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ABSTRACT

Multiple studies show gut microbiota modulation represents a vital
method for diabetes mellitus treatment which strengthens therapeutic
performance. The metabolic functions and immune regulation and gut
barrier maintenance capabilities of gut microbiota contribute to the
development of type 1 and type 2 diabetes. The process of dyshiosis
which generates improper microbial composition creates long- lasting
inflammation and results in insulin resistance and glucose intolerance.
The article reviews the effects of gut microbiota on diabetes Mellitus
medicine treatments by examining oral hypoglycemic agents and insulin
sensitivity methods and non-drug interventions such as dietary
adjustments and probiotics usage. Premise-based therapy and FMT
interventions demonstrate strong potential in both restoring microbiome
equilibrium and enhancing blood sugar control. Research should
continue because the individual differences in microbiota shapes need
additional study as do safety risks when using these interventions. The
optimization of microbiome-based approaches will be possible with
emerging technology in metagenomics alongside advances in artificial
intelligence and precision medicine. In this review, we explore the
intricate relationship between gut microbiota and diabetes therapies,
emphasizing its potential to enhance treatment efficacy and improve
patient outcomes. Future research should focus on developing targeted
microbiota-based interventions and ensuring their long-term safety to
fully harness their therapeutic potential in diabetes care.

Keywords: gut microbiota, diabetes, dysbiosis, oral hypoglycemic
agents, pre & probiotics, personalized medicine.
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1. Introduction

including cardiovascular diseases, neuropathy, and

Diabetes mellitus (DM) is a chronic metabolic
disorder characterized by persistent hyperglycemia
resulting from either insufficient insulin production
or the impaired ability of body cells to utilize insulin
effectively. Type 1 diabetes mellitus (TLDM) arises
from  autoimmune-mediated  destruction  of
pancreatic B-cells, leading to absolute insulin
deficiency, whereas type 2 diabetes mellitus (T2DM)
is primarily driven by insulin resistance and
progressive f-cell dysfunction. Both forms of
diabetes are associated with severe complications,

retinopathy, contributing significantly to morbidity
and mortality.
The global prevalence of diabetes continues to rise at
an alarming rate, with an estimated 537 million
adults affected in 2021—a figure projected to reach
783 million by 2045. (1) This escalating burden
underscores the urgent need for novel therapeutic
strategies. Emerging evidence highlights the
potential role of gut microbiota in modulating
glucose metabolism and metabolic homeostasis,
offering promising avenues for mitigating the
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disease’s impact. Further research is warranted to
explore microbiome-targeted interventions as
adjunctive therapies in diabetes management.

The gut microbiota is an intricate assembly of
microorganisms that inhabit the gut, most of which
are bacteria, though the members may include fungi,
viruses, and archaea. This complex of
microorganisms plays roles as diverse as degrading
components of a diet, which are not utilizable by the
host, synthesizing essential vitamins, and modulating
immune reactions. Expansion of this role to systemic
health allows the bacteria to directly impact
metabolism and inflammation which powerfully
regulate disease processes. (2) The relative novelty
of gut microbiota research has revealed the
complexity of the gut microbiome and identified
over 1,000 bacterial species. Important phyla include
Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria. Disruptions in the balance of these
microbial communities, known as dysbiosis, have
been linked to metabolic diseases such as diabetes
and obesity. (3) For example, higher Firmicutes
Bacteroidetes ratio is associated with improved
efficiency for extracting energy and obesity in both
human and animals.

Gut microbiota plays a role in diabetes
physiopathology. Abnormal gut microbiota has also
been associated with the enhanced permeability of
the gut lining, heightened inflammation and
metabolic changes all of which fuel diabetes
advancement. Lower level of Bifidobacterium
longum and Akkermansia muciniphila was found to
be associated with T2D development. Dysbiosis is
also known to release lipopolysaccharides (LPS)
from Gram-negative bacteria leading to low-grade
chronic inflammation and insulin resistance in
humans. On the other hand, some interventions
which seek to modify the GIT microbiota hold
potential for enhancing glycemic regulation and
metabolic  profile.  Akkermansia  muciniphila
functions as a gut integrity-maintaining bacterium
which degrades mucin to generate acetate and
propionate at the same time supports gut barrier
functions. Short-chain fatty acids that form from
bacterial fermentation work as messengers to control
glucose metabolism then support intestinal barriers
and lower body-wide inflammation. Animal studies
confirm that Akkermansia muciniphila achieves
insulin sensitivity through two mechanisms which
prevent endotoxemia and simultaneously control
metabolic inflammation and create conditions for
better glucose homeostasis. (4)
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The human gut is home to a diverse and dynamic
ecosystem of microorganisms, often referred to as the
gut microbiota, that performs numerous vital
functions for the host. Over the past two decades,
research has illuminated the intricate relationship
between the gut microbiota and host health,
establishing a direct connection between microbial
composition and various aspects of metabolic
regulation. With more than 1,000 identified bacterial
species in the human gut, the complexity of this
microbial community is far greater than initially
understood. Among these, major phyla include
Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria, each with distinct roles in digestion,
immune modulation, and even central nervous
system functioning through the gut- brain axis.
Emerging evidence suggests that changes in the
balance of these microbial populations can
significantly impact the development of several
diseases, including diabetes, by influencing
inflammation, metabolism, and the gut’s barrier
function. This microbiota-gut- brain axis is
particularly noteworthy, as it helps mediate
systemic inflammation and metabolic processes
that are linked to diseases like diabetes, obesity, and
even neurodegenerative conditions. (5)
Research on the gut microbiota has been propelled
by the advent of advanced sequencing technologies,
which have enabled the identification of microbiota
composition with unparalleled precision. The
growing body of literature underscores how
alterations in microbial diversity, often referred to as
dysbiosis, are strongly associated with the onset and
progression of metabolic disorders, including type 1
and type 2 diabetes (TIDM and T2DM). In
particular, dysbiosis has been linked to insulin
resistance, glucose intolerance, and chronic low-
grade inflammation, all of which contribute to the
pathophysiology of diabetes. In the case of T1IDM,
an autoimmune disorder characterized by the
destruction of insulin-producing beta cells in the
pancreas, the microbiota may play a role in
modulating immune responses, influencing the onset
of autoimmunity. In T2DM, a condition primarily
driven by insulin resistance and pancreatic beta-cell
dysfunction, gut microbiota imbalances may further
exacerbate metabolic dysfunction and contribute to
the progression of the disease.
As research continues to unravel the complex
interactions between the gut microbiota and host
metabolism, scientists are increasingly exploring
strategies to manipulate the microbiome as a
108
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potential therapeutic approach for managing
diabetes. The concept of microbiome modulation
holds promise for improving the efficacy of existing
diabetes treatments, such as metformin, by
enhancing the microbiota’s ability to support
metabolic processes. For instance, it has been shown
that Akkermansia muciniphila, a bacterium that
thrives in the gut mucosal layer, may enhance the
effects of anti-diabetic drugs like metformin by
promoting gut barrier integrity and increasing the
production of beneficial SCFAs. This bacterium
plays a critical role in preventing insulin resistance,
regulating inflammatory pathways, and improving
glucose metabolism. Furthermore, clinical studies
have shown that the abundance of Akkermansia
muciniphila correlates with improved insulin
sensitivity and lower blood glucose levels in
individuals with T2DM.

The growing interest exists in microbial-based
interventions which include probiotics together with
prebiotics and fecal microbiota transplantation
(FMT) for diabetes management as supportive
treatments. Research now demonstrates that gut
microbiota function as critical controllers of
metabolism while changing their composition in the
gut can lead to improved treatment outcomes for
patients with type 2 diabetes mellitus (T2DM).
Extended research exists on probiotics as
interventions for metabolic health improvement
because these live microorganisms provide health
benefits to the host when administered at proper
dosage levels. Multiple studies both in clinical
practice and research labs show probiotics benefit
glucose control and insulin response as well as
reduce inflammation within the bodies of individuals
with T2DM. Studies have revealed that prebiotics
help improve metabolism because these non-
digestible food elements boost beneficial gut
bacteria. Prebiotic supplementation enhances gut
homeostasis maintenance by stimulating the growth
of bacteria that produce short-chain fatty acids
(SCFASs) while simultaneously decreasing intestinal
permeability together with the normalization of
immune responses that frequently break down in
diabetic contexts.

