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Association between urinary uric 
acid excretion and kidney outcome 
in patients with CKD
Yuta Asahina 1,3, Yusuke Sakaguchi 1,3*, Tatsufumi Oka 1, Koki Hattori 1, Takayuki Kawaoka 1, 
Yohei Doi 1, Ryohei Yamamoto 1,2, Isao Matsui 1, Masayuki Mizui 1, Jun‑Ya Kaimori 1 & 
Yoshitaka Isaka 1

Inhibiting tubular urate reabsorption may protect the kidney from urate-induced tubular injury. 
However, this approach may promote intratubular uric acid crystallization, especially in acidified 
urine, which could be toxic to the kidney. To assess how tubular urate handling affects kidney 
outcomes, we conducted a retrospective cohort study including 1042 patients with estimated 
glomerular filtration rates (eGFR) of 15–60 mL/min/1.73 m2. The exposures were fractional excretion 
of uric acid (FEUA) and urinary uric acid-to-creatinine ratio (UUCR). The kidney outcome was defined 
as a halving of eGFR from baseline or initiating kidney replacement therapy. The median FEUA and 
UUCR were 7.2% and 0.33 g/gCre, respectively. During a median follow-up of 1.9 years, 314 kidney 
outcomes occurred. In a multivariate Cox model, the lowest FEUA quartile exhibited a 1.68-fold higher 
rate of kidney outcome than the highest FEUA quartile (95% confidence interval, 1.13–2.50; P = 0.01). 
Similarly, lower UUCR was associated with a higher rate of kidney outcome. Notably, patients in the 
highest quartile of FEUA and UUCR were at the lowest risk of kidney outcome even among those with 
aciduria. In conclusion, lower FEUA and UUCR were associated with a higher risk of kidney failure, 
suggesting that increased urate reabsorption is harmful to the kidney.

Hyperuricemia is highly prevalent among patients with chronic kidney disease (CKD)1. Over the last decades, 
there has been a controversy as to whether hyperuricemia is causally related to the progression of CKD or merely 
a risk marker reflecting deteriorated kidney function2,3. Cohort studies showed that hyperuricemia was associated 
with the incidence and progression of CKD4–10, albeit not consistently11,12. However, a Mendelian randomization 
study did not prove a causal link between serum urate levels and the risk of CKD13. Furthermore, large-scale 
randomized controlled trials failed to show a benefit of allopurinol on kidney outcomes although they included 
patients with normal serum urate levels14,15. Thus, lowering serum urate levels per se may not improve kidney 
prognosis.

Uric acid load to the kidney, rather than hyperuricemia, may be more directly involved in kidney injury16,17. 
For example, a cohort study has reported that hyperuricemia was not associated with a faster decline in kidney 
function except in individuals with impaired function of ATP-binding cassette subfamily G member 2 (ABCG2), 
a dominant transporter of intestinal urate excretion, which leads to a compensatory increase in uric acid excre-
tion from the kidney18. Mechanistically, basic studies have suggested that urate reabsorbed in the proximal 
tubules accelerates kidney damage through inducing oxidative stress, inflammation, cell death, and lysosomal 
damage3,19–21. Notably, inhibition of URAT1, a major transporter for urate reabsorption, prevents urate-induced 
tubular cell injury22,23. This is consistent with a clinical finding that plasma urate-lowering effect of sodium–glu-
cose cotransporter 2 (SGLT2) inhibitors via suppressing urate reabsorption partly mediated an improvement in 
kidney outcomes by these drugs24,25.

It is concerned, however, that inhibiting urate reabsorption elevates intratubular urate concentrations, pre-
disposing uric acid crystallization especially in acidified urine, which could be toxic to the kidney26. It has not 
been well studied how the tubular handling of urate affects the prognosis of CKD. Here, we examined fractional 
excretion of uric acid (FEUA) and a urinary uric acid-to-creatinine ratio (UUCR), and their associations with 
kidney outcomes in patients with CKD.
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Methods
Study population
This retrospective cohort study included patients who were referred to the Department of Nephrology at Osaka 
University Hospital from January 2005 to March 2022. We included patients (1) who were aged 20 years or older; 
(2) whose baseline estimated glomerular filtration rate (eGFR) was 15‒60 mL/min/1.73 m2; and (3) who had 
never received kidney replacement therapy (KRT). Patients were excluded if they had hypouricemia (baseline 
serum uric acid levels of < 119 μmol/L). Patients were followed up from the day of the first available data on 
FEUA until the occurrence of kidney outcome, death, lost to follow-up, or the end of the study period (March 
31, 2022), whichever came first. The study protocol was approved by the Ethics Committee of Osaka University 
Hospital (Approval Number 21513). The requirement for informed consent was waived due to the retrospec-
tive nature of the study design and anonymous clinical data. This study was conducted in accordance with the 
principles of the Declaration of Helsinki.

Outcome
The study outcome was a kidney composite endpoint defined as a ≥ 50% decline in eGFR from baseline values 
or initiation of KRT (chronic dialysis or kidney transplantation). We assessed death as a competing risk event. 
The dates of the initiation of KRT and death were ascertained through a review of patients’ medical records.

