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Diabetic kidney disease (DKD) is a serious complication of diabetes that can lead
to end-stage kidney disease. Despite its significant impact, most research has
concentrated on the glomerulus, with little attention paid to the tubulointerstitial
region, which accounts for the majority of the kidney volume. DKD's
tubulointerstitial lesions are characterized by inflammation, fibrosis, and loss of
kidney function, and recent studies indicate that these lesions may occur earlier
than glomerular lesions. Evidence has shown that inflammatory mechanisms in
the tubulointerstitium play a critical role in the development and progression of
these lesions. Apart from the renin-angiotensin-aldosterone blockade, Sodium-
Glucose Linked Transporter-2(SGLT-2) inhibitors and new types of
mineralocorticoid receptor antagonists have emerged as effective ways to
treat DKD. Moreover, researchers have proposed potential targeted therapies,
such as inhibiting pro-inflammatory cytokines and modulating T cells and
macrophages, among others. These therapies have demonstrated promising
results in preclinical studies and clinical trials, suggesting their potential to treat
DKD-induced tubulointerstitial lesions effectively. Understanding the immune-
inflammatory mechanisms underlying DKD-induced tubulointerstitial lesions
and developing targeted therapies could significantly improve the treatment
and management of DKD. This review summarizes the latest advances in this
field, highlighting the importance of focusing on tubulointerstitial inflammation
mechanisms to improve DKD outcomes.
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1 Introduction

Diabetes is a global chronic disease that is experiencing a rise in
its incidence (1). Recent data from the International Diabetes
Federation (IDF) predict that by 2045, more than 10.5% of adults
worldwide will be affected by diabetes, leading to kidney damage in
100 to 250 million individuals (2, 3). Formerly, the prevailing
notion was that diabetes, particularly type 2 diabetes,
predominantly affected the glomerular structures of the kidneys, a
condition termed diabetic nephropathy (DN) (4). However, as our
understanding of the pathogenesis, clinical presentation, and
pathological patterns of kidney injury in diabetes improved, the
National Kidney Foundation Kidney Disease Outcomes Quality
Initiative (NKF/KDOQI) guidelines introduced the term “Diabetic
kidney disease “ in 2007 to replace diabetic nephropathy (5)
Tervaert and colleagues reported in 2010 that some individuals
with diabetes and kidney involvement might not display clinical
signs of albuminuria (6).However, these patients exhibit kidney
impairment and/or clinical manifestations of tubular dysfunction,
such as renal tubular acidosis. Renal biopsy results revealed a
predominant involvement of tubules, interstitium, and/or blood
vessels, accompanied by relatively uncharacteristic glomerular
changes like thickened glomerular basement membranes,
expansion of the mesangial matrix, and glomerulosclerosis (6).
Follow-up studies have substantiated these pathological findings
(7-9). Even in DKD patients primarily manifesting glomerular
lesions, renal biopsies unveiled varying extents of
tubulointerstitial injury (10, 11).These findings prompted a
consensus between the American Diabetes Association (ADA)
and the NKF to adjust the terminology from “diabetic
nephropathy “ to “diabetic kidney disease” with the intention to
more accurately describe the spectrum of kidney impairment
caused by diabetes (12, 13). This alteration underscores the
evolving understanding and recognition of the intricate role of
kidney involvement in the context of diabetes.

Previously, DKD was thought to primarily involve glomerular
pathological changes (14). However, recent research has unveiled a
strong association between the extent of tubulointerstitial injury
and the progression of kidney function as well as the prognosis (7,
15). Tubulointerstitial lesions can occur independently of
glomerular lesions (9, 16, 17). Clinical investigations have
proposed that the decline in glomerular filtration rate (GFR) in
DKD patients devoid of proteinuria is mainly attributed to
tubulointerstitial injury (18). Vascular endothelial growth factor
(VEGF) activation coupled with diminished nitric oxide (NO) levels
can induce vasoconstriction in small blood vessels (19). Elevated
blood pressure and suboptimal blood glucose control, resulting in
mechanical stress, contribute to reduced peritubular blood flow,
exacerbating hypoxia (7, 19). These findings collectively suggest that
harm to proximal tubular epithelial cells (PTECs)not only affects
their functioning but also extends to more extensive glomerular
harm, encompassing podocyte injury (9, 20). Consequently, tubular
injury could manifest prior to glomerular damage, which warrants
further investigation.
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The precisemechanisms underlying tubulointerstitial lesions in
DKD are not fully understood. However, immune inflammation is
recognized as a characteristic feature associated with the
development and progression of tubular injury in DKD (21-23)
In the early stages of the disease, there is hypertrophy and an
increased number of tubular epithelial cells, as well as thickening of
the tubular basement membrane. These factors are believed to be
critical in initiating and promoting the process of tubulointerstitial
fibrosis (11). The prolonged presence of high blood glucose levels,
along with ischemia and hypoxia, leads to tubular cell apoptosis,
tubular atrophy, and degeneration (24) Inflammatory cell
infiltration, increased production of inflammatory factors,
interstitial fibrosis, arteriosclerosis of the interstitial small arteries,
and hyaline changes in the arterioles also contribute to the
occurrence and progression of the lesions (4, 6).

The existing treatments such as glycemic control, blockade of
the renin-angiotensin-aldosterone system, stabilization of
hemodynamics, and prevention and management of
complications are not able to completely inhibit the progression
of DKD, highlighting the urgent need for new therapeutic targets
(4). In the past decade, apart from SGLT-2 inhibitors,
mineralocorticoid receptor antagonists (MRAs) have also shown
promising results as a class of drugs (25). The new generation of
nonsteroidal selective MRA, finerenone, can prevent various
injuries caused by excessive MR activation, inflammatory diseases,
and fibrosis processes, thereby promoting the recovery of cardiac
and kidney function (26, 27). Since 2021, finerenone has been
approved by the U.S. Food and Drug Administration(US FDA), the
European Medicines Agency (EMA), and the Chinese National
Medical Products Administration (NMPA) for use in patients with
DKD and patients with nondiabetic kidney disease (NDKD)
accompanied by chronic inflammation and interstitial fibrosis.

In-depth exploration of the immunoinflammatory mechanisms
underlying tubulointerstitial lesions in DKD and potential targeted
therapies is of great clinical significance for the treatment of DKD.
This review will discuss the immunoinflammatory mechanisms of
tubulointerstitial lesions caused by diabetes and their relationship
with potential targeted therapies. Additionally, the review will
provide a detailed overview of the pathogenesis of tubular lesions
in DKD and the use of medications, aiming to offer new insights for
the development of DKD treatment strategies.

2 Mechanisms of renal tubular injuries
in DKD

The renal tubules and interstitium constitute more than 90% of
the kidney’s volume and serve a vital role in functions such as
reabsorption, secretion, and excretion (28). Among these functions,
the proximal renal tubular epithelial cells play a crucial role in
reabsorbing almost all filtered glucose, proteins, and electrolytes
from the glomerulus. Adequate blood supply and oxygen delivery
are essential for maintaining their proper functionality (29).
Impairment of renal tubules can lead to the leakage of substances
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like glucose, amino acids, and proteins into the urine, resulting in
disruptions in urine concentration and dilution, electrolyte
imbalances, and disturbances in acid-base equilibrium, among
other clinical manifestations (30, 31). Some studies propose that
the initial cause of microalbuminuria in DKD might stem from
reduced albumin reabsorption capacity of proximal renal tubular
epithelial cells, rather than originating from glomerular damage (32,
33). In this review, our primary focus is on the inflammatory
mechanisms associated with renal tubular lesions. The initiation
of sustained high glucose(HG) levels triggers a cascade of events
involving inflammatory cells and factors, leading to the
upregulation of surface receptors on renal tubular epithelial cells
and thereby accelerating the progression of DKD (Figure 1).

2.1 Mechanisms of metabolic disorders

2.1.1 Hyperglycemia

Hyperglycemia acts as the initiating factor causing
tubulointerstitial damage in DKD (34). During the early stages of
DKD, in response to the hyperglycemic environment, tubular
epithelial cells undergo proliferation, hypertrophy, and experience
excessive glucose and sodium reabsorption. This disruption in
normal function leads to the dysregulation of the

10.3389/fendo.2023.1232790

tubuloglomerular feedback mechanism, resulting in
intraglomerular high pressure, heightened perfusion, and
increased filtration rates (35). Moreover, elevated glucose levels
contribute to inflammatory responses: 1) The direct exposure of
renal tubular cells to high glucose prompts the production of pro-
inflammatory factors, including intracellular adhesion molecules
such as Intercellular Adhesion Molecule 1 (ICAM-1), chemokines
such as monocyte chemoattractant protein-1 (MCP-1), and
osteopontin (OPN). These pro-inflammatory factors attract
inflammatory cells, inciting their infiltration into the renal
tubulointerstitium. This, in turn, triggers the release of an array
of inflammatory mediators, leading to kidney tissue damage and
actively participating in the progression of DKD (36, 37). Notably,
among these factors, OPN emerges as a key chemokine responsible
for inducing the infiltration of monocytes/macrophages into the
tubulointerstitium (38). Histopathological examinations of renal
biopsies from individuals with DKD consistently demonstrate the
prevalence of macrophages among the infiltrating leukocytes within
diabetic kidneys. The aggregation of macrophages within the
tubulointerstitium emerges as a significant prognostic marker,
reflecting the severity of renal impairment and the extent of
interstitial fibrosis (39). It is worth noting that macrophage
accumulation within the interstitial space, rather than within the
glomeruli, is closely linked to proteinuria and the progressive
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Diabetic tubular and interstitial inflammatory states. In DKD patients, in the tubulointerstitium, excessive protein and a high glucose environment lead
to an inflammatory state of renal tubular epithelial cells. The generated large amount of pro-inflammatory cytokines attract inflammatory cells,
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decline in renal function. Furthermore, the extent of interstitial
infiltration correlates proportionally with the rate of deterioration
in kidney function (40).

Studies have demonstrated an upregulation of CD40 and
CD40L expression in both tubular epithelial cells and
macrophages within the context of DKD. This phenomenon has
been substantiated by findings derived from renal biopsy pathology
and cell-based experiments (41). In the presence of hypoxic
conditions, the expression of CD40 within tubular epithelial cells
triggers the secretion of Interleukin 6 (IL-6), thereby facilitating the
interaction between inflammatory cells within the renal interstitium
and the renal tubules (42). Notably, CD40 signaling in macrophages
augments the production of pro-inflammatory and profibrotic
mediators, contributing to tubular damage (43). Upon
stimulation, CD40 receptors engage various tumor necrosis factor
receptor-associated factors (TRAFs), initiating signaling cascades
that encompass phosphoinositide 3-kinase (PI3K), Nuclear factor
kappa-B (NF-xB), and p38/extracellular signal-regulated kinase
(ERK) pathways (44). The signaling molecules activated by CD40
exhibit a dual nature, influencing both pro-inflammatory and anti-
inflammatory responses (45). Substituting specific peptides within
CDA40L brings about selective modifications to CD40’s signaling and
effector capabilities. This results in the induction of cytokine and
enzyme expression, contributing to inflammatory reactions.
Concurrently, this signal conversion can elevate the synthesis of
anti-inflammatory cytokines. The distinct functional alterations
observed in macrophage residues underscore their pleiotropic
roles in this context (45). However, the precise mechanistic
actions of CD40 within the DKD milieu, including the specific
pathways it engages, remain incompletely understood and
necessitate further exploration. A deeper comprehension of
CDA40’s role in DKD pathogenesis holds potential for unveiling
therapeutic targets of significance.

To adapt to the HG environment, renal tubular cell surface
receptors are upregulated. Specifically, in cultured PTECs, exposure
to HG levels prompts the expression of toll-like receptor 4 (TLR 4)
and triggers the release of the endogenous TLR ligand high mobility
group box-1 (HMGB-1) from tubular epithelial cells and podocytes,
mediated by Protein kinase C (PKC) activation (46). This
combination of factors culminates in the activation of NF-kB and
the subsequent upregulation of IL-6 and C-C Motif Chemokine
Ligand 2 (CCL-2)/MCP-1 expression (47). Notably, TLR4 exhibits
heightened expression within renal tubules, displaying a positive
correlation with interstitial macrophage infiltration and Glycated
hemoglobin (HbAlc) levels, while manifesting a negative
correlation with the estimated GFR as determined during renal
biopsy (48). Moreover, the TLR4-mediated pathway has shown
potential to promote tubulointerstitial inflammation in DKD (46).
In a similar vein, TLR2 has been implicated in stimulating the
increased production of pro-inflammatory cytokines through the
mitogen-activated protein kinase (MAPK), P38, and ERK pathways
in various disease contexts (49, 50). In the context of streptozotocin-
induced diabetic rats, tubular TLR2 expression witnesses a
significant upregulation, coupled with heightened renal
expression of MCP-1 and myeloid differentiation factors such as
Myeloid differentiation primary response 88 (MyD88). This is
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accompanied by NF-xB activation, macrophage infiltration, and
the presence of endogenous ligands like heat shock protein 70
(HSP70) and HMGBI that interact with TLRs (47). Notably, the
activation of TLR2, TLR4, and Advanced glycosylation end
product-specific receptor (RAGE) serves as a pivotal mechanism
through which damage-associated molecular patterns (DAMPs)
contribute to immune-mediated injury in DKD (51).
Conventionally, it is recognized that hyperglycemia induces the
glycosylation of complement regulatory proteins, subsequently
impairing their regulatory capacity (52). Interestingly, the
blockade of complement or MCP-1 activity has exhibited efficacy
in ameliorating tubulointerstitial injury (53). Consequently, it is
postulated that the damage to tubular epithelial cells might be
exacerbated by increased concentrations of activating components
within the complement system and its associated endogenous
regulatory proteins (such as C3, C3a, C5a, C5b-9, and Crry) (54,
55). Additionally, certain components of the complement system
possess chemotactic properties, thus potentially inciting an
inflammatory response that inflicts damage upon the
tubulointerstitium. The release of biologically active substances,
including trypsin, chymotrypsin, transforming Growth Factor-f1
(TGF-B1), renin, and Tumor Necrosis Factor- alpha (TNF-a), into
the tubulointerstitium via degranulation of mast cells further
accentuates renal inflammation (56). Furthermore, the
complement pathway (C3a) and the TLR pathway associated with
microbial pattern recognition receptors are additional conduits
through which renal inflammation can be instigated (57).
Elevated glucose levels play a pivotal role in the promotion of
tubular and interstitial fibrosis. Under the influence of HG and
other stimulating factors, PTECs undergo a phenotypic
transformation, adopting a myofibroblast-like phenotype within
the tubulointerstitium. Simultaneously, these cells produce
profibrotic factors, such as TGF-B1, which contributes to the
synthesis of extracellular matrix (ECM) and exacerbates renal
damage (58). Notably, TGF-B emerges as a crucial cytokine in
driving the phenotypic transformation of epithelial cells, with other
cytokines, such as Interleukin-1 (IL-1), regulating the production of
TGF-B (59). TGF-B1 stimulates an increase in the synthesis of
various ECM components, including lamin, fibronectin (FN), and
type IV collagen, culminating in the excessive production of ECM.
Furthermore, TGF-B1 hinders the expression and activity of matrix
metalloproteinases (MMPs), which are pivotal for ECM
degradation, while simultaneously augmenting the expression and
activity of MMP inhibitors. Consequently, these actions collectively
contribute to the development of tubulointerstitial fibrosis (60).
TGF-B1 additionally propels renal cell hypertrophy and ECM
accumulation, serving as a key conduit that leads to
tubulointerstitial fibrosis (61). Within the renal interstitium,
Platelet-Derived Growth Factor Receptor-alpha (PDGFr-o) is
constitutively expressed. The expression of its ligand, PDGF-CC,
is induced through the infiltration of monocytes and macrophages.
This ligand, in turn, triggers a cascade of signaling pathways
encompassing Janus Kinase/Signal Transducers and Activators of
Transcription (JAK/STAT), PI3K, Phospholipase C-y(PLC-Y), and
MAPK, ultimately regulating gene expression. These intricate
pathways enhance fibroblast proliferation, migration, and ECM
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synthesis (62, 63). Mice-based experiments have substantiated that
the preferential expression of PDGF--DD in interstitial fibroblasts
is evident during both the early and late stages of renal
inflammation. Additionally, PDGF-CC within the peritubular
capillary endothelium exerts its profibrotic impact by directly
inducing fibroblast proliferation and enhancing leukocyte
infiltration, collectively culminating in the development of
tubulointerstitial fibrosis (64, 65). Moreover, HG levels stimulate
pro-inflammatory, profibrotic, and angiogenic signaling within the
tubules. This prompts the production of IL-6, CCL-2, and TGF-j3,
with a portion of this response mediated through the Bradykinin
(BK)-mediated MAPK p42/p44 signaling pathway (37)..

2.1.2 Advanced glycation end products

AGEs are formed through non-enzymatic reactions between
reducing sugars and proteins, amino acids, and other molecules
(66).. Notably, the proximal tubule serves as the principal site for
AGE reabsorption (67). The presence of AGEs triggers the
expression of Interleukin-8 (IL-8) and soluble ICAM-1 in PTEC.
This, in turn, fosters the infiltration of inflammatory cells into the
tubulointerstitial space (68). AGEs are also capable of activating
CD4+ and CD8+ T cells, which infiltrate the mesenchyme and
secrete cytokines such as Interferon-gamma (IFN-y) and TNF-o.
This inflammatory response, accompanied by oxidative stress,
contributes to tissue inflammation within the renal environment.
Consequently, this inflammatory milieu leads to compromised
function of the glomerular capillary wall barrier and increased
albumin permeability (69, 70). Furthermore, AGEs initiate
activation of the PKC pathway, subsequently inducing the
expression of inflammatory mediators, including ICAM-1,
Vascular Cell Adhesion Molecules (VCAM-1), and MCP-1. This
observation implies a pivotal role for PKC in the context of DKD
(71, 72).

