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Abstract

Exposure to an imbalance of nutrients prior to conception and during critical developmental periods can have lasting
consequences on physiological processes resulting in chronic diseases later in life. Developmental programming has been
shown to involve structural and functional changes in important tissues. The aim of the present study was to investigate
whether early life diet has a programming effect on the mammary gland. Wild-type mice were exposed from 2 weeks prior
to conception to 6 weeks of age to a regular low-fat diet, or to high-fat diets based on either corn oil or flaxseed oil. At 6
weeks of age, all mice were shifted to the regular low-fat diet until termination at 10 weeks of age. Early life exposure to a
high-fat diet, either high in n-6 (corn oil) or in n-3 (flaxseed oil) polyunsaturated fatty acids, did not affect birth weight, but
resulted in an increased body weight at 10 weeks of age. Transcriptome analyses of the fourth abdominal mammary gland
revealed differentially expressed genes between the different treatment groups. Exposure to high-fat diet based on flaxseed
oil, but not on corn oil, resulted in regulation of pathways involved in energy metabolism, immune response and
inflammation. Our findings suggest that diet during early life indeed has a lasting effect on the mammary gland and
significantly influences postnatal body weight gain, metabolic status, and signaling networks in the mammary gland of
female offspring.
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Introduction also an imbalance of nutrition in the opposite direction has
been demonstrated to correlate with adult diseases, such as type
2 diabetes and obesity [14-17]. Breast cancer incidence rates
are about four-fold higher in Western Europe and North
America than in Asia and Africa [18,19]. Migrants from low- to
high-risk countries acquire breast cancer rates of their adopted
country within two generations [20]. Diet is, among other
lifestyle factors, one of the major risk factors. It is well
established that high levels of dietary fat increase the
development of mammary tumors in rodents, although it is
dependent upon period of exposure and types of dietary fat
[21-25]. Consumption of a high-fat diet has also been shown to
increase breast cancer risk in humans [26-29]. Breast cancer in
particular was identified as a disease with a dominant link to
birth weight: individuals with higher birth weight have an
increased risk of developing breast cancer [23,30-32]. The
underlying mechanisms still need to be elucidated, but these

Over the past decade, numerous epidemiological studies have
shown strong inverse associations between birth weight and risk
of cardiovascular disease, hypertension, type 2 diabetes, and
other diseases in adult life [1-4]|. These findings have been
largely supported by the results of studies in experimental
animals [5,6]. Barker and colleagues originally put forward the
hypothesis that poor fetal growth results in an increased risk for
coronary heart disease [7,8]. The fetal origins of adult disease
hypothesis or ‘Barker hypothesis’ states that adverse environ-
mental factors during fetal life, particularly nutrition, ‘program’
the individual for an increased risk of major chronic diseases
[9-13].

Studies on the Barker hypothesis have mainly focused on the
mmpact of maternal undernutrition. However, in developed
countries maternal and postnatal nutrition are now either
sufficient or excessive. Not only maternal undernutrition, but
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may involve changes in epigenetic processes leading to altered
gene activity and hence cellular dysregulation [30,31].

Developmental programming involves structural and functional
changes in important tissues leading to altered cell number,
imbalance in distribution of different cell types within the organ,
and altered blood supply or receptor numbers [5]. Tissues and
organs that have been identified as targets for programming
include heart, kidney, liver, pancreas, and adipose tissue [33].
Differentiation of the mammary gland has also been demonstrated
to be sensitive to changes in diet during early life [34,35]. Prenatal
and postnatal dietary changes influence further development of the
mammary gland and, ultimately, might induce persistent mor-
phological changes in the mammary gland that in turn modify
breast cancer risk later in life. Studies in rodents have, in general,
be supportive of a tumor-promoting effect of consumption of a diet
rich in 7-6 polyunsaturated fatty acids (PUFAs) during early life,
whereas consumption of a diet with a lower 7-6/1-3 PUFA ratio is
potentially associated with a decreased incidence of cancer
[23,24,36-39)].

The goal of the present study was to determine the extent to
which diet in early life has a lasting effect on mammary gland
development and to identify the underlying cellular-response
pathways based on genome-wide analysis of the transcriptome.
We investigated the effect of different types of dietary fat, using
high-fat diets high in 7-6 or in #-3 PUFAs, and studied gene
expression profiles in relation to postnatal growth curves in
mice. Mice were exposed to different experimental diets through
the mother, starting 2-weeks pre-conception and continuing
prenatally through  wufero and lactational periods, then from
weaning (3 weeks) until the age of 6 weeks, before switching
them to standard mouse chow. Final assessments were done in
sexually mature nulliparous females at 10 weeks of age. This
study design does not take into consideration the further
development of the mammary gland during pregnancy and
lactation. Rather, our question focused on whether at this stage,
with puberty and adolescence completed, treatment-related
differences in mammary gland development could be observed
that might predispose the mammary gland to pathogenesis at
later life-stages. Later life-stages could of course include changes
triggered by pregnancy and lactation.

