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ABSTRACT 

Background. Acute kidney injury ( AKI) is a serious complication in patients undergoing cardiac surgery, with the 
underlying mechanism remaining elusive and a lack of specific biomarkers for cardiac surgery-associated AKI ( CS-AKI) . 
Methods. We performed an untargeted metabolomics analysis of urine samples procured from a cohort of patients with 

or without AKI at 6 and 24 h following cardiac surgery. Based on the differential urinary metabolites discovered, we 
further examined the expressions of the key metabolic enzymes that regulate these metabolites in kidney during AKI 
using a mouse model of ischemia–reperfusion injury ( IRI) and in hypoxia-treated tubular epithelial cells ( TECs) . 
Results. The urine metabolomic profiles in AKI patients were significantly different from those in non-AKI patients, 
including upregulation of tryptophan metabolism– and aerobic glycolysis–related metabolites, such as l- tryptophan and 
d- glucose-1-phosphate, and downregulation of fatty acid oxidation ( FAO) and tricarboxylic acid ( TCA) cycle–related 
metabolites. Spearman correlation analysis showed that serum creatinine was positively correlated with urinary 
l- tryptophan and indole, which had high accuracy for predicting AKI. In animal experiments, we demonstrated that the 
expression of rate-limiting enzymes in glycolysis, such as hexokinase II ( HK2) , was significantly upregulated during renal 
IRI. However, the TCA cycle–related key enzyme citrate synthase was significantly downregulated after IRI. In vitro , 
hypoxia induced downregulation of citrate synthase in TECs. In addition, FAO-related gene peroxisome 
proliferator-activated receptor alpha ( PPAR α) was remarkably downregulated in kidney during renal IRI. 
Conclusion. This study presents urinary metabolites related to CS-AKI, indicating the rewiring of the metabolism in 

kidney during AKI, identifying potential AKI biomarkers. 
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GRAPHICAL ABSTRACT 

Keywords: acute kidney injury, cardiac surgery, metabolomics, urine metabolites 

KEY LEARNING POINTS 

What was known: 

• Prediction of cardiac surgery-associated acute kidney injury ( CS-AKI) remains a challenge.

This study adds: 

• Our study aimed to identify urinary metabolites for prediction of CS-AKI, and explore renal metabolism during AKI.

Potential impact: 

• We identified differential urinary metabolites associated with metabolic rewiring of kidney.
• Experimental studies demonstrated that abnormal metabolic adaptations contribute to AKI.
• Urinary metabolites could be early indicators of CS-AKI.
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NTRODUCTION 

cute kidney injury ( AKI) is a clinical syndrome characterized by 
 sudden decline in renal function, and is commonly observed 
n adult patients undergoing cardiac surgery. Cardiac surgery- 
ssociated AKI ( CS-AKI) is the second most common type of AKI 
fter septic AKI in intensive care units, with an incidence of 
5%–40% [1 ], and is associated with high morbidity and mortal- 
ty rates, prolonged mechanical ventilation, increased hospital- 
zation stay and costs, and development of chronic kidney dis- 
ase [2 –4 ]. Early identification of patients at high risk of CS-AKI 
nables clinicians to initiate efficient prevention and treatment 
easures to reduce the incidence of AKI. So far, the clinical di-
gnosis of AKI primarily relies on serum creatinine ( Scr) levels 
nd urine output [5 ]. However, variations in Scr level typically 
ccur after renal dysfunction and can also be influenced by sev- 
ral factors including steroids, nutrition and muscle injury, and 
herefore it does not promptly and accurately reflect the extent 
f kidney injury. Furthermore, factors like the use of diuretics 
nd bladder capacity can influence urine output [6 ]. 

Recent studies have identified several biomarkers for kid- 
ey damage, such as neutrophil gelatinase-associated lipocalin 
 NGAL) , kidney injury molecule-1, cystatin C, interleukin-18,
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iver fatty acid binding protein, and so on [7 , 8 ]. In particular,
GAL has been used frequently in diagnosis and severity assess-
ent in kidney diseases [9 ]. Nevertheless, these biomarkers ex-
ibit limitations regarding data stability, clinical reliability and 
he breadth of the applicable population [10 ]. Thus, novel spe-
ific biomarkers for early diagnosis of CS-AKI are needed. 

Clarifying the pathogenesis of CS-AKI is essential to explore 
pecific early diagnostic biomarkers. The pathophysiology of 
S-AKI is complex and remains incompletely understood. Re- 
al hypoperfusion and ischemia–reperfusion injury ( IRI) are the 
ajor injury pathways involved in the development of CS-AKI 

11 ], which induces mitochondrial damage and dysfunction, and 
etabolism impairment in tubular epithelial cells ( TECs) , which 

ubsequently leads to cell injury or cell death. Under physio-
ogical conditions, TECs primarily rely on oxidative phosphory- 
ation driven by fatty acid oxidation ( FAO) to generate energy.
n response to ischemic stress, TEC mitochondrial function and 
etabolism is disturbed, and the ability of TECs to use FAO is im-
aired, switching to anaerobic glycolysis for energy demand. Ab- 
ormal metabolic adaptations of TECs will result in impairment 
f cell function and survival, contributing to AKI. Alterations in
etabolite level typically manifest in biological fluids before the 
ppearance of clinical symptoms during AKI, making their de- 
ection valuable for analyzing mechanisms, onset and progno- 
is of AKI [12 ]. Given that low molecular weight compounds are
sually freely filtered into urine, urine samples serve as ideal
andidates for metabolomics research. This is due to several ad-
antages in clinical practice, including non-invasiveness, large 
ample sizes, easy access and the feasibility of time series anal-
sis [13 ]. Currently, urine metabolomics is widely adopted as a
ethod for studying kidney diseases. 
In this study, we perform an untargeted metabolomics 

nalysis of urine samples procured from a cohort of post-
ardiac surgery patients with or without AKI, using liquid 
hromatography-mass spectrometry ( LC-MS) . Based on the dif- 
erential urinary metabolites detected, we further determine the 
xpressions of the key metabolic enzymes that regulates these 
etabolites in kidney during AKI using a mouse model of IRI and

n hypoxia-treated tubular epithelial cells in vitro , to explore the
ewiring of the metabolism in the pathophysiology of AKI, and
dentify its potential diagnostic markers. 

