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Abstract 
Diabetes, particularly type 2 diabetes mellitus (T2DM), is a complex metabolic disorder influenced by an interplay 
of genomic, nutritional, and lifestyle factors, with a significant rise in prevalence linked to modern lifestyles. The 
increasing burden of T2DM, affecting over 422 million individuals globally, is associated with insulin resistance (IR), 
chronic inflammation, and various organ dysfunctions, leading to severe complications such as diabetic 
cardiovascular disease and kidney disease. Recent advances in microbiome research have unveiled the gut 
microbiome's pivotal role as an endocrine organ, influencing metabolic health through mechanisms related to 
digestion, immunity, and metabolic regulation. This review synthesizes current knowledge on the shifts in gut 
microbiome composition throughout the progression of T2DM and associated conditions, examining the causal 
relationships between intestinal microbiota and metabolic dysregulation. Key findings highlight the role of specific 
microbial taxa in modulating inflammation and glucose metabolism, as well as the therapeutic potential of 
microbiome-targeted interventions, including dietary modifications, probiotics, and fecal microbiota transplantation. 
Additionally, we explore the molecular interactions between host factors and microbiota that contribute to dysbiosis 
in T2DM, emphasizing the impact of microbial metabolites on systemic inflammation and metabolic pathways. By 
elucidating these intricate relationships, this review aims to contribute to the understanding of how microbiome 
modulation may offer novel therapeutic strategies for managing T2DM and its complications. 
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Introduction 
Diabetes is an intricate metabolic disorder which 
depends on many different factors. Genomic 
characteristics, gender, nutrition, ageing, lifestyle and 
epigenetic features affect the DM pathogenesis. 
Occurrence rate of DM elevated drastically as 
lifestyle standards became higher. T2DM constitutes 
about ninety percent of all DM cases. More than four 
hundred twenty-two million individuals suffer from 
this disorder worldwide. Multiple researches 
established that adiposity is a major risk factor for 
T2DM [1-3]. This disease is featured by such 
properties as IR, high blood sugar and chronic 
inflammatory process. Such conditions are implicated 
in metabolic disorders and have detrimental impact 
on functioning of body organs, including renal 
function, cardiac function, hepatic function, brain 
function, cardiovascular system, which leads to 
development of diabetic CVD, retinopathy, kidney 

disease, NAFLD [4,5]. Advancements in sequencing 
methods and data analyses have propelled microbiota 
studies forward significantly over the past decade. 
Following the completion of the initial two phases of 
the HMP, studies on the microbiota and its 
relationship to metabolic health have garnered 
increasing interest and yielded numerous valuable 
findings. The gut microbiome is regarded as an 
endocrine organ. Its advantages can be summarized in 
4 key areas: 1. Aiding in the digestion of food and 
nutrient absorption, 2. Strengthening the gut barrier 
and defending against pathogens, 3. Enhancing the 
functioning of the gut immunity, 4. Regulation of 
metabolism [6-8]. E.g., Zhang and colleagues 
discovered that Lactiplantibacillus plantarum and 
other bacteria are able to stimulate insulin transport 
and release via ligand binding to nucleotide-binding 
oligomerization domain-containing protein 1 in islet 
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beta cells [9]. Emerging data demonstrate differences 
in the composition of the intestinal microbiome and 
metabolic traits and a connection between the gut 
microbiome and organism metabolic processes of 
subjects with type 2 diabetes and healthy subjects. In 
this review, we present a comprehensive overview of 
the alterations in intestinal microbiome during the 
development of type 2 diabetes and associated 
conditions [10-12]. We also explore the functional 
mechanisms by which intestinal microbiome 
influence the gut barrier and the effects of their 
metabolites, along with relevant microbiome-based 
therapeutics, drawing on the latest research findings. 
Causal connection between intestinal microbiome 
and type 2 diabetes 
Intestinal microbiome cohort trials highlighter the 
complicated connection between gut microbiota and 
type 2 diabetes. Animal trials in germ-free mouse 
model established that intestinal microbiome is the 
primary factor for this disorder. Germ-free mice 
showed reduced IR and reduced lipid levels than 
regular mice [13-15]. Consequent transplant of 
intestinal microbiome demonstrated that IR and 
adiposity were considerably elevated in germ-free 
mice administered with ob/ob mice intestinal 
microbiome. Although, these findings do not 
necessarily prove that such mechanisms occur 
humans since the genomic backgrounds are not the 
same. Another trial involved 952 human subjects and 
took place in Netherlands. That trial has identified a 
causal link between type 2 diabetes and intestinal 
flora [16-18]. The authors performed whole genome 
and gut meta-genome analysis, assessed SCFA level 
in the colon, and evaluated clinical parameters. 
Causal connection between microbe propertied and 
blood sugar levels was assessed by bi-directional MR 
tests. It was established that butyrate elevation caused 
by genomic parameters was associated with 
alleviation of insulin resistance (IR) following OGTT. 
Levels of Roseburia intestinalis and 
Eubacterium elevated, and the aberrant generation or 
absorbing of propionate were associated with higher 
risk of type 2 diabetes. Consistently, butyrate is able 
to stimulate post-meal insulin release and synthesis of 
propionate in the colon, which increases the type 2 
diabetes risk. However, further research is necessary 
to elucidate the underlying processes. 
Table 1. Key Findings on Gut Microbiome and 
T2DM 

Aspect Description 
Implicati
ons 

Exampl
es 

Prevalence 
of T2DM 

Affects over 
422 million 
individuals 
globally. 

Increased 
healthcare 
burden. 

Global 
statistics 
highligh
t public 
health 
issue. 

Aspect Description 
Implicati
ons 

Exampl
es 

Microbiom
e 
Functions 

1. Digestion 
& nutrient 
absorption <b
r> 2. Gut 
barrier 
integrity <br> 
3. Immune 
support <br>4
. Metabolic 
regulation 

Essential 
for overall 
metabolic 
health. 

SCFAs 
like 
butyrate 
contribu
te to gut 
health. 

Risk 
Factors 

Adiposity, 
insulin 
resistance 
(IR), chronic 
inflammation. 

Higher 
susceptibil
ity to 
T2DM 
and 
associated 
conditions
. 

Obesity 
linked to 
altered 
microbi
ota. 

Key 
Microbial 
Taxa 

Lactiplantibac
illus 
plantarum, 
Roseburia 
intestinalis, 
Akkermansia 
muciniphila. 

Modulate 
inflammat
ion and 
glucose 
metabolis
m. 

Specific 
taxa 
shown 
to lower 
blood 
sugar 
levels. 

