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Diet during pregnancy influences the future health of a woman’s
offspring, with outcomes differing depending on the child’s sex.
Because the placenta buffers the fetus from the mother, we exam-
ined the impact of diet and fetal sex on placental gene expression
in mice fed either a very-high-fat, low-fat, chow diet of intermedi-
ate caloric density. At day 12.5 of pregnancy, placental RNA was
extracted and analyzed by microarray. The expression of 1,972
genes was changed more than 2-fold (P < 0.05) in comparisons
across diet in at least one of the three groups. Female placentae
demonstrated more striking alterations in gene expression in
response to maternal diet than male placentae. Notably, each diet
provided a distinctive signature of sexually dimorphic genes, with
expression generally higher in genes (651 out of 700) from female
placentae than those from male placentae. Several genes normally
considered as characteristic of kidney function were affected by
diet, including genes regulating ion balance and chemoreception.
The placenta also expressed most of the known olfactory receptor
genes (Olfr), which may allow the placenta to sense odorant mol-
ecules and other minor dietary components, with transcript levels
of many of these genes influenced by diet and fetal sex. In con-
clusion, gene expression in the murine placenta is adaptive and
shaped by maternal diet. It also exhibits pronounced sexual dimor-
phism, with placentae of females more sensitive to nutritional
perturbations than placentae of males.
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More than 50% of all pregnant American women are con-
sidered to be either overweight, with a body mass index

(BMI) of 25–29.9 kg/m2, or obese, with a BMI of ≥30 kg/m2 (1).
Compared with normal-weight women, these women tend to
consume more calories, especially from fat (2), and to have a
higher rate of adverse pregnancy outcomes (3). It is also clear that
marked sex differences in perinatal outcome and infant mortality
exist in human populations, with sons at increased risk for preterm
and postterm mortality and birth defects (4, 5). Moreover, poor
maternal diet during pregnancy might predispose offspring to so-
called “adult-onset” diseases, including stroke, coronary heart
disease, type 2 diabetes mellitus, and hypertension (6). This in
utero programming leading to disease later in life is now generally
referred to as either the “developmental origins of health and
disease” or the “fetal origin of adult disease” (6).
Maternal diet also may influence the sex of offspring born in

certain mammalian species, including mice and humans (7–11).
High-calorie diets generally favor birth of males over females,
whereas low-calorie diets tend to favor females over males (7, 9–
11). In humans and mice, food restriction and a suboptimal diet
during the period around conception and early pregnancy also
lead to a surfeit of daughters, most probably due to selective loss
of male fetuses, the most vulnerable sex in utero (11–13).
Sons and daughters also are at differential risk for various late-

onset diseases, apparently related to either the mother’s diet or
body condition while pregnant (14–17). For instance, sons of
obese mothers are more likely than daughters to become obese

and insulin-resistant as they mature, even though no differences
in birth weight may be evident (18). In rats, male offspring
exposed to maternal undernutrition during the preimplantation
period (16) or to moderately increased sodium intake exhibit
elevated blood pressure (19). Because predisposition to adult
diseases such as diabetes, hypertension, and cardiovascular dis-
ease may originate in utero and be shaped by what the mother
consumes during her pregnancy, a molecular-level investigation
of whether male and female conceptuses respond differently to
the same maternal diet is of interest.
Scant information exists on how maternal diet influences

global gene expression in the conceptus. Because the placenta is
the primary communication and nutrient acquisition organ for
the fetus (20) and presumably acts to maintain fetal homeostasis,
it is an appropriate organ to use to examine how differences in
maternal food consumption are sensed by the developing off-
spring. However, to date, only one study has explored the impact
of altering maternal diet on global placental gene response (21).
The investigators found that maintaining murine dams on a
50%-reduced protein content but otherwise isocaloric diet for
10.5–17.5 days postcoitus led to deleterious consequences in
placental gene expression, with up-regulation of genes governing
the p53 pathway, apoptosis, growth inhibition, and epigenetic
processes but simultaneous decreased expression of genes
mediating nucleotide metabolism (21). The investigators did not
consider the possibility that male and female conceptuses might
exhibit different responses to the imposed diet, however.
Only a handful of studies have reported differing expression of