The microbial therapy of Fecal Microbiota
Transplantation (FMT) includes the moving of
healthy donor fecal microbiota into an individual
with dysbiosis as a potential invasive clinical
approach. The treatment procedure seeks to balance
microbial populations in the gut which researchers
believe may cancel out the metabolic problems that
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result from gut dysbiosis in T2DM patients. Current
studies indicate that fecal microbiota transplantation
could represent a potential diabetes treatment method
even though research remains at an investigative
experimental stage. More extensive large-scale
clinical trials with well-defined protocols need to
prove both the long-term safety along with
effectiveness of FMT as a diabetic treatment. (6)
The clinical use of diabetes approaches based on
microbiome therapy remains limited because of
existing obstacles in their implementation. The major
hindrance arises from the sizable differences in gut
microbial profiles among people because multiple
lifestyle elements like nutrition and genetics and
environmental influences impact microbiome
composition.  Studies demonstrate that gut
microbiota serves as a fundamental element which
influences diabetes medication results because they
control drug breakdown mechanisms and control
insulin resistance and blood sugar regulation. The
identification of these mechanisms permits the
development of better individualized strategies that
utilize microbiome data for therapeutic decision-
making. Through its partnership with all human
microbiota groups the gut microbiota leads the
process of digesting complex carbohydrates and
fibers which human enzymes cannot break down on
their own. The gut microbiota produces short-chain
fatty acids (SCFAs) during microbial fermentation
primarily comprising acetate, propionate, and
butyrate that create substantial impacts on gut
condition and systemic metabolism. Short-chain
fatty acids act as fundamental agents that control
blood sugar metabolism and improve insulin
effectiveness and adjust inflammatory responses
which sustain metabolic equilibrium. The SCFAs
support beneficial bacterial growth while restricting
pathogenic species population in the gut microbial
ecosystem. The energy source for colonocytes
requires SCFAs while these metabolites protect the
gut barrier integrity to stop intestinal permeability
dysfunction. The physiological state referred to as
dysbiosis results in reduced SCFA production which
leads to diminished gut barrier strength so
endotoxins including lipopolysaccharides (LPS)
become able to cross into the bloodstream. The
transition of endotoxins into systemic blood
circulation through intestinal walls establishes
metabolic endotoxemia as a condition which leads to
persistent low-grade inflammation. The delicate
relationship between microbial SCFAs produced by
the gut microbiota and human metabolic pathways
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reveals promising opportunities for modifying the
diabetes management through microbiome-directed
strategies. A larger clinical study with extensive data
collection will help scientifically prove the
permanent effectiveness and safety of these
therapeutic methods.

2. Composition and Functions of Gut

Microbiota

The gut microbiota, found in the human
gastrointestinal tract, harbors a complex and
dynamic community of microorganisms. This
ecosystem is crucial for maintaining host health,
supporting physiological functions like digestion,
metabolism, and immune regulation. Changes in the
gut microbiota, which may be linked to metabolic
disorders like diabetes, have been observed in animal
studies. These alterations affect the normal
functioning of the gastrointestinal system, and many
of these findings have been applied to human health
research. (7-8)

Gut Microbiota: Composition and Functions

The gut microbiota consists of trillions of
microorganisms, including bacteria, viruses, fungi,
and archaea. Among the bacteria, two main groups
are Firmicutes and Bacteroidetes. Bacteria like
Clostridium and Lactobacillus are part of Firmicutes,
while Bacteroides belongs to Bacteroidetes. Other
important groups include Actinobacteria (e.g.,
Bifidobacterium) and Proteobacteria. (9) Healthy
individuals balance these groups with a ratio such
that the immune and metabolic homeostasis is
maintained. Unfortunately, there is a significant
disruption in this balance, particularly in patients
with type 2 diabetes mellitus (T2DM). In this case,
the studies have shown increased Firmicutes to
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butyrate production bacteria such as
Faecalibacterium prausnitzii that increase metabolic
dysfunction. (10-11)
Key Roles of Gut Microbiota
Gut microbiota performs several vital functions like
digestion and metabolism, Dietary fibers are
fermented by the microbiota, into short chain fatty
acids (SCFAs), such as acetate, propionate and
butyrate. Another group of these SCFAs functions to
regulate glucose and lipid metabolism, control
appetite and serve as energy substrates to
colonocytes. These processes are disrupted in T2DM
from alters SCFA  production, increasing
hyperglycemia. (12) By regulating the immune
response, the microbiota helps modulate immune
homeostasis  through a  balance  between
proinflammatory and anti- inflammatory responses.
Chronic low-grade inflammation in diabetic patients
is exacerbated by dysbiosis of the microbiota, which
promotes the inflammation contributing to insulin
resistance. (13- 14) Gut Barrier Integrity,
establishing an intact gut barrier is a key function of
the microbiota, so that harmful substances like
lipopolysaccharides (LPS) must not enter the
bloodstream. Intestinal permeability, or 'leaky gut',
is increased in diabetes which then perpetuates
systemic inflammation and worsens metabolic
derangements. (15)

3. Dysbiosis and Its Role in Diabetes
Dysbiosis, or an imbalance of microbes, is caused by
a range of dietary and other lifestyle factors such as
antibiotic and anti-inflammatory use. LPS release,
metabolic endotoxemia, chronic inflammation and
reduced SCFA production and worsen glucose
intolerance and insulin resistance all are related to
this imbalance. (16-17)

Factors Influencing Gut Health

Infections and
Diseases

Chronic
conditions favor
harmful bacteria
growth.
Lifestyle la(tk
Smoking and

stress negatively
impact gut
microbiota.

Bacteroides ratio, and decreased the beneficial

Diets rich in fruits
and vegetables
promote

beneficial
bacteria.

Antibiotic Usage

Antibiotics disrupt
gut balance,
leading to health
issues.

Causes of Dysbiosis

Fig.1 Factors Influencing Gut Health and the Onset of Dysbiosis.
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Dietary influences play a significant role in
shaping gut microbiota, with diets high in refined
sugars and fats promoting harmful bacterial growth
and low fiber intake reducing beneficial microbial
populations, while diets rich in fruits, vegetables,
and fish oils are considered more favorable due to
their anti-inflammatory properties. Antibiotic
usage further disrupts gut microbiota by
indiscriminately  Killing both beneficial and
harmful bacteria, often resulting in an imbalance
Mechanisms Linking Dysbiosis to Diabetes

+

Increased pro-
inflammatory

cytokines
Increase oxidative
stress

+
-
Translocation

of
bacteria and endotoxins
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linked to conditions like inflammatory bowel
disease (IBD) and obesity. Lifestyle factors such as
smoking, alcohol consumption, and stress
negatively affect the composition of gut
microbiota, contributing to dysbiosis.
Additionally, chronic infections and inflammatory
conditions can alter the gut environment,
encouraging the growth of pathogenic bacteria
over beneficial ones.

Antbiotics

. Life-style
o ; -

Dysbiosis

srgery

m——

Fig 2. Schematic diagram shows predisposing factors for dysbiosis and a link between dysbiosis, chronic
inflammation and mitochondrial dysfunction.

The connection between dysbiosis and diabetes
involves several interrelated mechanisms, Chronic
Low-Grade Inflammation, increased intestinal
permeability is a result of dysbiosis that leads to
the serosal entry of invasive bacterial endotoxins,
such as lipopolysaccharides into the bloodstream.
Triggering this translocation leads to systemic
inflammation, a well- established contributor to
insulin resistance and the subsequent development
of type 2 diabetes. (18) Alterations in short-chain
fatty acid (SCFA) production occur, as beneficial
gut bacteria ferment dietary fibers to produce
SCFAs like butyrate, propionate, and acetate,
which are critical for glucose metabolism and
appetite regulation.

Alterations in SCFA production leads to dysbiosis
and are associated with glucose homeostasis and
diseases such as diabetes. (19) Changes in Gut
Permeability (Leaky Gut) but a healthy gut lining
acts as a barrier to stop those harmful substances
from translocating. Dysbiosis can disrupt this
barrier, leading to the development of a 'leaky gut'
that allows inflammatory agents to enter the
bloodstream, contributing ~ to metabolic
endotoxemia and insulin resistance. (20)
Evidence from Clinical and Preclinical Studies
The connection between gut health and diabetes is

gaining increasing attention, with research
uncovering how gut microbiota may influence the
onset and progression of the disease. Both clinical
and experimental studies highlight the profound
impact of gut microbial changes on metabolic
health, glucose regulation, and insulin sensitivity.
Clinical Studies

Reduced Gut Microbial Diversity in Diabetes
People with diabetes, especially Type 2 Diabetes
Mellitus (T2DM), show significant differences in
their gut microbiota compared to those without the
condition. For example, a meta-analysis in Nature
Reviews Endocrinology revealed that diabetic
patients often have a lower diversity of gut
microbes, marked by an imbalance in the
Firmicutes-to-Bacteroidetes ratio and an increase
in opportunistic pathogens. (21). Similarly,
research published in Cell Metabolism found that
pro-inflammatory  species like Ruminococcus
gnavus are more abundant, while beneficial
bacteria such as Akkermansia muciniphila, known
for its gut barrier- strengthening and anti-
inflammatory effects, are reduced in diabetic
individuals. (22)

Microbial Metabolites and Insulin Resistance
The gut microbiota produces metabolites essential
for metabolic health, such as short-chain fatty acids
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(SCFAs). However, in diabetes, dysbiosis alters
SCFA levels, which can worsen glucose
metabolism. Studies report reduced butyrate levels
an SCFA known to enhance insulin sensitivity in
diabetic patients. (23) Additionally, gut dysbiosis
affects bile acid metabolism, contributing to
impaired glucose regulation and insulin resistance.
(24)

Gut inflammation and Metabolic Endotoxemia
Gut  microbiota also influences systemic
inflammation, a key feature of diabetes. For
instance, higher levels of lipopolysaccharides
(LPS) in the blood caused by increased gut
permeability are common in T2DM patients,
leading to a condition called metabolic
endotoxemia, which is strongly linked to insulin
resistance. (25) Encouragingly, clinical
interventions with probiotics and prebiotics have
shown reductions in inflammatory markers like C-
reactive protein (CRP), demonstrating how gut
health can be leveraged to manage systemic
inflammation. (26)

This emerging understanding of the gut-diabetes
axis highlights the potential for microbiota-
targeted therapies in managing and preventing
diabetes.

