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Abstract
Background: Diet regulates gene expression profiles by several mechanisms. The objective of this study was to
examine gene expression in relation with dietary patterns.
Methods: Two hundred and fifty four participants from the greater Quebec City metropolitan area were recruited.
Two hundred and ten participants completed the study protocol. Dietary patterns were derived from a food
frequency questionnaire (FFQ) by factor analysis. For 30 participants (in fasting state), RNA was extracted from
peripheral blood mononuclear cells (PBMCs) and expression levels of 47,231 mRNA transcripts were assessed using
the Illumina Human-6 v3 Expression BeadChipsW. Microarray data was pre-processed with Flexarray software and
analysed with Ingenuity Pathway Analysis (IPA).
Results: Two dietary patterns were identified. The Prudent dietary pattern was characterised by high intakes of
vegetables, fruits, whole grain products and low intakes of refined grain products and the Western dietary pattern,
by high intakes of refined grain products, desserts, sweets and processed meats. When individuals with high scores
for the Prudent dietary pattern where compared to individuals with low scores, 2,083 transcripts were differentially
expressed in men, 1,136 transcripts in women and 59 transcripts were overlapping in men and women. For the
Western dietary pattern, 1,021 transcripts were differentially expressed in men with high versus low scores, 1,163
transcripts in women and 23 transcripts were overlapping in men and women. IPA reveals that genes differentially
expressed for both patterns were present in networks related to the immune and/or inflammatory response, cancer
and cardiovascular diseases.
Conclusion: Gene expression profiles were different according to dietary patterns, which probably modulate the
risk of chronic diseases.
Trial registration: ClinicalTrials.gov: NCT01343342
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Background
With the knowledge acquired by dietary patterns, dietitians can provide their patients or clients dietary recommendations that take into account not only one nutrient
but the overall diet. Dietary patterns have been associated with several cardiovascular risk factors such as
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blood pressure, obesity, serum lipids, and inflammatory
markers such as C-reactive protein (CRP) [1-4]. They
have also been related to the risk of mortality from cardiovascular diseases and cancer [5]. In a recent systematic review, the Prudent dietary pattern was associated
with a reduced risk of stroke and the Western pattern
with an increased risk [6]. The Western dietary pattern
was associated with an increased risk of colon cancer
[7]. Additionally, Meyerhardt et al. [8] have shown an increase in colon cancer recurrence with the Western dietary pattern. Dietary patterns have also been associated

© 2013 Bouchard-Mercier et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Bouchard-Mercier et al. Nutrition Journal 2013, 12:24
http://www.nutritionj.com/content/12/1/24

with plasma proteomic biomarkers [9]. The Western
dietary pattern was positively associated with a group of
protein including proteins related to coagulation and
lipid metabolism [9]. A few methods to generate dietary
patterns, such as factor and cluster analyses, have been
described in the literature [10]. The use of dietary patterns assessed by factor analysis has been proven to be a
reproducible and valid method among different populations [11-13].
Microarray data can be used to study changes in gene
expression for thousands of genes simultaneously. Gene
expression studies have observed associations with diseases such as cancer and cardiovascular diseases [14,15].
Diet is an important regulator of gene expression
[14,16]. Dietary patterns may impact gene expression
through several mechanisms, for example certain dietary
compounds bind to transcription factors and regulate
their activity such as polyunsaturated fatty acids (PUFA)
with peroxisome proliferator-activated receptors (PPARs)
[17]. Studies regarding energy restricted diets and their
effects on gene expression levels have observed downregulation of genes involved in glycolytic and lipid synthesis pathways [18,19]. Distribution of macronutrients
also seems to have an impact on gene expression regulation. Compared to a diet rich in monounsaturated fats, a
diet rich in saturated fats resulted in a more proinflammatory gene expression profile [20]. The Mediterranean
diet has been associated with a decreased in expression
of genes involved in the inflammatory response [21].
To our knowledge, the effects of dietary patterns
derived from factor analysis on gene expression profile
have never been investigated. Thus, the objective of this
study was to examine associations between dietary patterns derived from factor analysis and gene expression
profiles.

Methods
Subjects and study design

Two hundred and fifty four participants were recruited
between September 2009 and December 2011 from the
greater Quebec City metropolitan area through advertisements in local news as well as by electronic messages
sent to university students/employees. Women who
were pregnant or breastfeeding were excluded. To be eligible, participants had to be between 18 to 50 years of
age, non-smokers and free of any thyroid or metabolic
disorders requiring treatment, such as diabetes, hypertension, severe dyslipidemia and coronary heart disease
requiring treatment. The body mass index (BMI) of the
participants was between 25 and 40 kg/m2. Subjects
drinking regularly more than 2 drinks per day, taking
omega-3 PUFA (n-3 PUFA) supplements 6 months prior
to the study and other medication or supplement affecting lipid and lipoprotein metabolism were excluded. A
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total of 210 participants completed the protocol which is
described elsewhere [22] and were included in this
cross-sectional study. Subjects all provided written
consent to participate into the study, which was
approved by the ethics committees of Laval University
Hospital Research Center and Laval University. This trial
was registered at clinicaltrials.gov as NCT01343342.
Anthropometric measurements

Body weight, height, and waist circumference were
measured according to the procedures recommended by
the Airlie Conference [23]. BMI was calculated as weight
per meter squared (kg/m2).
Biochemical parameters

The morning after a 12-hour overnight fast and 48-h alcohol abstinence, blood samples were collected from an
antecubital vein into vacutainer tubes containing EDTA.
Blood samples were used to identify individuals with
metabolic disorders, which were excluded. Plasma was
separated by centrifugation (2500 × g for 10 minutes at
4 C), samples were aliquoted and frozen for subsequent
analyses. Plasma total cholesterol (TC) and triglyceride
concentrations were measured using enzymatic assays
[24,25]. Infranatant (d >1.006 g/ml) with heparinmanganese chloride was used to precipitate very lowdensity lipoprotein (VLDL) and low-density lipoprotein
(LDL) and then determine high-density lipoprotein
(HDL) cholesterol concentrations (HDL-C) [26]. The
equation of Friedewald was used to estimate LDLcholesterol (LDL-C) [27]. Non-HDL-C was calculated by
subtracting HDL-C from TC. CRP was measured by
nephelometry (Prospec equipment Behring) using a
sensitive assay, as described previously [28]. Plasma apolipoprotein B-100 (apoB) concentrations were measured
by the rocket immunoelectrophoretic method of Laurell,
as previously described [29]. Glucose concentrations
were determined enzymatically [30] and plasma insulin
was measured by radioimmunoassay with polyethylene
glycol separation [31].
Blood pressure measurements

Resting blood pressure measurements (three readings)
were performed after a 10-min rest in a sitting position,
phases I and V of Korotkoff sounds being respectively
used for systolic (SBP) and diastolic (DBP) blood pressures [32].
Dietary assessment and food grouping

Dietary intake of the past month was determined by a
91-items validated food frequency questionnaire (FFQ)
[33] based on food habits of Quebecers, administered by
a registered dietitian (RD). The RD asked participants
how often they consumed each type of food: daily,
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weekly, monthly or none at all during the last month.
To make sure each participant estimated correctly the
portion eaten, examples of portion size were provided.
Data obtained from FFQ were analysed using the
Nutrition Data System for Research software version
2011, developed by the Nutrition Coordination Center
(University of Minnesota, Minneapolis, MN). All the information was compiled and similar food items from the
FFQ were grouped, as previously described [4]. Three
criteria were used to form these groups: first, the similarity of nutrient profiles, second, the culinary usage of
different types of food (similar to groups used in a previous study [11]) and third, the consideration of groups
utilized in other studies to maintain consistency [34].
Some individual food items were classified separately
when their composition differed considerably from other
foods (for example, pizza or eggs) or when they represented a different dietary habit (for example, liquor,
wine, beer and French fries). On this basis, thirty-seven
food groups were formed as described by Paradis et al.
[4]. Food items from only thirty-five food groups were
consumed by the participants in the present study. From
these thirty-five food groups, eight were not normally
distributed even after logarithmic transformation and
were excluded as well. Consequently, twenty-seven foods
groups were used for factor analyses to generate dietary
patterns.
Food pattern derivation

