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A B S T R A C T   

Background: Cardiac surgery-associated acute kidney injury (AKI) can increase the mortality and morbidity, and 
the incidence of chronic kidney disease, in critically ill survivors. The purpose of this research was to investigate 
possible links between urinary metabolic changes and cardiac surgery-associated AKI. 
Methods: Using ultra-high-performance liquid chromatography coupled with Q-Exactive Orbitrap mass spec-
trometry, non-targeted metabolomics was performed on urinary samples collected from groups of patients with 
cardiac surgery-associated AKI at different time points, including Before_AKI (uninjured kidney), AKI_Day1 
(injured kidney) and AKI_Day14 (recovered kidney) groups. The data among the three groups were analyzed by 
combining multivariate and univariate statistical methods, and urine metabolites related to AKI in patients after 
cardiac surgery were screened. Altered metabolic pathways associated with cardiac surgery-induced AKI were 
identified by examining the Kyoto Encyclopedia of Genes and Genomes database. 
Results: The secreted urinary metabolome of the injured kidney can be well separated from the urine metab-
olomes of uninjured or recovered patients using multivariate and univariate statistical analyses. However, urine 
samples from the AKI_Day14 and Before_AKI groups cannot be distinguished using either of the two statistical 
analyses. Nearly 4000 urinary metabolites were identified through bioinformatics methods at Annotation Levels 
1–4. Several of these differential metabolites may also perform essential biological functions. Differential anal-
ysis of the urinary metabolome among groups was also performed to provide potential prognostic indicators and 
changes in signalling pathways. Compared with the uninjured kidney group, the patients with cardiac surgery- 
associated AKI displayed dramatic changes in renal metabolism, including sulphur metabolism and amino acid 
metabolism. 

Abbreviations: AKI, Acute kidney injury; ACN, acetonitrile; AGC, automatic gain control; BMI, Body Mass Index; CRF, chronic renal failure; CV, Coefficient of 
Variation; FC, Fold Change; FDR, False Discovery Rate; FTMS, Fourier transform mass spectrometry; HESI, heated electrospray ionization; IGFBP7, insulin-like 
growth factor binding protein-7; IL-18, interleukin-18; IS, internal standard; IT, ion injection time; KEGG, Kyoto Encyclopedia of Genes and Genomes; KIM-1, kidney 
injury molecule-1; LC–MS, Liquid Chromatography-Mass Spectrometry; L-FABP, liver type fatty acid binding protein; MeOH, methanol; MMP-7, matrix metal-
loproteinase-7; NCE, normalized collision energy; NGAL, Neutrophil gelatinase-associated lipocalin; PCA, principal component analysis; PLS-DA, partial least squares 
discriminant analysis; PQN, Probabilistic Quotient Normalization; QC, quality control; QC-RLSC, Quality control-based robust LOESS signal correction; RPT, response 
permutation testing; RSD, relative standard deviation; RT, retention time; sCr, serum creatinine; TIMP-2, tissue inhibitor of metalloproteinase-2; uAGT, urinary 
angiotensinogen; UHPLC-HRMS, Ultra High Performance Liquid Chromatography-High Resolution Mass Spectrometry; VIP, variable importance in the projection. 
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Conclusions: Urinary metabolite disorder was observed in patients with cardiac surgery-associated AKI due to 
ischaemia and medical treatment, and the recovered patients’ kidneys were able to return to normal. This work 
provides data on urine metabolite markers and essential resources for further research on AKI.   

Introduction 

Acute kidney injury (AKI), a syndrome characterised by abrupt 
deterioration of renal function, is a common complication of cardiac 
surgery, particularly among critically ill patients [1,2]. AKI may lead to 
the imbalance of excretory metabolites in the kidney and impairment or 
loss of the ability to regulate electrolytes and acid-base balance. AKI is 
also an important risk factor for chronic kidney disease or chronic renal 
dysfunction, which can accelerate progression to chronic renal failure 
(CRF) and death [3,4]. Hence, AKI has been regarded as a ‘global health 
alert’ and presents an alarming burden with a high incidence and in-
dependent impact on prognosis. At present, AKI is diagnosed by 
increased serum creatinine (sCr) level and decreased urine volume [5]. 
However, these are not early diagnostic indicators of AKI because the 
sCr level and urine volume often change only after renal dysfunction has 
been determined [6]. Therefore, the discovery of biomarkers that can be 
predictive or provide early diagnosis of AKI has become a research 
hotspot recently. 

