
metabolites

H

OH

OH

Review

Metabolomics: A Scoping Review of Its Role as a Tool
for Disease Biomarker Discovery in Selected
Non-Communicable Diseases

Adewale Victor Aderemi 1,2, Ademola Olabode Ayeleso 3, Oluboade Oluokun Oyedapo 4

and Emmanuel Mukwevho 5,*

����������
�������

Citation: Aderemi, A.V.; Ayeleso,

A.O.; Oyedapo, O.O.; Mukwevho, E.

Metabolomics: A Scoping Review of

Its Role as a Tool for Disease

Biomarker Discovery in Selected

Non-Communicable Diseases.

Metabolites 2021, 11, 418. https://

doi.org/10.3390/metabo11070418

Academic Editors: Michele Mussap

and Luigi Atzori

Received: 30 April 2021

Accepted: 23 June 2021

Published: 25 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Manchester Institute of Biotechnology, University of Manchester, Manchester M1 7DN, UK;
adewale.aderemi@postgrad.manchester.ac.uk

2 Department of Medical Biochemistry, Osun State University, Osogbo PMB 4494, Nigeria
3 Department of Biochemistry, Adeleke University, Ede PMB 250, Nigeria;

ademola.ayeleso@adelekeuniversity.edu.ng
4 Department of Biochemistry, Obafemi Awolowo University, Ile-Ife 220282, Nigeria; ooyedapo@yahoo.co.uk
5 Department of Biochemistry, Mafikeng Campus, North-West University, Mmabatho 2735, South Africa
* Correspondence: emmanuel.mukwevho@nwu.ac.za; Tel.: +27-18-389-2854

Abstract: Metabolomics is a branch of ‘omics’ sciences that utilises a couple of analytical tools
for the identification of small molecules (metabolites) in a given sample. The overarching goal of
metabolomics is to assess these metabolites quantitatively and qualitatively for their diagnostic,
therapeutic, and prognostic potentials. Its use in various aspects of life has been documented. We
have also published, howbeit in animal models, a few papers where metabolomic approaches were
used in the study of metabolic disorders, such as metabolic syndrome, diabetes, and obesity. As the
goal of every research is to benefit humankind, the purpose of this review is to provide insights into
the applicability of metabolomics in medicine vis-à-vis its role in biomarker discovery for disease
diagnosis and management. Here, important biomarkers with proven diagnostic and therapeutic rel-
evance in the management of disease conditions, such as Alzheimer’s disease, dementia, Parkinson’s
disease, inborn errors of metabolism (IEM), diabetic retinopathy, and cardiovascular disease, are
noted. The paper also discusses a few reasons why most metabolomics-based laboratory discoveries
are not readily translated to the clinic and how these could be addressed going forward.

Keywords: metabolomics; metabolites; biomarkers; analytical tools; diseases; diabetes; obesity

1. Introduction

Metabolomics is one of the latest on the list of ‘omics’ sciences after genomics, pro-
teomics, and transcriptomics and combines high-throughput analytical techniques with
bioinformatics. It deals with quantitative and qualitative assessments of metabolites, which
are important intermediates and end products of metabolism [1]. The goal of this scientific
approach is not just to decipher what pathological processes or perturbations underlie a
given disease entity but also to predict responses of such conditions to therapeutic inter-
ventions. Metabolomic analyses allow us to distinguish between normal and pathological
pathways, thereby helping in making disease diagnosis and predicting prognosis [2]. Given
the fact that metabolites are a downstream expression of the various changes that occur in
the genome, the proteome, and the transcriptome, they can closely represent the pheno-
typic fingerprints of an organism at any point in time. The totality of these small-molecule
metabolites that are found in a biological sample at a given physiological period and that
give an express functional summary of all the metabolic activities going on in a particular
biological sample is termed metabolome [1,3,4]. One notable advantage of metabolome
over genome is its ability to reflect the environmental influences [5] and to give a snapshot
of the patho-physiological condition of the individual at a specific point in time [6]. In
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animal models, we have utilised a couple of these tools to study some metabolic disorders,
such as metabolic syndrome, diabetes, and obesity [7–9]. Our goals in those studies were to
gain better insights into the biochemical and pathological processes that are perturbed and
to inform the development of more improved therapeutic agents in the management of
those disease conditions in humans. Metabolomic tools offer the advantages of being fast,
cheap, and sensitive. However, the data generated by these tools mean nothing unless they
are properly analysed for the construction of biochemical pathways and for understanding
how these pathways interact in both diseased and nondiseased states [10].

There are several approaches to metabolomics, each of which could be achieved
by either mass spectrometry (MS), nuclear magnetic resonance (NMR) spectroscopy, or
Fourier-transform infrared (FTIR) spectroscopy techniques (see Figure 2). Examples of such
approaches include metabolomic fingerprinting, metabolic profiling, metabolic footprint-
ing, target analysis, and flux analysis, each playing significant roles in understanding toxi-
cological mechanisms and disease processes in living organisms [1,11,12]. Metabolomics is
an equally valuable tool for new drug discovery; biomarker discovery for early disease
diagnosis, such as diagnosis of rheumatoid or osteoarthritis [13–16], osteoporosis [17],
cardiovascular disease [18], and Alzheimer’s disease (AD) [19,20]; monitoring of cancer
prognosis, diagnosis, and treatment [20–28]; inborn errors of metabolism (IEM) [29]; and
a host of others. Metabolomics also has applications in such areas as physiology, safety
evaluation of new drugs, nutrition, and environmental assessment. The aim of this re-
view is to give an overview of various metabolomic approaches and to highlight some
recent biomarker discoveries for disease diagnosis, treatment, and prognosis using these
analytical tools.

1.1. Metabolomic Processes/Workflow

For a successful targeted or untargeted metabolomic study, the following steps, which
have been previously described elsewhere [30], are followed: experimental design; sam-
ple collection, preparation, and metabolite extraction; data acquisition and processing;
statistical analysis; and biomarker discovery. Experimental design, the first step in the
metabolomic workflow, is informed by the nature of the biological specimen to be used.
Hence, questions such as whether human or animal samples or models will be used,
whether it will be cell based, tissue based, the whole organism, fluid, or growth medium
based, must be answered. Additionally, the metabolomic approach to be employed (tar-
geted or untargeted) and the gap the study attempts to bridge or the problem it seeks
to solve are important considerations in designing the experiment. Once this has been
settled, the researcher moves to the next phase, namely, sample collection, preparation,
and metabolite extraction. For an MS-based approach, this stage is often required and may
involve liquid–liquid extraction, solid-phase extraction, or filtration technique, depending
on the biological samples one is dealing with. For an NMR-spectroscopy-based approach,
little or no sample preparation may be required. The third step involves data acquisition
and processing. This involves the use of analytical platforms such as MS, NMR, and FTIR
spectroscopy. The fourth step is statistical analysis. Here, either or both a univariate analyt-
ical tool (e.g., t-test, ANOVA, fold changes) and a multivariate analytical approach (i.e.,
use of PCA, PLS-DA, OPLS-DA) could be employed. The last step is biomarker discovery.
Here, metabolites with differential expressions (overexpression or downregulation) are
identified using standardised bioinformatics tools and databases. Figure 1 below gives
a summary of the processes involved and the research questions to ask for a successful
metabolomic study.
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Figure 1. Metabolomic workflow. The first stage involves experimental design, followed by sample collection, preparation,
and metabolite extraction. Next is acquisition and processing of data, then data analysis, and finally, making sense of the
data through biomarker discovery.

