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Abstract

Background: Sepsis is a life-threatening condition characterized by a dysregulated host response to infection, often leading to multior-
gan dysfunction. Despite their clinical importance, early diagnostic biomarkers that reflect organ-specific damage remain inadequately
characterized. Methods: Targeted metabolomic profiling of amino acids, organic acids, fatty acids, nucleosides, and kynurenine pathway
metabolites was performed on lung, kidney, spleen, and liver tissues obtained from a lipopolysaccharide-induced mouse model of sepsis,
using liquid chromatography-tandem mass spectrometry and gas chromatography-tandem mass spectrometry. Univariate and multivari-
ate statistical analyses (principal component analysis and partial least squares discriminant analysis) were performed to identify potential
biomarkers, followed by pathway analysis to elucidate their biological relevance. Results: Twenty-nine metabolites were significantly al-
tered across the four tissues, exhibiting organ-specific metabolic signatures. Tyrosine, epinephrine, 5-hydroxytryptophan, and kynurenic
acid in the kidney; serine, 4-hydroxyproline, normetanephrine, xanthosine, uridine, adenosine, succinic acid, cis-aconitic acid, linoleic
acid, and eicosadienoic acid in the spleen; alanine, a-aminobutyric acid, ornithine, uridine, adenosine, 5'-deoxy-5’-methylthioadenosine,
succinic acid, and cis-aconitic acid in the lung; and a-aminobutyric acid, pipecolic acid, uridine, inosine, adenosine, glycolic acid, and
oxaloacetic acid in the liver were identified as potential biomarkers reflecting organ-specific dysfunction in sepsis. Conclusions: This
study highlights the distinct organ-specific metabolic alterations in sepsis and identifies candidate biomarkers that may reflect early organ

dysfunction. These findings provide a foundation for the development of precise diagnostic and medical strategies for sepsis.
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1. Introduction

Sepsis is a life-threatening condition characterized by
a dysregulated host response to infection, resulting in physi-
ological, pathological, and biochemical disturbances. It of-
ten leads to systemic inflammation, oxidative stress, mul-
tiple organ dysfunction, septic shock, and death [1,2]. Ac-
cording to a global estimate, in 2017, sepsis accounted for
approximately 489,000 cases and 110,000 related deaths,
representing 19.7% of the global mortality [3]. Despite ad-
vances in medical care and clinical awareness, sepsis re-
mains a major contributor to morbidity and mortality world-
wide. The heterogeneous clinical manifestations of sepsis
pose significant challenges to its diagnosis and management
[4].

Biomarkers reflecting the pathophysiological changes
in sepsis have been investigated as potential tools
for improving clinical decision-making and patient out-
comes. Among these, procalcitonin, C-reactive protein,
interleukin-6, presepsin, and CD64 have been proposed as
diagnostic markers [5]. However, most recent studies have
focused on evaluating individual biomarkers in isolation,
which may be insufficient given the multifactorial and dy-
namic nature of sepsis; thus, ongoing research aims to iden-
tify optimal combinations of biomarkers [6—8]. The Sepsis-

3 consensus emphasizes the importance of early detection
of organ dysfunction as a key determinant of prognosis and
therapeutic success [9].

Recent studies have proposed urinary metabolites
such as 3-methylhistidine as early biomarkers for sepsis-
associated acute kidney injury (SA-AKI) [10,11]. More-
over, metabolic reprogramming in SA-AKI, including
impaired fatty acid oxidation and suppression of per-
oxisome proliferator-activated receptor « [12], under-
scores the importance of organ-specific metabolomics ap-
proaches. Integrated clinical-preclinical investigations and
organ-level metabolomics have further revealed that inter-
tissue metabolic heterogeneity and mitochondria-related
metabolic signatures may precede overt organ dysfunction,
with several studies identifying candidate markers of early
renal injury [11,13]. Nonetheless, a comprehensive under-
standing of tissue-level metabolic alterations in sepsis re-
mains limited. Metabolomics, also known as metabolic
profiling or phenotyping, is a powerful systems biology ap-
proach that comprehensively captures metabolic changes
in biological samples in response to physiological stress,
environmental stimuli, and disease states [14]. Recent
metabolomic studies have enhanced our understanding of
sepsis pathogenesis, particularly its hypermetabolic fea-
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tures, and have revealed significant perturbations in carbo-
hydrate, protein, and lipid metabolism, as well as alterations
in nucleoside (NS) and kynurenine pathway (KP) metabo-
lites, especially in severe cases [15—17]. Identifying organ-
specific metabolic signatures through targeted metabolomic
profiling may provide a more sensitive and earlier indi-
cation of impending organ dysfunction than conventional
clinical assessments. These insights may facilitate the de-
velopment of timely interventions and therapeutic strate-
gies. Therefore, this study aimed to identify diagnostic
biomarkers and elucidate key metabolic pathways associ-
ated with sepsis-induced organ dysfunction by performing
targeted metabolomic profiling of amino acids (AAs), or-
ganic acids (OAs), fatty acids (FAs), NSs, and KP metabo-
lites, followed by multivariate statistical and pathway en-
richment analyses in kidney, spleen, lung, and liver tissues.

2. Materials and Methods
2.1 Chemicals and Standards

The standards, including 31 AAs (alanine, me-
thionine, phenylalanine, cysteine, proline, aspartic acid,
glycine, valine, glutamic acid, serine, asparagine, leucine,
isoleucine, glutamine, threonine, lysine, histidine, tyro-
sine, tryptophan, c-aminobutyric acid, N-acetylleucine, N-
acetylisoleucine, [-aminoisobutyric acid, «y-aminobutyric
acid, homocysteine, ornithine, pipecolic acid, pyroglu-
tamic acid, «-aminoadipic acid, 4-hydroxyproline, and
N-methyl-DL-aspartic acid), 17 OAs (pyruvic acid, ace-
toacetic acid, lactic acid, glycolic acid, 2-hydroxybutyric
acid, 3-hydroxybutyric acid, malonic acid, succinic acid,
fumaric acid, oxaloacetic acid, «-ketoglutaric acid, 4-
hydroxyphenylacetic acid, malic acid, 2-hydroxyglutaric
acid, cis-aconitic acid, 4-hydroxyphenyllactic acid, and cit-
ric acid), 17 FAs (myristic acid, palmitoleic acid, palmitic
acid, linoleic acid, oleic acid, a-linolenic acid, stearic
acid, arachidonic acid, gondoic acid, eicosadienoic acid,
arachidic acid, docosahexaenoic acid, adrenic acid, be-
henic acid, nervonic acid, lignoceric acid, and cerotic acid),
13 NSs (5,6-dihydrouridine, pseudouridine, cytidine, 5-
methylcytidine, uridine, inosine, guanosine, xanthosine, 1-
methylguanosine, N2-methylguanosine, adenosine, N2,N2-
dimethylguanosine, and 5’-deoxy-5’-methylthioadenosine
(MTA)), and 10 KPs (picolinic acid, 5-hydroxytryptophan,
kynurenine, xanthurenic acid, kynurenic acid, anthranilic
acid, epinephrine, normetanephrine, DOPA, and serotonin)
were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and Tokyo Chemical Industry (Kita-ku, Tokyo, Japan). In-
ternal standards (ISs), including norvaline, '3Cs,-succinic
acid, 3,4-dimethoxybenzoic acid, pentadecanoic acid, and
3-deazauridine, were obtained from Sigma-Aldrich (St.
Louis, MO, USA). All standard mixtures and ISs were
stored at —20 °C until use.

2.2 Animal Model

The animal model used in this study (n = 5) was de-
rived from the referenced article [18]. Six week-old fe-
male BALB/c mice (about 20 g) were purchased from Ori-
ent Bio (Daejeon, Korea) and housed under pathogen-free
conditions with controlled temperature and humidity for
at least 1 week before experimentation. To establish the
mice model, lipopolysaccharide (LPS, 20 mg-kg!) dis-
solved in phosphate-buffered saline (PBS) was adminis-
tered intraperitoneally, whereas the control group received
intraperitoneal injections of PBS alone. Euthanasia was
performed in a chamber of approximately 10 L volume, into
which 100% CO: was introduced at a displacement rate of
30-70% of the chamber volume per minute (3—7 L/min).
Unconsciousness was typically observed within 2—3 min-
utes, and CO: exposure was maintained for a total of ~5
minutes to ensure irreversible euthanasia. The tissues were
collected at the time of sacrifice, 6 hours after LPS admin-
istration, and each experimental group. Animal care and
experimental procedures followed the ARRIVE guidelines
as well as the institutional guidelines approved by the In-
stitutional Animal Care and Use Committee (IACUC) of
Konkuk University (approval no. KU17044-2) [18].