Food patterns derivation methods have already been
described in a previous study [4]. Briefly, variables with
abnormal distribution where logarithmically transformed
before further analyses. The FACTOR procedure from
Statistical Analysis Software (SAS) was used to derive
factors. To determine the number of factors to retain,
components with eigenvalue > 1, values at Scree test and
the interpretability were considered. Food groups with
absolute factor loadings ≥ 0.30 were regarded as significant contributors to the pattern. The patterns (derived
factors) were named according to the interpretation of
the data and to previous literature [4]. Each participant
was given a score for both dietary patterns. These scores
were calculated from the sum of food groups multiplied
by their respective factor loading with the SCORE
procedure of SAS. These scores reflect the degree of
each participant dietary intakes conforming to a dietary
pattern. In order to form two groups for each dietary
pattern, participants were divided according to their
score. A score ≤ 0 was considered as «low» and a score
> 0 was considered as «high».
Transcriptomics analyses

For transcriptomics analyses, the first 30 individuals who
completed the study were included (13 men and 17 pre-
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menopausal women). In human nutrition studies 5 to 10
individuals in each group appear to be sufficient to
detect differently expressed genes [35]. The following
methods have been described by Rudkowska et al. [22].
Briefly, peripheral blood mononuclear cells (PBMCs)
were collected into an 8-ml Cell Preparation Tube
(Becton Dickinson, Oakville, Ontario, Canada). Remarkable concordance (<80%) of gene expression profiles between PBMCs and different tissues including liver,
kidney, stomach, spleen, prostate, lung, heart, colon and
brain, has been reported [36]. Centrifugation at room
temperature (1500g, 20 minutes) was executed to separate PBMCs. The RNeasy Plus Mini Kit (QIAGEN,
Mississauga, Ontario, Canada) was used to extract total
RNA according to the manufacturer’s protocol. Microarray analyses were performed after spectrophotometric
quantification and verification of the total RNA quality
on the Agilent 2100 Bioanalyser (Agilent Technologies,
Palo Alto, CA, United States). None of the samples had
RNA integrity number (RIN) values less than 8 [37].
Consequently, all samples were included in the microarray analysis. However, as described previously [22],
one outlier was excluded due to abnormal hybridization
results. Thus, further analyses were conducted with 29
participants. The Illumina TotalPrep RNA Amplification
kit (Ambion, Austin, TX, United States) was used to
amplify and label 200ng of total RNA. The quality of
complimentary RNA (cRNA) was evaluated by capillary
electrophoresis on Agilent 2100 Bioanalyzer. 37,804
genes were analysed via expression levels of 48,803
mRNA transcripts with the Human-6 v3 Expression BeadChipsW (Illumina, San Diego, CA, United
States). The McGill University and Génome Québec
Innovation Center (Montreal, Quebec, Canada) performed hybridization according to the manufacturer’s
instructions, as previously described [22]. Validation
of the expression levels were assessed previously by
polymerase chain reaction (PCR) [22].
Analysis of microarray data

Microarray data was analysed with Flexarray software
[38]. The lumi Bioconductor package algorithm included
in Flexarray software, was used to pre-process and
normalize Illumina microarray data. Background correction was assessed using negative controls followed by
log2 to stabilize variance and quantile normalization.
According to Shi et al. [39] the use of control probes
during background correction minimize false discovery
rate (FDR). Fold changes obtained with this method also
relate more to fold changes observed with PCR validation tests [39]. Participants where then stratified
according to sex and scores for Prudent and Western
dietary patterns. To assess differences (separately for
men and for women) in gene expression levels between
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high versus low scores for Prudent and Western dietary
patterns, the Significant Analysis of Microarray (SAM)
was performed. SAM is an adaptation of t-test for
microarray data which assigns a score to each gene
according to changes in gene expression relative to the
standard deviation of repeated measurements [40]. SAM
uses permutation of the repeated measurements to estimate FDR. Transcripts were declared differently
expressed only when P < 0.05 and fold changes were either < 0.8 (down-regulated) or > 1.2 (up-regulated), as
previously described [22].
Biological pathway analyses

Ingenuity Pathway Analysis (IPA) system (IngenuityW
System, www.ingenuity.com) was used to verify if differentially expressed genes were related more than
expected by chance to networks, diseases and canonical
pathways. IPA allows adding structure to the vast
amount of data generated by microarrays. To begin, an
input file containing fold changes and P values of all
probe sets was uploaded into IPA system. From this file,
dataset in Core Analysis was produced. General settings
for IPA system as «IngenuityW Knowledge Base (genes)»
and «considered only molecules and/or relationships for
humans» were used. IPA calculates a P value based on
the right-tailed Fisher’s exact test for each canonical
pathway, which is a measure of the likelihood that the
association of a data set with a pathway is due to random chance. A cutoff of 1.2 was set. Relevant pathways
with P values smaller than 0.05, were taken into account.
IPA suggests that canonical pathways with P values
higher than 0.05 may also be biologically relevant. Furthermore, no direction is associated with pathways, in
other words, they cannot be qualified as up- or downregulated. Significantly relevant canonical pathways
related to cancer, cardiovascular diseases, immune system and inflammation were considered. IPA also processes «Downstream Effects Analysis» which is based on
expected causal effects between genes and functions.
These causal effects are derived from literature and
compiled in «IngenuityW Knowledge Base». «Downstream Effects Analysis» compares the direction of the
differently expressed genes with expectations based on
the literature and predicts for each function a direction
change using the «regulation z-score algorithm». In
other words, if the observed direction change is mostly
consistent with a particular activation state (increase or
decrease) then IPA make a directional prediction. The zscore algorithm is designed to reduce the chance that
random data will generate significant predictions. Zscores ≥ 2, indicate that the function is significantly
increased and z-scores ≤ -2, indicate that the function is
significantly decreased. IPA also calculates a P value with
the Fisher’s Exact Test which represents the likelihood
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that the association between a set of genes from the experimental data set and a related function is due to random association.
Statistical analyses

Comparisons between individuals with high and low
dietary pattern scores were performed through the
General Linear Model (GLM) procedure and using the
type 3 sum of squares (for unbalanced study design).
Variables with abnormal distribution were logarithmically transformed. Age, BMI and energy intakes (for all
dietary intakes, except energy intakes) were included as
potential confounders. Statistical significance was
defined as P < 0.05. Statistical analyses were performed
with SAS statistical package (version 9.2; SAS Institute,
Inc., Cary, NC, USA).

Results
Two main dietary patterns were derived from factor analysis. Factor loadings for both dietary patterns are listed
in Table 1. A factor loading ≥ 0.30 indicates a strong
positive association with the dietary pattern whereas a
factor loading ≤ -0.30 indicates a strong inverse association with the dietary pattern. The Prudent dietary pattern was positively associated with vegetables, fruits,
whole grain products food groups and inversely associated with refined grain products food group. The
Western dietary pattern was positively associated with
refined grain products, desserts, sweets and processed
meat food groups.
Descriptive characteristics of the 29 study participants
are presented separately for men and women in Table 2
and Table 3 according to low (≤0) or high (>0) scores for
both dietary patterns. Fasting insulin concentrations
were significantly (P = 0.03) lower in men with high
scores for the Prudent dietary pattern, as compared to
men with low scores for the Prudent dietary pattern.
Also, men with a high score for the Western dietary pattern had a significantly higher systolic and diastolic
blood pressure (P = 0.0008 and P = 0.01, respectively)
than men with a low scores and a trend (P = 0.05) was
observed for higher fasting glucose concentrations.
Women with a high score for the Western dietary pattern had higher fasting glucose concentrations (P = 0.03)
than those with a low score. When comparing cardiovascular risk factors for women with high scores versus low
scores for the Prudent dietary pattern, only trends were
observed. Women with high scores for the Prudent dietary pattern had a higher BMI (P = 0.09) but lower
plasma triglyceride concentrations (P = 0.07). When
comparing mean dietary intakes of men (n = 12) between
women (n = 17), men had significantly higher total fat
(33.85% ± 4.16% and 29.81% ± 3.62% respectively, P =
0.01) and monounsaturated fat intakes (14.40% ± 1.94%
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Table 1 Factor loadings for Prudent and Western dietary patterns (n = 210)
Food groups (servings/day)

