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Abstract

Background—Plasma uric acid levels rise in chronic kidney disease (CKD) and may lead to 

tubular injury, endothelial dysfunction, oxidative stress, and intra-renal inflammation. Whether 

uric acid levels are associated with kidney failure and death in CKD is unknown.

Study Design—A prospective, observational, cohort study.

Settings & Participants—3885 individuals with CKD stages 2–4 enrolled in the Chronic Renal 

Insufficiency Cohort (CRIC) between June 2003 and September 2008, and followed up through 

March 2013.

Predictor—Baseline serum uric acid levels.
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Outcomes—Kidney failure (initiation of dialysis or transplantation) and all-cause mortality.

Results—During a median follow-up of 7.9 years, 885 participants progressed to kidney failure, 

and 789 participants died. After adjustment for demographic, cardiovascular, and kidney-specific 

covariates, higher levels of uric acid were independently associated with risk of kidney failure in 

participants with an estimated glomerular filtration rate ≥ 45 mL/min/1.73 m2 (adjusted HR per 1–

standard deviation [SD] greater baseline uric acid, 1.40; 95% CI, 1.12–1.75), but not in those with 

eGFR < 30 mL/min/1.73 m2. There was a nominally higher HR in participants with an eGFR of 

30–44 (adjusted HR, 1.13; 95% CI, 0.99–1.29), but this did not reach statistical significance. The 

relationship between uric acid and all-cause mortality was J-shaped (P = 0.007).

Limitations—Potential residual confounding through unavailable confounders; lack of follow-up 

measurements to adjust for changes in uric acid levels over time.

Conclusions—Uric acid is an independent risk factor for kidney failure in earlier stages of 

CKD, and has a ‘J-shaped’ relationship with all-cause mortality in CKD. Adequately powered 

randomized, placebo-controlled trials in CKD are needed to test whether urate lowering may prove 

to be an effective approach to prevent complications and progression of CKD.
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Introduction

Uric acid, the end-product of purine metabolism in humans, is excreted largely by the 

kidneys. In chronic kidney disease (CKD), plasma uric acid levels rise due to reductions in 

glomerular filtration rate (GFR). Hyperuricemia is a hallmark of gout and is also a suspected 

risk factor for conditions accompanying the metabolic syndrome such as hypertension 1,2, 

diabetes mellitus 3, and cardiovascular diseases 4–6. Uric acid can cause acute kidney injury, 

most notably in tumor lysis syndrome through precipitation and obstruction in tubules 7. 

Uric acid may also lead to CKD and its progression by causing endothelial dysfunction 8–11, 

activation of the renin-angiotensin-aldosterone system (RAAS) 8,12, inflammation 13,14, and 

oxidative stress 15,16.

Several studies have suggested that higher uric acid levels are associated with the 

development of CKD 17–19. Less is known about the association of uric acid levels with 

outcomes in CKD 20–22, and whether uric acid is simply a marker of lower estimated GFR 

(eGFR) or casually associated with adverse outcomes in CKD 23. The distinction is 

important because uric acid lowering has been proposed as a therapeutic strategy in CKD to 

prevent CKD progression and cardiovascular events 24–27. We therefore studied whether uric 

acid levels are associated with adverse events in the Chronic Renal Insufficiency Cohort 

(CRIC), a prospective cohort study of individuals with established CKD.
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Methods

Study Population

The CRIC study is a multicenter, prospective, observational cohort study of individuals with 

mild to severe CKD that was designed to investigate risk factors for progression of CKD, 

cardiovascular disease, and mortality 28. The CRIC study enrolled 3939 men and women 

aged 21 to 74 years between June 2003 and September 2008 across 7 clinical centers in the 

United States. Individuals were included if they met specific age-defined criteria for eGFR 

of 20–70 mL/min/1.73 m2. Exclusion criteria included inability to provide consent, 

institutionalization, enrollment in competing studies, pregnancy, New York Heart 

Association class III or IV congestive heart failure, human immunodeficiency virus 

infection, multiple myeloma, polycystic kidney disease, renal cancer, cirrhosis, recent 

chemotherapy or immunosuppressive therapy, organ transplantation, or prior dialysis 

treatment for at least 1 month 28–30.

