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Abstract
Background Myocardial injury after noncardiac surgery (MINS) is one of the most common complications associated 
with postoperative adverse cardiovascular outcomes and mortality. However, MINS often fails to be timely diagnosed 
due to the absence of clinical symptoms and limited diagnostic methods. The metabolomic analysis might be an 
efficient way to discover new biomarkers of MINS. Characterizing the metabolomic features of MINS patients may 
provide new insight into the diagnosis of MINS.

Methods In this study, serum samples from 20 matched patients with or without MINS (n = 10 per group) were 
subjected to untargeted metabolomics analysis to investigate comprehensive metabolic information. Differential 
metabolites were identified, and the enriched metabolic pathway was determined based on the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database.

Results A comprehensive analysis revealed 124 distinct metabolites, predominantly encompassing lipids, amino 
acids and other compounds. The observed modifications in metabolic pathways in patients with or without 
MINS showed significant clustering in cholesterol metabolism, aldosterone synthesis and secretion, primary bile 
acid biosynthesis, as well as cysteine and methionine metabolism. Four specific metabolites (taurocholic acid, 
L-pyroglutamic acid, taurochenodeoxycholic acid, and pyridoxamine) exhibited promising potential as biomarkers for 
prognosticating MINS.

Conclusions This study contributes valuable insights into the metabolomic features of MINS and the discovery of 
potential biomarkers which may help the early diagnosis of MINS. The identified metabolites and altered pathways 
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Introduction
Myocardial injury after noncardiac surgery (MINS) is an 
independent prognosticator of postoperative mortality 
[1, 2], which occurs in 5–25% of adult patients within 30 
days following noncardiac surgery [3, 4]. However, 90% 
of MINS patients were asymptomatic or presented with 
atypical symptoms [3, 5]. The postoperative analgesia 
and surgical stress likely covered distinct presentations 
of chest pain or other ischemic symptoms [6, 7]. At pres-
ent, the diagnosis of MINS relies on routine postopera-
tive troponin screening, where elevated troponin levels 
often indicate perioperative myocardial injuries [3, 5]. 
Yet, previous studies have shown that approximately 80% 
of patients with MINS did not receive a timely diagno-
sis for clinically asymptomatic symptoms [8]. Therefore, 
more sensitive and specific biomarkers to screen MINS 
patients are still needed [9].

Metabolomics, a newly developed investigative tech-
nique, has shown potential for the figuring of metabolic 
features and discovering new biomarkers for specific dis-
eases [10]. This method allows for the analysis of small 
molecules present in biological fluids and tissues, thereby 
revealing metabolic profiles under both physiological 
and diseased states [11, 12]. In particular, untargeted 
metabolomics, characterized as a “nonspecific approach”, 
enables the comprehensive investigation of all metabolic 
substances, including both endogenous and exogenous 
compounds [13]. Therefore, examining metabolic mark-
ers during perioperative periods may provide valuable 
insights into perioperative complications. Prior studies 
have documented new metabolic biomarkers and poten-
tial pathological metabolic signals in various biological 
samples of patients who have experienced myocardial 
ischemia-reperfusion injury [14]. However, only a lim-
ited number of studies have provided a comprehensive 
metabolomic profile of MINS or a thorough examination 
of perioperative metabolite changes. Consequently, char-
acterizing the metabolomic features of MINS patients 
may provide new insight into the diagnosis of MINS.

This study employed an untargeted metabolomic analy-
sis to discern the metabolic disparities in serum from 
patients with or without MINS. The compounds identi-
fied through untargeted metabolomics serve as potential 
biomarkers of MINS. The ascertained metabolic altera-
tions in patients with MINS may offer novel avenues for 
future exploratory investigations.

Methods
Study population
The study analyzed the serum samples obtained from a 
previous prospective study (ChiCTR2200055929, https://
www.chictr.org.cn/showprojEN.html?proj=134260). 
Sixty-seven patients who underwent elective noncar-
diac surgery at the First Affiliated Hospital of Sun Yet-
sun University between October 2021 and May 2022, 
were included in the previous study. Ethical approval 
was obtained from the Ethics Committee of the First 
Affiliated Hospital of Sun Yet-sun University (Guang-
zhou, China), and informed consent was obtained from 
the patients for utilizing frozen serums in subsequent 
analyses.

