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Abstract

Background/Objectives: Hyperuricemia is highly prevalent in chronic kidney disease
(CKD). It has been linked to increased cardiovascular and mortality risk. However, its inde-
pendent prognostic significance and dose-response relationship with adverse outcomes
remain incompletely understood. Methods: This retrospective cohort study included
794 patients with CKD. Hyperuricemia was defined using sex-specific thresholds. The
association between hyperuricemia, cardiac events and mortality was tested using a multi-
variable logistic regression test. Serum uric acid was analyzed as both a categorical and a
continuous variable to assess dose-response relationships. Results: Hyperuricemia was
present in 44.8% of patients. In multivariable analysis, hyperuricemia was associated
with increased odds of cardiac events, although this did not reach statistical significance
(OR 1.49, 95% CI1 0.98-2.27, p = 0.061). However, hyperuricemia independently predicted
mortality (OR 1.98, 95% CI 1.04-3.78, p = 0.039), and importantly, a dose-response rela-
tionship was observed between serum uric acid and adverse outcomes. Each 100 pmol/L
increase in serum uric acid was associated with a 22% increase in cardiac event risk (OR
1.22, p = 0.011) and a 29% increase in mortality risk (OR 1.29, p = 0.004). Quartile analysis
revealed that patients in the highest uric acid quartile had more than three-fold higher
mortality compared with the lowest quartile (OR 3.13, 95% CI 1.26-7.79, p = 0.014). Conclu-
sions: Hyperuricemia independently predicts mortality and also demonstrates a significant
dose-response relationship with adverse outcomes in CKD. The results support serum uric
acid as a clinically meaningful biomarker for mortality risk grading in CKD populations.
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1. Introduction

Chronic kidney disease (CKD) is a major global health challenge, affecting approx-
imately 10-15% of the adult population and contributes substantially to cardiovascular
morbidity and premature mortality [1]. Patients with CKD experience markedly elevated
cardiovascular (CVD) risk compared with the general population, and cardiovascular dis-
ease accounts for nearly half of all deaths in this population [2]. This high risk arises from a
complex interplay between common, well-known cardiovascular risk factors, including
hypertension and diabetes mellitus, and CKD-recent pathophysiological mechanisms such
as endothelial dysfunction, oxidative stress, inflammation, vascular calcification, and neu-
rohormonal activation [3,4]. Despite advances in cardiovascular risk management, CKD
patients continue to experience poor outcomes. These poor outcomes underscore the need
to identify additional biomarkers that can improve risk levels and provide insight into
underlying disease mechanisms [5]. Current cardiovascular risk-stratification approaches
in CKD rely predominantly on established variables such as age, estimated glomerular
filtration rate, and proteinuria, yet these do not fully account for the residual risk observed
in this population; whether serum uric acid—an inexpensive and routinely measured
analyte—adds prognostic information beyond these variables remains uncertain and is the
focus of the present study.

Serum uric acid (SUA) has emerged as a potentially important biomarker in cardiore-
nal disease. Hyperuricemia is highly prevalent in CKD due to impaired renal excretion and
altered purine metabolism. As a result of this impairment and progressive accumulation
of uric acid, renal function declines [6]. Uric acid has been implicated in multiple patho-
physiological processes relevant to cardiovascular injury and systemic dysfunction [7].
Experimental studies have demonstrated that nitric oxide bioavailability decreases due to
the elevated uric acid, which promotes endothelial dysfunction, increases oxidative stress
through activation of NADPH oxidase, and stimulates inflammatory signaling pathways,
such as interleukin-13 and tumor necrosis factor-« [8,9]. Uric acid also activates the RAAS
system (Figure 1).

Various mechanisms have been suggested in describing how the RAAS system con-
tributes to hyperuricemia, such as vasoconstriction, hypertension, vascular remodeling,
and progression of renal disease. These mechanisms have been proposed as pathways
by which hyperuricemia could be associated with adverse cardiovascular and systemic
outcomes, rather than functioning solely as a marker of reduced kidney function [10,11]
(Figure 1).