Results

To determine whether nutrition in early life has a lasting effect
on the mammary gland and to obtain insight in the underlying
pathways, we fed wild-type mice from 2 weeks prior to conception
to 6 weeks of age either a low-fat diet or a high-fat diet based on
corn oil (CO, high in 7-6 PUFAs) or flaxseed oil (FO, high in n-3
PUFAs). In line with published literature [40,41] we envisaged that
2 weeks would be sufficient for the animals to adapt their
physiology to the diet before pregnancy is initiated. Preliminary
findings showed that continuous exposure to a high-fat diet (e.g.,
pups not shifted to low-fat diet at 6 weeks of age) caused the mice
to become obese (=40 g) by 35 weeks of age. To bring the study to
a more cthical standard we shortened the exposure to high-fat diet
by putting dams on the high-fat diet from 2 weeks pre-conception
to lactation and then placing the female offspring on the high-fat
diet for 3 weeks post-weaning, before switching them to a regular
low-fat diet. This meant females received the test diets through 6
weeks of age. At 10 weeks of age, mice were euthanized and gene
expression profiling of the abdominal mammary glands was
performed. A schematic overview of the study design is depicted in
Figure 1.
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Early Life Exposure to High-fat Diets did not Affect
Fertility

Early life dietary exposure to a high-fat diet, rich in either 7-6 or
n-3 PUFAs, did not result in significant effects on pregnancy rate,
litter size or sex ratio (Table 1). There was no evidence of filial
cannibalism. The number of female pups born in each dietary
group was n= 21 for the control group, n= 12 for the corn oil (CO)
group, and n =15 for the flaxseed oil (FO) group.

Changes in Serum Fatty Acid Profile

To investigate whether perinatal exposure to treatment diets
high in 7-6 or #n-3 PUFAs was still detectable at time of sacrifice (i.e.
4 weeks after cessation of treatment), fatty acid profiling of a
representative number of mouse serum samples was performed.
Results are summarized in Table 2. Sera of mice from the FO diet
group still reflected treatment to a diet high in 7-3 PUFAs. Mice
fed the FO diet had over twofold higher serum levels of n-3 PUFAs
a-linolenic acid, eicosapentaenoic acid, and docosahexaenoic acid
(P<<0.001), and about twofold lower serum levels of the 7n-6 PUFA
arachidonic acid (P<0.001), compared to mice fed either the
control or the CO diet. The levels of linoleic acid were significantly
increased in the high-fat diet groups compared to the control
group (P<<0.01), although to a limited extent. Overall, the 7-6 to n-
3 PUFA ratio was about threefold lower in mice fed the FO diet as
compared with mice fed the CO diet.

Postnatal Body Weight Gain

Body weights of the F1 mice were recorded at the day of
birth (PND 0) and regular intervals thereafter. The resulting
growth curves are shown in Figure 2. No significant group
differences in pup body weight was observed on PND 1;
however, female pups that had been exposed prenatally to a
high-fat diet were significantly heavier than their counterparts
fed the low-fat diet by 3 weeks of age due to more rapid weight
gain (P<<0.001). A slight dip in the growth curves at 3 weeks of
age in all three groups was accounted for by the removal of
male pups, which are slightly heavier than females. Subsequent
body weight trajectories of the female pups varied between FO
and CO groups. Postnatal growth curves of female pups
sustained on the FO diet generally paralleled the normal growth
curve through 10 weeks of age, but remained heavier by
approximately 4-5 grams. In contrast, the growth curve of
female pups sustained on the CO diet gradually approached the
curve of the control group after 4 weeks of age. At 10 weeks of
age, body weights of the F1 female pups from the CO diet
group were no longer significantly different from the control
group whereas female pups that were fed the FO diet remained
significantly heavier than pups from the control group
(P<<0.001) despite being shifted to a low-fat diet from 6 weeks
of age onwards. The relative mass of the mesenteric adipose
tissue mass was not significantly different between groups (data
not shown). These results on body weight gain show a more
persistent effect for females exposed to the FO diet than the
CO diet and furthermore suggests that both the nature and
degree of dietary fat exposure in early life is an important
parameter in this animal model.

Maternal Dietary Fat Exposure Influences Developmental
Programming

Gene expression of the 4™ right abdominal mammary gland of
female pups was profiled at postnatal week 10. Differences in gene

expression between the groups were quantified using one-way
ANOVA and a significance level of P<0.005. This analysis
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Figure 1. Schematic overview of experimental study design. Wild-type FVB mice were exposed from two weeks prior to conception to 6
weeks of age to a low-fat (5%) regular mouse diet, or to high-fat (24%) diets based on either corn oil or flaxseed oil. At 6 weeks of age, all mice were
shifted to the regular low-fat diet until terminal sacrifice at 10 weeks of age.

doi:10.1371/journal.pone.0055603.g001

revealed 670 genes that accurately classified samples by treatment
(Supplemental Table S1). Principal components analysis showed
clear evidence of clustering of samples by diet group (Figure 3A).
Class differences were greatest between the control and the FO
groups, with the CO group being intermediate in its response.
This pattern was similar to that observed for body growth curves
(Figure 2). Differential transcript abundance profiles could be
partitioned neatly into two clusters of genes: 240 genes that were
down-regulated, and 430 genes that were up-regulated by FO diet
compared to the control group, and to a lesser degree the CO
group (Figure 3B).

To gain more insight into the observed changes in gene
expression, we first focused on the comparison FO versus control
samples. Using the GeneGo MetaCore platform and a stringent
significance level of FDR<C0.005, we identified over 150 GO
biological processes that were significantly over-represented from
among the differentially regulated genes identified across the
mammary gland samples. Subsequently, pathway analyses were
performed using two different approaches. To assign the
differentially expressed genes to functional pathways the GeneGo
MetaCore Pathway Analysis software was used. In addition, whole
data sets were analyzed using GSEA to identify groupwise
regulation of GO categories and KEGG pathways. In Metacore,
13 pathways (Table 3) were significantly changed (FDR<0.05). Six
of these pathways reflect inflammatory responses, such as

Table 1. Murine Offspring at Parturition.