Exposures
The main exposure was baseline FEUA. FEUA was calculated as 100 × ([urine uric acid [UUA] (mg/dL)] × [serum 
creatinine (mg/dL)]) / ([urine creatinine (mg/dL)] × [serum urate (mg/dL)]). We additionally examined UUCR 
([urine uric acid (mg/dL)]/[urine creatinine (mg/dL)]) as a surrogate of the amount of urinary uric acid excre-
tion. These indices were calculated using measurements from spot urine samples. FEUA and UUCR were cat-
egorized into quartiles. During a median follow-up of 1.9 (interquartile range, 0.5‒4.8) years, FEUA and UUCR 
were measured 1.8 times (standard deviation [SD] 2.4) on average.

Data collection and measurements
Demographics and comorbidities were collected from the electronic data capture system integrated in the elec-
tronic medical records of Osaka University Hospital, which can automatically extract individual patients’ medical 
data. These data included age, sex, body mass index (BMI), blood pressure, diabetes mellitus, history of gout, and 
cardiovascular comorbidities (coronary artery diseases [angina pectoris and myocardial infarction] requiring 
percutaneous coronary intervention and/or coronary artery bypass graft, congestive heart failure, valvular heart 
diseases, and stroke [cerebral infarction and intracranial hemorrhage]). Laboratory data included serum albumin, 
serum creatinine, hemoglobin, potassium, phosphate, serum urate, C-reactive protein (CRP), urine pH, urinary 
protein-to-creatinine ratio (UPCR), urine creatinine, and UUA. Prescription data included loop and thiazide 
diuretics, angiotensin-converting enzyme inhibitors (ACEIs), angiotensin II receptor blockers (ARBs), xanthine 
oxidase inhibitors, uricosuric agents, and sodium–glucose cotransporter 2 inhibitors. These data were collected 
throughout the study period and treated as time-dependent variables in marginal structural models (MSM).

The eGFR was calculated using the following equation for the Japanese27:

Statistical analysis
Baseline data were summarized as number (percent) for categorical variables or as mean (SD) for continuous var-
iables with normal distribution or median (interquartile range) for variables with skewed distribution. Baseline 
characteristics were compared across quartiles of FEUA and UUCR using Cuzick’s test for trend for continuous 
variables28 or Mantel–Haenszel test for trend for categorical variables. A relationship between FEUA and UUCR 
was depicted using a restricted cubic spline curve with 3 knots (10th, 50th, and 90th percentiles of UUCR).

A Cox proportional hazards model was used to estimate hazard ratio (HR) and 95% confidence intervals 
(CI) for kidney outcome. Multivariable Cox models were adjusted for the following baseline covariates: age, sex, 
BMI, systolic blood pressure, diabetes mellitus, cardiovascular comorbidities, eGFR, hemoglobin, potassium, 
phosphate, serum urate, CRP, UPCR, diuretics, ACEIs/ARBs, and xanthine oxidase inhibitors. For covariates 
that violated the proportional hazards assumption (i.e., albumin), the corresponding time interaction term was 
included in the models. We calculated E-values to estimate the magnitude of unmeasured confounders that 
are required to overcome the observed association between the exposures and outcome29,30. Restricted cubic 
spline curves with three knots (10th, 50th, and 90th percentiles of FEUA and UUCR) were drawn to illustrate a 
non-linear relationship between each exposure as a continuous variable and the hazard of the outcome. Effect 
modification was evaluated by incorporating an interaction term between the exposures and baseline covariates 
including age, sex, diabetes mellitus, cardiovascular comorbidities, serum urate levels (≥ 416, < 416 μmol/L), 
urine pH (< 6.0, ≥ 6.0), UPCR (≥ 0.5, < 0.5 g/gCre), eGFR (≥ 30, < 30 mL/min/1.73 m2), diuretics, and xanthine 
oxidase inhibitors. Furthermore, given a potential importance of aciduria (urine pH < 6.0) in the interpretation 
of our findings, we performed a subgroup analysis based on urine pH.

We performed several sensitivity analyses. First, we used the Fine and Gray method to account for death as 
a competing-risk event. Second, we repeated the Cox model after excluding (1) those who were followed up for 
less than 90-days, and (2) those who had a history of gout. Finally, in order to account for time-dependent con-
founding, we employed marginal structural models (MSM) to estimate the association between the time-updated 
exposures and kidney outcome31,32. In this study, eGFR was considered the main time-dependent confounder 

eGFR (mL/min/1.73 m2) = 194× serum creatinine−1.094
× age−0.287 (× 0.739 if female).
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because eGFR could affect both exposures (FEUA and UUCR) and the outcome (kidney failure), whereas eGFR 
might be influenced by previous exposures (FEUA and UUCR). The cutoff points of FEUA (< 4.8 vs ≥ 4.8%) and 
UUCR (< 0.22 vs ≥ 0.22 mg/gCre) were chosen based on the bottom 25th percentile of each variable. The detailed 
method of MSM is described in Supplemental methods.

As an additional analysis, we examined an association between UUA and the outcome since the concentra-
tion of uric acid in the urine might be more directly involved in the formation of uric acid crystals than FEUA 
or UUCR. This analysis was performed by a baseline Cox proportional hazards model including all covariates 
used in the analyses for FEUA and UUCR, with a stratification by urine pH.

