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Abstract 

Background: Hyperuricemia, marked by elevated uric acid levels, is associated with renal disorders 
like acute kidney injury and chronic kidney disease, through both crystal-dependent and crystal-
independent mechanisms. Objective: This review aims to evaluate the crystal-dependent and crystal-
independent mechanisms by which hyperuricemia induces renal injury. Design: A systematic review 
of the literature. Participants: Human and animal studies. Measurements: A total of 1549 articles 
were initially identified from PubMed, Web of Science, Scopus, and Google Scholar. After removing 
659 duplicates and screening titles and abstracts, 572 articles were excluded, and 16 could not be 
retrieved, leaving 302 for full-text review. Of these, 17 studies met the eligibility criteria and were 
included. Risk of bias was assessed using SYRCLE for animal studies, ROB2 for human studies, and 
NOS for observational studies. Results: From seventeen studies: nine animal experiments, one 
human experiment, and seven observational studies. Animal studies showed hyperuricemia causes 
preglomerular arteriolopathy, glomerular hypertension, and worsens nephrotoxicity. Human studies 
demonstrated elevated uric acid, even without crystals, activates intrarenal RAS, increases oxidative 
stress, and reduces nitric oxide. Clinical studies confirmed high uric acid is linked to CKD 
progression, with very low levels also risky (“J-shaped” relationship). Endothelial dysfunction is a 
unifying mechanism, promoting inflammation and fibrosis in crystal-dependent injury and 
vasoconstriction and renal damage in crystal-independent injury. Conclusions: This review 
confirmed that hyperuricemia damages the kidney through both crystal-dependent and crystal-
independent pathways, with endothelial dysfunction as a key mediator. Further human studies are 
needed to confirm these findings and explore new treatments. 

Keywords: hyperuricemia; renal injury; endothelial dysfunction; crystal-dependent; crystal-
independent; systematic review 
 

1. Introduction 

Hyperuricemia, characterized by elevated levels of uric acid in the blood, has long been 
recognized for its association with various renal disorders, particularly acute kidney injury (AKI) and 
chronic kidney disease (CKD) [1,2]. The pathogenic role of uric acid in kidney dysfunction is 
multifaceted, involving complex cellular and molecular pathways that include oxidative stress, 
inflammation, endothelial dysfunction, and vascular remodeling [3]. Crystal-dependent mechanisms 
are primarily driven by the deposition of monosodium urate crystals (MSU) crystals in renal tissues, 
which can lead to direct mechanical damage and trigger inflammatory responses [4]. These crystals 
can activate the immune system, promote the release of pro-inflammatory cytokines, and stimulate 
reactive oxygen species (ROS) production, leading to tubular and interstitial injury. On the other 
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hand, crystal-independent mechanisms of hyperuricemia-induced renal injury involve the effects of 
elevated uric acid levels on renal hemodynamics, endothelial function, and the renin-angiotensin-
aldosterone system (RAAS) [5]. Uric acid has been shown to impair the autoregulatory capacity of 
preglomerular vessels, promote vasoconstriction, and increase glomerular pressure, thereby 
contributing to glomerular hypertension and further kidney damage [6].  Despite these advances, 
previous reviews have often examined crystal-dependent and crystal-independent mechanisms 
separately, lacking an integrated synthesis that connects experimental findings to clinical outcomes. 
The novel insight of this systematic review lies in its comprehensive approach: it simultaneously 
evaluates both crystal-dependent and crystal-independent pathways, integrates evidence from 
animal experimental, human experimental, and observational studies, and emphasizes endothelial 
dysfunction as a unifying mediator of renal injury. By doing so, this review provides a translational 
framework linking molecular mechanisms to clinical implications, thereby helping to guide future 
research and therapeutic strategies for hyperuricemia-associated kidney disease. 

2. Methods 

2.1. Search Strategy 

A comprehensive literature search was conducted across four electronic databases—PubMed, 
Scopus, Web of Science, and Google Scholar—to identify studies examining the mechanisms of 
hyperuricemia-induced renal injury. Boolean operators and Medical Subject Headings (MeSH) terms 
were used to refine the search. The following terms were applied, combining concepts with ʺANDʺ 
and ̋ ORʺ: (ʺhyperuricemiaʺ OR ̋ uric acidʺ) AND (ʺrenal injuryʺ OR ̋ acute kidney injuryʺ OR ̋ kidney 
dysfunctionʺ) AND (ʺmonosodium urate crystalsʺ OR ʺurate crystalsʺ OR ʺcrystal-dependent 
mechanismsʺ) AND (ʺcrystal-independent mechanismsʺ OR ʺoxidative stressʺ OR ʺvascular 
dysfunctionʺ OR ʺinflammationʺ) AND (ʺrenal pathophysiologyʺ OR ʺglomerular injuryʺ OR 
ʺtubulointerstitial fibrosisʺ). Articles published from 2000 to February 2025 were included. 

2.2. Inclusion and Exclusion Criteria 

This systematic review followed the PICO framework: animal and human models with 
hyperuricemia-related renal injury (Patient); hyperuricemia induction methods (Intervention); 
control groups without induction or with different conditions (Comparison); and dual mechanisms 
of renal injury, including crystal-dependent and crystal-independent pathways (Outcome). Eligible 
studies included animal experimental, human experimental, and observational studies that 
investigated hyperuricemia-induced renal injury, focusing on both crystal-dependent and crystal-
independent mechanisms. Only studies published in English were considered. Exclusion criteria 
included reviews, meta-analyses, commentaries, editorials, letters, studies that did not directly 
examine the relevant mechanisms, and those with incomplete data or lacking full-text availability. 

