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Abstract
Obesity is a multifactorial condition influenced by genetic, environmental, and microbiome-related factors. The 
gut microbiome plays a vital role in maintaining intestinal health, increasing mucus creation, helping the intestinal 
epithelium mend, and regulating short-chain fatty acid (SCFA) production. These tasks are vital for managing 
metabolism and maintaining energy balance. Dysbiosis—an imbalance in the microbiome—leads to increased 
appetite and the rise of metabolic disorders, both fuel obesity and its issues. Furthermore, childhood obesity 
connects with unique shifts in gut microbiota makeup. For instance, there is a surge in pro-inflammatory bacteria 
compared to children who are not obese. Considering the intricate nature and variety of the gut microbiota, 
additional investigations are necessary to clarify its exact involvement in the beginnings and advancement of 
obesity and related metabolic dilemmas. Currently, therapeutic methods like probiotics, prebiotics, synbiotics, 
fecal microbiota transplantation (FMT), dietary interventions like Mediterranean and ketogenic diets, and physical 
activity show potential in adjusting the gut microbiome to fight obesity and aid weight loss. Furthermore, the 
review underscores the integration of microbial metabolites with pharmacological agents such as orlistat and 
semaglutide in restoring microbial homeostasis. However, more clinical tests are essential to refine the doses, 
frequency, and lasting effectiveness of these treatments. This narrative overview compiles the existing knowledge 
on the multifaceted role of gut microbiota in obesity and much more, showcasing possible treatment strategies for 
addressing these health challenges.
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Introduction
Obesity has come out as a critical concern at present and 
is even rated as a cause for concern in health. The grow-
ing rate of this condition is worrisome. It has been esti-
mated that about two billion individuals worldwide face 
issues with excess weight, and most of them are obese 
[1, 2]. In the USA, for example, nearly 100 million peo-
ple in all age categories, which is about one-third of the 
US population, are obese. If a person has a body mass 
index (BMI) that is greater than or equal to 25 and less 
than 30 kg/m², the person is considered to be overweight 
[3]. Among various other factors, the growing obesity 
epidemic across the globe has also been associated with 
several debilitating disorders and diseases such as type 
2 diabetes, visceral insulin resistance, and nonalcoholic 
fatty liver disease (NAFLD), among others [4–7]. Obesity 
has also been linked to decreased life satisfaction and the 
development of mental health issues, including anxiety 
and sadness [8]. According to research findings, the accu-
mulation of excessive fat in individuals who are classified 

as obese initiates a cellular response that is associated 
with the body’s natural defense mechanisms. This par-
ticular response leads to a chronic, mild state of inflam-
mation [9]. As a result, obesity is the main contributor 
to morbidity, death, and medical spending. Additionally, 
people who are obese have a far higher chance of dying 
from coronavirus disease 2019 (COVID-19) than those 
who are normal weight [10]. For instance, 62% of obese 
hospitalized patients who needed mechanical breathing 
and suffered COVID-19-related problems perished [11]. 
Preventing the development of associated metabolic dis-
eases is imperative to impede the growth of the obesity 
epidemic, as obesity has the potential to result in severe 
health complications [12].

The possible impact of a balanced gastrointestinal (GI) 
microbial community on the emergence of obesity is 
suggested by a growing body of evidence in recent years 
[13]. The intestinal microbiota, which refers to the com-
munity of microorganisms residing in the GI tract, har-
bors an astounding number of up to 100 trillion mutually 
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beneficial microorganisms. Together with their genetic 
material, metabolic products, and interactions with the 
host, these microorganisms collectively form what is 
known as the gut microbiome [14–16]. The bacterial 
compositions and concentrations per gram content vary 
in each section of the GI tract. To illustrate, the large 
intestine contains 1011–1012 cells, the small intestine 
contains 104–107 cells, and the stomach and duode-
num contain 10–1013 cells, respectively. Additionally, 
the host and the gut microbiota collaborate synergisti-
cally to enhance the host’s assimilation of nutrients and 
energy, simultaneously safeguarding it from infections 
[17–20]. The GI microbiota, comprising Firmicutes, Bac-
teroidetes, Proteus, Actinomycetes, Fusobacteria, and 
Verrucomicrobia, has been extensively examined [13, 
21]. To uphold its elevated population quantities, the gut 
microbiota relies upon undigested food remnants, muco-
sal secretions from the GI tract, and expelled deceased 
cells as a source of sustenance [22]. The gut microbiome 
serves various purposes, including preserving intestinal 
integrity, producing mucus, encouraging the regenera-
tion of the intestinal epithelium, and mediating the cre-
ation of short-chain fatty acids (SCFA) [8, 23]. Elevated 
concentrations of SCFA, particularly butyrate, are asso-
ciated with diminished inflammation in the intestines, 
offering protection against the development of obesity 
and insulin resistance [24, 25]. Moreover, various benefi-
cial bacterial species with anti-inflammatory properties, 
such as Veillonella spp., Bifidobacterium spp., Prevotella 
spp., and Akkermansia muciniphila, respond well to diets 
high in fiber, creating a favorable environment for work-
ing and immunity [26, 27]. A proficiently functioning GI 
microbiota is crucial in managing metabolic procedures 
and energy levels. Alterations in the gut microbiota can 
lead to an augmented appetite and metabolic disorders, 
both of which can be influential elements in the develop-
ment of obesity [13, 28].

The focus of the study is the investigation of the gut 
microbiome’s role in enhancing the process of losing 
weight fighting obesity and studying the metabolic prod-
ucts of the gut microbiome. Additionally, it includes 
looking into the sociobiology of the microbiome in obe-
sity in children as well as the utilization of the microbi-
ome in the integrative treatment of obesity and related 
disorders.

Development and composition of normal gut 
microbiota
The outcomes of research suggest that the commence-
ment of the gut ecosystem is triggered during the prena-
tal period, thereby challenging the widely accepted belief 
that the development of the intestinal microbiota begins 
after birth. The establishment of a newborn’s microbiome 
is still influenced by many factors, including the mother’s 

health, mode of delivery (vaginal as opposed to cesarean 
section), and infant feeding practices (breastfeeding vs. 
formula feeding, introduction of complementary solids) 
and exposure to various medications (such as antacids 
and antibiotics) [29–32]. Babies born vaginally have a 
bacterial community similar to the mother’s vaginal flora, 
mainly Lactobacillus spp., Sneathia spp., and Prevotella 
spp. Contrarily, children run through the cesarean sec-
tion have bacterial communities that resemble the skin 
of their mothers, where Staphylococcus spp., Corynebac-
terium spp., and Propionibacterium spp. predominate 
[33–35]. Additionally, babies born through the cesarean 
section exhibit distinct gut microbiota development than 
those delivered vaginally [36]. Most notably, infants deliv-
ered by Cesarean section have underrepresentations of 
Bacteroides and Bifidobacterium and overrepresentations 
of pathobionts, incredibly particular strains inherited 
from their mother [36]. Although these discrepancies 
in delivery methods are most apparent during the ini-
tial year of existence, specific differences endure into the 
early stages of childhood [37].

Long-term health consequences result from interfer-
ing with the microbiome’s development during critical 
formative years for immune and metabolic programming 
[38]. The gut microbiota keeps changing and becomes 
more diverse as children age, stabilizing between three 
and four years old and then starting to resemble the 
microbiota of adults [29, 39]. The quantity of microbial 
cells exceeds the amount of cells in the human body by 
a factor of ten orders of magnitude. The colon is home 
to the most microbiota of all the microbial habitats. A 
varied ecology of bacteria, fungi, protozoa, archaea, and 
viruses make up the gut microbiota [40, 41]. The GI tract 
comprises approximately 100 trillion (1014) microorgan-
isms that belong to 12 distinguishable species [9, 40]. 
Firmicutes (60%), Bacteroidetes (10%), Actinobacteria 
(10%), and other species make up the majority of the GI 
microbiota, which is then followed by Proteobacteria, 
Verucomicrobia, Fusobacteria [40, 42]. The homeostasis 
and immunity of the host are significantly dependent on 
the gut microbiota, with which the host maintains con-
tinuous interaction [9]. The fact that the total number 
of genes in bacteria is between 100 and 200 times bigger 
than those in humans (3.3 million vs. 20,000) highlights 
the potential of this group [43]. The concept of the gut-
brain axis refers to the interconnected and reciprocal 
interactions taking place between the gut microbiota and 
the enteric nervous system, as well as the central nervous 
system, via enteroendocrine and endocrine pathways 
[44]. Additionally, several medications like sulfasalazine 
and several chemotherapy treatments are processed by 
the gut bacteria [45]. The composition of microorgan-
isms in the GI tract is continuously influenced by factors 
like antimicrobial agents and environmental elements, 
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including age, dietary intake, levels of physical exertion, 
and different pathological conditions [46–49]. The poten-
tial influence of alterations in diet, such as the incorpo-
ration of supplementary food sources, on the diversity 
of gut microbial composition cannot be overlooked [50]. 
The host’s health is positively influenced by a wide range 
of microorganisms. When assessing this diversity, two 
factors are considered: richness, which refers to the num-
ber of different species present in the environment, and 
evenness, which pertains to the proportionate abundance 
of each species [29]. The differentiation observed among 
the different samples is commonly denoted as beta diver-
sity. In contrast, the diversity found within a single model 
(or within a specific community) is recognized as alpha 
diversity [51]. Dysbiosis is the word for any divergence 
from the average microbial profile, and the imbalance 
may impact the resident microbial population’s diversity, 
composition, or functionality [51]. Numerous illnesses, 
such as chronic inflammatory and metabolic problems, 
are associated with gut dysbiosis [40, 52].

The role of the gut microbiome in pediatric obesity
One of the most crucial worldwide health issues that 
has become more common over the past ten years is 
pediatric obesity. The frequency of pediatric obesity has 
abruptly grown since the coronavirus illness pandemic 
of 2019 due to the shutdown of schools during the pan-
demic [53]. Obesity in childhood makes other health 
issues, such as T2DM, hypertension, fatty liver disease, 
dyslipidemia, and psychosocial issues that frequently 
last into adulthood, worse [54]. Childhood obesity is an 
important target area for intervention since it reduces the 
risk of these illnesses if people can lose weight before they 
reach adulthood [55]. Obese children who subsequently 
became obese adults were at considerably higher risk for 
cardio metabolic events. If a child who was affected by 
obesity were able to reach adulthood while maintaining a 
state of optimal weight, their level of susceptibility would 
be equivalent to that of any other adult who had consis-
tently upheld a healthy weight throughout their entire 
lifespan [55–57].