Preclinical Studies

The alteration of gut microbiota was studied
through a landmark experiment published in
science, where gut microbiota from obese and
diabetic humans was transplanted into specially
bred gnotobiotic mice to investigate its causal role
in diabetes. A landmark study published in science
transplanted gut microbiota from obese and
diabetic humans into germ-free mice. The recipient
mice became diabetic and obese, and this provided
evidence of the manner that the transplanted
microbiota affects metabolism. The same
experiments with microbiota from diabetic animals
resulted in increasing gut permeability and
systemic inflammation in experiment mice were
observed. A landmark study published in science
transplanted gut microbiota from obese and
diabetic humans into germ-free mice. The recipient
mice developed glucose intolerance and increased
adiposity, indicating the metabolic influence of the
transplanted microbiota. Similar experiments with
microbiota from diabetic animals showed
enhanced gut permeability and systemic
inflammation in recipient mice (27-28).

Lessons from Mechanistic Studies in Animals
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Preclinical studies have elucidated the mechanisms
by which dysbiosis contributes to diabetes.
Chronic Inflammation: The mice provided with
high fat diet had an altered gut microbiota which
results in high LPS, inflammation and insulin
resistance. Gut dyshiosis which is caused by
antibiotics was shown to reverse these effects in a
study conducted (29). SCFA Deficiency Clinical
studies have shown that butyrate supplementation
normalizes insulin sensitivity in animals because
of improved mitochondrial biogenesis and lowered
oxidative stress in skeletal muscles (30). Leaky
Gut Syndrome In diabetic animal models’
disruption of tight junction proteins in the intestinal
lining due to dysbiosis resulted in increased gut
permeability and systemic inflammation Glucose
homeostasis was also affected (31).
Cross Country Studies and New Developments
Recent multi-omics studies combining
metagenomics and metabolomics have provided a
comprehensive understanding of the gut-diabetes
axis. Personalized Microbiome Profiles, an article
in The Lancet Diabetes & Endocrinology found
that population means differences in gut microbiota
and specific population descriptive characteristics
can be explained by differences in diet and
genetics, suggesting that [personalized
interventions] are feasible (32). Signatures as
Biomarkers, brand new about the gut microbiome,
some of them have been patented as potential
predictors of diabetes. For instance, a reduced
number of Bifidobacterium and Lactobacillus
species were related to prediabetes (33).
4. Impact of Gut Microbiota on Diabetes
Therapies
Enhancing Oral Hypoglycemic  Agents,
interventions aimed at modulating the gut
microbiota have potential to improve the efficacy
of oral hypoglycemic agents (OHAS), such as
metformin, SGLT2 inhibitors, GLP1 receptor
agonists, and nonpharmacological interventions
such as diet and exercise, which constitute the
backbone for treating diabetes. It also upregulates
Akkermansia muciniphila, a beneficial microbe
linked to improvement in insulin sensitivity, as
well as modulating metformin’s pharmacokinetics:
increasing absorption and the availability of
metabolites, like SCFAs. Gut microbiota promotes
SCFA production and decreases glucose
absorption to enhance therapeutic effects for
SGLT-2 inhibitors. GLP-1 receptor agonists that
benefit from gut microbes such as
112
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Bifidobacterium, that stimulate GLP-1 secretion, are likewise improved.
Table No.1 Role of Gut Microbiota in Modulating Diabetes Therapies: Key Interactions and Effects.
Overview The gut microbiota  significantly  influences  diabetes

pathogenesis and the effectiveness of therapies, including OHAs,
insulin resistance modulation, and non- pharmacological
interventions like diet and exercise.

Therapeutic Area Key Points
Enhancing Oral Hypoglycemic Gut  microbiota interacts with  OHAs, impacting
Agents (OHAS) absorption, efficacy, and overall therapeutic response.
Effects on Metformin Absorption and Efficacy
1. Altered Metabolism in the Gut 1) Gut microbiota modulates metformin pharmacokinetics

particularly its absorption.

2) Certain bacteria enhance metformin's efficacy by promoting
metabolites like SCFAs, which influence glucose metabolism]
(34).

3) Gut microbiota affects transporters responsible for metformir
absorption (35).

2. Changes in Gut Microbial 1) Metformin induces  shifts in gut microbiota

Composition composition, enhancing its effectiveness.

2) Increases beneficial microbes like Akkermansia muciniphila
linked to improved metabolic outcomes (36).
Role in SGLT-2 Inhibitors and GLP-1 Receptor Agonists

1. SGLT-2 Inhibitors 1) Gut microbiota influences the pharmacodynamics of SGLT-2
inhibitors, affecting glucose metabolism.
1) Alters gut microbiota, increasing SCFA production and reducing
glucose absorption, enhancing therapeutic
effects (37).

2. GLP-1 Receptor Agonists 1) Gut microbiota impacts GLP-1 secretion.

2) Certain microbes, like Bifidobacterium species, stimulate
GLP-1 release, enhancing drug efficacy (38).

Diabetes therapies efficacy is greately influenced by the gut microbiota. In this example, metformin has
been shown to change the gut microbiota composition, raising the level of Akkermansia muciniphila, which
promotes insulin sensitivity, and reduces inflammation.(39- 40)

Parabacteroides (+]

Bacteroidetes
Alistipes 1

Prevotella 1

Bacillus 1

Blautia 0

Butyrivibrio 0
Faecalibacterium
RUMINOCoccus

Firmicutes

1
0
Streptococcus 0
Lactobacillus 1

1

Oscillibacter

Catenibacterium 0

Clostridium
Intestinibacter

et Roseburia 1

Proteobacteria

Escherichia 0

Adlercreutzia 0
Actinobacteria
Bifidobacterium
m

Verrucomicrobla

-05

I’-I’cocvﬂ‘l—-p

Thermodesulfobacteriota

Bilophila 0
0.0
Decreased Increased

Fig.3 Impact of Metformin on Specific Microbial Taxa in the Human Gut Microbiota.
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Modulation of Insulin Resistance

Changes in the gut microbiota have a major effect
on insulin resistance, a central feature of type 2
diabetes (T2D), through modulation of processes
like the production of short chain fatty acids
(SCFAs) and bile acid signalling. Microbial
metabolites of dietary fiber fermentation, SCFAs
include acetate, propionate and butyrate. In
addition, they activate G-protein coupled receptors
(e.g., GPR41 and GPR43,) improve gut barrier
integrity, decrease inflammation and control
adiposity (41). SCFA infusions have been shown
in clinical studies to improve insulin sensitivity and
reduce plasma glucose levels (42), and microbial
diversity influences SCFA production and
function of insulin resistance

(43). Like gut microbiota, bile acids, modulated by
gut microbiota, also affect metabolic processes,
converting primary bile acids to secondary bile
acids that act to bind to receptors like FXR and
TGR5 to regulate glucose metabolism (44).
Impaired glucose control has been associated with
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altered bile acid metabolism in diabetic patients,
which may in turn demonstrate therapeutic
potential of modulating gut microbiota to improve
insulin resistance (45).

Gut Microbiota and Non-Pharmacological
Interventions

A recent review noted the importance of gut
microbiota in improving the effect of non-
pharmacological interventions (diet, exercise) in
diabetes management. Diets high in fiber promote
growth of SCFA producing gut microbes, which
promote glucose metabolism and insulin
sensitivity and reduce inflammation (46-47).
Exercise expands the scope of the microbial
community to include beneficial bacteria and
strengthens insulin sensitivity and reduces the risk
of T2D (48). Dietary fibers and prebiotics are
inulin and FOS, and they help to promote the
growth of beneficial gut bacteria and improve
metabolic health and Glycemic control in diabetic
patients (49-50).

Table:2 Role of Gut Microbiota in Non-Pharmacological Interventions for Diabetes Management

Intervention Gut

Microbiota Influence

Impact on Diabetes

High-Fiber Diet

Promotes  growth
producing gut microbes.

of SCFA{ Improves glucose metabolism
insulin sensitivity, and reduces

inflammation.
Exercise Increases microbial diversity | Enhances insulin
supporty sensitivity and lower
beneficial bacteria. T2D risk.

Dietary Fibers Encourages

beneficial ~ Bacterig Improves blood glucose control
growth through SCFA production. | and reduces insulin resistance.

Prebiotics (e.g., inulin, FOS)

growth.

Stimulates beneficial gut bacterii Enhances  metabolic health ang

glycemic control.

5. Therapeutic modulation of gut microbiota
Microbiota  targeted interventions including
probiotics, prebiotics and fecal microbiota
transplantation (FMT) are becoming diabetes
management  approaches.  Lactobacillus  and
Bifidobacterium probiotics balance your microbes,
while inulin prebiotics grows them. There is potential
for FMT in very severe cases, however: there are
ethical and practical problems with it. (51-52)
These three approaches can all exert unique
mechanisms of action to govern gut health,

metabolism, and glucose regulation. In this section,
we give a complete overview of these therapies with
their potential, clinical evidence, and challenges.
Probiotics Live microorganisms which, when
administered in sufficient numbers, confer a health
benefit on the host (53). The most frequently used
type of beneficial bacteria in probiotic formulations
are Lactobacillus and Bifidobacterium that help
maintain gut health, influence metabolism processes
that may impact diabetes.

Table No.3 Therapeutic Strategies for Managing Diabetes: Probiotics, Prebiotics, and Fecal Microbiota
Transplantation.

