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Abstract 

Background

The predictive value of serum uric acid (SUA) for clinical outcomes in patients with 

sepsis-associated acute kidney injury (SA-AKI) remained unclear. Therefore, this 

study aimed to evaluate the clinical significance of SUA in predicting all-cause mortal-

ity among critically ill patients diagnosed with SA-AKI.

Methods

This retrospective study examined 483 patients with SA-AKI at the Affiliated Hos-

pital of Jiangsu University from January 2015 to July 2023. The primary outcome 

evaluated in this study was in hospital all-cause mortality. To assess the prognostic 

value of SUA, we employed receiver operating characteristic curves, restricted cubic 

splines, Cox regression models, and Kaplan-Meier survival analysis.

Results

The hospital mortality and intensive care unit (ICU) mortality reached 43.3% and 

42.2%, respectively. Kaplan-Meier analysis showed that the risk of 30-day mortality 

(log-rank test, P < 0.001) and 60-day mortality (log-rank test, P = 0.001) was signifi-

cantly higher in patients with hyperuricemia (HUA). Multivariate Cox proportional 

hazards analysis showed that elevated SUA levels were significantly related to 

all-cause mortality. After accounting for potential confounding factors, patients with 

HUA maintained a significant correlation with both hospital mortality [HR (95%CI): 

1.462 (1.094-1.952); P = 0.010] and ICU mortality [HR (95%CI): 1.474 (1.096-1.983); 

P = 0.010]. Further examination using restricted cubic splines revealed a progres-

sively increasing risk of all-cause mortality with rising SUA levels.
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Conclusions

Higher levels of SUA were associated with an increased risk of both hospital mortal-

ity and ICU mortality in critically ill patients with SA-AKI. These findings suggested 

that SUA may serve as an independent prognostic marker for these patients.

Introduction

Acute kidney injury (AKI) is characterized by a sudden and severe decline in kidney 
function due to various factors. Its incidence rate is high, affecting approximately 
10%–25% of hospitalized patients and up to 16%–67% in intensive care units (ICUs) 
[1,2]. When AKI progresses to a severe stage, it becomes challenging to manage 
clinically, with a mortality rate remaining high at 50%–75% [3]. Among the lead-
ing causes of AKI in ICUs, such as surgery, nephrotoxic medications, trauma, and 
infections, sepsis accounts for 45% to 70% of cases and is often associated with a 
mortality rate exceeding 50% [4]. Sepsis-associated acute kidney injury (SA-AKI) 
refers to the onset of AKI within 7 days following the occurrence of sepsis[4]. SA-AKI 
patients experience a significantly increased mortality rate (2–3 times higher com-
pared to non-SA-AKI patients), ranging from 53.3% to 74.5% versus 21.3% to 28.4% 
[5–8]. Furthermore, survivors often face persistent renal dysfunction and require 
long-term dialysis, imposing a substantial financial burden [9]. Thus, identifying the 
associated risk factors that impact the prognosis of SA-AKI can provide valuable 
insights for improved clinical diagnosis, treatment, and assessment of this condition.

Serum uric acid (SUA), as the final product of purine metabolism, is eliminated 
from the body through the kidneys [10]. Studies conducted on both animals and 
humans had revealed its inhibitory effects on the proliferation and migration of 
endothelial cells, ultimately leading to endothelial dysfunction and apoptosis [11]. 
Uric acid hindered the production of nitric oxide within endothelial cells by suppress-
ing the activity of renal nitric oxide synthase [12]. Consequently, this could instigate 
renal vasoconstriction by stimulating the renin-angiotensin system [12]. Moreover, 
heightened level of the SUA can prompt the expression of pro-inflammatory cyto-
kines, such as TNF-α, and local chemokines, including monocyte chemoattractant 
protein 1, within the kidneys. Notably, hyperuricemia activateed NADPH oxidase, 
thereby initiating oxidative damage in proximal tubular cells [13–15]. These alter-
ations contributed to the initiation and escalation of inflammatory responses, 
enhancing cellular interactions of the immune system, eventually inducing and 
aggravating the progression of SA-AKI [16,17]. Meanwhile, it had been found that 
hyperuricemia (HUA) was associated with the prognosis of many diseases. A study 
had indicated a significant statistical association between the SUA level and all-
cause mortality in individuals with type 2 diabetes [18]. Recent research suggested 
that the level of SUA could serve as a prognostic marker for hospital mortality in 
patients with ARDS [19]. Several reports had also linked HUA to predicting one-year 
mortality in acute heart failure patients, adverse outcomes in patients with acute 
myocardial infarction, and an increased risk of in-hospital mortality in patients with 
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AKI [20–22]. Additionally, a study found that elevated SUA level in sepsis patients were associated with a higher risk of 
90-day all-cause mortality and the incidence of AKI [23]. However, the relationship between the SUA level and adverse 
outcomes of SA-AKI had not been investigated. Therefore, the objective of this study was to further evaluate the predictive 
value of the SUA level on the prognosis of SA-AKI patients.

Methods

Patients and participants

In this single-center retrospective study, we reviewed the electronic medical records of consecutive adult patients with 
a first episode of sepsis in ICU of Affiliated Hospital of Jiangsu University from January 2015 to July 2023. The study 
adhered to specific criteria for including and excluding patients. Inclusion criteria involved patients who were diagnosed 
with sepsis according to the sepsis 3.0 criteria [24]. Additionally, sepsis patients who developed AKI within the first week 
of their ICU admission were included. For patients who had multiple hospital admissions, only the initial admission was 
considered for this study. Conversely, exclusion criteria for this study were as follows: patients under 18 years old; patients 
with an ICU stay less than 24 hours; AKI occurred before current ICU admission; AKI was supposed to be secondary to 
causes other than sepsis; patients with chronic kidney disease or hepatic cirrhosis or gout or tumor lysis; patients with 
missing data on SUA levels on the first day of ICU admission were excluded from the study. Additionally, any patients with 
variables missing more than 20% of their data were also excluded. For variables with missing data of less than 20%, we 
employed multiple imputation using a random forest algorithm. The research protocol obtained approval from the ethics 
committee of the Affiliated Hospital of Jiangsu University (Approval No. KY2023K1007). The requirement for informed 
consent was waived because of its retrospective design. The study was conducted according to the Strengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.

Clinical assessment

The clinical variables utilized in this research were acquired from the electronic medical records. These variables can be 
classified into the following categories: Demographic characteristics: This encompassed age, gender, body mass index 
(BMI), and smoking status. Comorbidities: The comorbid conditions included hypertension, diabetes, coronary artery dis-
ease, chronic obstructive pulmonary disease (COPD), and cerebral infarction. Infection pathogens: This category involved 
the types of infection pathogens, such as gram-positive bacteria, gram-negative bacteria, fungi, and viruses. Infection 
locations: This included infection locations such as multisite infection, lower respiratory infection, gastrointestinal infection, 
intra-abdominal infection, genitourinary tract infection, bacteremia, and skin and soft tissue infection. Categorize: This 
encompassed early SA-AKI and late SA-AKI, as well as prerenal SA-AKI and intrarenal SA-AKI. Laboratory data: Labo-
ratory measurements taken within 24 hours after ICU admission consisted of white blood cell (WBC), neutrophil (Neu), 
lymphocyte (Lym), platelet (PLT), C-reactive protein (CRP), total bilirubin (TBil), alanine transaminase (ALT), aspartate 
aminotransferase (AST), albumin (Alb), glucose, creatinine, blood urea nitrogen (BUN), SUA, D-dimer, potassium, and 
lactate. Severity scores: The severity of the patients’ conditions was assessed using two scoring systems, namely the 
Acute Physiology and Chronic Health Evaluation II (APACHE II) score and the Sequential Organ Failure Assessment 
(SOFA) score. Treatments: The treatments documented in this study included continuous renal replacement therapy 
(CRRT) (Emergency dialysis following KDIGO AKI stage 3), vasoactive drugs, and invasive ventilation.

Identification of SA-AKI patients

Sepsis was identified as lifethreatening organ dysfunction caused by a dysregulated host response to infection, with organ 
dysfunction identified as an acute change in total SOFA score ≥  2 points. In this study, the SOFA score was calculated 
using the relevant indicators when the patient was admitted to the ICU. Each patient was diagnosed by an experienced 
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ICU physician based on the Sepsis 3.0 diagnostic criteria [24]. AKI was defined by the 2012 Kidney Disease: Improving 
Global Outcomes Clinical Practice Guidelines (KDIGO) [25] as an elevated in serum creatinine of 0.3 mg/dL within 48 
hours or a raise of at least 1.5 times the baseline level in the preceding seven days, or a decrease in urine output (UO) 
to less than 0.5 ml/kg/h for more than 6 hours. We excluded the UO criteria because most inpatients lacked urine volume 
records. The first serum creatinine value measured after ICU admission was used as the baseline serum creatinine con-
centration. Early SA-AKI in sepsis patients was defined as AKI occurring within 2d of ICU admission and late SA-AKI in 
sepsis patients was defined as AKI occurring within 2d-7d of ICU admission [26]. We defined renal function recovery as a 
serum creatinine value below 150% of baseline and no need for renal replacement therapy at discharge [27]. The baseline 
estimated glomerular filtration rate (eGFR) was calculated according to the Modification of Diet in Renal Disease study 
equation modified by the Chinese coefficient [28].

