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Abstract

The aim of this intervention study was to measure genome-wide postprandial gene expression in human blood cells after the ingestion of a single serving of
milk, to identify the downstream physiological processes regulated by the differentially expressed genes, and to use this gene expression signature as a
reference to compare it with the response following the ingestion of a transformed dairy product, namely, yogurt. We conducted a randomized, controlled,
single-blinded, crossover study on six healthy male individuals. After an overnight fast, 540 g of milk or yogurt was ingested by the subjects. Blood samples were
collected before (0 h) and after (2 h/4 h/6 h) ingestion, and the blood cell transcriptome was analyzed using a linear kinetic analysis that increases the statistical
power of the study. The differentially expressed transcripts identified after the ingestion of milk (575 transcripts) and yogurt (625 transcripts) modulated
similar biological processes. In particular, genes involved in protein biosynthesis and mitochondrial activities followed biphasic kinetics being down-regulated at
2 h and more pronouncedly up-regulated at 6 h. The opposite kinetics were observed for inflammatory and apoptotic processes during the same time frame. The
human blood cell transcriptome appeared to be specifically modulated by specific nutrients present in bovine milk, a property that was further modified when
milk was fermented to yogurt. The coordinated changes in postprandial expression of genes involved in basic biological processes suggest that postprandial
blood cell transcriptomics may allow insight into the nutritional effects of selected foods in the prevention or development of chronic metabolic and
inflammatory disorders.
© 2012 Elsevier Inc. All rights reserved.
Keywords: Dairy products; Nutrition; Postprandial metabolism; Inflammation; Transcriptomics
1. Introduction

Milk not only provides essential macronutrients, vitamins, trace
elements and minerals but also contains bioactive components that
may act synergistically to modulate metabolic and immunomodula-
tory processes that are important to the maintenance of health [1,2].
The impact of dairy products has, therefore, been discussed and
debated in relation to the development or the prevention of cancer
[3], allergy [4], hypertension [5], infection [6] and obesity [7]. Milk is
easily amenable to technological and microbiological transformation.
The large spectrum of marketed dairy products resulting from these
technologies has significantly contributed to stimulate research on
the nutritional properties of milk-based products [2]. However,
measuring the impact of processing on the nutritional properties of
food, in this particular case, dairy products, is a challenging task.

Postprandial blood cell transcriptomics is emerging as a powerful
tool that can complement classical analytics in nutritional interven-
tion studies by capturing coordinated and subtle changes induced by
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nutrients in humans, in particular metabolic and immunological
processes [8–11]:

First, the identification of clinical endpoints or biomarkers that
change in a statistically significant manner often requires relatively
long-term interventions that are often incompatible with the
limited resources usually available for exploratory research. As
cells in the human organism respond specifically and sensitively to
the ingestion of food by inducing gene expression within a few
hours of the nutritional stimuli, postprandial gene expression could
deliver preliminary information on the early molecular events
induced by nutrients.

Second, insight into the metabolic networks affected by the
nutrients is hampered due to the restricted access of researchers to
cellular material, in particular tissue biopsies, in human subjects.
White blood cells can easily be recovered from human subjects,
respond metabolically to nutritional stimuli and are important
mediators of the immune systemwhat makes them attractive cellular
targets for preventive nutritional research, particularly in the context
of chronic inflammatory diseases.

Third, most of the information obtained so far in classical nutrition
intervention studies has been gathered using a hypothesis-driven
analytical strategy that focuses on the measurement of a restricted set
of preselected biomarkers, thus precluding a comprehensive analysis
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Table 2
Protocol used for the preparation of yogurt and GDL milk

Processing GDL milk Yogurt

Whole milk 97% 97%
Fat-free powder 3% 3%
Homogenization 1 65°C/150 bar 65°C/150 bar
Homogenization 2 65°C/30 bar 65°C/30 bar
Pasteurization 92°C/5 min 92°C/5 min
Cooling 30°C 42°C
GDL 2%
Starter culturea 3%
Incubation 30°C/up to pH 4.34/~7 h 42°C/up to pH 4.5/~6 h
Cooling 5°C, 1 day 5°C, 1 day
Storage b5°C b5°C
Shelf-life 21 days 21 days

a The starter culture was composed of L. delbrueckii subsp. bulgaricus (N109 CFU ml−1)
and S. salivarius subsp. thermophilus (N109 CFU ml −1).
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of the underlying physiological processes. Genome-wide transcrip-
tomics now allow a holistic investigation of the effects of bioactive
components, including complex food matrices, on cellular processes.

Dairy products are ideal candidates to be investigated using a
postprandial blood cell transcriptomic strategy. In order to get a
mechanistic insight into the nutritional properties of dairy products,
we have thus conducted a nutritional human intervention study in
which we measured the postprandial transcriptome of blood cells of
humans having ingested whole milk and yogurt. The milk group was
first measured, and the differentially expressed pathways were
identified. We also used this gene expression signature as a reference
to identify biological pathways that were either commonly or
uniquely regulated after the ingestion of yogurt, thus allowing first
insights, using blood cell transcriptomics, into the physiological
consequences of processing food on human physiology.

2. Methods and materials

2.1. Study design and subjects

This study was conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human subjects were
approved by the ethical committee of the ETH Zurich, Switzerland.

Interested healthy male volunteers from the student population filled a
questionnaire on lifestyle, medical history and dietary habits and reported a Western
lifestyle. Smokers and subjects who were on a medically prescribed diet were
excluded from participation. Also, subjects who were on medication or who reported
metabolic, gastrointestinal disorders or a history of medical or surgical events that
could affect the study outcome were excluded, as well as subjects who had donated
blood less than 4 months before the beginning of the study. Eight healthy young
males were recruited, and written consent was obtained from all subjects. The
numbers of subjects were kept small, as this was an initial exploratory study. Two
subjects had to be excluded during the study because of the abnormal neutrophil
count and low RNA yield (see below). Six subjects completed the study. They had a
mean (±S.D.) body mass index of 22.7±1.3 kg/m2 (range: 20.9–24.3 kg/m2) and a
mean (±S.D.) age of 26.6±3.1 years (range: 23–32 years).