Selection of MINS and non-MINS patients
Among the enrolled 67 patients, 10 were identified as 
having MINS, defined as the serum concentration of 
postoperative troponin T exceeding 0.03 ng·ml− 1 in the 
absence of nonischemic causes for troponin T elevation 
[15]. Another 10 patients without postoperative tropo-
nin T elevation were selected using the propensity score 
matching. Variables including age, sex, body mass index, 
preoperative hypertension or diabetes, and surgery type 
were used during the matching process. Thereafter, 10 
pairs of MINS or non-MINS patients were selected.

Blood sample collecting
All blood samples were collected post-surgery in the 
operating room or in the wards. After centrifugation at 
3,000 g at 4 °C for 10 minutes, the resulting supernatant 
was extracted. The serum samples were stored at -80 °C 
and used for subsequent untargeted metabolomics.

UHPLC-MS/MS analysis
Ultra-high-performance liquid chromatography-tandem 
mass spectrometry (UHPLC-MS/MS) analysis was con-
ducted using a Vanquish UHPLC system (ThermoFisher, 
Germany) coupled with an Orbitrap Q Exactive TM HF 
mass spectrometer (Thermo Fisher, Germany) at Novo-
gene Co., Ltd. (Beijing, China). The serum samples from 
MINS and non-MINS patients were separated using a 
Hypersil Gold column (2.1 × 100  mm, 1.9  μm) at a flow 
rate of 0.2 mL/min. The elution used 0.1% formic acid 
in water and methanol in the positive polarity mode, 
while 5 mM ammonium acetate (pH 9.0) and methanol 
in the negative polarity mode. The solvent gradient was 
a pattern of 2-100% B from 0 to 10  minutes, followed 
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by 100-2% B from 10.1 to 12  minutes. The Q Exactive 
TM HF mass spectrometer was utilized in both polarity 
modes, with a spray voltage of 3.5 kV and a capillary tem-
perature of 320 °C. The sheath gas flow rate was set at 35 
psi, the aux gas flow rate was adjusted to 10 L/min, the 
S-lens RF level was set to 60, and the heater temperature 
was maintained at 350  °C. In order to conduct a com-
prehensive analysis of the initial data obtained from the 
Compound Discoverer 3.1 (CD3.1, ThermoFisher), peak 
alignment, peak picking, and quantitation were recorded. 
Subsequently, accurate qualitative and relative quantita-
tive results were obtained by comparing them with the 
mzCloud, mzVault, and MassList databases, which were 
then subjected to statistical analysis.

Statistics
Data quality control (QC) using Pearson correlation was 
performed before formal analysis to ensure accurate, reli-
able, and stable metabolic characteristics. Discriminative 
pattern analysis of the MINS and non-MINS patients was 
conducted using principal component analysis (PCA) 
and partial least squares discriminant analysis (PLS-DA). 
In order to be considered as differential metabolites, cer-
tain criteria had to be met, including variable importance 
in the projection (VIP) > 1 and fold change ≥ 2 or ≤ 0.5, as 
well as a univariate p-value (t-test) < 0.05. Volcano plots 
were employed with the purpose of screening metabo-
lites, utilizing log2 (fold change) and -log10 (p-value) of 
metabolites, implemented through ggplot2 in the R soft-
ware. For the creation of clustering heatmaps, the data 
underwent normalization via z-scores of the intensity 
areas of the differential metabolites, and were visualized 
using the pheatmap package in the R software. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
(https://www.genome.jp/kegg/pa-thway.html) was uti-
lized to evaluate the statistically enriched metabolic path-
ways of filtered metabolites. The p-value < 0.05 obtained 
through the hypergeometric test method was consid-
ered as the threshold of the KEGG significantly enriched 
pathways of potential importance. The receiver operating 
characteristic (ROC) curve and the area under the curve 
(AUC) value were obtained using the pROC package in 
the R software. For clinical characteristics, Fisher exact 
test and Mann-Whitney U test were used to examine the 
disparities in MINS or non-MINS patients.

