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Abstract: Diabetic kidney disease (DKD) affects approximately 40% of patients with diabetes and remains the leading cause of end-
stage renal disease globally, posing a critical public health challenge. While hyperglycemia has long been considered the primary
driver, the persistence of residual renal risk despite intensive glycemic control highlights a critical gap in our understanding of the
disease’s multifaceted metabolic origins. This review addresses this gap by shifting the focus beyond the “gluco-centric” paradigm to
the synergistic lethality of “glucolipotoxicity.” We synthesize evidence showing how insulin resistance acts as a central hub connecting
glucotoxicity and lipotoxicity, triggering a self-perpetuating vicious cycle of injury. Specifically, we dissect the molecular crosstalk
across key pathogenic nodes, including the TXNIP-mTOR axis suppressing autophagy, DAG-PKC signaling driving insulin resistance,
and the activation of the NLRP3 inflammasome. These intersecting pathways converge to accelerate oxidative stress, mitochondrial
dysfunction, and fibrosis. We conclude by discussing the clinical implications of this metabolic framework, emphasizing how
emerging multi-target therapies, such as SGLT2 inhibitors and GLP-1 receptor agonists, offer a translational pathway from mechanistic
insights to precision medicine for preserving renal function.
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Introduction

Diabetic kidney disease (DKD), a critical microvascular complication of diabetes, has solidified its position as the
primary driver of chronic kidney disease (CKD) and the leading cause of kidney failure with replacement therapy
(KFRT) globally, presenting a formidable challenge to public health systems.'” The most recent epidemiological
analyses, utilizing data from the Global Burden of Disease (GBD) 2023 study, reveal that CKD affects over 10% of
the world’s population.® Within this expansive patient population, DKD remains the predominant contributor, responsible
for approximately 48.6% of all cases of KFRT.? Furthermore, the global burden of diabetes-related CKD has exhibited
a relentless upward trajectory over the past three decades and is projected to escalate further, particularly in regions with
lower sociodemographic indexes.*”

For many years, a “gluco-centric” view positioned hyperglycemia as the solitary pathogenic driver of DKD. However,
this paradigm has been challenged by compelling evidence from both clinical trials and basic research, which shows that
intensive glycemic control alone is often insufficient to halt the progression of renal damage.® This has necessitated
a shift in perspective, bringing the critical role of lipid dysregulation into sharp focus as an independent and pivotal
factor.” The kidney is not merely a passive victim but an active participant in lipid metabolism. In the diabetic state, renal
cells, including podocytes and tubular epithelial cells, develop a significant intracellular accumulation of lipids—a
condition termed renal lipotoxicity, which can independently trigger inflammation, fibrosis, and cellular dysfunction.®
Therefore, the central problem this review seeks to address is the dissection of the synergistic and often overlooked
interplay between glucotoxicity and lipotoxicity in driving DKD progression. While the detrimental effects of

https://doi.org/10.2147/DMS0.S580866 Diabetes, Metabolic Syndrome and Obesity 2026:19 580866 |
Received: 12 November 2025 © 2026 Cao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at httpx / Iwww.dovepress.com/terms.php
Accepted: 13 March 2026 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati nc/4.0/). By accessing the work

Published: 23 March 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the wnrk is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Cao et al

hyperglycemia are well-established, the precise molecular mechanisms linking it to subsequent renal lipid dysregulation
remain an area of intense investigation and some controversy.”'’

When the toxic effects of elevated glucose (glucotoxicity) and dysregulated lipids (lipotoxicity) converge within the
renal microenvironment, their detrimental impact is not merely additive but synergistic—a phenomenon now recognized
as glucolipotoxicity."" This concept is fundamental to understanding the cellular basis of DKD, as the molecular crosstalk
between glucose and lipid metabolic pathways collaboratively amplifies intracellular damage. Specifically, hyperglyce-
mia can actively drive de novo lipogenesis and disrupt fatty acid oxidation within renal cells through pathways involving
SREBPs and ChREBP.” This synergy exacerbates endoplasmic reticulum and oxidative stress, activates potent inflam-
matory signaling pathways such as the NLRP3 inflammasome, and ultimately precipitates mitochondrial dysfunction and
apoptosis in critical renal cells, including podocytes and tubular epithelial cells.'*'* This creates a self-perpetuating cycle
of injury that accelerates the progression from early glomerular damage to terminal sclerosis and fibrosis.

The common upstream driver that intricately links these dual metabolic insults is insulin resistance, which acts as the
central hub connecting dysregulated glucose and lipid metabolism in DKD. Recent research, spanning from 2022 to
2025, continues to reinforce this concept, highlighting that insulin resistance, even preceding overt hyperglycemia, can
initiate renal damage by promoting inflammation through TLR4 activation and directly impairing insulin signaling in
podocytes and glomerular endothelial cells.'*'® The integrity of insulin signaling is crucial for the normal function of
renal cells. When this signaling is impaired, it not only causes direct cellular dysfunction—such as podocyte effacement
—but also disrupts intracellular lipid mediator pathways, firmly coupling glucotoxicity with lipotoxicity.'” Furthermore,
systemic insulin resistance promotes DKD progression through a multitude of parallel mechanisms, including the
induction of chronic inflammation, oxidative stress, and adverse renal hemodynamics.18

Therefore, a comprehensive understanding of DKD pathogenesis requires a holistic approach that moves beyond
a single-pathway focus. This review will critically synthesize the current knowledge on this dual pathological mechan-
ism. It will first provide an updated overview of the key molecular players connecting glucose and lipid metabolism.
Subsequently, it will delve into the central role of insulin resistance as the integrating hub for these metabolic insults.
Finally, it will explore the downstream common pathways of inflammation and oxidative stress, and discuss how this
integrated understanding is shaping current and emerging therapeutic strategies that target this metabolic vicious cycle.

