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Peripheral blood mononuclear cells (PBMCs) generally refer to monocytes and lymphocytes,
representing cells of the innate and adaptive immune systems. PBMCs are a promising target
tissue in the field of nutrigenomics because they seem to reflect the effects of dietary modifi-
cations at the level of gene expression. In this review, we describe and discuss the scientific
literature concerning the use of gene expression at the mRNA level measured from PBMCs
in dietary interventions studies conducted in humans. A search of literature was undertaken
using PubMed (last assessed November 24, 2011) and 20 articles were selected for discussion.
Currently, results from these studies showed that PBMCs seem to reflect liver environment and
complement adipose tissue findings in transcriptomics. PBMC gene expression after dietary
intervention studies can be used for studying the response of certain genes related to fatty acid
and cholesterol metabolism, and to explore the response of dietary interventions in relation
to inflammation. However, PBMC transcriptomics from dietary intervention studies have not
resulted yet in clear confirmation of candidate genes related to disease risk. Use of microarray
technology in larger well-designed dietary intervention studies is still needed for exploring
PBMC potential in the field of nutrigenomics.
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1 Introduction

1.1 Immune function: General remarks and the

peripheral blood mononuclear cells (PBMCs)

The main function of the immune system is to prevent or
limit infections by microorganisms such as bacteria, viruses,
fungi, and parasites. Immune responses are mediated by
leukocytes (white blood cells), which derive from precursors
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in the bone marrow and then migrate to guard peripheral tis-
sues [1]. Cells of the innate immune system, such as mono-
cytes, macrophages, and neutrophils, provide the first line
of defense against bacterial infections. [1]. Innate immune
responses involve secretion of cytokines from the innate
immune cells, which result in inflammation and further ac-
tivation of the adaptive immune system [1]. For example,
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NAMPT, nicotinamide phosphoribosyltransferase; NF�B, nuclear
factor-kappa-B; PPAR, peroxisome proliferator-activated recep-
tor; PBMCs, peripheral blood mononuclear cells; PDGF, platelet-
derived growth factor; qRT-PCR, quantitative RT-PCR; PPC, low-
dose PUFA, polyphenols and L-carnitine supplementation; SI, in-
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lymphocytes are cells of the adaptive immune system, which
recognize specific pathogens and act by protecting against
recurrent infections. Lymphocytes are the largest cell popu-
lation covered by the more general term PBMCs, which also
include monocytes [1].

1.2 Challenges using mRNA gene expression in

nutrigenomic studies

The methodologies used to study the messenger RNA
(mRNA) expression of genes can vary from single gene ex-
pression methods to whole-genome expression profiles (tran-
scriptomics) and pathway analyses. The methods mostly used
to study the expression of single genes have been the compet-
itive RT-PCR [2, 3], and more recently, quantitative RT-PCR
(qRT-PCR) [4]. The development of high-throughput methods
has opened a new avenue in the gene expression studies [5].
Genome-wide gene expression, e.g. transcriptomics research,
has already identified novel genes and pathways that have not
been earlier linked to certain treatments or conditions.

The term nutrigenomics was created to describe how nu-
trition affects gene and protein functions at genomic, tran-
scriptional, proteomic, and metabolic levels [6]. Nutrients
can affect the transcriptional level of genes by influencing
transcriptional control and acting on specific transcriptional
factors [7, 8]. For example, nuclear peroxisome proliferator-
activated receptors (PPARs) serve as important fatty acid (FA)
sensors in the cells. Other examples of transcription factors
that can be affected by dietary components such as flavonoids,
vitamin E, and cholesterol are nuclear factor-kappa-B (NF�B),
the pregnane X receptor, and sterol-responsive-element bind-
ing proteins, respectively [8].

Prevention of chronic diseases such as cardiovascular dis-
ease (CVD) and type 2 diabetes mellitus (T2DM) is a major
focus of research in the nutrition field. Data have shown that
these conditions can be prevented by lifestyle changes, includ-
ing changes toward a healthier diet [9, 10]. Development of
biomarkers of food intake is of great interest because they can
be used as indicators of metabolic or physiological changes
that may increase or decrease the risk of a specific chronic
disease. These biomarkers should reflect or be associated
with these conditions and phenotypes. Classical biomarkers
such as blood lipids, plasma glucose, and measurements of
insulin resistance (IR) are widely used for addressing the
effect of dietary intervention on risk factors for T2DM and
CVD. The use of transcriptomics can help to provide more
information about eventual biomarkers of certain diseases or
physiological changes related to the pathogenesis of the dis-
ease. Moreover, early biomarkers or transcriptomic profiles
(“signatures”) could emerge from this molecular approach,
which could ultimate give us more time to intervene in the
prevention of a disease that may develop in the future.