individual gene products in male and female human placentae
(22–24), and only one study has studied the phenomenon glob-
ally through the use of microarrays (25). Examining different
regions of human term placentae, Sood et al. (25) found a
handful of autosome-linked genes that exhibit sexually dimor-
phic expression patterns. In general, these genes are up-
regulated in females compared with males (25). As far as we are
aware, no study, excluding the aforementioned study on acute
protein reduction (21), has addressed the impact of differences
in quality of maternal diet on placental gene expression in any
species, nor has there been a systematic investigation of the
relationship between diet and expression of sexually dimorphic
genes that might begin to explain the different sensitivities of
male and female fetuses to what the mother eats. Accordingly,
we sought to examine how maternal diet might influence the full
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range of placental gene expression in male and female con-
ceptuses at around midpregnancy, when the morphological
development of the placenta is complete (26), yet the gonads are
just beginning to form.

Results
Effects of Maternal Diet and Uterine Position on Placental Weight.
The low-fat (LF) (high-carbohydrate) diet, very-high-fat (VHF)
diet, and chow (C; Purina 5015 complete life-cycle diet, used
routinely for pregnant and lactating mice) used here were
nutritionally complete. Consistent with previous studies (7, 27),
dams on the VHF diet were heavier (51.2 ± 2.2 g; P < 0.01) at
the time of conceptus collection compared with those on the LF
and C diets (37.7 ± 1.7 g and 42.8 ± 1.9 g, respectively). Con-
sistent with our previous studies, there was a tendency toward
proportionately more female conceptuses in the LF group (Fig.
S1); however, only 7 dams with 37 viable fetuses were recovered
from the VHF group, an insufficient number for a statistical
assessment of sex ratio. An analysis of the sex of additional
conceptuses collected more recently from comparably aged dams
on the VHF diet (n = 10) at day 12.5 provided a sex ratio of 36
males to 27 females (57.1%; P = 0.08), suggesting that the
dietary effects on offspring sex ratio are already established by
this stage of pregnancy. Unexpectedly, placentae from con-
ceptuses implanted in the left uterine horn were on average
heavier than those in the right horn in the C and VHF groups
(27.8 ± 1.0 mg vs. 22.3 ± 1.1 mg; P < 0.01) (Table S1). There was
a modest effect of fetal sex on placental weight, with female
placentae on average weighing more than male placentae (26.9 ±
1.0 mg vs. 23.8 ± 1.1 mg; P < 0.05). The combined impact of all
three factors—uterine position, maternal diet, and fetal sex—on
placental weights is depicted in Table S1 and Fig. S1.

Effects of Maternal Diet on Global Placental Gene Expression
Patterns. As illustrated on the heat map in Fig. 1A, which was

based on hierarchical clustering of 22 samples and 1,972 genes
(∼5% of the total) whose expression was changed by >2-fold
with P < 0.05 in comparisons in at least one of the three dietary
groups, the analysis sorted the placental RNA samples according
to maternal diet. Placentae from the dams on the C diet formed
a distinct cluster that distinguished them from the placentae of
conceptuses of dams on the LF and VHF diets. On the other
hand, while the placental samples from LF and VHF females
clustered separately, there was some overlap of samples from LF
and VHF males. Thus, despite the differences in caloric density
between LF and VHF diets, the gene regulation patterns in the
placentae of LF and VHF conceptuses were more like each
other than like those in placentae of the C conceptuses. The
overall conclusion based on these results is that the diet con-
sumed by the dam has a wide-ranging influence on gene
expression in the placenta at day 12.5 of pregnancy, and different
diets can be distinguished according to the pattern of gene
expression they evoke in the placenta.
The Venn diagrams shown in Fig. 2 A–E analyze the gene

expression data derived from the VHF and LF diets relative to
the C diet and confirm distinct gene expression patterns for each
diet (Dataset S1). For example, in females, only 204 out of 650
up-regulated genes (relative to the C group) and 129 of 700
down-regulated genes (also relative to the C group) were com-
mon to the LF and VHF placental groups (Fig. 2 A and C).
Somewhat similar data were obtained for males (Fig. 2 B and D).
Of particular note is the observation that when placentae from
the LF and VHF groups were compared with each other rather
than with the C group, 211 genes showed at least a 2-fold dif-
ference in expression (Fig. 2E and Dataset S1), but only 9 of
these regulated genes were common to both male and female
placentae, and females accounted for almost two-thirds of the
differentially expressed genes.