Low-fat High-fat High-fat
Parameter (control) (corn oil) (flaxseed oil)
Number of litters” 5 (6) 4 (6) 5 (6)
Average litter size 8+1.58 8+0.82 74+1.52
Total live-born pups 40 32 37
Sex ratio (male/female) 0.90 1.67 1.47
Total # female pups 21 12 15
Total # male pups 19 20 22

*The total number of FO female mice in the study is indicated between
parentheses.
doi:10.1371/journal.pone.0055603.t001
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interleukin-2 (IL-2), IL-15, and toll-like receptor- (I'LR-) signaling.
Several key genes of these pathways were significantly up-
regulated in the FO group compared to controls, including the
IL-2 receptor gamma chain (//2rg), Janus kinase-1 (Jakl), Stat6,
tyrosine kinases Syk and Lck, and toll-like receptors Tir4, Tlr6, and
Tl8. Up-regulation of Syk as well as //4 and chemokine ligand 3
(Cel3), two other genes involved in inflammation, was confirmed
by real-time quantitative PCR (qQRT-PCR; Table 4). Two other
functional classes were energy metabolism (oxidative phosphory-
lation, citrate cycle, ubiquinone metabolism, and gluconeogenesis/
glycolysis), and cell adhesion (extracellular matrix remodeling).
The marked down-regulation of oxidative phosphorylation was
confirmed by qRT-PCR analysis of two cytochrome ¢ oxidase
subunits: Cox7al and Cox8b (see Table 4). Using GSEA (P<<0.05;
FDR<0.1) we found in total 40 enriched pathways (Table 5), all
down-regulated by FO treatment and mostly involved in energy
metabolism. Examples are oxidative phosphorylation, citrate
cycle, fatty acid metabolism, oxidoreductase activity, and electron
carrier activity. In contrast to the FO group, a comparison
between CO and control groups revealed only 68 differentially
expressed genes and among these genes no over-represented GO
biological processes or pathways could be identified using
MetaCore.

To unravel whether the observed changes in gene expression
are dependent on the high-fat content of the diet or on the type
of PUFAs, we also directly compared the expression profiles
induced by the two high-fat diets, CO and FO. This
comparison resulted in 305 differentially expressed genes. We
found enrichment for 124 biological processes (FDR<0.001), of
which many were involved in immune response, inflammation,
energy metabolism, and cell death pathways (Supplemental
Table S2). GSEA (P<0.05; FDR<0.10) revealed 11 pathways
to be down-regulated in the FO group compared with the CO
group (Table 6). Of these, 7 pathways were also identified
comparing FO versus control. Remarkably, one of the 4
pathways that were found to be down-regulated comparing the
two high-fat diet groups, was the insulin receptor signaling
pathway. Expression of several genes involved in this pathway,
such the insulin receptor ({nrs), insulin receptor substrate 1 (frs/),
and the p85 regulatory subunit of phosphatidylinositol 3-kinase
(Pik3r1), was reduced, although not significantly.
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Discussion

Using a murine model for early life dietary fat exposure on
female pups, the present study found changes in the mammary
gland transcriptome that accompanies excessive postnatal weight
gain following perinatal exposure to fatty diets high in 7-6 or in -3
PUFAs. Reproductive parameters such as pregnancy rate, litter
size and sex ratio did not differ between the dietary groups.
Although not significant, the imbalance in sex ratio in litters born
from dams fed a high-fat diet is remarkable. Exposure to high-fat
diets has previously been shown to increase the sex ratio in mice,
probably through the amount of fat consumed rather than the
number of calories consumed [42,43]. In our study, there may be a
real effect, which may be not statistically significant due to the
small number of dams in each diet group. FO contains

Table 2. Fatty acid profile of mouse sera’.
Fatty acids Low-fat (control) High-fat (corn oil) High-fat (flaxseed oil)
Mean* sD Mean SsD Mean SD

Saturated FA 28.84° 0.59 29.147 0.73 29.12° 0.57

n-3 PUFA ALA 0.77° 0.084 0.84% 0.10 2.59° 0.62
EPA 0.27° 0.052 0.23° 0.11 2.11° 0.52
DHA 2.99° 0.23 2.84° 0.25 411° 0.40
total 4.25° 0.24 4.14° 0.38 9.55° 1.25

n-6 PUFA LA 23.76° 1.27 26.20° 0.51 28.47¢ 1.57
AA 14.52° 1.46 15.417 1.12 7.57° 1.34
total 39.68° 2.14 43.12° 078 37.37° 243

n-7cis PUFA 4.25° 0.93 3.33° 0.65 3.24° 0.34

n-9cis PUFA 17.22° 1.72 15.46° 0.94 15.56° 1.44

n-6 to n-3 ratio 9.34 10.42 3.91

fSerum analyses: n=8—10 per group; animals were not fasted prior to measurement.

*Percent of total fatty acids.

ab<Mean values within a row with unlike superscript letters were significantly different (ANOVA; P<0.05).

doi:10.1371/journal.pone.0055603.t002

approximately 15% linoleic (LA) and 56% o-linolenic acid
(ALA), or an n-6 to n-3 ratio of approximately 1:4 whereas CO
contains approximately 57% LA and 1% ALA, or an n-6 to n-3
ratio of 57:1. The FO test diet specifically, having a low 7-6 to n-3
ratio, affected the serum fatty acid profile of mouse pups. This
effect persisted for at least 4 weeks after switching to a normal diet,
since serum levels of several n-3 PUFAs remained elevated, and
serum arachidonic acid was reduced, compared to mice exposed
to the control or CO diets. Serum levels of LA were comparable
between the groups most likely due to the shift to low-fat control
diet from 6 weeks of age onwards. These results indicate that
perinatal and early life exposure to the FO diet modulated the
serum fatty acid profile by altering circulating long chain PUFAs,
which appears to be a more lasting effect. Additional studies will