The metaX software was employed to perform PCA 
and PLS-DA for metabolomics data analysis. The SPSS 
software (version 25.0, SPSS Inc., Chicago, IL) was 
employed to analyze the clinical characteristics data.

Results
Characteristics of MINS and non-MINS patients
Table  1 presents the characteristics of MINS and non-
MINS patients. Age, sex, body mass index, comorbidities, 

surgery type, and preoperative hypertension-related 
medication were balanced between groups.

Metabolic characteristics detected in human serum 
samples using untargeted metabolomics
The chromatograms obtained in both positive and nega-
tive ion modes (Additional Figure S1A, B) exhibit sat-
isfactory overlap. The Pearson correlation (Additional 
Figure S1C, D) of positive electrospray ionization (ESI+) 
and negative ESI (ESI-) QC sample demonstrated a high 
level of correlation, indicating a stable detection process 
and reliable data quality. In total, 945 metabolites were 
screened, with 631 detected at (ESI+) ion mode and 314 
detected at (ESI-) ion mode. The PCA of serum samples 
(Fig. 1A, B) demonstrated a distinct distribution trend for 
distinguishing the MINS and non-MINS patients. The 
PLS-DA score plot (Fig. 1C, D) effectively separates the 
two groups of patients, achieving a cumulative R2Y of 
0.94 at the positive ionization mode and 0.86 at the nega-
tive ionization mode. Furthermore, two hundred random 
disruption and subsequent modeling tests (Fig.  1E, F) 
revealed negative intercept values of Q2 statistic for both 
ion modes, indicating that the PLS-DA models were not 
overfitting.

Among the metabolites analyzed, 95 at positive mode 
(84 upregulated and 11 down-regulated) and 29 at nega-
tive mode (19 upregulated and 10 down-regulated) were 
significantly distinguishable between the MINS and 
non-MINS patients (Additional Table S1). The volcano 
plot (Fig.  2A, B) visually represents the distribution of 
these differential metabolites, with each metabolite rep-
resented by a colorful dot. Additionally, the stem plot 
(Fig. 2C, D) effectively indicates the direction of regula-
tion (up or down) and highlights metabolites with large 
differences in expression levels.

Based on various biological functions as determined by 
the presence of metabolites, differential compounds were 
mainly classified as “lipids and lipid-like molecules” in 
both modes (Fig.  3A, B), of which “steroids and steroid 
derivatives”, “fatty acyls” and “glycerophospholipids” con-
stituted the majority of these compounds in both modes. 
To further compare the dissimilarities between the two 
groups, hierarchical clustering analysis was performed, 
resulting in the generation of heatmaps depicting 125 
metabolites (Fig. 3C, D).

Subsequently, a KEGG pathway enrichment analy-
sis was conducted, specifically targeting metabolic 
pathways associated with various biological roles. The 
resulting KEGG enrich scatterplot (Fig.  4) displayed 
the top 20 pathways of potential importance. The pres-
ent analysis has identified significant metabolic signa-
tures, including alterations in cholesterol metabolism, 
aldosterone synthesis and secretion, primary bile acid 
biosynthesis, and cysteine and methionine metabolism, 

https://www.genome.jp/kegg/pa-thway.html
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distinguishing the MINS patients from the non-MINS 
patients (p-value < 0.05 for hypergeometric test). Notably, 
the cholesterol metabolism pathway emerged as the most 
prominent among these metabolic alterations.

Validation of the potential biomarkers
To further assess the potential predictive power of identi-
fied biomarkers for MINS, a ROC analysis was conducted 
on the 124 selected metabolites, showing that 28 metabo-
lites with high AUC above 0.90, which indicated a high 
level of predictive ability. Among them, four metabo-
lites, including taurocholic acid, L-pyroglutamic acid, 
taurochenodeoxycholic acid and pyridoxamine, demon-
strated classification sensitivity and specificity above 75% 
(Fig. 5A). Additionally, there was a significant difference 
of the four metabolites between the MINS and non-
MINS patients, as depicted in Fig. 5B.