2.3 Gas Chromatography-tandem Mass Spectrometry

Gas chromatography-tandem mass spectrometry
(GC-MS/MS) analysis was performed using a Shimadzu
TQ 8040 triple-quadrupole mass spectrometer (Shimadzu,
Kyoto, Japan).  Metabolite separation was achieved
with a cross-linked Ultra-2 capillary column (25 m X
0.20 mm I.D., 0.11 pm film thickness; 5% phenyl-95%
methylpolysiloxane stationary phase) (Agilent Technolo-
gies, Palo Alto, CA, USA). A 1.0 uL aliquot of each sample
was introduced via split injection at a ratio of 10:1. For the
profiling of AAs, Oas, and FAs, the GC oven temperature
was programmed to start at 100 °C and held for 2 min,
followed by a linear ramp of 10 °C/min to 300 °C, which
was then maintained for 8 min. Helium was used as the
carrier gas at a constant flow rate of 0.5 mL/min, and argon
served as the collision gas. Electron impact ionization at
70 eV was used to ionize the target analytes.

2.4 Liquid Chromatography-tandem Mass Spectrometry

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis was performed using a Shimadzu
LCMS-8050 triple-quadrupole mass spectrometer (Shi-
madzu, Kyoto, Japan). Separation of NSs and KP metabo-
lites was achieved using a ZORBAX Eclipse XDB-C18 col-
umn measuring 150 mm in length, 4.6 mm in internal diam-
eter, and 5 um in particle size (Agilent Technologies, Palo
Alto, CA, USA). The instrument was operated in the elec-
trospray ionization mode with a nebulizing gas flow rate of
3.0 L/min and a heating gas flow rate of 10.0 L/min. The
interface temperature was maintained at 300 °C, and the
desolvation line temperature was set to 250 °C. Gradient
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Fig. 1. Flowchart of metabolomics analysis. EOC, ethoxycarbonylation; TBDMS, tert-butyldimethylsilylation; MO, methoximation;

LC-MS/MS, Liquid chromatography-tandem mass spectrometry; GC-MS/MS, Gas chromatography-tandem mass spectrometry; AAs,

amino acids; OAs, organic acids; FAs, fatty acids; NSs, nucleosides; KPs, Kynurenine pathway metabolites.

elution was implemented for chromatographic separation
using 10 mM ammonium acetate as mobile phase A and
methanol as mobile phase B for NSs, whereas 0.1% formic
acid in water was used as mobile phase A and 0.1% formic
acid in acetonitrile as mobile phase B for KP metabolites.

2.5 Sample Preparation for GC-MS/MS-based Profiling of
AAs, OAs, and FAs in Tissue Samples From Control and
Sepsis Groups

Kidney, spleen, lung, and liver tissues were homog-
enized in water using an ultrasonicator (VCX-600; Son-
ics & Materials, Danbury, CT, USA). Supernatants were
collected after centrifugation at 13,500 rpm for 5 min
at 4 °C. Profiling analysis of AAs, OAs, and FAs in
tissue samples was performed using ethoxycarbonylation
(EOC)/tert-butyldimethylsilylation (TBDMS) and methox-
imation (MO)/TBDMS derivatization, as previously de-
scribed [19].

For AA analysis, 2 mg of tissue sample was depro-
teinized by adding 100 pL of acetonitrile containing 0.2 pg
of norvaline as an IS. After centrifugation, the resulting su-
pernatant was mixed with 1.0 mL of water and transferred to
2.0 mL of dichloromethane containing ethyl chloroformate
(ECF). The pH was adjusted to >12 using 5 M sodium hy-
droxide, and amine groups were derivatized via a two-phase
EOC reaction by vortexing for 10 min, resulting in the for-
mation of EOC derivatives.

For the analysis of OA and FA, 5 mg of tissue sam-
ple was treated with 100 pL of acetonitrile containing in-
ternal standards (0.5 pg of '3C,-succinic acid, 0.1 pg of
3,4-dimethoxybenzoic acid, and 0.1 pg of pentadecanoic
acid). After centrifugation, the supernatant was combined
with 1.0 mL of distilled water and 1 mg of methoxyamine
hydrochloride. The pH was adjusted to >12 using 5.0 M
sodium hydroxide, and the solution was incubated at 60 °C
for 1 h to allow formation of methoxime derivatives. Af-
ter the EOC or MO reactions, all aqueous solutions were
acidified to pH <2 using 10% sulfuric acid, saturated with
sodium chloride, and extracted sequentially with 3.0 mL of
diethyl ether and 2.0 mL of ethyl acetate. The organic ex-
tracts were evaporated to dryness under a gentle stream of
nitrogen at 40 °C. The dried residues were then treated with
10 pL of toluene and 20 pL of MTBSTFA [N-Methyl-N-
(tert-butyldimethylsilyl) trifluoroacetamide], followed by
incubation at 60 °C for 1 h to form TBDMS derivatives.
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The final derivatives were analyzed using GC-MS/MS. The
steps of metabolomics analysis shown in Fig. 1.

2.6 Sample Preparation for LC—-MS/MS-based Profiling of
NSs and KP Metabolites in Tissue Samples From Control
and Sepsis Groups

Profiling analyses of NSs and KP metabolites in the
tissue samples were performed without derivatization us-
ing LC-MS/MS. For deproteinization, 2 mg of lung tis-
sue was mixed with 80 uL of acetonitrile containing inter-
nal standards (0.5 ng of 3-deazauridine and 500 ng of 3,4-
dimethoxybenzoic acid) in an Eppendorf tube and vortexed
for 3 min. After centrifugation, the supernatant was filtered
and transferred to an autosampler vial for injection into the
LC-MS/MS system. The steps of metabolomics analysis
shown in Fig. 1.

2.7 Star Pattern Recognition and Statistical Analyses

Quantitative levels of metabolites in the kidney,
spleen, lung, and liver tissues were calculated using cal-
ibration curves. To visualize the metabolic alterations in
the sepsis group, star plots were constructed based on val-
ues normalized to the mean of the control group using Mi-
crosoft Excel (version 2010; Microsoft Corporation, Red-
mond, WA, USA). Quantified metabolite data were log-
transformed and auto-scaled to ensure comparability across
variables. Univariate analysis was performed using the
non-parametric Mann—Whitney U test to assess significant
differences between groups. Principal component analy-
sis (PCA) and partial least squares discriminant analysis
(PLS-DA) were used to evaluate global metabolic patterns
and identify discriminative features. The statistical sig-
nificances of the group patterns are evaluated using PER-
MANOVA (based on 999 permutations) for validation of
the PCA. The PLS-DA models were based on leave-one-
out cross validation (LOOCV) method, that statistical sig-
nificances of the group patterns providing the basis for
the computation of the predictive ability (Q?), determina-
tion coefficient (R?), and the classification accuracy of the
model. Pathway enrichment analysis was conducted to ex-
plore the biological relevance of altered metabolites. All
statistical analyses were performed using MetaboAnalyst
6.0 (https://www.metaboanalyst.ca).
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Table 1. Levels of amino acid, organic acid, fatty acid, nucleoside, and kynurenine pathway metabolite in kidney and spleen tissues from the control and sepsis groups.

Amount (ng/mg, mean £ SD) Normalized value

o)