The occurrence of pediatric obesity can be attributed to 
a multitude of intriguing elements, encompassing envi-
ronmental, behavioral, genetic, nutritional, microbio-
logical, and biological factors [58]. There is an escalating 
body of proof suggesting that the intestinal microbiota 
exerts a substantial influence on the control of insulin 
resistance and obesity [59]. Children who suffer from 
obesity also display alterations in the constitution and 
operational capabilities of their intestinal microorgan-
isms. This includes a notable rise in proinflammatory 
bacterial groups compared to their lean counterparts 
[60, 61]. Most studies conducted on the gut microbiota 
of childhood obesity have employed a cross-sectional 

approach. The microbiota makeup of obese and lean 
children differed significantly, according to earlier inves-
tigations of Hispanic and Mexican children [62, 63]. 
Additionally, cross-sectional research on Korean chil-
dren revealed a link between pediatric obesity and 
intestinal microorganisms [64]. Research has demon-
strated that the configuration of microorganisms in the 
GI tract, known as gut microbiota patterns, could func-
tion as an intermediary factor influencing the excessive 
growth of infants at an early age [65]. The composition of 
the microbiota, host, and nutrition may predict obesity, 
according to one prospective research of children that 
looked at microbial alterations linked to weight increase 
during four years [66]. Another study on kids discovered 
that the obese group’s gut microbiota changed composi-
tion and function after a two-month weight-loss program 
and lifestyle adjustment [67]. The researchers employed a 
clinical experiment involving children genetically predis-
posed to obesity. They discerned that following 30 days, 
during which the subjects consumed a diet rich in car-
bohydrates that cannot be digested, the prevalence of a 
particular type of Escherichia coli experienced significant 
growth. In contrast, the levels of the other four strains 
diminished [68].

Agans et al. [69] conducted a thorough investiga-
tion into the gut microbiota of two distinct age groups: 
adolescents (11 to 18 years) and adults. Remarkably, 
their findings unveiled a remarkable discrepancy, with 
a noticeably greater abundance of Bifidobacterium spp. 
observed in the former cohort compared to the latter. The 
authors suggested that rather than rapidly dropping after 
toddlerhood, Bifidobacteria levels in children fell gradu-
ally between the ages of 2 and 18 before stabilizing at low 
levels in early adulthood [69]. Furthermore, Hollister and 
colleagues [70] the gut microbiomes of 46 pre-adolescent 
children (ranging from 7 to 12 years old) who were in 
good health were compared with those of adults in good 
health from the same geographical area (Houston, Texas, 
USA). Despite having roughly the same taxonomic and 
functional genes as healthy adults, children’s and adults’ 
composition and functional potential were very differ-
ent. Adults showed higher levels of Bacteroides spp., 
whereas children had higher levels of Bifidobacterium 
spp., Faecalibacterium spp., and Lachnospiraceae. The 
relative abundance of genes linked to various biological 
processes such as vitamin synthesis, amino acid degrada-
tion, mucosal inflammation, and oxidative phosphoryla-
tion displayed significant differences in their functional 
diversity. The gut microbiota in adults, as opposed to 
children, was primarily linked to obesity, a heightened 
vulnerability to adiposity, and inflammation. Conversely, 
intestinal microorganisms in children displayed a more 
comprehensive range of functions that had the poten-
tial to support ongoing growth and development [70]. 
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These collective findings suggest that the functional and 
compositional characteristics of the healthy gut micro-
biota in pediatric individuals differ from those of healthy 
adults with similar characteristics. Additionally, there is 
a proposition that the expansion velocity of the intestinal 
microbial community might exhibit a more gradual pace 
than what was previously perceived [70]. The involve-
ment of the gut microbiome in childhood obesity brings 
about a differentiation in the makeup of the gut microbi-
ome between children and grown-ups [71, 72].

Gut microbiota in obesity
Alterations in the composition of gut microbial commu-
nities have been associated with excessive weight gain 
and inflammation in multiple studies (Table 1). This rela-
tionship has been demonstrated in experimental animal 
models and observational human research [73, 74]. The 
investigation into the microbial community residing in 
the intestines of individuals afflicted with obesity is an 
outcome of the belief that the collection of microorgan-
isms in the GI tract could have a substantial impact on 
the initiation of the condition. The acquisition of evi-
dence that initially backed the correlation between the 
microbiota residing in the intestinal tract and obesity 
was obtained via scientific investigations performed 
on mice devoid of any microorganisms. The transmis-
sion of intestinal microorganisms from traditionally 
bred mice to microorganism-free mice demonstrated 
that intestinal microorganisms can amplify the produc-
tion of fatty tissue in the receiving organism, leading to 
heightened levels of fat content and insulin resistance in 
the Transplantation despite a reduction in food intake 
[13, 28, 75–77]. Additionally, 16  S rRNA gene sequenc-
ing has exposed a plausible association between obesity 
and the foremost two bacterial phyla, Bacteroidetes and 
Firmicutes. The intestinal microbial community of over-
weight mice experienced a 50% decrease in the presence 
of Bacteroidetes, coupled with a proportional increase in 
the prevalence of Firmicutes [78].

Turnbaugh et al. [79] demonstrated that obese mice 
had a higher ability for their microbiota to extract energy 
from their food. They further established that the Fir-
micutes/Bacteroidetes ratio rose noticeably in these ani-
mals [79]. Similar occurrences also occur in people; for 
instance, obese children’s guts have higher Firmicutes 
and lower Bacteroidetes concentrations [80]. Research 
conducted on the Ukrainian population has revealed a 
fascinating correlation between the rise in BMI and the 
corresponding increase in the ratio of Firmicutes to Bac-
teroidetes [81]. Other research, however, has shown the 
opposite findings. According to Zhang et al. [82], There 
was no observable distinction between individuals with 
normal weight and those who were obese about the 
amount of Bacteroidetes.

A thorough investigation was conducted, employing 
the publicly accessible database of the intestinal program 
in the United States (U.S.), to scrutinize the gut micro-
biota of 1655 individuals in a state of optimal well-being 
and 898 individuals suffering from obesity. The findings 
of this research have divulged that those afflicted with 
obesity showcased a noticeably reduced proportion of 
Firmicutes/Bacteroidetes [83]. According to research 
by Depommier et al. [84], Akkermansia muciniphila 
has demonstrated the ability to enhance energy utiliza-
tion and decrease the overall weight and mass of adipose 
tissue in experimental subjects suffering from obesity 
caused by a high-calorie diet. The identical groups show-
cased that Akkermansia amplified the insulin resis-
tance, dyslipidemia, and integrity of the gut barrier in 
the mice [84]. They also applied these findings to people 
in an exploratory trial, where they discovered that add-
ing Akkermansia to the diet reduced the indicators for 
liver malfunction and inflammation [85]. In an intriguing 
investigation of individuals of average weight who pos-
sessed varying amounts of visceral fat, researchers made 
a captivating discovery. They observed a remarkable con-
nection between the buildup of visceral fat and a total of 
16 distinct microbial species. This correlation was deter-
mined using quantitative computed tomography, while 
no such connection was found with BMI or waist circum-
ference. Low levels of visceral fat were notably associated 
with the presence of Bacteroides species [86].

A longitudinal study on individuals who underwent 
laparoscopic sleeve gastrectomy (LSG) revealed a tenu-
ous inverse association between visceral fat and a lim-
ited number of microbial species. Notably, Eubacterium 
eligens emerged as the most prominent microorganism 
in this context. Examining various creatures before and 
after the LSG process exhibited a substantial surge in cer-
tain species, such as C. citroniae, C. hathewayi, C. symbi-
osum, and other members of the Clostridiales family [87]. 
The significance of this lies in the fact that Clostridiales 
are widely acknowledged as “beneficial” microorganisms 
and are inversely linked with metabolic disorders [88].

Other research has connected obesity to the family 
Christensenellaceae, the genera Akkermansia spp., Lac-
tobacillus spp., Bifidobacteria spp., and Methanobacte-
riales, among others. The family Christensenellaceae has 
been recently connected to the phenomenon of weight 
reduction, and it has been observed that there exists an 
inverse relationship between the prevalence of this par-
ticular family and the BMI of the host [89]. 60 research 
were examined in a recent comprehensive analysis of 
gut microbiota, and the most commonly linked phylum 
with obesity was found to be Proteobacteria [90]. The 
prospective prevalence of Firmicutes may potentially 
result in an augmented synthesis of metabolites origi-
nating from indigestible polysaccharides, thus rendering 
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Condition Sample Conclusion References
Obesity • A total of 68 college students, whose 

ages range from 20 to 25 years old, were 
included in the study.

• Intestinal microbiota, LPS, SCFA, and BMI were generally correlated in 
young college students.
• Results may deepen our understanding of the connection between 
obesity and GI disorders.

Song et al. 
[152]

Obesity/ meta-
bolic diseases/ 
Diabetes

• A meta-analysis of 248 people’s samples 
from a total of 955 samples

• A potential remedy choice for obesity, diabetes, and other metabolic 
ailments could be the altered gut flora, which might assist in enhancing 
the levels of glucose in the blood as well as insulin resistance.

Chen et al. 
[153]

Obesity • This research involves 138 newborns 
between 3 to 52 weeks

• High concentrations of Bacteroides fragilis and low concentrations of 
Staphylococcus in the GI tracts of infants ranging from 3 weeks to 1 year 
of age have been observed to be linked to a heightened probability of 
developing obesity during subsequent phases of their lifespan.

Vael et al. 
[154]

Obesity • Sixty-three participants from 18 to 45 
years old participated in this 12-week 
research.

• Supplementing with synbiotics may help overweight and obese people 
with their body composition, antioxidant status, and gut microbial 
diversity.

Oraphruek 
et al. [155]

Obesity • In the present investigation, the analysis 
of infant fecal samples obtained at the 
ages of 1, 6, and 12 months was carried 
out employing 16 S rRNA sequencing 
methodology.

• The early newborn fecal microbiome of butyrate-producing bacteria 
and fecal butyrate is related to elevated mother BMI. The ability to predict 
increased adiposity in later infancy may be aided by the overall microbial 
richness.

