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ARTICLE INFO ABSTRACT
Keywords: Background: Acute kidney injury (AKI) is one of the most common clinical emergencies charac-
Untargeted metabolomics terized by rapid progression, difficulty in early diagnosis, and high mortality. Currently, there are
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no effective AKI early diagnostic methods and treatments. Therefore, identifying new mechanisms
of AKI have become urgent for development new targets for early diagnosis and treatment of AKI
in the current clinical setting.

Methods: In this study, systematic analysis and comparison of serum metabolic profiles of clinical
AKI patients, chronic kidney disease (CKD) patients, and healthy subjects were performed using
untargeted metabolomics. Moreover, the first spatial metabolomic analysis of kidney tissues in an
AKI mouse model using MALDI-TOF MS technology was conducted. Differentially expressed
metabolites were identified using a comprehensive, publicly available database. The metabolic
data obtained were evaluated using principal component analysis, (orthogonal) partial least
squares discriminant analysis, and metabolic pathway analysis to explore the unique serum
metabolic profile of the patients, as well as to characterize the spatial distribution of differential
metabolites in the kidneys of AKI mice.

Results: Significant changes in the metabolite levels of amino acids, carnitine, and lipids were
observed in the AKI and CKD groups versus the healthy population, suggesting that kidney injury
may lead to abnormalities in various metabolic pathways, such as amino acids, fatty acids, and
lipids. The significant difference between the AKI and CKD groups were found for the first time in
these indexes including amino acid, carnitine, fatty acid, and lipid levels. Additionally, spatial
metabolomics results revealed that amino acid, carnitine, organic acid, and fatty acid metabolites
were more likely significantly altered in the renal cortex, while lipid metabolites were both
differentially distributed in the cortex and medulla of the AKI group.

Conclusion: Abnormalities in the serum metabolism of amino acids, carnitine, and lipids in pa-
tients with kidney diseases, such as AKI and CKD, are closely associated with the physiological
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dysfunction of kidney injury. Metabolic differences between patients with AKI and CKD were
compared for the first time, showing that fatty acid oxidative inhibition was more severe in pa-
tients with AKI. Furthermore, spatial metabolomics has revealed metabolic reprogramming with
tissue heterogeneity in AKI mice model. Our study provides valuable information in the molecular
pathological features of AKI in the kidney tissues.

1. Introduction

Acute kidney injury (AKI) is a common and critical clinical condition. Damage to kidney structure or function causes a rapid decline
in renal function within 48 h [1]. Its clinical hallmarks include rapid progression, difficulty in early diagnosis, and high mortality rates
[2]. Globally, AKI affects up to 10-15 % of hospitalized patients, and the incidence of acute kidney injury is as high as 60 % in critical
care units [3]. Currently, AKI is primarily treated with symptomatic and supportive therapies as well as renal replacement; however,
these have an extremely limited impact [4,5]. Thus, clarifying new mechanisms and providing new insights into the early diagnosis
and treatment of AKI have become current clinical challenges.

Recently, a growing number of diseases have been linked to metabolic abnormalities, which are considered to contribute to the
incidence and severity of a range of diseases, including cancer, and illnesses of the immune and inflammatory system [6]. The kidney is
a highly metabolic organ [7] that regulates metabolite homeostasis and elevates the cellular metabolic status [7,8]. Previous studies
confirmed that renal disease is closely associated with metabolic abnormalities. It not only promotes the development of renal disease
but also leads to its progression [9,10]. Current studies on renal disease and metabolism have mainly focused on chronic kidney disease
(CKD), and the findings include abnormalities in glucose, amino acid, and lipid metabolism [11-13]. Although studies targeting AKI
metabolomics have already been performed in children born prematurely [14] or with renal transplantation [15], and in rat models of
AKI induced by cisplatin [16], rhabdomyolysis [17], and sepsis [18], most clinical study samples were urine samples, and there are few
systematic studies on changes in the serum metabolic profiles in adults with AKI. A 2012 pilot study showed elevated serum levels of
acylcarnitine and amino acids (such as homocysteine, pyroglutamic acid, and dimethylarginine), and reduced levels of several lyso-
phosphatidylcholines in 17 patients hospitalized for primary AKI, but the results require further validation in a larger sample of the AKI
population [19].

AKI is increasingly being recognized as a major risk factor for CKD [20]. However, patients with AKI and CKD usually have similar
clinical presentations, and some biological fluid markers diagnosing AKI, such as NGAL, KIM-1, IL-18, and L-FABP with suboptimal AKI
diagnostic performance, also change significantly in CKD [21,22]. Thus, further research focusing on new specific biomarkers that can
differentiate CKD from AKI is clinically important for the rapid identification and treatment of AKI and slowing down the progression
of CKD. In addition, detailed knowledge of tissue-specific metabolic reprogramming of kidney injury is essential for a more accurate
understanding of molecular pathological features and the development of novel therapeutic strategies. However, analysis of homo-
geneous biological samples such as urine, serum, and kidney homogenates using only HPLC-MS and NMR techniques provides little
information on the spatial distribution of kidney metabolites. It is therefore necessary to use MS imaging-based spatial metabolomics,
which can directly show the spatial distribution of metabolites in kidney tissue, thus enabling insight into biochemical changes
associated with kidney injury within specific structures.