Discussion
Summary of findings
This study determined the metabolite differential expres-
sion profile of serum samples obtained from patients with 
or without MINS using a UHPLC-MS/MS technique. 
The results indicated significant variations in diverse 
metabolic pathways between patients with or without 
MINS. One hundred and twenty-four differential metab-
olites (95 in positive mode and 29 in negative mode) were 
detected. As for the important metabolic pathways, four 
pathways (cholesterol metabolism, aldosterone synthesis 
and secretion, primary bile acid biosynthesis, and cyste-
ine and methionine metabolism) were revealed by KEGG 
pathway enrichment analysis. A summary of the altered 
metabolic processes and related metabolites of this study 
is presented in Fig.  6. The findings might contribute to 
the understanding of the pathophysiological occurrence 
and development process of MINS, which provides cues 
for discovering diagnostic biomarkers and therapeu-
tic targets of pathophysiological dysfunctions in MINS 
patients.

Table 1 Patient characteristics a

All
(n = 20)

Non-MINS
(n = 10)

MINS
(n = 10)

P-value

TnT concentration (ng·ml− 1) 0.020
(0.005–0.042)

0.005
(0.004–0.008)

0.042
(0.033–0.067)

< 0.001

Clinical characteristics
 Age (year) 63 (53–71) 61 (53–68) 63 (54–75) 0.677
 Male Sex (n, %) 11 (55%) 6 (60%) 5 (50%) 0.661
 Female Sex (n, %) 9 (45%) 4 (40%) 5 (50%)
 BMI (kg·m-2) 22 (20–24) 24 (21–25) 22 (19–24) 0.241
 ASA III (n, %) 20 (100%) 10 (100%) 10 (100%) > 0.999
 Epidural analgesia (n, %) 9 (45%) 3 (30%) 6 (60%) 0.370
 Smoking history (n, %) 6 (30%) 2 (20%) 4 (40%) 0.629
Surgery type (n, %)
 Hepatobiliary 8 (40%) 2 (20%) 6 (60%) 0.189
 Gastrointestinal 9 (45%) 6 (60%) 3 (30%)
 Lung 3 (15%) 2 (10%) 1 (10%)
Comorbidities (n, %)
 Hypertension 10 (50%) 5 (50%) 5 (50%) > 0.999
 Coronary heart disease 1 (5%) 0 (0%) 1 (10%) > 0.999
 Peripheral vascular disease 2 (10%) 1 (10%) 1 (10%) > 0.999
 Diabetes 3 (15%) 2 (20%) 1 (10%) > 0.999
 Gastrointestinal disease 1 (5%) 0 (0%) 1 (10%) > 0.999
 Liver disease 5 (25%) 1 (10%) 4 (40%) 0.303
 Kidney disease 2 (10%) 1 (10%) 1 (10%) > 0.999
 History of surgery 7 (35%) 4 (40%) 3 (30%) > 0.999
Preoperative medication (n, %)
 ARB or ACEI 3 (15%) 1 (10%) 2 (20%) > 0.999
 Beta blocker 2 (10%) 1 (10%) 1 (10%) > 0.999
 Calcium channel blocker 5 (25%) 3 (30%) 2 (20%) > 0.999
a Variables are present as numbers (percentages) or median (IQR), as appropriate

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ASA, American Society of Anesthesiology; BMI, body mass index; IQR, interquartile 
range; MINS, myocardial injury after noncardiac surgery; TnT, troponin T
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Interpretation of lipids metabolisms in MINS
Lipids play a crucial role in the human body by serving 
as a primary energy source and forming essential com-
ponents such as cytomembranes, hormones, and other 
important biomolecules. Lipid metabolism assumes a 
critical function, acting as the primary fuel for mediating 

the oxidative metabolism of the myocardium, thus attrib-
uted to driving exacerbation of myocardial injury [16]. 
Consequently, the exacerbation of MINS can be attrib-
uted to the involvement of lipids in this process.