1.2. Analytical Platforms for Data Acquisition and Processing: Strengths and Limitations

To have a better understanding of the metabolic milieu of biological systems, analytical
platforms are employed to identify and quantify small-molecular-weight metabolites ahead
of further analysis of the data generated by the platforms. The two most predominantly
utilized analytical tools for metabolomic studies are NMR and MS spectroscopy [1,31].
The MS approach is usually coupled with chromatographic techniques, such as liquid
chromatography (LC–MS), especially high-performance liquid chromatography (HPLC–
MS), and gas chromatography (GC–MS) [8,32] with varying degrees of sensitivity. The
MS technique can also be coupled to capillary electrophoresis (CE–MS). Although NMR
offers such benefits as easy sample preparation, shorter time for sample analysis, easily
identifiable metabolites from analysis of spectra, and better sample recovery, it is only able
to analyse less variety of metabolites, and only a few comprehensive metabolite databases
for NMR-based metabolomics are currently available [6]. The ease of sample preparation
and the reproducibility of result have made NMR spectroscopy, therefore, a highly sought-
after approach for the structural analysis of metabolites [33]. On the other hand, MS-
based techniques can analyse a wide range of metabolites following chromatographic
separation, and several comprehensive metabolite databases are presently available [17].
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Nonetheless, the sensitivity of MS-based platforms depends on the chromatographic
separation technique with which it is combined [33]. For instance, while GC–MS gives
better chromatographic resolution of the metabolites, LC–MS is the preferred combination
when it comes to metabolite coverage and sensitivity [33–36]. The MS approach is, however,
not without its drawbacks, namely, the sample preparation is more rigorous, the technique
could fragment the samples, making recovery almost impossible; and there is much
difficulty identifying unknown compounds on its spectra [6]. Metabolite identification
and quantification using the NMR approach (e.g., proton NMR, 13C NMR, 19F NMR, 31P
NMR spectroscopy) have been improved in recent years. Of note is the introduction of
cyroprobes and microprobes, which have reduced the detection limit by a factor of about 3
to 5 [18]. This approach is further enhanced by using two-dimensional total correlation
spectroscopy (2D TOCSY) for the confirmation of assigned peaks. The 2D TOCSY spectrum
usually shows the correlations between two frequency axes that are derived from two-
dimensional Fourier transformations. Nuclear Overhauser effect spectroscopy (NOESY),
heteronuclear single quantum coherence (HSQC), exchange spectroscopy (ES), and J-
spectroscopy (JS) are a few other examples of two-dimensional NMR that have been
used to improve NMR-based data acquisition and metabolite structure analysis, thereby
providing better information than one-dimensional NMR, especially for small-molecule
metabolites [37–39]. Additionally, better outcomes can be achieved by combining two forms
of 2D NMR, such as NOESY and HSQC, TOCSY, and HSQC; by combining MS with NMR
spectroscopy [40]; or by using three-dimensional NMR methods. Apart from NMR and
MS platforms, another tool that is also being increasingly utilised for metabolomic studies
is FTIR spectroscopy [32]. In general, identification of metabolites is based on their mass,
mass/charge ratios, and retention time [6]. With these parameters in place, both known and
unknown compounds could be identified by comparing them with metabolite databases,
such as Metlin/XCMS and the Human Metabolome Database [6]. For compounds with
unknown MS and NMR spectra characteristics, an untargeted approach and chemometrics
could be applied for metabolite pattern identification [6]. A brief description of the foremost
analytical platforms for metabolomic studies is shown in Figure 2.
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Figure 2. Summary of the major analytical platforms for metabolomic studies in human and animal
samples. The figure depicts the three most often employed platforms for metabolomic studies—MS,
NMR, and FTIR spectroscopy. The MS-based approach involves coupling with liquid chromatography
(LC), gas chromatography (GC), or capillary electrophoresis (CE).

1.3. Metabolomic Data Analysis

Profiling the metabolites in each biological entity is incomplete without an accu-
rate data measurement and precise interpretation of the information garnered from such
exercise. Metabolomic data analysis encompasses feature extraction, compound iden-
tification, statistical analysis, and interpretation. Use of multivariate analyses, such as
PCA, PLS-DA, and OPLS-DA, is key to achieving this. Together, these pattern recog-
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nition analytical techniques (PCA, PLS-DA, and OPLS-DA) help to comprehensively
assess the metabolites that are present in any given biological sample or that are asso-
ciated with a specific disease condition [11]. Scores from PCA plots show a scattering
of the samples, and when they are clustered together, it shows that the metabolites are
alike; otherwise, they are dissimilar [11]. PLS-DA, on the other hand, is a very ver-
satile algorithm with a better predictive and descriptive advantage over PCA. It seeks
to maximise the covariance between the classes much better than PCA. Bioinformatics
tools available for metabolomic data analysis, pathway analysis, and interpretation in-
clude Metabox (available for free at http://kwanjeeraw.github.io/metabox/ (accessed
on 10 January 2020) under the GPL-3 license) [30] and MetaboAnalyst (available at
http://www.metaboanalyst.ca/MetaboAnalyst (accessed on 10 January 2020)) [20]. Others
include SECIMTools, Meta XCMS, XCMS, XCMS2, MetAlign, MZmine for data processing
of MS data, and MetDAT for statistical analysis and pathway visualization.

2. Results

This mini review focuses on five disease conditions in which metabolomic tools have
been utilised for diagnosis, treatment, or prognosis prediction. The first four of these
conditions are chronic non-communicable diseases in adults, while the fifth is a group of
inborn errors of metabolism in children. These medical disorders are Parkinson’s disease
(PD), diabetic retinopathy, Alzheimer’s disease (AD)/dementia, cardiovascular disease,
and inborn error or metabolism (IEM). Out of the 26 publications that were included in this
review, 3 were adjudged to be relevant to our research interest with respect to PD [41–43],
5 with respect to diabetic retinopathy [30,44–47], 2 for AD [16,46], 14 for cardiovascular dis-
ease [18,48–58], and 2 for IEM [59,60]. Of the 3 most often utilised platforms for metabolic
profiling, MS spectroscopy (coupled with other separation techniques) ranks first, being
employed for biomarker discovery in 17 out of the 26 studies identified, and accounting
for 65.4% of all studies. This was followed by NMR spectroscopy, which accounted for
just 19.2% (5 studies) of cases. In terms of statistical analysis, multivariate analysis in-
volving PCA and/or PLS-DA was utilised in 6 studies [41,46,47,49,54,61], followed by
the use of receiver operating characteristic (ROC) curve or area under the curve (AUC)
analysis [30,42,50,56,58]. Details of the study characteristics, the analytical tools employed,
and the respective biomarkers identified are summarised in Tables 1 and 2, respectively.