Therefore, this study systematically analyzed the metabolic profiles of serum from patients with clinical AKI using non-targeted
metabolomics. We aimed to determine different in vivo metabolic mechanisms and find new biomarkers for the diagnosis of AKI.
Furthermore, using MALDI-TOF MS technology, we performed a spatial metabolomic analysis of kidney tissues in a mouse model of
AKI to investigate the spatial distribution characteristics of differential metabolites for the first time, further revealing metabolic
reprogramming with tissue heterogeneity in AKI, and providing more comprehensive and detailed information on the molecular
pathological characteristics of AKI kidney tissues.

2. Materials and methods
2.1. Study Design and participants

Between November 2020 and June 2022, 46 patients newly diagnosed with AKI and 65 patients with CKD participated in the study.
Thirty-eight healthy volunteers without known chronic or major diseases and who were not undergoing any treatment were enrolled.

Inclusion criteria: 1) age >18 years; 2) acute kidney injury diagnosed according to the 2012 Kidney Disease Improving Global
Outcomes (KDIGO) Clinical Practice Guideline for Acute Kidney Injury [23]. AKI is defined as any of the following: i) Increase in serum
creatinine (sCr) >0.3 mg/dL (>26.5 pmol/L) within 48 h; ii) Increase in sCr >1.5 times of baseline within the prior 7 days; iii) Urine
volume <0.5 mL/kg/h for 6h. 3) CKD was diagnosed according to 2012 KDIGO guidelines for CKD [24]. Patients with any of the
following indicators lasting more than 3 months were diagnosed as CKD: i) urine albumin-to-creatinine ratio (UACR) >30 mg/g, ii)
Abnormal urine sediment, such as visible white blood cells and red blood cells under the microscope, iii) Estimating Glomerular
Filtration Rate (eGFR) < 60 mL/min/1.73 m2. CysC-based eGFR formula is used to calculate eGFRcysc. The following formulas were
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used for the calculations.

Serum cystatin C Equation for estimating GFR
Female or male <0.8 mg/1 133 x (SCysC/0.8) % x 0.996"%¢ [ x 0.932 if female]
Female or male >0.8 mg/1 133 x (SCysC/0.8) 1328 x 0.996"%¢ [ x 0.932 if female]

This study excluded patients with symptoms of bacterial infection (such as fever, increased leukocyte and neutrophil counts, and
inflammation) to avoid any influence of bacterial infection on the serum metabolome.

2.2. Sample Collection and preparation for serum non-targeted metabolomics

Fasting venous blood was taken after the patients were diagnosed and enrolled. Patients with AKI were generally drawn within
24-48 h after diagnosis, when most patients were in the extension and maintenance phase of AKI. Briefly, venous blood samples (5.0
mL each) were collected from all participants after overnight fasting. Serum was prepared by centrifugation at 3000 rpm for 10 min at
room temperature, collected in 1.5-mL microfuge tubes, and stored at —80 °C until further analyses.

After thawing on ice, 100 pL of plasma was mixed with 300 pL of methanol: acetonitrile (1:1 v/v) solution to extract various small
molecular metabolites. After vortexing, sonication, and incubation at —20 °C for 30 min, the supernatants were filtered and transferred
to sample bottles with a 0.22-pm microporous membrane for further analysis. The same sample preparation methods were applied to
the quality control (QC) samples, which were prepared by pooling aliquots of all serum samples (10 pL).

2.3. Serum metabolite Detection

An ultra-performance liquid chromatography (UPLC) system (Agilent 1290 Infinity II; Agilent Technologies Inc., CA, USA) con-
nected to a high-resolution tandem mass spectrometer (TripleTOF 5600 Plus; AB SCIEX, Framingham, MA, USA) was used to conduct
the metabolomic analysis. Previous methods of our lab were used for UPLC-MS/MS analysis [25]. Briefly, gradient chromatographic
elution was performed on an ACQUITY HSS T3 column with the mobile phase composed of solvent A (water and 0.1 % formic acid) and
solvent B (acetonitrile and 0.1 % formic acid). The mobile phase was delivered at a flow rate of 0.30 mL/min. The optimized elec-
trospray ionization parameters were listed as follows: ion source gas 1, 55 psi; ion source gas 2, 55 psi; curtain gas, 35 psi; source
temperature, 550 °C; declustering potential, 80 V; collision energy, 10 V; accumulation time: 0.15 s.

The mass accuracy was calibrated for every six samples throughout the study. Additionally, to evaluate the reliability of large-scale
metabolomic analysis, QCs were introduced after every 10 samples.

2.4. Serum metabolomics analysis

Raw UPLC-MS/MS data were acquired and processed using Analyst TF software (version 1.7.1, AB SCIEX). As part of the
metabolomic workflow, peaks were selected, their quality was assessed, and missing values were imputed, normalized, transformed,
and scaled. The details are described in a previous study [25]. For accurate metabolite characterization, standard databases and
custom databases including METLIN (http://metlin.scripps.edu/), Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.
kegg.jp/kegg/pathway.html), LipidMaps (https://www.lipidmaps.org/), Human Metabolome Database (HMDB) (https://hmdb.ca/),
MassBank (https://massbank.eu/), and PubChem Database (https://pubchem.ncbi.nlm.nih.gov/) were used KEGG and Metab-
oAnalyst database exploration (http://www.metaboanalyst.ca/) were performed to identify enriched pathways based on altered
metabolites.

2.5. Spatial metabolomics analysis of kidney of mouse model

A mouse model of AKI was established by using cisplatin to induce acute renal injury. An intraperitoneal injection of cisplatin (50
mg/kg, Sigma-Aldrich, St Louis, MO, USA) was administered to male C57BL/6 mice (weighing 20-25 g, aged 6-8 weeks). An equal
volume of saline was administered to the control group. Mice were euthanized at 48 h after injection. Kidney tissues were obtained and
snap frozen using liquid nitrogen and placed at —80 °C for use.