Factor 1* Prudent

Factor 2* Western

0.71

0.03

Fruits

0.60

-0.01

Whole grain products

0.53

0.21

Vegetables

Non-hydrogenated fat

0.46

0.02

Refined grain products

-0.45

0.39

Desserts

-0.01

0.80

Sweets

0.09

0.77

Beer

0.01

-0.03

Coffee

0.06

0.15

Poultry

-0.004

-0.06

Red meat

-0.11

0.11

Potatoes other than French fries

0.09

0.16

Processed meat

-0.10

0.33

Legumes

0.15

0.13

Tea

0.08

-0.02

High-fat dairy products

0.13

0.13

Low-fat dairy products

0.27

0.07

Eggs

0.27

-0.05

Cream soup

-0.11

0.12

Pizza

-0.23

-0.03

Fish and other sea food

0.28

-0.03

Fruit juices

-0.14

0.02

Nuts

0.26

0.06

Vegetable juices

0.12

0.05

Condiments

0.18

0.06

Snacks

-0.11

0.18

Saturated fat (butter and lard)

0.04

0.06

Variance explained (%)

12.96

10.62

*Exploratory factor analysis using the FACTOR procedure.
Factor loading ≥ 0.30 or ≤ -0.30 are marked in bold.

versus 12.11% ± 1.79% respectively, P = 0.004) than
women, independently of age and BMI. Saturated fat,
polyunsaturated fat and total fiber intakes were not significantly different when age and BMI were included as
potential confounders. For the entire cohort (210 participants), only associations for the Prudent pattern were
observed. Men (n = 97) with high scores had lower fasting insulin (P = 0.04) and glucose concentrations
(P = 0.003) as compared to men with low scores (data
not shown). Women (n = 113) with high Prudent dietary
pattern scores had lower apoB (P = 0.04) and TC (P = 0.04)
concentrations (data not shown).
Intakes of the most associated food groups with the
dietary patterns are presented in Table 4 and Table 5.
Men with high scores for the Prudent dietary pattern
had higher intakes of vegetables (P = 0.03), fruits (P =

0.02), whole grain products (P = 0.004), fish (P = 0.04),
and nuts (P = 0.02) than men with low scores. Women
with high scores for the Prudent dietary pattern had
higher intakes of non-hydrogenated fats (P = 0.006), and
lower intakes of sweets (P = 0.05) than women with low
scores. For the Western dietary pattern, both men and
women with high scores had higher intakes of sweets
than individuals with low scores (P = 0.03 and P = 0.007,
respectively). Only for the women, the intake of desserts
(P < 0.0001) was significantly higher with a high Western
dietary pattern score. The men with high scores for the
Western dietary pattern had lower intakes of vegetables
(P = 0.03).
As previously described [22], approximately 55% of
transcripts were detected in the PBMCs of study participants. As shown in Figure 1, when individuals with high
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Table 2 Descriptive characteristics of the study participants for men according to dietary pattern scores
Prudent dietary pattern (n = 12)
Age (y)
2

Low score (n = 5)

High score (n = 7)

34.40 ± 10.99

32.71 ± 5.88

P

Western dietary pattern (n = 12)

P

Low score (n = 3)

High score (n = 9)

0.74

31.00 ± 2.65

34.22 ± 9.09

0.57

1

BMI (kg/m )

28.86 ± 3.62

29.63 ± 5.56

0.88

32.04 ± 8.04

28.40 ± 3.18

0.351

Waist circumference (cm)

96.83 ± 9.24

95.53 ± 12.86

0.452

102.87 ± 15.26

93.81 ± 9.27

0.682

2

Systolic blood pressure (mmHg)

113.80 ± 5.89

107.86 ± 7.24

0.18

101.67 ± 2.08

113.22 ± 5.56

0.00082

Diastolic blood pressure (mmHg)

76.40 ± 2.70

68.86 ± 8.32

0.122

63.33 ± 1.53

74.89 ± 6.17

0.012

Fasting glucose (mmol/L)
Fasting insulin (pmol/L)

2

5.20 ± 0.31

4.83 ± 0.63

0.32

4.40 ± 0.46

5.18 ± 0.41

0.052

123.00 ± 63.49

73.29 ± 23.56

0.032

73.67 ± 16.65

100.78 ± 55.29

0.142

2

CRP (mg/L)

4.33 ± 5.81

2.02 ± 2.24

0.47

2.88 ± 2.92

3.02 ± 4.52

0.922

Total-C (mmol/L)

5.77 ± 0.85

5.08 ±1.04

0.332

5.60 ± 0.98

5.29 ± 1.04

0.572

2

LDL-C (mmol/L)

3.69 ± 0.55 (n = 4)

3.18 ± 0.97

0.47

3.74 ± 0.60

3.22 ± 0.92 (n = 8)

0.332

HDL-C (mmol/L)

1.09 ± 0.22

1.33 ± 0.39

0.232

1.10 ± 0.35

1.27 ± 0.35

0.622

2

Triglycerides (mmol/L)

2.48 ± 1.88

1.24 ± 0.54

0.20

1.65 ± 0.29

1.79 ± 1.59

0.922

ApoB (g/L)

1.14 ± 0.23

0.94 ± 0.27

0.262

1.14 ± 0.11

0.98 ± 0.29

0.382

34.22 ± 2.23

33.58 ± 5.32

0.782

32.52 ± 7.43

34.29 ± 3.02

0.402

Dietary intakes
Total fat (%)

2

Saturated fat (%)

12.24 ± 1.47

9.77 ± 2.43

0.09

8.57 ± 3.34

11.54 ± 1.57

0.032

Monounsaturated fat (%)

14.34 ± 0.85

14.44 ± 2.53

0.972

14.44 ± 3.06

14.38 ± 1.68

0.932

2

Polyunsaturated fat (%)

4.98 ± 0.57

6.61 ± 1.50

0.08

6.57 ± 0.91

5.72 ± 1.56

0.492

Total fiber (g)

19.40 ± 8.31

31.50 ± 7.53

0.032

26.04 ± 2.29

26.60 ± 11.36

0.822

All values are means ± SDs. Tests for trends or differences were made by using generalized linear models.
1
Adjusted for age.
2
Adjusted for age and BMI.

scores for the Prudent dietary pattern where compared
to individuals with low scores, 2,083 transcripts were differentially expressed in men, 1,136 transcripts in women
and 59 transcripts were overlapping. In men comparing
high scores to low scores for the Prudent dietary pattern,
1,045 transcripts were down-regulated (49%) and 1,097
were up-regulated (51%). For the women, 355 transcripts
were down-regulated (30%) and 840 were up-regulated
(70%). As shown in Figure 2, for the Western dietary
pattern, 1,021 transcripts were differentially expressed in
men with high versus low scores, 1,163 transcripts were
differentially expressed in women and 23 transcripts
were overlapping in men and women. In men comparing
high scores to low scores for the Western dietary pattern, 410 transcripts were down-regulated (39%) and 634
were up-regulated (61%). For women comparing high
scores to low scores for the Western dietary pattern, 440
transcripts were down-regulated (37%) and 746 were upregulated (63%).
According to IPA, few canonical pathways were significantly modified in men and women when comparing
high scores to low scores for both dietary patterns
(Figure 3(A), (B), Figure 4(A) and (B)).
Interestingly, IPA was able to predict an activation
state for different functions when comparing high scores

