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Developmental  programing  is influenced  by perinatal  nutrition  and  it  has  long-lasting  impacts  on  adult
metabolism  in  the  offspring.  In particular,  maternal  high  fat diet  has  been  associated  with  increased  risk
of obesity  and  metabolic  disorders  during  adulthood  in  the  descendants.  These effects  may  be  due  to
the  effects  of  the  high  fat diet  on  the  development  of the  systems  that  regulate  food  intake  and  energy
balance  in  the  offspring  hypothalamus.  The  arcuate  nucleus  (ARC)  may  be  a  particularly  sensitive  region
to it  as this  nucleus  contains  the POMC  and  AgRP/NPY  neurons  that  integrate  the  melanocortin  system.
Thus,  the  aim  of this study  was  to investigate  the effects  of  maternal  high  fat diet  during  pregnancy  on the
transcription  factors  that  regulate  hypothalamic  development  in the  offspring  as a potential  mechanism
that  may  result  in  altered  neuronal  expression  of POMC,  NPY  and/or  AgRP.  To  this  end,  pregnant  females
exposed  to  high  fat diet (60%  fat  diet  since  day  0  of  pregnancy)  or standard  rat chow  were  sacrificed
on  days  12,  14, 16  and  18  of  gestation  to obtain  brains  from  their  developing  fetuses  and  examine  the
mRNA  expression  of  transcription  factors  associated  with  the  development  of cells  in  the ARC.  Results

show  that,  while  no changes  in  transcription  factor expression  between  groups  were  observed,  POMC
and  NPY  mRNA  expression  were  higher  on  embryonic  day 18  in the  high  fat group.  These  results  suggest
that  POMC  and  NPY  expression  are  altered  by in utero  exposure  to a  high  fat diet,  but  these  changes
in  gene  expression  are  not  associated  with  changes  in  the  expression  of  transcription  factors  known  to

 cells
determine  the  fate  of  ARC

. Introduction

There is mounting evidence suggesting that maternal nutrition
as a large impact on the systems that control the regulation of

ood intake and energy balance in their offspring, often predis-
osing them to obesity and metabolic disorders including type II
iabetes, cardiovascular disease and metabolic syndrome (Barker,
002; Poston, 2012; Samuelsson et al., 2008). In some rodent mod-
ls exploring this phenomenon, females are exclusively fed a high
at diet during pregnancy and/or lactation, and descendants are

llowed to grow until adulthood (Howie et al., 2013; Sun et al.,
012; Dearden and Balthaszar, 2014). Results from these studies
how that offspring of mothers fed the high fat diet during preg-
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nancy ate significantly more food and had higher amounts of body
fat, triglycerides levels, abnormal glycemia and reduced insulin
sensibility compared to control animals (see Ainge et al., 2011 for
review). In addition, these pups have higher concentrations of cir-
culating leptin and insulin and abnormal accumulation of lipids
in adipocytes in spite of consuming the same diet as control ani-
mals following weaning. These data suggest that exposure to a high
fat diet somehow programs metabolism in these animals, making
them more likely to become obese, supporting the notion that obe-
sity can be programed during embryonic and fetal development
(Barker, 2002; Calkins and Devaskar, 2011; Howie et al., 2009;
Sloboda et al., 2009; Volpato et al., 2012).

It has been known for decades that circulating hormones
such as adrenal steroids, sex steroids, and thyroid hormone exert
widespread actions during critical periods of brain development

(Arnold, 2017; Moog et al., 2017; Vogt and Brüning, 2013; MacKay
and Abizaid, 2014; MacKay et al., 2013). Similarly, changes in the
metabolic state of the mother during pregnancy and/or lactation
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Fig. 1. Maternal body weight gain and number of embryos at time of sacrifice. Data
are  expressed as mean ± S.E.M. (A) Dams body weight gain from day 0 to 12, 0 to
14,  0 to 16 and 0 to 18 of pregnancy in control (n = 3 per day) and high fat (n = 4 per
day)  groups. A two-way ANOVA, showed that dams fed a high fat diet weighed more
than those fed a control diet at all time points examined and as shown by a signifi-
cant effect of diet (p < 0.001). All rats gained weight across pregnancy as shown by a
significant effect of time (p < 0.0001). No significant diet × time interaction (p > 0.05)
suggested that high fat fed dams did not gain weight differently than controls across
the  times examined. (B) Maternal high fat diet during pregnancy did not significantly
influence the number of fetuses per dam seen on the day of the laparotomy com-
pared to those seen in control dams and as determined by a between groups t-test
M.O. Klein et al. / Int. J. Dev

