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Recent studies have revealed that the innate immune system possesses the 
capacity to develop “trained immunity” via metabolic and epigenetic 
reprogramming, leading to non-specific memory responses distinct from the 
memory traditionally attributed exclusively to adaptive immunity. Hyperglycemia, 
acting as an initiating stimulus, drives myeloid progenitor cell proliferation and 
monocyte-derived macrophage expansion, which leads to a sustained pro-
inflammatory phenotype that is closely associated with the pathogenesis of 
diabetes and its related complications. The paradigm of trained immunity 
provides a novel perspective on explaining the “metabolic memory” 
phenomenon in diabetes. Here, we summarize the research progress on 
trained immunity, diabetes, and related complications to explore novel insights 
into diabetes prevention and treatment. 
KEYWORDS 
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1 Introduction 

Diabetes encompasses a spectrum of metabolic disorders marked by hyperglycemia, 
now recognized as a global health crisis. Over the past three decades, its global prevalence 
has increased exponentially, escalating from approximately 200 million cases in 1990 to 
projections surpassing 500 million by 2025 (1). This dramatic escalation has positioned 
diabetes as a major public health challenge with significant socioeconomic implications. 

The clinical impact of diabetes extends beyond hyperglycemia itself, manifesting as 
secondary systemic damage affecting cardiovascular (2), neurological (3) and renal systems 
(4). A particularly significant aspect is the “metabolic memory” phenomenon, wherein the 
adverse effects of early sustained hyperglycemia persist despite subsequent achievement of 
glycemic control, with disease-related risks remaining elevated (5). Current theoretical 
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frameworks have not fully elucidated the molecular mechanisms 
underlying this persistence in diabetes-associated pathologies. 

The paradigm of “trained immunity” has recently gained 
attention as a framework for examining “metabolic memory” in 
diabetes. While adaptive immunity has long been recognized for its 
immunological memory, trained immunity represents a distinct 
process in which innate immune cells develop a form of memory 
following exposure to specific stimuli such as pathogen-associated 
molecular patterns (PAMPs), damage-associated molecular patterns 
(DAMPs) (6, 7), or hyperglycemia (8). This process involves 
epigenetic and metabolic reprogramming, resulting in enhanced 
non-specific immune responses during subsequent encounters. The 
relationship between diabetes and trained immunity remains an 
emerging area of research with numerous unanswered questions. 
This review summarizes the research progress on trained immunity, 
diabetes, and related complications, while discussing potential 
therapeutic strategies that could provide a novel perspective for the 
future prevention and treatment of diabetic complications. 
Frontiers in Immunology 02 
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2 Overview of trained immunity 

Substantial evidence has demonstrated the existence of 
immunological memory within the innate immune system, 
termed “trained immunity,” challenging the traditional view that 
memory is exclusive to adaptive immunity. The concept of trained 
immunity was initially introduced in 2011, defined as an augmented 
immune response of innate immune cells to subsequent challenges, 
attributed to the persistent effects of prior exposures (9). This 
phenomenon was first demonstrated in humans in 2012, 
revealing that Bacillus Calmette-Guerin (BCG) can functionally 
reprogram monocytes to exhibit a lasting enhanced phenotype 
(10) (Figure 1A). 

Trained immunity constitutes the process through which innate 
immune cells acquire a form of immunological memory. When 
exposed to diverse stimuli, these cells develop distinct trained 
immunity phenotypes. For instance, treatment with the fungal 
ligand b-glucan confers protection against subsequent infections 
FIGURE 1 

(A) A succinct historical overview of the development of trained immunity and hyperglycemia. (B) Hyperglycemia-mediated trained immunity. The 
first stimulus alters the functional state of macrophages, and their immune status fails to return to basal levels before the secondary stimulation or 
infection. High glucose priming of cells, followed by secondary stimulation with lipopolysaccharide or interferon-g after a defined interval, amplifies 
immune responses, producing additive or synergistic effects compared to the original stimulus. 
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with Staphylococcus aureus (11, 12) while the peptidoglycan 
component muramyl dipeptide provides protection against 
Streptococcus pneumoniae and Toxoplasma gondii infections (13). 
Peripheral injection of lipopolysaccharide (LPS) induces trained 
immunity in microglia, which subsequently exacerbates ischemic 
brain damage 1 month after LPS challenge (14). Epidemiological 
evidence shows that live vaccines—including BCG, measles, 
smallpox, and oral polio vaccines—provide beneficial non-specific 
protection against infections beyond their target diseases (15–22), 
likely through trained immunity mechanisms. 

Beyond pathogens, metabolic factors such as hyperglycemia 
(Figure 1B), Western-style diet (23), and endogenous molecules— 
including oxidized low-density lipoprotein (Ox-LDL) particles, 
lipoprotein(a), vimentin, and high mobility group box 1 
(HMGB1)—can also induce trained immunity (24–26). However, 
these stimulating factors often trigger excessive immune responses, 
Frontiers in Immunology 03 
resulting in persistent inflammatory effects. Therefore, although 
trained immunity can confer certain benefits to the host organism, 
it may also exert detrimental effects in specific contexts (27). 
3 The role and mechanism of 
hyperglycemia-induced trained 
immunity 

In diabetes, hyperglycemia activates trained immunity by 
expanding myeloid progenitors and releasing pro-inflammatory 
monocytes and neutrophils, thereby contributing to the 
progression of diabetic complications (8, 28, 29). The 
mechanisms underlying trained immunity primarily involve 
epigenetic and metabolic reprogramming (Figure 2), which are 
processes critical for establishing functional trained immunity in 
FIGURE 2 

Macrophages undergo coordinated metabolic and epigenetic reprogramming. In macrophages, pro-inflammatory stimuli such as high glucose levels 
or lipopolysaccharide (LPS) enhance aerobic glycolysis and remodel the tricarboxylic acid (TCA) cycle, leading to altered levels of intermediate 
metabolites, such as increased reactive oxygen species (ROS), succinate, and acetyl-CoA. Enhanced glutaminolysis.These metabolic alterations 
directly modulate the activity of epigenetic-related enzymes, thereby influencing cellular function. b-glucan activates the AKT/mTOR/HIF-1a 
pathway through dectin-1 signaling, promoting aerobic glycolysis and subsequently mediating trained immunity. Additionally, RUNX1 binds to the 
NF-kB subunit p50, acting as a transcriptional co-activator to synergistically enhance TLR-4-induced production of IL-6 and IL-1b. Following 
metabolic reprogramming and epigenetic modifications, macrophages exhibit a greater tendency to polarize toward the M1 (pro-inflammatory) 
phenotype. GLUT1, glucose transporter 1; TLR4, toll-like receptor 4; AKT, protein kinase B; mTOR, mechanistic target of rapamycin; NF-kB, nuclear 
factor kB; p50, nuclear factor kappa-light-chain-enhancer of activated B cells subunit 1; DNMTs, DNA methyltransferases; HDMs, histone 
demethylases; HATs, histone acetyltransferases; a-KG, indicates a-ketoglutarate; RUNX1, Runt-related transcription factor 1; H3K4me3, histone H3 
Lysine 4 trimethylation; HIF-1a, hypoxia inducible factor-1a; H3K27ac, histone H3 lysine 27 acetylation; TNF-a, tumor necrosis factor-a; IL-1b, 
interleukin-1b; IL-6, interleukin-6; IL-8, interleukin-8. 
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innate immune cells and their progenitors. For detailed insights into 
these mechanisms, several comprehensive reviews have been 
published (27, 30–32). Therefore, this review will not provide a 
detailed elaboration of these mechanisms. 
3.1 Metabolic memory 

Traditional mechanisms (33–37) of hyperglycemia-induced 
complications involve oxidative stress, polyol pathway activation, 
advanced glycation end products (AGEs) formation, protein kinase C 
pathway activation, and hexosamine pathway activation. However, 
these mechanisms inadequately explain the “metabolic memory” 
phenomenon. While previous research noted that AGEs 
accumulate in patients with long-term poor glycemic control and 
continuously exert pathological effects promoting vascular disease 
(33), this mechanism remains too generalized to explain the dynamic 
characteristics and individual variability of “metabolic memory”. 

Clinical data from the Diabetes Control and Complications 
Trial (DCCT) demonstrated that hyperglycemic environments 
induce persistent epigenetic modifications in immune and tissue 
cells of type 1 diabetes (T1D) patients. Epigenetic markers such as 
H3K9Ac in monocytes significantly correlate with previous glycated 
haemoglobin (HbA1c) levels (38, 39), suggesting “metabolic 
memory” is closely linked to long-term epigenetic regulation (40, 
41). However, traditional epigenetic explanations fail to clarify why 
“metabolic memory” persists for decades despite the relatively short 
lifespan and constant renewal of peripheral effector cells. 

The trained immunity paradigm provides a novel framework for 
understanding the “metabolic memory” phenomenon. Hyperglycemia, 
as a trained immunity inducer, affects not only mature circulating 
immune cells but also crucially induces persistent metabolic and 
epigenetic reprogramming in hematopoietic stem cells (HSCs) and 
myeloid progenitor cells (8, 42, 43). This progenitor-level “memory” 
ensures that newly generated immune cells maintain pro-inflammatory 
phenotypes even after glycemic control is achieved, thereby 
explaining the continued progression of long-term complications. 
The trained immunity theory’s key advantage over other 
explanations lies in its focus on progenitor cell-level mechanisms and 
their intergenerational transmission. 

Notably, glycemic variability—characterized by unstable 
fluctuations between peak and nadir blood glucose levels—is a 
common phenomenon in diabetes management (44). Clinical 
studies have shown an association between glycemic variability 
and the development and progression of diabetic complications 
(44–46). This pattern of intermittent hyperglycemic stimulation 
exhibits similarities to the initial stimulus and re-stimulation model 
characteristic of trained immunity. Glycemic variability likely 
triggers epigenetic and metabolic reprogramming in immune 
cells, inducing trained immunity that contributes to the 
establishment and maintenance of “metabolic memory”. 