to low scores for the Prudent dietary pattern. In men, a
decrease in colony formation (z-score -2.10; 40 molecules; P = 0.009), decreased adhesion of prostate cancer
cell lines (z-score -2.17; 6 molecules; P = 0.01), increased
cell death of connective tissue cells (z-score 2.69; 19
molecules; P = 0.01) and smooth muscle cells (z-score
2.55; 6 molecules; P = 0.03), an increase in the metabolism of phosphatidic acid (PA) (z-score 2.23; 14 molecules; P = 0.04), of phospholipid (z-score 2.22; 17
molecules; P = 0.04) and in apoptosis of connective tissue cells (z-score 2.77; 13 molecules; P = 0.04) were predicted. For women, IPA predicted a decreased
tumorigenesis (z-score -2.30; 258 molecules; P = 0.0001),
mitosis of tumor cell lines (z-score -2.39; 11 molecules;
P = 0.003), tyrosine phosphorylation (z-score -2.03; 13
molecules; P = 0.003) and survival of tumor cell lines
(z-score -2.11; 33 molecules; P = 0.03). When comparing
high scores to low scores for the Western dietary pattern
in men, IPA predicted a decrease in apoptosis of tumor
cell lines (z-score -3.42; 54 molecules; P = 0.005), a decrease in cell death of tumor cell lines (z-score -2.73; 57
molecules; P = 0.08), an increase in quantity of PA
(z-score 2.11; 5 molecules; P = 0.02) and of carbohydrate
(z-score 2.31; 6 molecules; P = 0.04). For women according to the Western dietary pattern, IPA was unable to
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Table 3 Descriptive characteristics of the study participants for women according to dietary pattern scores
P

Prudent dietary pattern (n = 17)
Age (y)
2

Low score (n = 10)

High score (n = 7)

34.80 ± 11.16

33.86 ± 9.51

Western dietary pattern (n = 17)

P

Low score (n = 11)

High score (n = 6)

0.86

35.45 ± 9.78

32.50 ± 11.64

0.59

1

BMI (kg/m )

28.09 ± 2.71

30.94 ± 3.58

0.09

29.01 ± 2.73

29.73 ± 4.48

0.681

Waist circumference (cm)

82.82 ± 8.07

91.14 ± 7.87

0.312

86.05 ± 8.85

86.60 ± 9.58

0.882

Systolic blood pressure (mmHg)

106.40 ± 8.42

103.57 ± 8.92

0.14

103.45 ± 9.29

108.50 ± 6.12

0.112

Diastolic blood pressure (mmHg)

67.70 ± 8.84

72.00 ± 8.79

0.912

68.73 ± 9.23

70.83 ± 8.66

0.572

Fasting glucose (mmol/L)
Fasting insulin (pmol/L)

2

2

5.20 ± 1.08

4.66 ± 0.58

0.30

4.74 ± 0.42

5.42 ± 1.42

0.032

83.10 ± 23.32

77.71 ± 31.39

0.152

78.82 ± 27.99

84.67 ± 24.31

0.782

2

CRP (mg/L)

7.03 ± 12.01

6.14 ± 9.90

0.51

6.65 ± 11.32

6.69 ± 11.01

0.412

Total-C (mmol/L)

5.37 ± 1.55

4.95 ± 1.23

0.852

5.04 ± 1.35

5.48 ± 1.58

0.352

2

LDL-C (mmol/L)

3.06 ± 1.12

2.76 ± 1.20

0.92

2.90 ± 1.17

3.01 ± 1.15

0.592

HDL-C (mmol/L)

1.64 ± 0.66

1.68 ± 0.39

0.492

1.52 ± 0.47

1.91 ± 0.64

0.142

2

Triglycerides (mmol/L)

1.48 ± 0.77

1.09 ± 0.52

0.07

1.36 ± 0.72

1.25 ± 0.69

0.642

ApoB (g/L)

0.98 ± 0.28

0.81 ± 0.29

0.372

0.90 ± 0.28

0.94 ± 0.33

0.632

29.17 ± 4.02

30.73 ± 3.00

0.612

28.55 ± 3.59

32.13 ± 2.50

0.082

Dietary intakes
Total fat (%)

2

Saturated fat (%)

10.45 ± 1.54

9.45 ± 2.32

0.22

9.32 ± 1.96

11.35 ± 0.81

0.052

Monounsaturated fat (%)

11.45 ± 1.84

13.04 ± 1.33

0.132

11.67 ± 1.91

12.90 ± 1.36

0.282

2

Polyunsaturated fat (%)

4.81 ± 0.81

5.71 ± 0.69

0.05

5.14 ± 0.98

5.26 ± 0.70

0.902

Total fiber (g)

19.78 ± 3.88

28.14 ± 6.77

0.032

24.14 ± 7.11

21.54 ± 5.77

0.362

All values are means ± SDs. Tests for trends or differences were made by using generalized linear models.
1
Adjusted for age.
2
Adjusted for age and BMI.

Table 4 Food group intakes (number of servings) for men according to dietary pattern scores
Prudent dietary pattern (n = 12)
Vegetables*

Low score (n = 5)

High score (n = 7)

1.90 ± 0.65

3.93 ± 1.80

P

Western dietary pattern (n = 12)

P

Low score (n = 3)

High score (n = 9)

0.031

4.47 ± 2.57

2.62 ± 1.23

0.031

1

Fruits*

1.34 ± 1.18

3.20 ± 0.95

0.02

2.98 ± 0.50

2.24 ± 1.55

0.281

Whole grain products*

1.82 ± 1.43

4.37 ± 1.35

0.0041

3.33 ± 0.96

3.30 ± 2.12

0.351

1

Non-hydrogenated fats*

4.02 ± 4.19

4.58 ± 3.02

0.75

3.96 ± 2.58

4.47 ± 3.74

0.281

Refined grain products*

3.26 ± 2.33

2.27 ± 1.30

0.231

1.40 ± 1.25

3.10 ± 1.77

0.381

1

Fish and other sea food*

0.61 ± 0.66

1.71 ± 0.88

0.04

1.22 ± 0.87

1.26 ± 1.03

0.601

Nuts*

0.33 ± 0.13

1.88 ± 1.88

0.021

1.24 ± 0.68

1.23 ± 1.85

0.381

1

Desserts*

1.03 ± 0.43

0.86 ± 0.85

0.75

0.36 ± 0.52

1.12 ± 0.65

0.211

Sweets*

4.86 ± 2.07

4.35 ± 2.60

0.601

1.86 ± 1.17

5.47 ± 1.82

0.031

0.72 ± 0.76

1

0.12 ± 0.20

1.06 ± 0.78

0.161

Processed meats*

0.96 ± 0.91

0.59

All values are means ± SDs. Tests for trends or differences were made by using generalized linear models.
1
Adjusted for age, BMI and energy intakes.
*Vegetables, 1 serving = 125 ml of all vegetables; Fruits, 1 serving = 1 unit of fresh fruit, 125 ml of fruit compote (stewed), frozen and canned or 60 ml of dried
fruit; Whole grain products, 1 serving = 1 unit of whole-wheat, whole-grain or other multigrain breads, ½ unit of whole-wheat, whole-grain and other multigrain
bagels, tortillas and pitas, 125 ml of whole-wheat or whole-grain pasta, 125 ml of brown rice, 125 ml of oatmeal and wheat cream, 30 g of whole-grain cereal, 1
unit of whole wheat pancakes, 30 g of whole-wheat crackers; Non-hydrogenated fats, 1 serving = 5 ml of non-hydrogenated margarine, 5 ml of vegetable oil or 5
ml of salad dressing (all kinds); Refined grain products, 1 serving = 1 unit of white breads, ½ unit of white bagels, pitas and tortillas, 125 ml of white rice, white
pasta and couscous, 1 unit of muffins (home-made), pancakes, waffles and granola bars, 30 g of refined cereal, 1 unit of rice cake or 30 g of salted crackers; Fish
and other sea food, 1 serving = 30 g of fish and sea food (excluding breaded fish) or 1 unit of sushi; Nuts, 1 serving = 30 ml of all nuts and seeds or 30 ml of seed
and nuts butter; Desserts, 1 serving = 2 units of cookies, 1/6 pies, 125 ml of pudding, 1/6 or 1 unit of cakes, doughnuts and pastries, 1 unit of croissants, muffins
(commercial), date squares, banana breads and coated granola bars; Sweets, 1 serving = 5 ml of sugar, brown sugar, honey, maple taffy, jam, maple/corn syrup
and nutella, 1 unit of candy, 5 g of chocolate bar or pieces; Processed meats, 1 serving = 5 slices of bacon, 1 unit of sausage, hotdogs and hotdogs on a stick, 30 g
delicatessen, cretons, head cheese, liver pâté and terrine.
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Table 5 Food group intakes (number of servings) for women according to dietary pattern scores
Prudent dietary pattern (n = 12)
Vegetables*