2,

(i

4

Ss3id NI

. p-value®

No. Metabolite Kidney Spleen (mean + SD)P

Control Sepsis Control Sepsis Kidney Spleen Kidney  Spleen
1 Alanine 463.45 + 118.13 507.86 £+ 32.19 1076.41 + 292.59 904.05 +100.41 1.10 £ 0.07 0.84 £0.09  0.690 0.151
2 Glycine 378.72 £+ 183.66 466.05 + 123.61  4278.73 £ 1401.40  2649.68 +£547.93 123 +0.33 0.62 £0.13 0.310 0.151
3 a-Aminobutyric acid 0.92 +£0.21 1.00 + 0.26 1.21 £0.13 1.42 +0.14 1.09+£0.28 1.18+£0.12  0.690 0.016
4 Valine 333.56 +49.23 343.67 +30.71 226.83 4+ 22.69 215.83 +20.80 1.03 £0.09 0.95+£0.09 0.690 0.421
5 Leucine 340.93 +17.93 359.88 4 14.08 963.95 +214.44 1278.86 + 121.74 1.06 +0.04 1.33 +0.13 0.151 0.032
6 Isoleucine 227.47 +44.11 243.11 £+ 14.16 369.29 £+ 90.90 240.58 + 42.66 1.07 £0.06 0.65+0.12 0.841 0.056
7 Proline 688.71 £ 407.14 405.20 + 88.42 200.02 +-49.18 193.70 + 23.72 059 +£0.13 097+0.12 0.222 0.548
8 Pipecolic acid 2.55+3.15 0.85 £ 0.42 N.D.2 N.D.2 033 £0.16 - 0.310 -
9 Pyroglutamic acid 383.14 £+ 349.45 167.66 + 89.19 87.86 £ 11.61 119.04 £+ 47.77 044 £023 082+0.15 0.310 0.151
10 Methionine 164.05 + 28.37 161.98 +22.99 243.02 + 67.87 238.14 £+ 48.97 099 +£0.14 135+0.54 1.000 0.690
11 Serine 156.87 +271.98 265.26 4 229.40 972.71 £ 409.36 155.49 +42.21 1.69+146 098 +020 0.222 0.008
12 Threonine 1103.15 £ 721.20  1479.07 + 356.14 265.74 + 45.09 242.98 + 45.46 1.34+0.32 0.16 £0.04 0.421 0.421
13 ~-Aminobutyric acid 164.54 +37.76 155.40 + 14.05 21.12 +£ 6.09 17.27 £ 3.18 094 +£0.09 091+0.17 0.310 0.151
14 Phenylalanine 228.55 +28.39 251.92 + 18.32 794.89 + 230.34 863.13 £ 161.21 1.10 £0.08 1.09+0.20 0.310 0.690
15 Cysteine 48.87 +28.84 51.20 £+ 20.87 861.29 + 128.55 772.81 £+ 69.17 1.05+0.43 0.90 £+ 0.08 0.548 0.222
16 Aspartic acid 330.83 £+ 150.89 358.01 4+79.24 2462.76 £ 769.07  1158.08 £219.74 1.08 £0.24 047 +0.09  0.690 0.095
17 4-Hydroxyproline 33.36 + 10.10 23.66 + 16.25 3.15+£0.16 2.73 £0.22 071 £049 0.87+0.07 0.151 0.032
18 Glutamic_acid 1795.35 + 834.52  1904.38 +422.69  4197.56 +£ 1357.95 2031.22 £401.71 1.06 £0.24 048 £0.10  0.841 0.056
19 Asparagine 46.10 + 46.67 56.90 £+ 36.48 N.D.2 N.D.#2 1.23 £0.79 - 0.421 -
20 Ornithine 61.72 + 18.83 87.05 + 13.25 433.28 +157.33 696.15 £266.92 141 +0.21 1.61+£0.62  0.032 0.095
21 a-Aminoadipic acid 7.12 £5.62 6.71 £ 8.46 6.20 £ 1.19 7.62 +£2.35 094 +1.19 123+038 0.690 0.310
22 Glutamine 848.84 + 280.73 1091.51 +304.31  2654.83 +£877.57 173477 £343.57 129+0.36 0.65+0.13 0.222 0.151
23 Lysine 546.75 + 105.99 680.29 + 84.73 1551.78 +480.97 129232 £ 15437 1244+0.15 0.83+0.10 0.095 0.151
24 Histidine 440.57 + 125.58 610.18 4 239.30 1750.86 + 684.24  2143.87 £831.95 1.38+0.54 1.22+0.48 0.222 0.548
25 Tyrosine 409.69 + 63.86 665.84 4+ 151.03 76.68 £+ 32.90 102.74 +34.92 1.63 £0.37 134+£046 0.032 0.310
26 Tryptophan 53.16 £ 67.11 102.46 + 66.25 3373.07 £ 1733.98  751.65 £ 265.63 193 +£1.25 0.22 £0.08 0.151 0.095
27 N-methyl-aspartic_acid N.D.2 N.D.2 3243.88 +4.98 3228.26 + 37.79 - 1.00 £+ 0.01 - 0.841
28 B-Aminoisobutyric acid N.D.2 N.D.2 N.D.2 N.D.2 - - - -
29 Homocysteine N.D.2 N.D.2 N.D.2 N.D.2 - - - -
30 Pyruvic acid 9.98 £+ 6.92 7.08 +3.12 35.16 £5.07 40.08 4+ 2.30 071 £0.31 1.14+£0.07 0.548 0.095
31 Acetoacetic acid 2242 +£9.42 22.81 +4.67 N.D.2 N.D.2 1.02 +£0.21 - 0.690 -
32 Lactic acid 360.98 + 52.86 309.80 £ 36.79 239.02 4+ 28.32 250.30 + 25.19 0.86 £0.10 1.05+0.11 0.222 0.548
33 Glycolic acid 40.02 + 4.87 39.05 +£2.79 41.81 £5.11 47.31 +4.78 098 £0.07 1.13+0.11 1.000 0.222
34 2-Hydroxybutyric acid 0.36 £ 0.02 0.79 £+ 0.08 N.D.2 N.D.2 222 4+0.21 - 0.008 -
35 3-Hydroxybutyric acid 542 +1.81 6.68 +£2.29 1.78 £ 0.87 6.43 +3.95 123 +£042 3.60£2.21 0.548 0.032
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Table 1. Continued.

Ss3id dNI

Amount (ng/mg, mean + SD)

Normalized value

. p-value®

No. Metabolite Kidney Spleen (mean 4 SD)®

Control Sepsis Control Sepsis Kidney Spleen Kidney Spleen
36 Malonic acid 2.25+0.19 2.54 +£0.22 1.03 £ 0.16 1.24 +£0.24 1.134+£0.10 1.21 £0.23 0.095 0.151
37 Succinic acid 316.26 + 15.85 346.77 4+ 30.55 22.51 +7.70 28.08 +5.23 1.10+£0.10 1.254+0.23 0.056 0.095
38 Fumaric acid 3.59 £0.48 383+ 1.75 7.10 £+ 0.59 8.68 + 1.38 1.07+049 1.224+0.19 0.548 0.095
39 Oxaloacetic acid 4.08 +0.51 4.37 +0.41 3.38 +£0.30 3.53 £0.15 1.07 £0.10 1.05+0.04 0.310 0.690
40 a-Ketoglutaric acid 291 £0.12 298 +£0.12 2.88 +£0.19 3.44 £0.70 1.02+£0.04 1.19+024 0310 0.056
41 4-Hydroxyphenylacetic acid 0.22 + 0.01 0.26 + 0.05 0.50 + 0.01 0.50 + 0.01 1.17+ 025 1.01 £0.02 0.056 0.421
42 Malic acid 22.61 +2.87 34.86 4 8.26 59.17 £ 9.04 69.15 £+ 8.92 1.54 £037 1.17 £0.15 0.016 0.222
43 2-Hydroxyglutaric acid 5.02 +£0.11 4.99 4+ 0.31 N.D.2 N.D.2 0.99 + 0.06 - 0.690 -
44 cis-Aconitic acid 3.61 £0.12 4.154+0.48 1.33 +£0.22 1.59 £0.10 1.15+0.13 1.19+0.08 0.016 0.032
45 4-Hydroxyphenyllactic acid N.D.2 N.D.2 0.70 £ 0.02 0.81 £+ 0.04 - 1.15 £ 0.05 - 0.008
46 Citric acid N.D.2 N.D.2 20.02 + 6.00 24.09 + 3.10 - 1.20 £ 0.15 - 0.310
47 Mpyristic acid 2.02 £ 0.31 2.83 £0.91 N.D.2 N.D.2 1.05 + 0.79 - 1.000 -
48 Palmitoleic acid 4.01 +£0.55 7.67 +3.56 1.13 £ 0.32 291 +£0.26 191 £0.89 259+0.23 0.690 0.008
49 Palmitic acid 97.93 +£17.12 95.88 +37.23 19.00 £ 12.60 4648 £22.76 098 £0.38 245+1.20  0.690 0.056
50 Linoleic acid 116.55 + 13.31 130.41 4 63.33 19.25 £ 5.61 38.41 +£6.48 1.12+0.54 2.00+0.34  0.690 0.008
51 Oleic acid 62.05 4 6.86 91.70 4 38.85 11.11 +2.53 27.50 4 5.31 148 £0.63 2483+048  0.690 0.012
52 a-Linolenic acid 1.75 £ 0.27 221 £041 N.D.2 N.D.2 0.95 £+ 0.66 - 1.000 -
53 Stearic acid 60.56 + 13.47 54.56 + 18.65 19.55 +£21.19 2197 +£23.85 090+031 1.12+122 0310 0.091
54 Arachidonic acid 143.81 +17.60 91.61 £ 56.80 58.86 + 8.36 69.90 +£12.33  0.64+0.39 1.19+0.21 0.095 0.151
55 Gondoic acid 1.79 £ 0.14 2.71 £ 0.84 0.37 £0.12 0.63 +£0.16 1.524+0.47 1.70+£0.44  0.421 0.056
56 Eicosadienoic acid 7.33 £ 0.89 6.15 +2.64 2.95+0.97 540 £ 1.15 0.84 £0.36 1.83+0.39 0421 0.008
57 Arachidic acid 0.86 + 0.20 1.12 £ 0.31 N.D.2 N.D.2 1.31 £0.36 - 0.690 -
58 Docosahexaenoic acid 35.46 £ 4.44 30.57 £+ 8.68 N.D.2 N.D.2 0.65 £ 0.48 - 0.142 -
59 Adrenic acid 41.29 +5.17 50.60 + 7.14 7132 £18.70 10491 £20.82 092+ 0.63 147 +0.29 1.000 0.056
60 Behenic acid 0.87 £ 0.08 0.94 +0.17 1.09 £ 0.35 N.D.2 1.08 £0.19 - 0.526 0.007
61 Nervonic acid 0.65 £ 0.03 0.71 £ 0.08 1.18 £ 0.26 0.83 £+ 0.09 1.08 £0.12 0.70+£0.07  0.548 0.016
62 Lignoceric acid 332 +0.71 327 +£0.21 2.87 +£0.38 N.D.2 0.98 £+ 0.06 - 0.841 -
63 Cerotic acid N.D.2 N.D.2 3.16 £ 0.98 1.41 £0.23 - 0.45 £ 0.07 - 0.008
64 5,6-Dihydrouridine 0.015 £ 0.00081 0.018 £0.0026  0.022 £+ 0.0043  0.028 +0.0020 1.63+£0.30 1.23+0.09  0.095 0.095
65 Pseudouridine 0.036 £ 0.0038 0.06 £+ 0.01 0.08 £+ 0.01 0.08 £ 0.01 1.14+0.04 098+0.10 0.016 0.690
66 Cytidine 0.019 £ 0.00094  0.021 + 0.00066 1.20 £ 0.13 1.08 £0.13 0.83 +£0.13  0.89 +0.11 0.008 0.222
67 Uridine 0.30 £+ 0.03 0.24 £+ 0.04 1.17 £ 0.18 0.65 +0.13 092 +0.13  0.55+0.11 0.056 0.008
68 Inosine 1.09 + 0.07 1.00 +0.14 1.28 +0.17 1.16 + 0.15 1.07+0.08 0.90+0.12 0.222 0.222
69 Guanosine 0.11 +0.01 0.12 £ 0.01 0.58 £ 0.08 0.45 4+ 0.09 1.29+0.14 0.79+0.16 0.310 0.095
70 Xanthosine 0.042 + 0.0030 0.05 £+ 0.01 0.08 £+ 0.01 0.13 £ 0.03 1.42+020 157+032 0.016 0.008
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Table 1. Continued.

