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Abstract In nutrigenomics, gene expression profiling is used
to investigate transcriptional mechanisms associated with nutri-
ents and diet. Blood samples collected in the framework of
dietary interventions and epidemiological studies allow the
use of humans as the model system, as opposed to using cell
lines or animal models. Here, we review recent publications in
the field of gene expression profiling, based on a systematic
literature search focusing on studies from the last 5 years and
including studies that investigated either single nutrients, foods,
food groups, or dietary patterns. Findings highlight the role of
inflammatory processes as key mediators of the association
between diet and disease and point to the relevance of using
blood as the target tissue in nutrigenomics. However, recurring
challenges include study design issues, practical and statistical
challenges, and biological interpretation of the results. Many of
the published studies have small sample size, and given the nature
of gene expression data, their conclusions have limited impact.
These challenges should be addressed by future nutrigenomics
studies in order to increase their relevance and validity.
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Introduction

High-throughput omics technology is increasingly being used
to elucidate the complex interactions between exposures such
as diet and pollutants and human health and disease. In the
nutrigenomics field, the analysis of messenger RNA (mRNA)
expression, known as gene expression profiling or transcripto-
mics, allows a genome-wide perspective on the molecular
mechanisms involved in the association between nutrients,
foods, dietary patterns, and health outcomes. Numerous die-
tary components have been identified as signaling molecules
that may alter gene expression and thereby influence health
[1]. Transcription factors are the main mediators through
which nutrients influence gene expression (e.g., peroxisome
proliferator-activated receptors that bind fatty acids [2] and
electrophile response elements activated by plant phytochem-
icals [3]), but numerous other and/or more indirect mecha-
nisms may be just as influential [4••]. Recently, a review of
microRNAs concluded that these nucleic acids also play a role
in dietary modulation of health and disease [5]. An overview
of transcription factors and other mechanisms is beyond the
scope of this review.

There is a growing understanding of the limitations of
using animal models and cell lines to explore human patho-
genic processes [6••]. The degree of match between
transcriptomic inflammatory responses in humans and mice
was found to be close to random [7], highlighting the need for
more studies using humans as the model system. Studies of
blood cells are particularly useful for combining epidemiolog-
ical and molecular aspects of biomedical research/
nutrigenomics, as blood sample collection is relatively non-
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invasive and feasible in the epidemiological setting. Being a
part of the transport system of the body, blood cells interact
with all tissues and are exposed to nutrients, metabolites, ex-
creted factors, and waste products. Hence, blood cells have
been suggested as a surrogate tissue for the study of molecular
responses to dietary interventions [8] and of disease processes
in other tissues [9]. However, the transcriptionally active
blood cells are key immunological regulators and are in them-
selves highly relevant as a target tissue for elucidating the
impact of diet and nutrition on health and disease [10••].

The immune system has evolved to protect us from exter-
nal challenges, but it also plays a vital role in maintaining
homeostasis. Diseases with a substantial immunological as-
pect include cancer, cardiovascular disease (CVD), and diabe-
tes, and the pathogenesis and incidence of these diseases are
also affected by diet [11]. Cells of both the innate and adaptive
immune system are present in the blood, at varying numbers
and varying developmental stages, and the white blood cells
(leukocytes, monocytes, granulocytes) are the most transcrip-
tionally active, in contrast to the red blood cells (reticulocytes)
and platelets. Advances in gene expression analysis and blood
sample handling have given the opportunity to assess tran-
scriptional effects of diet in blood cells [9]; however, a rich
body of data from other methodologies has provided several
clues to the link between inflammation and diet. These include
regulation of levels of cytokines, production of signaling mol-
ecules like eicosanoids and resolvins, oxidative stress, DNA
damage, and viability of immune cells [12]. Furthermore, in-
flammatory processes at the physiological level may include
vascular wall flexibility, lipid metabolism, and systemic low-
grade inflammation which has been linked to obesity and
lifestyle-related diseases [13, 14].

In this review, we will discuss recent publications (Table 1)
that present analyses of whole-blood gene expression profiles
related to single nutrients, foods/food groups, and dietary pat-
terns. We identify trends within the field and discuss several
challenges that should be met by future nutrigenomics studies
in order to increase the validity of reported findings.

