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Abstract: Insulin resistance (IR) refers to a pathological condition in which the body’s sensitivity to insulin decreases. The
resulting disorders of glucose and lipid metabolism can lead to the onset and progression of various chronic diseases, such as
type 2 diabetes mellitus (T2DM) , coronary heart disease, metabolic syndrome, etc. The pathogenesis of IR is complex, but with
in-depth research, accumulating evidence has suggested that gut microbiota can affect the development and progression of IR
by regulating energy metabolism and inflammatory responses. Probiotics not only regulate gut microbiota and impact energy
intake, but also promote health by activating immune responses. Therefore, the use of probiotics to modulate gut microbiota
and intervene in the development of IR has garnered increasing attention. This review summarizes the current research
advancements regarding the pathogenesis of IR, as well as the related mechanisms by which gut microbiota, especially

probiotics, affect IR.
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Over the past few decades, type 2 diabetes mellitus
(T2DM) has emerged as a major global public health
concern [1]. Approximately 1.6 million deaths occur
annually due to diabetes, making it the ninth leading cause
of mortality worldwide. The primary pathological basis of
T2DM is insulin resistance (IR), which is physiologically
defined as a state in which insulin-targeted tissues exhibit

reduced responsiveness to high physiological insulin levels.

IR serves as a common pathogenic factor in the
development and progression of numerous metabolic
disorders [2]. With the advancement of research, a growing
body of evidence has demonstrated that the gut microbiota
plays a crucial role in the onset and progression of IR. The
gut microbiota can influence host glucose and lipid
metabolism, thereby inducing IR, through mechanisms
such as triggering chronic inflammation, altering bile acid
metabolism, and producing short-chain fatty acids [3].
Therefore, targeted regulation of the host gut microbiota
may represent an effective strategy for preventing and
treating IR, among which probiotic intervention has been
proven to hold promising application prospects [4]. This
review summarizes the current understanding of the
pathogenesis of IR, the mechanisms underlying
probiotic-mediated regulation of IR, and the progress in
their application, while also discussing future development
trends and prospects, aiming to provide a theoretical basis
for the subsequent development of microbial agents to
ameliorate IR.

1 Pathogenesis of Insulin Resistance

The pathogenesis of IR is highly complex, involving
multiple factors and signaling pathways. As the core

pathway maintaining normal host metabolism, disruption
of the insulin-insulin receptor binding signaling pathway is
considered a primary cause of IR [5]. Currently, IR is
mainly believed to be associated with the following
aspects.

1.1 Inflammatory Factors

Studies have shown that chronic low-grade
inflammation is a key pathological feature of IR. These
inflammatory mediators can interfere with insulin signal
transduction through multiple signaling pathways: (1)
Activating the inhibitor of nuclear factor kappa-B kinase
B/muclear factor kappa-B (IKKB/NF-xB) and c-Jun
N-terminal kinase (JNK) pathways to suppress the
expression of the glucose transporter type 4 (GLUT4) gene
[6]; (2) Mediating serine phosphorylation of insulin
receptor substrate 1 (IRS-1) via JNK, thereby blocking the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
pathway [7]; (3) Activating the diacylglycerol/protein
kinase C (DAG/PKC) pathway to inhibit insulin-stimulated
tyrosine phosphorylation of IRS-1 and directly interfere
with the insulin signaling cascade [8].

1.2 Adipokines

Adipokines are bioactive molecules secreted by
adipocytes, including key members such as adiponectin
and leptin. Adiponectin can bind to its receptors AdipoR1
and AdipoR2, mediating the phosphorylation of adenosine
5’-monophosphate-activated protein kinase (AMPK) and
enhancing the activity of peroxisome proliferator-activated
receptor oo (PPARa). This process further activates fatty
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acid oxidation and glucose uptake, thereby participating in
the regulation of host glucose metabolism [9]. Leptin, on
the other hand, exerts functions in regulating food intake,
body weight, energy expenditure, and neuroendocrine
activity, primarily through the Janus kinase-signal
transducer and activator of transcription (JAK-STAT)
pathway [10].

