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Abstract

Diabetes mellitus (DM) is a metabolic disorder characterized by hyperglycemia that drives chronic complications through microvascu-
lar damage. This mini-review systematically examines the molecular mechanisms, clinical manifestations, and therapeutic prospects of
diabetes-associated microvascular pathologies. Sustained hyperglycemia triggers microvascular dysfunction via activation of the polyol
pathway, accumulation of advanced glycation end products (AGEs), excessive generation of reactive oxygen species (ROS), and dys-
regulated protein kinase C (PKC) signaling. These processes collectively induce endothelial impairment, oxidative stress, and chronic
inflammation. The major clinical complications are diabetic nephropathy, retinopathy, and neuropathy, which contribute significantly to
morbidity and mortality. Conventional therapies focus on glycemic control with insulin, metformin, and newer agents such as sodium-
glucose cotransporter 2 (SGLT2) inhibitors and glucagon-like peptide-1 (GLP-1) receptor agonists. However, targeted strategies address-
ing microvascular damage remain limited. Emerging approaches, including antioxidants gene-editing technologies (CRISPR/Cas9), and
stem cell-based interventions (mesenchymal stem cells), show potential for vascular repair. Their safety and long-term efficacy require
further validation. Future research should integrate multi-omics methodologies to address individual heterogeneity, advance precision
medicine, and optimize synergistic therapeutic combinations to reduce the global burden of diabetic microvascular complications.

Keywords: diabetes mellitus; microvascular complications; oxidative stress; advanced glycation end products; therapeutic strategies

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disor-
der and a major global public health challenge due to its ris-
ing prevalence [1]. Recent estimates suggest that over 828
million adults are affected worldwide, including approxi-
mately 148 million in China [2]. The disease is character-
ized by persistent hyperglycemia resulting from impaired
insulin secretion, insulin action, or both, leading to dys-
regulation of carbohydrate, lipid, and protein metabolism.
Beyond its direct effects on quality of life, DM is strongly
associated with microvascular complications, including di-
abetic retinopathy, nephropathy, and neuropathy [3]. These
complications are the primary drivers of disability and mor-
tality in DM patients and represent a significant clinical and
economic burden.

Despite advances in diabetes management, effective
targeted therapies for microvascular damage remain lim-
ited. This underscores the urgent need to elucidate the un-
derlying pathophysiological mechanisms to develop better
preventive and therapeutic strategies. Oxidative stress is
widely recognized as a central unifying mechanism link-

ing hyperglycemia to endothelial dysfunction, inflamma-
tion, and tissue damage in the microvasculature [4].

This mini-review provides an updated overview of
diabetes-induced microvascular pathology. It begins with
fundamental concepts of diabetes and the microvascular
system, followed by a detailed examination of the key
molecular mechanisms—particularly oxidative stress and
its interconnected pathways. Clinical manifestations of ma-
jor microvascular complications are described, and cur-
rent therapeutic strategies, including conventional pharma-
cotherapy, adjunctive measures, gene therapy, and stem
cell approaches, are evaluated. Finally, future perspec-
tives on precision medicine and novel interventions are dis-
cussed. By integrating mechanistic insights with therapeu-
tic prospects, this review aims to highlight promising direc-
tions for alleviating the global impact of diabetic microvas-
cular complications.

2. Diabetes
DM is a metabolic disorder characterized by defects

in insulin secretion or action, leading to the dysregulated
metabolism of carbohydrates, lipids, and proteins. Its clini-
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cal manifestation is marked by chronic hyperglycemia. The
disease encompasses several subtypes, including type 1 di-
abetes (T1DM), type 2 diabetes (T2DM), gestational dia-
betes (GDM), and neonatal diabetes (NDM), with T1DM
and T2DM representing the predominant clinical forms
[2,5,6]. T1DM is a chronic autoimmune disorder resulting
from immune-mediated destruction of pancreatic β-cells,
causing absolute insulin deficiency and consequent hyper-
glycemia [7,8]. This process involves infiltration of the
pancreatic islets by CD4+ and CD8+ T lymphocytes and
macrophages, initiating autoimmune injury to the β-cells
[9,10]. In contrast, the pathogenesis of T2DM primarily
stems from non-autoimmune β-cell failure. Key mech-
anisms include β-cell dedifferentiation, oxidative stress,
chronic low-grade inflammation, and mitochondrial dys-
function. These pathological changes impair the adap-
tive capacity of β-cells to chronic nutrient excess, thereby
promoting glucotoxicity, insulin resistance, and obesity
[11,12]. Genetic predisposition plays a significant role in
both types. Approximately 568 genetic loci are associated
with T2DM and 136 with T1DM. Environmental factors,
such as viral infections, gut dysbiosis, diet, and lifestyle,
also contribute to disease development [13].