Definition of hyperuricemia

Hyperuricemia (HUA) was defined as a SUA level exceeding 360.0 μmol/L in females or 420.0 μmol/L in males [29]. 
Patients were divided into HUA and Non-HUA groups according to the first SUA value within 24 h after the ICU admission.

Outcomes

The primary outcome of this study was in hospital all-cause mortality. Of these, hospital death included ICU death and 
general ward inpatient death. The secondary outcomes included AKI recovery as well as ICU and hospital length of stay 
(LOS).

Statistical analysis

The PASS software was used to calculate the test’s effectiveness. A significance level (α) of 0.05 was set, with a total 
sample size of 483, resulting in a power of 93.6% to analyze the relationship between SUA and patient outcomes. In 
this study, we presented continuous variables as medians [interquartile ranges (IQRs)] or means ±  standard deviations 
(SDs) and compared them using analysis of variance. Categorical variables were expressed as numbers and percent-
ages. For comparison between different groups, either the chi-square test or Fisher’s exact test was used, as appro-
priate. The predictive value of the SUA level in relation to hospital mortality and ICU mortality was assessed using the 
area under the receiver operating characteristic curve (AUROC). We performed log-rank tests and Kaplan-Meier survival 
analyses to explore differences in all-cause mortality among the different groups. Furthermore, we employed multivariate 
Cox proportional hazards models to investigate the impact of the SUA level on all-cause mortality. Hazard ratios (HRs) 
with 95% confidence intervals (CIs) were reported as the results after adjusting for covariates under three different mod-
els. Model 1 did not incorporate any covariates, while Model 2 adjusted for age, gender, BMI, smoking, hypertension, 
diabetes, coronary artery disease, WBC, and Neu. Model 3 further adjusted for Lym, PLT, CRP, Alb, D-dimer, lactate, 
APACHE II score, and SOFA score. Additionally, we analyzed the non-linear relationship between SUA and hospital 
mortality and ICU mortality using a restricted cubic spline regression model with three knots. Subgroup analyses were 
performed based on age (≤65 or > 65), gender (male or female), smoking (yes or no), hypertension (yes or no), diabetes 
(yes or no), and lactate level (≤2.0 or > 2) to investigate potential interactions. The statistical analyses were conducted 
using IBM SPSS 26.0, GraphPad Prism 10.0, and R version 4.2.0 software. A two-sided P-value of less than 0.05 was 
considered statistically significant.

Result

A total of 483 patients diagnosed with SA-AKI were included in the study based on the specified inclusion and exclu-
sion criteria. The median age of the participants was 76 (67-84) years, with 296 (61.3%) being female, and the median 
BMI was 22.49 (19.98-25.39) kg/m2. Hypertension was the most prevalent comorbidity, affecting 54.5% of the patients, 
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followed by diabetes (31.3%), cerebral infarction (14.5%), coronary artery disease (13.3%), and COPD (6.8%). Among the 
participants, 72 (14.9%) required CRRT, and 386 (79.9%) received vasoactive drugs. Additionally, 327 (67.7%) required 
invasive ventilation. The median LOS in the ICU was 7 (4-12) days, and the median LOS in the hospital was 16 (9-25) 
days. The hospital mortality and ICU mortality rates were 44.3% and 42.2%, respectively. Further baseline characteristics 
can be found in Table 1.

Basic clinical characteristics

In accordance with the sex-specific criteria for HUA [29], the patients were divided into two distinct groups: the Non-HUA 
group and the HUA group. A total of 239 patients were assigned to the Non-HUA group, whereas 244 patients were clas-
sified into the HUA group. The median value of SUA for each group was 300.8 (260.3-344.7) for the Non-HUA group and 
522.6 (452.8-628.0) for the HUA group. Significant variations in several laboratory parameters were observed between the 
two groups, as detailed in Table 1. Specifically, the HUA group exhibited significantly elevated levels of WBC, Neu, AST, 
glucose, creatinine, eGFR, BUN, and BCR (P < 0.05). The HUA group also displayed an increased risk of both hospital 
mortality and ICU mortality compared to the Non-HUA group (P < 0.001).

Table 2 presented the differences in baseline characteristics between survivors and non-survivors during the hospital 
stay. The group of non-survivors were generally older and had a higher prevalence of coronary artery disease, COPD, 
cerebral infarction, late SA-AKI and prerenal SA-AKI. Moreover, they demonstrated higher levels of ALT, AST, glucose, 
creatinine, eGFR, BUN, D-dimer, and lactate, along with lower levels of Lym and Hb. The non-survivors also exhibited 
more severe illness scores and a greater proportion of individuals requiring CRRT, vasoactive drugs, and invasive ventila-
tion compared to the survivor group. Notably, the SUA levels in the non-survivor group were significantly higher compared 
to those in the survivor group (451.8 vs. 375.0, P < 0.001). Figs 1A and 1B depicted the distribution of SUA categorized by 
the mortality status of all-cause hospital death and ICU death, respectively.

Association between the all-cause mortality and SUA

To analyze the occurrence of primary outcomes in the two groups, we utilized Kaplan-Meier survival analysis (Figs 2A and 
2B). The results showed that patients with HUA had a higher risk of both 30-day mortality (log-rank test, P < 0.001) and 
60-day mortality (log-rank test, P = 0.001). We evaluated the clinical effectiveness of SUA using ROC analysis. However, 
the AUC values for SUA did not demonstrate satisfactory performance, indicating its limited predictive capability for hospi-
tal mortality (AUC: 0.596, P < 0.001) and ICU mortality (AUC: 0.596, P < 0.001) (S1 Fig).

The results of the univariate Cox regression analysis, evaluating the risk of all-cause mortality in critically ill patients 
with SA-AKI, were presented in S1 Table. Only variables with a significance level of P < 0.05 were included, as well as 
factors suggested by clinicians based on their clinical experience. The influential factors identified through this analy-
sis were age, gender, BMI, smoking, hypertension, diabetes, coronary artery disease, WBC, Neu, Lym, PLT, CRP, Alb, 
D-dimer, lactate, APACHE II score, and SOFA score. In the three multivariate Cox proportional hazard models, when 
SUA was treated as a continuous variable, it showed a significant positive correlation with hospital mortality, both when 
increased by 1 unit or 1 standard deviation (SD). When SUA was considered as a nominal variable, patients in the HUA 
group had a significantly higher risk of hospital death compared to those in the non-HUA group, as demonstrated in the 
three established Cox proportional hazards models: unadjusted model [HR (95%CI): 1.566 (1.192-2.058); P = 0.001], 
partly adjusted model [HR (95%CI): 1.593 (1.199-2.117); P = 0.001], and fully adjusted model [HR (95%CI): 1.462 (1.094-
1.952); P = 0.010] (Table 3). Similar results were observed in the multivariate Cox proportional risk analysis of SUA and 
ICU mortality, as shown in Table 3. Additionally, the restricted cubic splines regression model depicted a linear increase in 
the risk of both hospital mortality (P for non-linearity = 0.145) and ICU mortality (P for non-linearity = 0.251) with rising SUA 
levels (Figs 3A and 3B).
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Table 1.  Baseline demographic and clinical characteristics by different SUA levels in S-AKI patients.

Variables Overall Non-HUA group HUA group P-value

N 483 239 244 –

Age, years 76 (67-84) 76 (66-85) 77 (67-84) 0.953

Female, n (%) 296 (61.3) 78 (32.6) 109 (44.7) 0.007

BMI, kg/m2 22.49 (19.98-25.39) 22.22 (19.59-24.86) 22.74 (20.43-25.95) 0.098

Smoking, n (%) 84 (17.4) 45 (18.8) 39 (16.0) 0.410

Comorbidities, n (%)

Hypertension 263 (54.5) 123 (51.5) 140 (57.4) 0.192

Diabetes 151 (31.3) 69 (28.9) 82 (33.6) 0.262

Coronary artery disease 64 (13.3) 26 (10.9) 38 (15.6) 0.128

COPD 33 (6.8) 19 (7.9) 14 (5.7) 0.335

Cerebral infarction 70 (14.5) 38 (15.9) 32 (13.1) 0.385

Infection pathogens, n (%)

Gram-positive bacteria 62 (12.8) 31 (13.0) 31 (12.7) 0.930

Gram-negative bacteria 171 (35.4) 85 (35.6) 86 (35.2) 0.942

Fungus 49 (10.4) 28 (11.7) 21 (8.6) 0.258

Virus 17 (3.5) 10 (4.2) 7 (2.9) 0.433

Infection sites, n (%)

Multisite Infection 73 (15.1) 30 (12.6) 43 (17.6) 0.120

Lower respiratory infection 136 (28.2) 62 (25.9) 74 (30.3) 0.284

Gastrointestinal infection 9 (1.9) 4 (1.7) 5 (2.0) 0.760

Intra-abdominal infection 174 (29.5) 102 (42.7) 72 (29.5) 0.003

Genitourinary tract infection 50 (10.4) 27 (11.3) 23 (9.4) 0.500

Bacteremia 8 (1.7) 2 (0.8) 6 (2.5) 0.163

Skin and soff tissue infection 33 (6.8) 12 (5.0) 21 (8.6) 0.118

Categorize, n (%)

Early SA-AKI 308 (63.8) 160 (66.9) 148 (60.7) 0.150

Late SA-AKI 175 (36.2) 79 (33.1) 96 (39.3)