2.3. Study Selection Process 

Studies were selected based on their relevance to hyperuricemia-associated renal injury and 
inclusion of crystal-dependent or crystal-independent mechanisms. A total of 549 articles were 
initially identified; 189 duplicates were removed, and 272 were excluded based on titles and abstracts, 
with six articles not retrieved. Additionally, 82 full-text articles were excluded due to being mini-
reviews, letters, studies with mixed or unknown designs, outdated publications, or review articles. 
After detailed evaluation, 17 studies were included in the final qualitative analysis: nine animal 
experimental studies, one human experimental study, and seven observational studies. The review 
adhered to PRISMA guidelines [Figure 1][8], and the PRISMA checklist is provided in Table S1 of the 
Supplementary Appendix. 
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram. 

2.4. Data Extraction 

Data extraction was performed independently by both authors to ensure accuracy and minimize 
bias. Using a standardized template, they systematically collected relevant information from each 
study, including study characteristics (authors, year, design, duration, sample size, and population 
or animal model), type of hyperuricemia induction, outcomes related to renal injury, and investigated 
mechanisms (crystal-dependent vs. crystal-independent). Primary outcome measures included 
kidney histopathology, serum creatinine, markers of inflammation and oxidative stress, and 
molecular biomarkers. For animal studies, species, strain, dose, and experimental procedures were 
recorded; for human studies, demographics, comorbidities, uric acid levels, biomarkers, and kidney 
function measures were extracted. Any discrepancies between the two authors were resolved 
through discussion and mutual agreement. 

2.5. Risk Bias Assessment 

Animal studies were assessed using Systematic Review Centre for Laboratory Animal 
Experimentation (SYRCLE), which evaluates selection, performance, detection, attrition, reporting, 
and other biases. Human experimental studies were evaluated with Cochrane Risk of Bias 2 (RoB 2), 
covering randomization, deviations from interventions, missing data, outcome measurement, and 
selective reporting. Observational studies were assessed with the Newcastle-Ottawa Scale (NOS), 
focusing on selection, comparability, and outcome. 

2.6. Data Synthesis and Analysis 

Data were synthesized qualitatively, with findings categorized into the two primary 
mechanisms of hyperuricemia-induced renal injury: crystal-dependent and crystal-independent. Due 
to heterogeneity in study design, population, and outcomes, a qualitative synthesis was performed, 
organizing results by study type (animal, human experimental, and observational) and mechanism, 
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highlighting consistencies, discrepancies, and translational relevance. The synthesis also summarized 
molecular and cellular pathways, emphasizing how these pathways overlap and interact. 

3. Results 

3.1. Study Selection Criteria 

A total of 1549 articles were initially identified from electronic databases, including PubMed, 
Scopus, Web of Science, and Google Scholar. After removing 659 duplicates and screening for 
relevance, 572 articles were excluded based on title and abstract, and 16 could not be retrieved, 
leaving 302 for full-text assessment. Of these, 17 studies met the eligibility criteria and were included 
in the final analysis [11–20,31–37]. Data from animal experimental, human experimental, and 
observational studies were analyzed separately to identify consistent patterns, mechanistic insights, 
and discrepancies. The results were then integrated to examine how crystal-dependent and crystal-
independent mechanisms of hyperuricemia contribute to renal injury. 

3.2. Study Characteristics 

The 17 studies included in the final analysis comprised nine animal experiments, one human 
experimental study, and seven observational studies [Table 1]. Animal studies primarily used 
Sprague-Dawley rats (200–400 g) and Swiss/uricase transgenic mice (30–35 g, and 4 months old), with 
sample sizes ranging from 6 to 7 animals per group, totaling approximately 70 animals. Study 
durations ranged from 5 days to 7 weeks. These studies investigated hyperuricemia-induced renal 
injury, including glomerular hypertension, tubulointerstitial inflammation, endothelial dysfunction, 
and both crystal-dependent and crystal-independent mechanisms, sometimes using genetic 
manipulations or uric acid–inducing agents such as oxonic acid [11–19]. The human experimental 
study included 249 participants and examined uric acid’s effects on intrarenal renin-angiotensin 
system activation and vascular responses [20]. Observational studies involved 263 to 173,357 
participants, totaling approximately 193,000 individuals, and assessed serum uric acid in relation to 
kidney function, acute kidney injury, chronic kidney disease progression, and mortality, highlighting 
dose-response and “J-shaped” associations [31–37]. 

3.3. Risk of Bias Assessment of Included Studies 

Across the nine experimental studies, most SYRCLE risk-of-bias domains were rated as ‘some 
concerns’ due to poor reporting of randomization, allocation concealment, housing and blinding, 
while baseline group similarity was generally low risk and blinding of caregivers/outcome assessors 
was high risk; incomplete data were minimal and selective reporting/other biases remained unclear 
(Figure 2). The RoB-2 assessment of Perlstein TS et al. (2004) indicates some concerns across several 
domains. The study did not describe its randomization, allocation concealment, blinding procedures, 
or handling of missing data, all of which raise the potential risk of bias. Although the primary 
outcome—renal vascular response to Ang II—was an objective measure, the possibility of selective 
reporting cannot be ruled out. Using the Newcastle–Ottawa Scale, the included observational studies 
scored between 5 and 8 stars, indicating moderate to high methodological quality (Table 2). Most 
cohort studies achieved higher scores due to stronger selection and outcome assessment, while cross-
sectional studies scored lower, mainly because of limited control for confounding and lack of follow-
up. 
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Table 1. The overview of the eligible study included in this review. 