In the context of diabetes, the number of binding sites for AGEs
on the proximal renal tubules increases (66). Upon binding to their
receptors, AGEs can induce the production of TGF-B1 (73). Once
bound to the receptor, active TGF-P1 is translocated to the nucleus
by recruiting and phosphorylating Smads, specifically Smad2 and
Smad3, thereby regulating the expression of genes associated with
collagen production (74). Bone Morphogenetic Protein-7 (BMP-7)
serves as a natural antagonist of TGF-f3 and possesses the capacity
to counteract renal tubulointerstitial fibrosis by engaging the
Smadl/5 pathway. This involves the formation of complexes with
Smad4, nuclear translocation, and the phosphorylation of Smad3
(75, 76). Furthermore, it’s worth noting that Smad-independent
signaling pathways associated with TGF-f3 are also implicated,
including the activation of p38 MAPK, c-Jun N-terminal Kinase
(JNK), and Rho (77). AGEs stimulate the expression of Connective
Tissue Growth Factor (CTGF) in renal tubular epithelial cells. The
ERK/p38-Smad3 signaling pathway interacts with the Epidermal
growth Factor Receptors(ERGF)/p38-Smad3 signaling axis,
contributing significantly to renal tubulointerstitial fibrosis.
Importantly, this mechanism operates independently of the
canonical TGF-P signaling pathway (78).
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2.1.3 Fatty acid metabolism

Tubular epithelial cells exhibit a preference for energy
production through fatty acid oxidation (FAO) as opposed to
glucose metabolism (79). The mitochondrial oxidative activity of
fatty acids profoundly influences tubular reabsorption (80).
Consequently, lipid metabolism and the maintenance of proximal
tubular mitochondrial function hold immense significance within
renal tubular cells. The detrimental impact of lipotoxicity expedites
the decline of tubular function, emphasizing the critical role of lipid
deposition in the renal tubules, which is elucidated as follows:

1) CD36-Mediated Lipid Deposition: The transmembrane
glycoprotein CD36, responsible for long-chain fatty acid
transport, significantly influences lipid accumulation in
tissues (81). Peroxisome proliferator-activated receptor 7y
(PPAR 7), a ligand-activated transcription factor, governs
CD36 expression and functionality (82). Research
demonstrates that HG activates the protein kinase B/
(AKT)-PPARy signaling pathway, resulting in an upsurge
of CD36 mRNA and protein within tubular epithelial cells.
This elevated CD36 expression enhances cellular uptake of
free fatty acids, ultimately contributing to diminished
tubular cell viability and lipid deposition (83). Targeting
the inhibition of AKT-PPARYy pathway could hold
therapeutic potential for curtailing lipid accumulation in
DKD.

2) Ne-carboxymethyl lysine (CML)and RAGE-Mediated Lipid
Accumulation: CML, an AGE, plays a role in lipid
homeostasis (84). CML binds to its receptor RAGE,
which is expressed on the surface of renal tubular
epithelial cells. This interaction triggers intracellular
signaling pathways that heighten cholesterol synthesis via
3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMG-CoAR) and augment low-density lipoprotein
receptor (LDLr)-mediated cholesterol uptake through
endoplasmic reticulum stress (ERS). Concomitantly, CML
diminishes ATP-binding cassette transporter A1 (ABCA1)-
mediated cholesterol efflux, collectively driving lipid
accumulation within HK-2 cells. This process eventually
culminates in tubular foam cell formation (85).

3) Phosphofluoric acid cluster sorting protein 2(PACS-2) and
Tubular Lipid Accumulation: PACS-2, a multifunctional
sorting protein predominantly expressed in renal tubules,
plays a pivotal role in lipid metabolism (86). In studies
involving streptozotocin-induced diabetic mice and DKD
patients, reduced levels of PACS-2 expression have been
observed. Notably, diabetic tubule-specific Pacs-2 deletion
accentuates lipid synthesis through upregulated sterol O-
acyltransferase 1 (SOATI1) expression and concurrent
inhibition of cholesterol efflux (87). This intensified lipid
accumulation in tubular cells contributes to the progression
of albuminuria excretion and exacerbates kidney damage.

In summary, the accumulation of intracellular lipids can initiate
a cascade of events including ERS, heightened production of
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reactive oxygen species (ROS), and the instigation of inflammatory
responses (88). The phenomenon of lipotoxicity engenders
mitochondrial dysfunction, prompting renal tubular epithelial
cells to adopt fibrotic phenotypes characterized by augmented
ATP consumption, cellular demise, dedifferentiation, and the
internal deposition of lipids. This collective process ultimately
culminates in the development of tubulointerstitial fibrosis (89).

2.2 Proteinuria

Under normal physiological conditions, the proteins that are
filtered from the glomerulus undergo near-complete reabsorption
in the proximal tubules. In the context of DKD, the occurrence of
microalbuminuria may be attributed to the impaired ability of
tubules to reabsorb albumin, rather than being primarily caused
by glomerular damage The elevated quantity of filtered proteins
serves as a stimulus for the signaling pathway of PTECs, leading to
abnormal regulatory responses that encompass phenomena like
tubular cell growth, apoptosis, changes in gene transcription, and
further induction of inflammatory factors that contribute to
inflammation and fibrosis When examined from an inflammatory
perspective, proteinuria emerges as a key pro-inflammatory
stimulus in activating NF-kB within renal tubular cells (90).
Chemokines and adhesion molecules, orchestrated through the
NF-xB-dependent pathway, are also augmented due to excessive
ultrafiltration proteins within proximal tubular cells. Thus, it can be
posited that the activation of NF-xB and the transcription of
specific pro-inflammatory chemokines constitute hallmarks of
progressive DKD (91). A specific instance is the C-X3-C motif
chemokine 1 (CX3CL1), a membrane-bound chemokine that
prompts the upregulation of CX3CR1 in proximal tubular
epithelial cells through the NF«B and p38-MAPK-dependent
pathways (92). Similarly, the heightened expression of C-C motif
chemokine 5 (CCL5, also known as RANTES) is evident in renal
biopsy samples from patients with type 2 diabetes mellitus,
predominantly observed in renal tubular cells (90, 93). An
overload of proteins triggers the upregulation of CCL5, and the
extent of CCL5 expression in tubular cells is directly linked to the
volume of proteinuria and the infiltration of interstitial cells The
combined effects of CX3CR1 and CCL5 contribute to interstitial
inflammation and the progression of the disease by facilitating the
recruitment and adhesion of monocytes, T cells, and natural killer
cells within the peritubular interstitium (93). Notably, the research
conducted by Galkina et al. demonstrates that the main site for T
cell recruitment is the stroma, particularly emphasizing a
substantial increase (6-10 fold) in CD4+, CD8+, and CD20+ cells
within the interstitium. Furthermore, the abundance of CD4+ and
CD20+ cells correlates with the degree of proteinuria (94). The
infiltration of interstitial T cells significantly correlates with the
extent of proteinuria, hinting at an underlying immunopathological
mechanism that contributes to the progression of proteinuria and
interstitial inflammation in DKD (95). Moreover, the study
highlights that VCAM-1 is upregulated in infiltrating cells within
the renal interstitium in mice (96). The levels of VCAM-1

Frontiers in Endocrinology

10.3389/fendo.2023.1232790

correspond to the number of immune cells infiltrating the
kidneys, and they are also associated with the severity and
progression of proteinuria (97, 98). Additionally, urine protein
can initiate damage to tubular cells by activating the complement
system and stimulating tubular cells to generate reactive oxygen
species (99).

From the perspective of promoting fibrosis, TGF-f is currently
regarded as a pro-inflammatory and fibrotic mediator induced by
exposure to albumin. When protein is present in the urine, it binds
to its receptors, triggering the release of cytokines that further
promote inflammation and fibrosis. This cumulative effect
ultimately results in the decline of kidney function (100). The
presence of excess protein in urine has been found to regulate the
expression of TGF-f and stimulate the deposition of extracellular
matrix ECM, thereby intensifying fibrotic responses (101). In mice
induced with streptozotocin (STZ) and featuring knockout of
protein kinase C-epsilon (PKC-€), an increase in
microalbuminuria, tubulointerstitial fibrosis, and mesangial
dilation was significantly observed. This suggests that PKC-e
deletion-mediated renal fibrosis might involve the TGF-B1
signaling pathway (102). Another form of PKC, PKC-B, exhibits
enhanced activity within renal tubules. Inhibiting PKC-[3 has been
shown to reduce renal macrophage accumulation, the expression of
inflammatory molecules (such as ICAM-1 and MCP-1), and
tubulointerstitial damage (72). During instances of renal fibrosis
injury, Klotho plays a role in inhibiting the TGF-B1-induced
epithelial-mesenchymal transition (EMT) response in cultured
cells. This action is characterized by reduced expression of
epithelial markers, interstitial markers, and cell migration (103).
Experimental studies have speculated that this effect may be due to
secreted Klotho directly binding to type II TGF-f receptors, thereby
impeding TGF-B1 from binding to cell surface receptors and
consequently inhibiting TGF-B1 signaling. Additionally, secreted
Klotho has been found to hinder the EMT response by inhibiting
Wnt and IGF-1 signaling pathways (104). Serum soluble Klotho
(sKlotho) levels exhibit a significant negative correlation with
varying degrees of urine albumin in patients with type 2 diabetes
mellitus(T2DM). This insight suggests that sKlotho might serve as a
potential biomarker to predict the progression of kidney disease in
the future (105).

Excessive protein in urine can lead to the upregulation of gene
expression in renal tubular cells, resulting in the overexpression of
various chemokines. This, in turn, causes the aggregation of
immune cells such as monocytes and T cells within the
tubulointerstitium. The release of ILs further attracts neutrophils
to aggregate, and this inflammatory environment promotes the
synthesis of fibrous molecules like angiotensin II(Ang II) and TGF-
B. These processes collectively contribute to the degradation of the
tubular basement membrane, facilitating the entry of inflammatory
cells into the interstitium and the capillary space surrounding the
renal tubule. Ultimately, this sequence of events induces the
occurrence of fibrosis (106). In summary, excessive urine protein
stimulates proximal tubular epithelial cells, establishing a
connection between proteinuria, interstitial inflammation,

and fibrosis.
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2.3 Oxidative stress

Persistent hyperglycemia results in an increase in AGEs, gradual
enhancement of tubular Na+-K+-ATPase activity, and abnormal
epithelial cell metabolism. These factors contribute to
mitochondrial dysfunction and the production of large amounts
of ROS (80). Consequently, endothelial cells undergo damage,
leading to the recruitment of inflammatory cells and
inflammatory factors to the site of injury. This process triggers a
tubulointerstitial inflammatory response (68). In the context of in
vivo studies, overexpression of Klotho has been found to effectively
reduce ROS expression. This reduction occurs through the
mitigation of TNF-ou stimulation in the kidneys. As a result,
Klotho overexpression inhibits NF-kB activation and
consequently suppresses the production of inflammatory
cytokines, chemokines, and growth factors. This action effectively
curtails the oxidative stress response. However, it’s important to
note that Klotho expression is generally low in cases of DKD (104,
107). Recent research highlights CD36 as a potential key mediator
of ROS production in chronic kidney disease. Blocking CD36
interrupts the high glucose-induced EMT in tubular epithelial
cells. This interruption primarily occurs via the ERK1/2 and
TGF-B1/Smad2 signaling pathways (108).

The diabetic environment significantly contributes to the
production of various chemokines, including MCP-1, OPN, CCL-
2, CX3CL1, INF-y-inducible protein (CXCL10), and CCL5. These
chemokines play a crucial role in attracting inflammatory cells
(macrophages and T cells) to the renal tubules and interstitium,
thus establishing an inflammatory cycle (109). The infiltration of
inflammatory cells in the tubules can lead to ruptures and
thickening of the tubular basement membrane, ultimately
resulting in tubular atrophy during later stages. Infiltration of
inflammatory cells in the renal interstitium leads to the release of
pro-inflammatory, profibrotic, and antiangiogenic factors,
ultimately causing interstitial fibrosis (IFTA). Interestingly, renal
biopsy findings reveal the presence of interstitial eosinophil
aggregates (IEAs) in patients with DKD (110). IEA’s severity
correlates with IFTA, making it challenging to conclusively
diagnose allergic interstitial nephritis. This indicates that the IEA
in DKD might either reflect an inflammatory response to chronic
tubulointerstitial injury, or potentially serve as a stimulus
contributing to such injury, or even a combination of both
factors. The published article primarily emphasizes
tubulointerstitial inflammation, while further observation and
study are required to fully comprehend tubulitis (111).

2.4 Mechanism of ischemia and hypoxia

The blood supply to tubular epithelial cells primarily originates
from the efferent arterioles of the glomeruli, eventually reaching the
veins surrounding the renal tubules. This process is intricately
regulated by various neurohumoral factors. The damage caused
by proximal tubular hypoxia in DKD can be attributed to three
primary factors:
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1) Decreased blood flow: The decrease in blood flow within
peritubular capillaries (PTCs) mainly arises from
dysregulation in vasoconstriction and relaxation factors.
In the presence of AGEs and elevated glucose levels, the
phosphorylation and expression of endothelial nitric oxide
synthase (eNOS) decrease, leading to dysfunction and
damage of vascular endothelial cells (112). NO, a
vasoactive substance, plays a crucial role in promoting
vasodilation and safeguarding vascular endothelial cells.
However, its synthesis is reduced. Simultaneously, Ang IT
contributes to the constriction of both afferent and efferent
arterioles. It promotes endothelial cell proliferation,
hypertrophy, and reduces blood supply to the peritubular
capillaries (113).

2) Impaired oxygen utilization: The process of sodium-glucose
transport across the membrane of proximal tubular cells is
not energy-intensive but relies on the activity of the Na+/K
+ ATPase. In diabetic rats, impaired mitochondrial ATP
production and fragmentation of organelles in proximal
tubular epithelial cells have been observed at an early stage
of the disease. This is associated with increased urinary
albumin excretion, abnormal glomerular morphology, and
even elevated urinary kidney injury molecule-1 (KIM-1)
levels (114). These mitochondrial structural and functional
abnormalities may represent the earliest manifestations of
DKD (115). In patients with DKD, glucose reabsorption
increases, metabolic activity rises, O2 consumption elevates,
and mitochondrial structure and dysfunction lead to
impaired oxygen utilization. As a result, the proximal
tubule becomes more susceptible to ischemic injury and
tends toward acute kidney injury (AKI) (116).

3) Microvascular thinning:Given the poor tolerance of renal
tissue to hypoxia and the vital reabsorption function of
renal tubules, the development of a complex and dense
microvascular network is essential (117). In the context of
DKD, an imbalance exists between pro-angiogenic and
antiangiogenic factors. Animal studies reveal that levels of
VEGF mRNA and protein decrease, while the expression of
thrombospondin-1 (TSP-1), an inhibitor of angiogenesis,
increases. These changes lead to endothelial swelling,
capillary loss, and proteinuria (118). Hypoxia contributes
to increased extracellular matrix production through both
TGF-B-dependent and non-dependent mechanisms.
Hypoxia-inducible factor (HIF) upregulates the
expression of CTGF. This results in an increased diftusion
distance for oxygen delivery to the parenchyma. The
fibrotic expansion of the interstitium further compresses
and disrupts the local microvascular network, ultimately
causing microvascular rarefaction (9). This intensifies the
degree of tubulointerstitial hypoxia, establishing a
detrimental feedback loop.

Hypoxia is a crucial factor underlying the onset and progression

of DKD. Hemodynamic shifts, metabolic influences, and immune
triggers can directly harm vascular endothelial cells, leading to local
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activation of the RAS or a reduction NO levels. This prompts renal
vasoconstriction and hampers oxygen delivery. As oxygen transport
diminishes, it disrupts kidney perfusion, intensifying renal hypoxia.
Consequently, renal tubular epithelial cells experience
mitochondrial dysfunction and impaired oxygen utilization,
resulting in cellular degeneration, atrophy, damage to periductal
capillaries, and a subsequent reduction in blood supply. These
cascading effects contribute to the development of interstitial
fibrosis and a decline in kidney function.

3 Injurious biomarkers to renal tubular
epithelial cells

3.1 Kidney injury molecule-1

KIM-1 is a glycoprotein expressed within the proximal tubules
and serves as a sensitive indicator of tubular damage (119). While
absent in normal kidneys, its expression significantly increases
during acute injury or renal inflammation (120). KIM-1, found
on PTECs, plays a role as a phagocytic cell, clearing cellular debris
and apoptotic bodies within the damaged tubulointerstitial
compartment. This action aids in the regeneration of injured
tubules (121, 122). However, KIM-1 also facilitates the uptake of
fatty acids by tubular cells, contributing to the progression of
progressive DKD (123). The presence of KIM-1 correlates with
tubulointerstitial inflammation and fibrosis (122). In patients with
DKD, KIM-1 is strongly linked to the risk of progressive decline in
kidney function, and its elevation has been observed in confirmed
cases of DKD (124, 125). KIM-1 is relatively unstable, with its
extracellular domain undergoing cleavage, shedding into the
tubular lumen, and eventual excretion in the urine (126). In
DKD, urinary KIM-1 levels suggest early tubular involvement
(127). Currently, urinary KIM-1 is widely accepted as a specific
and sensitive biomarker for assessing renal proximal tubular
injury (128).