Prerenal SA-AKI 210 (43.5) 99 (41.4) 111 (45.5) 0.367

Intrarenal SA-AKI 273 (56.5) 140 (58.6) 133 (54.5)

Laboratory tests

WBC * 109/L 12.8 (7.9-18.6) 11.4 (6.7-16.8) 14.2 (9.3-21.1) <0.001

Neu * 109/L 11.8 (6.8-17.1) 10.4 (5.8-15.9) 13.1 (8.0-18.9) <0.001

Lym * 109/L 0.5 (0.3-0.8) 0.5 (0.3-0.8) 0.5 (0.3-0.9) 0.235

Hb, g/dL 112 (93-129) 109 (93-125) 115 (93-133) 0.075

PLT * 109/L 129 (78-193) 133 (82-197) 127 (71-190) 0.353

CRP, mg/L 128.0 (61.0-182.2) 113.0 (48.8-165.9) 136.5 (76.8-201.0) 0.002

Tbil, μmol/L 20.0 (12.1-34.4) 19.7 (11.9-34.2) 21.3 (12.4-34.5) 0.589

ALT, U/L 36.4 (23.0-75.0) 35.0 (22.0-62.0) 39.0 (23.0-87.8) 0.092

AST, U/L 50.0 (26.0-125.0) 45.0 (24.0-101.0) 56.0 (28.7-194.0) 0.010

Alb, g/L 27.1 (23.2-32.5) 26.1 (22.9-30.2) 29.1 (23.6-34.9) <0.001

Glucose, mmol/L 8.8 (6.7-13.2) 8.5 (6.7-12.2) 9.2 (6.8-14.2) 0.022

Creatinine, μmol/L 159.5 (126.3-239.4) 136.1 (120.7-179.8) 192.6 (142.4-319.1) <0.001

eGFR, (ml/min/1.73m2) 29.04 (18.43-37.10) 32.42 (25.40-39.08) 24.04 (14.67-32.98) <0.001

BUN, mmol/L 13.79 (9.69-20.76) 11.38 (8.43-15.79) 18.61 (11.92-24.95) <0.001

BCR 0.076 (0.053-0.108) 0.074 (0.512-0.100) 0.078 (0.056-0.114) 0.033

SUA, μmol/L 403.1 (300.9-523.7) 300.8 (260.3-344.7) 522.6 (452.8-628.0) <0.001

(Continued)
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Subgroup analysis

The study further examined the risk assessment significance of HUA for primary outcomes across various subgroups of 
participants. These subgroups included age (≤65 or > 65), gender (male or female), smoking (yes or no), hypertension 
(yes or no), diabetes (yes or no), and lactate levels (≤2.0 or > 2.0) (Table 4 and Table 5). Subgroup analysis revealed a 
significant association between HUA and an elevated risk of hospital mortality within the following subgroups: patients 
aged > 65 years [HR (95%CI): 1.535 (1.139-2.068); P = 0.005], male patients [HR (95%CI): 1.406 (1.009-1.958); P = 0.044], 
female patients [HR (95%CI): 1.997 (1.194-3.341); P = 0.008], patients without smoking [HR (95%CI): 1.813 (1.332-2.468); 
P < 0.001], patients with hypertension [HR (95%CI): 1.701 (1.174-2.464); P = 0.005], patients without hypertension [HR 
(95%CI): 1.514 (1.003-2.285); P = 0.049], patients without diabetes [HR (95%CI): 1.788 (1.281-2.494); P = 0.001], and 
patients with lactate level > 2.0 mmol/L [HR (95%CI): 1.725 (1.261-2.358); P = 0.001]. Notably, the prognostic significance 
of HUA seemed to be more pronounced among non-smoking patients [HR (95%CI) without smoking 1.813 (1.332-2.468) 
versus with smoking 0.848 (0.458-1.570), p-value for interaction = 0.027]. Similar findings were observed in the subgroup 
analyses investigating the relationship between HUA and ICU mortality (Table 5).

Discussion

To the best of our knowledge, this study was the first to explore the relationship between SUA and all-cause mortality in 
SA-AKI patients. Our primary finding indicated that increased SUA was a strong independent predictor of both hospital 
mortality and ICU mortality in SA-AKI patients. This association remained after adjustment for a wide range of clinical and 
laboratory variables. Thus, the SUA might be a promising decision-making tool for clinicians and could serve as an inde-
pendent risk factor in SA-AKI patients.

Variables Overall Non-HUA group HUA group P-value

D-dimer, mg/L 3.81 (3.33-4.48) 5.6 (2.9-10.0) 6.9 (3.1-13.0) 0.123

Potassium, mmol/L 2.6 (1.8-5.1) 3.8 (3.3-4.3) 3.8 (3.4-4.8) 0.078

Lactate, mmol/L 12.8 (7.9-18.6) 2.6 (1.9-4.8) 2.7 (1.8-5.7) 0.538

Severity scoring

APACHE II score 27 (21-33) 27 (21-32) 27 (21-33) 0.778

SOFA score 13 (11-15) 12 (10-14) 13 (11-15) 0.052

Treatments

CRRT, n (%) 72 (14.9) 29 (12.1) 72 (14.9) 0.090

Vasoactive drug, n (%) 386 (79.9) 196 (82.0) 190 (77.9) 0.256

Invasive ventilation, n (%) 327 (67.7) 168 (70.3) 159 (65.2) 0.228

Endpoints

AKI recovery 215 (44.5) 128 (53.6) 87 (35.7) <0.001

ICU length of stay, days 7 (4-12) 6 (4-11) 7 (4-13) 0.009

Hospital length of stay, days 16 (9-25) 17 (11-25) 14 (8-23) 0.019

ICU mortality, n (%) 204 (42.2) 83 (34.7) 121 (49.6) 0.001

Hospital mortality, n (%) 214 (44.3) 88 (36.8) 126 (51.6) 0.001

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; WBC, white blood cell; Neu, neutrophil; Lym, lymphocyte; PLT, 
platelet; CRP, C-reactive protein; TBil, total bilirubin; ALT, alanine transaminase; AST, aspertate aminotransferase; Alb, albumin; eGFR: estimated 
glomerular filtration rate; BUN, blood urea nitroge; BCR, blood urea nitrogen to creatinine ratio; SUA, serum uric acid; APACHE II, Acute Physiology and 
Chronic Health Evaluation II; SOFA, Sequential Organ Failure Assessment; CRRT, continuous renal replacement therapy.

https://doi.org/10.1371/journal.pone.0321576.t001

Table 1.  (Continued)

https://doi.org/10.1371/journal.pone.0321576.t001
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Table 2.  Baseline characteristics of the Survivors and Non-Survivors groups.

Variables Overall Survivors group Non-Survivors group P-value

N 483 269 214 –

Age, years 76 (67-84) 74 (65-82) 80 (72-86) <0.001

Male, n (%) 296 (61.3) 114 (42.4) 73 (34.1) 0.064

BMI, kg/m2 22.49 (19.98-25.39) 23.03 (20.43-25.71) 22.04 (19.56-24.97) 0.033

Smoking, n (%) 84 (17.4) 42 (15.6) 42 (19.6) 0.248

Comorbidities, n (%)

Hypertension 263 (54.5) 144 (53.5) 119 (55.6) 0.649

Diabetes 151 (31.3) 81 (30.1) 70 (32.7) 0.541

Coronary artery disease 64 (13.3) 28 (10.4) 36 (16.8) 0.039

COPD 33 (6.8) 12 (4.5) 21 (9.8) 0.021

Cerebral infarction 70 (14.5) 27 (10.0) 43 (20.1) 0.002

Categorize, n (%)

Early SA-AKI 308 (63.8) 198 (73.6) 110 (51.4) <0.001

Late SA-AKI 175 (36.2) 71 (26.4) 104 (48.6)

Prerenal SA-AKI 210 (43.5) 105 (39.0) 105 (49.1) 0.027

Intrarenal SA-AKI 273 (56.5) 164 (61.0) 109 (50.9)

Infection pathogens, n (%)

Gram-positive bacteria 62 (12.8) 32 (11.9) 30 (14.0) 0.488

Gram-negative bacteria 171 (35.4) 97 (36.1) 74 (34.6) 0.735

Fungus 49 (10.4) 17 (6.3) 32 (15.0) 0.002

Virus 17 (3.5) 3 (1.1) 14 (6.5) 0.001

Infection sites, n (%)