Gilley et al. 
[156]

Obesity • In the present investigation, 169 indi-
viduals classified as obese were included, 
alongside 123 subjects with a healthy 
weight.

• Adipose tissue was more prevalent; dyslipidemia, insulin resistance, and 
an inflammatory phenotype were all present in participants with reduced 
bacterial richness.

Le Chat-
elier et al. 
[157]

Obesity • In this cross-sectional study, 45 kids (6 to 
12 years old) were included.
• Shotgun metagenomics was used for 
microbial analysis.

• Gut microbiome composition changes in obesity and metabolic 
disorders.
• Microbial interactions contribute to metabolic changes in childhood.

Murga et 
al. [158]

Obesity • In the KOALA Birth Cohort Study, a total 
of 909 infants who were one month old 
and presented with obesity were closely 
monitored for a period spanning from their 
first to their tenth year of life.

• The B. fragilis group of intestinal microbiota has a specific connection to 
the progression of childhood weight.

Scheepers 
et al. [73]

Obesity • In this obesity study, 84 kids between the 
ages of 3 and 11 included 30 obese, 24 
overweight, and 30 lean kids.

• The study demonstrates notable differences in the intestinal microbial 
ecosystems of obese and lean children, highlighting a significant cor-
relation between BMI and the abundance of Lactobacillus spp. and the B. 
fragilis group.
• Increasing the levels of Lactobacillus species and B. fragilis in individuals 
with obesity and excess weight.

Ignacio et 
al. [159]

Obesity • Twenty children, ranging from nine to 11 
years old, were present.
• The study included 10 overweight chil-
dren and 10 healthy-weight children.

• Increasing the levels of Provotella spp., Megamonas spp in obese group
• Increasing the levels of Ruminococcus spp. in a cohort of individuals with 
an average body weight.
• Obese children exhibit alterations in the composition of microorganisms 
residing in their digestive systems compared to children who maintain a 
healthy weight.

Maya-
Lucas et al. 
[74]

Obesity • A randomized assignment was made to a 
cohort of 55 male and 124 female individu-
als, all possessing a BMI greater than 25 kg/
m2, whereby they were divided into two 
groups.
• One team was provided with a nourish-
ment containing a moderate amount of 
protein (MHP), while the other received a 
diet consisting of a low amount of fat (LF).

• The composition of the GI microbiota and its functional characteristics 
exhibit variations in weight loss that are influenced by an individual’s 
gender and dietary habits.
• This implies that individuals of different sexes may exhibit varying levels 
of vulnerability to the advantageous effects of diets that are moderately 
high in protein and low in fat.

Cuevas-
Sierra et al. 
[160]

Obesity • In this particular investigation, nine male 
college students classified as obese, nine 
classified as overweight or lean, and ten 
classified as having an average weight 
were included as subjects.

• The proportion of Firmicutes to Bacteroidetes exhibited uniformity 
across the three groups.
• Microbial diversity and BMI had a negative correlation.

Lv et al. 
[161]

Table 1  Association between gut microbiomes and obesity and obesity-related disorders
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the host more vulnerable to an elevated degree of energy 
assimilation and consequent weight augmentation [80, 
91–93]. Nevertheless, not all investigations about human 
obesity have reproduced this ratio between Firmicutes 
and Bacteroidetes [94, 95].

Alterations in the makeup of the GI microbiota possess 
the capacity to trigger the relocation of lipopolysaccha-
ride (LPS), which subsequently leads to the emergence 
of a mild form of inflammation within the host organ-
ism [80, 92, 96]. LPS is present within the cellular mem-
branes of bacteria that fall under the gram-negative 
category. Most of these bacteria are primarily catego-
rized in the phylum Proteobacteria, in addition to the 
genera Prevotella spp. and Bacteroides spp. The inflam-
matory response is induced by LPS by using the stimu-
lation of toll-like receptor 4 (TLR)-4, which is found 
in neutrophils, dendritic cells, and macrophages [97, 
98]. Modifications in the transmission of TLR-4 incite 
the stimulation of supplementary pathways positioned 
more distally, encompassing the nuclear factor-κB and 
TNF-α and proinflammatory cytokines like interleukin 
IL-1, IL-6, and IL-8. Consequently, this perpetuates the 
sequence of heightened inflammation, thereby giving 
rise to insulin resistance. A direct link has been identi-
fied between the intake of a diet that contains a substan-
tial amount of fat and an increase in the concentrations 
of plasma LPS [29]. The presence of increased systemic 
concentrations of LPS contributes to the enhancement of 
the permeability of the intestines through the inhibition 
of the production of tight junction proteins. The translo-
cation of LPS and the development of endotoxemia arise 

due to this subsequent event [97–100]. The role of intes-
tinal alkaline phosphatase is of utmost importance in the 
detoxification process of LPS. In the case of rats with a 
genetic predisposition to obesity and were furnished with 
a diet abundant in fats, a distinct escalation in the activa-
tion of TLR-4 was noted, thereby establishing a potential 
association with a decline in the levels of intestinal alka-
line phosphatase [99].

The gut microbiome influences the endocannabinoid 
system’s communication with adipose tissue via activat-
ing endothelial CB1 receptors [101]. Increased activity 
of the endocannabinoid system has been associated with 
gut dysbiosis related to obesity in mice models. The dys-
biosis impacts two proteins, namely occludin and Zonula 
occludens (ZO)-1, that connect to the heightened lev-
els of LPS as well as the permeability of the gut [101]. 
Moreover, these pathways additionally induce systemic 
inflammation, microbial molecular translocation, and 
augmented permeability of the intestines. Comparably, 
the occurrence of saturated fatty acids in dietary regimes 
that foster obesity results in an escalation of intestinal 
permeability, enabling the manifestation and stimulation 
of inborn immune receptors, along with the migration 
and proliferation of lymphocytes [102, 103].

Modifications in the gut microbiome can elicit altera-
tions in generating significant compounds from bacteria 
and the host. These compounds include SCFA, which is 
the result of the fermentation process, as well as indole-
3-carboxylic acid and tryptophan metabolites. Moreover, 
modifications in the GI microbiome have the potential to 
result in the production of 10-oxo-12-ocadecenoic acid. 

Condition Sample Conclusion References
Diabetes 
mellitus

• A total of 74 participants in the control 
group and 71 individuals with type 2 
diabetes were included in this study.

• Decrease the levels of Faecalibacterium prausnitzii, Eubacterium rectale, 
Clostridiales sp. SS3/4, Roseburia inulinivorans, and Roseburia intestinalis.
• Increasing the levels of opportunistic microorganisms, including Bacte-
roides caccae Clostridium hathewayi, Clostridium symbiosum, Clostridium 
ramosum, Escherichia coli, and Eggerthella lenta.
• Butyrate-producing bacteria were reduced in type 2 diabetics.

Qin et al. 
[122]

type 2 diabetes/ 
Obesity

• Adult individuals experiencing excessive 
weight or obesity are placed on a 6-week 
weight-stabilization diet (N = 49, including 
41 women).

• In individuals who are overweight or obese, A. muciniphila is associated 
with improved clinical outcomes and a healthier metabolic state follow-
ing calorie restriction.

Dao et al. 
[162]

Obesity • QIIME was used to process data from nine 
studies derived from HFD-induced obese 
animal models.

• There was no observable discrepancy in the ratio of Firmicutes to 
Bacteroidetes or in alpha diversity when comparing animals with higher 
and lower adiposity.
• Oscillospira, Dorea, and Ruminococcus, which are known for their ability 
to ferment polysaccharides into SCFAs, were found to be more prevalent 
in obese rats.
• Increased inflammation in the obese condition is linked with decreased 
Turicibacter and increased Lactococcus.

Jiao et al. 
[163]

Obesity • Forty-seven experiments involving 1,916 
individuals were conducted, with 81% of 
the participants identifying as female. The 
median duration of observation was six 
months, with a range of 2 to 24 months.

• According to the study’s findings, greater gut microbial diversity and 
reduced intestinal permeability are positively correlated with increased 
weight loss.

Koutouki-
dis et al. 
[164]

Table 1  (continued) 
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This compound is formed from lactate, as well as bile 
acids, which act as regulators of thermogenesis. These 
molecular entities have been associated with obesity and 
metabolism [104–107]. The progression of NAFLD is 
heavily influenced by changes in the microbial popula-
tion within the GI tract [108]. The gut tract is likewise a 
significant bodily organ in the progression of metabolic 
syndrome [109]. According to the research outcomes, 
the impact of microorganisms on obesity exhibits varia-
tion based on the particular strain, as there exist both 
beneficial and risky bacteria within the identical taxo-
nomic classification. Classifying bacterial populations 
that are related to obesity based on taxonomic connec-
tions proves to be a challenging task. Including the term 
“guild” in the analysis of GI microbiota has introduced a 
means of identifying potential clusters linked to specific 
disease phenotypes and pinpointing gut microorganisms 
that could potentially impact human health. A guild is an 
assemblage of microorganisms that engage in resource-
sharing or execute identical biological processes [68, 
110–112].

Next, we will discuss the role of exploring the link 
between obesity, insulin resistance, and gut microbiome 
in metabolic dysfunction.

Link between obesity, insulin resistance, and gut 
microbiome
Global obesity rates are unavoidably causing the preva-
lence of Type 2 Diabetes Mellitus (T2DM) to rise. This 
chronic and rapidly expanding disease is caused by the 
body either not producing enough insulin or not using 
the insulin that is produced efficiently, with hyperglyce-
mia—an elevated blood glucose level—being the primary 
symptom. It is one of the fastest-growing worldwide 
health emergencies of this century [113]. Regardless of its 
forms, the sharp rise in diabetes mellitus, which affects 
about 10.5% of the global population, is partly caused 
by the fast growth in obesity prevalence. The incidence 
of diabetes mellitus in young people is also sharply ris-
ing [113–115]. T2DM, which is primarily caused by rela-
tive insulin shortage due to pancreatic β-cell failure and 
insulin resistance, accounts for over 90% of diabetes mel-
litus globally and is closely linked to overweight and obe-
sity, aging, ethnicity, and family history [113]. There are 
about 366 million individuals living with diabetes melli-
tus worldwide, including over 23 million Americans. By 
2030, this population will reach 552 million [116, 117].