Missing data at baseline, except for FEUA and UUCR, were imputed using multiple imputation by chained 
equation (MICE) which included all baseline covariates. Continuous variables with missing data (BMI, sys-
tolic blood pressure, hemoglobin, potassium, phosphate, albumin, CRP, UPCR) were imputed based on linear 
regression imputation including all baseline covariates. We created five imputed datasets, which were analyzed 
separately and combined using Rubin’s rules. Missing data during the follow-up period were imputed by the last 
observation carried forward method.

Statical analyses were performed using STATA/SE, version 16 (STATA Corp, College Station, TX).

Results
Baseline characteristics
Among 3794 patients who met the inclusion and exclusion criteria, 1042 (27%) had available data on FEUA 
(Fig. S1). Demographic and clinical characteristics were similar between those with and without data on FEUA 
(Table S1).

The mean (SD) baseline eGFR of 1042 study patients was 35 (12) mL/min/1.73 m2. The median [interquartile 
range] values of FEUA and UUCR were 7.2 [4.8‒10.9] % and 0.33 [0.22‒0.47] g/gCre, respectively. Patients in 
higher CKD stages had higher FEUA (stage 3a, 6.9 [4.7–10.1] %; stage 3b, 6.7 [4.7–10.3] %; stage 4, 7.9 [5.3–12.9] 
%; P < 0.001 by Kruskal–Wallis test) but lower UUCR (stage 3a, 0.41 [0.31–0.50] g/gCre; stage 3b, 0.33 [0.24–0.46] 
g/gCre; stage 4: 0.26 [0.18–0.42] g/gCre; P < 0.001 by Kruskal–Wallis test) (Fig. 1).

Baseline characteristics stratified by FEUA quartile are summarized in Table 1. Patients in the lower FEUA 
quartile were more likely to be male and had a higher prevalence of cardiovascular comorbidities and gout. They 
also showed lower UPCR, higher serum urate levels, and were more likely to have aciduria. In addition, they 
received diuretics and xanthine oxidase inhibitors more frequently. Baseline characteristics stratified by UUCR 
quartile are summarized in Table S2.

Correlation between FEUA and UUCR​
There was a strong correlation between FEUA and UUCR (correlation coefficient, 0.71; P < 0.001). A restricted 
cubic spline curve showed an almost linear relationship between FEUA and UUCR (Fig. 2A). Most of the patients 
in the lowest UUCR quartile were in the lowest or the second lowest FEUA quartile (68% and 18%, respectively) 
(Fig. 2B). In a multivariate linear regression model, FEUA was more strongly correlated with UUCR than eGFR 
(Table 2).

Associations of FEUA and UUCR with kidney outcome
During a median follow-up of 1.9 [interquartile range, 0.5‒4.8] years, 314 kidney outcomes occurred and 122 
died. In the multivariate Cox model, there was a dose-dependent association between FEUA and kidney outcome; 
those in the lowest FEUA quartile had a 1.68-fold (95% CI, 1.13‒2.50; P = 0.01; E-value = 2.21) higher rate of 
kidney outcome than those in the highest FEUA quartile (Table 3). A restricted cubic spline curve showed that 

Figure 1.   FEUA and UUCR across CKD stages. Box plots show that patients in higher CKD stages have 
(A) higher FEUA and (B) lower UUCR. FEUA fractional excretion of uric acid, UUCR​ urinary uric acid-to-
creatinine ratio, CKD chronic kidney disease.
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Table 1.   Baseline characteristics according to FEUA quartile. *Aciduria is defined as urine pH < 6.0. BMI body 
mass index, SBP systolic blood pressure, DBP diastolic blood pressure, ACEIs/ARBs angiotensin-converting 
enzyme inhibitors/angiotensin II receptor blockers, SGLT2 sodium–glucose cotransporter 2, eGFR estimated 
glomerular filtration rate, UPCR urinary protein-to-creatinine ratio, FEUA fractional excretion of uric acid, 
UUCR​ urinary uric acid-to-creatinine ratio.

Characteristics

Total Missing data

FEUA quartile (%)

P for trend

Q1: < 4.8 Q2: 4.8–7.2 Q3: 7.2–10.9 Q4: > 10.9

n = 1042 n (%) n = 261 n = 256 n = 264 n = 261

Age, year 63 (16) 0 63 (17) 64 (15) 64 (15) 61 (15) 0.2

Male 667 (64%) 0 192 (74%) 165 (64%) 159 (60%) 151 (58%) < 0.001

BMI, kg/m2 23.3 (4.3) 146 (14%) 23.5 (4.6) 23.7 (4.3) 23.1 (4.2) 22.8 (4.4) 0.02

SBP, mmHg 130 (23) 194 (19%) 125 (23) 129 (21) 133 (23) 133 (25) < 0.001

DBP, mmHg 75 (15) 194 (19%) 72 (15) 76 (15) 75 (14) 77 (15) < 0.001

Diabetes mellitus 433 (42%) 0 108 (41%) 100 (39%) 116 (44%) 109 (42%) 0.7

Cardiovascular 
comorbidities 251 (24%) 0 84 (32%) 57 (22%) 61 (23%) 49 (19%) 0.001