Complicati
ons of 
T2DM 

Diabetic 
cardiovascular 
disease 
(CVD), 
kidney 
disease, 
retinopathy. 

Compromi
ses quality 
of life and 
increases 
mortality. 

Increase
d risk 
for 
chronic 
kidney 
disease. 

Therapeuti
c 
Strategies 

Microbiome-
targeted 
interventions 
(dietary 
modifications, 
probiotics, 
fecal 
microbiota 
transplantatio
n). 

Potential 
for 
improved 
metabolic 
outcomes. 

Use of 
probioti
cs 
showing 
benefici
al 
effects. 

Intestinal microbiome, T2DM and its complications 
T2DM, like CVD, malignancies and CRDs, is 
believed to be a chronic non-infectious disorder 
which accounts for eighty percent of premature 
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mortality worldwide. In 2019, about 463 million 
individuals suffered from DM globally, and by 2045 
this number is estimated to be seven hundred million, 
assuming present tendencies go on unaffected by 
different therapeutical approaches [19,20].  
DM is featured by hyperglycemia which is caused by 
reduced insulin synthesis in the pancreas or reduced 
tissue susceptibility to insulin. Unmanaged DM and 
metabolic diseases related to T2DM, e.g., fat 
metabolism disorders, high blood pressure, oxidative 
stress (OS), may result in various vascular disorders. 
There could develop small vessel complications such 
as diabetic kidney disease, retinopathy and nerve 
damage [21,22]. There is also a possibility of large 
vessel complications such as cerebro-vascular 
disorder, CAD, PVD. Among other complications are 
CHF, fat metabolism dysfunction, inflammatory 
processes in organs, increase in body mass, and 
water-electrolyte imbalance [23-25]. 
Alterations in inter-dependent pathways of 
metabolism were detected in relation to T2DM. E.g., 
CAD induced by insulin metabolism disfunction may 
result in dyslipidaemia, a major risk factor for CV 
complications of DM. Other factors such as ROS 
elevation, chronic high blood sugar, and impaired 
anti-oxidant status may also account for the DM 
development. Such complications may result in 
gradual reduction in life quality and elevate mortality 
[26-28]. 
Numerous trials have shown a notable connection 
between alterations in intestinal flora composition 
and the T2DM progression. For example, impaired 
eubiosis of Bacteroidetes/ Bacillota phylum was 
associated with elevated gut permeability, with 
bacterial by-products infiltrate via the intestinal 
barrier which stimulated inflammation, a major 
property of DM [29-31]. At the same time, some 
bacteria were proved to be able to protect against this 
disease by decreasing pro-inflammatory biomarkers 
and keeping the gut barrier intact. E.g., 
Lb. Fermentum, Lb. Plantarum, Lb. casei, Roseburia 
intestinalis, Bacteroides fragilis, and Akkermansia 
muciniphila were proved to ameliorate sugar 
metabolism and susceptibility to insulin, as well as 
inhibit pro-inflammatory cytokines [32-35]. It is 
noteworthy that some DM medications, e.g., 
metformin, were proved to change the intestinal flora 
composition, which implies that this drug interplays 
with the intestinal flora by modulating inflammatory 
processes, glucose homeostasis, intestinal 
permeability, and SCFA-generating bacteria. 
Moreover, in subjects with dysbiosis related to DM, 
metformin triggers synthesis of butyrate and 
propionate, ameliorating the subject’s capacity of 
catabolizing aminoacids [36-39]. These alterations 
together with elevated Akkermansia muciniphila in 
the intestine could account for the impact of this drug 
on sugar metabolism. Metabolic factors related to 
chronic inflammatory processes and OS, that connect 
dysbiosis of intestinal flora to T2DM, seems to be the 
same factors that affect the manifestation and 
development of DM complications. These findings 
support the idea that regulation of the intestinal flora 

could have great potential in treating DM and related 
complications [40-42]. 
Table 2. Mechanisms Linking Gut Microbiome and 
T2DM 

Mechanis
m Details 

Effects 
on 
Metabol
ism 

Potential 
Targets 
for 
Therapy 

Dysbiosis 

Altered 
microbial 
composition 
associated 
with increased 
T2DM risk. 

Disrupts 
metaboli
c 
homeost
asis, 
leading 
to IR. 

Probiotics 
to restore 
healthy 
flora. 

Inflamm
atory 
Response 

Microbial 
metabolites 
(e.g., 
lipopolysacch
arides) trigger 
inflammation. 

Enhance
s 
systemic 
inflamm
ation 
impactin
g insulin 
signaling
. 

Anti-
inflammato
ry agents or 
diets rich in 
anti-
inflammato
ry foods. 

Metabolit
e 
Producti
on 

Short-chain 
fatty acids 
(SCFAs) 
enhance 
insulin 
sensitivity. 

Improve
s glucose 
homeost
asis and 
reduces 
IR. 

Dietary 
fibers to 
boost SCFA 
production. 

Host-
Microbe 
Interacti
ons 

Host 
molecules 
(e.g., SIRT1) 
regulate 
microbial 
profiles 
impacting 
metabolism. 

Enhance
s 
dysbiosis 
clearanc
e 
promotin
g a 
healthier 
gut 
environ
ment. 

Lifestyle 
changes 
targeting 
SIRT1 
activation. 

Immune 
System 
Influence 

Gut 
microbiota 
modulation 
affects innate 
immune 
responses and 
inflammation. 

Contribu
tes to the 
regulatio
n of 
metaboli
c 

Immunothe
rapies 
targeting 
specific 
immune 
pathways. 
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Mechanis
m Details 

Effects 
on 
Metabol
ism 

Potential 
Targets 
for 
Therapy 

processe
s. 

Microbio
me as an 
Endocrin
e Organ 

Communicati
on affecting 
metabolic 
homeostasis 
and systemic 
health. 

Alters 
nutrient 
absorptio
n and fat 
storage. 

Hormonal 
therapies to 
rebalance 
gut 
signaling. 