Table 1. The proportion of analytical tools that were employed in the included studies.

S/No Analytical Tool Proportion (%)

1 Mass spectrometry based 65.4

2 NMR spectroscopy based 19.2

3 Others 15.4

http://kwanjeeraw.github.io/metabox/
http://www.metaboanalyst.ca/MetaboAnalyst
http://www.metaboanalyst.ca/MetaboAnalyst
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Table 2. A few metabolic biomarkers of diagnostic and prognostic significance.

S/N Disease Condition Metabolic Biomarkers/Pathway Analytical Platform Statistics References

1 Parkinson’s disease

Long-chain acylcarnitine CE–TOF/MS ROC [42]

Kynurenic acid, quinolinic acid, ratio of kynurenic
acid/kynurenine, ratio of quinolinic
acid/kynurenic acid

UPLC–TOF/MS OPLS-DA [41]

3-hydroxykynurenine/kynurenic acid ratio LC–MS t-test [43]

2 Alzheimer’s disease/ dementia Total plasma tau
[61]

1H NMR [20]

3 Diabetic retinopathy

Perturbations in carbohydrate metabolism, lipid
contents, biomarkers associated with
phosphorylation and amide II group

FTIR spectroscopy

Difference between mean
spectra (DBMS), forward

feature selection (FFS), and
Mann–Whitney U tests

[44]

Alterations in glucose and purine metabolism;
activation of the hexose monophosphate shunt Untargeted MS [45]

Fumarate, uridine, acetic acid, and cytidine LC–MS Area under the curve (AUC) [30]

Plasma glutamine and glutamate GC–MS/UPLC–MS Multivariate analysis [46]

Activation of alanine, aspartate, and glutamate
metabolic pathways NMR-based spectroscopy PCA, heat map analysis,

average change analysis [47]

4 Cardiovascular disease

N6,N6,N6-trimethyl-L-lysine Stable isotope dilution tandem
MS (LC–MS/MS)

Spearman’s correlation
analyses [18]

Linoleate metabolism, glycosphingolipid
metabolism, and carnitine shuttle pathway Untargeted metabolomics ‘Meet in the middle’ statistics [48]

Acetylglycine, threoninyl-glycine, glutarylglycine,
and nonanoylcarnitine UPLS–Q/TOF–MS ROC with AUC, sensitivity,

specificity [62]

Phosphatidylserine, C16-sphingosine, N-methyl
arachidonic amide, N-(2-methoxyethyl) arachidonic
amide, linoleamidoglycerophosphate choline,
lyso-PC (C18:2), lyso-PC (C16:0), lyso-PC (C18:1),
arachidonic acid, and linoleic acid

UPLS–Q/TOF–MS PCA, PLS-DA [49]
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Table 2. Cont.

S/N Disease Condition Metabolic Biomarkers/Pathway Analytical Platform Statistics References

N8-acetylspermidine LC–FT spectroscopy MS
Student t-test, ANOVA,
Mann–Whitney U test,

Kruskal–Wallis test, chi-square
[51]

Acylcarnitine MS Paired t-test, generalised
estimating equations [52]

Urea cycle/amino group, tryptophan,
aspartate/asparagine, lysine, tyrosine, and carnitine
shuttle pathways

LC–MS t-test, chi-square [53]

Asparagine, tyrosine, xylose, for ischaemic stroke LC–MS Wilcoxon test, OPLS-DA [54]

Sphingomyelin for incident ischaemic stroke LC–MS Paired Wilcoxon rank test [63]

Citrate, tyrosine, 2- and 3-hydroxybutyrates for
acute heart failure NMR spectroscopy Logistic regression analysis [55]

23 metabolites, with higher levels of 7
(3-hydroxybutyrate, proline, acetate, creatinine,
acetone, formate, mannose) and lower levels of 2
(valine, histidine) as predictors of mortality

NMR spectroscopy ROC, multivariate
regression/PCA, Cox models [56]

104 metabolites, with lower levels of 7 (pelargonic
acid, glucosamine/galactosamine, thymine,
3-hydroxybutyric acid, creatine, 2-aminoisobutyric
acid, hypoxanthine) as correlates for coronary artery
disease

CE–TOF/MS Unsupervised PCA [57]

2-Hydroxycaproate, gluconate, and sorbitol for
atherosclerosis UPLC–MS ROC [58]

13 metabolites, 2 of which (phenylalanine and
acetate) were significant predictors of heart failure
hospitalisation

NMR spectroscopy t-test, Cox proportional hazard
regression [64]

5 Inborn errors of metabolism

Mannosyl-β1,4-N-acetylglucosamine, the
biomarker for β-mannosidase deficiency; correctly
diagnosed 90% of IEM cases

UHPLC–Orbitrap–MS Z-scores [60]

Correctly identified 42 out of 46 IEM cases LC–QTOF–MS Two-sided t-tests [59]
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3. Discussion

A combination of metabolomic study and multivariate data analysis offers tremendous
advantages of understanding specific pathways of metabolism that are perturbed in a
particular disease state [10,16]. Information derived from such scientific efforts goes a long
way in providing insights into useful diagnostic and therapeutic metabolite biomarkers
for effective disease management [14] and prognostication. Below are a few examples of
disease conditions with their recently documented clinically relevant metabolic biomarkers.

