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Type 1 diabetes (T1D) is an autoimmune disease characterized by T cell-mediated

destruction of pancreatic b-cells and is one of the most common chronic

diseases in adults and children. In recent years, the incidence of T1D has been

increasing worldwide. Currently, the diagnosis of T1D relies on clinical

manifestations and autoantibody detection, with a lack of early predictive

biomarkers. MicroRNAs (miRNAs), as crucial post-transcriptional regulatory

factors, which are involved in various biological processes, including cell

division, proliferation, differentiation, development, and metabolism.

Additionally, miRNAs participate in the regulation of inflammatory

complications in T1D, and their aberrant expression is closely associated with

the disease. The stability of miRNAs makes them potential candidates for early

diagnostic biomarkers and therapeutic targets in T1D. This paper discusses the

pathogenesis of T1D and the potential applications of miRNAs in early diagnosis

and interventional therapy. It provides references for advancing precision

diagnosis and personalized treatment strategies through more profound

miRNA research in the future.
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1 Introduction

With the improvement in living standards and changes in lifestyle, diabetes has become

a health issue that cannot be ignored. Diabetes is classified into type 1 diabetes (T1D) and

type 2 diabetes (T2D) based on etiology. T1D is a chronic autoimmune disease

characterized by T cell-mediated, specific destruction of pancreatic b-cells, leading to

absolute insulin deficiency and hyperglycemia (1, 2). T1D not only affects adults but is also

one of the most prevalent chronic childhood diseases. An extensive array of data indicates

that the incidence of T1D has been increasing significantly worldwide in recent years (3).

New modeling data indicate that by 2040, the number of individuals with T1D is projected

to reach between 13.5 and 17.4 million. Notably, the most significant relative growth is

expected to occur in low-income and lower-middle-income countries (4). Deaths caused by
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T1D are primarily due to delayed diagnosis and treatment (4).

Currently, the diagnosis of T1D still relies mainly on clinical

manifestations, and there is a lack of sensitive and effective

biomarkers for early prediction of T1D. Both cellular and

humoral immune responses are dysregulated in T1D, and several

genetic loci are associated with the risk of T1D. This implies a

complex multifactorial pattern of inheritance for T1D (5).

MicroRNAs (miRNAs), as important post-transcriptional

regulatory factors, dynamically regulate the growth and

development of T and B lymphocytes. Abnormal increases or

decreases in miRNAs can affect the onset and progression of

T1D. Therefore, miRNAs play a key regulatory role in the

pathogenesis of T1D. As a result, certain miRNAs are expected to

serve as novel biomarkers for early diagnosis of T1D and as new

therapeutic targets. We discuss a number of established and

emerging predictive and prognostic biomarkers, including

markers of pancreatic islet function that can improve strategies to

measure the outcome of therapeutic interventions. The article

focuses on the latest research progress of inflammation-related

biological markers in T1D, especially the role of miRNAs in the

early diagnosis and interventional treatment of T1D (6). It provides

essential references and valuable insights for advancing precision

diagnosis and personalized treatment strategies. Future research

focusing on miRNAs will be particularly important for biomarker

discovery, therapeutic target identification, and molecular

pathway regulation.
2 Overview and Pathogenesis of T1D

T1D is an organ-specific autoimmune disease characterized by

the infiltration and attack of pancreatic b-cells by T cells and other

immune cells, leading to b-cell destruction and subsequent insulin

deficiency (7). T1D is one of the most common chronic diseases in

children and adolescents. In recent years, the incidence and

prevalence of T1D have gradually increased, with significant

geographical disparities in incidence (8, 9). Insulin is a key

hormone that regulates metabolism and growth, promoting

glucose uptake, glycogen synthesis, fatty acid synthesis, and

amino acid uptake while inhibiting lipolysis and maintaining

electrolyte balance. Therefore, individuals with T1D require

lifelong insulin replacement therapy (10, 11).