The experiment had a randomized, controlled, single-blinded, crossover design.
The duration of the study was 8 days and included a run-in period of 3 days, 2 single
days of intervention on day 4 and day 8, separated by 3 days of washout period.
During the run-in period on days 1–3 and the washout period on days 5–7, the
volunteers had a controlled diet for breakfast, lunch and dinner. This diet was devoid
of dairy products, fermented products and minimized for food with potentially high
Table 1
Composition of the diet served to the subjects from days 1 to 8 of the study

Day Meal Food

1 Breakfast White bread toasta, apricot jam, omelette, carbonated water
Lunch French fries, turkey schnitzel, puff pastry, syrup
Dinner Couscous (wheat semolina), meat sauce, syrup

2 Breakfast White bread toast, apricot jam, omelette, carbonated water
Lunch Parboiled rice, lentils, ice sorbet, syrup
Dinner Spätzle with meat sauce, cakea, carbonated water

3 Breakfast Potato pancakes, scramble egg, carbonated water, sweet
Lunch Fried grated potatoes, fish finger, syrup
Dinner Macaroni with meat sauce, cake, carbonated water

4 Breakfast Test dairy product — milk or yogurt
Lunch French fries, turkey schnitzel, syrup
Dinner Couscous with meat sauce, cake, carbonated water

5 Breakfast White bread toast, apricot jam, omelette, carbonated water
Lunch French fries, turkey schnitzel, puff pastry, syrup
Dinner Couscous (wheat semolina), meat sauce, syrup

6 Breakfast White bread toast, apricot jam, omelette, carbonated water
Lunch Parboiled rice, lentils, ice sorbet, syrup
Dinner Spätzle with meat sauce, cake, carbonated water

7 Breakfast Potato pancakes, scramble egg, carbonated water, sweet
Lunch Fried grated potatoes, fish finger, syrup
Dinner Macaroni with meat sauce, cake, carbonated water

8 Breakfast Test dairy product — yogurt or milk
Lunch End of the study

Snacksb Potatoes chips, cake

a Bread and cake were made without yeast and dairy products.
b Snacks were provided every day between 4 and 5 PM.
levels of bioactive nutrients, in particular fruits and vegetables (Table 1). The subjects
were advised not to drink more than one cup of coffee a day. Apart from consuming
the controlled meals under supervision, no additional control for dietary compliance
was made. On days 4 and 8 after an overnight fast, the subjects ingested 540 g of
either milk or yogurt for breakfast in a randomized order. In transcriptomics studies
involving humans, particularly in blood cell transcriptome, interindividual variations
are significant and intraindividual variations are relatively small [9,10]. Our study,
thus, had a crossover design so that each subject can serve as his/her own control,
thereby minimizing variations.

2.2. Test meals

We used homogenized pasteurized whole milk to prepare two dairy products for
the study. One half of the milk was acidified using 2% glucono delta-lactone (GDL)
(Jungbunzlauer AG, Basel, Switzerland). GDL is used in dairy industries for controlled
acidification in milk and yogurt preparation [12,13]. In this study, acidified milk using
GDL is referred to as milk. The other half was used to make conventional yogurt using
3% of starter culture comprising of Lactobacillus delbrueckii subsp. bulgaricus and
Streptococcus salivarius subsp. thermophilus. The detailed procedure used for the
preparation of milk and yogurt is described in Table 2. Both milk and yogurt were kept
similar in weight, volume, energy content, appearance and pH (4.27 for yogurt; 4.12 for
milk) to blind the subjects to treatment order. An informal sensory panel composed of
six trained persons did not identify significant differences in the texture or the
appearance of the two products. A routine microbiological analysis of both products
revealed the absence of pathological microbiological contaminants. The macronutrient
composition of the milk and yogurt products is described in Table 3.

2.3. Blood samples

On days 4 and 8, an intravenous catheter was installed in the forearm of the
volunteers by trained nurses to facilitate multiple blood sampling. For gene expression
analysis, the first blood samples defined as the 0-h sample were drawn immediately
prior to the ingestion of the dairy products, which was completed within a period of
20–30 min. Samples were collected at 2, 4 and 6 h after the ingestion of the dairy
products. Blood was collected in triplicate into PAXgene tubes (Preanalytical Systems,
Basel, Switzerland) according to the manufacturer's instructions. The samples were
incubated at room temperature for 9 h [14], placed at −20°C for a period of 24 h, and
finally transferred at−80°C until use for further processing. The PAXgene system with
RNA-stabilizing solution offers several advantages for collection, storage and proces-
sing of whole blood samples in multicentre trials [15]. In particular, the isolation of
leucocyte subtypes requires immediate processing of the samples on the site of
collection, a shortcoming in a multicenter setup such as in our study. Moreover, ex vivo
changes in gene expression profiles are induced during the separation of leucocyte
subtypes [16]. Hence, in order to be able to measure a transcriptional signature that
reflects the sum of the changes induced by dairy products, a whole blood analysis was
preferred over an analysis restricted to a subset of cells.

In order to identify subjects with subclinical signs of infection or inflammation
blood samples collected at 0 and 6 h on the intervention days were analyzed for
C-reactive protein using immunoturbidimetrymethod and differential leukocyte count
using automatic differentiation method. Based on this analysis, one subject was
excluded from the microarray analysis as he had an abnormal neutrophil count at one
0-h time point.

2.4. RNA isolation, labeling and hybridization

Prior to RNA isolation, PAXgene tubes were removed from −80°C and allowed to
thaw at room temperature overnight. RNA was extracted according to the manufac-
turer's instructions. Extracted RNA was stored at−80°C. RNA quality and integrity was



Table 3
Macronutrient composition of milk and yogurt

Composition (per 100 ml) Milk Yogurt

Energy (kJ) 284.5 263.6
Water (ml) 83.2 86.2
Protein (g) 4.4 4.1
Fat (g) 3.6 3.3
Lactose (g) 4.3 3.7
Other carbohydrates (g) – 1.1
GDL (g) 2 –

Starter culture (ml)a – 3

The values for lactose and carbohydrates were not measured and are taken from [75].
a The starter culture was composed of L. delbrueckii subsp. bulgaricus and S. salivarius

subsp. thermophilus.
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verified using the RNA 6000 Nano assay on the Agilent 2100 Bioanalyzer (Agilent
Technologies, Basel, Switzerland). RNA concentrations were determined using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Littau, Switzerland).
All RNA samples used for microarray analysis had a 260:280 absorbance ratio between
1.9 and 2.1.

Globin messenger RNA was depleted from a portion of each total RNA sample
(1.0±0.2 μg) using the GLOBINclear-Human kit (Ambion, Huntingdon, UK). A second
subject was also excluded from further analysis as he had an RNA yield that was
insufficient for microarray hybridization. Globin-depleted RNA samples (200 ng)
were amplified using Agilent low RNA input linear amplification kit and control
reagents to generate Cy3-labeled antisense cRNA. The labeled cRNA samples were
hybridized to Agilent 4×44 k Whole Human Genome (G4112F) Oligo Microarray
(Agilent Technologies). The hybridized slides were washed, stabilized, dried and
immediately scanned (Agilent Technologies Microarray Scanner; Agilent Technolo-
gies) according to a standard protocol (Agilent Technologies). Microarray hybridi-
zation was performed at the Functional Genomics Center Zurich microarray core
facility (ETH Zurich, Switzerland).