Oxidative stress and inflammation serve as shared
mechanisms in both T1DM and T2DM. They link hyper-
glycemia to vascular injury and set the stage for microvas-
cular complications.

3. Microvascular System
The microcirculation consists of small vessels (typ-

ically <100 μm in diameter) with a high surface-area-to-
volume ratio. It facilitates rapid exchange of oxygen, nu-
trients, hormones, and waste products between blood and
tissues [14]. Microvessels are critical for meeting the
metabolic demands of parenchymal cells and maintaining
organ function.

Microcirculatory beds in the retina, brain, and periph-
eral nerves share similar structures. They feature contin-
uous endothelial cells connected by tight junctions, along
with pericytes and a basement membrane. These compo-
nents form the blood-retinal barrier, blood-brain barrier,
and blood-nerve barrier, respectively. These barriers pro-
tect neural tissues while supplying high levels of glucose
and oxygen. The microvasculature is highly vulnerable to
sustained hyperglycemia, which can lead to structural and
functional damage. Such injury, combined with impaired
repair mechanisms, underlies diabetic microvascular com-
plications in both T1DM and T2DM [15,16].

4. Mechanisms of Microvascular Damage
Induced by Diabetes

The pathological manifestations of diabetes and itsmi-
crovascular complications encompass multiple processes,
including hyperglycemia, dyslipidemia, dysfunction, co-
agulopathy, and chronic inflammatory burden. How-

ever, both clinical and basic research consistently iden-
tify chronic hyperglycemia as the common initiating fac-
tor underlying these abnormalities [17]. Chronic hyper-
glycemia initiates microvascular injury throughmultiple in-
terconnected pathways. These pathways converge on ox-
idative stress as a central driver. Therefore, oxidative stress
can be regarded as a unifying mechanism that links hyper-
glycemia to various forms of vascular injury, and whose
downstream effects ultimately drive the onset and progres-
sion of diabetic microvascular complications [18]. Table 1
(Ref. [19,20,21,22]) summarizes the microvascular alter-
ations induced by diabetes.

4.1 Oxidative Stress and Inflammation
Oxidative stress occurs when reactive oxygen species

(ROS) production exceeds antioxidant defenses, causing
damage to biomolecules. In diabetes, hyperglycemia
drives mitochondrial superoxide overproduction. This
activates downstream pathways, including poly (ADP-
ribose) polymerase (PARP) overactivation, which depletes
NAD+ and inhibits glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). The resulting accumulation of glycolytic
intermediates amplifies ROS and triggers inflammation via
nuclear factor kappa-B (NF-κB) and NLRP3 inflamma-
some activation [23].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is
a key regulator of antioxidant responses. Under oxida-
tive stress, Nrf2 translocates to the nucleus and upregu-
lates genes such as heme oxygenase-1 (HO-1), NAD(P)H
quinone oxidoreductase 1 (NQO1), superoxide dismutase
(SOD), and catalase (CAT). Activation of Nrf2 has shown
protective effects in experimental models of diabetic com-
plications [24].

Mitochondrial biogenesis factors, including peroxi-
some proliferator-activated receptor gamma coactivator 1-
alpha (PGC-1α), Nrf1/2, and mitochondrial transcription
factor A (TFAM), help restore energy homeostasis. How-
ever, persistent ROS can overwhelm these defenses, per-
petuating a vicious cycle of endothelial dysfunction and in-
flammation [25].

4.2 Generation of Advanced Glycation End Products
(AGEs)

AGEs form through non-enzymatic glycation of pro-
teins, lipids, and nucleic acids under hyperglycemia. AGEs
bind to the receptor for AGEs (receptor for advanced glyca-
tion end products [RAGE]), activating MAPK, NF-κB, and
protein kinase C (PKC) pathways. This increases ROS and
inflammation while altering extracellular matrix structure
and promoting insulin resistance [26,27].

4.3 Excessive Activation of PKC Isoforms
Hyperglycemia elevates diacylglycerol (DAG), which

activates PKC isoforms (particularly PKC-β). Activated
PKC enhances nicotinamide adenine dinucleotide phos-
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Table 1. Diabetes-induced microvascular changes.
Target organs Microvascular changes

Retina Thickening of the capillary basement membrane; pericyte loss; microaneurysm for-
mation; neovascularization [19,20]

Kidney Glomerular hypertrophy, glomerular basement membrane thickening and injury [21]
Brain (Microvascular) Increased blood-brain barrier permeability; lacunar infarcts; microbleeds; white mat-

ter hyperintensities (WMHs) [22]
Peripheral nerves Thickening of the endoneurial capillary basement membrane with luminal narrow-

ing; vascular endothelial dysfunction [20]

phate (NADPH) oxidase activity, Vascular Endothelial
Growth Factor (VEGF) expression, and NF-κB signaling,
leading to increased permeability, angiogenesis, and vas-
cular dysfunction [28,29].