Initially, the etiology of T1D was considered to be a purely

autoimmune disease caused by T cell-mediated destruction of

pancreatic b-cells. However, with ongoing research into the

etiology and pathogenesis of T1D, it is now understood that the

disease results from the interplay of multiple factors, including

genetic susceptibility, the immune system, environmental factors,

gut microbiota, and metabolic processes (12). Figure 1 illustrates the

role of exosomes in the pathogenesis of T1D. Firstly, genetic defects

are recognized as the foundation for the development of T1D. The

disease is associated with genetic susceptibility, particularly with

specific human leukocyte antigen (HLA) alleles (13). Secondly, T1D

may arise from defects in the immune system. Individuals with T1D

often have multiple autoantibodies in their bloodstream. The
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presence of circulating pancreatic autoantibodies indicates an

increased risk of developing T1D or the presence of the disease.

These antibodies include islet cell antibody (ICA), insulin antibody

(IAA), glutamic acid decarboxylase antibody 65 (GAD65),

insulinoma-associated protein-2 (IA-2), and zinc transporter 8

(ZnT8). The number and titer of detected antibodies are directly

correlated with the risk of developing T1D (14). Thirdly, in high-

risk populations, viral infections or other environmental factors can

trigger the autoimmune destruction of b-cells (15). Viruses are

important triggers for the onset of T1D, with human enteroviruses

(HEV) being particularly implicated in initiating pancreatic

autoimmunity and clinical disease (16). Fourthly, the gut

microbiota may be an important modulator in the pathogenesis

of T1D. Studies have shown that individuals with T1D have

dysbiosis of the gut microbiota, characterized by reduced

microbial diversity and disrupted microbial community structure

(17). Recent studies have shown that, although the rapid loss of

insulin secretion from b cells occurs a few months before clinical

onset, evidence of b-cell dysfunction may have existed years earlier

(18). b-cell autophagy is crucial for cellular survival and function.

Defective b-cell autophagy can induce ER stress, alter antigen-

processing pathways, and enhance MHC-I/HLA-I presentation to

immune cells, rendering b cells more susceptible to immune attack

and destruction (19). Furthermore, the activation of intrinsic b-cell
pathways due to autophagy defects may trigger autoimmunity by

forming neoantigens or may independently accelerate

autoimmune-mediated b-cell death (18).
3 MicroRNAs

miRNAs are single-stranded RNA molecules composed of 19 to

25 nucleotides and belong to a family of endogenous non-coding

RNAs (ncRNAs) that do not encode proteins but regulate protein

levels through post-transcriptional mechanisms. Among all RNAs,

the majority of ncRNAs cannot encode proteins but instead exert

their functions by regulating gene expression at the post-

transcriptional level. miRNAs negatively regulate gene expression

by binding to the 3’-untranslated region (3’-UTR) of target mRNAs,

leading to mRNA cleavage or translational repression. This process

influences protein translation and is involved in various

physiological and pathological processes in the body. Studies have

shown that miRNAs regulate the expression of immune system-

related genes. They dynamically control the development of T and B

lymphocytes, and participate in cell differentiation, innate immune

responses, and the regulation of immune cell signaling pathways.

Aberrant miRNA expression can lead to autoimmune reactions and

contribute to the development of T1D (20). Additionally, miRNA-

mediated gene regulation is essential for normal physiological

processes, including cell cycle progression, cell differentiation, and

cell death. Therefore, targeting miRNAs to modulate immune

responses offers a novel therapeutic approach for T1D. Their

localization determines effective gene regulation by miRNAs, the

level of target mRNAs, and the interaction between miRNAs and

mRNAs, ultimately resulting in the formation of functional mature
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miRNAs that regulate protein expression. Inflammatory cytokines

such as interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a),
and interferon-g (IFN-g), as well as pancreatic autoantibodies such
as ICA, IAA, and ZnT8, are classic markers of T1D but lack

specificity. Therefore, there is an urgent need to identify new

biomarkers for the early detection of T1D. However, miRNAs are

emerging as a promising area for further exploration in T1D

research and may potentially serve as future early diagnostic

markers for T1D.
4 The role and impact of
inflammatory factors and miRNAs in
T1D

Inflammatory factors and miRNAs play significant roles in the

pathogenesis and disease progression of T1D. Research indicates

that miRNAs modulate pancreatic b-cell function and immune

responses, thereby influencing the progression of T1D (6). For

example, miR-30b and miR-101a are crucial in cytokine-mediated

b-cell dysfunction, reducing proinsulin production and increasing

b-cell death. Additionally, miR-146a is upregulated in individuals
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with T1D, targeting inflammation-related genes such as tumor

