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Abstract: Diabetic nephropathy (DN) is a common complication affecting many diabetic patients, leading to end-stage renal disease. 
However, its pathogenesis still needs to be fully understood to enhance the effectiveness of treatment methods. Traditional theories are 
predominantly centered on glomerular injuries and need more explicit explanations of recent clinical observations suggesting that renal 
tubules equally contribute to renal function and that tubular lesions are early features of DN, even occurring before glomerular lesions. 
Although the conventional view is that DN is not an inflammatory disease, recent studies indicate that systemic and local inflamma-
tion, including tubulointerstitial inflammation, contributes to the development of DN. In patients with DN, intrinsic tubulointerstitial 
cells produce many proinflammatory factors, leading to medullary inflammatory cell infiltration and activation of inflammatory cells in 
the interstitial region. Therefore, understanding the molecular mechanism of renal tubulointerstitial inflammation contributing to DN 
injury is of great significance and will help further identify key factors regulating renal tubulointerstitial inflammation in the high 
glucose environment. This will aid in developing new targets for DN diagnosis and treatment and expanding new DN treatment 
methods. 
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Introduction
Diabetic nephropathy (DN) is a common complication of diabetes mellitus (DM), affecting approximately 20–40% of 
diabetic patients. In recent years, the number of patients with DN has been increasing worldwide.1 According to 
statistics, China, India, and the United States have the highest number of DM patients globally, with China having the 
most significant number at 116 million.2 Most Chinese kidney inpatients are hospitalized due to renal function decline in 
the form of tubular injury in diabetic patients.2,3 This indicates that recurrent tubular injury in DN is likely to contribute 
to the progress of DN, which also affects their quality of life and survival.4,5

DN patients display varying kidney structural changes, including glomerular sclerosis, interstitial inflammatory 
infiltration and fibrosis, and tubular atrophy. Glomerular lesions are the most characteristic with different severity in 
DN.4,5 Therefore, studies on the pathogenesis of DN primarily focus on glomerular injury caused by hyperglycemia, and 
the clinical indicators used to evaluate DN are mainly based on changes in glomerular structure and function. However, 
recent clinical observations indicate that many DN patients’ renal function decreases despite showing no substantial 
glomerular lesions or albuminuria, the traditional indicator of kidney disease, which may not increase or even decrease at 
a time. Nonetheless, these patients display renal tubular lesions, which may have contributed to renal dysfunction.6,7 

Interestingly, the degree of tubular injury often correlates more to reduced creatinine clearance than to the severity of 
glomerular injury.8 Studies confirm that tubulointerstitial fibrosis is associated with poor prognosis, renal impairment, 
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and the intensity of tubulointerstitial inflammatory infiltration.9 Thus, the damage caused by tubulointerstitial inflamma-
tion may be playing a vital role in the development and progression of DN,10 and exploring the molecular mechanisms 
underlying the tubulointerstitial inflammation response is crucial for comprehending the widespread anti-inflammatory 
processes and informing the future development of novel immuno-targeted therapeutic drugs aimed at addressing 
tubulointerstitial inflammation.

Renal Tubular Injury in DN
Renal tubular cells are characterized by their high number of mitochondria, vigorous metabolism, and significant demand 
for ATP. Their primary function is reabsorption, which involves the transmembrane transport of beneficial substances and 
puts them under constant energy stress, making them vulnerable to damage due to insufficient energy supply. Moreover, 
in diabetic nephropathy (DN), these cells are exposed to high blood glucose, further exacerbating their susceptibility to 
injury.4,11 Renal tubule cells rely mainly on fatty acid oxidation (FAO) to fuel their intracellular physiological activities. 
However, in high glucose, the expression of critical enzymes and regulatory factors required for FAO decreases, leading 
to reduced energy production and ATP deficiency, which can cause lipid accumulation, epithelial-mesenchymal transi-
tion, and fibrosis in the tubulointerstitial tissue.12,13