Amount (ng/mg, mean + SD)

Normalized value

. p-value®

No. Metabolite Kidney Spleen (mean + SD)®

Control Sepsis Control Sepsis Kidney Spleen Kidney Spleen
71 1-Methylguanosine 0.0046 + 0.00032  0.0065 4 0.00090 0.014 £ 0.0012  0.014 +0.0015 1.10+0.08 0.95 +0.11 0.008 0.548
72 N2-Methylguanosine 0.012 £ 0.0011 0.014 £+ 0.00097  0.033 +0.0047 0.031 £0.0042 090 £0.08 0.94+0.13  0.095 0.421
73 Adenosine 0.10 + 0.01 0.09 +0.01 0.05 +0.01 0.03 +0.01 1.08 +0.08 0.60 £0.16  0.421 0.032
74 N2,N2-Dimethylguanosine 0.0050 + 0.00039  0.0053 4+ 0.00039  0.011 £0.0011  0.012 +0.0016 1.28 £0.29 1.05+0.14  0.151 0.690
75 5’-Deoxy-5'methylthioadenosine 0.03 £ 0.01 0.04 +0.01 0.55 +0.08 0.97 +0.38 1.63+030 1.76 £0.69  0.421 0.151
76 5-Methylcytidine N.D.2 N.D.2 0.012 4+ 0.0019  0.015 + 0.0025 - 1.17 +0.20 - 0.151
77 Picolinic acid 0.51 + 0.06 0.56 +0.13 0.21 +0.04 0.16 + 0.03 1.10+0.24 0.74+£0.16  0.690 0.056
78 5-Hydroxytryptophan 0.05 £+ 0.01 0.10 £+ 0.07 N.D.2 N.D.2 1.91 + 1.31 - 0.016 -
79 Kynurenine 0.18 £+ 0.02 0.72 £ 1.16 0.25 £ 0.02 0.25 £ 0.01 4.07£6.54 099 +0.06 0.095 1.000
80 Xanthurenic acid 0.40 £ 0.06 047 £0.12 0.77 £ 0.12 0.84 +0.13 1.18 £0.31 1.10+£0.16 0.310 0.310
81 Kynurenic acid 0.01 £ 0.01 0.04 £ 0.01 N.D.2 N.D.2 4.08 +1.28 - 0.008 -
82 Epinephrine 0.0046 + 0.00084 0.018 4 0.0044 0.18 +0.03 0.13 + 0.04 3914+0.95 0.73+0.21 0.008 0.056
83 Normetanephrine 0.12 + 0.04 0.13 +0.04 0.25 +0.07 0.15 + 0.06 0.13+0.04 0.60 + 0.23 1.000 0.032
84 DOPA 0.10 + 0.02 0.22 +0.19 0.20 +0.03 0.12 +0.05 022+0.19 0.63+£027 0.548 0.056
85 Serotonin N.D.2 N.D.2 0.03 +0.02 0.03 +0.01 - 0.87 +0.39 - 1.000
86 Anthranilic acid N.D.2 N.D.# N.D.2 N.D.2 - - - -

2 N.D., Not determined.
b Values normalized to the corresponding control mean values and SD, standard deviation.
¢ Mann—Whitney U test.

Ss3id NI
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Fig. 2. Star symbol plot of significant metabolites in tissues from control and sepsis mice. (a) Kidney (12 metabolites), (b) Spleen
(17 metabolites), (c) Lung (12 metabolites), and (d) Liver (17 metabolites).

3. Results
3.1 Metabolomic Profiling of Kidney Tissue

In total, 77 metabolites were identified in the kidney
tissues of both control and sepsis groups, including 26 AAs,
15 OAs, 16 FAs, 12 NSs, and 8 KP metabolites. Quantita-
tive differences in the metabolite profiles between the two
groups are presented in Table 1. Normalized values of in-
dividual metabolites were visualized using star plots, en-
abling a clear observation of sepsis-induced metabolic al-
terations (Table 1, Supplementary Fig. 1). Compared to
the control group, the sepsis group exhibited significant in-
creases in the levels of ornithine (p = 0.032), tyrosine (p
= 0.032), 2-hydroxybutyric acid (p = 0.008), malic acid
(p = 0.016), cis-aconitic acid (p = 0.016), pseudouridine
(p = 0.016), cytidine (p = 0.008), xanthosine (p = 0.016),
1-methylguanosine (p = 0.008), 5-hydroxytryptophan (p =
0.016), kynurenic acid (p = 0.008), and epinephrine (p =
0.008), as determined using the Mann—Whitney U test (Ta-
ble 1, Fig. 2a).

3.2 Metabolomic Profiling of Spleen Tissue

A total of 72 metabolites were identified in the spleen
tissues of both the control and sepsis groups, comprising
25 AAs, 14 OAs, 13 FAs, 13 NSs, and 7 KP metabolites. A
quantitative comparison of the metabolite profiles between
the two groups is presented in Table 1. Normalized values
for each metabolite were visualized using star plots, which
enabled intuitive monitoring of sepsis-induced metabolic
alterations (Table 1, Supplementary Fig. 2). The sepsis
group showed significantly higher levels of several metabo-
lites in spleen tissue than the control group, as determined
using the Mann—Whitney U test. These metaboltes in-
cluded c-aminobutyric acid (p =0.016), leucine (p=0.032),
3-hydroxybutyric acid (p = 0.032), cis-aconitic acid (p =
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0.032), 4-hydroxyphenyllactic acid (p = 0.008), palmitoleic
acid (p = 0.008), linoleic acid (p = 0.008), oleic acid (p
= 0.012), eicosadienoic acid (p = 0.008), and xanthosine
(p = 0.008). In contrast, significant decreases were ob-
served in the levels of serine (p = 0.008), 4-hydroxyproline
(p = 0.032), nervonic acid (p = 0.016), cerotic acid (p =
0.008), uridine (p = 0.008), adenosine (p = 0.032), and
normetanephrine (p = 0.032) (Table 1, Fig. 2b).

3.3 Metabolomic Profiling of Lung Tissue

A total of 70 metabolites were identified in the lung
tissues of both the control and sepsis groups, including
24 AAs, 15 OAs, 14 FAs, 12 NSs, and 5 KPs. Quanti-
tative comparisons of the metabolite profiles between the
two groups are presented in Table 2. Normalized metabo-
lite levels were visualized using star plots, which enabled
intuitive monitoring of sepsis-associated metabolic alter-
ations (Table 2, Supplementary Fig. 3). According to the
Mann—Whitney U test, several metabolites in the lung tissue
showed significant alterations in the sepsis group compared
to those in the control group. Notably, alanine (p = 0.008),
a-aminoadipic acid (p = 0.008), ornithine (p = 0.008), uri-
dine (p = 0.032), adenosine (p = 0.032), MTA (p = 0.032),
and kynurenine (p = 0.008) levels significantly increased in
the sepsis group (Table 1). In contrast, significant decreases
were observed in lactic acid (p = 0.032), succinic acid (p =
0.016), cis-aconitic acid (p = 0.032), eicosadienoic acid (p
=0.016), and adrenic acid (p = 0.016) in the sepsis group
(Table 2, Fig. 2c¢).