ATERIALS AND METHODS 

atients 

articipants involved in this study ( nested case–control study) 
riginated from a prospective cohort study ( ChiCTR2000035568) 
hat was conducted to evaluate the early diagnostic biomark- 
rs of AKI on patients undergoing cardiac surgery between 29
une 2021 and 24 February 2022 in Zhongshan Hospital Fudan
niversity. After the completion of the original cohort study, we
ncluded the first 30 patients identified as AKI cases and 30 pa-
ients without AKI, matched by age and sex, were randomly se-
ected from the same period using SPSS. AKI in this study was
efined as an increase in serum creatinine of ≥0.3 mg/dL ( or
6.5 μmol/L) from baseline within 48 h after cardiac surgery. Eli-
ible patients were adults at high risk for AKI who underwent
lective cardiopulmonary bypass cardiac surgery. Exclusion 
riteria were end-stage kidney disease [estimated glomerular 
ltration rate ( eGFR) of < 15 mL/min/1.73 m2 of body-surface 
rea], preexisting AKI, kidney transplantation and pregnancy. All 
atients signed informed consent. 
PLC-MS/MS measurement of urinary metabolites 

rine samples were collected before cardiac surgery, at 6 and
4 h after surgery, respectively, from AKI and non-AKI patients,
sed for LC-MS analysis [14 ]. To assess the repeatability and sta-
ility of the entire LC-MS process, 10 μL of each sample was in-
orporated into the quality control ( QC) samples. The LC analysis
as conducted using a Vanquish UHPLC System ( Thermo Fisher
cientific, USA) . The chromatographic separation was conducted 
sing an ACQUITY UPLC® HSS T3 column ( 150 × 2.1 mm, 1.8 μm)
rom Waters ( Milford, MA, USA) . The column was maintained at
0°C with a flow rate of 0.25 mL/min and an injection volume
f 2 μL. For LC-ESI( +) -MS analysis, the mobile phase was com-
osed of 0.1% formic acid in acetonitrile ( v/v) and 0.1% formic
cid in water ( v/v) . For LC-ESI( –) -MS analysis, the analyses were
rocessed with acetonitrile and 5 mM ammonium format [15 ]. 
The detection of metabolites via mass spectrometry was con-

ucted using an OrbitrapExploris 120 ( Thermo Fisher Scientific,
SA) equipped with an ESI ion source. We employed simulta-
eous acquisition of MS1 and MS/MS data ( in Full MS-ddMS2
ode, data-dependent MS/MS) . The parameters were set as fol-

ow: sheath gas pressure ( 30 arb) , auxiliary gas flow ( 10 arb) ,
pray voltage [3.50 kV for ESI( +) and −2.50 kV for ESI( −) ], capil-
ary temperature ( 325°C) , MS1 range ( m/z 100–1000) , MS1 resolv- 
ng power ( 60 000 FWHM) , number of data-dependent scans per
ycle ( 4) , MS/MS resolving power ( 15 000 FWHM) , normalized col-
ision energy ( 30%) and dynamic exclusion time ( automatic) [16 ].

ata processing and analysis 

he raw data involved were converted to mzXML format us-
ng MSConvert from ProteoWizard software package ( v3.0.8789) 
17 ], followed by processing with XCMS [18 ] for feature detec-
ion, retention time correction and alignment. Metabolite iden-
ification was accomplished using accurate mass ( < 30 ppm) and
S/MS data, with matches sought in databases such as Human
etabolome Database ( HMDB) , MassBank [19 ], LipidMaps [20 ],
zCloud [21 ] and Kyoto Encyclopedia of Genes and Genomes

 KEGG) [22 ]. To correct for any systematic bias, quality control-
he robust LOESS signal correction ( QC-RLSC) method was ap- 
lied for data normalization [23 ]. Post-normalization, only ion
eaks displaying relative standard deviations ( RSDs) in QC of 
 30% were retained, ensuring accurate metabolite identifica-
ion. 

All multivariate data analyses and modeling were conducted
sing the Ropls software. Following data scaling, models were
onstructed using principal component analysis ( PCA) , partial 
east-square discriminant analysis ( PLS-DA) and orthogonal 
artial least-square discriminant analysis ( OPLS-DA) . The 
etabolic profiles were visualized in a score plot, with each
oint representing a distinct sample. All evaluated models
nderwent permutation tests to check for overfitting. Dis-
riminating metabolites were identified using the variable 
mportance ( VIP) on projection parameter in the OPLS-DA 

odel. Pathway analysis of the differential metabolites was
erformed using MetaboAnalyst. The metabolites identified 
hrough metabolomics were subsequently mapped onto the 
EGG pathway to facilitate interpretation of biological functions.

nimals and animal experiment 

ll experimental protocols were approved by the Institutional
nimal Care and Use Committee of Fudan University. Male mice
 C57BL/6, 8–10 weeks old) , were obtained commercially from the
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Table 1: Basic characteristics and preoperative examinations. 