4.4 Hexosamine Biosynthetic Pathway
Excess glucose is shunted into the hexosamine

pathway via glutamine:fructose-6-phosphate amidotrans-
ferase (GFAT). This produces uridine diphosphate N-
acetylglucosamine (UDP-GlcNAc), which modifies pro-
teins via O-GlcNAcylation. The pathway exacerbates in-
sulin resistance, oxidative stress, and inflammatory signal-
ing [30,31].

4.5 Polyol Pathway
Aldose reductase converts glucose to sorbitol, con-

suming NADPH and generating fructose. Sorbitol accumu-
lation causes osmotic stress, while NADPH depletion im-
pairs glutathione regeneration, further increasing oxidative
stress. This pathway also feeds into AGE and PKC activa-
tion [32].

Hyperglycemia links the four classical pathways (for-
mation of AGEs, PKC activation, the hexosamine biosyn-
thetic pathway [HBP], and the polyol pathway) through a
common upstream event: “mitochondrial superoxide over-
production”. This forms a self-amplifying network that ul-
timately leads to diabetic microvascular complications.

Initially, the hyperglycemic environment increases
electron flux through the mitochondrial electron transport
chain, triggering a burst of superoxide (O2

-) and elevated
ROS production. Excess ROS inhibits the key glycolytic
enzyme GAPDH, causing upstream glycolytic intermedi-
ates to accumulate.

The four classical pathways (AGEs-PKC-HBP-
polyol) provide positive feedback, continuously generating
secondary ROS. Accumulated glyceraldehyde-3-phosphate
undergoes spontaneous oxidation to form methylglyoxal
(MGO), a potent precursor for AGEs. The binding of
AGEs to RAGE activates NADPH oxidase, leading to
sustained ROS production. This combined ROS (mito-
chondrial and NADPH oxidase-derived) further inhibits
GAPDH, perpetuating the cycle.

Glycolytic intermediates are converted into DAG,
which directly activates PKCβ. This, in turn, activates

NADPH oxidase, generating additional ROS. Meanwhile,
F6P is diverted into the HBP to produce UDP-GlcNAc,
which modifies PKC and transcription factors via O-
GlcNAcylation, thereby amplifying inflammatory and fi-
brotic signaling.

Excess glucose is reduced to sorbitol in the polyol
pathway, consuming NADPH and depleting reduced glu-
tathione, which subsequently exacerbates oxidative stress
and generates additional MGO. The glycolytic intermediate
F6P accumulates and is catalyzed by the rate-limiting en-
zyme GFAT to enter the HBP, leading to a sharp increase in
the end product UDP-GlcNAc. This subsequently mediates
O-linked N-acetylglucosamine (O-GlcNAc) modifications
to various proteins, which can activate PKC and NADPH
oxidase (NOX) subunits, further generating ROS and in-
hibiting GAPDH.

As ROS levels continue to rise, the body activates
the Nrf2 signaling pathway and mitochondrial biogenesis
factors to counteract oxidative stress. However, PARP
overactivation antagonistically consumes NAD+, leading
to aberrant metabolic and functional changes in the mito-
chondria and increasing ROS production. Through these
complex interactions among pathways, hyperglycemia ul-
timately leads to endothelial dysfunction, thickening of the
basement membrane (BM), and chronic inflammation, all
of which are key processes in the onset and progression of
diabetic microvascular complications.

Therefore, mitochondrial ROS acts as the “master
switch”, while Nrf2, PARP, and mitochondrial biogenesis
factors interact to modulate ROS levels. The four classical
pathways function as interlocking amplifiers, collectively
driving the triad of molecular events (endothelial injury,
ECM accumulation, and chronic inflammation) that consti-
tute the core mechanism of diabetic microvascular compli-
cations (Fig. 1).