As a sensitive indicator of renal tubular and glomerular injury, 
quantitative proteinuria spectrum has consistently been the focus of 
predicting nephrotic syndrome, which can also reflect systemic vascular 
inflammation and endothelial dysfunction [7–9]. Recent studies have 
associated serum/urine levels of cystatin C with other factors to reflect 
the glomerular filtration rate [10–13]. Neutrophil gelatinase-associated 
lipocalin (NGAL), kidney injury molecule-1 (KIM-1), and liver type fatty 
acid binding protein (L-FABP) were measured to investigate the rela-
tionship between inflammatory factors and renal tubular epithelial cell 
damage [14–17]. The factors for inflammation include urinary 
interleukin-18 (IL-18) and chemokine activated protein (C-X-C motif 
chemokine ligand 10), and those for cell cycle arrest comprise urinary 
insulin-like growth factor binding protein-7 (IGFBP7) and tissue inhib-
itor of metalloproteinase-2 (TIMP-2) [18]. Complementary to these 
studies, we previously identified and verified urinary angiotensinogen 
(uAGT) [19] and urinary matrix metalloproteinase-7 (uMMP-7) [20] as 
the main altered proteins in response to AKI to promote the clinical 
application of AKI biomarkers. 

Metabolomics is the study of metabolic profiles in a biological sys-
tem; it can offer potential mechanisms in physiological and pathological 
states [21]. Changes in metabolite levels are the natural results of the 
onset and prognosis of numerous diseases because they are normally 
reflected in biological fluids before the appearance of clinical symptoms 
[22]. Given its great stability and species independence, metabolomics is 
a reliable method to identify novel biomarkers for the early detection of 
nephrotoxicity compared with protein-based methods [23]. As a non- 
invasive sample source, urine analysis is an attractive option for 
metabolome biomarker discovery because urine samples can be readily 
obtained in large quantities with expected participant compliance and 
low risk of infection to researchers [24,25]. Furthermore, concentrations 

of renal metabolites in urine are usually higher than those in plasma; 
thus, urine metabolomics can provide an abundant matrix for predicting 
the development of nephropathy [26,27]. 

Urine can contain the whole end products of renal metabolism; thus, 
the urinary metabolome has been used to predict the development of 
diabetic nephropathy [28,29] and evaluate the impact of AKI on 
different developmental stages of preterm neonates and the degree of 
renal injury under environmental exposure [30]. In this study, we per-
formed the untargeted metabolomics of urine samples collected from a 
cohort of patients with AKI after cardiac surgery at different time points. 
The results of this study help elucidate the mechanisms of cardiac 
surgery-associated AKI and visualise the dynamic progress via the uri-
nary metabolome. 

Materials and methods 

Chemicals and reagents 

MS-grade acetonitrile (ACN) and methanol (MeOH) were purchased 
from Thermo Fisher Scientific, USA. Formic acid was obtained from 
DIMKA, and ammonium formate was purchased from Fluka (Honeywell 
Fluka, USA). Ultrapure water was filtered through the Milli-Q system 
(Millipore, Billerica, MA). The internal standard (IS) mixture contained 
L-Leucine-d3 (Toronto Research Chemicals, TRC), L-Phenylalanine 
(13C9, 99%) (Cambridge Isotope Laboratories, CIL), L-Tryptophan-d5 
(TRC), Progesterone-2,3,4-13C3 (Sigma). 

Patients and sample preparation 

This research has been carried out in accordance with the World 
Medical Association Declaration of Helsinki and approved by the 
Maoming People’s Hospital Ethics Committee. Written informed con-
sents were obtained from the patients before cardiac surgery. AKI was 
defined in accordance with the KDIGO Clinical Practice Guidelines 
based on serum creatinine criteria [31], and six male patients with 
cardiac surgery were enrolled in the study after the diagnosis of AKI. 
Spot urine samples were collected at three time points, Before_AKI, 
AKI_Day1 (AKI just occurred) and AKI_Day14 (the rehabilitation of AKI), 
and were used to compare the changes in urinary metabolic profiles. 
Serum creatinine was measured after cardiac surgery and at least twice a 
day during the first 3 days and daily, thereafter. The basic information of 
patients, including age, gender, Body Mass Index (BMI) and sCr levels at 
different time points of AKI, is displayed in Table 1. 