Literature Search Strategy and Selection Criteria

To ensure a comprehensive and unbiased overview of the current understanding of DKD pathogenesis, we adopted
a structured literature search strategy. This review focuses on the complex interplay between glucose and lipid metabolic
disorders, while also systematically examining downstream pathways such as inflammation, oxidative stress, and
autophagy to provide a balanced perspective.

Search Strategy and Data Sources

We conducted a systematic search of major electronic databases, including PubMed/MEDLINE, Embase, and Web of
Science, covering the period from inception to December 2025. The search strategy employed a combination of Medical
Subject Headings (MeSH) and free-text terms related to the following domains: (1) Disease context: “Diabetic Kidney
Disease”, “Diabetic Nephropathy”, “Chronic Kidney Disease in Type 2 Diabetes”; (2) Metabolic drivers:
“Glucotoxicity”, “Hyperglycemia”, “Lipotoxicity”, “Lipid metabolism”, “Fatty acid oxidation”, “Insulin resistance”;
and (3) Pathogenic mechanisms: “Metabolic crosstalk”, “Oxidative stress”, “Inflammation”, “NLRP3 inflammasome”,
“Autophagy”, “Mitophagy”, “Fibrosis”. Boolean operators (AND, OR) were used to combine these terms effectively. To
ensure the inclusion of emerging evidence, we also manually screened the reference lists of identified relevant reviews

and key primary studies.

Inclusion and Exclusion Criteria

The selection of studies was guided by pre-defined criteria to minimize selection bias. Inclusion criteria: (1) Peer-
reviewed original research articles (in vitro, in vivo animal models, and clinical studies) and high-quality reviews; (2)
Studies explicitly investigating the molecular mechanisms linking glucose or lipid metabolism to renal injury; (3)
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Articles published in the English language. Exclusion criteria: (1) Studies focusing solely on non-diabetic kidney
diseases; (2) Purely epidemiological reports lacking mechanistic insights; (3) Editorials, conference abstracts, and case
reports; (4) Studies with insufficient data or unclear methodology.

Data Screening and Synthesis

Initial screening was performed based on titles and abstracts to exclude irrelevant studies. Full-text articles of potentially
relevant citations were then retrieved and assessed against the inclusion criteria. Given the significant heterogeneity in
study designs (ranging from molecular cell biology to clinical trials), a formal meta-analysis was not feasible. Instead,
a narrative synthesis approach was employed. Ultimately, 94 studies meeting the quality and relevance criteria were
included in this review (Figure 1). This structured approach ensures that the review reflects the broad spectrum of
existing literature, encompassing both established paradigms and emerging alternative pathways.

Records identified from databases
(n=2,143)

L

Records removed before screening
Duplicate records (n = 487)

\ /

Records screened
(Title/Abstract) (n = 1,656)

y Records excluded
Reports sought for retrieval Irrelevant topic/Non-DKD (n = 1,493)
Full text assessed (n = 163)

Reports excluded (n = 69)

e Lack of mechanistic focus (n = 37)
» Non-English full text (n =4)

« Insufficient data / Wrong study design (n = 28)

\ /

Studies included in the review
(n=94)

Figure | Flowchart of literature search and screening strategy.
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Glucose Metabolism Disorder and Diabetic Kidney Disease (DKD)
Hyperglycemia is the primary initiator of the metabolic disturbances that characterize DKD. The persistent excess of
glucose overwhelms normal metabolic pathways in the kidney, triggering a complex network of cellular stress responses
that drive renal injury. This process involves the overactivation of damaging biochemical routes, the development of
renal insulin resistance, and a profound reprogramming of cellular energy metabolism, which collectively promote
glomerulosclerosis and tubulointerstitial fibrosis."®

Abnormal Glucose Metabolism and DKD

Chronic hyperglycemia directly inflicts damage upon renal cells through several interconnected pathways, most notably
the formation of advanced glycation end-products (AGEs) and the flux through the polyol pathway. In glomerular cells,
hyperglycemia fosters a pro-inflammatory and pro-sclerotic environment. Mesangial cells, when exposed to high glucose,
increase their production of extracellular matrix components like type IV collagen and fibronectin, leading to mesangial
expansion.”’ Podocytes, the critical gatekeepers of the glomerular filtration barrier, undergo apoptosis and effacement of
their foot processes under glycemic stress, a key event leading to the onset of albuminuria.?!