an also influence brain development to facilitate the development
f obesity (Bouret, 2013; Ross and Desai, 2014). For instance, caloric
verload programs metabolism by altering the development of
ypothalamic circuits regulating body weight and energy balance
Bouret, 2009; Sullivan et al., 2014). One critical system affected
y changes in the availability of nutrients early life is the hypotha-

amic melanocortin system in the arcuate nucleus (ARC) (Morton
t al., 2014; Schwartz et al., 2000). The expression of one com-
onent of this system, the pro-opiomelanocortin (POMC) peptide,
ppears to be sensitive to high fat exposure, or to early life exposure
o environmental toxicants, such as bisphenol A (Fan et al., 1997;
orvath et al., 2010; MacKay et al., 2013; Rossi et al., 1998). Thus,
ne potential mechanism by which maternal high fat diet expo-
ure could cause vulnerability to obesity would include alterations
n the factors that control fate and/or expression of melanocortin
eurons.

One such factor is Neurogenin 3 (Ngn3), a transcription factor
hat is expressed early in the development of the hypothalamus,
nd one that is associated with the expression of POMC (Ma  et al.,
996; Pelling et al., 2011; Sommer et al., 1996). Interestingly, Ngn3
romotes the development of POMC neurons while inhibiting the
evelopment of NPY neurons especially on embryonic days 10–14
Pelling et al., 2011). Another possible factor is the Mammalian
chaete scute homolog-1 (Mash1), a proneural gene that when
utated, results in hypoplasia of both ARC and ventromedial nuclei

n the hypothalamus. Mash1 is not required for POMC expres-
ion, but it is required for normal development of these neurons
McNay et al., 2006). Also, Mash1 knockout mice show substantial
eductions in the number of both NPY and POMC expressing neu-
ons (McNay et al., 2006). Thus, perturbations in Ngn3 and Mash1
xpression may  markedly alter the development of appetite reg-
latory neurons (Pelling et al., 2011). Retina and anterior neural
old homeobox (Rax) is a transcription factor expressed in ARC and
entromedial hypothalamus (VMH) nuclei. Its elimination in these
uclei leads to a severe loss of both VMH  and ARC cellular pheno-
ypes, demonstrating a role in fate specification (Lu et al., 2013). Rax
lso participates in defining rostrocaudal domains in the embry-
nic mouse hypothalamus (Ferran et al., 2015). The SIX homeobox

 (Six3) gene provides necessary instructions for the formation of
he forebrain and eye development. Six3 is a transcription factor
hat binds to specific DNA sequences, controlling gene activation
r inactivation, being crucial in embryonic development (Lagutin
t al., 2003; Oliver et al., 1995).

Given the importance of these transcription factors on the devel-
pment of the cells in the ARC, we reasoned that in utero exposure
o high fat diets alters the expression of these transcription factors
o ultimately affect the phenotype of cells in ARC and thus promote
besity. To test this hypothesis, we compared mRNA expression
f these transcription factors in rat fetuses obtained from dams
xposed to a control or high fat diet and sacrificed at different
ime points of pregnancy that encompass the development and
ifferentiation of the hypothalamus. We  also investigated whether
igh fat exposure during pregnancy interferes with the pattern of
RNA expression for peptides in the ARC that are known to regulate

nergy balance including POMC, NPY and AgRP given the potential
or this diet to influence the proliferation of these cells groups early
n life.

. Material and methods

.1. Animals
Thirty-one virgin female Wistar rats were purchased from
harles River and housed in polypropylene cages with ad libitum
ccess to food and tap water during the whole experiment. Ani-
(p  > 0.05); control (n = 11) and high fat (n = 16). The number of pups quantified in this
figure comprises the total number of pups per dam regardless of the day in which
the  dam was killed.

mals were maintained on a 12-h light, 12-h dark cycle (lights on
at 8 a.m.). All procedures were approved by Carleton University
Animal Care Committee and followed the guidelines of Canadian
Council on Animal Care.