Taken together, diabetes impacts immune cell function via 
complex metabolic and epigenetic network remodeling, creating a 
regulatory network spanning metabolism, immunity, tissue 
homeostasis, and hematopoiesis. Diabetic patients, particularly 
Frontiers in Immunology 04
those with type 2 diabetes (T2D), frequently present  with
comorbid conditions including hypertension (47), hyperlipidemia 
(48, 49), and obesity (50). Therefore, the trained immunity caused 
by other abnormal factors in diabetes and glycemic variability 
should also be given attention. 
3.2 Epigenetic reprogramming 

In trained immunity, non-permanent histone modifications are 
closely associated with gene activation. In the b-glucan-induced 
trained immunity model of macrophages, H3K4 monomethylation 
(H3K4me1) and trimethylation (H3K4me3) are significantly 
enriched in the enhancer regions of pro-inflammatory genes. This 
activation mechanism depends on upregulated expression of Set7 
lysine methyltransferase. In vitro experiments confirm that Set7 
inhibitors suppress pro-inflammatory memory effects induced by b-
glucan (51, 52). 

Hyperglycemia induces similar epigenetic remodeling in trained 
immunity. Mechanistic analysis reveals that high glucose promotes 
H3K4me3 deposition in pro-inflammatory gene promoter regions 
by upregulating the glycolytic pathway in monocytes and the mixed 
lineage leukemia (MLL) family of H3K4 methyltransferases. 
Clinical data further support that glycolysis-related genes and 
MLL methyltransferases are significantly upregulated in CD14+ 

monocytes of patients with T1D and THP-1 cells cultured under 
hyperglycemic conditions (42). 
3.3 Metabolic reprogramming 

Under steady-state conditions, immune cells display relatively 
low biosynthetic activity and predominantly rely on oxidative 
phosphorylation (OXPHOS) and fatty acid oxidation (FAO) for 
energy requirements. However, upon activation, innate immune 
cells undergo a substantial surge in energy demands. Consequently, 
aerobic glycolysis, glutaminolysis, cholesterol metabolism, and fatty 
acid synthesis become pivotal pathways to meet these elevated 
needs. This increased requirement for glucose and shift toward 
aerobic glycolysis resembles the “Warburg effect” observed in 
cancer cells (53, 54). 

Elevated glucose levels drive macrophages toward glycolysis 
while reducing OXPHOS, a shift linked to protein kinase B (AKT) 
activation within the mechanistic target of rapamycin (mTOR) 
pathway (55). This metabolic reprogramming enables macrophages 
to secrete pro-inflammatory cytokines like tumor necrosis factor-a 
(TNF-a), interleukin-6 (IL-6), and interleukin-1b (IL-1b), 
perpetuating chronic inflammation. 

Beyond macrophages, neutrophils also undergo metabolic 
reprogramming in diabetes, enhancing glycolysis via the pentose 
phosphate pathway and FAO. This leads to acetyl-coenzyme A 
accumulation, which, mediated by ATP-citrate lyase, promotes 
histone acetylation. Consequently, neutrophils form excessive 
neutrophil extracellular traps (NETs), thereby impairing wound 
healing in diabetic patients (28). 
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4 Trained immunity in diabetes and 
associated complications 

Hyperglycemia induces persistent pro-inflammatory changes in 
HSCs that are transmitted to progeny cells, while simultaneously 
affecting mature cells in peripheral tissues (29). These dual 
processes lead to long-lasting pathological alterations in immune 
cell function and composition, accelerating vascular complications 
(Figure 3) even after glycemic control has been restored (29, 56). 
4.1 Atherosclerosis 

Atherosclerosis (AS), a chronic inflammatory vascular disease 
driven by genetic susceptibility, lifestyle factors, and systemic 
inflammation, contributes to significant global morbidity and 
mortality (57). Macrophages, central to atherosclerotic plaque 
pathogenesis, exhibit enhanced glycolysis, disrupted tricarboxylic 
acid cycle, and epigenetic alterations under hyperglycemic 
conditions (43, 58, 59). This cellular adaptation redirects their 
polarization toward a pro-inflammatory M1 phenotype while 
suppressing reparative M2 functions (60). 

Animal studies show that even transient hyperglycemia 
accelerates AS through enhanced myelopoiesis (61). In 2021, a 
study conducted by the team led by Robin P. Choudhury provided 
Frontiers in Immunology 05 
robust evidence that hyperglycemia promotes trained immunity in 
HSCs and macrophages, significantly exacerbating AS (8). Central 
to  this  process is the  transcription factor RUNX1, which

orchestrates HSC differentiation, macrophage survival, and 
inflammatory programming (8). 

Macrophages from hyperglycemic mice maintain enhanced 
cytokine production even after being cultured in normal glucose 
for 7 days. This inflammatory priming has significant in vivo 
consequences: bone marrow transplantation from hyperglycemic 
mice accelerates plaque formation in normoglycemic LDL-
knockout mice (8). These plaques show H3K4me3 enrichment in 
macrophage-rich regions—a trained immunity marker absent in 
controls. Similar epigenetic and functional alterations are observed 
in leukocytes from T2D patients, confirming the clinical relevance 
of this phenomenon (8). 

Notably, in hyperglycemic environments, all exposed tissue cells 
are affected, potentially inducing reprogramming in multiple cell 
types related to vascular health. Trained immunity characteristics 
have been documented in various immune and non-immune cells 
critical to AS, including dendritic cells (62), neutrophils (63), 
natural killer cells (64), vascular smooth muscle cells, (65) and 
endothelial cells (66). These findings suggest that trained immunity 
extends beyond innate immune cells, with hyperglycemia 
potentially inducing long-term vascular endothelial dysfunction 
through epigenetic reprogramming mechanisms across multiple 
cell types critical for vascular health. 
FIGURE 3 

Trained immunity and vascular complications in diabetes. Hyperglycemia-induced trained immunity exacerbates vascular complications such as 
atherosclerosis, myocardial infarction (MI), and diabetic kidney disease by promoting hematopoietic stem cells (HSCs) differentiation and myeloid 
progenitor expansion differentiation, thereby increasing the release of innate immune cells, including pro-inflammatory monocytes and neutrophils. 
LPS, lipopolysaccharide; IFN-g, interferon-g; RUNX1, Runt-related transcription factor 1(It is mainly responsible for promoting the differentiation of 
HSCs, regulating the survival and differentiation of macrophages, and influencing the interaction between monocytes and endothelial cells). 
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4.2 Myocardial infarction 

The pathogenesis of myocardial infarction (MI) is characterized 
by coronary artery obstruction, which subsequently leads to 
myocardial cell death due to ischemia and hypoxia. Diabetic 
patients face higher mortality and increased complications 
(reinfarction, heart failure, shock, arrhythmias), demonstrating 
hyperglycemia’s synergistic amplification of cardiac injury (67–72). 

The post-MI inflammatory cascade is a tightly regulated yet 
complex process involving systemic and local immune activation. 
Bone marrow-derived immune cells are rapidly mobilized alongside 
resident cardiac immune responses, triggering the recruitment of 
circulating inflammatory cells critical for injury and repair. 
Neutrophils dominate the early phase (peaking at 24–48 hours 
post-MI), followed by macrophages, T/B cells, and dendritic cells, 
with macrophages playing dual roles in inflammation and tissue 
repair (53, 73). 

In diabetic patients, hyperglycemia-induced trained immunity 
disrupts this balance, exacerbating post-MI inflammation. 
Experimental models demonstrate that Ly6CHi monocytes exhibit 
a pathological  “second wave” of infiltration into ischemic 
myocardium, mirroring their delayed polarization to Ly6CLo 

phenotypes observed in diabetic wound healing (74). Some 
researchers speculate that this mechanism is likely to be related to 
the healing process of MI as well (75). Hyperglycemia further 
entrenches a pro-inflammatory macrophage phenotype, 
increasing their infiltration into ischemic tissue and suppressing 
reparative functions. The resulting inflammatory milieu not only 
delays healing but also heightens risks of adverse remodeling and 
heart failure. 

Interestingly, a recent study has revealed that MI can act as a 
priming factor for monocytes to enhance trained immunity, thereby 
promoting the progression of AS (76). In patients with acute 
coronary syndrome (ACS), the expression of spleen tyrosine 
kinase (SYK) in monocytes may serve as a potential biomarker 
for predicting the risk of recurrent ischemic events. In this context, 
MI can be regarded as the “first hit,” while hyperlipidemia 
represents the “second hit.” Both conditions exert their effects 
through epigenetic modifications within the bone marrow and 
monocytes, jointly leading to increased SYK expression and 
maintenance of a persistent pro-inflammatory phenotype (76). 

Based on these observations, a bidirectional interaction has 
been established between trained immunity and cardiovascular 
injury. Cardiovascular damage itself may initiate immune training 
via persistent inflammatory signaling. AS increases the risk of MI, 
while MI-induced immune priming subsequently exacerbates 
residual atherosclerotic lesions. 
4.3 Diabetic kidney disease 

The kidney serves as a key target organ for microvascular damage 
in diabetes. Diabetic kidney disease (DKD) pathogenesis is complex, 
arising from the interplay of multiple factors, including genetic 
predisposition, environmental influences, metabolic disorders, 
Frontiers in Immunology 06
hemodynamic abnormalities, and immune responses. This 
pathological process is characterized by persistent hyperglycemia, 
immune complex deposition in the glomeruli, increased chemokine 
production, and macrophage recruitment (77, 78). These events 
trigger complex crosstalk between macrophages, non-myeloid cells, 
and adaptive immune cells. The inflammatory cascade is tightly 
linked to dysregulated macrophage function. 

Notably, a growing body of evidence indicates that innate 
immune cells in the kidneys exhibit phenotypes consistent with 
trained immunity. Patients with chronic kidney disease (CKD) 
exhibit elevated CD14++CD16+ pro-inflammatory monocytes in 
bone marrow alongside heightened systemic levels of IL-6, IL-1b, 
and TNF-a, suggesting persistent innate immune activation (79). 
Monocytes stimulated by Ox-LDL and subsequently exposed to 
Toll-like receptor (TLR) 2 and TLR4 agonists demonstrate 
enhanced production of IL-6 and TNF-a, with upregulated 
H3K4me3 modification levels at inflammatory mediator gene 
promoters. This epigenetic modification is reversible by histone 
methyltransferase inhibition (24). 

Environmental stressors further potentiate renal immune 
memory: high-salt diets exacerbate macrophage-mediated 
inflammation during secondary pathogen challenges, characterized 
by CD45+F4/80+ macrophage infiltration and cytokine surges that 
accelerate renal fibrosis (80). Uremic toxin accumulation in CKD, 
particularly indoxyl sulfate, activates trained immunity via aryl 
hydrocarbon receptor (AhR)-dependent arachidonic acid pathways, 
perpetuating inflammatory cascades (81). In experimental high-fat 
diet (HFD)+CKD models, synergistic lipid metabolism disturbances 
and caspase-11/LPS interactions upregulate 998 cytoplasmic 
genes linked to vascular inflammation via trained immunity 
mechanisms (82). 