1.3 Oxidative Stress

Under normal physiological conditions, free radicals
are involved in various host physiological processes.
However, when the production of free radicals exceeds the
physiological threshold, oxidative stress occurs. Oxidative
stress impairs glucose homeostasis and promotes IR
through multiple mechanisms: (1) Damaging pancreatic
B-cell function and ATP-sensitive potassium channels,
leading to decreased insulin secretion [11]; (2) Reducing
GLUT4 expression and impairing the binding of nuclear
proteins to insulin response elements within the GLUT4
promoter; (3) Activating multiple transcription factors to
induce the expression of inflammation-related genes [11],
thereby promoting inflammatory responses that contribute
to IR.

1.4 Endoplasmic Reticulum Stress (ERS) and
Mitochondrial Dysfunction

The endoplasmic reticulum is a key organelle
responsible for protein synthesis, folding, and modification.
Dysfunction of the endoplasmic reticulum leads to the
accumulation of misfolded proteins within its lumen [12].
Such stress induces excessive activation of JNK and
subsequent serine phosphorylation of IRS-1, thereby
inhibiting insulin receptor signal transduction, triggering
inflammation and lipid accumulation, and exerting adverse
effects on insulin biosynthesis and pancreatic f-cell
function [13].

Mitochondria are the primary source of reactive
oxygen species (ROS) production. Moderate levels of ROS
generated by mitochondria can regulate protein tyrosine
phosphatases and insulin receptors through redox reactions,
thereby enhancing insulin sensitivity [14]. Meanwhile,
insulin can maintain the integrity of the mitochondrial
electron transport chain by inhibiting forkhead box protein
Ol/heme oxygenase 1 (FoxO1/HO-1) and preserving the
NAD+/NADH ratio within mitochondria [15].

2 Potential Mechanisms by Which Gut Microbiota
Influence Host Insulin Sensitivity

Studies have found that germ-free mice fed a high-fat
diet exhibit less weight gain and do not develop IR
compared with conventional mice on the same diet [16].
This indicates that diet-induced obesity may promote IR
through a gut microbiota-dependent mechanism, which is
currently believed to be associated with energy metabolism,
inflammation, and microbial metabolites (see Figure 1).

2.1 Energy Metabolism

The presence, composition, and metabolic activities of
the gut microbiota exert a significant impact on host energy
harvest, mainly through the following aspects: (1)
Fermenting undigested food residues to produce
short-chain fatty acids (SCFAs), which can be absorbed by
host intestinal epithelial cells to provide additional energy;
(2) Upregulating the expression of sodium-glucose
cotransporter 1 (SGLT-1) in the small intestine and
increasing the capillary density beneath the small intestinal
villous epithelium, thereby promoting glucose absorption
and supplying more energy to the host [17]; (3) Regulating
the production of appetite- and satiety-related hormones
such as peptide YY (PYY) and glucagon-like peptide-1
(GLP-1) in the gut, thereby modulating food intake [18].
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Note: TLR4 stands for toll-like receptor 4; GLP-1 stands for
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Fig.1 Possible mechanisms for the involvement of gut
microbiota in IR

2.2 Inflammation

A high-fat diet can induce the enrichment of gut
microbiota that produce lipopolysaccharide (LPS), a key
factor triggering inflammation. When LPS levels in the
body rise to a certain threshold, metabolic endotoxemia
occurs. Endotoxins bind to the CD14 receptor on the
surface of immune cells such as monocytes and
macrophages, activating these cells and stimulating the
expression of pro-inflammatory cytokines including
interleukin-6 (IL-6) and tumor necrosis factor-o. (TNF-a),
which contribute to the development of obesity, IR, and
diabetes [19]. LPS produced by the gut microbiota can also
induce the activation of the Toll-like receptor 4 (TLR4)
pathway, exacerbating ERS, and triggering the activation
of JNK and IKK, which target and inhibit the insulin
signaling pathway.

