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It is well established that atherosclerotic cardiovascular disease (ACD) is a leading cause of death in the West.
There are several predisposing factors for ACD, which can be divided into two groups: firstly modifiable risk
factors, including hypertension, dyslipidaemia, type 2 diabetes mellitus, obesity, smoking and a sedentary
lifestyle and secondly the unmodifiable risk factors such as age, gender and heredity. Since single biomarkers
are unable to provide sufficient information about the biochemical pathways responsible for the disease, there
is a need for a holistic approach technology, e.g., metabolomics, that provide sufficiently detailed information
about the metabolic status and assay results will be able to guide food, drug and lifestyle optimisation. Rather
than investigating a single pathway, metabolomics deal with the integrated identification of biological and
pathologicalmolecular pathways.Mass spectrometry (MS) andnuclearmagnetic resonance (NMR) spectroscopy
are the two most commonly used techniques for metabolite profiling. This detailed review concluded that
metabolomics investigations seem to have great potential in identifying small groups of disturbed metabolites,
which if put together should draw various metabolic routs that lead to the common track pathophysiology.
The current evidence in using metabolomics in atherosclerotic cardiovascular disease is also limited, and more
well-designed studies remain to be established, which might significantly improve the comprehension of
atherosclerosis pathophysiology and consequently management.
© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND 4.0

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

It is well established that atherosclerotic cardiovascular disease (ACD)
is a leading cause of death in theWest [1]. It is a chronic inflammatory dis-
order [2] that begins in early childhoodwith fatty streak formation in the
coronary arteries [3] and remains silent until late adulthood, when lipids
start to accumulate in the intima forming atherosclerotic plaques [4].
There are several predisposing factors for ACD, which can be divided
into two groups: first, modifiable risk factors, including hypertension,
dyslipidaemia, type 2 diabetesmellitus, obesity, smoking and a sedentary
lifestyle and, second, the unmodifiable risk factors such as age, gender and
heredity [5]. Ageing is the predominant risk factor for ACD, and it renders
many of the modifiable risk factors more prevalent and more severe [6].
Thus, the aetiology of atheroma formation is multifactorial with a syner-
gistic effect of many risk factors. At present, cardiologists remain using
conventional risk factors, derived from the Framingham studies [7].
Although helpful, those risk factors do not detect all instances of CAD,
and indeed a significant percentage of patientswithmyocardial infarction
has no conventional risk factors [8]. Othermarkers such as coronary calci-
fication have been found to improve risk stratification but still fall a long

way short of 100% prediction [8]. Conventional coronary angiography
is invasive, time consuming and expensive and subjects the patient to
radiation, while computed tomography coronary angiography (CTCA)
also suffers from many of the same limitations.

On the other hand, single disease biomarkers are always desired to
identify risk factors or people affected by a disease to evaluate progress
or to monitor an intervention in treating the disease. This principle has
been shown useful for, e.g., bacterial infections, where a specific mole-
cule or groups of molecules are characteristic of the disease state and
largely distinctive within the matrix being sampled. The commonly
investigated biomarker in ACD is cholesterol. However, serum choles-
terol levels may fail to identify the exact pathway to their abnormal
levels since sources of increased cholesterol levels are not only food
but also endogenous biosynthesis or slow conversion to bile acids [9].
Since single biomarkers are unable to provide sufficient information
about the biochemical pathways responsible for the disease, there is a
need for a holistic approach technology, e.g.,metabolomics, that provide
sufficiently detailed information about the metabolic status and assay
results will be able to guide food, drug and lifestyle optimisation [9].

The metabolome refers to the complete set of small molecule (low
molecular weight (b1500 Da)) metabolites in a cell, tissue, organ or
organism [10], while metabolomics is the comprehensive analysis and
quantification of these small molecules based on biofluids and tissue
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analysis [11,12]. Rather than investigating a single pathway, metabolo-
mics deal with the integrated identification of biological and pathological
molecular pathways [13].

Roger William together with colleagues were the first pioneers who
introduced the concept, in late 1940s, that individualsmight have ameta-
bolomics profile, which could be reflected in the ‘structure’ of the biolog-
ical fluids. By utilising paper chromatogram, William examined taste
threshold and the excretion profiles from alcoholics and schizophrenics.
He linked each of these disorder with a specific metabolic profile [14].
In 1960s and 1970s, gas chromatography and liquid chromatography
further advanced the technique, which made them more available [15].
The term metabolic profile was first introduced by Hornings et al. in
early 1970s [16]. They suggested that metabolic profiles may be valuable
for characterising both normal and disease state. The ‘-omics’ approach
includes genomics, transcriptomics, proteomics and the rapidly emerging
metabolomics [17].

Mass spectrometry (MS) and nuclear magnetic resonance (NMR)
spectroscopy are the twomost commonly used techniques for metabo-
lite profiling [18]. Each of these techniques has important strengths and
weaknesses. For example, MS is innately more sensitive than NMR but
requires a prior separation ofmetabolites using chromatography (liquid
or gas chromatography) or capillary electrophoresis (CE) [19]. Further,
the ionisation or ion suppression effect could impair the analytic quan-
tification. The MS can, with standard techniques, detect smaller metab-
olites than NMR (picomolars for MS and micromolars for NMR), and
those metabolites detected with NMR need to contain a hydrogen
atom. By using NMR sample, recovery is non-destructive, and the
sample is analysed in only one measurement while for MS only a
small amount of sample is used that eventually will be destructed [20].