Gout 84 (8%) 0 35 (13%) 19 (7%) 21 (8%) 9 (3%) < 0.001

ACEIs/ARBs 481 (46%) 0 146 (56%) 132 (52%) 106 (40%) 97 (37%) < 0.001

Loop diuretics 458 (44%) 0 148 (57%) 96 (38%) 109 (41%) 105 (40%) 0.001

Thiazide diuretics 150 (14%) 0 64 (24%) 42 (16%) 30 (11%) 14 (5%) < 0.001

Xanthine oxidase 
inhibitors 345 (33%) 0 144 (55%) 99 (39%) 72 (27%) 30 (11%) < 0.001

Uricosuric agents 36 (3%) 0 9 (3%) 7 (3%) 9 (3%) 11 (4%) 0.6

SGLT2 inhibitors 20 (2%) 0 5 (2%) 5 (2%) 8 (3%) 2 (1%) 0.5

Hemoglobin, g/dL 11.5 (2.2) 46 (4%) 12.1 (2.2) 12.1 (2.2) 11.4 (2.1) 10.5 (2.1) < 0.001

Potassium, mEq/L 4.3 (0.6) 11 (1%) 4.3 (0.6) 4.3 (0.5) 4.3 (0.6) 4.2 (0.7) 0.01

Phosphate, mg/dL 3.5 (0.8) 232 (22%) 3.6 (0.7) 3.5 (0.7) 3.5 (0.8) 3.3 (0.9) 0.02

Albumin, g/dL 3.4 (0.8) 47 (4%) 3.6 (0.7) 3.6 (0.7) 3.3 (0.8) 3.2 (0.8) < 0.001

eGFR, mL/
min/1.73 m2 35 (12) 0 (0%) 36 (12) 37 (12) 35 (13) 32 (13) < 0.001

Serum urate, μmol/L 411 (126) 0 (0%) 473 (134) 436 (104) 400 (106) 335 (114) < 0.001

C-reactive protein, 
mg/dL 0.2 [0.0–1.0] 94 (9%) 0.1 [0.0–0.6] 0.1 [0.0–0.4] 0.2 [0.0–1.3] 0.4 [0.1–2.4] < 0.001

Aciduria* 433 (42%) 4 (< 1%) 132 (51%) 117 (46%) 109 (42%) 75 (29%) < 0.001

UPCR, g/gCre 0.5 [0.1–2.2] 270 (26%) 0.3 [0.0–1.3] 0.4 [0.1–1.9] 0.6 [0.1–2.9] 1.0 [0.4–3.2] < 0.001

FEUA, % 7.2 [4.8–10.9] 0 (0%) 3.8 [3.0–4.4] 6.0 [5.5–6.6] 8.7 [7.9–9.9] 15.0 [12.6–19.6] < 0.001

UUCR, g/gCre 0.33 [0.22–0.47] 0 (0%) 0.18 [0.13–0.25] 0.29 [0.24–0.36] 0.38 [0.30–0.48] 0.51 [0.42–0.62] < 0.001

Figure 2.   Correlation between FEUA and UUCR. (A) A restricted cubic spline curve with three knots (10th, 
50th, and 90th percentiles of UUCR) shows an almost linear relationship between UUCR and FEUA. The 
dashed lines denote 95% confidence intervals. (B) Distribution of quartiles of FEUA by quartiles of UUCR. Most 
of the patients in the lowest UUCR quartile are in the lowest or the second lowest FEUA quartile (68% and 18%, 
respectively). FEUA fractional excretion of uric acid, UUCR​ urinary uric acid-to-creatinine ratio.
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the adjusted HR increased when FEUA became less than approximately 10% (Fig. 3A). There was no significant 
effect modification by baseline covariates including age, sex, diabetes mellitus, cardiovascular comorbidities, 
serum urate levels, urine pH, UUCR, eGFR, UPCR, diuretics, and xanthine oxidase inhibitors. Similar associa-
tions were found between UUCR and kidney outcome (Table 3; Fig. 3B).

In the subgroup analysis based on urine pH, the highest quartile of FEUA and UUCR showed the lowest rate 
of kidney outcome even in patients with aciduria (Fig. S2).

Table 2.   A multivariate linear regression analysis for the association of FEUA and eGFR with UUCR. 
Models are adjusted for age, sex, body mass index, systolic blood pressure, diabetes mellitus, cardiovascular 
comorbidities, albumin, hemoglobin, potassium, phosphate, serum urate, C-reactive protein, urinary protein-
to-creatinine ratio, loop and thiazide diuretics, angiotensin-converting enzyme inhibitors/angiotensin receptor 
blockers, and xanthine oxidase inhibitors. Each variable is standardized to a mean of zero and a standard 
deviation of one. FEUA fractional excretion of uric acid, UUCR​ urinary uric acid-to-creatinine ratio, eGFR 
estimated glomerular filtration rate, CI confidence interval.

