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Within the last years the implementation of systems biology in nutritional research has emerged as a powerful tool to understand
the mechanisms by which dietary components promote health and prevent disease as well as to identify the biologically active
molecules involved in such effects. Systems biology, by combining several ‘-omics’ disciplines (mainly genomics/transcriptomics,
proteomics and metabolomics), creates large data sets that upon computational integration provide in silico predictive networks
that allow a more extensive analysis of the individual response to a nutritional intervention and provide a more global compre-
hensive understanding of how diet may influence health and disease. Numerous studies have demonstrated that diet and
particularly bioactive food components play a pivotal role in helping to counteract environmental-related oxidative damage.
Oxidative stress is considered to be strongly implicated in ageing and the pathophysiology of numerous diseases including
neurodegenerative disease, cancers, metabolic disorders and cardiovascular diseases. In the following review we will provide in-
sights into the role of systems biology in nutritional research and focus on transcriptomic, proteomic and metabolomics studies
that have demonstrated the ability of functional foods and their bioactive components to fight against oxidative damage and

contribute to health benefits.

-OMICS applications as a foundation for
systems biology in nutritional research

Nutritional research focuses on understanding the link
between diet and health in order to promote natural ways of
disease prevention. To this end, nutritional science covers a
broad range of research areas that expand from a better
understanding of the molecular mechanisms of prevention
and protection to the identification of the biologically
active food components and the demonstration of their
biological efficacy. In the last decade the implementation of
systems biology has emerged as a powerful tool to achieve
these objectives. While a definitive and agreed-upon defini-
tion of what constitutes systems biology is still missing
systems biology can be regarded as the combination of
various ‘-omics’ technologies in different biological systems
(tissue, cells and/or biological fluids) in order to create large
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molecular datasets which, once integrated in computational
modelling approaches, provide predictive networks (e.g. sig-
nalling networks from the cell membrane to the nucleus) that
aim ultimately to understand how the biological system un-
der scrutiny behaves upon a perturbation (e.g. dietary inter-
vention) [1]. In this scenario, the evolvement of three main
‘~omics’ platforms including transcriptomics, proteomics
and metabolomics has allowed the study of how food impacts
health status, to assist in differentiating dietary responders
from non-responders and to identify the nutritional bioac-
tive compounds responsible for the health outcomes [2, 3].
While transcriptomics provides a comprehensive view on all
genes active at a given time point in a given sample, the pro-
teomic platform identifies and quantifies protein expression
and characterizes post-translational modifications [4, S5].
Although both disciplines may deliver markers of efficacy
and targets for intervention, proteomics do so in a more
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robust and efficacious manner since changes induced in
mRNA expression do not linearly correlate with the changes
seen at a protein level [6]. Finally, metabolomics focus on
the analysis of metabolites, their dynamics, composition
and interactions and is considered to provide the most func-
tional data [7]. Without doubt, the integration in nutritional
systems of gene and protein expression profiles with meta-
bolic fingerprints allows a more extensive analysis of the indi-
vidual response to a nutritional intervention and provides a
more global comprehensive understanding of how food com-
ponents influence health status (Figure 1).

Dietary patterns and functional foods
with beneficial properties against
oxidative stress triggered diseases

Oxidative damage is strongly implicated in the pathophysiol-
ogy of numerous diseases including neurodegenerative
disease, cancers, metabolic disorders and cardiovascular dis-
eases. As per the latter, oxidative injury of endothelial cells
and oxidation of low density lipoprotein particles promote
and facilitate lipid accumulation within the arterial wall and
subsequent atherosclerotic plaque formation, the underlying
cause of most cardiovascular events [8-10].

During the last few years, research in nutritional interven-
tions has focused on elucidating the effect of dietary patterns
and bioactive food components on health as well as identify-
ing the mechanisms/contributors behind.