Beyond its role as a product of impaired renal urate handling, serum uric acid is
increasingly recognized as a component of a broader cardiometabolic phenotype. Elevated
concentrations frequently co-occur with metabolic syndrome, adverse cardiometabolic
profiles, obesity-related phenotypes, and alterations in body composition, and uric acid has
been identified as a discriminating biomarker of metabolically unhealthy status indepen-
dent of adiposity [12,13]. Whether serum uric acid represents an independent contributor to
adverse cardiovascular and mortality outcomes or is primarily a marker of underlying dis-
ease severity and metabolic dysregulation remains unresolved and actively debated, with
the current literature providing conflicting evidence. Within CKD specifically, the extent
to which serum uric acid carries prognostic information beyond categorical definitions of
hyperuricemia and whether any such association follows a graded dose-response pattern
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have not been fully characterized. The present study was therefore designed to address
this gap by evaluating the independent association of serum uric acid with cardiovascular
events and all-cause mortality in a CKD cohort, analyzing uric acid both categorically and
as a continuous, quartile-based measure to test for a dose-response relationship. In doing
s0, this study is intended to add real-world, confirmatory evidence from a single-center
cohort in the United Arab Emirates—a Middle Eastern population under-represented in the
existing literature—rather than to propose a new mechanistic theory or prediction model.
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Figure 1. This figure explains the suggested mechanistic pathways implicating high serum uric
acid (SUA) in cardiovascular and renal complications in CKD. Serum uric acid is often elevated
in CKD partly due to decreased renal urate clearance, and this promotes vascular oxidative and
inflammatory stress through several inter-related mechanisms. (1) XO produces uric acid, which can
enhance the production of ROS and thus causes oxidative stress and endothelial injury. (2) Decreased
nitric oxide availability leads to endothelium dysfunction, vasoconstriction, platelet activation and
disturbance of vascular homeostasis. (3) Activation of the renin—angiotensin—-aldosterone system
leads to stimulation of angiotensin II signaling, which causes VSMC remodeling, hypertension, and
cardiac fibrosis. (4) Uric acid induces NLRP3 inflammasome activation, which promotes the secretion
of pro-inflammatory cytokines that promote vascular inflammation and plaque instability, such as
IL-1p3, IL-6, and TNF-«. (5) Mitochondrial dysfunction disrupts cellular energy metabolism and
aggravates cardiovascular injury. This results in renal injury and fibrosis, low-density-lipoprotein
particle oxidation, foam cell formation, destabilization of atherosclerotic plaques and increased
cardiovascular risk. In advanced CKD, reduction in glomerular filtration rate, accumulation of
uremic toxins, increased baseline production of ROS, and persistent inflammation contribute to
the exacerbation of these pathological pathways, further increasing cardiovascular morbidity and
mortality. Abbreviations: SUA, serum uric acid; CKD, chronic kidney disease; XO, xanthine oxidase;
ROS, reactive oxygen species; NO, nitric oxide; RAAS, renin-angiotensin-aldosterone system; VSMC,
vascular smooth muscle cell; NLRP3, NOD-like receptor family pyrin domain-containing 3; LDL,
low-density lipoprotein; GFR, glomerular filtration rate; IL, interleukin; TNF-o, tumor necrosis
factor-alpha.
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2. Materials and Methods
2.1. Study Design and Population

This retrospective observational cohort study was conducted at the Fujairah Nephrol-
ogy and Dialysis Department, United Arab Emirates. This study included adult pa-
tients diagnosed with chronic kidney disease (CKD) who attended their first nephrol-
ogy visit between January 2018 and December 2021, the period defining the observation
window over which cardiovascular events and mortality were ascertained. A total of
794 patients with baseline clinical and laboratory data were included in the descriptive
analysis (Figure 2). Chronic kidney disease was defined according to the Kidney Disease:
Improving Global Outcomes (KDIGO) criteria, namely, an estimated glomerular filtration
rate below 60 mL/min/1.73 m? and/or markers of kidney damage persisting for at least
three months. In the present cohort, among the 675 patients with an available eGFR, the
distribution across KDIGO categories was G1 2.1%, G2 8.3%, G3a 11.1%, G3b 17.5%, G4
24.7%, and G5 36.3%, confirming a predominantly advanced-CKD population (approxi-
mately 61% in categories G4-G5). Maintenance dialysis or end-stage renal disease was
documented in 35 patients (4.4%) and kidney transplantation in 9 (1.1%); as these were
captured from free-text records, they may be under-ascertained. Exploratory patterns
across eGFR categories and by dialysis status were consistent with the overall findings.

CKD patients with baseline
clinical and laboratory data
assessed (n = 794)

Included in descriptive analysis
(n=794)

Excluded from multivariable
models (n = 329): incomplete
covariate data (missing eGFR,

BMI, or other adjustment
variables)

Included in complete-case
multivariable analysis (n = 465)

Composite cardiovascular
events analysed
(multivariable logistic
regression)

All-cause mortality
analysed (multivariable
logistic regression)

Figure 2. Study participant flow diagram (STROBE). Of 794 patients with CKD assessed, 329 with
incomplete covariate data were excluded from the multivariable models, leaving 465 in the complete-
case analysis.

