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Abstract

Background

Prenatal exposures may have a distinct impact for long-term health, one example being ex-

posure to maternal ‘diabesity’ during pregnancy increasing offspring ‘diabesity’ risk. Malpro-

gramming of the central nervous regulation of body weight, food intake and metabolism has

been identified as a critical mechanism. While concrete disrupting factors still remain un-

clear, growing focus on acquired epigenomic alterations have been proposed. Due to the in-

dependent development from the mother, the chicken embryo provides a valuable model to

distinctively establish causal factors and mechanisms.

Aim

The aim of this study was to determine the effects of prenatal hyperglycemia on postnatal

hypothalamic gene expression and promoter DNA methylation in the chicken.

Methods and Findings

To temporarily induce high-glucose exposure in chicken embryos, 0.5 ml glucose solution

(30 mmol/l) were administered daily via catheter into a vessel of the chorioallantoic egg

membrane from days 14 to 17 of incubation. At three weeks of postnatal age, body weight,

total body fat, blood glucose, mRNA expression (INSR, LEPR,GLUT1, GLUT3) as well as
corresponding promoter DNA methylation were determined in mediobasal hypothalamic

brain slices (Nucleus infundibuli hypothalami). Although no significant changes in morpho-

metric and metabolic parameters were detected, strongly decreased mRNA expression
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occurred in all candidate genes. Surprisingly, however, no relevant alterations were ob-

served in respective promoter methylation.

Conclusion

Prenatal hyperglycemia induces strong changes in later hypothalamic expression of INSR,
LEPR,GLUT1, andGLUT3mRNA. While the chicken provides an interesting approach for

developmental malprogramming, the classical expression regulation via promoter methyla-

tion was not observed here. This may be due to alternative/interacting brain mechanisms or

the thus far under-explored bird epigenome.

Introduction
Overweight and obesity are continuously increasing in epidemic-like proportions as are the
downstream health risks associated with developing diabetes and alterations typical for the
Metabolic Syndrome [1, 2]. It is more and more accepted that early life maternal and other en-
vironmental experiences have distinct impact for the long-term offspring health through ‘pro-
gramming/malprogramming’ of body functions during ‘critical periods’ of perinatal life [3, 4].
During neuronal development, hyperglycemia (e.g. through gestational diabetes) may cause
long-lasting malprogramming of the central nervous regulation of body weight, food intake
and metabolism, resulting in an increased ‘diabesity’ risk [5, 6]. Still unclear are the basic mech-
anisms behind perinatal 'malprogramming', made more challenging with the lack of animal
models available to decipher singular risk factors irrespective of potential confounders and var-
iables, as unavoidable in the complex placental mammalian mother-fetus-environment-
interaction.

Because of its nearly ‘unaffected’ embryonic development, independently from the mother,
the chicken provides an excellent model for investigations of pre- and perinatal developmental
processes [7–9]. It allows highly standardized and controlled manipulations of pre- and perina-
tal environmental factors during distinct time windows of embryonic development. Physiologi-
cal developmental pattern during late prenatal period of the chicken have similarity to that in
mammals and human fetuses [9]. Recently there have been a growing number of respective
studies involving chicken [10–16], especially with the availability and improved annotation of
the chicken sequence/genome [17]. Furthermore, the chicken shows similar developmental
modes and causes of obesity and related metabolic disorders [18–20]. Beyond genetic predispo-
sitions, environmental factors may induce disruption in the glucose-insulin-balance and in-
creased adiposity in the chicken, too [21, 22].

Interestingly, the neuroendocrine regulation of energy balance in birds and mammals is also
very similar [23, 24]. While in mammals, the mediobasal Nucleus arcuatus hypothalami (ARC)
integrates hormonal and metabolic signals from the periphery, especially insulin, leptin, and
glucose, to regulate metabolism, food intake and body weight [25, 26], its structural and func-
tional equivalent in birds is the Nucleus infundibuli hypothalami (NI) [27, 28]. Insulin receptor
(INSR), leptin receptor (LEPR) as well as glucose transporters (GLUT) have been identified in
bird NI accordingly [10, 14, 29–33]. In mammals, persisting molecular as well as functional hy-
pothalamic resistance to insulin and leptin were observed in consequence of perinatal overfeed-
ing and, especially, materno-fetal hyperglycemia, obviously predisposing to lasting increased
‘diabesity’ risk [34–38]. Interestingly, more recent observations indicate that perinatally ac-
quired alterations of respective promoter DNAmethylation may contribute to this
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developmental malprogramming [39–42]. However, concrete causal and ‘disruptive’ factors
remain unknown.

Therefore, this study was carried out to determine effects of prenatal high-glucose exposure
on the postnatal hypothalamic expression of INSR, LEPR, and glucose transporters (GLUT1
and GLUT3) in prenatally glucose-treated chickens as compared to NaCl-injected controls,
and to evaluate related promoter DNA methylation pattern analyzed here for the first time
in chicken.

Materials and Methods

Ethics Statement
All animal procedures were performed in accordance with the European Communities Council
Directive (86/609/EEC) and were approved by the local animal welfare committee (G 0275/09;
Lageso Berlin, Germany).

Animal model and study design
Experiments were carried out in three-week-old juvenile chickens (Gallus gallus f. domestica),
hatched from eggs incubated prenatally under different metabolic conditions. Eggs were ob-
tained for research approaches from a commercial breeder (Lohmann Tierzucht GmbH, Cux-
haven, Germany). In the course of the 21 days of embryonic (‘fetal’) development, the eggs
were incubated under standard conditions (temperature of 37.5°C, relative air humidity 70% to
90% during hatching period, and automatic turning). During days 14 to 17 of incubation, a
‘critical period’ in the development of the neuro-endocrine system of chicken embryos [9], the
eggs were divided into two groups; injected daily with either 0.5 ml 0.9% NaCl solution (NaCl-
treated control group, NaCl) or with 0.5 ml of a highly-concentrated glucose solution (30
mmol/l D(+) Glucose, Carl-Roth GmbH, Germany) to induce hyperglycemia in chicken em-
bryos (glucose-treated group, Glc). For induction of hyperglycemia this high concentration
was used because normal avian blood glucose level is approximately double that of healthy
mammals [43]. Injections were applied via a catheter (BD Valu Set, needle Ø 27G) fixed on the
eggshell and inserted into a vessel of the chorioallantoic membrane through a small square
hole (3 mm each side), drilled to reach the blood vessel under the egg shell. After catheteriza-
tion the hole was closed with dental wax (Pluradent AG & Co KG).

Chickens from both groups were held in identical environmental and alimentary conditions
(ambient temperature of 25°C with relative air humidity of 30%) during three weeks after
hatching. An infrared lamp was an additional source of heat (35°C) for the chicks until day 14
post hatching. Food (complete feed, ssniff Spezialdiäten, Soest, Germany) and water were pro-
vided ad libitum to all animals.

Body weight, fat and blood glucose
Post hatching, body weight was measured during three weeks until the day of experimental ap-
proach. At day of sacrifice (21.3 ± 0.2, n = 100), the birds were decapitated and blood and tissue
samples were collected. Blood glucose was measured photometrically using the glucoseoxidase-
peroxidase method (Dr Lange GmbH, Berlin, Germany). Body fat content was evaluated by
drying the carcass mass (minus the stomach and intestine) to constant weight, followed by
whole-body chloroform extraction in a Soxhlet apparatus [44]. Body fat was calculated as per-
centage of carcass mass.
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Sample preparation
For molecular biology analyses, the Nucleus infundibuli hypothalami (NI) was micro-dissected
from deep frozen brain slices [45]. Genomic DNA and total RNA were simultaneously isolated
from the NI brain probe using the ZR-Duet DNA/RNAMiniPrep Kit (Zymo Research, Irvine,
CA, USA) according to the manufacturer’s instructions. cDNA was synthesized from total
RNA according to the manufacturer’s protocol of the iScript cDNA Synthesis Kit (BioRad,
Hercules, CA, USA), reverse transcriptase minus (RT-) negative controls were included. Geno-
mic DNA was bisulfite treated using the EZ DNAMethylation-Gold Kit (Zymo Research) fol-
lowing manufacturer’s protocol.

