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Abstract

Acute coronary syndrome (ACS) is a severe type of coronary heart disease (CHD) with increasing prevalence and significant challenges
for prevention and treatment. Metabolomics is an emerging technology with intrinsic dynamics and flexibility to better delineate the
phenotypic and metabolic alterations in organisms at the time of altered pathological states. It provides new insights into the complex
pathological mechanisms of cardiovascular disease and contributes to the early detection, monitoring and evaluation of ACS. In this
review, we analyze and summarize the literature related to ACS metabolomics which has contributed to the diagnosis and prevention of

ACS.
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1. Introduction

Coronary heart disease (CHD) remains a major med-
ical concern because of its high morbidity and mortality
[1]. The morbidity and mortality of CHD have recently in-
creased following a decline in Europe and the United States
for some years [2]. Approximately 197 million CHD cases
and 9.14 million CHD deaths were recorded worldwide in
2019 [3]. According to the China Cardiovascular Health
and Disease Report 2021 [4], the prevalence of CHD in
China continues to rise, with approximately 11.39 million
CHD patients and a CHD mortality rate of 121.59/100,000
in urban and 130.14/100,000 in rural China in 2019.

Acute coronary syndrome (ACS) is a severe type
of CHD, resulting in acute myocardial ischemia which
may lead to necrosis. ACS as a multifactorial and
multi-phenotypic disease is classified into unstable angina
(UA), non-ST-segment elevation myocardial infarction
(NSTEMI), and ST-segment elevation myocardial infarc-
tion (STEMI). It is the result of coronary artery occlusion
which results in myocardial ischemic injury, which can be
complicated by malignant arrhythmias, heart failure and
even sudden death in severe cases.

2. Pathophysiology and Pathogenesis of
Acute Coronary Syndrome

The main pathophysiological basis of ACS is acute
thrombosis induced by unstable plaque rupture or endothe-
lial erosion in coronary arteries, in which platelet activation
plays an important role. The atherosclerotic plaque consists
of cholesterol and macrophages which accumulate in the
arterial wall over a long period of time. This process is in-
sidious, and symptoms may occur over a prolonged period

of time [5]. Elderly and diabetic patients often have atyp-
ical or “silent” clinical manifestations, which may lead to
misdiagnosis. The diagnosis of ACS is currently based on
clinical symptoms, electrocardiograms, myocardial plasma
markers, and coronary angiography. However each of these
tests has its limitations. In addition, some diseases present
with symptoms very similar to ACS, such as Takotsubo syn-
drome (TTS), which often has an acute onset and has es-
sentially the same electrocardiogram (ECG) presentation as
ACS, with elevated myocardial enzymes such as troponin
T(I) (TNT(I)) which are elevated several hours after onset
and is often misdiagnosed as ACS. Therefore, it is essential
to discover new biomarkers that can be identified early and
quickly and have increased diagnostic and predictive value.

The heart is the most metabolically active organ in
the body, and CHD is usually associated with energy im-
balances resulting in metabolic dysfunction. Under nor-
mal conditions, cardiac metabolism is regulated by fac-
tors such as oxygen supply, substrate oxidation, hormonal
and neurohumoral signals [6]. The main substrates for
adenosine triphosphate (ATP) production are lipids, carbo-
hydrates, lactate and glycogen, with lipids producing 60—
90% of ATP in the heart via the oxidation of fatty acids [7].
Because of its widespread application in the myocardium
and its important role in myocardial cell structure and car-
diac function, alterations in lipid metabolism are closely as-
sociated with the development of many cardiovascular dis-
eases [7]. A sudden reduction or interruption of coronary
blood flow during ACS can lead to myocardial ischemia
caused by an imbalance in myocardial metabolic supply and
demand. During myocardial ischemia, a decrease in avail-
able oxygen and substrate performance alters the dynamic
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Table 1. Main clinical studies in Sample source of ACS metabolomics.

No. First author Year Specimen/technique

Sample num

Main findings

1 Sanoj Chacko [10] 2020 Plasma UPLC/MS

46 ACS

The same metabolic changes occur in both peripheral

venous blood and coronary sinus blood

2 Yingfeng Wang [11] 2018  Urine UPLC/MS

36 ACS/30 Control group

Urine metabolomics testing may also be an effective

method to discover metabolic changes of ACS

UPLC/MS, ultra-high performance liquid chromatography-tandem mass spectrometry; ACS, acute coronary syndrome.

balance of cardiac metabolism, resulting in a loss of home-
ostasis. While some metabolic changes contribute to adap-
tive changes in the heart, most changes are maladaptive re-
sponses and can cause a range of cardiac abnormalities [7].
It has been shown that alterations in metabolites can also
cause persistent disturbances in systemic metabolism [8].
Therefore, myocardial ischemia and metabolic alterations
are key to the disease process of ACS. Early identification
of these abnormal changes in metabolites and correspond-
ing changes in metabolic patterns after ischemia may reveal
important pathophysiological mechanisms of ACS and un-
cover potential targets for intervention.

3. Metabolomics Concepts and Development

Metabolomics is a new discipline that uses specific as-
says to assess the physiological and pathological states of
an organism and identify the corresponding biometabolic
markers and metabolic pathways of the corresponding
physiological or pathological state, using metabolic sub-
strates and products as the object of study. It is a technique
for qualitative and quantitative analysis of low molecular
weight metabolites in living biological cells over a specific
period of time. The metabolome is intrinsically dynamic
and flexible, so any perturbation in the level of metabo-
lites is a true reflection of the phenotype and function of
the developmental or pathological state of the organism.
In a scientific statement, the American Heart Association
[9] highlighted the potential impact of metabolomics on
cardiovascular health and disease. Metabolomics has now
emerged as an important tool for the detection of cardio-
vascular metabolites, and is well suited to assess various
biological responses after ACS.