3.2 Neutrophil gelatinase-
associated lipocalin

NGAL is a 25-kDa glycoprotein with widespread distribution in
human tissue cells. Its expression in renal tissue is minimal under
normal conditions. NGAL is primarily expressed in Henle’s loops
and distal tubules, playing a role in iron metabolism by binding to
iron transporters (129). NGAL promotes tubular epithelial cell
regeneration by inducing apoptosis of infiltrated neutrophils
within the tubulointerstitium, thereby protecting renal tissue from
inflammatory cell damage (130). In cases of kidney ischemia and
hypoxia, the expression of NGAL in tubular epithelial cells is
significantly enhanced. Damaged tubular cells produce NGAL,
which is subsequently secreted into the blood and urine (131).
Urinary NGAL levels can detect AKI within 2 hours, while
significant changes in serum creatinine take 3 to 4 days,
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underscoring NGAL’s role as an early and more sensitive
indicator of AKI compared to serum creatinine (132). Research
has also demonstrated a strong correlation between urinary NGAL
levels and tubular atrophy (133). In cases of inflammatory injury,
monocytes/macrophages, neutrophils, and tubular epithelial cells
are the primary sources of NGAL production (127). Notably,
tubular damage might manifest earlier than glomerular damage in
DKD inflammatory states. As a marker of early tubular injury,
NGAL can detect renal impairment in diabetic patients before the
appearance of urinary microalbumin (mALB) (134).

In summary, hyperglycemia serves as the initiating factor for
tubulointerstitial damage in DKD, triggering a cascade of cellular
responses. This includes the accumulation of AGEs, oxidative stress
activation, elevated intrarenal angiotensin II levels, and increased
expression of pro-inflammatory and profibrotic factors. These
processes collectively contribute to tubular atrophy, interstitial
inflammation, and fibrosis, which are key factors in the
progression of DKD (as depicted in Figure 2)

Tubulointerstitial fibrosis is closely intertwined with the
presence of infiltrating inflammatory cells. In response to these
cells, stress signals, and various mediators—particularly TGF-f—
tubular epithelial cells undergo a transformation into mesenchymal
cells, a process known as epithelial-mesenchymal transition. Several
factors, including excessive albumin, hyperglycemia, stimulation by
angiotensin II, and activation of signaling pathways such as MAPK,
JAK-STAT, and PKC, regulate the expression of TGF-B. Moreover,
the Smad-independent TGEF-B signaling pathway, which may
involve p38 MAPK, JNK, and Rho activation, also plays a role.
These intricate signaling pathways collectively impact gene
expression, ultimately enhancing fibroblast proliferation,
migration, and synthesis of the ECM (as depicted in Figure 3).

4 Therapeutic targets for renal
tubulointerstitial lesions

Following the approval of the first ACE inhibitor, captopril, by
the US FDA in 1981 for reducing proteinuria and slowing the
progression of kidney function, the exploration of novel RAS
blockers has become a fundamental aspect of treating various
kidney conditions. Initial investigations primarily centered on
the kidney-protective benefits of RAS blockers through the
enhancement of systemic blood pressure regulation and
correction of abnormal renal hemodynamics (135-137).
Nevertheless, starting from 2001, research unveiled that the RAS
system also exhibits distinctive anti-inflammatory and CKD
progression-inhibiting effects that are not solely tied to its blood
pressure-lowering capabilities (138-141) In more recent years, as
the understanding of the underlying mechanisms of DKD deepened
and significant results from large-scale randomized controlled trials
(RCTs) emerged, SGLT-2 inhibitors and non-steroidal
mineralocorticoid receptor antagonists have emerged as effective
therapeutic options for addressing DKD. These advancements have
found widespread implementation in clinical practice.
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4.1 SGLT-2 inhibitors

The protective effects ofSGLT-2i on the kidneys involve both
hemodynamic and non-hemodynamic mechanisms. From a
hemodynamic standpoint, SGLT-2i inhibits the function of
SGLT-2 in the proximal tubules of the kidneys, reducing the
reabsorption of sodium and glucose. This leads to increased
sodium and glucose concentration in the thick ascending limb of
the Loop of Henle, prompting juxtaglomerular cells to release renin.
This process enhances tubuloglomerular feedback and induces
constriction of the afferent arterioles. Consequently, the condition
of high renal perfusion, pressure, and filtration in the glomeruli is
improved, contributing to enhanced kidney function. This
mechanism is pivotal in ameliorating the development and
progression of DKD (142). In addition, SGLT-2i mitigates
tubulointerstitial damage in DKD by exerting anti-inflammatory
and antioxidative effects through the following mechanisms:

1) Angiotensin II regulation: Ang II enhances the expression of
SGLT1 and SGLT?2 in renal tubular epithelial cells, resulting
in increased glucose uptake and elevated intracellular ROS
levels, causing oxidative stress. SGLT2i effectively
counteracts this heightened glucose uptake (143, 144).
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2) Endothelial function: Ang IT downregulates the function of

eNOS, leading to endothelial dysfunction and a
prothrombotic state. Reduced nitric oxide synthesis
results in increased production of adhesion molecules,
tissue factor, MCP-1, and [-galactosidase activity (145).
SGLT?2i facilitates AMPK phosphorylation, restores normal
autophagy, reduces mammalian target of rapamycin
(mTOR) activity, and diminishes the generation of
inflammatory factors such as interleukin 1p (IL-1f), IL-6,
and TNF-o (146). Furthermore, pentraxin-3 (PTX3), a
protein promoting the M2 phenotype of macrophages
that downregulates NF-«kB, IL-13, TNF-o, and MCP-1, is
often significantly reduced in DKD patients (147, 148).

3) Epithelial-mesenchymal transition (EMT) inhibition: Under

pro-inflammatory stimulation and excessive proteinuria,
tubular epithelial cells undergo a transition to
myofibroblasts. HG prompts the synthesis and release of
matrix metalloproteinase 2 (MMP2), which degrades the
tubular basement membrane, causing phenotypically altered
tubular epithelial cells to detach and migrate to the
interstitium. These cells, together with resident renal
fibroblasts, subsequently produce excessive extracellular
matrix proteins, leading to interstitial fibrosis. SGLT2i
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impedes the differentiation of endothelial progenitor cells
(EPCs) or cells with EPC characteristics into myofibroblasts,
thus notably reducing the number of cells undergoing EMT
within the tubules (149, 150). Additionally, HIF-1lo
expression, prompted by hypoxia, fosters EMT and
interstitial fibrosis by activating the TGF-f-dependent
pathway and PI3K/Akt signaling pathway (151). Hence, the
elevation of hemoglobin in DKD patients could also signify
recovery from tubulointerstitial damage and fibrosis caused
by HG (152, 153) SGLT?2i effectively reduces the generation of
microRNA-21 induced by high glucose, which targets RECK
—a protein containing a Kazal motif that inhibits matrix
metalloproteinase 2—thus suppressing EMT and cell
migration. This represents another potential mechanism of
renal protection (154).

Recent RCTs, including CREDENCE, DAPA-CKD, and EMPA-

KIDNEY (Supplementary Table 1), have provided compelling
evidence that the combination of SGLT2 inhibitors and RAS
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inhibitors in individuals with type 2 diabetes mellitus results in a
decreased risk of kidney and cardiovascular endpoint events (155-
160). Nevertheless, these investigations primarily emphasize clinical
treatment outcomes and prognoses, lacking comprehensive insights
into the progression of tubular and interstitial lesions.

4.2 Glucagon-like peptide-1 agonists

GLP-1 agonists, beyond their role in lowering glucose levels,
exhibit renal protective effects encompassing anti-inflammatory,
antioxidant properties, and a reduction in proteinuria. Studies in
animal models reveal that GLP-1 agonists can diminish proteinuria
and macrophage infiltration in mice, concurrently lowering levels of
ICAM-1, TGF-B, and type IV collagen (161). The mechanism
underlying these effects potentially involves restraining the
production of inflammatory cytokines (IL-18, TNF-o) through
pathways influenced by Ang II and AGEs. This action leads to
the inhibition of NF-xB, Rho-kinase activation, and signaling
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pathways like PKC and PKA, ultimately curbing inflammation and
oxidative stress (162, 163).

In clinical studies (Supplementary Table 1), the administration
of exenatide or liraglutide has demonstrated effective protection of
the estimated GFR in diabetic patients, while also reducing
microalbuminuria and diminishing urinary excretion of TGF-B1
and type IV collagen. This renal protective effect appears to be
independent of glycemic control (164, 165)

4.3 Mineralocorticoid receptor antagonists

Aldosterone was initially identified for its action on the
epithelial tissue of the distal tubules within the kidneys. This
action, mediated by the mineralocorticoid receptor (MR),
facilitates sodium reabsorption and potassium secretion,
ultimately contributing to blood pressure elevation by expanding
the extracellular volume (166). However, excessive MR receptor
activity not only prompts sodium and water reabsorption, leading
to elevated blood volume, but also triggers the generation of ROS
and pro-inflammatory factors. These processes promote renal
fibrosis, inflammatory responses, and kidney enlargement (167,
168). The occurrence of aldosterone escape following the use of
ACE inhibitors or ARBs has prompted the application of
aldosterone antagonists like spironolactone and eplerenone in the
context of DKD treatment (169).

At the level of the cytoplasmic membrane, steroidal MRAs possess
a chemical structure similar to aldosterone and compete for its binding
sites, thereby exerting direct antagonistic effects. This action leads to the
reduction of oxidative stress, inflammation, and the expression of pro-
fibrotic factors. As a result, the inflammatory response and the
progression of fibrosis are inhibited. To overcome the lack of
selectivity in spironolactone and the lower affinity of eplerenone for
MR, a newer generation of nonsteroidal MRAs, such as finerenone, has
been developed. Finerenone’s distinct cellular mechanisms yield
benefits like a lower incidence of treatment-related hyperkalemia and
AK]T, along with a milder impact on systolic blood pressure (170-172).
Finerenone exhibits enhanced selectivity and receptor activity when
compared to first- and second-generation mineralocorticoid receptor
antagonists. Its advantageous features stem from its distinctive
molecular structure and mode of action:

1) Chemical structure differentiation: Finerenone’s
development builds upon the chemical structure of a
dihydropyridine channel blocker, while lacking activity on
L-type calcium channels. This characteristic grants it
greater polarity than steroidal MRAs and enables its
penetration of the blood-brain barrier, crucial for blood
pressure regulation (173, 174).

2) Significant differences in tissue distribution pattern

Finerenone demonstrates a balanced distribution across

cardiac and renal tissues. In contrast, steroidal MRAs like

spironolactone and eplerenone accumulate in the kidneys
at levels at least three times higher. Consequently,
finerenone more effectively reduces myocardial
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hypertrophy, plasma pro-brain natriuretic peptide levels,
and proteinuria (175).

3) Distinct molecular receptor binding modes: With a sizable
substituent, finerenone forms unstable MR-ligand
complexes upon binding to MR. These complexes fail to
recruit co-factors, differentiating its binding mode from
other MRAs (174, 176, 177).

Finerenone, through its MR-blocking action, contributes to the
enhancement of renal tubular epithelial cell structure and function.
This improvement is linked to diminished S6K1 phosphorylation
and reduced oxidative stress. The primary effect is the inhibition of
superoxide anion generation triggered by Ang II, PDGF, and EGF
(Figure 4). This action facilitates the repair of adhesion molecules
and ameliorates structural damage in proximal tubular cells(PTCs)
(176, 178-180). In the early stages of interstitial fibrosis, the loss of
the adhesion molecule-laminin complex contributes to disruption
in PTC adhesion. The antagonistic impact of MR improves fibrosis-
laminin-calcium-binding protein complexes by repairing
adhesions. Notably, the MR system’s effects are contingent on
factors like the ligand (aldosterone), cellular milieu, and target
gene promoters. The MR, in conjunction with its co-regulatory
factors, functions collaboratively in these pathways (181).
Finerenone effectively delays the buildup of MR-aldosterone
complexes and thwarts the recruitment of crucial transcription
co-factors. Moreover, it successfully curbs the expression of
tenascin-X (a recognized pro-fibrotic factor), enhances nitric
oxide bioavailability, decreases ROS levels, mitigates endothelial
dysfunction, myocardial hypertrophy, and proteinuria, and sustains
anti-inflammatory and anti-fibrotic effects (176, 182).

In a distinct mechanism, a recent study published in JCI Insight
revealed that MR antagonists have the capacity to reduce urinary
protein excretion and impede DKD progression by safeguarding the
glomerular endothelial glycocalyx (GEnGlx) (183). GEnGlx
constitutes a hydrated polyanionic gel that governs vascular
permeability and facilitates the mechanical transduction of shear
stress (184, 185). This glycocalyx is an integral part of the
glomerular filtration barrier, and MRAs lower matrix
metalloproteinase (MMP) activity, curtailing GEnGlx damage.
Consequently, this reduces glomerular permeability and
proteinuria in individuals with diabetes (183).

Since 2013, clinical trials involving finerenone, such as The
Mineralocorticoid Receptor Antagonist Tolerability Study (ARTS),
have unveiled promising clinical outcomes (Supplementary
Table 1). These findings have heralded a new era in DKD
treatment. Notably, the recently published FIDELIO-DKD and
FIGARO-DKD studies serve as complementary trials that assess
the renal and cardiac benefits of finerenone in DKD patients. Not
only does finerenone significantly attenuate the decline in eGFR and
improve albuminuria, but it also substantially reduces the risk of
DKD progression. Furthermore, the compound significantly
diminishes the incidence of new-onset heart failure and decreases
the risk of cardiovascular death and non-fatal myocardial infarction
(186, 187). The approval of finerenone marks the advent of the
“triple therapy” era in DKD treatment.
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Finerenone improves the structure and function of renal tubular epithelial cells. By blocking the mineralocorticoid receptor (MR) and inhibiting the
effects induced by the activation of MR by aldosterone, finerenone suppresses the actions of Ang Il, PDGF, and EGF. It inhibits the phosphorylation
of S6K1 through the ERK1/2 and c-Src/mTOR pathways, reducing oxidative stress and the generation of superoxide anions. Finerenone also
increases the bioavailability of nitric oxide, repairs adhesion molecules, and improves the structural damage of proximal tubular cells (PTC). These
mechanisms contribute to the maintenance of anti-inflammatory and anti-fibrotic effects in the kidneys. PDGF, Platelet-derived Growth Factor;
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4.4 Potential therapeutic targets for the
treatment of DKD

High blood glucose levels promote release of HMGBI, an
endogenous ligand of TLRs and the receptor for RAGE, from
tubular epithelial cells and glomerular podocytes. HMGBI1
consists of an A box and a B box, with the B box binding to
TLR2, TLR4, and RAGE, activating the NF-xB signaling pathway
and inducing pro-inflammatory responses. Conversely, the A box
can dampen the production of pro-inflammatory cytokines
stimulated by HMGB1 (188-193). Presently, therapeutic strategies
targeting HMGBI1 largely center around soluble receptors for
advanced glycation end products (esRAGE) and recombinant
HMGBI A box (190, 194). esRAGE, a splice variant of the RAGE
gene, can sequester extracellular RAGE ligands, inhibiting RAGE
activation on the cell surface. It hinders the binding of HMGBI to
RAGE, TLR2, and TLR4. A clinical study demonstrated that
esRAGE overexpression can reduce proteinuria, glomerular
disease, and diabetic kidney injury (195). Moreover, TLR4 has
close associations with tubulointerstitial inflammation in DKD.
Enhanced TLR4 activity triggers the NF-xB signaling pathway
and elicits inflammatory responses. TLR4 is implicated in
mediating tubulointerstitial inflammation in DKD. Consequently,
inhibition of the TLR4/NF-xB pathway may offer a novel
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therapeutic avenue for DKD (46). TLR2 and TLR4 are highly
expressed in renal tubules and their levels have been linked to
interstitial macrophage infiltration, HbA1c levels, and eGFR at the
time of renal biopsy (48). Thus, targeting HMGBI through
recombinant A box or TLR inhibition/blockade could potentially
mitigate proteinuria, glomerular damage, interstitial fibrosis, and
renal inflammation in DKD, offering a prospective therapeutic
approach (196, 197).

Klotho protein, a single-pass transmembrane protein primarily
found in renal tubular epithelial cells, confers kidney protection by
exerting anti-aging, anti-inflammatory, anti-oxidative stress, and
anti-fibrotic effects (4, 105). Clinical evidence from the PREDIAN
trial highlights that the combination of spironolactone with RAS
blockers prevents the downregulation of Klotho protein.
Additionally, this combination treatment suppresses the
expression of TNF-o. and TNF-like weak inducer of apoptosis
(TWEAK) in renal tubular epithelial cells as adjunctive therapy
(141, 198-200). Notably, serum levels of soluble Klotho (sKlotho)
and NGAL exhibit a significant negative correlation in DKD
patients with varying degrees of albuminuria. These markers
could potentially serve as predictive biomarkers for DKD
progression in the future (4, 105).