Multisite Infection 73 (15.1) 40 (14.9) 33 (15.4) 0.867

Lower respiratory infection 136 (28.2) 41 (15.2) 95 (44.4) <0.001

Gastrointestinal infection 9 (1.9) 6 (2.2) 3 (1.4) 0.504

Intra-abdominal infection 174 (29.5) 118 (43.9) 56 (26.2) <0.001

Genitourinary tract infection 50 (10.4) 40 (14.9) 10 (4.7) <0.001

Bacteremia 8 (1.7) 5 (1.9) 3 (1.4) 0.696

Skin and soff tissue infection 33 (6.8) 18 (6.7) 15 (7.0) 0.891

Laboratory tests

WBC * 109/L 12.8 (7.9-18.6) 12.4 (7.4-19.1) 13.3 (8.7-18.4) 0.359

Neu * 109/L 11.8 (6.8-17.1) 11.4 (6.6-17.3) 12.2 (7.8-17.2) 0.260

Lym * 109/L 0.5 (0.3-0.8) 0.5 (0.3-1.0) 0.4 (0.3-0.7) <0.001

Hb, g/dL 112 (93-129) 116 (97-131) 106 (88-126) 0.002

PLT * 109/L 129 (78-193) 133 (83-204) 121 (66-180) 0.010

CRP, mg/L 128.0 (61.0-182.2) 128.0 (60.6-182.0) 126.8 (61.3-186.7) 0.945

Tbil, μmol/L 20.0 (12.1-34.4) 19.9 (12.8-32.4) 21.0 (11.4-38.7) 0.808

ALT, U/L 36.4 (23.0-75.0) 34.0 (22.0-60.5) 40.0 (23.0-94.3) 0.040

AST, U/L 50.0 (26.0-125.0) 40.0 (24.0-87.4) 65.0 (30.8-216.6) <0.001

Alb, g/L 27.1 (23.2-32.5) 27.6 (23.6-33.2) 26.6 (22.6-31.7) 0.051

Glucose, mmol/L 8.8 (6.7-13.2) 8.2 (6.6-12.8) 9.2 (7.1-14.1) 0.026

Creatinine, μmol/L 159.5 (126.3-239.4) 150.0 (123.8-224.0) 169.0 (131.8-282.9) 0.002

eGFR, (ml/min/1.73m2) 29.04 (18.43-37.10) 31.18 (20.89-39.53) 26.49 (15.72-33.75) <0.001

BUN, mmol/L 13.79 (9.69-20.76) 12.26 (9.19-18.51) 16.78 (10.50-23.15) <0.001

BCR 0.076 (0.053-0.108) 0.075 (0.054-0.099) 0.079 (0.052-0.119) 0.089

SUA, μmol/L 403.1 (300.9-523.7) 375.0 (296.0-478.0) 451.8 (321.9-552.0) <0.001

(Continued)
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It was well known that the correlation between SUA and AKI was first discovered in studies on tumor lysis syndrome, 
where the deposition of uric acid crystals in the kidneys caused a decrease in glomerular filtration rate (GFR) and induced 
local kidney inflammation through a crystal-dependent mechanism [30]. However, numerous studies had shown that SUA 
can also participate in the occurrence and development of AKI through non-crystal-dependent mechanisms. Animal mod-
els had found that mild hyperuricemia led to enhanced renal vasoconstriction, with GFR and renal blood flow decreasing 
by 50% [31]. Monocytes from healthy volunteers, when exposed to uric acid infusion for 24 hours, were found to selec-
tively promote the production of the pro-inflammatory cytokine IL-1β while inhibiting the synthesis of the natural inhibitor 
IL-1 receptor antagonist (IL-1Ra), shifting the balance of IL-1/IL-1Ra towards a pro-inflammatory phenotype and further 
exacerbating kidney injury [32]. Xiao et al. also found that soluble uric acid can enhance the expression of the NALP3 
inflammatory complex in renal tubular epithelial cells via the Toll-4R-dependent pathway, activating the innate immune 
response in human renal tubular epithelial cells and participating in kidney injury [33]. In addition, SUA can also contrib-
ute to kidney injury by activating the renin-angiotensin system (RAS), stimulating vascular smooth muscle cell prolifera-
tion, and increasing oxidative stress [34]. Although the physiological mechanisms by which SUA led to AKI were not fully 
understood, current research suggested that SUA may be involved in the occurrence and development of AKI through 
inflammation and oxidative stress [35,36]. Inflammation and oxidative stress were important pathological and physiological 
processes in sepsis [37], thus SUA level may reflect the inflammatory and oxidative stress in SA-AKI patients.

In the past, SUA was considered an inert waste product of purine metabolism [38]. However, research in recent years 
had found that the SUA exhibited broad biological activity and increased SUA was associated with various disease risk 
factors. For instance, in a retrospective study done in China involving 1,149 COVID-19 patients found that SUA levels 
over 6.7 mg/dL were associated with higher levels of the inflammatory markers such as tumor necrosis factor-α (TNF-a), 
Interleukin-6 (IL-6), and ferritin [39]. A study at a hospital in Wuhan involving 174 COVID-19 patients demonstrated that 
SUA served as an independent predictor of AKI, with moderate accuracy for predicting AKI (AUC 0.71) [40]. A recent study 
conducted in 2022, which involved 834 patients with COVID-19, it was found that higher SUA levels were independently 
associated with both AKI and in-hospital mortality in a dose-dependent manner [41]. Another study by Jiang et al., which 
examined 634 patients with sepsis, reported that HUA was an independent risk factor for AKI in sepsis patients and hyper-
uricemia may be involved in the pathogenesis of sepsis-related AKI [42]. Akbar et al. conducted a prospective cohort study 
of 144 sepsis patients in the ICU, finding that elevated SUA levels were correlated with poor prognoses in sepsis and 

Variables Overall Survivors group Non-Survivors group P-value

D-dimer, mg/L 3.81 (3.33-4.48) 5.1 (2.5-9.8) 7.2 (3.7-13.7) 0.001

Potassium, mmol/L 2.6 (1.8-5.1) 3.8 (3.3-4.4) 3.8 (3.4-4.7) 0.091

Lactate, mmol/L 12.8 (7.9-18.6) 2.3 (1.7-4.0) 3.6 (2.1-6.6) <0.001

Severity scoring

APACHE II score 27 (21-33) 24 (20-30) 29 (25-35) <0.001

SOFA score 13 (11-15) 12 (10-14) 14 (12-16) <0.001

Treatments

CRRT, n (%) 72 (14.9) 15 (5.6) 57 (26.6) <0.001

Vasoactive drug, n (%) 386 (79.9) 188 (69.9) 198 (92.5) <0.001

Invasive ventilation, n (%) 327 (67.7) 134 (49.8) 193 (90.2) <0.001

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; WBC, white blood cell; Neu, neutrophil; Lym, lymphocyte; PLT, 
platelet; CRP, C-reactive protein; TBil, total bilirubin; ALT, alanine transaminase; AST, aspertate aminotransferase; Alb, albumin; eGFR: estimated glo-
merular filtration rate; BUN, blood urea nitroge; BCR, blood urea nitrogen to creatinine ratio; BUN, blood urea nitroge; SUA, serum uric acid; APACHE II, 
Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure Assessment; CRRT, continuous renal replacement therapy.

https://doi.org/10.1371/journal.pone.0321576.t002

Table 2.  (Continued)

https://doi.org/10.1371/journal.pone.0321576.t002
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increased risk of AKI [19]. Another prospective cohort study identified HUA as a potential indicator of 90-day mortality in 
sepsis patients [23]. Additionally, two studies demonstrated that SUA level could predict the severity and prognosis of sep-
sis patients [19,43]. Li et al. also discovered that elevated SUA level were associated with an increased risk of in-hospital 
mortality in patients with AKI [22]. However, there was currently no available research investigating the relationship between 
SUA and clinical outcomes in patients with SA-AKI. In our present study, we observed that higher levels of SUA in SA-AKI 
patients were associated with a higher risk of hospital mortality and ICU mortality. These findings suggested that early ele-
vation of SUA level could potentially serve as a prognostic factor for all-cause mortality in SA-AKI patients.

In addition, this study further analyzed the risk stratification of various subgroups. Our subgroup analysis discovered 
that the prognostic value of HUA in terms of mortality in hospital and ICU remained consistent for both male and female 
patients. However, no association was found between HUA and overall mortality during hospitalization among patients 
with hypertension and diabetes included in the study. This observation could potentially be explained by reverse causality, 
where patients who had already been diagnosed with these comorbidities were more likely to have received appropriate 
treatment or adopted healthier lifestyle habits. Consequently, their prognosis might have improved despite being at a 
higher risk for overall mortality. Furthermore, the current study revealed that the predictive value of HUA for overall mortal-
ity appeared to be more pronounced in non-smoking patients. This suggested that smoking might have a substantial influ-
ence on the predictive accuracy of HUA for overall mortality. The inconsistency could be attributed to the fact that smoking 
led to the generation of peroxides, which resulted in the consumption of uric acid and subsequently reduced the mortality 
rate in patients [44]. Previous studies had demonstrated that smokers had significantly lower levels of SUA compared to 
non-smokers [45]. Although research indicated that smoking can lower SUA levels, it can also induce or worsen conditions 
such as hypertension, coronary heart disease, and respiratory system disorders [46]. Another noteworthy finding from 
this study was the correlation between HUA and age, as well as its effect on overall mortality, particularly among elderly 
patients. This suggested that healthcare providers should pay more attention to elderly patients due to their increased like-
lihood of having concurrent medical conditions. Furthermore, our study emphasized the importance of equally considering 
younger patients, as they also faced a risk of mortality. Importantly, our study established a significant linear relationship 
between SUA levels and in hospital all-cause mortality, indicating that SUA could serve as a convenient indicator for iden-
tifying critically ill patients with SA-AKI who were at a heightened risk of mortality. Therefore, improving the regulation of 
SUA levels may potentially contribute to mitigating unfavorable clinical outcomes in critically ill patients with SA-AKI.