In order to study the role of food and nutrients in target
tissues and to understand the molecular mechanisms behind
the beneficial effects of diet on health, usually liver, adipose,

and muscle tissues are of prime interest. However, often in
the studies with healthy human volunteers tissue availability
sets limitations. The adipose and muscle tissues are rather
accessible, but the amount of the samples might not be suffi-
cient for performing gene expression profiling, confirmation
by RT-PCR and protein analyses. On the other hand, liver
samples are usually impossible to obtain from healthy vol-
unteers. Because PBMCs seem to reflect hepatic regulation
of cholesterol metabolism [11] and can migrate through the
blood circulation and infiltrate various tissues such as the
endothelium and adipose tissue [12], PBMC gene expression
might reflect metabolic and immune responses of adipocytes
or hepatocytes. Since PBMCs can also reflect the responses
of dietary modifications and drugs at the level of gene expres-
sion [13, 14], they have also been a subject of great interest
in clinical and intervention studies for transcriptomics pro-
filing. Moreover, PBMCs are convenient because they can
be easily and repeatedly collected in sufficient quantities, in
contrast to adipose, muscle, and liver tissues.

Immune cells such as lymphocytes and monocytes
(PBMCs) seem to play a crucial role in the development of
the atherosclerotic lesion [15] because of their possible roles
in the development of inflammation (cytokine production),
endothelial dysfunction (endothelium adhesion molecule
production), and CVD [16]. Mechanisms contributing to IR,
impaired �-cell function and endothelial dysfunction also in-
clude inflammation [16, 17]. Obesity and IR seem to activate
immune cells and increase expression of many cytokines
[18, 19]. Moreover, cholesterol metabolism can also partici-
pate in the activation of inflammation at the artery wall site
[20].

PBMCs have been used for exploring gene expression in
various diseases and to predict clinical outcome [21–23], and
also as a model for studying the expression of genes related
to inflammation [24–27]. Moreover, PBMCs are also a target
for insulin action [28]. Of note, these immune cells are not
only exposed to IR- and CVD-related tissues such as adipose,
liver, and the endothelium, but also crosstalk with them [29].
Global gene expression profile of skeletal muscle seems also
to be reflected in the gene expression levels of PBMCs [30].
Therefore, the use of changes in PBMC gene expression in
dietary intervention studies as a model system could also suit
the aim of understanding the underlying mechanisms behind
the role of diet and nutrients in atherosclerosis or IR leading
to CVD and T2DM.

One of the aims of nutrigenomics is to identify the genes
that influence diet-related diseases such as T2DM and CVD.
This could also ultimately lead to the identification of geno-
types that could especially benefit from specific dietary inter-
ventions. There is recent evidence for an extensive genetic
component underlying gene expression traits in PBMCs [31].
The transcripts of genes measured from PBMCs seem to be
heritable [32,33]. In this regard, the information derived from
transcriptomic studies in dietary intervention studies can also
be used for identifying candidate genes for various diseases.
For example, we have found that the tenomodulin (TNMD)
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gene, which was downregulated after moderate weight loss
[34], was associated with inflammatory factors and risk of
T2DM in the Finnish Diabetes Prevention Study [35, 36].
Therefore, it is reasonable to expect that new insights could
emerge from future PBMCs transcriptomics in terms of new
candidate genes related to T2DM and CVDs.

In the present review, we describe and discuss the
scientific literature concerning the use of gene expres-
sion at mRNA level measured in PBMCs in dietary in-
terventions studies conducted in humans. We will mainly
focus on controlled trials with a minimum length of
4 weeks.