The metabolomic concept of determining diabetes by
urine has been present since 1000 BC in China. Robinson
et al.’s [7] pioneering laboratory work in the 1970s laid the
preliminary foundation for metabolomic research. Oliver
Fiehn [7] first used the term “metabolomics” in 1998 to
denote changes in metabolite concentrations attributable to
genetic abnormalities. A large number of analytical plat-
forms with different sensitivities and specificities have been
developed, however, due to the complex and dynamic na-
ture of the metabolome, there is still no single platform
that can simultaneously analyze all metabolites present in
a biological sample. The commonly used analytical meth-
ods in metabolomics are nuclear magnetic resonance spec-
troscopy (NMR), gas chromatography with mass spectrom-

etry (GC/MS) and liquid chromatography with mass spec-
trometry (LC/MS). These techniques can be combined to
take advantage of each one. 13C-nuclear magnetic reso-
nance spectroscopy (13C-NMR) and 31P-nuclear magnetic
resonance spectroscopy (31P-NMR) are mainly applied in
cellular energetics, for tracking changes in cellular myocar-
dial metabolism [7], under normal and ischemic conditions
[7]. NMR and MS use both non-targeted and targeted ap-
proaches for metabolomics studies.

4. Application of Metabolomics in ACS

Metabolomic investigations of ACS may help iden-
tify biomarkers for the early diagnosis of ACS. Detection of
these clinical metabolomic markers will help to understand
the metabolic pathways and potential mechanisms associ-
ated with the progression of ACS, and will be valuable for
early detection and monitoring of the progression of the dis-
ease.

4.1 Sample Source for ACS Metabolomics

Depending on the pathophysiology of ACS disease,
plasma or serum, is often used as a sample source for
metabolomic studies, but it is unknown which source is bet-
ter. Chacko et al. [10] in their study obtained coronary
sinus and peripheral venous blood specimens to observe
metabolic changes after acute myocardial ischemia. The
same results were obtained from blood samples collected
at both sites, confirming that these metabolic changes oc-
cur specifically in the myocardium. Urine metabolomics
testing may also be an effective method to discover poten-
tial biomarkers of ACS and to explore the mechanisms of
ACS [11]. Wang ef al. [11] identified 9 metabolic path-
ways and 20 biomarkers of metabolites in urine samples, in
which 11 metabolites were down-regulated in the urine of
ACS patients, while the other 9 were up-regulated. Among
these metabolic pathways, fatty acid metabolism, fatty acid
[-oxidation metabolism, amino acid metabolism and tricar-
boxylic acid (TCA) cycle were closely associated with ACS
(Table 1, Ref. [10,11]).

4.2 Study on Lipid Metabolism in ACS

In addition to being the main structural component
of cells, lipids play an important role in cell signaling
molecules and energy supply. Fatty acid metabolism is

the main source of energy for the heart [11]. Myocar-
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Table 2. Main clinical studies on lipid metabolism in ACS.

No. First author Year Specimen/technique Sample num Main findings
1 Yingfeng Wang [11] 2018 Urine 36 ACS/30 control Fatty acid metabolism and fatty acid S-oxidation
UPLC/MS group play an important role in the course of ACS
2 Jae Hyun Lee [12] 2018 Plasma 365 lipids The levels of saturated LPC species in the HDL
UPLC-ESI-MS/MS fraction is increased in the ACS group
3 Iryna Sutter [13] 2015 Blood 22 healthy subjects/23 ~ The inverse association of HDL-plasmalogen levels
LC-MS/MS stable CAD/22 ACS with both stable and acute CAD may reflect direct
anti-apoptotic effects of plasmalogens on ECs
4 Fabiana Rached [14] 2015 Blood samples 16 ACS/10 controls HDL particle subpopulations display marked
LC/MS alterations in the early phase of STEMI
5 C Garcia [15] 2018 Plasma 30 ACS The HDL2 subclass is more enriched in oxidized
HPLC/MS fatty acids in ACS, which may increase the risk of
platelet-dependent thrombosis
6 Xinyuan Li[19] 2016 Tissues 8 Apoe-/- mice/5 Wild Increased LysoPC was a marker of CHD
GC-MS type mice atherosclerosis ~ development in a model of myocardial ischemia

7 Bridget M Stroup [20] 2018 Plasma/urin 25 adults with PKU/143 Bacterial degradation to TMAO
capillary GC/MS control
8 Joanna Teul [24] 2011 Blood 18 NSTEMI/6 control The patient’s fatty acids in the ACS had a marked
GC-MS change
9 W.H. Wilson Tang [25] 2013 Plasma/urin 4007 CAD/40 controls ~ Blood levels of TMAO are an important marker for
LC/MS predicting ACS
10 Lei Zhang [27] 2018 Plasma 2324 CAD N-acetylneuraminic acid play important role in the

UPLC-Q/TOF-MS

CHD process

UPLC/MS, ultra-performance liquid chromatography-tandem mass spectrometry; ACS, acute coronary syndrome; UPLC-ESI-MS/MS,

ultrahigh-performance liquid chromatography-electrospray ionization-tandem mass spectrometry; LC/MS, liquid chromatography with mass

spectrometry; HPLC/MS, high-performance liquid-chromatographic with mass spectrometry; GC-MS, gas chromatography with mass spec-

trometry; UPLC-Q/TOF-MS, ultra performance liquid chromatography-quadrupole-time of flight-mass spectrometry; CAD, coronary artery

disease; NSTEMI, non-ST segment elevation myocardial infarction; STEMI, ST-segment elevation myocardial infarction; PKU, phenylke-

tonuria; HDL, high-density lipoprotein; LPC, lysophosphatidylcholine; ECs, endothelial cells; LysoPC, lysophosphatidyl cholines; CHD, coro-

nary heart disease; TMAO, trimethylamine oxide.