The Mediterranean diet

The Mediterranean nutritional pattern has demonstrated to
protect against cardiovascular disease, obesity, diabetes,
cancer and neurodegenerative disorders and, therefore, is
considered healthy eating [11-13]. The beneficial properties
of Mediterranean diet have been mainly attributed to the
presence of a large amount of single functional foods with
atheroprotective effects and potent antioxidant proper-
ties [13, 14]. We have reported in a substudy of the Predimed
Trial [15] through direct transcriptomic analysis that intake
of a Mediterranean diet for 3 months downregulates the ex-
pression of pro-atherogenic genes in circulating inflamma-
tory cells [16]. On the other hand, the Mediterranean diet is
enriched in phenolic compounds (nuts, olive oil, vegetables
and fruits and their derivatives) capable of scavenging free
radicals, acting as chelating agents, preserving serum antiox-
idant activity and/or regulate transcription factors (i.e. Nrf2)
involved in the modulation of several genes encoding for
antioxidant enzymes and other proteins involved in
cellular redox balance [17]. A recent work in the setting of
atrial fibrillation (AF), a cardiac disease characterized by en-
hanced oxidative stress, has demonstrated that high adher-
ence to the Mediterranean diet is associated to a significant
decrease in cardiovascular events and concomitant reduction
in oxidative stress markers. As such, NOX2 (the most impor-
tant cellular producer of superoxide anion) and consequent
F2-isoprostane formation was found markedly diminished
in AF patients strictly following a Mediterranean diet for an
average of 3.3 years. Of note, these benefits were observed
without any changes in anticoagulation stability [18].

-omic technologies and nutrient effects
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Polyphenols and pomegranate

Mullen et al. [19] have identified in urine by using a differen-
tial proteomic approach changes in the protein pattern of
seven peptides after a 2 week diet supplementation with a
polyphenol-rich drink. Importantly, these peptides had been
previously associated with coronary artery disease and the
detected changes point towards a healthier state. A non-
targeted metabolomics analysis in plasma and urine
from young healthy adults also clearly indicates that a
regular diet supplementation with pomegranate and grape
(i.e. antioxidant-rich) juice during 8 weeks positively affects
both lipid and oxidative pathways without modifying
anthropometrical or biochemical parameters [20]. As de-
scribed by the authors [20], metabolomic changes in the
polyphenol punicalagin (ellagitannin present in pomegran-
ate) and the ascorbic acid sulfate (derived from hepatic conju-
gation of ascorbic acid) support the contribution of
polyphenols and vitamin C as main contributors for the
observed modifications in the oxidative status. We have
recently demonstrated protective effects against organ
damage [16]. Thus, in an in vivo dyslipidaemic porcine
model, regular intake of a pomegranate extract rich in
punicalagins elicits vascular protection and favourably
counteracts vascular inflammation and oxidative damage
[21]. More specifically, the study has provided evidence
that diet supplementation with the pomegranate extract
prevents hypercholesterolaemia-induced endothelial
dysfunction through beneficial effects involving activation
of the vascular Akt/eNOS axis, lower monocyte chemo-
attractant protein (MCP)-1 expression and decreased arterial
oxidative damage as well as an overall decline in systemic
oxidative stress [16]. Pomegranate contains high levels of
polyphenols, which not only have shown potent antioxi-
dant and anti-inflammatory properties but also exert anti-
proliferative and pro-apoptotic effects. Indeed, pomegranate
has been shown to modulate the expression and phenotype
of proteins involved in cytoskeletal functions, proteasome
activity and NF-«xB signalling as demonstrated by differen-
tial proteomic analysis in human prostate cancer cells [22].
Moreover, extending these findings, DNA microarray analy-
sis of breast cancer cells has revealed that pomegranate
extracts downregulate important genes involved in DNA
double strand break repair by homologous recombination
strengthening its beneficial effects in growth inhibition
and apoptosis [23].

Lycopene, tomatoes and tomato-based foods

Tomatoes and tomato-based foods are the major known
source of dietary lycopene, a lipid soluble antioxidant which
acts by protecting cell membranes from lipid peroxidation
[24]. Clinical trials in healthy individuals or in patients with
cardiovascular risk factors have provided consistent evidence
that lycopene supplementation protects against oxidative
damage and reduces blood pressure exerting cardiovascular
protective effects [25]. In addition, epidemiological studies
have reported potential lycopene benefits in several types of
cancer, especially prostate cancer [26]. In this regard, Herzog
etal. [27] described in rats by using a GeneChip hybridization
transcriptomic approach that lycopene reduces gene expres-
sion of androgen-related metabolizing enzymes and targets,
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IGF-I expression and basal inflammatory signals in normal
prostate tissue, suggesting a chemoprevention function in
prostate cancer. Moreover, a high throughput proteomic
analysis of prostate cancer cells has identified further
lycopene-related antioxidant beneficial properties. As such,
lycopene intake has been found to be associated with the up-
regulation of proteins predominantly located in the nuclear
compartment and involved in detoxification of reactive oxy-
gen species [28].