5. Clinical Manifestations of Diabetic
Microvascular Damage
5.1 Diabetic Kidney Disease (DKD)

Diabetic microvascular diseases are major causes of
morbidity and mortality among individuals with diabetes
[33]. Among the various complications, diabetic kidney
disease (DKD) is a prevalent global health issue charac-
terized by the progressive decline in renal function due

3
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Fig. 1. Oxidative stress mechanisms in diabetes. PKC, protein kinase C; AGEs, advanced glycation end products; Nrf2, nuclear factor
erythroid 2-related factor 2; PARP, poly (ADP-ribose) polymerase; GSSG, glutathione disulfide ; GSH, intracellular glutathione; NADPH,
nicotinamide adenine dinucleotide phosphate; GFAT, glutamine, fructose-6-phosphate amidotransferase; UDP-GlcNAc, uridine diphos-
phate N-acetylglucosamine; OGT, O-GlcNAc transferase; OGA, O-GlcNAcase; ROS, reactive oxygen species; NOX, NADPH oxidase;
eNOS, endothelial nitric oxide synthase; NF-κB, nuclear factor kappa-B; DHAP, dihydroxyacetone phosphate; DAG, diacylglycerol;
MGO, methylglyoxal; RAGE, receptor for Advanced Glycation End Products; ARE, antioxidant response element; mRNA, messenger
RNA; SOD, superoxide dismutase; GPX, glutathione peroxidase; CAT, catalase; SIRT1, silent mating type information regulation 2
homolog- 1; LKB1, liver kinase B1; AMPK, AMP-activated protein kinase; PGC-1α, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; ATP, adenosine triphosphate; DAMPs, damage-associated molecular patterns. Blender (Blender 4.0) was used for
images creating, and GIMP (GIMP 2.10) was used for image layout.

to hyperglycemia, often accompanied by proteinuria. Ap-
proximately 30% to 40% of diabetic patients progress to
DKD, significantly increasing their morbidity and mortal-
ity [34]. Despite available treatment options, the risk of
disease progression remains considerable, highlighting the
urgent need for a deeper understanding of the underlying
molecular mechanisms.

Disturbances in glucose metabolism caused by hyper-
glycemia can trigger a series of metabolic, hemodynamic,

inflammatory, and fibrotic processes that contribute to the
onset and progression of DKD. Current research focuses on
the roles of inflammation and fibrosis-related factors. Al-
though these have not yet been widely recognized as thera-
peutic targets, an accumulating body of evidence supports
their critical roles in the pathology of DKD [35]. Addi-
tionally, mitochondrial dysfunction is considered to be a
key early event in the development of DKD, and grow-
ing evidence suggests that restoring mitochondrial function
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may help to impede the progression of DKD. Strategies
that aim to restore mitochondrial biogenesis and dynamics
may therefore present new therapeutic opportunities. As we
gain a deeper understanding of the importance of mitochon-
drial function, treatment approaches for DKD and other re-
nal diseases that enhance mitochondrial function could hold
significant value [36].

5.2 Diabetic Retinopathy (DR)
Diabetic retinopathy (DR) is a common and serious

ocular complication among patients with diabetes. Its oc-
currence is closely related to the duration of diabetes, inad-
equate management of blood glucose and blood pressure,
as well as an increased risk of other systemic vascular is-
sues. In recent years, the widespread adoption of modern
technologies such as optical coherence tomography (OCT)
imaging and anti-VEGF therapies has significantly im-
proved the diagnosis and treatment outcomes for DR. The
global burden of DR is projected to increase by 2030, shift-
ing from high-income countries to low- and middle-income
regions. Concurrently, artificial intelligence is gradually
being applied in the screening and diagnosis of DR. New
drugs and therapeutic strategies, including gene therapy, are
expected to be incorporated into the management of DR.
Moreover, current treatment approaches are continuously
evolving, including laser therapy, intravitreal injections of
steroids or anti-VEGF agents, and vitrectomy. Future ad-
vances may include novel regenerative therapies and meth-
ods for targeting angiogenic factors [37,38].

5.3 Diabetic Peripheral Neuropathy (DPN)
Diabetic peripheral neuropathy (DPN) is a prevalent

chronic complication of diabetes that significantly affects
nerve function and muscle strength, resulting in difficul-
ties with balance. Its occurrence is closely associated with
diabetes duration, age, glycated hemoglobin (HbA1c), and
DR, with these factors shown to significantly increase the
risk of peripheral neuropathy in diabetic patients. This pro-
vides important insights into the etiology of DPN and its
prevention strategies [39].

Research has evaluated the therapeutic effects of 10
kHz spinal cord stimulation (SCS) in refractory patients
with painful DPN, which may represent a new treatment
option for such cases [40]. In patients with T2DM, an
8-week combined resistance and aerobic training regimen
positively affected serum neurotrophic factor-1 and phys-
ical function, with patients showing a significant increase
in lower body strength. This suggests that exercise train-
ing could potentially be useful for the management of DPN,
though further validation is needed [41]. Although the cur-
rent clinical trials did not demonstrate significant efficacy,
SCS and combined resistance-aerobic training may provide
new therapeutic avenues for improving diabetic neuropa-
thy.