Phosphorylation of OPN triggers the infiltration of
macrophages into the renal interstitium Phosphorylation of OPN
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triggers the infiltration of macrophages into the renal interstitium
(38). OPN is prominently expressed in various renal tubular
segments, including proximal tubules, distal tubules, medullary
thick ascending limbs, and some collecting duct epithelial cells.
As a functional non-collagenous protein, OPN serves roles in cell
adhesion and recruitment. It induces macrophage chemotaxis,
modulates the NO signaling pathway, and mediates the release of
inflammatory and fibrotic factors (such as Ang II, TGF-f,
endothelin-1) implicated in the pathogenesis of DKD,
contributing to tubulointerstitial damage (201, 202). Compared to
MCP-1, OPN exhibits a closer pathological relationship with
tubular lesions, emerging as a significant therapeutic target for
addressing tubulointerstitial inflammation in DKD.

The NF-xB signaling pathway holds key importance in the
development of tubular inflammation. Research emphasis lies in
inhibiting NF-xB activity and regulating downstream pro-
inflammatory cytokines. Related drugs include BAY 11-7082, NF-
kB inhibitor PDTC, Rho kinase inhibitors, and Triptolide (138,
203-207). Inhibiting downstream pro-inflammatory factors of NF-
kB reduces ROS generation, macrophage infiltration, and related
inflammatory factor expression in kidneys, subsequently mitigating
renal interstitial damage (208-211). For example, TNF-related
apoptosis-inducing ligand (TRAIL) causes apoptosis of renal
tubular epithelial cells under high glucose levels and pro-
inflammatory cytokine influence, which correlates with the extent
of tubular atrophy, interstitial fibrosis, and inflammation (212-
214). CCL5 markedly increases in renal tubular epithelial cells and
directly correlates with proteinuria and interstitial cell infiltration
(93,215, 216). CXCLI16, a pro-inflammatory cytokine, is elevated in
renal tubular epithelial and interstitial cells in DKD. By activating
the TLR4/NF-kB pathway, CXCL16 exacerbates DKD, inducing
inflammatory cell infiltration and heightened cell apoptosis (217-
219). Recent research has spotlighted the role of IL-17A in
propelling renal inflammation and DKD progression. Interleukin-
17A (IL-17A), an immune-related cytokine, spurs inflammatory
and immune responses (220). Binding to its receptor IL-17RA, IL-
17A triggers tubulointerstitial cell activation, prompts
inflammatory cell infiltration, and elicits tubular injury (221).
Therefore, inhibiting the CXCL16 and IL-17A/IL-17RA pathways
potentially unveils a new therapeutic strategy for DKD.

TGF-al, B2, and B3 are the most potent promoters of ECM
accumulation, with the Smad pathway being pivotal in TGF-
signaling within DKD. This pathway plays a critical role in the
accumulation of renal intrinsic cells and ECM molecules (222, 223).
Suppression of TGF-f-mediated effects and Smad2 phosphorylation
can alleviate renal interstitial fibrosis, tubular atrophy, and improve
inflammatory cell infiltration and fibroblast proliferation in mice
(224-227). BMP-7, a natural TGF- antagonist, exhibits robust
renal protective functions, effectively reversing renal fibrosis across
various animal models (76, 228). However, clinical trials assessing
BMP-7 for kidney diseases remain unreported to date.

In addition, the realm of traditional Chinese medicine (TCM) and
herbal medicine has uncovered anti-inflammatory effects.
Paeoniflorin, for instance, demonstrates the ability to reduce
macrophage infiltration and expression of inflammatory cytokines,
enhancing kidney function and ameliorating histological damage in
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diabetic mice kidneys (229). Tripterygium glycosides exhibit anti-
inflammatory properties and effectively prevent oxidative-induced
glomerular membrane rupture, consequently reducing proteinuria in
glomerulonephritis and impeding DKD progression (230-232). While
low-quality evidence suggests that Tripterygium could be a potential
complementary therapy for DKD, most of these studies remain
confined to the cellular, molecular, and animal levels
(Supplementary Table 2), with a lack of large-scale prospective
studies specifically targeting tubular lesions and high-quality
pathological evidence substantiating their efficacy.

These potential therapeutic targets and signaling pathways
provide novel insights and avenues for the treatment of DKD.
Future research should delve deeper into the therapeutic effects and
safety of these targets and pathways.

5 Conclusion remarks

In conclusion, the investigation of tubulointerstitial
inflammation in DKD has garnered significant attention and
importance. Understanding the underlying mechanisms and
identifying potential therapeutic targets are crucial for the
development of effective treatment strategies. The recognition of
potential targets, including TLR4, HMGBI1, MCP-1, OPN, BMP-7,
and Klotho protein, along with the pivotal roles played by the NF-
kB and TGF-B/Smad signaling pathways, presents promising
avenues for targeted interventions. Nevertheless, further in-depth
research is imperative to explore tubulointerstitial inflammatory
lesions in DKD comprehensively and gather robust evidence
supporting these targets and pathways. By prioritizing the
management of tubulointerstitial inflammation, we can advance
our understanding of DKD, devise innovative strategies for
prevention and treatment, and ultimately enhance outcomes and
the overall quality of life for individuals impacted by this disease.

Author contributions

HJ and XT conceived the manuscript and provided supervision.
CX drafted the initial manuscript. HJ and XT reviewed and edited
the manuscript. XH and SY contributed to manuscript preparation.
All authors have read and approved the final version of the
manuscript for publication.

Funding

This work was funded by the project Central Guiding Local
Science and Technology Development Program of Xinjiang Uygur
Autonomous Region (grant number 2060503).

Acknowledgments

Thanks to Figdraw (www.figdraw.com) for their support in
drawing the figure.

frontiersin.org


http://www.figdraw.com
https://doi.org/10.3389/fendo.2023.1232790
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of
diabetes from 1990 to 2021, with projections of prevalence to 2050: A systematic
analysis for the Global Burden of Disease Study 2021. Lancet (2023) 402:203-34.
doi: 10.1016/50140-6736(23)01301-6

2. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al. IDF
Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for
2021 and projections for 2045. Diabetes Res Clin Pract (2022) 183:109119. doi: 10.1016/
j.diabres.2021.109119

3. Selby NM, Taal MW. An updated overview of diabetic nephropathy: Diagnosis,
prognosis, treatment goals and latest guidelines. Diabetes Obes Metab (2020) 22:3-15.
doi: 10.1111/dom.14007

4. Donate-Correa ], Luis-Rodriguez D, Martin-Nufez E, Tagua VG, Hernandez-
Carballo C, Ferri C, et al. Inflammatory targets in diabetic nephropathy. JCM (2020)
9:458. doi: 10.3390/jcm9020458

5. Levin A, Rocco M, Eknoyan G, Levin N, Becker B, Blake PG, et al. KDOQI clinical
practice guidelines and clinical practice recommendations for diabetes and chronic
kidney disease. Am ] Kidney Dis (2007) 49:S12-S154. doi: 10.1053/j.ajkd.2006.12.005

6. Tervaert TWC, Mooyaart AL, Amann K, Cohen AH, Cook HT, Drachenberg CB,
et al. Pathologic classification of diabetic nephropathy. ] Am Soc Nephrol (2010)
21:556-63. doi: 10.1681/ASN.2010010010

7. Zeni L, Norden AGW, Cancarini G, Unwin RJ. A more tubulocentric view of
diabetic kidney disease. ] Nephrol (2017) 30:701-17. doi: 10.1007/s40620-017-0423-9

8. Hasegawa K, Wakino S, Simic P, Sakamaki Y, Minakuchi H, Fujimura K, et al.
Renal tubular Sirtl attenuates diabetic albuminuria by epigenetically suppressing
Claudin-1 overexpression in podocytes. Nat Med (2013) 19:1496-504. doi: 10.1038/
nm.3363

9. Gilbert RE. Proximal tubulopathy: prime mover and key therapeutic target in
diabetic kidney disease. Diabetes (2017) 66:791-800. doi: 10.2337/db16-0796

10. Klessens CQF, Woutman TD, Veraar KAM, Zandbergen M, Valk EJJ, Rotmans
JI, et al. An autopsy study suggests that diabetic nephropathy is underdiagnosed.
Kidney Int (2016) 90:149-56. doi: 10.1016/j.kint.2016.01.023

11. Gilbert RE, Cooper ME. The tubulointerstitium in progressive diabetic kidney
disease: More than an aftermath of glomerular injury? Kidney Int (1999) 56:1627-37.
doi: 10.1046/j.1523-1755.1999.00721.x

12. Martinez-Castelao A, Navarro-Gonzalez J, Gorriz J, De Alvaro F. The concept
and the epidemiology of diabetic nephropathy have changed in recent years. JCM
(2015) 4:1207-16. doi: 10.3390/jcm4061207

13. Tuttle KR, Bakris GL, Bilous RW, Chiang JL, De Boer IH, Goldstein-Fuchs J,
et al. Diabetic kidney disease: A report from an ADA consensus conference. Am |
Kidney Dis (2014) 64:510-33. doi: 10.1053/j.ajkd.2014.08.001

14. Kimmelstiel P, Wilson C. Intercapillary lesions in the glomeruli of the kidney.
Am ] Pathol (1936) 12:83-98.7.

15. Thomas MC, Brownlee M, Susztak K, Sharma K, Jandeleit-Dahm KAM,
Zoungas S, et al. Diabetic kidney disease. Nat Rev Dis Primers (2015) 1:15018.
doi: 10.1038/nrdp.2015.18

16. Nihalani D, Susztak K. Sirt1-Claudin-1 crosstalk regulates renal function. Nat
Med (2013) 19:1371-2. doi: 10.1038/nm.3386

17. Bonventre JV. Can we target tubular damage to prevent renal function decline in
diabetes? Semin Nephrol (2012) 32:452-62. doi: 10.1016/j.semnephrol.2012.07.008

18. Krolewski AS. Progressive renal decline: the new paradigm of diabetic
nephropathy in type 1 diabetes. Diabetes Care (2015) 38:954-62. doi: 10.2337/dc15-
0184

19. Tessari P. Nitric oxide in the normal kidney and in patients with diabetic
nephropathy. J Nephrol (2015) 28:257-68. doi: 10.1007/s40620-014-0136-2

Frontiers in Endocrinology

14

10.3389/fendo.2023.1232790

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2023.
1232790/full#supplementary-material

20. Grgic I, Campanholle G, Bijol V, Wang C, Sabbisetti VS, Ichimura T, et al.
Targeted proximal tubule injury triggers interstitial fibrosis and glomerulosclerosis.
Kidney Int (2012) 82:172-83. doi: 10.1038/ki.2012.20

21. Bohle A, Wehrmann M, Bogenschiitz O, Batz C, Miiller GA, Miiller GA. The
pathogenesis of chronic renal failure in diabetic nephropathy. Pathol - Res Pract (1991)
187:251-9. doi: 10.1016/S0344-0338(11)80780-6

22. Chen J, Liu Q, He J, Li Y. Immune responses in diabetic nephropathy:
Pathogenic mechanisms and therapeutic target. Front Immunol (2022) 13:958790.
doi: 10.3389/fimmu.2022.958790

23. Tesch GH. Diabetic nephropathy - is this an immune disorder? Clin Sci (2017)
131:2183-99. doi: 10.1042/CS20160636

24. Shen S, Ji C, Wei K. Cellular senescence and regulated cell death of tubular
epithelial cells in diabetic kidney disease. Front Endocrinol (Lausanne) (2022)
13:924299. doi: 10.3389/fendo.2022.924299

25. Filippatos G, Anker SD, August P, Coats AJS, Januzzi JL, Mankovsky B, et al.
Finerenone and effects on mortality in chronic kidney disease and type 2 diabetes: A
FIDELITY analysis. Eur Heart ] Cardiovasc Pharmacother (2023) 9:183-91.
doi: 10.1093/ehjcvp/pvad001

26. Agarwal R, Filippatos G, Pitt B, Anker SD, Rossing P, Joseph A, et al.
Cardiovascular and kidney outcomes with finerenone in patients with type 2
diabetes and chronic kidney disease: the FIDELITY pooled analysis. Eur Heart ]
(2022) 43:474-84. doi: 10.1093/eurheartj/ehab777

27. Filippatos G, Anker SD, Agarwal R, Ruilope LM, Rossing P, Bakris GL, et al.
Finerenone reduces risk of incident heart failure in patients with chronic kidney disease
and type 2 diabetes: analyses from the FIGARO-DKD trial. Circulation (2022) 145:437—
47. doi: 10.1161/CIRCULATIONAHA.121.057983

28. Guo J-K, Cantley LG. Cellular maintenance and repair of the kidney. Annu Rev
Physiol (2010) 72:357-76. doi: 10.1146/annurev.physiol.010908.163245

29. Gijzen L, Yousef Yengej FA, Schutgens F, Vormann MK, Ammerlaan CME,
Nicolas A, et al. Culture and analysis of kidney tubuloids and perfused tubuloid cells-
on-a-chip. Nat Protoc (2021) 16:2023-50. doi: 10.1038/s41596-020-00479-w

30. Khan S, Abu Jawdeh BG, Goel M, Schilling WP, Parker MD, Puchowicz MA,
et al. Lipotoxic disruption of NHEL1 interaction with PI(4,5)P2 expedites proximal
tubule apoptosis. J Clin Invest (2014) 124:1057-68. doi: 10.1172/JCI71863

31. Li L, Kang H, Zhang Q, D’Agati VD, Al-Awqati Q, Lin F. FoxO3 activation in
hypoxic tubules prevents chronic kidney disease. J Clin Invest (2019) 129:2374-89.
doi: 10.1172/JCI122256

32. Russo LM, Sandoval RM, Campos SB, Molitoris BA, Comper WD, Brown D.
Impaired tubular uptake explains albuminuria in early diabetic nephropathy. J Am Soc
Nephrol (2009) 20:489-94. doi: 10.1681/ASN.2008050503

33. Long YS, Zheng S, Kralik PM, Benz FW, Epstein PN. Impaired albumin uptake
and processing promote albuminuria in OVE26 diabetic mice. ] Diabetes Res (2016)
2016:1-8. doi: 10.1155/2016/8749417

34. Nyengaard JR, Flyvbjerg A, Rasch R. The impact of renal growth, regression and
regrowth in experimental diabetes mellitus on number and size of proximal and distal
tubular cells in the rat kidney. Diabetologia (1993) 36:1126-31. doi: 10.1007/BF00401056

35. Thomson SC, Deng A, Bao D, Satriano J, Blantz RC, Vallon V. Ornithine
decarboxylase, kidney size, and the tubular hypothesis of glomerular hyperfiltration in
experimental diabetes. J Clin Invest (2001) 107:217-24. doi: 10.1172/JCI10963

36. Vallon V, Thomson SC. Renal function in diabetic disease models: the tubular
system in the pathophysiology of the diabetic kidney. Annu Rev Physiol (2012) 74:351-
75. doi: 10.1146/annurev-physiol-020911-153333

37. Tang SCW, Chan LYY, Leung JCK, Cheng AS, Chan KW, Lan HY, et al
Bradykinin and high glucose promote renal tubular inflammation. Nephrol Dialysis
Transplant (2010) 25:698-710. doi: 10.1093/ndt/gfp599

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1232790/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1232790/full#supplementary-material
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1111/dom.14007
https://doi.org/10.3390/jcm9020458
https://doi.org/10.1053/j.ajkd.2006.12.005
https://doi.org/10.1681/ASN.2010010010
https://doi.org/10.1007/s40620-017-0423-9
https://doi.org/10.1038/nm.3363
https://doi.org/10.1038/nm.3363
https://doi.org/10.2337/db16-0796
https://doi.org/10.1016/j.kint.2016.01.023
https://doi.org/10.1046/j.1523-1755.1999.00721.x
https://doi.org/10.3390/jcm4061207
https://doi.org/10.1053/j.ajkd.2014.08.001
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1038/nm.3386
https://doi.org/10.1016/j.semnephrol.2012.07.008
https://doi.org/10.2337/dc15-0184
https://doi.org/10.2337/dc15-0184
https://doi.org/10.1007/s40620-014-0136-2
https://doi.org/10.1038/ki.2012.20
https://doi.org/10.1016/S0344-0338(11)80780-6
https://doi.org/10.3389/fimmu.2022.958790
https://doi.org/10.1042/CS20160636
https://doi.org/10.3389/fendo.2022.924299
https://doi.org/10.1093/ehjcvp/pvad001
https://doi.org/10.1093/eurheartj/ehab777
https://doi.org/10.1161/CIRCULATIONAHA.121.057983
https://doi.org/10.1146/annurev.physiol.010908.163245
https://doi.org/10.1038/s41596-020-00479-w
https://doi.org/10.1172/JCI71863
https://doi.org/10.1172/JCI122256
https://doi.org/10.1681/ASN.2008050503
https://doi.org/10.1155/2016/8749417
https://doi.org/10.1007/BF00401056
https://doi.org/10.1172/JCI10963
https://doi.org/10.1146/annurev-physiol-020911-153333
https://doi.org/10.1093/ndt/gfp599
https://doi.org/10.3389/fendo.2023.1232790
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

38. Panzer U, Thaiss F, Zahner G, Barth P, Reszka M, Reinking RR, et al. Monocyte
chemoattractant protein-1 and osteopontin differentially regulate monocytes
recruitment in experimental glomerulonephritis. Kidney Int (2001) 59:1762-9.
doi: 10.1046/j.1523-1755.2001.0590051762.x

39. Klessens CQF, Zandbergen M, Wolterbeek R, Bruijn JA, Rabelink TJ, Bajema
IM, et al. Macrophages in diabetic nephropathy in patients with type 2 diabetes.
Nephrol Dial Transplant (2017) 32:1322-9. doi: 10.1093/ndt/gfw260