Therapy Substance/ Procedure Mechanism Effects on Gu) Effects on
Microbiota Glucose
Metabolism
114
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Probiotics Lactobacillus Enhances gut | Increases beneficia| Improves  insuli
barrier integrity bacteria sensitivity, reduces
inflammatio n
Bifidobacterium Modulates gu| Promotes SCFA Improves glycemi
microbiota, producey production, regulate control, reduce
SCFAs gut | systemic
microbiota inflammatio n
Prebiotics Inulin Fermented by gu| Increases Improves insuli
bacteria into SCFAs| Bifidobacteriu mand| sensitivity, reduce
other beneficia| blood sugar
bacteria levels
Fructo- oligosaccharidey Stimulates  growtll Improves gut barrie| Improves  glucosg
(FOS) of | function anq metabolism, reduce
Lactobacillus  anq immune response | insulin
Bifidobacterium resistance
Fecal Microbiotg Fecal material fron| Restores healthy gut | Restores balance o] Improves insulin
Transplantatio 1 healthy donors microbiota gut microbiota sensitivity ang
(FMT) particularly in | glucose control.
obese and
insulin- resistan
individuals

Types of Beneficial Bacteria like Lactobacillus,
Lactic acid bacteria (54) are lactobacilli to help
maintain  acidic environment in the gut
unfavourable to pathogenic bacteria. We have
previously shown that species like Lactobacillus
rhamnosus and Lactobacillus acidophilus stimulate
the fermentation of dietary fibers and production of
short chain fatty acids (SCFASs) which are crucial
for gut health and metabolic regulation (55).
Bifidobacterium, This genus of bacteria is
ubiquitous in the human gut, especially early in
life, and is necessary for carbohydrate
fermentation, as well as immune modulation and
suppression of harmful bacteria. Probiotics are
used specifically with certain strains of
Bifidobacterium bifidum and Bifidobacterium
lactis to correct gut microbiota balance and overall
metabolic health (56).

Diabetes management via gut microbiota
modulation through probiotics, prebiotics and fecal
microbiota transplantation (FMT) constitutes a
promising line of therapeutical endeavours. A
study (57) revealed that the use of probiotic
supplementation of Lactobacillus and
Bifidobacterium species has benefited glycemic
control assists in the improvement of insulin
sensitivity. Other study alongside it by Zhao et al.
(58) noticed that there have been boost in glycemic
control and insulin sensitivity with a probiotic

supplementation ~ with  Lactobacillus  and
Bifidobacterium strains. Slavin
(59) and De Vadder (60) do back up those findings
on how prebiotics such as inulin and fructo
oligosaccharides affects SCFA  production,
improves glucose metabolism, and placet
inflammation. However, FMT from lean donors
improve insulin sensitivity and diabetes control in
T2D patients, but donor selection, long term safety,
and standardization challenges remain. Donor
selection and screening are critical in fecal
microbiota transplantation (FMT), as the safety of
recipients hinges on the microbiota composition
and the absence of pathogens. Ethical concerns
also emerge regarding the long- term effects of
microbiota transplantation, particularly if it
involves undetectable pathogens or disease
transmission.
The long-term safety of FMT remains under
investigation,  with  researchers  expressing
concerns about unintended side effects, such as
changes in microbial diversity or increased
susceptibility to infections. Additionally, the lack
of standardization in FMT procedures poses
significant challenges. Variations in donor
microbiota composition, preparation methods, and
delivery techniques can influence the efficacy of
the procedure, while environmental factors, diet,
and genetics further complicate its application as a
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standardized therapy for diabetes. (61- 62)
Metabolic health is incredibly reliant on the gut
microbiota and has major implications for
managing diabetes. Induction of diabetes
progression by dyshiosis and modulation of
microbiota as a way to improve therapeutic
efficacy are promising. Microbiota targeted
approaches are needed for further research to
integrate them into personalized diabetes care.

6. Challenges and Future Perspectives
Variability in Gut Microbiota Composition
(Inter-individual Differences (Age, Geography,
Diet)

Gut microbiota composition is a complex
phenomenon, and variability therein is guided by
inter-individual variation such as age, geography,
and diet. This variability is important to understand
for the application of microbiota, based therapies
for diabetes management. There is a great deal of
change in the gut microbiota through an
individual’s life, beginning with a high
Bifidobacterium and Lactobacillus dominance in
infancy, which is essential for immune
development and milk digestion. As age
progresses, the diversity of the microbiome
increases yet declines in older adults, associated
with a decrease in beneficial bacterial Firmicutes,
and an increase in pathogenic Proteobacteria. As
shown by Claesson et al. (63) aged shift is
associated with different health conditions,
including diabetes, associated with reduced
microbiome diversity in older people. Such shifts
could affect disease progression and responses to
treatment, Franzosa et al. (64) added. Additional
variability is caused by geographic location since
environmental factors as well as lifestyle practices
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vary among regions. For example, we see rural
populations with plant based, high fiber diets (or a
'western diet)) that have higher microbiome
diversity and better metabolic health compared to
urban populations and shift to focus on the
processed foods. A study shows (65-66), for
example, show poorer metabolic health in
populations of Western provenance with low
microbiome diversity, and better health in rural
African  populations with more  diverse
microbiomes. These findings emphasize the
importance  of  tailoring  microbiota-based
interventions at geographic scale.

Diet, by far the greatest influencing factor, has a
huge impact on gut microbiota. A plant based diet
contains a high amount of fiber, and this promotes a
rich microbiome with lots of beneficial bacteria
such as Bifidobacterium and Firmicutes, which
control blood sugar and inflammation. Larsen et al.
(67) have noted, conversely, that a high fat, sugar,
and processed food Western diet decreases
microbial diversity and encourages growth of
pathogenic bacteria. There is promise in the
improvement of the gut’s health and insulin
sensitivity from dietary modifications that
emphasize fiber intake in the diabetic patients (68).
Despite this, however, setbacks to microbiota
based therapies from the notoriously high variable
gut microbiota composition exist. We conclude that
this variability requires personalized medicine
approaches based on individual differences in
microbiome composition, age, geography and diet.
Based on these factors, tailored strategies have the
potential to optimize therapeutic outcomes, and to
develop diabetes management on a case by case
basis.

Table No.4 Factors Influencing Gut Microbiota Composition

Factor Impact on Gut Microbiota Composition Implications for Diabetes
Age Decrease in diversity with age, shift | Older individuals with diabetes may show
towards more pathogenic bacteria. less microbial diversity, affecting
insulin
sensitivity.
Geography Variations in microbiota based on environmenta| Regional differences in diet and lifestylg
factors and lifestyle (urban vs rural). contribute to diverse microbiomes  ang
diabetes
prevalence.
Diet High-fat, processed foods reduce diversity; high-fibe| Diet-induced shifts in microbiota ca
promotes beneficial bacteria. influence glucose
metabolism and insulin
resistance.
116

Pattanik S. K. et. al., 2025, International Journal of Pharmaceutical Drug Design (IJPDD)



The composition of gut microbiota varies with these
factors, which implicate microbiota based therapies
with significant variability. With these differences
helping to shape the nuances of oncology, we can't
provide a one size fits all approach to medicine and
need to be aware of how personalized medicine can
create personalized treatment strategies for each
individual to optimize therapy.

Implications for Personalized Medicine

Gut microbiota composition is highly variable,
implications for personalized medicine, which seeks
to tailor medical treatment to a patient’s genetic,
environmental and microbiological profiles, are
significant. In the field of diabetes, this orientation
focuses on the design of microbiome based
interventions aimed at individual’s unique
composition of microbiota. For example, probiotics
that might help in some people control of glucose
could not work in other people because the gut flora
were different (69). Microbiome analysis advances,
such as metagenomics and microbiome sequencing,
ensure clinicians know exactly which bacterial
strains should be targeted for maximum treatment
through the identification of those differences in each
patient. Additionally, dietary recommendations with
potential to improve diabetes management through
microbiota modulation are personalized. Diet has a
major impact on gut microbiota, so dietary
interventions geared to a patient’s microbial profile
are likely to improve the effectiveness of these
therapies. As an example, patients with lower
microbial diversity may be better served with fiber
rich diets, which promote growth of beneficial
bacteria. Patients with out of balance bacterial
populations may gain from targeted prebiotic or
probiotic therapies. Individualized interventions are
such that interventions are not only effective but
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more complementary to the patient’s microbial
environment, offering a more specific and
comprehensive approach to diabetes care. These
microbiome-based insights can be integrated into
personalized medicine to adjust the variability in gut
microbiota composition and thereby improving
patient outcomes for diabetes.

Long-term Safety of Microbiota-Based Therapies
Despite the promising role they play in managing
diabetes, microbiota-based therapies, such as
probiotics, prebiotics, and fecal microbiota
transplantation (FMT), are all concerned with the
long term safety of these therapies. There have been
short term benefits of probiotics and prebiotics:
improving glucose metabolism and insulin
sensitivity.  Nevertheless, continued use is
worrisome. For example, some probiotic strains may
become pathogenic or promote an overgrowth of
specific microbial populations, so that gut
homeostasis may drift away in time (70). As with
prebiotics, such as inulin, although prebiotics
certainly promote beneficial bacteria, prebiotics like
inulin can also cause gastrointestinal discomfort,
bloating or gas in some people and is thus a barrier
to their widespread and long term application.
Another microbiota based intervention that may hold
some safety potential is FMT which restores a
healthy microbiome; its long term safety is not
known. When fecal samples are not adequately
screened for pathogens, adverse events, including
infections have been reported. In addition, adding a
new microbiome to a recipient's gut may replace the
native microbiota, resulting in either dysbiosis or
other problems (71). FMT looks promising in clinical
trials for its metabolic effects in diabetes, but to see
is where it can take us long term needs more work.