The formation and accumulation of AGEs is a central mechanism of glucotoxicity. These products result from the
non-enzymatic reaction of glucose with proteins, lipids, and nucleic acids. AGEs exert their detrimental effects either by
direct cross-linking of matrix proteins—which increases stiftness and disrupts tissue architecture—or by engaging with
their cell surface receptor (RAGE).?* The activation of the AGE-RAGE axis in podocytes and mesangial cells triggers
intracellular signaling cascades, prominently involving NF-«B, which leads to the upregulation of pro-inflammatory
cytokines and pro-fibrotic growth factors like TGF-B1, thereby perpetuating a cycle of inflammation and fibrosis.****
Recent high-quality evidence confirms that this signaling cascade induces podocyte dysfunction and promotes extra-
cellular matrix deposition, directly contributing to glomerulosclerosis.>

Concurrently, the polyol pathway becomes pathologically active. In this route, aldose reductase converts excess
glucose into sorbitol. The effects of this pathway can be distinguished as both acute and chronic. Acutely, the
intracellular accumulation of sorbitol, particularly in cells with limited capacity to metabolize it, creates significant
osmotic stress, leading to cellular swelling and dysfunction.*® Chronically, the pathway inflicts damage through two more
insidious mechanisms. First, the conversion process consumes NADPH, an essential cofactor for regenerating the
antioxidant glutathione, thus compromising the cell’s ability to counteract oxidative stress.”’ Second, the subsequent
oxidation of sorbitol to fructose alters the NAD+/NADH ratio, creating a state of “pseudohypoxia” that impairs the
function of NAD+-dependent protective enzymes and further disrupts mitochondrial metabolism, causing direct damage
to tubular structures.?®

Impact of Insulin Resistance and Hyperinsulinemia on the Kidney

The kidney is a vital insulin-responsive organ, where insulin signaling is crucial for cell health. In podocytes, for
instance, intact insulin signaling is essential for several key functions. It is necessary for cell survival, the proper
maintenance of the actin cytoskeleton, and efficient autophagic function to clear damaged organelles.”® Consequently, the
development of local insulin resistance disrupts these critical processes. This disruption leads directly to podocyte
apoptosis and foot process effacement, which culminates in the breakdown of the glomerular filtration barrier and the
onset of albuminuria.*”

This cellular dysfunction is further compounded by a critical shift in energy metabolism, governed by the interplay
between PGC-lo and HIF-lo. PGC-la is the principal driver of mitochondrial biogenesis and FAO.?' In DKD, its
expression is suppressed, leading to mitochondrial dysfunction, impaired FAO, and a cellular energy deficit.**** This
forces a reliance on less efficient glycolysis. Concurrently, the diabetic kidney exists in a state of chronic local hypoxia,
which activates HIF-1a. Chronic HIF-1a activation is maladaptive, promoting pro-inflammatory and pro-fibrotic gene
expression.®* Recent studies have revealed a damaging crosstalk where activated HIF-1a directly inhibits PGC-1la
transcriptional activity. This molecular “switch” effectively locks renal cells into a pathological state of low energy

efficiency and high fibrotic signaling, accelerating the progression towards end-stage renal disease.*’
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Lipid Dysregulation and Diabetic Kidney Disease (DKD)

Building on the established role of glucotoxicity, the pathogenic landscape of DKD is profoundly shaped by a parallel
and often intersecting process: lipid dysregulation.®>° In the diabetic milieu, characterized by insulin resistance and
systemic metabolic shifts, the kidney is exposed to and actively participates in a maladaptive lipid environment. This
results in the intracellular accumulation of toxic lipid species within glomeruli and tubules, a condition known as renal
lipotoxicity® (Table 1).

Lipid Accumulation and Renal Lipotoxicity

The accumulation of lipids within the kidney is a central feature of DKD, arising from a dual insult: an increased influx of
circulating lipids and an abnormal elevation of de novo lipogenesis within renal cells. In the context of diabetes and associated
hyperlipidemia, kidney cells are overwhelmed by elevated levels of circulating free fatty acids (FFAs), leading to excessive
uptake. This is not merely a feature of animal models; a substantial body of evidence confirms this in humans. Histological
analyses of kidney biopsies from patients with DKD consistently show marked lipid droplet accumulation (via Oil Red
O staining and electron microscopy) within glomerular and tubular cells.*® Furthermore, recent transcriptomic analyses of
human DKD biopsies have corroborated these findings at a molecular level, revealing profound dysregulation of lipid
metabolism pathways, including the upregulation of genes involved in lipid synthesis and uptake.*'

Concurrently, the high-glucose and hyperinsulinemic state directly stimulates intra-renal lipid synthesis. A critical
upstream regulator of this process is the mTORCI signaling pathway, which, upon activation by metabolic excess,
promotes the maturation and nuclear translocation of the master lipogenic transcription factor, Sterol Regulatory
Element-Binding Protein-1c (SREBP-1¢).**** Activated SREBP-1c, in turn, drives the transcriptional upregulation of
crucial lipogenic enzymes like fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC), steering cellular
metabolism towards the synthesis and storage of triglycerides, directly exacerbating the renal lipid burden.’