Whether lycopene as a dietary supplement can deliver
similar cardiovascular benefits to tomatoes or tomato-based
products remains unresolved. Of note, besides lycopene, to-
mato contains a broad range of bioactive compounds that
might partly account for the beneficial effects observed upon
tomato consumption in cardiovascular health. Moreover, to-
mato cooking and/or processing (e.g. tomato sauce) converts
the natural existing trans-isomer lycopene into the cis-
lycopene form with higher bioavailability. A 4 week crossover
nutritional intervention addressed to determine, by magnetic
nuclear resonance (NMR)-based analysis, the metabolomic
status of 24 healthy young subjects receiving two tomato
sauces with different lycopene content, found subtle differ-
ences in the serum concentrations of some amino acids,
lipids, ascorbic acid and energy metabolism related com-
pounds [29]. Whereas changes in metabolites such as crea-
tine, creatinine, lactate and pyruvate were associated with
the antioxidant and myocardial protective effects of tomato
in terms of lycopene content, changes in the concentrations
of the essential amino acid methionine and in ascorbic acid
were primary related with a different ripening stage of the
tomatoes.

Experimental studies and high-throughput metabolomics
analysis have also supported beneficial effects of tomato-
derived products on lipid metabolism. Up to now, however,
results from clinical trials are inconsistent with the exception
of the benefits of tomato and lycopene intake on high density
lipoprotein (HDL) metabolism. To this respect, different stud-
ies have provided evidence that tomato-derived products in-
duce improvements in HDL-cholesterol levels [25]. We have
also demonstrated that medium term dietary supplementa-
tion with cooked tomato sauce (CTS) Mediterranean style
(sofrito), also containing olive oil, improves the functionality
(antioxidant potential) of HDL particles and induces changes
in the protein profile of apolipoprotein A-I (ApoA-I) and apo-
lipoprotein ] (Apo]J), two major protein components of the
HDL-lipoprotein micelle [30]. As such, differential serum pro-
teomic analysis from hypercholesterolaemic swine supple-
mented with/without CTS (100 g containing 21.5 mg
lycopene) for 10 days revealed that regular CTS intake is asso-
ciated with a significant increase in one of the most abundant
mature forms of Apo A-I likely contributing to enhance HDL
antioxidant potential [30, 31]. In line with these findings, ly-
copene administration for 12 weeks to moderately over-
weight middle-aged individuals has been reported to
enhance paraoxonase-1 activity, an antioxidant enzyme that
normally associates with HDL’s Apo A-I [32]. We have also
identified a significant rise in the serum content of ApoJ, also
known to protect against oxidation [33], in those
hypelipaemic pigs supplemented with CTS suggesting a
synergistic antioxidant effect between ApoJ and Apo A-I in
the HDL micelles [34].



In summary, tomato contains a number of key phytochem-
icals, including lycopene, which support cardiovascular health
benefits. However, more studies are needed to unveil better
whether phytochemicals other than lycopene exert healthy
effects as well as to determine the potential synergistic effects
of other components related with tomato processing such as
olive oil. In this regard, proteomics and network analysis has
revealed that intake of olive oil polyphenols (mainly hydro-
xityrosol) not only donate hydrogen to reactive free radical
species counteracting oxidative stress but also downregulate he-
patic mitochondrial aldehyde dehydrogenase (ALDH2; enzyme
involved in hepatic lipid peroxidation) protein and activity and
increase the expression of superoxide dismutase (SOD; cellular
antioxidant enzyme) likely impacting on cardiovascular health
[35]. Interestingly, both ALDH and SOD seem to be regulated
by the Nrf2 transcription factor [35].

Lipid-lowering foods

Sterol/phytosterols. The health benefits of foods rich in
phytosterols have mainly focused in their ability to act
as cholesterol lowering agents. Recently, however, the interest
of the scientific community has moved towards a better
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understanding of the metabolomic effects of sterols opening
new dietary options in cardiovascular disease prevention.