Postnatal body weight female offspring

30

25

20

15

10

Body weight (g)

Age (weeks)

-& Control -
low-fat (5%)
regular diet

=8 high-fat
(24%) based
on corn oil

-I-high-fat
(24%) diet
based on
flaxseed oil

wk9 wk10

Figure 2. Body weight trajectories in F1 female mice, perinatally exposed to a low-fat (5%) regular mouse diet (indicated in black),
or to high-fat (24%) diets based on either corn oil (red) or flaxseed oil (blue). Graph plots mean (and 95% confidence intervals)
body weights of F1 female pups with age. The increased body weights of mice fed high-fat diets were significant versus regular diet at 3 weeks
of age and beyond (P<<0.001; nonlinear repeated measures model); however, mice fed the high-fat corn oil diet shifted to the regular trajectory
between 6 and 10 weeks of age. The slight dip in the growth curves at 3 weeks of age in all three groups is accounted for by the removal of male

pups, which are slightly heavier than females.
doi:10.1371/journal.pone.0055603.g002
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Figure 3. Gene expression changes in the mammary gland. Test diets were given from two weeks prior to conception to 6 weeks of age, and
regular diet thereafter. Microarray analysis was performed at 10 weeks of age. After removing litter-size and batch effects the source of variance was
plotted for regular diet (red; n=12), high-fat diet based on corn oil (green, n=8) and high-fat diet based on flaxseed oil (magenta, n=8) using PCA.
The heat-map shows clustering of 670 differentially-requlated genes (horizontal) and samples (vertical).

doi:10.1371/journal.pone.0055603.g003

be needed to ascertain how long the altered serum fatty acid
profiles last beyond the 10 week postnatal interval evaluated in this
murine study.

Postnatal body weight gain of the female offspring was increased
after perinatal exposure to a high-fat diet as compared to regular
low-fat diet exposure. This increase in body weight persisted until
termination of the animals at 10 weeks of age (i.e. 4 weeks after
cessation of treatment) when the high-fat diet was based on FO,
but not when based on CO. Although additional studies are
needed to elucidate whether this is a temporary or permanent
effect, we considered this finding rather unexpected, because n-6
PUFAs have long been labeled ‘bad’ due to adverse effects on
cardiovascular and other health outcomes while 7-3 PUFAs are
generally regarded as ‘protective’ fatty acids. In several studies 7-3
PUFAs have been demonstrated to prevent obesity and glucose

intolerance [44—46]. For example, treatment with a high-fat (35%)
CO diet supplemented with docosahexaenoic acid derivatives was
reported to prevent and reverse obesity in mice [47]. In all these
studies, however, treatment occurred postnatally. Exposure to n-3
PUFAs occurred in our study during critical developmental
periods, when programming of the various tissues and organs was
still ongoing. This might explain the (temporary) difference in
effect on body weight gain.

Transcriptome analysis of the mammary gland revealed
changes in genome-wide gene expression accompanying the
effects on serum fatty acid profile and body weight trajectories
of the female pups. Stage of estrus has been shown to affect the
expression of specific genes, including Wnt-4, Wnt-6, RANKL
[48] and TIMP-3, TIMP-4, MMP-9, MMP-13 [49]. An
examination of these genes in the present dataset showed a degree

Table 3. GeneGo pathway maps over-represented in genes differentially expressed in flaxseed oil-fed mice compared to controls.

GeneGo Pathway Maps P-value (FDR<0.05) Count”
Oxidative phosphorylation 9.691E-11 22/105
Citric acid cycle 3.888E-6 11/51
Immune response_MIF - the neuroendocrine-macrophage connector 1.000E-5 10/46
Development_Transcription regulation of granulocyte development 2.660E-5 8/32
Immune response_Antigen presentation by MHC class Il 6.135E-5 5/12
Immune response_IL-2 activation and signaling pathway 1.141E-4 9/49
Atherosclerosis_Role of ZNF202 in regulation of expression of genes involved in Atherosclerosis 1.2519E-4 6/21
Ubiquinone metabolism 1.503E-4 11/74
Immune response_IL-15 signaling via JAK-STAT cascade 2.175E-4 6/23
Glycolysis and gluconeogenesis 2.893E-4 10/67
Immune response_TLR signaling pathways 3.292E-4 9/56
Cell adhesion_PLAU signaling; 7.667E-4 7/39
Cell adhesion_ECM remodeling 9.500E-4 8/52

*Ratio of number of regulated genes over total number of genes in pathway.
doi:10.1371/journal.pone.0055603.t003
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Table 4. Expression levels of selected genes in the CO and FO
groups.
Gene A

Gene symbol Microarray qRT-PCR

co FO coO FO
Chemokine (C-C motif) Ccl3 0.97" 2.76 130 30.96
ligand 3
Cytochrome c oxidase Cox7al 0.71 0.53 0.65 043
subunit Vlla 1
Cytochrome ¢ oxidase Cox8b 0.77 0.64 0.65 0.49
subunit VIlib
Interleukin 4 114 1.14 1.45 0.77 240
Spleen tyrosine kinase Syk 1.1 1.37 1.04 1.80
*Values indicate fold change in expression level compared to control samples.
doi:10.1371/journal.pone.0055603.t004

of sample to sample variation that could in fact be attributed to
collection at different stages of the estrus cycle; however, with
exception of TIMP-4, this degree of variation did not correlate
with dietary group (data not shown). This differs from Fata et al.
[49] who reported co-regulation of TIMP-4 with TIMP-3, MMP-
9 and MMP-13 during the mouse estrus cycle and suggests that
alterations linked to developmental dietary exposure were stronger
and more widely distributed across the genome than those

Table 6. GSEA pathways down-regulated in the FO group, as
compared to CO diet.