Gene expression analysis
Quantitative real-time PCR (qPCR) was used to measure the relative mRNA expression for the
genes: insulin receptor (INSR), leptin receptor (LEPR), and glucose transporter 1 and 3
(GLUT1, GLUT3). Commercially available TaqMan probe-based gene expression assays were
used (Life Technologies) and were run on an Applied Biosystems 7500 instrument according
to the manufacturer’s protocol. Expression levels were normalized to the housekeeping gene
BETA ACTIN. When possible exon-spanning primer sets were selected and qPCR was per-
formed as duplex qPCR with housekeeping gene. Expression assays were performed in tripli-
cate and relative gene expression of target genes was calculated using the 2-ΔCT method
corrected for the amplification efficiency calculated from standard curves of each primer set
[45, 46]. TaqMan gene expression assays: INSR: Gg03330786_m1, LEPR: Gg03347016_m1,
GLUT1: Gg03367103_m1, GLUT3: Gg03349364_m1 (all FAM-labeled), and BETA ACTIN:
Gg03815934_s1, VIC-labeled, primer limited.

DNAmethylation assays
Amplicon regions for pyrosequencing analyses were chosen using UCSC genome browser
(build: Chicken Nov. 2011, ICGSC Gallus_gallus-4.0/galGal4) based on the proximity of a
CpG island to the transcriptional start site, the number of CpG sites and obtaining optimal
PCR amplification and sequencing conditions. CpG islands annotated in UCSC browser were
further confirmed with CpGPlot (http://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/).
Methylation assays were designed using the PyroMark Assay Design Software 2.0 (Qiagen, Va-
lencia, CA, USA, www.qiagen.com). Bisulfite-converted DNA was mixed with 0.2 μM of each
primer and amplified using HotStarTaq plus Master Mix (Qiagen) or ZymoTaq (Zymo Re-
search) following standard procedures. Pyrosequencing was run on amplified PCR products
using the Pyromark Q24 pyrosequencer (Qiagen). Percent methylation was individually ana-
lyzed across all individual CpG sites located within the following promoters/CpG island re-
gions of interest: INSR (14 CpG sites), LEPR (7 CpG sites), GLUT1 promoter (11 CpG sites),
and GLUT3 promoter (6 CpG sites). Each assay included a bisulfite conversion check to verify
full conversion of the DNA and assays were validated with a methylation scale (0–100%). Prim-
er sequences and pyrosequencing assay information are given in Table 1.

Statistical analyses
Investigations were part of a larger approach on metabolic, hormonal, morphometric, neuroe-
lectrophysiological, and neurogenetic outcomes in prenatally glucose-treated chickens. For
each parameter, obtained from randomly selected animals, the highest available number of
sample measurements is presented here.
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The baseline parameters (body weight, fat content and blood glucose) were calculated as
means ± SEM. Real-time data are given as arbitrary units. For statistical analyses of the investi-
gated peripheral parameters, real-time expression and pyrosequencing methylation data con-
cerning differences between experimental groups Student´s t-test for independent samples (if
normally distributed) or Mann-Whitney U-test (if not normally distributed) were used. Nor-
mal distribution of the data was tested before all statistical procedures using the Kolmogoroff-
Smirnoff-Test. Differences in sex ratio were tested with chi-square test. Methylation and ex-
pression data were stratified by sex to determine any sex-specific effects. For analyses of rela-
tions between two variables, Spearman’s rank correlation test was performed overall and
by groups.

Significance level was set at p<0.05. All statistical tests were carried out with GraphPad
Prism (Version 4.03, San Diego, California, USA) and IBM SPSS for windows (Version 19.0,
Munich, Germany), respectively.

Results

Body weight, fat and blood glucose
Body weight was measured at different time points of postnatal development and no significant
differences were seen between groups during the entire observational period (Table 2). Accord-
ingly, no difference was observed in total body fat content at day 21 between the NaCl-treated
control group and the prenatally glucose-treated group (Table 2). Also, on day 21 of life, blood
glucose levels did not differ between both groups (Table 2).

Table 2. Baseline characteristics, hypothalamic mRNA gene expression and overall promoter methylation in three-week-old chickens.

Variables Prenatally NaCl-treated group Prenatally glucose-treated group p-value

Sex ratio (M/F in %) 28/72 36/64 0.532*

Age at sacrifice (days) 21.1 ± 0.2 (39) 21.4 ± 0.2 (61) 0.285

Body weight development (g)

day 1 41.3 ± 0.7 (39) 42.7 ± 0.6 (61) 0.133

day 7 69.3 ± 1.1 (39) 67.7 ± 1.3 (61) 0.385

day 14 142.2 ± 2.5 (39) 137.6 ± 2.4 (61) 0.201

day of sacrifice 239.7 ± 4.1 (39) 238.3 ± 5.1 (61) 0.865

Body fat content at day of sacrifice (%) 8.2 ± 0.2 (15) 7.8 ± 0.2 (23) 0.200

Blood glucose at day of sacrifice (mmol/l) 9.3 ± 0.3 (15) 8.8 ± 0.2 (32) 0.253

Hypothalamic mRNA gene expression (arbitrary units)

INSR 36.6 ± 3.1 (20) 25.6 ± 2.0 (25) 0.006

LEPR 0.45 ± 0.04 (20) 0.33 ± 0.02 (25) 0.046

GLUT1 427.6 ± 75.0 (20) 224.3 ± 28.6 (25) 0.006

GLUT3 337.5 ± 46.7 (20) 229.1 ± 29.4 (25) 0.047

Hypothalamic promoter region methylation (%)

INSR 71.4 ± 0.9 (22) 70.9 ± 1.0 (26) 0.673

LEPR 0.7 ± 0.1 (19) 0.6 ± 0.1 (20) 0.432

GLUT1 11.9 ± 0.3 (22) 10.4 ± 0.6 (26) 0.100

GLUT3 1.4 ± 0.1 (20) 1.6 ± 0.1 (25) 0.187

Values are expressed as means ± SEM. Number of animals in parenthesis.

p-values were calculated using Student’s t-test or Mann-Whitney U-test when appropriate.

*chi-square test

Abbreviations: GLUT, glucose transporter; INSR, insulin receptor, LEPR, leptin receptor; M/F, males/females

doi:10.1371/journal.pone.0119213.t002
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Gene expression analysis
As an experimental precondition [47], we first verified that mRNA expression of the house-
keeping gene BETA ACTIN was unaffected by respective prenatal treatment. Prenatal glucose
treatment did not lead to changes of BETA ACTINmRNA expression in the Nucleus infundi-
buli hypothalami (NI) (Fig. 1).

However, three-week-old chickens prenatally treated with glucose showed a significant re-
duction of INSR and LEPRmRNA by approximately one-third as compared with prenatally
NaCl-treated controls (all p<0.05, Table 2, Fig. 1). Additionally, both expression levels of
GLUT1mRNA as well as GLUT3mRNA were significantly reduced in the prenatally glucose-
exposed group (Table 2, Fig. 1).