Characteristics 
No AKI 
( n = 30) 

AKI 
( n = 30) P -value 

Age, years 65.3 ± 6.9 64.7 ± 6.7 .735 
Men, No. ( %) 21 ( 70.0) 20 ( 66.7) .781 
Smoking, No. ( %) 6 ( 20.0) 11 ( 36.7) .152 
Alcohol consumption, No. ( %) 9 ( 30.0) 9 ( 30.0) 1.000 
Medication, No. ( %) 

ACEI or ARBs 9 ( 30.0) 7 ( 23.3) .559 
Diuretics 13 ( 43.3) 12 ( 40.0) .793 
Insulin therapy 0 ( 0.0) 2 ( 6.7) .492 
Oral antidiabetic drugs 1 ( 3.3) 1 ( 3.3) 1.000 
Cholesterol-lowering drug 3 ( 10.0) 6 ( 20.0) .472 

Comorbidities, No. ( %) 
Hypertension 8 ( 26.7) 14 ( 46.7) .108 
Diabetes mellitus 1 ( 3.3) 5 ( 16.7) .195 
Chronic kidney disease 1 ( 3.3) 0 ( 0.0) 1.000 
Hyperuricemia 3 ( 10.0) 4 ( 13.3) 1.000 

NYHA classification, No. ( %) 
Ⅰ –Ⅱ 9 ( 30.0) 10 ( 33.3) .781 
Ⅲ –Ⅳ 21 ( 70.0) 20 ( 66.7) 

Clinical examinations 
Hb ( g/L) 132 ± 21 129 ± 17 .274 
Albumin ( g/L) 40.4 ± 3.3 40.8 ± 2.9 .532 
BUN ( mmol/L) 8.43 ± 2.76 8.34 ± 2.30 .947 
Scr ( μmol//L) 96.3 ± 18.0 96.3 ± 20.2 1.000 
eGFR ( mL/min/1.73 m2 ) 66.6 ± 14.9 68.3 ± 17.5 .756 
UA ( μmol//L) 433 ± 126 422 ± 112 1.000 
TC ( mmol/L) 4.14 ± 1.04 4.11 ± 1.02 .859 
TG ( mmol/L) 1.47 ± 1.36 1.33 ± 0.78 .836 
LDL-c ( mmol/L) 2.41 ± 0.86 2.23 ± 0.85 .322 

Data are presented as mean ( ± standard deviation) or n ( %) . 

Chronic kidney disease: estimated glomerular filtration rate ( eGFR) 
< 60 mL/kg.m2 . 
NYHA, New York Heart Association; RIPC, remote ischemic post-conditioning; 
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor 

blocker; Hb, hemoglobin; UA, uric acid; TC, total cholesterol; TG, triglycerides; 
LDL, low-density lipoprotein. 
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nimal Resource Center of Fudan University. Regular mice used 
n this study were housed under 14-h light/10-h dark cycle and 
ontrolled temperature ( 22–24°C) with free access to food and 
ater. 
Mice were randomly assigned to sham-operated or IRI group.

ased on our previous studies, renal IRI was induced by bilateral 
enal pedicle clamping for 30 min [24 ]. Sham-operated mice un- 
erwent the same surgical procedures but without occlusion of 
enal pedicle. Mice were euthanized at 6, 12 and 24 h separately 
fter the operation, and kidney samples were collected. 

ell culture 

ouse renal TECs were purchased from BeNa Culture Collec- 
ion ( BNCC, China) , and cultured in RPMI 1640 medium supple- 
ented with 10% fetal bovine serum, grown in cell incubators at 
7°C and 5% CO2 atmosphere. 

ypoxia and reoxygenation treatment 

o induced hypoxia, the cells were changed to serum-free 
PMI1640 medium and incubated in a cell hypoxia incubator 
ith 1% O2 , 5% CO2 and 94% N2 at 37°C. After 24 h of hypoxia,
ECs were transferred back to normoxic incubators for reoxy- 
enation for 4 h.

eal-time polymerase chain reaction 

otal RNA was extracted from TECs and mouse kidney using 
rizol reagent ( T9424l; Sigma-Aldrich) . After reverse transcrip- 
ion to cDNA ( PrimeScript RT reagent Kit; TaKaRa) , polymerase 
hain reaction ( PCR) was performed using SYBR® Premix Ex 
aqTM II ( DRR081A; TaKaRa) . The target gene expression was 
uantified to that of the internal control gene ( β-actin) based 
n the comparison of the threshold cycle ( CT) at constant fluo- 
escence intensity. Relative expression was calculated using the 
–��Ct method. The specific primers sequences are provided in 
upplementary data, Table S1. 

estern blotting 

estern blot was performed as previously described [25 ].
he primary1 antibodies used in this study were rabbit anti- 
exokinase II ( C64G5; Cell Signaling Technology, 1:1000) , rab- 
it anti-citrate synthetase antibody ( ab96600; Abcam) , mouse 
nti-fumarate hydratase ( H-6, Santa Cruz Biotechnology) , mouse 
nti-SDHB ( ab14714; Abcam) and mouse anti-beta Actin ( KC- 
A08; Aksomics) . Anti-rabbit immunoglobulin G ( IgG) or anti- 
ouse IgG was used as a secondary antibody. 