Nomina*l FDR
Pathway P-value q value
Mitochondrial respiratory chain 0.0000 0.0368
Response to light stimulus’ 0.0020 0.0913
Microbody 0.0020 0.0680
Peroxisome 0.0020 0.0544
Insulin receptor signaling pathway' 0.0038 0.0985
Mitochondrial membrane part 0.0039 0.0682
Nuclear body" 0.0041 0.0539
Mitochondrion 0.0059 0.0846
Mitochondrial inner membrane 0.0117 0.0862
Mitochondrial membrane 0.0139 0.0868
Oxidoreductase activity — acting on NADH or NADPHT 0.0151 0.0877
*P<0.05; FDR gq<0.1.
"Pathways down-regulated in FO samples as compared to CO samples, but not
compared to controls.
doi:10.1371/journal.pone.0055603.t006

previously linked to the estrus cycle. This is further supported by
the consistent pattern of strong differences in gene expression
between experimental groups that masks any observable effect of
estrus cycle stage. Both test diets, FO and CO, resulted in altered

PLOS ONE | www.plosone.org

Table 5. GSEA pathways down-regulated due to treatment with FO diet, as compared to control samples.
Nomina*l FDR Nominal FDR
Pathway P-value q value Pathway (continued) P-value q value
Organelle inner membrane 0.0000 0.0185 Cellular lipid catabolic process 0.0088 0.0519
Microbody 0.0000 0.0179 Mitochondrial membrane 0.0100 0.0163
Peroxisome 0.0000 0.0161 Cofactor metabolic process 0.0101 0.0600
Transferase activity - transferring acyl groups 0.0000 0.0172 Hsa00620: Pyruvate metabolism 0.0105 0.0581
Transferase activity — transferring groups other than 0.0000 0.0214 Detection of stimulus involved in sensory perception 0.0122 0.0668
amino acyl groups
Mitochondrial envelope 0.0020 0.0142 Oxidoreductase activity 0.0123 0.0616
Mitochondrion 0.0021 0.0132 Energy derivation by oxidation of organic compounds  0.0125 0.0533
Hsa00020: Citrate cycle 0.0021 0.0433 Hsa00071: Fatty acid metabolism 0.0126 0.0468
Electron carrier activity 0.0040 0.0173 Lipid catabolic process 0.0128 0.0592
Coenzyme metabolic process 0.0041 0.0508 Mitochondrial respiratory chain 0.0166 0.0221
Mitochondrial inner membrane 0.0041 0.0182 Aerobic respiration 0.0189 0.0585
Cellular respiration 0.0042 0.0435 Hsa00030: Pentose phosphate pathway 0.0199 0.0725
Envelope 0.0058 0.0584 Mitochondrion organization and biogenesis 0.0218 0.0795
Organelle envelope 0.0058 0.0563 Mitochondrial lumen 0.0219 0.0469
Mitochondrial part 0.0059 0.0175 Mitochondrial matrix 0.0219 0.0445
Mitochondrial membrane part 0.0060 0.0117 Nucleobase — nucleoside and nucleotide metabolic 0.0246 0.0811
process
Generation of precursor metabolites and energy 0.0060 0.0559 Cofactor biosynthetic process 0.0288 0.0932
Hsa00190: Oxidative phosphorylation 0.0061 0.0214 Oxidoreductase activity — acting on CH-OH group of 0.0288 0.0734
donors
Fatty acid metabolic process 0.0064 0.0378 Hsa00650: Butanoate metabolism 0.0295 0.0919
Hsa00640: Propanoate metabolism 0.0084 0.0499 Hsa00280: Valine, leucine, and isoleucine degradation ~ 0.0343 0.0602
*P<0.05;
FDR g<O0.1.
doi:10.1371/journal.pone.0055603.t005
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gene expression profiles compared to control low-fat diets. The
response induced by the CO diet was weak in comparison to the
effect induced by the FO diet, and the few changes in genes
observed in the CO diet could not be reliably mapped to a
coherent biological theme. On the other hand, the stronger effect
of the FO test diet resulted in the identification of several
responsive biological processes, mainly down- and up-regulation of
pathways associated with energy metabolism and inflammation,
respectively. This is not surprising, considering the mammary
gland mainly consists of adipose tissue. Adiposity of the target
tissue is likely important either as a direct (cellular mass) or indirect
(signaling) factor. Adipose tissue has a high capacity to produce
and secrete several factors collectively called ‘adipokines’ involved
in numerous functions including metabolism, insulin secretion,
reproduction, immunity and inflammation [50,51]. Obesity is
recognized as being associated with a chronic, low-grade,
inflammation, with altered levels of several circulating factors
such as C-reactive protein (CRP), tumor necrosis factor o (TNF-or),
and interleukin-6 (IL-6) [50,52,53]. Recently, activation of toll-like
receptor (TLR) signaling has been recognized as an alternative
activator of obesity-induced inflammation [54]. This inflammation
1s now widely believed to be the key link between obesity and
development of insulin resistance and metabolic syndrome [55].