Low score (n = 10)

High score (n = 7)

2.30 ± 1.55

4.38 ± 1.73

P

Western dietary pattern (n = 12)

P

Low score (n = 3)

High score (n = 9)

0.161

3.09 ± 2.05

3.28 ± 1.73

0.771

1

2.56 ± 1.21

2.48 ± 1.18

0.621

3.25 ± 2.47

2.13 ± 1.70

0.131

Fruits*

1.97 ± 1.14

3.34 ± 0.61

0.07

Whole grain products*

2.04 ± 1.33

4.02 ± 2.84

0.181

Non-hydrogenated fats*

1.52 ± 0.97

4.65 ± 3.09

0.006

2.58 ± 2.66

3.24 ± 2.59

0.961

Refined grain products*

3.14 ± 1.50

1.83 ± 0.61

0.061

2.46 ± 1.31

2.86 ± 1.53

0.571

1.01
± 0.72

1.24 ± 0.88

1

0.35

0.85 ±0.52

1.58 ± 0.96

0.111

0.39 ± 0.39

0.59 ± 0.63

0.891

0.56 ± 0.57

0.30 ± 0.30

0.291

1

Fish and other sea food*
Nuts*

1

Desserts*

0.85 ± 0.75

0.62 ± 0.38

0.38

0.38 ± 0.28

1.44 ± 0.42

<0.00011

Sweets*

3.45 ± 1.69

2.93 ± 5.05

0.051

1.90 ± 1.60

5.69 ± 4.43

0.0071

0.30 ± 0.17

1

0.31 ± 0.28

0.43 ± 0.36

0.671

Processed meats*

0.38 ± 0.37

0.13

All values are means ± SDs. Tests for trends or differences were made by using generalized linear models.
1
Adjusted for age, BMI and energy intakes.
*Vegetables, 1 serving = 125 ml of all vegetables; Fruits, 1 serving = 1 unit of fresh fruit, 125 ml of fruit compote (stewed), frozen and canned or 60 ml of dried
fruit; Whole grain products, 1 serving = 1 unit of whole-wheat, whole-grain or other multigrain breads, ½ unit of whole-wheat, whole-grain and other multigrain
bagels, tortillas and pitas, 125 ml of whole-wheat or whole-grain pasta, 125 ml of brown rice, 125 ml of oatmeal and wheat cream, 30 g of whole-grain cereal, 1
unit of whole wheat pancakes, 30 g of whole-wheat crackers; Non-hydrogenated fats, 1 serving = 5 ml of non-hydrogenated margarine, 5 ml of vegetable oil or 5
ml of salad dressing (all kinds); Refined grain products, 1 serving = 1 unit of white breads, ½ unit of white bagels, pitas and tortillas, 125 ml of white rice, white
pasta and couscous, 1 unit of muffins (home-made), pancakes, waffles and granola bars, 30 g of refined cereal, 1 unit of rice cake or 30 g of salted crackers; Fish
and other sea food, 1 serving = 30 g of fish and sea food (excluding breaded fish) or 1 unit of sushi; Nuts, 1 serving = 30 ml of all nuts and seeds or 30 ml of seed
and nuts butter; Desserts, 1 serving = 2 units of cookies, 1/6 pies, 125 ml of pudding, 1/6 or 1 unit of cakes, doughnuts and pastries, 1 unit of croissants, muffins
(commercial), date squares, banana breads and coated granola bars; Sweets, 1 serving = 5 ml of sugar, brown sugar, honey, maple taffy, jam, maple/corn syrup
and nutella, 1 unit of candy, 5 g of chocolate bar or pieces; Processed meats, 1 serving = 5 slices of bacon, 1 unit of sausage, hotdogs and hotdogs on a stick, 30 g
delicatessen, cretons, head cheese, liver pâté and terrine.

make a prediction for the activation state of any
function.

Discussion
The dietary patterns derived in this study resemble
«Prudent» and «Western» dietary patterns from the

literature [41]. The Prudent dietary pattern is usually
associated with vegetables, fruits, whole grain products,
fish and non-hydrogenated fats [4,42], whereas the
Western dietary pattern is described as high in red
meats, processed meats, refined grains, French fries and
sweets/desserts [4,42]. Participants with high scores for

*HumanHT12v4 Expression BeadChips

Figure 1 Flowchart illustrating the significantly different transcripts according to scores for the Prudent dietary pattern.
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*HumanHT12v4 Expression BeadChips

Figure 2 Flowchart illustrating the significantly different transcripts according to scores for the Western dietary pattern.
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Figure 3 The modified canonical pathways according to scores for the Prudent dietary pattern. Legend: Gene expression differences
(≥ ± 1.2 fold change) in canonical pathways comparing high and low scores for the Prudent dietary pattern (A) For the men (B) For the women.
P-values for Functional Analysis of dataset by IPA (Fisher’s Exact Test) are presented. % of genes significantly up-regulated and down-regulated in
each canonical pathway are presented (number of genes differently expressed/number of genes in the pathways*100). (A) PDGF Signaling:
P = 0.004, 14 genes significantly different; ERK/MAPK Signaling: P = 0.004, 29 genes significantly different; FcyRIIB Signaling in B Lymphocytes:
P = 0.003, 10 genes significantly different; B Cell Receptor Signaling: P = 0.002, 24 genes significantly different; CTLA4 Signaling in Cytotoxic T
Lymphocytes: P = 0.003, 17 genes significantly different; PI3K Signaling in B Lymphocytes: P = 0.0009, 23 genes significantly different; Leucocyte
Extravasation Signaling: P = 0.0002, 32 genes significantly different. (B) Signaling by Rho Family GTPase: P = 0.02, 20 genes significantly different;
B Cell Receptor Signaling: P = 0.02, 14 genes significantly different; Role of NFAT in Regulation of the Immune Response: P = 0.01, 16 genes
significantly different; RhoGDI Signaling: P = 0.009, 17 genes significantly different; Cyclins and Cell Cycle Regulation: P = 0.007, 10 genes
significantly different; Breast Cancer Regulation by Stathmin1: P = 0.0005, 22 genes significantly different; B Cell Development: P = 0.0004, 7 genes
significantly different.
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Figure 4 The modified canonical pathways according to scores for the Western dietary pattern. Legend: Gene expression differences
(≥ ± 1.2 fold change) in canonical pathways comparing high and low scores for the Western dietary pattern (A) For the men (B) For the women.
P-values for Functional Analysis of dataset by IPA (Fisher’s Exact Test) are presented. % of genes significantly up-regulated and down-regulated in
each canonical pathway are presented (number of genes differently expressed/number of genes in the pathways*100). (A) Endothelin-1
Signaling: P = 0.01, 12 genes significantly different; PTEN Signaling: P = 0.01, 10 genes significantly different; iCOS-iCOSL Signaling in T Helper Cells:
P = 0.008, 9 genes significantly different; Hypoxia Signaling in the Cardiovascular System: P = 0.006, 7 genes significantly different; Xenobiotic
Metabolism Signaling: P = 0.005, 18 genes significantly different; NGF Signaling: P = 0.004, 10 genes significantly different; Neurotrophin/TRK
Signaling: P = 0.00001, 11 genes significantly different. (B) IL-8 Signaling: P = 0.04, 15 genes significantly different; FXR/RXR Activation: P = 0.05,
9 genes significantly different; Atherosclerosis Signaling: P = 0.02, 12 genes significantly different; Role of Cytokines in Mediating Communication
between Immune Cells: P = 0.02, 7 genes significantly different; Toll-like Receptor Signaling: P = 0.01, 7 genes significantly different; Role of NFAT
in Regulation of the Immune Response: P = 0.01, 16 genes significantly different; Bladder Cancer Signaling: P = 0.002, 12 genes significantly
different; Nf-κB Signaling: P = 0.002, 18 genes significantly different.