3.1. Parkinson’s Disease

Currently, PD affects well over 4 million people globally, and sadly, this figure is
expected to double over the next few decades [65]. This progressive neurodegenerative
disorder, affecting mostly the adult population, is difficult to manage. Despite many years
of research, a lot is still unknown about the aetiology of the disease [66]. The reason for
this may be that it is a multifactorial disease, and that multiple mechanistic pathways
may be involved in its causation [21]. In addition, only a few disease-modifying therapies
are presently available. This is largely secondary to absence of effective biomarkers that
could aid in both disease diagnosis and treatment [66]. Existing diagnosis efforts rely
heavily on symptoms, patient history, and clinical examination, making misdiagnosis
inevitable in clinical settings [66]. A better diagnostic approach that is simple, fast, and
less invasive is therefore needed, and metabolomic tools have been reported to show great
assurance in this regard [41]. In a recent study, Saiki et al. [42] carried out a metabolomic
analysis using capillary electrophoresis and liquid chromatography coupled with MS on
blood samples (a less invasive procedure compared with the use of CSF) and identified
18 PD-specific metabolites. In this research, significant decreases in the levels of seven
long-chain acylcarnitines were identified as promising metabolite biomarkers in PD diag-
nosis. In another study, Havelund et al. [43] utilised LC–MS to assess levels of kynurenine
metabolites in both plasma and cerebrospinal fluid samples of healthy individuals and
compared them with those of three categories of PD patients: PD patients not on medica-
tions, PD patients undergoing treatment using L-3,4-dihydroxyphenylalanine (L-DOPA)
who have developed dyskinesia, and PD patients who are yet to develop dyskinesia de-
spite prolonged use of L-DOPA. Their findings showed an approximate fourfold rise in
the ratio of 3-hydroxykynurenine to kynurenic acid in plasma samples and a significant
decrease in anthranilic acid levels in both plasma and CSF samples of PD patients with
L-DOPA-induced dyskinesia. The study further reported a twofold increase in the levels of
5-hydroxytryptophan in all of the L-DOPA-treated PD patients (with or without dyskine-
sia). The researchers concluded that a higher 3-hydroxykynurenine/kynurenic acid ratio in
plasma could serve as a biomarker in the diagnosis of dyskinesia induced by L-DOPA [42].
In another targeted metabolomic study that compared the levels of some metabolites in
PD patients in early Hoehn–Yahr stage ≤ 2 with those in the advanced stage of the disease
(Hoehn–Yahr stage > 2), Chang et al. [41] reported that the former category of patients had
lower levels of kynurenine acid (KA) and kynurenine acid/kynurenine ratio and higher
levels of quinolinic acid (QA) and QA/KA ratio when compared with patients in the early
stage of the disease and normal controls, demonstrating significant metabolite signatures
that could serve as biomarkers in the plasma of PD patients.

3.2. Diabetic Retinopathy

Diabetic retinopathy is one of the major complications that result from chronic, long-
standing diabetes mellitus among individuals who suffer from this medical condition.
Mazumder et al. [44], in a study involving human subjects, utilised FTIR spectroscopy to
analyse serum samples and identified 12 important biomarkers with potentials to signif-
icantly discriminate between diabetic patients with retinopathy and those without this
complication. Two of these biomarkers were associated with carbohydrate metabolism,
5 with alterations in lipid contents, 4 with protein phosphorylation, and 3 with the amide II
group [44]. An untargeted mass spectrometry metabolomic approach was equally applied
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for the analysis of the vitreous humour of patients with rhegmatogenous retinal detach-
ment, diabetic retinopathy, and healthy subjects in a recent study [45]. Here, significant
alterations in glucose metabolism and activation of the hexose monophosphate shunt were
reported. In addition, alteration in purine metabolism (characterised by a decrease in
xanthine and elevation in purine-related compounds, such as inosine, hypoxanthine, urate,
and allantoate) was seen in those with diabetic retinopathy but absent in those with retinal
detachment and healthy controls. The researchers concluded that significant perturbations
in vitreous humour metabolism in diabetic retinopathy account for the characteristic oxida-
tive stress seen in patients with this complication and show how the vitreous metabolite
profile could be affected by the disease [45]. Again, noteworthy diagnostic biomarkers
have been identified for proliferative diabetic retinopathy, a leading cause of irreversible
blindness in adults with type 2 diabetes mellitus [30]. In a large population-based study
aimed at profiling the plasma metabolites of patients with proliferative diabetic retinopathy
using liquid chromatography–mass spectrometry, Zhu and others [30] reported alterations
in the metabolism of 63 metabolites, out of which 4 metabolites, namely, fumaric acid,
uridine, acetic acid, and cytidine (with areas under the curve of 0.96, 0.95, 1.0, and 0.95,
respectively), were identified as candidate biomarkers for this sight-threatening condi-
tion. According to the researchers, this study was the first to report fumarate as a novel
biomarker in relation to diabetes or diabetic retinopathy diagnosis [20]. Using a combi-
nation of gas chromatography time-of-flight mass spectrometry and ultraperformance
liquid chromatography–quadrupole time-of-flight mass spectrometry tools, Rhee et al. [46]
identified plasma glutamine and glutamate as potential biomarkers for predicting the de-
velopment of diabetic retinopathy in patients with long-standing diabetes. That significant
oxidative stress and alteration in the pathway of glutamate metabolism are associated with
diabetic retinopathy was equally reported by Jin et al. [47]. Other metabolites that have
shown relevance as important biomarkers for making diagnosis or predicting prognosis in
diabetic retinopathy include lactic acid, succinic acid, 2-hydroxybutyric acid, asparagine,
dimethylamine, histidine, threonine, and glutamine [47].

3.3. Alzheimer’s Disease (AD)/Dementia

This is a progressive degenerative disease affecting the brain. It is a leading cause of
morbidity and mortality among people with diabetes mellitus and hypertension globally.
AD is a major cause of vascular dementia, a very debilitating condition characterised
by a progressive decline in memory and behavioural and social skills, especially in the
elderly. Presently, biomarkers for early disease diagnosis are inadequate in that they are
mostly invasive, time-consuming, and expensive [2]. To this end, a blood-based approach
for diagnosing AD using metabolic fingerprinting has been proposed [67]. Metabolomic
approaches have shown great promise in bridging this gap, especially with its application
on blood samples, a less invasive and cheaper mode of sample collection, in advanced
stages (e.g., with dementia) of the disease [68]. In a recent large population study aimed
at assessing the association between plasma total tau levels, cognitive decline, and risk
of mild cognitive impairment in dementia, Mielke et al. [61] reported that higher total
tau levels were associated with significant reduction in cognition, memory, attention, and
visuospatial ability of the patients, while this association is independent of a rise in the
level of brain amyloid beta (Aβ) peptides. Identification of diagnostic biomarkers in
the saliva of individuals with AD has equally been reported using proton-NMR-based
metabolomics [20]. In this pilot study, significant concentration changes in the levels of
22 metabolites were observed in the saliva samples of those with mild cognitive impairment
and dementia compared with healthy control. The implication of these findings is that, by
simply collecting blood samples or saliva from an individual with Alzheimer’s disease,
progression to vascular dementia or other cognitive impairment could be detected early
easily and managed promptly.
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3.4. Cardiovascular Disease