Additionally, renal tubular epithelial cells are exposed to oxidative stress, which can further damage their mitochon-
dria and compromise their energy supply.11 The excess glucose and secondary metabolites in the ultrafiltrate of the 
tubular lumen of DN patients exacerbate this stress, further increasing the demand for intracellular energy. This can lead 
to various functional injuries, such as electron transfer mechanism disorder, reactive oxygen species (ROS) overproduc-
tion, and abnormal mitochondrial morphology.14 Moreover, the production of advanced glycation end products (AGEs) 
and extracellular matrix increases, adding to cellular and tissue damage.15

The accumulation of ROS and AGEs activates the oxidative stress response, which has several consequences. Firstly, 
ROS can stimulate inflammatory cells, such as monocytes and macrophages, to release mediators that cause oxidative 
damage to cellular proteins. Secondly, ROS can directly reduce nitric oxide concentration in renal capillaries, leading to 
capillary contraction, reduced blood flow, hypoxia, and worsening tissue and cellular metabolic abnormalities, culminat-
ing in lactic acid accumulation and further tubular cell injury.15 Thirdly, AGEs produced by transforming growth factor 
(TGF) in renal tubular epithelial cells can increase and transmit signals, such as the direct stimulation of TGF-β mRNA 
production, which in turn activates cells to produce more ROS and expand the oxidative stress response of tubulointer-
stitial cells.14 Fourthly, extracellular AGEs can bind to AGE receptors, triggering the intracellular NF-κB signaling 
pathway, increasing the expression of inflammatory mediators, such as cytokine IL6 and chemokines, such as CCL2, and 
promoting the aggregation of inflammatory cells in renal interstitium, leading to renal tubular atrophy and interstitial 
fibrosis.16

Albuminuria is widely accepted as a biological marker of progression for diabetic and nondiabetic chronic kidney 
diseases (CKDs); it induces tubular cell expression of MCP1 TGF-beta1 and promotes tubular cell apoptosis.17,18 High 
glucose milieu induces podocyte apoptosis, leading to a breach in the glomerular filtration barrier, which contributes to 
albuminuria and, thus, plays a vital role in the progression of tubulointerstitial fibrosis.19–21 Moreover, Diabetic 
nephropathy impacts the interstitial and glomerular membranes, subjecting them to inflammatory cytokines and reactive 
oxygen species (ROS) damage. This damage results in the loss of proteins, such as albumin, and a decline in the 
glomerular filtration rate. Additionally, alterations in kidney hemodynamics may manifest through thinning of the 
basement membrane, expansion of renal mesangial cells, and hyperplasia of the extracellular matrix. Elevated ROS 
levels in the kidney contribute to vasoconstriction, endothelial dysfunction, and increased sodium reabsorption.22

It is crucial to acknowledge that albumin serves as an indicator of glomerular and renal tubular deterioration. The 
glomeruli play a vital role in blood filtration and typically act as a barrier to prevent the passage of large molecules like 
albumin. Any damage to segments of the glomerular filtration barrier (GFB), including endothelial cells, the glomerular 
basement membrane (GBM), and podocytes, can increase albumin’s permeability. Conversely, albumin is taken up by 
proximal tubule cells through the GFB. However, proteinuria can occur when reabsorption capacity is exceeded or when 
tubule cells are impaired. Albumin serves as a crucial indicator of both glomerular and tubular health, and its 
quantification is employed to categorize chronic kidney disease (CKD) and predict the prognosis of patients with kidney 
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and cardiovascular issues. It is also utilized to monitor the effectiveness of treatments such as ACE inhibitors or ARBs, 
which reduce proteinuria. Clinicians can better interpret urinary albumin levels within the context of kidney health. For 
instance, microfiltered disease is characterized by podocyte damage without significant GBM changes, resulting in 
selective proteinuria, while diabetic nephropathy may involve various aspects of GFB and renal tubule dysfunction.23 

Therefore, albumin is a valuable marker in assessing renal injury in diabetic nephropathy and can guide the selection of 
renal treatments, including anti-diabetic and anti-inflammatory medications.

A lack of glucose in cells can also lead to cellular starvation, stimulating starvation mechanisms and resulting in an 
increased food intake followed by hyperglycemia, polyuria, and dehydration.24 Hyperglycemia (high glucose levels in the 
blood) is often associated with hypervolemia, causing solute diuresis and polyuria, which contributes to dehydration and 
loss of electrolytes (sodium and potassium) and may invoke acute tubular injury. Recurrence of acute tubular injury and 
residual low function may contribute to the progression of DN without the classical occurrence of nephrotic range 
proteinuria.