Table No.5 Key Microbiota-Based Therapies and Their Long-Term Safety Concerns.

Therapy Short-Term Benefits

Long-Term Safety Concerns

production.

Probiotics | Improve gut health, increase SCFA

Potential for pathogen overgrowth or infections; risk o
altering gut homeostasis.

Prebiotics | Promote growth of beneficial bacteria.

Gastrointestinal discomfort (bloating, gas), imbalance i
gut microbiota with prolonged use.

glycemic control.

FMT Restore healthy microbiome, improvq

Risk of pathogen transmission, long-term gut dysbiosis
ethical issues with donor screening.

(This table lists major microbiota-based therapies
(e.g., probiotics, prebiotics, FMT) along with their
known long-term safety concerns, providing a
clear summary of current knowledge.)

It is crucial to subject these therapies to rigorous

clinical trials and post market surveillance for safe
and effective use in chronic disorders such as
diabetes. As reliable long term treatments,
microbiota based interventions will be advancing
through the identification of potential risks and
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unintended consequences.

Advances in Microbiome Research

Much of this research on gut microbiota and
diabetes has arisen in the past 5 years, covering an
explosion in the data available. Out of these
advancements, metagenomics and microbiome
sequencing take the throne as transformative
technologies. Metagenomics can be used to
investigate genetic material from whole microbial
communities, without culturing single species, to
provide a look at the breadth and function of gut
microbial diversity. This approach has revealed
previously uncharacterized microbial species and
their possible contribution to the pathogenesis of
diabetes (72). Indeed detailed cataloging of the
microbiota in diabetic patients has been made
possible by the advent of high-throughput
microbiome sequencing methods, such as 16S
ribosomal RNA sequencing. Our research
demonstrates that diabetics are frequently nutrient
deprived of BIFs and enriched for Pathogens,
thereby implicating microbiota imbalances with
the disease (73). For example, such insights are
creating personalized microbiome-based therapies
that predict diabetes risk and therapeutic response
by discovering biomarkers.

But metagenomics also has the potential to discover
microbial genes encoding key metabolites such as
short chain fatty acids (SCFASs), which are key
mediators of glucose metabolism. Due to their
influence on insulin sensitivity and metabolic
health, these metabolites are attractive therapeutic
targets. It maps microbial pathways for the
production of SCFAs, to develop targeted
therapies that can modulate specific microbial
functions that aid in the management of diabetes
(74).  Furthermore,  metagenomic  dataset
integration with clinical research provides a means
to assess and design tailored interventions to
restore diabetic patients’ gut microbiota balance.
These advances together not only further our
understanding of the role gut microbiota play in
diabetes, but also form a solid basis from which
new, microbiota driven treatment methods can be
developed.

Integration with Al for Therapy Optimization
Artificial intelligence (Al) integration within the
microbiome research space offers unparallel
opportunities to fine tune diabetes therapies. Vast
amounts of microbiome data can be processed using
Al algorithms and complex patterns and
correlations can be uncovered that a traditional
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method cannot. As an example, Al can predict how
an individual’s microbiome will react to certain
dietary interventions or microbiota based therapies
and adjust real time protocol courses in order to
improve outcomes (75). Al on the other hand uses
microbiome data combined with patient specific
factors such as genetics, lifestyle and medical
history to create highly personalized treatment
plans. This helps identify what interventions
should be made to each patient uniquely and with
the least side effects. In addition, drug discovery
for microbiome based diabetes therapies depends
on Al. Using machine learning algorithms to
analyse microbiome datasets, they work to identify
new therapeutic targets and novel microbial strains
that can repair a diabetic patients’ gut microbiome.
It could further hasten the creation of more
sophisticated probiotics, prebiotics, and other
modulators of the microbiome professessed for
development of improved metabolic health. The
advance of Al integration offers potential for
revolutionizing microbiota based treatments from
more efficient, precise, and accessible aspects to
furthering the field of diabetes management. (76)
7. Implications and Prospects
Summary of Key Findings
Recent studies point to getting the gut microbiota
right as fundamental to diabetes onset, progression,
and management. Insulin resistance, metabolic
inflammation ~ and  dysregulated  glucose
metabolism, hallmark features of type 2 diabetes,
are closely linked to composition and diversity of
gut microbiota. For instance, (77) provide robust
evidence of links between dysbiosis and diabetes,
showing via meta-analyses that having one does
increase the risk of getting the other. (78) have
provided a deeper understanding of exactly what
specific changes in gut microbiota composition
there are in diabetic individuals: a dramatic
increase in pro inflammatory species, and a
decrease in anti-inflammatory bacteria. Dramatic
shifts that initiate these microbial events lead to
disfunction in glucose homeostasis, such as SCFA
production and bile acid metabolism. (79)
complemented these findings by characterizing the
role of microbial metabolites, proceeding to
describe how butyrate may serve to regulate insulin
sensitivity and further join dysbiosis and insulin
resistance. Gut microbiota has, however, proved to
be an important factor affecting the efficacy of
metformin in treatment. In a clinical trial, (80)
showed that types of gut microbiota are correlated
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to improved clinical outcomes in diabetes Type 2
patients taking metformin. The study identified
bacterial strains that boost bioavailability and
glucose regulating effects of metformin, and
contributes deeper molecular insights into these
interactions.

Microbiome therapies that capitalize on
innovations also have promise as diabetes
management. As an example, Velloso randomized
controlled trial in 2023 found improvement in
insulin sensitivity and inflammatory biomarkers in
Type 2 diabetic supplemented with probiotics
containing Lactobacillus and Bifidobacterium
strains. (81) Like prebiotics, inulin and fructo-
oligosaccharides (FOS) have also shown the
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capacity to increase beneficial bacterial growth and
reduce systemic inflammation in diabetic
individuals (82). A cutting edge direction in
diabetes therapy is based on tailored probiotic

formulations of individual microbiota
compositions. Fecal Microbiota Transplantation
(FMT) is another emerging intervention. (83)
showed that FMT from lean, healthy donors to
obese, insulin resistant patients improved insulin
sensitivity reducing glucose levels, suggesting
FMT may be a therapy of diabetes. Despite the
extensive clinical development of this exciting
cancer therapy, safety, ethics and durability of
efficacy are significant barriers to its widespread
clinical application.

Gut Microbiota and Diabetes Management Clinical Relevance

Metabolism

Microbiota
[ZD and Drug ]

Fig.4 The flowchart illustrates the role of gut microbiota in drug metabolism, affecting diabetes treatments like
metformin, SGLT-2 inhibitors, and GLP-1 receptor agonists. It highlights the microbiome as a therapeutic
target, leading to personalized treatment, probiotics, and non- pharmacological approaches such as dietary

fibers and exercise.

Gut microbiota in diabetes is a topic of great clinical
relevance and has led to microbiome based therapies
becoming an important adjunct to standard diabetes
therapy. The current advances in next generation
sequencing (NGS) now enables the profiling of
individual gut microbiota and clinicians can use these
findings to tailor personalized interventions. Thus,

treatment strategies utilizing probiotics, prebiotics
and dietary modification are tailored to the microbial
signatures associated with insulin resistance and
dysregulated glucose metabolism (84).
Lactobacillus and Bifidobacterium species have
proven specific efficacy in improving insulin
sensitivity. Supplementation with Lactobacillus
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strains showed that improving glycemic control also
reduced inflammatory markers in ways that directly
address both the metabolic and inflammatory side of
diabetes, as revealed by Velloso (85). Why is this
important as chronic low grade inflammation is an
underlying factor in insulin resistance. In fact, other
food components (prebiotics, inulin, fructo-
oligosaccharides [FOS], and resistant starch) have
been shown to be useful in diabetic care. These are
dietary fiber and they are substrates for the beneficial
gut bacteria to produce microbiota diversity and
activity. Research indicates that dietary prebiotic
treatments restored insulin sensitivity and restocked
the gut microbial diversity of Type 2 diabetes
patients, complementary to  pharmaceutical
therapies. (86-87)
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Another innovative approach taking off is Fecal
Microbiota Transplantation (FMT). According to a
recent 2022 systematic review analyzed data from
several FMT trials and found that, FMT from lean
healthy donors increases insulin sensitivity and
glucose metabolism in Type 2 diabetic patients. But
some safety and infection risk mitigation concerns
and an imperative for routine use have been raised,
leading to the need for further research. This implies
that combining microbiome modulation through
probiotics, prebiotics, and FMT with traditional
therapies, as well as changes of lifetime routine
including an increase on dietary fiber and physical
activity, could have an additive beneficial effect on
the outcomes of diabetes management.

Table No.6 Key Areas for Further Research.

Research Area Key Focus

Long-term Safety and Efficacy | Large-scale clinical trials to validate findings of smalle
studies on FMT  and probiotics.

Personalized Medicine Understanding individual microbiome diversity to develof
tailored treatments.

Al and Machine Learning Using Al toanalyze microbiome data and predict treatmen
outcomes.

