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Diabetic nephropathy (DN) is one of the most common microvascular

complications of diabetes and is the primary cause of end-stage renal disease,

imposing a significant burden on patients’ health, the medical and economic

systems. The traditional view holds that the pathogenesis of DN is mainly related

to metabolic disorders caused by hyperglycemia, genetic susceptibility, and

abnormal hemorheology. However, with the deep integration of immunology

and nephrology research, more andmore evidence indicates that immune factors

play a core role in its pathogenesis. The renal immune microenvironment is a

network composed of immune cells, cytokines, and matrix components, which

promotes the progression of the disease through continuous inflammation,

immune cell infiltration, and imbalanced homeostasis. This study systematically

reviews the core mechanisms of the immune microenvironment in the

occurrence and development of DN, focusing on the interaction between

immune cells and innate renal cells, as well as the regulatory roles of the

intestinal microbiota and immune axes. We also summarize possible diagnostic

markers and treatment strategies related to immunity, aiming to provide new

ideas for precision medicine of DN.

KEYWORDS

diabetic nephropathy, fibrosis, gut-kidney axis, immune microenvironment,
macrophage polarization
1 Introduction

DN is a chronic kidney disease characterized by progressive renal structural damage and

a persistent decline in renal function. As a major complication of diabetes mellitus, DN has

emerged as an increasingly pressing global health concern (1). Approximately 30% to 40% of

individuals with diabetes worldwide will develop DN, which is now the leading cause of end-

stage renal disease (ESRD) (2). Diabetic nephropathy is one of the main causes of end-stage

renal disease. Once patients reach the end-stage, they need to rely on dialysis or kidney
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transplantation to sustain their lives. This not only severely impairs

the quality of life of the patients, but also imposes a huge economic

and resource burden on the global healthcare system (2, 3).

Therefore, analyzing its pathogenesis and developing effective

intervention strategies carry substantial clinical significance.

Traditional studies have primarily focused on direct renal damage

resulting from metabolic disorders. However, emerging evidence

has e s t ab l i shed tha t dy s r egu l a t ion o f the immune

microenvironment serves as a critical link between metabolic

abnormalities and renal pathological injury. The homeostasis of

the renal immune microenvironment is disrupted, manifested by

abnormal infiltration of immune cells, excessive production of

inflammatory cytokines, and dysfunction between immune cells

and the native cells of the kidney. This disruption is not only a

characteristic pathological feature of diabetic nephropathy but also

a key factor driving the disease from early proteinuria to end-stage

renal failure (4).In-depth exploration of the dynamic changes in the

immune microenvironment of diabetic nephropathy can not only

clarify the “metabolism-immunity-renal injury” regulatory axis to

improve the pathological and physiological theories, but also

provide key targets for the development of early diagnostic

markers and precise therapies, thereby helping to achieve the

clinical goals of “early detection, early intervention, and delay

progression” (5). Currently, therapeutic interventions targeting

the immune microenvironment have emerged as a research focus

in diabetic nephropathy. Approaches such as modulating

macrophage polarization, restoring Th17/Treg cell balance, and

inhibiting the NF-kB and NLR family pyrin domain-containing 3

(NLRP3) inflammasome signaling pathways have been validated in

animal models to effectively attenuate renal inflammation and

fibrosis (6, 7). Inhibitors targeting Interleukin-18 (IL-18) and

transforming growth factor-b (TGF-b) have entered the clinical

trial stage, and some of these drugs have demonstrated favorable

renal protective effects (8, 9). Furthermore, as key regulators of the

immune microenvironment, the gut microbiota and its metabolites

—such as short-chain fatty acids (SCFAs) and trimethylamine N-

oxide (TMAO)—have been shown to modulate renal immune

homeostasis, thereby providing novel “gut-kidney axis” targets for

disease intervention (10). The present review comprehensively

summar i ze s the re s ea rch progre s s on the immune

microenvironment in diabetic nephropathy from four

perspectives: the composition of the immune microenvironment,

its mechanisms of action, diagnostic biomarkers, and therapeutic

strategies, with the aim of providing a reference for future research

and clinical translation.
2 Composition of the immune
microenvironment

The immune microenvironment consists of immune cells, non-

immune cells, cytokines, chemokines, and the Extracellular Matrix

(ECM). Under normal physiological conditions, this environment

maintains a state of relative homeostasis. However, in the DN,

factors such as hyperglycemia, advanced glycation end products
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(AGEs), and oxidative stress disrupt this equilibrium, resulting in

functional impairments of immune microenvironment components

and dysregulated intercellular communication (11). Diabetic

Kidney Disease: Inflammation, Cell Injury, and Fibrotic

Progression (Figure 1).

2.1 Immune cells

Immune cells mainly comprise macrophages, T cells, B cells,

dendritic cells (DCs), and neutrophils. In DN, the infiltration and

activation of these immune cells represent a critical mechanism

underlying renal inflammation and fibrosis (12).

2.1.1 Macrophages

Macrophages, as multifunctional cells of the innate immune

system, can promote inflammation through the release of pro-

inflammatory factors while also alleviating it via anti-inflammatory

secretions (13). The inflammatory mediators it secretes can

stimulate the increase of ECM production in kidney cells and

reduce its degradation, thereby directly aggravating renal fibrosis.

At the same time, macrophages also cause podocyte apoptosis and

kidney damage through various mechanisms such as producing

cytokines, regulating intracellular signaling pathways, inducing

oxidative stress, and directly interacting with podocytes. Through

these interrelated pathways, macrophages play a crucial role in the

initiation and progression of DN (14). They play a crucial role in

DN, as they are consistently present in the glomeruli and renal

interstitium across all stages of the disease (15). From the

perspective of disease progression, in the early stage of DN,

factors such as high blood sugar and AGEs can activate the

intrinsic cells of the kidneys. These activated cells subsequently

upregulate the expression of various chemokines and adhesion

molecules, such as MCP-1, ICAM-1, and VCAM-1, thereby

recruiting and guiding circulating monocytes to infiltrate the

renal tissue. The infiltrated monocytes differentiate into M1

macrophages in the renal microenvironment, resulting in an

imbalance in the M1/M2 phenotypic ratio within the kidney and

reaching a peak. The dominant M1 macrophages release a large

amount of pro-inflammatory cytokines, triggering early

inflammatory responses in the g lomerul i and rena l

tubulointerstitial tissues. Eventually, this leads to mesangial cell

proliferation, podocyte damage, and microalbuminuria (16, 17). In

the middle stage of DN, evidence from animal models and human

renal biopsies indicates that macrophage infiltration in the

glomeruli peaks, with M1-type macrophages remaining

predominant. These M1 macrophages contribute to renal injury

through the production of cytotoxic mediators such as reactive

oxygen species (ROS) and nitric oxide (NO). Concurrently, they

secrete pro-fibrotic factors—including TGF-b and platelet-derived

growth factor (PDGF)—which stimulate mesangial cells to

overproduce ECM, thereby accelerating glomerulosclerosis (18).

In the late stage of DN, the proportion of M2 macrophages

increases markedly, leading to a decline in the M1/M2 ratio to its

lowest point. Although M2 macrophages exert anti-inflammatory

effects through the secretion of interleukin-10 (IL-10), their pro-
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fibrotic activity becomes predominant during this phase. M2

macrophages not only differentiate into myofibroblasts and

directly contribute to ECM deposition but also secrete fibroblast

growth factor (FGF) and connective tissue growth factor (CTGF),
Frontiers in Immunology 03
thereby accelerating tubulointerstitial fibrosis and ultimately

resulting in irreversible renal dysfunction (19). Furthermore, renal

macrophages can be categorized into two distinct subtypes: resident

and infiltrating macrophages. Resident macrophages are activated
FIGURE 1

Diabetic kidney disease progression inflammation and intrinsic injury leading to fibrosis. During the development of diabetic nephropathy, persistent
high blood sugar triggers systemic and local inflammatory responses in the kidneys, activating various immune cells such as M1-type macrophages,
Th1/Th17 lymphocytes, etc., and releasing inflammatory factors such as TNF-a, IL-6, and IL-1b. These inflammatory mediators subsequently cause
damage to the intrinsic cells of the kidneys (including podocytes, renal endothelial cells, and renal tubular epithelial cells), activate key signaling
pathways such as HIF-1a/Notch and NF-kB, and induce epithelial-mesenchymal transition (EMT) and cell apoptosis. This continuous damage and
imbalance in repair eventually promote kidney fibrosis and glomerular sclerosis, manifested as collagen deposition, activation of myofibroblasts,
interstitial fibrosis, and sclerosis of the glomerular structure, leading to progressive loss of renal function.
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early in the disease process through recognition of damage-

associated molecular patterns (DAMPs), thereby initiating local

inflammatory responses and recruiting circulating monocytes.

DAMPs are endogenous molecules released from damaged or

dead cells that are recognized by the innate immune system. This

recognition triggers innate immune responses and promotes

inflammation. Infiltrating macrophages progressively accumulate

in the kidneys during disease progression, amplifying inflammation,

inducing ce l lu lar apoptos i s , and promot ing fibrot ic

remodeling (20).

2.1.2 T cells

As an important component of the adaptive immune system, T

cells display remarkable heterogeneity in phenotype and function.

They participate in the occurrence and development of DN by

regulating inflammatory responses, mediating cytotoxic effects, and

maintaining immune balance. Classified by their surface markers

and functional characteristics, T cells are mainly divided into

CD4+T cells, CD8+T cells, and regulatory T cells (Treg). The

dynamic imbalance among these subsets is a typical feature of

immune dysregulation in DN. Among them, CD4+ and CD8+T

cells, as key effector cells, directly or indirectly recruit and activate

other immune cells by secreting pro-inflammatory cytokines,

thereby exacerbating tubulointerstitial injury and amplifying the

inflammatory cascade reaction (21). CD4+T cells can differentiate

into multiple subsets with distinct functions, and their classification

is based on the cytokines they secrete. T helper 1 (Th1) cells mainly

produce pro-inflammatory cytokines, such as interferon-g (IFN-g)
and tumor necrosis factor-a (TNF-a), which drive delayed-type

hypersensitivity reactions and activate macrophages to enhance

their phagocytic and cytotoxic functions, thereby exacerbating

local renal inflammation. In DN, the proportion of Th1 cells is

elevated. The IFN-g they secrete can induce mesangial cells to

express chemokines including CXCL9 and CXCL10, thereby

promoting the infiltration of more immune cells. Furthermore,

IFN-g can induce apoptosis in renal tubular epithelial cells,

accelerating the progression of renal dysfunction (21).T helper 2

(Th2) cells are characterized by the secretion of Interleukin-4 (IL-

4), Interleukin-5 (IL-5) and Interleukin-10 (IL-10). Among these

cytokines, IL-4 and IL-5 inhibit Th1 cell activity, promote

immunoglobulin E (IgE) antibody production and regulate

humoral immunity, while IL-10 exerts a broad anti-inflammatory

effect. In DN, a reduced proportion of Th2 cells induces a Th1/Th2

imbalance, which leads to impaired anti-inflammatory capacity and

exacerbated renal inflammatory responses (22). T helper 17 (Th17)

cells, through the secretion of pro-inflammatory cytokines such as

interleukin-17A (IL-17A) and interleukin-17F (IL-17F), serve as a

critical link between innate and adaptive immunity. In DN,

hyperglycemia promotes Th17 cell differentiation via activation of

the STAT3 signaling pathway.IL-17A produced by these cells

induces the production of inflammatory mediators, including IL-6

and CXCL8, in intrinsic renal cells, such as glomerular mesangial

cells and renal tubular epithelial cells, and further triggers

neutrophil infiltration. Concurrently, IL-17A directly stimulates

fibroblasts to synthesize collagen, thereby promoting renal
Frontiers in Immunology 04
interstitial fibrosis (23, 24). Treg cells maintain immune

homeostasis by secreting anti-inflammatory cytokines such as IL-

10 and TGF-b, which suppress the activation and proliferation of

Th1 and Th17 cells. In DN, hyperglycemia-induced oxidative stress

impairs Treg cell function, resulting in reduced cell numbers and

diminished secretion of anti-inflammatory cytokines, thereby

exacerbating the Th17/Treg imbalance. This dysfunction not only

amplifies renal inflammation but also compromises the regenerative

capacity of renal tissues, accelerating disease progression (25).

CD8+T cells, also known as cytotoxic T lymphocytes (CTLs),

recognize antigens presented by major histocompatibility complex

(MHC) class I molecules. They eliminate infected or malignant

target cells by releasing cytotoxic mediators such as perforin and

granzyme B, and thus play a central role in cellular immune defense.

In DN, CD8+T cells are markedly increased in both glomerular and

tubulointerstitial regions. These infiltrating cells secrete pro-

inflammatory cytokines, including IFN-g and TNF-a, which

promote macrophage activation and contribute to a self-

sustaining “inflammatory amplification cycle”. Furthermore,

CD8+T cells directly induce injury to podocytes and renal tubular

epithelial cells, leading to disruption of renal architecture and

impairment of kidney function (26).

2.1.3 B Cells

B cells mediate immune regulation in the progression of DN via

their functional duality. Pathogenic B−cell subsets exacerbate renal

injury by secreting pro−inflammatory factors, releasing cytotoxic

granules, and migrating to sites of renal inflammation. Conversely,

protective B−cell subsets and related molecules suppress chronic

kidney inflammation and maintain immune homeostasis, thereby

conferring disease protection. Elevated levels of these protective

components are significantly associated with a reduced risk of

diabetic nephropathy (27). Hyperglycemic microenvironment

triggers the activation of the nuclear factor-kB (NF-kB) signaling
pathway in B cells, thus driving excessive secretion of pro-

inflammatory cytokines and enhancing their antigen-presenting

capacity. This further activates T cells and other immune cells in

the body, ultimately leading to a vicious cycle of immune

dysregulation (28). As professional antigen-presenting cells

(APCs), B cells possess the ability to capture and process renal

autoantigens. Subsequently, they present the processed antigens to

CD4+ T cells through MHC class II molecules. This specific

interaction activates Th1, Th17 and other pathogenic T cell

subsets, which further amplifies renal immune responses. In type

1 diabetic nephropathy (T1DN), the role of B cells in presenting

pancreatic islet autoantigens is well established. In type 2 diabetic

nephropathy (T2DN), the presentation of renal autoantigens by B

cells may constitute a key mechanism contributing to disease

progression (29). Persistent hyperglycemia induces abnormal

glycosylation in the renal tissue cells, thereby generating novel

self-antigenic epitopes. These antigens trigger the differentiation

of B cells into plasma cells, which are responsible for producing

specific autoantibodies. The formed immune complexes then

deposit in the glomerular basement membrane or mesangial

regions. Such deposition not only directly impairs the glomerular
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filtration barrier, but also activates the complement pathways of

complement component 3 (C3) and complement component 5

(C5). This activation further leads to the release of C5a—a potent

chemotactic factor that promotes inflammatory cell infiltration and

exacerbates renal injury (30). During the early phase of DN, the

infiltration of B cells, T cells, and dendritic cells in the kidneys

exhibits a significant correlation with glomerular dilation and

proteinuria. This indicates that B cells play a crucial role in the

immune initiation during the early stage of the disease (31). The

core pathogenic mechanism underlying this B cell-mediated early

renal injury is associated with the secretion of pro-inflammatory

cytokines such as IL-17. This cytokine enhances the activation of

effector T cells and stabilizes B-T cell interactions, thereby

amplifying the local renal inflammatory response. Furthermore, it

directly contributes to glomerular complement deposition,

promotes renal fibrosis, and exacerbates leukocyte infiltration.