2.3 Metabolites

The main metabolites involved include SCFAs and
bile acids. SCFAs are the primary end products of the
fermentation of indigestible carbohydrates by the gut
microbiota. They can enhance intestinal barrier function by
upregulating tight junction proteins, thereby inhibiting
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inflammatory responses [21]. Additionally, SCFAs can
bind to G protein-coupled receptors (GPCRs) to regulate
the activity of peroxisome proliferator-activated receptor y
(PPARy) and modulate the expression of lipid
metabolism-related genes [22]. Bile acid synthesis is
regulated by the gut microbiota, a process dependent on the
farnesoid X receptor (FXR). Furthermore, bile acids
themselves are metabolized by the gut microbiota in the
intestine. Dysregulation of this process leads to an
imbalance in the ratio of primary to secondary bile acids,
which further disrupts signaling and metabolic pathways,
thereby promoting the occurrence and progression of
metabolic disorders such as obesity [23].

3 Possible Mechanisms of Probiotics in Regulating
Insulin Resistance

Numerous studies have demonstrated that probiotics
can ameliorate host IR. Although the specific regulatory
pathways remain to be fully elucidated, probiotics are
generally believed to improve IR through mechanisms such
as regulating gut microbiota balance, preserving the
integrity of intestinal epithelial tight junctions, modulating
immunity, and alleviating oxidative stress.

3.1 Regulating Gut Microbiota Balance

Dramatic changes in the composition and function of
the gut microbiota are defined as gut dysbiosis, which not
only reduces the stability of the mucosal barrier but also
disrupts the immune system, triggering oxidative stress and
inflammation. Probiotics can regulate gut microbiota
balance through the following two main mechanisms: (1)
Directly inhibiting the proliferation of pathogenic bacteria.
Most probiotics, such as Lactobacillus and Bifidobacterium,
are anaerobic bacteria. Their massive local proliferation
creates an oxygen-depleted microenvironment, which
inhibits the growth and reproduction of pathogenic bacteria
that are predominantly aerobic; (2) Inhibiting the growth of
pathogenic bacteria through their metabolic products. For
example, probiotics produce organic acids to lower
intestinal pH, generate hydrogen peroxide, and synthesize
natural antibiotics, thereby reducing the production of toxic
substances such as ammonia and amines in the gut and
restoring gut microecological balance [24].

3.2 Modulating Intestinal Mucosal Barrier Function

The intestinal mucosal barrier serves as the first line
of defense against pathogen invasion, playing a critical role
in preventing the translocation of intestinal bacteria and
toxins into the bloodstream and other organs, as well as
maintaining host homeostasis. Elevated levels of certain
pro-inflammatory cytokines in the body can impair
intestinal epithelial cell function, leading to the degradation
of tight junction proteins, damage to the intestinal mucosal
barrier, and increased intestinal permeability [25]. Upon
entering the gut, probiotics colonize the intestinal mucosa
and form a natural barrier on the intestinal surface through

adhesion and competitive inhibition, physically separating
pathogenic bacteria from intestinal epithelial tissues. This
inhibits or reduces the invasion and colonization of
pathogenic Dbacteria, thereby enhancing host defense
mechanisms [26]. In addition, SCFAs, the metabolic
products of probiotics, can enhance the integrity of
intestinal epithelial tight junctions by promoting the
synthesis of antimicrobial peptides and mucus, as well as
regulating epithelial cell growth, thereby maintaining the
function of the intestinal mucosal barrier.