Using a Leica CM1950 cryostat (Leica Microsystems GmbH, Wetzlar, Germany), tissues were sectioned at 10-ym thickness at
—20 °C. Subsequently, indium tin oxide (ITO)-coated electrically conductive slides were used to mount the tissue sections. The tissue
sections were dried for 30 min in a vacuum desiccator. Desiccated tissue sections mounted on ITO glass slides were sprayed with 15
mg/mL DHB (2, 5-dihydroxybenzoic acid), dissolved in 90 %:10 % Acetonitrile: water using an HTX TM sprayer (Bruker Daltonics,
Germany).

MALDI-TOF MSI experiments were performed on a Bruker TimsTOF flex MS system (Bruker Daltonics, Bremen, Germany) equipped
with a 10 kHz smartbeam 3D laser. The laser power was fixed at 70 % throughout the experiment. Mass spectra were acquired in
positive mode. Mass spectral data were acquired over the mass range of m/z 50-1300 Da. Tissue imaging was performed at a spatial
resolution of 50 pm with spectrum comprising 400 laser shots. The signal intensity was normalized to the Root Mean Square for MALDI
mass spectra. MS/MS fragmentations performed on the timsTOF flex MS system in the MS/MS mode were used for further detailed
structural confirmation of the identified metabolites.


http://metlin.scripps.edu/
http://www.kegg.jp/kegg/pathway.html
http://www.kegg.jp/kegg/pathway.html
https://www.lipidmaps.org/
https://hmdb.ca/
https://massbank.eu/
https://pubchem.ncbi.nlm.nih.gov/
http://www.metaboanalyst.ca/
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2.6. Statistical analysis

Statistical analyses were conducted using SPSS software (version 25.0; International Business Machines Corp., United States).
Calculations of normally distributed data were reported as means and standard deviations. Among multiple groups with homogeneous
variance, analysis of variance (ANOVA) was used, followed by the least significant difference (LSD) t-test; otherwise, Welch’s t-test and
Dunnett’s T3 test were adopted. Statistical data with a non-normal distribution were calculated as median (interquartile range) (M
[P25, P75]). The chi-square test was used to compare count data among groups. Statistical significance was set at P < 0.05.

For non-targeted metabolomics, principal component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) were
applied using SIMCA version 15.0.2 (Umetrics AB, Umea, Sweden). For spatial metabolomic analysis, PCA and orthogonal partial least
squares-discriminant analysis (OPLS-DA) were performed using the R stats package (3.5.1) and MetaboAnalystR package(1.0.1).
Principal component analysis (PCA) is a technique for dimensionality reduction that identifies a set of orthogonal axes, called principal
components, that capture the maximum variance in the data. Partial least squares discriminant analysis (PLS-DA) is a multivariate
statistical analysis method used for discriminant analysis. Discriminant analysis is a commonly used statistical analysis method to
determine how to classify research objects based on the observed or measured values of several variables. Orthogonal partial least
squares discriminant analysis (OPLS-DA) was introduced as an improvement of the PLS-DA approach to discriminate two or more
groups (classes) using multivariate data. Specific metabolic markers were screened based on multivariate (O)PLS-DA modeling using t-
tests combined with false discovery rate (FDR) correction analysis (P < 0.05, FDR<0.05).

One-dimensional analyses were performed using a paired Student’s t-test to determine P values. A t-test was used in conjunction
with the PLS-DA method to assess the differences in metabolites between groups (VIP>1 and P < 0.05).

The diagnostic performance of differential metabolites was assessed using receiver operating characteristic curves (ROC). Diag-
nostic accuracy was measured using the area under the curve (AUC). We weighed and summarized the sensitivity and specificity of
each variable. In terms of AUC, it represented the accuracy of the predictive model, where 1 was denoted 100 % sensitivity and
specificity, indicating perfect assignment, whereas an AUC of 0.5 indicated an unreliable test (grey line).

3. Results
3.1. Population and clinical characteristics

The characteristics of the study population are presented in Table 1. The number of patients with AKI induced by sepsis, surgery
(cardiac surgery, renal transplantation, abdominal aortic aneurysm surgery, etc.) and drugs (insecticides, contrast agents, anticancer
drugs, etc.) were 6, 23 and 14, respectively. Three cases of post-renal acute kidney injury (kidney stones, bladder cancer, etc.) were also
included. There were no significant differences in sex or age between the patient groups. But statistically significant differences were
observed among the HC, CKD, and AKI groups across all laboratory indicators (P < 0.001). Through pairwise comparison and analysis,
we found that patients diagnosed with AKI had significant changes in serum urea, creatinine, uric acid, cystatin C, eGFR, Clq, and
NGAL levels compared with both the HC and CKD groups. Although we performed metabolomic analysis on only one serum sample
from each patient, serial renal function testing experiments in patients diagnosed with AKI confirmed that the effects on renal function
lasted for several days.