When the myocardial injury occurred, fatty acid uptake 
and metabolism surged to meet the requirement of the 

Fig. 1 The metabolomic profile in MINS and non-MINS patients. (A) PCA in positive mode; (B) PCA in negative mode. Samples from MINS and non-MINS 
patients are shown in black and red, respectively. (C) PLS-DA in positive mode (R2Y: 0.94); (D) PLS-DA in negative mode (R2Y:0.86). Samples from MINS and 
non-MINS patients are shown in red and blue, respectively. The X and Y axes represent the individuals’ contributions to the first two principal components 
(PC1 and PC2). (E) Statistical validation of PLS-DA model in positive mode; (F) Statistical validation of PLS-DA model in negative mode. The intercepts of 
R2 = (0.0, 0.90) and Q2 = (0.0, − 0.52), R2 = (0.0, 0.84) and Q2 = (0.0, − 0.47), indicate that the PLS-DA model is not overfitted. MINS, myocardial injury after 
noncardiac surgery; PCA, principal component analysis; PLS-DA, partial least squares discrimination analysis
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urgent need for energy and metabolic adjustment [17]. 
In this study, it was observed that Tetranor-12(S)-HETE 
(hydroxyeicosatetraenoic acid) was markedly upregu-
lated in MINS patients. Previous research has shown that 
12(S)-HETE is associated with various cardiovascular 
biological activities. Ma et al. discovered that the cata-
lytic process of converting arachidonic acid to 12-hydro-
peroxyeicosatetraenoic acid, facilitated by platelet-type 

12-lipoxygenase, was reduced through diverse mecha-
nisms to produce 12(S)-HETE. It has been discovered 
that small renal arteries are constricted by 12(S)-HETE 
[18]. Furthermore, 12(S)-HETE significantly impacts 
angiotensin II-dependent hypertension [19]. Nadler and 
Satio et al. concluded that angiotensin II-induced aldoste-
rone secretion [20], as well as intracellular calcium tran-
sients, was modulated by 12 (S)-HETE [21]. Additionally, 

Fig. 2 Screening of differential metabolites in MINS and non-MINS patients. (A) volcano plot in positive mode; (B) volcano plot in negative mode. The 
twofold abundance difference threshold is denoted by the vertical dashed lines, while the p = 0.05 threshold is indicated by the horizontal dashed line. 
Metabolites exhibiting significant changes are depicted in red (up-regulated) or green (down-regulated). (C) stemplot in positive mode; (D) stemplot in 
negative mode. Stemplots provide a clear depiction of the modification of the top 20 metabolites with substantial differences. The length of the stem in 
the plot corresponds to the magnitude of the log2 (fold change), while the size of the point represents the value of VIP. Metabolites exhibiting significant 
alterations are denoted by red dots (indicating upregulation) or blue dots (indicating downregulation). MINS, myocardial injury after noncardiac surgery; 
VIP, variable importance in the projection
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Fig. 3 Classification and analysis of differential metabolites in MINS and non-MINS patients. (A) classification of differential metabolites in positive mode; 
(B) classification of differential metabolites in negative mode. The X axis represents the number of metabolites within each class, and the Y axis represents 
the entries for metabolite classification. The term “Others” denotes the remaining categories in the classification information. (C) heatmap of hierarchical 
clustering analysis in positive mode; (D) heatmap of hierarchical clustering analysis in negative mode. The red color signifies a relatively high concentra-
tion of metabolites, whereas the blue color signifies a relatively low concentration of metabolites. MINS, myocardial injury after noncardiac surgery
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Fig. 5 Potential biomarkers of MINS. (A) ROC curves of four potential biomarkers with the AUC values above 0.90 and high classification sensitivity 
(> 75.0%) and specificity (> 75.0%). (B) Comparison of the serum levels of four potential biomarkers in MINS and non-MINS patients. AUC, area under curve; 
MINS, myocardial injury after noncardiac surgery; ROC, receiver operating characteristic. *P < 0.05, **P < 0.01, *** P < 0.001