Fig. 1. (A) Heat map based onmaternal diet effects on placental gene expression. Placentae from dams on the C diet are well separated from the placentae of
conceptuses fromdamson the LFandVHFdiets. Despite thedifferences in caloric densitybetween twodefineddiets, thegene regulationpatterns inplacentaeof
LF and VHF conceptuses were more like each other than like those in placentae of C conceptuses. Gene tree clustering on 1,972 genes, whose expression was
changed by >2-fold with P < 0.05, is able to distinguish placentae from dams on the LF and VHF diets. (B) Heat map based on fetal sex effects on placental gene
expression. Placentaegeneexpressionpatterns ofmale conceptuses clearly clustered separately from theplacentaeof females,whendataon the total regulated
genes (with 2-fold differences) across all dietary groups are compared (P< 0.05). Samplesmarkedwith an asterisk are those from the left as opposed to the right
uterine horn. The close grouping of these with the other samples suggests that uterine implantation site has no affect on placental gene expression patterns.
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Effects of Fetal Sex on Global Placental Gene Expression Patterns.
The initial assignment of fetal sex for each placenta was based on
X/Y FISH analysis of cells removed from the fetus. The presence
of Y-specific transcripts (Ddx3y, represented by 2 probes, and
Eif2s3yb, represented by a single probe) only in the male tissue
and of a X-inactive–specific transcript (Xist, represented by three
probes) in the female tissue confirmed the accuracy of the FISH
sex determination (Dataset S2, Fig. 2 F and G, and Table S2).
In the subsequent heat map clustering analysis (Fig. 1B), the

effects of fetal sex were assessed by combining both autosomal
and sex chromosomal genes. Considerable sexual dimorphism
was clearly evident in the placentae from all three groups. A total
of 700 autosomally located genes demonstrated sexually dimor-
phic expression within at least one of the three dietary groups
(Dataset S2 and Table S2). In almost all of these cases, (651 out
of 700), the genes were up-regulated in the female tissue but not
in the male tissue (Fig. 2 F and G and Table S2). Very few of
these genes differentially expressed between males and females
from dams on the same diet were common to more than one of
the diets (Fig. 2 F and G); in other words, each of the diets
elicited its own specific pattern of sexually dimorphic gene
expression, generally involving up-regulation of genes in the
female placentae but not in the male placentae. Three autosomal
genes (Klk7, Crabp1, and Rimklb/4933426K21Rik) displayed

sexually dimorphic differences across the three maternal diet
groups (Fig. 2G), with each of the genes up-regulated at least 2-
fold in the female placentae compared with the male placentae.

Quantitative RT-PCR Analysis. To confirm themicroarray results, we
selected 16 genes (listed in the legend to Fig. S2 and in Table S3)
identified by the microarray data as being expressed in a sexually
dimorphic manner in at least one diet group and considered to
have some potential relevance to normal placental physiology. To
assess the correlation between the microarray and quantitative
real-time data for all 16 genes in the 11 RNA samples, female-to-
male expression ratios obtained by quantitative RT-PCR (the y-
axis in Fig. S2) were plotted against the equivalent values obtained
from the microarray analysis (the x-axis). In general, the quanti-
tative RT-PCR and microarray data agreed quite well for most
samples, with an overall correlation coefficient of 0.87, empha-
sizing the robustness of the microarray data.

Effects of Diet and Sex on Endocrine Pathways. The placenta is an
endocrine organ that produces hormones linking the needs of
the conceptus to maternal physiology. We examined whether
diet influenced expression of a number of genes with known roles
in the production of placental hormones and whether any of
these genes were sexually dimorphic. In rodents, placental
expression of prolactin-related proteins, including those pre-
viously referred to as placental lactogens (now termed Prl3b and
Prl3d, respectively), are considered essential to maintenance of
pregnancy (28, 29). As in previous microarray studies (30), here
placental lactogens were among the most highly expressed genes
in the murine placenta at day 12.5 of pregnancy (Table S4).
Although some genes in the extensive Prl family (i.e., Prl2c3,
Prl3b1, Prl3d2, Prl5a1, and Prl7c1) were modestly up-regulated in
male placentae versus female placentae in the C group (P <
0.05), only 2 of these genes were up-regulated in male placentae
in the VHF and LF groups (Prl5a1 in the VHF group and Prl7c1
in the LF group) (P < 0.05) (Table S4). The gene for growth
hormone (somatotropin 1), Gh1, was down-regulated in male
placentae in the VHF group (P < 0.05). Whereas Lha (lutei-
nizing hormone α subunit gene) was unaffected by both maternal
diet and fetal sex, Lhb was up-regulated in male placentae from
LF dams and down-regulated in male placentae from VHF dams
(P < 0.05) (Table S4).
The expression of two steroid nuclear receptor genes also was