№ Authors (years) Title Study type Study subject Duration Pathophysiological implications 
Animal experimental 

1 
Sa´nchez-

Lozada LG., et 
al 2008 [11] 

Role of oxidative stress in the 
renal abnormalities induced by 

experimental hyperuricemia 

Experimental 
(animal studies) 

Three groups of male Sprague-
Dawley rats 

5 weeks 

These findings indicate that hyperuricemia-induced renal damage 
in rats is primarily due to impaired autoregulation in 

preglomerular vessels, leading to the direct transmission of 
systemic hypertension to glomerular capillaries. This dysfunction 
is associated with UA-induced microvascular injury in the afferent 

arteriole. 

2 
Sa´nchez-

Lozada LG., et 
al 2002 [12] 

Mild hyperuricemia induces 
glomerular hypertension in 

normal rats 

Experimental 
(animal studies) 

Male Sprague-Dawley rats 2 and 5 weeks 

The relevance of these findings to human disease remains 
uncertain, as extrapolating from animal models requires caution. 
However, chronic hyperuricemia has been linked to renal disease 

in gout patients and is a predictor of IgA nephropathy progression 
and renal insufficiency in healthy individuals. Additionally, it has 
been reported to worsen experimental cyclosporin nephropathy. 

3 
Sa´nchez-

Lozada LG., et 
al 2005 [13] 

Mild hyperuricemia induces 
vasoconstriction and maintains 

glomerular hypertension in 
normal and remnant kidney rats 

Experimental 
(animal studies) 

Male 300 to 350 g Sprague-
Dawley rats 

5 weeks 

These results suggest that in normal rats, a slight increase in serum 
uric acid leads to preglomerular arteriolopathy, causing systemic 
hypertension to be transmitted to the glomerular capillaries. This, 

along with increased efferent resistance from hyperuricemia, 
exacerbates glomerular hypertension. 

4 
Romi MM et al. 

2017 [14] 

Uric acid causes kidney injury 
through inducing fibroblast 

expansion, Endothelin-1 
expression, and inflammation 

Experimental 
(animal studies) 

Swiss background mice (4 
months old, 30-35 g, n = 6-7 

each group). 
14 days 

These findings indicate that elevated uric acid levels in mice are 
linked to increased ET-1 mRNA expression. This suggests that ET-
1 may influence uric acid�s role in glomerular injury and could also 
be regulated by uric acid, contributing to vascular smooth muscle 

cell proliferation in human cell cultures. 

5 
Mazzali M et al 

2022 [15] 

Hyperuricemia Induces a Primary 
Renal Arteriolopathy in Rats by a 

Blood Pressure-Independent 
Mechanism 

Experimental 
(animal studies) 

Male Sprague-Dawley rats, 
200- 250 g (Simonsen 

Laboratories, Gilroy CA) 
7 weeks 

Recent findings indicate that hyperuricemia induced by oxonic 
acid in rats worsens cyclosporine-induced microvascular and 
tubulointerstitial damage. This study reveals a novel finding: 

hyperuricemia is linked to primary arteriolopathy in the 
preglomerular renal vasculature. The arteriolopathy, observed 

consistently in afferent arterioles, is characterized by medial 
thickening, suggesting hypertrophic vascular remodeling. 

6 
Romero F et al 

2009 [16] 
Effect of Uric Acid on 
Gentamicin-Induced 

Experimental 
(animal studies) 

Male Sprague–Dawley rats 
(IVIC), weighing 300–400 g 

10 days 
These findings suggest that uric acid administration exacerbates 

gentamicin-induced nephrotoxicity in rats. The downregulation of 
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Nephrotoxicity in Rats – Role of 
Matrix Metalloproteinases 2 and 9 

MMP-9 may contribute to the increased tubulointerstitial damage 
observed. This may have clinical implications, as acute serum uric 

acid elevations occur in various pathological conditions. 

7 
Kono H et al 

2010 [17] 

Uric acid promotes an acute 
inflammatory response to sterile 

cell death in mice 

Experimental 
(animal studies) 

Uricase Tg mouse models Unspecified 

The findings suggest that dead cells not only release stored uric 
acid but also produce it in large quantities after death as nucleic 

acids break down. In experiments with transgenic mice with 
reduced uric acid levels, either inside or outside the cells, we 

observed that uric acid depletion significantly reduces the 
inflammatory response triggered by cell death. 

8 
Rabb H et al 

2000 [18] 

Pathophysiological role of T 
lymphocytes in renal ischemia-

reperfusion injury in mice 

Experimental 
(animal studies) 

Male mice were anesthetized 
with 35–50 mg/kg 

pentobarbital and underwent 
bilateral flank incisions and 

dissection of the renal pedicles 

Unspecified 

The findings indicate a more significant difference in tubular injury 
and serum creatinine in CD4/CD8-deficient mice at 48 hours 

compared to 24 hours. This suggests that the observed response is 
a continuous effect of T cell abrogation at both early and later 

stages of the inflammatory response (F. Epstein, personal 
communication). 

9 
Roncal, CA et al 

2007 [19] 

Effect of elevated serum uric acid 
on cisplatin-induced acute renal 

failure 

Experimental 
(animal studies) 

Adult male Sprague-Dawley 
rats (200 –250 g, Charles River 

Laboratories, Wilmington, 
MA) 

5 days 

The findings indicate that mild hyperuricemia significantly 
worsens renal tubular injury and inflammation in a rat model of 
CP-induced acute renal failure (ARF), primarily by promoting 

monocyte chemokine stimulation and increasing leukocyte 
infiltration. 