Global Variations Addressing regional differences in microbiota compositio
and their implications for therapies.

Ethical and Regulatory Issues Developing guidelines and quality control standards fo
microbiome-based treatments.

Gaps in current gut microbiota-based therapies for
diabetes management need to be comprehensively
researched regarding long term safety and efficacy.
Validation of findings from smaller studies on
fecal microbiota transplantation (FMT) and
probiotics requires large scale clinical trials to test
their safety, and thus warrant their integration into
clinical practice. Another critical area is in
personalized medicine where, given the health
variations of gut microbiota relating to genetics,
diet, and lifestyle, we need to target our approach.
Knowledge of microbial biomarkers of insulin
resistance and glucose intolerance will help in the
design of more effective therapies (88). Artificial
intelligence and machine learning are also ramping
up microbiome research by looking at vast full data
sets, and finding beneficial bacterial strains and
predicting therapeutic outcomes. Additional global
variations in gut microbiota composition
influenced by geographical and cultural factors
underpinning the pressing need for more
collaborative research to develop universally

applicable treatments (89). Second, ethical and
regulatory challenges to the use of microbiome-
based therapies must be addressed by standardized
guidelines and robust frameworks developed by
agencies such as the FDA and EMA to secure
safety, quality, and ethical use. The solutions to
tackle these research priorities are the path to safer,
more effective, and globally relevant microbiome
interventions in diabetes management.

8.  Summary

The gut microbiota is now considered as an
important player in metabolism and has been well
established in the development and treatment of
diabetes. It regulates glucose homeostasis, insulin
signaling, integrity of the gastrointestinal barrier
and inflammation, which puts it at the center of both
types of diabetes. The state of imbalance of the
gastrointestinal microbiota refers to dysbiosis and
its effect was linked to systemic inflammation,
insulin resistance and metabolic endotoxemia
which contributes to the advancement of diabetes.
The beneficiaries are different microbe species
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including Akkermansia muciniphila in association
with better metabolic health and Bifidobacterium
longum implicated in the onset of diseases.
Probiotics, prebiotics and FMT have been seen to
improve metabolic outcomes and boost the
effectiveness of conventional pharmacological
treatments such as metformin, in glycemic control
to treat diabetes. Gut microbiota also affects the
pharmacokinetics of OHA, enhancing drug uptake
and action of oral hypoglycaemic agents.
Moreover, this review shows that fiber intake,
exercise, and other adjunct therapies can improve
MPAs and positively mediate glucose homeostasis
as well as dampen inflammation. However there
are some issues which are still under development
Some of them include the following Disregard for
citizens’ interests by revealing any information
Possible excessive demand for information
Detailed recommendations and a clear
understanding of the possible difficulties and
drawbacks of the given approach will help to
prevent those problems from arising in practice.
However, individual differences in microbial
population, which differ by age, geography, and
diet, hampers the direct targetability of microbiota-
based applications. A few more riders of concern
include long-termrisks of FMT and other extended
probiotic usage. Metagenomics, microbiome
sequencing, and artificial intelligence are also
pointing to specific actionable strategies based on
the consumers’ unique microbiota. In conclusion,
understanding and modulating the gut microbiota
for diabetes type has large potential but requires
more solid work to cross the current hurdles and
achieve maximal therapeutic effects. Precise and
particular, interventions for modulating microbiota
represent a hope of significant improvement in the
diabetes treatment in the nearest future.

9. Future scope

New developments in microbiome research
including metagenomics and next generation
sequencing have provided new approaches to type
2 diabetes mellitus personalized medicine. It will
be helpful to define how these tools can determine
special microbial markers associated to diabetes so
as to apply interventions like prebiotics and
probiotics. Newer data suggest enhanced insulin
sensitivity, and general metabolic profile, due to
Akkermansia muciniphila and Bifidobacterium
longum of probiotics. Further, fecal microbiota
transplantation (FMT) is also under introducing to
treat dysbiosis and improved glycemic control
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however, FMT has safety and side effects in the
long run and risks of biological piracy. Al will
transform microbiome study by predicting Ml
responses to treatments and revealing new
microbial-based therapeutic targets. The next steps
should logically be massive clinical trials in order
to check the effectiveness and safety of these
interventions. Interventions that target the
microbiota along with existing therapeutic
strategies enable scientists to establish an
individual approach to diabetes with a
consideration of international differences in the
microbiota and dietary preferences.
10. Conclusion
The bidirectional relationship between gut
microbiotaand diabetes isanovel area of discussion
in metabolic diseases. This review will summarise
how microbial content and functions contribute to
diabetes pathogenesis, immune activation, and
impaired insulin  signaling and glucose
homeostasis. The current endotoxin concept also
supports an association between gut dysbiosis, or a
lack of useful microbiota and the overgrowth of
pathogenic types, and insulin resistance and
inflammation, which defines type 2 diabetes.
Pharmacologic and dietary modulations of the gut
microbiota constitute promising approaches that
show potential for augmenting metformin therapy
and other conventional anti diabetic agents
including probiotics/prebiotics and FMT. Diet
intervention and exercise, however, indicate the
importance of the gut microbiota in maintaining
metabolic health. But these are areas that still
present some challenges as we shall see even with
these improvements. Day-to-day intersubject
variations in microbiota, coupled with the relative
paucity of knowledge regarding the chronic safety
and effectiveness of clinical microbiota
manipulations,  partially  obscures  clinical
potentialities for microbiota-based interventions.
Care for future diabetic patients requires
developing specific approaches starting from the
concept of microbiome and using Al to create
patients’ individual treatment plans. Meeting
these barriers and integrating gut microbiota
alteration with conventional treatments provide the
foundation for further exploration and successful
application of the strategy in diabetes cure for
patients.
11. References
1. International Diabetes Federation (IDF). IDF
Diabetes Atlas, 10th edition. 2021. Available
121

Pattanik S. K. et. al., 2025, International Journal of Pharmaceutical Drug Design (IJPDD)



10.

11.

from: https://www.diabetesatlas.org.
Turnbaugh PJ, Ley RE, Mahowald MA,
Magrini V, Mardis ER, Gordon JI. An obesity-
associated gut microbiome with increased
capacity for energy harvest. Nature.
2006;444(7122):1027-31.
d0i:10.1038/nature05414.

Wu H, Tremaroli V, Béickhed F. Gut
microbiota and  metabolic  syndrome:
Mechanistic insights and clinical implications.
Clin  Chim  Acta. 2017;459:97-102.
doi:10.1016/j.cca.2016.05.019.

Cani PD, Amar J, Iglesias MA, Poggi M,
Knauf C, Bastelica D, et al. Changes in gut
microbiota control metabolic endotoxemia-
induced inflammation in high-fat diet-induced
obesity and diabetes in mice. Diabetes.
2007;56(7):1761-72. d0i:10.2337/db06-1491.
Zhang X, Zhao Y, Xu J, Xue Z, Zhang M,
Pang X, et al. Human gut microbiota changes
reveal the progression of glucose intolerance.
PLoS One. 2013;8(8):e71108.
doi:10.1371/journal.pone.0071108.

Wu H, Tremaroli V, Béackhed F. Gut
microbiota and  metabolic  syndrome:
Mechanistic insights and clinical implications.
Clin  Chim  Acta. 2017;459:97-102.
doi:10.1016/j.cca.2016.05.019.

Turnbaugh P, Ley RE, Mahowald M, et al. An
obesity-associated gut microbiome with
increased capacity for energy harvest. Nature.
2006;444(7122):1027-1031. doi:
10.1038/nature05414.

Cani PD, Amar J, Iglesias MA, et al.
Metabolic endotoxemia initiates obesity and

insulin resistance. Diabetes. 2007
Jul;56(7):1761-1772. doi: 10.2337/db06-
1491.

Thursby E, Juge N. Introduction to the human
gut  microbiota.  Biochem J. 2017
Jun;474(11):1823-1836. doi:
10.1042/BCJ20160510.

Zhang X, Shen D, Fang Z, et al. Human gut
microbiota changes reveal the progression of
glucose intolerance. PLoS One. 2013 Aug
27;8(8):e71108. doi:
10.1371/journal.pone.0071108. PMID:
24013136; PMCID: PMC3754967.

Hsu CL, Sheu WH. History of gestational
diabetes and future cardiovascular disease:
What have we learned? J Diabetes Investig.
2018 Nov;9(6):1258-1260. doi:

International Journal of Pharmaceutical Drug Design (1JPDD)

12.

13.

14.

15.

16.

17.

18.

19.

Website: https://ijpdd.org/
ISSN: 2584-2897

Vol. 2, Issue 4, April, 2025
Page No.: 107-126

10.1111/jdi.12874. Epub 2018 Jul 25. PMID:
29905009; PMCID: PMC6215932.

Hara M, Fowler JL, Bell GI, Philipson LH.
Resting beta-cells - A functional reserve?
Diabetes Metab. 2016 Jun;42(3):157-61. doi:
10.1016/j.diabet.2016.01.001. Epub 2016 Jan

27. PMID: 26827115.

WangJS, Lee CL, Lee WJ, Lee IT, LinSY, Lee
WL, Liang KW, Sheu WH. Statin treatment is
associated with a negative correlation between
NT-proBNP and insulin resistance in patients
without history of heart failure. Clin Chim
Acta. 2016 Aug 1;459:84-88.  doi:
10.1016/j.cca.2016.05.019. Epub 2016 May
21. PMID: 27221204.