found to be influenced by fetal sex and maternal diet. The gene
encoding estrogen receptor (ER) α, Esr1, was up-regulated in
female placentae compared with male placentae in the C group
(P < 0.05), but was not differentially expressed in the LF and
VHF groups (Table S3 and Dataset S2). The ERβ gene, Esr2,
demonstrated no significant changes in expression. On the other
hand, the gene encoding the androgen receptor (Ar), which is
located on the X-chromosome, was up-regulated in females
compared with males in the VHF group (P < 0.05) (Dataset S2).
Only a few changes were noted in genes implicated in either

steroidogenesis or steroid catabolism, with females less affected
than males. In male placentae in the LF group, Hsd3b5, which
catalyzes the conversion of pregnenolone to progesterone and of
21-hydroxypregnenolone to 11-deoxycorticosterone, demon-
strated a >2-fold increase in expression relative to adjacently
placed female placentae in the same dietary group (P < 0.05)
(Dataset S2), whereas the related genes Hsd3b2 and Hsd3b6
were up-regulated in LF males compared with C males (P <
0.05) (Dataset S1 and Fig. S3). Males from VHF dams expressed
less Prmt3 (whose product converts 2-hydroxy-17β-estradiol to 2-
methoxy-17β-estradiol) than males from C dams (Dataset S1). In
contrast, males from LF dams had greater expression of several
genes encoding enzymes involved in androgen metabolism, but
less expression of Sts (steroid sulfatase gene), compared with
males from C dams (Dataset S1 and Fig. S4).

Fig. 2. Venn diagrams of placental gene expression patterns influenced by
maternal diet and fetal sex. (A–D) Diagrams comparing the placental genes
that were up-regulated (A and B) and down-regulated (C and D) in female
and male conceptuses from dams on the LF and VHF diet after subtracting
from the C diet group. (E) Diagram comparing the number of differentially
expressed genes in female and male placentae in the LF group versus the
VHF group (≥2-fold; P < 0.05, for a total of 200 autosomal and 11 sex
chromosomal genes). (F and G) Sexually dimorphically expressed genes in at
least one of the three diet groups (≥2-fold; P < 0.05, for a total of 736
autosomal and sex chromosome genes). The up-regulated genes that over-
lap in the male placentae of all diet groups were Ddx3y (represented by two
probes) and Eif2s3y. The down-regulated genes that overlap in the male
placentae of all diet groups were Xist (represented by three probes), Klk7,
Crabp1, and Rimklb (4933426K21Rik).

Mao et al. PNAS | March 23, 2010 | vol. 107 | no. 12 | 5559

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd02.xls
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st02
http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd02.xls
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st02
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st02
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st03
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st04
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st04
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st04
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=st03
http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd02.xls
http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd02.xls
http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd02.xls
http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd01.xls
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=sfig03
http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd01.xls
http://www.pnas.org/content/vol0/issue2010/images/data/1000440107/DCSupplemental/sd01.xls
http://www.pnas.org/cgi/data/1000440107/DCSupplemental/Supplemental_PDF#nameddest=sfig04


Our findings also suggest dietary regulation of the two genes
encoding the rate-limiting enzymes of prostaglandin and leuko-
triene synthesis, Ptgs1 (Cox1) and Ptgs2 (Cox2). Ptgs1 transcript
concentration was increased by 2.8-fold (P < 0.04) and Ptgs2
transcript concentration was increased by 1.8-fold (P < 0.20) in
female placentae from VHF dams compared with female pla-
centae from C dams (Dataset S1). In addition, the primary pros-
taglandin-metabolizing enzyme,Hpgd, was up-regulated in female
placentae fromVHF dams compared to those of C dams (Dataset
S1). Comparing female placentae from LF and C dams showed
that in the former, Ptgs2 was up-regulated by 2.0-fold (P < 0.03),
but Ptgs1 was up-regulated by only 1.4-fold (P < 0.4) (Dataset S1).