These pathological processes collectively result in a further

elevation of urinary protein and blood urea nitrogen levels,

ultimately worsening renal damage (32). In the advanced stages

of DN, B cells contribute directly to the regulation of local renal

inflammation through the secretion of pro-inflammatory cytokines

such as interleukin-6 (IL-6) and TNF-a. Clinical evidence indicates
increased levels of autoreactive B cells in the peripheral blood of

T2DN patients. Moreover, the IL-6 secreted by these autoreactive B

cells is positively correlated with the degree of renal fibrosis. These

findings suggest that the pro-inflammatory activity of B cells may be

linked to disease severity in DN (33).

2.1.4 Dendritic cells

DCs, as APCs, play a pivotal role in bridging innate and

adaptive immunity through the activation and differentiation of T

cells. Based on their distinct phenotypic and functional properties,

DCs are broadly categorized into three main subtypes: conventional

dendritic cells (cDCs), plasmacytoid dendritic cells (pDCs), and

monocyte-derived dendritic cells (moDCs). In the kidneys of

healthy individuals, cDCs and pDCs are predominantly located

within the renal interstitium, with minimal presence in the

glomerular regions. Notably, cDCs represent the predominant

subset among renal-resident dendritic cells (34). These DCs can

be activated through the recognition of pathogen-associated

molecular patterns (PAMPs) or DAMPs. PAMPs are defined as

conserved molecular structures derived from microorganisms,

including bacterial LPS, viral dsRNA, and fungal cell wall

components. As non-self motifs, they are specifically recognized

by host pattern recognition receptors (PRRs), triggering critical

signaling cascades that launch anti-infective immune defenses.

Upon maturation, they upregulate the expression of co-

stimulatory molecules such as CD80 and CD86, as well as the

chemokine receptor CCR7, and secrete a range of pro-inflammatory

cytokines, including TNF-a, interleukin-1b (IL-1b), IL-6, and
interleukin-18 (IL-18) (35, 36). These cytokines play a pivotal role

in the pathogenesis of DN. In DN, multiple factors—such as

hyperglycemia, AGEs, and pro-inflammatory cytokines—act

synergistically to activate DCs. Upon activation, DCs exacerbate

renal inflammatory responses by secreting pro-inflammatory
Frontiers in Immunology 05
cytokines and facilitating T cell activation, ultimately resulting in

tubulointerstitial injury and fibrosis. Concurrently, activated DCs

promote the infiltration of additional immune cells into renal

tissues, further amplifying renal damage. Moreover, DCs may

directly stimulate renal fibroblasts through the secretion of TGF-

b, thereby driving interstitial fibrosis and accelerating the

progression of DN (36). Activated dendritic cells interact with

macrophages, triggering kidney inflammation by releasing pro-

inflammatory cytokines and chemokines. These factors work

together to recruit peripheral monocytes to the kidneys and

promote their polarization into M1-type macrophages. As key

effector cells, M1-type macrophages directly damage renal tubular

epithelial cells and mesangial cells, and the cytokines they secrete

can also re-activate dendritic cells, forming a positive feedback loop.

This loop maintains the activated state of dendritic cells, leading to

the continuous recruitment and activation of immune cells, thereby

continuously amplifying the local inflammatory response in the

kidneys (37). There is a bidirectional regulatory interaction between

T cells and DCs. After DCs are activated, they highly express co-

stimulatory molecules, which bind to the surface CD28 and CD40L

of T cells to provide co-stimulatory signals to activate T cells;

Activated T cells can, through surface molecule binding and

cytokine secretion, reverse enhance the survival, activation and

antigen-presenting ability of DCs. The two form a positive feedback

loop to continuously amplify the immune response in the kidneys,

ultimately promoting the infiltration of effector T cells into the

kidneys and mediating the inflammatory injury and fibrosis of the

kidneys (38).

2.1.5 Neutrophils

Neutrophils are a critical first line of defense in the innate

immune system. Under hyperglycemic conditions, neutrophils

show markedly enhanced activity. As the most abundant

inflammatory cell type in peripheral blood, they secrete increased

levels of ROS and pro-inflammatory cytokines, including IL-6,

interleukin-8 (IL-8), and TNF-a.These mediators promote the

recruitment of additional inflammatory cells, thereby exacerbating

the local renal inflammatory response in DN (39). In addition,

hyperglycemia can trigger neutrophils to release neutrophil

extracellular traps (NETs), which primarily consist of chromatin

and granular proteins such as myeloperoxidase and elastase. NETs

are reticular structures released by activated neutrophils. They are

composed of decondensed chromatin, histones, and antimicrobial

granule proteins, which enable them to capture and kill pathogens.

While crucial for anti-infective immunity, excessive NET formation

is closely linked to the pathogenesis of autoimmune diseases,

thrombosis, and organ damage. NETs directly damage glomerular

endothelial cells and podocytes, leading to their apoptosis and

functional impairment. Additionally, they promote renal fibrosis

by inducing a phenotypic transition in renal tubular epithelial cells.

Together, these mechanisms contribute to the development of DN.

Moreover, neutrophil-derived elastase can degrade vascular

endothelial (VE)-cadherin, a key intercellular junction protein,

disrupt endothelial tight junctions, and consequently increase

vascular permeability and albuminuria. These interconnected
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mechanisms collectively accelerate the onset and progression of DN

(40). NETs primarily function to capture and eliminate pathogens.

However, in the hyperglycemic environment of diabetic DN,

neutrophils become overactivated and release excessive NETs.

Components of NETs—such as histones and myeloperoxidase

(MPO)—are cytotoxic and can directly damage the cell

membranes of glomerular endothelial cells, podocytes, and renal

tubular epithelial cells, leading to cell apoptosis or functional

impairment. NETs can also induce pyroptosis—a programmed

form of cell death—in glomerular endothelial cells. This process

causes the release of intracellular contents, which in turn amplifies

inflammation and worsens renal tissue injury. Furthermore, NETs

secrete pro-inflammatory mediators such as C-X-C motif

chemokine ligand 8 (CXCL8) and IL-6. These mediators facilitate

the recruitment of more neutrophils and macrophages into renal

tissues, thus forming a self-sustaining inflammatory vicious cycle in

the kidney. During NET formation, large amounts of ROS are

generated. ROS not only directly damage cellular structures but also

activate the NLRP3 inflammasome, thereby enhancing the

production of pro-inflammatory cytokines and further

exacerbating renal injury. Studies have shown that levels of NET-

specific markers—such as citrullinated histone H3 (Cit-H3) and the

myeloperoxidase-DNA (MPO-DNA) complex—are significantly

elevated in the urine and renal tissues of patients with DN. These

elevated levels show a positive correlation with both the urinary

albumin-to-creatinine ratio (UACR) and the degree of
Frontiers in Immunology 06
glomerulosclerosis. These findings suggest that NETs may serve

as a potential biomarker for disease diagnosis and prognostic

evaluation in DN (41, 42).

2.2 Non-immune cells

Intrinsic renal non-immune cells, including glomerular cells

(such as podocytes, mesangial cells, and endothelial cells) and

tubulointerstitial cells (such as renal tubular epithelial cells and

renal fibroblasts), are essential constituents of the renal immune

microenvironment (Table 1). Under hyperglycemic conditions,

these cells not only serve as targets of injury but also actively

regulate the renal immune microenvironment by releasing pro-

inflammatory mediators, upregulating adhesion molecules, and

engaging in bidirectional crosstalk with immune cells (43).

2.2.1 Renal tubular epithelial cells

Renal tubular epithelial cells (RTECs) are the primary

functional cells responsible for renal reabsorption and secretion,

and they play a pivotal role in the pathogenesis of DN. Under

hyperglycemic conditions, RTECs contribute to renal immune

dysregulation through three major mechanisms: First, secretion of

Inflammatory and Chemotactic Factors. Under hyperglycemic

conditions, activation of the TLR4 receptor in renal tubular

epithelial cells triggers the NF-kB signaling pathway, leading to
TABLE 1 Abnormal functions and regulatory mechanisms of renal non-immune cells in diabetic nephropathy.

Renal non-immune
cell types

Abnormal manifestations Pathways/molecules Impact on the progression of
DN

Renal Tubular Epithelial Cells Secrete more pro-inflammatory and
chemotactic factors
Activate programmed cell death
Initiate epithelial-mesenchymal transition

NF-kB, MAPK
PERK/ATF4/CHAC1
TGF-b/Smad
NLRP3 Inflammasome

Exacerbate tubulointerstitial inflammation
Amplify local inflammatory responses
Contribute to renal interstitial fibrosis

Podocytes Upregulate chemokine secretion and
adhesion molecules
Promote the adhesion and infiltration of
immune cells
Trigger humoral immunity
Promote apoptosis

JAK/STAT
AGEs
TNF-a
Nrf2/HO-1
Complement system

Exacerbate glomerular inflammation
Disrupt the structure of the glomerulus
Induce proteinuria

Mesangial Cells Increase secretion of pro-inflammatory
factors
Accumulate excessive extracellular matrix
Overexpress complement components
Excessive cell proliferation

Complement activation pathway
NF-kB
TGF-b/Smad
PDGF

Recruit immune cells
Promote glomerular sclerosis
Activate the complement system
Exacerbate glomerular inflammation and
injury

Glomerular Endothelial Cells Upregulate adhesion molecule expression
Promote inflammatory cell adhesion
Increase of pro-inflammatory factors
Exacerbate glomerular inflammation
Increased permeability
Increase the risk of thrombosis

ROS
HIF-1a/Notch1
Endothelial-mesenchymal transition-
relatedpathways

Promote the adhesion and migration of
inflammatory cells
Exacerbate glomerular inflammation
Lead to elevated glomerular filtration and
proteinuria
Increase the risk of microthrombosis

Fibroblasts Activate and differentiate into
myofibroblasts
Secrete of pro-inflammatory factors
Recruit immune cells
Upregulate TIMPs and downregulate
MMPs
Overproduce extracellular matrix

TGF-b/Smad2/3
TIMPs/MMPs
PI3K/Akt
CTGF

Recruit immune cells and amplify the
inflammatory response
Inhibit the degradation of extracellular matrix
Contribute to renal interstitialfibrosis
In DN, non-immune cells in the kidney promote disease progression through mechanisms such as abnormal activation, secretion of inflammatory factors, cell death, and phenotypic
transformation. These cells mediate inflammatory responses, recruitment of immune cells, deposition of extracellular matrix, and fibrosis through key signaling pathways such as NF-kB and
TGF-b, ultimately leading to damage and loss of renal function and structure.
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enhanced expression and release of inflammatory mediators such as

MCP-1, IL-6.These factors promote the recruitment and infiltration

of inflammatory cells—including macrophages and neutrophils—

into the renal tubulointerstitial compartment (44). Second,

mediating programmed cell death. Hyperglycemia can activate

inflammasomes, thereby upregulating the expression of key

pyroptosis-related proteins such as NLRP3 and GSDMD, and

enhancing the secretion of pro-inflammatory cytokines including

IL-1b and IL-18, which collectively exacerbate local inflammatory

responses (45). Third, in DN, hyperglycemia and its associated

metabolic derangements serve as the primary initiating factors that

induce the EMT in RTECs. These abnormalities activate multiple

signaling pathways, including TGF-b and CTGF, thereby

promoting the EMT process (46). Persistent activation of the pro-

fibrotic mediators TGF-b and CTGF drives renal tubular epithelial

cells to progressively shed their epithelial phenotype. This is

characterized by loss of cellular polarity, impaired intercellular

adhesion, and downregulation of epithelial markers such as E-

cadherin. Concurrently, these cells acquire a mesenchymal-like

state, marked by upregulation of interstitial markers and

enhanced migratory and invasive capacities. Ultimately, these

transformed cells can dedifferentiate into myofibroblasts, thereby

directly contributing to the development and progression of renal

tubulointerstitial fibrosis (46, 47). Renal tubular epithelial cells

undergoing EMT not only exhibit compromised structural and

functional integrity and diminished regenerative capacity, but also

secrete inflammatory mediators that recruit immune cells, thereby

establishing a pro-inflammatory microenvironment. This

microenvironment, in turn, further exacerbates EMT, creating a

vicious cycle that persistently drives the progression of diabetic

nephropathy (48).

2.2.2 Podocytes

Podocytes, as a critical component of the glomerular filtration

barrier, collaborate with the glomerular basement membrane

(GBM) and glomerular endothelial cells to establish an efficient

filtration barrier under physiological conditions, thereby preventing

the leakage of large-molecular-weight proteins (49). However, in

DN, hyperglycemia and other contributing factors disrupt this

equilibrium, leading to podocyte injury and subsequent

proteinuria, a hallmark pathological feature of disease progression

(50). Under hyperglycemic conditions, podocytes also participate in

the regulation of the renal immune microenvironment through the

following pathways. Firstly, hyperglycemic environment activates

the JAK/STAT signaling pathway in podocytes, resulting in

significant upregulation of C-X-C motif chemokine ligand 9

(CXCL9) expression. Secreted CXCL9 enters the glomerular

microenvironment and binds to its receptor C-X-C chemokine

receptor type 3(CXCR3), directly impairing podocyte structural

integrity while promoting immune cell infiltration into the

glomerulus (51). Moreover, advanced glycation end products

enhance MCP-1 expression in podocytes, specifically facilitating

macrophage recruitment. Immune cell infiltration disrupts

podocyte tight junction structures, aggravating podocyte injury

and glomerular filtration dysfunction, thereby perpetuating a
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vicious cycle of inflammation and cellular damage (52). Secondly,

podocytes secrete pro-inflammatory mediators such as IL-6 and

TNF-a, which directly activate intraglomerular immune cells and

amplify local inflammatory responses (53). Thirdly, podocytes can

upregulate the expression of adhesion molecules, including ICAM-1

and VCAM-1, in response to inflammatory stimuli such as IL-1b,
TNF-a, IFN-a, and IFN-g. This enhanced expression promotes the

recruitment, adhesion, and infiltration of immune cells—

particularly macrophages and lymphocytes—into the glomerular

compartment, thereby contributing to the inflammatory

pathogenesis observed in glomerular diseases (54).

2.2.3 Mesangial cells

Mesangial cells play a crucial role in maintaining the structural

integrity and filtration function of the glomeruli (55). In DN,

excessive mesangial cell proliferation and abnormal ECM

deposition are hallmark features of glomerulosclerosis.