Cardiovascular disease (CVD) is a major cause of stroke and sudden death, especially
among adults with hypertension. Notwithstanding the several risk managements, pre-
ventive measures, and treatment modalities that have been initiated for CVDs, patients
have continued to die from cardiac-related complications, hence the need to identify novel
therapeutic strategies for managing this condition [69]. Metabolomics has offered a very
promising alternative to surmounting this problem by making possible the identifica-
tion of important biomarkers for diagnosis and risk assessment for CVD development
even before patients begin to show overt symptoms [61]. In a recent study involving the
use of an untargeted metabolomic approach, namely, stable isotope dilution tandem MS
(LC–MS/MS), Li et al. [18] identified trimethyllysine as a predictor of incident cardiovascu-
lar risk. Using Spearman’s correlation analyses, the researchers discovered a significant
correlation between this biomarker (trimethyllysine) and the artherogenic metabolite
trimethylamine N-oxide. In another untargeted metabolomic study aimed at finding the
association between chronic air pollution exposure and risk of developing bronchial asthma
and cardiovascular disease, Jeong and others [48] identified three important pathways
of metabolism, namely, linoleate, glycosphingolipid, and carnitine shuttle pathways as
key mediators of these health effects among those who were exposed. The strength of
this study, which utilised the novel ‘meet in the middle’ statistical approach, lies in the
fact that it was prospective in nature (namely, a case–control study nested in longitudi-
nal cohorts) [34]. Metabolomic tools have also been employed to study the pathology
of myocardial infarction (MI). Zhu et al. [49] examined the plasma of MI patients us-
ing UPLS–Q/TOF–MS and identified 10 metabolites that satisfactorily distinguished MI
patients from healthy controls. These metabolite biomarkers include C16-sphingosine,
N-methyl arachidonic amide, phosphatidylserine, N-(2-methoxyethyl) arachidonic amide,
linoleamidoglycerophosphate choline, lysophosphatidylcholine (C18:2), lysophosphatidyl-
choline (C16:0), lysophosphatidylcholine (C18:1), arachidonic, and linoleic acid, as well as
perturbations in energy, fatty acid, and phospholipid metabolism. Aside from its poten-
tial in discriminating between persons with myocardial infarction and healthy controls,
metabolomics has equally been shown to have the ability to predict the risk of developing
acute myocardial infarction with fragmented QRS in patients who undergo percutaneous
coronary intervention (PCI) [50]. In a recent hospital-based cohort study, Li et al. [50]
performed a global metabolic profiling using UPLS–Q/TOF–MS on a cohort of 136 non-
coronary artery disease and 118 acute myocardial infarction (AMI) patients undergoing PCI
and identified four metabolites as important biomarkers. These metabolites (acetylglycine,
threoninyl-glycine, glutarylglycine, and nonanoylcarnitine) were reported to significantly
discriminate between AMI with fragmented QRS and that without it. In another study
involving 79 patients with heart failure, Chen and others [52] reported that significant per-
turbations in fatty acid metabolism are associated with acute decompensation in this patient
category. In this case–control hospital-based study, acylcarnitine was identified and quanti-
fied as an important metabolite biomarker using MS spectroscopy. Serum concentrations of
three other metabolites, namely, citrate, tyrosine, and 2- and 3-hydroxybutyrates, have also
been linked to increased mortality rate among patients with acute heart failure [55]. Other
cardiovascular diseases for which a metabolomic approach has been used include ischaemic
cardiomyopathy [51], coronary artery disease [53], ischaemic stroke [54,64], myocardial
infarction [56], atherosclerosis [58], and heart failure [64]. Furthermore, metabolomic tools
have been used to study the mechanistic pathways involved in the therapeutic effects of
some herbal medicines [62].

3.5. Inborn Error of Metabolism

Inborn errors of metabolism (IEMs) are a heterogeneous group of hereditary disorders
that occur commonly among under-5 children. Traditionally, the diagnosis of IEMs relies
on history taking, clinical examination, and a few biochemical tests. The risk of having
false negatives with the use of this mode of diagnosis is, therefore, remarkably high, and
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examining only a limited section of the pathway of metabolism hinders the discovery
of novel metabolic disorders [59]. An untargeted metabolomic approach that utilises a
single platform rather than targeted metabolite profiling with multiple platforms is now
being recommended in that it is cost-effective and helps in identifying a huge amount of
small-molecular-weight compounds in a single metabolic pathway [60]. In their recent
study, Bonte et al. [60] carried out an untargeted metabolic screening for IEMs using a
semiautomatic sample preparation with a UHPLC–Orbitrap–MS platform on 53 patients
with 33 distinct IEMs and 260 controls. This novel metabolomic approach identified well
over 17,256 compound ions and was able to correctly diagnose IEM in about 90% of cases,
including the detection of mannosyl-β1,4-N-acetylglucosamine, the latest biomarker for
β-mannosidase deficiency [60]. In this study, two diagnoses, however, remained unde-
tected, namely, alkaptonuria and mevalonic aciduria. Except for a few cases of IEMs,
such as argininosuccinate lyase deficiency, dimethylglycine dehydrogenase deficiency, and
GAMT deficiency, Coene and others [59] were also able to accurately diagnose 42 out
of 46 cases using a similar metabolic platform (high-resolution liquid chromatography–
quadrupole time-of-flight (LC-QTOF)), underscoring the vital role of metabolomics in
identifying disease-specific biomarkers among suspected cases of IEMs.

4. Methods

Medline search (linked to medical subject headings—MeSH) conducted on 24 May 2021
for recent studies involving the use of metabolomic tools for biomarker discovery in dis-
ease diagnosis and management yielded 453 records (Table 3). Additional 16 records were
retrieved from other databases and hand-searched references.

Table 3. Summary of the MeSH search terms conducted for the retrieval of recent studies
in metabolomics.

# Searches Results

1 exp metabolomics/ or exp lipidomics/ 19,211
2 exp biomarkers, pharmacological/ 1963
3 Diagnosis/ 17,434
4 Prognosis/ 533,501
5 Therapeutics/ 8516
6 2 or 3 or 4 or 5 559,030
7 1 and 6 453

Overall, 26 papers met our inclusion and exclusion criteria. Only original articles
that have identifiable metabolites as biomarkers and that report the use of analytical
tools such as NMR spectroscopy, MS, and FTIR spectroscopy in any of the five selected
disease conditions were included in this study. Other inclusion criteria were the use of a
noninvasive (such as the use of urine, sweat, breath) or minimally invasive (such as the
use of venepuncture) mode of sample collection. As such, review papers, mini reports,
studies in animal subjects, or studies that involved the use of invasive techniques, such
as lumbar puncture, instrumentation, or surgery, were excluded. To capture only recent
developments in this field, we limited our search to the years 2015–2020. With these
inclusion and exclusion criteria in mind, we initially reviewed abstracts of related articles
before retrieving the full texts of papers that were considered relevant for our inclusion
and assessment. We additionally hand-searched references of studies that were initially
accessed for other articles that could be of relevance to our research focus. Finally, only
26 papers were included in this review.

