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High folate gestational and post-weaning diets
alter hypothalamic feeding pathways
by DNA methylation in Wistar rat offspring
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Excess vitamins, especially folate, are consumed during pregnancy but later-life effects on the offspring are unknown.
High multivitamin (10-fold AIN-93G, HV) gestational diets increase characteristics of metabolic syndrome in Wistar
rat offspring. We hypothesized that folate, the vitamin active in DNA methylation, accounts for these effects through
epigenetic modification of food intake regulatory genes. Male offspring of dams fed 10-fold folate (HFol) diet during
pregnancy and weaned to recommended vitamin (RV) or HFol diets were compared with those born to RV dams and
weaned to RV diet for 29 weeks. Food intake and body weight were highest in offspring of HFol dams fed the RV diet. In
contrast, the HFol pup diet in offspring of HFol dams reduced food intake (7%, p = 0.02), body weight (9%, p = 0.03) and
glucose response to a glucose load (21%, p = 0.02), and improved glucose response to an insulin load (20%, p = 0.009). HFol
alone in either gestational or pup diet modified gene expression of feeding-related neuropeptides. Hypomethylation of
the pro-opiomelanocortin (POMC) promoter occurred with the HFol pup diet. POMC-specific methylation was positively
associated with glucose response to a glucose load (r= 0.7, p = 0.03). In conclusion, the obesogenic phenotype of offspring
from dams fed the HFol gestational diet can be corrected by feeding them a HFol diet. Our work is novel in showing post-
weaning epigenetic plasticity of the hypothalamus and that in utero programming by vitamin gestational diets can be

modified by vitamin content of the pup diet.

Introduction

Vitamin intake during pregnancy has increased due to wide
availability of multivitamin supplements, liberalized fortification
policies and dietary advice encouraging pregnant women to con-
sume adequate nutrients. In particular, folate is recommended to
reduce the risk of neural tube defects in newborns."* Although
vitamins are critical in fetal development, the effects of high
vitamin intake during pregnancy and the mechanisms by which
vitamins modify the offspring phenotype have received limited
attention.

We have previously shown that high multivitamin (HV,
10-fold the recommended multivitamin content) diets fed during
pregnancy to Wistar rats produce offspring with increased food
intake, obesity and characteristics of the metabolic syndrome.**
These offspring were programmed to overeat, which is a primary
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cause of metabolic syndrome, suggesting that some component(s)
of the multivitamin preparation is impacting development of the
feeding pathways in the brain. A possible explanation for altered
development of intake regulatory systems resides in epigenetic
mechanisms involving methyltransfer reactions. Because our
recent data have demonstrated that the obesogenic phenotype of
offspring of dams fed a HV diet is prevented by a post-weaning
diet in either multivitamins or folate,’ it can be suggested that
folate alone within the multivitamin preparation is impacting the
feeding neurocircuitry. Folate is a methyl metabolism co-factor
in processes of DNA methylation,® which in turn can modify
gene expression and function in regulatory systems. However, it
is unknown whether folate alone in the HV gestational diet is
responsible for the obesogenic phenotype in mature offspring,
and whether folate in the pup diet can provide protection against
these effects.
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We report here the role of folate in the gestational and post-
weaning diets in food intake regulatory systems in the offspring.
According to the predictive adaptive response (PAR) hypoth-

esis,”?

a mismatch between the maternal and postnatal nutri-
tion increases susceptibility of the offspring to chronic disease in
later life. If folate in the HV gestational diet is the vitamin that
is responsible for the obesogenic phenotype in the offspring, it
can be predicted that providing folate in the post-weaning diet,
thereby matching the vitamin content between the gestational
and post-weaning diets, would prevent the obesogenic phenotype
later in life. DNA methylation provides a plausible mechanism by
which high folate (HFol; 10-fold folate) diet fed during gestation
alters food intake regulation favoring obesity in the offspring.
Moreover, the correction of the obesogenic phenotype by feed-
ing them a HFol diet is expected to also be due to methylation
events occurring postnatally.” We measured similar metabolic
outcomes such as food intake, body weight and glucose response
to a glucose or insulin load as our previous studies®* to determine
whether folate in the gestational and pup diets account for the
effects of the HV diets. Glucose response to a glucose or insu-
lin load was measured after week 7 post-weaning and 2-3 alter-
nating weeks apart because performing these challenges early
on when food intake patterns have not differentiated among
the diet groups may disrupt the offspring feeding behavior. We
also focused on gene expression of previously identified feeding-
related neuropeptides altered by the HV gestational diet.
Therefore, we hypothesized that folate alone during gestation
contributes to the obesogenic phenotype in the offspring due to
epigenetic effects on hypothalamic mechanisms regulating food
intake, and these effects are prevented by increasing the folate
content in the pup diet. Our objective was to determine the effect
of HFol diets consumed during pregnancy and post-weaning on
food intake, body weight, glucose control, hypothalamic gene
expression of feeding-related neuropeptides and DNA methyla-
tion status in the offspring compared with those born to dams
fed the recommended vitamin (RV) diet and weaned to RV diet.