Numerous research has connected T2DM with gut 
microbiome [118]. Through the utilization of LEfSe 
analysis, it was ascertained by researchers that a note-
worthy distinction existed between Chinese individu-
als afflicted with T2DM and their healthy counterparts. 
Specifically, it was revealed that 43 bacterial taxa, includ-
ing Acidaminococcales, Bacteroides plebeius, and 

Phascolarctobacterium sp., exhibited substantial dissimi-
larities. Moreover, CAG207 is a potential candidate for 
T2DM biomarkers [119]. Horne and colleagues [120] dis-
covered that the intestinal microbes in Syrian hamsters 
may undergo a possible modification due to a high-fat 
and high-sugar diet, resulting in hepatomegaly and dys-
lipidemia. A positive association was identified between 
Tyzzerella and Ruminococceace NK4A214 group about 
fasting triglyceride levels, while Tyzzerella and Rumiclos-
tridium 9 exhibited a positive association with fasting 
cholesterol levels [120].

To date, extensive proof of an imbalance in gut micro-
organisms has been uncovered in individuals with 
T2DM. Previous studies revealed that Chinese T2DM 
patients have a somewhat dysregulated gut microbiome 
[121, 122]. Patients diagnosed with T2DM displayed 
elevated quantities of specific detrimental microorgan-
isms, namely Escherichia coli, Clostridium symbiosum, 
and Clostridium hathewayi, in contrast to their healthy 
counterparts, who possessed heightened amounts of bac-
teria capable of producing butyrate. Another research 
study validated the observation that women in Europe 
who have T2DM exhibit an elevated prevalence of four 
specific Lactobacillus species while simultaneously expe-
riencing a decreased prevalence of five distinct Clostrid-
ium species in comparison to individuals with regular 
glucose tolerance [123].

Significantly, a noteworthy association was identified 
between glycosylated hemoglobin (HbA1c) and the levels 
of fasting glucose with the presence of Lactobacillus spp. 
HbA1c, fasting glucose, and plasma triglycerides were 
found to have a negative correlation with the presence of 
Clostridium species. The findings of this research suggest 
a conceivable connection between these specific groups 
of bacteria and the advancement of T2DM. Similar to 
this, patients who were recently diagnosed with T2DM 
exhibited significantly elevated quantities of Lactobacil-
lus while simultaneously displaying markedly diminished 
quantities of Clostridium leptum and Clostridium coccoi-
des [124].

Shih et al. [125], the examination of the intestinal 
microorganisms in individuals diagnosed with refractory 
T2DM (RT2D), in whom the level of HbA1c continued 
to increase by a minimum of 8% following treatment, 
deserves attention. Veillonella denticariosi and Bacte-
roides vulgatus were more prevalent in RT2D patients 
than in T2DM controls, but Fusobacterium and Akker-
mansia muciniphila were less prevalent. HbA1c nega-
tively correlated with the relative levels of A. muciniphila 
among them [125]. Moreover, research has revealed 
that the abundance of distinct bacterial taxa within the 
GI microbiota can influence how glucose is metabo-
lized. The research conducted by Larsen and his col-
leagues has established a favorable association between 
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blood glucose levels and two important ratios, namely 
the Firmicutes to Bacteroidetes ratio and the Bacte-
roides Prevotella/Clostridium coccoides-Eubacterium 
ratio [126]. Kovatcheva-Datchary and colleagues [127] 
revealed that after consuming a fiber-rich diet for three 
days, a high Provetella/Bacteroides ratio is linked to an 
improved response to postprandial glucose metabo-
lism. A person with prediabetes is more likely to develop 
T2DM because their blood sugar levels are higher than 
usual but below the threshold for diabetes [128]. It’s 
intriguing that prediabetics also have abnormal gut 
microbiota [129, 130]. The diminished prevalence of the 
A. muciniphila species and Clostridium genus stands out 
as the most noteworthy attribute of the intestinal micro-
organisms in Danish individuals with prediabetes, in con-
trast to those with regular glucose regulation [131].

Zhong et al. [132], there existed no identifiable dis-
parity in the microbial gene-based diversity among 
individuals of Chinese descent who were afflicted with 
treatment-resistant T2DM and prediabetes and those 
who had a normal glucose tolerance. In contrast to indi-
viduals with normal glucose tolerance, prediabetic sub-
jects displayed a reduced occurrence of metagenomic 
linkage groups (MLGs) derived from the Faecalibacte-
rium prausnitzii class and Clostridia. Conversely, there 
was an increased abundance of such MLGs in prediabet-
ics originating from Streptococcus salivarius, Eggerthella 
sp, and Escherichia coli [132].

Animal models such as felines, rodents, and zebraf-
ish have regularly demonstrated a strong connection 
between T2DM and intestinal microbiome [133–135]. 
The genera Blautia, Roseburia, Allobaculum, Prevotella 
1, and Prevotella 9 experienced a significant augmenta-
tion in their prevalence among the Goto-Kakizaki rats, 
which function as a genetic prototype for T2DM and 
were created using repetitive inbreeding of Wistar rats 
when compared to the conventional Wistar rats [136]. By 
manipulating the levels of Bacteroides spp., Helicobacter 
spp., Prevotella spp., and Ruminococcus spp. in mice that 
were administered a high-fat diet (HFD) and the antibi-
otic streptozotocin (STZ), the active compound genis-
tein, belonging to the isoflavone family, demonstrated 
a reduction in insulin resistance and inflammation 
responses. The aforementioned implies that the intestinal 
microbiome exhibits potential as a prospective domain of 
focus for the management and therapy of T2DM [137]. 
Additionally, diabetic cats have lower levels of many 
butyrate-producing bacterial taxa, including Dialister, 
Anaerotruncus, and an unidentified Ruminococcaceae, 
than lean, healthy cats. Furthermore, in diabetic cats, 
there was a connection between the intestinal microbiota 
and particular clinical characteristics [133].

Next, we will discuss the role of the gut microbiome 
in the complications of diabetes and diabetes-related 
diseases.

Gut microbiome and diabetic complications
Several diabetic diseases, including diabetic nephropathy, 
diabetic retinopathy (DR), diabetic peripheral neuropa-
thy (DPN), and diabetes-induced cognitive impairment 
(DCI), are notable for having strong relationships with 
the gut microbiota [138–141]. One of the customary 
microcirculatory complications linked with diabetes 
mellitus is DN, a condition that advances to the ultimate 
stage of renal insufficiency. Previous research has demon-
strated a distinct variation in the makeup of gut bacteria 
in people with DN, those with T2DM but without kidney 
dysfunction, and those in a state of optimal health [142–
144]. The genera Prevotella 9 and Escherichia-Shigella 
spp. were discovered to successfully differentiate between 
patients diagnosed with DN and individuals diagnosed 
with T2DM but without any renal affliction. Additionally, 
the Prevotella 9 genera were able to reliably distinguish 
between those with T2DM without renal illness and 
healthy controls. Furthermore, it was noted that individ-
uals diagnosed with stage IV DN demonstrated elevated 
quantities of Lachnospiraceae_UCG-004 and Haemophi-
lus compared to those with stage III DN. This discovery 
provides supplementary proof to fortify the notion that 
the GI microbial assemblage assumes an influential role 
in the progression of DN [145].

Further investigation has confirmed that the dysregu-
lated microbiota in the GI tract, through the activation 
of G protein-coupled receptor 43 (GPR43), hampers the 
functioning of adenosine 5’-monophosphate-activated 
protein kinase (AMPK), thereby serving as the primary 
factor underlying the impaired response to insulin and 
subsequent harm to the kidney and podocyte [146]. 
The amelioration of glomerular impairment in diabetic 
rats can be accomplished by FMT or by depleting the 
gut microbiota using broad-spectrum antibiotics. The 
significant participation of the GI microbiome in the 
advancement of DN is emphasized [147–149]. Diabe-
tes increases the risk of dementia in older diabetes indi-
viduals and predisposes people to cognitive impairment. 
The study of DCI’s pathogenesis is still in its early stages, 
though. Patients who have cognitive impairment exhib-
ited a unique configuration of gut microbiota when com-
pared to T2DM patients who possess normal cognitive 
abilities. The special arrangement of this composition 
is distinguished by a lowered occurrence of Tenericutes, 
Bifidobacterium spp., and unrank-RF39, in addition to an 
increased event of unrank-Leuconostocaceae and Pepto-
coccus [141, 150, 151].

These discoveries indicate a significant function of 
gut bacteria in diabetic complications. However, more 
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research must be done on the molecular mechanisms 
that underlie them.

Microbiota obesity and bile acids (BA)
The intestinal microbiota plays a significant role in the 
metabolism of BA by facilitating deconjugation and dehy-
droxylation processes within the intestinal lumen [165, 
166]. The conversion of primary BA into their secondary 
forms involves the transformation of cholate into deoxy-
cholate and the conversion of chenodeoxycholate into 
lithocholate. This phenomenon can be attributed to the 
presence of bile salt hydrolase enzymes, which are pre-
dominantly found within the phyla Firmicutes and Bac-
teroidetes, particularly in the Clostridium clusters [167].

Conversely, in the enterocytes of the colon, the BA des-
ignated for reabsorption interacts with the farnesoid X 
receptors. This process promotes the synthesis of fibro-
blast growth factor-19 (FGF19) while simultaneously 
reducing the hepatic production of BA. Furthermore, 
these BA activate the G protein-coupled bile acid recep-
tor (TGR5) located on the plasma membrane, leading to 
an increase in the production of glucagon-like peptide-1 
(GLP-1). This hormone regulates glucose homeostasis 
and energy metabolism and the synthesis, conjugation, 
and transport of BA [166, 168, 169]. Alterations in the 
enzymatic activity of the microbiota can lead to changes 
in the composition of BA, which in turn enhances fat 
absorption and contributes to the development of obesity 
[170]. This finding was supported by a recent investiga-
tion involving 183 participants with elevated BMI, com-
prising 121 individuals classified as metabolically healthy 
and 62 as metabolically unhealthy. The results indi-
cated that the metabolically unhealthy obese individuals 
exhibited a significantly lower ratio of secondary BA in 
comparison to primary BA (odds ratio (OR) 1.129, 95% 
confidence interval (CI): 1.083–1.176, P < 0.01). Further-
more, the altered composition of BA emerged as a pre-
dictive factor for metabolically healthy individuals with 
high BMI, demonstrating an area under the curve (AUC) 
of 0.87 (95% CI: 0.82–0.93, P < 0.01), with a cut-off value 
of 66.1, sensitivity of 78.5%, and specificity of 91.9%. 
These findings suggest that variations in BA composition 
may play a role in the differing metabolic states associ-
ated with obesity [170].