the Prudent dietary pattern (~48%) approached dietary
recommendations for vegetables and fruits consumption
of Canada’s Food Guide [43] (approximately 7 servings
per day). They also ate more than half of their grain products as whole grains (approximately 4 servings of whole
grain products and 2 servings of refined grain products
per day). The intakes of meat and alternatives as well as
milk and alternatives were around 3 servings per day
(data not shown). Thus, high scores for the Prudent dietary pattern were clearly related with Canada’s healthy
eating guidelines [43].
It has been observed that high insulin concentrations
often relate to insulin resistance [44]. This may indicate
a higher risk of insulin resistance among individuals with
low Prudent dietary pattern scores which had higher
than normal fasting insulin concentrations [44]. Even
though individuals with high Western dietary pattern
scores had higher fasting glucose than individuals with
low scores, these values remained within the normal
range (<5.6 mmol/L [45]). Interestingly, individuals with
high scores for the Western dietary pattern also had
higher systolic and diastolic blood pressure. For individuals with high scores for the Prudent dietary pattern,
blood pressure also seemed lower than for individuals

with low scores. These associations with dietary patterns
and blood pressure have also been observed in other
populations [1,2]. For the entire cohort (n = 210), high
scores for the Prudent dietary pattern were associated
with a more favorable blood lipid profile (data not
shown).
Major differences in gene expression profiles were
observed between men and women. These differences
had been observed previously by our research group
[22]. According to the scores for the Prudent dietary pattern, only the B Cell Receptor Signaling pathway was
significantly different both for men and women. Sexspecific differences in adipose tissue gene expression
have been studied but gene expression differences
according to sex in PBMCs are not as well documented
[46]. Mechanisms involving sex hormones such as estrogen on transcription factors might partly explain these
differences [47]. Moreover, Kawasaki et al. [48] reported
fluctuations of the expression of certain genes related to
immune and/or inflammatory response according to the
menstrual cycle among women. In this study, women
were pre-menopausal and the phase of the menstrual
cycle was not taken into account, which might explain
part of the differences observed.
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For participants with high comparatively to low scores
for the Prudent dietary pattern, IPA revealed 9 canonical
pathways related to immune and/or inflammatory response and 6 to cancer whereas for the Western dietary
pattern, 5 pathways related to cancer, 6 to immune and/
or inflammatory response and 3 to cardiovascular signaling. Interestingly, predictions made by IPA were pointing
towards directional changes in functions which may lead
to a decreased risk of cancer among individuals with
high scores for the Prudent dietary pattern which is considered a «healthier» pattern (observed among men and
women) and changes in functions towards a potential increase of the risk of cancer for individuals with high
scores for the Western diet (only observed among men).
The PA metabolism also appeared to be modulated with
both dietary patterns. PA is mainly formed by the hydrolysis of phosphatidylcholine by phospholipase D [49].
PA is important in heart function and has also been
associated with cardiac hypertrophy [50]. For women
with high scores for the Prudent dietary pattern, IPA
predicted a decrease in tyrosine phosphorylation. Tyrosine phosphorylation may have a protective effect on
cancer by reversing the effect of some protein kinase but
it may also have a detrimental effect [51]. For example,
an increase of phosphorylation in vascular endothelial
cadherin tyrosine has been observed after the attachment of invasive breast cancer cells to endothelial
cells [52].
Van Dijk et al. [20] have observed a more proinflammatory gene expression profile following a diet
high in saturated fat compared to a diet high in monounsaturated fat. Saturated fats can modulate the expression of Toll-like receptors (TLRs) therefore increasing
the expression of pro-inflammatory genes [53]. In
women, according to the Western pattern, the TLRs signaling pathway was different in participants with high
versus low scores. Genes within the pathway appeared to
be mostly up-regulated which could indicate an increase
in the inflammatory response. Conversely, Bowens et al.
[54], using shakes containing various amounts of
saturated, polyunsaturated and monounsatured fats,
observed an increased in the expression of genes
involved in TLRs signaling following the high PUFA
shake. However, these results were observed in the postprandial state which could explain discrepancies between
studies. In addition, the B Cell Receptor Signaling pathway was different according to scores for the Prudent
dietary pattern and this was also observed by Bowens
et al. with the high PUFA shake [54]. In the present
study, the intake of PUFA was higher among individuals
with high scores for the Prudent dietary pattern. This
pathway is important in humoral immune response and
has also been related with chronic lymphocytic leukemia
[55]. We hypothesise that the impact of the Prudent
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dietary pattern on B Cell Receptor Signaling pathway
was beneficial due to the predictive results given by IPA
and literature on the protective effect of a «healthy»
dietary pattern on cancer [56]. When examining pathways common to both dietary patterns, only one was
common to the Prudent and Western dietary patterns
(among women), the Role of Nuclear Factor of Activated
T cells (NFAT) in regulation of the immune response
with only one gene overlapping both dietary patterns.
The NFAT family of transcription factors induce gene
transcription during the immune response. These
transcription factors have been linked with cardiac
hypertrophy which increases the risk of cardiovascular
diseases and have a dual role in cancer acting as a tumor
suppressors as well as oncogenes [57,58].
Results observed in this exploratory study support the
scientific evidence regarding the beneficial effects of the
consumption of a healthy diet and the deleterious
impacts of a Western dietary pattern. These results also
seem to indicate that gene expression profiles and expression of genes in pathways related to chronic disease
are influenced by the presence of a few or more dietary
characteristics according to a dietary pattern (high versus low scores). However, due to the small number of
participants, these results should be interpreted with
caution. In addition, many other factors associated with
a healthy or unhealthy lifestyle may impact gene expression. For example, physical activity has an effect on gene
expression profiles and was not taken into account in
the analyses [59].

Conclusion
Data retrieved from this nutrigenomic study provide
valuable information on biologically relevant pathways
that might relate to chronic disease prevention or initiation. Transcriptomics analysis gives us further insights
to understand the global effect of dietary patterns on
health. In this study, both the Prudent and Western
dietary patterns were related to biological pathways associated with cancer, immune and/or inflammatory
response and cardiovascular signaling. It appears from
these results that the Prudent dietary pattern has a protective effect on cancer initiation or development and
the opposite is observed for the Western dietary pattern.
However, these data reflect gene expression profile and
statistical predictions and need to be confirmed by
further research.
Abbreviations
ApoB: Apolipoprotein B-100; BMI: Body mass index; cRNA: Complementary
RNA; CRP: C-reactive protein; DBP: Diastolic blood pressure; FDR: False
discovery rate; FFQ: Food frequency questionnaire; GLM: General linear
model; GNB5: Guanine nucleotide binding protein (G protein), beta 5; HDLC: HDL-cholesterol; IPA: Ingenuity pathway analysis; LDL-C: LDL-cholesterol;
n-3 PUFA: Omega-3 PUFA; NFAT: Role of nuclear factor of activated T cells;
PA: Phosphatidic acid; PBMCs: Peripheral blood mononuclear cells;

Bouchard-Mercier et al. Nutrition Journal 2013, 12:24
http://www.nutritionj.com/content/12/1/24