Human experimental  

1 
Perlstein TS et 

al 2004 [20] 

Uric acid and the state of the 
intrarenal renin-angiotensin 

system in humans 

Experimental 
(human studies) 

249 Caucasian and African 
American  

Unknown 

The findings indicate that serum uric acid levels predict reduced 
renal vascular response to Ang II in humans, suggesting a link 

between uric acid and an activated intrarenal RAS. This could help 
explain the connection between serum uric acid levels and the risk 

of hypertension and nephropathy. 
Observational studies 

S/No Authors (years) Title Study type Groups Duration Comorbidities Pathophysiological implications 

1 
Joo HJ et al 2020 

[31] 

Uric acid level and kidney 
function: a cross-sectional study 

of the Korean national health and 
nutrition examination survey 

(2016–2017)  

A cross-
sectional study 

16,277 individuals (unspecified 
ages) 

Unspecified Unspecified 

This study found a significant negative 
relationship between high uric acid levels and 

kidney function in the South Korean population, 
showing a dose-response link in both sexes. 

Higher uric acid levels were associated with a 
greater likelihood of impaired kidney function. 

2 
Koo BS, et al 

2021 [32] 
J-shaped Relationship Between 

Chronic Kidney Disease and 
A cross-

sectional study 
173,357 participants aged 

40∼79 years 
Unspecified Unspecified 

The study found that as uric acid levels increased, 
the risk of reduced renal function also increased. 
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Serum Uric Acid Levels: A Cross-
sectional Study on the Korean 

Population  

Additionally, for uric acid levels ≤2.0 mg/dL, the 
risk of reduced renal function was higher than in 

the reference group. 

3 
D. Nagore et al 

2024 [33] 

Uric acid and acute kidney injury 
in high-risk patients for 

developing acute kidney injury 
undergoing cardiac surgery 

A multicentre 
prospective 
cohort study 

(clinical studies) 

All consecutive patients aged 
18 years or older with a 
Cleveland score ≥ 4 that 

underwent cardiac surgery 

Unspecified Cardiac surgery 

Unlike previous studies, this multicenter cohort 
study of 261 high-risk cardiac surgery patients 

found that preoperative hyperuricemia (≥7 mg/dL) 
was not associated with a significantly increased 
risk of postoperative AKI compared to uric acid 

levels < 7 mg/dL. 

4 
Srivastava A, et 

al 2019 [34] 
Uric Acid and Acute Kidney 

Injury in the Critically Ill 
Prospective 
cohort study 

2 independent cohorts of 
critically ill patients: (1) 208 

patients without AKI; and (2) 
250 participants with AKI 

requiring renal replacement 
therapy (RRT) who had not yet 

initiated RRT  

Unspecified Unspecified 

The findings suggest that uric acid levels do not 
contribute to the development of AKI or mortality 
in ICU patients with severe AKI, conflicting with 

several published studies on this association. 

5 
Srivastava A., et 

al 2018 [35] 

Uric Acid and the Risks of Kidney 
Failure and Death in Individuals 

With CKD 

A prospective 
cohort study 

3939 men and women aged 21 
to 74 years 

Unspecified Unspecified 

This prospective study of nearly 4,000 individuals 
with chronic kidney disease (CKD) found that 
higher serum uric acid levels were linked to an 

increased risk of kidney failure in those with CKD 
stage 3a or earlier. Uric acid showed a �J-shaped� 

relationship with all-cause mortality. As expected, 
uric acid was inversely correlated with eGFR, 
which strongly influenced its association with 

kidney failure and mortality. 

6 
Lee E-H, et al 

2015 [36] 

Relationship between Serum Uric 
Acid Concentration and Acute 
Kidney Injury after Coronary 

Artery Bypass Surgery 

Large single-
center 

observational 
study 

2,185 patients Unknown 
Coronary 

Artery Bypass 
Surgery 

This study suggests that even preoperative serum 
uric acid levels within the normal range may be 

linked to an increased risk of postoperative AKI in 
CABG patients. The findings do not indicate a J-

shaped relationship; instead, the risk of AKI 
appears to rise almost linearly with increasing 

preoperative uric acid levels. 

7 
Kanbay M, et all 

2011 [37] 

Serum Uric Acid Level and 
Endothelial Dysfunction in 
Patients with Nondiabetic 
Chronic Kidney Disease 

Observational 
cohort study  

263 nondiabetic subjects with 
CKD and a mean eGFR of 26 

ml/min/1.73 m 2 
Unspecified Unspecified 

This study found that endothelial dysfunction, 
assessed via FMD, was independently linked to 

both decreased eGFR and elevated serum uric acid 
levels. Reduced eGFR may contribute to the 
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accumulation of substances like uric acid and 
asymmetric dimethylarginine, a uremic toxin that 

competes with L-arginine for endothelial NO 
synthase. 

Table 2. Standard NOS criteria risk assessment of observational studies. 