Abnormal mitochondrial function and activation of the apoptosis pathway may be an important molecular mechanism 
for the increase of cellular oxidative stress induced by hyperglycemia.25 In another study, the proximal renal tubule cells 
under high glucose conditions showed higher caspase activation and apoptosis after ATP depletion and hypoxic injury; it 
was associated with Bax accumulation and cytochrome c release in mitochondria.24 In response to hypoglycemic injury, 
renal proximal tubule cells showed a significantly higher p53 induction, indicating that p53 and mitochondrial apoptosis 
pathways further aggravated tubular injury in high glucose milieu.26

From a pathological perspective, hyperglycemia is also a risk factor for endothelial dysfunction, and microvascular 
damage can significantly affect the kidneys in the short and long term. Short-term effects include endothelial cell 
expansion and apoptosis/necrosis, leading to microvascular obstruction. Therefore, post-ischemic reperfusion is inhibited, 
renal regeneration time is prolonged, and each episode of ischemic injury reduces the total vascular surface area in the 
kidney, followed by endothelial interstitial transdifferentiation, ultimately aggravating fibrosis and promoting DN 
injury.27

Inflammatory Response of Renal Tubulointerstitial Cells in DN
Although DN is not typically viewed as an inflammatory disease, recent clinical and experimental evidence has 
demonstrated that systemic and local renal inflammation, including glomerular and tubulointerstitial inflammation, is 
a significant factor in the initiation and progression of DN.28 Inflammatory cells from the circulatory system, such as 
monocytes and lymphocytes, are involved in addition to intrinsic kidney cells, including endothelial cells, mesangial 
cells, podocytes, tubular epithelial cells, and renal interstitial fibroblasts, which participate in the inflammatory response 
in DN.29 These cells can release proinflammatory cytokines, chemokines, adhesion molecules, and other substances that 
contribute to the onset and progression of renal inflammation and are vital to the development of DN.30

Macrophages play a significant role in the inflammatory response of DN by infiltrating the kidney. Various studies 
have established a positive correlation between the number of infiltrating macrophages and the progression of DN.31,32 

Activated macrophages can secrete several proinflammatory factors like TNFα, IL1β, IL4, IL6, IL10, IL12, IL13, and 
IL23, which promote the onset and progression of inflammation, cause tissue inflammation, and exacerbate the 
inflammatory injury of kidney tissue.31–34 Besides macrophages, tubular epithelial cells contribute to kidney inflamma-
tion. Studies have demonstrated that in nephritis-related diseases, proximal renal tubule cells express and secrete some 
molecules related to antigen-presenting cells, such as T lymphocytes, which trigger the activation of T lymphocytes and 
associated inflammatory responses. These inflammatory molecules comprise histocompatibility complexes and anti- 
neutrophil antibodies.30–34

The renal cells and tissues of patients with diabetic nephropathy are exposed to a continuous and stimulating 
environment characterized by high levels of glucose, reactive oxygen species (ROS), and advanced glycation end 
products (AGEs). This environment not only facilitates the recruitment of monocytes and macrophages from the 
circulation to the renal tissue, which produces inflammatory mediators, but also promotes the production of inflammatory 
factors by intrinsic renal cells such as mesangial cells, renal tubular epithelial cells, and interstitial fibroblasts. 
Inflammatory chemotactic factors such as monocyte chemotactic protein-1 (MCP-1) and intercellular adhesion 
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molecule-1 (ICAM-1) have been detected in the kidneys of DN patients, with an increased expression level of ICAM- 
1.35,36 Previous studies have shown that in vascular endothelial cells of diabetic mice, the expression of MCP-1 is 
negatively regulated by the transcription factor FOXO1.37 In the renal tissue, FOXO1 can alleviate oxidative stress 
in vivo and inhibit the activation of transforming growth factor (TGF), such as the TGF-β1 signal in diabetic rats, thus 
protecting the kidney and reducing renal damage.38 FOXO1 is a critical factor that can regulate cell cycle arrest, DNA 
damage repair, and inhibition of oxidative stress.39,40 These studies suggest that proinflammatory cytokines produced by 
intrinsic renal cells for various reasons can further recruit circulating inflammatory cells (such as macrophages) to 
infiltrate the renal tissue. The increase in these inflammatory factors and cells in the renal tissue perpetuates the 
inflammatory response of the kidney and exacerbates renal burden.38 For example, the phosphorylation and release of 
FOXO1 by MCP-1 in renal tissue activate the rapamycin target protein (mTOR), which in turn promotes FOXO1 
phosphorylation, causing tubulointerstitial inflammation and ultimately leading to pathological renal dysfunction.41 