Urinary metabolite extraction was primarily performed according to 
previously reported methods [32,33]. In short, 100 μL samples were 
diluted by directly adding 300 μL of precooled methanol and acetonitrile 
(2:1, v/v) with 10 μL IS mixture. The concentration of each IS was 100 
μg/mL, and the solvent system for IS mixture was aqueous methanol 
(1:1, v/v). After vortexing for 1 min and incubating at − 20 ◦C for 2 h, 
samples were centrifuged at 4,000 g for 20 min, and then the superna-
tant was transferred for vacuum freeze drying. The metabolites were 
resuspended in 150 μL of 50% aqueous methanol solution and centri-
fuged at 4,000 g for 30 min. The supernatants were transferred to 
autosampler vials for Ultra High Performance Liquid Chromatography- 
High Resolution Mass Spectrometry (UHPLC-HRMS) analysis, and 10 
μL of each sample was mixed into the quality control (QC) samples to 
evaluate the repeatability and stability of the whole Liquid 
Chromatography-Mass Spectrometry (LC-MS) process. 

Table 1 
Basic information of six AKI patients after cardiac surgery.      

sCr (μmol/L) 

No. Age Sex BMI Before_AKI AKI_Day1 AKI_Day14 

1 60 Male  20.70  132.2  160.9  96.4 
2 53 Male  26.99  80.2  125.0  74.5 
3 69 Male  28.26  115.6  205.5  110.7 
4 63 Male  20.76  97.0  127.6  118.5 
5 46 Male  24.61  112.7  140.7  79.1 
6 23 Male  17.42  72.6  154.7  104.2  
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UHPLC-HRMS measurement of urinary metabolites 

The samples were analyzed on a Waters 2D UHPLC (Waters, USA), 
coupled to a Q-Exactive™ benchtop Orbitrap mass spectrometer 
(Thermo Fisher Scientific, USA) with a heated electrospray ionization 
(HESI) source and controlled by the Xcalibur 2.3 software program 
(Thermo Fisher Scientific, Waltham, MA, USA). Chromatographic sep-
aration was performed on a Waters ACQUITY UHPLC BEH C18 column 
(1.7 μm, 2.1 mm × 100 mm, Waters, USA), the flow rate was 0.35 mL/ 
min, the injection volume was 5 μL, and the column temperature was 
maintained at 45 ◦C. The mobile phase for positive ion mode consisted of 
(A) 0.1% formic acid aqueous and (B) methanol with 0.1% formic acid, 
while the mobile phase for negative mode consisted of (A) 10 mM 
aqueous ammonium formate and (B) 95% methanol with 10 mM 
ammonium formate. Linear gradient was as follows: 0–1 min, 2% B; 1–9 
min, 2% − 98% B; 9–12 min, 98% B; 12–12.1 min, 98% – 2% B; 12.1–15 
min, 2% B. 

The mass spectrometric settings were set as follows: spray voltage, 
3.8 kV for positive-ion mode and 3.2 kV for negative-ion mode; sheath 
gas flow rate, 40 arbitrary units (arb); aux gas flow rate, 10 arb; aux gas 
heater temperature, 350 ◦C; capillary temperature, 320 ◦C. The full scan 
range was set as 70–1050 m/z Fourier transform mass spectrometry 
(FTMS) scan event with the resolution of 70,000, the automatic gain 
control (AGC) target of 3e6, and maximum ion injection time (max IT) of 
100 ms. Top 3 precursors were selected for subsequent MS/MS frag-
mentation with a maximum ion injection time of 50 ms, a resolution at 
30,000 and AGC target of 1e5. The stepped normalized collision energy 
(NCE) was set at 20, 40 and 60 eV. In order to provide more reliable 
experimental results and reduce the systematic error, the samples were 
randomly ordered and one QC sample was interspersed for every 10 
samples. 

Metabolite identification and statistical analysis 

The acquired mass spectrometry data (raw files) obtained from 
UHPLC-HRMS were imported into Compound Discoverer 3.1 (Thermo 
Fisher Scientific, USA) for data processing, including peak extraction, 
retention time (RT) correction, additive ion pooling, missing value 
filling, background peak labeling and metabolite identification. In 
addition, the results of metabolite identification were also integrated 
with several other databases, such as BGI library (BGI inhouse- 
developed standard library), mzCloud and ChemSpider (HMDB, KEGG, 
LipidMaps). The original data exported by Compound Discoverer 3.1 
was imported into metaX for data preprocessing and subsequent analysis 
[34]. The data preprocessing content includes: (1) normalize the data 
using the Probabilistic Quotient Normalization (PQN) [35] to obtain the 
relative peak area; (2) correct the batch effect using Quality control- 
based robust LOESS signal correction (QC-RLSC) [32]; (3) calculate 
the Coefficient of Variation (CV) of the relative peak area in all QC 
samples, and delete the compounds with CV greater than 30%. 