The study protocol was approved by the institutional review boards of the participating 

centers and is in accordance with the principles of the Declaration of Helsinki. Informed 

consent was obtained from all participants enrolled in CRIC. For the purposes of this study, 

data were obtained from the National Institute of Diabetes and Digestive and Kidney 

Diseases (NIDDK) Data Repository.

Exposure and Outcomes

The primary exposure was baseline serum uric acid, which was measured at baseline in 3885 

of the 3939 participants. Serum uric acid was determined by standard laboratory procedures 

using the uricase/peroxidase enzymatic methods (DAX96; Bayer Diagnostics, Milan, Italy), 

and measured at the CRIC Central Clinical Laboratory 31. The outcomes were kidney 

failure, defined as initiation of dialysis or kidney transplantation, and all-cause mortality. 

Ascertainment of kidney failure was confirmed by cross-linkage of participants with the US 

Renal Data System 28. Participants were followed up until the occurrence of death, voluntary 

study withdrawal, loss to follow-up, or March 2013.

Covariates

Data obtained at the baseline visit included demographics, detailed medical history, 

comprehensive medication lists, standardized blood pressure measurements, and 

anthropometric measurements. History of cardiovascular disease including coronary artery 

disease, congestive heart failure, stroke, and peripheral vascular disease were ascertained by 

self-report with use of questionnaires administered by study staff at study visits. Blood 

samples were collected for testing of comprehensive metabolic panels and urine samples 

were collected for assessment of urinary albumin-creatinine ratio (UACR) 30. We used the 

CKD-EPI (CKD Epidemiology Collaboration) creatinine equation to calculate eGFR 32.

Statistical Analysis

Descriptive statistics were summarized as mean ± standard deviation or median 

(interquartile range) for continuous variables, and frequency distribution is presented with 

percentages for categorical variables. For skewed data distributions, we performed natural 
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logarithmic transformation as appropriate. We assessed associations between uric acid and 

two-group comparisons using t-test and multiple-group comparison using ANOVA. We used 

Pearson or Spearman correlations between baseline uric acid levels and normally or non-

normally distributed laboratory values, respectively. We used chi-square tests to compare 

uric acid quartiles with categorical variables, and ANOVA or Kruskal-Wallis tests for 

normally or non-normally distributed continuous variables, respectively. We evaluated the 

independent predictors of uric acid with multivariable linear regression. We also evaluated 

the correlation between uric acid and measured GFR (mGFR) in a subset of the cohort 

assessed by urinary clearance of 125I-iothalamate.29

We performed time-to-event analyses to examine the risk of the outcomes evaluating uric 

acid as a continuous variable (per 1-SD increase) and as quartiles (lowest quartile as 

reference group). We used Cox proportional hazards regression to investigate the unadjusted 

and multivariable adjusted associations between uric acid and outcomes. For each outcome 

of interest, we fitted a series of hierarchically adjusted models: model 1 (unadjusted); model 

2 was stratified by site and includes age, sex, race, systolic blood pressure, diabetes mellitus, 

prior cardiovascular disease, smoking status, and body mass index (BMI); model 3 included 

model 2 and further adjusted for medications (angiotensin-converting enzyme [ACE] 

inhibitor or angiotensin receptor blocker [ARB], β-blocker, statin, anti-platelet agent, urate-

lowering medicines, and diuretic) and pertinent laboratory markers (hemoglobin, serum 

albumin, and natural logarithm-transformed UACR); model 4 included model 3 and further 

adjusted for baseline eGFR. We examined the possibly non-linear relation between uric acid 