Moreover, our recent study showed that the oxidative stress response in DN was significantly enhanced and that the 
TGF-β signaling pathway was activated considerably, with significantly increased levels of Smad2/3 and Smad1/5/8 
proteins phosphorylation.42 This may enhance renal fibrosis and further compromise renal function in the diabetic milieu.

High glucose stimulates growth factors such as TGF, EGF, IGF, and platelet-derived growth factors (PDGF) by 
intrinsic kidney cells. The increase in these growth factors promotes the proliferation and hypertrophy of renal tubular 
epithelial cells, affecting their structure and function.29,43 Exposure of injured renal tubular cells to EGF and IGF-1 
weakens their proliferation-promoting ability compared to normal levels, reducing the ability to recover renal tubular 
cells after injury.44

The intrinsic cells of the kidney in a high glucose environment also produce IL and CC chemokine ligands, known as 
common inflammatory agents. IL-6, IL-1β, CCL-2, and CCL-7 induce infiltration of inflammatory cells, triggering an 
inflammatory response in the tubulointerstitial region and contributing to the initiation and progression of kidney 
injury.38,45 IL-6 can produce secondary inflammatory reactions mediated by IL-1.46 Both TNF-α and IL-1β can 
upregulate the level of IL-6 in HK-2 (human embryonic kidney-2) cells, with IL-1β having a greater intensity of 
upregulating IL-6.47

Tumor necrosis factor (TNF) and its receptor (TNFR) are common inflammatory factors in DN and play a critical role 
in the pathogenesis of DN.48–50 Increased expression of TNF and TNFR is detected in various kidney cells, including 
tubular epithelial cells and mesangial cells, following prolonged exposure to high glucose, ROS, AGEs, and lipopoly-
saccharides. Inflammatory mediators, such as IL1α and IL6, can also stimulate the expression of TNF-α and its receptors 
in kidney cells.48,51 Studies have shown that inhibiting the expression of TNF and TNFR can reduce the mRNA levels of 
ICAM-1, VCAM-1, and MCP-1 in the kidney and decrease the number of F4/80-positive inflammatory cells (macro-
phages) compared to the control group. These findings suggest that TNF and TNFR inhibition can protect the kidney by 
exerting an anti-inflammatory effect, reducing kidney inflammation, and slowing down the progression of early DN.52 

Furthermore, TNFR1 and TNFR2 have been identified as potential markers of DN, which can be used to diagnose the 
onset of DN in patients.28,53

Notably, renal tubular epithelial cells carry abundant mitochondria, and their dysfunction contributes to kidney 
inflammation.54,55 Mitochondrial dysfunction, which causes oxidative stress, cell death, metabolic dysfunction, and 
inflammation, plays a vital role in the initiation and progression of DN.56,57 Improved mitochondrial function has been 
shown to positively impact indices related to DN. One potential explanation for the protective effects of SGLT2 
inhibitors on the kidneys is their ability to enhance mitochondrial function in the renal tubules.58 Additionally, repeated 
administration of mesenchymal stem cells has been shown to improve mitochondrial function and prevent albuminuria 
and renal tubular epithelial cell damage.59 Prolonged exposure to a high glucose milieu can activate the NLRP3 pathway, 
triggering the formation of NLRP3 complexes and activation of Caspase-1, contributing to ROS production, apoptosis, 
and pyroptosis followed by renal impairment and the progression of DN.60 Inhibition of the NLRP3 pathway has been 
shown to reduce renal fibrosis associated with DN and improve mitochondrial dysfunction,61,62 suggesting the potential 
value of inflammasome inhibition in treating DN.60