2 Methodology for the literature
searching

A search of medical literature was undertaken using PubMed
(last assessed, November 24, 2011) with the following key-
words in combinations of three: “gene expression,” “mRNA
expression,” “transcriptome,” OR “nutrigenomics” AND
“diet,” “dietary intervention,” “weight loss,” “weight reduc-
tion” OR “supplementation,” AND “PBMC” OR “mononu-
clear cells.” Concerning “supplementation,” only human
studies dealing with dietary intervention or supplementation
of n-3 FAs were selected. After excluding six manuscripts
dealing only with postprandial effects of a dietary or meal
intervention, one manuscript dealing with supplementation
with FAs using parenteral nutrition, one manuscript deal-
ing with dietary intervention but using mRNA expression
in white blood cells as a marker of DNA damage and an-
other manuscript dealing with dietary intervention but us-
ing mRNA expression in PBMCs for its validation against
skeletal muscle tissue in a cross-sectional design, 20 stud-
ies were left. In Table 1, the most relevant studies based on
their design (controlled studies) and on their length (min-
imum of 4 weeks) are described. The other nine articles,
which were from noncontrolled, single-arm studies or stud-
ies with a shorter duration, are discussed through in the
text.

3 Dietary modifications and mRNA
expression response associated with
dietary FA manipulation

With the aim of better understanding the underlying mech-
anisms of the beneficial effect of the n-3 FAs on inflamma-
tion and atherosclerosis, two studies conducted by the same
research group assessed the effect of n-3 FAs supplementa-
tion on PBMC gene expression response. In both of these
studies, which are presented below, the authors selected the
candidate genes according to what was currently assumed
to play an important role in the pathogenesis of human
atherosclerosis [37, 38].

The first dietary intervention study was published in 1993
[37] (Table 1). The intervention involved supplementation
with n-3 FAs based on the grounds of the so far documented
effects of these FAs on CVD at that time. The authors demon-
strated for the first time that dietary n-3 FAs could influ-
ence PBMC mRNA expression in vivo. It was observed that
n-3 FAs reduced the mRNA levels of platelet-derived growth
factor (PDGF), which could result in reduced circulating lev-
els of PDGF. In the subsequent study [38] (Table 1) with a
similar study population and design, in addition to PDGF-
� polypeptide (PDGFA) and PDGF-� polypeptide (PDFGB),
supplementation with n-3 FAs also downregulated the mRNA
expression of chemokine C-C motif ligand 2 (CCL2), the
gene encoding for chemokine monocyte chemotactic protein
1 (MCP-1), known to play a role in CVD [39]. Similar results
were observed in the same study after supplementing freshly
isolated PBMCs that were unstimulated and stimulated for 20
h by adherence with n-3 FAs, reinforcing the in vivo findings
[38].

With the aim to explore the inflammatory response at the
mRNA level and clarify the mechanisms of the beneficial ef-
fect of n-3 FAs (fatty fish intake) or lean fish intake on the
serum FA profile and plasma metabolic compounds related
to IR, our research group found that the change in FA com-
position resulting from the fatty fish diet intervention was
associated with an antiinflammatory response at the mRNA
level in PBMCs [40] (Table 1). In previous studies, this antiin-
flammatory response has been associated with the improve-
ment of insulin sensitivity (SI) [41]. However, no significant
differences between the experimental diets and the control
group in the mRNA expression response of the candidate
genes selected, which were all related either to inflammation
or endothelial function, were observed (Table 1).

In another study, using fish oil supplementation as source
of very long-chain FAs instead of fatty fish, Bouwens et al.
showed that this supplementation can alter gene expression
at mRNA levels in PBMCs to a more antiinflammatory and
antiatherogenic direction [42]. The authors aimed to study the
effects of long-term EPA + DHA supplementation on whole-
genome gene expression profile to elucidate the mode of ac-
tion of these FAs in human immune cells (Table 1). Although
circulating high-sensitivity C-reactive protein (hsCRP) levels
were not reduced with the intervention, interpretation of data
derived from the transcriptomic analyses seemed to have
brought new information to the underlying mechanisms of
the beneficial effect of n-3 FAs on inflammation and pro-
cesses involved in atherosclerosis and CVDs. For example,
genes known to play a role in the atherosclerotic plaque for-
mation and plaque stability were downregulated after EPA +
DHA supplementation. Improvement of the preatheroscle-
rotic condition in the subjects was also speculated based on
the transcriptomic findings. Using qRT-PCR to confirm the
results, the authors observed a dose–response reaction in the
expression of genes of interest reflecting most of the pathways
that were shown to be modulated by the fish oil supplemen-
tation (Table 1). Of note, for qRT-PCR measurements, 111
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individuals were studied, which is a good sample size for
confirming microarray findings.