Although current research on hyperglycemia-induced trained 
immunity primarily focuses on the cardiovascular system, its 
specific manifestations and mechanisms in renal pathophysiology 
remain poorly understood. As a hallmark microvascular 
complication of diabetes, DKD pathogenesis likely involves 
trained immunity as a pivotal link connecting hyperglycemic 
memory to renal inflammatory injury. 
4.4 Other diabetic complications involving 
trained immunity 

In 1993, Loe first identified an elevated risk of periodontitis in 
diabetic patients, noting that it ranks as the sixth leading 
complication of diabetes (83). Subsequent epidemiological and 
intervention studies have demonstrated that individuals with 
diabetes are at a 3–4 times greater risk for developing 
periodontitis compared to those without diabetes (84–88). 

Recent insights into trained immunity provide a novel framework 
for explaining the bidirectional relationship between diabetes and 
periodontitis. Systemic inflammation from periodontitis may activate 
trained immunity in peripheral immune cells and their precursors. 
Studies using 18F-fluorodeoxyglucose positron emission tomography-

computed tomography (18F-FDG-PET/CT) imaging in patients with 
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periodontitis support this hypothesis, showing an association between 
periodontitis and increased hematopoietic tissue activity (89, 90). 
Peripheral neutrophils in chronic periodontitis patients exhibit 
hyperresponsiveness with excessive reactive oxygen species (ROS) 
production (91) and increased pro-inflammatory cytokine release 
(92). Peripheral blood mononuclear cells from individuals with 
severe periodontitis also exhibit heightened IL-6 production (93). 
This cellular hyperreactivity persists even after successful periodontal 
treatment, aligning with characteristics of trained immunity. 

Periodontitis and diabetes may reciprocally amplify 
inflammatory responses via trained immunity mechanisms. Both 
conditions induce sustained reprogramming in myeloid cells and 
their progenitors (94, 95). Specific bacterial products or 
inflammatory mediators can activate both peripheral myeloid 
cells and their bone marrow precursors, enhancing their 
responsiveness to subsequent challenges. 

This bidirectional interaction creates a pathological feedback loop 
in which periodontal inflammation can exacerbate diabetes-
associated immune responses, while hyperglycemia-primed cells 
exhibit heightened reactions to periodontal pathogens. This 
inflammatory interaction may contribute to the progression of both 
conditions. Current evidence indicates that trained immunity links 
oral and systemic inflammation, highlighting the need for integrated 
clinical management of these interconnected conditions. 
5 Targeting trained immunity: 
emerging therapeutic prospects for 
diabetes and its complications 

Trained immunity, originally established through BCG 
vaccination studies, now encompasses mechanisms mediated by 
both bone marrow progenitors and peripheral myeloid cells. While 
this enhanced adaptability improves antimicrobial and antitumor 
responses, its dysregulation can trigger pathological inflammation 
(27). This dual nature necessitates precise regulation of immune 
memory pathways. 

For diseases where trained immunity deficiency promotes 
pathogenesis (certain cancers and infections), augmenting immune 
responses is the primary therapeutic strategy (96). Conversely, 
cardiovascular diseases and autoimmune disorders often exhibit 
excessive trained immunity-driven inflammation, thus requiring 
targeted anti-inflammatory approaches to restore immune 
homeostasis (96). We summarize current research directions in 
trained immunity-related therapeutics, including vaccines, 
nanomedicine, metabolic pathway modulation, and epigenetic 
interventions. Although direct research on trained immunity therapies 
for diabetes remains limited, these approaches may reveal potential 
targets for modulating diabetes-associated metabolic inflammation. 
5.1 Vaccines 

Vaccine-mediated trained immunity can induce enhanced 
innate immune responses against unrelated pathogens, providing 
Frontiers in Immunology 07 
non-specific protection, known as heterologous effects (97). 
Utilizing these heterologous effects, vaccines in the context of 
trained immunity are applied not only for infection prevention 
but also for regulating immune dysregulation diseases. Animal 
studies have demonstrated that BCG vaccination prevents 
candidiasis in severe combined immunodeficiency mice (98). 
Human research has confirmed that BCG-induced trained 
immunity provides non-specific protection against controlled 
human malaria (99) and experimental viral infections (100). For 
immunologically dysregulated tumors, BCG has been approved for 
intravesical administration in the treatment of non-muscle invasive 
bladder cancer (101). These studies highlight the therapeutic 
potential of vaccines in the field of trained immunity. 

T1D is an autoimmune disease characterized by progressive 
destruction of pancreatic b cells (102), with pathological features 
including immune dysregulation and loss of self-tolerance. Current 
immunotherapeutic strategies for T1D primarily focus on targeting 
specific T and B cells to prevent islet b cell destruction. Treatment 
approaches such as anti-CD3 monoclonal antibody (Teplizumab) 
(103, 104) and anti-CD20 monoclonal antibody (Rituximab) (105) 
have shown certain efficacy. However, research on preventing T1D 
through targeted immune approaches remains relatively limited. 
The innate immune system, as the “first line of defense “ (106) and a 
key regulator of immune responses, has therapeutic potential 
through trained immunity. This approach, which targets innate 
immune cells to regulate immune tolerance or correct immune 
dysregulation, also deserves attention. 

Epidemiological studies report that vaccination with the 
inactivated influenza vaccine Pandemrix® reduces T1D risk in 
specific populations, suggesting that vaccine-induced trained 
immunity may participate in autoimmune regulation (107–110). 
An 8-year randomized study reported that double-dose BCG 
treatment could normalize HbA1c in T1D patients after three 
years (111). Additionally, patients receiving BCG treatment 
exhibited a systemic metabolic shift from OXPHOS to aerobic 
glycolysis, consistent with trained immunity characteristics as 
confirmed in mouse experiments (111). BCG also restores insulin 
secretion and regulates immunity by inducing regulatory T cells and 
reducing autoreactive T cells (112). 

Although these studies establish connections between vaccines 
and T1D through trained immunity, in-depth elucidation of the 
relevant immunomodulatory mechanisms remains insufficient, 
while research applications in T2D are considerably more limited. 
For T1D, future strategies could integrate adaptive immune-

targeted monoclonal antibodies with innate immune interventions 
to achieve synergistic effects, enhancing preventive and 
therapeutic outcomes. 
5.2 Nanomedicine 

Nanomedicine is a rapidly evolving field that integrates 
nanotechnology, biomedicine, and pharmaceutical sciences (113). 
Nanoparticles, the fundamental components of nanomedicine, are 
biocompatible and biodegradable spherical systems that 
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encapsulate conventional or biological drugs. They function as drug 
delivery vehicles that protect therapeutic agents from degradation at 
the administration site, facilitate targeted transport to specific 
tissues or organs, and enable controlled drug release in response 
to environmental stimuli at the target location (114). 

The persistent effects of trained immunity originate from 
metabolic and epigenetic reprogramming of bone marrow 
progenitor cells, generating myeloid cells with enhanced 
responsiveness, termed “trained” myeloid cells (115, 116). This 
requires technologies capable of directly targeting myeloid 
progenitor cells (96). Given that nanomaterials inherently interact 
with phagocytic myeloid cells, nanomedicine provides an ideal 
platform for modulating trained immunity (117), enabling precise 
and efficient targeting of cells and inflammatory signaling pathways 
associated with trained immunity. 

For example, nanoformulations loaded with mTOR inhibitors 
(mTORi-NB) can inhibit the production of pro-inflammatory 
cytokines in human monocytes stimulated with Ox-LDL (118). In 
experimental models, one-week treatment with mTORi-NB in 
ApoE-/- mice fed a Western diet for 12 weeks attenuated plaque 
inflammation (117). Such anti-inflammatory nanotherapeutic 
approaches may have potential applications in diabetes management. 

Nanomedicine can modulate trained immunity at cellular, 
metabolic, and epigenetic levels through diverse material 
technologies, enabling precise immune modulation (117). 
However, translational applications in diabetes require further 
investigation of nanoparticle biocompatibility, cellular uptake, and 
drug release in diabetes-specific microenvironments. 
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5.3 Metabolic and epigenetic regulators 

Metabolic and epigenetic reprogramming interact in trained 
immunity, with metabolic intermediates functioning as substrates, 
cofactors, or signaling molecules that regulate chromatin-modifying 
enzymes, establishing immunological memory. Given the role of 
metabolic alterations in driving the epigenetic foundations of trained 
immunity, targeting key metabolic enzymes to inhibit excessive trained 
immune responses represents a promising anti-inflammatory strategy. 

Enhanced glycolysis, a critical metabolic signature of trained 
immunity, can be modulated by hexokinase inhibitors such as 2-
deoxy-D-glucose (119) or mTOR pathway inhibitors including 
rapamycin and metformin (55). Glutamine catabolism is also 
upregulated during trained immunity. Succinate derived from 
glutaminolysis promotes pro-inflammatory histone modifications by 
inhibiting histone demethylase (HDM) activity, a process blocked by 
the glutaminase inhibitor BPTES(bis-2-(5-phenylacetamido-1,3,4-

thiadiazol-2-yl)ethyl sulfide) (120). In addition, statins inhibit HMG-

CoA reductase and attenuate b-glucan-induced trained immunity by 
depleting mevalonate pathway intermediates essential for epigenetic-
modifying enzymes (121). Itaconate, produced via decarboxylation of 
cis-aconitate catalyzed by immunoresponsive gene 1, drives 
macrophage polarization toward an anti-inflammatory phenotype by 
inhibiting histone demethylases (122, 123). 

Beyond metabolic targets, emerging pharmacological strategies 
focus on modulating key epigenetic modifiers in specific cellular or 
pathological contexts, including DNA methyltransferases 
(DNMTs), lysine methyltransferases (KMTs), and histone 
TABLE 1 Research summary of trained immunity with emphasis on diabetes-related studies. 