DNAmethylation assays
Investigations at the promoter regions of the genes of interest showed no disruption of methyl-
ation levels occurred due to prenatal high-glucose exposure, neither in total percentage of pro-
moter DNAmethylation (Table 2) nor at single CpG sites (Figs. 2–5). A weak but statistically
significant difference according to group was found only at one out of a total of 38 CpG sites

Fig 1. mRNA expression in theNucleus infundibuli hypothalami (NI) in three-week-old chickens.Relative gene expression of insulin receptor (INSR),
leptin receptor (LEPR), and glucose transporters 1 and 3 (GLUT1,GLUT3), all normalized to BETA ACTIN. Data are given as means ± SEM, shown as
percentage of prenatally NaCl-treated controls. * p<0.05 (Mann-Whitney U-test)

doi:10.1371/journal.pone.0119213.g001
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investigated per animal, (CpG site 8 in GLUT1: NaCl: 19.8% ± 0.5 vs. Glc: 16.5% ± 1.0, p<0.05,
Fig. 4).

Correlation analyses and sex specific observations
The expression of glucose transporter genes, GLUT1 and GLUT3, showed positive overall cor-
relation (r = 0.654, p<0.0001). Interestingly, GLUT1 and GLUT3 expression also showed posi-
tive overall correlation with LEPR expression (r = 0.530, p = 0.0002; r = 0.553, p<0.0001,
respectively). Similarly, GLUT1 and INSR expression were significantly positively correlated
across the cohort (r = 0.386, p<0.01) and a similar trend was also seen for GLUT3 and INSR
(r = 0.170, p = 0.265). However, none of the candidates under investigation had mRNA expres-
sion levels significantly correlating with levels of promoter methylation, neither to overall
methylation average across a pyrosequencing region (Fig. 6) or at individual CpG sites.

Fig 2. Insulin receptor (INSR). Schematic illustration of sequence map of the insulin receptor (INSR) gene promoter region with chromosomal location of
pyroassay (A), and corresponding DNAmethylation levels at individual CpG sites for prenatally NaCl-treated controls (black) and the prenatally glucose-
treated group (gray) (B).

doi:10.1371/journal.pone.0119213.g002
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Spearman coefficients by group for methylation vs. mRNA were as follows: INSR (NaCl:
r = 0.388, Glc: r = 0.251), LEPR (NaCl: r = -0.090, Glc: r = -0.186), GLUT1 (NaCl: r = -0.022,
Glc: r = 0.101), and GLUT3 (NaCl: r = -0.159, Glc: r = -0.076; all p-values are not significant;
Fig. 6). Even methylation levels at the only altered CpG site, CpG 8 in the GLUT1 promoter re-
gion, and GLUT1mRNA expression showed no correlation (r = 0.07, p = 0.633).

Although sex ratio did not differ between groups (Table 2), we finally addressed potential
sex differences by group at the molecular level, too. Analyses of GLUT3 and LEPRmRNA ex-
pression data stratified by sex revealed no sex-specific pattern. The only statistically significant
differences in gene expression between groups and by sex were observed in males for GLUT1
(NaCl: 495.6 ± 118.4 vs. Glc: 204.4 ± 39.2) and INSR (NaCl: 40.9 ± 4.8 vs. Glc: 25.6 ± 3.3) (all
p<0.05). However, overall group differences for GLUT1 and INSR remained when adjusted for
sex. The one and only difference in methylation levels, occurring at CpG site 8 for GLUT1, was
rather linked to females (NaCl: 20.1% ± 0.5 vs. Glc: 15.3% ± 1.6, p<0.05) however, the overall
group difference was no longer significant when adjusted for sex.

Fig 3. Leptin receptor (LEPR). Schematic illustration of sequence map of the leptin receptor (LEPR) gene promoter region with chromosomal location of
pyroassay (A), and corresponding DNAmethylation levels at individual CpG sites for prenatally NaCl-treated controls (black) and the prenatally glucose-
treated group (gray) (B).

doi:10.1371/journal.pone.0119213.g003
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Discussion
There are a variety of animal models on ‘perinatal programming’, examining long-term effects
of altered intrauterine and early postnatal conditions for later health risks, especially concern-
ing diabetes and obesity. Identifying concrete causal factors, however, is rather difficult due to
the complexity of the interaction between the fetus, the maternal organism, and environmental
factors. Therefore, we aimed to investigate consequences of short-term exposure to high glu-
cose within the critical period of late prenatal development on respective postnatal hypotha-
lamic gene expression in the avian embryo model representing a unique ‘closed system’ to
examine and identify risk factors under well-controlled and highly standardized conditions.
The study demonstrates that a strong direct relationship exists between prenatal high-glucose
exposure and altered subsequent hypothalamic gene expression.

Fig 4. Glucose transporter 1 (GLUT1). Schematic illustration of sequence map of the glucose transporter 1 (GLUT1) gene promoter region with
chromosomal location of pyroassay (A), and corresponding DNAmethylation levels at individual CpG sites for prenatally NaCl-treated controls (black) and
the prenatally glucose-treated group (gray) (B).* p<0.05 (Mann-Whitney U-test)

doi:10.1371/journal.pone.0119213.g004
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In the human, it is well known that materno-fetal hyperglycemia, such as occurring in gesta-
tional diabetes (GDM), can have long lasting deleterious effects on offspring’s health. Epidemi-
ological studies have shown that offspring of mothers with diabetes during pregnancy have an
increased risk for developing diabetes, obesity and associated metabolic and cardiovascular dis-
eases later in life, even irrespective of genetic predisposition [48–50]. However, whether in-
creased glucose itself or rather accompanying alterations of lipids, amino acids and/or
hormone concentrations are responsible for acquired malprogramming of body weight regula-
tion and metabolism remain unclear. Interestingly, epidemiological studies strongly indicate a
particular dose-dependent impact of glucose/hyperglycemia for the overall outcome of off-
spring of diabetic mothers [51]. On the other hand, offspring of obese pregnant women with-
out having gestational diabetes are also at increased risk for an adverse outcome suggesting
that components other than glucose may also play a crucial role [52]. Both GDM and obesity
appear to be independently associated with adverse pregnancy outcomes, but their combina-
tion has a greater impact than one alone [52].

Fig 5. Glucose transporter 3 (GLUT3). Schematic illustration of sequence map of the glucose transporter 3 (GLUT3) gene promoter region with
chromosomal location of pyroassay (A), and corresponding DNAmethylation levels at individual CpG sites for prenatally NaCl-treated controls (black) and
the prenatally glucose-treated group (gray) (B).

doi:10.1371/journal.pone.0119213.g005
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Numerous experimental observations have shown that materno-fetal hyperglycemia in
mammals may lead to later increased disposition to hyperphagia, hyperinsulinemia, impaired
glucose tolerance and overweight in exposed offspring [36, 53, 54]. Structural and functional
malorganization of hypothalamic regulatory circuits has been identified as a key mechanism
[36, 37, 55]. Interestingly, these hypothalamic alterations were preventable by normalization of
gestational hyperglycemia [54]. Similarly, both neonatal exposure to maternal diabetes as well
as neonatal overfeeding causes a ‘malprogramming’ of hypothalamic insulinergic and leptiner-
gic pathways in the offspring [40, 56–58]. The acquired phenotype in these models has been
linked to reduced responsiveness to the satiety signals leptin and insulin in arcuate hypotha-
lamic neurons of juvenile as well as adult offspring [34, 35].