2.5. Identification of differentially expressed genes

Image processing was performed using Agilent's feature extraction software
version 9.5.3.1. The resulting output file contains the intensity of each spot, which is
summarized by the mean or the median pixel intensity of the spot. The normalization
of the median (raw) intensity was carried out using the standardization and
normalization of microarray data (SNOMAD) method [17] and R statistical language.
Briefly, the SNOMAD approach first performs global normalization and then local
mean normalization across each microarray surface to reduce spatial bias if any,
followed by log2 transformation of normalized values. The log2 signal ratios (using
the 0-h time point as the reference) and log2 mean intensities were estimated. The
log2 ratios are normalized across local log2 mean intensities using the “loess”
function of R. SNOMAD then finally provides the normalized standardized local
z score ratio for each analyzed gene. SNOMAD z score ratios for the following
comparisons were estimated: M2/M0, M4/M0, M6/M0, Y2/Y0, Y4/Y0, and Y6/Y0,
where M represents milk, Y represents yogurt, and the digits 0, 2, 4, and 6 refer to the
time points, in hours, at which the blood samples were taken. SNOMAD z score ratio
comparing gene expression at days 4 and 8 before the ingestion of milk and yogurt,
respectively, were also estimated (Y0/M0).

For each of the dairy product, an analysis of variance (ANOVA; SYSTAT version
12.0), more specifically ANOVA repeated measures was performed for each gene
using the normalized z scores ratio to identify the differentially expressed genes. In
addition, linear contrasts and quadratic contrasts were tested to identify temporal
trends in gene expression over time. In each of the three analyses, a stringent
estimate of Benjamini–Hochberg false discovery rate (FDR) [18] was obtained using
the entire gene data set. FDR threshold for significance was set at an FDR of 12.5%.
Differentially expressed probe sets in the groups of samples from subjects having
ingested milk are, therefore, referred as the “M group” and yogurt as “Y group.”
Information on gene annotation and function was retrieved through EntrezGene
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db_gene). In order to ascertain that
the genes selected as differentially expressed are not due to spatial bias, we
performed χ2 goodness-of-fit tests using FDR thresholds of 10%, 15% and 20%,
respectively, with the null hypothesis of uniform distribution of significant genes
across array surface. We found the null hypothesis to be confirmed for all the FDR
thresholds for both milk and yogurt data sets.

Spearman rank correlation analysis between gene expression levels in the M and
Y groups was performed using R environment. Pathway analysis was performed on
M group and Y group by using GENMAPP 2.0 [19] and MAPPfinder [20] to find
functional groups of genes (based on Gene Ontology using gene database — Hs-
Std_20070817.gdb) that were overrepresented in the subsets. Criteria where z score
N2, permuted P valueb .05 and more than 3 genes changed in a functional group were
used as a threshold for identifying overrepresented functional groups. Additional
information on gene function and pathway analysis was retrieved through MetaCore
version 5.4 (GeneGo, St. Joseph, MI, USA). The gene expression data in a MIAME format
will be made available through ArrayExpress, a public repository for microarray data,
accession number E-MEXP-2571 (http://www.ebi.ac.uk/arrayexpress/).

2.6. Identification of differentially expressed human genes that are homolog to proteins
present in bovine milk

A list of 183 proteins present in bovine milk was identified according to published
references [21,22]. One hundred thirty-two of these have homologues in humans
according to the Homologene database. The corresponding gene is present on the
Agilent 4×44 k Whole Human Genome array G4112F for 112 of them (Additional file
1). Using this set of 112 homologous genes, we first checked, using the gene set
enrichment analysis (GSEA) algorithm, whether these 112 proteins were randomly
distributed throughout the list of genes for the M group ranked according to the FDR
values of their linear contrasts.

In a second analysis, we first separated the genes according to the sign of their
linear contrasts (positive or negative) before ranking the entire list according to the
FDR values of the linear contrasts. In a separate analysis, we also identified
differentially expressed human genes in the M and Y groups, for example, genes
with FDR b12.5% for the linear contrast analysis, that are also present as homologues in
the list of 112 bovine proteins.

2.7. GSEA for comparison between the M and Y groups

In addition, GSEA was carried out independently on the entire gene list from the
M and Y groups to compare and identify pathways differently modulated in these
two groups. The gene lists of the M and Y groups were ranked based on FDR and
linear contrast values. Molecular databases from Biocarta comprising 246 gene sets
were used for enrichment analysis. An FDR of b5% was used to identify pathways
with significant enrichment.

3. Results

3.1. Identification of differentially expressed genes in the M and Y groups

This transcriptome study assesses kinetic changes in gene
expression in the blood cells of human subjects after the ingestion
of two dairy products, namely, milk and yogurt.

A repeated-measures ANOVA, considering the gene expression
analyses at the time points 2, 4 and 6 h relative to 0 h as repeated
measures, identified 70 genes after the ingestion of milk (M group)
and 5 genes after the ingestion of yogurt (Y group) that are
differentially expressed using a 12.5% FDR threshold. A quadratic
contrast, assuming a quadratic function for the changes in gene
expression between time points 2, 4 and 6 h, did not lead to the
identification of differentially expressed genes. However, a linear
contrast, assuming a linear change of gene expression between 2 and
6 h, identified 495 differentially expressed genes (576 transcripts,
P≤ .002) in the M group and 499 differentially expressed genes (625
transcripts, P≤ .002) in the Y group. Both groups shared 11% of their
differentially expressed genes. Of 70 significant genes selected from
the repeated-measures ANOVA, 65 genes were also found significant
in the linear contrast test. The list of all differentially expressed genes
is available in Additional file 2.

3.2. Kinetic analysis of differentially expressed genes in the
M and Y groups

Fig. 1 illustrates the average kinetics of differential gene
expression in the form of box plots showing the average SNOMAD
z scores as a function of time for the genes in the M and Y groups
that had either a positive or a negative linear contrast value. For all
four groups of genes, the kinetics showed a linear trend between the
time points 2 and 6 h in agreement with the identification of these
genes by significant linear contrasts. Despite this linear trend
between 2 and 6 h, the kinetics of gene expression is not linear
throughout the entire postprandial phase observed in our study, that
is, between 0 and 6 h. Indeed, one-sample Wilcoxon signed rank
tests on the median z scores of the four groups of genes at the time
points 2 and 6 h confirmed the visual observation that the median
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values at 2 h (M2/M0, Y2/Y0) were either negative (for the group of
genes with positive linear contrasts) or positive (for the group of
genes with negative linear contrasts) and significantly different from
zero (Pb .05), whereas the median values at 6 h (M6/M0, Y6/Y0)
followed the inverse pattern and were either positive (for the group
of genes with positive linear contrasts) or negative (for the group of
genes with negative linear contrasts) and significantly different from
zero (Pb .05).

Taken together, the statistical analysis of the data at the various
time points showed that each of the four sets of genes followed
biphasic kinetics. For the set of genes with a positive linear contrast in
the M and Y groups, we observed an initial transient down-regulation
between 0 and 2 h, followed by a more pronounced and sustained
up-regulation between 2 and 6 h, with the 6-h values being higher
than the 0-h values (Fig. 1A). We refer to this biphasic kinetics in the
text as “downUP kinetics.” The opposite effect was observed for the
set of genes with a negative linear contrast in the M and Y groups, as
these genes first showed a transient increase in expression between
0 and 2 h, followed by a more pronounced and sustained decrease
between 2 and 6 h, with the 6-h values being lower than the 0-h
values (Fig. 1B). We refer to this biphasic kinetics later in the text as
“upDOWN kinetics.”