40. Nguyen D, Ping F, Mu W, Hill P, Atkins RC, Chadban SJ. Macrophage
accumulation in human progressive diabetic nephropathy. Nephrol (Carlton) (2006)
11:226-31. doi: 10.1111/j.1440-1797.2006.00576.x

41. Kuo H-L, Huang C-C, Lin T-Y, Lin C-Y. IL-17 and CD40 ligand synergistically
stimulate the chronicity of diabetic nephropathy. Nephrol Dial Transplant (2018)
33:248-56. doi: 10.1093/ndt/gfw397

42. Dewitte A, Villeneuve J, Lepreux S, Bouchecareilh M, Gauthereau X, Rigothier C,
et al. CD154 induces interleukin-6 secretion by kidney tubular epithelial cells under
hypoxic conditions: inhibition by chloroquine. Mediators Inflammation (2020)
2020:6357046. doi: 10.1155/2020/6357046

43. Pontrelli P, Ursi M, Ranieri E, Capobianco C, Schena FP, Gesualdo L, et al.
CD40L proinflammatory and profibrotic effects on proximal tubular epithelial cells:
Role of NF-kappaB and lyn. ] Am Soc Nephrol (2006) 17:627-36. doi: 10.1681/
ASN.2005020202

44. Zhang S, Breidenbach JD, Russell BH, George J, Haller ST. CD40/CD40L
signaling as a promising therapeutic target for the treatment of renal disease. J Clin
Med (2020) 9:3653. doi: 10.3390/jcm9113653

45. Sarode AY, Jha MK, Zutshi S, Ghosh SK, Mahor H, Sarma U, et al. Residue-
specific message encoding in CD40-ligand. iScience (2020) 23:101441. doi: 10.1016/
j.isci.2020.101441

46. Lin M, Yiu WH, Wu HJ, Chan LYY, Leung JCK, Au WS, et al. Toll-like receptor
4 promotes tubular inflammation in diabetic nephropathy. ] Am Soc Nephrol (2012)
23:86-102. doi: 10.1681/ASN.2010111210

47. Tang SCW, Lai KN. The pathogenic role of the renal proximal tubular cell in
diabetic nephropathy. Nephrol Dial Transplant (2012) 27:3049-56. doi: 10.1093/ndt/
gfs260

48. Dasu MR, Devaraj S, Park S, Jialal I. Increased toll-like receptor (TLR) activation
and TLR ligands in recently diagnosed type 2 diabetic subjects. Diabetes Care (2010)
33:861-8. doi: 10.2337/dc09-1799

49. Patidar A, Mahanty T, Raybarman C, Sarode AY, Basak S, Saha B, et al. Barley
beta-Glucan and Zymosan induce Dectin-1 and Toll-like receptor 2 co-localization and
anti-leishmanial immune response in Leishmania donovani-infected BALB/c mice.
Scand ] Immunol (2020) 92:e12952. doi: 10.1111/sji.12952

50. Patidar A, Selvaraj S, Sarode A, Chauhan P, Chattopadhyay D, Saha B. DAMP-
TLR-cytokine axis dictates the fate of tumor. Cytokine (2018) 104:114-23. doi: 10.1016/
j.cyt0.2017.10.004

51. Tesch GH. Diabetic nephropathy - is this an immune disorder? Clin Sci (Lond)
(2017) 131:2183-99. doi: 10.1042/CS20160636

52. Qin X, Goldfine A, Krumrei N, Grubissich L, Acosta J, Chorev M, et al. Glycation
inactivation of the complement regulatory protein CD59: a possible role in the
pathogenesis of the vascular complications of human diabetes. Diabetes (2004)
53:2653-61. doi: 10.2337/diabetes.53.10.2653

53. Shimizu H, Maruyama S, Yuzawa Y, Kato T, Miki Y, Suzuki S, et al. Anti-
monocyte chemoattractant protein-1 gene therapy attenuates renal injury induced by
protein-overload proteinuria. ] Am Soc Nephrol (2003) 14:1496-505. doi: 10.1097/
01.asn.0000069223.98703.8¢

54. Hori Y, Yamada K, Hanafusa N, Okuda T, Okada N, Miyata T, et al. Crry, a
complement regulatory protein, modulates renal interstitial disease induced by
proteinuria. Kidney Int (1999) 56:2096-106. doi: 10.1046/j.1523-1755.1999.00765.x

55. Nangaku M. Mechanisms of tubulointerstitial injury in the kidney: final
common pathways to end-stage renal failure. Intern Med (2004) 43:9-17.
doi: 10.2169/internalmedicine.43.9

56. Zheng JM, Yao GH, Cheng Z, Wang R, Liu ZH. Pathogenic role of mast cells in
the development of diabetic nephropathy: A study of patients at different stages of the
disease. Diabetologia (2012) 55:801-11. doi: 10.1007/s00125-011-2391-2

57. Hartmann K, Henz BM, Kriiger-Krasagakes S, K6hl J, Burger R, Guhl S, et al.
C3a and C5a stimulate chemotaxis of human mast cells. Blood (1997) 89:2863-70.

58. Zhang W, Xing L, Xu L, Jin X, Du Y, Feng X, et al. Nudel involvement in the
high-glucose-induced epithelial-mesenchymal transition of tubular epithelial cells. Am
J Physiology-Renal Physiol (2019) 316:F186-94. doi: 10.1152/ajprenal.00218.2018

59. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in
TGF-P family signalling. Nature (2003) 425:577-84. doi: 10.1038/nature02006

60. Oh JH, Ha H, Yu MR, Lee HB. Sequential effects of high glucose on mesangial
cell transforming growth factor-pl and fibronectin synthesis. Kidney Int (1998)
54:1872-8. doi: 10.1046/j.1523-1755.1998.00193.x

61. Chen S, Jim B, Ziyadeh FN. Diabetic nephropathy and transforming growth
factor-B: Transforming our view of glomerulosclerosis and fibrosis build-up. Semin
Nephrol (2003) 23:532-43. doi: 10.1053/50270-9295(03)00132-3

62. Ding H, Wu X, Bostrom H, Kim I, Wong N, Tsoi B, et al. A speciﬁc requirement
for PDGF-C in palate formation and PDGFR-« signaling. Nat Genet (2004) 36:1111-6.
doi: 10.1038/ng1415

Frontiers in Endocrinology

15

10.3389/fendo.2023.1232790

63. Eitner F, Bucher E, Van Roeyen C, Kunter U, Rong S, Seikrit C, et al. PDGF-C is
a proinflammatory cytokine that mediates renal interstitial fibrosis. ] Am Soc Nephrol
(2008) 19:281-9. doi: 10.1681/ASN.2007030290

64. Taneda S, Hudkins KL, Topouzis S, Gilbertson DG, Ophascharoensuk V,
Truong L, et al. Obstructive uropathy in mice and humans: Potential role for PDGF-
D in the progression of tubulointerstitial injury. ] Am Soc Nephrol (2003) 14:2544-55.
doi: 10.1097/01.asn.0000089828.73014.c8

65. Boor P, Konieczny A, Villa L, Kunter U, van Roeyen CRC, LaRochelle W7, et al.
PDGF-D inhibition by CR002 ameliorates tubulointerstitial fibrosis following
experimental glomerulonephritis. Nephrol Dial Transplant (2007) 22:1323-31.
doi: 10.1093/ndt/gfl691

66. Taguchi K, Fukami K. RAGE signaling regulates the progression of diabetic
complications. Front Pharmacol (2023) 14:1128872. doi: 10.3389/fphar.2023.1128872

67. Wu X-Q, Zhang D-D, Wang Y-N, Tan Y-Q, Yu X-Y, Zhao Y-Y. AGE/RAGE in
diabetic kidney disease and ageing kidney. Free Radic Biol Med (2021) 171:260-71.
doi: 10.1016/j.freeradbiomed.2021.05.025

68. Tang S, Leung JCK, Abe K, Chan KW, Chan LYY, Chan TM, et al. Albumin
stimulates interleukin-8 expression in proximal tubular epithelial cells in vitro and in
vivo. J Clin Invest (2003) 111:515-27. doi: 10.1172/JCI16079

69. McCarthy ET, Sharma R, Sharma M, Li JZ, Ge XL, Dileepan KN, et al. TNF-
alpha increases albumin permeability of isolated rat glomeruli through the generation
of superoxide. ] Am Soc Nephrol (1998) 9:433-8. doi: 10.1681/ASN.V93433

70. Moon J-Y, Jeong K-H, Lee T-W, IThm C-G, Lim SJ, Lee S-H. Aberrant
recruitment and activation of T cells in diabetic nephropathy. Am ] Nephrol (2012)
35:164-74. doi: 10.1159/000334928

71. Kelly DJ, Chanty A, Gow RM, Zhang Y, Gilbert RE. Protein kinase Cf Inhibition
attenuates osteopontin expression, macrophage recruitment, and tubulointerstitial
injury in advanced experimental diabetic nephropathy. | Am Soc Nephrol (2005)
16:1654-60. doi: 10.1681/ASN.2004070578

72. Wu'Y, Wu G, Qi X, Lin H, Qian H, Shen J, et al. Protein kinase C beta inhibitor
1Y333531 attenuates intercellular adhesion molecule-1 and monocyte chemotactic
protein-1 expression in the kidney in diabetic rats. ] Pharmacol Sci (2006) 101:335-43.
doi: 10.1254/jphs.fp0050896

73. Lam S, van der Geest RN, Verhagen NAM, Daha MR, Van Kooten C. Secretion
of collagen type IV by human renal fibroblasts is increased by high glucose via a TGF-
-independent pathway. Nephrol Dialysis Transplant (2004) 19:1694-701. doi: 10.1093/
ndt/gfh235

74. Boor P, Sebekova K, Ostendorf T, Floege J. Treatment targets in renal fibrosis.
Nephrol Dial Transplant (2007) 22:3391-407. doi: 10.1093/ndt/gfm393

75. Zeisberg M, Shah AA, Kalluri R. Bone morphogenic protein-7 induces
mesenchymal to epithelial transition in adult renal fibroblasts and facilitates
regeneration of injured kidney. ] Biol Chem (2005) 280:8094-100. doi: 10.1074/
jbc.M413102200

76. Wang S, Chen Q, Simon TC, Strebeck F, Chaudhary L, Morrissey J, et al. Bone
morphogenic protein-7 (BMP-7), a novel therapy for diabetic nephropathy11Professor
Robert Chevalier served as a guest editor for this paper. Kidney Int (2003) 63:2037-49.
doi: 10.1046/j.1523-1755.2003.00035.x

77. Boor P, Ostendorf T, Floege J. Renal fibrosis: Novel insights into mechanisms
and therapeutic targets. Nat Rev Nephrol (2010) 6:643-56. doi: 10.1038/
nrneph.2010.120

78. Chung ACK, Zhang H, Kong Y-Z, Tan J-J, Huang XR, Kopp JB, et al. Advanced
glycation end-products induce tubular CTGF via TGF-B-independent smad3
signaling. ] Am Soc Nephrol (2010) 21:249-60. doi: 10.1681/ASN.2009010018

79. Kang HM, Ahn SH, Choi P, Ko Y-A, Han SH, Chinga F, et al. Defective fatty acid
oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development.
Nat Med (2015) 21:37-46. doi: 10.1038/nm.3762

80. Preiss D, Sattar N. Research digest: SGLT2 inhibition in kidney and liver disease.
Lancet Diabetes Endocrinol (2019) 7:427. doi: 10.1016/52213-8587(19)30160-3

81. Nath A, Li I, Roberts LR, Chan C. Elevated free fatty acid uptake via CD36
promotes epithelial-mesenchymal transition in hepatocellular carcinoma. Sci Rep
(2015) 5:14752. doi: 10.1038/srep14752

82. Yu M, Jiang M, Chen Y, Zhang S, Zhang W, Yang X, et al. Inhibition of
macrophage CD36 expression and cellular oxidized low density lipoprotein (oxLDL)
accumulation by tamoxifen: A PEROXISOME PROLIFER ATOR-ACTIVATED
RECEPTOR (PPAR)y-DEPENDENT MECHANISM. ] Biol Chem (2016) 291:16977—
89. doi: 10.1074/jbc.M116.740092

83. Feng L, Gu C, Li Y, Huang J. High glucose promotes CD36 expression by
upregulating peroxisome proliferator-activated receptor y Levels to exacerbate lipid
deposition in renal tubular cells. BioMed Res Int (2017) 2017:1414070. doi: 10.1155/
2017/1414070

84. Tabas I. The role of endoplasmic reticulum stress in the progression of
atherosclerosis. Circ Res (2010) 107:839-50. doi: 10.1161/CIRCRESAHA.110.224766

85. Sun H, Yuan Y, Sun Z. Update on mechanisms of renal tubule injury caused by
advanced glycation end products. BioMed Res Int (2016) 2016:5475120. doi: 10.1155/
2016/5475120

86. Li C, Li L, Yang M, Yang J, Zhao C, Han Y, et al. PACS-2 ameliorates tubular
injury by facilitating endoplasmic reticulum-mitochondria contact and mitophagy in
diabetic nephropathy. Diabetes (2022) 71:1034-50. doi: 10.2337/db21-0983

frontiersin.org


https://doi.org/10.1046/j.1523-1755.2001.0590051762.x
https://doi.org/10.1093/ndt/gfw260
https://doi.org/10.1111/j.1440-1797.2006.00576.x
https://doi.org/10.1093/ndt/gfw397
https://doi.org/10.1155/2020/6357046
https://doi.org/10.1681/ASN.2005020202
https://doi.org/10.1681/ASN.2005020202
https://doi.org/10.3390/jcm9113653
https://doi.org/10.1016/j.isci.2020.101441
https://doi.org/10.1016/j.isci.2020.101441
https://doi.org/10.1681/ASN.2010111210
https://doi.org/10.1093/ndt/gfs260
https://doi.org/10.1093/ndt/gfs260
https://doi.org/10.2337/dc09-1799
https://doi.org/10.1111/sji.12952
https://doi.org/10.1016/j.cyto.2017.10.004
https://doi.org/10.1016/j.cyto.2017.10.004
https://doi.org/10.1042/CS20160636
https://doi.org/10.2337/diabetes.53.10.2653
https://doi.org/10.1097/01.asn.0000069223.98703.8e
https://doi.org/10.1097/01.asn.0000069223.98703.8e
https://doi.org/10.1046/j.1523-1755.1999.00765.x
https://doi.org/10.2169/internalmedicine.43.9
https://doi.org/10.1007/s00125-011-2391-2
https://doi.org/10.1152/ajprenal.00218.2018
https://doi.org/10.1038/nature02006
https://doi.org/10.1046/j.1523-1755.1998.00193.x
https://doi.org/10.1053/S0270-9295(03)00132-3
https://doi.org/10.1038/ng1415
https://doi.org/10.1681/ASN.2007030290
https://doi.org/10.1097/01.asn.0000089828.73014.c8
https://doi.org/10.1093/ndt/gfl691
https://doi.org/10.3389/fphar.2023.1128872
https://doi.org/10.1016/j.freeradbiomed.2021.05.025
https://doi.org/10.1172/JCI16079
https://doi.org/10.1681/ASN.V93433
https://doi.org/10.1159/000334928
https://doi.org/10.1681/ASN.2004070578
https://doi.org/10.1254/jphs.fp0050896
https://doi.org/10.1093/ndt/gfh235
https://doi.org/10.1093/ndt/gfh235
https://doi.org/10.1093/ndt/gfm393
https://doi.org/10.1074/jbc.M413102200
https://doi.org/10.1074/jbc.M413102200
https://doi.org/10.1046/j.1523-1755.2003.00035.x
https://doi.org/10.1038/nrneph.2010.120
https://doi.org/10.1038/nrneph.2010.120
https://doi.org/10.1681/ASN.2009010018
https://doi.org/10.1038/nm.3762
https://doi.org/10.1016/S2213-8587(19)30160-3
https://doi.org/10.1038/srep14752
https://doi.org/10.1074/jbc.M116.740092
https://doi.org/10.1155/2017/1414070
https://doi.org/10.1155/2017/1414070
https://doi.org/10.1161/CIRCRESAHA.110.224766
https://doi.org/10.1155/2016/5475120
https://doi.org/10.1155/2016/5475120
https://doi.org/10.2337/db21-0983
https://doi.org/10.3389/fendo.2023.1232790
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

87. Zhao C, Li L, Li C, Tang C, Cai ], Liu Y, et al. PACS-2 deficiency in tubular cells
aggravates lipid-related kidney injury in diabetic kidney disease. Mol Med (2022)
28:117. doi: 10.1186/s10020-022-00545-x

88. Yoshioka K, Hirakawa Y, Kurano M, Ube Y, Ono Y, Kojima K, et al.
Lysophosphatidylcholine mediates fast decline in kidney function in diabetic kidney
disease. Kidney Int (2022) 101:510-26. doi: 10.1016/j.kint.2021.10.039

89. Yang M, Zhao L, Gao P, Zhu X, Han Y, Chen X, et al. DsbA-L ameliorates high
glucose induced tubular damage through maintaining MAM integrity. EBioMedicine
(2019) 43:607-19. doi: 10.1016/j.ebiom.2019.04.044

90. Mezzano S, Aros C, Droguett A, Burgos ME, Ardiles L, Flores C, et al. NF-
kappaB activation and overexpression of regulated genes in human diabetic
nephropathy. Nephrol Dial Transplant (2004) 19:2505-12. doi: 10.1093/ndt/gfh207

91. Perez-Morales RE, Del Pino MD, Valdivielso JM, Ortiz A, Mora-Fernandez C,
Navarro-Gonzalez JF. Inflammation in diabetic kidney disease. Nephron (2019)
143:12-6. doi: 10.1159/000493278

92. Donadelli R, Zanchi C, Morigi M, Buelli S, Batani C, Tomasoni S, et al. Protein
overload induces fractalkine upregulation in proximal tubular cells through nuclear
factor kappaB- and p38 mitogen-activated protein kinase-dependent pathways. ] Am
Soc Nephrol (2003) 14:2436-46. doi: 10.1097/01.asn.0000089564.55411.7f

93. Navarro-Gonzalez JF, Mora-Fernandez C, Muros de Fuentes M, Garcia-Pérez J.
Inflammatory molecules and pathways in the pathogenesis of diabetic nephropathy.
Nat Rev Nephrol (2011) 7:327-40. doi: 10.1038/nrneph.2011.51

94. Galkina E, Ley K. Leukocyte recruitment and vascular injury in diabetic
nephropathy. J Am Soc Nephrol (2006) 17:368-77. doi: 10.1681/ASN.2005080859

95. Moriya R, Manivel JC, Mauer M. Juxtaglomerular apparatus T-cell infiltration
affects glomerular structure in Type 1 diabetic patients. Diabetologia (2004) 47:82-8.
doi: 10.1007/s00125-003-1253-y

96. Ina K, Kitamura H, Okeda T, Nagai K, Liu ZY, Matsuda M, et al. Vascular cell
adhesion molecule-1 expression in the renal interstitium of diabetic KKAy mice.
Diabetes Res Clin Pract (1999) 44:1-8. doi: 10.1016/s0168-8227(99)00011-x

97. Pichler R, Afkarian M, Dieter BP, Tuttle KR. Immunity and inflammation in
diabetic kidney disease: translating mechanisms to biomarkers and treatment targets.
Am ] Physiol Renal Physiol (2017) 312:F716-31. doi: 10.1152/ajprenal.00314.2016

98. Hickey FB, Martin F. Diabetic kidney disease and immune modulation. Curr
Opin Pharmacol (2013) 13:602-12. doi: 10.1016/j.coph.2013.05.002

99. Xu D, Zhang W. The role of urinary protein in renal tubular epithelial cell injury.
Sheng Li Ke Xue Jin Zhan (2016) 47:157-61.