necrosis factor receptor-associated factor 6 (TRAF6) and

interleukin-1 receptor-associated kinase 1 (IRAK1), thereby

amplifying inflammatory responses. These inflammatory

processes not only drive the development of T1D but are also

associated with various complications, including diabetic

nephropathy, retinopathy, and cardiovascular and cerebrovascular

diseases. These complications can severely affect patients’ quality of

life and may lead to life-threatening diabetic ketoacidosis in severe

cases. Therefore, in-depth investigation of the mechanisms

underlying the roles of inflammatory factors and miRNAs may

facilitate the development of early diagnostic biomarkers and

therapeutic targets, ultimately improving the prognosis of patients

with T1D (21).
5 miRNAs and T1D

To date, the risk assessment of T1D using autoantibodies has

relied on the number of autoantibodies present. However, there is

significant variation in the progression rate among individuals with

multiple autoantibodies (22). This indicates that although islet
FIGURE 1

The role of exosomes in the pathogenesis of type 1 diabetes. This figure was drawn by Figdraw. During the early phase of insulitis, local antigen-presenting
cells (APCs) are activated and recruit CD4+ helper T cells from the pancreatic lymph nodes, thereby releasing chemokines/cytokines. CD4+ helper T cells
induce APCs to secrete cytokines and nitric oxide and stimulate endothelial cells to release chemokines, thereby activating CD8+ cytotoxic T cells. b-cells
that respond to viral infections or secrete chemokines in response to cytokines further stimulate and activate immune cells, leading to the activation of the
Fas pathway and the granzyme/perforin system, which induces b-cell apoptosis. Additionally, IL-1b, TNF-a, and IFN-g directly bind to their respective
receptors on the surface of b-cells and induce apoptosis. The number following the asterisk (*) (0401) indicates the specific allele or variant of the gene.
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autoantibodies play a crucial role in risk assessment, they may not

be the most effective biomarkers for monitoring therapeutic efficacy

(23). Therefore, there is an urgent need for more suitable

biomarkers for pre-onset progression studies and treatment

monitoring in T1D. miRNAs, as biomarkers, play a key role in

the pathogenesis of T1D by regulating gene expression. These

miRNAs are involved in immune regulation, cell proliferation,

and insulin processing, thereby contributing to a deeper

understanding of T1D mechanisms, early diagnosis, and

interventional therapies (24). Any potential miRNA biomarkers

must be capable of accurately distinguishing individuals with T1D

from healthy controls. This specificity and sensitivity make

miRNAs ideal candidate biomarkers, which could enhance the

accuracy of diagnosis.
5.1 The application prospects of miRNAs in
the diagnosis of T1D

Recent research findings indicate that cells can release free

miRNAs under various physiological and pathological conditions.

These extracellular miRNAs play a crucial role in intercellular

communication, participating in the regulation of multiple

biological processes, including angiogenesis, tumor cell invasion,

and immune responses. Notably, these miRNA molecules exhibit

significant resistance to degrading enzymes in the circulation and

can accumulate persistently in specific tissues. This characteristic

provides a solid theoretical basis for their potential application as

disease biomarkers. Further studies are expected to reveal the

important role of miRNAs in early disease diagnosis and

prognosis assessment, thereby paving new avenues for the

development of clinical medicine (25).