3.4 Metabolomic Profiling of Liver Tissue

A total of 78 metabolites were identified in the liver
tissues of both the control and sepsis groups, including 28
AAs, 16 OAs, 13 FAs, 12 NSs, and 9 KPs. Quantitative
comparisons of the metabolite profiles between the two gr-


https://www.imrpress.com

Table 2. Levels of amino acid, organic acid, fatty acid, nucleoside, and kynurenine pathway metabolite in lung and liver tissues from the control and sepsis groups.

Amount (ng/mg, mean + SD)

Normalized value

o)

2,

(i

4

Ss3id NI

. p-value®
Metabolite Lung Liver (mean 4 SD)P

Control Sepsis Control Sepsis Lung Liver Lung Liver
1 Alanine 132.73 +16.92 191.32 4+ 25.53 914.25 +163.15 979.10 +248.44 144 +£0.19 1.07+0.27 0.008 1.000
2 Glycine 323.42 +129.31 679.33 £+ 239.15 375.57 + 149.15 594.02 £ 17225 2.10+0.74 1.58+046 0.056 0.095
3 a-Aminobutyric acid 0.58 £ 0.05 0.83 £+ 0.09 331 +£0.73 491 £+ 0.66 1.44+0.15 1.48+0.20 0.008 0.008
4 Valine 45.31 £ 6.73 44.12 +£9.73 257.84 4+ 50.44 302.86 + 95.48 097 +£0.21 1.17+0.37 0841 0.222
5 Leucine 166.85 +21.07 180.66 + 31.99 405.80 + 16.12 411.86 £ 41.46 1.08 £0.19 1.01 £0.10 0.690 0.421
6 Isoleucine 60.68 + 6.35 65.48 £+ 20.96 286.33 + 114.87 238.59 + 85.93 1.08 £0.35 0.83+0.30 0.548 1.000
7 Proline 37.82 £ 2.35 42.85 4+ 11.28 743.74 &£ 171.77 640.90 4= 199.11 1.13£030 086+£027 0.690 0.310
8 Pipecolic acid N.D.2 N.D.2 2.37 +£0.41 3.99 + 1.10 - 1.68 £+ 0.46 - 0.032
9 Pyroglutamic acid 7731 £ 11.54 67.10 £ 34.73 580.12 + 284.74 293.39 +271.65 0.874+0.45 0.51+0.47 0.151 0.095
10 Methionine 51.58 £9.84 42.09 +13.93 142.53 + 33.37 194.21 + 88.70 0.82+£0.27 136+0.62 0421 0.548
11 Serine 115.74 £ 20.20 122.36 4+ 63.79 305.18 +372.72 164.72 + 72.83 1.06 £ 0.55 0.54+0.24 0.841 1.000
12 Threonine 87.45 £ 9.59 99.93 + 24.59 1029.27 £+ 1298.50  309.03 + 168.65 1.14+ 028 030+0.16 0.421 0.151
13 ~-Aminobutyric acid 5.82 +1.96 6.15 + 1.48 70.74 £ 8.03 73.30 £ 23.13 1.06 £0.25 1.04+033 1.000 0.690
14 Phenylalanine 100.67 £ 19.65 113.45 £+ 27.96 401.45 + 58.54 49741 + 18549 1.134+£0.28 124+046 0310 0.222
15 Cysteine 253.68 +24.44 280.91 +23.94 12.00 £+ 6.76 26.48 + 14.23 1.11 £0.09 221+1.19 0.151 0.222
16 Aspartic acid 233.89 4-29.09 277.53 4+ 58.41 373.52 4+70.18 471.90 4+ 103.23 1.19+£025 126+£028 0310 0.095
17 4-Hydroxyproline 2.62 +0.41 1.94 £+ 0.78 24.03 4 30.00 3.53 +£2.76 0.74 £0.30 0.154+0.12 0.151 0.032
18 Glutamic_acid 373.17 4 45.09 400.34 4+ 79.01 1464.92 + 259.71 1819.71 +441.53 1.07+021 1.24+030 0421 0.151
19 Asparagine N.D.2 N.D.2 70.72 £ 11.73 81.01 £ 47.68 - 1.15 £ 0.67 - 1.000
20 Ornithine 26.12 +16.08 63.58 +9.93 76.70 £ 20.58 188.04 +105.84 243 4+0.38 245+1.38 0.008 0.222
21 a-Aminoadipic acid 355+ 1.62 3.80 £ 1.35 532+223 39.40 £+ 11.22 1.07+038 7.41+2.11 0.548 0.008
22 Glutamine 429.11 £ 99.46 520.18 £ 154.05 1925.50 +426.46  1514.16 +£564.56 1.21 £0.36 0.79+£0.29 0.548 0.222
23 Lysine 196.41 +19.12 204.80 +9.95 210.47 + 59.70 366.24 + 19820 1.04 £0.05 1.74+0.94 0222 0421
24 Histidine 144.23 4+ 20.06 185.13 4+ 37.63 948.99 4 248.71 1008.74 +220.11 1.28+0.26 1.06 +0.23  0.151 0.548
25 Tyrosine 16.62 & 7.01 11.51 £7.31 868.17 £+ 199.54 1621.03 +-858.84 0.69+044 1.87+£099 0.095 0.222
26 Tryptophan N.D.2 N.D.2 1445 +5.13 51.02 +42.11 - 3.53 £2091 - 0.548
27 N-methyl-aspartic_acid 1596.45 + 6.91 1591.55 + 13.01 N.D.2 N.D.2 1.00 £+ 0.01 - 0.548 -
28 B-Aminoisobutyric acid N.D.2 N.D.2 1.54 £0.33 2.54 £ 0.35 - 1.65 +0.23 - 0.008
29 Homocysteine N.D.2 N.D.2 24.03 £ 30.00 3.53 £2.76 - 1.15 £ 0.54 - 0.690
30 Pyruvic acid 27.36 + 4.65 24.18 +£5.38 34.04 +31.29 13.85 +7.20 0.88+£0.20 0.70 £0.51 0.548 0.421
31 Acetoacetic acid N.D.2 N.D.2 261.04 4+ 207.65 143.80 + 66.73 - 0.41 £0.21 - 0.690
32 Lactic acid 2758.08 +295.24  2255.58 4+ 342.36 630.12 4 413.53 193.51 +£170.82  0.82+0.12 0.55+0.26 0.032 0.095
33 Glycolic acid 39.24 £3.31 35.50 +3.15 418.06 + 235.66 75.33 £ 113.43 0.90 +£0.08 0.31+0.27 0.151 0.032
34 2-Hydroxybutyric acid N.D.2 N.D.2 3.25+1.97 291 4+0.44 - 0.18 £ 0.27 - 0.690
35 3-Hydroxybutyric acid 2.90 + 1.43 4.96 4+ 4.02 17.63 4+ 14.72 12.36 4+ 9.01 1.71 £1.39 090+0.13 0.548 0.841
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Table 2. Continued.

Ss3id dNI

Amount (ng/mg, mean £ SD)