PCR: Polymerase chain reaction; PPARs: Peroxisome proliferator-activated
receptors; RD: Registered dietitian; RIN: RNA integrity number;
SAM: Significance analysis of microarrays; SAS: Statistical analysis software;
SBP: Systolic blood pressure; TC: Total cholesterol; TLRs: Toll-like receptors.
Competing interests
The authors declare no competing of interests.
Authors’ contributions
SL, PC, IR, AMP and MCV designed research; AMP and ABM conducted
research; SL, PC, IR, AMP and MCV provided essential reagents or provided
essential materials; ABM analyzed data and performed statistical analysis;
ABM wrote paper; ABM, SL, PC, IR, AMP and MCV had primary responsibility
for final content; All authors read and approved the final manuscript.
Acknowledgments
This research would not have been possible without the excellent
collaboration of the participants. We would like to thank Hubert Cormier,
Véronique Garneau, Alain Houde, Catherine Ouellette, Catherine Raymond,
Élisabeth Thifault and the nurses, Danielle Aubin and Steeve Larouche, for
their participation in the recruitment of the participants, the study
coordination and the data collection.
ABM is supported by a studentship from the Fonds de recherche en santé
du Quebec (FRQS), IR is supported by a Canadian Institutes of Health
Research (CIHR) Bisby Postdoctoral Fellowship Award (200810BFE) and MCV
is Tier 1 Canada Research Chair in Genomics Applied to Nutrition and Health.
This work was supported by a grant from CIHR - (MOP229488). This trial was
registered at clinicaltrials.gov as NCT01343342.
Author details
1
Institute of Nutraceuticals and Functional Foods (INAF), Laval University,
2440 Hochelaga Blvd, Quebec G1V 0A6, Canada. 2Department of Food
Science and Nutrition, Laval University, 2425 de l’Agriculture St, Quebec G1K
7P4, Canada. 3Laboratory of Endocrinology and Genomics, CHUQ, Laval
University Hospital Research Center, 2705 Laurier Blvd, Québec G1V 4G2,
Canada.
Received: 30 October 2012 Accepted: 7 February 2013
Published: 12 February 2013
References
1. Sadakane A, Tsutsumi A, Gotoh T, Ishikawa S, Ojima T, Kario K, et al:
Dietary patterns and levels of blood pressure and serum lipids in a
Japanese population. J Epidemiol 2008, 18:58–67.
2. Mikkila V, Rasanen L, Raitakari OT, Marniemi J, Pietinen P, Ronnemaa T, et al:
Major dietary patterns and cardiovascular risk factors from childhood to
adulthood. The Cardiovascular Risk in Young Finns Study. Br J Nutr 2007,
98:218–225.
3. Meyer J, Doring A, Herder C, Roden M, Koenig W, Thorand B: Dietary patterns,
subclinical inflammation, incident coronary heart disease and mortality in
middle-aged men from the MONICA/KORA Augsburg cohort study. Eur J Clin
Nutr 2011, 65:800–807.
4. Paradis AM, Godin G, Perusse L, Vohl MC: Associations between dietary
patterns and obesity phenotypes. Int J Obes (Lond) 2009, 33:1419–1426.
5. Heidemann C, Schulze MB, Franco OH, van Dam RM, Mantzoros CS, Hu FB:
Dietary patterns and risk of mortality from cardiovascular disease,
cancer, and all causes in a prospective cohort of women. Circulation
2008, 118:230–237.
6. Sherzai A, Heim LT, Boothby C, Sherzai AD: Stroke, food groups, and
dietary patterns: a systematic review. Nutr Rev 2012, 70:423–435.
7. Yusof AS, Isa ZM, Shah SA: Dietary patterns and risk of colorectal cancer: a
systematic review of cohort studies (2000-2011). Asian Pac J Cancer Prev
2012, 13:4713–4717.
8. Meyerhardt JA, Niedzwiecki D, Hollis D, Saltz LB, Hu FB, Mayer RJ, et al:
Association of dietary patterns with cancer recurrence and survival in
patients with stage III colon cancer. JAMA 2007, 298:754–764.
9. Garcia-Bailo B, Brenner DR, Nielsen D, Lee HJ, Domanski D, Kuzyk M, et al:
Dietary patterns and ethnicity are associated with distinct plasma
proteomic groups. Am J Clin Nutr 2012, 95:352–361.
10. Hu FB: Dietary pattern analysis: a new direction in nutritional
epidemiology. Curr Opin Lipidol 2002, 13:3–9.

Page 12 of 13

11. Hu FB, Rimm E, Smith-Warner SA, Feskanich D, Stampfer MJ, Ascherio A, et al:
Reproducibility and validity of dietary patterns assessed with a foodfrequency questionnaire. Am J Clin Nutr 1999, 69:243–249.
12. Khani BR, Ye W, Terry P, Wolk A: Reproducibility and validity of major
dietary patterns among Swedish women assessed with a food-frequency
questionnaire. J Nutr 2004, 134:1541–1545.
13. Nanri A, Shimazu T, Ishihara J, Takachi R, Mizoue T, Inoue M, et al:
Reproducibility and validity of dietary patterns assessed by a food
frequency questionnaire used in the 5-year follow-up survey of the
Japan Public Health Center-Based Prospective Study. J Epidemiol 2012,
22:205–215.
14. Ross SA: Evidence for the relationship between diet and cancer.
Exp Oncol 2010, 32:137–142.
15. Schnabel RB, Baccarelli A, Lin H, Ellinor PT, Benjamin EJ: Next steps in
cardiovascular disease genomic research–sequencing, epigenetics,
and transcriptomics. Clin Chem 2012, 58:113–126.
16. Barnes S: Nutritional genomics, polyphenols, diets, and their impact on
dietetics. J Am Diet Assoc 2008, 108:1888–1895.
17. Keller H, Dreyer C, Medin J, Mahfoudi A, Ozato K, Wahli W: Fatty acids and
retinoids control lipid metabolism through activation of peroxisome
proliferator-activated receptor-retinoid X receptor heterodimers. Proc
Natl Acad Sci USA 1993, 90:2160–2164.
18. Ong KR, Sims AH, Harvie M, Chapman M, Dunn WB, Broadhurst D, et al:
Biomarkers of dietary energy restriction in women at increased risk of
breast cancer. Cancer Prev Res (Phila) 2009, 2:720–731.
19. Franck N, Gummesson A, Jernas M, Glad C, Svensson PA, Guillot G, et al:
Identification of adipocyte genes regulated by caloric intake. J Clin
Endocrinol Metab 2011, 96:E413–E418.
20. van Dijk SJ, Feskens EJ, Bos MB, Hoelen DW, Heijligenberg R, Bromhaar MG,
et al: A saturated fatty acid-rich diet induces an obesity-linked
proinflammatory gene expression profile in adipose tissue of subjects at
risk of metabolic syndrome. Am J Clin Nutr 2009, 90:1656–1664.
21. Yubero-Serrano EM, Gonzalez-Guardia L, Rangel-Zuniga O, Delgado-Lista J,
Gutierrez-Mariscal FM, Perez-Martinez P, et al: Mediterranean diet
supplemented with coenzyme Q10 modifies the expression of
proinflammatory and endoplasmic reticulum stress-related genes in
elderly men and women. J Gerontol A Biol Sci Med Sci 2012, 67:3–10.
22. Rudkowska I, Paradis AM, Thifault E, Julien P, Tchernof A, Couture P, et al:
Transcriptomic and metabolomic signatures of an n-3 polyunsaturated
fatty acids supplementation in a normolipidemic/normocholesterolemic
Caucasian population. J Nutr Biochem 2012, 24:54–61.
23. Callaway CW, Chumlea WC, Bouchard C, Himes JH, Lohman TG, Martin AD,
Mitchell CD, Mueller WH, Roche AF, Seefeldt VD: Standardization of
Anthropometric Measurements. In The Airlie (VA) Consensus Conference.
Edited by Lohman T, Roche A, Martorel R. Champaign, IR, USA: Human
Kinetics Publishers; 1988:39–80.
24. McNamara JR, Schaefer EJ: Automated enzymatic standardized lipid analyses
for plasma and lipoprotein fractions. Clin Chim Acta 1987, 166:1–8.
25. Burstein M, SAMAILLE J: [On a rapid determination of the cholesterol bound to
the serum alpha- and beta-lipoproteins]. Clin Chim Acta 1960, 5:609.
26. Albers JJ, Warnick GR, Wiebe D, King P, Steiner P, Smith L, et al:
Multi-laboratory comparison of three heparin-Mn2+ precipitation
procedures for estimating cholesterol in high-density lipoprotein.
Clin Chem 1978, 24:853–856.
27. Friedewald WT, Levy RI, Fredrickson DS: Estimation of the concentration of
low-density lipoprotein cholesterol in plasma, without use of the
preparative ultracentrifuge. Clin Chem 1972, 18:499–502.
28. Pirro M, Bergeron J, Dagenais GR, Bernard PM, Cantin B, Despres JP, et al:
Age and duration of follow-up as modulators of the risk for ischemic
heart disease associated with high plasma C-reactive protein levels in
men. Arch Intern Med 2001, 161:2474–2480.
29. Laurell CB: Quantitative estimation of proteins by electrophoresis in
agarose gel containing antibodies. Anal Biochem 1966, 15:45–52.
30. Richterich R: Dauwalder H: [Determination of plasma glucose by
hexokinase-glucose-6-phosphate dehydrogenase method]. Schweiz Med
Wochenschr 1971, 101:615–618.
31. Desbuquois B, Aurbach GD: Use of polyethylene glycol to separate free
and antibody-bound peptide hormones in radioimmunoassays. J Clin
Endocrinol Metab 1971, 33:732–738.
32. Padwal RS, Hemmelgarn BR, Khan NA, Grover S, McKay DW, Wilson T, et al:
The 2009 Canadian Hypertension Education Program recommendations