 

Fig. 4 Pathway enrichment analysis of differential metabolites between MINS and non-MINS patients according to the KEGG pathway. (A) KEGG enrich 
scatterplot in positive mode; (B) KEGG enrich scatterplot in negative mode. The horizontal coordinate denotes the ratio of differentiated metabolites to 
the total number of identified metabolites in the corresponding metabolic pathway. The color of the dots corresponds to the p-value derived from the 
hypergeometric test, with smaller values indicating greater significance. Additionally, the size of the dots corresponds to the number of differentiated 
metabolites within the pathway. KEGG, Kyoto Encyclopedia of Genes and Genomes; MINS, myocardial injury after noncardiac surgery
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research on patients with essential hypertension revealed 
an elevated level of 12(S)-HETE due to urinary excretion 
and platelet production [22]. The impact of Tetranor-
12(S)-HETE in MINS has remained unclear thus far, but 
it is a metabolite that warrants further investigation.

Elevated levels of 4-Hydroxybutyric acid (GHB) and 
arachidonic acid (AA) were observed in the samples 
obtained from patients with MINS. GHB, an endog-
enous short-chain fatty acid, is naturally found in the 
central nervous system and shares structural similari-
ties with γ-aminobutyric acid (GABA), a key inhibitory 
neurotransmitter [23]. Previous studies have indicated 

the presence of GHB binding sites in cardiac tissue [24]. 
Additionally, the enzyme gamma-aminobutyrate trans-
aminase, which plays a crucial role in GABA catabolism, 
may contribute to cardiac protection by preserving mito-
chondrial function rather than its GABA catabolic capac-
ity [25]. This suggests potential associations between 
inhibitory neurotransmitters and myocardial injury.

A non-targeted metabolomics analysis conducted 
on plasma samples from patients who underwent per-
cutaneous coronary intervention 6  hours post-surgery 
revealed that the AA metabolism exhibited the most sig-
nificant alterations among all the metabolites [26]. This 

Fig. 6 Summary of the altered metabolic processes in MINS patients. Green color represents metabolites in positive mode, while blue color represents 
metabolites in negative mode. AA, arachidonic acid; BCAAs, branched-chain amino acids; GHB, 4-hydroxybutyric acid; GPLs, glycerophospholipids; HETE, 
hydroxyeicosatetraenoic acid; MINS, myocardial injury after noncardiac surgery; PGFM, prostaglandin F2alpha metabolite; SM, sphingomyelin; Vit, vitamin. 
* Potential biomarkers of MINS.
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discovery emphasizes the significance of investigating 
AA metabolism in the context of MINS. Numerous stud-
ies have indicated that the activation of AA metabolism 
signals during ischemia-reperfusion directly triggered 
progressive cardiomyocyte-inflammatory and apoptosis, 
extensive inflammatory cell infiltration and subsequent 
cardiac dysfunction [26, 27]. The prostanoids and other 
biologically active lipids, known as eicosanoids, are syn-
thesized from AA. Zhang et al. conducted studies that 
suggested prostanoid biosynthesis in cardiomyocytes and 
the vascular system may serve as a protective mechanism 
against acute myocardial ischemia-reperfusion injury 
[28]. Our research identified elevated levels of prosta-
glandin G2, prostaglandin K2, prostaglandin E1, and 
tetranor-PGFM (prostaglandin F 2alpha metabolite) in 
the MI group, which aligns with findings from previous 
studies.

Glycerophospholipids (GPLs), which are the primary 
component of cytomembrane and important bioactive 
lipids such as phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE), have been found to be associated 
with clinical outcomes of myocardial injury [29, 30]. In 
this study, metabolic analyses revealed an upregulation 
of PC (20:5e/16:4), PC (7:0/13:1), PC (4:0/16:3), and PE 
(18:2e/20:3) in the MINS group. It was confirmed that 
pharmacologically increasing bioactive phosphosphin-
golipids following acute myocardial injury had a ben-
eficial effect on improving physiological function after 
myocardial infarction [31]. Sphingomyelin (SM), being 
the principal phosphosphingolipids and a crucial compo-
nent of cytomembranes, plays a pivotal role in regulating 
mechanical stability, signaling, and sorting. This research 
identified upregulated levels of SM (d14:0/14:0), SM 
(d14:1/22:0), SM (d14:1/14:0), SM (d14:2/24:1), and SM 
(d26:2/18:2) in the MINS group.