Results

Food intake and body weight. Seventy-two-h food intake and
body weight were highest in male offspring of HFol dams fed the
RV diet compared with those fed the HFol diet and the control
offspring. In contrast, the HFol pup diet in offspring of HFol
dams reduced 7% food intake (Diet: p = 0.02, Time: p < 0.0001,
Diet*Time Interaction: p = 1.0) (Fig. 1) and 9% body weight
(Diet: p = 0.03, Time: p < 0.0001, Diet*Time Interaction: p =
0.7) (Fig. 2) compared with the RV pup diet at 29 weeks post-
weaning. Body weight at birth and weaning was similar among
the diet groups.

Glucose response. Male offspring from the HFol dams
weaned to a RV diet had 20% reduced glucose response to an
insulin load at 7 weeks post-weaning (p = 0.009) compared with
those from the RV dams (Fig. 3). However, feeding a HFol pup
diet improved the glucose response in the offspring of HFol dams
(Fig. 3). At 10 weeks post-weaning, male offspring from the HFol
dams weaned to HFol diet had 21% lower glucose response to a
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glucose load (p = 0.02) compared with those from the RV dams
and HFol dams weaned to the RV pup diet (Fig. 4). No other
differences were observed in all other weeks.

Hypothalamic gene expression. HFol alone in the gestational
diet reduced POMC (40%, p = 0.03) and 5-HTR2A (40%, p =
0.003) in the right hypothalamus compared with the male off-
spring from dams fed the RV diet. The HFol pup diet brought
5-HTR2A expression to control levels and attenuated the
decrease in POMC expression caused by the HFol gestational diet
(Fig. 5). 5-HTR2C expression was unaffected by the gestational
diet but was lowered by the HFol pup diet in the offspring born
to dams fed the HFol diet (20%, p = 0.005) (Fig. 5). Expression
of other genes was similar among the diet groups.

DNA methylation. Neither the gestational nor post-weaning
diet had any effect on the global methylation status in the left
hypothalamus of the male offspring at 29 weeks post-weaning
(Fig. 6A). However, the HFol pup diet in offspring of HFol
dams lowered POMC DNA methylation (p = 0.0001) compared
with the RV pup diet and those born to the RV dams (Fig. 6B).
POMC-specific methylation was positively associated with glu-
cose response to a glucose load at 10 weeks post-weaning (r = 0.7,
p = 0.03) (Fig. 7).

Folate concentration. The HFol pup diet increased folate lev-
els in the brain (p = 0.002) (Fig. 8A) and plasma (p = 0.004)
(Fig. 8B) without the effect of gestational diets.

Discussion

Our findings support the hypothesis that folate alone accounts
for some expression of the obesogenic phenotype in the offspring
of dams fed HV diets but can be prevented by increasing the
folate content of the pup diet possibly due to epigenetic altera-
tions involving DNA methylation. We demonstrate for the first
time that folate in either the gestational or post-weaning diets
modifies hypothalamic feeding pathways in mature offspring.
These results are novel in showing epigenetic plasticity of the
hypothalamus that responds to folate consumption not only in
utero but also in later life.

Folate and obesogenic phenotype. Folate alone in the gesta-
tional diet resulted in increased body weight and food intake in
the offspring, suggesting that folate alone accounts for the effects
of the HV diet. Because previous studies have shown that nutri-
ents involved in methyl metabolism (folate, vitamins B6 and B12

10,11 inter—

and choline together) powerfully influence methylation,
action of folate with other methyl vitamins may be required to
exacerbate obesity. Surprisingly, the HFol pup diet lowered body
weight and food intake in the offspring of the HFol dams, indi-
cating that the post-weaning diet has a strong effect on overall
phenotypic changes.

Consistent with higher body weight and food intake, the HFol
gestational diet impaired glucose response to an insulin load in the
offspring. However, feeding the offspring the HFol diet normal-
ized the glucose response, thus supporting the PAR hypothesis,
that matching the folate content in the gestational and pup diets
protected against glucose dysregulation. The HFol pup diet has a
potential to ameliorate in utero programming of the offspring for
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Figure 1. Food intake over 72 h of male offspring from 0-29 weeks post-weaning. Diet abbreviations: RV, the AIN-93G diet with the recommended
vitamins; HFol, RV+10-fold the folate content. Gestational and pup diets denoted before and after the dash line, respectively. Diet (p = 0.02), Time
(p < 0.0001), Diet*Time (p = 1.0). ®Significantly different by PROC MIXED model repeated measures. Values are mean + SEM, n = 10-12/group.

insulin resistance caused by the HFol gestational diet. Similarly
after the glucose load, only the HFol pup diet reduced the glu-
cose response preventing the gestational diet effect. The differ-
ence in glucose response detected at earlier weeks in contrast to
later suggests that there may be a critical window of development
at which the brain responds to vitamins to alter glucose metabo-
lism. Importantly, it reflects overall disturbance in the feeding
neurocircuitry, which may have translated into sustained food
intake and body weight differences in mature offspring.