In the present study, mice fed a high-fat diet were shifted to a
regular low-fat diet from 6 weeks of age onwards. This relative
caloric restriction resulted in a slightly reduced body weight gain in
both groups. The observed up-regulation of several inflammation-
related pathways in the FO-fed mice is not consistent with findings
from studies involving human obese subjects. Those studies
showed that in obese subjects, diet-induced weight loss is
accompanied by an improvement of the inflammatory profile
through a decrease of pro-inflammatory markers and an increase
of anti-inflammatory markers [56-59]. In juvenile mice, however,
more consistent findings have been reported. Diet restriction for
two months after a four-month-period of a high-fat diet only
partially improved markers of systemic and adipose tissue
inflammation [60]. In contrast to the FO test diet, female pups
exposed to CO test diet had gene expression profiles only slightly
altered versus controls, and without evident regulation of pathways
involved in inflammation and energy metabolism. FO and CO test
diets, despite being isocaloric, had different effects on postnatal
weight gain with the CO-fed mice approaching control weights by
the time the experiment was terminated at 10 weeks of age.
Consequently, the extent of inflammation in CO-fed mice, if
induced at all, might have been less severe or more reversible
compared to FO-fed mice. The effects associated with the high-fat
test diet based on CO were therefore far less pronounced
compared to the FO test diet with respect to gene expression in
the mammary gland, ratio of 7-6 to #n-3 PUFAs in the serum, and
postnatal weight gain.

Additional studies will be needed to determine how these
disparate changes are causally linked; however, several interesting
connections arise from the annotation of differentially expressed
genes. Remarkably, one pathway specifically identified in com-
paring animals from FO and CO test diets was the insulin
signaling pathway. In obesity and type 2 diabetes, insulin
resistance is manifested by decreased insulin-stimulated glucose
transport and metabolism in adipocytes and one mechanism is
impaired insulin signaling [61,17]. In adipocytes from obese
humans with type 2 diabetes, insulin receptor substrate-1 (IRS-1)
expression is reduced, resulting in decreased IRS-l-associated
phosphoinositide-3 kinase (PI3K) activity [62]. Confirmation that
FO-fed mice experience insulin resistance requires a glucose
tolerance test. The fact that the insulin pathway was only identified
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comparing FO- and CO-fed mice, and not when comparing FO-
fed mice versus controls, might indicate that the effect was rather
weak. Changes in genome-level expression profiles, measured here
for the 4th right abdominal mammary gland of 10-week old pups,
could also reflect subtle cellular defects or alterations in cellular
subpopulations as a consequence of prenatal-lactational maternal
dietary conditions. We may speculate that such changes could be
precursors to key events affecting the risk of mammary tumors
later in life.

The present study did not investigate detailed histopathology of
the mammary gland, nor assess the fatty acid composition of the
tissues. With regards to the former, detailed histopathology of the
mammary gland might help determine whether there were any
apparent changes in development or maturation that coincided
with the altered gene expression profiles; however, this would best
be done at stages beyond when the RNA samples were collected
for microarray analysis in the present design. With regards to the
latter, we monitored fatty acid composition in the sera and assume
this to reflect the fatty acid composition of the mammary tissue
rather well, since the serum was collected 4 weeks after the animals
shifted from test diet to normal diet. However, perinatal exposure
to a high-fat diet based on FO did not affect birth weight, but
resulted in an increased body weight gain at 10 weeks of age.
Together with an altered gene expression profile of the mammary
gland this suggests a lasting effect by diet. Besides increasing the
risk of developing obesity, insulin resistance, and ultimately,
metabolic syndrome, these effects may also result in altered breast
cancer risk by altering development of the mammary gland. Fetal
exposure to high-fat diets based on n-6 PUFAs has been shown to
increase the number of terminal end buds (TEBs) in the mammary
gland, while (pre)pubertal exposure to a high-fat diet based on 7-3
PUFAs or n-6 PUFAs has been shown to reduce the number of
TEBs [35,63-65]. TEBs are the structures where carcinogen-
induced mammary tumors in rats and mice are initiated. The
number of TEBs generally, but not always, correlates with breast
cancer risk [66,67]. Further studies on how and at what time point
in early life (e.g., during fetal or (pre)pubertal life) dietary exposure
to n-3 PUFAs alters mammary gland development and subsequent
breast cancer risk are warranted.

A considerable number of animal studies suggest that dietary
intake of 7-3 PUFAs may modify breast cancer risk and provide
protection against mammary tumorigenesis. In humans, however,
evidence of a beneficial relationship between 7-3 PUFAs and
incidence rates of breast cancer from epidemiological studies has
been inconclusive (reviewed by MacLennan & Ma [23]).
Additional studies are required to demonstrate whether a high-
fat diet rich in »-3 PUFAs can indeed also be ‘bad’, and not only
‘protective’, and to investigate whether specific pathways can be
linked to specific health outcomes such as breast cancer. The
protective effect of n-3 PUFAs might be dependent on the fat
content of the diet. In a previous study by Hilakivi-Clarke and co-
workers [64], prepubertal (PND 5~ PND 25) dietary exposure of
rats to a high-fat n-3 PUFA diet has been shown to have adverse
effects on the mammary gland, by increasing cell proliferation and
reducing the rate of apoptosis. These changes were associated with
a significantly increased risk of carcinogen-induced mammary
tumorigenesis. Subsequent transcriptome analyses of the mam-
mary gland after a 3—4 week period of control diet resulted in gene
expression profiles significantly different from those induced by a
n-6 diet [67]. Although the exposure regimen in that study was
prepubertal and not perinatal, we consider these results supportive
of our findings that maternal diet indeed has a lasting effect on the
mammary gland. Further studies are needed to localize the
susceptible stage(s). Assuming the current findings in mice reflect
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the human response, then the present study suggests the nature
and degree of dietary fat consumption during fetal and/or
lactational development may contribute to the susceptibility to
breast cancer risk later in life.