Log2 logarithmic transformation and Pareto scaling with mean 
centering for normalization were used to calculate the multivariate 
statistical analysis between groups, including unsupervised principal 
component analysis (PCA) for the overall distribution and supervised 
partial least squares discriminant analysis (PLS-DA) with 7-fold cross 
validation for the differential urinary metabolites. Two hundred 
response permutation testing (RPT) was performed to avoid model over- 
fitting, and the variable importance in the projection (VIP) of each 
metabolite was obtained. The univariate analyses were also performed 
with Fold-Change analysis (FC) and T-test (Student’s T-test). FC-value, 
p-value and q-value (t.test_p.value_BHcorrect) were separately ob-
tained by FC analysis, T-test and False Discovery Rate (FDR) correction. 
For differential metabolites, with log2 transformed and z-score 
normalized, hierarchical cluster was used as the clustering algorithm 
and the distance calculation was performed in Euclidean distance. 
Furthermore, metabolic pathway enrichment analysis of differential 

metabolites was carried out based on the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database. Metabolic pathways with a p-value <
0.05 were significantly enriched by differential metabolites. 

Results 

Patients and analytical performance of the MS instrument 

To improve the metabolic coverage, we used positive-ion and 
negative-ion scan modes for the untargeted metabolomics of urine 
samples from patients with AKI after cardiac surgery at different time 
points using Q Exactive HRMS coupled with an UHPLC system. The 
urine samples were collected at Maoming People’s Hospital from pa-
tients with AKI who were confirmed by the sCr test. The samples from 
each patient with AKI were divided into three groups to compare the 
urinary metabolome at different stages of AKI: Before_AKI (uninjured 
kidney), AKI_Day1 (injured kidney) and AKI_Day14 (recovered kidney). 
Six male patients with AKI, including three patients aged 60–70 years 
old, one in his fifties, one in his forties and one in his twenties, were 
enrolled for the analysis of urinary metabolic profiles. Compared with 
that of the Before_AKI group, the sCr level of the AKI_Day1 group 
significantly increased, and that of the AKI_Day14 group returned to 
normal. 

QC samples were regularly inserted into every ten samples of the 
analytical batch to evaluate the reproducibility and stability of the 
analytical system. As shown in Figure S1, ten QC samples from each 
group were closely aggregated in the principal component analysis 
(Figure S1A for the positive-ion mode and Figure S1B for the negative- 
ion mode), indicating that the instrument was satisfactory and the MS 
signal was stable during sample detection. As for QC samples, the rela-
tive standard deviation (RSD) of ≤ 30% from the integrated peak areas 
was the exclusion criterion, and the MS datasets were qualified when the 
RSD_Ratio (RSD_30_number/total ion number) was ≥ 60%. In positive- 
ion mode, 18,641 ion molecules were detected and 16,471 were 
RSD_30_number of the QC samples. Thus, the RSD_Ratio was equal to 
0.884 (>60%, Figure S1C), which demonstrated the high-quality data of 
the QC samples during the running process. Figure S1D shows that the 
RSD_ Ratio was 0.885 in the QC samples in the negative-ion mode. 
Therefore, the results suggested that the urinary metabolic characteris-
tics were reproducible and reliable in the MS experiments. 

Metabolite identification and functional annotation 

Urine metabolites were annotated with five confidence levels on the 
basis of the matching information for identification, such as MS1 mo-
lecular weight, MS2 fragment ion spectra, column RT and the presence 
or absence of reference standards. Level 1: Identified results were from 
standard libraries with the matching of MS1, MS2 spectra and RT. Level 
2: Identified results were from standard libraries. Except for RT infor-
mation, MS1 and MS2 spectra can exactly match the libraries. Level 3: 
Identified results were from database libraries, MS1 can match the 
theoretical values, and MS2 spectra can match the predicted MS2 
spectra from the database. Level 4: Identified results were from database 
libraries, and only MS1 can match the theoretical values. Level 5: The 
molecular formula can match the accurate molecular weight, but no 
matching reference can be found in the database. The reliability of Level 
1 to Level 5 decreased in turn. In the positive-ion mode, 45 (Level 1), 
441 (Level 2), 451 (Level 3) and 3100 (Level 4) unique metabolite 
molecules were identified from the 16,471 detected ions via Compound 
Discoverer software (Table S1), and they refer to the addition of H+, 
NH4

+, Na+, K+ and so on. Meanwhile, 12 (Level 1), 224 (Level 2), 176 
(Level 3) and 2126 (Level 4) unique metabolites were identified by the 
software from 10,098 detected ions in the negative-ion mode (Table S2), 
and they refer to the negative ions of − H, +Cl and so on. Furthermore, 
two examples of identified metabolites (taurine in negative-ion mode 
and creatine in positive-ion mode), including those obtained in tandem 
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MS and fragmented pathways, are displayed in the Supplementary 
Materials. 