Hyperglycemia activates the NF-kB and TGF-b/Smad signaling

pathways in mesangial cells, leading to the upregulation of pro-

inflammatory molecules such as IL-1b, IL-6, and MCP-1, both in

expression and secretion. These mediators selectively recruit

immune cells—including macrophages and T cells—into the

glomeruli. Once infiltrated, macrophages release additional

inflammatory factors, thereby amplifying local inflammation and

establishing a self-sustaining inflammatory loop that progressively

disrupts glomerular structure and function (56, 57). Additionally,

under the influence of cytokines such as TGF-b and PDGF,

mesangial cells produce excessive amounts of collagen types I, III,

and IV, along with fibronectin. Under physiological conditions, the

synthesis and degradation of glomerular ECM are maintained in a

dynamic equilibrium. However, in DN, sustained hyperglycemia

disrupts this balance by promoting ECM synthesis while inhibiting

its degradation, resulting in net accumulation of ECM within the

glomerular mesangium. This progressive deposition leads to

mesangial expansion and ultimately contributes to the

development of glomerulosclerosis (58). Notably, mesangial cells

can express complement components C3 and C5. In DN, these cells

exhibit abnormally elevated expression of C3 and C5—changes that

are closely linked to the progression of glomerular sclerosis and

proteinuria, two hallmark pathological features of DN—leading to

activation of the complement system. This activation generates a

cascade of complement cleavage products, including C3a and C5a

(59). Specifically, C5a binds to C5a receptors on inflammatory cells,

triggering their activation and the subsequent release of pro-

inflammatory mediators such as ROS and lysosomal enzymes.

These mediators directly injure intrinsic glomerular cells—

including podocytes and endothelial cells—and damage the GBM,

thereby exacerbating glomerular inflammation and injury (60).

2.2.4 Endothelial cells

Glomerular endothelial cells constitute a critical component of

the renal filtration barrier. Injury to these cells can result in

glomerular hyperfiltration, proteinuria, and microthrombosis,

contributing to progressive kidney dysfunction (61). In DN,
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hyperglycemia initially induces these cells to upregulate adhesion

molecules such as ICAM-1 and VCAM-1, promoting monocyte and

neutrophil adhesion and transmigration into the glomerular

compartment. Concurrently, injured endothelial cells secrete pro-

inflammatory cytokines, including IL-6, TNF-a, and CXCL8,

thereby amplifying intraglomerular inflammatory responses.

Subsequently, hyperglycemia-induced ROS disrupt tight junctions

between endothelial cells, increasing glomerular endothelial

permeability and contributing to proteinuria. Following injury,

endothelial cells upregulate tissue factor expression, while

hyperglycemia simultaneously impairs their intr insic

ant icoagulant funct ions , col lect ive ly predisposing to

microthrombosis. Moreover, a sustained hyperglycemic

environment promotes glomerular endothelial cell apoptosis,

severely compromising the structural and functional integrity of

the glomerular vascular barrier and accelerating DN progression

(62, 63).

2.2.5 Fibroblasts

Fibroblasts are the predominant cell type in the renal

interstitium, and their activation and proliferation constitute

central mechanisms in the development of renal interstitial

fibrosis—a hallmark pathological process that drives the

progression of DN to ESRD (64). In DN, hyperglycemia and

inflammatory mediators act synergistically to activate renal

interstitial fibroblasts. Upon stimulation by TGF-b, these

activated fibroblasts differentiate into myofibroblasts primarily

through the Smad2/3 signaling pathway. Myofibroblasts display a

markedly enhanced capacity for ECM production and serve as the

principal effector cells in the pathogenesis of renal interstitial

fibrosis (65). Subsequently, myofibroblasts secrete inhibitors of

matrix metalloproteinases (MMPs), such as tissue inhibitors of

metalloproteinases (TIMPs), thereby reducing ECM degradation

and exacerbating pathological renal tissue remodeling and

interstitial fibrosis. Furthermore, activated renal interstitial

fibroblasts release pro-inflammatory cytokines, including IL-6,

TNF-a, and MCP-1, which promote immune cell infiltration and

amplify inflammatory responses in both glomerular and interstitial

compartments. Notably, fibroblasts also produce MMPs and their

specific inhibitors, TIMPs. In DN, TIMP expression is upregulated

while MMP expression is downregulated. This imbalance between

MMPs and TIMPs not only suppresses ECM degradation but also

drives excessive ECM accumulation, thereby accelerating the

progression of renal interstitial fibrosis (66, 67).

2.2.6 Cytokines and chemokines

Cytokines and chemokines are pivotal effector molecules that

regulate cellular functions and inflammatory responses within the

immune microenvironment (64). Through the formation of a

complex regulatory network, they precisely control the

recruitment, activation, and functional behavior of immune cells,

while also directly influencing renal intrinsic cells to contribute to

the pathological progression of DN. The maintenance of immune

microenvironment homeostasis depends on a finely tuned balance
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between pro-inflammatory and anti-inflammatory mediators.

During DN progression, the expression levels of multiple pro-

inflammatory cytokines and chemokines are markedly

elevated (68).

2.2.6.1 Pro-inflammatory cytokines

Pro-inflammatory cytokines are markedly upregulated in DN,

where they play pivotal roles in initiating and amplifying

inflammatory responses, recruiting immune cells to sites of

injury, and driving the progression of renal fibrosis (64). Key

mediators include the following: TNF-a, primarily secreted by

macrophages and T cells, activates the NF-kB signaling pathway,

thereby promoting the expression of chemokines such as MCP-1

and adhesion molecules including ICAM-1 in renal intrinsic cells. It

also exerts direct cytotoxic effects on podocytes and renal tubular

ep i the l i a l ce l l s , contr ibu t ing to the progress ion o f

glomerulosclerosis and tubulointerstitial fibrosis. Clinical evidence

has demonstrated a positive correlation between serum TNF-a
levels and the rate of eGFR decline in patients with DN, and

targeted inhibition of TNF-a has been shown to attenuate renal

injury in animal models (69, 70). IL-1b is primarily secreted by

activated macrophages and dendritic cells through the NLRP3

inflammasome pathway and exerts potent pro-inflammatory

effects. It activates glomerular mesangial cells and renal tubular

epithelial cells, promoting the expression of pro-inflammatory

mediators such as IL-6 and MCP-1. Furthermore, IL-1b induces

fibroblast activation, contributing to renal interstitial fibrosis. It also

stimulates T and B lymphocytes, thereby enhancing adaptive

immune responses (33, 71). IL-6, secreted by macrophages, T

cells, and renal intrinsic cells, activates the JAK/STAT3 signaling

pathway to promote Th17 cell differentiation, suppress Treg cell

function, and stimulate glomerular mesangial cells to synthesize

ECM, thereby exacerbating renal inflammation and fibrosis

(71, 72).

2.2.6.2 Chemokines

Chemokines are pivotal molecules that mediate the directional

migration of immune cells. In DN, their upregulated expression

constitutes a central mechanism driving the selective infiltration of

immune cells into the kidneys (73). ① Monocyte chemoattractant

protein-1 (MCP-1/CCL2), the most extensively studied chemokine,

is primarily produced by intrinsic renal cells—such as podocytes,

mesangial cells, and renal tubular epithelial cells—as well as by

macrophages, and plays a pivotal role in the recruitment of

monocytes and macrophages. Elevated expression of MCP-1 has

been consistently documented in patients with DN, with levels

showing a positive correlation with the degree of renal macrophage

infiltration and tubular injury, thus serving as a reliable biomarker

of tubular damage severity. Under hyperglycemic conditions,

signaling pathways including TLR4/NF-kB and TAK1/MAPK are

activated, leading to increased CCL2 secretion by glomerular

podocytes, mesangial cells, and renal tubular epithelial cells.

Furthermore, AGEs and aldosterone can upregulate CCL2

expression via the NF-kB pathway, thereby exacerbating
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inflammatory responses, promoting ECM accumulation, and

accelerating the progression of renal fibrosis (74). ② CXCL8 (IL-

8) is predominantly secreted by renal tubular epithelial cells and

endothelial cells. It binds to CXCR1 and CXCR2 receptors on

neutrophils, thereby promoting their recruitment into the kidneys

and enhancing local inflammatory responses. Under specific

conditions, CXCL8 also modulates endothelial cell adhesion and

mediates the chemotaxis and activation of additional leukocyte

subsets, such as monocytes stimulated by IL-13 or IL-4, certain

CD8+T lymphocytes, and mast cells (75).

2.2.6.3 Anti-inflammatory cytokines

Anti-inflammatory cytokines primarily consist of IL-10 and IL-

4, which are secreted by Treg and Th2 cells, respectively (76). Anti-

inflammatory cytokines, mainly interleukin-10 and interleukin-4,

play a crucial role in regulating renal inflammation. Interleukin-10

reduces the expression of pro-inflammatory factors and inhibits the

polarization of M1-type macrophages by suppressing the NF-kB
signaling pathway, thereby exerting anti-inflammatory and tissue

repair effects. Interleukin-4, on the other hand, promotes the

polarization of macrophages towards the repair-promoting M2-

type phenotype. In DN, the expression levels of these two cytokines

are significantly reduced (33, 77).

2.2.6.4 Other factors

Additional factors play significant roles in the pathogenesis and

progression of DN. For instance, mesenchymal stem cells (MSCs)

have been shown to secrete anti-inflammatory mediators such as

lipoxin A4 (LXA4), which suppress pro-inflammatory cytokines

and enhance renal homeostasis, contributing to the amelioration of

DN (78).

2.3 Extracellular matrix

The ECM functions as the structural framework of renal tissue

and is primarily composed of key components including collagens

(types I, III, and IV), fibronectin, and laminin. The maintenance of

ECM homeostasis is essential for preserving both the structural

integrity and physiological function of the kidney (79). In DN,

hyperglycemia and dysregulation of the immune microenvironment

synergistically promote ECM accumulation by enhancing ECM

synthesis and impairing its degradation, resulting in aberrant ECM

remodeling—a central mechanism underlying renal fibrosis.

Hyperglycemia activates key signaling pathways, including TGF-b/
Smad and PI3K/Akt, in intrinsic renal cells such as mesangial cells and

fibroblasts, thereby stimulating the production of ECM components

like collagen and fibronectin (80). Meanwhile, pro-fibrotic factors such

as TGF-b and CTGF, secreted by immune cells including M2

macrophages and Th17 cells, further promote ECM synthesis (81).

Additionally, ECM degradation primarily depends on MMPs,

whose activity is regulated by tissue inhibitors of TIMPs. In DN,

hyperglycemia and inflammatory cytokines upregulate TIMP

expression and suppress MMP activity, resulting in diminished

ECM turnover, impaired degradation, and subsequent

accumulation of ECM components (82). Excessively deposited
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ECM alters the biomechanical properties of the local

microenvironment, which promotes macrophage polarization

toward the M2 phenotype and facilitates Th17 cell differentiation

—both of which contribute to the progression of fibrosis.

Furthermore, ECM degradation products, such as collagen

fragments, function as DAMPs that activate DCs and

macrophages, thereby inducing the release of pro-inflammatory

cytokines and amplifying chronic inflammatory responses (83, 84).
3 Mechanisms of macrophages in the
progression of diabetic nephropathy

Macrophages play a pivotal role in the progression of DN. These

cells demonstrate remarkable plasticity, dynamically adapting their

functional phenotypes in response to alterations in the local

microenvironment. Depending on specific environmental signals,

macrophages can be polarized into two distinct phenotypes,

classically activated M1 macrophages and alternatively activated

M2 macrophages (85). M1 macrophages primarily secrete pro-

inflammatory cytokines and chemokines, thereby recruiting

immune cells and amplifying inflammatory responses. In

contrast, M2 macrophages produce anti-inflammatory cytokines

that help regulate and suppress excessive immune activation. In the

context of diabetic renal injury, M1 macrophages are the

predominant subtype, contributing to sustained inflammation and

tissue damage (86).
3.1 Macrophage polarization

The polarization and functional activities of macrophages are

critically involved in the progression of DN. M1 macrophages

contribute to disease advancement through multiple molecular

and cellular pathways. Under conditions of hyperglycemia and

oxidative stress, intrinsic renal cells produce elevated levels of

MCP-1, which promotes the recruitment of circulating monocytes

into the kidney. These infiltrating monocytes subsequently

differentiate into M1 macrophages, amplifying local inflammatory

responses and exacerbating renal injury (87). In diabetic kidneys,

the expression of adhesion molecules such as ICAM-1 and VCAM-

1 is markedly upregulated. These molecules enhance monocyte

adhesion to renal endothelial cells, thereby promoting

transendothelial migration into renal tissues, where monocytes

differentiate into M1 macrophages and contribute to disease

progression. Moreover, under conditions of hyperglycemia and

oxidative stress, M1 macrophages secrete substantial levels of pro-

inflammatory cytokines, triggering local inflammatory responses

and recruiting additional immune cells to the kidney. This creates a

self-perpetuating cycle that exacerbates renal injury (88). Moreover,

stress-induced products such as ROS generated under conditions of

hyperglycemia and oxidative stress not only exert direct cytotoxic

effects on renal cells but also act synergistically with pro-

inflammatory mediators to amplify inflammatory responses (89).

Inflammatory mediators released by M1 macrophages can directly

damage intrinsic renal cells, leading to cellular injury or even
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necrosis, and thereby disrupting normal renal architecture. The

cytokines and chemokines secreted by these cells promote the

synthesis of excessive ECM proteins—such as collagen and

fibronectin—in renal tissues. Accumulation of these ECM

components in the kidney results in glomerulosclerosis and renal

interstitial fibrosis, which are hallmark pathological features of

advanced DN (63). M1 macrophages also contribute to the

progression of DN by participating in immune dysregulation.

They possess antigen-presenting capacity, which enables them to

present renal tissue-derived antigens to adaptive immune cells. This

process activates immune responses, induces excessive activation

and massive accumulation of local immune cells, and ultimately

augments immune-mediated renal injury. Furthermore, cytokines

secreted by M1 macrophages can modulate the functions of other

immune cells—for example, promoting the polarization of

monocytes into M1 macrophages and inhibiting the activity of

Treg cells. Collectively, these effects disrupt local immune

homeostasis and drive the progression of DN (14, 90).

The role of M2 macrophages in DN is complex and dualistic.

On one hand, M2 macrophages secrete profibrotic factors such as

TGF-b and FGF. These factors activate myofibroblasts, promote

their proliferation, and ultimately lead to excessive collagen

deposition in the ECM and subsequent renal fibrosis. Moreover,

M2 macrophages can undergo transdifferentiation into

mesenchymal-like cells that acquire mesenchymal characteristics,

thereby contributing to ECM synthesis and secretion and

exacerbating fibrotic progression (91). Excessive M2 macrophage

polarization promotes mesangial proliferation and basement

membrane thickening, alters the renal microenvironment, and

disrupts the physiological functions of intrinsic renal cells

including podocytes and tubular epithelial cells. These changes

impair the glomerular filtration barrier, ultimately leading to

renal interstitial fibrosis and glomerulosclerosis, which accelerates

the progression of renal dysfunction (17). Type M2 macrophages

exert anti-inflammatory and tissue repair effects locally in the

kidneys by producing anti-inflammatory cytokines such as IL-10

(92). They not only regulate inflammatory responses and alleviate

acute inflammatory damage to the glomeruli and renal tubules, but

also directly inhibit the activation of M1-type macrophages and the

release of pro-inflammatory factors like TNF-a and IL-1b, thereby
suppressing the amplification of chronic inflammation. Moreover,

M2-type macrophages can reduce the excessive infiltration of

immune cells in the renal tissue, overall alleviating the

inflammatory damage to the kidneys and promoting repair (91).