Diabetic microvascular complications commonly in-
clude diabetic retinopathy, diabetic nephropathy, diabetic
cerebral microvascular disease, and peripheral vascular dis-
ease. Diabetic retinopathy is asymptomatic in the early
stages, with fundoscopic examination revealing microa-
neurysms, hemorrhages, and hard exudates; it progresses
in advanced stages to macular edema, vitreous hemorrhage,
and retinal detachment, potentially resulting in severe vi-
sion loss or blindness. Cerebral microvascular damage
leads to cognitive decline and cerebral atrophy (diabetic
encephalopathy), increasing the risk of dementia. Renal
microvascular damage initially presents with microalbu-
minuria, progressively developing into overt proteinuria,
edema, renal insufficiency, and potentially end-stage re-
nal disease (ESRD). Peripheral vascular injury often coex-
ists with peripheral neuropathy, characterized by symmet-
ric limb numbness, tingling, and burning sensations; symp-
toms often worsen at night, presenting as diminished sen-
sation or hyperalgesia (Fig. 2).

6. Oxidative Stress in Organ-Specific
Microvascular Complications of Diabetes
6.1 Kidney (Diabetic Nephropathy Disease)

Diabetic nephropathy is one of the most common
microvascular complications, characterized by progres-
sive glomerular injury and renal dysfunction. Oxidative
stress plays a pivotal role by promoting mesangial expan-
sion, podocyte apoptosis, and the accumulation of ECM.
Hyperglycemia-induced overproduction of ROS in mito-
chondria and the activation of NADPH oxidase lead to
thickening of the glomerular BM and tubulointerstitial fi-
brosis [42,43]. Therapeutic strategies targeting oxidative
stress, such as Nrf2 activators and antioxidants, have shown
promise in experimental models [44].

6.2 Retina (Diabetic Retinopathy)
Diabetic retinopathy is a leading cause of blind-

ness worldwide. Oxidative stress contributes to retinal
microvascular damage through pericyte loss, endothelial
dysfunction, and increased vascular permeability. ROS-
mediated activation of inflammatory pathways (e.g., NF-
κB, VEGF signaling) exacerbates neovascularization and
capillary drop-out [45]. Antioxidant therapies, includ-
ing polyphenols and mitochondrial-targeted agents, have
shown protective effects in preclinical studies [46].

6.3 Cardiovascular System: Diabetic Cardiomyopathy and
Microvascular Dysfunction

Cardiovascular microvascular complications in dia-
betes manifest as impaired coronary microcirculation and
diabetic cardiomyopathy. Oxidative stress induces en-
dothelial dysfunction, reduces the bioavailability of nitric
oxide, and promotes myocardial fibrosis. Mitochondrial
ROS and AGEs synergistically impair cardiac microvascu-
lar integrity [47]. Interventions such as SGLT2 inhibitors
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Fig. 2. Clinical consequences of diabetic microvascular complications.

and antioxidants targeting mitochondrial ROS have shown
potential in improving cardiac outcomes [48].

Collectively, oxidative stress is a unifying mechanism
across diabetic nephropathy, retinopathy, and cardiovascu-
lar microvascular dysfunction. However, the downstream
pathways and therapeutic targets exhibit organ-specific dif-
ferences. Oxidative stress in organ-specific microvascu-
lar complications of diabetes and treatment strategies were
summarized in Fig. 3.

7. Therapeutic Strategies
7.1 Pharmacotherapy

The treatment and management strategies for diabetes
have improved significantly, with the overall mortality rate
due to this disease falling by approximately one-third over
the past 20 years [49]. T1DM relies primarily on insulin
therapy, with the optimal injection sites for insulin absorp-
tion being subcutaneous tissue of the abdomen, buttocks,
thighs, and upper arms. The Professional Practice Com-
mittee of the American Diabetes Association recommends
treating most adult T1DM patients using continuous sub-
cutaneous insulin infusion, or multiple daily injections of
prandial insulin (either by injection or inhalation) along
with basal insulin [50]. HbA1c reflects the average blood
glucose concentration over the preceding 2–3 months. It
quantifies the glycation of hemoglobin and serves as a crit-
ical biomarker for evaluating long-term glycemic control
in diabetes management [51]. The Diabetes Control and
Complications Trial (DCCT) found that this recommended
intensive therapy could reduce HbA1c levels and signifi-
cantly decrease the complications of microvascular disease
[52,53].