Although not in a controlled trial setting, Weaver and
collaborators [43] conducted a study in 27 healthy volun-
teers with the aim of studying the effects of changes in
the dietary n-6/n-3 FAs ratio on genes related to early sig-
nal transduction of n-3 FA metabolites and genes encod-
ing for cytokines and chemokines. The authors found that
the 4-week supplementation period with borage and fish oils
decreased the n-6/n-3 dietary ratio and reduced leukotriene
production in leukocytes, which is a putative marker of in-
flammation. Along with these findings, this supplementation
resulted in downregulation of IL23, IL10, and phosphatidyl-
inositol 3-kinase � (PI3K�) at the mRNA level in PBMCs.
These findings indicated a role for an increased n-3 FA in-
take on modulating autoimmune and antiinflammatory re-
sponses. Moreover, these results provided some evidence that
changes in gene expression are likely an important mecha-
nism by which PUFA exert their potent effects in clinical
conditions.

Consumption of virgin olive oil (VOO) rich in phenolic
compounds and high in MUFA seem to have healthy benefits
in humans, e.g. on heart disease risk factors [44]. A study ex-
ploring the mechanisms of the beneficial effect of VOO, a ma-
jor component of a Mediterranean diet, on gene expression at
mRNA levels in PBMCs was recently published [45] (Table 1).
For this study, the authors used the candidate gene approach
based on previous studies on gene expression response after
acute VOO administration [46], and after a 3-wk single-arm
virgin oil intervention study in ten healthy volunteers [47].
The latter showed that addition of 25 mL/day of VOO up-
regulated genes involved in the DNA repairing system, anti-
apoptotic genes, genes involved in antioxidant and oxidative
cell defense mechanisms, PPAR-binding protein, and ADAM
metallopeptidase domain 17 (ADAM17) using both microar-
ray and qRT-PCR approaches. In all these studies, the authors
aimed at studying the effect of VOO on gene expression from
PBMCs to gain insights on the molecular mechanisms un-
derlying the beneficial effect of VOO in the prevention of
atherosclerosis. In the most recent study [45] (Table 1), the
authors more specifically aimed to study the effects of VOO in
a Mediterranean diet on atherosclerosis-related genes. Com-
pared to the control diet, the traditional Mediterranean diet
+ VOO (TMD + VOO) down-regulated genes related to the
inflammation process (IFN-� and ARHGAP15: Rho GTPase
activating protein 15) and oxidative stress (ADRB2: adrener-
gic �-2 receptor surface). Moreover, this intervention also re-
duced LDL cholesterol levels and decreased systemic inflam-
mation (hsCRP concentration) compared with the control
diet. The higher amount of urinary polyphenols (tyrosol and
hydroxytyrosol), indicating compliance with VOO intake, was
correlated with the expression of the IL17 receptor (IL17R) at
the end of the study period. Also, the increase in the urinary
tyrosol content was correlated with the decrease in IFN-� ex-
pression specifically after the TMD + VOO intervention. The
results derived from this study were relevant in the sense

that a traditional Mediterranean diet might in fact exert its
antiatherogenic properties in part through its effects on gene
expression.

4 Dietary modifications and mRNA
expression response associated with
cholesterol and FA metabolism

4.1 Cholesterol metabolism

PBMCs and hepatic cells seem to share similarities in terms
of cholesterol homeostasis. Therefore, immune cells may be
a useful model system for liver lipid metabolism [48]. Some
recent studies have assessed the effect of dietary cholesterol
reintroduction after dietary fat restriction on mRNA expres-
sion of genes related to cholesterol homeostasis using PBMCs
as a surrogate tissue for liver cells (hepatocytes). Results
from two nonrandomized, short-term, controlled interven-
tion studies have shown that dietary fat restriction and di-
etary cholesterol reintroduction resulted in changes in the
mRNA expressions of 3-hydroxy-3-methyl-glutaryl-CoA re-
ductase (HMGCR), LDL-receptor (LDLR), LDL receptor pro-
tein (LRP) and ethanol-inducible CYP2E1 [49, 50]. As novel
findings, it was suggested that LRP, which changed in par-
allel with serum total and HDL cholesterol levels after rein-
troduction of dietary cholesterol, might also participate in the
control of cholesterol synthesis. Moreover, CYP2E1 mRNA
expression in PBMCs seemed to reflect the liver expression
response to dietary cholesterol [49, 50].