Fig 1.  A. Boxplots of the SUA showing the distribution in the Survivor group and Non-Survivor group during hospital stay. B. Boxplots of the 
SUA showing the distribution in the Survivor group and Non-Survivor group during ICU stay. Abbreviations: SUA, serum uric acid; ICU, Intensive Care 
Unit.

https://doi.org/10.1371/journal.pone.0321576.g001

https://doi.org/10.1371/journal.pone.0321576.g001
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Is there any clear evidence supporting that lowering SUA level can improve the prognosis of SA-AKI? Currently, 
there is no definitive evidence to support this claim. Febuxostat, a selective and potent inhibitor of xanthine oxidase 
(XO), can alleviate AKI, which may be related to antioxidant stress, anti-inflammation, and antiendoplasmic reticulum 

Fig 2.  Kaplan-Meier curves showing cumulative probability of all-cause mortality according to groups at 30 days (A), and 60 days (B). Abbrevi-
ations: HUA, hyperuricemia.

https://doi.org/10.1371/journal.pone.0321576.g002

https://doi.org/10.1371/journal.pone.0321576.g002
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stress and reducing uric acid production [47–49]. For instance, Ramos and colleagues demonstrated that febuxostat 
improved renal function in experimental SA-AKI animals induced by lipopolysaccharide (LPS), potentially through its 
antioxidant, anti-inflammatory, and antiapoptotic effects [50]. Similarly, Ibrahim et al. confirmed the protective effects of 
febuxostat against liver and kidney injuries in sepsis following cecal ligation, attributing this protection to its antioxidant, 
anti-inflammatory, and anti-apoptotic properties, as well as the attenuation of the c-Jun N-terminal kinase signaling path-
way [51]. Wang et al. found that febuxostat as an XO-specific inhibitor showed antioxidant stress and anti-inflammatory 
effects and weakened the local hypoxia of renal tubular epithelial cells by inhibiting XO activity, thus alleviating SA-AKI. 
The study also demonstrated that pretreatment with febuxostat in vivo significantly improved the prognosis of SA-AKI 
mice by reducing the levels of BUN, serum creatinine, TNF-α, IL-6, and interleukin-1β (IL-1β) in peripheral blood and by 
improving histological damage, reducing kidney tubular cell apoptosis and reactive oxygen species (ROS) production, and 
inhibiting infiltration of neutrophils and macrophages in the kidneys [52]. Moreover, a meta-analysis of uric acid-lowering 
treatment in asymptomatic HUA revealed that allopurinol had a renal protective effect without an increased risk of safety 
events [53]. In addition to traditional uric acid-lowering drugs, animal experiments had suggested that mesenchymal stem 
cells can effectively attenuate uric acid-induced kidney injury through paracrine mechanisms, offering a potential thera-
peutic approach for uric acid-related renal damage [54]. Based on these findings, it was hypothesized that early interven-
tion to lower SUA levels might improve the prognosis of SA-AKI. Based on these findings, it was hypothesized that early 
intervention to lower SUA levels might improve the prognosis of SA-AKI.

There are several limitations to our study that need to be considered. Firstly, it was important to note that this was a 
retrospective study conducted at a single center. Additionally, some patients had missing data for serum creatinine or 
SUA levels, as well as incomplete information in other areas, which could introduce selection bias. These exclusions may 
limit the overall representativeness of the study population. Secondly, the study did not include an analysis of long-term 
mortality as the researchers lacked access to mortality rates after discharge. Therefore, the impact of SUA on long-term 
outcomes could not be assessed and future studies should aim to explore this aspect. Thirdly, our study focused solely on 
the impact of hyperuricemia on the prognosis of patients with SA-AKI. We had not specifically investigated how the phe-
notypes of hyperuricemia (such as renal underexcretion or renal overload) affected the prognostic outcomes of different 

Table 3.  Multivariate Cox proportional hazards models for hospital mortality and ICU mortality based on the SUA level.

Variables Model 1 Model 2 Model 3

HR (95%CI) P HR (95%CI) P HR (95%CI) P

Hospital mortality

Per unit increase 1.001 (1.000-1.002) 0.002 1.001 (1.000-1.002) 0.002 1.001 (1.000-1.002) 0.024

Per SD increase 1.215 (1.077-1.371) 0.002 1.219 (1.076-1.380) 0.002 1.167 (1.021-1.334) 0.024

Non-HUA Ref Ref Ref

HUA 1.566 (1.192-2.058) 0.001 1.593 (1.199-2.117) 0.001 1.462 (1.094-1.952) 0.010

ICU mortality

Per unit increase 1.001 (1.000-1.002) 0.002 1.001 (1.000-1.002) 0.002 1.001 (1.000-1.002) 0.027

Per SD increase 1.206 (1.073-1.357) 0.002 1.229 (1.082-1.397) 0.002 1.168 (1.018-1.339) 0.027

Non-HUA Ref Ref Ref

HUA 1.580 (1.195-2.091) 0.001 1.615 (1.207-2.161) 0.001 1.474 (1.096-1.983) 0.010

Note: Model 1: Unadjusted model.

Model 2: Adjusted for age, gender, BMI, smoking, hypertension, diabetes, coronary artery disease, WBC, and Neu.

Model 3: Model 2, with additional adjustments for Lym, PLT, CRP, Alb, D-dimer, lactate, APACHE II score, and SOFA score.

Abbreviations: HUA, hyperuricemia; BMI, body mass index; WBC, white blood cell; Neu, neutrophil; Lym, lymphocyte; PLT, platelet; CRP, C-reactive pro-
tein; Alb, albumin; SUA, serum uric acid; APACHE II, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure Assessment; 
CRRT, continuous renal replacement therapy.

https://doi.org/10.1371/journal.pone.0321576.t003

https://www.so.com/link?m=uJSuZue0LeM9DoqPUxlF5IvOaLUw+Lo0LD7sllmsxZyjoseTUnEbhmDSdedwhwZd2vkpFXnOXzzwBa1AtLunFNvmGtvJHlsf6fwf7wXBKWi13fsKcaGSdlVBQH5NfZ5l+X73C8Lo2MRYLDBrtpmSOxoMRy3QOCs1d63B8tH68UnE=
https://www.so.com/link?m=uJSuZue0LeM9DoqPUxlF5IvOaLUw+Lo0LD7sllmsxZyjoseTUnEbhmDSdedwhwZd2vkpFXnOXzzwBa1AtLunFNvmGtvJHlsf6fwf7wXBKWi13fsKcaGSdlVBQH5NfZ5l+X73C8Lo2MRYLDBrtpmSOxoMRy3QOCs1d63B8tH68UnE=
https://doi.org/10.1371/journal.pone.0321576.t003
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Fig 3.  Restricted cubic spline regression analysis of SUA with in hospital all-cause mortality. Heavy central lines represent the estimated 
adjusted hazard ratios, with shaded ribbons denoting 95% confidence intervals. The horizontal dotted lines represent the hazard ratio of 1.0. A. 
Restricted cubic spline for hospital mortality. B. Restricted cubic spline for ICU mortality. Abbreviations: SUA, serum uric acid; ICU, Intensive Care Unit.

https://doi.org/10.1371/journal.pone.0321576.g003

https://doi.org/10.1371/journal.pone.0321576.g003
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Table 4.  Subgroup analysis regarding the influence of different SUA levels in the hospital mortality.

Subgroups No. hospital mortality/No. patients HR (95% CI) P-value P for interaction

Age 0.631

>65 178/377 1.535 (1.139-2.068) 0.005

≤65 36/106 1.790 (0.903-3.548) 0.095

Gender 0.689

Male 141/296 1.406 (1.009-1.958) 0.044

Female 73/187 1.997 (1.194-3.341) 0.008

Smoking 0.027

Yes 42/84 0.848 (0.458-1.570) 0.600

No 172/399 1.813 (1.332-2.468) <0.001

Hypertension 0.625

Yes 119/263 1.701 (1.174-2.464) 0.005

No 95/220 1.514 (1.003-2.285) 0.049

Diabetes 0.139

Yes 70/151 1.138 (0.705-1.837) 0.596

No 144/332 1.788 (1.281-2.494) 0.001

Lactate 0.182

>2.0 167/337 1.725 (1.261-2.358) 0.001

≤2.0 47/146 1.117 (0.629-1.983) 0.705

Abbreviations: SUA, serum uric acid.

https://doi.org/10.1371/journal.pone.0321576.t004

Table 5.  Subgroup analysis regarding the influence of different SUA levels in the ICU mortality.