Studies have shown that dysfunctional renal tubular epithelial cells (TECs) can release CCL2 and CCL5 to attract 
monocytes and macrophages. These activated macrophages then transform into M1 proinflammatory macrophages, 
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producing various molecules such as tumor necrosis factor-α, platelet-derived growth factor (PDGF), basic fibroblast 
growth factor (FGF-2), TGF-β, and ROS, ultimately leading to increased inflammation and fibrosis.63 Another study 
found that exposure of proximal renal tubular epithelial cells to a high-sugar medium for 6 hours significantly increased 
the secretion of pro-inflammatory factors like CCL2 and IL-6.64 Additionally, it has been reported that the activation of 
IL-6 in renal epithelial cells (HK2 cells and primary renal epithelial cells) is influenced by IL-1, IL-17, and TNF-α. The 
production of IL-6 induced by these factors was specifically hindered by a JNK inhibitor called SP600125, inhibiting 
c-jun NH2-terminal kinase activity. However, the selective inhibitor of p38 MAPK did not affect this process.

Furthermore, inhibiting the ERK1/2 pathway resulted in a moderate increase in IL-6 induced by these proinflamma-
tory factors (IL-1, TNF-α, and IL-17). These findings suggest that CCL2 and IL-6 may serve as endogenous specific 
proinflammatory factors in tubulointerstitial cells responding to tubular inflammation associated with diabetic nephro-
pathy. Notably, TECs are the most critical interstitial cells in the tubules, known for producing cytokines and chemokines 
that can induce inflammation. However, research indicates that glucocorticoids, commonly used to treat inflammatory 
diseases, are ineffective in suppressing the inflammatory mediators produced by TECs.65 This implies the need to focus 
on specific endogenous proinflammatory factors in renal tubulointerstitial cells and develop targeted treatments, offering 
a potential solution for treating diabetic nephropathy from an inflammatory standpoint.

Inflammation-Related Signaling Pathways in Renal Tubule Injury
In patients with DN, various signaling pathways play critical regulatory roles in renal tubulointerstitial inflammation. 
These pathways include nuclear factor kappa-B (NF-κB), mitogen-activated protein kinase (MAPK), Janus kinase/signal 
transducers and activators of transcription (JAK/STAT), diacylglycerol/protein kinase C (DAG/PKC) signaling pathways, 
among others.66

The NF-κB signaling pathway is critical in promoting inflammation by upregulating the production of proinflamma-
tory factors such as IL-1β, IL-6, IL-8, and TNF-α.66 Without relevant signal stimulation, NF-κB dimer binds (in vivo) to 
the intracellular inhibitory protein IκB to form an inactive complex that dissociates in the cytoplasm. Upon receiving 
external stimulant signals, the inactive NF-κB complex induces related kinases to dissociate IκB from the complex, 
activate NF-κB, and promote its entry into the nucleus, leading to the transcription of proinflammatory cytokines (such as 
IL6 and IL10), chemokines (such as MCP-1 and CCL7), adhesion molecules (such as ICAM1), and mediating the 
occurrence and development of the inflammatory response.67,68 In DN patients, high levels of glucose, AGEs, ROS, 
cytokines such as IL6, and angiotensin II, etc., can activate the NF-κB signal transduction pathway in kidney cells, 
upregulate the expression of p65, and regulate the expression of glomerular mesangial nucleus-related inflammatory 
factors, exacerbating the inflammatory response in the kidney.67–69 Furthermore, the activated NF-κB signaling pathway 
promotes the polarization of macrophages in kidney tissues of DN patients, which secrete a large number of inflamma-
tory cytokines, aggravate the inflammatory response, promote the secretion of extracellular matrix, and further worsen 
the fibrosis of the kidney, leading to the progression of DN.44 Inhibition of the NF-κB pathway in the kidney reduces the 
expression of downstream inflammatory factors, thus decreasing the inflammatory response and slowing down the 
progression of DN.66,70,71 Albumin is known to stimulate the NF-κB pathway, leading to increased production of 
chemokines such as MCP-1, and it can activate and regulate T cell expression and secretion.72 This association has 
been linked to inflammatory infiltration and tubular damage in diabetic nephropathy. Lefty-1 has demonstrated the ability 
to inhibit NF-κB-p65 nuclear translocation, I-κB-α degradation, and Smad7 degradation in the early stages of renal 
interstitial inflammation, consequently reducing renal fibrosis.73 Furthermore, MG53 (also known as TRIM72) has been 
discovered to bind to p65 and impede its nuclear translocation, thus inhibiting NF-κB activation and reducing renal 
fibrosis.74 It is suggested that Lefty-1 or MG53 could serve as potential novel therapeutic drugs for reducing tubulointer-
stitial inflammation and reversing the progression of diabetic nephropathy by targeting the NF-κB pathway.