To determine the day of conception, females were housed with
sexually experienced males, and vaginal smears were collected
daily until the presence of sperm was  observed on the slide. This
time point was  considered day 0 of pregnancy. Pregnant females
were then single housed, and immediately assigned to one of two
groups: (1) high fat group (n = 16) in which females received a 60%
fat diet since day 0 of pregnancy until the day they were sacrificed
to obtain the brain of developing fetuses as described below; (2)
control group (n = 15) that received a standard diet during the same
period (one rat failed to get pregnant). Maternal body weight was
measured on pregnancy day 0 and right before the dam was killed.
The number of embryos per mother in the laparotomy procedure
was also analyzed. For all molecular analyses, we used two pups
per litter.

2.2. Diet composition

The high fat diet was a purified diet, which had 5.1 kcal/g, with
60.3% of calories derived from fat (18.4% from protein and 21.3%
from carbohydrates). Its composition had casein, l-cystine, mal-
todextrin, sucrose, lard, soybean oil, cellulose, mineral mix, calcium

phosphate, vitamin mix, choline bitartrate and blue food color
(TD.06414, Harlan Laboratories). The standard lab chow utilized
in this study was composed by 2.9 kcal/g, with 13% of calories
derived from fat (20% from protein and 67% from carbohydrates).
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ig. 2. Differences in mRNA expression of transcription factors in the hypothalam
een  in this figure there were no significant effects produced by exposure to a high
ain  effect for time, showing that Rax mRNA expression decreased from ED 12 to E

t contained wheat middlings, ground wheat, ground corn, corn
luten meal, calcium carbonate, soybean oil, dicalcium phosphate,
-lysine, iodized salt, DL-methionine, vitamin E acetate, magnesium
xide, choline chloride, menadione sodium bisulfite, calcium pan-
othenate, manganous oxide, ferrous sulfate, thiamin mononitrate,
inc oxide, niacin, copper sulfate, riboflavin, vitamin A acetate, pyri-
oxine hydrochloride, calcium iodate, vitamin B12 supplement,
olic acid, biotin, vitamin D3 supplement, cobalt carbonate.

.3. Embryonic tissue collection

Four pregnant females from each group were sacrificed by CO2
sphyxiation on days 12, 14, 16 and 18 of pregnancy to obtain
etuses via laparotomy. As soon as the dams were dead, an incision
as made across the abdomen, and the uterus was exteriorized and

etuses were extracted and rapidly decapitated. The entire head of
mbryos on embryonic days (ED) 12 and 14, and the extracted fetal
rains from fetuses collected on days 16 and 18 of pregnancy were
sed. Half of the embryos from each litter were flash frozen in TRI-
ol (Invitrogen

®
) solution and stored in deep freezer (−80 ◦C). Of

hese, two pups per litter were used for RNA extraction and qPCR
nalyses for a total of 8 pairs of pups per experimental group at
ach of the time points. We  considered each pair as an n = 1.

.4. Gene expression analyses

Gene expression was evaluated for Neurogenin 3 (Ngn3),
ammalian achaete scute homolog-1 (Mash1), Retinal and

nterior neural fold homeobox (Rax), SIX homeobox 3 (Six3),
ro-opiomelanocortin (POMC), Neuropeptide Y (NPY) and Agouti-
elated peptide (AgRP), Protein convertase 1/3 (PC1), Protein
onvertase 2 (PC2), Melanocortin-4 receptor (MC4R) and Suppres-
or of cytokine signaling 3 (SOCS3).

.4.1. Reverse transcribed PCR assay (RT-PCR)
Embryos samples were homogenized in 1 ml  TRIzol using the
ethod provided by the manufacturer (Invitrogen
®

) and reverse
ranscribed using the iScriptTM cDNA synthesis kit (Bio-Rad Labo-
atories) as indicated by the manufacturer as well. Samples were
hen stored in −20 ◦C for future use.
etuses from dams fed a control (n = 8) or a high fat diet (n = 8) across gestation. As
iet in any of the transcription factors examined (p. > 0.05). There was a significant
(p < 0.05). Data are expressed as mean ± S.E.M. Two-way ANOVA.