However, high-dose subcutaneous administration of
exogenous insulin in patients with T1DM may exacer-
bate insulin resistance. Furthermore, studies have demon-
strated that adjunct therapies such as pramlintide, glucagon-
like peptide-1 receptor agonists (GLP-1 RAs), and SGLT2
inhibitors exert clinically significant benefits in terms of
glycemic control (as evidenced by A1C reduction), weight
management, and blood pressure modulation. These agents
also demonstrate potential in reducing the incidence of di-
abetic microvascular complications [54,55,56].

Metformin hydrochloride, a biguanide, has become a
widely used medication for the treatment of T2DM due to
its remarkable glucose-lowering efficacy, low cost, mod-
erate evidence of cardioprotection, and absence of hypo-
glycemia as an adverse effect [57]. It has been classi-
fied as an essential medicine for diabetes treatment by the
World Health Organization [50]. The cellular and molecu-
lar mechanisms that underpin the action of metformin are
not yet fully understood. However, it is generally believed
that metformin primarily exerts its effects by inhibiting hep-
atic gluconeogenesis, with contributions frommuscle tissue
and gut microbiota considered secondary. Hepatic gluco-
neogenesis is regulated through four distinct mechanisms:
transcriptional, allosteric, substrate availability, and redox
state, with the primary suppression of gluconeogenesis in
vivo occurring via redox-dependent reactions [58].

Sulfonylureas have progressed to the third generation
and have become a commonly used class of oral hypo-
glycemic agents. They stimulate pancreatic β-cells to se-
crete insulin, thereby reducing blood glucose by an average
of 1–2% and effectively lowering the risk of microvascular
complications. Consequently, sulfonylureas are often con-
sidered as an adjunctive treatment to metformin [59].
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Fig. 3. Oxidative stress in organ-specific microvascular complications of diabetes.

α-Glucosidase inhibitors competitively inhibit α-
glucosidase. By delaying glucose absorption in the small
intestine, they have a beneficial effect in controlling post-
prandial hyperglycemia and its harmful physiological com-
plications, particularly in T2DM [60].

Incretin enhancers and analogues include dipeptidyl
peptidase-4 (DPP-4) inhibitors, glucagon-like GLP-1RAs,
and GLP-1/GIP co-agonists. These exert an “incretin ef-
fect”, whereby oral glucose elicits greater insulin secretion
than an equivalent intravenous glucose load at the same
plasma glucose concentration. This effect is pivotal for
glucose homeostasis and in the pathophysiology of T2DM
[61,62].

Traditional therapeutic strategies for diabetes have
significant limitations. For example, exogenous insulin in-
jection for both T1DM and T2DM can easily provoke se-
vere, potentially life-threatening hypoglycemia when the
administered dose is even slightly higher than required
[63,64].

Gastrointestinal side effects are common with met-
formin and may contribute to reduced patient adherence to
biguanide therapy [65]. Moreover, metformin can also in-
duce intestinal dysbiosis, as demonstrated by decreased gut
microbial diversity in mice. This may be a contributing fac-
tor to its gastrointestinal intolerance [66]. Compared with
other antidiabetic agents, sulfonylureas increase the risk of

CVD, markedly increase the incidence of hypoglycemic
events, accelerate β-cell apoptosis and exhaustion, and im-
pair endothelial function, thereby elevating the risk of is-
chemic complications [67]. α-glucosidase inhibitors, in-
cretin enhancers, and their analogues frequently provoke
adverse gastrointestinal events such as diarrhea and abdom-
inal distension. They can also induce hypoglycemia when
co-administered with metformin or sulfonylureas [63].

Oral antidiabetic agents and insulin primarily target
the control of glycemic indices, but are unable to halt the
ongoing progression of the diabetic pathological process.
Contemporary diabetes management has moved beyond
simple glucose regulation to include comprehensive health
care for the disease itself and its associated complications.
Nevertheless, traditional therapeutic approaches fall short
of achieving the overarching goals of high-quality, whole-
person health management. They still cannot adequately
deliver the desired long-term health outcomes, or achieve
disease reversal or cure. Consequently, there is an urgent
need to develop innovative therapeutic management strate-
gies and diagnostic technologies.