The resulting overload of specific lipid molecules incites lipotoxicity through distinct, cell-specific mechanisms. In
podocytes, the accumulation of FFAs and cholesterol disrupts mitochondrial function and disorganizes the actin
cytoskeleton, leading to foot process effacement and proteinuria.’” In renal tubular cells, the buildup of lipids such as
triglycerides and ceramides is particularly damaging, triggering potent stress responses, including severe endoplasmic

reticulum (ER) stress, heightened oxidative stress, and the activation of potent pro-inflammatory signaling cascades.®**

Lipid Metabolism Remodeling and Functional Impairment

Beyond simple accumulation, lipotoxicity fundamentally remodels the kidney’s metabolic machinery. A critical aspect of
this remodeling is the severe suppression of FAO, the primary energy-generating pathway in the high-demand renal
tubular epithelial cells. The principal regulator of FAO, Peroxisome Proliferator-Activated Receptor alpha (PPARa), is
consistently downregulated in the diabetic kidney. Mechanistic studies have established that this loss of PPARa activity is
a causal driver of tubulointerstitial fibrosis, rather than a mere consequence, as restoring its signaling effectively mitigates

Table 1 Cell-Specific Responses to Glucolipotoxicity in the Diabetic Kidney

Renal Cell Type Response to Glucotoxicity Response to Lipotoxicity Key Pathological Outcome References
Glomerular Mesangial ® Proliferation ®  Pro-inflammatory cytokine release ® Mesangial Expansion [20,22]
Cells ® Pro-inflammatory signaling (AGE- | ® Further potentiation of fibrotic | ® Glomerulosclerosis
RAGE) signaling
® Excessive ECM production
Podocytes ® |nsulin resistance ® SREBP-Ic activation ® Foot Process Effacement [21,30,37,38]
® Cytoskeletal disruption ® Mitochondrial dysfunction ® Albuminuria/Proteinuria
®  Apoptosis ® |mpaired autophagy (lipophagy)
®  Apoptosis
Renal Tubular Epithelial ® High flux through Polyol Pathway ® |mpaired Fatty Acid Oxidation | ® Apoptosis [28,31,32,39,40]
Cells ® Severe oxidative and osmotic stress (FAO) ® Epithelial-Mesenchymal  Transition
® “Pseudohypoxia” ® Critical energy deficit (PGC-la) (EMT)
® Lipid accumulation ® Tubulointerstitial Fibrosis

Diabetes, Metabolic Syndrome and Obesity 2026:19

https:




Cao et al

renal injury.®® Building on this, landmark quantitative work has confirmed the severity of this defect, showing that the
maximal rate of FAO can be reduced by over 50% in the tubular cells of diabetic kidneys compared to healthy controls.*'

The consequences of impaired FAO are severe. It leads directly to a state of energy failure, compromising all tubular
functions. Furthermore, the metabolic bottleneck in FAO causes the buildup of incompletely oxidized fatty acid intermediates,
which generates excessive reactive oxygen species (ROS). This combination of energy depletion and severe oxidative stress is
a potent trigger for tubular cell apoptosis and contributes directly to tubulointerstitial atrophy.*'-*°

The toxic intracellular environment also activates innate immune pathways. Lipids, particularly saturated fatty acids,
can act as danger signals that trigger the assembly of the NLRP3 inflammasome. Activation of this complex leads to the
release of potent pro-inflammatory cytokines, IL-1p and IL-18.** This process establishes chronic inflammation and
directly contributes to fibrosis, creating a vicious cycle of energy starvation, oxidative stress, and tissue damage central to

DKD progression.*’

The Vicious Cycle: Crosstalk Between Glucose and Lipid Metabolism in DKD
The preceding sections have delineated the independent pathogenic roles of disordered glucose and lipid metabolism
in the progression of DKD. However, these pathways do not operate in isolation. Rather, they are deeply
intertwined, engaging in a damaging crosstalk that establishes a self-perpetuating vicious cycle of cellular
injury.*® This metabolic inflexibility, where renal cells can neither efficiently utilize glucose nor oxidize fatty
acids, results in the accumulation of toxic metabolic intermediates, fueling a common downstream cascade of
oxidative stress, inflammation, and fibrosis. Understanding the molecular nodes that connect these two metabolic
arms is critical to appreciating the full complexity of DKD pathogenesis and identifying more effective therapeutic
strategies*®*’ (Table 2 and Figure 2).

Insulin Resistance: The Core Integrator
Insulin resistance (IR) stands as the central hub integrating the dysregulation of both glucose and lipid homeostasis,
creating the foundational conditions for gluco-lipotoxicity in the kidney. Systemically, IR disrupts glucose metabolism by
impairing glucose uptake in peripheral tissues like muscle and adipose tissue while failing to suppress hepatic
gluconeogenesis, thereby sustaining hyperglycemia.*® Simultaneously, IR unleashes a torrent of free fatty acids (FFAs)
into circulation by promoting uncontrolled lipolysis in adipocytes. This elevated systemic availability of both glucose and
FFAs places an immense metabolic burden on the kidney.**®°

Within the kidney itself, the development of local insulin resistance further amplifies cellular damage. Podocytes, for
instance, rely on intact insulin signaling for survival and the maintenance of their intricate cytoarchitecture. Seminal
studies using podocyte-specific insulin receptor knockout (PIRKO) mice have conclusively demonstrated that the loss of
insulin signaling is sufficient to cause severe albuminuria and classic features of glomerulosclerosis, even in the absence
of systemic hyperglycemia.?’ In renal tubular cells, IR impairs their ability to adapt to metabolic stress, disrupting
mitochondrial function and rendering them more susceptible to FFA-induced apoptosis. Thus, insulin resistance acts as
the critical initiator, simultaneously creating the hyperglycemic and hyperlipidemic environment while disabling the

cell’s intrinsic defense mechanisms, thereby setting the stage for renal decline.*¢!