Adult patients of both sexes who were eligible to participate were included in the
study. Patients were included based on the accessibility of SUA levels, renal function and
cardiovascular data at the time of initial evaluation. Patients with incomplete essential
baseline data were excluded from multivariable analyses but were retained in descriptive
analyses where applicable.
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Ethical approval was obtained from the Ministry of Health and Prevention Research
Ethics Committee (MOHAP/DXB REC/D.D-J/No. 138/2022) and the Research Ethics
Committee of Ras Al Khaimah Medical and Health Sciences University. All procedures
were conducted in accordance to the ethical standards of the institutional and national
levels. Patient confidentiality was strictly maintained, and all data were anonymized prior
to analysis.

2.2. Data Collection and Management

All clinical data were collected retrospectively from the hospital’s electronic medical
record (EMR) system. Patient identifiers were removed to preserve confidentiality of
patients, and each record was assigned a unique anonymous study identification number.

At the first nephrology visit, the baseline variables collected included demographic
variables (age and sex), comorbidities (hypertension and diabetes mellitus), body mass
index (BMI), estimated glomerular filtration rate (eGFR) and SUA levels. All analyses used
these baseline measures as index scores.

Cardiovascular data were obtained by systematic review of clinical records, including
documented diagnoses, symptoms, and diagnostic findings obtained during routine clini-
cal evaluation. Cardiovascular data included documented diagnoses of angina pectoris,
congestive heart failure, myocardial infarction, coronary artery disease, arrhythmia, car-
diomyopathy, stroke, and abnormal electrocardiographic findings, as well as documented
cardiovascular symptoms and cardiology consultations. Mortality status was determined
from clinical records of death during the observation period.

2.3. Definition of Hyperuricemia

Hyperuricemia was defined by sex-specific serum uric acid cut-offs which fit with
established clinical criteria. Hyperuricemia was defined as SUA > 420 pmol/L for men and
>360 pmol/L for women. This classification is often used in epidemiological and clinical
studies, indicating physiological differences in uric acid metabolism between sexes [14-16].

To evaluate dose-response relationships, serum uric acid was also analyzed as a
continuous variable and categorized into quartiles based on its distribution within the
study population.

2.4. Outcomes

Two primary outcomes were a composite cardiovascular event indicator, defined based
on documented cardiovascular diagnoses, clinical findings, and diagnostic investigations.
Major cardiovascular events included angina pectoris, myocardial infarction, arrhythmia,
stroke, heart failure, coronary artery disease, and cardiomyopathy. Secondary cardiac
indicators included abnormal electrocardiographic findings and clinically documented
cardiac symptoms. The composite outcome was constructed to reflect overall cardiovascular
burden. This composite was adopted because, in a retrospective single-center dataset
assembled from routine electronic records, individual major events were too infrequent to
model reliably in isolation, and combining them provided adequate statistical power to
examine associations with serum uric acid. To limit the possibility that clinically milder
components (abnormal electrocardiographic findings and documented cardiac symptoms)
would obscure associations with hard events, the major cardiovascular events listed above
were also examined separately where the available data permitted; the heterogeneity of the
composite endpoint is nonetheless acknowledged as a limitation.

The secondary outcome was all-cause mortality, defined as documented death
recorded in the clinical medical record system.

These outcomes were analyzed separately to evaluate the independent association
between SUA levels and cardiovascular and mortality risk.
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2.5. Statistical Analysis

Statistical analyses were tested by using IBM SPSS Statistics version 30.0 (IBM Corp.,
Armonk, NY, USA). Continuous variables were tested for normality and expressed as
means =+ standard deviation (SD). The categorical variables are reported as percentages
and frequencies.

Multivariable logistic regression analyses were performed to assess the independent
association between hyperuricemia and study outcomes.