The goal of using miRNAs as biomarkers for T1D is to analyze

their expression patterns to enable early disease prediction and

identify the triggers of autoimmunity before autoantibody

conversion. The progression of T1D is divided into four stages in

clinical diagnosis (26). Stage 1 is characterized by the presence of

multiple islet autoantibodies, normal blood glucose levels, and pre-

symptomatic. Stage 2 involves multiple islet antibodies, raised blood

glucose, pre-symptomatic. Stage 3 is marked by the Islet

autoimmunity, raised blood glucose, symptomatic. Stage 4

represents long-standing T1D (27–30). There is a correlation

between miRNAs and different stages of T1D. Table 1

summarizes the miRNA expression profiles in individuals with

recent-onset and long-standing T1D (31–40). MiR-25 is

commonly found in both recent-onset and long-standing T1D

individuals. In non-diabetic individuals with autoantibody

positivity, miR-29, miR-21-3p, miR-491-5p, miR-150-5p, miR-

204-5p, miR-339-3p, miR-148, and miR-425 are upregulated,

while miR-497-5p is downregulated (35, 41). In recent-onset T1D

patients, miR-152, miR-181a, and miR-27b are upregulated, while

miR-375 is downregulated (42, 43). In long-standing T1D patients,

miR-148a, miR-101-3p, miR-135a-5p, miR-143-3p, miR-223-3p,

and miR-410-3p are upregulated, while miR-146a-5p and miR-

495-3p are downregulated (39). These findings indicate that
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miRNA expression levels are closely related to autoimmune status

and disease severity, highlighting their promising application in

T1D diagnosis. Studies have shown that miR-200a-3p and miR-16-

5p have high discriminatory power in the early diagnosis of T1D,

effectively distinguishing between different stages of the disease. The

expression levels of these two miRNAs are closely associated with

disease progression, suggesting their potential as biomarkers for

early identification of T1D (36).

Studies have revealed that certain miRNAs contribute to the

progression of diabetes and the potential complications related to

cardiovascular diseases in diabetic patients. For example, members

of the miR-29 family are coordinately regulated in multiple tissues,

including the heart and pancreas, and serve as early markers of

diabetes. Under conditions of hyperinsulinemia, miR-29 family

members are downregulated, but they increase sharply with the

loss of hyperinsulinemia and elevated plasma glucose levels. To

date, numerous studies have shown that exosomal miRNAs, such as

miR-125b, miR-144, miR-155, miR-29, miR-133a, and miR-7,

promote the onset and progression of diabetes. Additionally,

miR-21 has been found to target the translation of the Bcl-2 gene,

exacerbating b-cell apoptosis during diabetes progression (38, 44).

miRNAs are also associated with the initiation of autoimmunity, b-
cell dysfunction, and apoptosis, driving the development of T1D.

For instance, miR-326 is highly expressed in peripheral blood

lymphocytes of T1D patients, and its levels are highly correlated

with persistent pancreatic autoimmunity and disease severity (45).

miR-98, miR-23b, and miR-590-5p are overexpressed in CD8+ T

cells derived from T1D patients, and the suppression of pro-

apoptotic pathways by these miRNAs facilitates the unrestricted

expansion of diabetogenic cytotoxic T cells (46). miR-510 is

significantly upregulated in Tregs of T1D patients, while miR-342

and miR-191 are downregulated (47). miR-142-3p is induced

during pancreatic autoimmunity, and the miR-142-3p/Tet2/Foxp3

axis impairs the differentiation and stability of Tregs in T1D models

(48). Roggli et al. (49) reported that elevated expression of miR-21,

miR-34, and miR-146 affects b-cell apoptosis.
5.2 miRNA-based interventions in T1D

In the treatment of T1D, the core objective is to halt the ongoing

autoimmune response to protect the function of pancreatic b-cells,
thereby maintaining normal glucose regulation. miRNAs, as a class

of critical molecules, play an important role in the pathogenesis and

progression of T1D (50). They modulate disease progression by

regulating the expression levels of target proteins. In fact, alterations

in miRNA expression are closely associated with the development

of T1D, providing a theoretical basis for miRNA-based

interventions (51). On one hand, restoring the normal expression

of specific miRNAs by using miRNA mimics or inhibiting their

activity may emerge as a novel therapeutic strategy for T1D. On the

other hand, inducing the differentiation of pluripotent stem cells

into pancreatic b-cells represents a potential therapeutic avenue. In
this process, miRNAs such as miR-375, miR-7, miR-21, and miR-29

play crucial roles in regulating signaling pathways, offering new
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hope for T1D treatment (52–54). With the development of

personalized medicine and the application of advanced diagnostic

and prognostic technologies, healthcare professionals can gain a

deeper understanding of the complex mechanisms underlying T1D.