A comparison of the linear contrast values of the significant genes
in theM group to the linear contrast values of the same genes after the
ingestion of yogurt showed a statistically significant positive
correlation of 0.90 between the two data sets (Fig. 2A). Similarly,
the linear contrast values of the significant genes in the Y group, when
compared to the linear contrast values of the same genes after the
ingestion of milk, also showed a statistically significant positive
correlation of 0.80 between the two data sets (Fig. 2B). Finally, the
correlation between the linear contrast values of all the genes
differentially expressed in either the M or the Y group reached a
value of 0.79 (Fig. 2C).

3.3. Identification of differentially expressed pathways in the
M and Y groups

Fig. 3 shows a process network analysis of the genes differentially
expressed in the blood cells of human subjects following the ingestion
of milk and yogurt. Overall, most of the biological processes were
identified within the group of genes having a negative linear contrast.
In particular, processes mediating the immune response, signal
transduction, apoptosis and the inflammatory response contained
genes with negative linear contrasts. Analysis of the genes having a
positive linear contrast identified only two major processes, namely,
transcription and translation.

The shape of the functional profiles of the M and Y groups of genes
in Fig. 3 was globally similar, suggesting that the ingestion of milk and
yogurt is followed by a common postprandial response in humans.
Interestingly, despite the fact that the M and Y groups contained a
similar number of differentially expressed genes, a larger number of
processes reached statistical significance in the M group than in the Y
group. This finding suggests a quantitative, rather than a qualitative,
difference in the postprandial response of the subject following the
ingestion of milk and yogurt.

We also conducted a pathway enrichment analysis of the set of
genes with statistically significant linear contrasts in the M and Y
groups using GenMAPP (Table 4). At the level of the biological
processes, this analysis provided us with similar results than obtained
with the process network analysis shown in Fig. 3. In addition, the
GenMAPP analysis with the genes having a positive linear contrast
revealed an enrichment of cellular components associated with
ribosomal and mitochondrial activity, while the processes containing
genes with negative linear contrasts were localized to the extracel-
lular matrix and to cytoplasmic membrane-bound vesicles. The data,
thus, indicate that the protein biosynthesis machinery and the
mitochondrial functions are up-regulated at 6 h, whereas immuno-
modulatory functions involving signal transduction are down-
regulated at 6 h.

Fig. 4 shows the heat map for genes belonging to the four
functional processes overrepresented in the GenMAPP pathway
analysis that are shared by the M and Y groups (protein biosynthesis,
oxidative phosphorylation, apoptosis, inflammatory response), again
highlighting the segregation between upDOWN immunomodulatory
genes and downUP metabolic genes.

Fig. 5 graphically presents the linear contrasts of the genes
identified in Table 4 that are differentially expressed in either theM or
the Y group and that belong to the functional groups “mitochondrial
part,” “ribosomes” and “inflammatory response.” This graph further
highlights the similarity in the postprandial response of the subjects
following the ingestion of milk and yogurt.

3.4. Kinetic analysis of functional groups of genes

The left panels of Fig. 6A (M group) and 6B (Y group) illustrate the
downUP kinetics of genes involved in protein biosynthesis, a group of
genes almost exclusively composed of genes coding for ribosomal
proteins. The largest difference in relative gene expression was
observed between time points 2 and 6 h. An analysis of the data by
hierarchical clustering of the time-point comparisons also showed, for
both sets of ribosomal genes in the M (right panel of Fig. 6A) and Y
(right panel of Fig. 6B) groups, that the 2- and 6-h time points
maximized the differences in relative gene expression.

The group of proteins with a mitochondrial function (e.g., genes
involved in oxidative phosphorylation: NDUFB7, NDUFB9, NDUFS3
and NDUFS4, which are subunits of complex I, ATP synthase; UQCR;
cytochrome c) also follows downUP kinetics (not shown).

The left panels of Fig. 7A (M group) and 7B (Y group) show the
upDOWN kinetics of genes involved in the inflammatory response
in the form of box plots (average kinetics for the group of genes)
and illustrates that the largest difference in relative gene
expression was observed between the time points 2 and 6 h. An
analysis of the data by hierarchical clustering of the time-point
comparisons also showed, for both sets of inflammatory genes in
the M (right panel of Fig. 7A) and Y (right panel of Fig. 7B) groups,
that the 2- and 6-h time points maximized the differences in
relative gene expression. Of note, the upDOWN kinetics of the inflam-
matory group of genes appeared to be more pronounced after the
ingestion of milk than of yogurt.

Key players in the induction of inflammation, such as Rel-A [p65
component of nuclear factor (NF) κB heterodimer], IL6, IL1β, TLR2,
TLR4 and IL8RB, were differentially regulated after the ingestion of
dairy products. Fig. 8 shows a GeneGO Metacore map illustrating the
toll-like receptor (TLR) signaling cascade and all the genes in these
pathways that were differentially expressed with a P valueb .05 in
either the M or the Y group. With the exception of TRAF6, all other
genes had a negative value in the linear contrast indicating down-
regulation at 6 h. These genes code for proteins that cover most of the
signaling cascade from cell surface receptors (CD14; TLR2, TLR4,
TLR6), intracellular mediators (IRAK1, IRAK1/2, MEK3, NIK, TLR8, TOL-
LIP, TRAF6), nuclear transcription factors (NF-κB), and finally
extracellular effectors (IL6, IL8).

The group of genes involved in the apoptotic process (e.g., BCL10,
TP53BP2, PDCD6IP, BAG5 and PTEN) also follows average upDOWN
kinetics (not shown).

3.5. Specificity of the postprandial transcriptomic profile

The biological pathways identified in this study could be
attributed either to the direct effects of the dairy products on the



Fig. 1. Box plot of the downUP and upDOWN genes in the M and Y groups. Analysis of the SNOMAD z score ratio for the time-point comparisons of all genes in the M (M2/M0, M4/
M0, M6/M0) and Y (Y2/Y0, Y4/Y0, Y6/Y0) groups. Y0/M0 represents the z score ratio of two 0-h times from the crossover design, which is used as a reference in this analysis. The
relative SNOMAD z score ratio is shown on the y-axis. The box plots show the maximum value, lower quartile, median, upper quartile and minimum values observed for each time
point in the groups indicated. (A) Box plot of downUP genes in the M (307 transcripts) and Y (394 transcripts) groups. (B) Box plot of upDOWN genes in the M (269 transcripts)
and Y (231 transcripts) groups.
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blood cell transcriptome of the organism or to endogenous effects
that are independent of the ingested dairy products.

First, the gene expression program induced during the fasting
phase (e.g., the circadian rhythm or fasting metabolism) may overlap
with the feeding phase of the study. However, we found that only ∼7%
of the blood cell genes that are differentially expressed after 6 h in
response to the dairy products in our study were also reported to
change their expression during a 48-h fasting period [9]. The
contribution of the fasting and circadian metabolic processes to our
sets of differentially expressed genes is, thus, limited.