5. Research Limitations

One of our research goals was to be able to delineate what profiling approach is
utilised in each of the studies included in this review. However, only three [45,48,53] of
the identified articles expressly reported utilising untargeted approaches in their studies;
others did not report whether their metabolite profiling study was targeted or untargeted



Metabolites 2021, 11, 418 12 of 15

(global). Another limitation was paucity of relevant literature, arising from the extremely
strict inclusion/exclusion criteria we employed. This makes it extremely hard to draw far-
reaching, evidenced-based conclusions on the usefulness of metabolomic tools in disease
diagnosis and management.

6. Conclusions and Future Perspective

The field of metabolomics, no doubt, has grown and continues to grow beyond merely
profiling the metabolites in biological samples to identification of novel biomarkers of
disease diagnosis, treatment, progression, and prognosis. While it has provided enormous
insights and better characterisation of biological pathways associated with myriads of
pathophysiological disturbances occurring in living organisms, a lot of factors still hinder
the translation of such research outputs into clinical and industrial applications [70]. The
overarching purpose of this review is to both create an awareness on the relevance of
metabolomic profiling to medical practice and the need to harness resources (human
and material) towards ensuring that laboratory findings (especially as regards biomarker
discovery) become translational. In 2018, experts in metabolomics met at an Australian and
New Zealand Metabolomics Conference (ANZMET 2018) held in Auckland, New Zealand,
where they identified several factors mitigating against the applicability of metabolomic
approaches in the clinics [70]. Among others, poor public perception of metabolomics
as an important field of ‘omics’ science, costs of procuring analytical instruments, the
multidisciplinary nature of metabolomic studies (requiring inputs of experts from different
fields of life sciences), and variability in the modes of data acquisition were noted as
constituting major bottlenecks in the development of translational metabolomics [70].
Equally significant is the fact that metabolomics does not take into consideration the
pivotal role that gender plays as an important determinant of some disease conditions. To
ensure better personalised treatment, experts have equally suggested that metabolomic
studies must take sex into consideration [10]. The number of metabolites identified as
biomarkers for some disease conditions is large, making it difficult to pin down what
metabolites are the most important biomarkers or predictors of disease development,
progression, or therapeutic response. Future research efforts, therefore, must be geared
towards addressing the issue of cost and other challenges that make metabolomics difficult
to apply in the clinics. Funding research and developing algorithms that reduce the number
of diagnostic, therapeutic, or prognostic biomarkers to the barest minimum should also be
vigorously pursued. Finally, we have noted here that the use of a noninvasive or minimally
invasive mode of sample collection for biomarker discovery is possible and holds great
promise for acceptability by patients, especially when combined with analytical tools with
wide metabolite coverage [71]. However, there is a need for the validation and optimization
of these tools to arrive at more accurate and precise metabolic biomarkers that are useful in
this respect.
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13. Dudka, I.; Chachaj, A.; Sebastian, A.; Tański, W.; Stenlund, H.; Gröbner, G.; Szuba, A. Metabolomic profiling reveals plasma
GlycA and GlycB as potential biomarkers for treatment efficiency in rheumatoid arthritis. J. Pharm. Biomed. Anal. 2021,
197, 113971. [CrossRef]

14. Takahashi, S.; Saegusa, J.; Onishi, A.; Morinobu, A. Biomarkers identified by serum metabolomic analysis to predict biologic
treatment response in rheumatoid arthritis patients. Rheumatology 2019, 58, 2153–2161. [CrossRef] [PubMed]

15. Carlson, A.K.; Rawle, R.A.; Adams, E.; Greenwood, M.C.; Bothner, B.; June, R.K. Application of global metabolomic profiling of
synovial fluid for osteoarthritis biomarkers. Biochem. Biophys. Res. Commun. 2018, 499, 182–188. [CrossRef]

16. Zhang, A.; Sun, H.; Wang, X. Emerging role and recent applications of metabolomic biomarkers in obesity disease research. RSC
Adv. 2017, 7, 14966–14973. [CrossRef]

17. Wang, Z.; Bian, L.; Mo, C.; Shen, H.; Zhao, L.J.; Su, K.J.; Kukula, M.; Lee, J.T.; Armstrong, D.W.; Recker, R.; et al. Quantification of
aminobutyric acids and their clinical applications as biomarkers for osteoporosis. Commun. Biol. 2020, 3, 39. [CrossRef] [PubMed]

18. Li, X.S.; Wang, Z.; Cajka, T.; Buffa, J.A.; Nemet, I.; Hurd, A.G.; Gu, X.; Skye, S.M.; Roberts, A.B.; Wu, Y.; et al. Untargeted
metabolomics identifies trimethyllysine, a TMAO-producing nutrient precursor, as a predictor of incident cardiovascular disease
risk. JCI Insight 2018, 3, e99096. [CrossRef] [PubMed]

19. Wilkins, J.M.; Trushina, E. Application of metabolomics in Alzheimer’s disease. Front. Neurol. 2018, 8, 719. [CrossRef]
20. Yilmaz, A.; Geddes, T.; Han, B.; Bahado-Singh, R.O.; Wilson, G.D.; Imam, K.; Maddens, M.; Graham, S.F. Diagnostic Biomarkers of

Alzheimer’s Disease as Identified in Saliva using 1H NMR-Based Metabolomics. J. Alzheimer’s Dis. 2017, 58, 355–359. [CrossRef]
21. Shang, H.; Zheng, J.; Tong, J. Integrated analysis of transcriptomic and metabolomic data demonstrates the significant role of

pyruvate carboxylase in the progression of ovarian cancer. Aging 2020, 12, 21874–21889. [CrossRef] [PubMed]
22. Luo, D.; Shan, Z.; Liu, Q.; Cai, S.; Li, Q.; Li, X. A Novel Seventeen-Gene Metabolic Signature for Predicting Prognosis in Colon

Cancer. Biomed. Res. Int. 2020, 2020, 4845360. [CrossRef]
23. Mo, L.; Wei, B.; Liang, R.; Yang, Z.; Xie, S.; Wu, S.; You, Y. Exploring potential biomarkers for lung adenocarcinoma using

LC-MS/MS metabolomics. J. Int. Med. Res. 2020, 48. [CrossRef] [PubMed]
24. Tayanloo-Beik, A.; Sarvari, M.; Payab, M.; Gilany, K.; Alavi-Moghadam, S.; Gholami, M.; Goodarzi, P.; Larijani, B.; Arjmand, B.