In line with the results presented above, and also using
PBMCs as a surrogate tissue for hepatic cells, dietary choles-
terol in a low-carbohydrate diet context aiming at weight loss
resulted in downregulation in these same genes regulating
cholesterol homeostasis (HMGCR and LDLR) in young over-
weight healthy adults. In contrast, restrictions on dietary
cholesterol increased their expression levels (Table 1) [4].
However, changes in total and LDL cholesterol levels were
not observed.

Two other studies also reported results on the response at
mRNA level of genes related to cholesterol metabolism using
PBMCs as a surrogate tissue for hepatic cells [2, 51]. These
studies related the beneficial effects of their experimental di-
ets on the lipid profile (increase in the dietary carbohydrate–
fat ratio for 3 weeks [2] or weight reduction through energy
restriction, physical activity, and use of carnitine supplemen-
tation for 10 weeks [51]) with the modulation of genes from
PBMCs related to cholesterol metabolism. Overall, in terms
of diet, it seemed that the decreased intake of fat with a cor-
responding increase in carbohydrates for a 3-week period
resulted in a better lipid, glucose, and insulin profile and in
higher HMGCR expression than an isocaloric high-fat, low-
carbohydrate diet [2]. Energy restriction over a 10-week period
with a concomitant decrease in cholesterol intake resulted in
a 5% weight loss and a decrease in total and LDL cholesterol,
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triglycerides and plasma insulin, and upregulated LDLR ex-
pression [51].

4.2 FA metabolism

Also using PBMCs as a surrogate tissue for hepatic cells,
a recent study explored the effects of a low-dose PUFA,
polyphenols, and L-carnitine supplementation (PPC supple-
mentation) on the mRNA expression of genes involved in
FA metabolism [52] (Table 1). This intervention was based
on the grounds that n-3 FAs can induce gene expression via
PPARs [53], and that along with L-carnitine, both may modu-
late mRNA expression of genes involved in lipid metabolism
in experimental models [54, 55]. Complementary studies in
cell culture were also performed (Table 1). Twelve weeks of
PPC supplementation decreased plasma levels of free FAs
and triglycerides and upregulated PPAR� (PPARA) and se-
lected target genes involved in FA oxidation (CPT1A: car-
nitine palmitoyltransferase 1A and CPT1B: carnitine palmi-
toyltransferase 1B). Similar results were also found in the
hepatic cell line (HepG2 cells). These findings support the
use of PBMCs as surrogate for hepatic cells for the study of
CPT1A and CPT1B.

5 Dietary modifications based on dietary
antioxidant and antiinflammatory
properties and mRNA expression
response

Another great interest is the elucidation of mechanisms deal-
ing with the beneficial effects of foods with antioxidant capac-
ity, e.g. fruits and vegetables, on health and how much these
benefits are related to reduced oxidative stress. Consumption
of these foods may reduce the presence of factors related to the
metabolic syndrome [56–58], and have also been associated
with an antiinflammatory profile and improved antioxidant
capacity [59, 60].

Not many dietary intervention studies have been con-
ducted aiming at studying the effects of antioxidant dietary
components on PBMC mRNA expression profile. However,
some studies referred in this review have used some of
these food components in the interventions, e.g. grape ex-
tracts (162 mg per day) in combination with other sources
of polyphenols with antioxidant properties, n-3 PUFA and
L-carnitine [52] or virgin oil in the traditional Mediterranean
diet [45].

In a recent work conducted by Wang et al., the authors
aimed at evaluating the potential of gene expression profiling
in PBMCs after dietary fat reduction or soy supplementation.
The aim was to understand the molecular basis for the poten-
tial benefits of reduced fat intake and soy supplementation
on health, e.g. on prevention and treatment of breast can-
cer. In this study, only modest and similar changes in the
gene expression response after the experimental and control

diets (Table 1) were observed. However, within-group analy-
ses revealed that the gene encoding nicotinamide phospho-
ribosyltransferase or “visfatin” (NAMPT) was significantly
downregulated after reducing dietary fat and increasing car-
bohydrate in the diet or after following a balanced diet regi-
men supplemented with soy food [61]. In addition, the gene
pathway analyses showed that these experimental diets re-
duced the mRNA expression of genes involved in Fc � me-
diated phagocyosis and in cytokine receptor interactions.
Most of these genes were strongly associated with NAMPT,
and none of the findings were mediated by weight loss.
This was an interesting finding because visfatin seems to
be inversely associated with adiposity and IR in obesity and
T2DM [62].