dial ischemia may cause a significant increase in free fatty
acid concentrations. Genomic studies and large random-
ized controlled trials have confirmed the relationship be-
tween dysregulated lipid metabolism and the progression
of coronary heart disease [7]. Wang et al. [11] showed that
lipid-related pathways, including fatty acid metabolism and
fatty acid S-oxidation, also play an important role in the
course of ACS. In summary, elucidating the composition
of lipids at the molecular level is necessary to character-
ize the molecular basis of ACS, to reveal lipid alterations
during the development of ACS, and to find new biomark-
ers for the early diagnosis of ACS. Lee et al. [12] studied
365 lipids and found increased levels of saturated lysophos-
phatidylcholine (LPC) species in the high-density lipopro-
tein (HDL) fraction (16:0 and 18:0) in the ACS group, sug-
gesting an intermediate link between LPC and ACS pro-
gression. Sutter et al. [13,14] demonstrated the effect of
altered HDL lipidome on the severity of ACS disease. Gar-
cia et al. [15] using targeted lipidomics showed that the
HDL2 subclass is more enriched in oxidized fatty acids in
ACS patients than in non-ACS patients, which may increase
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the risk of platelet-dependent thrombosis. Wang ef al. [11]
found that the expression of the long-chain free fatty acid
palmitic acid was upregulated in ACS patients. The ele-
vated palmitic acid content in the urine samples of the ACS
group reinforced the concept of altered energy metabolism
and fatty acid S-oxidation in ACS patients.

Lysophosphatidylcholines (LysoPCs) are proinflam-
matory factors that contribute to atherosclerosis and are ma-
jor components of oxidized low-density lipoprotein (LDL)
[16]. LysoPCs induce inflammation, activate T lympho-
cytes and macrophages, alter vascular smooth muscle cells,
activate intracellular protein kinase C (PKC), promote vas-
cular cellular adhesion molecule-1 (VCAM-1) and inter-
cellular cell adhesion molecule-1 (ICAM-1) expression, in-
crease oxygen radical production, inhibit NO release from
endothelial cells, and play an important role in the inflam-
matory response and remodeling of various cells in the
vessel wall [17,18]. Li et al. [19] found that increased
levels of LysoPC were a marker for CHD in a model of
myocardial ischemia. L-carnitine is an important cofactor
for fatty acid B oxidation and plays an important role in
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Table 3. Main clinical studies on amino acid metabolism in ACS.

No. First author Year Specimen/technique Sample num Main findings
1 Ruiyue Yang [29] 2014 LC-MS/MS 472 CHD An increase in the concentration of BCAAs caused a
significant increase in the risk of ACS development.
2 Patrizia Bernini [30] 2011 Blood 864 healthy volunteers Ower concentrations of threonine and creatinine
NMR anhydride reduced the risk of developing ACS.
3 Oliver Danne [31] 2007 Whole blood/plasma 217 suspected ACS Plasma choline levels are associated with
HPLC/MS cardiovascular disease risk.

LC-MS, liquid chromatography with mass spectrometry; NMR, nuclear magnetic resonance; HPLC-MS, high performance liquid

chromatography-tandem mass spectrometry; CHD, coronary heart disease; ACS, acute coronary syndrome; BCAAs, branched-chain amino

acids.

promoting aerobic metabolism and scavenging toxic sub-
stances from energy metabolism [20,21]. The content of L-
carnitine and ATP in ischemic myocardium is significantly
reduced, and free fatty acids are increased, leading to dis-
turbances in myocardial cell energy metabolism [22]. My-
ocardial L-carnitine levels are significantly reduced, while
blood L-carnitine levels are elevated, resulting from my-
ocardial ischemia leading to partial release of L-carnitine
into the blood or blocked transport of L-carnitine into car-
diac myocytes [23]. Joanna et al. [24] using targeted anal-
ysis, demonstrated that ACS patients had the highest values
for all 21 fatty acids on the day of onset of ACS, with values
decreasing after 4 days and remaining at lower levels for 6
months.

Blood levels of trimethylamine oxide (TMAO) are
an important marker for predicting ACS [25]. Lecithin,
choline and carnitine can generate trimethylamine (TMA)
through host gut microbes, which is subsequently released
into the circulation to be oxidized by the liver to TMAO.
This may promote the process of atherosclerosis by inter-
fering with the reverse cholesterol transport. 3-dimethyl-
1-butanol, on the other hand, can prevent ACS by inter-
fering with TMA production in gut microbes and reduc-
ing circulating TMAO concentrations during ACS. Gut
microbes are also thought to be key factors in regulating
this process [25,26]. Zhang et al. [27] performed a non-
targeted analysis of metabolites in plasma in 2324 patients
after coronary angiography, and quantitative analysis of N-
acetylneuraminic acid using isotopic labeling, and also con-
firmed the role of N-acetylneuraminic acid in the patho-
physiology of CHD (Table 2, Ref. [11-15,19,20,24,25,27]).

4.3 Study of Amino Acid Metabolism in ACS

The dependence of the normal heart on amino acids
as a source of ATP is relatively small, but in patients with
ACS, amino acids become an important source of energy
and play an important role in ACS as precursors of en-
ergy metabolism [28]. Glutamate and glutamic acid can be
phosphorylated at the substrate level to produce guanosine
triphosphate. Yang ef al. [29] suggested that branched-
chain amino acids (BCAAs) predicted the risk for ACS.
An increase in the concentration of BCAAs caused a sig-

nificant increase in the risk of ACS development. Bernini
et al. [30] also found that lower concentrations of threo-
nine and creatinine anhydride reduced the risk of develop-
ing ACS. The essential amino acid tryptophan also plays
an important role in human physiological and biochemical
processes. Studies have shown that plasma choline lev-
els are associated with an increased risk of cardiovascu-
lar disease [30,31]. Yingfeng ef al. [11] found that the
upregulation of tryptophan in the urine of ACS patients
was associated with a decrease in tryptophan catabolism,
and that 5-hydroxytryptophan and 5-methoxytryptophan,
the downstream metabolites of tryptophan, were also af-
fected by changes in tryptophan content. Tryptophan can
be converted to niacin, and its catabolic products, nicotinic
acid and cucurbitacin, can affect choline metabolism. The
study also demonstrated an upregulation of S-adenosyl-L-
homocysteine expression. This suggests that the metabolic
pathways of niacin and niacinamide were disrupted in the
ACS patients, and that homocysteine is a potential marker
in the progression of atherosclerosis (Table 3, Ref. [29—

31]).