Standardized β [95% CI] P-value

FEUA 0.91 [0.87, 0.95] < 0.001

eGFR 0.53 [0.49, 0.57] < 0.001

Table 3.   Cox proportional hazards models for the associations of FEUA and UUCR with kidney outcome. 
Models are adjusted for age, sex, body mass index, systolic blood pressure, diabetes mellitus, cardiovascular 
comorbidities, albumin, estimated glomerular filtration rate, hemoglobin, potassium, phosphate, serum urate, 
C-reactive protein, urinary protein-to-creatinine ratio, loop and thiazide diuretics, angiotensin-converting 
enzyme inhibitors/angiotensin receptor blockers, and xanthine oxidase inhibitors. FEUA fractional excretion 
of uric acid, UUCR​ urinary uric acid-to-creatinine ratio, p-y person-years, CI confidence interval.

Exposures

FEUA quartile (%) UUCR quartile (g/gCre)

Q1: < 4.8
(n = 261)

Q2: 4.8–7.2
(n = 256)

Q3: 7.2–10.9
(n = 264)

Q4: > 10.9
(n = 261)

Q1: < 0.22
(n = 263)

Q2: 0.22–0.33
(n = 251)

Q3: 0.33–0.47
(n = 275)

Q4: > 0.47
(n = 252)

No. of events 86 72 81 75 94 72 79 69

Incidence rate, 100 p-y (95% 
CI) 10.6 (8.6–13.1) 8.7 (6.9–11.0) 9.5 (7.7–11.8) 9.8 (7.8–12.3) 13.9 (11.4–17.0) 9.2 (7.3–11.6) 7.7 (6.2–9.6) 9.0 (7.1–11.3)

Hazard Ratio (95% CI) 1.68 (1.13–2.50) 1.48 (1.00–2.19) 1.22 (0.87–1.71) Ref 1.71 (1.17–2.49) 1.14 (0.80–1.63) 1.04 (0.74–1.47) Ref

P-value 0.01 0.05 0.2 – 0.005 0.5 0.8 –

Figure 3.   Associations of FEUA and UUCR with kidney outcome. Restricted cubic spline curves show the 
relationship between adjusted hazard ratio for kidney outcome and (A) FEUA or (B) UUCR with three knots 
(10th, 50th, and 90th percentiles of each exposure). Model are adjusted for age, sex, body mass index, systolic 
blood pressure, diabetes mellitus, cardiovascular comorbidities, estimated glomerular filtration rate, potassium, 
phosphate, albumin, serum urate, C-reactive protein, urinary protein-creatinine ratio, loop and thiazide 
diuretics, angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers, and xanthine oxidase 
inhibitors. The solid lines denote adjusted hazard ratio and the dashed lines denote 95% confidence intervals. 
The reference lines denote an adjusted hazard ratio of 1.0. FEUA fractional excretion of uric acid, UUCR​ urinary 
uric acid to creatinine ratio.
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Sensitivity analysis
The results were not substantially altered (1) when death was considered as a competing risk event (Table S3), 
(2) after excluding those who were followed up for less than 90 days (Table S4), and (3) after excluding those 
who had a history of gout (Table S4).

The MSM exhibited a similar association between time-updated FEUA and UUCR and kidney outcome. Both 
lower FEUA (< 4.8%) and UUCR (< 0.22 g/gCre) were associated with a higher rate of kidney outcome (Table 4).

Additional analysis
Baseline characteristics stratified by UUA quartile are summarized in Table S5. Lower UUA quartiles were 
associated with a higher rate of the kidney outcome (Table S6). This association was not significantly modified 
by urine pH (Fig. S2).

Discussion
Inhibition of tubular urate reabsorption might prevent urate-induced tubular cell injury3,19–23, but it potentially 
increases the risk of intratubular uric acid crystallization especially in acidified urine, which might be harmful 
to the kidney26. It is unknown how tubular urate reabsorption and urinary uric acid excretion affect the pro-
gression of CKD. To gain a clinical insight to this issue, we examined the association of FEUA and UUCR with 
kidney outcome among 1042 patients with eGFR of 15‒60 mL/min/1.73 m2. The major finding was that both 
lower FEUA and UUCR were significantly associated with a higher risk of kidney failure. This association was 
irrespective of serum urate levels. In contrast, the highest FEUA and UUCR quartiles showed the lowest risk 
of kidney outcome even when urine pH was low. The results were consistent in the several sensitivity analyses 
and MSM. These findings suggest that inhibition of urate reabsorption might be beneficial to improve kidney 
outcome even though it potentially increases the risk of uric acid crystalluria.

We found that both low FEUA and UUCR were associated with kidney outcome when they decreased below 
certain values, which was independent of serum urate levels. Although the exact mechanism remains unknown, 
this result implies that urate reabsorbed in the proximal tubules, apart from hyperuricemia, might be involved 
in CKD progression when it exceeds a certain threshold. Several lines of evidence support a potential benefit 
of inhibiting urate reabsorption for the prevention of kidney injury. In vitro studies showed that inhibition of 
URAT1 attenuates urate-induced cell death and phenotypic transition of renal tubular cells22,23. In a cohort study 
of 874 patients with CKD who were newly prescribed urate-lowering drugs, an URAT1 inhibitor, benzbromar-
one, was associated with a 50%-lower risk of kidney outcomes compared to allopurinol33. Verinurad, a selective 
URAT1 inhibitor, in combination with febuxostat reduced albuminuria by approximately 50% in patients with 
type 2 diabetes mellitus although it is unknown whether this effect was solely attributed to the inhibition of urate 
reabsorption34. This evidence supports our finding that lower FEUA was associated with a higher risk of kidney 
outcome. In contrast, xanthine oxidase inhibitors, which have little effect on FEUA35, did not improve kidney 
outcome14,15. Future randomized controlled trials are warranted to investigate the efficacy of inhibition of urate 
reabsorption by uricosuric agents for hard kidney outcomes.