S/N Authors (Year) Study Type Selection Comparability Outcome/Exposure Total NOS Score Quality 
1 Joo HJ (2020) [31] Cross-sectional ★★ ★ ★★ 5 out of 9 Moderate 
2 San Koo B (2021) [32] Cross-sectional ★★ ★★ ★★ 6 out of 9 Moderate 
3 Nagore D (2024) [33] Prospective cohort ★★★ ★★ ★★★ 8 out of 9 High 
4 Srivastava A (2019) [34] Prospective cohort ★★★ ★★ ★★ 7 out of 9 High 
5 Srivastava A (2018) [35] Prospective cohort ★★★ ★★ ★★ 7 out of 9 High 

6 Lee EH (2015) [36] 
Large single-center 

observational 
★★★ ★★ ★★ 7 out of 9 High 

7 Kanbay M (2011) [37] Observational cohort ★★★ ★★ ★★ 7 out of 9 High 
Legend (Table 2): Selection: representativeness, definition of cases/exposed, selection of controls/non-exposed, ascertainment of exposure (max 4 stars). Comparability: controlled for main 
confounders (max 2 stars). Outcome/Exposure: assessment, follow-up, ascertainment method (max 3 stars). Quality: High (7–9), Moderate (4–6), Low (0–3). 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 November 2025 doi:10.20944/preprints202511.2101.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.2101.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 19 

 

 

 
Figure 2. Risk of Bias Assessment of animal studies by using SYRCLE tool. 

3.4. Animal Experimental  

3.4.1. Uric Acid-Associated Renal Injury via Crystal-Dependent Mechanisms in Animal 
Experimental Studies 

Uric acid can induce AKI through crystal-dependent mechanisms, primarily via MSU crystal 
precipitation in renal tubules. This leads to tubular obstruction, epithelial injury, inflammation, and 
fibrosis [9,10]. Sánchez-Lozada LG et al. (2008) demonstrated that UA crystal deposition increases 
intratubular pressure, impairing autoregulatory capacity in preglomerular vessels and rendering 
glomerular capillaries more susceptible to systemic hypertension [11]. Sánchez-Lozada LG et al. 
(2002, 2005) reported that MSU crystals accelerate renal fibrosis in IgA nephropathy, exacerbate 
oxidative stress and inflammation in cyclosporin nephropathy, and cause preglomerular 
arteriolopathy with vascular stiffness and hypertrophic remodeling, further elevating glomerular 
hydrostatic pressure [12,13].  

Romi MM et al. (2017) highlighted that UA crystals induce endothelial dysfunction and 
upregulate endothelin-1 (ET-1), promoting vasoconstriction, vascular smooth muscle proliferation, 
and sustained renal inflammation via NF-κB pathways [14]. Mazzali M et al. (2002) showed that 
hyperuricemia worsens cyclosporin nephropathy by accelerating tubular injury, inflammatory 
infiltration, and oxidative stress, leading to progressive fibrosis [15]. Romero F et al. (2009) found that 
UA administration exacerbated gentamicin-induced nephrotoxicity in rats, where downregulation of 
MMP-9 impaired extracellular matrix remodeling and promoted tubulointerstitial fibrosis [16]. Kono 
H et al. (2010) demonstrated that uric acid released from necrotic cells acts as a damage-associated 
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molecular pattern (DAMP), activating the NLRP3 inflammasome and triggering IL-1β and IL-18 
production, which amplifies renal inflammation and tubular injury [17].  

Rabb H et al. (2000) observed that CD4/CD8-deficient mice exhibited more severe tubular injury 
and elevated serum creatinine due to impaired T-cell-mediated clearance of uric acid crystals, 
prolonging inflammation and potentially contributing to CKD progression [18]. Roncal CA et al. 
(2007) reported that mild hyperuricemia in cisplatin-induced acute renal failure significantly 
increased tubular injury and inflammation by promoting monocyte chemokine (MCP-1) release and 
leukocyte infiltration [19]. Crystal-dependent UA mechanisms lead to tubular obstruction, intrarenal 
inflammation, endothelial dysfunction, and progressive renal injury, with contributions from 
oxidative stress, immune cell activation, and vascular remodeling, ultimately linking AKI to CKD 
progression [3,5] [Figure 3]. 

 
Figure 3. Elevated uric acid-induced renal injury via crystal-dependent and crystal independent mechanisms in 
animal experimental studies. 

3.4.2. Findings in Relation to Crystal-Independent Uric Acid-Induced Renal Injury in Animal 
Experimental Studies 

Uric acid (UA) can also induce AKI via crystal-independent mechanisms, including oxidative 
stress, endothelial dysfunction, inflammation, and impaired renal hemodynamics [2]. Sánchez-
Lozada LG (2008) demonstrated that UA disrupts renal autoregulation in preglomerular vessels by 
increasing oxidative stress, reducing nitric oxide (NO) bioavailability, and triggering endothelial 
dysfunction, ultimately impairing glomerular filtration [11]. Sánchez-Lozada LG (2002) highlighted 
UA’s role in activating the renin-angiotensin-aldosterone system (RAAS), exacerbating hypertension, 
and promoting kidney inflammation and fibrosis in IgA nephropathy and cyclosporin nephropathy 
[12]. Sánchez-Lozada LG (2005) reported that hyperuricemia induces preglomerular arteriolopathy 
and glomerular hypertension through vascular smooth muscle proliferation, eNOS suppression, and 
increased systemic vascular resistance, transmitting hypertension to the glomerulus and aggravating 
endothelial dysfunction [13].  