Statistical analysis was performed on the classification and func-
tional annotation of metabolites after data pre-treatment. Figure S2 
shows the statistical chart of metabolic classifications and the corre-
sponding number of identified metabolic molecules in the positive- and 
negative-ion modes, respectively. The defined metabolites can be clas-
sified into compounds with biological roles, lipids, phytochemical 
compounds and others; these compounds included benzene derivatives, 
amino acid analogues, organic acids, carbohydrates, amines, indoles, 
nucleic acids, vitamins and so on. ‘Others’ meant that classification 

information was the remaining categories, and the identification results 
without classification information were not included in statistics. 
Functional annotations of the identified metabolites were performed by 
KEGG analysis to investigate the main biochemical characteristics and 
signal transduction pathways. Fig. 1 shows the number of metabolites 
identified in each type of metabolic pathway, which may refer to cell 
processes, genetic information processing, metabolism, environmental 
information processing, human diseases and organismal systems. 

Fig. 1. Functional annotations of urinary metabolites by the KEGG database. (A) of the positive-ion mode, (B) of the negative-ion mode. The vertical axis, horizontal 
axis and different colours correspond to the functional annotation, the number of urinary metabolites and different categories. 
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Fig. 2. Plot of AKI patients’ PLS-DA scores using Pareto scaling with mean centring. (A) Before_AKI vs. AKI_Day1 in the positive-ion mode, (B) Before_AKI vs. 
AKI_Day1 in the negative-ion mode, (C) AKI_Day1 vs. AKI_Day14 in the positive-ion mode, (D) AKI_Day1 vs. AKI_Day14 in the negative-ion mode, (E) Before_AKI vs. 
AKI_Day14 in the positive-ion mode (over-fitted), (F) Before_AKI vs. AKI_Day14 in the negative-ion mode (over-fitted). 
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Differential screening and statistical analysis of urinary metabolites 

The urinary metabolite differences among different groups were 
compared using the score plots of PLS-DA to investigate the cluster data 
before and after AKI (Fig. 2A/B for Before_AKI: AKI_Day1 in the 
positive/negative-ion mode, Fig. 2C/D for AKI_Day1: AKI_Day14 in the 
positive/negative-ion mode, and Fig. 2E/F for Before_AKI: AKI_Day14 in 
the positive/negative-ion mode). PLS-DA models were established after 
the log2 logarithmic transformation and the Pareto scaling method. 
Seven-fold cross-validation was performed when building the models, 
and 200 RPTs were performed on PLS-DA to assess the model quality. As 
shown in Table 2, several parameters were used to evaluate the PLS-DA 
models: R2Y(cum) is the interpretation rate for the Y matrix; Q2(cum) is 
the predictive capability; R2 and Q2 are the intercepts of the Y-axis for 
the regression line during permutation experiments. When the values of 
R2Y(cum) and Q2(cum) are close to 1, the models are stable and reliable. 
An evident clustering trend was observed in the AKI_Day1 group with 
acceptable R2Y(cum) and Q2(cum), which indicated distinct urinary 
metabolic profiles due to injured kidneys. Since the values of Q2(cum) 
were<0.5, however, the PLS-DA models between Before_AKI and AKI_-
Day14 were over-fitted in positive- and negative-ion modes. Multivar-
iate and univariate analyses were performed to screen the differential 
metabolic molecules between groups. Changes in urinary metabolites 
were determined by VIP > 1.0 combined with a fold change (FC) and 
false discovery rate (FDR) correction; FC ≥ 1.2 or ≤ 0.83 and q < 0.05 
were set as the level of statistical significance (Table 3). 