mmunofluorescence 

mmunofluorescence staining was performed on frozen sec- 
ions of the mouse kidney, as previously described [26 ], or 
sing TSA 3-color kit ( RC0086-23RM, Recordbio) according to 
he manufaturer’s instruction. The sections were incubated 
ith primary antibodies: Lotus tetragonolobus lectin ( LTL; FL- 
321, Vector Laboratories, Burlingame, CA, USA) , rabbit anti- 
quaporin 1 antibody ( ab168387; Abcam) , rabbit anti-Aquaporin 
 antibody ( ab199975; Abcam) , rabbit anti-UMOD antibody 
 ab207170; Abcam) and anti-NCC ( AB3553; Merck-millipore) , at 
°C overnight. After three washing steps, the sections were in- 
ubated with appropriate secondary antibodies ( Donkey anti- 
abbit IgG-AlexaFluor 488/594, Absin; Alexa Fluor® 488 Strepta- 
idin, Yeasen) . Nuclei were stained with DAPI ( 0100-20; Souh- 
rn Biotech) . Images were obtained using a confocal microscope 
 ZeissLSM 700) . 

nzyme-linked immunosorbent assay 

oncentration of urine NGAL was measured using commercially 
vailable enzyme-linked immunosorbent assay kits ( QK1757,
&D Systems) , according to the manufacturer’s protocol. 

tatistical analysis 

ll statistical analyses were performed using SPSS ( 20.0) , Med- 
alc ( 8.0) and GraphpadPrism ( 9.0) . Data are presented as 
ean ± standard deviation or counts ( percentages) . Compar- 

sons between two groups were tested using unpaired t -test or 
earson’s chi-squared test. For multiple comparisons, one-way 
nalysis of variance followed by a Bonferroni posttest were used.

Spearman’s correlation was calculated between specific 
etabolites, the kidney injury indicators and other clinical pa- 

ameters. Receiver operating characteristics curve ( ROC) analy- 
is was performed, and the area under the curve ( AUC) was cal- 
ulated to find the best urine metabolites that can predict AKI 
ffectively. A P -value < .05 was defined as statistically significant.

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data


Urine metabolites predict acute kidney injury 5

Figure 1: Plots of OPLS-DA score and permutation test for urine metabolomics in AKI and non-AKI patients. ( a) Grouping and schematic diagram of urine metabolomics. 

OPLS-DA score plot in AKI-6h group ( red) , non-AKI-6h group ( green) , AKI-24h group ( blue) and non-AKI-24h group ( orange) . ( b) Comparison of urine metabolic profiles 
at 6 h in AKI patients and non-AKI patients. ( c) Comparison of urine metabolic profiles at 24 h in AKI patients and non-AKI patients. ( d) OPLS-DA permutation test plot 
in positive ion mode of AKI-6h and non-AKI-6h. The criterion for assessing non-overfitting in an OPLS-DA model is that the regression line of the Q2 values, represented 
by blue points, passes through the origin or has a negative intercept on the y-axis. 
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ESULTS 

atients’ clinical data 

he basic characteristics and preoperative clinical indicators of 
he AKI and non-AKI patients are shown in Table 1 . The two
roups were well matched in baseline demographic and clini- 
al indicators. There were no significant differences in comor- 
idities, baseline medications including drugs with a potential 
ffect on renal function, and preoperative indicators including 
emoglobin, serum alanine aminotransferase and renal func- 
ion indexes such as creatinine, blood urea nitrogen ( BUN) and 
GFR. 

ultivariate statistical analysis of metabolites 

ll samples were analyzed in both positive and negative ion
odes using UPLC-MS/MS, followed by multivariate statisti- 
al analysis of the processed data. For the QC samples, ap-
roximately 65% exhibited characteristic peak RSD values of 
 30%, underscoring the high quality of these samples [16 ]

 Supplementary data, Fig. S1a) . The PCA score plot displayed 
he original state of all sample data, where the urine compo-
ents from the four groups could not be distinctly separated,
s illustrated in Supplementary data, Fig. S1b. The OPLS-DA 

ethod was able to completely differentiate the four groups 
ased on their metabolic profiles, exhibiting moderate repro- 
ucibility during cross-validation ( R2 = 0.987; Q2 = 0.69) ( Fig. 1 a) .
he metabolic profiles at 6 h ( Fig. 1 b) and 24 h ( Fig. 1 c) exhib-
ted significant differences between the AKI and non-AKI groups,
ith little overlap. Moreover, the validity of the constructed
PLS-DA model, free from overfitting, was confirmed through a
ermutation test ( Fig. 1 d) . 

ifferential urinary metabolites and metabolic 
athways between AKI croup and non-AKI group 

e performed OPLS-DA to screen the significantly differential
etabolites, employing VIP > 1 and P -value < .05 as screening
riteria to identify differential metabolites. We detected a total
f 818 metabolites, observed 93 differential metabolites between
KI-6h group and non-AKI-6h group, namely 44 upregulated
nd 49 downregulated metabolites in the AKI-6h group. We
lso identified 115 differential metabolites between the AKI-24h
roup and non-AKI-24h group, 40 of which were also involved
n the AKI-6h and non-AKI-6h groups. Among these differential
etabolites, we found that d- glucose-1-phosphate ( a prod- 
ct of glycogen breakdown involved in various carbohydrate 
etabolisms) , beta- d- fructose-6-phosphate ( intermediate prod- 
ct of glycolysis) , l- tryptophan ( an essential amino acid involved
n generating serotonin, indole, etc., and associated with im-
une regulation) and cellobiose ( intermediate product of starch 
nd sucrose metabolism) were significantly upregulated in 
he AKI group. However, betaine ( an alkaloid that assists in
aintaining kidney osmotic pressure) , fumaric acid ( an 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
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Figure 2: Multivariate statistical analysis of metabolites. ( a) Heat map of differential metabolites between the AKI-6h group and non-AKI-6h group. The columns 