4.4 Studies on Glucose and Other Metabolism in ACS

Myocardial ischemia and hypoxia occur in the acute
coronary syndrome. Ischemia decreases aerobic oxidation
of fatty acids, increases anaerobic respiration of glucose for
ATP synthesis, and decreases aerobic metabolism of glu-
cose while anaerobic glycolysis is enhanced [10]. Saba-
tine et al. [32] found that following an exercise stress test,
there were significant changes in circulating levels of var-
ious metabolites such as lactate in ischemic myocardium.
The pathway analysis suggested that the TCA cycle plays
an important role in the process of myocardial ischemia.
Li Jia et al. [33] found that succinate levels were abnor-
mally elevated in the blood of ACS patients, and that is-
chemia and hypoxia can cause intracellular and extracellu-
lar succinate accumulation in the myocardium. Accumula-
tion of intracellularly succinate inhibits pyruvate dehydro-
genase (PDH) in a hypoxia-inducible factor -1av (HIF-1a)-
dependent pathway, and extracellularly accumulated succi-
nate activates its specific receptor G-protein-coupled recep-
tor 91 (GPR91), which promotes downstream PKCJ activa-
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Table 4. Main clinical studies on glucose and other metabolism in ACS.

No. First author Year  Specimen/technique Sample num Main findings

1 Marc S Sabatine [32] 2005 Plasma 18 inducible ischemia/l18  Significant changes in circulating levels of various
LC/MS controls metabolites and TCA cycle plays an important role

in the process of myocardial ischemia.
2 Jia Li [33] 2017 Ventricular myocytes ICR male mice Succinate levels is closely related with ACS.
Western blot/ELISA

3 Xuejiao Yin [34] 2017 Plasma 20 ACS/20 non-ACS Elevated levels of caffeine and paraxanthine caused

ICP-MS coronary artery spasm.

LC/MS, liquid chromatography with mass spectrometry; ICP-MS, inductively coupled plasma-mass spectrometry; ACS, acute coronary syn-

drome; TCA, tricarboxylic acid; ICR, randomly bred control.

Table 5. Main clinical studies on reperfusion injury.

No. First author Year Specimen/technique Sample num Main findings

1 Muhammad Anas Kamleh [35] 2012 Urine 46 samples Even with rapid and successful reperfusion, the
LC-MS mortality rate after AMI is still close to 10%.

2 Edward T Chouchani [36] 2014 Brain, kidney, liver Murine An intermediate product of the TCA cycle during

and heart subjected ischemia, and succinate oxidation during
LC-MS reperfusion drove mitochondrial ROS accumulation
and reperfusion injury.
3 Matthias Kohlhauer [37] 2018 Plasma 115 ASTEMI/26 ASTEMI patients treated with PCI identified
controls myocardial succinate accumulation as an early

LC/MS marker of I/R injury in humans.

4 Tao Li [38] 2017 Heart Mouse Impaired BCAA catabolism inhibited glucose
NMR

uptake and exacerbated I/R injury.

LC-MS, liquid chromatography with mass spectrometry; AMI, acute myocardial infarction; ASTEMI, acute ST-segment elevation myocardial

infarction; BCAA, branched-chain amino acids; PCI, percutaneous coronary intervention; TCA, tricarboxylic acid; NMR, nuclear magnetic

resonance; I/R, ischemia/reperfusion.

tion and translocation to the mitochondria, impairing PDH
activity, which affects the production of the TCA interme-
diate acetyl coenzyme A. Succinate-mediated blockade of
glucose oxidation also exacerbates ischemia-reperfusion in-
jury in cardiac myocytes. Another study [34] found that el-
evated levels of caffeine and paraxanthine caused coronary
artery spasm leading to myocardial ischemia (Table 4, Ref.
[32-34)).

4.5 Studies on Reperfusion Injury

Myocardial reperfusion injury caused by the sudden
reintroduction of oxygen and nutrients during reperfusion
in STEMI patients can exacerbate myocardial cell death. A
sudden increase in available oxygen occurs after ischemia-
reperfusion, resulting in a dramatic burst of mitochondrial
reactive oxygen species that causes cellular dysfunction
through modification of intracellular molecules. Ischemia-
reperfusion also restores physiological pH, which inhibits
the opening of the mitochondrial permeability transition
space. Reperfusion can lead to intracellular calcium over-
load due to sarcoplasmic reticulum dysfunction, and in-
crease endoplasmic reticulum stress which exerts a pro-
inflammatory response [7] and activates pro-thrombotic
pathways in ischemic tissues [7]. Even with rapid and suc-
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cessful reperfusion, the mortality rate after acute myocar-
dial infarction (AMI) is still close to 10% [35]. Chouchani
et al. [36] studied metabolomic assays in a mouse model
of ischemia/reperfusion (I/R) injury and showed that succi-
nate accumulation, an intermediate product of the TCA cy-
cle during ischemia, and succinate oxidation during reper-
fusion, increased mitochondrial reactive oxygen species
(ROS) and reperfusion injury. Kohlhauer et al. [37] using
a targeted LC/MS approach to plasma metabolite analysis
in STEMI patients treated with percutaneous coronary in-
tervention (PCI), identified myocardial succinate accumu-
lation as an early marker of I/R injury in humans. Li et
al. [38] also showed that impaired BCAA catabolism in-
hibited glucose uptake and exacerbated I/R injury. Suren-
dran et al. [7] found that pentadecanoic acid, 18:2 carnitine
and, 18:2 lysophosphatidylcholine levels could determine
the extent of I/R injury after PCI in STEMI patients. Jia et
al. [33] found that ginsenosides could reduce succinate ac-
cumulation, restore PDH viability, and improve ischemia-
reperfusion injury in cardiac myocytes. However, there are
limited clinical treatment options for I/R injury [7]. There-
fore, metabolomics will be used to find new methods to pre-
vent and treat I/R injury (Table 5, Ref. [35-38]).
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Table 6. Main clinical studies on the efficacy of statin therapy on microbiota.