In accordance with the above criteria, the numbers of differential 
metabolites were 3049 and 2091 for Before_AKI versus AKI_Day1 in the 
positive- and negative-ion modes (Table S3) and 1824 and 1424 for 
AKI_Day1 versus AKI_Day14 in each ion mode (Table S4). For the 
comparison of Before_AKI and AKI_Day14 groups, however, the number 
of differential metabolites was nearly zero, regardless of the ion mode. 
Thus, the differential analyses between these two groups were not per-
formed in the following statistical analysis. The urinary differential 
metabolites were visualised through the volcano plot in Fig. 3, which 
indicated that univariate analysis was also suitable for the UHPLC- 
HRMS data. Figure S3 displays the cluster analysis of these differential 
metabolites. Metabolic pathway enrichment analysis of differential 
metabolites was performed on the basis of the KEGG database in Table 4 
and Fig. 4. Metabolic pathways with p < 0.05 were significantly 
enriched by differential metabolites, which demonstrated that 

differential metabolites were particularly enriched in amino acid 
metabolism and biosynthesis, sulphur metabolism, ABC transporters, 
bile secretion and so on. 

Discussion 

This study aimed to generate a high-quality resource of urinary 
metabolite datasets from patients with AKI after cardiac surgery and to 
compare alterations of urinary metabolite profiles, which may reflect 
kidney status. Q Exactive HRMS can sensitively and accurately deter-
mine the composition of the precursors and product metabolite ions. In 
addition, BGI Library is an in-house developed standard database, 
including RT, MS1 spectra and MS2 spectra of all standards. mzCloud is 
Thermo’s high-resolution tandem MS cloud database containing a high- 
resolution and accurate MSn spectra library of tens of thousands of 
compounds. All MS data in mzCloud are measured by standards and 
subject to strict manual corrections. As a plug-in for the Compound 
Discoverer software, Chemspider can provide online compound identi-
fication from HMDB, KEGG, LipidMaps and so on. After the metabolic 
feature extraction and alignment, the full-scan MS results in the UHPLC- 
HRMS analysis were used in the multivariate/univariate statistical 
analysis to extract statistically significant urinary metabolites among 
groups. Endogenous differential metabolites as potential biomarkers 
were mapped onto metabolic pathways to reveal the possible pathway 
dysregulation for AKI after cardiac surgery. 

As a relatively frequent complication of cardiac surgery, AKI occurs 
in approximately 4%–9% of surgical patients and has short- and long- 
term survival implications [36]. Considering the absence of effective 
treatments for AKI, clinicians often focus on prevention and risk factor 
management to reduce AKI rates [37,38]. Therefore, efforts have been 
exerted to identify biomarkers relevant to cardiac surgery-associated 
AKI, which include renal/non-renal tubule-associated biomarkers, car-
diac functional biomarkers and inflammation biomarkers, with high 
specificity and sensitivity [39]. For example, we have previously shown 
that uMMP-7 levels can faithfully reflect renal Wnt/β-catenin activity 
[40] and be used as a non-invasive biomarker for the early prediction of 
AKI after cardiac surgery [20]. Meanwhile, the metabolic alterations of 
plasma in patients who underwent cardiac surgery were also investi-
gated to reflect the systematic responses and identify metabolites 
prognostic of AKI [41]. Patients with mild AKI also showed metabolic 
changes similar to those of patients with severe AKI, which revealed the 
potential role of metabolic analysis in the assessment of early renal 
injury [42]. Furthermore, urinary metabolome has become an important 
field for the discovery of non-invasive biomarkers; it can also be used to 
detect subtle metabolic discrepancies caused by specific diseases or 
treatment interventions [25]. 

The altered urinary metabolome revealed that sulphur metabolism 
was significantly disrupted in patients with AKI after cardiac surgery. 
Methane sulphonic acid and taurine are involved in sulphur metabolism, 
and taurine is an important component of membrane stability and cell 
protection, antioxidant and anti-inflammatory effects, calcium homeo-
stasis regulation and nerve regulation [43]. In the study of AKI models, 
taurine therapy can improve oxidative stress and histopathological 
kidney damage in rats [44] and inhibit the production of inflammatory 
cytokines and the activity of caspase-3 and caspase-9 to ameliorate 

Table 2 
PLS-DA mode parameters among the groups.  

Group MS mode principal component No. R2Y(cum) Q2(cum) R2 Q2 

Before_AKI: AKI_Day1 positive 3 1  0.87 (0.0,0.98) (0.0,− 0.73)  
negative 3 1  0.94 (0.0,0.98) (0.0,− 0.81) 

AKI_Day1: AKI_Day14 positive 3 1  0.81 (0.0,0.99) (0.0,− 0.72)  
negative 3 1  0.9 (0.0,0.99) (0.0,− 0.67) 

Before_AKI: AKI_Day14 positive 3 0.99  − 0.41 (0.0,0.99) (0.0,− 0.36)  
negative 3 0.99  − 0.65 (0.0,0.99) (0.0,− 0.34)  

Table 3 
Overview of differential urinary metabolites at different AKI time points.  