2.4.2. Quantitative real-time PCR (qPCR)
All samples were tested before they were analyzed by qPCR

in order to measure the integrity of the RNA extracted from
each embryo. qPCR was performed in a CFX ConnectTM Real-
Time PCR Detection System (Bio-Rad Laboratories) using iQ
SYBR Green Super Mix  (Bio-Rad Laboratories). The primer
sequences for Ngn3 were: sense 5′-GCAGAGCAGATAAAGCGTGC-
3′, antisense 5′-TCGCCTGGAGTAAATTGCGT-3′. For
Mash1: sense 5′-TCGGCGGTCGAATACATCC-3′, anti-
sense 5′-CCGCCATAGAGTTCAAGTCGT-3′. For Rax:
sense 5′-AGCGGGACCTTCAGTTTGG-3′, antisense 5′-
CTTGGTCTTCGTGCCGTACTC-3′. For Six3: sense
5′-TCAGCAGAGTCACCGTCCAC-3′, antisense 5′-
TGGAGGTTACCGAGAGGATCG-3′. For POMC: sense
5′-CCTGTGAAGGTGTACCCCAATGTC-3′, antisense 5′-
CACGTTCTTGATGATGGCGTTC-3′. For NPY: sense
5′-CCCGCCCGCCATGATGCTAGG-3′, antisense 5′-
CCGCCCGGATTGTCCGGCTTG-3′. For AgRP: sense
5′-AGAGTTCTCAGGTCTAAGTCT-3′, antisense 5′-
CTTGAAGAAGCGGCAGTAGCACGT-3′. For PC1: sense
5′-CGAAGAGGCAGTTTGTCAATGAATGG-3′, anti-
sense 5′-ATCATCAGATAACCTCTTAGTG-3′. For PC2:
sense 5′-CCTTTGCAGAAGGCCTGTACCAC-3′, anti-
sense 5′-AGCCCAGGAGTCCCGTCAGCTTGC-3′. For
MC4R: sense 5′-AACATTCTAGTGATCGTGGC-3′, anti-
sense 5′-CATAATGTTATGGTACTGGAGCGCg-3′. For
SOCS3: sense 5′-CTTTACCACCGACGGAACCT-3′, anti-
sense 5′-CCGTTGACAGTCTTCCGACA-3′. For GAPDH:
sense 5′-AAGATGGTGAAGGTCGGTGT-3′, antisense 5′-
CTTGCCGTGGTAGAGTCAT-3′.

The qPCR conditions utilized were as follow: Step 1—30 s at
95 ◦C; Step 2—10 s at 95 ◦C, 30 s at 57 ◦C and then 20 s at 72 ◦C; step
2 was repeated 45 times. Step 3—60 s at 95 ◦C; Step 4—60 s at 55 ◦C;
Step 5—30 s at 55 ◦C (41 repeats). C(q) values were determined
automatically by CFX ManagerTM Software (Bio-Rad Laboratories).
Quantification of transcripts of interest relative to the internal
housekeeping control gene GAPDH was  determined using the
2−��Cq method (Bustin et al., 2009; Schmittgen and Livak, 2008).
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Fig. 3. mRNA expression of peptides involved in food intake control and energy
balance in control and high fat animals (n = 8/group) and POMC staining in the
ARC  nucleus from fetuses on ED 18. (A) POMC expression: significant effects of
diet (p < 0.05), time (p < 0.01) and interaction in between diet × time (p < 0.05). *
p  < 0.001 compared to control group on ED18, Bonferroni post hoc; (B) NPY expres-
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ion: significant effect of time (p < 0.0001) and interaction in between diet × time
p < 0.05). * p < 0.05 compared to control group on ED18, Student’s t-test; (C) AgRP

RNA expression. Data are expressed as mean ± S.E.M.; Two-way ANOVA.

.5. Statistics

Data were analyzed using two-way ANOVA with embryonic day
time) and diet as factors. Bonferroni or Student’s t-test were used
s post hoc tests when applicable. Statistics were performed on
raphPad Prism 5.0 or SPSS Statistics 18 software.