and each primary outcome with restricted cubic-splines. Tests for non-linearity used the 

likelihood ratio test, comparing the model with only the linear term to the model with the 

linear and the cubic-spline terms 33. We tested for statistical interaction between sex, urate 

lowering medicines, BMI, and eGFR and uric acid in Cox models through multiplicative 

interaction terms. Fewer than 3.5% of covariate data were missing, and therefore we did not 

use imputation techniques. The proportional hazard assumption was assessed in all models 

by the Kolmogorov-type supremum test, and the functional forms of the covariates were 

assessed by checking the martingale residuals. Follow-up for the primary analysis was 

censored at death for the outcomes of kidney failure and all-cause mortality. Statistical 

analyses were performed using SAS software version 9.4 (SAS Institute Inc, Cary, NC, 

USA). All statistical tests were two-sided and P values < 0.05 were considered significant.

Sensitivity Analyses

Since the primary analysis censored for death with the outcome of kidney failure, and death 

precludes the ability to reach the outcome of interest, we utilized sub-distribution hazards 

models in a sensitivity analysis. 34 In additional sensitivity analyses for mortality as an 

outcome, we censored at the onset of kidney failure because the onset of kidney failure may 

alter the baseline hazard. We also repeated the primary analyses for both outcomes in the 

subset of participants with mGFR assessed by urinary clearance of 125I-iothalamate.
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Results

Study Participants

Baseline characteristics are presented in Table 1 for the overall cohort and by uric acid 

quartiles. Mean uric acid levels were higher in males (7.7 versus 7.0 mg/dL), blacks (7.8 

versus 7.1 mg/dL in whites), participants with a history of diabetes (7.6 versus 7.2 mg/dL), 

history of cardiovascular disease (7.7 versus 7.3 mg/dL), diuretic users (7.9 versus 6.7 mg/

dL), and users of ACE inhibitors or ARBs (7.6 versus 6.9 mg/dL); uric acid levels were 

lower in participants on urate-lowering medications (6.9 versus 7.5 mg/dL); for all these 

comparisons, P < 0.001. Uric acid correlated with age (rp = 0.05; P = 0.004), systolic blood 

pressure (rs = 0.05; P = 0.004), BMI (rp = 0.21; P <0.001), hemoglobin (rp = −0.07; P 
<0.001), albumin (rp = 0.03; P = 0.04), UACR (rs = 0.16; P <0.001), and eGFR (rp = −0.36; 

P <0.001). Mean uric acid differed by CKD stage (CKD stages 2–3a: 6.8 ± 1.8 [SD] mg/dL; 

CKD stage 3b: 7.8 ± 1.8 mg/dL; CKD stage 4: 8.3 ± 2.0 mg/dL; P <0.001). In the sub-cohort 

(n = 1405) where GFR was assessed by urinary clearance of 125I-iothalamate, we found a 

similar correlation with uric acid (rp = −0.33; P <0.001). Table S1 (provided as online 

supplementary material) demonstrates the results of a multivariable linear regression model 

with uric acid as the dependent variable.

Future Development of Kidney Failure

During a median follow-up of 7.9 years, 885 participants reached the outcome of kidney 

failure (Fig 1). Table 2 shows the unadjusted and multivariable adjusted hazard ratios (HRs) 

with 95% confidence intervals (CIs) according to baseline uric acid as a continuous variable 

and by quartiles. Adjustment for demographics, co-morbidities, medications, and laboratory 

data mildly attenuated the association between baseline uric acid and subsequent kidney 

failure both as a continuous variable and in quartiles. The associations between uric acid 

(both as a continuous variable and quartiles) and kidney failure were significantly 

confounded by eGFR. We also noted effect modification by eGFR (P for interaction = 

0.001), but not by sex (P = 0.1), urate-lowering medicine (P = 0.6), or BMI (P = 0.1). Fig 2 

presents the multivariable-adjusted associations between uric acid (as a continuous variable, 

per 1-SD greater amount) and kidney failure in participants with eGFR ≥ 45 (CKD stage 2 

or 3a), 30–44 (CKD stage 3b), and < 30 mL/min/1.73m2 (CKD stage 4). Among individuals 

with CKD stage 2 or 3a, each 1-SD higher level of uric acid was independently associated 

with a 40% higher risk of subsequent kidney failure (adjusted HR, 1.40; 95% CI, 1.12–1.75). 