3.2. Multivariate statistical analysis of metabolites in serum

PCA revealed that QC samples clustered well in both positive and negative ion scan modes (Fig. 1A-B), indicating that the

Table 1
Demographic characteristics and laboratory measurements of the studied subjects.
HC (n = 38) CKD (n = 65) AKI (n = 46) F/)(2 P value

Demographic characteristics
Male (n, %) 21,55 % 38,58 % 27,59 %
Female (n, %) 17,45 % 27,42 % 19, 41 %
Age (years) 56.3 + 8.2 549 +12.3 59.2 + 15.0
Laboratory measurements
Urea (mmol/L) 5.04 £ 1.06 7.66 (5.82, 13.54)" 20.65 + 11.10%," 74.94 <0.001
Cr (pmol/L) 67.45 + 13.85 131.85 (104.98, 200.35)" 229.7 (122.40, 368.80)"," 78.62 <0.001
UA (pmol/L) 326.45 + 60.25 432.45 + 114.68" 490.03 + 211.97“,h 13.86 <0.001
CysC (mg/L) 0.91 +0.13 2.16 + 1.16 2.93 + 1.45%," 33.82 <0.001
eGFR [mL/(min. 1.73m?)] 87.43 +£11.94 47.15 (29.20, 58.20)" 35.46 + 18.01%"° 76.73 <0.001
Clq (mg/L) 204.37 £+ 39.10 190.57 + 40.97 140.26 + 55.70%," 22.59 <0.001
NGAL (pg/L) 104.71 + 60.81 140.05 (107.50, 205.00)" 463.70 (264.63, 1037.10)"',h 66.13 <0.001

HC: group of healthy controls; CKD: group of chronic kidney disease; AKI: group of acute kidney injury. Urea: serum urea; Cr: serum creatinine; UA:
serum uric acid; CysC: serum cystatin C; eGFR: estimate the glomerular filtration rate; C1q: serum complement component 1q; NGAL: neutrophil
gelatinase-associated lipocalin.

@ Compared with HC group, P < 0.05.

b Compared with CKD group, P < 0.05.
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Fig. 1. PCA score plots of QC samples and AKI, CKD and HC comparisons (A, B) and PLS-DA score plots with permutation testing of AKI, CKD and
HC comparisons (C, D) in the ESI+ and ESI— scan modes.

metabolomics datasets were stable and repeatable. The positive ion mode revealed no distinct classification between the CKD and HC
groups (Fig. 1A-B), thus we then applied PLS-DA to obtain an in-depth understanding of the different metabolic profiles with better
discriminative power than PCA. The results revealed that both positive and negative modes of metabolite separation were evident in
the samples from the three groups (Fig. 1C-D). A random permutation of 200 was performed to determine whether the PLS-DA models
were overfitted. PLS-DA demonstrated reliability with positive and negative Q2 distributions and Y-intercepts lower than zero
(Fig. 1G-D).

3.3. Differential metabolite analysis and identification of serum samples

Qualitative identification was conducted using publicly available and integrated databases, and 909 and 760 metabolites were
identified using positive and negative ion modes, respectively. Subsequently, 365, 275, and 385 different metabolites in the AKI vs. HC,
CKD vs. HC, and AKI vs. CKD comparisons were selected using a fold-change threshold >1.5 or <2/3, VIP >1, and a Student’s t-test
threshold of P < 0.05, respectively. Heat maps of 25 representative differential metabolites showed clear clustering among the AKI,
CKD, and HC groups in both positive and negative modes (Fig. 2A-B), consistent with the PLS-DA results.

As shown in Table 2, the most abundant classes of metabolites were amino acids, carnitines, and lipids for the AKI vs. HC and CKD
vs. HC comparisons, and for the AKI vs. CKD comparison, the most abundant classes were amino acids, carnitines, fatty acids, and
lipids. Compared with the HC group, the levels of most amino acids and carnitines in the AKI and CKD groups increased. Additionally,
carnitine and free fatty acid levels in the AKI group were significantly higher than those in the CKD group (Fig. 3). Moreover, the

ESI+

i
e

YD

P
l'l' |IF'|'F

REE

H 'II ,I ,],I “1 [ RN
[ 1 |> Iu'
T

ul

JIIII IIIII

[ Class

i

I:IIIIIII

PIIII‘Ir :III ;Ii

1 Class
| I e

05

2-Phenylacetamide

1 Glutamine
Methionine
Phenylalanine
Urate

c
HC
0
Tyrosine
Carnitine
Acetylcarnitine
O-Butanoylcarnitine
2-Hexenoylcamitine
1 | Octanoylcamitine
Kymurerine

05

| Asp Glu
Phe-Phe
Palmitoleic acid
g-Linoleic acid
Oleamide
Oleic acid

(B) ESI-
S T

I

i (Tl 1

Illlll 1 I IUIII

ﬁl,l.wv fihi I

1A
(4
1t I yu‘l | |

o LRI R

WFHI ‘IIII III I\III

m'.‘f...ph. ot

110N By

I C
I miEErm Leucme
| TNV WU Tryptophan

11l

LP
| | II IIIYLP(HGD
I

I‘\ |I II::HI|III I

| 1 Class
A

c

HC

Phenyislanine 05
Acetyltryptophan
I | Paimitic acid
I | | Vaccenic acid
Hexadecanedioic acid
Acetylneuraminic acid
Sphingosine-1-phosphate
Isoleucine
lycocholic acid
(92)-Octadecenoic acid
Cholesteryl laurate
PAIG:

PA 30:4
PA 30:6
PE 22:0
PE 21:5
PG 14:0
PS 23:4
A 17:2

0
05

M

LPA (0:0118:0)

LPC17:0
LPC 1811
LPC 202
LPC 225
Il LPE 180

=
]
omm
®
9

LPG 9:0
LPI 18:1
LPI20:1
MGDG 22:3

Fig. 2. Differential metabolite heat maps in ESI+ (A) and ESI— (B) scan modes. The columns represent samples, the rows represent metabolites, and
the relative content of the metabolites is displayed by color.