Normalized value

. p-value®

No. Metabolite Lung Liver (mean 4 SD)®

Control Sepsis Control Sepsis Lung Liver Lung Liver
36 Malonic acid 1.07 £ 0.16 1.10 £ 0.34 2.90 +£0.14 2.37 +£0.46 1.03+0.31 0.82+0.16 0.841 0.016
37 Succinic acid 3.44 +0.74 2.77 £0.15 548.38 £109.82  629.37 £123.58 0.81+0.04 1.154+0.23 0.016 0.548
38 Fumaric acid 5.67 £ 0.67 7.04 £+ 1.60 6.69 + 1.18 6.28 +1.35 1.244+0.28 094+0.20 0.151 0.841
39 Oxaloacetic acid 1.27 £ 0.19 1.17 £ 0.10 9.67 £ 1.58 4.69 +2.44 092 +£0.08 049+0.25 0222 0.032
40 a-Ketoglutaric acid 1.95 £ 0.26 1.71 £ 0.06 7.90 £ 0.90 5.46 + 2.08 0.88+£0.03 0.69+0.26 0222 0.095
41 4-Hydroxyphenylacetic acid 0.56 + 0.01 0.56 + 0.01 0.26 + 0.01 0.28 + 0.03 1.00 +£0.01 1.104+0.11 0.841 0.151
42 Malic acid 39.26 £ 5.17 46.72 4 12.30 36.10 & 11.82 56.35 +£31.91 1.19+031 1.56+0.88 0.548 0.310
43 2-Hydroxyglutaric acid 331 +047 3.61 +0.48 10.86 4+ 2.25 6.93 +£3.73 1.09 £0.15 0.64 +£0.34 0222 0.151
44 cis-Aconitic acid 0.78 £+ 0.07 0.66 + 0.09 3.48 +£0.01 3.52 £ 0.06 0.84 £0.11 1.01+£0.02 0.032 0.151
45 4-Hydroxyphenyllactic acid 0.93 £+ 0.02 0.95 £+ 0.03 0.46 £ 0.05 0.36 £ 0.04 1.034+0.03 0.77+0.10 0222 0.032
46 Citric acid 12.15 £+ 3.68 14.32 4+ 1.50 N.D.2 N.D.2 1.18 £ 0.12 - 0.548 -
47 Mpyristic acid 2.60 £ 0.41 224 +£047 1.35+£0.57 1.65 £ 1.02 0.86 £0.18 1.23+0.76 0222 0.690
48 Palmitoleic acid 6.04 + 1.70 7.99 £+ 1.48 7.73 £1.78 6.94 +0.79 1.324+0.24 090+0.10 0.095 0.310
49 Palmitic acid 89.70 £ 28.76 110.95 + 7.65 185.45 +41.85 163.86 + 20.63 1.24 +£0.09 088+0.11 0.151 0.222
50 Linoleic acid 50.65 + 9.88 5397 £ 1.61 186.83 + 35.39 159.88 £4546 1.07+0.03 0.86+0.24 0.841 0421
51 Oleic acid 61.03 &+ 17.05 74.17 4+ 7.38 108.93 4 16.69 89.33 £+ 7.68 1.22+0.12 082+£0.07 0.151 0.032
52 a-Linolenic acid N.D.2 N.D.2 2.02 +0.42 1.73 £0.34 - 0.86 +£0.17 - 0.151
53 Stearic acid 26.76 + 11.13 33.49 4+ 3.50 73.06 & 19.05 71.46 +10.10 1.254+0.13 098 +0.14 0222 0.421
54 Arachidonic acid 52.84 +£10.17 64.75 £ 13.25 151.64 +42.15 106.26 +47.60  1.23+0.25 0.70 £0.31 0.095 0.095
55 Gondoic acid 1.36 +0.51 1.82 +£0.32 1.45 £ 0.35 1.26 £ 0.16 1.344+0.23 0.86+0.11 0.151 0.310
56 Eicosadienoic acid 3.36 +£0.91 4.64 +0.45 5.70 £ 0.79 447 £+ 0.93 1.384+0.13 0.78+0.16 0.016 0.032
57 Arachidic acid 0.67 +£0.13 0.63 £+ 0.05 N.D.2 N.D.2 0.93 +0.07 - 0.841 -
58 Docosahexaenoic acid N.D.2 N.D.2 29.16 £ 5.51 29.11 £ 7.21 - 1.00 + 0.25 - 1.000
59 Adrenic acid 111.70 £ 40.15 186.49 4+ 22.70 47.71 4+ 22.64 42.67 + 17.46 1.67+020 0.89+£0.37 0.016 0.548
60 Behenic acid 0.95 £ 0.05 0.95 £ 0.08 N.D.2 N.D.2 1.00 £ 0.08 - 0.402 -
61 Nervonic acid 1.00 £ 0.22 1.20 £ 0.06 0.76 £ 0.16 0.62 £+ 0.05 1.20 £0.06 0.81 £0.06 0.095 0.151
62 Lignoceric acid 3.55+0.73 3.17 £ 0.02 N.D.2 N.D.2 0.89 £+ 0.01 - 0.690 -
63 Cerotic acid N.D.2 N.D.2 N.D.2 N.D.2 - - - -
64 5,6-Dihydrouridine 0.0037 & 0.00041  0.0056 & 0.0016 ~ 0.0041 + 0.00025  0.010 £ 0.0044  1.50 +0.43 1.01+0.30 0.095 0.151
65 Pseudouridine 0.0071 £+ 0.0016 0.01 £ 0.01 0.07 £ 0.01 0.07 £ 0.02 1.944+0.74 141+0.82 0.151 0.310
66 Cytidine 0.22 £+ 0.02 0.20 £+ 0.02 0.041 £ 0.00060 0.06 £ 0.03 091 £0.09 033+0.22 0310 0.690
67 Uridine 0.09 £+ 0.02 0.15 £ 0.04 0.98 +£0.14 0.32 +£0.22 1.63 £045 0.69+0.19 0.032 0.008
68 Inosine 0.53 +0.04 0.61 £ 0.16 1.70 £ 0.14 1.17 £ 0.32 .15+ 030 1.55+0.79 1.000 0.016
69 Guanosine 0.13 £ 0.02 0.19 £ 0.05 0.18 £ 0.02 0.28 £0.14 141 £041 0524025 0.151 0.151
70 Xanthosine 0.012 £ 0.0026 0.010 4 0.0022 0.48 +0.03 0.25 £0.12 0.84 £0.18 1.43+0.56 0222 0.016
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Table 2. Continued.

Amount (ng/mg, mean + SD) Normalized value
. p-value®

No. Metabolite Lung Liver (mean + SD)®

Control Sepsis Control Sepsis Lung Liver Lung  Liver
71 1-Methylguanosine 0.0035 £ 0.0013  0.0028 £ 0.00040  0.0032 +0.00017  0.0045 +0.0018  0.80 £0.12 1.35+0.59 0.310 0.151
72 N2-Methylguanosine 0.0040 + 0.00053  0.0032 +0.0012  0.0064 + 0.00051  0.0086 £+ 0.0038  0.80+0.29 0.70 £0.11 0222 0.151
73 Adenosine 0.03 £+ 0.03 0.08 £ 0.01 0.35 £ 0.02 0.25 £ 0.04 3.13+£0.50 1.30+0.33 0.032 0.008
74 N2,N2-Dimethylguanosine 0.0029 + 0.00020  0.0027 £ 0.00012  0.0028 + 0.00011  0.0036 &+ 0.00094 0.96 +£0.04 1.46+042 0222 0.151
75 5’-Deoxy-5"methylthioadenosine 0.24 £ 0.09 0.43 £0.10 0.09 £ 0.01 0.13 £0.04 1.82+£042 1.01£030 0.032 0.095
76 5-Methylcytidine N.D.? N.D.? N.D.? N.D.2 - - - -
77 Picolinic acid 0.21 £ 0.04 0.14 £ 0.04 0.99 + 0.41 0.65 £0.12 0.67+£0.19 0.66+0.12 0.056 0.032
78 5-Hydroxytryptophan N.D.=? N.D.? 0.04 £ 0.01 0.05 £ 0.01 - 1.19£0.28 - 0.841
79 Kynurenine 0.20 £ 0.0013 0.37 £ 0.02 0.64 £ 0.27 0.66 £ 0.25 1.89£0.12 1.03+£0.38 0.008 1.000
80 Xanthurenic acid 0.13 +£0.02 0.12 £ 0.01 0.58 £0.22 0.60 £0.18 093+£0.10 1.03+£0.32 0.690 0.690
81 Kynurenic acid N.D.» N.D? 0.0069 + 0.0031 0.0032 £+ 0.0012 - 0.46 + 0.17 - 1.000
82 Epinephrine 0.02 £+ 0.01 0.012 + 0.0039 0.07 £ 0.02 0.04 £ 0.03 0.71 £0.23 0.66 £0.48 0.222 0.310
83 Normetanephrine 0.13 £ 0.06 0.10 £ 0.05 0.20 £ 0.21 0.12 £0.17 0.74 £ 043 0.62+0.84 0.548 1.000
84 DOPA N.D.2 N.D.? 0.13 £0.03 0.08 £ 0.04 - 0.65 £ 0.30 - 0.222
85 Serotonin N.D.? N.D.? N.D.#? N.D.2 - - - -
86 Anthranilic acid N.D.=? N.D.2 0.01 £0.01 0.02 £ 0.01 - 1.36 £ 1.28 - 0.016

T3]

2,

4

Ss3id NI

2N.D., Not determined.
b Values normalized to the corresponding control mean values and SD, standard deviation.
¢ Mann—Whitney U test.
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oups are presented in Table 2. Normalized values for each
metabolite were visualized using star plots, allowing an in-
tuitive assessment of sepsis-induced metabolic alterations
(Table 2, Supplementary Fig. 4). Based on the Mann—
Whitney U test, significant differences in metabolite lev-
els were observed in the liver tissue between the control
and sepsis groups. Specifically, the sepsis group exhibited
significant increases in a-aminobutyric acid (p = 0.008),
pipecolic acid (p = 0.032), c-aminoadipic acid (p = 0.008),
[B-aminoisobutyric acid (p = 0.008), and anthranilic acid
(» = 0.016). In contrast, levels of 4-hydroxyproline (p =
0.032), glycolic acid (p = 0.032), malonic acid (p = 0.016),
oxaloacetic acid (p = 0.032), 4-hydroxyphenyllactic acid (p
= 0.032), oleic acid (p = 0.032), eicosadienoic acid (p =
0.032), uridine (p = 0.008), inosine (p = 0.016), xanthosine
(p = 0.016), adenosine (p = 0.008), and picolinic acid (p
= (0.032) were significantly decreased in the sepsis group
(Table 2, Fig. 2d).