Second, the acid or volume load resulting from the ingestion of
540 g of dairy products may also trigger gene expression. To check
this possibility, we performed a text-based search using PubMatrix
[23] on the literature database (NCBI PubMed). We uploaded the M
and Y groups of genes and searched against the following keywords:
acid load, acid overload, acidosis, lactic acid, acid challenge, acid–base
equilibrium, acid–base imbalance and gluconic acid. The results from
this search (data not shown) did not provide evidence that an acid
overload was responsible for the gene expression profile observed in
our study.

In conclusion, the functional analyses of our data strongly
indicate that the observed postprandial changes in gene expression
directly result from the ingestion of the nutrients present in the
dairy products.



Fig. 2. Spearman rank correlation analysis using linear contrast values. (A) Linear
contrast values of all genes of the M group plotted against the corresponding linear
contrast values for the same genes after ingestion of yogurt (green open circles). (B)
Linear contrast values of all genes of the Y group plotted against the corresponding
linear contrast values for the same genes after ingestion of milk (blue crosses). (C)
Combined panels A and B. ⁎Spearman rank correlation coefficient.
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The extent to which proteins or bioactive peptides (after milk
processing, digestion and absorption into the circulation) in dairy
products, milk in particular, may express their specific biological
activity in humans is an intriguing question. Whereas such effects are
clearly important in breast-fed babies [24], their relevance in human
adults is clearly less evident and subject of more debate. In order to
address this point, we investigated whether the postprandial genes
differentially expressed in the blood cells of our adult subjects were
indicative of biological properties that may be specifically attributed
to the ingested bovine milk proteins:

First, we used the GSEA algorithm [25] to evaluate the
distribution of human genes — that are homolog to proteins present
in bovine milk — in the list of genes ranked by the FDR values
associated with their postprandial linear contrasts. We observed that
the 112 gene products identified in bovine milk (see Additional file
1) clustered toward the top of the milk gene list (e.g., the most
differentially expressed genes), with a corresponding P value of
.0024. In other words, these 112 genes tended to be more
differentially expressed than other genes in the 4×44 k array. The
statistical relevance of this analysis was further increased when the
GSEA analysis was performed, with the list sorted first according to
the direction of differential expression and second according to the
FDR values associated with their postprandial linear contrasts (up-
regulated genes with positive linear contrast at the top; down-
regulated genes with negative linear contrast at the bottom). The
GSEA indicated that milk genes tended to cluster toward the end of
the list (down-regulated genes, P=.0094) rather than toward the
top (P=.9925).

Second, we have identified eight human genes coding for homolog
gene products present in bovine milk that have a statistically
significant linear contrast in human blood cells after the ingestion
of the dairy products (A1BG, ALDH2, HPSE, SERPING1, TLR4 and
YWHAB in the M group; HPSE, TLR2 and SERPINA1 in the Y group).
Strikingly, genes belonging to the same protein families were
separately identified in the M and Y groups (toll-like receptors:
TLR2, TLR4; serpins: SERPING1, SERPINA1; heparanase:HPSE), a finding
that is highly unlikely to occur by chance. Also, seven of eight genes
showed a negative linear contrast (only A1BG, whose function is
unknown, had a positive linear contrast).
3.6. Comparative analysis of the blood cell transcriptomes of the
M and Y groups

Milk and yogurt share more similarities in their chemical
composition than they differ, which is reflected in the observations
that the data presented in Figs. 1–7 aswell as in Table 4 globally reveal
similar postprandial transcriptomic profiles for the M and Y groups.
On the other hand, numerous quantitative differences that are
statically significant can also be observed between these two groups,
in particular at the level of single genes (see Fig. 2) and single
pathways (see Fig. 3). The biological significance of these differences
can, however, not be inferred from our data set and requests
additional studies.

Keeping inmind this limitation, the potential of using comparative
postprandial blood cell transcriptomic to investigate the biological
properties of a particular food compared to a reference, can,
nonetheless, be illustrated by the following two analyses.

First, Fig. 2 revealed that a lower correlation coefficient was
obtained when the linear contrasts of the differentially expressed
genes of the Y group were correlated to their respective values in the
M group (ρ=0.8), compared to when the linear contrasts of the
differentially expressed genes of the M group were correlated to their
respective values in the Y group (ρ=0.9). As the microbiological
transformation of milk to yogurt increases the complexity of its
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Fig. 3. Overview of biological processes in blood cell gene expression profiles induced by milk and yogurt ingestion. Bar plot showing the processes with negative and positive linear
contrasts for the M and Y groups resulting from a network analysis performed using MetaCore version 5.4. (A)−log(P value)N2 is considered as statistically significant (dotted lines).
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chemical composition, the quantitative difference in these correlation
coefficients may reflect changes in the nutritional properties of this
product. This conclusion must clearly be strengthened by additional
studies. Meanwhile, the potential use of this methodology for
conducting comparative nutritional genomics on processed food
appears appealing.

Second, another GSEA analysis was performed to compare the
biological pathways modulated in the M and Y groups (Fig. 9). This
analysis confirmed our conclusion that most of the biological
processes regulated in the Y group are shared by the M group.
However, despite these similarities, GSEA revealed eight significantly
changed pathways that were unique to the Y group. These pathways
were angiotensin-converting enzyme 2 (ACE2); alpha-hemoglobin-
stabilizing protein (AHS); macrophage differentiation (ETS); intrinsic
prothrombin activation pathway (INTRINSIC); metastasis-associated
1 family, member 3 pathway (MTA3); p53 signaling (P53); vitamin C
in the brain pathway (VITCB); and wnt signaling (WNT).
4. Discussion

4.1. Statistical validity and representativeness of the study

In contrast to drugs that usually contain a single compound
exerting a high pharmacological activity, the action of food on gene
expression is more complex and difficult to measure as it is
characterized by the induction of a broad arrays of genes with
modest changes in their intensity [10,11]. Particular care must,
therefore, be attributed to the statistical analysis of transcriptomic
data in nutrition research in order to obtain meaningful data.