No. First author Year Specimen/technique Sample num Main findings
1 Xiaomin Hu [39] 2021 Blood 30 control/67 ACS/36 Statin treatment might benefit ACS patients by
HPLC-MS ACS-statins modulating the composition and function of the gut

microbiome.

HPLC/MS, high-performance liquid-chromatographic with mass spectrometry; ACS, acute coronary syndrome.

Table 7. Main clinical studies on the prognosis of ACS.

No. First author Year Specimen/technique Sample num Main findings
1 Anurag Mehta [42] 2020 Plasma 454 CHD Six metabolic pathways (urea cycle, tyrosine, lysine,
LC/MS tryptophan, asparagine/aspartate and carnitine shuttle
metabolism) were associated with mortality in CAD
patients.
2 Xiaoyu Du [43] 2018 Plasma 138 STEMI and Increased plasma BCAA levels are associated with
MS AHF long-term adverse cardiovascular events.
3 Alessia Vignoli [44] 2019 Serum 978 AMI Elevated amino acid levels were strongly associated
1H-NMR with mortality after AMI.
4 Elin Chorell [45] 2021 Plasma 50 STEMI+50 Lysophospholipid ratio was significantly associated
MS NSTEMI/100 with future cardiovascular risk in patients with STEMI
controls and NSTEML.
5 Jin M Cheng [46] 2015 Plasma 581 CHD Plasma ceramide was strongly associated with MACE
IVUS-VH/NIRS and plaque vulnerability.
6 Leonardo P de Carvalho [47] 2018 Plasma 337 AMI A plasma signature of ceramides and dihydroceramide
HILIC/MS/MS predictive of major adverse cardiovascular events.
7 Svati H Shah [48] 2012 Plasma 2023 patients A strong association between the dicarboxylation
MS undergoing CAG  product acylcarnitine and the occurrence of death or MI.
8 Song Cui [50] 2017 Plasma 400 patients Phospholipid and sphingolipid metabolites have high
HPLC undergoing PCI predictive value for ISR.
9 Song Cui [51] 2021 Plasma 1655 CHD The metabolites arachidonic acid, sphingolipids and
LC-MS/MS acylcarnitine predicted angina recurrence.
10 Jieying Luo [52] 2022 Plasma 42 STEMI 9cRA was the most important predictive biomarker of
UPLC/MS VE.

LC/MS, liquid chromatography with mass spectrometry; CHD, coronary atherosclerotic heart disease; CAD, coronary artery disease; STEMI,

ST-segment elevation myocardial infarction; AHF, acute heart failure; BCAA, branched-chain amino acids; NMR, nuclear magnetic resonance;

AMI, acute myocardial infarction; NSTEMI, non-ST segment elevation myocardial infarction; IVUS-VH/NIRS, intravascular ultrasound-virtual

histology with near-infrared spectroscopy; MACE, major adverse cardiac events; HILIC, hydrophilic interaction chromatography; CAG, coronary

angiography; HPLC, high-performance liquid-chromatographic; PCI, percutaneous coronary intervention; ISR, in-stent restenosis; UPLC/MS,

ultra-performance liquid chromatography/tandem mass spectrometry; VF, ventricular fibrillation; ACS, acute coronary syndrome; MI, myocar-

dial infarction.

4.6 Evidence on the Effects of Statin Therapy on
Microbiota

Statins are a class IA indication for secondary pre-
vention in patients with CHD. Previous studies and clini-
cal practice have demonstrated that the application of statin
therapy is strongly associated with a reduced incidence of
plaque rupture and improved prognosis for patients with
ACS [39]. Hu et al. [39] found that patients on chronic
statin therapy had fewer adverse events than those who had
not received statins. This study used beta diversity analysis
to find significant differences in microbial composition be-
tween the ACS and control groups. The BugBase database

predicted that the ACS group was enriched in potentially
pathogenic bacteria, while the ACS-statin group was rela-
tively depleted, thus inferring that statins may be the driving
force behind the shift of intestinal flora in ACS patients to a
healthy population. This finding suggests that statins may
reduce potentially pathogenic bacteria and increase probi-
otic bacteria such as bifidobacteria by modulating the in-
testinal flora of ACS patients. It also predicted that statins
may be associated with fatty acid and isoprenoid pathways
(Table 6, Ref. [39]).
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4.7 Study of Coronary Artery Dilation in the Manifestation
of ACS

The relationship between coronary atheromatous di-
latation (CAE) and CHD is unclear. Coronary artery di-
latation can lead to AMI and a poor prognosis. Swayze
et al. [40] suggested that CAE may be a variant of CHD.
Both diseases share similar risk factors, and both may also
share a pathological process, one of the pathophysiological
factors being the immune response to endothelial cell in-
jury. Unfortunately, however, there are no studies on the
metabolomics of CAE.

4.8 Studies on the Prognosis of ACS

Metabolomics has now made great progress in prog-
nostic prediction [41]. Metabolomics has also been used
to predict adverse cardiovascular events in patients with
ACS. A study by Mehta et al. [42] using a non-targeted
LC/MS approach, showed that six metabolic pathways, in-
cluding the urea cycle, tyrosine, lysine, tryptophan, as-
paragine/aspartate and carnitine shuttle metabolism, were
associated with increased mortality in CAD patients. Du
et al. [43] performed LC/MS analysis of 26 amino acids
in 138 patients with acute heart failure with an STEMI and
found that elevated plasma BCAA levels at admission were
associated with adverse cardiovascular events. Vignoli et
al. [44] studied 2-year mortality in 978 patients with AMI
using nuclear magnetic resonance spectroscopy methods
and showed that elevated amino acid levels were strongly
associated with mortality after an AMI. Chorell et al. [45]
showed that the lysophospholipid ratio (lysophosphatidyl-
choline: lysophosphatidylethanolamine, LPC: LPE) was
significantly associated with the risk for future cardiovas-
cular adverse events in patients with STEMI and NSTEML.