A significance criterion was set at  ̨ = 0.05.

. Results

Throughout pregnancy, there was a significant effect of time
n body weight gain of the dams as expected (p < 0.0001;
(3,19) = 15.31—Fig. 1A). Also, there was a significant effect of the
iet (p = 0.0004; F(1,19) = 18.39), where the high fat mothers on day
8 of pregnancy were heavier than controls (Fig. 1A). There was  no
ifference in between the number of pups born per mother from
ach group (Fig. 1B).

Of all transcription factors examined, we only detected a signifi-

ant effect of time on Rax mRNA expression, where Rax expression
ecreased across embryonic age, with ED 12 showing the highest

evel of expression and ED 18 showing the lowest level of expres-
ion (Fig. 2C—p = 0.044; F(3,55) = 2.874). Neither significant main
oscience 64 (2018) 14–20 17

effects for diet nor any interaction effects were detected in the anal-
yses for any of the transcription factors examined (p > 0.05; Fig. 2A,
B and D).

Interestingly, our analyses revealed that the hypothalamus of
rat fetuses obtained from dams fed a high fat diet showed higher
POMC expression than those of fetuses collected from dams eating
the control diet as determined by a significant interaction effect
(p < 0.05; F(3,55) = 3.806; Fig. 3A). This effect was driven primar-
ily by group differences found on ED 18, where POMC expression
was higher in pups taken from high fat diet fed dams than in
those taken from controls. Similarly, NPY expression was  also sig-
nificantly elevated in the brains from fetuses taken from high fat
exposed females on ED 18 compared to rats taken from chow
fed dams on the same day of embryonic development (interac-
tion effect p < 0.04; F(3,55) = 2.913; Fig. 3B). No differences in AgRP
mRNA expression were observed (p > 0.05; Fig. 3C).

To analyze if the mechanisms that transform POMC into
other functional peptides like �-MSH, ACTH or �-endorphin were
affected by high fat diet exposure, we also examined differences
in the expression of Protein Convertase 1 (PC1) and Protein Con-
vertase 2 (PC2) in the samples from pups raised by control of high
fat diet fed dams. Results show that there were no differences in
the expression of PC1 or PC2 in embryos from control and HF dams
at any gestation time point evaluated in the experiment (p > 0.05;
Fig. 4A and B).

Interestingly, exposure to the high fat diet led to a significant
increase in the mRNA expression of the Suppressor of Cytokine
Signaling 3 (SOCS3) gene, a gene associated with leptin sensitiv-
ity, on ED12 (interaction effect p < 0.05; F(3,53) = 3.771; time effect
p < 0.001; F(3,53) = 6.305; Fig. 4C). In this same day of embryonic
development (ED12), the mRNA expression level of melanocortin-
4 receptor (MC4R) was  higher in the fetuses from high fat dams
compared to the offspring from mothers given regular chow
(interaction effect p < 0.05; F(3,53) = 3.379; time effect p < 0.001;
F(3,53) = 6.0; Fig. 4D). These differences, however, were transient
and disappeared by ED14.

4. Discussion

Maternal nutrition plays an important role in the metabolic pro-
graming of their offspring’s metabolism. In this study, we showed
that maternal exposure to a high fat diet during pregnancy leads
to increased expression of POMC and NPY mRNA in comparison to
that of pups taken from moms  with access to a regular chow diet.
Furthermore, we observed that the changes in POMC mRNA are
associated with an increase in POMC protein expression. We also
determined that neither of these changes were due to changes in
the mRNA expression of transcription factors associated with the
development of hypothalamic nuclei (MacKay and Abizaid, 2014),
nor in altered ability of the hypothalamus to respond to leptin, or
to produce �-MSH, a peptide derivative of the POMC peptide that
has anorectic effects and that stimulates metabolic rate.