By secreting factors like vascular endothelial growth factor (VEGF)

and FGF, M2 macrophages promote renal tubular repair and

glomerular microvascular reconstruction, thereby restoring renal

structure and function to alleviate the symptoms of DN (93).

Furthermore, M2 macrophages utilize their strong phagocytic

capacity to clear cellular debris and immune complexes from the

kidneys. This clearance limits the release of pro-inflammatory

mediators and helps maintain local tissue microenvironment

stability, thereby facilitating the recovery of damaged renal tissue

(94). Functioning as the central mediators of inflammation

resolution and tissue repair, M2 macrophages are classified into

four distinct subtypes (M2a, M2b, M2c, andM2d). Their specialized
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organized repair network (95). M2a is a classic type of reparative

anti-inflammatory and tissue regeneration. Its main secreted factors

are IL-10, TGF-b and chemokines. The core function is to remove

cell debris, promote cell growth and tissue regeneration, and inhibit

excessive inflammation to maintain homeostasis. As an

immunomodulatory macrophage subtype, M2b simultaneously

secretes both pro-inflammatory factors and the anti-inflammatory

cytokine IL-10. This enables it to moderately activate immune

responses while balancing inflammation to prevent excessive

tissue damage—a process most commonly observed during the

mid-phase of inflammation. The M2c macrophage, a phagocytic

and clearance subtype, not only clears apoptotic substances to

initiate repair but also secretes key mediators like IL-10 and TGF-

b in later stages to drive tissue remodeling and inhibit immune

overactivation, thereby restoring homeostasis. Angiogenic M2d

macrophages promote new blood vessel formation by secreting

VEGF and IL-10, thereby improving local perfusion. By acting

synergistically with other M2 subtypes, they enhance the overall

tissue repair network, which contributes to reducing the risk of

kidney fibrosis (95, 96).

3.1.1 Interaction between macrophages and renal
cells

There is a highly intricate crosstalk between macrophages and

renal intrinsic cells. Under pathological stimuli such as

hyperglycemia, renal tubular epithelial cells secrete a range of

pro-inflammatory cytokines, including IL-1, IL-6, and TNF-a.
These cytokines exert effects on both renal tubular epithelial cells

and infiltrating macrophages, triggering local inflammatory

responses that result in cellular damage and functional

impairment, thereby promoting the progression of DN (33).

When renal tubular epithelial cells are injured or in a pro-

inflammatory state, they upregulate the secretion of specific

chemokines—most notably MCP-1—which facilitate the

recruitment and accumulation of macrophages in the kidney. As

macrophage infiltration intensifies, these immune cells release

additional pro-inflammatory mediators, establishing a self-

amplifying feedback loop that exacerbates inflammation and

tubulointerstitial injury, ultimately accelerating the advancement

of DN (33, 97).

During the progression of DN, glomerular cells are profoundly

influenced by macrophage activity. Macrophages release pro-

inflammatory cytokines, including IL-1, IL-6, and TNF-a, which
stimulate glomerular mesangial cells to overproduce ECM, thereby

accelerating glomerulosclerosis and worsening glomerular injury

(16). Upon glomerular damage or inflammation, MCP-1 is

upregulated, promoting the recruitment of substantial numbers of

macrophages into the glomerular compartment. Once infiltrated,

these macrophages secrete additional pro-inflammatory mediators

that further impair glomerular cells, establishing a self-perpetuating

cycle of injury. Under hyperglycemic conditions, hypoxia-inducible

factor-1a (HIF-1a) and Notch1 signaling pathways in glomerular

endothelial cells are activated. This activation directly enhances the

expression of chemotactic molecules in endothelial cells, leading to
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the selective recruitment of pro-inflammatory M1 macrophages to

the kidneys, which exacerbates endothelial dysfunction and disrupts

the glomerular microenvironment (62). In this hyperglycemic

milieu, podocytes also secrete MCP-1, facilitating macrophage

migration into renal tissue. Following infiltration, macrophages

produce TNF-a, which induces podocyte apoptosis. Moreover,

activation of T-cell immunoglobulin and mucin domain-

containing molecule 3 (Tim-3) triggers macrophages to

upregulate NF-kB and TNF-a production, amplifying local

inflammatory responses and hastening podocyte injury (16).

Metabolically, AGEs promote macrophage polarization toward

the pro-inflammatory M1 phenotype. These polarized M1

macrophages sustainably release high levels of pro-inflammatory

cytokines, altering glomerular function and thereby driving the

progression of DN (86).

3.2 Mechanisms of T cells in the
progression of diabetic nephropathy

T cells contribute to the pathogenesis of DN through multiple

mechanisms, including promoting inflammatory responses,

exerting direct cytotoxic effects, and mediating immunoregulatory

functions. Together, these actions exacerbate renal injury in

DN (98).

3.2.1 Pro-inflammatory effects

T cells secrete a variety of pro-inflammatory cytokines.

Specifically, IFN-g, interleukin-2 (IL-2), and TNF-a produced by

Th1 cells can activate macrophages and other immune cells, thereby

exacerbating kidney injury in DN (77). In DN, an increased

proportion of Th17 cells is closely associated with the severity of

renal damage. IL-17, a key pro-inflammatory cytokine secreted by

Th17 cells, stimulates various cell types to produce chemokines and

inflammatory mediators, promoting inflammatory cell infiltration

and sustaining inflammation. During the pathogenesis of diabetic

nephropathy, upregulated IL-17 expression induces renal

glomerular mesangial cells and other resident renal cells to secrete

higher levels of inflammatory chemokines. These chemokines

recruit immune cells into the kidney, thereby amplifying the local

inflammatory response. Moreover, Th17 cells interact with other

renal resident cells to further propagate inflammation. For example,

IL-17 signaling in renal tubular epithelial cells triggers aberrant

expression of inflammation-related genes, leading to

tubulointerstitial inflammation and contributing to the

progression of kidney injury (23).

A substantial population of CD8+T cells secrete a range of pro-

inflammatory cytokines, notably IFN-g and TNF-a, which activate

macrophages and other immune effector cells. This activation

promotes the persistent recruitment of inflammatory cells and the

excessive release of inflammatory mediators, thereby exacerbating

renal inflammation and contributing to progressive tissue injury

(99). In parallel, CD8+T cells release cytotoxic molecules, including

perforin and granzyme B. Granzyme B is internalized by target cells

and induces apoptosis, directly compromising renal cellular
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integrity, triggering cell death, and leading to structural damage

that ultimately undermines normal kidney function (77).

3.2.2 Immune regulatory effects and immune
tolerance imbalance

Alterations in the numbers of T cell subsets also play a pivotal

role in the progression of diabetic nephropathy. Tregs are critical

for regulating immune responses and maintaining immune

tolerance; impaired Treg function leads to excessive activation of

Th17 cells, thereby increasing the risk of glomerular sclerosis.

Meanwhile, hyperglycemia-induced oxidative stress can impair

Tregs, reducing the secretion of TGF-b and IL-10 and

consequently attenuating their anti-inflammatory regulatory

effects (25).

The number of Th1 cells is significantly increased in DN. These

cells secrete IFN-g and TNF-a, which exacerbate inflammation and

promote pro-inflammatory processes, ultimately inducing renal

tubular cell apoptosis and podocyte loss (100). These changes are

closely associated with the progressive decline in renal function and

further amplify the systemic inflammatory state. Meanwhile, a

reduction in Th2 cell numbers impairs the body’s intrinsic anti-

inflammatory capacity, thereby aggravating renal inflammation and

injury (25, 90). The relatively low proportion of Th2 cells

contributes to a Th1/Th2 imbalance, which further intensifies

inflammatory responses.

In DN, an elevated proportion of Th17 cells is strongly

correlated with the severity of renal injury. IL-17 secreted by

Th17 cells can stimulate renal tubular epithelial cells to produce

chemokines, which recruit substantial numbers of neutrophils and

thereby exacerbate renal tissue damage (101). Moreover, Th17 cells

can activate renal fibroblasts to synthesize collagen, directly

contributing to the progression of renal interstitial fibrosis (102).

3.2.3 Interaction between T cells and renal cells

Cytokines secreted by T cells, such as IL-2, IFN-g, and TNF-a,
can activate macrophages and trigger inflammatory responses. This

promotes inflammatory cell infiltration in the glomeruli and renal

tubular interstitium, thereby exacerbating renal tissue damage (25,

77). In addition, T cells release cytotoxic molecules that directly

target renal cells, leading to cellular injury or death. Notably, these

molecules interact with podocytes and mediate the release of

perforin and granzymes, which disrupt podocyte cell membranes

and intracellular organelles. Consequently, podocyte injury and

detachment occur, compromising the integrity of the glomerular

filtration barrier and ultimately contributing to the development of

proteinuria (77).In addition to direct injury, T cells can indirectly

impair renal podocytes through multiple pathways, including

cytokine secretion, promotion of immune complex deposition,

and induction of metabolic disturbances (103). Immune

mediators released by T cells, such as IL-17, stimulate the

activation of glomerular mesangial cells and vascular endothelial

cells, leading to the production of inflammatory mediators and

extracellular matrix components. These factors disrupt normal
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podocyte growth and metabolic functions, resulting in podocyte

injury. Furthermore, T cell-mediated immune responses enhance

the deposition of immune complexes in the glomerular basement

membrane, triggering complement system activation and

inflammatory reactions that exacerbate podocyte damage (21).

Additionally, abnormal T cell activation may trigger localized

exacerbation of oxidative stress and disturbances in lipid

metabolism, which can impair the normal physiological functions

of podocytes and ultimately lead to cellular damage.

3.2.4 Interaction between T cells and other
immune cells

Studies have demonstrated a significant increase in renal T cell

infiltration in animal models of diabetic nephropathy. Under

hyperglycemic conditions, T cells secrete a variety of chemokines

and cytokines that not only initiate inflammatory responses but also

activate macrophages and endothelial cells, leading to impaired

renal function through multiple pathways (77). T cells are closely

associated with macrophages, cytokines secreted by T cells can

activate renal resident macrophages, prompting glomerular

mesangial cells to produce colony-stimulating factor-1 (CSF-1)

and MCP-1. These factors in turn amplify macrophage-driven

release of a cascade of inflammatory mediators, such as NO, ROS,

IL-1, TNF-a, complement components, and MMPs, ultimately

exacerbating renal injury (104). Within T cell subsets, Th17 cells

engage in intricate and bidirectional interactions with neutrophils,

and these two cell types act synergistically to promote renal

interstitial fibrosis, ultimately leading to significant impairment of
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renal function (105). Among the mediators involved, IL-17A

secreted by Th17 cells plays a pivotal role. IL-17A can bind to

specific receptors on the surface of renal interstitial cells, initiating

chemotactic signaling pathways. Additionally, IL-17A induces the

expression of various chemokines, including CXCL1, CXCL2, and

CXCL8, which exert potent chemotactic effects on neutrophils and

recruit large numbers of neutrophils from the systemic circulation

to accumulate in the renal interstitium (106). Notably, IL-17A also

acts directly on renal epithelial and endothelial cells, inducing them

to secrete additional pro-inflammatory mediators and chemokines.

This further enhances the chemotaxis and activation of neutrophils.

Once activated, these neutrophils release toxic substances such as

elastase and myeloperoxidase, directly damaging renal tissue and

exacerbating both the inflammatory response and subsequent tissue

injury (107, 108).
4 Renal immune micro-environment

Under physiological conditions, the intestinal microbiota

maintains a relatively stable dynamic equilibrium. However,

during disease states or other perturbations, this equilibrium can

be disrupted, leading to dysbiosis (109). In recent years, research

has demonstrated that the gut microbiota and its metabolic

byproducts play a significant role in the pathogenesis and

progression of diabetic nephropathy (Figure 2). Patients with

diabetes frequently exhibit intestinal dysbiosis, characterized by

alterations in both microbial composition and metabolite profiles.
FIGURE 2

The molecular regulatory network of intestinal flora imbalance mediating renal inflammation and fibrosis. Intestinal flora dysbiosis compromises the
gut barrier, allowing bacterial metabolites to enter the circulation. These metabolites activate macrophage TLR4 receptors, triggering the NF-kB and
NLRP3 pathways to release pro-inflammatory mediators (TNF-a, IL-1b, CXCL1, CCL2). This promotes renal inflammation, oxidative stress, and the
expression of pro-fibrotic factors (Col1a1, TGF-b1), ultimately driving renal fibrosis. Although metabolites like SCFAs can exert anti-inflammatory
effects via GPR43/GPR109A, these are insufficient to counteract the dominant pathologic processes in dysbiosis.
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A key feature of this dysbiosis is reduced overall microbial diversity,

accompanied by marked shifts in the abundance of specific bacterial

genera. Notably, the abundance of Gram-negative bacteria such as

Actinobacteria, Hungatella, Escherichia, and Lactobacillus is

increased. Among these, the enrichment of Hungatella and

Escherichia is particularly prominent in individuals with diabetic

nephropathy. Conversely, beneficial SCFA-producing genera—such

as Butyricicoccus, Faecalibacterium, and Lachnospira—are

significantly depleted, leading to impaired intestinal anti-

inflammatory capacity and disrupted metabolic regulation (110–

112). This microbial community imbalance can compromise

intestinal barrier integrity, enhance intestinal permeability, and

facilitate the translocation of microbial metabolites into the

systemic circulation. Once in circulation, these metabolites trigger

both systemic and renal-localized immune responses, leading to

chronic low-grade inflammation and consequent remodeling of the

renal immune microenvironment (113, 114). Under conditions of

intestinal microbiota dysbiosis, Lipopolysaccharide (LPS) derived

from Gram-negative bacteria translocates into the systemic

circulation via a compromised intestinal barrier. Once in

circulation, LPS binds to toll-like receptor 4 (TLR4) on

macrophages and dendritic cells, triggering activation of the NF-

kB pathway and the NLRP3 inflammasome. This sequential

signaling cascade enhances the production and release of pro-

inflammatory cytokines, including TNF-a and IL-1b, thereby
amplifying renal inflammatory responses (114). SCFAs, produced

by gut microbiota through the fermentation of dietary fiber, exert

renoprotective effects. Specifically, SCFAs mediate the activation of

G protein-coupled receptors (GPRs) 43 and 109A. This leads to the

downregulation of pro-inflammatory cytokines, chemokines, and

pro-fibrotic proteins in diabetic kidneys. Concurrently, SCFAs

promote regulatory T cell (Treg) differentiation and help

maintain immune homeostasis (115). SCFAs can alleviate renal

fibrosis by inhibiting the activation of mesangial cells and

fibroblasts. Experimental evidence has confirmed that a high-fiber

diet significantly reduces proteinuria, glomerular hypertrophy,

podocyte injury, and renal interstitial fibrosis in diabetic mice,

and it simultaneously modulates the composition of the gut

microbiota (116). TMAO, another metabolite of the gut

microbiota, can directly impair renal function through multiple

mechanisms. Firstly, it promotes systemic inflammation,

exacerbates oxidative stress-induced injury, and induces tissue

fibrosis, thereby directly compromising renal structure and

function. Secondly, TMAO activates key inflammatory pathways,

triggering the release of pro-inflammatory cytokines and directly

inducing vascular endothelial dysfunction. Both systemic

inflammation and endothelial dysfunction play central roles in

the pathogenesis of DN, further supporting the role of TMAO as

a key mediator linking gut microbiota dysbiosis to DN

progression (117).