Molecular processes connecting host and the 
intestinal flora in type 2 diabetes 
There is an intricate connection between the intestinal 
flora and type 2 diabetes. Hereby, it is crucial to 
elucidate the underlying mechanisms of the interplay 
between host and microbiome regarding impaired 
sugar metabolism. In pathology, impaired host 
molecular regulation may contribute to alterations of 
the intestinal flora composition. Indeed, the flora is a 
major player in the progression of type 2 diabetes 
[43,44]. 
Host molecules which trigger dysbiosis of intestinal 
microbiome 
Whereas type 2 diabetes in associated with the 
intestinal flora dysbiosis, the cause of this condition 
is yet to discover. Notably, intestinal microbe 
homeostasis is regulated by various host molecules. 
Numerous trials in high-fat diet mouse model 
demonstrated that SIRT1 defends against metabolic 
disorders mostly by controlling the levels of 
Firmicutes and Bacteroidetes. High-fed diet mice 
with SIRT1 deficiency showed adipocyte 
hypertrophy, hepatic steatosis and IR [45-48]. Zn-T8 
is a trans-membrane protein rich in pancreas beta 
cells, implicated in progression of DM. Lack of Zn-
T8 promoted lipid aggregation and impaired glucose 
tolerance partly via regulation of the gut morphology 
and gut flora composition, which could elevate risk of 
type 2 diabetes and adiposity. It is noteworthy that 
db/db mice administered with fexaramine, FXR 
agonist, demonstrated reduced free FA and 
cholesterol (C) levels in serum, elevated release of 
GLP1, ameliorated susceptibility to insulin [49-52]. 
Trials have established that fexaramine triggers 
activation of TGR-5/GLP1 signaling pathway via 
elevation of levels of Acetatifactor and Bacteroides 
which generated lithocholic acid, thus ameliorating 
sugar metabolism [53-55]. Mavilio and colleagues 
reported that in high-fat diet mouse model KO of 
Timp3 triggered FLD and glucoce intolerance [56]. 
Lack of tissue inhibitor of metalloproteinase 3 
resulted in dysbiosis of intestinal flora, that promoted 

systemic inflammatory process via IL6 signaling 
pathway. Antibacterial therapy ameliorated 
metabolism and decreased inflammatory process, 
which implies that the intestinal flora is mediating the 
tissue inhibitor of metalloproteinase 3 role in 
metabolic regulation [57-59]. Moreover, 
diabetoprotective activity of host molecules, e.g., 
interleukin 36, TRIM-31 and NAPEPLD, is also 
associated with the intestinal microbiome. Generally, 
these host molecules are able to ameliorate metabolic 
processes to a certain degree via regulation of 
intestinal flora, thus protecting against adiposity and 
type 2 diabetes [60-62]. 
On the other hand, some host molecules may 
stimulate progression of type 2 diabetes and 
associated metabolic disorders by facilitating 
dysbiosis of the intestinal microbiome. Resveratrol 
was a specific suppressant of mTORC-1 that could 
alleviate sugar intolerance and IR in high-fat diet 
mice, which implies that mTORC-1 is critical in 
glucose homeostasis. It is worth noting that 
resveratrol decreased Clostridium cluster XI, 
Oscillibacter, Hydrogenoanaerobacterium, 
Flavonifractor, and Lactococcus relative abundance 
in high-fat diet mice [63-66]. Those bacterial taxons 
were in direct correlation with fasting blood sugar and 
homeostatic model assessment for insulin resistance 
index, which implies that alterations in intestinal flora 
caused by dysregulated mTORC-1 could be linked to 
DM phenotype [67,68]. Another trial in high-fat diet 
MGLL KO mice demonstrated ameliorated glucose 
tolerance and reduced obesity. The response of the 
intestinal microbiome of these mice to high-fat diet 
differed from that of wild-type mice. E.g., high-fat 
diet elevated the Lactobacillus levels in wild-type 
mice, but not in monoglyceride lipase KO mice [69]. 
These findings suggest that monoglyceride lipase 
could be a target for novel therapeutical approaches 
for metabolic disorders. Furthermore, lack of 
ANGPTL-4 ameliorated glucose tolerance and 
elevated concentrations of insulin in mice with UFA, 
fruit sugar and C diet. Studies in ANGPTL-4 -/- 
mouse model showed elevated levels of SMB53, 
Adlercreutzia and Lactobacillus, and reduced levels 
of Allobaculum [70]. The intestinal microbiome 
suppression by antibacterial therapy decreased 
glucose tolerance in ANGPTL-4 -/- mice, which 
implies that ANGPTL-4 impact on sugar metabolism 
could rely on the intestinal flora regulation. Similarly, 
the intestine-specific deletion of GLUT-2 could 
ameliorate glucose homeostasis by altering intestinal 
flora composition. Suppression of monoglyceride 
lipase, GLUT-2, mechanistic target of rapamycin 
complex 1 or angiopoietin-like 4 could be promising 
treatment approaches for type 2 diabetes [70]. 
Immunity and inflammation responses 
Crosstalk between intestinal flora and the host was 
found to control systemic and local immune system 
and inflammatory processes, that facilitate the 
progression of type 2 diabetes. The gut barrier has a 
major role in these mechanisms. The gut barrier 
defends the organism from gut components. 
Impairment of its function elevates the flow of 
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bacteria and their byproducts, hereby facilitating 
chronic inflammatory process and metabolic 
disorders [71-73]. Trials in vitro and in vivo support 
the idea that high blood sugar elevates the gut barrier 
penetrability by altering the adherens junctions (AJ) 
and tight junctions (TJ) integral state, which leads to 
the leakage of bacterial byproducts. It is noteworthy 
that glucose transporter 2 deficiency in gut epithelium 
retained the gut barrier by preserving ZO1 and 
epithelial cadherin, suggesting that glucose 
transporter 2 could be a promising target for 
ameliorating inflammatory processes and infections 
associated with the gut [74,75]. Moreover, the 
intestinal flora is implicated in the control of gut 
penetrability in adiposity and DM. E.g., the intestinal 
flora influences the barrier functioning by controlling 
the release of glucagon-like peptide-2 in DM. 
Furthermore, MAM promoted restoration of the 
injured gut barrier by elevating ZO1 release in 
db/db mice [76,77]. Akkermansia muciniphila levels 
were decreased in mice with type 2 diabetes, and 
Akkermansia muciniphila therapy might ameliorate 
sugar metabolism and alleviate metabolic 
endotoxemia via restoration of thickness of the 
mucous layer. Additionally, EVs obtained from 
Akkermansia muciniphila decreased gut penetrability 
by stimulating the TJ proteins release, hereby 
ameliorating sugar homeostasis in mice with DM. 
Another study revealed that Akkermansia 
muciniphila-derived Amuc_1100 retained the integral 
state of the gut barrier via interplay with TLR-2, thus 
mitigating adiposity and IR in high-fat diet murine 
model. These findings suggest that Akkermansia 
muciniphila is a beneficial intestinal bacterium which 
is vital for regulation of the gut permeability [78-80]. 
The innate immune system is known to be present in 
the body as a quick reaction against infections, 
whereas PRR and PAMP interplay triggers the 
response. Foreign pathogens and their byproducts can 
trigger inflammatory process in the gut by stimulating 
innate immune system. It is noteworthy that some 
pattern recognizing receptors, e.g., NLR and toll-like 
receptors, are closely connected to metabolic 
disorders [81,82]. Multiple trials in murine models 
have confirmed that lack of toll-like receptor 5 leads 
to IR and adiposity, which is associated with 
alterations in the intestinal flora composition. 
Interestingly, intestinal flora transplant from mice 
lacking toll-like receptor 5 to wild-type sterile mice 
led to a development of metabolic syndrome, which 
implies that the crosstalk between toll-like receptor 5 
and the intestinal flora could be crucial in metabolic 
disorders [83,84]. Analogously, toll-like receptor 2 
KO mice had different intestinal flora composition 
from that of wild-type mice, they also demonstrated 
impaired glucose tolerance and IR. Another trial 
revealed that MyD-88, a toll-like receptor adaptor, is 
able to control fat and glucose metabolic processes 
partly be changing the intestinal flora composition. 
Nucleotide-binding oligomerization domain-
containing protein 1 activation facilitated 
inflammatory process and IR induced by high-fat diet 
[85-87]. On the contrary, MDP obtained from bacteria 