Romi MM (2017) showed that UA elevates ET-1 expression, promotes vascular smooth muscle 
proliferation, and activates NF-κB-mediated pro-inflammatory cytokines, collectively impairing 
renal microcirculation and increasing AKI susceptibility [14]. Mazzali M (2002) reported that UA 
worsens cyclosporin-induced microvascular and tubulointerstitial injury through oxidative stress, 
diminished antioxidant defenses, and intensified inflammation [15]. In gentamicin-induced 
nephrotoxicity models, UA administration exacerbated tubular injury by downregulating MMP-9, 
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impairing tissue repair, and promoting fibrosis [16]. Kono H (2010) demonstrated that UA acts as a 
DAMP, activating the NLRP3 inflammasome, enhancing cytokine release, and promoting endothelial 
dysfunction and mitochondrial impairment, leading to renal vasoconstriction, hypoxia, and tubular 
apoptosis [17]. Romero F (2009) found that mild hyperuricemia amplified cisplatin-induced renal 
tubular injury via MCP-1-mediated leukocyte recruitment, worsening inflammation and 
nephrotoxicity [16]. 

Studies on T-cell involvement indicated that CD4/CD8-deficient mice exhibited reduced tubular 
injury and lower serum creatinine levels, suggesting T cells sustain UA-induced inflammation via 
antigen presentation and cytokine release (IL-1β, TNF-α) [18]. Rabb H (2000) and Roncal CA (2007) 
highlighted UA’s disruption of autophagy and interference with cellular repair pathways, 
exacerbating kidney injury [18,19] (Figure 3). 

Legend (Figure 3): Arrows (→) indicate processes aggravated by uric acid crystal deposition or 
soluble uric acid, leading to worsening kidney injury. 

3.5. Human Experimental 

3.5.1. Uric Acid–Induced Renal Injury via Crystal-Dependent Mechanisms in Human Experimental 
Studies 

Mild hyperuricemia has been identified as a factor that worsens cisplatin (CP)-induced acute 
renal failure (ARF) in humans [20,21]. Perlstein TS (2004) explained that elevated UA levels can lead 
to the formation of MSU crystals, which precipitate primarily in the kidneys, where uric acid is 
filtered and excreted [20]. Deposition of UA crystals in renal tubules causes obstruction, increases 
intratubular pressure, and impairs glomerular filtration rate (GFR), thereby reducing renal function 
[21]. These crystals also activate inflammatory pathways via NLRP3 inflammasome activation, 
resulting in the release of pro-inflammatory cytokines, such as IL-1β. This inflammatory cascade 
recruit’s immune cells, including neutrophils and macrophages, further amplifying tissue injury. 
Additionally, UA crystals stimulate monocyte chemokines, such as MCP-1, enhancing recruitment of 
immune cells to sites of renal injury and worsening renal dysfunction [22].  

Crystal deposition also contributes to oxidative stress by increasing ROS, leading to apoptosis 
and necrosis of renal tubular cells, which further amplifies tubular injury and inflammation [23]. 
Infiltrating neutrophils and macrophages sustain cytokine release, protease activity, and ROS 
production, creating a vicious cycle that exacerbates renal damage [24,25]. Consequently, renal 
tubular dysfunction manifests as impaired reabsorption of water, electrolytes, and solutes, 
culminating in AKI with elevated serum creatinine and reduced urine output, thereby worsening 
renal function in humans [26] (figure 4). 

3.5.2. Uric Acid–Induced Renal Injury via Crystal-Independent Mechanisms in Human 
Experimental Studies 

Perlstein TS (2004) demonstrated that hyperuricemia can impair kidney function even in the 
absence of urate crystal deposition, such as in models of chronic pancreatitis (CP)-induced acute ARF 
[20]. Uric acid contributes to renal tubular injury and inflammation through several mechanisms. 
Mild hyperuricemia stimulates the production of monocyte chemokines, attracting immune cells, 
particularly monocytes, which differentiate into macrophages and release pro-inflammatory 
cytokines, including TNF-α, IL-1, and IL-6, thereby exacerbating tubular damage [20,27].  

Renal tubules, as the primary sites of injury in AKI, undergo oxidative stress, mitochondrial 
dysfunction, and cellular injury, leading to impaired function and tubular cell shedding [21]. 
Furthermore, uric acid promotes endothelial dysfunction, reducing renal perfusion through 
vasoconstriction and aggravating ischemic injury [28]. In its oxidized form (urate), uric acid increases 
ROS, causing oxidative damage to membranes, proteins, and DNA, which further impairs renal 
function [29,30]. These findings indicate that hyperuricemia induces AKI through systemic and 
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kidney-specific effects—including inflammation, endothelial dysfunction, and oxidative stress—
independent of crystal formation [Figure 4]. 

Legend (Figure 4): Arrows (→) indicate the processes that are aggravated due to uric acid crystal 
deposition and its effects, leading to worsening kidney injury. 

 

Figure 4. Elevated uric acid-induced renal injury via crystal-dependent and crystal independent mechanisms in 
human experimental studies. 

3.6. Observational Studies 

3.6.1. Uric Acid-Induced Acute Kidney Injury via Crystal-Dependent Mechanisms in Observational 
Studies 

The role of uric acid in kidney injury is complex, with both high and low levels potentially 
affecting renal function [21]. Joo HJ (2020) reported that elevated uric acid levels in a South Korean 
population were associated with decreased kidney function, likely mediated by crystal deposition, 
inflammation, oxidative stress, renal vasoconstriction, and fibrosis [31]. San Koo B (2021) found that 
very low uric acid levels (<2.0 mg/dL) increased the risk of reduced renal function, suggesting a 
potential protective effect at certain levels due to antioxidant properties [32]. Nagore D (2024) showed 
that preoperative hyperuricemia in cardiac surgery patients was not significantly linked to 
postoperative AKI, indicating that factors such as ischemia-reperfusion injury and nephrotoxic drugs 
may play a larger role than uric acid crystal deposition [33].  