Subgroups No. ICU mortality/No. patients HR (95% CI) P-value P for interaction

Age 0.808

>65 169/377 1.570 (1.156-2.133) 0.004

≤65 35/106 1.709 (0.857-3.407) 0.128

Gender 0.362

Male 136/296 1.462 (1.043-2.048) 0.028

Female 68/187 1.942 (1.143-3.299) 0.014

Smoking 0.024

Yes 42/84 0.848 (0.458-1.570) 0.600

No 162/399 1.846 (1.343-2.538) <0.001

Hypertension 0.387

Yes 113/263 1.813 (1.236-2.660) 0.002

No 91/220 1.429 (0.941-2.169) 0.094

Diabetes 0.237

Yes 68/151 1.223 (0.750-1.993) 0.420

No 136/332 1.753 (1.246-2.468) 0.001

Lactate 0.150

>2.0 162/337 1.744 (1.270-2.395) 0.001

≤2.0 42/146 1.067 (0.581-1.958) 0.835

Abbreviations: SUA, serum uric acid; ICU, Intensive Care Unit.

https://doi.org/10.1371/journal.pone.0321576.t005

https://doi.org/10.1371/journal.pone.0321576.t004
https://doi.org/10.1371/journal.pone.0321576.t005


PLOS One | https://doi.org/10.1371/journal.pone.0321576  May 7, 2025 15 / 17

phenotypes of SA-AKI (for instance, oliguric vs. non-oliguric, prerenal vs. renal). In the future, we aim to conduct a more 
detailed analysis of these prognostic results. Additionally, certain unmeasured confounders, such as metabolic diseases, 
and prehospital intervention, volume status, nephrotoxins drugs, diuretics were not accounted for in the analysis and 
could have an impact on the association between SUA levels and outcomes. Furthermore, our study only examined SUA 
level within 24 hours of ICU admission in patients with SA-AKI and failed to evaluate the dynamic effect of SUA level. 
Future studies should explore the predictive value of SUA levels for SA-AKI by analyzing these dynamic changes. Lastly, 
the underlying mechanism linking high SUA level and prognosis remained unclear. Further research are needed to better 
understand the mechanisms involved. In order to validate the results and gain a deeper understanding of the mechanisms 
underlying these findings, it would be beneficial to conduct large-scale prospective studies involving multiple centers.

Conclusion

In summary, our results extended the utility of the SUA to critically ill patients with SA-AKI and demonstrated that the 
SUA could be used as a potential index for risk stratification of hospital mortality and ICU mortality among these patients. 
However, further research is needed to validate our findings and gain a deeper understanding of the mechanisms through 
which SUA influences SA-AKI patients.

Supporting information

S1 Fig.  The predictive value of SUA for all-cause mortality by ROC analysis. 
(DOCX)

S1 Table.  Cox proportional hazards regression of the factors influencing all-cause death of the study population. 
(DOCX)

Author contributions

Conceptualization: Zhenkui Hu.

Data curation: Chao Song, Jinhui Zhang.

Formal analysis: Zhenkui Hu, Jinhui Zhang.

Supervision: Jinhui Zhang.

Writing – original draft: Zhenkui Hu, Jinhui Zhang.

Writing – review & editing: Zhenkui Hu, Chao Song, Jinhui Zhang.

References
	1.	 Lameire NH, Bagga A, Cruz D, De Maeseneer J, Endre Z, Kellum JA, et al. Acute kidney injury: an increasing global concern. Lancet. 

2013;382(9887):170–9. https://doi.org/10.1016/S0140-6736(13)60647-9 PMID: 23727171

	2.	 Alobaidi R, Basu RK, Goldstein SL, Bagshaw SM. Sepsis-associated acute kidney injury. Semin Nephrol. 2015;35(1):2–11. https://doi.org/10.1016/j.
semnephrol.2015.01.002 PMID: 25795495

	3.	 Griffin BR, Liu KD, Teixeira JP. Critical Care Nephrology: Core Curriculum 2020. Am J Kidney Dis. 2020;75(3):435–52. https://doi.org/10.1053/j.
ajkd.2019.10.010 PMID: 31982214

	4.	 Chvojka J, Sýkora R, Karvunidis T, Raděj J, Kroužecký A, Novák I, et al. New developments in septic acute kidney injury. Physiol Res. 
2010;59(6):859–69. https://doi.org/10.33549/physiolres.931936 PMID: 20533855

	5.	 Hoste EAJ, Lameire NH, Vanholder RC, Benoit DD, Decruyenaere JMA, Colardyn FA. Acute renal failure in patients with sepsis in a surgical ICU: 
predictive factors, incidence, comorbidity, and outcome. J Am Soc Nephrol. 2003;14(4):1022–30. https://doi.org/10.1097/01.asn.0000059863.48590.
e9 PMID: 12660337

	6.	 Neveu H, Kleinknecht D, Brivet F, Loirat P, Landais P. Prognostic factors in acute renal failure due to sepsis. Results of a prospective multicentre 
study. The French Study Group on Acute Renal Failure. Nephrol Dial Transplant. 1996;11(2):293–9. https://doi.org/10.1093/oxfordjournals.ndt.
a027256 PMID: 8700363

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321576.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321576.s002
https://doi.org/10.1016/S0140-6736(13)60647-9
http://www.ncbi.nlm.nih.gov/pubmed/23727171
https://doi.org/10.1016/j.semnephrol.2015.01.002
https://doi.org/10.1016/j.semnephrol.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25795495
https://doi.org/10.1053/j.ajkd.2019.10.010
https://doi.org/10.1053/j.ajkd.2019.10.010
http://www.ncbi.nlm.nih.gov/pubmed/31982214
https://doi.org/10.33549/physiolres.931936
http://www.ncbi.nlm.nih.gov/pubmed/20533855
https://doi.org/10.1097/01.asn.0000059863.48590.e9
https://doi.org/10.1097/01.asn.0000059863.48590.e9
http://www.ncbi.nlm.nih.gov/pubmed/12660337
https://doi.org/10.1093/oxfordjournals.ndt.a027256
https://doi.org/10.1093/oxfordjournals.ndt.a027256
http://www.ncbi.nlm.nih.gov/pubmed/8700363


PLOS One | https://doi.org/10.1371/journal.pone.0321576  May 7, 2025 16 / 17

	 7.	 Bagshaw SM, Uchino S, Bellomo R, Morimatsu H, Morgera S, Schetz M, et al. Septic acute kidney injury in critically ill patients: clinical characteris-
tics and outcomes. Clin J Am Soc Nephrol. 2007;2(3):431–9. https://doi.org/10.2215/CJN.03681106 PMID: 17699448

	 8.	 Hsu Y-C, Hsu C-W. Septic acute kidney injury patients in emergency department: The risk factors and its correlation to serum lactate. Am J Emerg 
Med. 2019;37(2):204–8. https://doi.org/10.1016/j.ajem.2018.05.012 PMID: 29776828

	 9.	 Yegenaga I, Hoste E, Van Biesen W, Vanholder R, Benoit D, Kantarci G, et al. Clinical characteristics of patients developing ARF due to sep-
sis/systemic inflammatory response syndrome: results of a prospective study. Am J Kidney Dis. 2004;43(5):817–24. https://doi.org/10.1053/j.
ajkd.2003.12.045 PMID: 15112172

	10.	 Yanai H, Adachi H, Hakoshima M, Katsuyama H. Molecular Biological and Clinical Understanding of the Pathophysiology and Treatments of Hyper-
uricemia and Its Association with Metabolic Syndrome, Cardiovascular Diseases and Chronic Kidney Disease. Int J Mol Sci. 2021;22(17):9221. 
https://doi.org/10.3390/ijms22179221 PMID: 34502127

	11.	 Khosla UM, Zharikov S, Finch JL, Nakagawa T, Roncal C, Mu W, et al. Hyperuricemia induces endothelial dysfunction. Kidney Int. 
2005;67(5):1739–42. https://doi.org/10.1111/j.1523-1755.2005.00273.x PMID: 15840020

	12.	 Yu M-A, Sánchez-Lozada LG, Johnson RJ, Kang D-H. Oxidative stress with an activation of the renin-angiotensin system in human vascular endo-
thelial cells as a novel mechanism of uric acid-induced endothelial dysfunction. J Hypertens. 2010;28(6):1234–42. PMID: 20486275

	13.	 Netea MG, Kullberg BJ, Blok WL, Netea RT, van der Meer JW. The role of hyperuricemia in the increased cytokine production after lipopolysaccha-
ride challenge in neutropenic mice. Blood. 1997;89(2):577–82. https://doi.org/10.1182/blood.v89.2.577 PMID: 9002961

	14.	 Kang D-H, Nakagawa T, Feng L, Watanabe S, Han L, Mazzali M, et al. A role for uric acid in the progression of renal disease. J Am Soc Nephrol. 
2002;13(12):2888–97. https://doi.org/10.1097/01.asn.0000034910.58454.fd PMID: 12444207

	15.	 Verzola D, Ratto E, Villaggio B, Parodi EL, Pontremoli R, Garibotto G, et al. Uric acid promotes apoptosis in human proximal tubule cells by oxidative 
stress and the activation of NADPH oxidase NOX 4. PLoS One. 2014;9(12):e115210. https://doi.org/10.1371/journal.pone.0115210 PMID: 25514209

	16.	 Peerapornratana S, Manrique-Caballero CL, Gómez H, Kellum JA. Acute kidney injury from sepsis: current concepts, epidemiology, pathophysiol-
ogy, prevention and treatment. Kidney Int. 2019;96(5):1083–99. https://doi.org/10.1016/j.kint.2019.05.026 PMID: 31443997

	17.	 Zarbock A, Gomez H, Kellum JA. Sepsis-induced acute kidney injury revisited: pathophysiology, prevention and future therapies. Curr Opin Crit 
Care. 2014;20(6):588–95. https://doi.org/10.1097/MCC.0000000000000153 PMID: 25320909

	18.	 Xu Y, Zhu J, Gao L, Liu Y, Shen J, Shen C, et al. Hyperuricemia as an independent predictor of vascular complications and mortality in type 2 
diabetes patients: a meta-analysis. PLoS One. 2013;8(10):e78206. https://doi.org/10.1371/journal.pone.0078206 PMID: 24205159