walls stimulated the release of IRF-4 via nucleotide-
binding oligomerization domain-containing protein 
2, hereby alleviating inflammatory process and IR in 
mice with adiposity. Furthermore, elevated gut 
penetrability allows bacteria and their byproducts to 
flow through the barrier and enter the bloodstream 
[88-90]. Cani and colleagues discovered that high-fat 
diet mice demonstrated elevated proportion of LPS-
containing bacteria in the gut and lipopolysaccharide 
concentrations in plasma [91]. At the same time, they 
modeled metabolic dysfunction and inflammatory 
process caused by high-fat diet in mice by prolonged 
sub-cutaneous (SQ) administration of 
lipopolysaccharides, which implies that 
lipopolysaccharides in bloodstream can facilitate 
progression of type 2 diabetes. Accordingly, 
antibacterial therapy alleviated inflammatory 
processes and endotoxemia, as well as ameliorated 
metabolic parameters in high-fat diet and 
ob/ob murine model, suggesting that the intestinal 
microbiome dysbiosis controlled the gut penetrability 
and promoted endotoxemia [92]. 
It is noteworthy that different ICs are implicated in 
the intestinal flora role in the metabolism. 
Interleukin-17 receptor deficiency can stimulate gut 
dysbiosis and lipopolysaccharide transfer to visceral 
fat tissues by suppressing the neutrophil migrating in 
the gut mucosa, resulting in the development of sugar 
intolerance and IR in high-fat diet mice. CR-Ig is 
released on macrophages and is crucial for immunity 
responses [93-95]. Luo and colleagues detected 
aggregation of extracellular vesicles containing 
intestinal microbe DNA and a reduction in the hepatic 
CR-Ig+ macrophage count in adiposity [96]. Notably, 
CR-Ig+ macrophages were able to clear the 
extracellular vesicles depending on complement C, 
hereby alleviating inflammatory processes and IR. 
Moreover, crosstalk between CD-4+ T lymphocytes 
and the intestinal microbiome is strongly connected 
to the progression of type 2 diabetes. The intestinal 
microbiome dysbiosis caused by high-fat diet resulted 
in a reduction of T helper 17 cells in the LP layer of 
the small bowel and hereby stimulated the 
development of type 2 diabetes. At the same time, the 
T helper 17 cells count was considerably decreased in 
the gut tissues in mice with adiposity, and further 
decrease in T helper 17 cells by high-fat diet and 
vitamin A deficiency exacerbated sugar intolerance 
and IR [97-99]. Another study revealed that T helper 
17 cells can control the Paneth cell functioning and 
metabolism-associated gut flora via interleukin 17, 
hereby retaining metabolic homeostasis. Luck and 
colleagues revealed that high-fat diet mice exhibit a 
reduction in immunoglobulin A+ IC percentage and 
levels of secretory immunoglobulin A in the colon, as 
well as that sugar metabolism diseases were more 
severe in high-fat diet mice lacking immunoglobulin 
A [100,101]. Interestingly, immunoglobulin A is able 
to ameliorate glucose metabolic processes by 
controlling the gut penetrability and flora 
composition, which implies that therapeutical 
approaches targeting immunoglobulin A+ ICs could 
be useful in type 2 diabetes. 
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DM and intestinal microbial metabolites 
Intestinal microbial metabolites are substances 
generated by intestinal microbiome during the 
process of food digestion. Such substances, e.g., 
short-chain fatty acids, Trp metabolites, 
trimethylamine N-oxide, lipopolysaccharides and 
bile acids (BA), were proved to be of great 
importance in the progression of type 2 diabetes. The 
majority of metabolites are able to enter the 
bloodstream and serve as signaling molecules 
through different receptors, that further control 
various metabolic pathways [102-105]. 
Short-chain fatty acids 
Short-chain fatty acids are important products that are 
generated in the process of resistant starch and fiber 
being anaerobically fermented by the intestinal flora. 
Just a small portion of short-chain fatty acids in the 
GI tract is obtained from the food. Propionic acid, 
butyric acid and acetic acid are the most abundant 
short-chain fatty acids in the organism. Short-chain 
fatty acids may be generated by thick-walled 
microbiome, such as Clostridium perfringens type IV 
and type XIVa [106-108]. These compounds can 
penetrate colon epithelial layer through H- or Na-
dependent MCTs to supply energy for their genesis. 
The rest of the short-chain fatty acids are then 
transferred from the gut to the bloodstream through 
the hepatic portal venous system and facilitate the 
progression of various disorders, e.g., adiposity, IR, 
type 2 diabetes [109-111]. 
Short-chain fatty acids may serve as substrates for fat 
generation. It was proved that short-chain fatty acids 
may trigger activation of AMP activated protein 
kinase, stimulate expression of PGC1-alpha, and 
trigger activation of PPAR, thus controlling the FA 
oxidation. Furthermore, numerous trials emphasized 
that such major fat metabolic signals as cyclic AMP, 
ATGL, and UCP are controlled by short-chain fatty 
acids as well [112-114]. Short-chain fatty acids were 
proved to take part in HHS via GPCR receptors. The 
most important short-chain fatty acid receptors are the 
GPCRs, FFAR-2, FFAR-3, and GPR-109A. ERK-1, 
ERK-2, activation of Ca2+ within cells, cyclic AMP, 
and G protein (Gq, Gi/o) are downstream signaling 
molecules indicating that free fatty acid receptor 
affects the nutrient intake. Free fatty acid receptor 2 
is mostly released in white fat cells, islet alpha and 
beta cells, gut enteroendocrine cells, and ICs [115-
118]. Butyrate is able to suppress HDAC release via 
activation of free fatty acid receptor 2, hereby 
exerting a suppressive effect on inflammation. Free 
fatty acid receptor 3 is released in white fat cells, ICs, 
islet alpha and beta cells, and gut enteroendocrine 
cells. GPR-109A is a nicotinate GPCR which shows 
low susceptibility to butyrate [119-121]. 
Short-chain fatty acids were closely investigated in 
context of metabolic disorders. Trials have shown that 
propionate increased expression of PYY peptide and 
GLP1 in the colon, resulting in a reduction in body 
mass and considerable decrease in circulating glucose 
concentrations. Short-chain fatty acids trigger 
activation of free fatty acid receptor 2 on 
enteroendocrine L-cells, hereby promoting the 