This enables them to provide more precise and personalized clinical

assessments and treatment plans for each patient, which is of great

significance for improving the prognosis of individuals with T1D.

5.2.1 miRNAs and diabetic nephropathy
miRNAs are closely associated with the development of diabetic

nephropathy (DN) (55). Studies have identified that miR-21, miR-

377, miR-93, and miR-216a may be involved in the pathogenesis of

DN, while miR-25 appears to have a protective effect on the kidneys

(56, 57). The regulation of cellular activity relies on the core

mechanisms of phosphorylation and dephosphorylation, which

play important roles in stimulating cell growth. Phosphatase and

tensin homolog (PTEN), located on chromosome 10, catalyzes the

dephosphorylation of phosphatidylinositol 3,4,5-trisphosphate

(PI3,4,5-P3). This leads to the inactivation of Akt kinase. Thus,

the concentration of PTEN is closely linked to the degree of Akt
Frontiers in Endocrinology 05
inactivation, and it further affects the accumulation of extracellular

matrix proteins through the regulation of downstream signaling

pathways (58). miR-21 is one of the most important miRNAs

involved in renal fibrosis, acting on inflammation, angiogenesis,

and immune destruction (59, 60). Research has shown that in the

renal cortex of OVE26 T1D mice, the expression level of miR-21 is

significantly increased, which is closely related to the decreased

levels of PTEN and the increased secretion of fibronectin (24).

Specifically, high glucose levels induce elevated miR-21 secretion in

renal cells, which suppresses the expression of PRAS40, enhances

TORC1 activity, and leads to renal cell hypertrophy and increased

fibronectin expression. miR-21 can also stimulate glomerular

mesangial cells to secrete miR-21, which targets the 3’-UTR of

PTEN mRNA, inhibits PTEN expression, and results in increased

Akt phosphorylation levels. Studies have also found that the

upregulation of miR-377 in DN patients is associated with the

pathogenesis of diabetic microvascular and macrovascular

complications. Therefore, inhibiting miR-377 expression has been

explored as a novel therapeutic approach for DN (61–63).

Additionally, miR-25 is downregulated in DN patients and
TABLE 1 The miRNA expression profiles of patients with recent-onset and long-standing T1D.

Patient
classification

miRNAs Regulated Function and role Target Pathways/Genes References

Recent-onset T1D

miR-152, miR-30a-5p, miR-181a,
miR-24, miR-148a,
miR-27a, miR-25, miR-200a, miR-
122, miR-125b-5p, miR-136, miR-
34a-5p, miR -342 -3p, miR-423-
5p, miR-199a-3p, miR-126, miR
-28 -5p, miR-454-3p, miR-222-3p,
miR-144-5p

Up
Cell apoptosis, glucose
control, islet homeostasis,
and b-cell mass regulation.

The PTEN, aryl hydrocarbon
receptor, STAT3, epithelial-
mesenchymal transition, and
senescence pathways.

(31–36)

Recent-onset T1D miR-107, miR-16, miR-375 Down
Regulates insulin secretion
and b cell mass.

PI3K/AKT. (32, 35, 36)

Long-standing T1D (2–5
years duration)

miR-200a-3p, miR-346, miR-323a-
3p, miR-874-3p, miR‐20b‐5p,
miR‐190a‐5p, miR‐144‐5p, miR‐
454‐3p, let‐7d‐5p, miR‐451a, miR‐
425‐5p, miR‐103a‐3p, miR‐363‐
3p, miR‐107

Up

miR-200a-3p is involved in
NAD generation,
antioxidant mechanisms,
and nucleotide synthesis,
which are associated with
cell damage and repair.

TXNIP/miR-200/Zeb1/E-cadherin
signaling pathway. Beta cell
chaperone Dnajc3, caspase
inhibitor XIAP, tumor
suppressor Trp53.