3.3 Regulating Intestinal Immune Function

The gut is the largest immune organ in the human
body, harboring over 70% of the body’s immune cells.
Probiotics exert their immunomodulatory effects through
mechanisms such as enhancing macrophage activity,
regulating the release of immunoglobulins and cytokines,
strengthening intestinal epithelial barrier function,
adjusting mucus secretion, and competitively inhibiting the
colonization of pathogenic bacteria. Within the intestinal
mucosal immune system, probiotic cells or their metabolic
products can be recognized by certain pattern recognition
receptors (PRRs), activating corresponding signaling
pathways to induce the production of cytokines,
chemokines, and other effector molecules, thereby
triggering host immune responses [27]. Toll-like receptors
(TLRs) are an important class of PRRs. Probiotics can
regulate the activation of TLR signaling pathways. TLRs
recognize and bind to pathogen-associated molecular
patterns (PAMPs), promoting the coordinated activation of
downstream signaling molecules and transcription factors,
which in turn induces the expression of antimicrobial
substances, chemokines, cytokines, and co-stimulatory
molecules, initiating both innate and adaptive immune
responses [28].

3.4 Regulating Glucose and Lipid Metabolism

Dysregulated glucose and lipid metabolism is one of
the hallmark features of T2DM patients. Severe gut
microbiota dysbiosis may affect glucose homeostasis and
IR status in key metabolic organs such as the liver, muscle,
and adipose tissue, thereby inducing abnormal changes in
the expression of glucose metabolism-related genes.
Probiotics can interact with bile acids in the gut to alter bile
acid metabolism, which in turn affects cholesterol
absorption and ameliorates host lipid metabolism disorders
to a certain extent [29]. Additionally, probiotics can
regulate glucose metabolism by downregulating the
expression of gluconeogenesis-related genes such as
glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK) in the liver, as well as reducing
the expression of SGLT-1 and GLUT?2 in the a-glucosidase
pathway [30]. Furthermore, SCFAs, the metabolic products
of probiotics, can improve the efficacy of insulin by
activating AMPK or regulating intracellular fatty acid
synthesis, thereby helping to modulate blood glucose levels
and energy metabolism [31].
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3.5 Regulating Oxidative Stress

Gut dysbiosis can also alter the metabolism of bile
acids and choline, increasing the production of endogenous
ethanol in the gut. All these events can induce
inflammation and oxidative stress, exacerbating IR.
Probiotics can alleviate intestinal oxidative stress by
increasing the levels of superoxide dismutase (SOD) and
plasma glutathione peroxidase, reducing malondialdehyde
(MDA) content, promoting SCFA production, and lowering
hepatic triglyceride levels [32]. Gao et al. [33] found that
Lactobacillus plantarum NCUI116 can enhance host
antioxidant capacity by increasing the levels of SOD,
catalase (CAT), and glutathione peroxidase in the liver and
kidney of T2DM rats, reducing inflammation and oxidative
stress in diabetic rats, and elevating serum insulin levels.

4 Current Status of Clinical Studies on Probiotics
for Improving Insulin Resistance

Given the diverse physiological functions of
probiotics and their metabolic products, as well as evidence
that gut microbiota can ameliorate inflammation and
metabolic disorders in diabetic mice, researchers have
proposed that probiotics can be used as an adjuvant therapy
to improve IR, leading to the implementation of a series of
clinical trials (see Table 1). Different types of probiotics
exhibit distinct mechanisms of action and -efficacy.
Therefore, when selecting probiotic supplements, it is
necessary to consider their species and strain-specific
characteristics. Currently, Lactobacillus, Bifidobacterium,
and Akkermansia muciniphila are the most extensively

studied and reported probiotics in this field.