The MAPK family regulates inflammation, cell proliferation and differentiation, and cell apoptosis. Among them, the 
p38-MAPK signaling pathway is highly active in renal tubular cells of DN patients, leading to the recruitment of 
inflammatory cells, production of inflammatory factors, and tubular injury.64,75,76 Studies have shown that in a high blood 
glucose model, the kidney tissue of rats treated with STZ (streptozotocin) to destroy islet B cells exhibits a different 
degree of increase in mRNA and protein levels related to the MAPK signaling pathway compared to normal 
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circumstances.77 Downstream of the MAPK signaling pathway, the expression levels of inflammatory factors such as 
TNF-α, ICAM-1, and IL6 are increased. Inhibition of phosphorylated p38 MAPK activity in the MAPK signaling 
pathway can reduce the inflammatory response in the spontaneous diabetic mouse model, as evidenced by reduced 
mRNA content of the kidney inflammatory factor CCL2 at the transcription level in db/db diabetic mice.78,79 The role of 
MD2, a coreceptor of Toll-like receptor 4 (TLR4), in innate immunity has been elucidated in diabetic nephropathy (DN). 
Md2-deficient mice or the MD2 inhibitor L6H9 successfully eliminated the activation of MAPK signaling in proximal 
renal tubule cells and downstream expression of ACE, angiotensin receptors, and angiotensin II.80 This implies a positive 
role for MD2 in the anti-inflammatory response of renal tubules and underscores its potential as a novel target for drug 
development aimed at anti-inflammatory treatment for DN.

Under continuous exposure to high glucose, ROS, and AGEs, the JAK/STAT signaling pathway in the kidney can be 
activated by chemokines, TGF-β, and active ROS, inducing macrophage infiltration and proliferation, as well as further 
stimulating renal tubular epithelial cells to produce ROS and other harmful substances. The promotion of matrix protein 
synthesis can further accelerate cell apoptosis, thus exacerbating the pathophysiological process of DN.81–83 JAK/STAT 
signaling activation can also promote angiotensin II to mediate mesangial cell proliferation in the kidney. At the same 
time, TGF-β production can increase the expression of fibrosis-related proteins, ultimately aggravating renal fibrosis in 
DN patients.82 In a high glucose environment, inhibition of JAK/STAT signaling can reduce the content of caspase-9 and 
TGF-β, as well as significantly decrease the phagocytosis ability of macrophages, suggesting that inflammation in DN 
can be mitigated by blocking the JAK/STAT signaling pathway, thereby protecting the kidney.81 The cytokine signaling 
(SOCS) suppressor is a downstream response protein of the JAK/STAT pathway and negatively regulates its activation. 
In DN rats, vitamin D can phosphorylate JAK2, STAT1, and STAT3 in rat mesangial cells, inhibit the expression of the 
SOCS2 gene, further reduce the inflammatory response of renal tissue and fibrosis of the renal interstitium, and alleviate 
the oxidative stress state of the kidney; urinary albumin in DN rats is also decreased, thereby reducing the damage to the 
kidney.83–85