Both techniques can be used to characterise metabolic data in a
targeted or non-targeted aspect. For the targeted approach, the investiga-
tor focuses on a limited set of metabolites of known identity. Untargeted
approach deals with the investigation of as many peaks as possible, with
unknownunderlying identities of the species. Therefore, untargeted anal-
yses are considered more sensitive and more likely to discover new bio-
markers, while target analyses are used in biomarker validation [21].
Because of data complexity, NMR can assign definitive metabolite identi-
ties to only a subset of peaks arising from the sample. Although MS can
generate sometimes thousands of peak metabolites from the biofluids,
chromatographic extraction time and mass to change ratio are often in-
sufficient to confidently assign peak intensities [21]. The organisation of
the humanmetabolome database (HMDB) is a comprehensive online da-
tabase that gathers small molecule metabolites found within the human
body. The HMDB second version, produced in 2009, was able to identify
6500 metabolites [22] and the latest version available from 2013 has sig-
nificantly expanded to identify more than 40.000 metabolites [23].

During the last decade, there has been growing interest in the appli-
cation of metabolomics for early disease prevention and to potentiate
drug development and therapy monitoring [8,9]. In the setting of coro-
nary atherosclerosis, metabolomics has been shown to identify a num-
ber of disordered biomarkers, some of which may be susceptible to
modification. The development of a set of metabolites which could aid
prediction of ACD would certainly be welcomed. Furthermore, it is pos-
sible that urine or salivary samples may be used for metabolic analysis,
which even avoids the need for phlebotomy. In this review, we will
discuss the latest metabolomic approaches within the field of ACD and
its related risk factors.

2. Atherosclerosis

2.1. Animal studies

Lyso-phosphatidylcholine (LPC) is a class of phospholipids that are
intermediates in the metabolism of lipids. LPC is generated by an
enzyme found on oxidised LDL called lipoprotein-associated phospholi-
pase A2 from phosphotidylcholine [24]. Increased levels of this enzyme

have been associated with higher risk of developing ACD [25]. LPC is
involved with early pro-inflammatory events occurring in the initial
state of a plaque formation by increasing adhesion of monocytes on
endothelial cells, as well as activating inflammatory genes (NF-KB)
during fatty streak development. This leads to the activation of apo-
ptosis, necrosis and formation of cholesterol crystals which causes
plaque vulnerability [26]. Clish et al. [27] found that using highly
performing liquid chromatography–mass spectrometry (HPLC-MS),
lyso-PC was elevated in the liver of the apolipoprotein E3 (Apo E3)
Leiden transgenic mouse (susceptible to development of ACD) in
contrast to controls.

In another study by Kleemann et al. [28], ApoE Leidenmicewere fed
a low vs. high cholesterol diet. The amount of dietary cholesterol posi-
tively correlated with development of atherosclerosis. With increasing
dietary cholesterol intake, the liver switched from a mainly resilient to
a predominantly inflammatory state, which is associated with early
lesion formation. The high cholesterol evoked changes involving specif-
ic transcriptional master regulators, some of which are established,
others newly identified, several of these regulators control both lipid
metabolism and inflammation and thereby link the two processes. The
liver and plasma were analysed with HPLC/MC identified disturbance
in di-and triglycerides, phosphatidylcholines, lysophosphatidylcholines
and cholesterol esters.

The effect of different diets on atheroma formation has been also
studied.Martin et al. investigated the effect of several diets fed to hyper-
lipidaemic hamsters and observed that aortic cholesteryl ester, assessed
by NMR spectroscopy, was an early accumulator in atherogenic plaques.
The lowest atherogenicity was obtained with the plant-oil cheese diet,
followed by the dairy fat cheese diet, while the greatest atherogenicity
was observedwith the butter diet. Aortic cholesteryl ester was positive-
ly correlated with very low density lipoprotein (VLDL), cholesterol and
N-acetylglycoproteins and negatively correlated with trimethylamine-
N-oxide (TMAO) and albumin lysyl [29].

Likewise, Jove et al. observed that a high-fat diet caused an increase
in ceramide and docosahexaenoic acid (DHA) in plasma and a tissue
sample from the aorta. Free cholesterol in the aorta was positively
correlatedwith taurocholic acid, suggesting that it could be a biomarker
for early atherogenesis [30]. Furthermore, a high-fat cholesterol choate
(HFCC) diet has been shown to alter plasma and urinary metabolism in
LDL-receptor-deficient mice using H-NMR spectroscopy. The HFCC diet
caused a significant perturbation in choline metabolism, notably the
choline oxidation pathway a significant reduction in the urinary excretion
of taurine, betaine and dimethylglycine [31].

In addition to these studies, recent ones showed that not only diet
and liver have a role in the development of atherosclerosis but also
gut floras have demonstrated great importance. It has been suggested
that microbiome, i.e., the collective genomes of the microorganisms
that reside in the gut, can increase cardiovascular risk either via metabo-
lism of L-carnitine [32] or phosphatidylcholine (Wang at al 2011). Mice
were given either a control diet or a diet rich in choline. The gutmicroflora
was suppressed in half of themice given broad-spectrum antibiotics [33].
Upon analyzing the plasma, TMAO was suppressed to a non-detectable
level. The development of the aortic root lesion was increased 3-fold in
mice not treatedwith antibiotics, and hencewith preserved gutmicroflo-
ra, and in those fed a choline-enhanced diet. Thus, Wang et al. supposed
that dietary supplements of choline, TMAO and betaine (which are all
metabolites of phosphatidylcholine) could enhance the development of
atherosclerosis. Furthermore, it was proposed that these metabolites are
involved in the upregulation of scavenger receptors on macrophages
hence the formation of foamy cells.

In another study, Stöhr et al. [34] also linked atherosclerosis to the
metabolism of carnitine. By using a targeted metabolomic approach,
the group studied the plasma of genetically modified mice susceptible
to atherosclerosis. Interestingly, they observed a decrease in the blood
concentration of free carnitine, acetylcarnitine and glutarylcarnitine/3-
hydroxy-hexanoylcarnitine.
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