B. Xu et al. Heliyon 9 (2023) e21171

Table 2
List of significantly differential metabolites between AKI vs. HC, CKD vs. HC and AKI vs. CKD comparisons.

Comparisons Metabolites Scan Mode FC log 2(FC) P (T test) VIP m/z rt Adducts

AKI vs. HC

Amino acids Phenylalanine ESI+ 1.99 1.00 2.73E-10 1.56 166.09 258.18 M+H
Tyrosine ESI+ 1.55 0.63 0.0000041 1.28 182.08 156.01 M+H
Tryptophan ESI- 0.46 -1.12 1.14E-17 1.84 203.08 277.27 M-H
Isoleucine ESI- 0.22 -2.18 1.48E-10 1.64 392.29 435.01 3M-H
Kynurenine ESI+ 4.40 2.14 0.00052862 1.05 209.09 256.68 M+ H
Phenylacetylglutamine ESI+ 9.63 3.27 0.000000506 1.26 265.12 301.39 M+ H

Carnitines Carnitine ESI+ 1.50 0.59 0.0000291 1.06 162.11 57.53 M+ H
AcetylCarnitine ESI+ 4.19 2.07 3.57E-09 1.50 204.12 91.72 M+H

Fatty acids Palmitoleic acid ESI+ 1.87 0.90 0.0000159 1.13 255.23 702.82 M+H
Oleamide ESI+ 43.56 5.44 3.32E-07 1.51 282.28 731.57 M+ H
Oleic acid ESI+ 1.59 0.67 0.00000109 1.30 283.26 812.69 M+H

CKD vs. HC

Amino acids Citrulline ESI+ 1.69 0.76 0.0000289 1.40 176.10 57.97 M+ H
Tryptophan ESI- 0.64 —0.65 2.29E-10 1.27 203.08 277.27 M-H
Kynurenine ESI+ 2.00 1.00 1.75E-12 2.19 209.09 256.68 M+ H
5-Hydroxytryptophan ESI- 7.16 2.84 0.000000537 1.15 439.16 333.54 2M-H
Acetylvaline ESI- 0.53 -0.92 0.00030639 1.32 158.08 311.20 M-H
Acetylaspartate ESI- 1.54 0.62 0.0000755 1.03 174.04 77.02 M-H
Nicotinuric acid ESI+ 10.46 3.39 0.00029651 1.53 181.06 291.30 M+ H
Asp-glu ESI+ 2.20 1.14 0.0004456 1.11 263.09 385.05 M +H
Phenylacetyl-i-glutamine ESI+ 11.35 3.50 0.0000132 1.54 265.12 301.39 M+H
Hydroxyprolyl-Isoleucine ESI- 3.74 1.90 0.00000312 1.03 243.13 310.92 M-H

Carnitines Butanoylcarnitine ESI+ 3.68 1.88 0.000000998 1.47 232.15 269.51 M+H
AcetylCarnitine ESI+ 1.53 0.61 0.00047839 1.22 204.12 91.72 M+H
2-Hexenoylcarnitine ESI+ 2.76 1.47 0.00000733 1.44 258.17 298.59 M+ H
2-Octenoylcarnitine ESI+ 1.52 0.60 0.0018023 1.01 286.20 330.64 M+H

AKI vs. CKD

Amino acids Methionine ESI+ 2.27 1.18 0.00042235 1.10 150.06 77.84 M+ H
Phenylalanine ESI+ 1.67 0.74 7.67E-08 1.51 166.09 258.18 M+H
Tyrosine ESI+ 1.78 0.83 7.89E-08 1.47 182.08 156.01 M+ H
Isoleucine ESI- 0.30 -1.75 0.00011619 1.07 392.29 408.79 3M-H
Acetyltryptophan ESI- 22.55 4.50 0.0001456 1.38 245.09 329.58 M-H
5-Hydroxytryptophan ESI- 0.34 —1.56 0.0000524 1.22 439.16 317.41 2M-H

Carnitines Carnitine ESI+ 2.15 1.10 1.62E-09 1.70 162.11 57.53 M+ H
Acetylcarnitine ESI+ 2.48 1.31 0.000000333 1.42 204.12 77.91 M+H
Hexanoylcarnitine ESI+ 3.49 1.80 0.000000911 1.45 260.18 314.17 M+ H
Octanoylcarnitine ESI+ 1.79 0.84 0.0014128 1.20 288.22 344.58 M+ H

Fatty acids Palmitoleic acid ESI+ 2.15 1.10 0.00000111 1.42 255.23 702.82 M+ H
Hypogeic acid ESI- 1.59 0.67 0.0018542 1.10 253.22 701.11 M-H
Oleic acid ESI+ 1.75 0.81 6.08E-08 1.50 283.26 812.69 M+ H
Oleamide ESI+ 46.48 5.54 0.000000326 1.69 282.28 731.57 M+H
p-Linoleic acid ESI+ 1.71 0.77 0.00000102 1.36 281.25 732.03 M+ H

FC: fold change; VIP: variable important in projection; m/z, mass-to-charge ratio.