Gene Expression Profiles Associated with Intake
of Specific Nutrients

Due to their putative effects on CVD risk factors, incidence,
and death [39, 40], as well as risk of cancer [41] and type 2
diabetes mellitus [39], dietary fat has spurred several investi-
gations. Fatty acids take part in cellular processes including
gene expression modulation via nuclear receptors, acting as
precursors for inflammatory signaling molecules, and are also
structural components of cells [42, 43]. Two recent reviews
summarized the reported effects of marine n-3 FAs on periph-
eral blood mononuclear cell gene expression [44] and the
potential use of blood transcriptomics as biomarkers for fatty

acid intake [45••]. Briefly, supplementation trials have been
carried out in populations of varying health status, mainly
healthy subjects or subjects with lifestyle-related conditions
such as obesity, insulin resistance, or dyslipidemia. Studies
often include <30 persons in each comparison group, and
the duration of interventions ranges from a few weeks to
6 months. Studies using full-genome approaches have re-
vealed approximately 200–1000 differentially expressed
genes, collectively giving an indication of the magnitude of
the transcriptional impact of n-3 polyunsaturated fatty acid
(PUFA) supplementation. Importantly, differences between
population strata have been shown. Men [29] and dyslipid-
emic subjects [32] may be more affected by supplementation
compared to women and subjects with a normal lipid profile.
The abovementioned review papers conclude that
transcriptomic biomarkers are indeed sensitive to dietary in-
terventions using fatty acids and that affected mechanisms
include pro- and anti-inflammatory processes, anti-
atherogenic pathways, and fatty acid metabolism. One recent
study by Myhrstad et al. found that genes related to endoplas-
mic reticulum stress may also be linked to an increased oxi-
dative load on cells after PUFA supplementation [25]. Lastly,
transcriptomic effects of fatty acid ratios have been shown in a
cross-sectional study of women in a general population [26],
indicating that differences in blood fatty acid composition
among persons following their habitual diet may affect the
same molecular mechanisms usually documented in con-
trolled trials.

Due to their possible roles in oxidative processes [46] rel-
evant for both inflammation and tissue homeostasis, molecu-
lar effects of some plant-derived compounds have been ex-
plored. Epidemiological data indicate that consumption of
fruits and vegetables rich in phytochemicals may reduce risk
of CVD [47] and some cancers [48], but only a few health
effects have been determined for isolated compounds. Afman
et al. [45••] reviewed and discussed recent transcriptomic sup-
plementation studies including 7–30 subjects who were
healthy or at risk of CVD. Comparison of gene lists from trials
investigating quercetin, resveratrol, hesperidin, and
isoflavones revealed effects on several common pathways:
chemokine signaling, cell adhesion, apoptosis, and NF-κB,
all involved in inflammation and atherogenesis [45••]. Recent-
ly, in a study of seven healthy male smokers, flavanol supple-
mentation was found to induce 864 genes related to chemo-
taxis, cell adhesion, and intracellular processes such as cyto-
skeleton organization [24]. The authors suggest that flavanols
may lower immune cell adhesion, with favorable impact on
CVD pathogenesis, in line with Afman’s conclusions [45••].
Down-regulation of inflammatory processes was also found in
a randomized controlled trial of isoflavones in postmenopaus-
al women. However, the potentially harmful effects on estro-
gen receptor pathways were not found in the blood of these
women [36]. Studies of fruit/berry juices are discussed below.
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Not many studies have focused on vitamins and minerals/
trace elements. Vitamin D status was not associated with any
significantly differentially expressed single genes in a cross-
sectional analysis of 149 postmenopausal women [27]. How-
ever, at the pathway level, immunological processes were as-
sociated with higher vitamin D status [27]. After zinc deple-
tion in nine male subjects, 328 genes were differentially
expressed, with cell cycle regulation being up-regulated and
immune response being down-regulated [30]. In contrast to
the vitamin D study [27], the results on zinc depletion were
found to align with previously reported in vitro findings.

Two studies of 7 and 60 subjects investigated acute effects
of carbohydrate ingestion. After 1 h, glucose ingested by 60
healthy subjects induced differential expression of 36 genes
related to NK cell and granulocyte immunity, as well as cyto-
kines [18]. The authors pointed out that the observed effects
could also be a result of secondary systemic changes, like
hyperinsulinemia resulting from the glucose ingestion. In a
cross-over study of seven subjects, meals with differing gly-
cemic indexes (provided by glucose, white rice, and rolled
barley) were associated with distinct gene expression profiles
6 h after ingestion [21].