Plasma ceramides have been found to be predictive
for the risk of ACS. Cheng et al. [46] studied lipids and
1-year clinical outcomes in 581 patients with ACS and sta-
ble CAD and showed that plasma ceramide (d18:1/16:0)
was strongly associated with 1-year major adverse cardiac
events (MACE) and plaque instability. Arterial and my-
ocardial tissue ceramide levels were also associated with
MACE in patients with an AMI. Carvalho et al. [47] further
confirmed these results by performing a lipidomic analysis
on paired tissue plasma samples in human and animal mod-
els. In a study with a mean follow-up of 3.1 years in 2023
patients with coronary angiography, they found a strong as-
sociation between the dicarboxylation product acylcarnitine
and the occurrence of death or MI, with an independent as-
sociation with mortality [48]. A study on patients with coro-
nary artery bypass grafts also suggested an association be-
tween short- to medium-chain dicarboxylated acylcarnitine
and adverse cardiovascular events [49].

The value of metabolomics in predicting risk in pa-
tients with in-stent restenosis (ISR) has also been demon-
strated. Cui et al. [50] studied the sensitivity and speci-
ficity of metabolites of phospholipids and sphingolipids for
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risk prediction in ISR patients, which were 91% and 90%,
respectively. Cui et al. [51] also found that the metabolites
arachidonic acid, sphingolipids and acylcarnitine predicted
the recurrence of angina.

Jieying Luo et al. [52] studied the ultra-performance
liquid chromatography/tandem mass spectrometry
(UPLC/MS) platform approach to identify retinol
metabolism as the best way to screen for early ven-
tricular fibrillation (VF) after STEMI. 9-cis-retinoic acid
(9cRA) was the most important biomarker to identify VF
after STEMI (Table 7, Ref. [42—-48,50-52]).

5. Current Limitations and Dilemmas of
Metabolomics

Despite the great potential of metabolomics studies
in discovering biomarkers and pathogenesis of ACS, few
metabolomics findings are currently translated specifically
into disease diagnosis and risk prediction due to the diver-
sity and reliability of marker/metabolite clusters. In addi-
tion, most of the current metabolomics studies in ACS are
preliminary results of small-scale studies.

6. Conclusions
Metabolomics is currently at an early stage of develop-
ment. Despite some limitations, it is inherently more sen-
sitive, faster, and more accurate, and it is believed that it
will play an important role in the early diagnosis, treatment,
and prognostic assessment of ACS in the future as advance-
ments are made with this technology.

Author Contributions

YC designed the study. FZ and BL performed the
work. HS, ZG, HZ, AW, and KJ provided help and ad-
vice in the literature review and organization. All authors
contributed to the editorial revision of the manuscript. All
authors participated sufficiently in the work and agreed to
be accountable for all aspects of the work. All authors read
and approved the final manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding

This work was supported by the Natural Science
Foundation of Gansu Province awarded to Fu Zhang
(22JR5RA660).

Conflict of Interest

The authors declare no conflict of interest.


https://www.imrpress.com

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]
(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Sanchis-Gomar F, Perez-Quilis C, Leischik R, Lucia A. Epi-
demiology of coronary heart disease and acute coronary syn-
drome. Annals of Translational Medicine. 2016; 4: 256-256.
Roth GA, Mensah GA, Fuster V. The Global Burden of Car-
diovascular Diseases and Risks: A Compass for Global Action.
Journal of the American College of Cardiology. 2020; 76: 2980—
2981.

Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati
E, Baddour LM, et al. Global Burden of Cardiovascular Dis-
eases and Risk Factors, 1990-2019: Update From the GBD 2019
Study. Journal of the American College of Cardiology. 2020; 76:
2982-3021.

Report on Cardiovascular Health and Diseases in China 2021:
An Updated Summary. Biomedical and Environmental Sci-
ences. 2022; 35: 573-603.

Pouralijan Amiri M, Khoshkam M, Salek RM, Madadi R,
Faghanzadeh Ganji G, Ramazani A. Metabolomics in early
detection and prognosis of acute coronary syndrome. Clinica
Chimica Acta. 2019; 495: 43-53.

Taegtmeyer H. A Primer on Carbohydrate Metabolism in the
Heart. In Lopaschuk GD, Dhalla NS (eds.) Cardiac Energy
Metabolism in Health and Disease (pp. 3—14). Springer New
York: New York, NY. 2014.

Surendran A, Atefi N, Zhang H, Aliani M, Ravandi A. Defining
Acute Coronary Syndrome through Metabolomics. Metabolites.
2021; 11: 685.

Riehle C, Abel ED. Insulin Signaling and Heart Failure. Circu-
lation Research. 2016; 118: 1151-1169.

Cheng S, Shah SH, Corwin EJ, Fiehn O, Fitzgerald RL, Ger-
szten RE, et al. Potential Impact and Study Considerations of
Metabolomics in Cardiovascular Health and Disease: a Scien-
tific Statement from the American Heart Association. Circula-
tion: Cardiovascular Genetics. 2017; 10

Chacko S, Mamas MA, El-Omar M, Simon D, Haseeb S, Fath-
ordoubadi F, et al. Perturbations in cardiac metabolism in a hu-
man model of acute myocardial ischaemia. Metabolomics. 2021;
17: 76.

Wang Y, Sun W, Zheng J, Xu C, Wang X, Li T, ef al. Urinary
metabonomic study of patients with acute coronary syndrome
using UPLC-QTOF/MS. Journal of Chromatography. B, Ana-
lytical Technologies in the Biomedical and Life Sciences. 2018;
1100-1101: 122-130.

Lee JH, Yang JS, Lee S, Moon MH. Analysis of lipoprotein-
specific lipids in patients with acute coronary syndrome by
asymmetrical flow field-flow fractionation and nanoflow liquid
chromatography-tandem mass spectrometry. Journal of Chro-
matography. B, Analytical Technologies in the Biomedical and
Life Sciences. 2018; 1099: 56-63.

Sutter I, Velagapudi S, Othman A, Riwanto M, Manz J, Rohrer
L, et al. Plasmalogens of high-density lipoproteins (HDL) are as-
sociated with coronary artery disease and anti-apoptotic activity
of HDL. Atherosclerosis. 2015; 241: 539-546.