lipoylcholine (PC), phosphatidylserine (PS), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), and sphingomyelin
(SM) classes were metabolically abnormal in the nephrotic population (AKI and CKD groups) compared to the normal population, with
most LPC levels significantly decreased (Supplementary Fig.S1). We further performed ROC analysis of each metabolite to determine
the diagnostic performance between AKI vs. HC, CKD vs. HC, and AKI vs. CKD. The results showed that 9 metabolites (acetylcarnitine,
isoleucine, phenylalanine, kynurenine, trptophan, oleamide, oleic acid, phenylacetylglutamine, sphingosine-1-phosphate) could
discriminate AKI from HC (AUC>0.80), 7 metabolites (5-hydroxytryptophan, kynurenine, trptophan, nicotinuric acid, buta-
noylcarnitine, phenylacetylglutamine, sphingosine-1-phosphate) could discriminate CKD from HC (AUC>0.80), and 8 metabolites
(carnitine, acetylcarnitine, hexanoylcarnitine, phenylalanine, tyrosine, methionine, oleamide, oleic acid) could discriminate AKI from
CKD (AUC>0.8) (Fig. 3 and Supplementary Table S1). In addition, creatinine has a better diagnostic performance (AUC>0.95) in renal
injury (including AKI and CKD) compared with healthy population, but its diagnostic performance in distinguishing AKI from CKD is
not deal (AUC = 0.66) (Supplementary Table S1). The results suggest that the differential metabolites we found in the AKI vs. CKD
group are expected to be potential biomarkers for distinguishing AKI from CKD. In order to achieve a better diagnostic effect, we
selected the differential metabolites with AUC>0.85 for joint diagnostic analysis (Supplementary Fig.S2). It was found that in the AKI
vs. HC, CKD vs. HC, and AKI vs. CKD groups, all the AUCs of the combination of two indicators was significantly higher than the AUCs
diagnosed by each single indicator, suggesting that the combined diagnosis was superior to the separate diagnosis. And more
importantly, in the AKI vs. HC group, the combined diagnosis of phenylalanine and any one of the other four indicators (ace-
tylcarnitine, oleamide, phenylacetylglutamine, and trptophan) had higher AUCs than that of creatinine alone, suggesting that com-
bined biomarkers may be superior to creatinine in the diagnosis of AKI. However, in the CKD vs. HC group, even the diagnostic
performance of the combination of three or four indicators was not as good as that of the traditional indicator creatinine in the
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Fig. 3. Box plots of normalized intensities and receiver operating characteristic analysis of significantly changed metabolites in AKI vs. HC (A), CKD
vs. HC (B) and AKI vs. CKD (C) comparisons.

Table 3
List of significantly altered metabolic pathways between AKI vs. HC, CKD vs. HC and AKI vs. CKD comparisons.
Comparisons Pathway name KEGG.id -log(P) Impact Hits
AKI vs. HC Glycerophospholipid metabolism hsa00564 7.13 0.49 9
Tryptophan metabolism hsa00380 1.03 0.28 4
Phenylalanine metabolism hsa 00360 0.63 0.24 1
Glycerolipid metabolism hsa00561 2.23 0.22 3
CKD vs. HC Glycerophospholipid metabolism hsa00564 2.66 0.31 6
Tryptophan metabolism hsa00380 2.15 0.41 6
Glycerolipid metabolism hsa00561 1.97 0.22 3
Arginine biosynthesis hsa 00220 0.35 0.23 1
AKI vs. CKD Glycerophospholipid metabolism hsa00564 5.6994 0.48526 8
Linoleic acid metabolism hsa 00591 3.089 1 2
Glycerolipid metabolism hsa00561 2.25 0.22274 3
Ether lipid metabolism hsa 00565 1.7466 0.22892 3
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diagnosis of CKD, indicating creatinine remains a very important indicator of renal function for the diagnosis of chronic kidney injury.

3.4. Perturbed pathways analysis of serum samples

An enrichment analysis of the metabolic pathways associated with the differential metabolites was performed (Table 3 and Fig. 4).
The results showed that, compared with HC individuals, the differential metabolites were mainly enriched in glycerophospholipid
metabolism, tryptophan metabolism, phenylalanine metabolism, and glycerolipid metabolism pathways in the AKI group, and glyc-
erophospholipid metabolism, tryptophan metabolism, glycerolipid metabolism, and arginine biosynthesis pathways in the CKD group.
Enriched metabolic pathways of glycerophospholipid, linoleic acid, glycerolipid, and ether lipid metabolism were identified in the AKI
vs. CKD comparison.

3.5. Spatial metabolomics analysis of kidney of AKI mice

The PCA and OPLS-DA results (Fig. 5A-B) suggested that the NC and AKI groups were significantly different. Next, we performed a
one-way t-test analysis based on the fold change of metabolites in both groups and obtained 135 metabolites with p-values <0.05 (FDR
<0.1) and VIP >1, of which 71 decreased and 64 increased, as shown in the volcano plot (Fig. 5C). The heat map showed that the two
groups differed in the metabolic abundance of amino acids and lipid metabolites (Fig. 5D). The differential metabolite pathway
enrichment analysis (Fig. 5SE) showed that the metabolic pathways significantly interfered in the AKI group were mainly oxytocin
signaling pathway, platelet activation, ferroptosis, aldosterone synthesis and secretion and purine metabolism.

H&E staining revealed that the tubular lumen narrowed and atrophied, the glomerulus atrophied, the cortical labyrinth tubule
arrangement was disturbed, the tubular gap widened in the AKI group. Renal function index showed a significant increase in creatinine
and urea nitrogen levels (Fig. 6), suggesting that the AKI mouse model was successfully established. Next, kidney tissues from AKI and
normal mice were examined using MALDI-TOF MS analysis. We detected significant differences in the abundance of various metab-
olites, such as amino acids, carnitine, organic acids, fatty acids, and lipids, in situ (Fig. 6). The findings showed that Most differentially
expressed amino acid-like metabolites were distributed in the cortical region. In the kidneys of mice with AKI, carnitine metabolites
were significantly upregulated in the cortex and downregulated in the medulla. Differential small-molecule organic acids mainly
accumulated in the inner cortex with increased levels in the AKI group, whereas fatty acids were mainly distributed in the outer cortex
with decreased levels. Lipids were either upregulated or downregulated in the cortex and medulla of AKI mouse kidneys These results
suggest tissue heterogeneity in the distribution of differential metabolites in AKI kidneys.