Gene Expression Profiles Associated with Foods
and Food Groups

Juices and extracts of fruits and berries have been studied in
trials including 9–143 persons. The largest study examined
effects of 1 l of blueberry juice per day for 4 weeks [35•],
and the authors report 1500–9000 differentially expressed
genes (including non-annotated genes), belonging to process-
es like apoptosis, immune response, cell adhesion, and lipid
metabolism. Interestingly, response varied according to geno-
type subgroups, and according to subgroups that were defined
by degree of DNA damage. In a 1-year placebo-controlled,
triple-blinded trial including hypertensive males with type 2
diabetes and coronary artery disease, grape extract fortified
with resveratrol down-regulated key inflammatory regulators
(TNF-α, IL-1b, IL-8), indicating an attenuation of NF-κB-
signaling [34]. Orange juice was found to alter the expression
of 3422 genes after 4 weeks in ten subjects, and some of this
effect was linked to the flavanone hesperidin [23]. The iden-
tified differentially expressed genes contribute to inflammato-
ry regulation by modulating endothelium interaction (cell ad-
hesion and infiltration) and lipid accumulation, altogether sug-
gested as a cardioprotective expression profile. Finally, a
study of male smokers identified several stress defense genes
up-regulated after an 8-week dietary intervention with either a
combination of anti-oxidant-rich plant foods or a kiwi fruit
supplementation compared to controls following their habitual
diet [16]. The anti-oxidant-rich diet resulted in 44 differential-
ly expressed genes, and the kiwi supplementation group nineT
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genes were differentially expressed. Gene set analysis iden-
tified the up-regulation of several stress-related gene sets,
particularly DNA and repair, hypoxia, and apoptosis in both
intervention groups [16]. Health benefits related to anti-
oxidant-rich diets may therefore be linked to up-regulation
of stress and defense responses to maintain cellular repair
processes.

One study investigated the acute transcriptomic effect of
ingestion of milk and yogurt in six subjects, identifying
around 600 differentially expressed genes after 6 h [31]. Al-
though only 11 % of the genes were overlapping in the two
groups, pathway-level analyses revealed similar processes in-
cluding protein biosynthesis and mitochondrial activities (up-
regulated) and inflammation and apoptosis (down-regulated).
The authors point to the transcriptional kinetics shortly after
ingestion as a relevant aspect of nutrition in relation to pre-
vention and development of diseases [31].

Intake of fatty foods, like fish, olive oil, etc., has not been
extensively studied per se. Fish oil supplementation was
discussed in the previous section, as these studies focus on
the fatty acid content, and possible effects of olive oil have
been investigated in relation to the Mediterranean dietary pat-
tern (next section). Also, intake of grains has been evaluated
as part of dietary patterns, and one study of differing effects of
meals with varying glycemic indices was included in the pre-
vious section.

Gene Expression Profiles Associated with Dietary
Patterns

In the real-life setting, nutrients are provided as part of com-
plex dietary patterns, not as single, isolated entities, and the
WCRF/AICR recommends that healthy persons aim at meet-
ing nutritional needs through diet alone, as opposed to using
supplements [48]. This more global view of nutrition has also
been investigated using transcriptomics, particularly focusing
on the Mediterranean diet as previously summarized by
Konstantinidou [49•]. Recent studies include transcriptomic
data from 3 to 17 persons in each comparison group, and in
line with epidemiological findings, the Mediterranean dietary
pattern has been shown to reduce expression of genes related
to inflammation (e.g., IL-1b, TNF-α, ICAM, NF-κB) and
oxidative phosphorylation/oxidative stress/hypoxia (e.g.,
HIF1a, VEGF), possibly owing to the high contents of
MUFA, PUFA, and anti-oxidants [17, 37]. However, findings
are not always consistent [37] and the positive effects may be
increased by further enriching the diet with olive oil [17]. The
affected processes are linked to CVD development, and alter-
ing the transcriptome as a Bmolecular symptom^ of disease
may be one way that diet helps to prevent onset and progres-
sion of CVD and other inflammatory diseases. Similar trends
were found in Crohn’s patients [22]. TheMediterranean diet is

often contrasted to a Western dietary pattern, which was stud-
ied in a cross-sectional analysis of 30 persons following their
habitual diet [15]. Subjects with a Western-type diet had
higher blood pressure and gene expression profiles indicative
of higher inflammatory status. Importantly, this study identi-
fied major differences in gene expression profiles in men and
women [15]. Other systemic approaches, like fat reduction in
combination with exercise, have been investigated. In 63
CVD patients and equal number of matched controls, a strict
dietary and lifestyle intervention led to alterations of genes
related to leukocyte function, lipid homeostasis, and inflam-
mation [19]. Interestingly, adverse effects after maternal
immunotoxic exposure to PCB and dioxins derived from sea-
food, dairy, egg, and cereals were associated with an immu-
nosuppressive gene expression profile in cord blood, as well
as reduced vaccine response in offspring [20]. This study
highlights the potential of using transcriptomics to investigate
vulnerable population strata and to explore transgenerational
aspects of health.