Here, we could demonstrate reduced receptor expression (INSR, LEPR) in three-week-old
chickens, exposed only to elevated glucose prenatally. Interestingly, while little is known on

Fig 6. Correlation analyses.Relations between total DNAmethylation levels and corresponding mRNA expression of the insulin receptor (A), leptin
receptor (B), glucose transporter 1 (C) and glucose transporter 3 (D) in the Nucleus infundibuli hypothalami (NI) in three-week-old chickens of prenatally
NaCl-treated controls (black) as compared to the prenatally glucose-treated group (gray).

doi:10.1371/journal.pone.0119213.g006
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leptinergic action in the chicken hypothalamus insulinergic function has clearly been demon-
strated [14]. As in mammals, decreased action of the satiety-signals, insulin and leptin, at the
mediobasal hypothalamus appears to favor activation of orexigenic/catabolic pathways and re-
spective neuropeptide expression [10, 14]. Moreover, the INSR and LEPR findings were accom-
panied here by clear reduction of GLUT1 and GLUT3 expression. GLUT1 is the main glucose
transporter at the blood-brain-barrier in mammals [59] while, the majority of glucose sensing
neurons use glucose transporter 3 (GLUT3) as primary transporter. These functions of brain
GLUT1 and GLUT3 seem to be very similar in birds as in mammals [31–33]. Our data, there-
fore, appears to indicate an acquired ‘diabesogenic’ predisposition at the hypothalamic mRNA
expression level of prenatally high-glucose exposed chicken.

Prenatally glucose-exposed chicken in the present study showed a significant decrease of
INSR, LEPR, GLUT1 and GLUT3, while not showing differences in plasma glucose levels, body
weight and total body fat as compared to the prenatally NaCl-exposed controls. Therefore, sup-
pression of hypothalamic anorexigenic pathways appears not to be caused here by a negative
feedback regulation within the current metabolic state but might rather be a long-term conse-
quence of temporary prenatal hyperglycemia. The lack of phenotypic ‘obesogenic’ alterations,
however, might indicate that early ‘programming’ of ‘obesity’ depends on additional exposures
rather than prenatal hyperglycemia itself. General materno-fetal overfeeding, in addition to ele-
vated glucose itself, might be crucial here, translationally in line with the ‘mixed nutrients hy-
pothesis’ [60] and observations in offspring of overweight/obese women irrespective of GDM
[52]. At the same time, this may illustrate the mechanistic value of investigations in the chicken
model for the ‘perinatal programming of diabesity’ field. Note, while our focus was primarily
on the programming linked to the critical brain region associated with physiological/metabolic
pathways and at an earlier time point of life (3 weeks of age), we understand that phenotypic al-
terations could become more prominent only in later age. For instance, investigations in genet-
ic crosses of high and low weight chicken lines, without introducing any treatment, have
reported differences in baseline parameters only at later time points (>5–11 weeks) and in spe-
cific peripheral tissues (esp. abdominal fat) without seeing changes in overall body weight [10,
61]. Normal total body weight and even total body fat in chicken does not necessarily exclude a
‘diabesogenic’ phenotype especially since abdominal fat depots seem to be particularly affected
in this species [10, 61]. Finally, in rats and humans, phenotypic expression of perinatally ac-
quired diabesity disposition has translationally be shown to occur only at later juvenile and
adult age or even after an early age ‘recovery’ [36, 62, 63].

Surprisingly, clearly altered expression of INSR, LEPR, GLUT1 and GLUT3 did not coincide
with nor were explainable by alterations of respective promoter DNAmethylation patterns as
indicated with a lack of negative correlation between gene expression and methylation levels at
either individual CpG sites or overall average across a promoter region amplicon (Fig. 6). Ac-
cordingly, further reflection on potential causes arise from the methodological design of our
study and/or mechanisms other than altered promoter methylation acquired through prenatal
high-glucose exposure. Regarding the genomic regions selected for methylation analyses, most
of the investigated promoter region CpG islands encompassed the 5’UTR, as well as the first
exon and intron (LEPROT, GLUT1 and GLUT3), with the exception of the CpG island located
approximately 2 KB upstream of the start of INSR. The chicken INSR locus, in particular, is not
well annotated and under-examined in comparison to mammals. Conservation across species
(e.g. human and rodent) was therefore considered and revealed a substantial lack of conserva-
tion at these chicken CpG island regions. It was previously reported that chicken GLUT1 and
GLUT3 have 80.4% and 70.4% amino acid sequence homology with human GLUT1 and
GLUT3, respectively [64]. Chicken and human LEPR have 47.2% amino acid sequence homol-
ogy [29] and the INSR amino acid sequence homology of chicken and human depends on the
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domain investigated [65], with considerable high ranges of 69% up to 93% based on C-termi-
nal, juxtamembrane and tyrosine kinase domains. Despite the degree of homology at the
amino acid level, low to no conservation between human and chicken at 5’UTRs and start sites
was observed and reported as compared to exon sequences [17]. Functional elements in the
chicken-human alignment are reduced in contrast to the human-mouse-rat alignments [17].
An interesting suggested difference in the bird is the absence of the epigenetic phenomenon of
genomic imprinting, with known imprinted genes in mammals showing biallelic expression in
chicken [66, 67]. In addition, DNMT3L, which is essential for the establishment of imprinting
marks as demonstrated in the mouse, has not been identified in chicken further implying that
genomic imprinting as seen in mammals may not occur in birds [68, 69]. In general, Head
et al. reported approximately 56% of CpG sites in the chicken brain are methylated, versus ap-
proximately 70% in mammals [70]. On the other hand, while there is a growing interest in the
epigenetic patterns in the chicken [71], not much has been reported so far on methylation lev-
els at gene specific promoter regions examined in our study. Recently, Nätt et al. addressed po-
tential brain promoter methylation related sex differences according to behavior, and observed
few [72]. Authors reported even up-regulation of the Zinc Finger RNA binding protein (ZHR)
gene despite hypermethylation, which they discussed, might indicate a novel epigenetic regula-
tory mechanism CG independent or, perhaps, could be from non-CpG-sequence methylation.
Non-CpG methylation was observed to be particularly prevalent in the adult human and in
mouse brain [73] and specifically more abundant in neuronal compared with non-neuronal
cells [74] however; non-CpG methylation has yet to be fully investigated in the bird. A growing
consideration is that non-CpG methylation could provide insight in understanding the mecha-
nisms of cell-type-specific gene expression in the brain.

Beyond methylation-related gene expression and gene expressivity, chromatin structure
and looping of locus control regions (involving enhancer elements) regulate chicken genes
with distinct temporal expression patterns. Additionally, histone modifications in respective
domains (e.g. BETA-GLOBIN) are thought to modulate the ‘open’ or ‘closed’ chromatin con-
formation allowing for enhancer elements to act to regulate expression in a tissue/cell-type and
developmental time point specific manner [75]. These mechanisms appear to be relevant trans-
lationally, i.e., over species, but not comprehensively characterized so far in birds. Non-coding
RNA and anti-sense transcripts could be acting to regulate expression. Non-coding RNAs are
conserved in the bird which could hint to their mechanistic role having greater importance in
chicken compared to other species [17].

Finally, beyond addressing above mentioned alternative epigenomic aspects in future stud-
ies, potential microstructural as well as regulatory causes should also be considered when inter-
preting our observations. First, as indicated by respective positive correlations GLUT1 and
GLUT3mRNA decrease might be a result, at least in part, of decreased INSR and LEPR expres-
sion. GLUT expression regulation downstream of the insulin- and leptin receptor is well estab-
lished [31–33, 59], while acquired hypothalamic resistance to insulin and leptin, resulting from
pre- and perinatal high-glucose exposure and overfeeding, has been shown in rats [34–37] and
functionally been indicated even in the human [38]. Also, microstructural disorganization has
been proposed and shown to be a second critical and general mechanism of prenatal, especially
central nervous, imprinting and programming [4, 76]. For instance, final number and numeri-
cal density of neurons in mediobasal hypothalamic nuclei have been shown to become altered
through prenatal exposure to elevated glucose levels [36, 37, 57, 62, 77], potentially contribut-
ing to overall altered mRNA levels in the ARC/NI. Though the primary focus of this study was
the ARC/NI, we do suggest that neighbouring regions, e.g. ventromedial hypothalamic nucleus,
[37, 77–82] could also be affected by prenatal high-glucose exposure, and maybe even with
epigenomic modifications.
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In summary, temporary exposure to high glucose levels in late prenatal life of chicken, irre-
spective of and without any other developmental alterations, gave rise to reduced INSR, LEPR,
GLUT1 and GLUT3mRNA expression in the ARC/NI hypothalamic region. This speaks for an
acquired alteration of the molecular ‘set-point’ and continuous suppression through prenatal
exposure to hyperglycemia. Data therefore may indicate in a translational sense that elevated
glucose acts as a ‘metabolic disruptor’ during central nervous development, leading to a persis-
tent malprogramming at the expression level of candidate genes addressed here. At the same
time, absence of related changes in promoter DNAmethylation seems to challenge an over-
simplified favoring of respective promoter epigenomics as the principle and only mechanism
in prenatal imprinting and central nervous programming.