The over-activation of JAK-STAT in renal tubular epithelial cells (TEC) may play a pivotal role in escalating 
tubulointerstitial inflammation and advancing the progression of diabetic nephropathy (DN). Research indicates 
a significant elevation in STAT6 expression in TEC of mice induced with unilateral ureteral obstruction (UUO). 
Blocking the phosphorylation of STAT6 and reducing its stability has been shown to alleviate UUO-induced renal 
fibrosis.86 IL-6 binds to the IL-6 receptor (IL-6R) on the membrane, recruiting signal transduction glycoprotein 130 
(gp130) to activate JAK and induce STAT phosphorylation. Recombinant gp130 linked to Fc can compete with the IL-6/ 
IL-6R complex and endogenous gp130 for binding, thereby eliminating IL-6 signal transduction. Fc-gp130 has the 
potential to prevent renal fibrosis by inhibiting STAT3 activation.87,88 The kinase inhibitory region of SOCS1 exhibits 
a strong affinity for the substrate binding groove of JAK, acting as a pseudo-substrate for JAK kinase. Research has 
demonstrated that overexpression of SOCS1 or SOCS3 can lead to a decrease in interstitial fibrosis, macrophage 
infiltration, and proteinuria,89 highlighting the potential of the JAK-STAT signaling pathway in response to renal 
tubulointerstitial inflammation. Additionally, family proteins such as STATs and SOCSs show promise in suppressing 
inflammation, reducing fibrosis, and delaying the progression of DN.

The DAG/PKC signaling pathway is closely related to the occurrence and development of inflammation in DN. It 
mainly contributes to the microvascular complications of DM and promotes the onset and progression of DN by 
regulating vascular function. The activation of this pathway occurs mainly due to an increase in DAG on the cell 
membrane and cytoplasmic Ca2+ concentration, leading to the activation of PKC. This pathway regulates vascular 
endothelial permeability and causes vasoconstriction, initiates the polyol pathway, oxidative stress, and AGEs, ultimately 
promoting extracellular matrix synthesis and turnover and the expression of downstream inflammatory factors. Related 
growth factors secreted under the activation of this pathway encourage cell proliferation and angiogenesis and recruit 
inflammatory cells to adhere to renal tissues, thereby promoting the progression of DN.90,91 Inhibiting the DAG/PKC 
signaling pathway reduces macrophage infiltration in kidney tissue, diminishes PKC-β, TGF-β, and other factors, and 
lowers extracellular matrix synthesis, such as fibronectin. This mitigates the immune response and fibrosis of the kidney, 
thereby alleviating kidney damage caused by DN.12,90
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Hyperglycemia can increase diacylglycerol (DAG) content, a critical factor in activating protein kinase C (PKC). This 
increase can be triggered by various mechanisms, including the synthesis of DAG from dihydroxyacetone phosphate, the 
inhibition of glyceraldehyde-3-phosphate dehydrogenase, and the oxidation and glycation of metabolites. All these processes 
contribute to elevated DAG levels and subsequent PKC activation.92 Research has highlighted the crucial role of DNA- 
dependent protein kinase (DNA-PKcs) catalytic subunits in controlling inflammation in renal tubule epithelial cells. 
Eliminating DNA-PKcs in these cells maintained the epithelial phenotype. It reduced fibroblast activation induced by 
transforming growth factor-β1, resulting in decreased renal fibrosis and lower expression of inflammatory cytokines such 
as interleukin-1β, interleukin-6, tumor necrosis factor-α, and MCP1 induced by unilateral ureteral obstruction (UUO).93 

Furthermore, glucose-induced PKC activation has been found to impede insulin-stimulating chemokines and macrophage 
factors, such as interleukin-1 (IL-1). PKC-ε, a novel subtype of PKC, is activated in diabetic kidneys, and its gene deletion in 
diabetic mouse models has been associated with increased renal tubulointerstitial fibrosis, along with elevated expression of 
phosphorylated TGF-β1, Smad2, and p38 mitogen-activated protein kinases. It is hypothesized that the activation of PKC-ε in 
the diabetic state might represent a protective response to injury rather than a factor contributing to kidney damage, suggesting 
that PKC-ε overexpression could benefit diabetic nephropathy-related inflammatory responses.94