represent samples, rows represent metabolites. The relative content of the metabolites is displayed by color. ( b) Volcano map of differential metabolites between 
AKI-6h and non-AKI-6h, with | Log2( FC) | = 1 and P -value = .05 as the boundary. Red triangles represent upregulated metabolites with significant differences, while dark 
blue ones represent significantly downregulated metabolites. Metabolites only with significant FC are presented as pink dots, those only with significant P -value are 
presented as light blue dots and those without significance are grey dots. ( c, d) Bubble diagram of enriched pathways of metabolites between AKI and non-AKI at 6 h 

( c) or 24 h ( d) . Pathway impact, or centrality, is measured based on topological assessment. As the color gradient ranked by −log10 ( P -value) shows, the color of bubbles 
represents the significance of a pathway, and the size represents the hits number. 
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ntermediate product of the TCA cycle) , caprylic acid ( a 9-C 

aturated fatty acid) and l- carnitine ( a mediator of fatty acid 
ransport into mitochondria) were downregulated in AKI ( Fig. 2 a 
nd b ) . 

We utilized the MetaboAnalyst database for pathway en- 
ichment analysis of the differential metabolites in urine, iden- 
ified 29 and 35 upregulated metabolic pathways at 6 and 
4 h in the AKI group, respectively, compared with the non- 
KI group, including Starch and Sucrose metabolism, Pen- 
ose and Glucoronate interconversions, Galactose metabolism,
nd Pyrimidine metabolism, which were both activated at 6 
nd 24 h in AKI group ( Fig. 2 c and d; Supplementary data,
ables S2 and S3) . Glycolysis/Gluconeogenesis and Tryptophan 
etabolism pathways were significantly activated at 24 h in 

he AKI group ( Supplementary data, Table S3) . In particular, in 
ryptophan metabolism, a panel of four differential metabolites 
ncompassing l- tryptophan, indole, xanthurenic acid and l- 
ormyl kynurenine were markedly upregulated in the AKI groups 
 Fig. 3 ) . Metabolites enriched in these pathways are delineated in 
upplementary data, Tables S2 and S3. 

orrelation of differential metabolites and the kidney 
njury indicators 

o elucidate the correlation between the differential metabo- 
ites and clinical biochemical indicators ( Scr, eGFR, BUN) , we 
onducted a Spearman correlation analysis. As depicted in 
ig. 4 , there was a significant positive correlation between cre- 
tinine and urinary l- tryptophan, indole, and a negative corre- 
ation between serum and urinary betaine, d- galactose. Accord- 
ngly, eGFR was negatively correlated with urinary l- sorbose,
- galactose, betaine and fumaric acid. BUN exhibited a posi- 
ive correlation with l- tryptophan. Additionally, positive correla- 
ions were observed between d- galactose and betaine ( r = 0.64) ,
s well as between fumaric acid and betaine ( r = 0.67) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data


Urine metabolites predict acute kidney injury 7

Figure 3: Concentrations of urinary metabolites in tryptophan metabolism in AKI and non-AKI patients. Concentrations of urinary l -tryptophan ( a) , indole ( b) , xan- 
thurenic acid ( c) and l -formyl kynurenine ( d) at 6 and 24 h in AKI and non-AKI patients. * P < .05, ** P < .01, *** P < .001. 
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l- Tryptophan is an essential amino acid and serves as a
recursor for many significant biomolecules. In the kidneys,
- tryptophan and its metabolites perform complex functions,
laying crucial roles in regulating renal blood flow and immune
esponses [27 ]. d- Glucose-1-phosphate is a glucose molecule 
ith a phosphate group attached to the first carbon atom. It
erves as an intermediate in glycogenolysis, where it is released
y glycogen phosphorylase and participates in glycolysis, glu- 
oneogenesis and the pentose phosphate pathway [28 ]. β- d-
ructose 6-phosphate is a fructose molecule with a phosphate 
roup attached to the sixth carbon atom. In the kidneys, β- d-
ructose-6-phosphate supports energy metabolism and regula- 
ion, ensuring adequate energy supply for the high demands of
ubular reabsorption and filtration processes [29 ]. 

rine metabolites for prediction of AKI 

ased on the detected differential metabolites, we identified 
epresentative urine metabolites associated with amino acid 
etabolism, glycolysis and fatty acid oxidation for predict- 

ng CS-AKI. Four metabolites including l- tryptophan, indole, d- 
lucose-1-phosphate and beta- d- fructose-6-phosphate were se- 
ected. We then performed ROC analysis of these metabolites 
or predicting CS-AKI, and found that l- tryptophan and indole,
nvolved in amino acid metabolism, presented high accuracy 
nd the AUC were 0.73 [95% confidence interval ( CI) 0.61–0.86] 
nd 0.72 ( 95% CI 0.58–0.85) ( Fig. 5 a) . d- Glucose-1-phosphate and 
eta- d- fructose-6-phosphate were glucose metabolism–related 
etabolites, with AUC values of 0.65 ( 95% CI 0.52–0.79) and 0.60 
 95% CI 0.46–0.75) ( Fig. 5 b) . Binary logistic regression was used
o build metabolite models for predicting AKI. Metabolite Mod-
ls 1 to 2 consisted of two metabolites ( l- tryptophan and in-
ole, l- tryptophan and d- glucose-1-phosphate) . The AUC of all
etabolism models were higher than that of NGAL ( Fig. 5 c and
) . In addition, we detected the concentration of NGAL in urine,
hich was often used as a diagnostic biomarker of AKI, and