Concurrently, a study was undertaken involving 
rodents to examine alterations in BA metabolism and 
its correlation with the gut microbiota. In this study, the 
cohort of rodents subjected to HFDs was categorized 
into two distinct groups: one that exhibited a predisposi-
tion to obesity and another that demonstrated resistance 
to obesity [170]. The analysis revealed that the micro-
biota composition remained relatively stable across both 
groups. Nonetheless, there was a notable abundance 
of the genera Clostridium scindens and Clostridium 

hylemonae in rodents predisposed to obesity. These bac-
teria possess a significant capacity for bioconversion, 
which alters BA metabolism and contributes to the devel-
opment of obesity. This assertion is further supported by 
observations in the same cohort of rodents, which indi-
cated a reduction in secondary bile acids alongside an 
increase in primary BA [165, 170].

Metabolites associated with gut microbiome
SCFAs
The intestinal microbiota can produce a substantial 
quantity of energy and essential nutrients for the organ-
ism through the action of anaerobic microorganisms 
that decompose indigestible carbohydrates in the cecum 
[171]. Additionally, vitamins, amino acids, and SCFAs 
(fatty acids with six or fewer carbons) such as isobutyric 
acid, acetic acid, formic acid, propionic acid, isovaleric 
acid, valeric acid, and butyric acid are produced during 
these fermentation processes [12]. Propionate, acetate, 
and butyrate are the SCFAs that are most common in 
the intestines [172, 173]. Faecalibacterium prausnitzii 
is commonly recognized as a crucial source of butyrate, 
while Bacteroides thetaiotaomicron is predominantly 
responsible for acetate production [12].

Obesity and metabolic diseases can be associated 
with the rise in plasma SCFA concentration and the 
corresponding decline in feces. Additionally, SCFAs 
can stimulate lipogenesis and boost triglyceride stor-
age by activating the sterol regulatory element-binding 
transcription factor-1 (SREBP1) and the carbohydrate-
responsive element-binding protein (CHREBP) through 
a biochemical route. By lowering the synthesis of the 
fasting-induced adipocyte factor (FIAF), which causes 
triglycerides to accumulate in adipocytes, they can also 
lessen the lipoprotein lipase activity [92, 174, 175]. Upon 
the creation of SCFAs by bacteria, they are absorbed into 
the bloodstream and attach themselves to G protein-
coupled receptors (GPCRs). These GPCRs are integral 
to various cellular signaling pathways, including those 
related to GI inflammation, lipid and glucose metabo-
lism, cholesterol metabolism, and neurogenesis [171, 
176].

Early studies into the mechanisms of action found that 
the GPR41 (FFAR3) and GPR43 (FFAR2) receptors are 
the primary binding sites for SCFAs produced by the 
GI microbiota. This binding allows SCFAs to start spe-
cific cellular signal cascades. The following acute event 
enhances the L cells’ ability to make glucagon-like pep-
tide-1 (GLP-1). These results add to the growing body of 
information that suggests that regulation of host adipos-
ity and glucose tolerance can be regulated not only by the 
interaction between GPCRs and SCFAs but also by the 
dual signaling properties of GPR43 through the Gq and 
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Gi pathways. In contrast, GPR41 transmits signals via the 
Gi pathway [177–179].

Intestinal epithelial cells possess the ability to support 
immune suppression and uphold intestinal balance by 
releasing IL-18, which is triggered by the engagement 
of butyric acid with GPR109A. Furthermore, butyric 
acid demonstrates anti-inflammatory characteristics and 
serves as an inhibitor of histone deacetylases (HDACs) 
[180]. De Vadder and colleagues [181] made an important 
discovery when they identified that butyrate and propio-
nate, produced during the breakdown of soluble fiber by 
gut microbiota, could promote the activation of genes 
linked to intestinal gluconeogenesis. This activation can 
occur through a mechanism reliant on the second mes-
senger cyclic adenosine monophosphate (cAMP) or 
through a neural pathway that connects the gut and the 
brain, involving the fatty acid receptor 3 (FFAR3). Fur-
thermore, the acetate that originates from the microbiota 
acts as a forerunner for synthesizing lipogenic fatty acids 
and Acetyl-CoA, thereby playing a role in de novo lipo-
genesis (DNL) occurring in the liver. The ever-increasing 
prevalence of NAFLD and obesity can be ascribed to the 
excessive generation of acetate [182–185].

Zou et al. [186] discovered that the metabolic syn-
drome, triggered by a diet rich in fats, was remarkably 
ameliorated through the restoration of enterocyte func-
tion orchestrated by the microbiota, with the indispens-
able aid of IL-22. Furthermore, the binding of SCFAs, 
ingeniously generated by the microbiota and obtained 
from dietary fiber, to free fatty acid receptors played a 
pivotal role in this harmonious alleviation.

In clinical studies, individuals with NAFLD had higher 
abundances of the phylum Bacteroidetes and lower quan-
tities of the SCFA-producing and 7-dehydroxylating Fir-
micutes [187, 188]. By secreting glucagon-like peptide-1, 
peptide YY, and other intestinal hormones, acetate can 
have positive effects on the host’s energy metabolism. It 
can also lower systemic lipolysis and proinflammatory 
cytokine levels, boost lipid oxidation, and improve energy 
consumption [189]. Using the AMPK/LSD1 pathway, 
propionate promotes intestinal lipolysis and maintains 
energy balance in mice [190]. The primary energy source 
for the colon is butyrate, which is oxidized to provide 
most of the energy needed by intestinal epithelial cells. 
The gut microbiota’s increased butyrate-producing bac-
teria improve lipid metabolism by creating more butyrate 
through the butyrate-SESN2/CRTC2 pathway [191].

Indole derivatives
Certain symbiotic microorganisms, such as Lactobacil-
lus spp., Escherichia coli, and Bacteroides spp., produce 
indole and its derivatives, enabling inter-species bac-
terial communication and fostering symbiotic contact 
between the organisms and the host [192]. The enzyme 

tryptophanase, derived from bacteria, is crucial in pro-
ducing indole and its related substances. This particu-
lar enzyme facilitates the conversion of tryptophan, 
obtained from the diet, into indole and its various deriva-
tives. Familiar sources of food, such as oats, milk, cheese, 
chicken, and fish, are known to contain the crucial amino 
acid tryptophan [193]. Indole metabolites often achieve 
high concentrations of one-thousandth of a mole in the 
GI system and have the potential to elevate to 200 mil-
lionths of a mole in bodily tissues, blood, and urine after 
being assimilated by the host or released into the excre-
ment. Indole undergoes hepatic metabolism via CYP2E1, 
resulting in the formation of 3-indoxyl sulfate (3-IS), 
which is subsequently eliminated through renal excre-
tion. The presence of low levels of 3-IS in the urine serves 
as an indicator of dysbiosis [194, 195].

Additionally, indole, along with its various compounds, 
including indole-3-aldehyde (I3A), indole-3-lactic acid 
(ILA), indole-3-propionic acid (IPA), and indole-3-ace-
tic acid (IAA), possess the ability to function as ligands, 
binding to aryl hydrocarbon receptors (AhRs). These 
AhRs function as vital transcription factors, assuming 
pivotal responsibilities in safeguarding and mitigating 
inflammation, notably through regulating natural lym-
phoids and IL-22 within the GI tract [104, 193, 196].

According to preclinical and clinical research, the 
potential ability of the microbiota to convert trypto-
phan into AhR agonists could potentially assume an 
influential function in the progression of metabolic syn-
drome [197–199]. The inactivation of the AhR pathway 
led to a reduction in the generation of IL-22 and GLP-1 
due to the heightened permeability of the intestines and 
the movement of LPS. Consequently, this led to insulin 
resistance and liver steatosis [200]. When individuals are 
administered AhR agonists or Lactobacillus reuteri, a 
naturally occurring producer of AhR ligands, the incretin 
hormone GLP-1 is released. This hormone can treat met-
abolic conditions, including low-grade inflammation and 
impaired intestinal barriers. As a result of this release, 
there is an enhancement in the functionality of the intes-
tinal wall [197]. Indole has been demonstrated to reduce 
liver inflammation and stop mice’s aberrant cholesterol 
metabolism caused by LPS [201].

Natividad and colleagues [197], along with Mallmann 
and colleagues [202], Pharmaceutical and genetic meth-
odologies that inhibit the activity of rate-limiting enzyme 
function within the kynurenine (Kyn) pathway, as well as 
the indoleamine 2,3-dioxygenase (IDO), have the poten-
tial to mitigate the effects of obesity and the resulting 
metabolic disruptions induced by a HFD [203]. Further 
investigation uncovered that the deactivation of IDO 
initiated by the combination of AhR agonists was the 
origin of this inhibitory mechanism [105, 204]. In addi-
tion, excessive stimulation of IDO has also been linked to 
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declines in the amount of tryptophan in the bloodstream 
and elevations in the levels of different compounds, 
such as 3-hydroxy anthranilic acid, kynurenic acid, 
3-hydroxynurenine, and xanthurenic acid [205]. Another 
tryptophan metabolite, serotonin (5-HT), which influ-
ences appetite and fullness, is also used to treat obesity 
[206]. The observations were substantiated by empirical 
evidence from human subjects, which indicated that indi-
viduals suffering from metabolic disturbances displayed 
higher levels of the end product of serotonin metabolism, 
namely 5-hydroxyindole-3-acetic acid, in comparison to 
those individuals without any metabolic disorders [207, 
208].

Therapeutic microbiomes and their role in obesity
Probiotics
Probiotics are “live microorganisms that, when adminis-
tered in sufficient amounts, confer a health benefit on the 
host.” Studies have established a correlation between pro-
biotics and a reduction in body weight for humans and 
animals (Tables 2 and 3) [209]. Probiotics are frequently 
made from beneficial bacteria, including Lactobacillus 
spp., Bifidobacterium spp., and Streptococcus spp [210]. 
Another popular probiotic used to prevent antibiotic-
related diarrhea is Saccharomyces boulardii [211].