Discussion

Some overall trends may be identified in the available publi-
cations of whole-blood gene expression profiling in the field
of nutrigenomics. Firstly, there is a trend toward using the
blood as the target tissue, instead of it being a surrogate for
other tissues. In line with trends in cancer research [50, 51•]
and other fields [14], the involvement of the immune system
in disease etiology and prevention is increasingly being rec-
ognized. The published gene expression profiles discussed
here repeatedly point to the immune-modulatory effects of
the diet, and this deserves further attention. What is the role
and impact of these effects at the population level, what other
factors besides nutrients may affect the samemechanisms, and
how might these effects be targeted in different population
strata to improve public health? The magnitude of immuno-
logical consequences of diet, both positive or negative, re-
mains to be established, but transcriptomic studies as well as
epidemiological data from research on cancer, CVD, and obe-
sity point to its relevance. Whole-blood gene expression pro-
files may reflect systemic changes to a larger degree than
expression profiles derived from adipose tissue or other tis-
sues, and investigations of both local and systemic effects of
nutrients and diet will help to elucidate the complex mecha-
nisms associated with dietary components. However, the un-
derstanding of the role of adipose tissue in inflammatory and
pathogenic processes has increased during the last 5 years. For
example, a recent study demonstrated transcriptomic changes
in abdominal subcutaneous adipose tissue (SAT) of obese
persons after an 18–24-week dietary intervention using the
Nordic diet compared to a control diet [52]. The Nordic diet,
in absence of weight change, was associated with decreased
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expression of inflammatory genes in SAT, which might influ-
ence systemic disease processes through reduced secretion of
inflammatory mediators from the adipose tissue. However, as
the expression profiles were not associated with major chang-
es in plasma concentrations of inflammatory markers or insu-
lin sensitivity, the clinical impact of the reported findings in
SAT remains to be established [52]. It should be mentioned
that it may be more difficult to reach adequate sample size in
studies that require tissue biopsies compared to studies using
blood samples.

Secondly, the field of whole-blood transcriptomics in nu-
trition research bears similarities to the early days of genome-
wide association studies of single-nucleotide polymorphisms
(SNPs), where discoveries and claims were abundant [53].
The technology is costly which leads to small sample sizes
and a high risk of false positives. Of note, some (but not
enough) studies are indeed presented as pilot or feasibility
studies, with the need of future replication. The challenge of
small sample sizes is further discussed below. The amount of
data available today, especially for whole-blood gene expres-
sion profiles in response to fatty acid intake, is eligible for
meta-analyses in spite of differences in microarray platforms,
study designs, and target populations. Meta-analyses could
reveal canonical molecular processes at play at the population
level. One example of this approachwas provided in [45••] for
polyphenols, leading to a hypothesis of synergistic effects of a
variety of polyphenol-rich plant foods on inflammation and
atherogenesis.

Lastly, many challenges adhere to the analysis of blood
gene expression profiles in nutritional epidemiological stud-
ies. These are discussed below and include study design is-
sues, as well as practical and statistical challenges, and bio-
logical interpretation of results. Being a multidisciplinary
field, the standards of all involved disciplines must be met in
order to increase the quality of the published studies and the
validity of reported findings.

Challenges

In nutrigenomics, estimation of sample size to reach adequate
statistical power may not be straightforward, due to lack of
prior information on effect size and variability. The magnitude
of the expected findings is often low: the impact of an expo-
sure (say, a single nutrient) may not stand out from the impact
of a myriad of other exposures present at the sampling point.
This raises a demand for rigorous study design and recording
of potential confounding factors, and stringent study designs
may not always provide confirmation of initial results, as was
the case with one study of quercetin [54]. Importantly, the
majority of studies discussed herein include below 20 subjects
in each comparison group, so the term Blarge-scale epidemio-
logical studies^ as stated in the title of this reviewmay well be
discussed. Increased sample sizes will improve the precision

of the estimates, lower the risk of confounding, and allow
stratification into subgroups to further reveal the complexity
of gene/lifestyle/diet interactions, as was done by van Breda
et al. [35•]. Several published studies base their choice of
sample size on an argument that other studies with the chosen
sample size have been able to identify gene expression effects
of diet. However, with knowledge of the methodological chal-
lenges of gene expression profiling, it is evident that this rea-
soning falls short: gene expression profiling generates Bnoisy
data^ (low signal to noise ratio), is prone to batch effects, and
is subject to the heterogeneity of the biological samples used.
This leads to low reproducibility in independent datasets and
difficulty in establishing global signatures of the exposure in
question [55••]. In summary, more studies with adequate sam-
ple sizes are needed in order to capture the signals that are
truly associated with the exposure of interest.