Despite a concern that increased urinary uric acid excretion aggravates kidney damage via promoting uric 
acid crystallization, we found that neither higher FEUA nor UUCR was associated with a higher risk of kidney 
failure even in a subgroup of patients with aciduria. Similarly, higher UUA was not associated with a higher 
risk of kidney failure. These findings suggest that uric acid overexcretion and high urinary uric acid concen-
trations do not necessarily induce clinically relevant kidney damage in the general CKD population, unlike 
gouty nephropathy which is characterized by precipitation of uric acid crystals in the renal tubules36. As we did 
not assess urinary uric acid crystals, our study cannot rule out the potential harmfulness of uric acid crystals. 
Nevertheless, we believe that the potential benefit of inhibiting urate reabsorption outweighs the possible harm 
arising from uric acid overexcretion. Previous studies have defined uric acid overexcretion as UUCR of > 0.5 

Table 4.   Marginal structural models for the associations of FEUA and UUCR with kidney outcome. Models 
are adjusted for baseline covariates including age, sex, body mass index, systolic blood pressure, diabetes 
mellitus, cardiovascular comorbidities, albumin, estimated glomerular filtration rate, hemoglobin, potassium, 
phosphate, serum urate, C-reactive protein, urinary protein-to-creatinine ratio, loop and thiazide diuretics, 
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, and xanthine oxidase inhibitors, 
and time-varying covariates including estimated glomerular filtration rate, phosphate, serum urate, urinary 
protein-to-creatinine ratio, loop and thiazide diuretics, angiotensin-converting enzyme inhibitors/angiotensin 
receptor blockers, and xanthine oxidase inhibitors. FEUA fractional excretion of uric acid, UUCR​ urinary uric 
acid-to-creatinine ratio, CI confidence interval.

Hazard ratio 95% CI P-value

FEUA

 < 4.8% 1.41 1.01–1.97 0.04

 ≥ 4.8% Ref – –

UUCR​

 < 0.22 g/gCre 1.85 1.31–2.61 < 0.001

 ≥ 0.22 g/gCre Ref – –
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to 0.737,38, while the median [interquartile range] UUCR of the highest UUCR quartile was 0.55 [0.51–0.66] in 
our study. Thus, it might be possible that extremely high urinary uric acid excretion is deleterious to the kidney.

The classification of hyperuricemia has recently been redefined as “overproduction type”, “extra-renal (intes-
tinal) underexcretion type”, and “renal underexcretion type” with certain degrees of overlap with each other39. 
The first 2 types have been regarded as “renal overloading” of urate18. This concept is yet incomplete because 
the “renal underexcretion type” can be further divided into two subtypes, “reduced glomerular filtration” and 
“accelerated tubular reabsorption”. Notably, we found that tubular reabsorption is a more dominant determinant 
of urinary uric acid excretion than glomerular filtration, as UUCR was more closely correlated with FEUA than 
eGFR. This may explain why uricosuric agents, such as benzbromarone, can effectively reduce serum urate levels 
even among patients with reduced GFR40. Accordingly, high UUCR does not necessarily mean “renal overload-
ing”, but it could also arise from “diminished tubular reabsorption” which was associated with favorable kidney 
prognosis in our study. Conversely, low UUCR could be a result of “accelerated tubular reabsorption” which was 
related to poor kidney prognosis even though it has been realized as “renal underexcretion type”. We propose the 
measurement of FEUA in addition to UUCR as it would provide a better understanding of “renal overloading” 
over the classification just based on UUCR.

There are some limitations in our study. Because of the observational study design, causality between FEUA 
and kidney outcomes cannot be proven. Residual confounding was possible despite the extensive adjustment for 
measured confounders. In addition, there may be several unmeasured confounders. However, the large E-value 
for FEUA indicates that the possibility of unmeasured confounding that fully explains the observed association 
is unlikely. Since a substantial fraction of patients were excluded due to missing data on FEUA, selection bias 
cannot be denied although the baseline characteristics were similar between those with and without the missing 
data. Although we did not have data on 24-h urine samples, it is known that FEUA calculated from spot urine 
samples correlates well with that calculated from 24-h urine samples41. Importantly, while 24-h urine collection 
is burdensome and sometimes infeasible especially for older patients, our study revealed that FEUA measured 
from a spot urine sample is still valuable to predict kidney outcome. Since this was a single-center cohort study 
from Japan, whether our findings are applicable to different populations remains unknown.