Gene Differences Between Male and Female Placentae from LF Dams
and VHF Dams. Because our original goal was to determine
whether some of the diet-induced changes in gene expression
might account for the contrasting offspring sex ratios observed
for dams fed the VHF and LF diets, we further scrutinized the
211 genes that exhibited <2-fold differences between the male
and female placentae in LF and VHF dams (Dataset S1). No one
gene or set of genes stood out as a potential candidate, although
male placentae of VHF dams displayed an ∼3-fold greater Esr1
expression and reduced Ghr expression compared with male
placentae from LF dams, indicating a diet effect. Other differ-
entially expressed genes included Bhmt, Gpc6, Vipr1, Runx1,
Agtrap, several peptidase inhibitors involved in the complement/
coagulation cascade, and serine peptidases, including Htra1.

Discussion
In this paper we make two important observations regarding
gene expression in day-12.5 murine placenta and the effects of
maternal diet on these expression patterns. The first observation
is that diet has a marked influence on global gene expression,
with each diet providing a specific signature in terms of regulated
genes. The second observation is that female fetuses respond
more robustly to dietary influences than males, and, perhaps
most surprisingly, each diet endows the placenta with a distinct
pattern of sexually dimorphic gene expression.
The finding that placental gene expression responds to diet is

not entirely unexpected, given that the placenta provides a met-
abolic and physical interface between the maternal blood supply
and the fetus and thus would be expected to be influenced by
variations in the quality and quantity of circulating nutrients
available to it (20). The food fed to the dams in our studies was in
the form of two defined diets, one in high in carbohydrates but low
in fats (LF) and the other low in carbohydrates but high in fats
(VHF), as well as a commercial diet based largely on soybeanmeal
but, like the other two, also nutritionally complete. Because these
three diets differed considerably in caloric density (calories from
fat: LF, 10%; VHF, 60%; C, 26%), it was not surprising that the
dams on the VHF diet were significantly heavier than those on the
other two diets. On the other hand, the LF andVHF diets differed
only in their relative content of fats and carbohydrates and were
otherwise identical, possibly explaining why the dietary responses
to these two diets differed from one another to a lesser degree
than from the C diet (Fig. 1A). Although the VHF dams tended to
be obese and to have higher circulating concentrations of free fatty
acids than the more normally proportioned dams on the LF diet
(31), placental weight was not increased (Table S1). We also
found no apparent bias toward regulation of genes associated with
particular metabolic pathways, including lipid and energy
metabolism, in either group. Thus, despite the fact that our data
do not provide specific insight into how the placenta responds to
increased availability of fatty acids or other compounds derived
from dietary intake, a critical function may be to buffer the fetus
from maternal surfeit and shortage and from potentially harmful
dietary components. The marked deviation of the patterns of
regulated gene expression in the C diet relative to the LF and

VHF diets is perhaps a reflection of the distinct composition
(including protein and other natural products from soybeanmeal)
in the former versus the refined nature of the latter diets.
Importantly, chow-based diets, although economical, are rarely
uniform in composition, and thus each such diet is likely to provide
its own microarray signature. Soy-based chow diets also vary in
terms of content of estrogenic compounds (32). Accordingly, the
up-regulation of the gene encoding ERα (Esr1) in female tissue
from dams on the C diet and the androgen receptor gene (Ar) in
female tissue from dams on the VHF diet (Table S3 and Dataset
S2) could make the placentae in these groups more susceptible to
estrogens and androgens, as well as to endocrine disruptors, such
as diethylstilbestrol, bisphenol A, vinclozolin, and dichlor-
odiphenyltrichloroethane (33, 34). Even though the placenta is
the guardian of the fetus, some of its responses to maternal diet
could possibly have deleterious consequences to the fetus.
One group of genes whose expression in the placenta was