Gomes MM, Martins S, Marques O, Silva ND,
Antunes A. Severe systemic type 1
pseudohypoaldosteronism: 5  years of

evolution. Endocrinol Nutr. 2016
Nov;63(9):502-
505. English, Spanish. doi:

10.1016/j.endonu.2016.08.002. Epub 2016
Sep 18. PMID: 27651040.

Hsu CL, Sheu WH. History of gestational
diabetes and future cardiovascular disease:
What have we learned? J Diabetes Investig.
2018 Nov;9(6):1258-1260. doi:
10.1111/jdi.12874. Epub 2018 Jul 25. PMID:
29905009; PMCID: PMC6215932.

Cani PD, Amar J, lIglesias MA, et al.
Metabolic endotoxemia initiates obesity and

insulin resistance. Diabetes. 2007
Jul;56(7):1761-1772. doi:  10.2337/db06-
1491.

Nuli R, Azhati J, Cai J, Kadeer A, Zhang B,
Mohemaiti P. Metagenomics and faecal
metabolomics integrative analysis towards the
impaired glucose regulation and type 2
diabetes in Uyghur-related omics. J Diabetes
Res. 2019 Nov 18;2019:2893041. doi:
10.1155/2019/2893041. PMID: 31828159;
PMCID: PMC6885810.
Utzschneider KM, Kratz M, Damman CJ,
Hullar M. Mechanisms linking the gut
microbiome and glucose metabolism. J Clin
Endocrinol Metab. 2016 Apr;101(4):1445-54.
doi: 10.1210/jc.2015-4251. Epub 2016 Mar 3.
Erratum in: J Clin Endocrinol Metab. 2016
Jun;101(6):2622. doi: 10.1210/jc.2016-2006.
PMID: 26938201; PMCID: PMC4880177.
Silva YP, Bernardi A, Frozza RL. The role of
short-chain fatty acids from gut microbiota in
122

Pattanik S. K. et. al., 2025, International Journal of Pharmaceutical Drug Design (IJPDD)


https://www.diabetesatlas.org/

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

gut-brain communication. Front Endocrinol
(Lausanne). 2020 Jan 31;11:25. doi:
10.3389/fend0.2020.00025. PMID:
32082260; PMCID: PMC7005631.
Di Vincenzo F, Del Gaudio A, Petito V, et al.
Gut microbiota, intestinal permeability, and
systemic inflammation: a narrative review.
Intern Emerg Med. 2024;19:275-93. doi:
10.1007/s11739-023-03374-w.
QinJ, LiY, Cai Z, et al. A metagenome-wide
association study of gut microbiota in type 2
diabetes. Nature Reviews
Endocrinology.
2012;15(5):115-124.
doi:10.1038/nrendo.2012.44.
Zhang C, Zhang M, Jia H, et al. Human gut
microbiota changes revealed by high-
throughput sequencing of 16S rRNA genes in
the insulin resistance condition. Cell
Metabolism. 2021;33(4):1-13.
doi:10.1016/j.cmet.2020.11.022.
Arora T, Singh N, Chauhan A, et al. Role of
gut microbiota in the regulation of insulin
resistance. Journal of Diabetes Research.
2021;2021:1-12. doi:10.1155/2021/7678174.
Molinaro A, Lu J, Rabot S, et al. Bile acids and
glucose  metabolism:  Mechanisms  and
applications in metabolic diseases. Frontiers
in Endocrinology. 2020;11:556.
doi:10.3389/fendo.2020.00556.
Cani PD, Amar J, lIglesias MA, et al
Metabolic endotoxemia initiates obesity and
insulin resistance. Nature.
2007;372(6508):235-240.
doi:10.1038/nature09961.
Slattery SA, Ziegler MG, Pietzsch JB, et al.
Probiotics and prebiotics in the management
of diabetes mellitus. Journal of Diabetes
Research. 2019;2019:1-8.
d0i:10.1155/2019/2379290.
Turnbaugh PJ, Hamady M, Yatsunenko T, et
al. A core gut microbiome in obese and lean
twins. Nature. 2006;444(7122):1027-1031.
doi:10.1038/nature05414.
Vrieze A, Van Nood E, Holleman F, et al.
Transfer of intestinal microbiota from lean
donors increases insulin sensitivity in
individuals with  metabolic  syndrome.
Gastroenterology. 2012;143(4):913-916.
doi:10.1053/j.gastro.2012.06.031.
Cani PD, Possemiers S, Van de Wiele T, et al.
Changes in gut microbiota of individuals with

International Journal of Pharmaceutical Drug Design (1JPDD)

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

Website: https://ijpdd.org/
ISSN: 2584-2897

Vol. 2, Issue 4, April, 2025
Page No.: 107-126

metabolic  syndrome.  Diabetes  Care.
2008;31(7):1490-1499.  doi:10.2337/dc08-
0157.

Gao Z, Yin J, Zhang J, et al. Butyrate
improves insulin sensitivity and suppresses
inflammatory response in the liver of diabetic
rats. Journal of Nutritional Biochemistry.
2009;20(4):358-365.
doi:10.1016/j.jnutbio.2008.04.009.

Thaiss CA, Zmora N, Levy M, et al. The
microbiome and innate immunity. Nature.
2018;555(7695):139-148.
d0i:10.1038/nature25784.

He Y, Li Y, Wei Z, et al. Gut microbiome and
type 2 diabetes: From mechanism to
therapeutic potential. Lancet Diabetes &
Endocrinology. 2020;8(5):348-359.
doi:10.1016/S2213-8587(20)30080-1.
Gurung M, Li Z, You H, et al. Role of gut
microbiota in the regulation of glucose and
lipid metabolism in diabetes mellitus. Journal
of Diabetes Research. 2020;2020:1-12.
d0i:10.1155/2020/2465389.

Wu H, et al. Gut microbiota regulates the

effects of metformin on  metabolic
homeostasis. Nature. 2017;563(7731):409-
412.

Zhao L, et al. Metformin modifies gut
microbiome of individuals with treatment-
naive type 2 diabetes. Nat Med.
2019;21(3):373-379.

Forslund K, et al. Metformin alters the gut
microbiome of individuals with treatment-
naive type 2 diabetes, contributing to the
glucose-lowering effects of the drug. Nat Med.
2015;21(3):373-379.

Di Luccia B, Andreozzi F, Laurenti O.
Influence of gut microbiota on the
pharmacodynamics of SGLT-2 inhibitors. Eur
J Pharmacol. 2020;868:172853.

Gaggini M, et al. The role of gut microbiota in
glucose metabolism and type 2 diabetes
mellitus. Curr Diabetes Rep. 2021;21(4):15.
Zhang X, Shen D, Fang Z, et al. Human gut
microbiota changes reveal the progression of
glucose intolerance. PLoS One. 2013 Aug
27;8(8):e71108. doi:
10.1371/journal.pone.0071108. PMID:
24013136; PMCID: PMC3754967.

Gomes MM, Martins S, Marques O, Silva ND,

Antunes A. Severe systemic type 1
pseudohypoaldosteronism: 5  years of
123

Pattanik S. K. et. al., 2025, International Journal of Pharmaceutical Drug Design (IJPDD)



41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

evolution. Endocrinol Nutr. 2016
Nov;63(9):502-
505. English, Spanish. doi:

10.1016/j.endonu.2016.08.002. Epub 2016
Sep 18. PMID: 27651040.

Zhao L, Zhang F, Ding X, Wang X, Yang J.
Metformin modifies gut microbiome of
individuals with treatment-naive type 2
diabetes. Nat Med. 2019;21(3):373-9.
Canfora EE, Jocken JW, Blaak EE. Short-
chain fatty acids in control of body weight and
insulin sensitivity. Nat Rev Endocrinol.
2015;11(10):557-66.

Vangay P, Johnson AJ, Ward TL, Al-Ghalith
GA, Shields-Cutler RR, Hillmann BM, et al.
Gut microbiota composition and the role of
SCFAs in diabetes management. Diabetes
Care. 2018;41(4):529-39.

Riviere A, Selak M, Lantin D, Leroy F, De
Vuyst L. Bile acids and the microbiome in
diabetes.  Trends  Endocrinol  Metab.
2016;27(10):660-72.

Jiao N, Baker SS, Nugent CA, Tsompana M,
Cai L, Wang Y, et al. Bile acids and the gut
microbiota: Potential mechanisms to improve
insulin resistance and glucose metabolism.
Front Endocrinol (Lausanne). 2020;11:567.
Blaut M, Clavel T. Metabolic effects of the gut
microbiota.  Best Pract Res Clin
Gastroenterol. 2012;26(2):9-16.

Zhao L, Zhang F, Ding X, Wang X, Yang J.
Metformin modifies gut microbiome of
individuals with treatment-naive type 2
diabetes. Nat Med. 2019;21(3):373-9.

Allen JM, Williams AD. Exercise, gut
microbiota, and metabolic health. Eur J Appl
Physiol. 2018;118(8):1673-85.

Keenan MJ, Zhou J, McCutcheon KL, Raggio
AM, Bateman HG, Todd E, et al. Prebiotics
and their effects on glucose metabolism. J
Nutr Biochem. 2015;26(6):462—70.

Slavin JL. Dietary fiber and body weight.
Nutrition. 2013;29(5):635-9.