The KEGG analysis revealed that cholesterol metabo-
lism exhibited the most significant alterations. Choles-
terol homeostasis is required to maintain proper cellular 
and systemic functions, and disturbances in cholesterol 
metabolism have been implicated as a causative factor 
in cardiovascular disease [32]. Specifically, cholesterol 
level is a strong risk factor for atherosclerosis and cardio-
vascular disease. Additionally, cholesterol crystals have 
been observed predominantly in thrombi originating 
from plaque rupture of patients who suffered myocardial 
infarction, although the precise role of cholesterol crys-
tals in thrombi remains to be thoroughly investigated 
[33]. The primary pathway for cholesterol metabolism 
involves its conversion into bile acids. Williamson et al. 
observed that the contraction of cardiomyocytes and the 
maintenance of intracellular calcium balance were influ-
enced by the primary bile acid taurocholate [34]. Zhang 
et al. discovered that an abnormal elevation in serum 
total bile acid levels tends to higher the risk of developing 

coronary plaques in asymptomatic patients, suggest-
ing that serum bile acid levels could serve as a reliable 
indicator of acute myocardial injury [35]. These findings 
suggest a strong association between abnormal bile acid 
metabolism and the occurrence and progression of myo-
cardial injury [36]. The KEGG analysis revealed that pri-
mary bile acid biosynthesis was a pathway that exhibited 
significant changes, with an observed increase in glyco-
cholic acid, taurocholic acid, and taurochenodeoxycholic 
acid.

Interpretation of amino acid metabolisms in MINS
In addition to lipids, amino acids serve as an essential 
source of energy for cardiovascular adjustments. Spe-
cifically, branched-chain amino acids (BCAA), a crucial 
group of amino acids, act as substrates for oxidation in 
myocardial tissues [37]. The findings of the studies indi-
cated that the utilization of fatty acids in adult cardiac 
myocytes could be enhanced through the use of BCAA 
[38]. Specifically, the level of 3-methyl-2-oxobutanoic 
acid was upgraded in our experimental results. The 
observed reduction in 3-methyl-2-oxobutanoic acid lev-
els resulted in impaired BCAA transformation, poten-
tially compromising the utilization of fatty acids, and 
weakening the myocardial injury protection mechanism 
[39].

The metabolism of phenylalanine has been identi-
fied as a potential profile associated with myocardial 
injury. The findings of our study revealed that L-phe-
nylalanine, L-tyrosine, and hippuric acid were found to 
be elevated. Previous research has also demonstrated a 
correlation between increased levels of serum phenyl-
alanine and coronary failure [40]. Additionally, the pro-
cess of C4-hydroxylation of phenylalanine into tyrosine, 
which serves as a precursor for catecholamines that are 
upregulated in senescence and heart failure, is catalyzed 
by phenylalanine hydroxylase [41]. Furthermore, another 
study indicated that alterations in phenylalanine levels 
might be associated with the incidence of acute rejection 
in rat heart transplantation [42]. The metabolic path-
ways of cysteine and methionine have been found to be 
extensively linked to the occurrence and development 
of cardiovascular diseases [43], which is consistent with 
the findings of the KEGG result. The upgraded L-homo-
cystine and downgraded S-adenosylhomocysteine were 
observed in MINS patients.