Acknowledgments
We would like to thank Thomas Harder, MD, Kerstin Melchior and Thomas Ziska (Charité,
Berlin, Germany), Marion Rumpf, PhD, and Ilaria Schiavo (Humboldt-University of Berlin,
Germany) for technical assistance.

Author Contributions
Conceived and designed the experiments: AP BT. Performed the experiments: RR KS RO SB.
Analyzed the data: RR KS RO AP. Contributed reagents/materials/analysis tools: RR KS SB RO
BT AP. Wrote the paper: RR KS RO AP.

References
1. Ogden CL, Carroll MD, Kit BK, Flegal KM (2014) Prevalence of childhood and adult obesity in the Unit-

ed States. JAMA 311: 806–814. doi: 10.1001/jama.2014.732 PMID: 24570244

2. Hossain P, Kawar B, El Nahas M (2007) Obesity and diabetes in the developing world—a growing chal-
lenge. N Engl J Med 356: 213–215. PMID: 17229948

3. Tzschentke B, Plagemann A (2006) Imprinting and critical periods in early development. Worlds Poult
Sci J 62: 626–637.

4. Plagemann A (2011) Toward a unifying concept on perinatal programming: Vegetative imprinting by en-
vironment-dependent biocybernetogenesis. In: Plagemann A, editor. Perinatal Programming—The
State of the Art. Berlin, Boston: De Gruyter. pp. 243–282.

5. Levin BE (2010) Developmental gene x environmental interactions affecting systems regulating energy
homeostasis and obesity. Front Neuroendocrinol 31: 270–283. doi: 10.1016/j.yfrne.2010.02.005
PMID: 20206200

6. Plagemann A (2011) Maternal diabetes and perinatal programming. Early HumDev 87: 743–747. doi:
10.1016/j.earlhumdev.2011.08.018 PMID: 21945359

7. Miller RR Jr, Burum AL, Leithart ME, Hart JD (2005) Hyperglycemia-induced changes in hepatic mem-
brane fatty acid composition correlate with increased caspase-3 activities and reduced chick embryo vi-
ability. Comp Biochem Physiol B BiochemMol Biol 141: 323–330. PMID: 15908250

8. Davey MG, Tickle C (2007) The chicken as a model for embryonic development. Cytogenet Genome
Res 117: 231–239. PMID: 17675864

9. De Groef B, Grommen SVH, Darras VM (2008) The chicken embryo as a model for developmental en-
docrinology: Development of the thyrotropic, corticotropic, and somatotropic axes. Mol Cell Endocrinol
293: 17–24. doi: 10.1016/j.mce.2008.06.002 PMID: 18619516

10. ZhangW, Sumners LH, Siegel PB, Cline MA, Gilbert ER (2013) Quantity of glucose transporter and ap-
petite-associated factor mRNA in various tissues after insulin injection in chickens selected for low or
high body weight. Physiol Genomics 45: 1084–1094. doi: 10.1152/physiolgenomics.00102.2013
PMID: 24046279

11. Hu Y, Xu H, Li Z, Zheng X, Jia X, et al. (2013) Comparison of genome-wide DNAmethylation profiles
between fast-growing and slow-growing broilers. PLoS One 8: e56411. doi: 10.1371/journal.pone.
0056411 PMID: 23441189

12. Ka S, Albert FW, Denbow DM, Pääbo S, Siegel PB, et al. (2011) Differentially expressed genes in hypo-
thalamus in relation to genomic regions under selection in two chicken lines resulting from divergent

Prenatal Hyperglycemia and Hypothalamic Malprogramming

PLOS ONE | DOI:10.1371/journal.pone.0119213 March 26, 2015 15 / 19

http://dx.doi.org/10.1001/jama.2014.732
http://www.ncbi.nlm.nih.gov/pubmed/24570244
http://www.ncbi.nlm.nih.gov/pubmed/17229948
http://dx.doi.org/10.1016/j.yfrne.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20206200
http://dx.doi.org/10.1016/j.earlhumdev.2011.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21945359
http://www.ncbi.nlm.nih.gov/pubmed/15908250
http://www.ncbi.nlm.nih.gov/pubmed/17675864
http://dx.doi.org/10.1016/j.mce.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18619516
http://dx.doi.org/10.1152/physiolgenomics.00102.2013
http://www.ncbi.nlm.nih.gov/pubmed/24046279
http://dx.doi.org/10.1371/journal.pone.0056411
http://dx.doi.org/10.1371/journal.pone.0056411
http://www.ncbi.nlm.nih.gov/pubmed/23441189


selection for high or low body weight. Neurogenetics 12: 211–221. doi: 10.1007/s10048-011-0290-9
PMID: 21748255

13. Newmyer BA, Nandar W, Webster RI, Gilbert E, Siegel PB, et al. (2013) Neuropeptide Y is associated
with changes in appetite-associated hypothalamic nuclei but not food intake in a hypophagic avian
model. Behav Brain Res 236: 327–331. doi: 10.1016/j.bbr.2012.08.015 PMID: 22921928

14. Shiraishi J, Tanizawa H, Fujita M, Kawakami S, Bungo T (2011) Localization of hypothalamic insulin re-
ceptor in neonatal chicks: evidence for insulinergic system control of feeding behavior. Neurosci Lett
491: 177–180. doi: 10.1016/j.neulet.2011.01.031 PMID: 21255631

15. Sinsigalli NA, McMurtry JP, Cherry JA, Siegel PB (1987) Glucose tolerance, plasma insulin and immu-
noreactive glucagon in chickens selected for high and low body weight. J Nutr 117: 941–947 PMID:
3295145

16. Smith ML, Prall BC, Siegel PB, Cline MA (2011) The threshold of insulin induced hypophagia is lower in
chicks selected for low rather than high juvenile body weight. Behav Brain Res 216: 719–722. doi: 10.
1016/j.bbr.2010.08.021 PMID: 20851146

17. International chicken genome sequencing consortium (2004) Sequence and comparative analysis of
the chicken genome provide unique perspectives on vertebrate evolution. Nature 432: 695–716.
PMID: 15592404

18. Simon J (1988) Insulin in birds: metabolic effects and possible implications in genetically fat and lean
chickens. In: Leclercq B, Whitehead CC, editors. Leanness in domestic Birds. London, UK:
Butterworth, pp. 253–268.