Group MS 
mode 

differential 
metabolites 

up- 
regualted 

down- 
regulated 

Before_AKI: 
AKI_Day1 

positive 3049 1438 1611  

negative 2091 921 1170 
AKI_Day1: 

AKI_Day14 
positive 1824 1312 512  

negative 1424 923 501 
Before_AKI: 

AKI_Day14 
positive 3 0 3  

negative 0 0 0  
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kidney injury [45]. In the current study, the taurine levels of each AKI 
patient showed differential trends, indicating that taurine levels 
increased in several patients, but decreased in others during AKI. The 
taurine levels of the recovered kidney group (AKI_Day14 group) can 
return to normal conditions compared with those of the uninjured kid-
ney group (Before_AKI group). Therefore, we will simultaneously mea-
sure the taurine level in the plasma of individual patients and determine 
whether it is consistent with the changing trend of urinary taurine. 
These results suggest that sulphur metabolism plays a vital role in the 
regulation of the pathophysiology of cardiac surgery-associated AKI. 

In addition to sulphur metabolism, the renal metabolism of amino 
acids, such as tyrosine, tryptophan, phenylalanine, alanine, aspartate 
and glutamate, was significantly altered in patients with AKI after car-
diac surgery. 3-Methylglutaryl carnitine, 1-methylimidazoleacetate and 
urea (amino acid metabolites) in plasma, along with leucine, histidine 
and arginine in the metabolic pathways of AKI, can be used as bio-
markers to reflect AKI progression [46]. Compared with healthy in-
dividuals, patients with AKI had increased levels of acylcarnitines and 
amino acids (methionine, homocysteine, pyroglutamic acid, asymmetric 
dimethylarginine and phenylalanine) and decreased serum levels of 

Fig. 3. Volcano Plot for visually displaying the differential metabolic compounds. (A) Before_AKI vs. AKI_Day1 in the positive-ion mode, (B) Before_AKI vs. AKI_Day1 
in the negative-ion mode, (C) AKI_Day1 vs. AKI_Day14 in the positive-ion mode, (D) AKI_Day1 vs. AKI_Day14 in the negative-ion mode. The solid circles are the 
urinary metabolites with variable importance in the projection (VIP) greater than or equal to 1, the hollow circles are the urinary metabolites with VIP<1, the green 
are the downregulated significantly differential urinary metabolites, the red are the upregulated significantly differential urinary metabolites, and the non-significant 
urinary metabolites are marked as grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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arginine and several lysophosphatidylcholines [47]. In addition, the 
metabolomic analysis showed that tryptophan, phenylalanine, lyso-
phosphatidylcholine, creatinine and canine urea can be used as serum 
biomarkers of modelling with CRF, which indicated that the metabolism 
of amino acids and phospholipids was abnormal in CRF rats [48]. 
However, a major limitation of the study was the small sample size (six 
patients). Thus, individual factors, such as underlying diseases, may 
affect the results of statistical analysis. To further compare the urinary 
proteins, we also conducted the semi-quantification of urinary proteins 
on uninjured/injured kidneys using the Bradford method. Through the 
semi-quantified results for urinary proteins (Supplementary Materials), 
the protein levels in urine samples significantly increased for all AKI 
patients, but a wide range of urinary proteins due to patient de-
mographics (e.g., age, BMI, etc) was observed. Thus, the variations in 
urinary metabolome are less affected by patient demographics for AKI 
patients. Although the sample size was relatively small during the 
comparison, this work can provide valuable knowledge of AKI-related 
urinary biomarkers and metabolic pathways for potential therapeutic 
targets. Future studies of the urinary metabolome may need additional 
time points in multicentre cohorts for rigorous algorithm analysis to 
minimize batch effects and confirm our results [49]. 

Conclusions 

Our results indicate that renal metabolism, including sulphur meta-
bolism and amino acid metabolism, dramatically change in patients with 

Table 4 
KEGG enrichment analysis of differential metabolic pathways.  