With a different perspective than the studies described
above and trying to apply a global “omics” approach, Bakker
et al. conducted an intervention trial for studying the effects of
an “antiinflammatory diet mix” (AIDM) consisting of a com-
bination of polyphenols, antioxidants, and antiinflammatory
components on outcome measurements from the blood cir-
culation, PBMCs, and adipose tissue cells [63] (Table 1). The
global gene expression profile of PBMCs was used as a sur-
rogate for hepatic cells.

This study was conducted in young and middle-aged rela-
tively healthy persons. The authors observed that the antiin-
flammatory and antioxidant effect of the AIDM was reflected
in PBMCs by modulation of certain genes related to immune-
inflammatory response and blood cell differentiation (IGHD:
immunoglobulin heavy constant delta, MYOM1: myomesin
1, IGHV3-47: immunoglobulin heavy variable 3-47, and the
IL12A, IL4R: IL4 receptor, CCL21: and chemokine C-C motif
ligand 21), and to oxidative stress (LACTB: lactamase, �). The
suggested beneficial effect of the AIDM on plaque formation
(adipose tissue transcriptomic analyses) and lipid metabolism
(lipidomic and metabolomic analyses) was also reflected in
PBMCs at the level of mRNA expression. It is important to
keep in mind that this was an intervention study in which di-
etary manipulation was done by means of supplementation
with no details on the background and follow-up of dietary in-
take. The authors stated that this study might be considered,
though, as a proof of concept.

This study highlights and strengthens the use of the
“omics” approach, which combines metabolomics, protei-
nomics, and gene profiling to better describe the molecu-
lar mechanisms of dietary changes. It also reinforces that
the “omics” approach can help to elucidate the influence
of dietary changes on inflammation, oxidative stress, and
metabolism. PBMCs in this study more likely added com-
plementary information to the findings from the adipose
tissue transcriptomics [63] rather than reflected changes
in the same genes in these two target tissues. There-
fore, information coming from both adipose tissue and
PBMC transcriptomics contributed to the biological inter-
pretation of the beneficial effect of the dietary supple-
mentation, as e.g. on endothelial function and vascular
health.
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6 Diet-induced weight loss is associated
with immune-inflammatory and
antioxidant responses and modulation
of mRNA expression

Overweight and obesity substantially increase the risk of mor-
bidity from hypertension, dyslipidemia, coronary artery dis-
ease, and T2DM. A high body mass index is also associated
with an increase in all-cause mortality [64, 65]. Management
of obesity consists of weight loss and monitoring of metabolic
risk factors. Weight loss is also a strategy for treating these
metabolic risk factors [64, 65]. Persons at high risk for de-
veloping T2DM should also benefit from weight reduction,
as shown, e.g. in the Finnish Diabetes Prevention Study
and Diabetes Prevention Program [66, 67]. Weight reduction
has also been shown to reduce both low-grade inflammation
[68,69] and to some extent markers of endothelial dysfunction
[70].

Results coming from three single-arm intervention stud-
ies aiming at reducing body weight through energy restriction
were published in the year 2008. In these studies, PBMCs
were utilized as an alternative to adipose tissue cells to study
oxidative stress and inflammatory status [71–73]. One of
the studies was conducted in nine obese otherwise healthy
middle-aged men who followed a balanced 8-wk low-caloric
diet resulting in a weight loss of about 9% [71]. The authors
observed a concomitant decrease in the mRNA expression
of specific genes involved in the process of oxidative stress
and inflammation. This study was a pioneer on assessing
the usefulness of the microarray approach in PBMCs to de-
tect molecular changes after a diet-induced weight loss in
overweight or obese subjects. In a similar dietary interven-
tion study, caloric restriction also upregulated the expres-
sion of two specific genes encoding sirtuins (SIRT1 and
SIRT2), which in combination represented the “global” sir-
tuin mRNA expression [72]. Along with the changes in the
gene expression levels, caloric restriction also resulted in 6%
reduction on body weight, decreased blood total cholesterol
levels, and improved antioxidant capacity (biomarkers mea-
sured in the circulation). The changes in the mRNA expres-
sion levels of SIRT1 and SIRT2 were not, however, associated
with the changes in body weight. In this particular study,
PBMCs were also used as an alternative to skeletal muscle
tissue.