19. Simon J, Leclercq B (1982) Longitudinal study of adiposity in chickens selected for high or low abdomi-
nal fat content: further evidence of a glucose-insulin imbalance in the fat line. J Nutr 112: 1961–1973.
PMID: 6750055

20. Cassy S, Picard M, Crochet S, Derouet M, Keisler DH, et al. (2004) Peripheral leptin effect on food in-
take in young chickens is influenced by age and strain. Domest Anim Endocrinol 27: 51–61. PMID:
15158534

21. Buyse J, Decuypere E, Simon J (1990) The effect of thyroid hormone status on plasma-glucose-insulin
interrelationship in broiler chickens. Reprod Nutr Dev 30: 683–692. PMID: 2080990

22. Taouis M, Derouet M, Chevalier B, Simon J (1993) Corticosterone effect on insulin receptor number
and kinase activity in chicken muscle and liver. Gen Comp Endocrinol 89: 167–175. PMID: 8384136

23. Boswell T (2005) Regulation of energy balance in birds by the neuroendocrine hypothalamus. J Poult
Sci 42: 161–181.

24. Shiraishi J, Yanagita K, Fujita M, Bungo T (2008) Central insulin suppresses feeding behavior via mela-
nocortins in chicks. Domest Anim Endocrinol 34: 223–228. PMID: 17629654

25. Kalra SP, Dube MG, Pu S, Xu B, Horvath TL, et al. (1999) Interacting appetite-regulating pathways in
the hypothalamic regulation of body weight. Endocr Rev 20: 68–100. PMID: 10047974

26. Woods SC, Schwartz MW, Baskin DG, Seeley RJ (2000) Food intake and the regulation of body weight.
Annu Rev Psychol 51: 255–277. PMID: 10751972

27. Kuenzel WJ, van Tienhoven A (1982) Nomenclatur and location of avian hypothalamic nuclei and asso-
ciated circumventricular organs. J Comp Neurol 206: 293–313. PMID: 7085935

28. Kuenzel WJ, Masson M (1998) A Stereotaxic Atlas of the Brain of the Chick (Gallus domesticus). Balti-
more, Md, USA: The John Hopkins University Press.

29. Ohkubo T, Adachi H (2008) Leptin signaling and action in birds. J Poult Sci 45: 233–240.

30. Liu X, Dunn IC, Sharp PJ, Boswell T (2007) Molecular cloning and tissue distribution of a short form
chicken leptin receptor mRNA. Domest Anim Endocrinol 32: 155–166. PMID: 16531001

31. Kono T, Nishida M, Nishiki Y, Seki Y, Sato K, et al. (2005) Characterisation of glucose transporter
(GLUT) gene expression in broiler chickens. Br Poult Sci 46: 510–515. PMID: 16268111

32. Sweazea KL, Braun EJ (2006) Glucose transporter expression in English sparrows (Passer domesti-
cus). Comp Biochem Physiol B BiochemMol Biol 144: 263–270. PMID: 16730206

33. Hutchinson DS, Summers RJ, Gibbs ME (2008) Energy metabolism and memory processing: Role of
glucose transport and glycogen in responses to adrenoceptor activation in the chicken. Brain Res Bull
76: 224–234. doi: 10.1016/j.brainresbull.2008.02.019 PMID: 18498935

34. Davidowa H, Plagemann A (2000) Decreased inhibition by leptin of hypothalamic arcuate neurons in
neonatally overfed young rats. Neuroreport 11: 2795–2798. PMID: 10976965

35. Davidowa H, Plagemann A (2007) Insulin resistance of hypothalamic arcuate neurons in neonatally
overfed rats. Neuroreport 18: 521–524. PMID: 17496815

Prenatal Hyperglycemia and Hypothalamic Malprogramming

PLOS ONE | DOI:10.1371/journal.pone.0119213 March 26, 2015 16 / 19

http://dx.doi.org/10.1007/s10048-011-0290-9
http://www.ncbi.nlm.nih.gov/pubmed/21748255
http://dx.doi.org/10.1016/j.bbr.2012.08.015
http://www.ncbi.nlm.nih.gov/pubmed/22921928
http://dx.doi.org/10.1016/j.neulet.2011.01.031
http://www.ncbi.nlm.nih.gov/pubmed/21255631
http://www.ncbi.nlm.nih.gov/pubmed/3295145
http://dx.doi.org/10.1016/j.bbr.2010.08.021
http://dx.doi.org/10.1016/j.bbr.2010.08.021
http://www.ncbi.nlm.nih.gov/pubmed/20851146
http://www.ncbi.nlm.nih.gov/pubmed/15592404
http://www.ncbi.nlm.nih.gov/pubmed/6750055
http://www.ncbi.nlm.nih.gov/pubmed/15158534
http://www.ncbi.nlm.nih.gov/pubmed/2080990
http://www.ncbi.nlm.nih.gov/pubmed/8384136
http://www.ncbi.nlm.nih.gov/pubmed/17629654
http://www.ncbi.nlm.nih.gov/pubmed/10047974
http://www.ncbi.nlm.nih.gov/pubmed/10751972
http://www.ncbi.nlm.nih.gov/pubmed/7085935
http://www.ncbi.nlm.nih.gov/pubmed/16531001
http://www.ncbi.nlm.nih.gov/pubmed/16268111
http://www.ncbi.nlm.nih.gov/pubmed/16730206
http://dx.doi.org/10.1016/j.brainresbull.2008.02.019
http://www.ncbi.nlm.nih.gov/pubmed/18498935
http://www.ncbi.nlm.nih.gov/pubmed/10976965
http://www.ncbi.nlm.nih.gov/pubmed/17496815


36. Plagemann A, Harder T, Melchior K, Rake A, RohdeW, et al. (1999). Elevation of hypothalamic neuro-
peptide Y-neurons in adult offspring of diabetic mother rats. NeuroReport 10: 3211–3216. PMID:
10574562

37. Plagemann A, Harder T, Janert U, Rake A, Rittel F, et al. (1999) Malformation of hypothalamic nuclei in
hyperinsulinaemic offspring of gestational diabetic mother rats. Dev Neurosci 21: 58–67. PMID:
10077703

38. Linder K, Schleger F, Ketterer C, Fritsche L, Kiefer-Schmidt I, et al. (2014) Maternal insulin sensitivity is
associated with oral glucose-induced changes in fetal brain activity. Diabetologia 57: 1192–1198. doi:
10.1007/s00125-014-3217-9 PMID: 24671273

39. Plagemann A, Harder T, Brunn M, Harder A, Roepke K, et al. (2009) Hypothalamic proopiomelanocor-
tin promoter methylation becomes altered by early overfeeding: an epigenetic model of obesity and the
metabolic syndrome. J Physiol 587.20: 4963–4976. doi: 10.1113/jphysiol.2009.176156 PMID:
19723777

40. Plagemann A, Roepke K, Harder T, Brunn M, Harder A, et al. (2010) Epigenetic malprogramming of the
insulin receptor promoter due to developmental overfeeding. J Perinat Med 38: 393–400. doi: 10.1515/
JPM.2010.051 PMID: 20443665

41. Coupé B, Amarger V, Grit I, Benani A, Parnet P (2010) Nutritional programming affects hypothalamic
organization and early response to leptin. Endocrinology 151: 702–713. doi: 10.1210/en.2009-0893
PMID: 20016030

42. Stevens A, BegumG, Cook A, Connor K, Rumball C, et al. (2010) Epigenetic changes in the hypotha-
lamic proopiomelanocortin and glucocorticoid receptor genes in the ovine fetus after periconceptional
undernutrition. Endocrinology 151: 3652–3664. doi: 10.1210/en.2010-0094 PMID: 20573728

43. Hazelwood RL (2000) Pancreas. In: Whittow GC, editor. Sturkie´s Avian Physiology, 5th ed. San
Diego, CA: Academic Press. pp. 539–555.