Phytosterols are normal bioactive components in plants
that closely resemble cholesterol in their molecular structure.
Phytosterols have been shown to lower LDL cholesterol
concentrations by competing with cholesterol absorption
[36, 37]. A high-throughput protein analysis addressed to-
wards the characterization of protein expression changes in
the intestinal mucosa in response to a phytosterol-enriched
dietin ApoEf/ ~ hypercholesterolaemic mice identified, using
a 2D- difference gel electrophoresis (2D-DIGE) and MALDI-
TOF mass-spectrometry approach, nine differentially
expressed proteins. These proteins were mostly associated
with the annexin family, a family of proteins mainly involved
in the stabilization of the plasma membrane and the
assembly of the cytoskeleton network [37]. Interestingly,
these changes in the protein profile were detectable in
normolipaemic animals and did not correlate with the
expression levels of the corresponding genes [37]. In line with
these findings, other animal and human studies have
reported that phytosterol or phytostanol intake do not
activate the expression of genes involved in intestinal sterol
metabolism.
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Figure 2
Flow chart illustrating the untargeted lipidomic approach to screen and characterize the effects of nutrients on components of different lipid fam-
ilies. Data partly published in Padro et al. [38]
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Recent lipidomic and metabolomic studies have pointed to
a variety of lipid species, not only to LDL-cholesterol concentra-
tions, as potential targets to protect against disease development
[38] (Figure 2). As such, a lipidomic approach based on liquid
chromatograpgy/mass spectrometry (LC/MS) analysis ap-
plied to serum samples from a placebo-controlled, parallel
human intervention study of 4 week consumption of two
phytosterol-enriched, yoghurt drinks differing in fat content,
reported that intake of a phytosterol-enriched 0.1% dairy fat
yoghurt drink reduces the levels of several sphingomyelins
which, in turn, correlate with the reduction in LDL-
cholesterol [39]. In addition, this study reported serological
changes in two lysophosphatidylcholines metabolites [LPC
(16:1), LPC(20:1)] and in cholesteryl arachidonate, suggest-
ing a protective role of phytosterol intake in inflammation
[39]. More recently, we have used a top-down lipidomic
approach (LC-ESI-MS/MS strategy) to gain new insights into
the lipid biochemical changes induced in LDL by the dietary
intake of phytosterol-supplemented milk. We performed a
double blind, randomized longitudinal crossover exploratory
study in overweight and moderately hypercholesterolaemic
patients who received milk (250 ml day™") enriched either in
phytosterols or omega-3 fatty-acids (EPA + DHA) as compara-
tive control treatment during two sequential 28 day interven-
tion periods [40]. We demonstrated that regular intake of
phytosterols and omega-3 milk resulted in differential LDL
lipid-metabolite patterns, mainly of the cholesterol esters
and glycerophospholipid families. Interestingly, the inter-
vention with phytosterol-supplemented milk significantly
reduced plasma LDL cholesterol levels without inducing
changes in the LDL cholesteryl ester profile. These observa-
tions suggest a major effect of dietary phytosterols on the free
cholesterol fraction of LDL. In contrast, intake of phytosterol-
enriched milk significantly reduced the content of LDL-
glycerophospholipids, primarily of the phophatidylcholines
(PC) and lyso-phophatidylcholines (LPC) subclasses. The
recently published Ludwigshafen Risk and Cardiovascular
Health (LURIC) study has reported a positive association
between five plasma PC species and cardiovascular mortality
[41]. Particularly, a strong correlation was found for the PC32:0
subclass. We found a reduction in PC32:0 in those individuals
under the phytosterol milk intervention as well as in PC34:1, a
highly abundant PC in LDL particles [40]. The fact that the
strongest coordinated changes after phytosterol-enriched milk
were observed between PC metabolites differing by two carbon
atoms in their fatty acid side chain suggests that changes result
from products of elongation processes occurring in the LDL af-
ter the dietary intervention.

Another important finding of our study was the de-
tected decrease in LDL susceptibility to oxidation after
intake of phytosterol-enriched milk [40]. The susceptibility
of LDL to oxidation has been linked to their content in
sphingomyelines, lipid components reported as physiologi-
cal inhibitors of lipoprotein oxidation due to their effects
in LDL surface fluidity and propagation of the oxidation
reaction in the PC monolayer [42]. However, our LDL
metabolomic analysis suggests that phytosterol protection
against LDL-oxidation was related to a decrease in LPC-
content, particularly in the LPC16:0 metabolite (a reliable
marker of oxidative stress) [43] rather than changes in the
pattern of spingomyelines.
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Extending the effects of phytosterols in atherosclerosis pro-
tection, we have provided evidence by direct transcriptomic
analysis that the intake of a plant sterol ester-enriched diet di-
rectly interferes with the expression of the canonical Wnt sig-
nalling receptor and prevents pro-atherogenic effects in the
aorta through a mechanism mediated by the modulation of
the low density lipoprotein receptor-related protein 5 (LRPS)
[44], protein involved in the uptake of lipid by macrophages
[45], as well as in their differentiation and migration capacity
[45, 46].

