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Abstract: Diabetic Kidney Disease (DKD), as one of the common microvascular complications of diabetes, has become a significant
focus of current research regarding its pathogenesis, progression mechanisms, and therapeutic approaches. Among the numerous risk
factors for DKD, hyperglycemia and hyperuricemia can synergistically promote the onset and progression of DKD through multiple
mechanisms. This article systematically elucidates the impact of hyperglycemia on DKD via mechanisms including the polyol pathway,
protein kinase C activation, and advanced glycation end-product formation, as well as the impact of hyperuricemia through inflammatory
responses, oxidative stress, and endothelial dysfunction. Furthermore, it explores the synergistic effects of hyperglycemia and
hyperuricemia and clinical management strategies for DKD complicated with hyperuricemia, providing a theoretical basis for the

treatment of DKD.
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1. Introduction

Diabetic Kidney Disease (DKD) is the most common
complication of diabetes. Microvascular damage in the
kidneys leads to glomerulosclerosis, thickening of the
glomerular basement membrane (GBM), and other
pathological changes. Over time, 20%-40% of diabetic
patients develop DKD, and without intervention, many
eventually progress to End-Stage Renal Disease (ESRD).
With the continuous global increase in diabetic patients, the
prevention and treatment of DKD have become critical topics
in international public health research. Hyperglycemia is the
hallmark of diabetes and is considered the initiating factor and
core mechanism in the development of DKD. Recently, with
deepening research into DKD mechanisms, hyperuricemia
has been identified as a potential independent risk factor
playing a significant role in the disease course. Numerous
studies indicate that hyperglycemia and hyperuricemia
interact through various molecular mechanisms to jointly
injure the kidneys and accelerate DKD progression. This
review aims to summarize recent advances in understanding
the impacts and mechanisms of hyperglycemia and
hyperuricemia on DKD, as well as modern therapeutic
approaches, providing theoretical insights for clinical
prevention and treatment.

2. Mechanisms of Hyperglycemia-Induced
Diabetic Kidney Disease

As the fundamental characteristic of diabetes, hyperglycemia
causes renal injury through multiple mechanisms. Increased
intracellular oxidative stress in renal cells induced by
hyperglycemia is a key mechanism of kidney damage. It also
leads to overactivation of the Protein Kinase C (PKC)
signaling pathway and the Polyol Pathway (PP) [1]. Under
hyperglycemic conditions, reactive oxygen species (ROS)
generated during the tricarboxylic acid cycle and oxidative

respiration in renal cell mitochondria increase dramatically,
overwhelming cellular antioxidant capacity and impairing
renal cell structure and function [2]. This includes podocyte
and endothelial cell damage and apoptosis, compromising the
glomerular filtration barrier against macromolecular proteins
and resulting in massive proteinuria. Renal cell injury further
leads to glomerulosclerosis and tubulointerstitial fibrosis,
ultimately culminating in ESRD [3].

Overactivation of the PP due to hyperglycemia is another
critical mechanism of renal injury. In hyperglycemic states,
cellular glycogen synthesis and glucose oxidation are
relatively insufficient, leading to increased aldose reductase
activity. This accelerates the conversion of glucose to sorbitol,
which is then converted to fructose by sorbitol dehydrogenase
and subsequently phosphorylated to triose upon crossing the
cell membrane [4]. During this process, nicotinamide adenine
dinucleotide phosphate (NADPH) is consumed to produce
reduced NADPH, increasing intracellular osmolarity.
Extracellular fluid enters cells along the osmotic gradient,
causing osmotic edema of renal cells and subsequent damage.
Concurrently, sorbitol metabolism activates NADPH oxidase,
consuming large amounts of NADPH and increasing ROS
production, thereby weakening antioxidant defenses, inducing
oxidative stress, and further enhancing PP activation.
Accumulation of aldose reductase and sorbitol contributes to
glomerulosclerosis, damages glomerular endothelial cells and
podocytes, and increases glomerular permeability [5]. The
polyol pathway can also activate PKC and generate large
quantities of Advanced Glycation End-products (AGEs) [1].