4. Discussion

Acute kidney injury (AKI) is a relatively common critical clinical illness; however, no effective diagnostic tool or treatment is
available. Metabolomics best reflects disease molecular phenotypes, as it directly reflects the underlying biochemical activity of cells/
tissues and enables us to understand the pathophysiological mechanisms underlying AKI from a metabolic perspective to provide
potential therapeutic and/or differential diagnostic biomarkers.

We analyzed 46 AKI cases, 65 CKD cases, and 38 serum samples from age- and sex-matched healthy donors via mass spectrometric
analysis (LC-MS/MS). The AKI and CKD groups exhibited significant alterations in amino acid, carnitine, and lipid levels compared
with the healthy control group, indicating that kidney injury might lead to dysregulated metabolic pathways of amino acids, fatty
acids, and lipids. Moreover, pidemiological and etiological studies have indicated that acute kidney injury (AKI) is closely correlated
with chronic kidney disease (CKD), and CKD is a risk factor for AKL; in turn, AKI patients have an increased risk of developing CKD
[26]. In this study, we also compared the metabolic differences between AKI and CKD groups for the first time and found that the two
groups had different amino acid, carnitine, and fatty acid levels. This implies that these two diseases have different metabolic and
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pathophysiological mechanisms.

Amino acid metabolism is inextricably linked to kidneys. The kidney maintains a balanced amino acid metabolism by synthesizing,
degrading, filtering, reabsorbing, and urinating amino acids [27]. Human CKD renal biopsy and post-ischemia/reperfusion (I/R) injury
transcript maps of mice indicate dysregulated amino acid metabolism [28]. We also found that patients in the AKI and CKD groups had
elevated serum amino acid levels (except tryptophan). It has been previously reported that an increase in amino acid excretion is a
potential marker of kidney dysfunction [29]. In the case of kidney dysfunction, the defense and repair processes significantly increase
the amino acids required for protein synthesis, which may be one of the reasons why the amino acid levels decrease in kidney tissue but
increase in serum [29]. Multiple studies have indicated that tryptophan concentration is closely related to AKI severity. For instance,
patients with liver cirrhosis and AKI have activated tryptophan-kynurenine and transsulfuration pathways. It has been proven that the
downstream product of the kynurenine pathway, quinolinic acid, is correlated with the risk of AKI in experimental models and in
patients with severe symptoms [30,31]. Furthermore, a metabolomic study reported that some novel biomarkers, such as acylcarnitine
and tryptophan metabolites, performed better than creatinine in a stratified CKD analysis [32]. Our study revealed that
tryptophan-kynurenine metabolism was aberrantly activated in the AKI and CKD groups, which is consistent with previous studies.
Notably, phenylacetylglutamine (PAGIn) levels were elevated in both groups. PAGIn is a novel gut flora metabolic derivative asso-
ciated with cardiovascular diseases [33]. This implies a possible connection between the gut flora and kidney injury. PAGIn enhances
platelet activation-related phenotypes and thrombosis. Therefore, patients with AKI and CKD should be aware of the occurrence of
cardiovascular diseases and major adverse cardiac events (myocardial infarction, stroke, or death).

Carnitine plays a significant role in the oxidative metabolism of fatty acids and branched-chain amino acids. Fatty acids can supply
energy via oxidation of the mitochondrial membrane in the form of acylcarnitine by binding to carnitine [34]. During acute kidney
injury, the expression and activity of mitochondrial and peroxisomal fatty acid oxidation enzymes in renal tissue are significantly
reduced, and fatty acid oxidation is dysregulated [19]. In this study, we observed that the AKI and CKD groups had elevated serum
levels of 1-carnitine, acetylcarnitine, and other short-chain acylcarnitines compared to the normal control group. It was previously
reported that rats have increased free carnitine and short-chain acylcarnitine levels in the serum 48 h after renal I/R injury [30]. This
finding is consistent with our results; therefore, we speculate that mitochondrial damage occurs in renal injury. On the other hand,
some researchers have suggested that r-carnitine, acetylcarnitine, and other short-chain acylcarnitines are conducive to various dis-
eases (including renal diseases) by increasing mitochondrial carnitine concentration and stimulating the Krebs cycle [30]. Thus,
elevated carnitine levels may be a protective response of tissues to injuries.