Probiotics work their magic on obesity by skillfully 
managing the delicate balance of microorganisms in the 
gut, mitigation of insulin resistance, and the enhance-
ment of the perception of satiety [212, 213]. Moreover, 
the inclusion of probiotics leads to an increase in the 
number of advantageous microorganisms accountable 
for the synthesis of SCFAs, all the while reducing the 
population of harmful organisms responsible for generat-
ing LPS [214]. Several studies have shown that probiot-
ics can reduce BMI and decrease overall body fat, with a 
particular emphasis on visceral fat [215]. Bifidobacterium 
and Lactobacillus have been utilized in animal models of 

obesity owing to their remarkable antibiotic resistance 
and minimal pathogenicity. Numerous investigations 
have provided evidence that these particular organisms 
possess the ability to cause significant decreases in body 
mass and the build-up of fatty tissue as a result of their 
formidable resistance to antibiotics and minimal patho-
genic properties [216, 217].

Probiotics inclusive of Lactobacillus strains demon-
strated notable efficacy in diminishing adipose tissue 
mass while concurrently augmenting lipid dispersion 
and regulating blood glucose equilibrium in obese mice. 
These outcomes were attained by stimulating the pro-
cess of fatty acid oxidation or by inhibiting the activity of 
lipoprotein lipase [218]. Certain varieties of Lactobacillus 
have undergone investigation on the human population. 
For instance, during the earlier stages of life and the ini-
tial phase of excessive weight accumulation, the ability to 
manage a child’s weight gain was made possible by using 
the probiotic L. rhamnosus. However, this effect was not 
witnessed during later stages of development in compari-
son to children who were subjected to an inactive sub-
stance [217]. Lactobacillus acidophilus increased insulin 
sensitivity in diabetics, according to a randomized con-
trol experiment [219]. This result could be attributable 
to Lactobacillus acidophilus’s interaction with immune 
cells, which includes lowering LPS levels, activating 
TLRs, and producing cytokines [219]. Over 12 weeks, 
probiotics of diverse strains, including BNR17 species 
and Lactobacillus gasseri SBT2055, were administered 
to obese individuals. The investigation findings unveiled 
that the cohort subjected to L. gasseri SBT2055 experi-
enced a decline in their overall mass and abdominal adi-
posity. Conversely, the group receiving L. gasseri BNR17 
did not demonstrate similar effects [220, 221]. Addition-
ally, considerable weight reduction was observed after 
using Aspergillus flavus CECT7765 in obese kids with 
insulin resistance [222].

Table 2  Recent animal studies on the role of probiotics, prebiotics, and synbiotics in obesity
Methods Used Conclusion Study 

subjects
Refer-
ences

• For a duration of 12 weeks, the mice in the obesity 
model were administered Bifidobacterium lactis 420 
daily, along with a HFD.
• For four weeks, mice in the diabetes model were 
given a high-fat diet, followed by six weeks of treat-
ment with B. lactis.

• In obese and diabetic mice, B. lactis 420 reduces fat mass and im-
proves glucose intolerance.
• Plasma LPS levels and decreased intestinal mucosal adhesion sug-
gest a mechanism involving reduced gut microbial translocation.

Mice Sten-
man 
et al.
 [253]

• C57BL6/J mice were fed various diets for a duration 
of 12 weeks.
• The mice were gavaged daily with either probiotic 
strains or a vehicle control.

• The effectiveness of probiotics is influenced by HFD.
• Diet influences the reproducibility of preclinical probiotic studies.

Mice Larsen 
et al.
 [254]

N/A • L. acidophilus may be a promising candidate for probiotics in miti-
gating obesity and related conditions, including nonalcoholic fatty 
liver disease, hyperlipidemia, and insulin resistance. This potential is 
attributed to its anti-inflammatory properties, as well as its ability to 
alleviate gut dysbiosis and endothelial dysfunction.

Porcine Kang 
et al.
 [255]
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Methods Used Conclusion Study 
subjects

Refer-
ences

N/A • Probiotics possess anti-inflammatory properties and may 
aid in the prevention and improvement of obesity-related 
chronic inflammation.

Human Tang et al. 
[256]

N/A • Probiotics have emerged as a promising therapeutic ap-
proach for managing and mitigating obesity by modulat-
ing GI microbiota.

Human Schütz et 
al. [257]

N/A • Probiotics, prebiotics, and synbiotics may help prevent 
weight gain.

Human Aoun et al. 
[258]

N/A • Probiotics demonstrate a significant improvement in 
cognitive impairment and anxiety related to obesity.
• Probiotics positively influence immune regulation and 
glycolipid metabolism.

Human Cai et al.
 [259]

Ninety-seven children, aged 7 to 18 years and classified 
as overweight or obese (with a BMI exceeding the 85th 
percentile), were randomly assigned to either a placebo 
group (administered maltodextrin) or an experimental 
group (administered oligofructose). The dosage for both 
groups varied according to age: 8 g/d for children aged 7 to 
11 years and 15 g/d for those aged 12 to 18 years. This treat-
ment lasted for a duration of 12 weeks.

• Used oligofructose-enriched inulin as a prebiotic instead 
of a placebo in children with overweight and obesity, but 
no improvement in BMI was seen.

Human
(children)

Liber et al. 
[260]

N/A • The prevention and treatment of obesity represent prom-
ising applications for next-generation probiotics.
• Large-scale research and experiments are essential to 
explore their potential.

Human Vallianou 
et al. [261]

• This interventional trial will involve 30 Human (obese) who 
will visit the obesity unit at the Tunis Institute of Nutrition 
between May and August 2022.

• Probiotics may have the potential to reduce weight in 
obesity.

Human Ben et al.
 [262]

N/A • Probiotics have the ability to reduce obesity induced by 
a HFD.
• Altering the composition of the intestinal microbiota 
presents a promising approach for the management or 
prevention of obesity.

Human Zhang et 
al. [236]

• Search and review in databases up until May 2020
• English-language meta-analyses of controlled studies 
evaluating the effects of probiotics.

• High-dose probiotics can enhance indicators of over-
weight and obesity.
• Before prescribing, a thorough risk-benefit analysis should 
be conducted.

Human Shirvani et 
al. [263]

• The individuals were allocated into two comparable 
cohorts regarding age, gender, and BMI: a group that solely 
followed a dietary regimen and a group that consumed 
probiotics (specifically, one tablet of Lactibiane per day). 
The glycemic indicators (including fasting blood glucose 
levels, HbA1c levels, fasting insulin levels, and the HOMA 
index, which quantifies insulin resistance) were evaluated 
at the start of the study (T0) and again one month after the 
implementation of the respective interventions (T1).

• Consuming probiotics helps individuals who are obese 
with their glycemic parameters.

Including 
30 Human 
(obese)

Ben et al.
 [264]

• The literature search utilized the PubMed, EMBASE, and 
MEDLINE databases.
• The search for publications was conducted over the period 
from January 2010 to December 2019.

• Changes in intestinal microbiota in individuals with 
obesity.
• Probiotic supplementation may be beneficial for individu-
als who are overweight or obese.

Human Wiciński et 
al. [265]

• From the inception of the database to the start of the 
inquiry, scholarly articles detailing the use of probiotics in 
pediatric and adolescent populations affected by over-
weight or obesity were retrieved from seven databases 
using specific search terms and medical subject headings.

• Previous research on children and adolescents suffer-
ing from overweight and obesity has revealed promising 
therapeutic outcomes of probiotics in terms of adiposity, 
BMI, inflammatory markers, metabolic parameters, fatty 
liver, transaminase levels, and glucose metabolism.

Human
(children)

Loy et al.
 [266]

Table 3  Recent human studies on the role of probiotics, prebiotics, and synbiotics in obesity
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Rajkumar et al. [223] found With the addition of 
omega-3 supplements and a high-dose combination of 
probiotics from the Streptococcus, Lactobacillus, and 
Bifidobacterium species, overweight people’s gut micro-
biota composition, insulin sensitivity, plasma lipids, and 
inflammatory indicators significantly improved [223]. 
Additionally, the group that got the probiotic alone only 
showed a favorable shift in the gut flora, whereas the 
group that received the omega-3 alone did not see any 
change [223]. The introduction of Lactobacillus paracasei 
F19 to 120 infants between the ages of 4 and 13 months 
during the weaning process did not yield any significant 
impact on their physical makeup or cognitive growth 
by the time they reached school age [224]. In a different 
study, the effects of fermented traditional yak yogurt’s 
probiotic lactic acid bacteria on obese rats on a HFD 
were evaluated. In simulated GI fluid, the results demon-
strated that the Lactobacillus plantarum Lp3 strain could 
reduce the amount of cholesterol by 73.3%. Lactobacillus 
plantarum Lp3 exhibits promising potential as a viable 
probiotic in combating hyperlipidemia, owing to its nota-
ble capacity in effectively diminishing the triglyceride 
and cholesterol concentrations in both the bloodstream 
and hepatic tissues of rats subjected to a high-cholesterol 
regimen, concurrently lessening the extent of lipid accu-
mulation within the liver [225].

An area of research highlights the role of probiotics in 
the in situ production of functional bioactive compounds, 
such as conjugated linoleic acid (CLA), which have dem-
onstrated significant potential in managing metabolic 
disorders like obesity and diabetes [226–230]. CLA com-
prises a collection of isomers of fatty acids synthesized 
from linoleic acid. These compounds are recognized for 
their beneficial effects, including anti-adipogenic, anti-
diabetic, and anti-inflammatory properties [231–233]. 