Lactobacillus is a common type of lactic acid bacteria,
classified as Gram-positive bacilli, and is found in various
fermented foods such as yogurt, fermented cheese, and
pickles. As a probiotic, it has been widely used in
health-related fields including improving gut health,
inhibiting inflammatory responses, and regulating glucose
and lipid metabolism [41]. Bifidobacterium is a group of
Gram-positive anaerobic bacteria and is one of the earliest
microorganisms to naturally colonize the human gut. The
abundance and diversity of Bifidobacterium in the colon
are closely associated with host health, and these bacteria
possess homeostasis-promoting and anti-inflammatory
immunomodulatory  properties. Bifidobacterium can
regulate immune responses at the intestinal mucosal level,
their cell surface polysaccharides can promote the
production of forkhead box protein P3 (Foxp3) and
regulatory T cells (Treg cells). The increase in Treg cells
helps inhibit excessive activation of the immune system,
reduce inflammatory responses, and maintain immune
homeostasis [42]. Bifidobacterium can also assist certain
butyrate-producing bacteria in increasing butyrate
production, which helps improve insulin sensitivity,
regulate blood glucose levels, and exert a protective effect
against diabetes and metabolic disorders [43]. Akkermansia
muciniphila is a strictly anaerobic Gram-negative
bacterium that acts as a symbiont of the intestinal mucus
layer, holding significant value in improving host
metabolic function and immune responses. Akkermansia
muciniphila not only participates in host immune
regulation but also enhances the integrity of intestinal
epithelial cells and the thickness of the mucus layer,
thereby promoting gut health [44].

Tab.1 Clinical trials using probiotics to improve IR

Probiotic Dosage/Duration

Participant Characteristics

Primary Effects Reference

Lactobacillus salivarius UBL 4 x 10° CFU/day,
8§22 6 weeks

1 x 10" CFU/day,

Akkermansia muciniphila 12 weeks

45 healthy participants,
aged 20-25 years,
BMI 18.5-24.9 kg/m*

32 obese/overweight participants,
aged 18-70 years,

In the probiotic group, HDL-C was significantly
increased; total cholesterol, LDL-C, triglycerides,
and inflammatory markers (hs-CRP, IL-6, IL-18, [34]
TNF-a) were significantly decreased; HOMA-IR
was reduced

Total cholesterol, LDL-C, AST, and HOMA-IR

were decreased (331

BMI >25 kg/m?

Lactobacillus acidophilus La-5
and Bifidobacterium animalis
subsp. lactis BB-12

Bifidobacterium breve BR03

1 x 10'° CFU/day,
6 weeks

2 x 10° CFU/day,

50 patients with T2DM

6—18 years old, obese,

Total cholesterol and LDL-C levels were
significantly decreased; acetic acid production was [36]
increased; TNF-a and resistin levels were reduced

Probiotics improved insulin sensitivity during

and B632 8 weeks HOMA-IR > 2.5 or insulin > 15 fasting and OGTT (371
mU/ml

Composite Probiotic 7 . . The probiotic supplementation group significantly

"Symbiter" DI UL reduced HOMA-IR, as well as TNF-a and IL-1 &l

Lactobacillus reuteri
ADR-1: 4 x 10°
CFU/day; Lactobacillus
reuteri ADR-3: 2 x 10"
CFU/day, 24 weeks

Lactobacillus reuteri ADR-1 or
ADR-3

Bifidobacterium

pseudocatenulatum CECT 10'° CFU/day

68 patients with T2DM,
aged 25-70 years,
BMI >18.5 kg/m?

48 obese children,
aged 1015 years,
7765 all with IR

ADR-1 treatment reduced HbA 1¢ and cholesterol;
ADR-3 group reduced blood pressure and [39]
inflammatory cytokine IL-1f3

CRP and MCP-1 were significantly decreased;

HDL-C was increased [40]

Note: BMI stands for body mass index; HDL-C stands for high-density lipoprotein cholesterol; LDL-C stands for low-density lipoprotein cholesterol; hs-CRP
stands for high-sensitivity C-reactive protein, HOMA-IR stands for homeostasis model assessment of insulin resistance; AST stands for aspartate aminotransferase;
OGTT stands for oral glucose tolerance test; HbAlc stands for glycated hemoglobin; MCP-1 stands for monocyte chemoattractant protein-1.
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5 Development Trends of Probiotic Products
5.1 Inactivated Probiotics

Although the gut microbiota is considered a promising
new target for alleviating IR and even treating T2DM in
the future, the clinical application of these novel gut
microbiota-based therapeutic strategies carries potential
risks, such as inducing immunosuppression, causing
systemic infections in critically ill patients, or facilitating
the transmission of antibiotic resistance genes. To mitigate
these risks, there has been a growing interest in non-viable
probiotics or probiotic cell extracts, such as
heat-inactivated probiotics (including those inactivated by
other methods) or their purified components (e.g.,
lipocholic acids, metabolites, and bacteriocins), which can
serve as effective alternatives to viable probiotics. Studies
have shown that industrially cultured and heat-treated
probiotics, including bacterial extracts and supernatants in
most cases, can retain their key probiotic properties at the
intestinal level, enabling the development of safer
formulations with superior pharmaceutical characteristics
[45].