The differences in POMC and NPY expression were unlikely due
to differences between the dams. All dams exposed to the high
fat diet gained similar amount of weight during pregnancy. This
increase in weight was significant compare to the weight gain of
controls and in spite of the relatively short period of high fat expo-
sure (18 days). In addition, the total number of pups at the moment
of the laparotomy in each group was similar, which leads us to con-
clude that the higher weight of the dams was not because they had

more pups. We  can therefore infer that the effects observed are
associated with hormonal and/or metabolic parameters produced
by the high fat diet on the dams (Cerf et al., 2005; Tamashiro et al.,
2009).
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Fig. 4. mRNA expression of (A) Protein Convertase 1 (PC1), (B) Protein Convertase 2 (PC2), (C) Suppressor of Cytokine Signaling 3 (SOCS3) and (D) Melanocortin-4 receptor
( fat gro
S .001).
e  to con

o
d
d
t
o
w
P
(
v
2
A
f
i
t
s
e
s
a
e
e
e
h
i
d
t
b
P

t
�
a
h
t
c
e
o
m

MC4R)  on embryonic days (ED) 12 to 18 from control (n = 8/time point) and high 

OCS3: significant effects of time (p < 0.05) and interaction between time × diet (p < 0
ffects  of time (p < 0.001) and interaction time × diet (p < 0.05); * p < 0.05 compared

The increase in POMC and NPY expression detected in the brains
f E18 pups taken from dams fed a high fat diet is somewhat para-
oxical. Indeed, one would expect that POMC expression would be
ecreased as it does in adult animals that are chronically exposed
o high fat diets (Cifani et al., 2015; Desai et al., 2016). Nevertheless,
ur data are consistent with data of others showing that rat pups
hose mother was exposed to a high fat diet showed increased

OMC and NPY mRNA expression in the ARC twenty days after birth
Chen and Morris, 2009). In addition, POMC mRNA expression is ele-
ated in lambs taken from over-nourished ewes (Muhlhausler et al.,
006). Furthermore, in situ hybridization analyses of hypothalamic
RC nuclei from Japanese macaques fetuses harvested from high fat

ed mothers early in their third trimester of pregnancy also showed
ncreased POMC mRNA expression (Grayson et al., 2010). At this
ime, the factors that mediate the up-regulation of POMC expres-
ion remain to be determined. Yet it is clear that the high fat diet
xposure does not have any major impact on the expression of tran-
cription factors that are closely associated with the development
nd differentiation of cells within hypothalamic nuclei regulating
nergy homeostasis. Thus, while there were some variations in the
xpression of Ngn3, Rax and Six3 across the time points that we
xamined, these were not affected by maternal diet. While Mash-1
as been reported to be reduced by maternal high fat diet exposure

n the hypothalamus of newborn rat pups (Desai et al., 2016), we
id not find any changes in Mash-1 expression at any time point
hat we examined. Given these data, it is likely that other factors are
eing affected by maternal exposure to the high fat diet to increase
OMC mRNA expression.

Given that, once translated into protein, the POMC pep-
ide is cleaved into several different peptides that include
-melanocyte-stimulating peptide (�-MSH), �-Endorphin and
drenocorticotropin hormone (ACTH), one could argue that the
igh fat diet could influence the enzymes that cleave POMC into
hese three peptides. This would be critical if the reduction was spe-
ific to decrease �-MSH, a peptide known for its potent anorectic

ffects. Nevertheless, we did not observe changes in the expression
f PC1 or PC2, both enzymes important for the post-translational
odification of the POMC peptide into �-MSH (Wardlaw, 2011).
ups (n = 8/time point). Data are expressed as mean ± S.E.M. Two-way ANOVA. (C)
 * p < 0.01 compared to control group on ED12, Student’s t-test. (D) MC4R: significant
trol on ED12, Student’s t-test.