7.2 Adjunctive Therapy

Treatment goals for T2DM include the prevention, de-
lay, and reduction of microvascular complications, while
maintaining the patients’ quality of life. Achieving these
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goals necessitates control of blood glucose levels, manage-
ment of cardiovascular risk factors, and regular follow-up.
Focusing on a patient-centered strategy is crucial for im-
proving patient involvement in self-care practices [68]. Pre-
disposing factors for DM include smoking, obesity, and
dyslipidemia. Epidemiological studies have established
atherosclerosis as one of the leading causes of mortality
among individuals with DM [69]. Therefore, the man-
agement of T2DM has shifted from a glucose-centered
approach to a more comprehensive therapeutic manage-
ment strategy [70,71]. The American Diabetes Association
(ADA) and the European Association for the Study of Dia-
betes (EASD) recommend the implementation of strategies
that mitigate diabetic complications and improve quality of
life. These include: increasing aerobic exercise and resis-
tance training (with intervals ≤ 2 days between sessions);
reducing sedentary time; adjusting insulin regimens; modi-
fying carbohydrate intake based on pre-exercise blood glu-
cose levels; and ensuring appropriate foot care during phys-
ical activity in individuals with peripheral neuropathy. This
comprehensive approach for diabetes management targets
metabolic optimization and risk reduction [72]. Adjunc-
tive therapeutic measures such as dietary control and reg-
ular exercise have been shown to significantly improve in-
sulin sensitivity and reduce oxidative stress, thereby allevi-
ating microvascular complications. Here we present strate-
gies for carbohydrate intake and exercise intensity based on
pre-exercise blood glucose levels (adapted from [73]).

7.3 Gene Therapy

Gene therapy can prevent disease onset or halt its pro-
gression by delivering or manipulating genetic material into
cells to target the defective gene responsible for disease
development and correct the underlying molecular defect
[43,74]. By targeting the key pathological mechanisms
of diabetic microvascular complications, such as oxidative
stress and endothelial injury, gene therapy holds promise
for addressing vascular damage. Indeed, gene therapy has
emerged as a potential therapeutic alternative in the treat-
ment of T1DM. Common approaches include the overex-
pression of genes and proteins implicated in T1DM, trans-
plantation of cells engineered to express T1DM-related
genes, genetic vaccines, and gene-based immunomodula-
tory interventions. These strategies are still under investiga-
tion, and their safety profiles require further validation [75].
Gene therapy has also demonstrated potential for correct-
ing T2DM and insulin resistance. Encouraging results have
been reported from studies in animal models with FGF21
gene therapy, plasmid-based delivery of adiponectin, and
glucagon-like peptide-1 (GLP-1) gene therapy, underscor-
ing their potential for the treatment of obesity and insulin re-
sistance. However, these approaches have not yet advanced
to clinical application [76,77]. Studies have found that spe-
cific circular RNAsmay regulate the expression of theMet-
allothionein 2A gene (MT2A gene) by adsorbing miRNAs.

This induces apoptosis in pancreatic β-cells and modulates
the expression of diabetes-related genes, thereby contribut-
ing to the development of diabetes and providing a new per-
spective for regulatory therapies involving gene expression
in DM [78,79].

CRISPR/Cas9 technology can be used to develop drug
testing models and to identify and correct genetic defects.
This technology enables precise repair or knockout of gene
mutations associated with diabetic microvascular compli-
cations, thereby optimizing diabetes treatment. However,
the delivery technology for CRISPR systems in humans
is still immature and faces challenges such as immune re-
jection and high off-target rates [80,81]. Therefore, while
CRISPR/Cas9 technology is a very effective gene editing
tool, more progress is required before it can be applied clin-
ically [74,82].

Gene therapy holds great promise by addressing the
root causes of disease at the molecular level. However, due
to the associated technical risks, further research and tech-
nological advances are needed to pave the way for innova-
tive and potentially curative treatments.

7.4 Stem Cell Treatment

Stem cell therapy is an evolving treatment strategy.
MSCs protect microvessels by releasing anti-inflammatory
substances, such as IL-10 and TGF-β, as well as pro-
angiogenic factors, including VEGF and FGF. Addition-
ally, MSCs have the capacity to differentiate into ECs and
pericytes, thereby directly promoting vascular reconstruc-
tion. Endothelial stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are capable of progressively differenti-
ating into pancreatic progenitor cells and insulin-producing
cells [83]. Endothelial progenitor cells (EPCs) can mi-
grate to sites of vascular injury, differentiate into ECs, and
promote angiogenesis, while improving the local microen-
vironment through paracrine mechanisms. On the other
hand, iPSCs can differentiate into retinal cells, glomerular
cells, or neuronal cells to replace damaged tissues. The co-
transplantation of retinal progenitor cells (RPCs) andMSCs
was reported to significantly improve retinal vascular leak-
age and inflammatory responses in diabetic mouse models
[84]. Furthermore, the derivation of pancreatic β-cells from
stem cell transplantation offers a novel therapeutic direc-
tion. VX-880 stem cells have been successfully differen-
tiated into islet cells, effectively restoring insulin secretion
function in patients and showing a high level of safety [85].
Immature neonatal porcine islets (insulin-producing cell
source) combined with blood-outgrowth ECs from healthy
donors have been used to construct a functional, xenogeneic
vascularized endocrine pancreas (VEP) [86]. Researchers
have also decellularized lungs and repurposed them to con-
struct a VEP from human iPS cells (iVEP), thereby over-
coming the limitations of intrahepatic islet transplantation
in T1DM [87]. Stem-cell therapy aims to restore physio-
logical insulin secretion by regenerating functional β-cells
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or promoting endogenous β-cell renewal, thereby reversing
β-cell failure and preventing the onset of diabetes and its
complications. Although this approach shows considerable
therapeutic promise, challenges such as immune rejection
remain. Future integration with gene-therapy technologies
is expected to overcome this hurdle.