Category Model Metabolic/Epigenetic 
Reprogramming Markers 

Efficacy Ref 

In Vivo Ldlr−/− mice transplanted with diabetic CD68-
GFP BM and fed Western-style diet (12 weeks) 

H3K4me3↑ Increased AS of the aortic root (8) 

STZ-hyperglycemic C57BL/6 mice Not Mentioned TNF-a↑ (42) 

TIH ApoE−/− mouse model GLUT-1↑Glycolysis↑ Myelogenesis↑Ly6-Chi 

monocytes↑Neutrophils↑S100A8/A9-
RAGE↑Accelerates AS 

(61) 

(ApoE−/−) C57BL/6J and BM chimeric mice 
underwent MI/IR followed by 12-week HFD 

H4K20me↑ SYK↑KMT5A↑CNBP↑Monocyte pro-
inflammatory in accelerated AS after MI 

(76) 

In Vitro Human monocytes (under the Ox-LDL) H3K4me3↑ TLR2/4-ERK/PI3K↑IL-6↑TNF-a↑Foam cell↑ (24) 

Murine BMDMs/HSCs (STZ-induced diabetic 
model) and human monocytes 

Glycolysis↑H3K4me3↑H3K27ac↑ RUNX1↑IL-6↑IL-b↑Enhanced 
M1macrophage polarization 

(8) 

BMDMs from diabetic mice Glycolysis↑ TNF-a↑KC↑ (42) 

Human monocytes(under the hyperglycemia) Glycolysis↑ H3K4me3↑ MLL gene family↑TNF-a↑ IL-6↑ (42) 

ESRD human monocytes (IS-
induced stimulation) 

Glycolysis↑ H3K4me3↑ AhR—ALOX5AP↑TNF-a↑IL-6↑ (81) 
 
frontier
STZ, Streptozotocin; BM, bone marrow; H3K4me3, histone H3 Lysine 4 trimethylation; AS, atherosclerosis; TNF-a, tumor necrosis factor-a; TIH, transient intermittent hyperglycemia; GLUT1, 
glucose transporter 1; S100A8/A9, calprotectin, a heterodimeric Ca2+-binding protein mainly released by neutrophils; RAGE, receptor for advanced glycation end-products; BMDMs, bone 
marrow-derived macrophages; MI, myocardial infarction; IR, ischaemia–reperfusion; SYK, spleen tyrosine kinase; KMT5A, lysine methyltransferase 5A; CNBP, cellular nucleic acid-binding 
protein; HFD, high-fat diet; Ox-LDL, oxidized low-density lipoprotein; TLR2/4, toll-like receptor-2/4; ERK, extracellular signal-regulated kinase; PI3K, phosphatidylinositol 3-kinase; IL-6, 
interleukin-6; HSCs, haematopoietic stem cells; H3K27ac, histone H3 lysine 27 acetylation; RUNX1, runt-related transcription factor 1; IL-b, interleukin-b; KC, keratinocyte-derived chemokine; 
MLL, mixed lineage leukemia; ESRD, end-stage renal disease; IS, indoxyl sulfate; ESRD, end-stage renal disease; AhR, aryl hydrocarbon receptor; ALOX5AP, arachidonate 5-lipoxygenase 
(ALOX5) and ALOX5 activating protein; ↑, upregulation. 
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deacetylases (HDACs). For instance, DNMT inhibitors and HDAC 
inhibitors can reverse the silencing of pro-inflammatory genes, 
whereas activators of specific KMTs may regulate anti-
inflammatory signaling pathways via modulation of histone 
methylation patterns (124–130). 

Strategies targeting the metabolic-epigenetic axis offer multi-

level intervention points for regulating trained immunity, but their 
clinical translation requires addressing drug specificity, tissue 
selectivity, and long-term safety considerations. 
6 Conclusions and prospects 

Hyperglycemia induces trained immunity in innate immune cells 
via epigenetic and metabolic reprogramming. Diabetic patients exhibit 
sustained functional alterations in monocytes and macrophages, 
thereby driving chronic inflammatory processes underlying 
complications (Table 1) such as AS and  MI. The  trained immunity  
paradigm provides a novel perspective on the “metabolic memory” 
phenomenon, offering a mechanistic framework that has significantly 
enhanced our understanding of diabetic immunopathology. Diabetes-
related trained immunity demonstrates interconnectedness across 
various complications, forming a complex pathological network in 
which cardiovascular disease serves both as a target of trained 
immunity and as an activator of these pathways, thereby creating a 
self-reinforcing pathological cycle. 

Given this pathological complexity, approaches targeting trained 
immunity in diabetes offer promising therapeutic prospects. Vaccines, 
nanomedicine, and metabolic-epigenetic modulators demonstrate 
certain therapeutic potential but require extensive diabetes-specific 
research to address clinical translation challenges. Importantly, these 
approaches can function synergistically, with nanomedicine serving as 
an integrative platform enabling nanoparticles to encapsulate vaccines 
or metabolic-epigenetic modulators and facilitate precise and efficient 
delivery to targeted sites. 

As a complex chronic metabolic disorder, diabetes involves not 
only hyperglycemia but also dysregulated lipid and protein 
metabolism. Whether these metabolic abnormalities synergistically 
activate trained immunity in conjunction with hyperglycemia 
requires further elucidation. Moreover, quantitative relationships 
between hyperglycemic stimuli and trained immunity responses— 
including dose-response relationships between stimulus intensity, 
duration, and response persistence—warrant further investigation. 

The trained immunity research field has expanded from 
traditional immune cells to non-immune cells, such as endothelial 
cells, thereby broadening the scope of inquiry. This raises questions 
about the fundamental nature of trained immunity and the 
differences in molecular mechanisms between immune and non-
immune cells. Addressing these scientific questions will not only 
advance our fundamental understanding of trained immunity but 
also identify more precise therapeutic targets and intervention 
strategies for diabetes management, potentially transforming 
clinical approaches to preventing and treating diabetes complications. 
Frontiers in Immunology 09
Author contributions 

YLiu: Writing – original draft, Conceptualization. YLei: Writing – 
original draft. ZD: Writing – original draft. CL: Writing – original 
draft. QG: Writing – original draft, Supervision. YLi: Writing – 
original draft, Supervision. YX: Writing – review & editing. WH: 
Funding acquisition, Writing – review & editing. 
Funding 

The author(s)  declare that  financial support was received 
for the research and/or publication of this article. This work was 
supported by grants from the Natural Science Foundation of 
China (NO.82470854, 82170834, U22A20286), Sichuan Science 
and Technology Program (2024YFFK0081), Sichuan Province 
cadre health research project (NO. ZH2022-1501), Health 
Commission of Sichuan Province  Medical  Science  and  
Technology Program (NO. 24CXTD02), the China International 
medical foundation (No. Z-2017-26-2202-4), Clinical Medicine 
Special  Project  of  Southwest  Medical  University  (NO.  
2024LCYXZX12), and Graduate Education and Teaching 
Program of Southwest Medical University (NO. YJG202291, 
NO. ZYTS-29). 
Acknowledgments 

Figures of this article created in https://BioRender.com. 
Conflict of interest 

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 
Generative AI statement 

The author(s) declare that no Generative AI was used in the 
creation of this manuscript. 
Publisher’s note 

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher. 
 frontiersin.org 

https://BioRender.com
https://doi.org/10.3389/fimmu.2025.1613602
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2025.1613602 
References 
́

́

́

1. Lin X, Xu Y, Pan X, Xu J, Ding Y, Sun X, et al. Global, regional, and national 
burden and trend of diabetes in 195 countries and territories: an analysis from 1990 to 
2025. Sci Rep. (2020) 10:14790. doi: 10.1038/s41598-020-71908-9 

2. Strain WD, Paldanius PM. Diabetes, cardiovascular disease and the 
microcirculation. Cardiovasc Diabetol. (2018) 17:57. doi: 10.1186/s12933-018-0703-2 

3. Abbott CA, Malik RA, van Ross ERE, Kulkarni J, Boulton AJM. Prevalence and 
characteristics of painful diabetic neuropathy in a large community-based diabetic 
population in the U.K. Diabetes Care. (2011) 34:2220–4. doi: 10.2337/dc11-1108 

4. Romagnani P, Remuzzi G, Glassock R, Levin A, Jager KJ, Tonelli M, et al. Chronic 
kidney disease. Nat Rev Dis Primers. (2017) 3:17088. doi: 10.1038/nrdp.2017.88 

5. Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HAW. 10-year follow-up of 
intensive glucose control in type 2 diabetes. N Engl J Med. (2008) 359:1577–89. 
doi: 10.1056/NEJMoa0806470 

6. Medzhitov R, Janeway C. Innate immune recognition: mechanisms and pathways. 
Immunol Rev. (2000) 173:89–97. doi: 10.1034/j.1600-065x.2000.917309.x 

7. Lanier LL. NK cell recognition. Annu Rev Immunol. (2005) 23:225–74. 
doi: 10.1146/annurev.immunol.23.021704.115526 

8. Edgar L, Akbar N, Braithwaite AT, Krausgruber T, Gallart-Ayala H, Bailey J, et al. 
Hyperglycemia induces trained immunity in macrophages and their precursors and 
promotes atherosclerosis. Circulation . (2021) 144:961–82. doi: 10.1161/ 
CIRCULATIONAHA.120.046464 

9. Netea MG, Quintin J, van der Meer JWM. Trained immunity: a memory for 
innate host defense. Cell Host Microbe . (2011) 9:355–61. doi: 10.1016/ 
j.chom.2011.04.006 

10. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LAB, Ifrim DC, Saeed S, et al. 
Bacille Calmette-Guerin induces NOD2-dependent nonspecific protection from 
reinfection via epigenetic reprogramming of monocytes. Proc Natl Acad Sci U.S.A. 
(2012) 109:17537–42. doi: 10.1073/pnas.1202870109 

11. Di Luzio NR, Williams DL. Protective effect of glucan against systemic 
Staphylococcus aureus septicemia in normal and leukemic mice. Infect Immun. 
(1978) 20:804–10. doi: 10.1128/iai.20.3.804-810.1978 

12. Marakalala MJ, Williams DL, Hoving JC, Engstad R, Netea MG, Brown GD. 
Dectin-1 plays a redundant role in the immunomodulatory activities of b-glucan-rich 
ligands in vivo. Microbes Infect. (2013) 15:511–5. doi: 10.1016/j.micinf.2013.03.002 

13. Krahenbuhl JL, Sharma SD, Ferraresi RW, Remington JS. Effects of muramyl 
dipeptide treatment on resistance to infection with Toxoplasma gondii in mice. Infect 
Immun. (1981) 31:716–22. doi: 10.1128/iai.31.2.716-722.1981 

14. Wendeln A-C, Degenhardt K, Kaurani L, Gertig M, Ulas T, Jain G, et al. Innate 
immune memory in the brain shapes neurological disease hallmarks. Nature. (2018) 
556:332–8. doi: 10.1038/s41586-018-0023-4 