44. Schmidt I, Schoelch C, Ziska T, Schneider D, Simon E, et al. (2000) Interaction of genetic and environ-
mental programming of the leptin system and of obesity disposition. Physiol Genomics 3: 113–120.
PMID: 11015606

45. Schellong K, Neumann U, Rancourt RC, Plagemann A (2013) Increase of long-term ‘diabesity’ risk, hy-
perphagia, and altered hypothalamic neuropeptide expression in neonatally overnourished ‘small-for-
gestational-age’ (SGA) rats. PLoS One 8: e78799. doi: 10.1371/journal.pone.0078799 PMID:
24265718

46. Landmann EM, Schellong K, Melchior K, Rodekamp E, Ziska T, et al. (2012) Short-term regulation of
the hypothalmic melanocortinergic system under fasting and defined glucose-refeeding conditions in
rats: A lasercapture microdissection (LMD)-based study. Neurosci Lett 515: 87–91. doi: 10.1016/j.
neulet.2012.03.025 PMID: 22450045

47. Derks NM, Müller M, Gaszner B, Tilburg-Ouwens DT, Roubos EW, et al. (2008) Housekeeping genes
revisited: different expressions depending on gender, brain area and stressor. Neuroscience 156:
305–309. doi: 10.1016/j.neuroscience.2008.07.047 PMID: 18722514

48. Dabelea D, Hanson RL, Lindsay RS, Pettitt DJ, Imperatore G, et al. (2000) Intrauterine exposure to dia-
betes conveys risks for type 2 diabetes and obesity: a study of discordant sibships. Diabetes 49: 2208–
2211. PMID: 11118027

49. Plagemann A, Harder T, Kohlhoff R, RohdeW, Dörner G (1997) Overweight and obesity in infants of
mothers with long-term insulin-dependent diabetes or gestational diabetes. Int J Obes 21: 451–456.
PMID: 9192228

50. Silverman BL, Rizzo T, Green OC, Cho NH, Winter RJ, et al. (1991) Long-term prospective evaluation
of offspring of diabetic mothers. Diabetes 40: 121–125. PMID: 1748240

51. The HAPO Study Cooperative Research Group (2008) Hyperglycemia and adverse pregnancy out-
comes. N Engl J Med 358: 1991–2002. doi: 10.1056/NEJMoa0707943 PMID: 18463375

52. Catalano PM, McIntyre HD, Cruickshank JK, McCance DR, Dyer AR, et al. (2012) The hyperglycemia
and adverse pregnancy outcome study: Associations of GDM and obesity with pregnancy outcomes.
Diabetes Care 35: 780–786. doi: 10.2337/dc11-1790 PMID: 22357187

53. Aerts L, Holemans K, Van Assche FA (1990) Maternal diabetes during pregnancy: consequences for
the offspring. Diab Metab Rev 6: 147–167.

54. Franke K, Harder T, Aerts L, Melchior K, Fahrenkrog S, et al. (2005) ‘Programming’ of orexigenic and
anorexigenic hypothalamic neurons in offspring of treated and untreated diabetic mother rats. Brain
Res 1031: 276–283. PMID: 15649453

55. Dörner G, Plagemann A (1994) Perinatal hyperinsulinism as possible predisposing factor for diabetes
mellitus, obesity and enhanced cardiovascular risk in later life. HormMetab Res 26: 213–221. PMID:
8076902

Prenatal Hyperglycemia and Hypothalamic Malprogramming

PLOS ONE | DOI:10.1371/journal.pone.0119213 March 26, 2015 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/10574562
http://www.ncbi.nlm.nih.gov/pubmed/10077703
http://dx.doi.org/10.1007/s00125-014-3217-9
http://www.ncbi.nlm.nih.gov/pubmed/24671273
http://dx.doi.org/10.1113/jphysiol.2009.176156
http://www.ncbi.nlm.nih.gov/pubmed/19723777
http://dx.doi.org/10.1515/JPM.2010.051
http://dx.doi.org/10.1515/JPM.2010.051
http://www.ncbi.nlm.nih.gov/pubmed/20443665
http://dx.doi.org/10.1210/en.2009-0893
http://www.ncbi.nlm.nih.gov/pubmed/20016030
http://dx.doi.org/10.1210/en.2010-0094
http://www.ncbi.nlm.nih.gov/pubmed/20573728
http://www.ncbi.nlm.nih.gov/pubmed/11015606
http://dx.doi.org/10.1371/journal.pone.0078799
http://www.ncbi.nlm.nih.gov/pubmed/24265718
http://dx.doi.org/10.1016/j.neulet.2012.03.025
http://dx.doi.org/10.1016/j.neulet.2012.03.025
http://www.ncbi.nlm.nih.gov/pubmed/22450045
http://dx.doi.org/10.1016/j.neuroscience.2008.07.047
http://www.ncbi.nlm.nih.gov/pubmed/18722514
http://www.ncbi.nlm.nih.gov/pubmed/11118027
http://www.ncbi.nlm.nih.gov/pubmed/9192228
http://www.ncbi.nlm.nih.gov/pubmed/1748240
http://dx.doi.org/10.1056/NEJMoa0707943
http://www.ncbi.nlm.nih.gov/pubmed/18463375
http://dx.doi.org/10.2337/dc11-1790
http://www.ncbi.nlm.nih.gov/pubmed/22357187
http://www.ncbi.nlm.nih.gov/pubmed/15649453
http://www.ncbi.nlm.nih.gov/pubmed/8076902


56. López M, Seoane LM, Tovar S, García MC, Nogueiras R, et al. (2005) A possible role of neuropeptide
Y, agouti-related protein and leptin receptor isoforms in hypothalamic programming by perinatal feeding
in the rat. Diabetologia 48: 140–148. PMID: 15616803

57. Plagemann A, Harder T, Rake A, Voits M, Fink H, et al. (1999) Perinatal increase of hypothalamic insu-
lin, acquired malformation of hypothalamic galaninergic neurons, and syndrome X-like alterations in
adulthood of neonatally overfed rats. Brain Res 836: 146–155. PMID: 10415413

58. Davidowa H, Ziska T, Plagemann A (2006) GABAA receptor antagonists prevent abnormalities in leptin,
insulin and amylin actions on paraventricular hypothalamic neurons of overweight rats. Eur J Neurosci
23: 1248–1254. PMID: 16553787

59. Maher F, Vannucci SJ, Simpson IA (1994) Glucose transporter proteins in brain. FASEB J 8: 1003–
1011. PMID: 7926364

60. Metzger BE, Phelps RL, Freinkel N, Navickas IA (1980) Effects of gestational diabetes on diurnal pro-
files of plasma glucose, lipids, and individual amino acids. Diabetes Care 3: 402–409. PMID: 7190092

61. Byerly MS, Simon J, Cogburn LA, Le Bihan-Duval E, Declos MJ, et al. (2010) Transcriptional profiling of
hypothalamus during development of adiposity in genetically selected fat and lean chickens. Physiol
Genomics 42: 157–167. doi: 10.1152/physiolgenomics.00029.2010 PMID: 20371548

62. Plagemann A, Harder T, Rake A, Melchior K, Rittel F, et al. (1998) Hypothalamic insulin and neuropep-
tide Y in the offspring of gestational diabetic mother rats. Neuroreport 9: 4069–4073. PMID: 9926849

63. Silverman BL, Landsberg L, Metzger BE (1993) Fetal hyperinsulinism in offspring of diabetic mothers.
Association with the subsequent development of childhood obesity. Ann N Y Acad Sci 699: 36–45.
PMID: 8267335

64. Seki Y, Sato K, Kono T, Abe H, Akiba Y (2003) Broiler chickens (Ross strain) lack insulin-responsive
glucose transporter GLUT4 and have GLUT8 cDNA. Gen Comp Endocrinol 133: 80–87. PMID:
12899849

65. Kato H, Okubo Y, Matsumura Y, Roberts CT Jr, Sugahara K, et al. (2000) The tyrosine kinase activity of
the chicken insulin receptor is similar to that of the human insulin receptor. Biosci Biotechnol Biochem
64: 903–906. PMID: 10830518