Cis-9, trans-11 (c9, t11), and trans-10, cis-12 (t10, c12) 
are the three recognized isomers of CLA that are most 
frequently linked to antiobesity benefits [234]. A study by 
Dahiya et al. [226] demonstrated the anti-obesity poten-
tial of CLA-enriched skim milk prepared with the pro-
biotic Lactobacillus fermentum DDHI27 (PCLA). Five 
groups of C57BL/6J mice were utilized in this study to 
examine various metrics associated with obesity. PCLA 
supplementation resulted in significant reductions in 
body weight and epididymal and mesenteric fat deposits, 
alongside improvements in lipid profiles, according to the 
findings. Furthermore, there were notable enhancements 
in hepatic steatosis, blood glucose, and leptin levels, 
accompanied by a decrease in adipocyte size. Molecu-
lar analyses also demonstrated favorable modulation of 
adipogenesis-related transcription factors and key lipo-
genesis genes. Importantly, PCLA supplementation cor-
rected gut microbiota dysbiosis, a critical factor in the 
pathogenesis of obesity [226]. Another study by Lee et al. 
[227] investigated the probiotic effects of Lactobacillus 
rhamnosus PL60, a human-derived bacterium known for 
its ability to produce the t10, c12-isomer of CLA. Using 
a diet-induced obesity model in mice, this study demon-
strated that Lactobacillus rhamnosus PL60 can reduce 
body weight without affecting energy intake, specifically 
by decreasing the mass of white adipose tissue (epididy-
mal and perirenal fat). Interestingly, the anti-obesity 
effects of Lactobacillus rhamnosus PL60 were correlated 
with increased apoptotic signals and elevated UCP2 
mRNA levels in adipose tissue, indicating enhanced fat 
metabolism and regulation. The study highlights the 
therapeutic potential of CLA-producing probiotics, espe-
cially those derived from human origin, in managing 
obesity by targeting adipose tissue metabolism [227].

Methods Used Conclusion Study 
subjects

Refer-
ences

• Subjects with a BMI ranging from 24.2 to 30.7 kg/m² and 
an abdominal visceral fat area between 81.2 and 178.5 cm² 
were randomly selected to participate in a study. During the 
study, they were administered fermented milk (FM) infused 
with Lactobacillus gasseri SBT2055 (LG2055) for a duration of 
12 weeks.

• The protective effects of Lactobacillus gasseri SBT2055 
(LG2055), a probiotic strain, are demonstrated by its 
capacity to reduce body weight, abdominal fat, and other 
parameters associated with metabolic disorders.

Human Kadooka 
et al. [220]

• A study was conducted involving 128 individuals with 
hypertriglyceridemia who did not have diabetes. This inves-
tigation followed a design that included randomization and 
a placebo-controlled methodology.
• During a 12-week period, the group that received 
probiotics consumed a daily dosage of 2 g of a powdered 
supplement containing L. curvatus HY7601 and L. plantarum 
KY1032.

• The consumption of a combination of two probi-
otic strains over a 12-week period led to a reduction in 
triglyceride levels, an increase in apolipoprotein A-V (apo 
A-V) levels, and an increase in the size of LDL particles in 
individuals with hypertriglyceridemia.
• The impact of this phenomenon was more pronounced 
among individuals with elevated fasting triglyceride levels, 
regardless of their APOA5 -1131T > C genotype.

Human Ahn et al.
 [267]

• Forty-eight male participants were involved in the study, 
with twenty-four individuals diagnosed with T2DM, and the 
remaining twenty-four considered healthy.

• The Lactobacillus acidophilus NCFM group exhibited en-
hanced insulin sensitivity compared to the placebo group.

Human Andreasen 
et al.
 [219]

Table 3  (continued) 
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Probiotics are also known for improving barrier and 
immunomodulatory function, as well as possessing anti-
bacterial capabilities [235]. Probiotics can thus rapidly 
enter the human gut, speed the burning, breakdown, and 
transformation of fat, boost metabolism, and efficiently 
eliminate the stubborn fat in the abdominal region [236].

Prebiotics
Prebiotics are dietary constituents that cannot be 
digested and can potentially provide advantages to the 
host by deliberately fostering the growth or function-
ing of particular bacteria in the colon. This, in turn, may 
contribute to improving the overall well-being of the host 
[218, 237]. Prebiotics must also fulfill the following three 
criteria: (1) resistance to digestive enzymes, and gastric 
acid, bile; (2) capacity for inducing commensal gut micro-
biota development and, or activity; and (3) capacity for 
fermentation by gut microbiota [238]. In the future, these 
substances could be used to combat obesity (Tables  2 
and 3). Typical examples include lactulose, inulin, 
fructo-oligosaccharides, and derivatives of galactose and 
β-glucans. The fructo-oligosaccharides, oligosaccharides 
(such as inulin), galacto-oligosaccharides, and polyphe-
nols are among the prebiotics that are commonly found. 
These substances can be a probiotic substrate, potentially 
facilitating their proliferation [239]. The observation 
revealed that the fermentable carbohydrate inulin sig-
nificantly augmented the cell density responsible for the 
production of the hormone PYY, which has the potential 
to inhibit hunger. This discovery implies that inulin could 
potentially contribute to the reduction of calorie intake 
and enhance the management of obesity [240]. Kout-
nikova et al. [241] discovered that supplementing with 
galactooligosaccharides raised Bifidobacterium spp. lev-
els while lowering Bacteroides spp. levels in healthy peo-
ple. The composition and operational characteristics of 
the GI microbiota can be modified by prebiotics. Bacteria 
capable of producing butyrate, such as Bifidobacterium 
spp., are cultivated to increase their population. This cul-
tivation is carried out to improve metabolic outcomes 
and strengthen the intestinal barrier to protect against 
infections [241]. Prebiotics, in addition, have been associ-
ated with enhancements in metabolic indicators, includ-
ing insulin resistance, as well as the reduction of weight 
in individuals [242, 243].

Synbiotics
Synbiotics are an amalgamation of prebiotics and pro-
biotics, exhibiting a synergistic impact. Prebiotics and 
probiotics are both made more potent and efficient by 
the addition of synbiotics, thereby optimizing the health 
advantages they provide to the host organism [244, 245]. 
The main benefit of creating synbiotics is that it increases 
probiotics’ ability to survive in the GI system [246, 

247]. Synbiotics have a favorable influence on health 
by enhancing probiotic microbe viability and provid-
ing unique health benefits [248]. Synbiotics play a cru-
cial role in regulating metabolic activity in the GI tract 
through the facilitation of microbiota growth, preserva-
tion of intestinal biostructure, and suppression of poten-
tial pathogens [249]. Synbiotics decrease the number of 
unfavorable metabolites in the GI system, such as cancer-
causing agents and inactivation of nitrosamines. Fur-
thermore, they elevate the quantities of SCFAs, methyl 
acetates, ketones, and carbon disulfides, potentially 
bestowing advantageous effects on the well-being of the 
host [250]. A comprehensive examination and synthesis 
conducted by Mohammadi and colleagues [251] revealed 
that the introduction of probiotics and synbiotics for 
a duration of 4 to 16 weeks did not yield any noticeable 
alterations in fasting blood glucose levels, waist circum-
ference, BMI, adipose tissue content, or lipid profiles 
when comparing the pre-and post-administration period. 
Nevertheless, a detailed showed that supplementing 
with synbiotics significantly reduced BMI [251]. A novel 
synbiotic composition, which comprises inulin and five 
distinct strains of probiotics, namely Clostridium beijer-
inckii, Clostridium butyricum, Akkermansia muciniphila, 
Anaerobutyricum hallii, and Bifidobacterium infantis 
demonstrated enhanced regulation of glycemic control in 
individuals with T2DM in a meticulously conducted ran-
domized placebo-controlled trial (Fig. 1) [252].

Fecal microbiota transplantation in obesity
In the People’s Republic of China, there has been a prac-
tice among the populace whereby they have employed 
the method of human FMT as a means of addressing var-
ious afflictions [268]. FMT has demonstrated its efficacy 
in effectively treating GI infections, specifically those 
attributed to Clostridium difficile and other members of 
the Clostridiales order, while also ensuring a high level 
of security [269]. The process of taking in capsules, per-
forming a colonoscopy, utilizing nasogastric/nasojejunal 
tubes, administering an enema, conducting a sigmoidos-
copy, or using a rectal tube can be employed as methods 
to introduce fecal matter obtained from a healthy donor 
into the GI system of an individual whose gut microbi-
ota has been altered [270]. After the implementation of 
FMT, the microbial strains originating from the donor 
are actively involved in establishing themselves within 
the GI microbiota of the recipient and persist for a mini-
mum period of three months [271]. However, it is crucial 
to note that the compatibility between the donor and 
recipient is of utmost importance when effectively estab-
lishing microbial strains from the donor in the recipient’s 
gut [271].

Although there is promise demonstrated by FMTs 
in the realm of metabolic disorders in animals, further 
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clinical trials are required to ascertain the effectiveness 
of this method for this specific indication [272]. Kootte 
et al. [273] documented that the administration of FMT 
therapy has led to a notable enhancement in the capabil-
ity of individuals with metabolic syndrome to respond to 
insulin [273]. Allogenic FMT from lean donors failed to 
significantly improve clinically in two randomized con-
trol studies. However, the recipient microbiota in these 
experiments began to resemble the donor profile [274, 
275]. In a human pilot investigation, enteral feeding 
tubes were used to delay enteral microflora transmission 
from malnourished human donors to receivers suffering 
from metabolic syndrome. Insulin sensitivity exhibited a 
notable enhancement in subjects diagnosed with meta-
bolic syndrome six weeks following the initiation of FMT 
when contrasted with the individuals’ insulin sensitivity 
levels before the commencement of FMT therapy [276].

The Gut Bugs Trial, a study conducted with randomiza-
tion, double-masked methodology, and placebo control, 
had the objective of evaluating the effectiveness of FMT 
as a treatment for obesity and enhancement of metabolic 
function. The primary measure of interest was the vari-
ability in BMI at the six-week point following the FMT 
intervention [277]. A group of 87 teenagers, ranging in 
age from 14 to 18, who possessed a BMI below 30  kg/

m2, actively took part in the study. These adolescent 
individuals underwent an administration of a singular 
treatment consisting of orally encapsulated fecal micro-
biota that was obtained from donors of the same biologi-
cal sex. Alternatively, they were given a placebo of saline 
solution. A comprehensive follow-up was conducted at 
the 26-week mark. However, FMT reduced abdominal 
adiposity but did not influence insulin sensitivity, lipid 
profile, BMI, liver function, blood pressure, inflamma-
tory markers, or gut health. The subjects experienced 
mild unfavorable effects, with loose stools being the most 
common occurrence, observed in 10% of individuals, 
but no significant adverse events were reported [277]. 
Of course, there are specific possible hazards associated 
with FMT, such as transmitting contagious diseases. No 
adverse effects have been observed despite occasional 
minor side effects, including fever and diarrhea [278]. In 
the figure below, treatment methods are mentioned to 
adjust the microbiome, reduce inflammation in the intes-
tine, and fight obesity (Fig. 2).