ound that urinary NGAL was significantly increased in AKI pa-
ients at 6 h after cardiac surgery ( Supplementary data, Fig. S2) ,
ith an AUC of 0.67 ( 95% CI 0.53–0.80) ( Fig. 5 e) . The details of sen-
itivity, specificity and related CIs for cut-off value are presented
n Supplementary data, Table S4. Taken together, our results 
emonstrated that urinary metabolites, especially l- tryptophan 
nd indole have higher capacity of prediction for CS-AKI than
rinary NGAL. These metabolites and metabolite models in our
tudy might be potential biomarkers for CS-AKI. 

erobic glycolysis is activated in kidney during AKI 

n our study, we observed an increase in glucose-1-phosphate,
hich partakes in glycolysis by interconverting with glucose-6-
hosphate, in urine at 6 h after cardiac surgery in the AKI group.
his elevation became more pronounced at 24 h after cardiac
urgery. Meanwhile, fructose-6-phosphate was also significantly 
ncreased in urine at 24 h in AKI patients ( Fig. 6 a) . These findings
mply an alteration of glycolysis in kidney in the presence of AKI.
o confirm this metabolic alteration, we established a mouse
odel of renal IRI, and examined the expression of hexokinase

I ( HK2) and platelet-type phosphofructose kinase ( PFKP) , two 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae221#supplementary-data
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Figure 4: Correlation of differential metabolites and the kidney injury indicators. Red color indicates a positive correlation, blue color indicates a negative correlation; 
the depth of the color and the size of the color block indicate the strength of the correlation. The number in the block indicates the correlation coefficient. Blood renal 
function ( including BUN, creatinine, eGFR, uric acid) was measured 24 h after surgery. Urine NGAL and metabolites were measured at 6 h early after cardiac surgery. 
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ate-limiting enzymes in glycolysis which catalyze the con- 
ersion of glucose to glucose-6-phosphate, and fructose-6- 
hosphate to fructose 1,6-bisphosphate, respectively. The re- 
ults revealed that HK2 was significantly upregulated in kidney 
t 6 h after IRI, and remained high level until 24 h ( Fig. 6 b and c) .
he protein expression of PFKP was also upregulated at 6 h after 
RI, implying an enhancement of aerobic glycolysis in kidney 
uring AKI. Furthermore, we performed immunofluorescence 
taining of HK2 and found that HK2 was predominantly local- 
zed in proximal tubules ( Fig. 6 d) , suggesting that IRI induces 
ctivating of aerobic glycolysis in proximal tubular epithelial 
ells, the elevated urinary glucose-1-phosphate and fructose-6- 
hosphate might originate from damaged proximal tubules. 

CA cycling is suppressed in kidney during AKI 

here was a significant decrease in urinary fumaric acid ( an im- 
ortant intermediate product of the TCA cycle) level at 6 h af- 
er cardiac surgery in the AKI group compared with the non-AKI 
roup. In addition, cis- aconitic acid, another intermediate prod- 
ct of the TCA cycle, was reduced in the urine of AKI patients, al- 
hough this did not meet statistical significance ( P = .055, Fig. 7 a) .
hen, we examined the expression of citrate synthase, iron sul- 
ur subunit of succinate dehydrogenase ( SDHB) and fumarate 
ydratase ( FH) , which are key enzymes involved in TCA cycle 
nd regulate the expression of cis- aconitic acid and fumaric acid.
he results showed that these three TCA cycle enzymes were 
ignificantly downregulated at both the mRNA and protein levels 
fter IRI ( Fig. 7 b–e) . We performed immunofluorescence stain- 
ng of the SDHB and found that SDHB was predominantly lo- 
alized in the proximal tubules ( Fig. 7 g) . Next, we treated TECs 
ith hypoxia and reoxygenation, and found that, in contrast to 
ormoxia treatment, hypoxia and reoxygenation induced sig- 
ificant downregulation of SDHB and citrate synthase in TECs 
 Fig. 7 f) . Collectively, these data suggested that TCA cycle was 
uppressed in proximal tubular epithelial cells during ischemic 
KI. 

atty acid β-oxidation is impaired in kidney during AKI 

n our previous study, we demonstrated that fatty acid oxidation 
as inhibited in kidney during IRI or cisplatin treatment, lead- 

ng to lipotoxicity characterized by intracellular lipid accumula- 
ion and tubular epithelial cell injury. In the present study, our 
ndings revealed that carnitine ( a crucial mediator transport- 
ng medium- and long-chain fatty acids to mitochondria) was 
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Figure 5: ROC curve analysis for prediction of AKI. ( a) The AUC value of l- tryptophan and indole. ( b) The AUC value of d -glucose-1-phosphate and beta- d -fructose-6- 

phosphate. ( c) Metabolite Model 1: l- tryptophan combined with indole. ( d) Metabolite Model 2: l- tryptophan combined with d- glucose-1-phosphate. ( e) The AUC value 
of NGAL. Urine NGAL and metabolites were measured at 6 h early after cardiac surgery. 
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arkedly decreased in the urine of AKI patients at 6 and 24 h
fter cardiac surgery ( Fig. 8 a) . Additionally, decanoyl-carnitine, a 
edium-chain ester acylcarnitine, was reduced in the urine of 
KI patients, although this did not meet statistical significance 
 P = .065) . Then, we detected expression of the key enzymes reg-
lating fatty acid metabolism, carnitine palmitoyl transferase 
 α ( CPT1 α) and peroxisome proliferator-activated receptor al- 
ha ( PPAR α) , in the kidney of IRI mice. The results showed that
PT1 α was downregulated in the time-dependent manner after 
RI ( Fig. 8 b) . PPAR α was also decreased both in protein and mRNA
evels in kidney after renal IRI ( Fig. 8 c and d) . These results im-
ly that reduced carnitine hinders the entry of fatty acids into
he mitochondria, subsequently influencing the fatty acids β- 
xidation during AKI. 