Activation of the PKC signaling pathway by hyperglycemia is
a major mechanism of renal damage. Hyperglycemia leads to
intracellular sorbitol accumulation and myo-inositol depletion,
accelerating diacylglycerol synthesis and activating PKC
isoforms, particularly PKC-B and PKC-8 [6]. This damages
glomerular vasculature, induces massive proteinuria, and
causes renal cellular dysfunction [7].
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Hyperglycemia impairs podocyte autophagy by affecting
nutrient-sensing pathways (e.g., mTOR signaling) and
intracellular stress pathways (e.g., oxidative stress),
representing another important mechanism of renal injury [8].
Podocyte autophagy effectively eliminates intracellular toxins,
collagen fibers, and inflammatory cells. Under hyperglycemic
conditions, suppressed autophagy prevents timely toxin
removal, accelerates renal damage, promotes collagen fiber
accumulation driving fibrosis, and exacerbates inflammation
via spreading inflammatory cells, all accelerating DKD
progression [9].

The formation and accumulation of AGEs constitute a vital
pathway of hyperglycemia-induced renal damage. In
persistent hyperglycemic environments, macromolecules
such as proteins, lipids, and nucleic acids undergo non-
enzymatic glycation to form AGEs. AGEs directly injure
renal tissue, alter the functional structure of renal vascular
endothelial cells and GBM, and ultimately lead to proteinuria
via macromolecular protein leakage [10]. AGEs also bind to
their receptor (RAGE), activating transcription factors like
Nuclear Factor-kB (NF-kB) to promote expression of
inflammatory and pro-fibrotic cytokines [11]. Hyperglycemia
generates excessive AGEs that impair renal structure and
function, while simultaneously slowing AGE clearance by
renal cells, creating a vicious cycle of injury. Additionally,
AGEs mediate inflammatory responses via the JAK/STAT
signaling pathway, increase ROS generation, induce renal
tissue fibrosis, and accelerate DKD progression [12].

Endoplasmic Reticulum Stress (ERS) activation under
hyperglycemia is a significant mechanism of renal injury.
ERS activation disrupts intracellular protein synthesis and
cellular metabolism. Studies show ERS causes podocyte
injury and apoptosis in mice, leading to impaired glomerular
filtration, hyperfiltration, and proteinuria [13].

Overactivation of the Renin-Angiotensin System (RAS)
under hyperglycemia is a key mechanism of renal injury.
Hyperglycemia stimulates RAS activity, generating excessive
Angiotensin II (Ang 1II). Ang II not only causes
intraglomerular hypertension and hyperfiltration but also
induces vasoconstrictive dysfunction and alters renal
hemodynamics, ultimately forming proteinuria [14].
Moreover, Ang II activates the TGF-Bf/Smad pathway,
promoting extracellular matrix (ECM) deposition, leading to
glomerulosclerosis and interstitial fibrosis [15].

Upregulation  of  inflammatory  mediators  under
hyperglycemia is another critical mechanism of renal injury.
Hyperglycemia induces renal cells to produce Monocyte
Chemoattractant Protein-1 (MCP-1), recruiting inflammatory
cells to renal vessel walls. These cells release Tumor Necrosis
Factor-a (TNF-a) and Interleukin-6 (IL-6), causing chronic
renal  inflammation.  Hyperglycemia also  mediates
inflammation via the JAK/STAT pathway, increases ROS,
induces fibrosis, and aggravates inflammation [12]. Chronic
renal inflammation damages renal tissues, impairs glomeruli,
reduces filtration rate, and causes proteinuria. Over time, this
leads to renal fibrosis and further structural/functional
deterioration, becoming a major factor in ESRD [16].