OMICS insights into cancer histology; Metabolomics and proteomics approach. Clin. Biochem. 2020, 84, 13–20. [CrossRef]
25. Yu, L.; Li, K.; Li, X.; Guan, C.; Sun, T.; Zhang, X. Metabolomic profiling of dried blood spots reveals gender-specific discriminant

models for the diagnosis of small cell lung cancer. Aging 2020, 12, 978–995. [CrossRef] [PubMed]
26. Huang, M.; Li, H.-Y.; Liao, H.-W.; Lin, C.-H.; Wang, C.-Y.; Kuo, W.-H.; Kuo, C.-H. Using post-column infused internal standard

assisted quantitative metabolomics for establishing prediction models for breast cancer detection. Rapid Commun. Mass Spectrom.
2020, 34, e8581. [CrossRef] [PubMed]

27. Kodama, M.; Oshikawa, K.; Shimizu, H.; Yoshioka, S.; Takahashi, M.; Izumi, Y.; Bamba, T.; Tateishi, C.; Tomonaga, T.;
Matsumoto, M.; et al. A shift in glutamine nitrogen metabolism contributes to the malignant progression of cancer. Nat. Commun.
2020, 11, 1320. [CrossRef]

http://doi.org/10.1155/2015/354671
http://doi.org/10.1016/j.aca.2018.03.058
http://www.ncbi.nlm.nih.gov/pubmed/29801603
http://doi.org/10.1093/bib/bbw114
http://www.ncbi.nlm.nih.gov/pubmed/27881428
http://doi.org/10.1007/s12291-014-0455-z
http://www.ncbi.nlm.nih.gov/pubmed/26089608
http://doi.org/10.33549/physiolres.933509
http://doi.org/10.1177/1934578X20913747
http://doi.org/10.3390/molecules23102528
http://doi.org/10.1186/s13059-017-1215-1
http://doi.org/10.1021/pr4004135
http://doi.org/10.1021/ac401793d
http://doi.org/10.1016/j.jpba.2021.113971
http://doi.org/10.1093/rheumatology/kez199
http://www.ncbi.nlm.nih.gov/pubmed/31143951
http://doi.org/10.1016/j.bbrc.2018.03.117
http://doi.org/10.1039/C6RA28715H
http://doi.org/10.1038/s42003-020-0766-y
http://www.ncbi.nlm.nih.gov/pubmed/31969651
http://doi.org/10.1172/jci.insight.99096
http://www.ncbi.nlm.nih.gov/pubmed/29563342
http://doi.org/10.3389/fneur.2017.00719
http://doi.org/10.3233/JAD-161226
http://doi.org/10.18632/aging.104004
http://www.ncbi.nlm.nih.gov/pubmed/33177242
http://doi.org/10.1155/2020/4845360
http://doi.org/10.1177/0300060519897215
http://www.ncbi.nlm.nih.gov/pubmed/32316791
http://doi.org/10.1016/j.clinbiochem.2020.06.008
http://doi.org/10.18632/aging.102670
http://www.ncbi.nlm.nih.gov/pubmed/31929115
http://doi.org/10.1002/rcm.8581
http://www.ncbi.nlm.nih.gov/pubmed/31693758
http://doi.org/10.1038/s41467-020-15136-9


Metabolites 2021, 11, 418 14 of 15

28. Macias, R.I.R.; Banales, J.M.; Sangro, B.; Muntané, J.; Avila, M.A.; Lozano, E.; Perugorria, M.J.; Padillo, F.J.; Bujanda, L.;
Marin, J.J.G. The search for novel diagnostic and prognostic biomarkers in cholangiocarcinoma. Biochim. Biophys. Acta 2018,
1864, 1468–1477. [CrossRef]

29. Ismail, I.T.; Showalter, M.R.; Fiehn, O. Inborn Errors of Metabolism in the Era of Untargeted Metabolomics and Lipidomics.
Metabolites 2019, 9, 242. [CrossRef]

30. Zhu, X.; Yang, F.; Lu, J.; Zhang, H.; Sun, R.; Zhoe, J.; Yang, J. Plasma metabolomic profiling of proliferative diabetic retinopathy.
Nutr. Metab. 2019, 16, 37. [CrossRef]

31. Kruk, J.; Doskocz, M.; Jodłowska, E.; Zacharzewska, A.; Łakomiec, J.; Czaja, K.; Kujawski, J. NMR Techniques in Metabolomic
Studies: A Quick Overview on Examples of Utilization. Appl. Magn. Reson. 2017, 48, 1–21. [CrossRef]

32. Armitage, E.G.; Southam, A.D. Monitoring cancer prognosis, diagnosis and treatment efficacy using metabolomics and lipidomics.
Metabolomics 2016, 12, 146. [CrossRef] [PubMed]

33. Aretz, I.; Meierhofer, D. Advantages and pitfalls of mass spectrometry based metabolome profiling in systems biology. Int. J. Mol.
Sci. 2016, 17, 632. [CrossRef] [PubMed]

34. Chan, E.C.Y.; Pasikanti, K.K.; Hong, Y.; Ho, P.C.; Mahendran, R.; Raman Nee Mani, L.; Chiong, E.; Esuvaranathan, K. Metabonomic
profiling of bladder cancer. J. Proteome Res. 2015, 14, 587–602. [CrossRef] [PubMed]

35. Contrepois, K.; Jiang, L.; Snyder, M. optimized analytical procedures for the untargeted metabolomicprofiling of human urine
and plasma by combining hydrophilic interaction (hilic) and reverse-phase liquid chromatography (RPLC)–Mass spectrometry.
Mol. Cell. Proteom. 2015, 14, 1684–1695. [CrossRef] [PubMed]

36. Pasikanti, K.K.; Ho, P.C.; Chan, E.C.Y. Gas chromatography/mass spectrometry in metabolic profiling ofbiological fluids. J.
Chromatogr. B 2008, 871, 202–211. [CrossRef]

37. Appiah-Amponsah, E.; Owusu-Sarfo, K.; Gowda, G.A.; Ye, T.; Raftery, D. Combining Hydrophilic Interaction Chromatography
(HILIC) and Isotope Tagging for Off-Line LC-NMR Applications in Metabolite Analysis. Metabolites 2013, 3, 575–591. [CrossRef]

38. McKenzie, J.S.; Charlton, A.J.; Donarski, J.A.; MacNicoll, A.D.; Wilson, J.C. Peak fitting in 2D 1H–13C HSQC NMR spectra for
metabolomic studies. Metabolomics 2010, 6, 574–582. [CrossRef]

39. Beltran, A.; Suarez, M.; Rodríguez, M.A.; Vinaixa, M.; Samino, S.; Arola, L.; Correig, X.; Yanes, O. Assessment of compatibility
between extraction methods for NMR- and LC/MS-based metabolomics. Anal. Chem. 2012, 84, 5838–5844. [CrossRef]

40. Bingol, K. Recent Advances in Targeted and Untargeted Metabolomics by NMR and MS/NMR Methods. High-Throughput 2018,
7, 9. [CrossRef]

41. Chang, K.H.; Cheng, M.L.; Tang, H.Y.; Huang, C.Y.; Wu, Y.R.; Chen, C.M. Alternations of metabolic profile and kynurenine
metabolism in the plasma of Parkinson’s disease. Mol. Neurobiol. 2018, 55, 6319. [CrossRef]