Rached F, Lhomme M, Camont L, Gomes F, Dauteuille C, Ro-
billard P, et al. Defective functionality of small, dense HDL3
subpopulations in ST segment elevation myocardial infarction:
Relevance of enrichment in lysophosphatidylcholine, phospha-
tidic acid and serum amyloid a. Biochimica Et Biophysica Acta
(BBA) - Molecular and Cell Biology of Lipids. 2015; 1851:
1254-1261.

Garcia C, Montée N, Faccini J, Series J, Meilhac O, Cantero A
et al. Acute coronary syndrome remodels the antiplatelet aggre-
gation properties of HDL particle subclasses. Journal of Throm-
bosis and Haemostasis. 2018; 16: 933-945.

Tseng H, Lin C, Wang C, Yang C, Hsiao L, Yang C. Lysophos-
phatidylcholine induces cyclooxygenase-2-dependent IL-6 ex-

[17]

[18]

[19]

[20]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

pression in human cardiac fibroblasts. Cellular and Molecular
Life Sciences. 2018; 75: 4599-4617.

Ganna A, Salihovic S, Sundstrom J, Broeckling CD, Hedman
AK, Magnusson PKE, ef al. Large-scale metabolomic profiling
identifies novel biomarkers for incident coronary heart disease.
PLoS Genetics. 2014; 10: €1004801.

Wang Y, Wang Y, Li G. TRPCITRPC3 channels mediate
lysophosphatidylcholine-induced apoptosis in cultured human
coronary artery smooth muscles cells. Oncotarget. 2016; 7:
50937-50951.

Li X, Fang P, Li Y, Kuo Y, Andrews AJ, Nanayakkara
G, et al. Mitochondrial Reactive Oxygen Species Mediate
Lysophosphatidylcholine-Induced Endothelial Cell Activation.
Arteriosclerosis, Thrombosis, and Vascular Biology. 2016; 36:
1090-1100.

Stroup BM, Nair N, Murali SG, Broniowska K, Rohr F, Levy
HL, et al. Metabolomic Markers of Essential Fatty Acids, Car-
nitine, and Cholesterol Metabolism in Adults and Adolescents
with Phenylketonuria. The Journal of Nutrition. 2018; 148: 194—
201.

Knottnerus SJG, Bleeker JC, Wiist RCI, Ferdinandusse S, 1J1st
L, Wijburg FA, et al. Disorders of mitochondrial long-chain fatty
acid oxidation and the carnitine shuttle. Reviews in Endocrine
and Metabolic Disorders. 2018; 19: 93—106.

Rigault C, Dias JV, Demarquoy J, Le Borgne F. Characteristics
of L-carnitine import into heart cells. Biochimie. 2008; 90: 542—
546.

Song L, Zhang Z, Qiu Z, Jiang T. Serum Metabonomic
Study of Patients With Acute Coronary Syndrome Using Ultra-
Performance Liquid Chromatography Orbitrap Mass Spectrom-
eter. Frontiers in Cardiovascular Medicine. 2021; 8: 637621.
Teul J, Garcia A, Tufién J, Martin-Ventura JL, Tarin N, Bescos
LL, et al. Targeted and non-targeted metabolic time trajectory
in plasma of patients after acute coronary syndrome. Journal of
Pharmaceutical and Biomedical Analysis. 2011; 56: 343-351.
Tang WHW, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X,
et al. Intestinal microbial metabolism of phosphatidylcholine
and cardiovascular risk. The New England Journal of Medicine.
2013; 368: 1575-1584.

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, DuGar
B, et al. Gut flora metabolism of phosphatidylcholine promotes
cardiovascular disease. Nature. 2011; 472: 57-63.

Zhang L, Wei T, Li Y, Li J, Fan Y, Huang F, et al.
Functional Metabolomics Characterizes a Key Role for N-
Acetylneuraminic Acid in Coronary Artery Diseases. Circula-
tion. 2018; 137: 1374-1390.

Young LH, McNulty PH, Morgan C, Deckelbaum LI, Zaret BL,
Barrett EJ. Myocardial protein turnover in patients with coro-
nary artery disease. Effect of branched chain amino acid infu-
sion. Journal of Clinical Investigation. 1991; 87: 554-560.
Yang R, Dong J, Zhao H, Li H, Guo H, Wang S, et al. Associ-
ation of branched-chain amino acids with carotid intima-media
thickness and coronary artery disease risk factors. PLoS ONE.
2014; 9: €99598.

Bernini P, Bertini I, Luchinat C, Tenori L, Tognaccini A. The
cardiovascular risk of healthy individuals studied by NMR
metabonomics of plasma samples. Journal of Proteome Re-
search. 2011; 10: 4983-4992.

Danne O, Lueders C, Storm C, Frei U, Mockel M. Whole
blood choline and plasma choline in acute coronary syndromes:
prognostic and pathophysiological implications. Clinica Chim-
ica Acta. 2007; 383: 103-109.

Sabatine MS, Liu E, Morrow DA, Heller E, McCarroll R, Wie-
gand R, ef al. Metabolomic Identification of Novel Biomarkers
of Myocardial Ischemia. Circulation. 2005; 112: 3868-3875.
LiJ, Yang Y, Li L, Zhang L, Liu Q, Liu K, ef al. Succinate

&% IMR Press


https://www.imrpress.com

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

accumulation impairs cardiac pyruvate dehydrogenase activity
through GRP91-dependent and independent signaling pathways:
Therapeutic effects of ginsenoside Rb1. Biochimica Et Biophys-
ica Acta. Molecular Basis of Disease. 2017; 1863: 2835-2847.
Yin X, de Carvalho LP, Chan MY, Li SFY. Integrated
metabolomics and metallomics analyses in acute coronary syn-
drome patients. Metallomics. 2017; 9: 734-743.

Kamleh MA, Ebbels TMD, Spagou K, Masson P, Want EJ. Opti-
mizing the Use of Quality Control Samples for Signal Drift Cor-
rection in Large-Scale Urine Metabolic Profiling Studies. Ana-
lytical Chemistry. 2012; 84: 2670-2677.