The models were adjusted for clinically relevant covariates, such as age, sex, estimated
glomerular filtration rate (eGFR), diabetes mellitus, hypertension, and body mass index.
Results are presented as odds ratios (ORs) with 95% confidence intervals (95% Cls). Multi-
variable modeling was performed using complete-case analysis. Complete-case analysis
was used because covariates required for adjustment (notably body mass index and esti-
mated glomerular filtration rate) were missing for a proportion of patients, reducing the
sample available for multivariable modeling from 794 to 465; patients with incomplete
covariate data were excluded only from the adjusted models and were retained in the
descriptive analysis. Multiple imputation was considered as an alternative; however, be-
cause missingness arose predominantly from variables that were not recorded at the index
visit rather than from data missing at random, imputation was not applied in the primary
analysis, and the potential for selection bias introduced by the complete-case approach is
acknowledged as a limitation. Outcomes were modeled using multivariable logistic re-
gression rather than Cox proportional-hazards regression because reliable individual-level
dates of events and censoring could not be retrieved from the retrospective records, which
precluded the calculation of person-time and the valid fitting of time-to-event models;
events were therefore analyzed as binary outcomes ascertained over the observation win-
dow. Model discrimination was interpreted conservatively, and the modest discrimination
obtained for the cardiovascular composite in particular is not presented as evidence of
clinical prediction utility. Covariates were pre-specified on clinical grounds (age, sex, eGFR,
diabetes mellitus, hypertension, and body mass index) rather than selected by data-driven
procedures. Because the mortality model included several covariates relative to a limited
number of deaths, the events-per-variable ratio was low, and the possibility of model over-
fitting is acknowledged; formal assessment of multicollinearity and of interaction terms
was not undertaken. The cohort included 66 deaths (728 survivors) and 414 composite
cardiovascular events (380 without an event); the events and non-events entering each
complete-case model are constrained by the covariate completeness described above.

To assess dose-response relationships, SUA was additionally analyzed as a continuous
variable, with odds ratios calculated per 100 umol/L increase. Quartile analysis was
also performed by categorizing serum uric acid into four quartiles based on the study
population distribution, using the lowest quartile as the reference group.

Model discrimination was analyzed with ROC curve analysis, and we measured
predictive performance with the area under the curve (AUC) and associated confidence
intervals. Optimal probability thresholds were used to calculate sensitivity, specificity,
and classification accuracy. Calibration was assessed using calibration plots comparing
observed and predicted probabilities of events.

Statistical tests were two-sided, and a p-value < 0.05 was considered statistically
significant.

3. Results
3.1. Study Population Characteristics

A total of 794 CKD patients were included in the final analysis. The mean age was
68.5 £ 16.8 years. Males comprised 60.5%, and females were 39.5% of the cohort. Hyper-
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uricemia was present in 44.8% of patients. Hypertension and diabetes mellitus were highly
prevalent, affecting 67.4% and 53.0% of participants, respectively. Mean SUA concentration
was 401.3 £ 162.5 umol/L, and mean estimated glomerular filtration rate (eGFR) was
28.7 4 22.7 mL/min/1.73 m?. The eGFR was consistent with moderate-to-severe renal
impairment.

Cardiac events were documented in 52.1% of patients, reflecting the substantial cardio-
vascular burden in this CKD population. Overall mortality was 8.3%. Of the 794 patients,
465 (58.6%) had complete data for all adjustment covariates and were included in the
multivariable models, whereas 329 (41.4%) had one or more missing covariates and were
included only in the descriptive analysis (Figure 2). Baseline characteristics stratified by hy-
peruricemia status and by survival status are presented in Supplementary Tables S1 and S2.
The most frequently missing covariates were eGFR (120 patients, 15.1%), body mass in-
dex (80, 10.1%), lipid measures (71-85, approximately 9-11%), and C-reactive protein
(43, 5.4%), whereas serum uric acid was missing in only five patients (0.6%). Smoking
was documented in 66 patients (8.3%); mean lipid concentrations were total cholesterol,
3.7+ 1.3;LDL,2.0 £ 1.0, HDL, 1.2 & 0.4; and triglycerides, 1.3 & 0.8 mmol/L. And median
C-reactive protein was 13.7 mg/L (IQR 3.0-56.2). These variables were used in the stratified
comparisons (Tables S1 and S2) and the sensitivity analysis (Table 1).

Table 1. Baseline characteristics of patients with chronic kidney disease (N = 794).

Variable Value

Age, mean + SD (years) 68.5 £ 16.8

Male sex, n (%) 480 (60.5%)

Female sex, 1 (%) 314 (39.5%)

Body mass index, mean + SD (kg/ m?) 28.3 £10.0
Serum uric acid, mean 4 SD (umol /L) 401.3 + 162.5

eGFR, mean 4 SD (mL/min/1.73 m?) 28.7 +22.7

Hyperuricemia, n (%) 356 (44.8%)

Hypertension, 1 (%) 535 (67.4%)

Diabetes mellitus, n (%) 421 (53.0%)

Composite cardiac event, 1 (%) 414 (52.1%)

Death, 1 (%) 66 (8.3%)

3.2. Hyperuricemia and Cardiac Events

The complete-case-data model (N = 465), adjusted for age, sex, eGFR, diabetes mellitus,
hypertension, and body mass index, was analyzed by multivariable logistic regression
analysis. Hyperuricemia was associated with increased odds of composite cardiac events;
however, this association did not reach statistical significance after adjustment (OR 1.49,
95% CI10.98-2.27, p = 0.061).