Hyperglycemia Fuels Lipid Dysregulation
Persistent hyperglycemia actively drives the accumulation of lipids within renal cells, directly transforming a glucose
problem into a lipid problem. The primary mechanism for this is the transcriptional activation of de novo lipogenesis
(DNL), the metabolic process of synthesizing fatty acids from non-lipid precursors. High intracellular glucose levels lead
to an abundance of substrates like acetyl-CoA, which are channeled into lipid synthesis through the activation of the
Carbohydrate-Responsive Element-Binding Protein (ChREBP).*®

ChREBP acts as a master transcriptional regulator that senses high glucose levels and, in response, upregulates a suite of
lipogenic genes, including fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC). Studies involving cultured human
mesangial cells exposed to high glucose have demonstrated a marked induction of ChREBP and a subsequent increase in
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Table 2 Key Molecular Mediators in the Metabolic Crosstalk of Diabetic Kidney Disease

Category/Pathway Key Molecule/Factor Primary Role in DKD Pathogenesis Major Impact on Renal Cells References
Glucotoxicity Advanced Glycation End-products Pro-inflammatory and pro-fibrotic signaling ECM production, podocyte injury [22-25]

(AGEs)

and RAGE

Polyol Pathway (Aldose Reductase) Osmotic stress and NADPH depletion (oxidative stress) | Direct oxidative damage to tubular cells [26,27]
Metabolic Reprogramming PGC-la Suppressed mitochondrial biogenesis and FAO Critical energy deficit in renal tubules [31-33]

HIF-1a Maladaptive shift to glycolysis and pro-fibrotic genes | Inhibits PGC-la, promoting fibrosis [34,35]
Lipotoxicity SREBP-1¢c Drives de novo lipogenesis and lipid accumulation Accumulation of toxic lipids, causing cell damage | [7,42,43]

PPARo Downregulation impairs fatty acid oxidation (FAO) Inability to metabolize fatty acids, cellular injury [31,39]
Glucose-Lipid Crosstalk ChREBP Activated by glucose to drive fatty acid synthesis Converts excess glucose into toxic lipids [48,49]

TXNIP Activates mTOR to suppress protective autophagy Blocks clearance of damaged organelles and lipids | [50-52]
Inflammation & Oxidative NLRP3 Inflammasome Pro-inflammatory cytokine release (IL-1, IL-18) Chronic low-grade inflammation [44,53]
Stress

NF-xB Master regulator of inflammatory/fibrotic genes Perpetuates inflammation and fibrosis [23,54]

NADPH Oxidase (NOX4/NOXS5) Major enzymatic sources of ROS generation Severe oxidative stress and direct cellular damage | [55-57]

TGF-B1 Master pro-fibrotic cytokine driving ECM deposition | Induces EMT & activates fibroblasts [58,59]
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. Insulin
L »
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1 AGEs/RAGE Pathway . 1 Autophagy Lipid Droplet Accumulation
(via TXNIP-mTOR axis) 1 Ceramide/DAG Buildup

| FAO (Impaired PPARq)
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1 Hepatic Gluconeogenesis
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T‘ '_B Mitochondrial Dysfunction
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¥

Renal Fibrosis & Injury

+ Glomerulosclerosis
+ Tubulointerstitial Fibrosis
+ Podocyte Loss

Figure 2 Schematic illustration of the vicious cycle linking disordered glucose and lipid metabolism in diabetic kidney disease (DKD). Persistent hyperglycemia and
hyperlipidemia (elevated free fatty acids, FFAs) converge to induce insulin resistance, which serves as a central integrator disrupting both glucose and lipid homeostasis.
Hyperglycemia drives transcriptional activation of de novo lipogenesis via ChREBP, fueling lipotoxicity characterized by lipid droplet accumulation and ceramide/diacylglycerol
buildup, alongside impaired fatty acid oxidation (FAO) due to reduced PPARa activity. Concurrently, glucotoxicity involves activation of the advanced glycation end products
(AGEs)/RAGE pathway and the polyol pathway. Both pathways collectively suppress autophagy through the TXNIP-mTOR axis, preventing clearance of damaged
mitochondria and lipotoxic intermediates. This metabolic inflexibility exacerbates insulin resistance and increases hepatic gluconeogenesis, establishing a feed-forward
loop that intensifies glucotoxicity. The combined glucolipotoxic environment activates chronic inflammation, as indicated by upregulation of the NLRP3 inflammasome and
NF-kB signaling, alongside oxidative stress driven by increased NOX4/NOXS5 activity and mitochondrial dysfunction producing reactive oxygen species (ROS). These
processes synergistically elevate TGF-B1 signaling, which orchestrates renal fibrosis and injury hallmarked by glomerulosclerosis, tubulointerstitial fibrosis, and podocyte loss.
This diagram encapsulates the intricate crosstalk and amplifying feedback mechanisms between disordered glucose and lipid metabolism that underpin the progression of
DKD, highlighting molecular targets for therapeutic intervention.

intracellular triglyceride content.* This intra-renal lipid synthesis exacerbates the lipid burden delivered from the circulation,
leading to significant lipid droplet accumulation, particularly within podocytes and tubular epithelial cells, driving lipotoxicity.