Despite the modest sample size (the transcriptome of six
subjects was finally measured) and the small changes in expression
(the fold changes can indirectly be deduced from Additional file 2
and Fig. 1), we have identified several hundred genes that are
differentially expressed after consumption of the dairy products. We
attribute this positive outcome to our kinetic strategy in the analysis
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Table 4
Overrepresented functional groups in the total set of differentially expressed genes in
the M and Y groups

GO Functional groups containing genes
with positive linear contrasts

A B Milk Yogurt

C D C D

BP Biosynthetic process 1261 1358 42 6.4 48 7.1
BP RNA processing 403 424 17 5.1 13 2.9
BP Lymphocyte differentiation 86 93 5 3.6 4 2.4
MF RNA Binding 636 673 23 5.1 36 8.9
CC Ribosome 217 249 27 14.3 34 17.3
CC Mitochondrial part 359 342 24 8.9 13 3.4
CC Spliceosome 128 132 6 3.3 5 2.3
CC Ribonucleoprotein complex 446 485 37 13.0 41 13.6
CC Structural constituents of ribosome 195 226 26 14.7 34 18.5
CC Small ribosomal subunit 59 64 8 8.2 13 13.0
CC Large ribosomal subunit 65 68 10 9.9 12 11.3

GO Functional groups containing
genes with negative linear
contrast

A B C D C D

BP Signal transduction 3006 3464 71 4.9 54 4.9
BP Apoptosis 715 716 19 2.9 16 3.4
BP Inflammatory response 284 303 12 4.1 11 4.9
BP Immune response 590 714 17 3.1 11 2.1
BP Cell motility 420 416 14 3.4 13 4.3
BP Acute inflammatory response 67 75 4 3.2 3 2.9
BP Cytokine production 111 110 6 3.6 8 6.6
BP Cell surface receptor-linked

signal transduction
1393 1745 30 2.5 35 5.9

BP Cell adhesion 657 688 13 2.5
BP Angiogenesis 139 131 5 3.1
CC Cytoplasmic vesicle 256 256 9 2.9 9 4.1

Overrepresentation analysis was performed in GenMAPP 2.0 by comparing differen-
tially expressed genes in the M and Y groups to all genes on the microarray. GO, gene
ontology functional groups; CC, cellular component; BP, biological process; MF,
molecular function; A, number of genesmeasured; B, number of genes in the GO group;
C, number of genes changed; D, z score with P≤ .05 (permuted P).
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of the data. Indeed, the power of the F test on linear trends is higher
than the power of the overall repeated-measures ANOVA F test
because of the bigger noncentrality parameters of the noncentral
F distribution used in power calculation. A more direct consideration
with the same conclusion is the comparison of the error variance
used to calculate the F test statistics for the repeated-measures
ANOVA with the error variance used for the F test statistics of the
linear contrasts: in our case, the latter is only one third of the
former. Thus, this reduction of variance clearly means more power
for the F tests of the linear contrasts compared to the repeated-
measures ANOVA F tests.

In light of the low percentage of differentially expressed genes
shared between the M and Y groups (11%), the significant correlation
between the linear contrasts of both data sets suggests that the
Benjamini–Hochberg calculation overestimates the true FDR (there-
fore, a cutoff value of 12.5% was selected). Despite this limitation, the
sets of differentially expressed genes used for the functional analyses
in the M and Y groups globally lead to the identification of similar
physiological processes and pathways for both dairy products. This
finding, therefore, validates the selection criteria used for the
statistical cutoff values.

Intraindividual and interindividual variations between the two
starting points, though statistically not important for the study of
linear contrasts, were assessed by the z scores of the Y0/M0
comparison. Intraindividual variation was considered significant for
absolute z scores≥1.96. Proportions of about 17% of the whole 43,376
transcripts and about 16% of the 650 differentially expressed
Fig. 4. Genes statistically changed (FDRb12.5%) after ingestion of milk and yogurt in various ov
is indicated with an asterisk (⁎) appended to the gene name. Compared to 0 h, the green and r
graded bar gives the z score ratio. The distribution of the genes into the functional processed
transcripts exceeded this limit. The proportions of significant
interindividual variation were estimated by comparing the means of
the six z scores to the 0.025 and 0.975 quantiles of the expected
distribution. About 18% and 14% for the whole and differentially
expressed transcripts, respectively, were outside these significance
limits; a finding similar to other studies [9,10]. The similar pro-
portions of significant intraindividual and interindividual variation
for differentially expressed transcripts and the whole transcripts
indicate the increased sensitivity of the kinetic analysis by linear
contrasts compared to common pairwise t tests.

A definite asset of the study is the crossover design in which each
subject served as his own control. A combined effect of the kinetic and
crossover design is the fact that the error term in the denominator of
the F tests is the mean intraindividual variance, which does not
depend on the interindividual variability and, therefore, allowed us to
identify the genes changing their expression after the ingestion of the
dairy products with accuracy. The box plots in Fig. 1 illustrate this
conclusion for all four panels, as the mean values of the SNOMAD z
score ratios for the comparisons M6/M0 and Y6/Y0 were all
statistically different from zero, whereas those for the Y0/M0 were
not. In other words, despite the known interindividual variability in
human transcriptomic analyses [9,10], we can identify genes that
change their expression within a few hours of the ingestion of dairy
products and that do not vary over a time frame of 4 days when
measured under fasting conditions. Interestingly, as the mean values
of the SNOMAD z score ratios for the two Y0/M0 comparisons were
not significantly different from zero, we also conclude that a carryover
effect is not observed and that our study was appropriately designed
in that regard.

The postprandial response is characterized by modest changes in
the intensity of the expressed genes in human blood cells.
Consequently, we observed that the housekeeping genes usually
selected for conducting confirmatory reverse transcriptase polymer-
ase chain reaction (RT-PCR) analytics vary in their intensity values on
the microarrays in a range that is close to the fold change identified
for the sets of differentially expressed genes (data not shown). The
normalization procedures used with microarrays are more compre-
hensive and robust than RT-PCR [26,27]. Also, the correlation between
microarray and RT-PCR data is no longer satisfactory in cases where
the fold change in gene expression is below 1.4 [26], a situation that is
typically seen in gene expression studies in nutrition research [9,10]
and that is also observed for the vast majority of the differentially
expressed genes identified in our study (data not shown). As the
analysis of our data clearly points to biologically relevant phenomena
(see, in particular, Fig. 5), we did not use RT-PCR as a control method
to confirm the validity of the microarray data. To take this limitation
into account, we conducted most of the discussion of the microarray
data at the level of biological processes and pathways being careful
not to overinterpret results from the finding of single genes. In that
context, more experimental data should be generated before
attempting a biologically relevant functional analysis of the blood
cell transcriptomes following the ingestion of milk and yogurt at the
gene-by-gene level.

Several, nonexclusive explanations can be put forward to account
for the biphasic kinetic pattern: (a) homeostatic response of the
organism that responds to the initial diet-induced stress by restoring
the original equilibrium of the biological system (of note, in
apparent disfavor to this hypothesis, the second phase of the
kinetics proceeds beyond the equilibrium point at time 0 h); (b)
superimposition of different kinetics of gene expression arising from
different types of blood cells; (c) synergistic and antagonistic
errepresented functional processes. Heat map of genes associated with multiple groups
ed colors represent down-regulated and up-regulated genes, respectively. The colored-
was obtained by GenMAPP pathway analysis.
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Fig. 5. Linear contrasts in the M and Y groups for genes belonging to selected functional
groups. All genes of the M (gray circles) and Y (gray crosses) groups; all mitochondrial
genes in the M and Y groups are shown as pink rhombus (24 of 25 genes and 13 of
14 genes have positive linear contrasts in the M and Y groups, respectively); all
ribosomal genes are shown as cyan triangles (27 of 28 genes and 34 of 35 genes have
positive linear contrasts in the M and Y groups, respectively); all inflammatory genes
are shown as red squares (12 of 13 genes and 11 of 13 genes have a negative linear
contrast in the M and Y groups, respectively).
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properties of different nutrients in dairy products; and (d) kinetic
effects resulting from the digestion and absorption processes of the
dairy products in the gastrointestinal tract. Further experiments
need to be conducted to differentiate between these hypotheses.
Meanwhile, our findings highlight the importance of conducting
kinetic studies, while looking at the expression of genes resulting
from the ingestion of nutrients as the measurement of single time
points (e.g., the comparisons between M4/M0 and Y4/Y0) only
identifies a limited number of genes and leads to an incomplete
assessment of the biological response.