Dietary and pharmacological interventions in gut 
microbiome modulation
Recent research has demonstrated that specific dietary 
patterns and pharmacological interventions can 

Fig. 1  An outline of the primary microbiome-based approaches that are either used or can be used to treat and prevent obesity
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significantly influence obesity, primarily through altera-
tions in the gut microbiome [77, 279–285]. Making 
informed dietary choices is essential for the longevity and 
overall well-being of individuals with metabolic disor-
ders. A well-balanced diet provides the necessary energy, 
macronutrients, and micronutrients required for growth, 
cell differentiation, repair, and maintenance. Conversely, 
metabolic imbalances can lead to serious health con-
sequences [286, 287]. Functional foods also known as 
nutrient-dense foods—require a clear definition. They 
are primarily recommended in the following catego-
ries: fruits, vegetables, whole grains, seafood, legumes, 
unsalted nuts and seeds, and low-fat dairy products. 
Dietary fiber is the most talked-about issue in dietetics 
today since some diets alter the gut microbiota and pro-
vide essential health-related components. However, in 
addition to dietary fiber, other short- and medium-chain 
carbohydrates, such as oligosaccharides and inulin, also 
influence the etiopathophysiology of metabolic diseases 

by inducing the specific intestinal microbiome (SIM) and 
its metabolites, including SCFAs and secondary bile acids 
[288–291]. They interact with immune cells, hormones, 
metabolic processes, and the gut-organ axis [290, 292]. 
It is known that eating natural food produces bioactive 
metabolites that come from the gut microbiota. The so-
called mutualism between the microbiota and the host’s 
physiology may be mediated via aromatic amino acids 
like tryptophan, main bile acids, and others [279].

Soluble non-starch polysaccharides, particularly pec-
tin, and psyllium, present significant health benefits due 
to their prebiotic properties, which include anti-inflam-
matory, antioxidant, and lipid-lowering effects [293, 294]. 
These fibers positively influence gut microbiota by pro-
moting the growth of beneficial bacteria, such as Bac-
teroides spp., Faecalibacterium spp., and Lachnospira 
eligens, while also enhancing the production of SCFAs 
that play a crucial role in metabolic regulation [295–298].

Fig. 2  This illustrates the interplay between pathogenic and beneficial gut microbiota and their impact on host metabolism and health. The figure em-
phasizes key factors contributing to gut dysbiosis, including antibiotics, stress, and dietary imbalances, as well as mechanisms for restoring gut health, 
such as probiotics, prebiotics, FMT, and dietary interventions. Beneficial gut microbiota promotes the production of SCFAs, regulates gut hormones 
(GLP-1, PYY), and enhances gut barrier integrity, all of which contribute to improved metabolic outcomes. In contrast, pathogenic bacteria disrupt gut 
homeostasis, leading to inflammation, impaired glucose metabolism, and obesity-related complications. Additionally, therapeutic approaches such as 
exercise, medications, and microbiota-modulating diets are illustrated for their roles in restoring microbial balance and enhancing health outcomes
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Polyols, also referred to as sugar alcohols, are sub-
stances whose effects on gut microbiota are being stud-
ied. Mushrooms and several fruits and vegetables are rich 
sources of two common polyols, mannitol and sorbitol. 
Be aware that polyols are also utilized in the manufac-
turing of artificial sweeteners like erythritol and lactitol 
[299]. In a recent study, animals were given portobello or 
white button mushrooms for 15 weeks. Both mushrooms 
dramatically decreased Cyanobacteria and raised Verru-
comicrobia due to their high mannitol content [300]. The 
impact of glycan and pectin, two polysaccharides found 
in mushrooms, on gut microbiota has been the subject of 
extensive research. In vitro simulation studies have dem-
onstrated that mushroom polysaccharides stimulate the 
growth of beneficial bacteria, such as Bacteroides spp. 
and Phascolarctobacterium spp [300].

The Mediterranean diet (MD) is a recommended nutri-
tional pattern that has demonstrated numerous health 
benefits. It has been shown to help prevent various ail-
ments, including cancer, cardiovascular disease (CVD), 
type 2 diabetes, obesity, inflammatory disorders, and 
degenerative diseases. The MD also has demonstrated 
significant effects on metabolic health by reshaping 
microbial composition and functionality [282, 301–303]. 
The research conducted by Meslier et al. [282] demon-
strated that transitioning from a Western dietary pattern 
to a Mediterranean diet, while maintaining consistent 
energy intake, macronutrient distribution, and levels 
of physical activity, significantly influences individual 
clinical outcomes, as well as the gut microbiome and 
metabolome, after a four-week intervention period in a 
population exhibiting cardiometabolic risk associated 
with an unhealthy lifestyle [282].

Similarly, pharmacological agents show promising 
effects in obesity management and gut microbial com-
position [284, 285, 304]. Liraglutide has been shown to 
control the gut microbiota’s composition in HFD-fed 
mice, particularly by boosting the number of Akkerman-
sia spp [305]. A research study conducted by Feng et al. 
[284] aimed to examine the impact of semaglutide on gut 
microbiota, cognitive function, and inflammation in a 
cohort of obese rats. The findings indicated that the HFD 
group experienced a substantial shift in gut microbiota 
composition, characterized by increased levels of Rom-
boutsia, Dubosiella, and Enterorhabdus and lower levels 
of Akkermansia, Muribaculaceae, Coriobacteriaceae_
UCG_002, and Clostridia_UCG_014. Consequently, 
semaglutide demonstrated distinct regulatory effects 
on the dysbiosis of gut microbiota induced by the HFD. 
Semaglutide influences the composition and structure of 
gut microbiota associated with inflammation and cogni-
tive function. Therefore, modifying gut microbiota may 
be one mechanism by which semaglutide reduces inflam-
mation and enhances mental function [284]. Another 

investigation conducted by Duan et al. [285] examined 
the impact of semaglutide on the gut microbiota in obese 
mice induced by an HFD. Male C57BL/6J mice, aged 6 
weeks, were selected for the study and randomly assigned 
to one of four groups. These groups were administered 
either a normal control diet (NCD, NCD + semaglutide) 
or a high-fat diet (HFD, HFD + semaglutide), with the 
high-fat diet comprising 60% of the total caloric intake. 
The HFD was administered for 10 weeks to establish an 
obesity model, followed by an intervention period last-
ing 18 days. The findings demonstrated that semaglutide 
affected the composition of the gut microbiota, which in 
turn reduced the microbial dysbiosis caused by the HFD. 
While Lachnospiraceae and Bacteroides dramatically 
increased following the high-fat diet intervention, sev-
eral strains, including Akkermansia, Faecalibaculum, and 
Allobaculum, significantly declined. Semaglutide, on the 
other hand, inhibited excessive bacterial abundance and 
restored the disrupted ecological balance. In conclusion, 
the research suggests that semaglutide helps treat dysbio-
sis of the gut microbiota and that the gut microbiota may 
be involved in the effects of this medication on obesity 
[285].

Microbiota, obesity, and exercise
Research has demonstrated that physical activity can 
alter the microbiota, leading to enhancements in meta-
bolic profiles and immune responses, as evidenced by 
studies conducted on both animal models and human 
subjects [306]. These temporary alterations exhibit varia-
tions between individuals of normal weight and those 
with obesity. This distinction was evidenced in a study 
involving 32 participants, comprising 18 individuals clas-
sified as thin and 14 as obese. Following engagement 
in physical activity, the composition of the microbiota 
exhibited notable variations in bacterial genera, with a 
predominance of Bacteroides observed in the obese sub-
jects, while Faecalibacterium spp. and Lachnospira spp. 
were more prevalent in those of normal weight. Addi-
tionally, it was demonstrated that the composition of the 
microbiota varied from pre-exercise levels, with these 
alterations reverting following the cessation of exercise 
[307]. Comparable findings were reported in a study 
involving 27 sedentary individuals with obesity. Follow-
ing participation in moderate to intense physical activ-
ity, researchers observed a reduction in the Firmicutes 
to Bacteroidetes (F/B) ratio, along with an increase in 
the abundance of Bacteroides and a decrease in both 
Blautia and Clostridium populations [308]. In another 
study involving 40 premenopausal women with a BMI 
ranging from 20 to 25  kg/m²—comprising 19 physically 
active individuals and 21 sedentary individuals—no sig-
nificant differences were detected in terms of alpha and 
beta diversity or the F/B ratio between the two groups. 
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However, active women tended to have a higher relative 
abundance of Firmicutes and a lower relative abundance 
of Bacteroidetes [309].

Conclusion
Obesity is one of the global problems that endangers 
people’s health. In recent years a growing body of evi-
dence suggests that maintaining a balanced microbial 
community in the GI tract may play a significant role in 
preventing obesity. The gut microbiome serves various 
functions, including preserving intestinal integrity, pro-
ducing mucus, promoting the regeneration of the intes-
tinal epithelium, and mediating the production of SCFA. 
A well-functioning GI microbiota is crucial for manag-
ing the body’s metabolic processes and energy levels. 
An imbalance in the microbiome can result in increased 
appetite and metabolic disorders, which are influential 
factors in the development of obesity and its associated 
conditions. Children experiencing obesity exhibit altera-
tions in the composition and functional capabilities of 
their intestinal microorganisms. This includes a notable 
increase in proinflammatory bacterial groups compared 
to their lean counterparts.

Based on the available evidence, therapeutic interven-
tions aimed at modulating the intestinal microbiome—
such as probiotics, prebiotics, synbiotics, and FMT, can 
be effective in combating obesity and promoting weight 
loss. Additionally, dietary interventions (e.g., low-car-
bohydrate and Mediterranean diets), pharmacological 
treatments (e.g., semaglutide), and regular physical activ-
ity can further enhance the diversity and functionality of 
the gut microbiota, thereby helping to restore a healthier 
microbial balance. These interventions work synergisti-
cally to reshape the gut microbiome, promoting meta-
bolic health, and potentially reducing the risk of obesity. 
However, more clinical trials are needed to clarify the 
optimal dosage, frequency, and long-term effects of these 
therapeutic approaches. Further research is necessary to 
elucidate the mechanisms through which gut microbiota 
contribute to obesity and obesity-related disorders, given 
the richness and diversity of this microbial population.
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