In summary, the crosstalk between the gut microbiota and the

renal immune microenvironment plays a critical role in the

pathogenesis of DN. A deeper understanding of this bidirectional

interaction may pave the way for novel therapeutic strategies

targeting the gut microbiota to prevent and treat DN.

Accumulating evidence has shown that modulation of the gut
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microbiota—through interventions such as fecal microbiota

transplantation (FMT), probiotic supplementation, and dietary

prebiotic intake—can effectively alleviate the progression of DN

(118–120). However, no large-scale clinical trials have been

conducted to provide robust evidence supporting these

therapeutic strategies. Therefore, extensive clinical research

remains necessary to validate their efficacy, and further in-depth

studies are needed to clarify the underlying mechanisms.
5 Immune microenvironment markers
and diabetic nephropathy

The traditional diagnosis of diabetic nephropathy relies on the

assessment of UACR and the rate of decline in glomerular filtration

rate (GFR). However, these indicators only show significant

changes after kidney damage has occurred, lacking sensitivity and

specificity for early diagnosis (121). Therefore, the identification of

earlier and more precise biomarkers is crucial to enabling early

intervention in diabetic nephropathy and slowing disease

progress ion. Dynamic changes in the renal immune

microenvironment provide a promising avenue for discovering

novel biomarkers at the early stages of the disease. Biomarkers

derived from this microenvironment can not only facilitate early

diagnosis but also support prognosis assessment and

therapeutic monitoring.

Single-cell RNA sequencing (scRNA-seq) has emerged as a

powerful tool for analyzing gene expression profiles across diverse

renal cell types under DN conditions. This advancement enables

more precise identification of cell-type-specific marker genes (122,

123). The expression levels of FSTL1, CX3CR1, and AGR2 are

significantly upregulated in both patients with DN and in DN

mouse models. Receiver operating characteristic (ROC) curve

analysis has indicated that these genes possess strong diagnostic

potential, with area under the curve (AUC) values of 0.911 for

FSTL1, 0.935 for CX3CR1, and 0.922 for AGR2, respectively (124).

With regard to the functions and diagnostic potential of these genes,

the details are as follows: FSTL1 is predominantly expressed in

podocytes and mesangial cells. Its expression is significantly

upregulated in DN and positively correlated with serum

creatinine levels while negatively correlated with GFR. This gene

demonstrates strong diagnostic performance. CX3CR1 is highly

expressed in leukocytes and plays a critical role in DN pathogenesis

by promoting ECM synthesis. Inhibition of CX3CR1 in mouse

models of DN reduces ECM deposition, attenuates renal

macrophage infiltration, and alleviates renal fibrosis. Given its

close association with the progression of renal injury, CX3CR1

may serve as a valuable biomarker for assessing disease prognosis

(124). Studies have shown that serum IL-17A levels in patients with

diabetic nephropathy DN are positively correlated with UACR and

eGFR. Decreased serum IL-17A levels and increased thyroid

peroxidase antibody (TPOAb) levels may serve as potential

serological biomarkers for both the diagnosis of DN and the

assessment of disease severity. The measurement of these

biomarkers in patient serum, when combined with other clinical
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parameters, facilitates more accurate identification of DN and

evaluation of renal injury severity, thereby supporting early

diagnosis and effective disease monitoring. Given that IL-17A and

TPOAb levels are independent predictors of prognosis in DN

patients, their assessment contributes to improved risk

stratification and clinical decision-making (125).Using untargeted

metabolomics ana lys i s v ia u l t ra-per formance l iqu id

chromatography-tandem mass spectrometry (UPLC-MS/MS),

researchers compared patients with type 2 diabetes with and

without nephropathy. This approach identified four core potential

biomarkers associated with the pantothenic acid and coenzyme A

(CoA) biosynthesis pathway. Among these biomarkers, pantothenic

acid (vitamin B5), a key pathway intermediate, demonstrated strong

diagnostic accuracy for early DN detection. It achieved an area

under the AUC of 0.88, with sensitivity and specificity both

exceeding 80%, representing the best individual performance

among the identified biomarkers. Furthermore, a combined

diagnostic model incorporating three biomarkers—pantothenic

acid, dihydrouracil, and ureidopropionic acid—improved

diagnostic efficacy, yielding an AUC of 0.94, which significantly

surpasses conventional renal function markers such as serum

creatinine and urine albumin-to-creatinine ratio in distinguishing

DN at an early stage (126). In the field of metabolic diseases such as

diabetic nephropathy, functional metabolomics has effectively

identified multiple key metabolites with clinical translational

potential and elucidated their underlying pathological

mechanisms, thereby providing robust support for disease

research. Alterations in plasma and urine levels of L-carnitine, a

precursor of gut microbiota-derived metabolites, correlate with

early renal filtration dysfunction and may serve as a potential

biomarker for early-stage kidney damage. Phenyl sulfate, another

critical metabolite implicated in diabetic nephropathy, is

significantly elevated in both db/db diabetic mice and patients

with the disease. This metabolite exacerbates renal injury through

activation of the NF-kB inflammatory pathway, offering direct

experimental evidence for the “gut microbiota–metabolite–renal

inflammation” axis in diabetic nephropathy and presenting novel

candidate targets for early diagnosis and therapeutic

intervention (127).

The identification of these biomarkers offers a promising

foundation for the early diagnosis, prognosis evaluation, and

monitoring of therapeutic efficacy in DN. Nevertheless, their

translation into clinical practice necessitates further validation

through large-scale, multicenter clinical trials to confirm their

effectiveness, reliability, and practical applicability in real-

world settings.
6 Therapeutic strategies targeting the
immune microenvironment

Given the pivotal role of the immune microenvironment in the

progression of DN, therapeutic strategies targeting this

microenvironment have emerged as a promising avenue for DN

treatment. These interventions aim to mitigate renal injury and
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retard disease progression through modulation of immune cell

activity, suppression of inflammatory responses, and potential

remodeling of the gut microbiota.

6.1 Regulation of macrophage function

Inhibition of Macrophage Recruitment. Given the central role

of macrophages in the inflammatory and fibrotic processes of DN,

suppressing macrophage recruitment and activation constitutes a

pivotal therapeutic approach. Specifically, targeting the recruitment

and activation of macrophages can effectively attenuate renal

inflammation and fibrosis, primarily by blocking chemokines and

their receptors to inhibit monocyte infiltration into the kidneys

(128). Evidence indicates that CCR2 is expressed on macrophages,

dendritic cells, and T cells. Following renal injury, MCP-1 is

upregulated and secreted. The binding of MCP-1 to CCR2

triggers the recruitment of CCR2-expressing monocytes/

macrophages, dendritic cells, and fibroblasts to the site of injury,

thereby exacerbating renal inflammation and fibrosis.

Pharmacological inhibition of the MCP-1/CCR2 axis using CCR2

antagonists has been shown to suppress monocyte migration and

infiltration into the kidneys. In preclinical animal models, CCR2

antagonists have significantly reduced renal macrophage

accumulation, alleviated inflammatory responses, and ameliorate

renal fibrosis (129).

Regulation of Macrophage Polarization. Modulating the

polarization status of macrophages and promoting their transition

to the anti-inflammatory, reparative M2 phenotype represents a

promising therapeutic strategy. This shift can be achieved through

genetic editing to regulate macrophage polarization or by

engineering macrophages to stably overexpress neutrophil

gelatinase-associated lipocalin (NGAL), which helps maintain the

M2 phenotype. These genetic modifications enhance the secretion

of the anti-inflammatory cytokine IL-10 and reduce TGF-b1
expression in renal tissue. Consequently, they attenuate renal

infiltration of M1 macrophages, alleviate podocyte loss and

fibrosis, and ultimately delay DN progression (130). Chemical

agents or natural plant-derived compounds can modulate

macrophage polarization by targeting specific signaling pathways

and regulating the secretion of inflammatory cytokines. For

instance, active vitamin analogs suppress macrophage polarization

toward the pro-inflammatory M1 phenotype and promote a shift to

the anti-inflammatory M2 phenotype. This phenotypic switch

ameliorates high glucose-induced podocyte injury, restores

glomerular filtration barrier function, and reduces proteinuria (16).

Inhibition of Macrophage Activation. Accumulating evidence

has demonstrated that aberrant activation of Src homology region 2

domain-containing phosphatase 2 (SHP2) in macrophages plays a

critical role in the pathogenesis of DN. SHP2 regulates the mitogen-

activated protein kinase (MAPK) and NF-kB signaling pathways,

thereby promoting the production and secretion of pro-

inflammatory cytokines, which exacerbate renal inflammation and

fibrosis. Targeted inhibition of SHP2 in macrophages significantly

attenuates DN progression, highlighting its potential as a novel

therapeutic strategy for macrophage-directed intervention in

DN (131).
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6.2 Regulation of T cell responses

Modulating the balance and functional competence of T cells

represents a promising therapeutic strategy for DN. Treg cells exert

immunosuppressive effects by secreting anti-inflammatory

cytokines such as IL-10 and TGF-b, thereby inhibiting the

activation and proliferation of effector T cells and mitigating renal

inflammatory injury (132). Accumulating evidence indicates that

the expansion of regulatory T cells (Tregs) can effectively mitigate

renal injury through multiple mechanisms. These cells suppress

tissue fibrosis and preserve renal architectural integrity. At a

molecular level, they downregulate biomarkers associated with

injury, inflammation, and fibrosis. Furthermore, Treg expansion

attenuates the damage-triggered inflammatory response and

reduces the production of damage-associated molecular mediators

(133). Conversely, inhibition of Th17 cell differentiation also

confers therapeutic benefits in DN. IL-17A, secreted by Th17

cells, acts synergistically with high glucose to promote the

expression of inflammatory cytokines and chemokines, thereby

exacerbating renal cell injury. Specifically, IL-17A enhances the

upregulation of IL-6, TNF-a, and CCL2 in mesangial and renal

tubular epithelial cells, leading to increased recruitment of local

macrophages and amplification of the inflammatory cascade.

Moreover, IL-17A promotes mesangial expansion and renal

fibrosis, induces podocyte inflammation and apoptosis—processes

closely linked to albuminuria. Therefore, targeted inhibition of IL-

17A and suppression of Th17 cell differentiation and activity may

effectively alleviate key pathological features of DN (102).

6.3 Application of microRNAs

MicroRNAs (miRNAs), as endogenous post-transcriptional

regulators of gene expression, play critical roles in immune

regulation and inflammatory responses, making them promising

therapeutic targets for DN. Alterations in DN-associated miRNA

expression can modulate the dysregulated renal immune

microenvironment. Specifically, miR-192 and miR-21 are

implicated in the development and progression of DN. They

potentially influence disease outcomes by regulating inflammatory

signaling pathways and modulating immune cell function, thereby

offering novel avenues for therapeutic intervention (134).

Accumulating evidence has demonstrated that microRNA-218

(miR-218) is significantly downregulated in DN. miR-218 regulates

the NF-kB signaling pathway-mediated inflammatory response by

directly targeting and binding to inhibitor of nuclear factor kappa-B

kinase subunit b (IKK-b), a key inflammation-associated molecule.

This regulatory mechanism ultimately influences the progression of

DN. Overexpression of miR-218 not only markedly attenuates renal

tissue pathological damage but also effectively suppresses both local

renal and systemic inflammatory responses. These findings indicate

that miR-218 plays a pivotal role in modulating NF-kB-mediated

inflammation, which serves as a central driver of DN progression

(135, 136). These studies suggest that regulating the expression of

specific miRNAs through gene therapy or pharmaceutical

intervention may provide a novel therapeutic approach for DN.
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6.4 Gut microbiota modulation

Targeting the gut microbiota and its metabolites has emerged as

a promising and increasingly recognized therapeutic strategy for

DN in recent years. Several approaches have been explored to

modulate the gut microbiota. These include increasing dietary fiber

intake to promote beneficial bacteria and enhance short-chain fatty

acid (SCFA) production, as well as supplementing with probiotics

or prebiotics to regulate microbial composition and improve

intestinal barrier function. For instance, clinical evidence shows

that Bifidobacterium supplementation significantly reduces serum

levels of lipopolysaccharide (LPS) and trimethylamine (TMA),

thereby alleviating renal inflammation and fibrosis. Another key

approach is fecal microbiota transplantation (FMT) from healthy

donors to restore gut microbiota homeostasis in DN patients.

Preclinical studies have confirmed that FMT can effectively

ameliorate gut microbiota dysbiosis in DN mouse models and

mitigate renal injury. However, the clinical translation of FMT for

DN still requires validation through large-scale, well-designed

clinical trials. Collectively, these strategies help restore intestinal

barrier integrity, reduce the production of harmful metabolites, and

consequently alleviate systemic and renal inflammatory responses

(115, 119, 120, 137).

6.5 Pharmaceutical therapy

Several pharmaceutical agents have shown promise in

modulating the renal immune microenvironment in DN. Various

drugs that target distinct signaling pathways exhibit unique

mechanistic profiles. By modulating the activity of these

pathways, therapeutic interventions can effectively slow the

progression of diabetic nephropathy (Table 2). Growing evidence

indicates that the combination of hydroxycaproic acid,

canagliflozin, and valsartan exerts beneficial regulatory effects on

the immune microenvironment in patients with DN. Specifically,

this combination therapy has been shown to modulate levels of key

inflammatory markers—such as high-sensitivity C-reactive protein

(hs-CRP), IL-1, IL-6, and TNF-a—and to improve immune

function in these individuals (138).

Sodium-glucose cotransporter 2 (SGLT2) is predominantly

expressed in the renal tubules and mediates the reabsorption of

80%–90% of filtered glucose. Accumulating evidence indicates that

sodium-glucose cotransporter 2 inhibitors (SGLT2i) confer renal

protective effects that extend beyond glucose lowering. They

provide comprehensive protection in DN through multifaceted

modulation of renal physiological functions, particularly by

targeting key pathological mechanisms such as improving renal

hemodynamics and ameliorating maladaptive renal phenotypes.

Specifically, SGLT2i directly modulate sodium reabsorption in the

proximal tubules, restoring tubuloglomerular feedback (TGF)

balance and thereby fundamentally improving intraglomerular

pressure regulation. Glomerular hyperfiltration is a hallmark of

early-stage DN and a critical contributor to progressive nephron

injury. By correcting this hemodynamic abnormality, SGLT2i

effectively reduce glomerular hyperfi l tration, mitigate
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intraglomerular hypertension, and delay the progression of renal

damage. Furthermore, SGLT2i indirectly attenuate renal injury by

improving systemic metabolic and circulatory homeostasis, thus

exerting synergistic renoprotective effects (139).

Semaglutide exerts multifaceted renoprotective effects through

several interrelated mechanisms. It modulates renal-related gene

expression, suppresses macrophage infiltration and inflammatory

cytokine release, and alleviates tubulointerstitial inflammation.

Furthermore, it preserves podocyte integrity and glomerular
Frontiers in Immunology 16
filtration barrier function to reduce proteinuria. Additionally,

semaglutide regulates genes involved in extracellular matrix

remodeling, thereby inhibiting glomerulosclerosis and fibrosis.