Taking a heterogeneous population of blood cells for a transcrip-
tomic analysis of the data restricts the interpretation of the data as it is
not possible to differentially evaluate the specific contribution of each
type of blood cells to the postprandial response. On the other hand,
this disadvantage can be turned into an advantage as a transcriptomic
analysis of whole blood may fulfil the needs of nutrition research by
selectively allowing the detection of universal metabolic processes
that are common to many cell types and that will eventually be
physiology relevant, ignoring more specific effects. The relevance of
this statement is strikingly illustrated by Fig. 5 as the linear contrasts
of the genes belonging to the same functional group almost
exclusively segregate in the same quadrants, that is, positive values
for ribosomal and mitochondrial genes and negative values for
inflammatory genes.

The representativeness of our study may be questioned due to the
small number of subjects. However, this restriction is induced by the
selection criteria (gender, age, body mass index) and much less by
the number of individuals. In fact, since we have identified many
genes that are differentially expressed after the ingestion of dairy
products in a statistically significant and biologically meaningful
manner with a small sample size, this effect is most probably
important. The striking functional clustering of the differentially
expressed genes in the negative (inflammatory genes) or positive
(ribosomal genes; mitochondrial genes) quadrants of the linear
contrasts shown in Fig. 5 again illustrates this conclusion in a
dramatic manner. This finding can only be explained by a biological
interpretation of the data that is likely to be universal and not
restricted to the six individuals tested.

4.2. Physiological relevance of the postprandial blood cell transcriptome

4.2.1. Protein biosynthesis
Down-regulation of ribosomal genes has been observed in healthy

humans 2 hours after the consumption of a protein-rich breakfast
[10]. This down-regulation has been interpreted as a response of the
organism to protein overload. In our study, we extend these findings
by observing biphasic downUP kinetics for the ribosomal genes and
the decrease at 2 h being transient, followed by a pronounced up-
regulation at 6 h.

Proteins in dairy products are efficient in delivering essential
amino acids for the synthesis of endogenous proteins [28]. In
particular, whey proteins are rich sources of branched chain amino
acids, such as leucine, and play a pivotal role in the initiation of
protein synthesis in muscle [29–32]. Also, dairy proteins are more
efficient in sustaining protein synthesis in comparison to soy
proteins in human muscle cells [33]. Dairy products may, therefore,
contribute to the management of muscle mass in physically active
persons and the elderly [34,35]. In that context, the extent to which
specific nutrients in dairy products, in particular whey proteins,
contribute to the up-regulating phase of the downUP kinetics
remains to be established.

4.2.2. Oxidative phosphorylation
Interestingly, the enzymatic activity of complex I in blood cells

responds within a few days to the refeeding of malnourished patients
in a more sensitivemanner than validated nutritional markers such as
albumin [36]. Our observation that changes in the expression of 33
mitochondrial genes, including complex 1, can be measured within a
few hours of feeding, therefore, substantiates the use of mitochondrial
nutritional markers in clinical nutrition.

The similarity in downUP kinetic patterns observed with ribo-
somal and mitochondrial genes is in line with the role of oxidative
phosphorylation as a provider of metabolic energy for the protein
biosynthetic process. The extent to which specific nutrients in dairy
products, for example, carnitine and calcium that are known to
stimulate oxidative phosphorylation, contribute to the up-regulating
phase of the downUP kinetics remains to be established [37-39].

4.2.3. Inflammation
We observed coordinated changes in the expression of inflam-

matory genes, in particular genes of the TLR pathway, after the
ingestion of milk and yogurt. TLRs are major mediators of the
inflammatory signaling pathways [40]. Although TLRs are primarily
involved in the recognition of pathogenic motifs [e.g., recognition of
lipopolysaccharide (LPS) from gram-negative bacteria by TLR4],
studies suggest that TLR4 is activated by saturated fat and
antagonized by unsaturated fat thereby linking nutrition to inflam-
mation and chronic diseases [41]. A nutritional intervention study in
healthy human subjects has demonstrated postprandial activation of
TLR2 and TLR4 genes and proteins in mononuclear cells in response
to a diet enriched in fat and carbohydrates. Furthermore, the addition
of orange juice to the diet counteracted these effects [42].

Together with other components of the TLR signaling pathway, the
activities of TLR2 and TLR4 are modulated by the addition of milk to
epithelial cells in culture [43]. Also, several dairy components, among
these conjugated linoleic acid (CLA) [44], lactoferrin and tumor
growth factor β [45,46], posses anti-inflammatory properties that are
enhanced by the milk matrix. More importantly, an anti-inflamma-
tory activity of dairy products in human adults has already been
documented in intervention studies showing that the ingestion of
milk is associated with a decrease in the fasting inflammatory
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Fig. 6. Box plot and hierarchical clustering of the ribosomal genes in theM and Y groups. Analysis of the SNOMAD z score ratio for the time-point comparisons of the 26 ribosomal genes
in the M group (M2/M0, M4/M0, M6/M0) and of the 31 ribosomal genes in the Y group (Y2/Y0, Y4/Y0, Y6/Y0). Y0/M0 represents the z score ratio of two 0-h times from the crossover
design. Left panel: a box plot showing the distribution of the z score ratio for each time-point comparison. Right panel: hierarchical clustering of the time-point comparisons using
Euclidean distance measure. The red color indicates up-regulation of gene expression relative to 0 h. The green color indicates down-regulation of gene expression relative to 0 h. The
dendrogram illustrates that 2 and 6 h are the two farthest clusters.
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markers interleukin-6, interleukin-1β and tumour necrosis factor
α [47,48].

Our finding that the ingestion of dairy products is accompanied by
an overall down-regulation of inflammatory genes at 6 h is, thus, in
line with these studies and suggests that the biological activity of
nutrients in dairy products with a potential for anti-inflammatory
activity (e.g., unsaturated fat [8] or whey proteins) prevails over the
activity of nutrientswith proinflammatory activity (e.g., saturated fat)
[49,50]. A stronger support for this conclusion will come from the
comparison of the postprandial kinetics of expression of inflamma-
tory genes after the ingestion of a diet known to promote the
postprandial release of inflammatory markers, for example, a high-fat
meal [51].
4.2.4. Inflammation and apoptosis
Inflammation and apoptosis are highly regulated processes that

play an important role in the maintenance of tissue homeostasis.
These processes are coordinately activated in response to cellular
stress [52–56]. For example, NF-kB participates in the activation of
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Fig. 7. Box plot and hierarchical clustering of the inflammatory genes in the M and Y groups. Analysis of the SNOMAD z score ratio for the time-point comparisons of the 12
inflammatory genes in the M group (M2/M0, M4/M0, M6/M0) and of the 11 inflammatory genes in the Y group (Y2/Y0, Y4/Y0, Y6/Y0). Y0/M0 represents the z score ratio of two 0-h
times from the crossover design. Left panel: a box plot showing the distribution of the z score ratio for each time-point comparison. Right panel: hierarchical clustering of the time-
point comparisons using Euclidean distance measure. The red color indicates up-regulation of gene expression relative to 0 h. The green color indicates down-regulation of gene
expression relative to 0 h. The dendrogram illustrates that 2 and 6 h are the two farthest clusters.
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inflammation and apoptosis in the presence of stress factors,
including reactive oxygen species (ROS).