One factor that could be influencing POMC expression is cir-
culating maternal leptin. Leptin, a hormone that stimulates POMC
expression, may  be increased in dams exposed to the high fat diet
due to maternal leptin insensitivity (Tamashiro et al., 2009). Thus,
while the dam may  not respond to high leptin, the fetuses may  still
remain sensitive to maternal leptin and as such show high levels of
POMC expression. Interestingly, we  observed higher mRNA expres-
sion levels of SOCS3, a molecule that inhibits the activity of the
leptin receptor reducing leptin sensitivity, in the hypothalamus of
fetuses harvested from dams fed a high fat diet on the ED12, how-
ever this difference disappeared by ED14, and SOCS3 expression
was the same on the day that POMC is elevated in pups harvested
from dams fed the high fat diet (ED18). Moreover, the same was
observed in the expression of the receptors that binds �-MSH,
the melanocortin-4 receptor (MC4R). This supports the notion that
maternal high fat diet exposure during pregnancy does not have a
major impact in the expression of transcripts associated with leptin
sensitivity in the fetal hypothalamus, nor that of enzymes impor-
tant for the synthesis of �-MSH. Furthermore, it does not seem to
influence the expression of the MC4R, a gene important for the full
effects of �-MSH, at least not during gestation.

The current study examined the effects of maternal exposure to
a high fat diet high fat diet during pregnancy, whereas the major-
ity of studies in the field have used models where the mothers are
exposed to the high fat diets for a time period prior to mating. While
fewer studies have focused on the effects of high fat diets given only
during pregnancy, those that have demonstrate that this exposure
is also associated with an obese and insulin resistant phenotype
in the offspring of exposed dams (Sun et al., 2013; Dearden and
Balthasar, 2014). Therefore, one could argue that the susceptibility
for obesity in pups born to mothers fed a high fat diet only during
pregnancy is not due to the transcription factors examined. Indeed,
transcription factors such as the Oligodendrocyte transcription fac-
tor 1 (Olig1), Nescient helix–loop–helix (Nhlh) transcription factor
and the LIM-homeobox transcription factor Islet 1 are expressed

in POMC neurons of developing embryos (Nasif et al., 2015; Good
et al., 1997; Peng et al., 2012). It is therefore possible that the effects
of the high fat diet on POMC and NPY gene expression observed in
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his study are due to changes in transcription factors other than
hose analyzed. Alternatively, it is possible that the transcription
actors examined in this study are altered by more prolonged expo-
ure to the high fat diet. Indeed, some have suggested that while
xposure to a high fat diet exclusively during pregnancy results in
imilar obese phenotype than that seen in animals whose mother
as exposed to a high fat diet prior to pregnancy, the underlying
echanisms may  actually differ (Howie et al., 2013).
In sum, it is clear that exposing a dam to a high fat diet during

regnancy was not effective in altering critical transcripts associ-
ted with the development of hypothalamic cell groups important
or the regulation of feeding and energy balance. While the expres-
ion of POMC and NPY was increased by this treatment, the
reatment did not influence the expression of transcripts associ-
ted with leptin signaling, nor the expression of mRNA for enzymes
equired for the production of �-MSH. Furthermore, this treatment
id not affect the expression of �-MSH, at least not at the tran-
criptional level. This suggests that, either our current paradigm
as not effective in the development of the circuits that regulate
etabolism, or that other factors not explored here are affected.

he potential for the latter argument is high given the complexity
f the factors implicated in the regulation of food intake and energy
alance, as well as the developmental factors recruited during this
hase of embryonic development. It is important to note that oth-
rs have shown clear long lasting effects of high fat diet exposure
n programing offspring metabolism using protocols where the
igh fat diet exposure precedes pregnancy by 4–6 weeks (Chen and
orris, 2009; Desai et al., 2014; Morris and Chen, 2009; White et al.,

009). Nevertheless, our intention here was to isolate effects caused
y high exposure during pregnancy alone, given that some studies
how that exposure to high fat diets during pregnancy do result in
ffspring that are more vulnerable to develop obesity (Dearden and
althasar, 2014; Sun et al., 2012; Howie et al., 2013).

It is important to note that the effects observed are seen only
fter 2–3 weeks of maternal exposure, given the short duration
f gestation in rodents. In humans gestation is much longer, and
igh fat exposure may  have a stronger impact simply because of
he prolonged time of exposure. Nevertheless, our comparative
pproach allows to detect specific windows that are known to be
mportant for hypothalamic development, and could provide for

echanisms that apply to humans. Given this, and the fact that
here are effects in hypothalamic peptide expression even after
nly a few days of exposure, suggest that high fat diets may  have a
rofound impact on the development of circuits that regulate food

ntake and metabolism in humans.
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