Materials and Methods

Ethics Statement

The animal protocol used in this research was reviewed and
approved by the institute’s ethical committee on experimental
animals, in accordance to national legislation for RIVM (the
performance site for the animal work) and the Institutional Animal
Care and Use Committee of the University of Louisville (the host
institution for the bioinformatics part of this study). Carbon
dioxide asphyxiation was the method of euthanasia. This study
was agreed upon by the Animal Experimentation Ethical
Committee of the RIVM under permit number 200500400.
Animal handling in this study was carried out in accordance with
relevant Dutch national legislation, including the 1997 Dutch Act
on Animal Experimentation.

Mice and Treatment Diets

Wild-type FVB/NHanHsd mice, six to eight-weeks old, were
obtained from Harlan (Horst, NL). All mice were housed in an
animal facility at RIVM in a climate-controlled room with a 12 h
on/off light cycle. Tap water and diets as described below were
provided ad lhbitum. Animals were monitored daily for general
health. All diets used in this experiment were obtained from AB
Diets (Woerden, NL). Mice in the control group were fed a low-fat
(5% fat) regular diet. The high-fat diets contained 24% fat at the
expense of carbohydrates and were based on corn oil (CO; high
ratio of 7n-6/n-3 PUFAs) or flaxseed oil (FO; low ratio of n-6/n-3
PUFAs) (Chempri Oleochemicals, Raamsdonksveer, NL). Com-
positions of the pelleted diets are shown in Table 7. Similar diets
have been previously used in our group [68].

Experimental Design

A schematic overview of the experimental study design is given
in Figure 1. The study consisted of two dietary exposure groups
and one control group, with differing proportions of PUFAs in the
diet. Each dietary group consisted of 6 females and 3 males. After

Table 7. Composition of treatment diets.

N Low-fat High-fat High-fat
Component (control) (corn oil) (flaxseed oil)
Corn Starch 100 186.7 186.7
Cerelose/dextrose 543 203.8 203.8
Casein protein 200 240 240
Corn oil 50 240 -
Flaxseed oil - - 240
Vitamin premix 25 3 3
Mineral premix 2.5 3 3
Cellulose/Didacel 2+4 50 60 60
Methionine (synthetic) 2 3 3
Other 50 60.5 60.5
Total 1000 1000 1000
Gross Energy (kcal/g) 38 47 47
*Components are indicated in g per 1000 grams.
doi:10.1371/journal.pone.0055603.t007
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one week of acclimation to the animal room the parental dams
and sires were shifted from standard mouse chow to one of the
treatment diets shown in Table 7 for two-weeks prior to mating.
The females and males were then allowed to breed with one
another during a one week period. Subsequently, impregnated
dams were housed individually and maintained on their respective
experimental diets through pregnancy and lactation. The number
of live-born pups was recorded at parturition, designated postnatal
day (PND) 0. Body weights of all pups were recorded on PND 1,
PND 7, and PND 14. F1 generation female pups were weaned on
PND 21 (male pups and dams were terminated). Post-weaned F1
females were then kept on the respective treatment diets until 6
weeks of age and then shifted to a standard low-fat (5% fat) chow
until 10 weeks of age, when the animals were terminated. This
experimental design led to the F1 females being exposed to test
diets during three serial life stages: (1) parentally from at least two-
weeks prior to conception; (2) maternally through gestation and
lactation; and (3) post-weaning through 6-weeks of age. The four-
week recovery interval between 6- and 10 weeks on normal chow
followed the hypothesis that early lifestage diet would have a
lasting impression on the transcriptome of the adult mammary
gland.

Body weights of Fl female pups (2 =21 born in 5 litters for the
control group, n=12 born in 4 litters for the CO diet group, and
n=15 born in 5 litters for the FO diet group) were recorded
weekly from PND 21 until 10 weeks of age. At the termination of
the protocol, the mice were euthanized and blood and major
organs isolated from each. The right fourth abdominal mammary
gland was excised and kept in RNA/later RNA stabilization
Solution (Ambion, Austin, Texas) at 4°C. The liver, kidney and
spleen were snap-frozen in liquid nitrogen for future reference.

RNA Isolation, Microarray Hybridization and Gene
Expression Analysis

Total RNA from tissue samples was isolated. DNA/RNA was
extracted by using AllPrep DNA/RNA mini isolation kit (Qiagen,
Valencia, CA, USA). RNA samples were treated with the RNase-
Free DNase set (Qiagen) and RNA was assessed for quality with
the Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA).
High-quality RNA was labeled and hybridized to spotted 65-mer
oligonucleotide microarrays. Technical details about the mouse
65-mer oligonucleotide library, printing, quality checks, labeling
and hybridization can be found in Bruins et al. [69,70]. The
libraries represent in total 21,766 LEADS™ clusters plus 231
controls. Total RNA samples, labeled with Cy3, were hybridized
in randomized batches, according to a common reference design
without dye swap, with a RNA pool of all samples isolated serving
as common reference (Cy5). RNA amplification and labeling were
carried out with Amino Allyl MessageAmp aRNA Kit (Ambion,
Austin, Texas, USA), using 1 pg of total RNA as starting material.