expression of glucagon-like peptide-1 and peptide 
YY [122-124]. Free fatty acid receptor 3 is released 
in vagus sensory neurons and takes part in a crosstalk 
with CCK to change nutrient absorption. Via 
regulation of AMP activated protein kinase, GPR-
109A stimulates Nfr-2 nuclear import signaling and 
triggers autophagy, thus reducing inflammation. It 
can also control fat metabolism and suppress lipolysis 
in fat tissues. Recent research revealed that short-
chain fatty acids can facilitate the progression of DM 
via methylation of deoxyribonucleic acid [125,126]. 
Lipopolysaccharides 
LPS is located on the cellular wall of GN bacteria. 
Lipopolysaccharides are major players in the 
development of type 2 diabetes. They are able to 
interact with short-chain fatty acids. 
Lipopolysaccharides count may be utilized for 
prediction of inflammation progression. It was proved 
that HFD-induced ecological regulation impairment 
increases levels of lipopolysaccharides, leading to the 
expression of tumor necrosis factor, interleukin 1 and 
interleukin 5, as well as to systemic inflammatory 
processes. Endotoxemia progression can promote 
immunity response, which facilitates pathogenesis of 
metabolic disorders, e.g., type 2 diabetes [127,128]. 
TLR4 is considered a crucial receptor of 
lipopolysaccharides. It is a member of cell surface 
receptors family. When toll-like receptor 4 is 
activated, it promotes transcription of tumor necrosis 
factor alpha, interleukin 1 and interleukin 6 through 
nuclear factor kappa B and mitogen-activated protein 
kinase pathways. Concentrations of these cytokines 
are considerably increased in subjects with type 2 
diabetes, leading to development of IR and pancreas 
beta cells function impairment [129-132]. 
Bile acids (BA) 
Chenodeoxycholic and cholic acids are produced 
from C by hepatic enzymes. There are 2 pathways of 
genesis of bile acids, traditional and alternative. 
Chenodeoxycholic acid undergoes catalysis by Mt 
CYP-27A1 for oxygenation of CS carbon chain. 
Cholic acid synthesis relies on CYP-8B1. BSEP 
releases bile salts bonded to glycine or taurine to the 
gallbladder or digestion system. Then, bile acids are 
transformed into secondary bile acids by intestinal 
flora [133-135]. In the gut, cholic acid and 
chenodeoxycholic acid may be transformed into DCA 
and LCA by bacterial BSH and 7 alpha dehydroxylase 
enzyme. The latter can be produced by Clostridium 
perfringens. Bile salt hydrolase is an enzyme 
synthesized by different strains of intestinal 
microbiome, such as Staphylococcus, Enterococcus, 
Clostridium perfringens, Neococcus, 
Bifidobacterium, Parasiticum [136-138]. Bile acids 
are signalling molecules that control insulin 
susceptibility and inflammatory processes in type 2 
diabetes through FXR and TGR-5. At the same time, 
bile acids are ligands of VDR receptor, PXR receptor 
and S1PR-2. They are crucial for management of 
inflammatory processes and immunity functioning 
[139-141]. 
Farnesoid X receptor is released in the gut and liver, 
and chenodeoxycholic acid is the most endogenous 
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farnesoid X receptor agonist. When farnesoid X 
receptor is activated in the gut, it enhances the release 
of FGF 15/19, that consequently enters liver through 
EHC. Fibroblast growth factor 15/19 in serum 
triggers activation of the FGFR-4)/klotho complex in 
the liver, which suppresses transcription of CYP-7A1 
and decreases genesis of BA [142-144]. Moreover, 
microbiome rich in clostridia was found to stimulate 
production of bile acids by inhibiting genesis of 
fibroblast growth factor 19 in the gut. Activated 
farnesoid X receptor in the liver stimulates 
transcription of SHP, which inhibits CYP-7A1 
expression and decreases genesis of BAs. IRS-1-
AKT- PI3K pathway is one of the farnesoid X 
receptor targets, and it is vital for insulin signalling. 
Whereas both gut and liver farnesoid X receptor 
signalling is implicated in regulation of BA 
homeostasis, they exert different effects in genesis 
and absorption of fats [145,146]. Semisynthetic BA, 
e.g., obeticholic acid, was proved to be thirty times 
more efficient in triggering activation of farnesoid X 
receptor than chenodeoxycholic acid. Obeticholic 
acid can suppress BA synthesis, alleviate OS and 
hepatic fibrosis, reduce C and TG levels in the liver. 
Sunder and colleagues performed a trial 
(NCT00501592) and revealed that insulin 
susceptibility of subjects administered with 25 mg 
obeticholic acid was elevated by 28 percent, which 
implies that obeticholic acid could be a promising 
target in mitigating hepatic inflammatory process and 
IR [147-149]. 
Takeda G protein-coupled receptor 5 is a GPCR 
which is released in multiple body tissues, such as 
hepatic, fat and gut tissues. This receptor is crucial for 
regulation of energy metabolism. Activated Takeda G 
protein-coupled receptor 5 in entero-endocrine L-
cells is able to enhance expression of GLP1 resulting 
in amelioration of insulin susceptibility and sugar 
homeostasis. Activated Takeda G protein-coupled 
receptor 5 in fat tissues promotes the DIO-2 hormone 
release, which transforms not active T4 into active 
T3, thus increasing energy consumption [150-152].  
BA sequestrants, as well as BA chelator, contribute to 
the regulation of bile acid pathways. BA sequestrants 
bind to BAs in the gut, averting their re-absorption 
and stimulating their fecal excretion, resulting in a 
decrease in the levels of BAs in bloodstream, which 
drives the liver to produce more BAs from C. A 
clinical trial was conducted in forty Japanese subjects 
with type 2 diabetes (NCT038934220) [153-155]. 
The results showed that colestimide changed BA 
composition and elevated cholic acids ratio, that 
stimulated energy metabolism, ameliorated sugar 
concentrations in blood and mitigated DM through 
Gpbar-1-cyclic AMP-DIO-2 pathway. BUDCA was 
proved to ameliorate glycaemic control and decrease 
concentrations of low-density-Lp-C in serum 
(NCT03656744). Although, it is noteworthy that BA 
chelator can reduce the bile acids hydrophoby and 
elevate risk of gallstones development [156]. 
Tryptophan (Trp) metabolites 
Trp is an important aminoacid which may be 
converted by intestinal flora into molecules, e.g., 