100. Liu D, Lv L-L. New understanding on the role of proteinuria in progression of
chronic kidney disease. Adv Exp Med Biol (2019) 1165:487-500. doi: 10.1007/978-981-
13-8871-2_24

101. Kumar Pasupulati A, Chitra PS, Reddy GB. Advanced glycation end products
mediated cellular and molecular events in the pathology of diabetic nephropathy.
Biomol Concepts (2016) 7:293-309. doi: 10.1515/bmc-2016-0021

102. Meier M, Menne J, Park J-K, Holtz M, Gueler F, Kirsch T, et al. Deletion of
protein kinase C-epsilon signaling pathway induces glomerulosclerosis and
tubulointerstitial fibrosis in vivo. ] Am Soc Nephrol (2007) 18:1190-8. doi: 10.1681/
ASN.2005070694

103. Doi S, Zou Y, Togao O, Pastor JV, John GB, Wang L, et al. Klotho inhibits
transforming growth factor-betal (TGF-betal) signaling and suppresses renal fibrosis and
cancer metastasis in mice. ] Biol Chem (2011) 286:8655-65. doi: 10.1074/jbc.M110.174037

104. Zhao Y, Banerjee S, Dey N, LeJeune WS, Sarkar PS, Brobey R, et al. Klotho
depletion contributes to increased inflammation in kidney of the db/db mouse model of
diabetes via RelA (serine)536 phosphorylation. Diabetes (2011) 60:1907-16.
doi: 10.2337/db10-1262

105. Wu C, Wang Q, Lv C, Qin N, Lei S, Yuan Q, et al. The changes of serum
sKlotho and NGAL levels and their correlation in type 2 diabetes mellitus patients with
different stages of urinary albumin. Diabetes Res Clin Pract (2014) 106:343-50.
doi: 10.1016/j.diabres.2014.08.026

106. Gorriz JL, Martinez-Castelao A. Proteinuria: detection and role in native renal
disease progression. Transplant Rev (Orlando) (2012) 26:3-13. doi: 10.1016/
j.trre.2011.10.002

107. Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu H, et al.
Regulation of oxidative stress by the anti-aging hormone klotho. J Biol Chem (2005)
280:38029-34. doi: 10.1074/jbc.M509039200

108. Hou Y, Wu M, Wei J, Ren Y, Du C, Wu H, et al. CD36 is involved in high
glucose-induced epithelial to mesenchymal transition in renal tubular epithelial cells.
Biochem Biophys Res Commun (2015) 468:281-6. doi: 10.1016/j.bbrc.2015.10.112

109. Lim AKH, Tesch GH. Inflammation in diabetic nephropathy. Mediators
Inflammation (2012) 2012:1-12. doi: 10.1155/2012/146154

110. Dai D-F, Sasaki K, Lin MY, Smith KD, Nicosia RF, Alpers CE, et al. Interstitial
eosinophilic aggregates in diabetic nephropathy: Allergy or not? Nephrol Dial
Transplant (2015) 30:1370-6. doi: 10.1093/ndt/gfv067

111. Tonolo G, Cherchi S. Tubulointerstitial disease in diabetic nephropathy. Int J
Nephrol Renovasc Dis (2014) 7:107-15. doi: 10.2147/IJNRD.S37883

112. Wu J, Wang Z, Cai M, Wang X, Lo B, Li Q, et al. GPR56 promotes diabetic
kidney disease through eNOS regulation in glomerular endothelial cells. Diabetes
(2023), db230124. doi: 10.2337/db23-0124

Frontiers in Endocrinology

10.3389/fendo.2023.1232790

113. Sansoe G, Aragno M, Wong F. Pathways of hepatic and renal damage through
non-classical activation of the renin-angiotensin system in chronic liver disease. Liver
Int (2020) 40:18-31. doi: 10.1111/1iv.14272

114. Coughlan MT, Nguyen T-V, Penfold SA, Higgins GC, Thallas-Bonke V, Tan
SM, et al. Mapping time-course mitochondrial adaptations in the kidney in
experimental diabetes. Clin Sci (Lond) (2016) 130:711-20. doi: 10.1042/CS20150838

115. Zhan M, Usman IM, Sun L, Kanwar YS. Disruption of renal tubular
mitochondrial quality control by Myo-inositol oxygenase in diabetic kidney disease. ]
Am Soc Nephrol (2015) 26:1304-21. doi: 10.1681/ASN.2014050457

116. Zhao L, Gao H, Lian F, Liu X, Zhao Y, Lin D. "H-NMR-based metabonomic
analysis of metabolic profiling in diabetic nephropathy rats induced by streptozotocin.
Am ] Physiol Renal Physiol (2011) 300:F947-956. doi: 10.1152/ajprenal.00551.2010

117. Lin NYC, Homan KA, Robinson SS, Kolesky DB, Duarte N, Moisan A, et al.
Renal reabsorption in 3D vascularized proximal tubule models. Proc Natl Acad Sci
U.S.A. (2019) 116:5399-404. doi: 10.1073/pnas.1815208116

118. Vila V, Martinez-Sales V, Almenar L, Lazaro IS, Villa P, Reganon E.
Inflammation, endothelial dysfunction and angiogenesis markers in chronic heart
failure patients. Int J Cardiol (2008) 130:276-7. doi: 10.1016/j.ijjcard.2007.07.010

119. Bano G, Imam MT, Bajpai R, Alem G, Kashyap VK, Habib A, et al. Expression
of angiopoetin-like protein-4 and kidney injury molecule-1 as preliminary diagnostic
markers for diabetes-related kidney disease: A single center-based cross-sectional
study. J Pers Med (2023) 13:577. doi: 10.3390/jpm13040577

120. Vaidya VS, Niewczas MA, Ficociello LH, Johnson AC, Collings FB, Warram
JH, et al. Regression of microalbuminuria in type 1 diabetes is associated with lower
levels of urinary tubular injury biomarkers, kidney injury molecule-1, and N-acetyl-B-
D-glucosaminidase. Kidney Int (2011) 79:464-70. doi: 10.1038/ki.2010.404

121. Tramonti G, Kanwar YS. Tubular biomarkers to assess progression of diabetic
nephropathy. Kidney Int (2011) 79:1042-4. doi: 10.1038/ki.2011.9

122. Lim Al Tang SCW, Lai KN, Leung JCK. Kidney injury molecule-1: more than
just an injury marker of tubular epithelial cells? J Cell Physiol (2013) 228:917-24.
doi: 10.1002/jcp.24267

123. Mori Y, Ajay AK, Chang J-H, Mou S, Zhao H, Kishi S, et al. KIM-1 mediates
fatty acid uptake by renal tubular cells to promote progressive diabetic kidney disease.
Cell Metab (2021) 33:1042-1061.e7. doi: 10.1016/j.cmet.2021.04.004

124. Hwang S, Park J, Kim J, Jang HR, Kwon GY, Huh W, et al. Tissue expression of
tubular injury markers is associated with renal function decline in diabetic nephropathy. J
Diabetes Complications (2017) 31:1704-9. doi: 10.1016/j.jdiacomp.2017.08.009

125. Coca SG, Nadkarni GN, Huang Y, Moledina DG, Rao V, Zhang J, et al. Plasma
biomarkers and kidney function decline in early and established diabetic kidney
disease. ] Am Soc Nephrol (2017) 28:2786-93. doi: 10.1681/ASN.2016101101

126. Han WK, Bailly V, Abichandani R, Thadhani R, Bonventre JV. Kidney Injury
Molecule-1 (KIM-1): A novel biomarker for human renal proximal tubule injury.
Kidney Int (2002) 62:237-44. doi: 10.1046/j.1523-1755.2002.00433.x

127. Nielsen SE, Schjoedt KJ, Astrup AS, Tarnow L, Lajer M, Hansen PR, et al.
Neutrophil Gelatinase-Associated Lipocalin (NGAL) and Kidney Injury Molecule 1
(KIM1) in patients with diabetic nephropathy: a cross-sectional study and the effects of
lisinopril. Diabetes Med (2010) 27:1144-50. doi: 10.1111/j.1464-5491.2010.03083.x

128. de Carvalho JAM, Tatsch E, Hausen BS, Bollick YS, Moretto MB, Duarte T,
et al. Urinary kidney injury molecule-1 and neutrophil gelatinase-associated lipocalin
as indicators of tubular damage in normoalbuminuric patients with type 2 diabetes.
Clin Biochem (2016) 49:232-6. doi: 10.1016/j.clinbiochem.2015.10.016

129. Virzi GM, Clementi A, de Cal M, Cruz DN, Ronco C. Genomics and biological
activity of neutrophil gelatinase-associated lipocalin in several clinical settings. Blood
Purif (2013) 35:139-43. doi: 10.1159/000346100

130. Moledina DG, Hall IE, Thiessen-Philbrook H, Reese PP, Weng FL, Schroppel B,
et al. Performance of serum creatinine and kidney injury biomarkers for diagnosing
histologic acute tubular injury. Am ] Kidney Dis (2017) 70:807-16. doi: 10.1053/
j.ajkd.2017.06.031

131. Snoeijs MG]J, van Bijnen A, Swennen E, Haenen GRMM, Roberts LJ,
Christiaans MHL, et al. Tubular epithelial injury and inflammation after ischemia
and reperfusion in human kidney transplantation. Ann Surg (2011) 253:598-604.
doi: 10.1097/SLA.0b013e31820d9ae9

132. Adiyanti SS, Loho T. Acute kidney injury (AKI) biomarker. Acta Med Indones
(2012) 44:246-55.

133. WuY, Yang L, Su T, Wang C, Liu G, Li X. Pathological significance of a panel of
urinary biomarkers in patients with drug-induced tubulointerstitial nephritis. Clin J
Am Soc Nephrol (2010) 5:1954-9. doi: 10.2215/CJN.02370310

134. Kaul A, Behera MR, Rai MK, Mishra P, Bhaduaria DS, Yadav S, et al.
Neutrophil gelatinase-associated lipocalin: As a predictor of early diabetic
nephropathy in type 2 diabetes mellitus. Indian ] Nephrol (2018) 28:53-60.
doi: 10.4103/ijn.IJN_96_17

135. Maschio G, Alberti D, Janin G, Locatelli F, Mann JFE, Motolese M, et al. Effect
of the angiotensin-converting-enzyme inhibitor benazepril on the progression of
chronic renal insufficiency. N Engl ] Med (1996) 334:939-45. doi: 10.1056/
NEJM199604113341502

136. Heeg JE, De Jong PE, van der Hem GK, De Zeeuw D. Reduction of proteinuria
by angiotensin converting enzyme inhibition. Kidney Int (1987) 32:78-83. doi: 10.1038/
ki.1987.174

frontiersin.org


https://doi.org/10.1186/s10020-022-00545-x
https://doi.org/10.1016/j.kint.2021.10.039
https://doi.org/10.1016/j.ebiom.2019.04.044
https://doi.org/10.1093/ndt/gfh207
https://doi.org/10.1159/000493278
https://doi.org/10.1097/01.asn.0000089564.55411.7f
https://doi.org/10.1038/nrneph.2011.51
https://doi.org/10.1681/ASN.2005080859
https://doi.org/10.1007/s00125-003-1253-y
https://doi.org/10.1016/s0168-8227(99)00011-x
https://doi.org/10.1152/ajprenal.00314.2016
https://doi.org/10.1016/j.coph.2013.05.002
https://doi.org/10.1007/978-981-13-8871-2_24
https://doi.org/10.1007/978-981-13-8871-2_24
https://doi.org/10.1515/bmc-2016-0021
https://doi.org/10.1681/ASN.2005070694
https://doi.org/10.1681/ASN.2005070694
https://doi.org/10.1074/jbc.M110.174037
https://doi.org/10.2337/db10-1262
https://doi.org/10.1016/j.diabres.2014.08.026
https://doi.org/10.1016/j.trre.2011.10.002
https://doi.org/10.1016/j.trre.2011.10.002
https://doi.org/10.1074/jbc.M509039200
https://doi.org/10.1016/j.bbrc.2015.10.112
https://doi.org/10.1155/2012/146154
https://doi.org/10.1093/ndt/gfv067
https://doi.org/10.2147/IJNRD.S37883
https://doi.org/10.2337/db23-0124
https://doi.org/10.1111/liv.14272
https://doi.org/10.1042/CS20150838
https://doi.org/10.1681/ASN.2014050457
https://doi.org/10.1152/ajprenal.00551.2010
https://doi.org/10.1073/pnas.1815208116
https://doi.org/10.1016/j.ijcard.2007.07.010
https://doi.org/10.3390/jpm13040577
https://doi.org/10.1038/ki.2010.404
https://doi.org/10.1038/ki.2011.9
https://doi.org/10.1002/jcp.24267
https://doi.org/10.1016/j.cmet.2021.04.004
https://doi.org/10.1016/j.jdiacomp.2017.08.009
https://doi.org/10.1681/ASN.2016101101
https://doi.org/10.1046/j.1523-1755.2002.00433.x
https://doi.org/10.1111/j.1464-5491.2010.03083.x
https://doi.org/10.1016/j.clinbiochem.2015.10.016
https://doi.org/10.1159/000346100
https://doi.org/10.1053/j.ajkd.2017.06.031
https://doi.org/10.1053/j.ajkd.2017.06.031
https://doi.org/10.1097/SLA.0b013e31820d9ae9
https://doi.org/10.2215/CJN.02370310
https://doi.org/10.4103/ijn.IJN_96_17
https://doi.org/10.1056/NEJM199604113341502
https://doi.org/10.1056/NEJM199604113341502
https://doi.org/10.1038/ki.1987.174
https://doi.org/10.1038/ki.1987.174
https://doi.org/10.3389/fendo.2023.1232790
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

137. Bjorck S, Nyberg G, Mulec H, Granerus G, Herlitz H, Aurell M. Beneficial
effects of angiotensin converting enzyme inhibition on renal function in patients with
diabetic nephropathy. BMJ (1986) 293:471-4. doi: 10.1136/bmj.293.6545.471

138. Lee FTH, Cao Z, Long DM, Panagiotopoulos S, Jerums G, Cooper ME, et al.
Interactions between angiotensin II and NF-kB-dependent pathways in modulating
macrophage infiltration in experimental diabetic nephropathy. ] Am Soc Nephrol
(2004) 15:2139-51. doi: 10.1097/01.ASN.0000135055.61833.A8

139. Brenner BM, Cooper ME, De Zeeuw D, Keane WF, Mitch WE, Parving H-H,
et al. Effects of losartan on renal and cardiovascular outcomes in patients with type 2
diabetes and nephropathy. N Engl ] Med (2001) 345:861-9. doi: 10.1056/
NEJMoa011161

140. Lewis EJ, Hunsicker LG, Clarke WR, Berl T, Pohl MA, Lewis JB, et al.
Renoprotective effect of the angiotensin-receptor antagonist irbesartan in patients
with nephropathy due to type 2 diabetes. N Engl ] Med (2001) 345:851-60. doi: 10.1056/
NEJMoa011303