In another study with similar design, 21 volunteers who
underwent a low-caloric diet for a 12-wk period lost 5% of
their initial body weight and also had a decrease of about
30% in the mRNA expression of proinflammatory markers
(TNF: tumor necrosis factor, IL6, MIF: macrophage migra-
tion inhibitory factor, and MMP9: matrix metallopeptidase
9) in PBMCs. A decrease in the NF�B activity in these cells
was also observed [73]. Moreover, an improvement in fast-
ing insulin and glucose levels, a better plasma lipid profile,
and reduced circulating levels of proinflammatory markers,
including hsCRP occurred.

Following these studies, in a randomized controlled de-
sign, our research group has shown that in the circulating
PBMCs of overweight individuals with the metabolic syn-
drome and abnormal glucose metabolism, modulation of
genes encoding pro- and antiinflammatory markers occurred
after weight loss, coupled with an improvement in glucose
and insulin metabolism [41] (Table 1). In this study, the aim
of the dietary advice was healthy diet with a minimum energy
deficit of 500 kJ/day (Table 1). PBMC gene expression was uti-
lized as a model for studying the inflammatory response and
its relationship with IR as possible underlying mechanisms
of diseases such as T2DM. In this study, the mRNA expres-
sion levels of the proinflammatory marker genes IL1� (IL1B)
and TNF responded differently between the weight reduction
and control groups (Table 1). Although we did not find a
significant difference between the experimental and control
groups in the expression of other studied genes (Table 1),
the antiinflammatory response achieved after 9 months of di-
etary advice aiming at losing weight (5%) resulted in up- and
downregulation of other genes encoding cytokines (Table 1).
An interesting finding was that while no associations be-
tween the changes in body composition were found with the
changes in gene expression, the increase in SI measured with
a frequent sampled intravenous glucose tolerance test was as-
sociated with the decrease in the IL1B mRNA expression in
participants following the diet-weight loss intervention. Post-
hoc analyses also showed that the mRNA expression of TNF,
IL6, and IL1B in PBMCs was positively correlated with the
mRNA expression of ghrelin, during the study [74]. It is pos-
sible that factors other than the weight reduction itself, such
as dietary changes, played a role in the response of the genes
studied.

Further studies in the same study population have shown
that in PBMCs, the expression of genes encoding receptors
of surface ligands involved in the NF�B pathway, which is
implicated in the regulation of inflammatory responses and
control of the innate immune system, was attenuated and
associated with the improvement of SI in the diet-weight
loss intervention [75]. Some of the receptors associated with
the improvement of SI, e.g. toll-like receptor (TLR) 4, are
part of the bacterial LPS receptor that may play a role in IR
[76]. These receptors can sense dietary components such as
PUFA and saturated fat and control activation of inflamma-
tory pathways [76]. Again we could not observe any direct
association between the changes in body composition and
in the mRNA expression of these receptors, and there was
no attenuation of the results when they were adjusted for
the intake of major dietary nutrients. Nevertheless, we found
that the improvement of SI was associated with the down-
regulation of TLR2 and TLR4, CCL5 and tumor necrosis fac-
tor receptor superfamily, member 1A (TNFRSF1). Therefore,
based on all these findings, we suggested that the study of the
mRNA expression in PBMCs can provide information about
genes involved in IR states and perhaps also lead to finding
responsive molecules or signatures that could help on the
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process of preventing diet-related diseases such as T2DM
and CVDs.

7 Concluding remarks

Various types of dietary FA supplementations, mostly n-3
FAs, and their effects on the mRNA gene expression re-
sponse in PBMCs have been studied. These data provide
evidence that changes in gene expression are likely an impor-
tant mechanism by which PUFA exert their potent effects on
clinical conditions such as atherosclerosis and CVDs. Based
on the studies presented in this review, it seems that the best
evidence on long-chain FA supplementation is that fish oil,
in elderly individuals, alter gene expression at mRNA levels
in PBMCs to a more antiinflammatory and antiatherogenic
direction. The effect of fish intake, however, deserves further
investigation. An interesting finding was also that the use of
VOO in a Mediterranean diet might exert its antiatherogenic
properties in part through its effects on gene expression.
However, either the lack of (i) appropriate sample size [37],
(ii) using statistical methods to evaluate the outcomes [37],
(iii) of making additional statistical procedures to refine the
comparisons between the study groups [38,45], or (iv) control
group and proper wash-out period [43] limited a better under-
standing of the results presented from the studies involving
dietary changes of long-chain n-3 FAs. Moreover, the use of
different procedures for isolating PBMCs among the studies
(traditional Ficoll density gradient separation (Ficoll) vs. the
newest cell preparation tubes (CPT)) could also have lead to
sample contamination, as e.g. the presence of granulocytes in
the PBMC sample [77]. It is not known, however, how exactly
this could have interfered in the observed results at the gene
expression levels.