indole and indole derivatives, such as ILA, IPA and 
IAld. Trp metabolites participate in the development 
of type 2 diabetes. Indole promotes the release of 
glucagon-like peptide-1 from L-cells in the gut, 
leading to secretion of insulin and a decrease in blood 
sugar concentrations. Indole-3-propionic acid was 
found to have antiseptic characteristics and protect 
against inflammation via its activity on the AhR [157-
159]. In vitro, indole reduced fat deposition and 
promoted inflammation responses. In vivo, indole 
reduced fatty liver disease and inflammatory 
processes in HFD rats. Aryl hydrocarbon receptor 
activated by Trp metabolites was proved to exert 
multiple physiologic effects such as management of 
immunity response, inflammatory processes, cellular 
differentiating [160-162]. 
Trimethylamine N-oxide (TMAO) 
TMAO takes part in the development of type 2 
diabetes and associated conditions. Trials have 
demonstrated that trimethylamine N-oxide can 
facilitate progression of type 2 diabetes by 
stimulating IR, glucose intolerance, and 
inflammatory processes. Elevated concentrations of 
trimethylamine N-oxide can be connected to mild 
cognitive impairment (MCI) and CVD in subjects 
with type 2 diabetes [163-166]. 
Trimethylamine N-oxide is synthesized by intestinal 
flora from food, e.g., meat and eggs. The gut flora 
breaks down choline, betaine, or carnitine to TMA 
and DMA, that undergo absorption to circulation and 
are transferred to the liver, where they undergo 
oxidation by FMO-3 to synthesize trimethylamine N-
oxide. Interestingly, diet rich in animal-based 
products are connected to higher concentrations of 
trimethylamine N-oxide [167,168]. The elevation of 
trimethylamine N-oxide in bloodstream is considered 
to be associated with such factors as carnitine or 
choline presence in food, renal function, hepatic 
function, intestinal flora composition [169,170].  
Numerous trials are concentrating on regulation of 
trimethylamine lytic enzymes to decrease 
concentrations of trimethylamine N-oxide. E.g., a 
choline analogue DMB is able to suppress microbial 
genesis of trimethylamine. It was reported that in 
murine model of a diet rich in carnitine or choline, 
3,3-dimethyl-1-butanol considerably decreases 
concentrations of trimethylamine N-oxide, hereby 
suppressing AS induced by diet [171,172]. Metformin 
was also reported to reduce levels of trimethylamine 
N-oxide in db/db mice. Moreover, berberine was 
found to decrease concentrations of trimethylamine 
N-oxide by controlling trimethylamine lytic enzymes 
through remodeling intestinal microbiome [173-175]. 
Trimethylamine N-oxide antagonist, an intestine flora 
metabolite, was proved to ameliorate glucose 
homeostasis and metabolic diseases. Taurisolo, a new 
extract of grape pomace, considerably reduced 
concentrations of trimethylamine N-oxide in serum of 
healthy patients, indicating that PPs are able to reduce 
concentrations of trimethylamine N-oxide, thus 
mitigating glucose intolerance and inflammatory 
process in fat tissue in subjects with type 2 diabetes.  
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Trimethylamine N-oxide is considered a new risk 
factor for CVD associated with adiposity and type 2 
diabetes. Targeting intestinal flora and synthesis of 
trimethylamine N-oxide can be a promising strategy 
for type 2 diabetes management [176-178]. 
Therapeutic options for targeting the intestinal flora 
in T2DM and associated disorders 
Diet 
Pre-clinical and clinical trials support the hypothesis 
that intermittent fasting is able to alleviate various 
metabolism disorders, such as adiposity, DM, 
cardiovascular diseases. Animal trials demonstrated 
that such positive effects can be connected to the 
amelioration of intestinal microbiome composition. 
Alternate-day fasting, time-restricted eating and 
five:two intermittent fasting are 3 of the most popular 
strategies of fasting to enhance metabolism. 
Although, it is noteworthy that prolonged fasting can 
injury the gut immunity [179-181]. 
In comparison to western diets, conventional diets 
such as Mediterranean are high in polyphenols (PPs), 
omega-3 FAs and fibers, that exert positive effects on 
metabolism and alleviate type 2 diabetes and 
cardiovascular diseases. Fruits and vegetables are 
high in PPs, among them ETs, proanthocyanidins, EA 
and resveratrol are able to alleviate metabolism 
syndrome via intestinal flora [182,183]. EA is 
converted to UroA to upregulate expression of the gut 
TJ proteins via aryl hydrocarbon receptor-Nrf-2 
pathway. Intake of PPs from food may stimulate the 
release of glucagon-like peptide-1 in the gut, thus 
elevating concentrations of insulin and reducing 
blood sugar levels. It also protects vessels by 
promoting the aortic synthesis of NO. Moreover, PPs 
may facilitate growth of particular bacteria which 
exert positive effects, e.g., Akkermansia muciniphila, 
and ameliorate CV metabolism [184-186]. 
Fecal microbiome transplant (FMT) 
FMT is an efficient therapeutic approach for 
Clostridium difficile infections treatment. This 
approach was also applied for treatment of UC and 
immunity disorders. Fecal microbiota transplantation 
was found to be effective in lowering the occurrence 
rate of major detrimental reactions. Trials have 
demonstrated that transplant of the gut bacteria from 
thinner donors can elevate insulin susceptibility and 
the flora diversity in subjects with adiposity and 
metabolism disorders [187-189]. These results 
indicate the potential of fecal microbiota 
transplantation for type 2 diabetes and associated 
disorders treatment. Although, the safety profile of 
fecal microbiota transplantation is not good enough 
yet for clinical use. In 2019, two subjects have 
received fecal microbiota transplantation and gotten 
an infection with pathologic Escherichia coli, which 
led to serious bacteremia and death. This incident 
slowed down the use of this therapy and showed that 
more rigorous donor screening was required. To date, 
it is not fully understood what are the prolonged 
effects of fecal microbiota transplantation [190-192]. 
Although, the fecal microbiota transplantation 
national registry created by the AGA Institute is 
focused on ten-year observation of subjects following 