ISCUSSION 

n this study, we investigated the urinary metabolic profiles 
f patients with or without AKI, following cardiac surgery,
nd identified that d- glucose-1-phosphate, beta- d- fructose-6- 
hosphate, l- tryptophan and cellobiose were significantly up- 
egulated in the AKI group, while, betaine, fumaric acid, caprylic
cid and l- carnitine were downregulated. The alteration of these
rinary metabolites was consistent with the metabolic repro- 
ramming of kidney during AKI, including the activation of 
naerobic glycolysis, inhibition of TCA cycle and FAO in kidney,
roviding potential biomarkers for prediction of CS-AKI as well.
The rapid advancements in metabolomics technologies have 
ndowed urine metabolomics with a diverse array of applica-
ions encompassing disease diagnosis, identification of novel 
rug targets, assessment of biomarkers for disease progno-
is and evaluation of therapeutic outcomes [30 ]. Bai et al .’s
tudy compared the urine metabolites before and 24 h af-
er surgery in CS-AKI patients through ULPS-LS. They discov-
red that the differential metabolites were also enriched in
mino acid–related metabolic pathways such as tryptophan 
etabolism, which was consistent with our results. However,
ai did not further analyze the predictive value of differential
etabolites [31 ]. Some studies also focused on finding urine
etabolites as novel biomarkers, while lacking comparisons 
ith NGAL and KIM-1. Urine metabolomics conducted by Bar-
ios demonstrated that decreased urine PGI2 and TXA2 con-
entration in ICU patients might serve as biomarkers for the
iagnosis and prognosis of AKI [32 ]. Some researchers have in-
estigated the predictive value of urine metabolites for AKI on
nimal models. Their results showed that phenylacetylglycine,
 catabolic product of fatty acids, was significantly decreased in
rine of septic AKI mice and was correlated with serum NGAL
oncentration [33 ]. 

Previous studies also reveal the advantages of urine metabo-
ites over clinical indicators in CS-AKI prediction. Tian et al .
onducted urine metabolomics in patients with or with-
ut AKI after cardiac surgery, and found that the predic-
ive value of combined five differential metabolites ( tyrosyl- 
amma-glutamate, arginylarginine, 5-acetylamino-6-amino-3- 
ethyluracil, l- methionine, deoxycholic acid) was significantly 
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Figure 6: Aerobic glycolysis is enhanced in kidney during IRI. ( a) Concentrations of urinary metabolites involved in glycolysis. In the schematic diagram of glycolysis, 
a single arrow represents a one-step reaction, double arrows represent multi-step reactions. Red circles indicate upregulated metabolites. ( b) HK2 mRNA expression 

in the kidneys at 24 h after ischemia reperfusion. ( c) Western blot analysis of HK2 and PFKP expression in the kidneys at 6, 12 and 24 h after ischemia reperfusion. 
( d) Immunofluorescence staining of HK2 in mouse kidneys. Scale bar 100 μm. * P < .05, ** P < .01, *** P < .001. 
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igher than combined five traditional clinical indicators ( age,
ender, diabetes mellitus, low ejection fraction and eGFR) [34 ]. 

In the present study, by urine metabolomics, we pre- 
ented different urine metabolomic profiles between the AKI 
roup and non-AKI group, and identified several differential 
etabolites, such as l- tryptophan, d- glucose-1-phosphate,
ropionyl-carnitine, indole, cellobiose, betaine and so on,
hich exhibited robust associations with clinical biochemical 
arkers including Scr, BUN and eGFR. Meanwhile, potential 
iomarkers for CS-AKI were identified, such as l- tryptophan 
nd indole, which had higher capacity in prediction of AKI 
han NGAL in patients undergoing cardiac surgery. Tryptophan 
s one of the essential amino acids. Tryptophan metabolism 

athway mainly includes kynurenine, 5-hydroxytryptophan 
nd indole pathways. Studies found that abnormal tryptophan 
etabolism contributed to the occurrence and progression of 
KI [35 ]. Nicotinamide adenine dinucleotide ( NAD +) could be 
e novo synthesized from l- tryptophan through the kynurenine 
athway, which was impaired in the early stage of AKI [36 ]. Zhai 
t al .’s research also discovered this phenomenon in 3D cultured 
enal TECs [37 ]. Bajaj et al . found that urinary tryptophan and 
ts kynurenine metabolites were significantly higher in cirrhotic 
atients complicated with AKI than in those without AKI [38 ]. 
Alterations in metabolites associated with energy 

etabolism, for example, anaerobic glycolysis–related metabo- 
ites d- glucose-1-phosphate and beta- d- fructose-6-phosphate 
ere upregulated, and fatty acid metabolism– and TCA cycle–
elated metabolites l- carnitine, caprylic acid, fumaric acid and 
is- aconitic acid were significantly downregulated, suggested 
enal metabolic reprogramming in the context of AKI, encom- 
assing the activation of anaerobic glycolysis, compromised 
CA cycle, and perturbed FAO. Research showed that carnitine 
nsufficiency was correlated to AKI in a clinical study through 
nhibiting FAO. Administering l -carnitine to mice improved 
itochondrial respiratory function and renal outcomes [39 ]. Li 

t al .’s study found that metabolic reprogramming could cause 
ell damage, inflammation and fibrosis, which might contribute 
o AKI occurrence and progression [40 ]. 