In conclusion, lower FEUA and UUCR were associated with a higher risk of kidney failure among patients 
with CKD. Notably, patients in the highest quartile of FEUA and UUCR were at the lowest risk of kidney failure 
even among those with aciduria. Our findings suggest that accelerated urate reabsorption is harmful to the kid-
ney. Future randomized trials are needed to elucidate the efficacy of uricosuric drugs for hard kidney outcomes.

Data availability
The dataset used in this study will be shared upon reasonable request to the corresponding author.

Received: 11 September 2023; Accepted: 28 February 2024

References
	 1.	 Juraschek, S. P., Kovell, L. C., Miller, E. R. 3rd. & Gelber, A. C. Association of kidney disease with prevalent gout in the United 

States in 1988–1994 and 2007–2010. Semin Arthritis Rheum. 42, 551–561 (2013).
	 2.	 Jalal, D. I., Chonchol, M., Chen, W. & Targher, G. Uric acid as a target of therapy in CKD. Am J Kidney Dis. 61, 134–146 (2013).
	 3.	 Sato, Y. et al. The case for uric acid-lowering treatment in patients with hyperuricaemia and CKD. Nat. Rev. Nephrol. 15, 767–775 

(2019).
	 4.	 Iseki, K. et al. Significance of hyperuricemia as a risk factor for developing ESRD in a screened cohort. Am. J. Kidney Dis. 44, 

642–650 (2004).
	 5.	 Chonchol, M. et al. Relationship of uric acid with progression of kidney disease. Am. J. Kidney Dis. 50, 239–247 (2007).
	 6.	 Obermayr, R. P. et al. Elevated uric acid increases the risk for kidney disease. J. Am. Soc. Nephrol. 19, 2407–2413 (2008).
	 7.	 Hsu, C. Y., Iribarren, C., McCulloch, C. E., Darbinian, J. & Go, A. S. Risk factors for end-stage renal disease: 25-year follow-up. 

Arch. Intern. Med. 169, 342–350 (2009).
	 8.	 Ficociello, L. H. et al. High-normal serum uric acid increases risk of early progressive renal function loss in type 1 diabetes: Results 

of a 6-year follow-up. Diabetes Care 33, 1337–1343 (2010).
	 9.	 Ben-Dov, I. Z. & Kark, J. D. Serum uric acid is a GFR-independent long-term predictor of acute and chronic renal insufficiency: 

The Jerusalem Lipid Research Clinic cohort study. Nephrol. Dial. Transplant. 26, 2558–2566 (2011).
	10.	 Sonoda, H., Takase, H., Dohi, Y. & Kimura, G. Uric acid levels predict future development of chronic kidney disease. Am. J. Nephrol. 

33, 352–357 (2011).
	11.	 Madero, M. et al. Uric acid and long-term outcomes in CKD. Am. J. Kidney Dis. 53, 796–803 (2009).
	12.	 Sturm, G. et al. Uric acid as a risk factor for progression of non-diabetic chronic kidney disease? The Mild to Moderate Kidney 

Disease (MMKD) Study. Exp. Gerontol. 43, 347–352 (2008).
	13.	 Jordan, D. M. et al. No causal effects of serum urate levels on the risk of chronic kidney disease: A Mendelian randomization study. 

PLoS Med. 16, e1002725. https://​doi.​org/​10.​1371/​journ​al.​pmed.​10027​25 (2019).
	14.	 Badve, S. V. et al. Effects of allopurinol on the progression of chronic kidney disease. N. Engl. J. Med. 382, 2504–2513 (2020).
	15.	 Doria, A. et al. Serum urate lowering with allopurinol and kidney function in type 1 diabetes. N. Engl. J. Med. 382, 2493–2503 

(2020).
	16.	 Johnson, R. J., Sanchez Lozada, L. G., Lanaspa, M. A., Piani, F. & Borghi, C. Uric acid and chronic kidney disease: Still more to do. 

Kidney Int. Rep. 8, 229–239 (2022).
	17.	 Johnson, R. J. Intestinal hyperuricemia as a driving mechanism for CKD. Am. J. Kidney Dis. 81, 127–130 (2023).
	18.	 Ohashi, Y. et al. Urate transporter ABCG2 function and asymptomatic hyperuricemia: A retrospective cohort study of CKD 

Progression. Am. J. Kidney Dis. 81, 134–144 (2023).
	19.	 Braga, T. T. et al. Soluble uric acid activates the NLRP3 inflammasome. Sci. Rep. 7, 39884 (2017).
	20.	 Xiao, J. et al. Soluble uric acid increases NALP3 inflammasome and interleukin-1beta expression in human primary renal proximal 

tubule epithelial cells through the Toll-like receptor 4-mediated pathway. Int. J. Mol. Med. 35, 1347–1354 (2015).
	21.	 Maejima, I. et al. Autophagy sequesters damaged lysosomes to control lysosomal biogenesis and kidney injury. EMBO J. 32, 

2336–2347 (2013).

https://doi.org/10.1371/journal.pmed.1002725


8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5119  | https://doi.org/10.1038/s41598-024-55809-9

www.nature.com/scientificreports/

	22.	 Verzola, D. et al. Uric acid promotes apoptosis in human proximal tubule cells by oxidative stress and the activation of NADPH 
oxidase NOX 4. PLoS One 9, e115210. https://​doi.​org/​10.​1371/​journ​al.​pone.​01152​10 (2014).