Furthermore, hyperglycemia disrupts cellular housekeeping mechanisms that would normally clear toxic aggregates,
most notably autophagy. Autophagy is a critical process for degrading damaged organelles and misfolded proteins. In
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DKD, autophagic flux is significantly impaired. One key link between hyperglycemia and failed autophagy is the
Thioredoxin-Interacting Protein (TXNIP). TXNIP expression is robustly induced by high glucose and serves as
a major sensor of glucotoxicity.®® Specifically, high glucose-induced TXNIP acts as a direct upstream activator of the
mammalian target of rapamycin (mTOR) complex 1 (mTORC1).>® This activation of mTORC]I, a potent negative
regulator of autophagy, subsequently suppresses the autophagic flux.”' By inhibiting mTORC], either through TXNIP
deficiency or pharmacological intervention, autophagy can be restored, highlighting the crucial role of the TXNIP-
mTORCI axis in linking hyperglycemia to impaired cellular clearance in DKD.>

Lipotoxicity Exacerbates Glucose Metabolic Disorders
The concept of glucolipotoxicity posits a vicious cycle where elevated glucose and free fatty acid (FFA) levels
synergistically impair metabolic homeostasis, a cornerstone in the pathophysiology of DKD. Lipotoxicity, the ectopic
accumulation of lipids in non-adipose tissues, critically exacerbates hyperglycemia through a multi-organ mechanism,
primarily by compromising pancreatic 3-cell function, intensifying insulin resistance in peripheral tissues, and promoting
aberrant glucose production in the liver.®®

Chronic exposure to elevated FFAs, particularly saturated ones like palmitate, inflicts direct damage on pancreatic -
cells. This occurs via the induction of endoplasmic reticulum (ER) stress and mitochondrial dysfunction, which are
potent triggers for cellular apoptosis. Key signaling molecules, including the transcription factors SREBP-1c and PPARs,
play a complex role in this process. While PPARY activation can be protective, its FFA-induced downregulation impairs
insulin secretion.®* Furthermore, palmitate-induced ER stress activates pro-inflammatory pathways such as NF-kB and
JNK, further contributing to B-cell demise.’* Evidence from in vitro studies using cell lines like INS-1E and animal
models such as db/db mice confirms that lipotoxicity leads to a progressive loss of B-cell mass and function, thereby
crippling the body’s ability to mount an adequate insulin response to hyperglycemia.®®

Concurrently, lipotoxicity is a major driver of insulin resistance in skeletal muscle and the liver. The accumulation of
lipid intermediates like diacylglycerols (DAGs) and ceramides interferes directly with the insulin signaling cascade.
Recent findings from 2022-2024 confirm that in renal cells, the DAG-protein kinase C (PKC) axis is a central
mechanism through which lipotoxicity induces insulin resistance.®® For instance, certain GLP-1 receptor agonists have
been shown to exert protective effects by inhibiting the DAG/PKC pathway, thereby mitigating lipid-induced cellular
damage.®” These kinases phosphorylate insulin receptor substrate 1 (IRS-1) on inhibitory serine residues, effectively
blocking downstream signaling and blunting insulin-mediated glucose uptake.’®®°

Lipotoxicity directly fuels hepatic gluconeogenesis, further worsening the hyperglycemic state. Elevated FFAs have
been shown to increase the expression and activity of key gluconeogenic enzymes, namely phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase).”® This is mechanistically linked to the inhibition of the
Akt signaling pathway. Suppressed Akt activity allows the transcription factor FOXOI1 to remain active within the
nucleus, where it collaborates with coactivators like PGC-1a to drive the expression of gluconeogenic genes.”' This
sustained, inappropriate production of glucose by the liver represents a critical feed-forward loop that perpetuates the
hyperglycemic environment central to the initiation and progression of DKD.

Converging on Inflammation and Oxidative Stress: The Final Common Pathway

In glomerular cells (specifically podocytes), oxidative stress is a key driver of podocyte injury and albuminuria. In this
compartment, the primary sources of ROS are NADPH oxidase 5 (NOXS5) and mitochondrial dysfunction.>® Under
hyperglycemic conditions, podocyte-specific expression of NOXS is significantly upregulated, leading to a surge in ROS
production that directly causes foot process effacement and apoptosis.’® Concurrently, high glucose impairs mitochon-
drial function, resulting in electron transport chain leakage and further generation of mitochondrial ROS, which creates
a vicious cycle of oxidative damage and energy deficit, ultimately culminating in podocyte loss’* (Table 3).

In tubular epithelial cells, in contrast, the oxidative stress landscape is predominantly governed by NADPH oxidase 4
(NOX4).> Sustained hyperglycemia and lipid overload stimulate NOX4 activity, which is a major contributor to the
generation of hydrogen peroxide. This ROS production drives tubular interstitial fibrosis and inflammation, key features
of progressive DKD.”””* However, the role of NOX4 can be complex, as some studies suggest it may have context-
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Table 3 Key Pro-Inflammatory and Profibrotic Cytokines in DKD

Cytokine | Primary Source(s) Pathogenic Mechanism in DKD References
TNF-a Renal cells (podocytes, tubular), immune | Induces apoptosis in podocytes and tubular cells, contributing to [73]

cells proteinuria and atrophy.
IL-1B NLRP3 inflammasome-activated cells Potent pro-inflammatory mediator, promotes cellular injury and fibrosis. | [53]

(mesangial, tubular)

IL-18 NLRP3 inflammasome-activated cells Pro-inflammatory cytokine that drives further immune response and [53]
(mesangial, tubular) tissue damage.
MCP-1 Most renal cell types Chemoattractant for monocytes/macrophages, perpetuating renal [73]
inflammation.
TGF-BI Most renal cell types (activated by Master profibrotic cytokine; induces EMT, myofibroblast differentiation, [58,59]
inflammation/ROS) and massive ECM deposition.

dependent protective effects. Nevertheless, the evidence strongly supports that tubular oxidative stress, largely driven by
NOX4, contributes independently to renal decline, a concept reinforced by the pathology of nonalbuminuric DKD, which
often presents with severe tubulointerstitial lesions despite minimal glomerular changes.”