3. Mechanisms of Hyperuricemia-Induced
Diabetic Kidney Disease

Hyperuricemia produces urate crystals that deposit in renal
tissue causing severe damage; thus, increasing research
focuses on its impact on DKD. Elevated serum uric acid
independently influences DKD progression, causing distinct
pathological changes in early and mid-stage DKD.
Hyperuricemia participates in DKD pathogenesis through
multiple mechanisms, with inflammatory response activation
being central. Urate crystals activate the NOD-like receptor
protein 3 (NLRP3) inflammasome, enhancing NLRP3/
Caspase-1/GSDMD  expression, promoting release of
pro-inflammatory cytokines like IL-1f and IL-18, leading to
renal structural damage and pyroptosis of tubular epithelial
cells [17]. Urate crystals recruit monocytes to the renal intima,
where they produce IL-6 and TNF-a, exacerbating chronic
renal inflammation and injury [18].

Oxidative stress induced by hyperuricemia is another key
mechanism. While normal uric acid levels exert antioxidant
effects scavenging ROS, hyperuricemia generates ROS
concurrently with xanthine oxidase-catalyzed uric acid
production, triggering oxidative stress [19]. Normally, ROS
maintains dynamic balance with antioxidant systems for
cellular homeostasis and anti-infection defense. However,
under hyperuricemia, intracellular uric acid metabolism
generates excessive ROS, activating ERK1/2, producing
ECM, causing mesangial cell proliferation,
glomerulosclerosis, endothelial/podocyte damage, increased
glomerular permeability, proteinuria, and red blood cell casts
[20]. Massive ECM deposition promotes interstitial fibrosis,
accelerating DKD fibrotic progression. Excessive ROS
accelerates mitochondrial double-stranded RNA
generation/release, causing aberrant protein translation via the
PKR/elF20 pathway and damaging tubular cells [21].

Renal vascular endothelial dysfunction caused by
hyperuricemia is another critical pathway. Hyperuricemia
promotes Endothelin-1 (ET-1) secretion, worsening renal
vasoconstriction [22]. It activates the aldose reductase
pathway, generating ROS, consuming nitric oxide (NO),
impairing vasodilation, and exacerbating endothelial injury
via ROS oxidation. Hyperuricemia damages endothelial
glycocalyx sites, causing glycocalyx shedding, reduced NO
synthesis, abnormal blood pressure regulation, increased
vascular permeability, and plasma protein leakage. These
mechanisms disrupt vascular tone regulation, causing
intraglomerular hypertension, ischemic injury, aggravated
proteinuria, and renal fibrosis [23, 24].

4. Synergistic Effects of Hyperglycemia and
Hyperuricemia

Hyperglycemia and hyperuricemia exhibit significant synergy
in DKD pathogenesis. Hyperglycemia increases uric acid
production  while reducing excretion, leading to
hyperuricemia [25]. Firstly, hyperglycemia-induced sorbitol
accumulation consumes NADPH during metabolism,
weakening antioxidant defenses, inducing oxidative stress,
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and increasing uric acid production.  Secondly,
hyperglycemia-induced osmotic diuresis and tubular damage
reduce uric acid excretion. Hyperuricemia exacerbates
hyperglycemia-induced renal injury. Urate crystal deposition
impairs glucose excretion, while hyperuricemia enhances
hyperglycemia-induced oxidative stress and inflammation,
synergistically worsening renal damage [17]. Hyperuricemia
damages B-cells via the NF-kB-iNOS-NO pathway, inhibiting
pancreatic B-cell function and aggravating insulin resistance,
sustaining high blood glucose and renal injury. In type 2
diabetes, hyperuricemia correlates positively with insulin
resistance and blood glucose levels [26, 27]. Coexistence of
hyperglycemia and hyperuricemia significantly accelerates
nephropathy progression.

Both factors synergistically activate pro-fibrotic pathways.
Both induce oxidative stress increasing ROS, synergistically
exacerbating renal tissue injury. Both promote chronic
inflammation via IL-6/TNF-a release, fostering fibrosis and
ESRD progression. Shared signaling pathways likely
underpin this molecular synergy.