Hara M, Fowler JL, Bell GlI, Philipson LH.
Resting beta-cells - A functional reserve?
Diabetes Metab. 2016 Jun;42(3):157-61. doi:
10.1016/j.diabet.2016.01.001. Epub 2016 Jan
27. PMID: 26827115.

Nuli R, Azhati J, Cai J, Kadeer A, Zhang B,
Mohemaiti P. Metagenomics and faecal
metabolomics integrative analysis towards the
impaired glucose regulation and type 2

International Journal of Pharmaceutical Drug Design (1JPDD)

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Website: https://ijpdd.org/
ISSN: 2584-2897

Vol. 2, Issue 4, April, 2025
Page No.: 107-126

diabetes in Uyghur-related omics. J Diabetes
Res. 2019 Nov 18;2019:2893041. doi:
10.1155/2019/2893041. PMID: 31828159;
PMCID: PMC6885810.
Génzle MG, Schlicht K, Roos S. Probiotics
and gut health: Microbiota modulation and
metabolic effects. Crit Rev Food Sci Nutr.
2020;60(12):2064-75.
O'Hara AM, Shanahan F. The gut flora as a
forgotten organ. EMBO Rep. 2006
Jul;7(7):688-
93. doi: 10.1038/sj.embor.7400731. PMID:
16819463; PMCID: PMC1500832.
Al-Sheraji SH, Ismail A, Manap MY,
Mustapha S, Yusof RM, Hassan FA.
Probiotics in health and disease: An overview.
J Food Sci Technol. 2013;50(2):332-45.
Loomba R, Segal E, Allan A, Eloe-Fadrosh
EA. Gut microbiota and its role in diabetes
management. Diabetes Res Clin Pract.
2021;176:108835.
Zhang Q, Wu Y, Fei X. Effect of probiotics on
glucose and lipid metabolism in Type 2
diabetes mellitus: A meta-analysis of 12
randomized controlled trials. Med Sci Monit.
2019;25:9059-67.
Zhao X, Chen J, Zhou C, Xu X, Wang Y, Zhang
L. Probiotic supplementation for improving
diabetes: A systematic review and meta-
analysis. Diabetes Metab Res Rev.
2020;36(8):e3347.
Slavin JL. Dietary fiber and prebiotics and the
gastrointestinal microbiota. J Clin
Gastroenterol. 2013;47(7):462—7.
De Vadder F, Kovatcheva-Datchary P,
Goncalves D, VineraJ, Zitoun C, Duchampt A,
et al. Microbiota-generated metabolites
promote metabolic benefits via gut-brain
neural circuits. Cell. 2014;156(1):84-96.
Vrieze A, Van Nood E, Holleman F, Salojarvi
J, Kootte RS, Bartelsman JF, et al. Transfer of
intestinal microbiota from lean donors
increases insulin sensitivity in individuals
with metabolic syndrome. Gastroenterology.
2012;143(4):913-6.
Mayer EA, Tillisch K, Gupta A. FMT and
metabolic effects in diabetes.
Gastroenterology. 2014;146(7):1494-6.
Claesson MJ, Jeffery 1B, Conde S, Power SE,
O'Connor EM, Cusack S, et al. Gut microbiota
composition correlates with diet and health in
the elderly. Nature. 2012;488(7410):178-84.
124

Pattanik S. K. et. al., 2025, International Journal of Pharmaceutical Drug Design (IJPDD)



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Franzosa EA, Sirota-Madi A, Avila-Pacheco J,
Fornelos N, Haiser HJ, Reinker S, et al. Gut
microbiome structure and metabolic activity
in inflammatory bowel disease. Nat Med.
2019;25(7):1073-81.

Wu H, Tremaroli V, Backhed F, Karlsson F,
Nielsen J, Wahli W, et al. Linking the human
gut microbiome to inflammatory cytokine
production and insulin resistance. J Clin
Invest. 2011;121(7):2670-8.

De Filippo C, Cavalieri D, Di Paola M,
Ramazzotti M, Poullet JB, Massart S, et al.
Impact of diet in shaping gut microbiota
revealed by a comparative study in children
from Europe and rural Africa. Science.
2010;334(6052):129-34.

Claesson MJ, Jeffery 1B, Conde S, Power SE,
O'Connor EM, Cusack S, et al. Gut microbiota
composition correlates with diet and health in
the elderly. Nature. 2012  Aug
9;488(7410):178-84. doi:
10.1038/nature11319. PMID: 22797518.
David LA, Maurice CF, Carmody RN,
Gootenberg DB, Button JE, Wolfe BE, et al.
Diet rapidly and reproducibly alters the human
gut  microbiome. Nature. 2014 Jan
23;505(7484):559-63. doi:
10.1038/nature12820. Epub 2013 Dec 11.
PMID: 24336217; PMCID: PMC3957428.
Zhao Y, Zhang M, Ding Y, Wang F, Zhang H,
Han J, et al. Artificial intelligence and the
microbiome:  Impact on  personalized
medicine. Front Microbiol. 2020;11:897.
Tremaroli V, Béckhed F. Functional
interactions between the gut microbiota and
host metabolism. Nature.
2012;489(7415):242-9.

Kump PK, Wurm P, Grochenig HP, WenzI
HH, Petritsch W, Halwachs B, et al. Fecal
microbiota transplantation for the treatment of
diabetes: A systematic review. Diabet Med.
2018;35(9):1113-24.

Turnbaugh PJ, Ley RE, Mahowald MA,
Magrini V, Mardis ER, Gordon JI. A core gut
microbiome in obese and lean twins. Nature.
2009;457(7228):480-4.

QinJ, LiY, CaiZ, LiS, ZhuJ, Zhang F, et al.
A human gut microbial gene catalogue
established by metagenomic sequencing.
Nature. 2012;464(7285):59-65.

Graham JL, Jiang L, Verheij E, Calkins MJ,
Costanzo M, Damman CJ, etal. Gut microbiota

International Journal of Pharmaceutical Drug Design (1JPDD)

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Website: https://ijpdd.org/
ISSN: 2584-2897

Vol. 2, Issue 4, April, 2025
Page No.: 107-126

as a predictor of diabetes. Curr Diab Rep.
2018;18(7):48.
Zhao Y, Zhang M, Ding Y, Wang F, Zhang H,
Han J, et al. Artificial intelligence and the
microbiome: Impact on  personalized
medicine. Front Microbiol. 2020;11:897.
Tung SY, Pan TL, Su MW, Chen TM, Liu
WT. Artificial intelligence in microbiome
analysis and its potential for drug discovery.
Nat Rev Drug Discov. 2019;18(6):393-407.
Zhao L, et al. Microbiome and Type 2
diabetes: Insights and future directions. Nat
Rev Endocrinol. 2021;17(7):391-405.
Li Y, et al. Gut microbiota composition in
Type 2 diabetes: Role in insulin resistance and
systemic inflammation. Diabetes Res Clin
Pract. 2023;189:109834.
Zhang L, et al. Fecal microbiota
transplantation in the management of
metabolic disorders: A systematic review. Gut
Microbes. 2022;13(1):118-128.
GaoY,Zhao T,LvN, LiuS, Yuan T, Fu Y, et
al. Metformin-induced changes of the gut
microbiota in patients with type 2 diabetes
mellitus: results from a prospective cohort
study. Endocrine. 2024;85(3):1178-1192.
d0i:10.1007/s12020-024-03828-x. Epub 2024
May 18.
PMID: 38761345.
Velloso LA, et al. Probiotics in diabetes care:
Aclinical review. J Clin Endocrinol Metab.
2023;108(3):563-572.
Sanz Y, et al. Dietary fibers and gut
microbiota: effects and mechanisms of action.
Trends Food Sci Technol. 2018;76:1-8.
Vrieze A, et al. Fecal microbiota
transplantation from lean donors improves
insulin  sensitivity  in  insulin-resistant
metabolic syndrome patients. Nat Med.
2022;28(5):1176- 1182.
Zhao L, et al. Microbiome and Type 2
diabetes: Insights and future directions. Nat
Rev Endocrinol. 2021;17(7):391-405.
Velloso LA, et al. Probiotics in diabetes care:
Aclinical review. J Clin Endocrinol Metab.
2023;108(3):563-572.
Everard A, Cani PD. Diabetes, obesity and gut
microbiota.  Best Pract Res  Clin
Gastroenterol. 2013;27(1):73-83.
doi:10.1016/j.bpg.2013.03.007.
Rodriguez J, Hiel S, Delzenne NM.
Metformin: Old friend, new ways of action-
125

Pattanik S. K. et. al., 2025, International Journal of Pharmaceutical Drug Design (IJPDD)



88.

89.

Implication of the gut microbiome? Curr Opin
Clin Nutr Metab Care. 2018;21(4):294-301.
doi:10.1097/MC0O.0000000000000468.
Zhang L, et al. Fecal microbiota
transplantation in the management of
metabolic disorders: A systematic review. Gut
Microbes. 2022;13(1):118-128.

Liu H, et al. Artificial intelligence in
microbiome research: A new frontier in
diabetes  management.  Front  Genet.
2023;14:718.

*kkkk

International Journal of Pharmaceutical Drug Design (1JPDD)
Website: https://ijpdd.org/

ISSN: 2584-2897

Vol. 2, Issue 4, April, 2025

Page No.: 107-126

126