In parallel, glucolipotoxicity activates multiple inflammatory cascades. This is prominently observed through the
activation of the NLRP3 inflammasome, a multiprotein complex that, when triggered by metabolic stress signals like
ROS, cleaves pro-caspase-1 to its active form. Activated caspase-1 then facilitates the maturation and secretion of potent
pro-inflammatory cytokines, including Interleukin-1p (IL-1B) and Interleukin-18 (IL-18).>® These, along with other critical
mediators like Tumor Necrosis Factor-o (TNF-a) and Monocyte Chemoattractant Protein-1 (MCP-1), perpetuate a state of
chronic, low-grade inflammation that recruits immune cells and directly injures renal tissue (Table 1).”>’® This inflamma-
tory milieu is a potent activator of the master profibrotic cytokine, transforming growth factor-beta 1 (TGF-B1).°%°
Activated TGF-B1 signaling then orchestrates the excessive deposition of extracellular matrix, leading to glomerulosclero-
sis and tubulointerstitial fibrosis—the ultimate hallmarks of end-stage DKD.*’

Therapeutic Implications

The recognition of glucolipotoxicity as a central pathogenic mechanism in DKD has prompted a fundamental evolution in
therapeutic strategies. The clinical focus has broadened beyond singular glycemic control to encompass multi-target inter-
ventions aimed at the core metabolic dysregulation. This section reviews established and emerging therapies that modulate the
pathological crosstalk between glucose and lipid metabolism, with the objective of preserving renal function (Table 4).

Current Therapies Targeting Metabolic Crosstalk

Recent breakthroughs in DKD management have been led by two classes of drugs, Sodium-Glucose Cotransporter-2
inhibitors (SGLT2i) and Glucagon-Like Peptide-1 Receptor Agonists (GLP-1RAs), which have demonstrated profound
renoprotective effects extending beyond their glucose-lowering capabilities. Their success lies in their ability to address
the intertwined nature of glucolipid metabolism.

SGLT?2 Inhibitors

SGLT2 inhibitors, such as dapaglifiozin, canagliflozin, and empagliflozin, primarily act by promoting urinary glucose
excretion. However, their benefits in DKD are multifactorial. By reducing plasma glucose, they alleviate glucotoxicity.
Large-scale clinical trials, including the CREDENCE, DAPA-CKD, and EMPA-KIDNEY studies, have consistently
shown that SGLT2i significantly reduce the risk of DKD progression.””-”® Mechanistically, this glucosuria induces a mild,
persistent state of ketosis, indicating a systemic metabolic shift towards FAO and away from glycolysis for energy
production. This is particularly beneficial for the kidney, as it helps restore the preferred metabolic substrate for tubular
cells and reduces the burden of intracellular lipid accumulation.”” In animal models of DKD, SGLT2i have been shown
to ameliorate renal steatosis, suppress oxidative stress, and reduce inflammation, effects directly linked to the correction
of metabolic inflexibility.*
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Table 4 Therapeutic Strategies Targeting Glucolipid Metabolic Crosstalk in DKD

TXNIP-mTOR)

Novel small molecules

restore autophagic flux

damaged mitochondria and

lipids

models.

Therapeutic Class Example Agent(s) Primary Mechanism of Effect on Metabolic Key Evidence & References References
Action Crosstalk
Current Therapies
Sodium-Glucose Cotransporter 2 Empagliflozin, Inhibits renal glucose ® Reduces glucotoxicity Proven renal/CV benefits in major clinical trials [77-80]
(SGLT?2) Inhibitors Dapagliflozin reabsorption, promotes ® Promotes fatty acid oxidation | (EMPA-REG, DAPA-CKD).
glycosuria (FAO)
® Alleviates lipid accumulation
Glucagon-Like Peptide-| Receptor Semaglutide, Liraglutide | Enhances insulin secretion, ® |mproves systemic glucose | Reduced major kidney disease events (FLOW [81-83]
Agonists (GLP-1RAs) suppresses glucagon control trial).
® Direct anti-inflammatory
renal effects
Emerging Therapies
Peroxisome Proliferator-Activated Fenofibrate Activates master regulator of | ® Restores renal FAO Reduced albuminuria progression (FIELD trial); [84]
Receptor Alpha (PPARa) Agonists FAO genes ® Reduces intracellular lipid | ameliorates fibrosis in preclinical models.
toxicity
NLRP3 Inflammasome Inhibitors MCC950 (Preclinical) Specifically blocks ® Halts inflammatory cascade | Reduced renal inflammation and fibrosis in [85-87]
inflammasome assembly and triggered by metabolic stress | diabetic mouse models.
activation
Autophagy Modulators (Targeting Metformin (indirect); Modulates TXNIP-mTOR to ® Enhances clearance of | Protects against renal cell apoptosis in preclinical | [52]
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GLP-1 Receptor Agonists