Male sex was a strong independent predictor, with males having more than twice
the odds of cardiac events compared with females (OR 2.16, p < 0.001). Age was indepen-
dently associated with cardiac events, with each additional year increasing risk (OR 1.02,
p = 0.0008). Hypertension was associated with an increased risk of cardiac events (OR 2.87,
p = 0.001) independently. However, in the adjusted model, eGFR, diabetes mellitus, and
body mass index were not independently related to cardiac events (Table 2).
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Table 2. Multivariable logistic regression analysis for predictors of cardiac events (N = 465).

95% Confidence

Predictor Odds Ratio Interval p-Value
Hyperuricemia 1.49 0.98-2.27 0.061
Age (per year) 1.02 1.01-1.04 0.0008

Male sex 2.16 1.41-3.29 <0.001

eGFR 1.01 1.00-1.01 0.259
Diabetes mellitus 1.19 0.76-1.86 0.447
Hypertension 2.87 1.55-5.33 0.001
Body mass index 0.99 0.97-1.02 0.605

3.3. Hyperuricemia and Death

Hyperuricemia was associated with an increased risk of death (OR 1.98, 95% CI 1.04
to 3.78, p = 0.039) independently. Mortality was significantly associated with age and
borderline-associated with eGFR.

Importantly, we found a clear dose-response relationship between serum uric acid
and risk of death. An increase in serum uric acid of 100 umol/L was associated with a 29%
increase in risk of mortality after adjustment for confounders (Table 3).

Table 3. Multivariable logistic regression analysis for predictors of mortality (N = 465).

Predictor Odds Ratio 95%IC0nﬁdence p-Value
nterval

Hyperuricemia 1.98 1.04-3.78 0.039
Age (per year) 1.04 1.02-1.07 <0.001
Male sex 1.18 0.61-2.28 0.618
eGFR 0.98 0.96-1.00 0.065
Diabetes mellitus 1.41 0.67-2.95 0.360
Hypertension 1.02 0.39-2.64 0.968
Body mass index 0.97 0.93-1.02 0.239

3.4. Dose—Response Relationship Between SUA and Outcomes

A significant dose-response relationship between SUA and adverse outcomes was
revealed by continuous analysis. In the adjusted models, each 100 umol/L increase in
serum uric acid was associated with a 22% increase in the odds of cardiac events (OR 1.22,
95% CI11.05-1.42, p = 0.011) and a 29% increase in the odds of mortality (OR 1.29, 95% CI
1.09-1.53, p = 0.004). Whereas categorically defined hyperuricemia was not independently
associated with cardiac events after adjustment (p = 0.061), serum uric acid modeled as a
continuous variable was significantly associated with both outcomes, indicating that the
graded relationship is not fully captured by binary thresholds.

Quartile analysis further confirmed this relationship, with patients in the highest uric
acid quartile exhibiting more than three-fold higher mortality compared with those in the
lowest quartile (Table 4).
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Table 4. Association between serum uric acid (continuous) and outcomes (N = 465).

Odds Ratio per 100 95% Confidence

Outcome umol/L Increase Interval p-Value
Cardiac events 1.22 1.05-1.42 0.011
Mortality 1.29 1.09-1.53 0.004

3.5. Quartile Analysis of Serum Uric Acid and Mortality

The quartile analysis demonstrated the presence of a dose-response relationship
between SUA and mortality risk. Patients in the highest quartile exhibited more than three-
fold higher adjusted odds of death compared with those in the lowest quartile (OR 3.13,
95% CI11.26-7.79, p = 0.014). The intermediate quartiles (Q2 and Q3) were not significantly
associated with mortality relative to the lowest quartile. For reproducibility, the serum
uric acid ranges defining the quartiles in the study population were: Q1, <294 umol/L;
Q2, 295-382 umol/L; Q3, 383-484 umol/L; and Q4, >485 umol/L. Restricted cubic spline
modeling is recommended as a complementary approach in future analyses to formally
evaluate potential non-linearity (Figure 3). In a sensitivity analysis additionally adjusting
for urate-lowering therapy, diuretic use, and smoking status (available for 636 patients with
complete data on these covariates), the association between hyperuricemia and mortality
remained significant (adjusted OR 1.96, 95% CI 1.02-3.75), as did the continuous per-
100 pmol/L association (OR 1.30, 95% CI 1.09-1.54). Urate-lowering therapy (allopurinol)
was recorded in 46 patients and diuretics in 262, and neither materially attenuated the
serum uric acid-mortality association, indicating robustness to medication confounding.