Additionally, semaglutide improves insulin sensitivity, modulates

glucose metabolism, and lowers blood glucose levels, contributing

to synergistic renal protective effects in DN (140). The

renoprotective action of semaglutide follows an upstream

activation–midstream regulation–downstream effect cascade.

Specifically, semaglutide binds to the glucagon-like peptide-1
TABLE 2 Summary of major signaling pathways and targeted therapeutic interventions in diabetic nephropathy.

Signaling
pathway

Primary
activating
factors
in diabetic
nephropathy

Downstream
key effector
molecules/
cells

Induced renal
pathological
changes

Targeted intervention strategies References

NF-kB High glucose
TLR4

NLRP3, Caspase-1,
GSDMD,
IL-1b, IL-18
GC, RETC

GMC proliferation with
inflammatory cell infiltration
RTEC dysfunction
Renal interstitial fibrosis

Yitangkang: inhibit the TLR4/NF-kB/NLRP3
signaling pathway, pyroptosis and
inflammatory responses, downregulate the
activation of NF-kB,

(145)

High glucose
IL-1b, TNF-a,
MCP-1
ROS, AGES

TNF-a, IL-1b, IL-
6, MCP-1,
IL-17,
Mj, NEU, GMC,
RTEC

Glomerular injury
Pc apoptosis and detachment
TI injury
Renal fibrosis

Baicalin:inhibit the NF-kB and MAPK pathway,
activate of the Nrf2/HO-1 antioxidant pathway,
alleviate oxidative stress and inflammation,

(144)

TGF-b/Smad High glucose
RAAS, ECM, ROS
Inflammatory
Cytokines

Smads
GMC, RTEC, GEC,
DC, Mj

GBM thickening
Mesangial expansion
Glomerular endothelial
injury
Renal interstitial fibrosis

Pirfenidone: inhibit the TGF-b/Smad pathway,
reduce ROS and pro-fibrotic cytokines

(63)

High glucose a-SMA, Collagen
IV
RETC, GEC, Mj

Glomerular injury and
sclerosis
TI injury
Renal interstitial fibrosis
Increased Mj & Lymp
infiltration in TI

UC-MSCs: inhibit the expression and activation
of TGF-b, and inflammatory responses

(41)

NLRP3Inflammasome High glucose
NETS

mIL-1b
GEC, Pc

Loss or dysfunction of Pc
Disruption of the glomerular
filtration barrier,
Structural damage to the
glomeruli

PAD4 inhibitors: indirectly inhibit the
activation of the NLRP3 inflammasome and
reduce the
formation of NETs.

(42)

JAK/STAT3 High glucose
Angll
IL-6

MCP-1, TGF-b,
miR-34a, DNMT1
PC, MC, RTEC,
RF,
Mj, Th17Cell,
Treg

Glomerular injury
TI injury
Recruitment of Mj and T
cells to infiltrate renal tissue

IL-6 and its receptor inhibitors: inhibit of IL-6
or its receptor and indirectly block the
activation of
JAK/STAT3
JAK inhibitors: reduce proteinuria levels in
DKD
patients and alleviate renal inflammation

(71)

AMPK/SIRT1/NRF2 High glucose
GLP-1 receptor
agonist

IL-1b, TNF-a, IL-
6, MCP-1,
NF-kB, TGF-b1,
Smad2/3,
a-SMA, GPX4,
SLC7A11,
FSP1, FTH1, FPN1
GC, RETC

Glomerular Hypertrophy
Vacuolar degeneration and
shedding of RETC
Collagen fiber deposition
and
TI fibrosis

Ferroptosis inhibitors: directly inhibit
ferroptosis in renal tubular cells, alleviate
kidney injury and fibrosis
GLP-1 receptor agonists: activate the AMPK/
SIRT1/NRF2 pathway, inhibit ferroptosis,
inflammation,
and fibrosis

(141)

PI3K/Akt High glucose
SHIP
TGF-b

TGF-b1, a-SMA,
CTGF, CoIII,
TEC, GMC, RF

Promote EMT and enhance
the
fibrotic phenotype of cell
MC proliferation
Tubular injury
Renal interstitial fibrosis

Specific PI3K/Akt pathway inhibitors: inhibit
Akt
phosphorylation and alleviate ECM
accumulation
Akt inhibitors: reduce the expression of TGF-
b1
and a-SMA, alleviate ECM deposition in renal
tubular cells

(80)
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receptor (GLP-1R), activating the cAMP/PKA/CREB signaling

pathway and upregulating the expression of b-klotho (KLB). KLB

acts as a central hub that links upstream GLP-1R signaling to

downstream metabolic regulation by interacting with specific

kinases to activate AMP-activated protein kinase (AMPK).

Activation of the AMPK/SIRT1/NRF2 axis modulates antioxidant

responses and iron homeostasis, thereby suppressing ferroptosis—

an effect that represents the core effector mechanism through which

semaglutide exerts its anti-ferroptotic action. Upon AMPK

activation, ferroptosis is inhibited via coordinated regulation of

three key processes—lipid metabolism, antioxidant defense, and

iron metabolism—while inflammatory and fibrotic pathways are

concurrently suppressed, ultimately providing renal protection in

DN (141).

The mineralocorticoid receptor (MR) belongs to the steroid

hormone intracellular receptor family and is widely expressed in

tissues and organs such as the kidneys and heart. Its ligands and

functional activities exhibit tissue specificity, providing a

mechanistic basis for the multi-system impacts of MR

overactivation. DN patients frequently present with MR

overactivation: this process not only regulates renal sodium and

water reabsorption via the classical pathway, but also induces renal

oxidative stress, inflammatory responses, and fibrosis through non-

classical pathways, thereby accelerating glomerular injury and renal

function deterioration. Non-steroidal mineralocorticoid receptor

antagonists (MRAs) can block the pathological effects of MR

overactivation, thus delaying the progression of DN (142).

Numerous traditional Chinese medicine (TCM) components

have demonstrated therapeutic potential in DN. Growing evidence

indicates that Angelica sinensis polysaccharide (ASP) attenuates

renal inflammation and fibrosis by downregulating the mRNA

expression of key inflammatory mediators, such as MCP-1, TNF-

a, and IL-1b, in renal tissues (143). Baicalin can simultaneously

activate the Nrf2/HO-1 antioxidant signaling pathway, upregulate

the expression of HO-1 and NQO-1, suppress the MAPK-mediated

inflammatory pathway, and downregulate the phosphorylation of

Erk1/2, JNK, and p38, thereby alleviating oxidative stress and

inflammation (144). Accumulating evidence demonstrates that

the TCM compound Yitangkang inhibits pyroptosis and

inflammatory responses in renal tissue cells of DN mice. Its

mechanism involves modulating the TLR4/NF-kB/NLRP3

inflammasome signaling pathway. Specifically, Yitangkang

activates TLR4-mediated signaling to regulate the NF-kB
pathway, suppresses NLRP3 inflammasome protein expression in

renal tissues, and consequently reduces the levels of cleaved

GSDMD-N, cleaved caspase-1, IL-1b, and IL-18, thereby

attenuating renal inflammatory cell infiltration (145). In a

hyperglycemic microenvironment, glomerular endothelial cells,

renal tubular epithelial cells, and other intrinsic renal cells are

activated and secrete substantial amounts of exosomes enriched

with microRNA-21 (miR-21). These exosomes diffuse through the

renal tissue microenvironment to reach podocytes, where they

deliver miR-21 via membrane fusion, resulting in abnormally

elevated intracellular levels of miR-21 in podocytes. Accumulating

evidence indicates that astragaloside IV (AS-IV) modulates the

miRNA biosynthesis pathway in glomerular endothelial cells,
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downregulating miR-21 transcription and reducing its

production. Furthermore, AS-IV inhibits the biogenesis and

secretion of exosomes, thereby decreasing the release of miR-21-

enriched exosomes into the renal microenvironment. This

effectively interrupts the intercellular transmission of miR-21 to

podocytes, preventing pathological accumulation of miR-21 in

these cells during DN (146). Artemether, a derivative of

artemisinin, has demonstrated significant therapeutic potential in

metabolic disorder-related diseases. Its multifaceted hypoglycemic

and anti-inflammatory immunomodulatory effects offer a

promising new avenue for disease intervention. The AMPK/

mTOR signaling pathway, a central regulator of energy

metabolism and cell proliferation, is closely implicated in

metabolic homeostasis and inflammatory responses, positioning it

as a key molecular target for artemether’s action. By modulating this

pathway, artemether effectively down-regulates the expression of

pro-inflammatory cytokines, alleviates their disruption of the

insulin signaling cascade, and thereby achieves a synergistic effect

combining glucose-lowering and anti-inflammatory activities (147).

Artesunate inhibits the mRNA expression of key inflammatory

cytokines, including IL-1b, IL-6, and TNF-a, while simultaneously

down-regulating core proteins in inflammatory signaling pathways

such as inducible nitric oxide synthase (iNOS) and NF-kB, thereby
suppressing aberrant inflammatory responses in renal tissues (148).

TCM primarily follows the therapeutic principles of clearing heat,

promoting fluid production, tonifying qi, nourishing yin, and

activating blood circulation to eliminate turbidity. It has

demonstrated favorable clinical efficacy in the treatment of DN

and shows promising developmental potential. Therefore,

investigating effective TCM-based interventions for DN carries

substantial clinical and scientific significance.

Table 1 illustrates that activation of specific signaling pathways

in diabetic nephropathy can lead to a range of renal pathological

alterations, including glomerular injury, mesangial expansion,

tubulointerstitial fibrosis, and podocyte dysfunction. Targeted

intervention strategies directed at distinct signaling pathways

exhibit unique mechanistic characteristics. By modulating the

activity of these pathways, such interventions can effectively

mitigate the progression of diabetic nephropathy.
7 Future outlook

7.1 Refined research on immune cell
subsets

Currently, the understanding of renal immune cells largely

relies on traditional phenotypic classification. However, advances

in scRNA-seq, spatial transcriptomics, and related technologies

have introduced powerful tools for dissecting immune cell

heterogeneity. These approaches enable the identification of

previously unrecognized cell subsets, enhance insights into

intercellular crosstalk, and reveal dynamic alterations in the

immune microenvironment across distinct pathological stages of

DN. The application of scRNA-seq and complementary methods
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allows researchers to uncover novel immune cell subpopulations,

including functionally distinct macrophage and T-cell subtypes.

These techniques further enable the characterization of their spatial

distribution, functional roles, and regulatory mechanisms across

disease progression (123, 124, 149). This will offer a more

comprehensive perspective on the complex mechanisms

underlying diabetic nephropathy, thereby establishing a crucial

foundation for future mechanistic studies and the development of

effective intervention strategies.

7.2 Immune microenvironment signaling
networks and cell-cell interactions

In -dep th inve s t i g a t i ons in to th e r ena l immune

microenvironment have revealed intricate interconnections

among multiple factors. These include inflammation, oxidative

stress, cell death, cellular senescence, dysregulated lipid

metabolism, and gut microbiota-derived metabolites. These

interactions collectively form a coordinated regulatory network

that modulates immune microenvironment homeostasis and

directly contributes to the initiation and progression of renal

injury (3, 66, 90, 110, 111). Future research should therefore

focus on elucidating the molecular mechanisms through which

these factors interact to drive diabetic nephropathy progression.

This will provide a crucial theoretical foundation for understanding

pathogenesis and developing targeted therapies.

7.3 Advancing research on immune
microenvironment biomarkers

Currently identified immune microenvironment-related

biomarkers remain largely confined to preclinical research and

lack validation through large-scale, multi-center clinical studies.

Future efforts should focus on rigorous clinical evaluations to

confirm the utility of biomarkers such as FSTL1, CX3CR1, and

Cit-H3 in early diagnosis, prognosis assessment, and therapeutic

monitoring. Concurrently, the development of efficient and non-

invasive detection technologies is essential to support their clinical

translation. Moreover, integrating multiple biomarkers into

composite panels may significantly enhance diagnostic and

prognostic accuracy, representing a promising direction for future

research (124, 149).

7.4 In-depth research on gut microbiota

The role of the gut microbiota in DN has garnered increasing

attention, but the mechanisms by which it modulates the renal

immune microenvironment via metabolites remain incompletely

elucidated. In the future, it is necessary to clarify the interaction

mechanisms between specific gut microbiota and their metabolites

and renal immune cells such as macrophages and T cells, and

dissect the regulatory axis of “gut microbiota – metabolites –

immune cells – renal injury”. Meanwhile, clinical studies should

be conducted on precision probiotic supplementation and gut

microbiota-based FMT intervention strategies to verify their

safety and efficacy in DN. Additionally, exploring the cross-organ
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regulatory mechanisms of the gut-kidney immune axis mediated by

the gut microbiota can provide novel insights for DN intervention.

7.5 Clinical translation of precision
targeted therapy

In the future, individualized therapeutic strategies should be

developed based on comprehensive immune microenvironment

profiling in patients with diabetic nephropathy DN, including

immune cell subset distribution, inflammatory cytokine levels, and

gut microbiota composition, to enable precise targeted interventions.

A critical research priority also lies in advancing novel drug delivery

systems that enhance renal drug accumulation and minimize

systemic side effects. Furthermore, exploring combination therapies

represents a highly promising avenue for clinical translation. Such

therapies would simultaneously target immune cells, modulate gut

microbiota, and inhibit key inflammatory signaling pathways,

thereby achieving multidimensional regulation of the renal

immune microenvironment.
8 The limitations of this review

8.1 Incomplete understanding of immune
mechanisms and the gut-kidney axis

The review on immune cells and their underlying mechanisms

remains insufficient, and the molecular network mediating

interactions among various immune cells has not yet been fully

elucidated, which hinders a comprehensive understanding of how

the immune microenvironment influences the progression of

diabetic nephropathy. Furthermore, the dynamic alterations in

the immune microenvironment across different pathological

stages of diabetic nephropathy have not been systematically

characterized, and the mechanistic interactions between immune

cells and intrinsic renal cells remain poorly understood. In addition,

the role of gut microbiota requires further investigation. The

specific molecular pathways through which distinct microbial

species and their metabolites modulate the renal immune

microenvironment are still not well defined.

8.2 Insufficient clinical translation of
biomarkers and immunomodulatory
therapies

On one hand, the inadequacy of current biomarkers is evident

in the limited number listed, most of which remain at the stage of

basic research or small-scale clinical exploration. A lack of multi-

center, large-sample, and long-term follow-up studies has hindered

the validation of their performance, leaving the sensitivity and

specificity of these biomarkers in diagnosing diabetic

nephropathy, as well as their utility in prognostic assessment,

insufficiently established. On the other hand, the clinical evidence

supporting the proposed treatment strategies remains weak.

Interventions targeting the immune microenvironment—such as
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modulation of macrophage polarization, expansion of Tregs, and

fecal microbiota transplantation—are still confined to preclinical

animal models or early-phase clinical trials.

8.3 Lack of systematic research on
traditional chinese medicine and integrated
pathological networks

Although the present study discusses the effects of traditional

Chinese medicine components such as Angelica sinensis

polysaccharides and Scutellaria baicalensis, it primarily focuses on

isolated constituents or specific cell signaling pathways, thereby

lacking a systematic investigation into how traditional Chinese

medicine formulas regulate the immune microenvironment.