unexpected was the large Olfr family, which encodes olfactory
receptors. Although normalized intensity values (those in the
upper 25th percentile of genes providing a signal on the arrays)
were generally low, each of 931 Olfr gene probes gave a positive
“call” in at least one placental sample. Two of these genes
(Olfr571 and Olfr1009) exhibited a mean >2-fold increase in
normalized expression level across all dietary groups, and 52 of
the genes (including Olfr571) demonstrated a >2-fold change in
expression (P < 0.05) in response to at least one of the diets
(Table S3). Eight genes (Olfr91, Olfr433, Olfr520, Olfr786,
Olfr1381, Olfr1383, Olfr1394, and Olfr1395) were significantly up-
regulated in female placentae from dams on the C or VHF diets,
whereas Olfr 154 was up-regulated in male placentae from dams
on the C diet (Table S3). Accordingly, the presence of a func-
tional olfaction system could allow the placenta to “sense”
changes in levels of odorant molecules to control uptake or
excretion of such compounds. Such a role has recently been
proposed for olfactory receptors in the murine kidney (35).
Indeed, several other genes characteristic of the kidney, espe-
cially genes involved in ion and fluid movement, including
Agtrap, Aqp9, Anxa6, and Ccr3, were expressed in a dietary and
sexually dimorphic manner in day-12.5 murine placentae (Table
S3 and Dataset S1 and Dataset S2). Taken together, these data
emphasize the role of the placenta in chemoreception and con-
trol of fluid and ion balance, functions clearly in common with
the kidney.
As mentioned earlier, two of the most surprising outcomes of

our experiments were (i) the large number of genes that were
regulated in a sexually dimorphic manner and (ii) each maternal
diet gave rise to a distinct pattern of sexually dimorphic gene
expression in the placentae. Based on these findings, any study
that seeks to examine genes that are differentially expressed
between sons and daughters within the placenta must take into
account maternal diet as an important variable. In particular,
placentae from female conceptuses were more sensitive to diet
changes than placentae from male conceptuses, and this phe-
nomenon was generally manifested as increased gene expression
in females (Fig. 2 A and G), with the effect distributed across
both autosomal and sex chromosomes (Table S2). Such a ten-
dency toward up-regulation of genes in female placentae relative
to adjacent male placentae appears to account for the great
majority of the sexual dimorphism in gene expression observed in
our study (Fig. 2 F and G). This increased sensitivity of the
female placentae to changes in the maternal environment might
serve as a buffer to protect the female against in utero pertur-
bations, thus possibly accounting for the decreased risk for adult
diseases in daughters versus sons born to women who were
eating a high-fat diet and/or were obese at time of pregnancy
(14–17), although this hypothesis remains to be tested. It would
be of interest to explore whether or not the increased expression
of a particular autosomal gene in female placentae relative to
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male placentae is biallelic or manifested through just one of the
parental alleles, and, if the latter, whether a particular pattern of
allelic bias in expression persists across the entire group of sex-
ually dimorphic genes. Allelic exclusion is not an uncommon
phenomenon (36); it has been reported for Olfr genes in olfac-
tory sensory neurons (37). The X chromosome is a special case,
of course, because paternal X is selectively subjected to silencing
in the extraembryonic lineages of the mouse (38). Thus, with the
exception of Xist, the sexually dimorphic expression of X-linked
genes, such as Ar and Ogt, which were up-regulated in female
placentae (Dataset S2), is presumably due entirely to the
maternally inherited allele.
The underlying cause of the sexual dimorphism reported here

is unclear. A connection to sex hormone differences between
male and female conceptuses is unlikely. Although day 12.5
approximates the earliest morphological stage of testis differ-
entiation and the appearance of androgen-producing Leydig
cells (39), intratesticular testosterone concentrations are negli-
gible at this point, and masculinization of the male fetus is not
yet evident (40). In any case, sexually dimorphic differences have
been observed as early as the blastocyst stage in several mam-
malian species, when hormonal influence on either development
rates (41) or gene expression (42) can be ruled out. Like those
described here, the differences in gene expression patterns
between males and female noted in mouse blastocysts by
Kobayashi et al. (42) were generally modest in magnitude and
involved higher transcript concentrations in females than in
males. One possible explanation for both sets of observations is
that the male and female conceptuses might have been out of
phase with one another. To minimize this possibility, we took
particular care to select adjacent placentae from the same ute-
rine horn, because position can affect fetal growth (43), and, with
one exception, made our selection from the right uterine horn,
because left/right inequalities in uterine function have been
reported (44). Nonetheless, the greater average weight of the
female placentae (Table S1) might reflect subtle developmental
differences between the sexes.
The reason why a maternal high-fat (low-carbohydrate) diet

favors survival of sons and a maternal low-fat (high-carbohydrate)
diet results in more daughters continues to elude us (7, 9–11). One
possibility is that the selective events occur through pressures
imparted by the uterine environment and its interaction with
trophoblast earlier than day 12.5 of pregnancy. However, our
studies provide several candidate genes (including thosemediating
uptake of nutrients and ions, genes in theOlfr family, steroidogenic
enzymes, and steroid receptor genes) expressed by the placenta
that might be important for conceptus survival and are markedly
influenced by the interaction of maternal diet and fetal sex.