15. Biering-Sørensen S, Aaby P, Lund N, Monteiro I, Jensen KJ, Eriksen HB, et al. 
Early BCG-Denmark and neonatal mortality among infants weighing <2500 g: A 
randomized controlled trial. Clin Infect Dis. (2017) 65:1183–90. doi: 10.1093/cid/cix525 

16. Rieckmann A, Villumsen M, Sørup S, Haugaard LK, Ravn H, Roth A, et al. 
Vaccinations against smallpox and tuberculosis are associated with better long-term 
survival: a Danish case-cohort study 1971-2010. Int J Epidemiol. (2017) 46:695–705. 
doi: 10.1093/ije/dyw120 

17. Aaby P, Gustafson P, Roth A, Rodrigues A, Fernandes M, Sodemann M, et al. 
Vaccinia scars associated with better survival for adults. An observational study from 
Guinea-Bissau. Vaccine. (2006) 24:5718–25. doi: 10.1016/j.vaccine.2006.04.045 

18. Aaby P, Roth A, Ravn H, Napirna BM, Rodrigues A, Lisse IM, et al. Randomized 
trial of BCG vaccination at birth to low-birth-weight children: beneficial nonspecific 
effects in the neonatal period? J Infect Dis. (2011) 204:245–52. doi: 10.1093/infdis/jir240 

19. Aaby P, Samb B, Simondon F, Seck AM, Knudsen K, Whittle H. Non-specific 
beneficial effect of measles immunisation: analysis of mortality studies from developing 
countries. BMJ. (1995) 311:481–5. doi: 10.1136/bmj.311.7003.481 

20. Aaby P, Martins CL, Garly M-L, Bale C, Andersen A, Rodrigues A, et al. Non-
specific effects of standard measles vaccine at 4.5 and 9 months of age on childhood 
mortality: randomised controlled trial. BMJ. (2010) 341:c6495. doi: 10.1136/bmj.c6495 

21. Lund N, Andersen A, Hansen ASK, Jepsen FS, Barbosa A, Biering-Sørensen S, 
et al. The effect of oral polio vaccine at birth on infant mortality: A randomized trial. 
Clin Infect Dis. (2015) 61:1504–11. doi: 10.1093/cid/civ617 

22. Andersen A, Fisker AB, Rodrigues A, Martins C, Ravn H, Lund N, et al. National 
immunization campaigns with oral polio vaccine reduce all-cause mortality: A natural 
experiment within seven randomized trials. Front Public Health. (2018) 6:13. 
doi: 10.3389/fpubh.2018.00013 

23. Christ A, Latz E. The Western lifestyle has lasting effects on metaflammation. 
Nat Rev Immunol. (2019) 19:267–8. doi: 10.1038/s41577-019-0156-1 

24. Bekkering S, Quintin J, Joosten LAB, van der Meer JWM, Netea MG, Riksen NP. 
Oxidized low-density lipoprotein induces long-term proinflammatory cytokine 
production and foam cell formation via epigenetic reprogramming of monocytes. 
Arterioscler Thromb Vasc Biol. (2014) 34:1731–8. doi: 10.1161/ATVBAHA.114.303887 
Frontiers in Immunology 10 
́

́ ́

́

25. Braza MS, van Leent MMT, Lameijer M, Sanchez-Gaytan BL, Arts RJW, Perez-
Medina C, et al. Inhibiting inflammation with myeloid cell-specific nanobiologics 
promotes organ transplant acceptance. Immunity. (2018) 49:819–828.e6. doi: 10.1016/ 
j.immuni.2018.09.008 

26. van der Valk FM, Bekkering S, Kroon J, Yeang C, Van den Bossche J, van Buul 
JD, et al. Oxidized phospholipids on lipoprotein(a) elicit arterial wall inflammation and 
an inflammatory monocyte response in humans. Circulation. (2016) 134:611–24. 
doi: 10.1161/CIRCULATIONAHA.116.020838 

27. Ochando J, Mulder WJM, Madsen JC, Netea MG, Duivenvoorden R. Trained 
immunity — basic concepts and contributions to immunopathology. Nat Rev Nephrol. 
(2023) 19:23–37. doi: 10.1038/s41581-022-00633-5 

28. Shrestha S, Lee Y-B, Lee H, Choi Y-K, Park B-Y, Kim M-J, et al. Diabetes primes 
neutrophils for neutrophil extracellular trap formation through trained immunity. Res 
(Wash D C). (2024) 7:365. doi: 10.34133/research.0365 

29. Nagareddy PR, Murphy AJ, Stirzaker RA, Hu Y, Yu S, Miller RG, et al. 
Hyperglycemia promotes myelopoiesis and impairs the resolution of atherosclerosis. 
Cell Metab. (2013) 17:695–708. doi: 10.1016/j.cmet.2013.04.001 

30. Netea MG, Domınguez-Andres J, Barreiro LB, Chavakis T, Divangahi M, Fuchs 
E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol. 
(2020) 20:375–88. doi: 10.1038/s41577-020-0285-6 

31. Divangahi M, Aaby P, Khader SA, Barreiro LB, Bekkering S, Chavakis T, et al. 
Trained immunity, tolerance, priming and differentiation: distinct immunological 
processes. Nat Immunol. (2021) 22:2–6. doi: 10.1038/s41590-020-00845-6 

32. Naruse K. Trained immunity: A key player of “metabolic memory” in diabetes. J 
Diabetes Investig. (2022) 13:608–10. doi: 10.1111/jdi.13734 

33. Katakami N. Mechanism of development of atherosclerosis and cardiovascular 
disease in diabetes mellitus. J Atheroscl Thromb. (2018) 25:27–39. doi: 10.5551/ 
jat.RV17014 

34. Ighodaro OM. Molecular pathways associated with oxidative stress in diabetes 
mellitus. Biomed Pharmacother. (2018) 108:656–62. doi: 10.1016/j.biopha.2018.09.058 

35. Giacco F, Brownlee M. Oxidative stress and diabetic complications. Circ Res. 
(2010) 107:1058–70. doi: 10.1161/CIRCRESAHA.110.223545 

36. Li Y, Liu Y, Liu S, Gao M, Wang W, Chen K, et al. Diabetic vascular diseases: 
molecular mechanisms and therapeutic strategies. Signal Transduct Target Ther. (2023) 
8:152. doi: 10.1038/s41392-023-01400-z 

37. Brownlee M. Biochemistry and molecular cell biology of diabetic complications. 
Nature. (2001) 414:813–20. doi: 10.1038/414813a 

38. Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes 
Interventions and Complications (EDIC) Study Research Group. Intensive diabetes 
treatment and cardiovascular outcomes in type 1 diabetes: the DCCT/EDIC study 30-
year follow-up. Diabetes Care. (2016) 39:686–93. doi: 10.2337/dc15-1990 

39. Miao F, Chen Z, Genuth S, Paterson A, Zhang L, Wu X, et al. Evaluating the role 
of epigenetic histone modifications in the metabolic memory of type 1 diabetes. 
Diabetes. (2014) 63:1748–62. doi: 10.2337/db13-1251 

40. Yang T, Qi F, Guo F, Shao M, Song Y, Ren G, et al. An update on chronic 
complications of diabetes mellitus: from molecular mechanisms to therapeutic 
strategies with a focus on metabolic memory. Mol Med. (2024) 30:71. doi: 10.1186/ 
s10020-024-00824-9 

41. Reddy MA, Zhang E, Natarajan R. Epigenetic mechanisms in diabetic 
complications and metabolic memory. Diabetologia. (2015) 58:443–55. doi: 10.1007/ 
s00125-014-3462-y 

42. Thiem K, Keating ST, Netea MG, Riksen NP, Tack CJ, van Diepen J, et al. 
Hyperglycemic memory of innate immune cells promotes in vitro proinflammatory 
responses of human monocytes and murine macrophages. J Immunol. (2021) 206:807– 
13. doi: 10.4049/jimmunol.1901348 

43. Choudhury RP, Edgar L, Ryden M, Fisher EA. Diabetes and metabolic drivers of 
trained immunity. Arterioscler Thromb Vasc Biol. (2021) 41(4):1284–90. doi: 10.1161/ 
ATVBAHA.120.314211 

44. Tang M, Kalim S. Long-term glycemic variability: A variable glycemic metric 
entangled with glycated hemoglobin. Am J Kidney Dis. (2023) 82:254–6. doi: 10.1053/ 
j.ajkd.2023.06.001 

45. Hirsch IB. Glycemic variability and diabetes complications: does it matter? Of 
course it does! Diabetes Care. (2015) 38:1610–4. doi: 10.2337/dc14-2898 

46. Ceriello A, Monnier L, Owens D. Glycaemic variability in diabetes: clinical and 
therapeutic implications. Lancet Diabetes Endocrinol. (2019) 7:221–30. doi: 10.1016/ 
S2213-8587(18)30136-0 

47. Epstein M, Sowers JR. Diabetes mellitus and hypertension. Hypertension. (1992) 
19:403–18. doi: 10.1161/01.hyp.19.5.403 

48. Dunn FL. Hyperlipidemia and diabetes. Med Clinics North America. (1982) 
66:1347–60. doi: 10.1016/S0025-7125(16)31368-2 