5.2 Prebiotics

Prebiotics are a class of non-digestible food
components, the main types of which include
fructooligosaccharides (FOS), inulin, and

galactooligosaccharides (GOS). Prebiotics can selectively
promote the growth and metabolism of beneficial
probiotics such as Bifidobacterium and Lactobacillus [46],
thereby inhibiting the proliferation of pathogenic bacteria
and improving the gut ecological environment. In clinical
practice, strategies involving the addition of specific
prebiotics are often employed to enhance the competitive
advantage of probiotics within the gut microbial
community. Despite the diversity of prebiotic types, further
in-depth research is required to determine which prebiotics
can most effectively synergize with probiotics to regulate
IR.

5.3 Genetically Engineered Probiotics

With continuous research efforts, the genetic stability
and safety of probiotics have been further improved.
Meanwhile, the mechanisms underlying various metabolic
disorders have become increasingly clear. The
development of targeted precision probiotic therapies using
probiotics as chassis cells, or engineered live bacterial
therapies for delivering drug molecules, has gradually
become a research hotspot in the fields of biomedical

engineering and synthetic biology. For example, Duan et al.

[47] utilized engineered commensal bacteria to reprogram
intestinal cells into glucose-responsive insulin-secreting
cells that can secrete GLP-1 to ameliorate diabetes. Russell
et al. [48] genetically engineered Escherichia coli to
express bile salt hydrolase and IL-10, which improved
insulin sensitivity and glucose tolerance in mice in vivo.

6 Conclusions and Prospects

With the advancement of research, the efficacy and
mechanisms of action of probiotics have become
increasingly well-known. However, the clinical application
of gut microbiota-based therapies still faces numerous
challenges. Firstly, individuals with IR exhibit differences
in the pathophysiological mechanisms underlying the
disease, meaning that different patient subgroups may
respond differently to the same treatment. The gut
microbiota is highly susceptible to external factors and
individual variations, resulting in relatively unstable
therapeutic effects. Secondly, probiotics are generally
regarded as dietary supplements rather than drugs, subject
to less stringent market regulation, leading to a lack of
sufficient evidence to confirm their efficacy and safety.
Finally, although most studies have demonstrated the
beneficial effects of probiotics during administration, there
is a paucity of long-term follow-up data after
discontinuation of use. The long-term colonization ability
of probiotics remains to be further investigated. Moreover,
most commercially available probiotic products are
general-purpose formulations, lacking specificity for
targeted therapeutic effects. A crucial prerequisite for the
application of probiotic therapy is to clarify the pathogenic
mechanisms and baseline levels of gut microorganisms,
which also forms the basis for the successful personalized
colonization of microorganisms.
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disorders of glucose and lipid metabolism can lead to the onset and progression of various chronic diseases, such as type 2 diabetes
mellitus (T2DM) , coronary heart disease, metabolic syndrome, etc. The pathogenesis of IR is complex, but with in-depth research,
accumulating evidence has suggested that gut microbiota can affect the development and progression of IR by regulating energy
metabolism and inflammatory responses. Probiotics not only regulate gut microbiota and impact energy intake, but also promote health
by activating immune responses. Therefore, the use of probiotics to modulate gut microbiota and intervene in the development of IR has

garnered increasing attention. This review summarizes the current research advancements regarding the pathogenesis of IR, as well as

the related mechanisms by which gut microbiota, especially probiotics, affect IR.
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Tab.1 Clinical trials using probiotics to improve IR
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