We found a nominally higher, but statistically non-significant, risk for each 1-SD higher 

level of uric acid among individuals with CKD stage 3b (adjusted, 1.13; 95% CI, 0.99–1.29). 

In participants with CKD stage 4, uric acid appeared to be protective, with each 1-SD higher 

level of uric acid independently associated with an 18% lower risk of subsequent kidney 

failure (adjusted HR, 0.82; 95% CI, 0.72–0.94). When using sub-distribution hazard models 

in the primary analysis for the outcome of kidney failure, the results did not qualitatively 

change (Table S2). Using sub-distribution hazard models for the stratified analysis yielded 

similar results, except that the association in CKD stage 4 was no longer statistically 

significant (HR, 0.92; 95% CI, 0.81–1.05) (Table S3). Substituting eGFR with mGFR 

assessed by urinary 125I-iothalamate clearance did not qualitatively change the results of the 

primary analysis (Table S4).
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All-Cause Mortality

over a median follow-up time of 7.9 years, 789 participants died (Fig 1). We observed a non-

linear relationship in a ‘J-shape’ between uric acid and all-cause mortality (P = 0.007) after 

adjustment for demographic information, co-morbidities, medications, and pertinent 

laboratory data including eGFR (Fig 3). There was no evidence of statistical interaction 

between uric acid by sex (P for interaction = 0.1), urate-lowering medicines (P = 0.2), BMI 

(P = 0.4), or eGFR (P = 0.7) for the outcome of all-cause mortality. In the sensitivity 

analysis, substituting eGFR with mGFR did not qualitatively change the results of the 

primary analysis (Table S4). Similarly, repeating the analysis censoring at the onset of 

kidney failure did not qualitatively change the non-linear relationship between uric acid and 

all-cause mortality (Fig S1).

Discussion

The two major findings in this prospective study of serum uric acid levels in nearly 4000 

individuals with CKD were: 1) higher levels of uric acid were independently associated with 

a higher risk of subsequent kidney failure in individuals with CKD stage 3a or earlier; and 2) 

uric acid demonstrated a ‘J-shaped’ relationship with all-cause mortality. As expected for a 

small filtered metabolite, uric acid was inversely correlated with eGFR, which strongly 

confounded the relationship of uric acid with subsequent kidney failure and mortality. 

Stratified analyses revealed evidence for a potentially protective effect at CKD stage 4 or 

greater between higher levels of uric acid and subsequent kidney failure.

The biological plausibility of uric acid as a kidney or cardiovascular toxin is supported by a 

number of in vitro and in vivo studies on the capability of uric acid to cause inflammation 
13,14, oxidative stress 15,16, endothelial dysfunction 8–11, and activation of RAAS 8,12. 

However, uric acid is also a potent anti-oxidant 35,36, and treatment with inosine to increase 

plasma levels of uric acid is being tested in clinical trials in Parkinson’s disease 37. Lowering 

uric acid levels with uricosuric agents or xanthine oxidase inhibitors for the primary or 

secondary prevention of cardiovascular diseases or kidney disease has been the subject of a 

number of completed and ongoing clinical trials 38,39. Our study adds to the literature by 

demonstrating the relationship between uric acid and adverse clinical outcomes in CKD, a 

setting in which uric acid levels rise due to impaired clearance by the kidneys.