OR (95% CI) p

Q1 (reference) (] 1.00 (ref) —
Q2+ | ® | 0.86 (0.29-2.52) 0.784
Q3 A I ® i 1.45 (0.55-3.87) 0.454
Q4 (highest) I ® ] 3.13 (1.26-7.79) 0.014

T
0.25 0.5 1 2
Odds ratio (95% ClI)

g
[e¢]

Figure 3. Odds ratios (ORs) and 95% confidence intervals (Cls) were estimated using Q1 as the
reference category. Compared with Q1, participants in Q2 (OR = 0.86, 95% CI: 0.29-2.52, p = 0.784)
and Q3 (OR = 1.45, 95% CI: 0.55-3.87, p = 0.454) showed no significant increase in risk. In contrast,
individuals in the highest quartile (Q4) had a significantly greater risk of the outcome (OR = 3.13,
95% CI: 1.26-7.79, p = 0.014). The dashed vertical line indicates the null value (OR = 1.0), with error
bars representing 95% confidence intervals. Significant risk is shown in bold and red color.

3.6. Model Discrimination and Classification Performance

The area under the curve was 0.630 (95% CI 0.576-0.697), suggesting moderate dis-
criminative ability of the multivariable model for cardiac events. The model at the optimal
probability cut-off (0.113) had a sensitivity of 65.1%, a specificity of 54.6% and an overall
classification accuracy of 55.9%.

The multivariable model demonstrated good discriminative performance for mortality
prediction, with an AUC of 0.748 (95% CI 0.680-0.805), indicating substantially stronger
predictive capability.

At the optimal cut-off probability (0.070), sensitivity was 77.4%, specificity was 59.9%,
and overall classification accuracy was 61.2% (Figure 4).
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Figure 4. Predictive performance of the model for cardiac events and mortality. (A) Presents the
area under the receiver operating characteristic curve (AUC) point estimates with 95% confidence
intervals for each outcome rather than the full ROC curves. The model demonstrated moderate
discrimination for cardiac events (AUC = 0.630, 95% CI: 0.576-0.697) and good discrimination for
mortality (AUC = 0.748, 95% CI: 0.680-0.805). (B) Classification performance at the optimal cut-off
values (0.113 for cardiac events and 0.070 for mortality). Sensitivity, specificity, and overall accuracy
are shown for each outcome. The model achieved higher sensitivity, specificity, and accuracy for
mortality prediction compared with cardiac event prediction.

Calibration analysis showed good consistency between predicted and observed mor-
tality risk, supporting the reliability of the model.

4. Discussion

In this cohort study, we demonstrated that hyperuricemia independently predicts
mortality. On the other hand, hyperuricemia was not independently associated with
composite cardiac events [17,18], when analyzed as a binary variable after adjustment for
demographic and clinical confounders. However, continuous and quartile-based analyses
revealed a clear dose-response relationship between SUA levels and adverse outcomes.
Patients in the high-SUA quartile showed more than three-fold higher mortality compared
with the lowest quartile. This indicates that each incremental increase in serum uric acid
was associated with progressively higher mortality risk. These findings suggest that serum
uric acid functions not merely as a categorical risk factor but as a graded biomarker of
systemic vulnerability and adverse prognosis in CKD. Our findings regarding mortality
are consistent with a substantial body of epidemiological evidence demonstrating an
independent association between elevated serum uric acid and all-cause mortality in CKD
and general populations. Studies on NHANES and CKD-specific registries have shown
that hyperuricemia is associated with increased mortality risk even after adjustment for
renal function and traditional cardiovascular risk factors [19-21].

The mortality model showed acceptable discrimination (AUC 0.748), whereas discrim-
ination for the cardiovascular composite was modest (AUC 0.630). These values indicate
that serum uric acid and related covariates carry prognostic information for mortality,
but they do not by themselves establish clinical prediction utility, and the discriminative
performance—particularly for cardiovascular events—should not be overstated. Accord-
ingly, these findings should be regarded as hypothesis-generating associations rather than
as evidence that serum uric acid is an independent, clinically actionable risk factor, partic-
ularly for cardiovascular events, where the adjusted association was non-significant and
discrimination was weak. This finding suggests that serum uric acid provides meaningful
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prognostic information and may add to the identification of high-risk patients in addition
to conventional clinical variables.