141. Navarro JF, Milena FJ, Mora C, Leon C, Garcia J. Renal pro-inflammatory
cytokine gene expression in diabetic nephropathy: Effect of angiotensin-converting
enzyme inhibition and pentoxifylline administration. Am ] Nephrol (2006) 26:562-70.
doi: 10.1159/000098004

142. Lu Y, Griffen SC, Boulton DW, Leil TA. Use of systems pharmacology
modeling to elucidate the operating characteristics of SGLT1 and SGLT2 in renal
glucose reabsorption in humans. Front Pharmacol (2014) 5:274. doi: 10.3389/
fphar.2014.00274

143. Satou R, Cypress MW, Woods TC, Katsurada A, Dugas CM, Fonseca VA, et al.
Blockade of sodium-glucose cotransporter 2 suppresses high glucose-induced
angiotensinogen augmentation in renal proximal tubular cells. Am ] Physiology-
Renal Physiol (2020) 318:F67-75. doi: 10.1152/ajprenal.00402.2019

144. Miyata KN, Lo C-S, Zhao S, Liao M-C, Pang Y, Chang S-Y, et al. Angiotensin II
up-regulates sodium-glucose co-transporter 2 expression and SGLT2 inhibitor
attenuates Ang II-induced hypertensive renal injury in mice. Clin Sci (2021)
135:943-61. doi: 10.1042/CS20210094

145. Park S-H, Belcastro E, Hasan H, Matsushita K, Marchandot B, Abbas M, et al.
Angiotensin II-induced upregulation of SGLT1 and 2 contributes to human
microparticle-stimulated endothelial senescence and dysfunction: Protective effect of
gliflozins. Cardiovasc Diabetol (2021) 20:65. doi: 10.1186/s12933-021-01252-3

146. Xu J, Kitada M, Ogura Y, Liu H, Koya D. Dapagliflozin restores impaired
autophagy and suppresses inflaimmation in high glucose-treated HK-2 cells. Cells
(2021) 10:1457. doi: 10.3390/cells10061457

147. Shiraki A, Kotooka N, Komoda H, Hirase T, Oyama J, Node K. Pentraxin-3
regulates the inflammatory activity of macrophages. Biochem Biophysics Rep (2016)
5:290-5. doi: 10.1016/j.bbrep.2016.01.009

148. Elkazzaz SK, Khodeer DM, El Fayoumi HM, Moustafa YM. Role of sodium
glucose cotransporter type 2 inhibitors dapagliflozin on diabetic nephropathy in rats;
Inflammation, angiogenesis and apoptosis. Life Sci (2021) 280:119018. doi: 10.1016/
j1fs.2021.119018

149. Lovisa S, Zeisberg M, Kalluri R. Partial epithelial-to-Mesenchymal transition
and other new mechanisms of kidney fibrosis. Trends Endocrinol Metab (2016) 27:681-
95. doi: 10.1016/j.tem.2016.06.004

150. Sheng L, Zhuang S. New insights into the role and mechanism of partial
epithelial-mesenchymal transition in kidney fibrosis. Front Physiol (2020) 11:569322.
doi: 10.3389/fphys.2020.569322

151. Ndibalema A, Kabuye D, Wen S, Li L, Li X, Fan Q. Empagliflozin protects
against proximal renal tubular cell injury induced by high glucose via regulation of
hypoxia-inducible factor I-alpha. DMSO (2020) 13:1953-67. doi: 10.2147/
DMSO0.5243170

152. Inzucchi SE, Zinman B, Fitchett D, Wanner C, Ferrannini E, Schumacher M,
et al. How does empagliflozin reduce cardiovascular mortality? Insights from a
mediation analysis of the EMPA-REG OUTCOME trial. Diabetes Care (2018)
41:356-63. doi: 10.2337/dc17-1096

153. Toyama T, Neuen BL, Jun M, Ohkuma T, Neal B, Jardine MJ, et al. Effect of
SGLT?2 inhibitors on cardiovascular, renal and safety outcomes in patients with type 2
diabetes mellitus and chronic kidney disease: A systematic review and meta-analysis.
Diabetes Obes Metab (2019) 21:1237-50. doi: 10.1111/dom.13648

154. Das NA, Carpenter AJ, Belenchia A, Aroor AR, Noda M, Siebenlist U, et al.
Empagliflozin reduces high glucose-induced oxidative stress and miR-21-dependent
TRAF3IP2 induction and RECK suppression, and inhibits human renal proximal
tubular epithelial cell migration and epithelial-to-mesenchymal transition. Cell
Signalling (2020) 68:109506. doi: 10.1016/j.cellsig.2019.109506

155. Heerspink HJL, Stefansson BV, Correa-Rotter R, Chertow GM, Greene T, Hou
F-F, et al. Dapagliflozin in patients with chronic kidney disease. N Engl ] Med (2020)
383:1436-46. doi: 10.1056/NEJM0a2024816

156. Perkovic V, Jardine MJ, Neal B, Bompoint S, Heerspink HJL, Charytan DM,
et al. Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N Engl |
Med (2019) 380:2295-306. doi: 10.1056/NEJMoal811744

157. Singh AK, Singh R. Renin-angiotensin system blockers-SGLT2 inhibitors-
mineralocorticoid receptor antagonists in diabetic kidney disease: A tale of the past
two decades! WJD (2022) 13:471-81. doi: 10.4239/wjd.v13.i7.471

158. Gerstein HC, Colhoun HM, Dagenais GR, Diaz R, Lakshmanan M, Pais P, et al.
Dulaglutide and cardiovascular outcomes in type 2 diabetes (REWIND): A double-

Frontiers in Endocrinology

17

10.3389/fendo.2023.1232790

blind, randomised placebo-controlled trial. Lancet (2019) 394:121-30. doi: 10.1016/
S0140-6736(19)31149-3

159. Gerstein HC, Sattar N, Rosenstock J, Ramasundarahettige C, Pratley R, Lopes
RD, et al. Cardiovascular and renal outcomes with efpeglenatide in type 2 diabetes. N
Engl ] Med (2021) 385:896-907. doi: 10.1056/NEJM0a2108269

160. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al.
Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N Engl ] Med
(2015) 373:2117-28. doi: 10.1056/NEJMoal504720

161. Kodera R, Shikata K, Kataoka HU, Takatsuka T, Miyamoto S, Sasaki M, et al.
Glucagon-like peptide-1 receptor agonist ameliorates renal injury through its anti-
inflammatory action without lowering blood glucose level in a rat model of type 1
diabetes. Diabetologia (2011) 54:965-78. doi: 10.1007/s00125-010-2028-x

162. Hendarto H, Inoguchi T, Maeda Y, Ikeda N, Zheng J, Takei R, et al. GLP-1
analog liraglutide protects against oxidative stress and albuminuria in streptozotocin-
induced diabetic rats via protein kinase A-mediated inhibition of renal NAD(P)H
oxidases. Metabolism (2012) 61:1422-34. doi: 10.1016/j.metabol.2012.03.002

163. Kawanami D, Matoba K, Sango K, Utsunomiya K. Incretin-based therapies for
diabetic complications: basic mechanisms and clinical evidence. IJMS (2016) 17:1223.
doi: 10.3390/ijms17081223

164. Zavattaro M, Caputo M, Sama MT, Mele C, Chasseur L, Marzullo P, et al.
One-year treatment with liraglutide improved renal function in patients with type 2
diabetes: A pilot prospective study. Endocrine (2015) 50:620-6. doi: 10.1007/s12020-
014-0519-0

165. Zhang H, Zhang X, Hu C, Lu W. Exenatide reduces urinary transforming
growth factor-B; and type IV collagen excretion in patients with type 2 diabetes and
microalbuminuria. Kidney Blood Press Res (2012) 35:483-8. doi: 10.1159/000337929

166. Bonvalet JP. Regulation of sodium transport by steroid hormones. Kidney Int
Suppl (1998) 65:549-56.

167. Le Menuet D, Isnard R, Bichara M, Viengchareun S, Muffat-Joly M, Walker F,
et al. Alteration of cardiac and renal functions in transgenic mice overexpressing
human mineralocorticoid receptor. | Biol Chem (2001) 276:38911-20. doi: 10.1074/
jbc.M103984200

168. Delcayre C. Aldosterone and the heart: towards a physiological function?
Cardiovasc Res (1999) 43:7-12. doi: 10.1016/S0008-6363(99)00088-7

169. Rump LC. Secondary rise of albuminuria under AT1-receptor blockade-what is
the potential role of aldosterone escape? Nephrol Dialysis Transplant (2006) 22:5-8.
doi: 10.1093/ndt/gfl549

170. Filippatos G, Anker SD, Bohm M, Gheorghiade M, Kober L, Krum H, et al. A
randomized controlled study of finerenone vs. eplerenone in patients with worsening
chronic heart failure and diabetes mellitus and/or chronic kidney disease. Eur Heart |
(2016) 37:2105-14. doi: 10.1093/eurheartj/ehw132

171. Bakris GL, Agarwal R, Chan JC, Cooper ME, Gansevoort RT, Haller H, et al.
Effect of finerenone on albuminuria in patients with diabetic nephropathy: A
randomized clinical trial. JAMA (2015) 314:884. doi: 10.1001/jama.2015.10081

172. Pitt B, Kober L, Ponikowski P, Gheorghiade M, Filippatos G, Krum H, et al.
Safety and tolerability of the novel non-steroidal mineralocorticoid receptor antagonist
BAY 94-8862 in patients with chronic heart failure and mild or moderate chronic
kidney disease: a randomized, double-blind trial. Eur Heart ] (2013) 34:2453-63.
doi: 10.1093/eurheartj/eht187

173. Hultman ML, Krasnoperova NV, Li S, Du S, Xia C, Dietz JD, et al. The ligand-
dependent interaction of mineralocorticoid receptor with coactivator and corepressor
peptides suggests multiple activation mechanisms. Mol Endocrinol (2005) 19:1460-73.
doi: 10.1210/me.2004-0537

174. Fagart J, Hillisch A, Huyet J, Birfacker L, Fay M, Pleiss U, et al. A new mode of
mineralocorticoid receptor antagonism by a potent and selective nonsteroidal
molecule. ] Biol Chem (2010) 285:29932-40. doi: 10.1074/jbc.M110.131342

175. Kolkhof P, Delbeck M, Kretschmer A, Steinke W, Hartmann E, Birfacker L,
et al. Finerenone, a novel selective nonsteroidal mineralocorticoid receptor antagonist
protects from rat cardiorenal injury. J Cardiovasc Pharmacol (2014) 64:69-78.
doi: 10.1097/FJC.0000000000000091

176. Palanisamy S, Funes Hernandez M, Chang TI, Mahaffey KW. Cardiovascular
and renal outcomes with finerenone, a selective mineralocorticoid receptor antagonist.
Cardiol Ther (2022) 11:337-54. doi: 10.1007/s40119-022-00269-3

177. Amazit L, Le Billan F, Kolkhof P, Lamribet K, Viengchareun S, Fay MR, et al.
Finerenone impedes aldosterone-dependent nuclear import of the mineralocorticoid
receptor and prevents genomic recruitment of steroid receptor coactivator-1. J Biol
Chem (2015) 290:21876-89. doi: 10.1074/jbc.M115.657957

178. Whaley-Connell AT, Habibi J, Nistala R, DeMarco VG, Pulakat L, Hayden MR,
et al. Mineralocorticoid receptor-dependent proximal tubule injury is mediated by a
redox-sensitive mTOR/S6K1 pathway. Am ] Nephrol (2012) 35:90-100. doi: 10.1159/
000335079

179. Bieri M, Oroszlan M, Zuppinger C, Mohacsi PJ. Biosynthesis and expression of
VE-cadherin is regulated by the PI3K/mTOR signaling pathway. Mol Immunol (2009)
46:866-72. doi: 10.1016/j.molimm.2008.09.011

180. Gonzalez-Blazquez R, Somoza B, Gil-Ortega M, Martin Ramos M, Ramiro-
Cortijo D, Vega-Martin E, et al. Finerenone attenuates endothelial dysfunction and
albuminuria in a chronic kidney disease model by a reduction in oxidative stress. Front
Pharmacol (2018) 9:1131. doi: 10.3389/fphar.2018.01131

frontiersin.org


https://doi.org/10.1136/bmj.293.6545.471
https://doi.org/10.1097/01.ASN.0000135055.61833.A8
https://doi.org/10.1056/NEJMoa011161
https://doi.org/10.1056/NEJMoa011161
https://doi.org/10.1056/NEJMoa011303
https://doi.org/10.1056/NEJMoa011303
https://doi.org/10.1159/000098004
https://doi.org/10.3389/fphar.2014.00274
https://doi.org/10.3389/fphar.2014.00274
https://doi.org/10.1152/ajprenal.00402.2019
https://doi.org/10.1042/CS20210094
https://doi.org/10.1186/s12933-021-01252-3
https://doi.org/10.3390/cells10061457
https://doi.org/10.1016/j.bbrep.2016.01.009
https://doi.org/10.1016/j.lfs.2021.119018
https://doi.org/10.1016/j.lfs.2021.119018
https://doi.org/10.1016/j.tem.2016.06.004
https://doi.org/10.3389/fphys.2020.569322
https://doi.org/10.2147/DMSO.S243170
https://doi.org/10.2147/DMSO.S243170
https://doi.org/10.2337/dc17-1096
https://doi.org/10.1111/dom.13648
https://doi.org/10.1016/j.cellsig.2019.109506
https://doi.org/10.1056/NEJMoa2024816
https://doi.org/10.1056/NEJMoa1811744
https://doi.org/10.4239/wjd.v13.i7.471
https://doi.org/10.1016/S0140-6736(19)31149-3
https://doi.org/10.1016/S0140-6736(19)31149-3
https://doi.org/10.1056/NEJMoa2108269
https://doi.org/10.1056/NEJMoa1504720
https://doi.org/10.1007/s00125-010-2028-x
https://doi.org/10.1016/j.metabol.2012.03.002
https://doi.org/10.3390/ijms17081223
https://doi.org/10.1007/s12020-014-0519-0
https://doi.org/10.1007/s12020-014-0519-0
https://doi.org/10.1159/000337929
https://doi.org/10.1074/jbc.M103984200
https://doi.org/10.1074/jbc.M103984200
https://doi.org/10.1016/S0008-6363(99)00088-7
https://doi.org/10.1093/ndt/gfl549
https://doi.org/10.1093/eurheartj/ehw132
https://doi.org/10.1001/jama.2015.10081
https://doi.org/10.1093/eurheartj/eht187
https://doi.org/10.1210/me.2004-0537
https://doi.org/10.1074/jbc.M110.131342
https://doi.org/10.1097/FJC.0000000000000091
https://doi.org/10.1007/s40119-022-00269-3
https://doi.org/10.1074/jbc.M115.657957
https://doi.org/10.1159/000335079
https://doi.org/10.1159/000335079
https://doi.org/10.1016/j.molimm.2008.09.011
https://doi.org/10.3389/fphar.2018.01131
https://doi.org/10.3389/fendo.2023.1232790
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

181. Yang J, Fuller PJ, Morgan ], Shibata H, Clyne CD, Young MJ. GEMIN4
functions as a coregulator of the mineralocorticoid receptor. J Mol Endocrinol (2015)
54:149-60. doi: 10.1530/JME-14-0078

182. Yang J, Young M]. Mineralocorticoid receptor antagonists—
pharmacodynamics and pharmacokinetic differences. Curr Opin Pharmacol (2016)
27:78-85. doi: 10.1016/j.coph.2016.02.005

183. Crompton M, Ferguson JK, Ramnath RD, Onions KL, Ogier AS, Gamez M,
et al. Mineralocorticoid receptor antagonism in diabetes reduces albuminuria by
preserving the glomerular endothelial glycocalyx. JCI Insight (2023) 8:e154164.
doi: 10.1172/jci.insight.154164

184. Davies PF. Flow-mediated endothelial mechanotransduction. Physiol Rev
(1995) 75:519-60. doi: 10.1152/physrev.1995.75.3.519

185. Henry CB, Duling BR. Permeation of the luminal capillary glycocalyx is
determined by hyaluronan. Am ] Physiol (1999) 277:H508-514. doi: 10.1152/
ajpheart.1999.277.2. H508

186. Bakris GL, Agarwal R, Anker SD, Pitt B, Ruilope LM, Rossing P, et al. Effect of
finerenone on chronic kidney disease outcomes in type 2 diabetes. N Engl ] Med (2020)
383:2219-29. doi: 10.1056/NEJMo0a2025845

187. Pitt B, Filippatos G, Agarwal R, Anker SD, Bakris GL, Rossing P, et al.
Cardiovascular events with finerenone in kidney disease and type 2 diabetes. N Engl
J Med (2021) 385:2252-63. doi: 10.1056/NEJMo0a2110956

188. Lotze MT, Tracey KJ. High-mobility group box 1 protein (HMGBI1): Nuclear
weapon in the immune arsenal. Nat Rev Immunol (2005) 5:331-42. doi: 10.1038/
nril594

189. Yang H, Ochani M, Li J, Qiang X, Tanovic M, Harris HE, et al. Reversing
established sepsis with antagonists of endogenous high-mobility group box 1. Proc Natl
Acad Sci USA (2004) 101:296-301. doi: 10.1073/pnas.2434651100

190. Chen X, Ma J, Kwan T, Stribos EGD, Messchendorp AL, Loh YW, et al.
Blockade of HMGBI attenuates diabetic nephropathy in mice. Sci Rep (2018) 8:8319.
doi: 10.1038/s41598-018-26637-5