The ingestion of lipids and proteins as well as of a mixedmeal after
an overnight fast induces the generation of ROS [57,58]. On the other
hand, dietary calcium and dairy products possess antioxidant
properties that suppress ROS generation in humans [48,59] and that
may modulate apoptotic processes [60]. In line with a coordinated
modulation of genes involved in inflammatory, apoptotic and
oxidative processes, we also observed an increased expression at
6 h of the genes coding for the antioxidant proteins thioredoxin 2
(M: P≤ .002; Y: P≤ .02) and superoxide dismutase 1 (M: P≤ .03;
Y: P≤ .0003), an enzyme involved in the suppression of both
inflammation and apoptosis [61]. In that context, the extent to
which antioxidants in dairy products contribute to the down-
regulating phase of the upDOWN kinetics of apoptotic and inflam-
matory genes remains to be established.

4.3. Specificity of the postprandial transcriptomic profile

The results presented in Section 3.5 identify a statistically relevant
correlation between the identity of proteins present in bovine milk
and the corresponding homologous genes differentially expressed in
humans after the ingestion of milk. The most straightforward and
provocative interpretation for the above results is a negative feedback
postprandial regulation of human blood cell genes by bioavailable
bovine milk proteins or digested peptides derived from these
proteins. Keeping in mind the sequence homology between the
human and bovine genomes, our findings lead us to propose that the
bioactivity of dairy products may cross the barriers of species (Homo
sapiens — Bos taurus) and life cycles (suckling offspring — adult
consumer) to deliver nutritional properties that extend beyond their
macronutrient composition.

The presence of membrane-bound and soluble forms of TLR2 and
TLR4 is well documented in bovine and human milk [43,62,63]. Also,
soluble TLR2 in human breast milk modulates the cellular response to
bacterial components by regulating the activity of the TLR coreceptor
CD14 [63]. As TLR2 and TLR4 are postprandially down-regulated at 6 h
in our study (see Fig. 8), these proteins are interesting candidates as a
source of bioactive molecules in bovine milk that may retain
biological activity after digestion in humans.

Our results show that a similar postprandial response is measured
after the ingestion of milk and yogurt by healthy individuals, an
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Fig. 8. Genes in TLR signaling pathway that are differentially expressed after the ingestion of milk and yogurt. All genes indicated with the thermometer symbol represent genes that
are significantly expressed with linear contrasts, with P valuesb .05 in milk and yogurt data set. Black arrows on the gene name indicate that the gene is differentially expressed in the
M and Y groups (FDRb12.5%). The thermometers labeled “1” indicate genes in milk data set. The thermometers labeled “2” indicate the yogurt data set. A thermometer with the
designated number on the top and blue color indicates genes with a negative linear contrast; a thermometer with the designated number on the bottom and red color indicates genes
with a positive linear contrast. Themagnitude of expression is indicated by the height of the colored column in each thermometer. Abbreviations for the differentially expressed genes:
CD14, CD14 antigen; IL6, interleukin 6; IL8, interleukin 8; IRAK1, interleukin-1 receptor-associated kinase 1; IRAK1/2, interleukin-1 receptor-associated kinase 1; MEK3, mitogen-
activated protein kinase kinase 3; NF-κB, nuclear factor of kappa light polypeptide gene enhancer in B cells; NIK, NF-kappa beta-inducing kinase; TLRs, toll-like receptors; TOLLIP, toll-
interacting protein; and TRAF6, TNF receptor-associated factor 6.
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expected result given the fact that the two food products are based on
the same rawmaterial. Despite overall similarities between theM and
Y groups, the Y group showed a few specific differences in comparison
to the M group. One striking difference, however, was a significant
down-regulation of the ACE2 pathway in the Y group. The
identification of this pathway in the Y group suggests a specificity
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Fig. 9. Venn diagram showing common and differently regulated pathways in the
Y group in comparison to the M group. Of 63 pathways in the Y group, 55 were shared
with the M group and only 8 were unique.
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in the response of the blood cells transcriptome to the ingestion of
dairy products as the fermentation of milk by lactic acid bacteria
releases peptides from casein that inhibit the rennin–angiotensin
system and may, thus, reduce blood pressure in humans [64–67].

Our report provides preliminary information suggesting a specific
response of the human blood cell transcriptome to specific nutrients
in food. Further evidence in support of this conclusion will come from
the comparison of the postprandial transcriptomes resulting from the
ingestion of a larger spectrum of foods, including various dairy
products and other food types.
4.4. Conclusions

Dairy products appear to have a beneficial role in the dietary
management of chronic metabolic and inflammatory diseases [68,69].
Recent interventional [47,48] and epidemiological [70] studies
showed that the consumption of dairy products is associated with
lower levels of fasting systemic inflammatory markers in human
adults. These observations raise the exciting possibility that post-
prandial blood cell transcriptomic data may be indicative of changes
in clinical biomarkers that are otherwise only expressed and detected
after long-term dietary interventions. Establishing a causality be-
tween the postprandial modulation of the inflammatory genes
observed in our work, the long-term intervention studies and the
epidemiological data is challenging. As such, further efforts on the
development of postprandial blood cell transcriptomics as a key tool
in human nutrition research are granted.

The biological processes identified in our study point to the
concept of postprandial stress, a normal response of the organism to
the ingestion of food that expresses itself in the activation of
metabolic, inflammatory and oxidative pathways [71]. Lipids, glucose
and insulin [72,73] are classical examples of postprandial blood
parameters that are widely used in the evaluation of the long-term
risk associated with the development of chronic diseases. However,
the limitation of using limited sets of parameters is dramatically
illustrated by the increasing evidence available on the detrimental
contribution of fructose to the development of obesity, with the low
glycemic index of this carbohydrate having played a key role in the
promotion of its consumption worldwide [74]. In this context,
postprandial blood cell transcriptomics has a clear potential for the
identification of physiologically meaningful sets of biomarkers that
will complement the already established clinical chemistry of lipid
and carbohydrate metabolism to holistically and sensitively measure
the impact of food ingestion on the plasticity of human metabolism.

Supplementarymaterials related to this article can be found online
at http://dx.doi.org/10.1016/j.jnutbio.2012.01.001.
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