fecal microbiota transplantation in order to assess the 
safety and efficacy of this approach. Resent research 
revealed that fecal microbiota transplantation has 
very good impact on Clostridioides difficile 
infections for six-month therapy, with ninety percent 
cure rate. Grave symptoms associated with fecal 
microbiota transplantation involved stomach ache 
(2%), diarrhoea (2%), hospital admission (1%) a 
month after the treatment. After six months, IRS and 
IBD were found in 1% of subjects. Further follow-up 
research is required to elucidate the prolonged effects 
of fecal microbiota transplantation [193-195]. 
Probiotics and prebiotics 
Apart from FMT, application of probiotics and 
prebiotics seems to be a promising strategy for type 2 
diabetes and associated disorders treatment. Studies 
have revealed that numerous probiotics, e.g., 
Akkermansia muciniphila, Bifidobacterium and 
Lacticaseibacillus rhamnosus, are able to alleviate 
metabolic disorders. L. reuteri ADR1 or L. reuteri 
ADR3 supplements decreased Hb A1c and C levels in 
serum of subjects with type 2 diabetes. Furthermore, 
Bifidobacterium and Akkermansia muciniphila, 
which are in inverse correlation with inflammatory 
processes, IR, and type 2 diabetes, were reported to 
synthesize short-chain fatty acids, defend the gut 
barrier integrity and decrease concentrations of 
lipopolysaccharides [196-198]. Whereas 
Akkermansia muciniphila is considered the next 
possible probiotic for the market, there are still 
conflicting evidence on the connection between the 
amount of Akkermansia muciniphila with type 2 
diabetes and MS which imply that more research is 
required. Some probiotics that were found to have 
considerable positive impact on metabolism of 
animals did not show such impact in humans. Some 
trials have revealed common promotion action of 
distinct strains of intestinal flora, e.g., 
Lacticaseibacillus rhamnosus GG and bacteria 
synthesizing butyrate, and particular strains of 
Bifidobacterium (Ba-8145) and Akkermansia 
muciniphila [199,200]. While the effect of some 
probiotics on amelioration of health condition was 
proved, the safety profiles and stability are still under 
investigation. Some probiotics are able to inhabit the 
gut and influence the flora via competition with local 
gut flora. Resistance, as well as infections, are the 
most important safety issues that have to be studied. 
Trials demonstrated that Lactobacillus rhamnosus 
supplements are able to promote bacterial transport to 
the bloodstream and result in bacteremia [201-203]. 
Lactobacillus and Bifidobacterium can transport the 
AB resistance genome to other pathogenic microbes 
in the gut flora and increase their AB resistance. 
Hereby, it’s important to assess the risk and positive 
effects of probiotics before their application 
[204,205]. 
Prebiotics are compounds which are utilized by 
microbes in a selective manner. Prebiotics of FOSs, 
galactose (Gal), RS, and inulin were reported to exert 
positive effect on metabolism disorders. E.g., 
supplements with resistant starch are able to elevate 
the number of probiotics in the gut, elevate short-
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chain fatty acids levels, thus decreasing 
concentrations of substances associated with CKD 
[206-208]. While these findings appear promising, 
large-scale RCTs are necessary to confirm the 
effectiveness in clinical settings. Furthermore, the use 
of prebiotics and probiotics should be conducted 
under scientific supervision, following established 
guidelines for proper dosing and tailored treatment 
plans [209-211]. 
Moreover, some trials demonstrated that prebiotics 
and probiotics combined with DM drugs show higher 
effectiveness than mono therapy. Bifidobacterium 
milk species DSM-10140 combined with L. paracasei 
DSM-46331 and oat beta-glucan considerably 
decreased the gain of body mass, reduced blood sugar 
levels and fat levels, and improved the gut 
homeostasis. The combined therapy with prebiotic 
polycarbohydrates, sitagliptin and metformin 
considerably decreased adiposity and blood sugar in 
comparison to hypoglycemic therapy alone. These 
findings indicate that probiotic, prebiotic and DM 
medication therapy should be investigated more 
closely [212-214]. 
Engineering bacteria and phages 
Creation of synthetic bacteria is a promising novel 
area of micro-ecological treatment with possibly a 
good safety profile and targeting. E.g., 
Limosilactobacillus reuteri artificial bacteria are able 
to generate interleukin 22 to elevate the release of 
anti-microbial REG-3G in the gut and protect from 
pathogens. Rats with DM were administered with 
Synthetic Lactobacillus gasseri that express 
glucagon-like peptide-1 (1-37), which led to 
enhancement of hepatocyte nuclear factor-6 
expression in endocrine cells in the gut crypt, thus 
programming the gut cells to sugar-responsive 
insulin-releasing cells and decreasing blood sugar 
[215-217]. Escherichia coli, stam Nissle 1917 
synthesized to release glucagon-like peptide-1 or 
PDX1 can promote insulin release as a reaction to 
glucose in ECs. Trials in murine model of adiposity 
caused by HFD showed that artificial Escherichia 
coli, stam Nissle 1917 generating NAPE may 
decrease obesity, food consumption, IR, and fatty 
liver disease. Application of genomically altered L. 
Lactis releasing interleukin 10 and pro-insulin or 
GAD65 and interleukin 10 may ameliorate T1DM 
[218-220]. 
Bacteriophages represent the most common micro-
organisms in the intestine. Bacteriophages are 
prokaryotic viruses which fight bacteria. 
Bacteriophages may decrease the number of targeted 
bacteria as well as enrich bacteria with resistance. 
Moreover, bacteriophages are prevalent in the virus 
environment of the intestine. Available data indicate 
that fecal virome transplant (FVT) is able to change 
the intestinal flora and metabolism, alleviating IBD, 
adiposity and type 2 diabetes. Alterations in microbial 
genome in the gut and bacteriophages can be useful 
for management of the gut microbe composition and 
for engineering tailored therapeutic approaches [221-
223]. 

