics, and synbiotics in the management of type 2 dia-
betes are summarized in Table 1. A recent systematic review
and network meta-analysis found that synbiotics may be
more effective than probiotics and prebiotics alone for type 2
diabetes management (93). However, despite the potential
benefits, the available evidence does not support supple-
mentation with probiotics, prebiotics, and synbiotics for
type 2 diabetes management, and more trials with better
methodological quality and longer intervention duration are
needed.

There are few studies on subjects with prediabetes, which
also have the limitation of small sample sizes. One study
compared the effects of consuming either a placebo contain-
ing maltodextrin or a multispecies probiotic or inulin-based
synbiotic for 6 months. Its consumption led to an increase in
the abundance ratio of Bacteroides fragilis-to-Escherichia
coli and decrease in the relative proportion of Firmicutes-to-
Bacteroidetes (121). The results of the trial involving 77
patients with prediabetes, who were either administered pro-
biotics or a placebo and followed for a 4-year observation pe-
riod, revealed that the incidence of type 2 diabetes was 59.1%
in the probiotic treatment group compared with 54.5% in the
placebo group, a difference that was not statistically signifi-
cant (P = 0.674) (122).

PERSPECTIVES AND SIGNIFICANCE

The exploration of the intricate relationship between the
gut microbiome and metabolic health opens up promising
avenues for future research and therapeutic interventions.
Understanding how probiotics and prebiotics supplementa-
tion shape the microbiome provides crucial insights into

Table 1. Summary of systematic reviews with probiotic, prebiotic or metabolites interventions in humans and

metabolic outcomes in diabetes

Study Intervention

Metabolic Outcomes Effect

Bock et al. (2021) (115) Probiotic/prebiotic/synbiotic

Cao et al. (2021) (116) Probiotic
Colantonio et al. (2020) (89) Prebiotic
Jafarabadi et al. (2021) (117) Probiotic
Jayedi et al. (2024) (93) Probiotic/prebiotic/synbiotic
Li et al. (2023) (105) Probiotic

Mahboobi et al. (2018) (96)
Moodi et al. (2021) (97)

Prebiotic/synbiotic
Grapes and their derivatives

| HbA1c, | fasting plasma glucose, | total cholesterol,
| insulinemia, T HDL-cholesterol, < LDL-cholesterol

| HbA1c, | fasting plasma glucose, | insulinemia, | HOMA-B,
| HOMA-IR

| Glycemia

| HbAI1c, | fasting plasma glucose, | insulinemia, | HOMA-IR

| HbA1c, | fasting plasma glucose, | LDL-cholesterol

| fasting plasma glucose, | insulinemia, | HOMA-IR

| HbA1c, | fasting plasma glucose, 1 HDL-cholesterol

| HOMA-IR, < insulinemia, «» HbAlc

(sources of polyphenol as prebiotic)

Naseri et al. (2022) (118) Probiotic/synbiotic

Ojo et al. (2022) (95) Prebiotics

Pham et al. (2024) (54) Short-Chain Fatty Acids
Salari et al. (2021) (119) Kefir

Wang et al. (2022) (94) Probiotic/prebiotic/synbiotic
Zarezadeh et al. (2022) (120) Probiotic

| HbA1c, | HOMA-IR, | fasting plasma glucose, | insulinemia,
— OGTT

| HbA1c

| Fasting Insulin, | HOMA-IR

| Glycemia, | insulinemia, <= HbA1lc

| HbA1c, « fasting plasma glucose, | HOMA-IR

| HbAIc, | fasting plasma glucose, | insulinemia, | HOMA-IR

1, increased; |, decreased; <, not changed; HbAlc, glycated hemoglobin; HDL, high-density lipoprotein; HOMA-B, homeostatic model
assessment of Beta-cell function; HOMA-IR, homeostatic model assessment for insulin resistance index; LDL, low-density lipoprotein;

TC, Total cholesterol.
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personalized approaches for maintaining metabolic health.
The role of prebiotics and probiotics in promoting a bal-
anced gut microbiota underscores their significance as
potential treatments for metabolic disorders like type 2
diabetes and obesity. The emerging strain A. muciniphila
adds to the optimism surrounding novel microbial inter-
ventions. Despite challenges, systematic reviews point to-
ward modest yet valuable outcomes with probiotic supple-
mentation, emphasizing the need for further investiga-
tion into specific effects, optimal dosages, and durations.
As research continues, unraveling the complexities of
the gut microbiome’s impact on metabolic health holds
great promise for refining therapeutic strategies and
advancing precision medicine in addressing prevalent
health conditions.
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