3.5 Multivariate Statistical Analysis

PCA and PLS-DA were performed for each tissue, and
the results are presented in Figs. 3,4. Although the overall
metabolic profiles of the control and sepsis groups showed
some degree of similarity in the PCA score plot, they were
not distinctly separated (Fig. 3). The PCA score plot of kid-
ney, spleen, lung, and liver explained 50.4, 57.7, 58.1, and
68.6% of total variance in PC1 and PC2 (Fig. 3). The cor-
responding PCA loading scores for all tissues are listed in
Table 2. PLS-DA revealed a clear separation between the
two groups (Fig. 4). The variable importance in projection
(VIP) scores derived from the PLS-DA models are shown
in Supplementary Table 1.

Metabolites with a VIP score greater than 1.0 were
considered to have a strong influence on group sepa-
ration in PLS-DA. Key metabolites in the kidney in-
cluded leucine, proline, phenylalanine, 4-hydroxyproline,
ornithine, lysine, tyrosine, tryptophan, lactic acid, 2-
hydroxybutyric acid, malonic acid, succinic acid, 4-
hydroxyphenylacetic acid, malic acid, cis-aconitic acid,
5,6-dihydrouridine, pseudouridine, cytidine, uridine, xan-
thosine, 1-methylguanosine, N2-methylguanosine, N2,N2-
dimethylguanosine, 5-hydroxytryptophan, kynurenic acid,
and epinephrine (Supplementary Table 1). In the spleen,
metabolites with VIP >1.0 included c-aminobutyric acid,
leucine, isoleucine, serine, aspartic acid, 4-hydroxyproline,
glutamic acid, tryptophan, 3-hydroxybutyric acid, fumaric
acid, cis-aconitic acid, 4-hydroxyphenyllactic acid, 5,6-
dihydrouridine, uridine, guanosine, xanthosine, adeno-
sine, MTA, picolinic acid, epinephrine, normetanephrine,
DOPA, palmitoleic acid, palmitic acid, linoleic acid, oleic
acid, stearic acid, gondoic acid, eicosadienoic acid, adrenic
acid, behenic acid, nervonic acid, lignoceric acid, and
cerotic acid (Supplementary Table 1). In the lung, in-
fluential metabolites were alanine, glycine, a-aminobutyric
acid, cysteine, 4-hydroxyproline, ornithine, histidine, lac-

&% IMR Press

tic acid, glycolic acid, succinic acid, fumaric acid, a-
ketoglutaric acid, cis-aconitic acid, 5,6-dihydrouridine,
pseudouridine, cytidine, uridine, guanosine, adenosine,
MTA, picolinic acid, kynurenine, palmitoleic acid, eicosa-
dienoic acid, adrenic acid, behenic acid, and nervonic
acid (Supplementary Table 1). In the liver, metabo-
lites contributing significantly to group separation in-
cluded glycine, a-aminobutyric acid, [-aminoisobutyric
acid, pipecolic acid, pyroglutamic acid, aspartic acid, 4-
hydroxyproline, ornithine, a-aminoadipic acid, tyrosine,
tryptophan, lactic acid, glycolic acid, malonic acid, ox-
aloacetic acid, a-ketoglutaric acid, 4-hydroxyphenylacetic
acid, 2-hydroxyglutaric acid, 4-hydroxyphenyllactic acid,
5,6-dihydrouridine, uridine, inosine, xanthosine, adeno-
sine, N2,N2—dimethylguanosine, MTA, picolinic acid,
kynurenic acid, epinephrine, DOPA, and arachidonic acid
(Supplementary Table 1).

3.6 Common Metabolites Among Four Tissues

In the univariate and multivariate analyses, no
metabolites were commonly identified across all four tis-
sues (Fig. 5). However, several overlapped between two
or three tissues. Cis-aconitic acid was elevated in the kid-
ney and spleen but reduced in the lung, whereas xantho-
sine increased in the kidney and spleen but decreased in
the liver. Uridine and adenosine were upregulated in the
lung but downregulated in the spleen and liver. Addition-
ally, eicosadienoic acid was increased in both the spleen
and lung but decreased in the liver. In the spleen and liver,
a-aminobutyric acid was elevated while 4-hydroxyproline
was reduced. In contrast, 4-hydroxyphenyllactic acid in-
creased in the spleen but decreased in the liver.

3.7 Pathway Analysis

Based on the Kyoto Encyclopedia of Genes and
Genomes database, potential discriminatory metabolic
pathways were identified using a pathway impact value
threshold of >0.1 and a p-value of <0.05. In the
kidney, significant alterations were observed in tyrosine
metabolism; phenylalanine metabolism; and phenylala-
nine, tyrosine, and tryptophan biosynthesis (Fig. 6a). In
the spleen, the significantly altered pathways were arginine
biosynthesis; histidine metabolism; tyrosine metabolism;
one-carbon pool by folate; linoleic acid metabolism;
alanine, aspartate, and glutamate metabolism; cysteine
and methionine metabolism; glyoxylate and dicarboxylate
metabolism; arginine and proline metabolism; glycine, ser-
ine, and threonine metabolism; and glutathione metabolism
(Fig. 6b). In the lungs, the significantly altered pathways
were one carbon pool by folate; glutathione metabolism; the
tricarboxylic acid (TCA) cycle; and alanine, aspartate, and
glutamate metabolism (Fig. 6¢). In the liver, lysine degra-
dation, glyoxylate and dicarboxylate metabolism, arginine
biosynthesis, the one-carbon pool by folate, and the TCA
cycle were significantly altered (Fig. 6d).
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Fig. 3. Principal component analysis (PCA) score plots of metabolites in tissues from control and sepsis mice. PCA score plots the
(a) kidney, R? = 0.38; p-value = 0.005, (b) spleen, R? = 0.55; p-value = 0.007, (c) lung, R? = 0.35; p-value = 0.018, and (d) liver R? =
0.30; p-value = 0.054, based on the profiles of determined metabolites.

4. Discussion

Sepsis is a complex syndrome characterized by con-
siderable clinical heterogeneity, in which organ dysfunc-
tion is the primary contributor to morbidity and mortal-
ity. The mechanisms underlying organ dysfunction in sep-
sis possibly involve impaired tissue oxygen delivery; di-
verse inflammatory responses, including endothelial and
microvascular dysfunction; dysregulation of the immune
and autonomic nervous systems; and alterations in cellular
metabolism [20]. Organ dysfunction resulting from sepsis
poses a critical clinical challenge, underscoring the need
for biomarkers capable of early diagnosis. Therefore, in
this study, we conducted targeted metabolomic analyses of
kidney, spleen, lung, and liver tissues to identify poten-
tial biomarkers for sepsis and elucidate significantly altered
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metabolic pathways. For each tissue sample, metabolites
showing significant changes in univariate and multivariate
analyses were selected, and those involved in sepsis-altered
pathways were designated as biomarkers.

In the kidneys, four metabolites (tyrosine,
epinephrine, 5-hydroxytryptophan, and kynurenic acid)
were identified as potential biomarkers of sepsis-induced
injury. The elevated levels of tyrosine observed in the
kidney tissue may indicate enhanced activation of inflam-
matory responses induced by sepsis, as tyrosine serves as
a precursor for catecholamines and various intracellular
signaling molecules [21]. This accumulation of tyrosine
may reflect the progression of renal injury, potentially
through its involvement in the regulation of inflamma-
tion and activation of cellular signaling pathways. The
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Fig. 4. Partial least squares discriminant analysis (PLS-DA) score plots of determined metabolites in tissues from control and
sepsis mice. PLS-DA score plots are shown for the (a) kidney; R? = 0.993, Q% = 0.727, (b) spleen; R? = 0.994, Q* = 0.755, (c) lung; R?

=0.983, Q% =0.609, and (d) liver; R* = 0.951, Q% = 0.454.

kynurenine pathway is the principal route through which
the amino acid tryptophan is metabolized; its first step is
catalyzed by indoleamine 2,3-dioxygenase (IDO). During
sepsis, elevated levels of kynurenine and activation of IDO
are reportedly associated with infection-driven immune
responses, particularly the release of interferon-y from
monocytes and macrophages [22]. In sepsis, the kidneys
may be unable to effectively excrete excessive kynurenic
acid. This impaired excretory function may contribute to
kynurenine accumulation, indicating disrupted renal han-
dling of kynurenine pathway metabolites during systemic
inflammation. In contrast, identified alterations in energy
and nucleotide metabolism as key features of SA-AKI,
suggesting that methodological differences may reveal
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distinct pathways within the kidney [11]. Proteomics
analysis also revealed interferon regulatory factor 7-related
changes in septic AKI [23], indicating that the metabolic
disturbances we observed may be linked to upstream
protein-level regulation. Moreover, a sequential biopsy
study in a porcine model demonstrated early impairments
in mitochondrial oxidative phosphorylation and increased
uncoupling [24], consistent with our observation that
amino acid and catecholamine alterations may reflect
mitochondrial dysfunction.