Srivastava A (2019) observed no correlation between uric acid levels and AKI or mortality in 
ICU patients, likely because overwhelming contributors such as sepsis and nephrotoxins masked 
crystal-dependent effects [34]. Srivastava A (2018) found that elevated uric acid levels in CKD 
patients increased the risk of kidney failure, with a J-shaped relationship between uric acid and 
mortality, highlighting the potential harm of both low and high uric acid levels [35]. Lee EH (2015) 
reported that preoperative hyperuricemia in CABG patients raised the risk of postoperative AKI, 
potentially through endothelial dysfunction and oxidative stress in addition to crystal-mediated 
injury [36]. Kanbay M (2011) demonstrated that elevated uric acid is independently associated with 
endothelial dysfunction and reduced eGFR, underlining its contribution to renal injury, which may 
include crystal-dependent tubular obstruction [37] (Figure 5). 
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Figure 5. Elevated uric acid-induced renal injury via crystal-dependent and crystal independent mechanisms in 
observational studies. 

3.6.2. Uric Acid-Induced Renal Injury via Crystal-Independent Mechanisms in Observational 
Studies 

Multiple human studies have shown an inverse relationship between elevated uric acid levels 
and kidney function across diverse populations [38]. Joo HJ (2020) reported that higher uric acid 
levels in South Koreans were associated with decreased kidney function, likely via inflammation, 
oxidative stress, renal vasoconstriction, and fibrosis, independent of crystal deposition [31]. San Koo 
B (2021) found that both high and very low uric acid levels (≤2.0 mg/dL) increased the risk of reduced 
renal function, potentially through endothelial dysfunction, inflammation, and tubulointerstitial 
fibrosis, independent of crystal formation [32]. Nagore D (2024) observed that preoperative 
hyperuricemia did not independently raise the risk of postoperative AKI in cardiac surgery patients, 
suggesting that hemodynamic and ischemic factors, rather than uric acid itself, were the dominant 
contributors [33].  

Srivastava A (2019) showed that uric acid levels did not predict AKI or mortality in critically ill 
ICU patients, indicating that other contributors such as ischemic injury and multi-organ dysfunction 
outweigh crystal-independent uric acid effects [34]. Srivastava A (2018) found that higher uric acid 
levels in CKD patients were linked to increased risk of kidney failure, with a ʺJ-shapedʺ association 
for all-cause mortality, suggesting systemic effects beyond crystal deposition [35]. Lee EH (2015) 
reported that moderate preoperative uric acid elevation increased postoperative AKI risk in CABG 
patients, likely through renal vasoconstriction, inflammation, and endothelial dysfunction, 
independent of crystals [36]. Kanbay M (2011) demonstrated that elevated uric acid impairs nitric 
oxide production, causing vasoconstriction and reduced renal perfusion, contributing to kidney 
injury independently of crystal formation [37] [Figure 5]. 

Legend (Figure 5): Arrows (→) indicate the processes that are aggravated due to uric acid crystal 
deposition and its effects, leading to worsening kidney injury. 
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4. Discussion 

This systematic review synthesizes evidence on the dual mechanisms of hyperuricemia-
associated renal injury—crystal-dependent and crystal-independent pathways—and the central role 
of endothelial dysfunction in mediating kidney damage. The animal, human experimental, and 
clinical studies reviewed here collectively demonstrate that uric acid contributes to kidney injury 
through multiple overlapping mechanisms, extending beyond direct crystal deposition to include 
vascular and inflammatory pathways. 

4.1. Animal Studies 

Our systematic review confirms and extends prior work showing that hyperuricemia impairs 
autoregulation in preglomerular vessels and promotes preglomerular arteriolopathy, resulting in 
increased glomerular capillary pressure. These findings are consistent with experimental models and 
human observations, particularly in gout patients [39–41]. Beyond replication, we synthesize 
evidence that uric acid amplifies nephrotoxicity from agents such as cyclosporine and gentamicin, 
indicating a synergistic interaction not consistently emphasized in earlier reviews. The vascular 
changes—preglomerular arteriolopathy and upregulation of endothelin-1 (ET-1)—together with the 
worsening of drug-induced nephrotoxicity, align with data that uric acid can act as a damage-
associated molecular pattern (DAMP), activating the NLRP3 inflammasome and amplifying 
inflammation and fibrosis [18,19,42]. These combined observations strengthen the biological 
plausibility of uric acid–driven vascular remodeling and inflammatory injury, while also 
underscoring the limitations of extrapolating animal data directly to humans because of species 
differences and model heterogeneity [43,44]. 

4.2. Human Experimental Studies 

Our findings concur with prior evidence that uric acid crystals can directly injure renal tissue by 
obstructing tubules and activating the NLRP3 inflammasome. Human experimental studies 
specifically confirm these crystal-dependent effects. Importantly, the review also highlights an 
independent, crystal-independent role for soluble uric acid: it can activate the intrarenal RAS, 
increase angiotensin II, raise oxidative stress, and reduce nitric oxide bioavailability—changes that 
impair endothelial function and promote vasoconstriction, fibrosis, and hypertension [21,45–49]. By 
emphasizing these vascular effects in the absence of crystals, our synthesis bridges crystal-dependent 
and crystal-independent pathways and frames uric acid as a systemic (not merely local) nephrotoxin, 
consistent with findings from both rodent and human models [50–52]. 