Batch Pathway Count Count. 
All 

Pvalue Pathway. 
ID 

Before_AKI/ 
AKI_Day1 

Sulfur metabolism 5 33 1.09E- 
04 

map00920 

Alanine, aspartate 
and glutamate 
metabolism 

4 28 6.91E- 
04 

map00250 

Cysteine and 
methionine 
metabolism 

5 61 1.96E- 
03 

map00270 

Central carbon 
metabolism in 
cancer 

4 37 2.01E- 
03 

map05230 

ABC transporters 7 124 2.31E- 
03 

map02010 

Bile secretion 6 97 2.99E- 
03 

map04976 

Protein digestion 
and absorption 

4 47 4.85E- 
03 

map04974 

Tyrosine metabolism 6 78 5.68E- 
03 

map00350 

Nicotinate and 
nicotinamide 
metabolism 

4 55 8.47E- 
03 

map00760 

beta-Alanine 
metabolism 

3 32 1.12E- 
02 

map00410 

Biosynthesis of 
amino acids 

6 128 1.13E- 
02 

map01230 

Phenylalanine 
metabolism 

4 60 1.14E- 
02 

map00360 

Phenylalanine, 
tyrosine and 
tryptophan 
biosynthesis 

3 35 1.43E- 
02 

map00400 

Parathyroid 
hormone synthesis, 
secretion and action 

2 10 2.06E- 
02 

map04928 

Prostate cancer 2 11 2.48E- 
02 

map05215 

Metabolic pathways 35 1706 2.52E- 
02 

map01100 

Intestinal immune 
network for IgA 
production 

1 2 2.90E- 
02 

map04672 

Cortisol synthesis 
and secretion 

2 12 2.94E- 
02 

map04927 

Histidine 
metabolism 

3 47 3.12E- 
02 

map00340 

Riboflavin 
metabolism 

2 20 3.40E- 
02 

map00740 

Cushing syndrome 2 13 3.42E- 
02 

map04934 

Tryptophan 
metabolism 

5 81 3.75E- 
02 

map00380 

Aminoacyl-tRNA 
biosynthesis 

3 52 4.03E- 
02 

map00970 

Neuroactive ligand- 
receptor interaction 

3 52 4.03E- 
02 

map04080 

Caffeine metabolism 2 22 4.05E- 
02 

map00232 

Taurine and 
hypotaurine 
metabolism 

2 22 4.05E- 
02 

map00430 

Small cell lung 
cancer 

1 3 4.32E- 
02 

map05222 

Arginine 
biosynthesis 

2 23 4.40E- 
02 

map00220 

HIF-1 signaling 
pathway 

2 15 4.47E- 
02 

map04066 

Parkinson disease 2 15 4.47E- 
02 

map05012 

Pentose and 
glucuronate 
interconversions 

3 55 4.64E- 
02 

map00040 

8 128 map01230  

Table 4 (continued ) 

Batch Pathway Count Count. 
All 

Pvalue Pathway. 
ID 

AKI_Day1/ 
AKI_Day14 

Biosynthesis of 
amino acids 

7.43E- 
05 

Alanine, aspartate 
and glutamate 
metabolism 

4 28 2.18E- 
04 

map00250 

Mineral absorption 4 29 2.51E- 
04 

map04978 

Sulfur metabolism 4 33 4.18E- 
04 

map00920 

Central carbon 
metabolism in 
cancer 

4 37 6.52E- 
04 

map05230 

Protein digestion 
and absorption 

4 47 1.62E- 
03 

map04974 

Arginine 
biosynthesis 

3 23 1.86E- 
03 

map00220 

Aminoacyl-tRNA 
biosynthesis 

4 52 2.36E- 
03 

map00970 

Bile secretion 5 97 3.98E- 
03 

map04976 

Cysteine and 
methionine 
metabolism 

4 61 4.21E- 
03 

map00270 

Phenylalanine, 
tyrosine and 
tryptophan 
biosynthesis 

3 35 1.25E- 
02 

map00400 

Glycine, serine and 
threonine 
metabolism 

3 50 1.66E- 
02 

map00260 

Nicotinate and 
nicotinamide 
metabolism 

3 55 2.14E- 
02 

map00760 

Valine, leucine and 
isoleucine 
biosynthesis 

2 23 2.51E- 
02 

map00290 

Phenylalanine 
metabolism 

3 60 2.69E- 
02 

map00360 

mTOR signaling 
pathway 

1 4 4.24E- 
02 

map04150 

ABC transporters 4 124 4.51E- 
02 

map02010  
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AKI. Such an MS-based metabolomics strategy can help in obtaining 
highly valuable resources to improve the understanding of the altered 
metabolism of patients with AKI after cardiac surgery. This study will 
broaden our knowledge about urinary metabolite profiles reflecting the 
renal status, accelerate the identification of disease biomarkers and 
provide new insights into the development of preventive treatments for 
cardiac surgery-associated AKI. 

Data availability 
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pository [50] with the dataset identifier PXD025917. 
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