42. Saiki, S.; Hatano, T.; Fujimaki, M.; Ishikawa, K.I.; Mori, A.; Oji, Y.; Okuzumi, A.; Fukuhara, T.; Koinuma, T.; Imamichi, Y.; et al.
Decreased long-chainacylcarnitines from insufficient beta-oxidation as potential early diagnosticmarkers for Parkinson’s disease.
Sci. Rep. 2017, 7, 7328. [CrossRef]

43. Havelund, J.F.; Andersen, A.D.; Binzer, M.; Blaabjerg, M.; Heegaard, N.H.H.; Stenager, E.; Faergeman, N.J.; Gramsbergen, J.B.
Changes in kynurenine pathwaymetabolism in Parkinson patients with L-DOPA-induced dyskinesia. J. Neurochem. 2017, 142,
756–766. [CrossRef]

44. Mazumder, A.G.; Banergee, S.; Zevictovich, F.; Ghosh, S.; Mukherjee, A.; Chaterjee, J. Fourier-transform-infrared-spectroscopy
based metabolomic spectral biomarker selection towards optimal diagnostic differentiation of diabetes with and without
retinopathy. Spectrosc. Lett. 2018, 51, 340–349. [CrossRef]

45. Haines, N.R.; Manoharan, N.; Olson, J.L.; D’Alessandro, A.; Reisz, J.A. Metabolomics Analysis of Human Vitreous in Diabetic
Retinopathy and Rhegmatogenous Retinal Detachment. J. Proteome Res. 2018, 17, 2421–2427. [CrossRef] [PubMed]

46. Rhee, S.Y.; Jung, E.S.; Park, H.M.; Jeong, S.J.; Kim, K.; Chon, S.; Yu, S.; Woo, J.T.; Lee, C.H. Plasma glutamine and glutamic acid
are potential biomarkers for predicting diabetic retinopathy. Metabolomics 2018, 14, 89. [CrossRef] [PubMed]

47. Jin, H.; Zhu, B.; Liu, X.; Jin, J.; Zou, H. Metabolomic Characterisation of diabetic retinopathy: An H-NMR-based metabolomic
approach using human aqueous humour. J. Pharm. Biomed. Anal. 2019, 174, 414–421. [CrossRef]

48. Jeong, A.; Fiorito, G.; Keski-Rahkonen, P.; Imboden, M.; Kiss, A.; Robinot, N.; Gmuender, H.; Vlaanderen, J.; Vermeulen, R.;
Kyrtopoulos, S.; et al. Perturbation of metabolic pathways mediates the association of air pollutants with asthma and cardiovas-
cular diseases. Environ. Int. 2018, 119, 334–345. [CrossRef]

49. Zhu, M.; Han, Y.; Zhang, Y.; Zhang, S.; Wei, C.; Cong, Z.; Du, W. Metabolomics Study of the Biochemical Changes in the Plasma
of Myocardial Infarction Patients. Front. Physiol. 2018, 9, 1017. [CrossRef]

50. Li, J.; Duan, W.; Wang, L.; Lu, Y.; Shi, Z.; Lu, T. Metabolomics study revealing the potential risk and predictive value of fragmented
QRS for acute myocardial infarction. J. Proteome Res. 2020, 19, 3386–3395. [CrossRef]

51. Nayak, A.; Liu, C.; Mehta, A.; Ko, Y.A.; Tahhan, A.S.; Dhindsa, D.S.; Uppal, K.; Jones, D.P.; Butler, J.; Morris, A.A.; et al.
N8-Acetylspermidine: A Polyamine Biomarker in Ischemic Cardiomyopathy with Reduced Ejection Fraction. J. Am. Heart Assoc.
2020, 9, e016055. [CrossRef]

52. Chen, W.S.; Liu, M.H.; Cheng, M.L.; Wang, C.H. Decreases in Circulating Concentrations of Short-Chain Acylcarnitines are
Associated with Systolic Function Improvement after Decompensated Heart Failure. Int. Heart J. 2020, 61, 1014–1021. [CrossRef]

http://doi.org/10.1016/j.bbadis.2017.08.002
http://doi.org/10.3390/metabo9100242
http://doi.org/10.1186/s12986-019-0358-3
http://doi.org/10.1007/s00723-016-0846-9
http://doi.org/10.1007/s11306-016-1093-7
http://www.ncbi.nlm.nih.gov/pubmed/27616976
http://doi.org/10.3390/ijms17050632
http://www.ncbi.nlm.nih.gov/pubmed/27128910
http://doi.org/10.1021/pr500966h
http://www.ncbi.nlm.nih.gov/pubmed/25388527
http://doi.org/10.1074/mcp.M114.046508
http://www.ncbi.nlm.nih.gov/pubmed/25787789
http://doi.org/10.1016/j.jchromb.2008.04.033
http://doi.org/10.3390/metabo3030575
http://doi.org/10.1007/s11306-010-0226-7
http://doi.org/10.1021/ac3005567
http://doi.org/10.3390/ht7020009
http://doi.org/10.1007/s12035-017-0845-3
http://doi.org/10.1038/s41598-017-06767-y
http://doi.org/10.1111/jnc.14104
http://doi.org/10.1080/00387010.2018.1471510
http://doi.org/10.1021/acs.jproteome.8b00169
http://www.ncbi.nlm.nih.gov/pubmed/29877085
http://doi.org/10.1007/s11306-018-1383-3
http://www.ncbi.nlm.nih.gov/pubmed/29950956
http://doi.org/10.1016/j.jpba.2019.06.013
http://doi.org/10.1016/j.envint.2018.06.025
http://doi.org/10.3389/fphys.2018.01017
http://doi.org/10.1021/acs.jproteome.0c00247
http://doi.org/10.1161/JAHA.120.016055
http://doi.org/10.1536/ihj.20-053


Metabolites 2021, 11, 418 15 of 15

53. Mehta, A.; Liu, C.; Nayak, A.; Tahhan, A.S.; Ko, Y.; Dhindsa, D.S.; Kim, J.H.; Hayek, S.S.; Sperling, L.S.; Mehta, P.K.; et al.
Untargeted high resolution plasma metabolic profiling predicts outcomes in patients with coronary artery disease. PLoS ONE
2020, 15, e0237579. [CrossRef]

54. Sidorov, E.; Bejar, C.; Xu, C.; Ray, B.; Reddivari, L.; Chainakul, J.; Vanamala, J.K.P.; Sanghera, D.K. Potential Metabolite Biomarkers
for Acute Versus Chronic Stage of Ischemic Stroke: A Pilot Study. J. Stroke Cereb. Dis. 2020, 29, 104618. [CrossRef]
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