Materials and Methods
Animals. All animal experiments were approved by the University of Mis-
souri’s Animal Care and Use Committee and performed in accordance with
National Institutes of Health (NIH) Animal Care and Use Guidelines. NIH
Swiss female mice were placed on one of three diets beginning at 5 weeks of
age: C (Purina 5015 chow; 4.35 kcal/g), LF (3.8 kcal/g; Research Diets), and
VHF (5.2 kcal/g, 54% from lard; Research Diets). Mice were bred at 35–40

weeks of age and euthanized at 12.5 days postcoitus. Fetal and whole pla-
cental samples were selectively collected from viable fetuses. The position of
each conceptus within the uterus was documented, and each placenta was
weighed. For placental weight comparisons, the placentae from 12 C dams,
14 LF dams, and 7 VHF dams were analyzed.

X/Y FISH Analysis to Determine Conceptus Sex. The sex of each fetus was
determined by X/Y FISH, as described previously (45).

RNA Isolation and Microarray Analysis of Placentae. Based on the X/Y FISH
analysis results, one female placenta and one male placenta were selected
from the middle uterine region of each dam for evaluation of placental gene
expression by microarray analysis. For almost all of the samples chosen for
microarray analysis, placentae from adjacent male and female conceptuses
on the right side of the uterine horn were analyzed. However, one VHF dam
(no. 1793) did not have an adjacent pair of female and male conceptuses in
the right uterine horn; for this dam, we analyzed the placentae of female and
male conceptuses implanted in the left miduterine horn region. Placental
RNA was isolated by TriReagent (Sigma-Aldrich). After first-strand and sec-
ond-strand cDNA preparation, cRNA target material was prepared and
hybridized to Agilent Whole Murine Genome 4 × 44K arrays. Slides were
scanned with an Agilent G2565 Microarray Scanner, and data were analyzed
with Agilent Feature Extraction and GeneSpring GX v7.3.1 software. Com-
parisons were made between diet groups within the same sex and between
male and female conceptuses from four C dams, three LF dams, and four
VHF dams. Each placental sample was processed and analyzed independ-
ently; that is, no samples from any of the diets or fetal sexes were pooled.

Quantitative RT-PCR. Expression of select placental genes was verified by
quantitative RT-PCR, as described by Davis et al. (46). The same placental RNA
samples used for the microarray analysis were used for the RT-PCR studies,
except for one VHF female–male placental pair in which there was
insufficient RNA.

Statistical Analysis. The placental weight from each fetus was analyzed using
the SAS general linear model (GLM) procedure (SAS Institute), with maternal
diet, position in uterus (left horn vs. right horn), and fetal sex as main factors.
Differences in placental weight among groups were evaluared by Fisher’s
least-significant difference, with P < 0.05 considered significant. The raw
microarray data were analyzed with GeneSpring GX v7.3 software (Agilent
Technologies) and normalized to the 75th percentile of each array (i.e., 25%
provided normalized values >1) to compare individual expression values
across arrays for diet comparisons. For fetal sex comparisons, genes were
further normalized to the median expression within each dam pair. Only
genes with values exceeding background intensity in at least three samples
of either condition for each comparison were used for further analysis.
Volcano plots were used to filter for genes differentially expressed by ≥2-
fold and with P ≤ 0.05. P values for diet and fetal sex comparisons were
calculated using a two-sample t test assuming unequal variance.

For quantitative RT-PCR, the relative expression levels in placental tissue
for the selected genes were normalized to endogenous reference 18S by
using the formula 2-Cttarget /2-Ct18s, where Ct is the threshold cycle. The
female-to-male gene expression ratio was then determined and analyzed by
using SAS software, with diet as the main effect. All data are expressed as
mean ± SEM. Differences are considered significant at P < 0.05.
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