(36, 37)

Long-standing T1D
(2–5 years duration)

miR-16, miR-191, miR-125a-5p,
miR-126, miR-374, miR-518d,
miR-342-3p, miR-454, miR-146a,
miR-155, miR-197, miR-483-5p

Down
miR-16 facilitates Treg
induction and prevents
apoptosis in b cells.

miR-16 targets CXCL10. (36, 37)

Long-standing T1D
(11.1 years duration)

miR-101-3p, miR-135a-5p, miR-
143-3p, miR-223-3p, miR-410-3p,
miR-21-5p, miR-148a

Up
Biomarkers for bone
fragility, metabolism,
resorption, and remodeling.

FoxO and TGF-b signaling
pathways. VEGFA, IGF-1
receptor, AKT1.

(38, 39)

Long-standing T1D
(11.1 years duration)

miR-495-3p Down

Impact tissue development,
inflammation, immunity,
microalbuminuria, and
glucose issues.

AKT1, VEGFA, and IGF-
1 receptors.

(39)

Long-standing T1D
(25 years duration)

miR-25-3p Up Glycemic control. PTEN and Bcl-2. (40)

Long-standing T1D
(25 years duration)

miR-16, miR-302d-3p, miR-378e,
miR-570-3p, miR-574-5p,
miR-579

Down

miR-302 promotes insulin
resistance in the liver, while
miR-378 affects lipid
metabolism and beta-
cell death.

PI3K/AKT and miR-378 targets
the IGF-1R.

(40)
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negatively correlates with the albumin-to-creatinine ratio (ACR),

suggesting that it may exert protective effects on the kidneys by

activating the PTEN/Akt pathway, acting as an antioxidant and

anti-apoptotic agent (64–66). In early-stage DN patients, serum

miR-29c is found to be downregulated, and its low expression can

exacerbate the fibrotic process, indicating its potential value for

early intervention in renal disease (67). miRNA-based therapies aim

to reverse early pathological changes by inhibiting harmful

miRNAs, TGF-b, and fibronectin accumulation. This reduces

renal fibrosis and inflammation, thereby preventing the

progression to end-stage renal disease and improving the quality

of life for DN patients.

5.2.2 miRNAs and diabetic retinopathy
Diabetic retinopathy (DR) is a common complication in

patients with T1D. It is also one of the leading causes of

irreversible blindness in the working-age population worldwide

(68, 69). In T1D, the downregulation of miR-126 is negatively

correlated with the occurrence of multiple complications, especially

proliferative diabetic retinopathy (PDR). Studies have shown that

miR-126 regulates the expression of vascular endothelial growth

factor (VEGF). This regulation influences angiogenesis and the

progression of retinopathy. Additionally, miR-200b may exert

protective effects in DR by regulating the expression of the

antioxidant gene Oxr1. These findings suggest that miR-126 and

miR-200b play important roles in the intervention and control of

DR and may serve as potential therapeutic targets. Oza et al. (70)

found that hypertension and advanced age are significant risk

factors for DR. Therefore, blood pressure management in

children and adolescents with T1D may help reduce the incidence

of DR. Moreover, improved glycemic control can effectively slow

the progression of DR.
5.2.3 miRNAs and diabetic cardiomyopathy
Studies have revealed that in a streptozotocin-induced diabetic

mouse model, the expression of miR-144 is downregulated.

Inhibition of miR-144 effectively blocks the generation of reactive

oxygen species (ROS) and cardiomyocyte apoptosis triggered by

high glucose levels. Although miR-144 is not the sole factor

contributing to increased oxidative stress, its inhibition has shown

potential clinical value in alleviating cardiac oxidative stress and

protecting myocardial function (71). Knockdown of miR-195 has

been shown to improve coronary blood flow and myocardial

function, reduce myocardial hypertrophy, and highlight its

potent ia l as a nove l therapeut ic target for diabet ic

cardiomyopathy through mechanisms such as promoting

angiogenesis, inhibiting apoptosis, and reducing oxidative damage

(72). Further research has identified that in the hearts of diabetic

mice treated with low-dose streptozotocin, 29 miRNAs are

differentially expressed, with miR-141 being particularly

significant. miR-141 directly regulates solute carrier family 25

member 3 (Slc25a3), which affects mitochondrial ATP synthesis.

This indicates that diabetes-induced changes in miRNA expression

have profound impacts on mitochondrial function and ATP
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synthesis, underscoring the important role of miRNAs in the

treatment of diabetic cardiomyopathy (73).
6 Discussion

Currently, the treatment of T1D and its complications imposes

a heavy economic burden on both society and individuals (74).