49. Betteridge DJ. Diabetic dyslipidaemia. Diabetes Obes Metab. (2000) 2:S31–6. 
doi: 10.1046/j.1463-1326.2000.00021.x 
frontiersin.org 

https://doi.org/10.1038/s41598-020-71908-9
https://doi.org/10.1186/s12933-018-0703-2
https://doi.org/10.2337/dc11-1108
https://doi.org/10.1038/nrdp.2017.88
https://doi.org/10.1056/NEJMoa0806470
https://doi.org/10.1034/j.1600-065x.2000.917309.x
https://doi.org/10.1146/annurev.immunol.23.021704.115526
https://doi.org/10.1161/CIRCULATIONAHA.120.046464
https://doi.org/10.1161/CIRCULATIONAHA.120.046464
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1073/pnas.1202870109
https://doi.org/10.1128/iai.20.3.804-810.1978
https://doi.org/10.1016/j.micinf.2013.03.002
https://doi.org/10.1128/iai.31.2.716-722.1981
https://doi.org/10.1038/s41586-018-0023-4
https://doi.org/10.1093/cid/cix525
https://doi.org/10.1093/ije/dyw120
https://doi.org/10.1016/j.vaccine.2006.04.045
https://doi.org/10.1093/infdis/jir240
https://doi.org/10.1136/bmj.311.7003.481
https://doi.org/10.1136/bmj.c6495
https://doi.org/10.1093/cid/civ617
https://doi.org/10.3389/fpubh.2018.00013
https://doi.org/10.1038/s41577-019-0156-1
https://doi.org/10.1161/ATVBAHA.114.303887
https://doi.org/10.1016/j.immuni.2018.09.008
https://doi.org/10.1016/j.immuni.2018.09.008
https://doi.org/10.1161/CIRCULATIONAHA.116.020838
https://doi.org/10.1038/s41581-022-00633-5
https://doi.org/10.34133/research.0365
https://doi.org/10.1016/j.cmet.2013.04.001
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/s41590-020-00845-6
https://doi.org/10.1111/jdi.13734
https://doi.org/10.5551/jat.RV17014
https://doi.org/10.5551/jat.RV17014
https://doi.org/10.1016/j.biopha.2018.09.058
https://doi.org/10.1161/CIRCRESAHA.110.223545
https://doi.org/10.1038/s41392-023-01400-z
https://doi.org/10.1038/414813a
https://doi.org/10.2337/dc15-1990
https://doi.org/10.2337/db13-1251
https://doi.org/10.1186/s10020-024-00824-9
https://doi.org/10.1186/s10020-024-00824-9
https://doi.org/10.1007/s00125-014-3462-y
https://doi.org/10.1007/s00125-014-3462-y
https://doi.org/10.4049/jimmunol.1901348
https://doi.org/10.1161/ATVBAHA.120.314211
https://doi.org/10.1161/ATVBAHA.120.314211
https://doi.org/10.1053/j.ajkd.2023.06.001
https://doi.org/10.1053/j.ajkd.2023.06.001
https://doi.org/10.2337/dc14-2898
https://doi.org/10.1016/S2213-8587(18)30136-0
https://doi.org/10.1016/S2213-8587(18)30136-0
https://doi.org/10.1161/01.hyp.19.5.403
https://doi.org/10.1016/S0025-7125(16)31368-2
https://doi.org/10.1046/j.1463-1326.2000.00021.x
https://doi.org/10.3389/fimmu.2025.1613602
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://49:819�828.e6


Liu et al. 10.3389/fimmu.2025.1613602 
́

50. Horwitz DL. Diabetes and obesity. JAMA. (1982) 248:976–7. doi: 10.1001/ 
jama.1982.03330080058031 

51. Novakovic B, Habibi E, Wang S-Y, Arts RJW, Davar R, Megchelenbrink W, et al. 
b-glucan reverses the epigenetic state of LPS-induced immunological tolerance. Cell. 
(2016) 167:1354–1368.e14. doi: 10.1016/j.cell.2016.09.034 

52. Keating ST, Groh L, van der Heijden CDCC, Rodriguez H, dos Santos JC, 
Fanucchi S, et al. The Set7 Lysine Methyltransferase Regulates Plasticity in Oxidative 
Phosphorylation Necessary for Trained Immunity Induced by b-Glucan. Cell Reports. 
(2020) 31:107548. doi: 10.1016/j.celrep.2020.107548 

53. Dong Y, Kang Z, Zhang Z, Zhang Y, Zhou H, Liu Y, et al. Single-cell profile 
reveals the landscape of cardiac immunity and identifies a cardio-protective Ym-1hi 
neutrophil in myocardial ischemia–reperfusion injury. Sci Bull. (2024) 69:949–67. 
doi: 10.1016/j.scib.2024.02.003 

54. Renner K, Singer K, Koehl GE, Geissler EK, Peter K, Siska PJ, et al. Metabolic 
hallmarks of tumor and immune cells in the tumor microenvironment. Front Immunol. 
(2017) 8:248. doi: 10.3389/fimmu.2017.00248 

55. Cheng S-C, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al. 
mTOR- and HIF-1a–mediated aerobic glycolysis as metabolic basis for trained 
immunity. Science. (2014) 345:1250684. doi: 10.1126/science.1250684 

56. Vinci MC, Costantino S, Damiano G, Rurali E, Rinaldi R, Vigorelli V, et al. 
Persistent epigenetic signals propel a senescence-associated secretory phenotype and 
trained innate immunity in CD34+ hematopoietic stem cells from diabetic patients. 
Cardiovasc Diabetol. (2024) 23:107. doi: 10.1186/s12933-024-02195-1 

57. Fan J, Watanabe T. Atherosclerosis: known and unknown. Pathol Int. (2022) 
72:151–60. doi: 10.1111/pin.13202 

58. Parathath S, Grauer L, Huang L-S, Sanson M, Distel E, Goldberg IJ, et al. 
Diabetes adversely affects macrophages during atherosclerotic plaque regression in 
mice. Diabetes. (2011) 60:1759–69. doi: 10.2337/db10-0778 

59. Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic 
balance. Nat Rev Immunol. (2013) 13:709–21. doi: 10.1038/nri3520 

60. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: 
time for reassessment. F1000Prime Rep. (2014) 6:13. doi: 10.12703/P6-13 

61. Flynn MC, Kraakman MJ, Tikellis C, Lee MKS, Hanssen NMJ, Kammoun HL, 
et al. Transient intermittent hyperglycemia accelerates atherosclerosis by promoting 
myelopoiesis. Circ Res. (2020) 127:877–92. doi: 10.1161/CIRCRESAHA.120.316653 

62. Hole CR, Wager CML, Castro-Lopez N, Campuzano A, Cai H, Wozniak KL, 
et al. Induction of memory-like dendritic cell responses in vivo. Nat Commun. (2019) 
10:2955. doi: 10.1038/s41467-019-10486-5 

63. Moorlag SJCFM, Rodriguez-Rosales YA, Gillard J, Fanucchi S, Theunissen K, 
Novakovic B, et al. BCG vaccination induces long-term functional reprogramming of 
human neutrophils. Cell Rep. (2020) 33:108387. doi: 10.1016/j.celrep.2020.108387 

64. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LAB, Jacobs C, Xavier RJ, et al. 
BCG-induced trained immunity in NK cells: Role for non-specific protection to 
infection. Clin Immunol. (2014) 155:213–9. doi: 10.1016/j.clim.2014.10.005 

65. Schnack L, Sohrabi Y, Lagache SMM, Kahles F, Bruemmer D, Waltenberger J, 
et al. Mechanisms of trained innate immunity in oxLDL primed human coronary 
smooth muscle cells. Front Immunol. (2019) 10:13. doi: 10.3389/fimmu.2019.00013 

66. Sohrabi Y, Lagache SMM, Voges VC, Semo D, Sonntag G, Hanemann I, et al. 
OxLDL-mediated immunologic memory in endothelial cells. J Mol Cell Cardiol. (2020) 
146:121–32. doi: 10.1016/j.yjmcc.2020.07.006 

67. Bauters C, Lemesle G, de Groote P, Lamblin N. A systematic review and meta-
regression of temporal trends in the excess mortality associated with diabetes mellitus 
after myocardial infarction. Int J Cardiol. (2016) 217:109–21. doi: 10.1016/ 
j.ijcard.2016.04.182 

68. Simek S, Motovska Z, Hlinomaz O, Kala P, Hromadka M, Knot J, et al. The effect 
of diabetes on prognosis following myocardial infarction treated with primary 
angioplasty and potent antiplatelet therapy. J Clin Med. (2020) 9:2555. doi: 10.3390/ 
jcm9082555 

69. Ritsinger V, Nyström T, Saleh N, Lagerqvist B, Norhammar A. Heart failure is a 
common complication after acute myocardial infarction in patients with diabetes: A 
nationwide study in the SWEDEHEART registry. Eur J Prev Cardiol. (2020) 27:1890– 
901. doi: 10.1177/2047487319901063 

70. Echouffo-Tcheugui JB, Kolte D, Khera S, Aronow HD, Abbott JD, Bhatt DL, 
et al. Diabetes mellitus and cardiogenic shock complicating acute myocardial 
infarction. Am J Med. (2018) 131:778–786.e1. doi: 10.1016/j.amjmed.2018.03.004 

71. Faxen J, Jernberg T, Hollenberg J, Gadler F, Herlitz J, Szummer K. Incidence and 
predictors of out-of-hospital cardiac arrest within 90 days after myocardial infarction. 
J Am Coll Cardiol. (2020) 76:2926–36. doi: 10.1016/j.jacc.2020.10.033 

72. Galasso G, De Angelis E, Silverio A, Di Maio M, Cancro FP, Esposito L, et al. 
Predictors of recurrent ischemic events in patients with ST-segment elevation myocardial 
infarction. Am J Cardiol. (2021) 159:44–51. doi: 10.1016/j.amjcard.2021.08.019 

73. Ao-Di F, Han-Qing L, Xi-Zheng W, Ke Y, Hong-Xin G, Hai-Xia Z, et al. 
Advances in macrophage metabolic reprogramming in myocardial ischemia-
reperfusion. Cell Signal. (2024) 123:111370. doi: 10.1016/j.cellsig.2024.111370 

74. Kimball A, Schaller M, Joshi A, Davis FM, denDekker A, Boniakowski A, et al. 
Ly6CHi blood monocyte/macrophage drive chronic inflammation and impair wound 
Frontiers in Immunology 11 
healing in diabetes mellitus. Arteriosclerosis Thrombosis Vasc Biol. (2018) 38:1102–14. 
doi: 10.1161/ATVBAHA.118.310703 

75. Kufazvinei TTJ, Chai J, Boden KA, Channon KM, Choudhury RP. Emerging 
opportunities to target inflammation: myocardial infarction and type 2 diabetes. 
Cardiovasc Res. (2024) 120:1241–52. doi: 10.1093/cvr/cvae142 

76. Dong Z, Hou L, Luo W, Pan L-H, Li X, Tan H-P, et al. Myocardial infarction 
drives trained immunity of monocytes, accelerating atherosclerosis. Eur Heart J. (2024) 
45:669–84. doi: 10.1093/eurheartj/ehad787 

77. Chow FY, Nikolic-Paterson DJ, Ma FY, Ozols E, Rollins BJ, Tesch GH. 
Monocyte chemoattractant protein-1-induced tissue inflammation is critical for the 
development of renal injury but not type 2 diabetes in obese db/db mice. Diabetologia. 
(2007) 50:471–80. doi: 10.1007/s00125-006-0497-8 

78. Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, Tesch GH. Intercellular 
adhesion molecule-1 deficiency is protective against nephropathy in type 2 diabetic db/ 
db mice. J Am Soc Nephrol. (2005) 16:1711–22. doi: 10.1681/ASN.2004070612 

79. Borges Bonan N, Schepers E, Pecoits-Filho R, Dhondt A, Pletinck A, De Somer F, 
et al. Contribution of the uremic milieu to an increased pro-inflammatory monocytic 
phenotype in chronic kidney disease. Sci Rep. (2019) 9:10236. doi: 10.1038/s41598-019-
46724-5 

80. Chen H, Song J, Zeng L, Zha J, Zhu J, Chen A, et al. Dietary sodium modulates 
mTORC1-dependent trained immunity in macrophages to accelerate CKD 
development. Biochem Pharmacol. (2024) 229:116505. doi: 10.1016/j.bcp.2024.116505 

81. Kim HY, Kang YJ, Kim DH, Jang J, Lee SJ, Kim G, et al. Uremic toxin indoxyl 
sulfate induces trained immunity via the AhR-dependent arachidonic acid pathway in 
end-stage renal disease (ESRD). eLife. (2024) 12:RP87316. doi: 10.7554/eLife.87316 

82. Sun Y, Lu Y, Liu L, Saaoud F, Shao Y, Xu K, et al. Caspase-4/11 promotes 
hyperlipidemia and chronic kidney disease–accelerated vascular inflammation by 
enhancing trained immunity. JCI Insight. (2024) 9(16):e177229. doi: 10.1172/ 
jci.insight.177229 

83. Löe H. Periodontal Disease: The sixth complication of diabetes mellitus. Diabetes 
Care. (1993) 16:329–34. doi: 10.2337/diacare.16.1.329 

84. Zheng M, Wang C, Ali A, Shih YA, Xie Q, Guo C. Prevalence of periodontitis in 
people clinically diagnosed with diabetes mellitus: a meta-analysis of epidemiologic 
studies. Acta Diabetol. (2021) 58:1307–27. doi: 10.1007/s00592-021-01738-2 

85. Wu C-Z, Yuan Y-H, Liu H-H, Li S-S, Zhang B-W, Chen W, et al. Epidemiologic 
relationship between periodontitis and type 2 diabetes mellitus. BMC Oral Health. 
(2020) 20:204. doi: 10.1186/s12903-020-01180-w 

86. Kocher T, König J, Borgnakke WS, Pink C, Meisel P. Periodontal complications 
of hyperglycemia/diabetes mellitus: Epidemiologic complexity and clinical challenge. 
Periodontol. (2018) 2000:78. doi: 10.1111/prd.12235 

87. Genco RJ, Borgnakke WS. Diabetes as a potential risk for periodontitis: 
association studies. Periodontol 2000. (2020) 83:40–5. doi: 10.1111/prd.12270 

88. Romano F, Perotto S, Mohamed SEO, Bernardi S, Giraudi M, Caropreso P, et al. 
Bidirectional association between metabolic control in type-2 diabetes mellitus and 
periodontitis inflammatory burden: A cross-sectional study in an italian population. 
J Clin Med. (2021) 10:1787. doi: 10.3390/jcm10081787 

89. Noz MP, Plachokova AS, Smeets EMM, Aarntzen EHJG, Bekkering S, Vart P, 
et al. An explorative study on monocyte reprogramming in the context of periodontitis 
in vitro and in vivo. Front Immunol. (2021) 12:695227. doi: 10.3389/fimmu. 
2021.695227 

90. Ishai A, Osborne MT, El Kholy K, Takx RAP, Ali A, Yuan N, et al. Periodontal 
disease associates with arterial inflammation via potentiation of a hematopoietic-
arterial axis. JACC: Cardiovasc Imaging. (2019) 12:2271–3. doi: 10.1016/j.jcmg. 
2019.05.015 

91. Wright HJ, Matthews JB, Chapple ILC, Ling-Mountford N, Cooper PR. 
Periodontitis associates with a type 1 IFN signature in peripheral blood neutrophils. 
J Immunol. (2008) 181:5775–84. doi: 10.4049/jimmunol.181.8.5775 

92. Ling MR, Chapple ILC, Matthews JB. Peripheral blood neutrophil cytokine 
hyper-reactivity in chronic periodontitis. Innate Immun. (2015) 21:714–25. 
doi: 10.1177/1753425915589387 

93. Radvar M, Tavakkol-Afshari J, Bajestan MN, Naseh M-R, Arab H-R. The effect 
of periodontal treatment on IL-6 production of peripheral blood monocytes in 
aggressive periodontitis and chronic periodontitis patients. Iranian J Immunol. 
(2008) 5:100–6. doi: 10.22034/iji.2008.48559 

94. Hajishengallis G, Chavakis T. Local and systemic mechanisms linking 
periodontal disease and inflammatory comorbidities. Nat Rev Immunol. (2021) 
21:426–40. doi: 10.1038/s41577-020-00488-6 

95. Barutta F, Bellini S, Durazzo M, Gruden G. Novel insight into the mechanisms of 
the bidirectional relationship between diabetes and periodontitis. Biomedicines. (2022) 
10:178. doi: 10.3390/biomedicines10010178 

96. Mulder WJM, Ochando J, Joosten LAB, Fayad ZA, Netea MG. Therapeutic 
targeting of trained immunity. Nat Rev Drug Discov. (2019) 18:553–66. doi: 10.1038/ 
s41573-019-0025-4 

97. Ziogas A, Netea MG. Trained immunity-related vaccines: innate immune 
memory and heterologous protection against infections. Trends Mol Med. (2022) 
28:497–512. doi: 10.1016/j.molmed.2022.03.009 
frontiersin.org 

https://doi.org/10.1001/jama.1982.03330080058031
https://doi.org/10.1001/jama.1982.03330080058031
https://doi.org/10.1016/j.cell.2016.09.034
https://doi.org/10.1016/j.celrep.2020.107548
https://doi.org/10.1016/j.scib.2024.02.003
https://doi.org/10.3389/fimmu.2017.00248
https://doi.org/10.1126/science.1250684
https://doi.org/10.1186/s12933-024-02195-1
https://doi.org/10.1111/pin.13202
https://doi.org/10.2337/db10-0778
https://doi.org/10.1038/nri3520
https://doi.org/10.12703/P6-13
https://doi.org/10.1161/CIRCRESAHA.120.316653
https://doi.org/10.1038/s41467-019-10486-5
https://doi.org/10.1016/j.celrep.2020.108387
https://doi.org/10.1016/j.clim.2014.10.005
https://doi.org/10.3389/fimmu.2019.00013
https://doi.org/10.1016/j.yjmcc.2020.07.006
https://doi.org/10.1016/j.ijcard.2016.04.182
https://doi.org/10.1016/j.ijcard.2016.04.182
https://doi.org/10.3390/jcm9082555
https://doi.org/10.3390/jcm9082555
https://doi.org/10.1177/2047487319901063
https://doi.org/10.1016/j.amjmed.2018.03.004
https://doi.org/10.1016/j.jacc.2020.10.033
https://doi.org/10.1016/j.amjcard.2021.08.019
https://doi.org/10.1016/j.cellsig.2024.111370
https://doi.org/10.1161/ATVBAHA.118.310703
https://doi.org/10.1093/cvr/cvae142
https://doi.org/10.1093/eurheartj/ehad787
https://doi.org/10.1007/s00125-006-0497-8
https://doi.org/10.1681/ASN.2004070612
https://doi.org/10.1038/s41598-019-46724-5
https://doi.org/10.1038/s41598-019-46724-5
https://doi.org/10.1016/j.bcp.2024.116505
https://doi.org/10.7554/eLife.87316
https://doi.org/10.1172/jci.insight.177229
https://doi.org/10.1172/jci.insight.177229
https://doi.org/10.2337/diacare.16.1.329
https://doi.org/10.1007/s00592-021-01738-2
https://doi.org/10.1186/s12903-020-01180-w
https://doi.org/10.1111/prd.12235
https://doi.org/10.1111/prd.12270
https://doi.org/10.3390/jcm10081787
https://doi.org/10.3389/fimmu.2021.695227
https://doi.org/10.3389/fimmu.2021.695227
https://doi.org/10.1016/j.jcmg.2019.05.015
https://doi.org/10.1016/j.jcmg.2019.05.015
https://doi.org/10.4049/jimmunol.181.8.5775
https://doi.org/10.1177/1753425915589387
https://doi.org/10.22034/iji.2008.48559
https://doi.org/10.1038/s41577-020-00488-6
https://doi.org/10.3390/biomedicines10010178
https://doi.org/10.1038/s41573-019-0025-4
https://doi.org/10.1038/s41573-019-0025-4
https://doi.org/10.1016/j.molmed.2022.03.009
https://doi.org/10.3389/fimmu.2025.1613602
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://131:778�786.e1


Liu et al. 10.3389/fimmu.2025.1613602 

 

́ ́98. Soto JA, Galvez NMS, Andrade CA, Ramırez MA, Riedel CA, Kalergis AM, et al. 
BCG vaccination induces cross-protective immunity against pathogenic 
microorganisms. Trends Immunol. (2022) 43:322–35. doi: 10.1016/j.it.2021.12.006 

99. Walk J, de Bree LCJ, Graumans W, Stoter R, van Gemert G-J, van de Vegte-
Bolmer M, et al. Outcomes of controlled human malaria infection after BCG 
vaccination. Nat Commun. (2019) 10:874. doi: 10.1038/s41467-019-08659-3 

100. Arts RJW, Moorlag SJCFM, Novakovic B, Li Y, Wang S-Y, Oosting M, et al. 
BCG Vaccination Protects against Experimental Viral Infection in Humans through 
the Induction of Cytokines Associated with Trained Immunity. Cell Host Microbe. 
(2018) 23:89–100.e5. doi: 10.1016/j.chom.2017.12.010 

101. Morales A, Eidinger D, Bruce AW. Intracavitary Bacillus Calmette-Guerin in 
the treatment of superficial bladder tumors. J Urol. (1976) 116:180–3. doi: 10.1016/ 
s0022-5347(17)58737-6 

102. Bluestone JA, Herold K, Eisenbarth G. Genetics, pathogenesis and clinical 
interventions in type 1 diabetes. Nature. (2010) 464:1293–300. doi: 10.1038/ 
nature08933 