Under physiological conditions, proximal tubular epithelial 
ells primarily rely on FAO for energy production [41 ]. Glutamine 
nd pyruvate can also serve as substrates for ATP generation 
hrough aerobic respiration [42 ]. However, limited hexokinase 
ctivity minimizes glucose utilization via glycolysis. Notably, the 
3 segment of proximal TECs demonstrates heightened vulner- 
bility to energy deficits under hypoxic conditions, owing to its 
estricted anaerobic glycolytic capacity and reduced oxygen par- 
ial pressure in the outer medulla [43 ]. Our metabolomic anal- 
sis revealed elevated levels of specific glycolytic metabolites,
uch as d- glucose-1-phosphate and fructose-6-phosphate, in the 
rine of AKI patients. In mice, both HK2 and PFKP, two piv- 
tal rate-limiting enzymes in glycolysis, exhibited heightened 
xpression in kidney during IRI, indicating enhanced glycolytic 
ctivity.

l- Carnitine primarily functions by esterifying carboxylic 
cids, thus facilitating fatty acid transport. In this study,
KI patients exhibited reduced level of urinary l- carnitine,
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Figure 7: TCA cycle is impaired in kidney during IRI. ( a) Concentrations of urinary metabolites involved in TCA cycle. Schematic diagram shows the TCA cycle pathway. 
Purple circles indicate metabolites that were reduced in the AKI-6h group. ( b–d) qPCR analysis of citrate synthase ( b) , FH ( c) and SDHB ( d) in mouse kidneys after 
ischemia reperfusion. ( e) Western blot analysis of kidney citrate synthase, FH and SDHB expression after ischemia reperfusion. ( f) Western blot and qPCR analysis of 
citrate synthase and SDHB after hypoxia and reoxygenation. ( g) Immunofluorescence staining of SDHB. * P < .05, ** P < .01, *** P < .001. CS indicates citrate synthase here. 

Figure 8: Fatty acid β-oxidation is impaired in kidney during IRI. ( a) Concentrations of urinary metabolites involved in FAO. Schematic diagram shows the procedure 
of fatty acids β-oxidation. ( b , c) qPCR analysis indicated a significant downregulation of CPT1 α and PPAR α mRNA in the kidneys of AKI mice. ( d) Western blot analysis 
of kidney PPAR α expression after ischemia reperfusion. * P < .05, ** P < .01, *** P < .001. 
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articularly pronounced at 24 h post–cardiac surgery. The 
ransfer of fatty acids into mitochondria involves l- carnitine 
cetyltransferases, catalyzing reversible acyl group interchanges 
etween acetyl-coenzyme A ( CoA) and l- carnitine, converting 
cyl-CoA esters to acyl-carnitine esters [44 ]. In our AKI mouse
odel, we demonstrated decreased CPT1 α expression in kid-
ey, a pivotal acylcarnitine transferase essential for medium-
nd long-chain fatty acid transportation to mitochondria. The
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eduction of l- carnitine and CPT1 α hinders fatty acid transport,
ubsequently impacting the efficiency of fatty acid oxidation.
onsistently, our metabolomic analysis identified a signifi- 
ant decrease in acyl-carnitines associated with fatty acid 
etabolism in the urine of AKI patients. Specifically, a reduc- 

ion in decanoyl carnitine, a medium-chain acylcarnitine, was 
bserved in AKI. This decline could be attributed to limited car- 
itine availability, hindering fatty acid transport. In addition, the 
CA cycle, situating downstream of aerobic glycolysis and fatty 
cid β-oxidation, showed impaired activity in kidney during AKI,
haracterized by the downregulation of citrate synthase, the piv- 
tal enzyme regulating the TCA cycle, and SDHB, responsible for 
atalyzing the transformation of succinic acid to fumaric acid.
onsistently, the levels of fumaric and cis- aconitic acids were 
ignificantly decreased in urine of AKI patients. 

imitations 

here are several limitations to this study. First, the number 
f patients participated in this study is limited, and there was 
 lack of correlation analysis between urine metabolites and 
ong-term prognosis of CS-AKI patients in this study. Secondly,
hough non-targeted metabolomics could detect more metabo- 
ites at the same time, using targeted metabolomics might be 
ore accurate which should be considered in the future. Insuf- 
cient mechanism explanation may limit the generalizability of 
his model. Future study with diverse populations is warranted 
o further inspect urine metabolomics in AKI and validate this 
redictive model. 

ONCLUSIONS 

n this study, urine metabolomics was used to explore the 
hanges of urine metabolites in the early stage of CS-AKI. Results 
mplied the phenomenon of metabolic reprogramming during 
KI, which was further confirmed in animal experiments. We 
lso found that single urine metabolite had good predictive 
alue in CS-AKI, while two metabolites combined had better 
redictive value. In summary, urine metabolites are potential 
oninvasive biomarkers of CS-AKI. 
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