4.3. Observational Studies 

Clinical and population studies included in this review demonstrate a generally consistent, 
dose–response association between higher serum uric acid and reduced kidney function [53–55], a 
finding supported by Gherghina et al. (2022) and Chang et al. (2010) as evidence that hyperuricemia 
is an independent risk factor for CKD progression [49,50,55]. Notably, several investigations report a 
“J-shaped” relationship—Kawasoe et al. (2024) observed that very low uric acid (≤2.0 mg/dL) also 
correlated with poorer renal outcomes—suggesting that both extremes of uric acid may be harmful 
[56]. Evidence on specific contexts is mixed: for example, studies of preoperative hyperuricemia and 
postoperative AKI after CABG conflict (Jiang et al. 2024 found an association, whereas Wang et al. 
2018 did not) [46], and other ICU and cohort studies show variable results [57]. Large cohorts and 
meta-analyses further support hyperuricemia as an independent predictor of adverse renal outcomes 
[47,51], while other work documents the J-shaped mortality/renal risk pattern [3,56]. These 
discrepancies likely reflect differences in patient populations, timing of uric acid measurement, and 
residual confounding. Taken together, the aggregate data link uric acid to renal injury across 
settings—most plausibly via endothelial dysfunction, altered nitric oxide metabolism, and intrarenal 
RAS activation—providing mechanistic coherence to the epidemiologic associations [51,58]. 
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4.4. Integrative View 

Taken together, this review supports the concept that endothelial dysfunction is the link between 
crystal-dependent and crystal-independent renal injury. Elevated uric acid impairs nitric oxide 
bioavailability, increases oxidative stress, and activates the RAS, resulting in vascular remodeling 
and kidney damage [43,58]. By framing these mechanisms across animal, experimental, and clinical 
evidence, our review consistently emphasizes the central role of endothelial pathways and introduces 
asymmetric dimethylarginine (ADMA) as a potential mediator—a feature rarely discussed in 
previous reviews. These findings highlight that uric acid-induced endothelial dysfunction impairs 
vasodilation, promotes vascular remodeling, and contributes to renal hypoperfusion and injury, with 
ADMA acting as an additional inhibitor of endothelial nitric oxide synthase. Collectively, these 
insights provide a rationale for interventions targeting not only uric acid levels but also oxidative 
stress, inflammation, and vascular dysfunction. 

4.5. Clinical and Research Implications 

These findings suggest that interventions should not only lower serum uric acid but also target 
vascular inflammation, oxidative stress, and RAS activation. Inconsistencies between studies—
particularly regarding postoperative AKI and low uric acid levels—emphasize the need for large, 
well-designed prospective studies with standardized definitions and uniform biomarkers to resolve 
conflicting evidence and translate experimental findings into clinical practice. Clinically, 
management of hyperuricemia—through urate-lowering therapy, lifestyle modification, or agents 
addressing inflammation and RAS activation—may help slow or prevent kidney injury. However, 
variability in study populations and designs highlights the need for prospective human studies with 
standardized definitions of hyperuricemia, consistent methods for detecting crystal deposition, and 
uniform biomarkers of renal injury.  

5. Limitations 

This review has several limitations. First, the included studies were heterogeneous in design, 
encompassing animal experiments, human experiments, and clinical studies, which prevented direct 
comparisons or meta-analysis. Most of the experimental data were derived from rodent models, and 
species differences may not fully replicate human renal pathophysiology related to hyperuricemia. 
Definitions of hyperuricemia, methods of induction, and measures of renal injury varied across 
studies, and many did not clearly separate crystal-dependent from crystal-independent mechanisms, 
making it difficult to quantify the contribution of each pathway. In addition, most human evidence 
was observational rather than longitudinal, limiting causal inference. Publication bias cannot be 
excluded, as studies with positive findings are more likely to be reported. Finally, because of this 
heterogeneity and limited data, only a qualitative synthesis was performed, reducing the ability to 
estimate pooled effects. 

6. Future Directions 

Future research should focus on large, well-designed prospective human studies to clarify the 
causal relationship between hyperuricemia and renal injury and to clearly differentiate crystal-
dependent from crystal-independent pathways. Standardized definitions of hyperuricemia, uniform 
diagnostic methods for crystal deposition, and consistent biomarkers of renal injury are needed to 
improve comparability across studies. Mechanistic investigations using advanced imaging, omics 
approaches, and human tissue models are also required to map the molecular pathways linking uric 
acid to renal damage. Interventional trials testing urate-lowering therapies or agents targeting 
inflammation, oxidative stress, or vascular dysfunction could help identify effective strategies to 
prevent or reverse hyperuricemia-associated kidney injury. Finally, translational studies bridging 
experimental findings to clinical practice are essential for developing targeted therapies and 
improving patient outcomes. 
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7. Conclusion 

This systematic review highlights the dual mechanisms of hyperuricemia-induced renal injury, 
integrating both crystal-dependent and crystal-independent pathways, and provides a more 
comprehensive understanding than previous studies that focused on a single mechanism. 
Endothelial dysfunction emerges as a central mediator linking both pathways, serving as a unifying 
mechanism that connects experimental and clinical findings. The review also emphasizes the clinical 
relevance of a “J-shaped” relationship, suggesting that both high and very low uric acid levels may 
be detrimental to kidney function. These insights underscore the importance of careful uric acid 
management in clinical practice and indicate that targeting endothelial dysfunction may offer novel 
therapeutic strategies to prevent or mitigate renal injury in hyperuricemic patients. Future research 
should focus on validating these dual mechanisms, targeting endothelial dysfunction, and defining 
optimal uric acid levels for kidney health. 
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