Previous studies on the association between uric acid and incident CKD or its progression 

have yielded inconsistent results. In population-based cohort studies such as the 

Cardiovascular Health Study (CHS) and the Atherosclerosis Risk in Communities (ARIC) 

Study, higher levels of uric acid were associated with incident CKD or CKD progression 
17,20. Only a few epidemiology studies have examined uric acid specifically as a risk factor 

for progression in established CKD. In 227 individuals with mild to moderate kidney 

disease, uric acid was found not to be associated with doubling of serum creatinine or need 

of renal replacement therapy after adjustment for eGFR and proteinuria 40. In the MDRD 

(Modification of Diet in Renal Disease) Study, a randomized controlled trial designed to test 

low versus usual protein intake on CKD progression in participants with eGFR of 13–55 

mL/min/1.73m2, no association was observed between uric acid and CKD progression, 
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defined as the requirement of dialysis or transplantation, but no stratified analyses were 

performed to assess for effect modification by levels of kidney function 21.

Our finding of effect modification—that uric acid was associated with the future risk of 

kidney failure only in those with higher baseline levels of kidney function—suggests that 

higher uric acid levels at preserved eGFR have more relevance for kidney failure than at a 

lower eGFR. In settings of preserved GFR, the deleterious effects of uric acid may be more 

pathogenic and easier to discern than at lower levels of kidney function, when other factors 

that govern the rise of uric acid levels and also contribute to morbidity may be more 

important. Among those with CKD stage 4, we found uric acid levels to be seemingly 

protective against kidney failure, possibly due to residual confounding by malnutrition. Our 

paradoxical findings in advanced CKD are reminiscent of the findings in the Dialysis 

Outcomes and Practice Patterns Study (DOPPS): Latif and colleagues reported in 5827 long-

term hemodialysis patients a lower risk of all-cause and cardiovascular disease mortality 

with higher uric acid levels 41. Another potential explanation may be related to volume 

status, with lower uric acid levels reflective of inadequate diuretic use and volume control, 

for which our multivariable adjustment may not have been adequate.

Causality is not possible to determine in observational studies, but whether uric acid is 

causally associated with CKD progression has been tested in Mendelian randomization 

studies. In a study of 755 individuals with CKD stages 2–5 and a median 3 years of follow-

up, Testa et al found that polymorphims in the gene encoding the GLUT9 urate transporter 

that were strongly associated with higher uric acid levels were associated with a 2.35-fold 

higher risk of CKD progression, defined as > 30% decrease in GFR or need for renal 

replacement therapy. The association remained statistically significant after adjustment for 

baseline eGFR, proteinuria, and other risk factors 42. In another study of 3895 individuals 

with type 1 diabetes, Ahola and colleagues measured uric acid levels at baseline and also 

calculated a genetic risk score for uric acid levels based on 23 single nucleotide 

polymorphisms (SNPs) that were shown in other studies to predict uric acid levels. They 

found higher uric acid levels were associated with CKD progression (defined as 

deterioration to more advanced CKD stages) in adjusted models with an average of 7 years’ 

follow-up. They found no cross-sectional association of the 23-SNP score with albuminuria 

or eGFR-based nephropathy status. However, analyses of the 23-SNP score with subsequent 

CKD progression were not reported 43.

We also tested uric acid as a risk factor for all-cause mortality and did not find evidence of 

effect modification by baseline eGFR as we did for the outcome of kidney failure. In a study 

including 15,336 ARIC participants, Naveenathan et al. found evidence for an association 

between uric acid and those with eGFR ≥ 60 mL/min/1.73 m2, with no association in the 

461 individuals with eGFR < 60 mL/min/1.73 m2, but power was limited 44. The finding of 

a ‘J-shaped’ relationship between baseline uric acid and all-cause mortality is similar to 

previous reports in CKD stage 545, incident hemodialysis 46, and long-term hemodialysis 

patients 47.