Pre-processing of Microarray Dataset

The resulting datasets were submitted to the ArrayExpress
(http://www.ebi.ac.uk/arrayexpress) repository with the title
“Mouse mammary gland developmental programming by dietary
exposure” (E-TABM-1185) and data storage was in compliance
with MIAME guidelines. The normalized data consisted of 28
arrays, representing 3 batch groups: Group A (n = 12) was from the
low-fat (5%) control group, and Groups B and C (2 =8 each) were
from the high-fat treatment groups. Microarray quality control
was performed on raw data by means of visual inspection of the
scanned images, as well as a check on the scatter and MA plots
that compares differences in the log2-intensity ratio (M) as a
function of the average intensity for a dot in the plot (A) to assess
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the intensity-dependent ratio of raw microarray data. The
BioConductor software packages arrayQuality and marray from
www.bioconductor.org were used to assess array quality. Biocon-
ductor is an open source and open development project based on
the R programming language-providing tools for the analysis of
high-throughput genomic data. An offset of 50 was used for
background correction to avoid negative or zero corrected
intensities and to preserve variance for analysis of differential
expression. Locally weighted regression was used to normalize
within arrays and quantile normalization was performed across
arrays because of the large variation between arrays seen in the
box plots.

Microarray Data Analysis

To identify genes that were differentially expressed between the
treatment groups and the control group, ratiometric values (test/
reference) were transformed to logs and normalized with Lowess
smoothing. A ‘source of variance’ plot mapped each sample and
characterized the systemic variance for the dams, dates of
hybridization of the arrays, and treatments. Batch and litter-size
effects were removed using Partek Genomics Suite v 6.3 (Partek
Inc.; www.partek.com) and the residual variance was analyzed by
Principal Components Analysis (PCA), one-way ANOVA
(P=0.005) and specific group comparisons. All data was mean-
centered and quantile-normalized to normalize gene expression
distributions across the different microarrays.

Overrepresented biological processes, based on Gene Ontology
(GO) terms, in the various sets of differentially expressed genes
were identified using MetaCore (GeneGo Inc, St. Joseph, MI),
which is an integrated manually-curated database and software
suite for pathway analysis (http://www.genego.com/metacore.
php). Groupwise regulation of Gene Ontology categories and
KEGG pathways was determined by Gene Set Enrichment
Analysis (GSEA) [71] using default analysis parameters and
1,000 permutations. Gene set collections used were the cb.all
(Gene Ontology) and c2.kegg gene sets provide by MsigDB
(http://www.broad.mit.edu/gsea/msigdb/). Gene sets were con-
sidered regulated if the GSEA P -value was <0.05 and the False
Discovery Rate (FDR) was <<0.10.

Real-time Quantitative RT-PCR (qRT-PCR)

Expression levels of several genes were measured in all samples
by means of real-time quantitative PCR. All reagents and
equipment were obtained from Applied Biosystems (Foster City,
USA). The following TaqMan® Gene Expression Assays were
used: MmO00441259_gl1  (Cel3), Mm00438297_gl  (Cox7al),
Mm00432648_m1  (Cox8h), MmO00445259_ml (/14), and
MmO01333032_m1 ($yk). The assay for the Hprt gene was custom
made and included as endogenous control. Primer and probe
sequences were as follows: Hprt_forward: 5'-GCT GAC CTG
CTG GAT TAC ATT AAA-3'; Hprt reverse: 5'-TTG ACT
GGT CAT TAC AGT AGC TCT TCA-3'; Hpri_probe: 5'-CGC
TGA ATA GAA ATA GTG-3'.

Presence of genomic DNA in RNA samples and amplification
efficiency for all assays were assessed prior to the measurements.
RNA was converted to ¢cDNA using the High-Capacity cDNA
Archive Kit according to the manufacturer’s instructions. For each
measured gene, 1 puL of TagMan® Gene Expression Assay was
mixed with 10 uL. TagMan® Fast Universal PCR Master mix and
added to 50 ng of every ¢cDNA sample in 9 pL. Milli-Q) in
duplicate. The cDNA was amplified in a 96-well plate during 40
cycles of 3 s at 95°C and 30 s at 60°C, preceded by 20 s at 95°C
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for enzyme activation, using the 7500 Fast Real-Time PCR
System. No template controls (NTC) were included in all plates.
Threshold cycles (CT) were automatically derived from the
amplification plots constructed of the ROX-normalized fluores-
cence signals by 7500 Fast System SDS Software v2.0.6. The
mean of the Hprt gene expression level of all samples was used to
normalize the expression of the other genes. Relative quantifica-
tion of the mRNA copies in all samples compared to controls was
performed by the comparative CT method (AACt) using Microsoft
Excel.

Fatty Acid Profiling of Mouse Sera

Fatty acid composition was analyzed in a representative number
of sera obtained from mice fed these diets at terminal section
(n=8—10). Methods were adapted from procedures described
earlier [72]. Fatty acids have been expressed as percent of the total
fatty acids present in the chromatogram and are reported as the
mean and standard deviation (SD) for each treatment group.

Statistical Analyses

General statistical procedures were performed with either SPSS
version 12.0.1 or S-PLUS 2000 statistical software packages. All
values were expressed as means * standard deviations when
appropriate. Reproductive parameters, fatty acid serum levels, and
pup weights of PND 1 were analyzed using one-way ANOVA
followed by either a Bonferroni’s or Dunnett’s multiple compar-
ison tests for post hoc analysis. Body weights of female pups from 3
to 10 weeks of age were analyzed using a nonlinear repeated
measures model. The nonlinearity is formed by an asymptotic
growth model, in which the weight y; of mouse i at time ¢ is
modeled as follows:

Vii(t) = Astm; + (RO; — Asym; ) exp[— exp (Irc;) t]] + &5

Supporting Information

Table S1 List of 670 genes that classified samples by
treatment.

(XLS)
Table S2 Biological processes over-represented in

genes differentially expressed in FO versus CO samples.
(PDF)
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