A finding reported by the Chronic Renal Insufficiency Cohort (CRIC) Study is that ele-
vated SUA levels were independently associated with increased mortality risk, supporting
the concept that hyperuricemia reflects systemic metabolic and inflammatory dysregula-
tion rather than reduced renal excretion [10]. Our observation of a strong dose-response
relationship further strengthens this association, as graded increases in serum uric acid
corresponded to progressively higher mortality risk; this pattern aligns with several prior
studies that have reported attenuation of cardiovascular risk associations after control-
ling for renal function and other confounders [22,23]. This pattern supports biological
plausibility and argues against the relationship is solely due to residual confounding.

Uric acid is involved in several pathophysiological pathways that contribute to adverse
cardiovascular and systemic outcomes. Experimental studies indicate that elevated uric
acid may impair endothelial function by reducing nitric oxide bioavailability, which is
associated with impaired vascular relaxation and increased vascular stiffness.

Uric acid also induces oxidative stress by activation of NADPH oxidase, increasing
the production of reactive oxygen species and mitochondrial dysfunction. These oxidative
processes lead to endothelial injury, inflammation and vascular remodeling [24,25]. Uric
acid has also been shown to activate the renin—angiotensin—aldosterone system (RAAS)
which is important in the development of hypertension, vascular damage and progression
of renal disease. RAAS activation induces vasoconstriction, sodium retention and fibrosis,
which leads to progression of both cardiovascular and renal deterioration [7,26]. Impaired
uric acid excretion, particularly in CKD, results in progressive accumulation and magnifies
these maladaptive mechanisms.

Uric acid also promotes inflammatory signaling via activation of pro-inflammatory
cytokines such as IL-6, IL-13, and TNF-«, which all promote systemic inflammation,
endothelial injury, and adverse cardiovascular remodeling [27].

Beyond the direct biological effects, hyperuricemia may be a marker of more general-
ized metabolic dysregulation and systemic disease severity. Elevated uric acid is strongly
linked to insulin resistance, metabolic syndrome, oxidative stress and chronic inflamma-
tion, which are contributing factors to adverse clinical outcomes [28]. In CKD populations,
hyperuricemia may thus serve as an integrative marker for cumulative physiologic stress
and metabolic burden rather than a single isolated pathologic process. This is consistent
with our finding that hyperuricemia was more strongly and consistently associated with
mortality than with discrete cardiovascular events, suggesting that uric acid reflects general
systemic vulnerability. More broadly, the association between serum uric acid and mortality
is best interpreted in the context of complex metabolic dysregulation rather than impaired
renal clearance alone. Elevated uric acid is closely linked to obesity-related metabolic ab-
normalities, insulin resistance, visceral adiposity, and hepatic dysfunction, and in analyses
stratified by comparable obesity status, higher uric acid has been shown to independently
distinguish metabolically unhealthy from metabolically healthy phenotypes, indicating
that cardiometabolic risk is not explained by adiposity alone [13]. Inter-individual variation
in uric acid also reflects genetic and hormonal influences: menopause-related hormonal
changes and common variants in genes involved in estrogen signaling and in lipid and
carbohydrate metabolism (for example, ESR1 and MLXIPL) have been associated with
circulating uric acid concentrations [29]. Interpreting serum uric acid in CKD as an integra-
tive marker of cumulative metabolic burden therefore cautions against assuming that its
association with mortality reflects a single, uric acid—specific causal pathway.

Our findings are also consistent with emerging evidence that in advanced-CKD co-
horts, the association of hyperuricemia with mortality may be more reliable than its associa-
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tion with incident cardiovascular events. This pattern may reflect competing-risk dynamics,
given that patients with CKD are exposed to multiple overlapping insults, including chronic
inflammation, anemia, disordered mineral metabolism and the accumulation of uremic
toxins. In this context, uric acid could have a role in cumulative physiological decline
and general mortality, rather than only through discrete cardiovascular events. Potential
mechanisms include mitochondrial dysfunction, impaired cellular repair, and chronic
inflammation, all of which may increase susceptibility to fatal consequences [30,31].

Our study provides particularly important clinical insights into the dose-response
relationship. The observed graded association of risk of mortality with increasing lev-
els of uric acid suggests that risk stratification with continuous uric acid measures may
provide clinically meaningful prognostic information beyond categorical definitions of
hyperuricemia. This finding is directly relevant to clinical risk prediction and underscores
the potential value of including serum uric acid in prognostic models in CKD populations.