Furthermore, there is insufficient elaboration on the interactions

between the immune microenvironment and key pathological

mechanisms—including oxidative stress, dysregulated lipid

metabolism, and programmed cell death— l imiting the

construction of an integrated pathological network and

constraining a comprehensive understanding of the disease’s

complex mechanisms.
9 Conclusion

In conclusion, the renal immune microenvironment plays a

central role in the initiation and progression of DN. Metabolic

disturbances, particularly hyperglycemia, induce profound

alterations in this microenvironment, including infiltration and

activation of diverse immune cell populations, elevated

production of pro-inflammatory cytokines and chemokines, and

dysregulated activation of inflammatory signaling pathways. These

immune changes dynamically interact with intrinsic renal non-

immune cell injury, extracellular matrix accumulation, and systemic

influences from gut microbiota dysbiosis and their metabolites. This

interplay collectively forms a complex pathological network that

drives renal inflammation, fibrosis, and functional decline. A deeper

understanding of the cellular composition and regulatory

mechanisms within the renal immune microenvironment not

only enhances our comprehension of DN pathophysiology but

also establishes a crucial basis for identifying novel biomarkers

and developing targeted therapeutic interventions. Future studies

should harness advanced technologies to systematically unravel the

intricacies of this microenvironment and accelerate the translation

of mechanistic insights into clinical applications. Guided by the

principles of precision medicine, individualized treatment strategies

should be tailored to the unique immune profiles of patients, paving

the way for more effective diagnosis and management of DN.
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82. Garcia-Fernandez N, Jacobs-Cachá C, Mora-Gutiérrez JM, Vergara A, Orbe J, Soler
MJ. Matrix metalloproteinases in diabetic kidney disease. J Clin Med. (2020) 9:472.
doi: 10.3390/jcm9020472

83. Yan L, Wang J, Cai X, Liou YC, Shen HM, Hao J, et al. Macrophage plasticity:
signaling pathways, tissue repair, and regeneration. MedComm. (2024) 5:e658.
doi: 10.1002/mco2.658

84. Huang H-S, Chen L, Chi J-X, Lai S-Y, Pi J, Shao Y-M, et al. Stress granules and cell
death: crosstalk and potential therapeutic strategies in infectious diseases. Cell Death
Dis. (2025) 16:495. doi: 10.1038/s41419-025-07800-z

85. Yan J, Li X, Liu N, He JC, Zhong Y. Relationship between macrophages and tissue
microenvironments in diabetic kidneys. Biomedicines. (2023) 11:1889. doi: 10.3390/
biomedicines11071889

86. Li H-D, You Y-K, Shao B-Y, Wu W-F, Wang Y-F, Guo J-B, et al. Roles and
crosstalks of macrophages in diabetic nephropathy. Front Immunol. (2022) 13.
doi: 10.3389/fimmu.2022.1015142

87. Dousdampanis P, Aggeletopoulou I, Mouzaki A. The role of M1/M2 macrophage
polarization in the pathogenesis of obesity-related kidney disease and related
pathologies. Front Immunol. (2024) 15:1534823. doi: 10.3389/fimmu.2024.1534823

88. Cantero-Navarro E, Rayego-Mateos S, Orejudo M, Tejedor-Santamaria L, Tejera-
Muñoz A, Sanz AB, et al. Role of macrophages and related cytokines in kidney disease.
Front Med (Lausanne). (2021) 8:688060. doi: 10.3389/fmed.2021.688060

89. Jin Q, Liu T, Qiao Y, Liu D, Yang L, Mao H, et al. Oxidative stress and
inflammation in diabetic nephropathy: role of pol yphenols. Front Immunol. (2023)
14. doi: 10.3389/fimmu.2023.1185317

90. Chen J, Liu Q, He J, Li Y. Immune responses in diabetic nephropathy: Pathogenic
mechanisms and th erapeutic target. Front Immunol. (2022) 13. doi: 10.3389/
fimmu.2022.958790

91. Jiang Y, Cai R, Huang Y, Zhu L, Xiao L, Wang C, et al. Macrophages in organ
fibrosis: from pathogenesis to therapeutic targets. Cell Death Discov. (2024) 10:487.
doi: 10.1038/s41420-024-02247-1

92. Kang Y, Jin Q, Zhou M, Zheng H, Li D, Wang X, et al. Immune regulatory
mechanisms of M2 macrophage polarization and efferocytosis in diabetic kidney
disease: an integrated screening study with therapeutic implications. Front
Endocrinol. (2025) 16. doi: 10.3389/fendo.2025.1652402

93. Cao L, Ding L, Xia Q, Zhang Z, Li M, Song S, et al. Macrophage polarization in
diabetic vascular complications: mechanistic insights and therapeutic targets. J Trans
Med. (2025) 23:1050. doi: 10.1186/s12967-025-07075-0

94. Lin DW, Yang TM, Ho C, Shih YH, Lin CL, Hsu YC. Targeting macrophages:
therapeutic approaches in diabetic kidney disease. Int J Mol Sci. (2024) 25:4350.
doi: 10.3390/ijms25084350

95. Youssef N, Noureldein MH, Riachi ME, Haddad A, Eid AA. Macrophage
polarization and signaling in diabetic kidney disease: a catalyst for disease
progression. Am J Physiol Renal Physiol. (2024) 326:F301–f12. doi: 10.1152/
ajprenal.00266.2023

96. Yang H, Cheng H, Dai R, Shang L, Zhang X, Wen H. Macrophage polarization in
tissue fibrosis. PeerJ. (2023) 11:e16092. doi: 10.7717/peerj.16092

97. Liu Y, Xu K, Xiang Y, Ma B, Li H, Li Y, et al. Role of MCP-1 as an inflammatory
biomarker in nephropathy. Front Immunol. (2023) 14:1303076. doi: 10.3389/
fimmu.2023.1303076

98. Hou G, Dong Y, Jiang Y, Zhao W, Zhou L, Cao S, et al. Immune inflammation and
metabolic interactions in the pathogenesis of diabetic nephropathy. Front Endocrinol
(Lausanne). (2025) 16:1602594. doi: 10.3389/fendo.2025.1602594

99. Xie X, Li F, Wu Q, Zeng C, Chen X, Wang W, et al. Imbalance of T cell subsets: a
core event that mediates the progression of T2DM and its complications. Front
Immunol. (2025) 16. doi: 10.3389/fimmu.2025.1688392

100. Zhuang S, Sun N, Qu J, Chen Q, Han C, Yin H, et al. High glucose/ChREBP-
induced Hif-1a transcriptional activation in CD4+ T cells reduces the risk of diabetic
kidney disease by inhibiting the Th1 response. Diabetologia. (2025) 68:1044–56.
doi: 10.1007/s00125-024-06354-7

101. Paquissi FC, Abensur H. The th17/IL-17 axis and kidney diseases, with focus on lupus
nephritis. Front Med (Lausanne). (2021) 8:654912. doi: 10.3389/fmed.2021.654912

102. Ma J, Li YJ, Chen X, Kwan T, Chadban SJ, Wu H. Interleukin 17A promotes
diabetic kidney injury. Sci Rep. (2019) 9:2264. doi: 10.1038/s41598-019-38811-4

103. Gao Y, Pang X, Zhang H, Li D, Han J, Chen Z, et al. Immune-metabolic interactions
shape the fibrotic landscape of diabetic kidney disease: emerging mechanisms and
therapeutic prospects. Front Physiol. (2025) 16:1736472. doi: 10.3389/fphys.2025.1736472
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1526285
https://doi.org/10.1111/apha.14045
https://doi.org/10.1186/s12906-018-2410-7
https://doi.org/10.1186/s12906-018-2410-7
https://doi.org/10.1186/s12964-024-01502-3
https://doi.org/10.1186/s13036-022-00299-4
https://doi.org/10.1186/s13036-022-00299-4
https://doi.org/10.3390/jcm14238589
https://doi.org/10.1155/2018/1875870
https://doi.org/10.3389/fendo.2022.816400
https://doi.org/10.3390/life13020539
https://doi.org/10.1186/s13287-020-01852-y
https://doi.org/10.1016/j.cytogfr.2025.05.007
https://doi.org/10.1038/s41392-023-01379-7
https://doi.org/10.3390/ijms21113798
https://doi.org/10.3390/jcm9020458
https://doi.org/10.2147/IJNRD.S436791
https://doi.org/10.21608/svuijm.2024.255031.1758
https://doi.org/10.3904/kjim.2021.174
https://doi.org/10.3389/fimmu.2024.1465625
https://doi.org/10.7150/ijbs.75876
https://doi.org/10.1093/ndt/gfy314
https://doi.org/10.3390/ijms21093172
https://doi.org/10.1038/s41423-023-00974-6
https://doi.org/10.3389/fimmu.2014.00253
https://doi.org/10.3389/fimmu.2023.1084448
https://doi.org/10.3389/fimmu.2023.1084448
https://doi.org/10.12659/MSM.914860
https://doi.org/10.1038/s41598-021-86888-7
https://doi.org/10.3389/fcell.2021.696542
https://doi.org/10.2147/JIR.S539571
https://doi.org/10.3390/jcm9020472
https://doi.org/10.1002/mco2.658
https://doi.org/10.1038/s41419-025-07800-z
https://doi.org/10.3390/biomedicines11071889
https://doi.org/10.3390/biomedicines11071889
https://doi.org/10.3389/fimmu.2022.1015142
https://doi.org/10.3389/fimmu.2024.1534823
https://doi.org/10.3389/fmed.2021.688060
https://doi.org/10.3389/fimmu.2023.1185317
https://doi.org/10.3389/fimmu.2022.958790
https://doi.org/10.3389/fimmu.2022.958790
https://doi.org/10.1038/s41420-024-02247-1
https://doi.org/10.3389/fendo.2025.1652402
https://doi.org/10.1186/s12967-025-07075-0
https://doi.org/10.3390/ijms25084350
https://doi.org/10.1152/ajprenal.00266.2023
https://doi.org/10.1152/ajprenal.00266.2023
https://doi.org/10.7717/peerj.16092
https://doi.org/10.3389/fimmu.2023.1303076
https://doi.org/10.3389/fimmu.2023.1303076
https://doi.org/10.3389/fendo.2025.1602594
https://doi.org/10.3389/fimmu.2025.1688392
https://doi.org/10.1007/s00125-024-06354-7
https://doi.org/10.3389/fmed.2021.654912
https://doi.org/10.1038/s41598-019-38811-4
https://doi.org/10.3389/fphys.2025.1736472
https://doi.org/10.3389/fimmu.2026.1750484
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jiang et al. 10.3389/fimmu.2026.1750484
104. Dellepiane S, Leventhal JS, Cravedi P. T cells and acute kidney injury: A two-way
relationship. Front Immunol. (2020) 11:1546. doi: 10.3389/fimmu.2020.01546

105. Fan X, Shu P, Wang Y, Ji N, Zhang D. Interactions between neutrophils and T-
helper 17 cells. Front Immunol. (2023) 14:1279837. doi: 10.3389/fimmu.2023.1279837

106. Gao Y, Peng G, Liu X, Ren X, Chen X, Zhan Y. Enhancing the treatment potential
of IL-17 antagonism in lupus nephritis: finding the right partner. Front Immunol.
(2025) 16. doi: 10.3389/fimmu.2025.1617451

107. Mehrotra P, Collett JA, McKinney SD, Stevens J, Ivancic CM, Basile DP. IL-17
mediates neutrophil infiltration and renal fibrosis following recovery from ischemia
reperfusion: compensatory role of natural killer cells in athymic rats. Am J Physiol
Renal Physiol. (2017) 312:F385–f97. doi: 10.1152/ajprenal.00462.2016

108. Cortvrindt C, Speeckaert R, Moerman A, Delanghe JR, Speeckaert MM. The role
of interleukin-17A in the pathogenesis of kidney diseases. Pathology. (2017) 49:247–58.
doi: 10.1016/j.pathol.2017.01.003

109. Johnson EL, Heaver SL, Walters WA, Ley RE. Microbiome and metabolic disease:
revisiting the bacterial phylum Bacteroidetes. J Mol Med (Berl). (2017) 95:1–8.
doi: 10.1007/s00109-016-1492-2

110. Tanase DM, Gosav EM, Neculae E, Costea CF, Ciocoiu M, Hurjui LL, et al. Role of
gut microbiota on onset and progression of microvascular compl ications of type 2
diabetes (T2DM). Nutrients. (2020) 12:3719. doi: 10.3390/nu12123719

111. Zhong Z, Zhang Y, Wei Y, Li X, Ren L, Li Y, et al. Fucoidan Improves Early Stage
Diabetic Nephropathy via the GutMicrobi ota–Mitochondria Axis inHigh-Fat Diet-Induced
Diabetic Mice. J Agric Food Chem. (2024) 72:9755–67. doi: 10.1021/acs.jafc.3c08503

112. Chu C, Behera TR, Huang Y, Qiu W, Chen J, Shen Q. Research progress of gut
microbiome and diabetic nephropathy. Front Med. (2024) 11. doi: 10.3389/
fmed.2024.1490314

113. Zhang S, Zhang S, Bai X, Wang Y, Liu Y, Liu W. Thonningianin A ameliorated
renal interstitial fibrosis in diabetic ne phropathy mice by modulating gut microbiota
dysbiosis and repressing i nflammation. Front Pharmacol. (2024) 15. doi: 10.3389/
fphar.2024.1389654

114. Wang F, Liu C, Ren L, Li Y, Yang H, Yu Y, et al. Sanziguben polysaccharides
improve diabetic nephropathy in mice by reg ulating gut microbiota to inhibit the
TLR4/NF-kB/NLRP3 signalling path way. Pharm Biol. (2023) 61:427–36. doi: 10.1080/
13880209.2023.2174145

115. Li YJ, Chen X, Kwan TK, Loh YW, Singer J, Liu Y, et al. Dietary Fiber Protects
against Diabetic Nephropathy through Short-Chai n Fatty Acid–Mediated Activation
of G Protein–Coupled Receptors GPR43 and GPR109A. J Am Soc Nephrol. (2020)
31:1267–81. doi: 10.1681/ASN.2019101029

116. Tao P, Ji J, Wang Q, Cui M, Cao M, Xu Y. The role and mechanism of gut
microbiota-derived short-chain fatty in the prevention and treatment of diabetic kidney
disease. Front Immunol. (2022) 13:1080456. doi: 10.3389/fimmu.2022.1080456

117. Fang Q, Liu N, Zheng B, Guo F, Zeng X, Huang X, et al. Roles of gut microbial
metabolites in diabetic kidney disease. Front Endocrinol. (2021) 12. doi: 10.3389/
fendo.2021.636175

118. Yu J-X, Chen X, Zang S-G, Chen X, Wu Y-Y, Wu L-P, et al. Gut microbiota
microbial metabolites in diabetic nephropathy patients: far to go. Front Cell Infect
Microbiol. (2024) 14. doi: 10.3389/fcimb.2024.1359432

119. Zhao H, Yang C-E, Liu T, Zhang M-X, Niu Y, Wang M, et al. The roles of gut
microbiota and its metabolites in diabetic nephropath y. Front Microbiol. (2023) 14.
doi: 10.3389/fmicb.2023.1207132

120. Tian E, Wang F, Zhao L, Sun Y, Yang J. The pathogenic role of intestinal flora
metabolites in diabetic nephro pathy. Front Physiol. (2023) 14. doi: 10.3389/
fphys.2023.1231621