Clinical studies confirm this synergy. A prospective study of
5,479 type 2 diabetic patients found 1,150 (20.99%) had
concurrent hyperuricemia [28].

5. Clinical
Strategies

Management and Therapeutic

Given the close relationship between hyperglycemia and
hyperuricemia, DKD prevention requires coordinated
management. Glycemic control should follow individualized
principles, targeting HbAlc <7% while avoiding
hypoglycemia. Novel antidiabetics like Sodium-Glucose
Cotransporter-2 (SGLT2) inhibitors and Glucagon-Like
Peptide-1 (GLP-1) receptor agonists offer superior glycemic
control plus direct renoprotection, making them preferred for
DKD [29].

For DKD patients with hyperuricemia, target serum uric acid
<360 pmol/L. Lifestyle interventions include low-purine diet,
weight control, and adequate hydration. Xanthine oxidase
inhibitors  (allopurinol,  febuxostat) are  first-line
pharmacotherapy suppressing uric acid production. Dose
adjustment based on GFR is necessary for severe renal
impairment [30].

SGLT?2 inhibitors are ideal for DKD with hyperuricemia due
to triple benefits: glycemic control, uric acid lowering, and
renoprotection. RAS blockers (ACEI/ARB) serve as
foundational DKD therapy, synergizing with urate-lowering
drugs for enhanced renoprotection.

Aldose Reductase Inhibitors (ARIs) suppress PP
overactivation, reducing sorbitol accumulation, preventing
mesangial proliferation under hyperosmolar conditions, and
improving renal cell structure/function. Epalrestat, an ARI,
inhibits sorbitol/fructose accumulation and improves renal
arterial flow/glomerular microcirculation [31]. Fresh
Cordyceps sinensis aqueous extract (95% ethanol eluate)
shows similar ARI-like effects, inhibiting aldose reductase
and scavenging free radicals [1]. Irbesartan combined with
Astragalus injection significantly reduces IL-6, hs-CRP, and

TNF-a in DKD patients, protecting GBM; increases
adiponectin (APN) enhancing antioxidant capacity and ROS
clearance [32].

Targeted therapy against DKD mechanisms driven by
hyperglycemia/hyperuricemia is a key research direction.
Development of targeted therapies/preventives for NLRP3
inflammasome-mediated pyroptosis and drugs targeting
shared mechanisms like oxidative stress is ongoing.
Tangshenping (Gliquidone) regulates NLRP3 inflammasome
expression in DKD rat kidneys, treating inflammation/
reducing pyroptosis, and alleviates oxidative stress/
microinflammation [33]. Drugs targeting JAK/STAT
signaling  (Cordyceps  polysaccharides, Tripterygium
glycosides/triptolide, Coptis polysaccharides, berberine)
show efficacy [12]. Traditional Chinese medicines
(Astragalus, Salvia miltiorrhiza, Yam) demonstrate
renoprotective effects in animal models via multiple
mechanisms, warranting further clinical investigation [34].

6. Conclusion

Hyperglycemia and hyperuricemia are two major risk factors
for DKD, interacting through multiple mechanisms to
accelerate disease progression. Hyperglycemia damages renal
tissue primarily via the polyol pathway, inflammation,
oxidative stress, podocyte autophagy impairment, PKC
pathway, nutrient-sensing pathways, AGE accumulation,
ERS, and RAS activation. Hyperuricemia injures kidneys via
inflammation, oxidative stress, and endothelial dysfunction.
These factors are closely interrelated and act synergistically to
accelerate DKD. Clinical management must emphasize
combined control using individualized strategies and rational
drug selection, especially agents with pleiotropic protective
effects like SGLT2 inhibitors. Future research should
elucidate precise synergistic mechanisms and develop more
effective preventive/therapeutic strategies, offering new
avenues for managing DKD with hyperuricemia and
improving patient quality of life.
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