66. Frésard L, Morisson M, Brun JM, Collin A, Pain B, et al. (2013) Epigenetic and phenotypic variability:
some interesting insights from birds. Genet Sel Evol 45: 16. doi: 10.1186/1297-9686-45-16 PMID:
23758635

67. Frésard L, Leroux S, Servin B, Gourichon D, Dehais P, et al. (2014) Transcriptome-wide investigation
of genomic imprinting in chicken. Nucleic Acids Res 42: 3768–3782. doi: 10.1093/nar/gkt1390 PMID:
24452801

68. Yokomine T, Hata K, Tsudzuki M, Sasaki H (2006) Evolution of the vertebrate DNMT3 gene family: a
possible link between existence of DNMT3L and genomic imprinting. Cytogenet Genome Res 113:
75–80. PMID: 16575165

69. Head JA (2014) Patterns of DNAmethylation in animals: an ecotoxicological perspective. Integr Comp
Biol 54: 77–86. doi: 10.1093/icb/icu025 PMID: 24785828

70. Head JA, Mittal K, Basu N (2014) Application of the LUminometric methylation assay to ecological spe-
cies: tissue quality requirements and a survey of DNAmethylation levels in animals. Mol Ecol Resour
14: 943–952. doi: 10.1111/1755-0998.12244 PMID: 24576185

71. Yossifoff M, Kisliouk T, Meiri N (2008) Dynamic changes in DNAmethylation during thermal control es-
tablishment affect CREB binding to the brain-derived neurotrophic factor promoter. Eur J Neurosci 28:
2267–2277. doi: 10.1111/j.1460-9568.2008.06532.x PMID: 19046370

72. Nätt D, Agnvall B, Jensen P (2014) Large sex differences in chicken behaviour and brain gene expres-
sion coincide with few differences in promoter DNA-methylation. PLoS One 9: e96376. doi: 10.1371/
journal.pone.0096376 PMID: 24782041

73. Guo JU, Su Y, Shin JH, Shin J, Li H, et al. (2014) Distribution, recognition and regulation of non-CpG
methylation in the adult mammalian brain. Nat Neurosci 17:215–222. doi: 10.1038/nn.3607 PMID:
24362762

74. Kozlenkov A, Roussos P, Timashpolsky A, Barbu M, Rudchenko S, et al. (2014) Differences in DNA
methylation between human neuronal and glial cells are concentrated in enhancers and non-CpG
sites. Nucleic Acids Res. 42: 109–127. doi: 10.1093/nar/gkt838 PMID: 24057217

75. Dean A (2006) On a chromosome far, far away: LCRs and gene expression. Trends Genet 22: 38–45.
PMID: 16309780

76. Plagemann A, Harder T, Schellong K, Schulz S, Stupin JH (2012) Early postnatal life as a critical time
window for determination of long-termmetabolic health. Best Pract Res Clin Endocrinol Metab 26:
641–653. doi: 10.1016/j.beem.2012.03.008 PMID: 22980046

Prenatal Hyperglycemia and Hypothalamic Malprogramming

PLOS ONE | DOI:10.1371/journal.pone.0119213 March 26, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/15616803
http://www.ncbi.nlm.nih.gov/pubmed/10415413
http://www.ncbi.nlm.nih.gov/pubmed/16553787
http://www.ncbi.nlm.nih.gov/pubmed/7926364
http://www.ncbi.nlm.nih.gov/pubmed/7190092
http://dx.doi.org/10.1152/physiolgenomics.00029.2010
http://www.ncbi.nlm.nih.gov/pubmed/20371548
http://www.ncbi.nlm.nih.gov/pubmed/9926849
http://www.ncbi.nlm.nih.gov/pubmed/8267335
http://www.ncbi.nlm.nih.gov/pubmed/12899849
http://www.ncbi.nlm.nih.gov/pubmed/10830518
http://dx.doi.org/10.1186/1297-9686-45-16
http://www.ncbi.nlm.nih.gov/pubmed/23758635
http://dx.doi.org/10.1093/nar/gkt1390
http://www.ncbi.nlm.nih.gov/pubmed/24452801
http://www.ncbi.nlm.nih.gov/pubmed/16575165
http://dx.doi.org/10.1093/icb/icu025
http://www.ncbi.nlm.nih.gov/pubmed/24785828
http://dx.doi.org/10.1111/1755-0998.12244
http://www.ncbi.nlm.nih.gov/pubmed/24576185
http://dx.doi.org/10.1111/j.1460-9568.2008.06532.x
http://www.ncbi.nlm.nih.gov/pubmed/19046370
http://dx.doi.org/10.1371/journal.pone.0096376
http://dx.doi.org/10.1371/journal.pone.0096376
http://www.ncbi.nlm.nih.gov/pubmed/24782041
http://dx.doi.org/10.1038/nn.3607
http://www.ncbi.nlm.nih.gov/pubmed/24362762
http://dx.doi.org/10.1093/nar/gkt838
http://www.ncbi.nlm.nih.gov/pubmed/24057217
http://www.ncbi.nlm.nih.gov/pubmed/16309780
http://dx.doi.org/10.1016/j.beem.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22980046


77. Plagemann A, Harder T, Rake A, Janert U, Melchior K, et al. (1999) Morphological alterations of hypo-
thalamic nuclei due to intrahypothalamic hyperinsulinism in newborn rats. Int J Dev Neurosci 17: 37–
44. PMID: 10219959

78. McCrimmon RJ, Fan X, Ding Y, ZhuW, Jacob RJ, Sherwin RS. (2004) Potential role for AMP activated
protein kinase in hypoglycemia sensing in the ventromedial hypothalamus. Diabetes 53: 1953–1958.
PMID: 15277372

79. McCrimmon RJ, ShawM, Fan X, Cheng H, Ding Y, Vella MC, et al. (2008) Key role for AMP-activated
protein kinase in the ventromedial hypothalamus in regulating counterregulatory hormone responses to
acute hypoglycemia. Diabetes 57: 444–450. PMID: 17977955

80. Verberne AJ, Sabetghadam A, KorimWS. (2014) Neural pathways that control the glucose counterre-
gulatory response. Front Neurosci. 8:38. doi: 10.3389/fnins.2014.00038 PMID: 24616659

81. Contreras C, González-García I, Martínez-Sánchez N, Seoane-Collazo P, Jacas J, Morgan DA, Serra
D, Gallego R, Gonzalez F, Casals N, Nogueiras R, Rahmouni K, Diéguez C, López M. (2014) Central
ceramide-induced hypothalamic lipotoxicity and ER stress regulate energy balance. Cell Rep. 9: 366–
377. doi: 10.1016/j.celrep.2014.08.057 PMID: 25284795

82. Phillipps HR, Ladyman SR, Grattan DR. (2013) Maintained expression of genes associated with metab-
olism in the ventromedial hypothalamic nucleus despite development of leptin resistance during preg-
nancy in the rat. Physiol Rep. 1: e00162 doi: 10.1002/phy2.162 PMID: 24400163

Prenatal Hyperglycemia and Hypothalamic Malprogramming

PLOS ONE | DOI:10.1371/journal.pone.0119213 March 26, 2015 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/10219959
http://www.ncbi.nlm.nih.gov/pubmed/15277372
http://www.ncbi.nlm.nih.gov/pubmed/17977955
http://dx.doi.org/10.3389/fnins.2014.00038
http://www.ncbi.nlm.nih.gov/pubmed/24616659
http://dx.doi.org/10.1016/j.celrep.2014.08.057
http://www.ncbi.nlm.nih.gov/pubmed/25284795
http://dx.doi.org/10.1002/phy2.162
http://www.ncbi.nlm.nih.gov/pubmed/24400163


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