Conclusions and Future Perspective
It is well-established that diabetic nephropathy (DN) is more intricately linked to alterations in the tubulointerstitial 
region than the glomerular region. Hyperglycemia impacts the structure of tubules primarily through basolateral tubular 
cells. The increased filtration of glucose results in a heightened load and exposure to glucose within the tubules. Diabetic 
individuals exhibit elevated expression of SGLT2, a glucose transporter in the proximal renal tubules responsible for 
reabsorption. This upregulation leads to enhanced glucose reabsorption by the proximal tubules, activating the local 
angiotensin II system and inducing the expression of growth factors such as CTGF and TGF-β1. Consequently, this 
process results in tubular hypertrophy, heightened oxidative stress, apoptosis of tubular cells, inflammatory infiltration, 
and increased deposition of extracellular matrix. This sequence of events may elucidate how hyperglycemia-induced 
inflammation in DN can lead to renal tubulointerstitial fibrosis and exacerbate renal injury.95 Furthermore, the accumula-
tion of reactive oxygen species (ROS) and advanced glycation end products (AGEs) resulting from linear body 
dysfunction due to renal tubular injury induced by hyperglycemia, along with the activation and induction of downstream 
pathways by PKC, serve as critical factors in the renal tubular inflammatory injury associated with DN.

In recent years, mounting clinical and experimental evidence has demonstrated the significance of renal tubulointer-
stitial inflammation in the onset and progression of DN. In addition to inflammatory cells derived from the circulatory 
system, such as monocytes and lymphocytes, intrinsic renal cells, including endothelial cells, mesangial cells, renal 
tubular epithelial cells, and fibroblasts, are also involved in the inflammatory response of the tubulointerstitium in DN.29 

These cells secrete proinflammatory cytokines (TNF-α, IL1β, and IL6), chemokines (MCP-1, CXCL1, and CXCL8), 
adhesion molecules (such as ICAM-1 and VCAM-1) and participate in the inflammatory reaction process of renal 
tubules. These cytokines/chemokines promote the infiltration of myeloid inflammatory cells (lymphocytes, monocytes, 
and granulocytes), activate resident inflammatory cells in the interstitial region, produce more proinflammatory factors, 
aggravate the inflammatory response in the kidney, and enhance the secretion of extracellular matrix, thus promoting the 
process of DN, including worsening renal fibrosis and cellular apoptosis and necrosis, and leading to a decline in kidney 
function.30,31,33 In a high glucose environment, tubulointerstitial inflammation is regulated by NF-κB, p38-MAPK, JAK/ 
STAT, and other signaling pathways.

Conversely, inhibiting the expression of proinflammatory factors (TNF and TNFR) or inhibiting related regulatory 
signaling pathways (NF-κB, p38-MAPK, JAK/STAT) can slow down the inflammatory response in the tubulointerstitial 
region, attenuate the production of inflammatory factors in the kidney, reduce the phagocytic ability of macrophages, and 
slow the progression of early DN.44,52,66,81,96–98 Based on the above database, a simple molecular regulatory mechanism 
diagram has been structured, displaying several crucial regulatory signaling pathways that are considered to affect tubular 
inflammation in DN. These pathways are important in influencing tubular inflammation, promoting renal fibrosis, and 
leading to loss of renal function (Figure 1).
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Renal tubulointerstitial inflammation is a crucial factor in developing DN, and inhibiting tubulointerstitial inflamma-
tion can slow DN’s progression and preserve renal cells’ function. Nonetheless, a non-specific anti-inflammatory therapy 
for DN may increase susceptibility to infection, making this regimen unsuitable for this disease.60 Drawing upon the 
compelling evidence outlined in this review, IL-6 and CCL2 emerge as crucial and specific targets for addressing renal 
tubulointerstitial inflammation in diabetic nephropathy (DN). Furthermore, Lefty-1, MG53, STATs, SOCSs, DNA-PKcs, 
and PKC-ε show substantial promise as anti-inflammatory targets against renal tubulointerstitial inflammation in DN. 
These factors demonstrate potential as novel diagnostic and therapeutic targets for managing diabetic nephropathy. 
However, a comprehensive understanding of their underlying molecular mechanisms requires further exploration. In 
conclusion, the process and mechanism of the renal inflammatory response are complex and involve a variety of 
chemical molecules, cells, and signaling pathways. The molecular mechanisms underlying renal tubulointerstitial 
inflammation in a high glucose environment require further investigation. In the future, identifying critical factors 
implicated in the renal tubular inflammatory response will enhance our understanding of widespread anti-inflammatory 
mechanisms and facilitate the development of new diagnostic and treatment targets for diabetic nephropathy.
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