GLP-1RAs, such as semaglutide and liraglutide, have also demonstrated significant kidney benefits. The recently concluded
FLOW trial provided definitive evidence, showing that semaglutide reduced the risk of a composite primary kidney
endpoint by 24% in patients with type 2 diabetes and CKD.®' Beyond improving insulin sensitivity and glucose control,
GLP-1RAs exert direct effects on lipid metabolism and inflammation. They have been shown to reduce visceral adipose
tissue, decrease circulating levels of triglycerides, and directly suppress inflammatory pathways like NF-kB within renal
cells.® Studies in db/db mice have shown that GLP-1RA treatment can reverse renal lipid accumulation by promoting FAO
through the activation of AMP-activated protein kinase (AMPK), a master regulator of cellular energy homeostasis.*

Emerging Therapeutic Targets
Building on the success of SGLT2i and GLP-1RAs, research is now focused on more specific molecular targets at the
heart of the glucolipotoxic vicious cycle.

Targeting Fatty Acid Oxidation (PPARa)

As impaired FAO is a key driver of tubular injury, agents that can restore this pathway are of great interest. Peroxisome
proliferator-activated receptor alpha (PPAR«) agonists, such as fenofibrate, have been investigated for this purpose.
While clinical results on hard renal outcomes have been mixed, fenofibrate has been shown to slow the progression of
albuminuria, and mechanistic studies confirm it can upregulate key FAO enzymes in the kidney.** Novel, more specific
FAO activators are in preclinical development, aiming to restore tubular metabolic function without the systemic side
effects of older pan-PPAR agonists.

Targeting NLRP3 Inflammasome

Targeting the final common pathways of inflammation, particularly the NLRP3 inflammasome, represents another key
strategy. Several small molecule NLRP3 inhibitors are now in development. While preclinical studies using various
compounds have shown protection in mouse models of DKD by blocking IL-1f and IL-18 release, clinical translation is
emerging.”>*® A recent Phase II trial (DAPAN-DIA) is investigating the oral selective inhibitor Dapansutrile (OLT1177)
in patients with type 2 diabetes, although its primary endpoints focus on glycemic control rather than renal function.®>%¢
More promising for direct renal application are novel preclinical candidates, such as the highly selective “compound 32”.
A 2023 study demonstrated that this molecule, possessing a novel oxazole scaffold, robustly suppressed inflammasome
activity and, most notably, dose-dependently and significantly reduced the urinary albumin-to-creatinine ratio (UACR) in

a mouse model of glomerulonephritis, showcasing its strong potential for treating kidney disease.®’

Targeting the TXNIP-mTOR-Autophagy Axis

Finally, the TXNIP-mTOR-autophagy axis represents a novel and compelling therapeutic target. Given that hyperglyce-
mia upregulates the pro-inflammatory protein TXNIP, which in turn activates the mTOR complex and suppresses
protective autophagy, agents that can break this link are highly sought after. Metformin is known to activate autophagy
via AMPK, but more specific autophagy inducers are being explored. A recent study demonstrated that silencing TXNIP
restored autophagic flux and protected human kidney tubular cells from high glucose-induced apoptosis.’
Pharmacological inhibition of TXNIP or direct activation of autophagy could therefore be a powerful strategy to enhance
the clearance of damaged organelles and toxic lipid species, directly counteracting the cellular damage in DKD.

Conclusion and Future Perspectives

The understanding of DKD pathogenesis has fundamentally shifted from a glucocentric view to a model driven by the
synergistic toxicity of glucose and lipids. As detailed in this review, these metabolic disturbances do not operate in
isolation; rather, they engage in a deleterious crosstalk where glucotoxicity fuels renal lipid accumulation, and lipotoxi-
city reciprocally impairs insulin signaling and mitochondrial function. This metabolic “vicious cycle” creates a self-
perpetuating engine of cellular stress, ultimately converging on inflammation and fibrosis. The profound clinical efficacy
of metabolic modulators, such as SGLT2 inhibitors and GLP-1 receptor agonists, serves as robust validation for this
integrated metabolic perspective.
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Looking forward, the therapeutic landscape must evolve from broad metabolic control to precision targeting of
specific molecular nodes. Rigorous investigation is warranted for agents that directly restore renal energetics, such as
selective PPARa agonists or PGC-1a activators, to reverse the core defect of FAO. Similarly, breaking the inflammatory
link through novel small-molecule NLRP3 inhibitors, or restoring cellular clearance via modulation of the TXNIP-mTOR
autophagy axis, represents high-value avenues for halting disease progression.

Crucially, the translation of these mechanisms into clinical practice requires the adoption of omics-based stratification.
By integrating metabolomics and transcriptomics, future diagnostic frameworks could phenotype patients based on their
dominant driver—whether mitochondrial dysfunction, lipotoxicity, or inflammation—facilitating the deployment of highly
targeted combinatorial therapies. For the practicing clinician, this underscores a practical imperative: effective DKD
management is no longer just about lowering HbA 1¢, but demands a holistic strategy that aggressively targets both glucose
and lipid abnormalities to break the metabolic vicious cycle and preserve long-term renal function.
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