	19.	 Akbar SR, Long DM, Hussain K, Alhajhusain A, Ahmed US, Iqbal HI, et al. Hyperuricemia: An Early Marker for Severity of Illness in Sepsis. Int J 
Nephrol. 2015;2015:301021. https://doi.org/10.1155/2015/301021 PMID: 26294973

	20.	 Okazaki H, Shirakabe A, Kobayashi N, Hata N, Shinada T, Matsushita M, et al. Are atherosclerotic risk factors associated with a poor prognosis in 
patients with hyperuricemic acute heart failure? The evaluation of the causal dependence of acute heart failure and hyperuricemia. Heart Vessels. 
2017;32(4):436–45. https://doi.org/10.1007/s00380-016-0893-z PMID: 27672076

	21.	 Piepoli MF, Salvioni E, Corrà U, Doni F, Bonomi A, La Gioia R, et al. Increased serum uric acid level predicts poor prognosis in mildly severe 
chronic heart failure with reduced ejection fraction. An analysis from the MECKI score research group. Eur J Intern Med. 2020;72:47–52. https://
doi.org/10.1016/j.ejim.2019.11.003 PMID: 31787490

	22.	 Li X, Sun J, Bu Q, Zhou B, Li L, Man X, et al. Association between serum uric acid levels and clinical outcomes in patients with acute kidney injury. 
Ren Fail. 2023;45(1):2169617. https://doi.org/10.1080/0886022X.2023.2169617 PMID: 37073630

	23.	 Liu S, Zhong Z, Liu F. Prognostic value of hyperuricemia for patients with sepsis in the intensive care unit. Sci Rep. 2022;12(1):1070. https://doi.
org/10.1038/s41598-022-04862-3 PMID: 35058497

	24.	 Wu Y-P, Lauffenburger JC. Effectiveness of corticosteroids in patients with sepsis or septic shock using the new third international consensus 
definitions (Sepsis-3): A retrospective observational study. PLoS One. 2020;15(12):e0243149. https://doi.org/10.1371/journal.pone.0243149 PMID: 
33270762

	25.	 Stevens PE, Levin A, Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline Development Work Group Members. Evalu-
ation and management of chronic kidney disease: synopsis of the kidney disease: improving global outcomes 2012 clinical practice guideline. Ann 
Intern Med. 2013;158(11):825–30. https://doi.org/10.7326/0003-4819-158-11-201306040-00007 PMID: 23732715

	26.	 Kounatidis D, Vallianou NG, Psallida S, Panagopoulos F, Margellou E, Tsilingiris D, et al. Sepsis-Associated Acute Kidney Injury: Where Are We 
Now?. Medicina (Kaunas). 2024;60(3):434. https://doi.org/10.3390/medicina60030434 PMID: 38541160

	27.	 Bu X, Zhang L, Chen P, Wu X. Relation of neutrophil-to-lymphocyte ratio to acute kidney injury in patients with sepsis and septic shock: A retro-
spective study. Int Immunopharmacol. 2019;70:372–7. https://doi.org/10.1016/j.intimp.2019.02.043 PMID: 30852292

	28.	 Ma Y-C, Zuo L, Chen J-H, Luo Q, Yu X-Q, Li Y, et al. Modified glomerular filtration rate estimating equation for Chinese patients with chronic kidney 
disease. J Am Soc Nephrol. 2006;17(10):2937–44. https://doi.org/10.1681/ASN.2006040368 PMID: 16988059

	29.	 Wang J, Chen S, Zhao J, Liang J, Gao X, Gao Q, et al. Association between nutrient patterns and hyperuricemia: mediation analysis involv-
ing obesity indicators in the NHANES. BMC Public Health. 2022;22(1):1981. https://doi.org/10.1186/s12889-022-14357-5 PMID: 36307786

	30.	 Arnaud M, Loiselle M, Vaganay C, Pons S, Letavernier E, Demonchy J, et al. Tumor Lysis Syndrome and AKI: Beyond Crystal Mechanisms. J Am 
Soc Nephrol. 2022;33(6):1154–71. https://doi.org/10.1681/ASN.2021070997 PMID: 35523579

https://doi.org/10.2215/CJN.03681106
http://www.ncbi.nlm.nih.gov/pubmed/17699448
https://doi.org/10.1016/j.ajem.2018.05.012
http://www.ncbi.nlm.nih.gov/pubmed/29776828
https://doi.org/10.1053/j.ajkd.2003.12.045
https://doi.org/10.1053/j.ajkd.2003.12.045
http://www.ncbi.nlm.nih.gov/pubmed/15112172
https://doi.org/10.3390/ijms22179221
http://www.ncbi.nlm.nih.gov/pubmed/34502127
https://doi.org/10.1111/j.1523-1755.2005.00273.x
http://www.ncbi.nlm.nih.gov/pubmed/15840020
http://www.ncbi.nlm.nih.gov/pubmed/20486275
https://doi.org/10.1182/blood.v89.2.577
http://www.ncbi.nlm.nih.gov/pubmed/9002961
https://doi.org/10.1097/01.asn.0000034910.58454.fd
http://www.ncbi.nlm.nih.gov/pubmed/12444207
https://doi.org/10.1371/journal.pone.0115210
http://www.ncbi.nlm.nih.gov/pubmed/25514209
https://doi.org/10.1016/j.kint.2019.05.026
http://www.ncbi.nlm.nih.gov/pubmed/31443997
https://doi.org/10.1097/MCC.0000000000000153
http://www.ncbi.nlm.nih.gov/pubmed/25320909
https://doi.org/10.1371/journal.pone.0078206
http://www.ncbi.nlm.nih.gov/pubmed/24205159
https://doi.org/10.1155/2015/301021
http://www.ncbi.nlm.nih.gov/pubmed/26294973
https://doi.org/10.1007/s00380-016-0893-z
http://www.ncbi.nlm.nih.gov/pubmed/27672076
https://doi.org/10.1016/j.ejim.2019.11.003
https://doi.org/10.1016/j.ejim.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31787490
https://doi.org/10.1080/0886022X.2023.2169617
http://www.ncbi.nlm.nih.gov/pubmed/37073630
https://doi.org/10.1038/s41598-022-04862-3
https://doi.org/10.1038/s41598-022-04862-3
http://www.ncbi.nlm.nih.gov/pubmed/35058497
https://doi.org/10.1371/journal.pone.0243149
http://www.ncbi.nlm.nih.gov/pubmed/33270762
https://doi.org/10.7326/0003-4819-158-11-201306040-00007
http://www.ncbi.nlm.nih.gov/pubmed/23732715
https://doi.org/10.3390/medicina60030434
http://www.ncbi.nlm.nih.gov/pubmed/38541160
https://doi.org/10.1016/j.intimp.2019.02.043
http://www.ncbi.nlm.nih.gov/pubmed/30852292
https://doi.org/10.1681/ASN.2006040368
http://www.ncbi.nlm.nih.gov/pubmed/16988059
https://doi.org/10.1186/s12889-022-14357-5
http://www.ncbi.nlm.nih.gov/pubmed/36307786
https://doi.org/10.1681/ASN.2021070997
http://www.ncbi.nlm.nih.gov/pubmed/35523579


PLOS One | https://doi.org/10.1371/journal.pone.0321576  May 7, 2025 17 / 17

	31.	 Hahn K, Kanbay M, Lanaspa MA, Johnson RJ, Ejaz AA. Serum uric acid and acute kidney injury: A mini review. J Adv Res. 2017;8(5):529–36. 
https://doi.org/10.1016/j.jare.2016.09.006 PMID: 28748118

	32.	 Crişan TO, Cleophas MCP, Novakovic B, Erler K, van de Veerdonk FL, Stunnenberg HG, et al. Uric acid priming in human monocytes is driven 
by the AKT-PRAS40 autophagy pathway. Proc Natl Acad Sci U S A. 2017;114(21):5485–90. https://doi.org/10.1073/pnas.1620910114 PMID: 
28484006

	33.	 Xiao J, Zhang X-L, Fu C, Han R, Chen W, Lu Y, et al. Soluble uric acid increases NALP3 inflammasome and interleukin-1β expression in human 
primary renal proximal tubule epithelial cells through the Toll-like receptor 4-mediated pathway. Int J Mol Med. 2015;35(5):1347–54. https://doi.
org/10.3892/ijmm.2015.2148 PMID: 25813103

	34.	 McMullan CJ, Borgi L, Fisher N, Curhan G, Forman J. Effect of Uric Acid Lowering on Renin-Angiotensin-System Activation and Ambulatory BP: A 
Randomized Controlled Trial. Clin J Am Soc Nephrol. 2017;12(5):807–16. https://doi.org/10.2215/CJN.10771016 PMID: 28320765

	35.	 Shimada M, Dass B, Ejaz AA. Paradigm shift in the role of uric acid in acute kidney injury. Semin Nephrol. 2011;31(5):453–8. https://doi.
org/10.1016/j.semnephrol.2011.08.010 PMID: 22000653

	36.	 Ejaz AA, Mu W, Kang D-H, Roncal C, Sautin YY, Henderson G, et al. Could uric acid have a role in acute renal failure?. Clin J Am Soc Nephrol. 
2007;2(1):16–21. https://doi.org/10.2215/CJN.00350106 PMID: 17699382