103. Herold KC, Bundy BN, Long SA, Bluestone JA, DiMeglio LA, Dufort MJ, et al. 
An anti-CD3 antibody, teplizumab, in relatives at risk for type 1 diabetes. New Engl J 
Med. (2019) 381:603–13. doi: 10.1056/NEJMoa1902226 

104. Ludvigsson J. Immune interventions at onset of type 1 diabetes — Finally, a bit 
of hope. New Engl J Med. (2023) 389:2199–201. doi: 10.1056/NEJMe2312091 

105. Bluestone JA, Buckner JH, Herold KC. Immunotherapy: Building a bridge to a 
cure for type 1 diabetes. Science. (2021) 373(6554):510–6. doi: 10.1126/science.abh1654 

106. Kawai T, Ikegawa M, Ori D, Akira S. Decoding Toll-like receptors: Recent 
insights and perspectives in innate immunity. Immunity. (2024) 57:649–73. 
doi: 10.1016/j.immuni.2024.03.004 

107. Watanabe N. Conversion to type 1 diabetes after H1N1 influenza infection: a 
case report. J Diabetes. (2011) 3:103. doi: 10.1111/j.1753-0407.2010.00110.x 

108. Nenna R, Papoff P, Moretti C, Pierangeli A, Sabatino G, Costantino F, et al. 
Detection of respiratory viruses in the 2009 winter season in Rome: 2009 influenza A 
(H1N1) complications in children and concomitant type 1 diabetes onset. Int J 
Immunopathol Pharmacol. (2011) 24:651–9. doi: 10.1177/039463201102400311 

109. Larcombe PJ, Moloney SE, Schmidt PA. Pandemic (H1N1) 2009: a clinical 
spectrum in the general paediatric population. Arch Dis Child. (2011) 96:96–8. 
doi: 10.1136/adc.2009.176859 

110. Ruiz PLD, Tapia G, Bakken IJ, Håberg SE, Hungnes O, Gulseth HL, et al. 
Pandemic influenza and subsequent risk of type 1 diabetes: a nationwide cohort study. 
Diabetologia. (2018) 61:1996–2004. doi: 10.1007/s00125-018-4662-7 

111. Kühtreiber WM, Tran L, Kim T, Dybala M, Nguyen B, Plager S, et al. Long-
term reduction in hyperglycemia in advanced type 1 diabetes: the value of induced 
aerobic glycolysis with BCG vaccinations. NPJ Vaccines. (2018) 3:1–14. doi: 10.1038/ 
s41541-018-0062-8 

112. Faustman DL, Wang L, Okubo Y, Burger D, Ban L, Man G, et al. Proof-of-
concept, randomized, controlled clinical trial of bacillus-calmette-guerin for treatment 
of long-term type 1 diabetes. PloS One. (2012) 7:e41756. doi: 10.1371/journal.pone. 
0041756 

113. Ventola CL. Progress in nanomedicine: approved and investigational 
nanodrugs. P T. (2017) 42:742–55. 
Frontiers in Immunology 12 
́ ́

114. Andreadi A, Lodeserto P, Todaro F, Meloni M, Romano M, Minasi A, et al. 
Nanomedicine in the treatment of diabetes. Int J Mol Sci. (2024) 25:7028. doi: 10.3390/ 
ijms25137028 

115. Mitroulis I, Ruppova K, Wang B, Chen L-S, Grzybek M, Grinenko T, et al. 
Modulation of myelopoiesis progenitors is an integral component of trained immunity. 
Cell. (2018) 172:147–161.e12. doi: 10.1016/j.cell.2017.11.034 

116. Priem B, van Leent MMT, Teunissen AJP, Sofias AM, Mourits VP, Willemsen 
L, et al. Trained immunity-promoting nanobiologic therapy suppresses tumor growth 
and potentiates checkpoint inhibition. Cell. (2020) 183:786–801.e19. doi: 10.1016/ 
j.cell.2020.09.059 

117. van Leent MMT, Priem B, Schrijver DP, de Dreu A, Hofstraat SRJ, Zwolsman 
R, et al. Regulating trained immunity with nanomedicine. Nat Rev Mater. (2022) 7:465– 
81. doi: 10.1038/s41578-021-00413-w 

118. van Leent MMT, Beldman TJ, Toner YC, Lameijer MA, Rother N, Bekkering S, 
et al. Prosaposin mediates inflammation in atherosclerosis. Sci Transl Med. (2021) 13: 
eabe1433. doi: 10.1126/scitranslmed.abe1433 

119. Arts RJW, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R, et al. 
Immunometabolic pathways in BCG-induced trained immunity. Cell Rep. (2016) 
17:2562–71. doi: 10.1016/j.celrep.2016.11.011 

120. Arts RJW, Novakovic B, Ter Horst R, Carvalho A, Bekkering S, Lachmandas E, 
et al. Glutaminolysis and fumarate accumulation integrate immunometabolic and 
epigenetic programs in trained immunity. Cell Metab. (2016) 24:807–19. doi: 10.1016/ 
j.cmet.2016.10.008 

121. Bekkering S, Arts RJW, Novakovic B, Kourtzelis I, van der Heijden CDCC, Li Y, 
et al. Metabolic induction of trained immunity through the mevalonate pathway. Cell. 
(2018) 172:135–146.e9. doi: 10.1016/j.cell.2017.11.025 

122. McGettrick AF, Bourner LA, Dorsey FC, O'Neill LAJ. Metabolic messengers: 
itaconate. Nat Metab. (2024) 6:1661–7. doi: 10.1038/s42255-024-01092-x 

123. Fortis A, Garcıa-Macedo R, Maldonado-Bernal C, Alarcon-Aguilar F, Cruz M. 
The role of innate immunity in obesity. Salud Publica Mex. (2012) 54:171–7. 
doi: 10.1590/s0036-36342012000200014 

124. Grabiec AM, Tak PP, Reedquist KA. Function of histone deacetylase inhibitors in 
inflammation. Crit Rev Immunol. (2011) 31:233–63. doi: 10.1615/critrevimmunol.v31.i3.40 

125. Kaniskan HÜ, Jin J. Recent progress in developing selective inhibitors of 
protein methyltransferases. Curr Opin Chem Biol. (2017) 39:100–8. doi: 10.1016/ 
j.cbpa.2017.06.013 

126. Lakshmaiah KC, Jacob LA, Aparna S, Lokanatha D, Saldanha SC. Epigenetic 
therapy of cancer with histone deacetylase inhibitors. J Cancer Res Ther. (2014) 10:469– 
78. doi: 10.4103/0973-1482.137937 

127. Heightman TD. Therapeutic prospects for epigenetic modulation. Expert Opin 
Ther Targets. (2011) 15:729–40. doi: 10.1517/14728222.2011.561786 

128. Jeltsch A, Gowher H. Editorial-role of DNA methyltransferases in the 
epigenome. Genes (Basel). (2019) 10:574. doi: 10.3390/genes10080574 

129. Ran J, Zhou J. Targeted inhibition of histone deacetylase 6 in inflammatory 
diseases. Thorac Cancer. (2019) 10:405–12. doi: 10.1111/1759-7714.12974 

130.  Shakespear  MR, Halili MA,  Irvine  KM, Fairlie  DP, Sweet  MJ. Histone
deacetylases as regulators of inflammation and immunity. Trends Immunol. (2011) 
32:335–43. doi: 10.1016/j.it.2011.04.001 
frontiersin.org 

https://doi.org/10.1016/j.it.2021.12.006
https://doi.org/10.1038/s41467-019-08659-3
https://doi.org/10.1016/j.chom.2017.12.010
https://doi.org/10.1016/s0022-5347(17)58737-6
https://doi.org/10.1016/s0022-5347(17)58737-6
https://doi.org/10.1038/nature08933
https://doi.org/10.1038/nature08933
https://doi.org/10.1056/NEJMoa1902226
https://doi.org/10.1056/NEJMe2312091
https://doi.org/10.1126/science.abh1654
https://doi.org/10.1016/j.immuni.2024.03.004
https://doi.org/10.1111/j.1753-0407.2010.00110.x
https://doi.org/10.1177/039463201102400311
https://doi.org/10.1136/adc.2009.176859
https://doi.org/10.1007/s00125-018-4662-7
https://doi.org/10.1038/s41541-018-0062-8
https://doi.org/10.1038/s41541-018-0062-8
https://doi.org/10.1371/journal.pone.0041756
https://doi.org/10.1371/journal.pone.0041756
https://doi.org/10.3390/ijms25137028
https://doi.org/10.3390/ijms25137028
https://doi.org/10.1016/j.cell.2017.11.034
https://doi.org/10.1016/j.cell.2020.09.059
https://doi.org/10.1016/j.cell.2020.09.059
https://doi.org/10.1038/s41578-021-00413-w
https://doi.org/10.1126/scitranslmed.abe1433
https://doi.org/10.1016/j.celrep.2016.11.011
https://doi.org/10.1016/j.cmet.2016.10.008
https://doi.org/10.1016/j.cmet.2016.10.008
https://doi.org/10.1016/j.cell.2017.11.025
https://doi.org/10.1038/s42255-024-01092-x
https://doi.org/10.1590/s0036-36342012000200014
https://doi.org/10.1615/critrevimmunol.v31.i3.40
https://doi.org/10.1016/j.cbpa.2017.06.013
https://doi.org/10.1016/j.cbpa.2017.06.013
https://doi.org/10.4103/0973-1482.137937
https://doi.org/10.1517/14728222.2011.561786
https://doi.org/10.3390/genes10080574
https://doi.org/10.1111/1759-7714.12974
https://doi.org/10.1016/j.it.2011.04.001
https://doi.org/10.3389/fimmu.2025.1613602
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://172:135�146.e9
https://23:89�100.e5

	Trained immunity: novel perspectives in diabetes and associated complications
	1 Introduction
	2 Overview of trained immunity
	3 The role and mechanism of hyperglycemia-induced trained immunity
	3.1 Metabolic memory
	3.2 Epigenetic reprogramming
	3.3 Metabolic reprogramming

	4 Trained immunity in diabetes and associated complications
	4.1 Atherosclerosis
	4.2 Myocardial infarction
	4.3 Diabetic kidney disease
	4.4 Other diabetic complications involving trained immunity

	5 Targeting trained immunity: emerging therapeutic prospects for diabetes and its complications
	5.1 Vaccines
	5.2 Nanomedicine
	5.3 Metabolic and epigenetic regulators

	6 Conclusions and prospects
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