Whether uric acid lowering is effective in improving outcomes in CKD requires adequately 

powered, placebo-controlled randomized controlled trials. Our findings suggest that for 
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CKD progression, individuals with advanced CKD (stages 3b–4) may not benefit from uric 

acid lowering. There have been only a handful of trials of urate lowering in CKD. Previous 

small trials suggest that xanthine oxidase inhibitor (allopurinol or febuxostat) therapy may 

slow CKD progression, but statistical power was limited due to small sample sizes 25,26. The 

largest clinical trial evaluating CKD progression (n = 113) also suggested a slowing of 

progression (defined as an eGFR decline ≥ 0.2 mL/min/1.73 m2 per month) and lower risk 

of cardiovascular events in participants with CKD (eGFR <60 mL/min/1.73 m2) randomized 

to allopurinol 100 mg daily for 24 months 24. Uric acid–lowering trials involving surrogate 

measures of endothelial dysfunction have also yielded inconsistent results 48,49. In a 9 

month, randomized, placebo-controlled trial of allopurinol in CKD stage 3, Kao et al 

reported that allopurinol treatment led to reduced endothelial dysfunction assessed by flow-

mediated brachial dilation and reduced left ventricular hypertrophy on cardiac magnetic 

resonance imaging 50. However, the most recent trial evaluating endothelial dysfunction in 

CKD stage 3 (n = 80) demonstrated no improvement in endothelial dysfunction by lowering 

uric acid with allopurinol 51. The Preventing Early Renal Loss in Diabetes (PERL) trial is an 

ongoing multicenter, double-blind, placebo-controlled, randomized trial of allopurinol in 

type 1 diabetics with eGFR ≥ 45 ml/min/1.73 m2 and albuminuria (planned enrollment n = 

400), and is powered to detect a difference in eGFR decline between treatment arms of at 

least 1 mL/min/1.73 m2 per year 52. The results of this trial are eagerly awaited and should 

answer questions regarding the benefit of uric acid lowering in CKD progression.

The most important limitations of our study relate to the observational design, which makes 

it impossible to infer causality between the observed associations between uric acid and 

CKD progression and mortality. Residual confounding is always a concern even after 

multivariable adjustment. We analyzed uric acid levels only at baseline and did not have 

access to follow-up measurements to adjust for changes in uric acid levels over time. 

Nevertheless, we believe our study is the largest to date to report on the prospective 

association of uric acid levels with adverse events in individuals with CKD.

In conclusion, hyperuricemia in CKD is associated with mortality in a ‘J-shaped’ 

relationship and, among those with eGFR ≥ 45 ml/min/1.73 m2, with higher risk of 

subsequent kidney failure. Adequately powered randomized, placebo-controlled trials in 

CKD are needed to test whether urate lowering may prove to be an effective approach to 

prevent complications and progression of CKD.
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Fig. 1. Primary Outcome Event Rates by Uric Acid Quartiles
Event rates (per 1000 person-years) of participants reaching the outcomes by uric acid 

quartile.
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Fig. 2. Uric Acid and Risk of Kidney Failure by Baseline Kidney Function
Multivariable adjusted hazard ratios of kidney failure per 1SD greater baseline uric acid in 

all participants and stratified by baseline eGFR. See Model 4 in Table 2 for adjusted 

covariates. Adjusted HRs are as follows: total cohort, 1.01 (95% CI, 0.93–1.10); eGFR ≥45 

ml/min/1.73 m2, 1.40 (95% CI, 1.12–1.75); eGFR of 30–44 ml/min/1.73 m2, 1.13 (95% CI, 

0.99–1.29); eGFR < 30 ml/min/1.73 m2, 0.82 (95% CI, 0.72–0.94).
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Fig. 3. Association between Uric Acid and All-Cause Mortality
Restricted cubic spline model reflecting fully adjusted model for covariates described in 

Model 4 of Table 2 (P for non-linear association = 0.007). Mean uric acid (7.4 mg/dl) is the 

reference.
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