Early identification of high-risk populations and the

implementation of preventive measures are crucial for avoiding or

delaying disease progression. Given the unclear etiology of T1D,

there is an urgent need to explore new biomarkers and their roles in

disease development. From a clinical perspective, these emerging

biomarkers are expected to facilitate early detection of T1D and

promote more precise treatment strategies, thereby significantly

improving patients’ quality of life. miRNAs have shown great

potential as biomarkers. They are stable in body fluids, resistant

to ribonucleases and repeated freeze-thaw cycles, and detectable

through highly sensitive and specific quantitative techniques (75,

76). In the clinical management of T1D, miRNAs have

demonstrated significant advantages by targeting specific

pathological processes. Moreover, their multitarget nature allows

them to affect multiple pathological pathways simultaneously,

enhancing therapeutic efficacy. As key regulators of b-cells,
miRNAs are involved in multiple mechanisms, including the

immune system, b-cell differentiation, function, survival, and

responses to viral infections. Their dysregulation can drive the

progression of T1D. As key regulators of b-cells, miRNAs are

involved in multiple mechanisms. These include the immune

system, b-cell differentiation, function, survival, and responses to

viral infections. A comprehensive exploration of miRNAs will shed

light on the pathogenesis of T1D and pave the way for the

development of innovative therapeutic strategies. For example,

upregulation of miR-135a may directly or indirectly influence the

development of renal fibrosis in diabetic patients, making miR-135a

a potential therapeutic target for diabetic nephropathy in clinical

research (77). However, miRNAs such as miR-409-3p are expressed

at low levels in individuals with T1D. They have the potential to

monitor therapeutic interventions but have not yet been studied in

at-risk populations. Insulitis remains a key pathological factor in

T1D but is not the sole cause, which is closely related to the design

of clinical trials targeting pathogenic mechanisms more effectively.

Combination therapies aimed at promoting immune regulation and

addressing b-cell dysfunction may be more effective in treating this

chronic disease. miRNAs can serve as early biomarkers in the

clinical context of T1D, providing a personalized approach to

reducing long-term complications associated with T1D.
7 Challenges and future outlook

In the early diagnosis and intervention of T1D, the application

of miRNAs faces numerous challenges. First, the regulatory

mechanisms of miRNAs are highly complex, with each miRNA

potentially targeting multiple genes and multiple miRNAs
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regulating the same gene. This intricate network makes it difficult to

elucidate the precise roles of miRNAs (78). MiRNAs act primarily

as gene expression regulators in the pathogenesis of T1D by

inhibiting translation or inducing mRNA degradation, thereby

hindering protein synthesis at the post-transcriptional level.

Additionally, miRNAs may trigger intense oxidative stress that

exceeds the capacity of cellular antioxidant responses, leading to

the accumulation of reactive oxygen species (ROS). This process can

result in pancreatic b-cell dysfunction and impaired glucose

tolerance, both of which significantly impact the pathogenesis of

T1D (25, 79). Additionally, the interactions between miRNAs and

other epigenetic factors further complicate miRNA regulation.

Third, miRNA detection requires stringent sample handling and

timely analysis, ideally within 8 hours of sample collection.

However, timely transport and processing of samples are often

challenging in most clinical settings, limiting the widespread use of

miRNAs as biomarkers (80). Fourth, miRNA-based therapies may

trigger off-target effects, leading to nonspecific actions and potential

toxicity, which can impact treatment safety (81). Finally, the

currently identified miRNA biomarkers lack sufficient specificity

to fully replace existing diagnostic methods. These challenges

indicate that although miRNAs hold potential value in the early

diagnosis and intervention of T1D, significant breakthroughs are

still needed in target validation and clinical trial design to realize

their clinical application. Future research will further elucidate the

mechanisms and application value of miRNAs in T1D, with the

potential to drive their widespread use in early diagnosis

and intervention.
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role of microRNAs in diabetes-related oxidative stress. Int J Mol Sci. (2019) 20:5423.
doi: 10.3390/ijms20215423
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