	23.	 Ryu, E. S. et al. Uric acid-induced phenotypic transition of renal tubular cells as a novel mechanism of chronic kidney disease. Am. 
J. Physiol. Renal Physiol. 304, F471–F480 (2013).

	24.	 Suijk, D. L. S. et al. SGLT2 inhibition and uric acid excretion in patients with type 2 diabetes and normal kidney function. Clin. J. 
Am. Soc. Nephrol. 17, 663–671 (2022).

	25.	 Li, J. et al. Mediators of the effects of canagliflozin on kidney protection in patients with type 2 diabetes. Kidney Int. 98, 769–777 
(2020).

	26.	 Sellmayr, M. et al. Only hyperuricemia with crystalluria, but not asymptomatic hyperuricemia, drives progression of chronic 
kidney disease. J. Am. Soc. Nephrol. 31, 2773–2792 (2020).

	27.	 Matsuo, S. et al. Revised equations for estimated GFR from serum creatinine in Japan. Am. J. Kidney Dis. 53, 982–992 (2009).
	28.	 Cuzick, J. A Wilcoxon-type test for trend. Stat. Med. 4, 87–90 (1985).
	29.	 Haneuse, S., VanderWeele, T. J. & Arterburn, D. Using the E-value to assess the potential effect of unmeasured confounding in 

observational studies. JAMA 321, 602–603 (2019).
	30.	 Linden, A., Mathur, M. B. & VanderWeele, T. J. Conducting sensitivity analysis for unmeasured confounding in observational 

studies using E-values: The evalue package. Stata J. 20, 162–175 (2020).
	31.	 Mansournia, M. A., Etminan, M., Danaei, G., Kaufman, J. S. & Collins, G. Handling time varying confounding in observational 

research. BMJ 359, j4587. https://​doi.​org/​10.​1136/​bmj.​j4587 (2017).
	32.	 Naimi, A. I., Cole, S. R. & Kennedy, E. H. An introduction to g methods. Int. J. Epidemiol. 46, 756–762 (2017).
	33.	 Chou, H. W. et al. Comparative effectiveness of allopurinol, febuxostat and benzbromarone on renal function in chronic kidney 

disease patients with hyperuricemia: A 13-year inception cohort study. Nephrol. Dial. Transplant. 33, 1620–1627 (2018).
	34.	 Stack, A. G. et al. Effect of intensive urate lowering with combined verinurad and febuxostat on albuminuria in patients with type 

2 diabetes: A randomized trial. Am. J. Kidney Dis. 77, 481–489 (2021).
	35.	 Ma, L. et al. Influence of urate-lowering therapies on renal handling of uric acid. Clin. Rheumatol. 35, 133–141 (2016).
	36.	 Lusco, M. A., Fogo, A. B., Najafian, B. & Alpers, C. E. AJKD atlas of renal pathology: Gouty nephropathy. Am. J. Kidney Dis. 69, 

e5–e6. https://​doi.​org/​10.​1053/j.​ajkd.​2016.​11.​006 (2017).
	37.	 Moriwaki, Y. et al. Spot urine uric acid to creatinine ratio used in the estimation of uric acid excretion in primary gout. J. Rheumatol. 

28, 1306–1310 (2001).
	38.	 Simkin, P. A., Hoover, P. L., Paxson, C. S. & Wilson, W. F. Uric acid excretion: Quantitative assessment from spot, midmorning 

serum and urine samples. Ann. Intern. Med. 91, 44–47 (1979).
	39.	 Ichida, K. et al. Decreased extra-renal urate excretion is a common cause of hyperuricemia. Nat. Commun. 3, 764 (2012).
	40.	 Yu, H. et al. Safety and efficacy of benzbromarone and febuxostat in hyperuricemia patients with chronic kidney disease: A pro-

spective pilot study. Clin. Exp. Nephrol. 22, 1324–1330 (2018).
	41.	 Kannangara, D. R. et al. Fractional clearance of urate: Validation of measurement in spot-urine samples in healthy subjects and 

gouty patients. Arthritis Res. Ther. 14, R189 (2012).

Author contributions
Research idea and study design: Y.A., Y.S.; Data acquisition: Y.A., T.K., and K.H.; Statistical analysis/Interpre-
tation: Y.A., Y.S.; Supervision: T.O., Y.D., R.Y., I.M., M.M., J.Y.K., and Y.I. All authors reviewed and edited the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​55809-9.

Correspondence and requests for materials should be addressed to Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1371/journal.pone.0115210
https://doi.org/10.1136/bmj.j4587
https://doi.org/10.1053/j.ajkd.2016.11.006
https://doi.org/10.1038/s41598-024-55809-9
https://doi.org/10.1038/s41598-024-55809-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Association between urinary uric acid excretion and kidney outcome in patients with CKD
	Methods
	Study population
	Outcome
	Exposures
	Data collection and measurements
	Statistical analysis

	Results
	Baseline characteristics
	Correlation between FEUA and UUCR​
	Associations of FEUA and UUCR with kidney outcome
	Sensitivity analysis
	Additional analysis

	Discussion
	References