Intestinal microbiome and anti-diabetic drugs 
Metformin 
Since metformin was introduced in the middle of the 
twentieth century, it is widely used for type 2 diabetes 
therapy. Metformin is able to suppress hepatic GNG 
and ameliorate insulin susceptibility. Although, the 
exact processes underlying the activity of this drug 
are yet to fully investigate. Multiple trials 
demonstrated that intestinal flora could mediate the 
hypoglycaemic mechanisms of this drug. It is known 
that metformin influences sugar metabolic processes 
targeting flora in such factors: A. Preventing 
imbalance of the ecology of the gut micro-organisms, 
ameliorating the intestinal flora dysbiosis in subjects 
with type 2 diabetes [224,225].  
B. Ameliorating the short-chain fatty acids 
production capacity, elevating the count of bacteria 
which generate short-chain fatty acids, e.g., 
Lactobacillus, Blautia Bifidobacterium, Prevotella, 
Akkermansia, Shewanella, Megasphaera, 
Butyrivibrio. Short-chain fatty acids are able to 
ameliorate insulin susceptibility and exhibit 
hypoglycaemic effects by elevating expression of 
glucagon-like peptide-1 and peptide YY. Trials 
demonstrated that metformin is able to ameliorate the 
concentrations of glucagon-like peptide-1 in the 
plasma and in the gut in subjects with type 2 diabetes 
[226,227].  
C. Regulation of sugar metabolism via BA pathways. 
Sun and colleagues reported that this drug exerts 
hypoglycaemic effects via the gut B. fragilis-BA-
glycoursodeoxycholic acid-gut farnesoid X receptor 
axis. Metformin suppresses the Bacteroides fragilis 
growth by altering the Met and folic acid metabolic 
processes, thus promoting the action of BSH and 
elevating glycoursodeoxycholic acid concentrations. 
Glycoursodeoxycholic acid is endogenous gut 
farnesoid X receptor antagonist. It suppresses the 
farnesoid X receptor signaling in the gut, which may 
elevate the expression of glucagon-like peptide-1 and 
maintain sugar metabolism [228,229].  
D. Elevating the probiotics number. In the trial on 
intestinal microbiome, the elevation of probiotics 
amount, e.g., Bifidobacteria or Lactobacilli, was 
observed following the infusion of metformin. Recent 
research in murine model demonstrated that glucose-
induced sodium/glucose cotransporter 1 activation in 
proximal colon is able to decrease glucose generation. 
HFD decreased the release of sodium/glucose 
cotransporter 1 in the ileum and decreased levels of 
Lactobacilli. Metformin neutralizes these alterations 
and promotes restoration of glucose sensibility. 
Although, it is yet to investigate if these mechanisms 
take place in human body [230,231]. 
E. Affected by imidazole propionate (ImP). ImP 
suppresses insulin conductivity via mechanistic target 
of rapamycin complex 1 pathway and facilitates 
development of DM. Resent research demonstrated 
that ImP is responsible for the hypoglycaemic effects 
of metformin. ImP levels are higher in subjects with 
type 2 diabetes who receive metformin treatment, but 
have elevated blood sugar. Trials in murine model 
supported the theory that ImP blocks metformin 
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hypoglycaemic effects. Cytological studies 
discovered that ImP suppresses AMP activated 
protein kinase activation caused by metformin via 
suppression of its phosphorylation via p38gamma-
Akt signaling pathway [232-234]. The p38gamma 
kinase suppressant can suppress the metformin 
inhibition induced by ImP. This led to the 
development of novel tailored therapeutic approaches 
for subjects with DM. Moreover, approximately 33% 
of subjects who receive metformin therapy showed 
GI adverse side effects, e.g., diarrhoea, distended 
abdomen, nausea. This drug was proved to 
considerably elevate the E. coli levels and enhanced 
associated virulence factors as well as gas metabolic 
genes [235,236]. 
Acarbose 
Acarbose is alpha-glucosidase suppressant (AGI). It 
decreases the uptake of CHs in small intestine, thus 
decreasing the post-meal blood sugar. Acarbose 
activity takes place entirely in the gut, which can in 
part influence the intestinal microbiome composition. 
Another trial demonstrated that intestinal microbiome 
of pre-diabetes was altered considerably upon 
administration of acarbose, where levels of 
Faecalibacteria, Lactobacilli and Dialister were 
upregulated [237-239]. Dialister was in inverse 
correlation with glycated hemoglobin in subjects with 
pre-DM, which implies that it takes part in regulating 
sugar metabolism. This compound is able to elevate 
levels of B. longum and E. faecalis in subjects with 
type 2 diabetes. E. faecalis was in inverse correlation 
with levels of lipopolysaccharides, and B. longum 
was in direct correlation with levels of high-density-
Lp-C. In newly diagnosed subjects with type 2 
diabetes, this compound elevated levels of 
Lactobacilli and Bifidobacteria and decreased levels 
of Bacteroides. Plasma and fecal BA metabolic 
spectrum was altered, indicating that this compound 
can influence the BA pathway mediated by the 
intestine and can ameliorate sugar metabolism [240-
242]. Moreover, baseline properties of the intestinal 
microbiome are responsible for the acarbose impact. 
Metabolic characteristics of subjects with Bacteroides 
prevalent in the gut microbiome, such as insulin, 
fasting plasma glucose, C-peptide concentration, IR, 
were ameliorated more notably in comparison to 
subjects with Prevotella prevalent in the gut 
microbiome. Consistently, dividing the subjects with 
type 2 diabetes into groups based on intestinal 
microbiome properties prior to therapy is preferred 
for tailored treatment [243,244]. 
Conclusion 
In conclusion, the intricate relationship between the 
intestinal microbiome and type 2 diabetes mellitus 
(T2DM) underscores the significance of microbial 
influences on metabolic health. The dysbiosis 
observed in individuals with T2DM highlights the 
disturbance in microbial composition and function, 
which can exacerbate insulin resistance and systemic 
inflammation. Emerging research reveals that 
specific gut bacteria not only play a role in the 
regulation of glucose metabolism but also possess the 
potential to modulate immune responses and 

inflammatory pathways, further influencing the 
progression of diabetes and its complications. 
Interventions aimed at restoring a healthy 
microbiome through dietary modifications, 
probiotics, prebiotics, and fecal microbiota 
transplantation show promise in improving metabolic 
outcomes and enhancing insulin sensitivity. These 
findings suggest that a multifaceted approach that 
targets gut microbiota could complement traditional 
diabetes management strategies, potentially leading 
to better long-term health outcomes for patients with 
T2DM. 
Future research is essential to better understand the 
causal relationships between gut microbiota, host 
metabolism, and the pathogenesis of T2DM. Large-
scale clinical trials are needed to evaluate the efficacy 
of microbiome-targeted therapies and to establish 
guidelines for their clinical application. By further 
elucidating the mechanisms underlying the 
microbiome's impact on metabolic health, we can 
develop innovative strategies for preventing and 
managing type 2 diabetes and its associated 
complications, ultimately improving the quality of 
life for millions affected by this disorder. 
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