Bouchard-Mercier et al. Nutrition Journal 2013, 12:24
http://www.nutritionj.com/content/12/1/24

33.

34.
35.

36.

37.

38.

39.

40.

41.
42.

43.
44.

45.

46.

47.
48.

49.

50.

51.

52.

53.
54.

55.

for the management of hypertension: Part 1–blood pressure
measurement, diagnosis and assessment of risk. Can J Cardiol 2009,
25:279–286.
Goulet J, Nadeau G, Lapointe A, Lamarche B, Lemieux S: Validity and
reproducibility of an interviewer-administered food frequency
questionnaire for healthy French-Canadian men and women. Nutr J
2004, 3:13.
Newby PK, Tucker KL: Empirically derived eating patterns using factor or
cluster analysis: a review. Nutr Rev 2004, 62:177–203.
Fu WJ, Stromberg AJ, Viele K, Carroll RJ, Wu G: Statistics and bioinformatics
in nutritional sciences: analysis of complex data in the era of systems
biology. J Nutr Biochem 2010, 21:561–572.
Liew CC, Ma J, Tang HC, Zheng R, Dempsey AA: The peripheral blood
transcriptome dynamically reflects system wide biology: a potential
diagnostic tool. J Lab Clin Med 2006, 147:126–132.
Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassmann M, et al:
The RIN: an RNA integrity number for assigning integrity values to RNA
measurements. BMC Mol Biol 2006, 7:3.
Michal B, Mathieu M, Robert N: FlexArray: A statistical data analysis software
for gene expression microarrays. Montreal, Canada: Génome Québec; 2007.
http://genomequebec.mcgill.ca/FlexArray.
Shi W, Oshlack A, Smyth GK: Optimizing the noise versus bias tradeoff for Illumina whole genome expression BeadChips. Nucleic Acids
Res 2010, 38:e204.
Tusher VG, Tibshirani R, Chu G: Significance analysis of microarrays
applied to the ionizing radiation response. Proc Natl Acad Sci USA 2001,
98:5116–5121.
Bhupathiraju SN, Tucker KL: Coronary heart disease prevention: nutrients,
foods, and dietary patterns. Clin Chim Acta 2011, 412:1493–1514.
Hu FB, Rimm EB, Stampfer MJ, Ascherio A, Spiegelman D, Willett WC:
Prospective study of major dietary patterns and risk of coronary heart
disease in men. Am J Clin Nutr 2000, 72:912–921.
Canada H: Eating well with Canada's Food Guide. Ottawa: Publications Health
Canada; 2011.
Shanik MH, Xu Y, Skrha J, Dankner R, Zick Y, Roth J: Insulin resistance and
hyperinsulinemia: is hyperinsulinemia the cart or the horse? Diabetes
Care 2008, 31(Suppl 2):S262–S268.
American Diabetes Association: Standards of medical care in
diabetes--2012. Diabetes Care 2012,
35(Suppl 1):S11–S63.
Klaus S, Keijer J: Gene expression profiling of adipose tissue: individual,
depot-dependent, and sex-dependent variabilities. Nutrition 2004,
20:115–120.
Yoon M: PPARalpha in Obesity: Sex Difference and Estrogen
Involvement. PPAR Res 2010, (2010).
Kawasaki M, Sekigawa I, Nozawa K, Kaneko H, Takasaki Y, Takamori K, et al:
Changes in the gene expression of peripheral blood mononuclear cells
during the menstrual cycle of females is associated with a gender bias
in the incidence of systemic lupus erythematosus. Clin Exp Rheumatol
2009, 27:260–266.
Tappia PS, Dent MR, Dhalla NS: Oxidative stress and redox regulation of
phospholipase D in myocardial disease. Free Radic Biol Med 2006,
41:349–361.
Dhalla NS, Xu YJ, Sheu SS, Tappia PS, Panagia V: Phosphatidic acid: a potential
signal transducer for cardiac hypertrophy. J Mol Cell Cardiol 1997,
29:2865–2871.
Laczmanska I, Sasiadek MM: Tyrosine phosphatases as a superfamily of
tumor suppressors in colorectal cancer. Acta Biochim Pol 2011,
58:467–470.
Haidari M, Zhang W, Caivano A, Chen Z, Ganjehei L, Mortazavi A, et al:
Integrin alpha2-beta1 Mediates Tyrosine Phosphorylation of Vascular
Endothelial Cadherin Induced by Invasive Breast Cancer Cells. J Biol
Chem 2012, 287:23981–23992.
Lee JY, Hwang DH: The modulation of inflammatory gene expression by
lipids: mediation through Toll-like receptors. Mol Cells 2006, 21:174–185.
Bouwens M, Grootte BM, Jansen J, Muller M, Afman LA: Postprandial
dietary lipid-specific effects on human peripheral blood mononuclear
cell gene expression profiles. Am J Clin Nutr 2010, 91:208–217.
Burger JA: Inhibiting B-cell receptor signaling pathways in chronic
lymphocytic leukemia. Curr Hematol Malig Rep 2012, 7:26–33.

Page 13 of 13

56. Kushi LH, Doyle C, McCullough M, Rock CL, Demark-Wahnefried W, Bandera
EV, et al: American Cancer Society Guidelines on nutrition and physical
activity for cancer prevention: reducing the risk of cancer with healthy
food choices and physical activity. CA Cancer J Clin 2012, 62:30–67.
57. Liu Q, Chen Y, Auger-Messier M, Molkentin JD: Interaction between
NFkappaB and NFAT coordinates cardiac hypertrophy and pathological
remodeling. Circ Res 2012, 110:1077–1086.
58. Robbs BK, Cruz AL, Werneck MB, Mognol GP, Viola JP: Dual roles for NFAT
transcription factor genes as oncogenes and tumor suppressors. Mol Cell
Biol 2008, 28:7168–7181.
59. Catoire M, Mensink M, Boekschoten MV, Hangelbroek R, Muller M,
Schrauwen P, et al: Pronounced effects of acute endurance exercise on
gene expression in resting and exercising human skeletal muscle.
PLoS One 2012, 7:e51066.
doi:10.1186/1475-2891-12-24
Cite this article as: Bouchard-Mercier et al.: Associations between dietary
patterns and gene expression profiles of healthy men and women:
a cross-sectional study. Nutrition Journal 2013 12:24.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