Furthermore, recording non-dietary lifestyle factors and in-
cluding biomarker measurements and other omics technolo-
gies (genomics, epigenomics, proteomics, metabolomics) in
the study designs may provide important clues to between-
person variability of response to nutrients, help in biological
interpretations, and may inform nutrition intervention practice
[55••, 56]. The use of healthy subjects will increase our appre-
ciation of diet in disease prevention, but possible effects in
persons at risk of disease or with different diagnoses may
provide clues for recommendations of lifestyle changes for
patients. In addition, examining effects in vulnerable popula-
tion strata, such as children and youth, may further strengthen
the efforts to improve dietary habits early, with the aim of life-
long benefit. Similar to initiatives in the field of genome-wide
association studies, consortium-based approaches may help
overcome the problem of small sample sizes and provide large
enough sample sizes to allow stratification and increase statis-
tical power [57••].

Careful study planning including the use of washout pe-
riods, choice of nutritionally relevant doses, and the use of
(and choice of) placebo treatment may strengthen future inter-
vention studies. In cohorts, recording of dietary data together
with blood sample collection may prove to be valuable for
avoiding many of the potential biases of case-control studies.
Repeated measurements in cohorts may provide insight into
the temporal relation of diet and disease development. Also,
exploring transcriptomics as biomarkers of exposure or early
biological effects is promising [45••].

Practical challenges related to conduct of transcriptomic
analyses have been discussed elsewhere and include stabiliza-
tion of mRNA [58–60], globin reduction methods [61, 62],
batch effects [63], and recognition of between- and within-
person variability [64]. We previously found that laboratory
procedures may account for up to 40 % of gene expression
variance [65], and today, evidence-based guidelines for pre-
analytical handling of blood samples are available and may
increase validity and reproducibility [58]. Furthermore, in
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matched designs, sample pairs should be kept together
throughout the analysis pipeline (both wet lab and data anal-
ysis) in order to minimize the impact of technical variability.
Data analysis of transcriptomics is a multistep process involv-
ing quality control, outlier detection, normalization, log trans-
formation, and detection of differentially expressed genes and
pathways [55••, 66]. The non-hypothesis-driven approach al-
lows researchers to explore the data in an agnostic fashion, but
best-practices are yet to be established. Performing pathway-
level analyses and using network-based approaches have
proven to be a vital asset for biological interpretation of
transcriptomic datasets [67•], and these approaches are partic-
ularly useful in the nutrigenomics setting where many expo-
sures may induce non-significant changes at the single-gene
level.

The available literature not only provides a link between
previously published epidemiological findings and in vitro
studies, but also points to molecular mechanisms with un-
known links to health effects at the population levels. One
example is that of endoplasmic reticulum stress and
authophagy found to be associated with higher n-3 PUFA both
in the general population and after supplementation [25, 26].
However, most studies are not able to distinguish between
direct transcriptomics effects of the exposure in question and
the transcriptomic effects of secondary systemic changes
resulting from the exposure. As already pointed out, the use
of established biomarkers in conjunction with transcriptomics
may help biological interpretation, but transcriptomic data
may not always reflect changes of inflammatory protein
markers such as TNF-α [34]. This points to the fact that
mRNA is only one piece of the biological puzzle: posttran-
scriptional and posttranslational modifications and other phys-
iological processes will affect both the amount of markers in
the circulation as well as the physiological impact of diet.
Transcriptomics as such increases the analytical depth and
contributes to our understanding of biological complexity.

Conclusion

We conclude that the published literature is characteristic of a
new research field where sample sizes are small and reported
findings may not always be confirmed by larger and more
well-designed studies. Still, transcriptomic data is accumulat-
ing that contributes to the understanding of the processes un-
derlying the health impact of diet. The reported findings help
to combine and confirm in vitro and epidemiological data and
point to new associations that deserve the attention of future
studies. However, based on the available literature, few con-
clusions about etiological associations can be made. Gene
expression studies are intrinsically hypothesis generating,
and complementary approaches are needed to further explore
the molecular mechanisms at play and their impact at the

population level. However, for the hypotheses to be worth
exploring, the studies that generate them must be carefully
designed and meet the high standards of research in both ep-
idemiology, nutrition, and molecular biology. Based on the
rationales discussed herein, it is evident that studies exploring
transcriptomic effects of nutrients, foods, and dietary patterns
in large-scale epidemiological studies are highly warranted.
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