191. Ma J, Chadban §J, Zhao CY, Chen X, Kwan T, Panchapakesan U, et al. TLR4
activation promotes podocyte injury and interstitial fibrosis in diabetic nephropathy.
PLoS One (2014) 9:¢97985. doi: 10.1371/journal.pone.0097985

192. Mudaliar H, Pollock C, Komala MG, Chadban S, Wu H, Panchapakesan U. The
role of Toll-like receptor proteins (TLR) 2 and 4 in mediating inflammation in
proximal tubules. Am ] Physiology-Renal Physiol (2013) 305:F143-54. doi: 10.1152/
ajprenal.00398.2012

193. Lin L. RAGE on the toll road? Cell Mol Immunol (2006) 3:351-8.

194. Musumeci D, Roviello GN, Montesarchio D. An overview on HMGB1
inhibitors as potential therapeutic agents in HMGBI-related pathologies. Pharmacol
Ther (2014) 141:347-57. doi: 10.1016/j.pharmthera.2013.11.001

195. Giannini C, D’Adamo E, De Giorgis T, Chiavaroli V, Verrotti A, Chiarelli F,
et al. The possible role of esSRAGE and sRAGE in the natural history of diabetic
nephropathy in childhood. Pediatr Nephrol (2012) 27:269-75. doi: 10.1007/s00467-
011-1988-5

196. Ostberg T, Kawane K, Nagata S, Yang H, Chavan S, Klevenvall L, et al.
Protective targeting of high mobility group box chromosomal protein 1 in a
spontaneous arthritis model. Arthritis Rheumatism (2010) 62:2963-72. doi: 10.1002/
art.27590

197. Gong Q, Xu J-F, Yin H, Liu S-F, Duan L-H, Bian Z-L. Protective effect of
antagonist of high-mobility group box 1 on lipopolysaccharide-induced acute lung
injury in mice. Scandinavian ] Immunol (2009) 69:29-35. doi: 10.1111/j.1365-
3083.2008.02194.x

198. Donate-Correa J, Martin-Nufiez E, Muros-de-Fuentes M, Mora-Fernandez C,
Navarro-Gonzalez JF. Inflammatory cytokines in diabetic nephropathy. J Diabetes Res
(2015) 2015:1-9. doi: 10.1155/2015/948417

199. Mohammadpour AH, Falsoleiman H, Shamsara J, Allah Abadi G, Rasooli
R, Ramezani M. Pentoxifylline decreases serum level of adhesion molecules in
atherosclerosis patients. Iran BioMed J (2014) 18:23-7. doi: 10.6091/
ibj.1211.2013

200. Navarro-Gonzalez JF, Mora-Fernandez C, Muros De Fuentes M, Chahin J,
Méndez ML, Gallego E, et al. Effect of pentoxifylline on renal function and urinary
albumin excretion in patients with diabetic kidney disease: The PREDIAN trial. ] Am
Soc Nephrol (2015) 26:220-9. doi: 10.1681/ASN.2014010012

201. Guo H, Cai CQ, Schroeder RA, Kuo PC. Osteopontin is a negative feedback
regulator of nitric oxide synthesis in murine macrophages. J Immunol (2001) 166:1079-
86. doi: 10.4049/jimmunol.166.2.1079

202. Li C, Yang CW, Park CW, Ahn HJ, Kim WY, Yoon KH, et al. Long-term
treatment with ramipril attenuates renal osteopontin expression in diabetic rats. Kidney
Int (2003) 63:454-63. doi: 10.1046/j.1523-1755.2003.00751.x

203. Kolati SR, Kasala ER, Bodduluru LN, Mahareddy JR, Uppulapu SK, Gogoi R,
et al. BAY 11-7082 ameliorates diabetic nephropathy by attenuating hyperglycemia-
mediated oxidative stress and renal inflammation via NF-xB pathway. Environ Toxicol
Pharmacol (2015) 39:690-9. doi: 10.1016/j.etap.2015.01.019

204. Meyer-Schwesinger C, Dehde S, Von Ruffer C, Gatzemeier S, Klug P, Wenzel
UO, et al. Rho kinase inhibition attenuates LPS-induced renal failure in mice in part by
attenuation of NF-kB p65 signaling. Am ] Physiology-Renal Physiol (2009) 296:F1088-
99. doi: 10.1152/ajprenal.90746.2008

Frontiers in Endocrinology

10.3389/fendo.2023.1232790

205. Cao Z, Gao J, Huang W, Yan J, Shan A, Gao X. Curcumin mitigates
deoxynivalenol-induced intestinal epithelial barrier disruption by regulating Nrf2/
p53 and NF-kB/MLCK signaling in mice. Food Chem Toxicol (2022) 167:113281.
doi: 10.1016/j.fct.2022.113281

206. Dinkova-Kostova AT, Liby KT, Stephenson KK, Holtzclaw WD, Gao X, Suh N,
et al. Extremely potent triterpenoid inducers of the phase 2 response: Correlations of
protection against oxidant and inflammatory stress. Proc Natl Acad Sci USA (2005)
102:4584-9. doi: 10.1073/pnas.0500815102

207. Pergola PE, Raskin P, Toto RD, Meyer CJ], Huff JW, Grossman EB, et al.
Bardoxolone methyl and kidney function in CKD with type 2 diabetes. N Engl | Med
(2011) 365:327-36. doi: 10.1056/NEJMoal105351

208. Xu X-X, Zhang W, Zhang P, Qi X-M, Wu Y-G, Shen J-J. Superior
renoprotective effects of the combination of breviscapine with enalapril and its
mechanism in diabetic rats. Phytomedicine (2013) 20:820-7. doi: 10.1016/
j.phymed.2013.03.027

209. Ma R, Liu L, Liu X, Wang Y, Jiang W, Xu L. Triptolide markedly attenuates
albuminuria and podocyte injury in an animal model of diabetic nephropathy. Exp
Ther Med (2013) 6:649-56. doi: 10.3892/etm.2013.1226

210. Menne ], Eulberg D, Beyer D, Baumann M, Saudek F, Valkusz Z, et al. C-C
motif-ligand 2 inhibition with emapticap pegol (NOX-E36) in type 2 diabetic patients
with albuminuria. Nephrol Dial Transplant (2016) gfv459:307-15.. doi: 10.1093/ndt/
gfv459

211. De Zeeuw D, Bekker P, Henkel E, Hasslacher C, Gouni-Berthold I, Mehling H,
et al. The effect of CCR2 inhibitor CCX140-B on residual albuminuria in patients with
type 2 diabetes and nephropathy: A randomised trial. Lancet Diabetes Endocrinol
(2015) 3:687-96. doi: 10.1016/S2213-8587(15)00261-2

212. Schneider P, Thome M, Burns K, Bodmer J-L, Hofmann K, Kataoka T, et al.
TRAIL receptors 1 (DR4) and 2 (DR5) signal FADD-dependent apoptosis and activate
NF-kB. Immunity (1997) 7:831-6. doi: 10.1016/S1074-7613(00)80401-X

213. Sanchez-Nino MD, Sanz AB, Thalmo P, Lassila M, Holthofer H, Mezzano S,
et al. The MIF receptor CD74 in diabetic podocyte injury. ] Am Soc Nephrol (2009)
20:353-62. doi: 10.1681/ASN.2008020194

214. Lorz C, Benito-Martin A, Boucherot A, Ucero AC, Rastaldi MP, Henger A, et al.
The death ligand TRAIL in diabetic nephropathy. ] Am Soc Nephrol (2008) 19:904-14.
doi: 10.1681/ASN.2007050581

215. Mezzano S, Aros C, Droguett A, Burgos ME, Ardiles L, Flores C, et al. NF- B
activation and overexpression of regulated genes in human diabetic nephropathy.
Nephrol Dialysis Transplant (2004) 19:2505-12. doi: 10.1093/ndt/gfh207

216. Appay V, Rowland-Jones SL. RANTES: A versatile and controversial
chemokine. Trends Immunol (2001) 22:83-7. doi: 10.1016/S1471-4906(00)01812-3

217. Lee YH, Kim KP, Park S-H, Kim D-J, Kim Y-G, Moon J-Y, et al. Urinary
chemokine C-X-C motif ligand 16 and endostatin as predictors of tubulointerstitial
fibrosis in patients with advanced diabetic kidney disease. Nephrol Dialysis Transplant
(2021) 36:295-305. doi: 10.1093/ndt/gfz168

218. Liang H, Ma Z, Peng H, He L, Hu Z, Wang Y. CXCL16 deficiency attenuates
renal injury and fibrosis in salt-sensitive hypertension. Sci Rep (2016) 6:28715.
doi: 10.1038/srep28715

219. Izquierdo MC, Sanz AB, Mezzano S, Blanco J, Carrasco S, Sanchez-Nifio MD,
et a. TWEAK (tumor necrosis factor-like weak inducer of apoptosis) activates
CXCL16 expression during renal tubulointerstitial inflammation. Kidney Int (2012)
81:1098-107. doi: 10.1038/ki.2011.475

220. Zheng Z, Zheng F. A complex auxiliary: IL-17/Th17 signaling during type 1
diabetes progression. Mol Immunol (2019) 105:16-31. doi: 10.1016/j.molimm.2018.11.007

221. Tan H-B, Zheng Y-Q, Zhuang Y-P. IL-17A in diabetic kidney disease: Protection or
damage. Int Immunopharmacol (2022) 108:108707. doi: 10.1016/j.intimp.2022.108707

222. Chen Z, Zhang D, Yue F, Zheng M, Kovacevic Z, Richardson DR. The iron
chelators dp44mT and DFO inhibit TGF-B-induced epithelial-mesenchymal transition
via up-regulation of N-myc downstream-regulated gene 1 (NDRG1). ] Biol Chem
(2012) 287:17016-28. doi: 10.1074/jbc.M112.350470

223. Shankland SJ, Pippin J, Pichler RH, Gordon KL, Friedman S, Gold LI, et al.
Differential expression of transforming growth factor-p isoforms and receptors in
experimental membranous nephropathy. Kidney Int (1996) 50:116-24. doi: 10.1038/
ki.1996.294

224. Moon J-A, Kim H-T, Cho I-S, Sheen YY, Kim D-K. IN-1130, a novel
transforming growth factor-B type I receptor kinase (ALKS5) inhibitor, suppresses
renal fibrosis in obstructive nephropathy. Kidney Int (2006) 70:1234-43. doi: 10.1038/
5j.ki.5001775

225. Petersen M, Thorikay M, Deckers M, Van Dinther M, Grygielko ET, Gellibert
F, et al. Oral administration of GW788388, an inhibitor of TGF-f type I and II receptor
kinases, decreases renal fibrosis. Kidney Int (2008) 73:705-15. doi: 10.1038/
5j.ki.5002717

226. Li R, Yang N, Zhang L, Huang Y, Zhang R, Wang F, et al. Inhibition of JAK/
STAT signaling ameliorates mice experimental nephrotic syndrome. Am | Nephrol
(2007) 27:580-9. doi: 10.1159/000108102

227. Tuttle KR, Brosius FC, Adler SG, Kretzler M, Mehta RL, Tumlin JA, et al. JAK1/
JAK2 inhibition by baricitinib in diabetic kidney disease: results from a Phase 2
randomized controlled clinical trial. Nephrol Dialysis Transplant (2018) 33:1950-9.
doi: 10.1093/ndt/gfx377

frontiersin.org


https://doi.org/10.1530/JME-14-0078
https://doi.org/10.1016/j.coph.2016.02.005
https://doi.org/10.1172/jci.insight.154164
https://doi.org/10.1152/physrev.1995.75.3.519
https://doi.org/10.1152/ajpheart.1999.277.2.H508
https://doi.org/10.1152/ajpheart.1999.277.2.H508
https://doi.org/10.1056/NEJMoa2025845
https://doi.org/10.1056/NEJMoa2110956
https://doi.org/10.1038/nri1594
https://doi.org/10.1038/nri1594
https://doi.org/10.1073/pnas.2434651100
https://doi.org/10.1038/s41598-018-26637-5
https://doi.org/10.1371/journal.pone.0097985
https://doi.org/10.1152/ajprenal.00398.2012
https://doi.org/10.1152/ajprenal.00398.2012
https://doi.org/10.1016/j.pharmthera.2013.11.001
https://doi.org/10.1007/s00467-011-1988-5
https://doi.org/10.1007/s00467-011-1988-5
https://doi.org/10.1002/art.27590
https://doi.org/10.1002/art.27590
https://doi.org/10.1111/j.1365-3083.2008.02194.x
https://doi.org/10.1111/j.1365-3083.2008.02194.x
https://doi.org/10.1155/2015/948417
https://doi.org/10.6091/ibj.1211.2013
https://doi.org/10.6091/ibj.1211.2013
https://doi.org/10.1681/ASN.2014010012
https://doi.org/10.4049/jimmunol.166.2.1079
https://doi.org/10.1046/j.1523-1755.2003.00751.x
https://doi.org/10.1016/j.etap.2015.01.019
https://doi.org/10.1152/ajprenal.90746.2008
https://doi.org/10.1016/j.fct.2022.113281
https://doi.org/10.1073/pnas.0500815102
https://doi.org/10.1056/NEJMoa1105351
https://doi.org/10.1016/j.phymed.2013.03.027
https://doi.org/10.1016/j.phymed.2013.03.027
https://doi.org/10.3892/etm.2013.1226
https://doi.org/10.1093/ndt/gfv459
https://doi.org/10.1093/ndt/gfv459
https://doi.org/10.1016/S2213-8587(15)00261-2
https://doi.org/10.1016/S1074-7613(00)80401-X
https://doi.org/10.1681/ASN.2008020194
https://doi.org/10.1681/ASN.2007050581
https://doi.org/10.1093/ndt/gfh207
https://doi.org/10.1016/S1471-4906(00)01812-3
https://doi.org/10.1093/ndt/gfz168
https://doi.org/10.1038/srep28715
https://doi.org/10.1038/ki.2011.475
https://doi.org/10.1016/j.molimm.2018.11.007
https://doi.org/10.1016/j.intimp.2022.108707
https://doi.org/10.1074/jbc.M112.350470
https://doi.org/10.1038/ki.1996.294
https://doi.org/10.1038/ki.1996.294
https://doi.org/10.1038/sj.ki.5001775
https://doi.org/10.1038/sj.ki.5001775
https://doi.org/10.1038/sj.ki.5002717
https://doi.org/10.1038/sj.ki.5002717
https://doi.org/10.1159/000108102
https://doi.org/10.1093/ndt/gfx377
https://doi.org/10.3389/fendo.2023.1232790
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

228. Zeisberg M, Hanai J, Sugimoto H, Mammoto T, Charytan D, Strutz F,
et al. BMP-7 counteracts TGF-Bl-induced epithelial-to-mesenchymal
transition and reverses chronic renal injury. Nat Med (2003) 9:964-8.
doi: 10.1038/nm888

229. Li X, Wang Y, Wang K, Wu Y. Renal protective effect of Paeoniflorin by
inhibition of JAK2/STATS3 signaling pathway in diabetic mice. BST (2018) 12:168-76.
doi: 10.5582/bst.2018.01009

230. ShiH, Deng P, Dong C, Lu R, Si G, Yang T. Quality of evidence supporting the
role of tripterygium glycosides for the treatment of diabetic kidney disease: an overview

Frontiers in Endocrinology

19

10.3389/fendo.2023.1232790

of systematic reviews and meta-analyses. DDDT (2022) 16:1647-65. doi: 10.2147/
DDDT.S367624

231. Zhao J, Ai J, Mo C, Shi W, Meng L. Comparative efficacy of seven
Chinese patent medicines for early diabetic kidney disease: A Bayesian network
meta-analysis. Complementary Therapies Med (2022) 67:102831. doi: 10.1016/
j.ctim.2022.102831

232. Chen W-D, Chang B-C, Zhang Y, Yang P, Liu L. Effect of Tripterygium
glycosides on expression of hypoxia inducible factor-1ot and endothelin-1 in kidney of
diabetic rats. Nan Fang Yi Ke Da Xue Xue Bao (2015) 35:499-505.

frontiersin.org


https://doi.org/10.1038/nm888
https://doi.org/10.5582/bst.2018.01009
https://doi.org/10.2147/DDDT.S367624
https://doi.org/10.2147/DDDT.S367624
https://doi.org/10.1016/j.ctim.2022.102831
https://doi.org/10.1016/j.ctim.2022.102831
https://doi.org/10.3389/fendo.2023.1232790
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Advances in understanding and treating diabetic kidney disease: focus on tubulointerstitial inflammation mechanisms
	1 Introduction
	2 Mechanisms of renal tubular injuries in DKD
	2.1 Mechanisms of metabolic disorders
	2.1.1 Hyperglycemia
	2.1.2 Advanced glycation end products
	2.1.3 Fatty acid metabolism

	2.2 Proteinuria
	2.3 Oxidative stress
	2.4 Mechanism of ischemia and hypoxia

	3 Injurious biomarkers to renal tubular epithelial cells
	3.1 Kidney injury molecule-1
	3.2 Neutrophil gelatinase-associated lipocalin

	4 Therapeutic targets for renal tubulointerstitial lesions
	4.1 SGLT-2 inhibitors
	4.2 Glucagon-like peptide-1 agonists
	4.3 Mineralocorticoid receptor antagonists
	4.4 Potential therapeutic targets for the treatment of DKD

	5 Conclusion remarks
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