Interpretation of other metabolisms in MINS
The role of hormone metabolism in cardiovascular dis-
eases has been focused over the last several years. The 
physiological state of steroid hormones, regulated by 
nongenomic pathways affecting calcium homeostasis, can 
potentially modify cardiac repolarization [44]. Among 
all the related hormones, aldosterone and testosterone 
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contribute the most to cardiovascular diseases, espe-
cially myocardial injury [45, 46]. The adverse effect of the 
increase in aldosterone levels has been thoroughly vali-
dated in individuals experiencing the acute phase of myo-
cardial injury [45]. Multiple studies have demonstrated 
that decreased serum testosterone levels can be applied 
to predicting the mortality of patients with heart failure 
[46]. Both aldosterone and testosterone appear to play 
crucial roles in acute myocardial injury. Our findings sug-
gest that aldosterone synthesis and secretion is a signifi-
cantly enriched pathway in differential metabolites. AA 
also plays a role in this metabolic pathway. This finding 
indicated an increase in AA levels, while methyltestoster-
one levels decreased in patients with MINS.

Additionally, our study observed an elevation in 
L-pyroglutamic acid and pyridoxamine. Pyroglutamic 
acid is derived from glutathione degradation, and there is 
a comprehensive understanding of the involvement of the 
glutathione cycle in the cellular response to heart func-
tion [47]. Pyridoxamine, a natural form of vitamin B6, 
was identified as a protective factor in cases of cardiac 
dysfunction resulting from aging or myocardial infarc-
tion [48, 49]. These associations suggest potential predic-
tive capabilities for MINS.

Generalizability
MINS stands as one of the most critical post-surgery 
complications, significantly linked to postoperative mor-
tality and adverse cardiovascular outcomes. Despite 
its gravity, the distinctive pathophysiological changes 
underlying MINS remain elusive, presenting a consider-
able challenge in timely diagnosis. Our study endeavors 
to address this gap by shedding light on the metabolo-
mic features of MINS and presenting potential biomark-
ers. The novel contributions could be summarized as: 
(1) contextualization of metabolism and biomarkers in 
MINS: the development and onset of myocardial injury 
during the perioperative period differ from those in tradi-
tional coronary heart disease, influenced by factors such 
as anesthesia, surgery, and pain. Our focus on the context 
of MINS allowed us to delineate the specific relevance of 
the identified molecules in a distinct clinical scenario. By 
identifying their correlations with MINS, we highlight 
their potential as specific biomarkers, paving the way 
for a more tailored diagnostic and prognostic approach 
for MINS patients; (2) propose a novel strategy for bio-
marker discovery and potential intervention targets: our 
study goes beyond the mere identification of biomark-
ers by integrating bioinformatic analyses subsequent 
to MS-spectrum analysis. This approach allowed us to 
unravel intricate relationships between these molecules 
and additional pathways, revealing potential mechanisms 
underlying their involvement in MINS. The interconnect-
edness of these biomarkers with various other molecular 

pathways sheds new light on the complex molecular 
landscape of MINS. While these molecules have been 
implicated in cardiovascular diseases, our study provides 
a foundation for potential targeted interventions spe-
cific to prevent or treat MINS. This holds the promise of 
yielding a positive impact on patient care and outcomes.

Limitation
First, the primary constraint of this untargeted metabolo-
mics analysis is the relatively small sample size, although 
the comprehensive criteria were used for selecting dif-
ferential metabolites. Therefore, additional investiga-
tions involving a larger and more diverse population 
across multiple time points are necessary to substantiate 
the reliability of these metabolic findings. Second, the 
absence of a comparison between pre-surgery (baseline) 
and post-surgery serum samples restricts the applicabil-
ity of the results to clinical settings. Collecting preoper-
ative blood samples in future studies is imperative as it 
may help better grasp the pathophysiology of MINS.

Conclusion
Lipids metabolism, amino acids metabolism and others 
exhibited significant differences between the patients 
with or without MINS. Four specific metabolites may 
have the potential as biomarkers for MINS. The observed 
changes in metabolic pathways were primarily associ-
ated with cholesterol metabolism, aldosterone synthesis 
and secretion, primary bile acid biosynthesis and cysteine 
and methionine metabolism. This study presents valu-
able information for the metabolomic characteristics of 
MINS, but future research should involve larger sample 
sizes and employ targeted metabolomics and other bio-
technologies to confirm these findings.
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