Chouchani ET, Pell VR, Gaude E, Aksentijevi¢ D, Sundier SY,
Robb EL, et al. Ischaemic accumulation of succinate controls
reperfusion injury through mitochondrial ROS. Nature. 2014;
515: 431-435.

Kohlhauer M, Dawkins S, Costa ASH, Lee R, Young T, Pell VR,
et al. Metabolomic Profiling in Acute ST-Segment—Elevation
Myocardial Infarction Identifies Succinate as an Early Marker
of Human Ischemia—Reperfusion Injury. Journal of the Ameri-
can Heart Association. 2018; 7: €007546.

Li T, Zhang Z, Kolwicz SC, Abell L, Roe ND, Kim M, et
al. Defective Branched-Chain Amino Acid Catabolism Dis-
rupts Glucose Metabolism and Sensitizes the Heart to Ischemia-
Reperfusion Injury. Cell Metabolism. 2017; 25: 374-385.

Hu X, Li H, Zhao X, Zhou R, Liu H, Sun Y, ef al. Multi-omics
study reveals that statin therapy is associated with restoration
of gut microbiota homeostasis and improvement in outcomes in
patients with acute coronary syndrome. Theranostics. 2021; 11:
5778-5793.

Swaye PS, Fisher LD, Litwin P, Vignola PA, Judkins MP, Kemp
HG, et al. Aneurysmal coronary artery disease. Circulation.
1983; 67: 134-138.

Liu Y, Li Y, Zhang T, Zhao H, Fan S, Cai X, et al. Analysis
of biomarkers and metabolic pathways in patients with unsta-
ble angina based on ultra-high-performance liquid chromatog-
raphy quadrupole time-of-flight mass spectrometry. Molecular
Medicine Reports. 2020; 22: 3862—-3872.

Mehta A, Liu C, Nayak A, Tahhan AS, Ko Y, Dhindsa DS, et al.
Untargeted high-resolution plasma metabolomic profiling pre-
dicts outcomes in patients with coronary artery disease. PLoS
ONE. 2020; 15: €0237579.

Du X, Li Y, Wang Y, You H, Hui P, Zheng Y, ef al. Increased

&% IMR Press

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

branched-chain amino acid levels are associated with long-term
adverse cardiovascular events in patients with STEMI and acute
heart failure. Life Sciences. 2018; 209: 167—-172.

Vignoli A, Tenori L, Giusti B, Takis PG, Valente S, Carrabba N,
et al. NMR-based metabolomics identifies patients at high risk
of death within two years after acute myocardial infarction in the
AMI-Florence II cohort. BMC Medicine. 2019; 17: 3.

Chorell E, Olsson T, Jansson J, Wennberg P. Lysophospho-
lipids as Predictive Markers of ST-Elevation Myocardial In-
farction (STEMI) and Non-ST-Elevation Myocardial Infarction
(NSTEMI). Metabolites. 2020; 11: 25.

Cheng JM, Suoniemi M, Kardys I, Vihervaara T, de Boer SPM,
Akkerhuis KM, et al. Plasma concentrations of molecular lipid
species in relation to coronary plaque characteristics and cardio-
vascular outcome: Results of the ATHEROREMO-IVUS study.
Atherosclerosis. 2015; 243: 560-566.

de Carvalho LP, Tan SH, Ow G, Tang Z, Ching J, Kovalik J, et al.
Plasma Ceramides as Prognostic Biomarkers and their Arterial
and Myocardial Tissue Correlates in Acute Myocardial Infarc-
tion. JACC: Basic to Translational Science. 2018; 3: 163—175.
Shah SH, Sun J, Stevens RD, Bain JR, Muehlbauer MJ, Pieper
KS, et al. Baseline metabolomic profiles predict cardiovascular
events in patients at risk for coronary artery disease. American

Heart Journal. 2012; 163: 844-850.¢e1.
Shah AA, Craig DM, Sebek JK, Haynes C, Stevens RC,

Mucehlbauer MJ, et al. Metabolic profiles predict adverse events
after coronary artery bypass grafting. The Journal of Thoracic
and Cardiovascular Surgery. 2012; 143: 873-878.

Cui S, Li K, Ang L, Liu J, Cui L, Song X, ef al. Plasma Phos-
pholipids and Sphingolipids Identify Stent Restenosis After Per-
cutaneous Coronary Intervention. JACC. Cardiovascular Inter-
ventions. 2017; 10: 1307-1316.

Cui S, Li L, Zhang Y, Lu J, Wang X, Song X, et al. Machine
Learning Identifies Metabolic Signatures that Predict the Risk of
Recurrent Angina in Remitted Patients after Percutaneous Coro-
nary Intervention: A Multicenter Prospective Cohort Study. Ad-
vanced Science. 2021; 8: 2003893.

Luo J, Shaikh JA, Huang L, Zhang L, Igbal S, Wang Y, ef al.
Human Plasma Metabolomics Identify 9-cis-retinoic Acid and
Dehydrophytosphingosine Levels as Novel biomarkers for Early
Ventricular Fibrillation after ST-elevated Myocardial Infarction.
Bioengineered. 2022; 13: 3334-3350.


https://www.imrpress.com

	1. Introduction
	2. Pathophysiology and Pathogenesis of Acute Coronary Syndrome
	3. Metabolomics Concepts and Development
	4. Application of Metabolomics in ACS
	4.1 Sample Source for ACS Metabolomics
	4.2 Study on Lipid Metabolism in ACS
	4.3 Study of Amino Acid Metabolism in ACS 
	4.4 Studies on Glucose and Other Metabolism in ACS
	4.5 Studies on Reperfusion Injury
	4.6 Evidence on the Effects of Statin Therapy on Microbiota 
	4.7 Study of Coronary Artery Dilation in the Manifestation of ACS
	4.8 Studies on the Prognosis of ACS

	5. Current Limitations and Dilemmas of Metabolomics
	6. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