In the spleen, 10 metabolites, including serine,
4-hydroxyproline, normetanephrine, xanthosine, uridine,
adenosine, succinic acid, cis-aconitic acid, linoleic acid,
and eicosadienoic acid, were identified as potential
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biomarkers indicative of sepsis-induced tissue injury. Ser-
ine is a nonessential amino acid that participates in fatty acid
oxidation and muscle metabolism [25]. In sepsis, increased
fatty acid oxidation for adenosine triphosphate (ATP) pro-
duction may lead to serine depletion due to the metabolic
demand. In addition, serine has been shown to play a role
as an early tissue- and cell type-specific regulator of lipid
and mitochondrial metabolic pathways in sepsis [26]. Sim-
ilarly, 4-hydroxyproline, a marker of collagen breakdown
[27], was unexpectedly reduced in septic spleens, likely
due to decreased proline availability, limiting its synthesis.
Normetanephrine, derived from catecholamine metabolism
via catechol-O-methyltransferase, typically reflects sympa-
thetic activity. Although catecholamine levels increase in
sepsis [28], normetanephrine levels decrease in the spleen,
potentially because of norepinephrine depletion from ex-
cessive sympathetic activation [29]. In sepsis, activation
of the Xanthine oxidase-ROS axis and enhanced purine
catabolism are consistent with the reported elevation of xan-
thosine under infection- and immune-activated conditions
However, the increase in xanthosine itself in sepsis cohorts
requires further confirmation [30,31]. Adenosine, a key
energy mediator, is generated from ATP degradation and
modulates inflammation via A3A receptors [32,33]. Uri-
dine, the only pyrimidine nucleoside that was significantly
altered in the spleen, showed a marked decrease, possibly
due to RNA synthesis and immune cell proliferation. Its
role in oxidative stress modulation via ferroptosis inhibi-
tion and Keap1-Nrf2 signaling is relevant to sepsis pathol-
ogy [34,35]. The increase in cis-aconitic acid levels ob-
served in both the kidney and spleen implied TCA cycle
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dysfunction and impaired energy production during sep-
sis. Additionally, early sepsis is associated with enhanced
lipolysis and insulin resistance [36—38], driving the use of
fatty acids as energy sources. Elevated levels of monoun-
saturated FAs (palmitoleic and oleic acid), synthesized by
Stearoyl-CoA desaturase 1 in the endoplasmic reticulum
[39], align with increased lipid mobilization and may sup-
port immune activation and membrane remodeling. Sim-
ilarly, higher levels of omega-6 polyunsaturated FAs and
linoleic and eicosadienoic acids suggest enhanced synthe-
sis of pro-inflammatory eicosanoids [40].

In the lung tissue, eight metabolites (alanine, a-
aminobutyric acid, ornithine, uridine, adenosine, MTA,
succinic acid, and cis-aconitic acid) were identified as po-
tential biomarkers reflecting sepsis-induced injury. The en-
zyme that converts a-aminobutyric acid to a-ketoadipic
acid is shared by the kynurenine-to-kynurenic acid con-
version step [41], suggesting a potential metabolic link
between a-aminobutyric acid accumulation and increased
kynurenine activity in sepsis. Ornithine, a key component
of the urea cycle, is elevated in septic lungs, possibly be-
cause of impaired urea cycle function or reduced amino
acid clearance. Additionally, ornithine may be redirected
toward polyamine synthesis via ornithine decarboxylase,
an enzyme that is upregulated in sepsis and is known to
modulate inflammation and support tissue repair [42]. En-
hanced kynurenine production in the lungs may also re-
sult from inflammation-driven activation of IDO. MTA, an
anti-inflammatory metabolite derived from adenosine, was
significantly elevated only in the lung tissue. Its accu-
mulation likely reflects increased polyamine biosynthesis
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Fig. 6. Metabolic pathway analysis of determined metabolites in tissues from control and sepsis mice. Major metabolic pathways

identified from determined metabolites in the (a) kidney, (b) spleen, (c) lung, and (d) liver.

from ornithine rather than methionine salvage, as methio-
nine levels show only a decreasing trend [43,44]. Uridine
and adenosine, markers of RNA turnover and ATP degra-
dation, respectively, were elevated in the lungs but not in
other organs. This indicates preserved pulmonary func-
tion and metabolic activity despite systemic inflammation.
The TCA cycle intermediates succinic acid and cis-aconitic
acid were decreased in the lungs but elevated in the kid-
ney and spleen, suggesting intact mitochondrial function in
the lungs. Correspondingly, lower lactic acid levels in the
lungs support efficient oxidative metabolism, which may
contribute to relative functional preservation and favorable
prognosis in sepsis [45]. Consistent with our lung findings,
a clinical targeted-metabolomics study in sepsis-induced
acute respiratory distress syndrome (ARDS) reported broad
disturbances in amino-acid and lipid pathways that discrim-
inated ARDS from non-ARDS and also separated direct
from indirect ARDS subphenotypes [46]. Together with the
decreases in lactate, succinic acid, and cis-aconitic acid ob-
served in our lung tissue, these data point toward sepsis-
related rewiring of central carbon metabolism within the
pulmonary compartment, with potential links to mitochon-

&% IMR Press

drial dysfunction. While tissue-level changes cannot be di-
rectly equated to circulating biomarkers, the convergence of
tissue and serum signatures suggests a translational bridge
worth testing in future studies.

In liver tissue, seven metabolites (ca-aminobutyric
acid, pipecolic acid, uridine, inosine, adenosine, glycolic
acid, and oxaloacetic acid) were identified as potential
biomarkers indicative of sepsis-induced hepatic injury. a-
Aminobutyric acid is derived from methionine and lysine
metabolism via two routes: the pipecolate and saccharopine
pathways, both branching from a-aminoadipic semialde-
hyde [47]. In this study, elevated a-aminobutyric acid,
alongside detectable pipecolic acid, in the liver suggests
that under septic conditions, lysine catabolism preferen-
tially proceeds via the pipecolate pathway. Normally, the
saccharopine pathway dominates, and pipecolic acid re-
mains low [41]; however, its abnormal accumulation has
been linked to oxidative stress and tissue damage in multi-
ple organs, including the liver [48,49]. Thus, the activation
of the pipecolate pathway may contribute to liver and spleen
dysfunction in sepsis. The reductions in uridine and adeno-
sine levels likely resulted from increased nucleoside con-
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sumption and impaired regeneration under inflammatory
and metabolic stress. In particular, the ROS molecules gen-
erated during sepsis suppress glutamine synthetase and ac-
tivate xanthine oxidase, which promotes the degradation of
inosine to uric acid [50-52]. This cascade may represent a
compensatory antioxidant response but also reflects height-
ened nucleotide catabolism. Decreased glycolic acid, ox-
aloacetic acid, and malonic acid levels suggested disrupted
hepatic glucose and lipid metabolism. The glyoxylate cy-
cle, which is primarily active in the liver peroxisomes, may
be involved in alternative gluconeogenesis [53]. The re-
duction in malonic acid, a known TCA cycle inhibitor [54],
and oxaloacetic acid may indicate increased metabolic flux
through the TCA cycle during sepsis.

Multi-omics investigations could mechanistically an-
chor our organ-specific signatures to energy pathways. In
a sequential renal biopsy model of experimental sepsis,
early and stepwise impairments in oxidative phosphoryla-
tion with increased uncoupling were documented prior to
macro-hemodynamic alterations [24]. Recent reviews fur-
ther emphasize that metabolic reprogramming particularly
a shift toward glycolysis with suppression of fatty-acid ox-
idation drives injury and recovery trajectories in AKI [55].
Therefore, the metabolites identified in this study may serve
as potential biomarkers for the early diagnosis of sepsis-
induced organ-specific injuries. These findings are ex-
pected to provide an important foundation for prognosis
prediction and the development of personalized therapeu-
tic strategies for patients with sepsis.

5. Conclusions

In this study, targeted metabolomic analysis was
conducted on kidney, spleen, lung, and liver tissues of
a mouse model of sepsis to characterize organ-specific
metabolic alterations and identify potential biomarkers in-
dicative of sepsis-induced organ injury. A total of 29
metabolites were selected through statistical and path-
way analyses that revealed distinct metabolic changes spe-
cific to each organ. Notably, four metabolites in the
kidney (tyrosine, epinephrine, 5-hydroxytryptophan, and
kynurenic acid), 10 metabolites in the spleen (including ser-
ine, 4-hydroxyproline, normetanephrine, xanthosine, uri-
dine, adenosine, succinic acid, cis-aconitic acid, linoleic
acid, and eicosadienoic acid), 8 metabolites in the lung
(such as alanine, -aminobutyric acid, ornithine, uridine,
adenosine, 5-MTA, succinic acid, and cis-aconitic acid),
and 7 metabolites in the liver (such as a-aminobutyric acid,
pipecolic acid, uridine, inosine, adenosine, glycolic acid,
and oxaloacetic acid) were identified as potential biomark-
ers that may reflect organ-specific metabolic alterations
associated with sepsis. These findings reflect the organ-
specific metabolic responses to sepsis and suggest that the
identified metabolites may serve as potential biomarkers for
early diagnosis and prognosis prediction. This study pro-
vides a foundation for future efforts aimed at precision di-
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agnostics and the development of personalized therapeutic
strategies for patients with sepsis.
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