Omega (n)-3 polyunsaturated fatty acids (PUFA). Differing
from sterol rich foods, long chain omega-3 (©3) PUFAs have
shown to exert health promoting effects particularly on the
cardiovascular system mainly by lowering fasting and post-
prandial serological triglycerides [47] In addition, whole
genome gene expression analysis of peripheral blood
mononuclear cells (PBMC) from 21 male subjects
consuming shakes enriched in PUFAs has demonstrated that
PUFA intake reduces the expression of genes involved in liver
X receptor (LXR) signalling, glutathione metabolism, oxidative
stress and inflammation [48]. Moreover, Ahmed et al. [49],
using a proteomic approach based on gel electrophoresis and
liquid chromatography—tandem mass spectrometry, evidenced
that high dietary «3PUFA modulates proteins directly involved
in lipid and carbohydrate metabolism, such as regucalcin or
hepatic fructose-1 and ketohexokinase, as well as proteins
involved in protein synthesis. From a metabolomic point of
view we have demonstrated that intake of w3-enriched milk
for 4 weeks induces changes in the lipidomic compostion of
the LDL-fraction leading to an increase in long chain
polyunsaturated cholesteryl-esters CE20:5 and CE:22:6
content as well as in the ratio PC 36:5 : LysoPC16:0, thus
conferring LDL particles with a lower pro-inflammatory
potential [40]. In summary, dietary intake of w3 long chain
fatty acids and plant sterols seem to exert independent but
interactive effects on the plasma lipid profile suggesting that
their combination as food supplements may represent an
improved strategy to prevent cardiovascular risk [50]. In
support of this hypothesis we have shown that intake of ©3-
enriched-milk not only reduces triglyceride plasma
concentrations but also increases the long chain ©3-PUFA in
LDL, mainly as cholesteryl-esters [51].

Caloric restriction

Oxidative stress also plays a key role in ageing and ageing-
associated co-morbidities such heart disease, neurodegenera-
tion and cancer [52]. Although there has been intense re-
search during the last years to identify genes that influence
longevity the findings have been rather limited and only
one gene, the APOE, highly relevant in cardiovascular
diseases and dementia, has emerged as being consistently
associated with the ageing phenotypes and longevity in ge-
nomic approaches [53]. Interestingly, caloric restriction has
been considered to be the main environmental factor capable
of influencing longevity in non-human experimental
models. Implementation of systems biology has revealed that
a reduction of 20-40% in habitual daily energy intake
(without malnutrition) is associated with the modulation of
pathways related to longevity including the insulin-like



signalling (involved in cell division), the sirtuin pathway (en-
hance mitochondrial antioxidant defense), the target of
rapamycin (mTOR) signalling (regulates autophagy) and
AMP-activated protein kinase (AMPK) signalling (energy sen-
sor) [54-57]. Moreover, regulation of these pathways leads to
a reduction in oxidative damage, to a modulation of energy-
requiring functions and to a decrease of cell division [57,
58] preventing against the risk of suffering from obesity, insu-
lin resistance, type II diabetes and cardiovascular diseases, ul-
timately increasing lifespan [59]. Although caloric restriction
has not been implemented in humans, intermittent fasting
has also been shown to decrease oxidative stress levels and
improve insulin sensitivity in men likely promoting healthy
ageing [60]. In line with these observations, a transcriptomic
study in obese men has shown a reduction in the expression
of oxidative stress- and inflammation- related genes in re-
sponse to an 8 week low calorie diet intake which, in turn,
was associated with a decrease in body weight [61].

Conclusion

Diet is the most important environmental factor for main-
taining health and preventing disease. The tremendous prog-
ress in science and technology occurred during the last
decade has paved the way for the development and imple-
mentation of systems biology in nutritional research. The
availability and progress of transcriptomic, proteomic and
metabolomic platforms have opened up new opportunities
to build up network models with accurate predictive value
in nutrition-related disease, to decipher the health promot-
ing properties of functional foods and to design dietary inter-
ventions for healthy ageing. Exploiting systems biology in
the nutrition and health arenas may provide new opportuni-
ties oriented towards personalized therapy.
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