On the other hand, based on the studies using dietary in-
terventions testing PBMCs as a surrogate tissue for hepatic
cell mRNA gene expression, it seemed that these circulating
immune cells do reflect cholesterol metabolism regulation
at the molecular level with respect to HMGCR and LDLR.
However, lack of control group and modern methodology for
assessing gene expression in most of the studies also warrant
new studies to reproduce these findings. Different methods
for isolating the PBMC among the studies are also a short-
come. Other types of dietary interventions [52] not only em-
phasizing changes in dietary cholesterol and fat/carbohydrate
ratio intakes should also be used in transcriptomic studies.

Synergistic effects of dietary components in a high-dose
supplementation on ameliorating oxidative stress and inflam-
mation resulting in modulation of genes related to immune-
inflammatory response and blood cell differentiation have
been described. However, in studies where the beneficial ef-
fect of more feasible doses of supplementation of antioxidant
foods were given (e.g. soy), no clear effect of the dietary inter-
vention on PBMC transcriptomics was found.

Modulation of genes related to inflammatory responses
is the most common result encountered in gene expression

studies in PBMCs after diet-induced weight loss. Direct as-
sociations found between these responses at transcriptional
level and clinical variables related to glucose and insulin
metabolism after weight loss also indicated some synchro-
nized response between PBMC gene expression and risk fac-
tors. The weight loss achieved in these dietary interventions,
however, also improved the same clinical outcomes and oth-
ers, such as the lipid profile. In this sense, the effect of weight
loss per se should be always taken into account in nutrige-
nomic studies, because it can be a confounding factor when
estimating the effect of the diet. Other limitations such as lack
of control group or data on genome-wide transcriptomics,
use of different procedures among the studies for isolating
the PBMCs and very small sample size have limited broader
perspectives, especially when it comes for the use of PBMCs
as a surrogate tissue for adipose tissue or skeletal muscle
cells. Nevertheless, the finding that PBMCs are modulated by
energy restriction and weight loss is interesting and promis-
ing. Genes modulated by these changes and the associated
pathways were related to processes involved in inflammatory
responses and IR, which are linked to conditions such as the
metabolic syndrome, T2DM, and CVD.

Currently, PBMCs seem to reflect the liver environment
and complement adipose tissue findings in transcriptomics.
PBMC gene expression after dietary intervention studies can
be used for studying the response of genes related to PPAR�

pathway and cholesterol metabolism such as HMGCR and
LDLR. They can also be used to explore the effect of dietary
interventions on inflammation, even though not all the in-
terventions that modulated inflammation-related genes re-
sulted in changes of markers of low-grade inflammation.
Moreover, PBMC transcriptomics seem to reflect dietary in-
terventions or weight loss resulting in a better insulin and
glucose metabolism possibly also at the skeletal muscle cell
level. However, PBMC transcriptomics from dietary inter-
vention studies have not yet resulted in clear confirmation of
candidate genes related to disease risk.

In summary, PBMCs have been used only in a few ran-
domized, controlled intervention studies in humans to as-
sess the effect of dietary manipulations. Therefore, little is
known about the interface between the molecular profile in
the PBMCs and metabolic responses to dietary interventions
or the concordance of gene modulation with that in other
tissues. Although high-throughput methodologies are costly,
professional centers with experienced personnel have been
established to facilitate the use of the whole transcritomics
approach to better characterize the effect of various dietary
interventions. The careful planning of study designs, use of
standardized, reliable, and valid methods for sample han-
dling, PBMC isolation and RNA extraction, and clearer report-
ing of the methodology used are critical issues when planning
and conducting transcriptomic studies to avoid lack of study
power, inaccurate results, and loss of valuable material. Even
after overcoming these hurdles, it would be still possible that
gene expression response could also vary according to the
proportion of cell type that make up PBMCs. Overall, PBMCs
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seem to be a suitable tissue to be explored in nutrigenetic
studies and a promising tool in the field of nutrigenomics.
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