8. Perspectives
8.1 Pathogenic Mechanisms

The development and progression of diabetic mi-
crovascular complications is affected by multiple patho-
logical mechanisms, including oxidative stress, inflamma-
tory responses, endothelial dysfunction, and the buildup
of AGEs. Although some studies have explored these
mechanisms in depth, many aspects remain to be eluci-
dated. For instance, the specific molecular mechanisms un-
derlying diabetic microvascular damage are not yet fully
understood. It is crucial to determine more precisely
how diabetes damages ECs, VSMCs, neurons, and renal
cells, as well as the interactions among different cell types
[88,89]. With ongoing advances in genomics, proteomics,
and metabolomics, future research should employ multidis-
ciplinary approaches to shed light on the mechanisms of di-
abetic microvascular damage. Additionally, there is consid-
erable heterogeneity among diabetic patients, with signifi-
cant variability in disease progression and the occurrence
of complications [90]. Researchers often fail to consider
individual differences, particularly with regard to how ge-
netic, environmental, and lifestyle factors collectively in-
fluence microvascular damage [91]. Therefore, future stud-
ies should focus on differences between various populations
and individuals, and on potential factors that may impact the
development of diabetic microvascular complications.

8.2 Personalized Therapeutic Approaches
Personalized treatment is a critical aspect of diabetes

management that cannot be overlooked. To obtain a bet-
ter understanding of diabetic microvascular complications,
future research should pay close attention to how individ-
ual patient differences affect treatment outcomes [64]. Cur-
rently, most treatment approaches employ a “one-size-fits-
all” standardized protocol, which often cannot be adjusted
according to the patients’ specific circumstances [92]. Per-
sonalized treatment strategies can be optimized in the fol-
lowing areas.

Precise Diagnosis and Assessment: Customize per-
sonalized treatment plans by utilizing high-throughput tech-
nologies such as genomics, proteomics, and metabolomics,
in combination with information on individual genetic
backgrounds, environmental factors, and disease types.
This approach not only enhances therapeutic efficacy, but
also effectively avoids unnecessary side effects.

Personalized Pharmacotherapy: Different patients ex-
hibit varied responses to medications, and the role of indi-
vidual differences in diabetic drug efficacy urgently needs

further exploration. Through pharmacogenomics and phar-
macokinetic research, personalized pharmacological regi-
mens can be provided for each patient, minimizing adverse
reactions and maximizing therapeutic effectiveness.

Assessment of Long-term Efficacy and Safety: All
new treatment methods and medications must undergo rig-
orous clinical trials to evaluate their long-term efficacy and
safety. The management of diabetic microvascular com-
plications often requires prolonged intervention, making it
essential to assess the long-term effects of treatments.

9. Conclusions
The development of diabetic microvascular complica-

tions is intricate and encompasses various pathophysiolog-
ical processes. Chronic hyperglycemia is the central driv-
ing factor of microvascular damage, leading to abnormal-
ities in microvascular structure and function through vari-
ous pathways, including the induction of oxidative stress,
inflammatory responses, protein glycation, and hemody-
namic changes. The buildup of AGEs, overactivation of
PKC isoforms, and the stimulation of the hexosamine and
polyol pathways lead to an increase in ROS. This intensifies
oxidative stress and causes dysfunction in ECs, ultimately
initiating microvascular complications.

Recent research on the mechanisms of diabetic mi-
crovascular damage has provided directions for develop-
ing new therapeutic strategies, such as antioxidants, anti-
inflammatory agents, gene therapy, and stem cell therapy.
Future studies should focus on exploring individualized
treatment strategies and elucidate the molecular mecha-
nisms of diabetic microvascular damage, aiming to develop
more precise therapeutic approaches.
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