	37.	 Huang M, Cai S, Su J. The Pathogenesis of Sepsis and Potential Therapeutic Targets. Int J Mol Sci. 2019;20(21):5376. https://doi.org/10.3390/
ijms20215376 PMID: 31671729

	38.	 Kanellis J, Kang D-H. Uric acid as a mediator of endothelial dysfunction, inflammation, and vascular disease. Semin Nephrol. 2005;25(1):39–42. 
https://doi.org/10.1016/j.semnephrol.2004.09.007 PMID: 15660333

	39.	 Zheng T, Liu X, Wei Y, Li X, Zheng B, Gong Q, et al. Laboratory Predictors of COVID-19 Mortality: A Retrospective Analysis from Tongji Hospital in 
Wuhan. Mediators Inflamm. 2021;2021:6687412. https://doi.org/10.1155/2021/6687412 PMID: 33679237

	40.	 He L, Zhang Q, Li Z, Shen L, Zhang J, Wang P, et al. Incorporation of Urinary Neutrophil Gelatinase-Associated Lipocalin and Computed Tomog-
raphy Quantification to Predict Acute Kidney Injury and In-Hospital Death in COVID-19 Patients. Kidney Dis (Basel). 2021;7(2):120–30. https://doi.
org/10.1159/000511403 PMID: 33824868

	41.	 Chauhan K, Pattharanitima P, Piani F, Johnson RJ, Uribarri J, Chan L, et al. Prevalence and Outcomes Associated with Hyperuricemia in Hospital-
ized Patients with COVID-19. Am J Nephrol. 2022;53(1):78–86. https://doi.org/10.1159/000520355 PMID: 34883482

	42.	 Jiang Y-X, Gong C-L, Tang Y, Yi Y, Liu F-G, Zhou J-W, et al. Association between hyperuricemia and acute kidney injury in critically ill patients with 
sepsis. BMC Nephrol. 2023;24(1):128. https://doi.org/10.1186/s12882-023-03129-x PMID: 37147567

	43.	 Pehlivanlar-Kucuk M, Kucuk AO, Ozturk CE, Er MC, Ulger F. The Association Between Serum Uric Acid Level and Prognosis in Critically Ill 
Patients, Uric Acid as a Prognosis Predictor. Clin Lab. 2018;64(9):1491–500. https://doi.org/10.7754/Clin.Lab.2018.180334 PMID: 30274009

	44.	 Tsuchiya M, Asada A, Kasahara E, Sato EF, Shindo M, Inoue M. Smoking a single cigarette rapidly reduces combined concentrations of nitrate and 
nitrite and concentrations of antioxidants in plasma. Circulation. 2002;105(10):1155–7. https://doi.org/10.1161/hc1002.105935 PMID: 11889006

	45.	 Haj Mouhamed D, Ezzaher A, Neffati F, Douki W, Gaha L, Najjar MF. Effect of cigarette smoking on plasma uric acid concentrations. Environ 
Health Prev Med. 2011;16(5):307–12. https://doi.org/10.1007/s12199-010-0198-2 PMID: 21431788

	46.	 Chen Q, Ma X, Geng Y, Liao J, Ma L. Association between smoking and hypertension under different PM2.5 and green space exposure: A nation-
wide cross-sectional study. Front Public Health. 2022;10:1026648. https://doi.org/10.3389/fpubh.2022.1026648 PMID: 36466446

	47.	 Fujii K, Kubo A, Miyashita K, Sato M, Hagiwara A, Inoue H, et al. Xanthine oxidase inhibitor ameliorates postischemic renal injury in mice by pro-
moting resynthesis of adenine nucleotides. JCI Insight. 2019;4(22):e124816. https://doi.org/10.1172/jci.insight.124816 PMID: 31723053

	48.	 Yang K-J, Kim JH, Chang YK, Park CW, Kim SY, Hong YA. Inhibition of xanthine oxidoreductase protects against contrast-induced renal tubular 
injury by activating adenosine monophosphate-activated protein kinase. Free Radic Biol Med. 2019;145:209–20. https://doi.org/10.1016/j.freerad-
biomed.2019.09.027 PMID: 31560952

	49.	 Fahmi ANA, Shehatou GSG, Shebl AM, Salem HA. Febuxostat exerts dose-dependent renoprotection in rats with cisplatin-induced acute renal 
injury. Naunyn Schmiedebergs Arch Pharmacol. 2016;389(8):819–30. https://doi.org/10.1007/s00210-016-1258-y PMID: 27215580

	50.	 Ramos MF de P, Monteiro de Barros A do CM, Razvickas CV, Borges FT, Schor N. Xanthine oxidase inhibitors and sepsis. Int J Immunopathol 
Pharmacol. 2018;32:2058738418772210. https://doi.org/10.1177/2058738418772210 PMID: 29786457

	51.	 Ibrahim YF, Fadl RR, Ibrahim S, Gayyed MF, Bayoumi A, Refaie M. Protective effect of febuxostat in sepsis-induced liver and kidney injuries after 
cecal ligation and puncture with the impact of xanthine oxidase, interleukin 1β, and c-Jun N-terminal kinases. Hum Exp Toxicol. 2020;39(7):906–19. 
https://doi.org/10.1177/0960327120905957 PMID: 32054342

	52.	 Wang T-T, Du Y-W, Wang W, Li X-N, Liu H-B. Inhibition of Xanthine Oxidase Protects against Sepsis-Induced Acute Kidney Injury by Ameliorating 
Renal Hypoxia. Oxid Med Cell Longev. 2022;2022:4326695. https://doi.org/10.1155/2022/4326695 PMID: 35873795

	53.	 Tien Y-Y, Shih M-C, Tien C-P, Huang H-K, Tu Y-K. To Treat or Not to Treat? Effect of Urate-Lowering Therapy on Renal Function, Blood Pres-
sure and Safety in Patients with Asymptomatic Hyperuricemia: A Systematic Review and Network Meta-Analysis. J Am Board Fam Med. 
2022;35(1):140–51. https://doi.org/10.3122/jabfm.2022.01.210273 PMID: 35039419

	54.	 Li L, Cheng D, An X, Liao G, Zhong L, Liu J, et al. Mesenchymal stem cells transplantation attenuates hyperuricemic nephropathy in rats. Int Immu-
nopharmacol. 2021;99:108000. https://doi.org/10.1016/j.intimp.2021.108000 PMID: 34352566

https://doi.org/10.1016/j.jare.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28748118
https://doi.org/10.1073/pnas.1620910114
http://www.ncbi.nlm.nih.gov/pubmed/28484006
https://doi.org/10.3892/ijmm.2015.2148
https://doi.org/10.3892/ijmm.2015.2148
http://www.ncbi.nlm.nih.gov/pubmed/25813103
https://doi.org/10.2215/CJN.10771016
http://www.ncbi.nlm.nih.gov/pubmed/28320765
https://doi.org/10.1016/j.semnephrol.2011.08.010
https://doi.org/10.1016/j.semnephrol.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/22000653
https://doi.org/10.2215/CJN.00350106
http://www.ncbi.nlm.nih.gov/pubmed/17699382
https://doi.org/10.3390/ijms20215376
https://doi.org/10.3390/ijms20215376
http://www.ncbi.nlm.nih.gov/pubmed/31671729
https://doi.org/10.1016/j.semnephrol.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15660333
https://doi.org/10.1155/2021/6687412
http://www.ncbi.nlm.nih.gov/pubmed/33679237
https://doi.org/10.1159/000511403
https://doi.org/10.1159/000511403
http://www.ncbi.nlm.nih.gov/pubmed/33824868
https://doi.org/10.1159/000520355
http://www.ncbi.nlm.nih.gov/pubmed/34883482
https://doi.org/10.1186/s12882-023-03129-x
http://www.ncbi.nlm.nih.gov/pubmed/37147567
https://doi.org/10.7754/Clin.Lab.2018.180334
http://www.ncbi.nlm.nih.gov/pubmed/30274009
https://doi.org/10.1161/hc1002.105935
http://www.ncbi.nlm.nih.gov/pubmed/11889006
https://doi.org/10.1007/s12199-010-0198-2
http://www.ncbi.nlm.nih.gov/pubmed/21431788
https://doi.org/10.3389/fpubh.2022.1026648
http://www.ncbi.nlm.nih.gov/pubmed/36466446
https://doi.org/10.1172/jci.insight.124816
http://www.ncbi.nlm.nih.gov/pubmed/31723053
https://doi.org/10.1016/j.freeradbiomed.2019.09.027
https://doi.org/10.1016/j.freeradbiomed.2019.09.027
http://www.ncbi.nlm.nih.gov/pubmed/31560952
https://doi.org/10.1007/s00210-016-1258-y
http://www.ncbi.nlm.nih.gov/pubmed/27215580
https://doi.org/10.1177/2058738418772210
http://www.ncbi.nlm.nih.gov/pubmed/29786457
https://doi.org/10.1177/0960327120905957
http://www.ncbi.nlm.nih.gov/pubmed/32054342
https://doi.org/10.1155/2022/4326695
http://www.ncbi.nlm.nih.gov/pubmed/35873795
https://doi.org/10.3122/jabfm.2022.01.210273
http://www.ncbi.nlm.nih.gov/pubmed/35039419
https://doi.org/10.1016/j.intimp.2021.108000
http://www.ncbi.nlm.nih.gov/pubmed/34352566