Disorders in lipid metabolism are another feature of kidney injury. Injury to cholesterol metabolism, increased fat intake or syn-
thesis, increased fatty acid oxidation, lipid droplet accumulation, and bioactive sphingomyelin imbalance (e.g., ceramide, ceramide-1-
phosphate, and sphingosine 1-phosphate (S1P)) all lead to renal diseases [35]. Aberrant lipid metabolism leads to an increased
production of reactive oxygen species (ROS), oxidative stress, inflammation, and cell death. Correspondingly, we demonstrated
aberrant metabolism of PC, PS, LPC, LPE, and SM in the AKI and CKD groups. Serum LPC levels were significantly reduced. One
possible explanation is a reduction in the activity of lecithin cholesterol acyltransferase (an enzyme that converts unesterified
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Fig. 6. In situ mass spectrometry imaging with normalized intensities of various metabolites (A) and H&E staining (B) in kidney tissues between AKI
mouse model and negative control in spatial metabolomics analysis. P* < 0.05; P* < 0.01.

cholesterol and phosphatidylcholine to esterified cholesterol and lysophosphatidylcholine) [19]. Additionally, S1P levels were lower
in the AKI and CKD groups than in the normal group. S1P is a sphingosine-signaling lipid derived from sphingosine via the action of
sphingosine kinase. S1P is conducive to the trafficking and effector functions of lymphocytes and hematopoietic cells, and can protect
against tissue injury in various forms [36]. Increasing S1P levels in circulation can alleviate lung injuries that occur during ex vivo
perfusion [37], and exogenous S1P has protective effects on liver and kidney injuries due to hepatic I/R injury [38]. The S1P signaling
pathway in perivascular cells plays a critical role in renal fibrosis [39], indicating that more attention should be paid to S1P levels
during kidney injury. Furthermore, the S1P metabolic pathway may be a target for improving renal fibrosis in acute or chronic renal
diseases.

The metabolic differences between the AKI and CKD groups were analyzed to illustrate their distinct metabolic mechanisms. We
found that the AKI group had significantly upregulated carnitine and free fatty acid levels compared to the CKD group, indicating that
the AKI group had a more severe fatty acid metabolism disorder. Studies have consistently shown that AKI is associated with mito-
chondrial dysfunction and ATP depletion. Fatty acid oxidation is a favorable energy source for the kidney, and the suppression of fatty
acid oxidation is one of the major pathophysiological alterations in AKI [40,41]. Key genes regulating fatty acid oxidation, such as
CPT1 and medium-chain-specific acyl-CoA dehydrogenase, are downregulated in AKI induced by I/R and cisplatin, leading to reduced
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utilization of fatty acids by tubular endothelial cells (TECs) [42]. Another study reported that impaired fatty acid beta-oxidation
aggravated renal fibrosis, and fatty acid beta-oxidation repair arrested the progression of renal disease. Hence, AKI-related kidney
injuries can be ameliorated by reinforcing fatty acid beta-oxidation. Moreover, eight significant differential metabolites, carnitine,
acetylcarnitine, hexanoylcarnitine, phenylalanine, tyrosine, methionine, oleamide, and oleic acid, showed good diagnostic perfor-
mance (all AUC>0.8) in discriminating AKI from CKD. Most of these are related to fatty acid metabolism and may be considered
reliable indicators for the diagnosis of AKI.

From the limited clinical evidence, AKI induced by transcatheter aortic valve replacement, kidney transplantation and coronary
artery bypass grafting is mainly related to abnormal metabolism of amino acids (such as 5-adenosylhomocysteine, tryptophan and
symmetric dimethylarginine); whereas in patients with vancomycin-associated AKI, oxidative stress is considered a key mechanism of
vancomycin-associated renal injury. In addition to abnormalities in amino acid metabolism, the 5-hydroxyindoleacetic acid/5-
hydroxytryptophan ratio was identified as a surrogate marker for vancomycin-associated AKI [43]. More, metabolomics-derived
findings in experimental AKI showed that ischemia induces multiple deterioration of lipid, glucose, and energy metabolism. Both
lipopolysaccharide and cisplatin also impaired lipid, amino acid and energy metabolism. Cisplatin specifically modulates the tryp-
tophan pathway, which is likely to be a key mechanism of cisplatin-induced AKI [44].

Through spatial metabolomics, MS imaging enables the direct visualization of metabolite distributions in tissues, providing insight
into disease-associated biochemical changes within specific structures [12]. To obtain better information on the spatial distribution of
AKI metabolites, we studied kidney tissues from mice with AKI using MALDI-TOF-MS-based spatially resolved metabolomics. We
found significant differences in the abundance of amino acids, carnitine, organic acids, fatty acids, and lipids (consistent with the
differential metabolite species screened in clinical patient sera) in the kidneys of healthy and mice with AKI. In addition, we found that
amino acid, carnitine, organic acid, and fatty acid metabolites were significantly altered in the kidney cortex of AKI mice, whereas lipid
metabolites were differentially distributed in the cortex and medulla of AKI mice. Our study revealed tissue-heterogeneous metabolic
reprogramming in AKI, which may provide more comprehensive and detailed information on the molecular pathology of AKI in the
kidney tissue.

Overall, our study indicated that patients with AKI and CKD had an aberrant metabolism of amino acids, carnitines, and lipids,
which are closely associated with physiological dysfunction in kidney injury. Additionally, we compared the metabolic differences
between AKI and CKD patients for the first time, showing that AKI patients had more severe suppression of fatty acid oxidation.
Furthermore, spatial metabolomics has revealed metabolic reprogramming with tissue heterogeneity in patients with AKI. Although
we provide a new direction for understanding the pathological mechanisms of AKI, this study has some limitations. First, we were
unable to identify metabolites associated with the AKI phenotype, and future studies should attempt to determine whether different
AKI phenotypes have different metabolomes. Second, the sample size was small, and we hope to conduct a multicenter study with a
large sample size in a later stage to reduce sampling error. Third, according to the definitions of metabolite identification as described
by Schrimpe-Rutledge [45], all the metabolites determined in this study would be considered as putative identification (Level 2),
which lack the reference standard acquisition but used MS/MS data in combination of precursor m/z and retention time to derive the
structural information. Thus, these findings need to be validated and the specific mechanisms underlying these metabolic pathways
require further elucidation.
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