121. Ahmed S, Sparidans RW, Vernooij RWM, Mihaila SM, Broekhuizen R,
Goldschmeding R, et al. Protein-bound uremic toxin clearance as biomarker of
kidney tubular function in diabetic kidney disease. Sci Rep. (2025) 15:23406.
doi: 10.1038/s41598-025-07248-3

122. Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, et al. The single-
cell transcriptomic landscape of early human diabetic nephr opathy. Proc Natl Acad Sci.
(2019) 116:19619–25. doi: 10.1073/pnas.1908706116

123. Lu X, Li L, Suo L, Huang P, Wang H, Han S, et al. Single-cell RNA sequencing
profiles identify important pathophysiologic factors in the progression of diabetic
nephropathy. Front Cell Dev Biol. (2022) 10:798316. doi: 10.3389/fcell.2022.798316

124. Chen Y, Liao L, Wang B, Wu Z. Identification and validation of immune and
cuproptosis - related gene s for diabetic nephropathy by WGCNA and machine
learning. Front Immunol. (2024) 15. doi: 10.3389/fimmu.2024.1332279

125. Yujiao H. Serum IL-17A and TPOAb levels changes and their clinical significance
in patients with diabetic nephropathy. Chin J Sanit Eng. (2025) 24:64–66. doi: 10.19937/
j.issn.1671-4199

126. Chen H, Du P, Jiang T, Li Y, Li Y, Liu Y, et al. Identification of potential
biomarkers for diabetic nephropathy via UPLC-MS/MS-based metabolomics. Front
Endocrinol (Lausanne). (2025) 16:1581691. doi: 10.3389/fendo.2025.1581691
Frontiers in Immunology 22
127. Chen H, Kong J, Du P, Wang Q, Jiang T, Hou X, et al. Functional metabolomics:
unlocking the role of small molecular metabolites. Front Mol Biosci. (2025) 12.
doi: 10.3389/fmolb.2025.1542100

128. Islamuddin M, Qin X. Renal macrophages and NLRP3 inflammasomes in kidney
diseases and therapeutics. Cell Death Discov. (2024) 10:229. doi: 10.1038/s41420-024-
01996-3

129. He S, Yao L, Li J. Role of MCP-1/CCR2 axis in renal fibrosis: Mechanisms and
therapeutic targeting. Medicine. (2023) 102:e35613. doi: 10.1097/MD.0000000000035613

130. Guiteras R, Sola A, Flaquer M, Manonelles A, Hotter G, Cruzado JM. Exploring
macrophage cell therapy on Diabetic Kidney Disease. J Cell Mol Med. (2019) 23:841–51.
doi: 10.1111/jcmm.13983

131. Han X, Wei J, Zheng R, Tu Y, Wang M, Chen L, et al. Macrophage SHP2
Deficiency Alleviates Diabetic Nephropathy via Suppres sion of MAPK/NF-kB–
Dependent Inflammation. Diabetes. (2024) 73:780–96. doi: 10.2337/db23-0700

132. Palomares O, Elewaut D, Irving PM, Jaumont X, Tassinari P. Regulatory T cells
and immunoglobulin E: A new therapeutic link for autoimmunity? Allergy. (2022)
77:3293–308. doi: 10.1111/all.15449

133. do Valle Duraes F, Lafont A, Beibel M, Martin K, Darribat K, Cuttat R, et al.
Immune cell landscaping reveals a protective role for regulatory T cells during kidney
injury and fibrosis. JCI Insight. (2020) 5:e130651. doi: 10.1172/jci.insight.130651

134. Zhou H, Ni W-J, Meng X-M, Tang L-Q. MicroRNAs as regulators of immune and
inflammatory responses: potentia l therapeutic targets in diabetic nephropathy. Front
Cell Dev Biol. (2021) 8. doi: 10.3389/fcell.2020.618536

135. Typiak M, Piwkowska A. Antiinflammatory actions of klotho: implications for
therapy of diabet ic nephropathy. Int J Mol Sci. (2021) 22:956. doi: 10.3390/
ijms22020956

136. Li M, Guo Q, Cai H, Wang H, Ma Z, Zhang X. miR-218 regulates diabetic
nephropathy via targeting IKK-b and modulating NK-kB-mediated inflammation. J
Cell Physiol. (2020) 235:3362–71. doi: 10.1002/jcp.29224

137. Cai T-T, Ye X-L, Li R-R, Chen H, Wang Y-Y, Yong H-J, et al. Resveratrol
modulates the gut microbiota and inflammation to protect A gainst diabetic
nephropathy in mice. Front Pharmacol. (2020) 11. doi: 10.3389/fphar.2020.01249

138. Yang C, Chen K, He D. Effects of calcium dobesilate combined with kagiejing and
valsartan on the immune microenvironment of patients with diabetic nephropathy.
Henan Med Res. (2022) 17:3171–4. doi: 10.3969/j.issn.1004-437X.2022.17.029

139. KimNH, KimNH. Renoprotective mechanism of sodium-glucose cotransporter 2
inhibitors: focusing on renal hemodynamics. Diabetes Metab J. (2022) 46:543–51.
doi: 10.4093/dmj.2022.0209

140. Dalbøge LS, Christensen M, Madsen MR, Secher T, Endlich N, Drenic’ V, et al.
Nephroprotective effects of semaglutide as mono- and combination treatment with
lisinopril in a mouse model of hypertension-accelerated diabetic kidney disease.
Biomedicines. (2022) 10:1661. doi: 10.3390/biomedicines10071661

141. Tian S, Zhou S, Wu W, lin Y, Wang T, Sun H, et al. GLP-1 receptor agonists
alleviate diabetic kidney injury via b-klotho-mediated ferroptosis inhibition. Adv Sci.
(2024) 12:e2409781. doi: 10.1002/advs.202409781

142. Savarese G, Lindberg F, Filippatos G, Butler J, Anker SD. Mineralocorticoid
receptor overactivation: targeting systemic impact with non-steroidal
mineralocorticoid receptor antagonists. Diabetologia. (2023) 67:246–62. doi: 10.1007/
s00125-023-06031-1

143. Yongsheng BYYLHYYQMXW. The effects of angelica sinensis polysaccharides
on diabetic nephropathy rats via the TLR4/NF-kB signaling pathway. Chin Tradit
Patent Med. (2021) 03:755–60. doi: 10.3969/j.issn.1001-1528

144. Ma L, Wu F, Shao Q, Chen G, Xu L, Lu F. Baicalin Alleviates Oxidative Stress and
Inflammation in Diabetic Neph ropathy via Nrf2 and MAPK Signaling Pathway. Drug
Design Dev Ther. (2021) 15:3207–21. doi: 10.2147/DDDT.S319260

145. Ma Xinrui SG, Yang Y, Wang C, Wu Y, Cui Z, Zhang Z, et al. Based on the signal
pathway of TLR4/NF- kB/NLRP3 inflammasome, on the improvement of pyroptosis in
mice with diabetic nephropathy. (2025).

146. Xiangsheng HYKQW. A review on the prevention and treatment of renal
tubulointerstitial fibrosis in diabetic nephropathy in traditional Chinese medicine.
Chin J Clin Res. (2025), 1–11. doi: 10.3969/j.issn.1674-7860.2025.17.013

147. Jiang T, Du P, Liu D, Chen H, Ma Y, Hu B, et al. Exploring the glucose-lowering
and anti-inflammatory immune mechanism of artemether by AMPK/mTOR pathway
and microbiome based on multi-omics. Front Pharmacol. (2025) 16:1520439.
doi: 10.3389/fphar.2025.1520439

148. Chen H, Guo R, Zhang C, Zhang L, Hu H, Du P, et al. Mechanistic insights into
the renoprotective effects of artesunate in cisplatin-induced acute kidney injury. Life
Sci. (2025) 378:123820. doi: 10.1016/j.lfs.2025.123820

149. Xu M, Zhou H, Hu P, Pan Y, Wang S, Liu L, et al. Identification and validation of
immune and oxidative stress-related d iagnostic markers for diabetic nephropathy by
WGCNA and machine learni ng. Front Immunol. (2023) 14. doi: 10.3389/
fimmu.2023.1084531
frontiersin.org

https://doi.org/10.3389/fimmu.2020.01546
https://doi.org/10.3389/fimmu.2023.1279837
https://doi.org/10.3389/fimmu.2025.1617451
https://doi.org/10.1152/ajprenal.00462.2016
https://doi.org/10.1016/j.pathol.2017.01.003
https://doi.org/10.1007/s00109-016-1492-2
https://doi.org/10.3390/nu12123719
https://doi.org/10.1021/acs.jafc.3c08503
https://doi.org/10.3389/fmed.2024.1490314
https://doi.org/10.3389/fmed.2024.1490314
https://doi.org/10.3389/fphar.2024.1389654
https://doi.org/10.3389/fphar.2024.1389654
https://doi.org/10.1080/13880209.2023.2174145
https://doi.org/10.1080/13880209.2023.2174145
https://doi.org/10.1681/ASN.2019101029
https://doi.org/10.3389/fimmu.2022.1080456
https://doi.org/10.3389/fendo.2021.636175
https://doi.org/10.3389/fendo.2021.636175
https://doi.org/10.3389/fcimb.2024.1359432
https://doi.org/10.3389/fmicb.2023.1207132
https://doi.org/10.3389/fphys.2023.1231621
https://doi.org/10.3389/fphys.2023.1231621
https://doi.org/10.1038/s41598-025-07248-3
https://doi.org/10.1073/pnas.1908706116
https://doi.org/10.3389/fcell.2022.798316
https://doi.org/10.3389/fimmu.2024.1332279
https://doi.org/10.19937/j.issn.1671-4199
https://doi.org/10.19937/j.issn.1671-4199
https://doi.org/10.3389/fendo.2025.1581691
https://doi.org/10.3389/fmolb.2025.1542100
https://doi.org/10.1038/s41420-024-01996-3
https://doi.org/10.1038/s41420-024-01996-3
https://doi.org/10.1097/MD.0000000000035613
https://doi.org/10.1111/jcmm.13983
https://doi.org/10.2337/db23-0700
https://doi.org/10.1111/all.15449
https://doi.org/10.1172/jci.insight.130651
https://doi.org/10.3389/fcell.2020.618536
https://doi.org/10.3390/ijms22020956
https://doi.org/10.3390/ijms22020956
https://doi.org/10.1002/jcp.29224
https://doi.org/10.3389/fphar.2020.01249
https://doi.org/10.3969/j.issn.1004-437X.2022.17.029
https://doi.org/10.4093/dmj.2022.0209
https://doi.org/10.3390/biomedicines10071661
https://doi.org/10.1002/advs.202409781
https://doi.org/10.1007/s00125-023-06031-1
https://doi.org/10.1007/s00125-023-06031-1
https://doi.org/10.3969/j.issn.1001-1528
https://doi.org/10.2147/DDDT.S319260
https://doi.org/10.3969/j.issn.1674-7860.2025.17.013
https://doi.org/10.3389/fphar.2025.1520439
https://doi.org/10.1016/j.lfs.2025.123820
https://doi.org/10.3389/fimmu.2023.1084531
https://doi.org/10.3389/fimmu.2023.1084531
https://doi.org/10.3389/fimmu.2026.1750484
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jiang et al. 10.3389/fimmu.2026.1750484
Glossary

SLC7A11 Solute Carrier Family 7 Member 11
Frontiers in Immunol
CTGF Connective Tissue Growth Factor
PAD4 Peptidylarginine Deiminase 4
GPX4 Glutathione Peroxidase 4
FPN1 Ferroportin 1
Collagen IV Collagen Type IV
NEU Neutrophil
Mj Macrophage
NETs Neutrophil Extracellular Traps
GEC Glomerular Endothelial Cell
ESRD End-Stage Renal Disease
SCFAs Short-Chain Fatty Acids
PDGF Platelet-Derived Growth Factor
ICAM-1 Intercellular Adhesion Molecule-1
FGF Fibroblast Growth Factor
CTLs Cytotoxic T Lymphocytes
Cit-H3 Citrullinated Histone H3
LXA4 Lipoxin A4
VEGF Vascular Endothelial Growth Factor
CSF-1 Colony-Stimulating Factor 1
PAMPs Pathogen-Associated Molecular Patterns
NETs Neutrophil Extracellular Traps: NETs are reticular structures

released by activated neutrophils. They are composed of
decondensed chromatin, histones, and antimicrobial granule
proteins, enabling them to capture and kill pathogens. While
essential for anti-infective immunity, excessive NET formation
is closely associated with the pathogenesis of autoimmune
diseases, thrombosis, and organ damage
PAMPs Pathogen-Associated Molecular Patterns: PAMPs are

conserved molecular structures derived from microorganisms,
including bacterial lipopolysaccharide (LPS), viral double-
stranded RNA (dsRNA), and fungal cell wall components. As
non-self motifs, they are specifically recognized by host pattern
recognition receptors (PRRs), triggering critical signaling
cascades that initiate anti-infective immune defenses. DAMPs,
Damage-Associated Molecular Patterns: DAMPs are
endogenous molecules released from damaged or dying cells
that are recognized by the innate immune system. Their
recognition activates innate immune responses and promotes
inflammatory processes
UC-MSCs Human Umbilical Cord Mesenchymal Stem Cells
SHIP Src Homology 2 Domain-Containing Inositol Phosphatase
CoIII Collagen Type III
FSP1 Ferroptosis Suppressor Protein 1
miR-34a MicroRNA-34a
GMC Glomerular Mesangial Cell
ogy 23
Pc Podocyte
DC Dendritic Cell
GC Glomerular Cell
GBM Glomerular Basement Membrane
TEC Tubular Epithelial Cells
TGF-b Transforming Growth Factor-b
TMAO Trimethylamine N-oxide
ROS Reactive Oxygen Species
VCAM-1 Vascular Cell Adhesion Molecule-1
IFN-g Interferon-g
APCs Professional Antigen-Presenting Cells
MMPs Matrix Metalloproteinases
MSCs Mesenchymal Stem Cells
HIF-1a Hypoxia-Inducible Factor-1a
FMT Fecal Microbiota Transplantation
DAMPs Damage-Associated Molecular Patterns
EMT Epithelial-Mesenchymal Transition
mIL-1b Mature Interleukin-1 beta
TLR4 Toll-like receptor 4
FTH1 Ferritin Heavy Chain 1
DNMT1 DNA Methyltransferase 1
RTEC Renal Tubular Epithelial Cell
TI Tubulointerstitial
RF Renal Fibroblast
ECM Extracellular Matrix
MC Mesangial Cell
Lymp Lymphocyte
AGEs Advanced Glycation End Products
LPS Lipopolysaccharide
MCP-1 Monocyte Chemoattractant Protein-1
NO Nitric Oxide
MHC Major Histocompatibility Complex
NF-kB Nuclear Factor-kB
TIMPs Tissue Inhibitors of Metalloproteinases
DAMPs Damage-Associated Molecular Patterns
Tim-3 T-cell Immunoglobulin and Mucin Domain-Containing

Molecule 3
MAPK Mitogen-Activated Protein Kinase
NLRP3 inflammasome NLR Family Pyrin Domain-Containing 3
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