Our findings also add to the ongoing debate on whether hyperuricemia is a causal
risk factor or a marker of disease severity. Experimental support exists for causal biological
mechanisms, but clinical evidence is mixed. Our findings indicate that hyperuricemia is
mechanistically linked to oxidative stress and vascular dysfunction, as well as a marker of
underlying metabolic and renal impairment.

The strong dose-response relationship supports a biologically meaningful association
and the attenuation of binary associations after adjustment suggests that uric acid is part of
a wider network of pathophysiological processes [32].

Several limitations should be considered when interpreting these findings. First, re-
liable individual-level follow-up duration, event dates, and censoring information could
not be retrieved from the retrospective records; consequently, time-to-event (survival) and
competing-risk analyses were not feasible, outcomes were modeled as binary events over
the observation window, and serum uric acid was measured at a single baseline time point.
Second, the multivariable models were restricted to patients with complete covariate data
(465 of 794), which may introduce selection bias and reduce statistical power; a formal
comparison of included and excluded patients is warranted, and multiple imputation was
not undertaken. Third, the composite cardiovascular endpoint combined heterogeneous
outcomes ranging from major events to abnormal electrocardiographic findings and symp-
toms, which may dilute associations with hard events, and model discrimination for the
cardiovascular composite was modest. Fourth, this study lacked information on several
factors that may influence serum uric acid and outcomes, including dietary habits, alcohol
consumption, urate-lowering therapy, diuretic use, proteinuria/albuminuria, inflammatory
biomarkers (such as C-reactive protein and interleukin-6), and longitudinal changes in
kidney function, as well as smoking status, serum lipids, and markers of CKD severity be-
yond eGFR (such as albuminuria category and dialysis dependence); residual confounding
therefore cannot be excluded. In particular, the absence of data on urate-lowering therapy
is an important limitation: because such treatment both lowers serum uric acid and is
preferentially prescribed to patients with higher uric acid levels or greater comorbidity, its
omission may introduce confounding by indication in either direction, and we were unable
to adjust for it. Comprehensive medication data—particularly urate-lowering therapy and
diuretic use—should be collected and adjusted for in future studies of this relationship.
Fifth, the retrospective, single-center design limits causal inference and generalizability
(including to other ethnic and geographic populations), and longitudinal variability in uric
acid was not assessed. Finally, restricted cubic spline modeling was not performed and
is recommended in future work to characterize potential non-linear associations. Finally,
because cardiovascular events and deaths were ascertained retrospectively from routine
electronic records, some outcomes may have been misclassified or incompletely captured—
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particularly events or deaths occurring outside the treating hospital system—and causes of
death were not independently adjudicated; such outcome misclassification could bias the
observed associations in either direction.

Despite these limitations, this study has important strengths: the large sample size, ad-
justment for significant confounders, and detailed dose-response analysis provide relevant
clinical evidence. The inclusion of continuous and quartile-based analyses allowed for more
precise characterization of the relationship between SUA and adverse outcomes. Further-
more, the study population reflects real-world CKD patients with substantial comorbidity
burden, enhancing clinical relevance.

5. Conclusions

In this study, patients were diagnosed with chronic kidney disease (CKD), and hy-
peruricemia independently predicted mortality but was not independently associated
with composite cardiac events when analyzed as a categorical variable after adjustment for
traditional cardiovascular and renal risk factors. Continuous and quartile-based analyses re-
vealed a clear dose-response relationship between SUA levels and adverse outcomes. This
dose-response relationship with progressively higher uric acid concentrations is associated
with a significantly high mortality risk.

This study suggests that serum uric acid behaves as a graded marker of systemic
vulnerability rather than a simple binary risk factor, with progressively higher concen-
trations associated with higher mortality risk. These associations are consistent with the
proposed pathophysiological roles of uric acid, but given the retrospective observational
design and the modest-to-acceptable discriminative performance of the models, they do
not by themselves justify firm recommendations for incorporating serum uric acid into
routine risk-stratification frameworks. Rather, the findings indicate that serum uric acid
may provide prognostic information that warrants confirmation in prospective studies
with well-defined follow-up before clinical adoption.

Future longitudinal studies to analyze the mechanistic biomarkers are needed to clarify
the causal role of high uric acid in cardiovascular outcomes and survival rate among pa-
tients with end-stage renal disease. Such studies should incorporate repeated (longitudinal)
measurements of serum uric acid and detailed medication data, including urate-lowering
therapy, to account for within-patient variability and reduce residual confounding when
delineating any causal contribution of uric acid to adverse outcomes.
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