Role of folate in the hypothalamic food intake regulatory
system. Overall, lower expression of appetite-suppressing neuro-
peptides support our hypothesis that the obesogenic phenotype
in the offspring of dams fed the HV diet may be due to folate
altering the hypothalamic feeding mechanisms. The HFol ges-
tational diet lowered the expression of POMC and 5-HTR2A,
both of which are known to partake in appetite suppression.
These changes are consistent with our previous study reporting
decreased POMC expression by the HV gestational diet.’ In con-
trast, unlike the HV diet, we did not find a reduction in BDNF,
which is also an anorexigen, adding evidence that possibly vita-
mins other than folate regulate its expression.
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Because we found that folate in the pup diet also modified
gene expression, our data show plasticity in feeding pathways in
response to vitamin content of the post-weaning diet. The HFol
pup diet increased expression of POMC and 5-HTR2A, which
also corresponded to similar reversal effects observed in the glu-
cose response to an insulin load in the offspring of the HFol
dams. Furthermore, we found that the folate levels in the brain
and plasma were increased and maintained by the HFol pup diet,
suggesting minimal metabolic adaptation occurs in catabolism of
the excess folate, and that vitamins fed during post-weaning may
have a more sustained impact on the offspring compared with
that of the gestation. Moreover, the HFol pup diet resulted in
lower 5-HTR2C expression, which was not affected by the gesta-
tional diet, perhaps because specific receptor subtypes respond to
folate differently during maturation.

Folate and DNA methylation. The reduction in POMC-
specific methylation in the HFol offspring weaned to the HFol diet
strengthens the concept of epigenetic remodeling that responds
to environmental factors to establish phenotype throughout life.
Hypomethylation at the POMC promoter was driven primarily
by the HFol post-weaning diet, which may explain the higher
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Figure 2. Body weight of male offspring from 0-29 weeks post-weaning. Diet abbreviations: RV, the AIN-93G diet with the recommended vitamins;
HFol, RV+10-fold the folate content. Gestational and pup diets denoted before and after the dash line, respectively. Weight Gain: Diet (p = 0.03), Time
(p < 0.0001), Diet*Time (p = 0.7). **Significantly different by PROC MIXED model repeated measures. Values are mean + SEM, n = 11-12/group.

POMC expression.'? Although a different model, feeding a high-
fat diet for 32 weeks post-weaning also decreased methylation
of the cytosine-phosphate-guanine (CpG) near the transcrip-
tion start site of the brain melanocortin-4 receptor, which is a
downstream effector of POMC, accompanied by increased gene
expression in the obese Berlin fat mouse inbred line.”® These
results are consistent with our data suggesting that POMC and
downstream effectors are epigenetically altered involving DNA
methylation by nutrients possibly contributing to gene expression
changes and subsequent alterations in phenotype. Our findings
also add to the studies investigating the effect of folate supple-
mentation on epigenetic changes in different tissues such as the
liver and mammary tissue. Both the folate-supplemented mater-
nal and post-weaning diets alter methylation at the promoter of
liver phosphoenolpyruvate carboxykinase, which is an enzyme at
the rate-limiting step in gluconeogenesis, in rat offspring at post-
weaning day 54—60." Similarly, maternal but not post-weaning
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folic acid supplementation in rats reduced global DNA methyla-
tion in non-neoplastic mammary tissue at 28 weeks post-wean-
ing.® However, we provide the first evidence of folate effects on
feeding pathways in the brain.

Our data show that DNA methylation offers a link between
the vitamin diet and phenotypic alterations in the mature off-
spring. Higher methylation at POMC implies lower gene
expression,'? thus less appetite suppression, which manifests as
obesogenic phenotype indicated by higher glycemia, as it would
be expected with insulin resistance. Consistent with this, we
observed a positive correlation between POMC-specific meth-
ylation and glucose response to a glucose load (Fig. 7) and pre-
vious studies have associated gene-specific DNA methylation
status with childhood adiposity at 9 y'® and 2-h post-oral glucose
tolerance test blood glucose concentrations.” Neonatal over-
feeding resulting from reducing the number of pups per litter
also resulted in hyper-methylation of the POMC promoter in
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Figure 3. Blood glucose response to an insulin load (0.75 U of insulin per kg of body weight) as net area under the curve (netAUC) of male offspring at
7,12 and 16 weeks post-weaning. Diet abbreviations: RV, the AIN-93G diet with the recommended vitamins; HFol, RV+10-fold the folate content. Ges-
tational and pup diets denoted before and after the dash line, respectively. *Significantly different by one-way ANOVA followed by Tukey’s post-hoc

test. Values are mean + SEM, n = 9-12/group.
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Figure 4. Blood glucose response to a glucose load (5 g of glucose per kg of body weight) as incremental area under the curve (iIAUC) of male offspring
at 10, 14 and 18 weeks post-weaning. Diet abbreviations: RV, the AIN-93G diet with the recommended vitamins; HFol, RV+10-fold the folate content.
Gestational and pup diets denoted before and after the dash line, respectively. *Significantly different by one-way ANOVA followed by Tukey’s post-

hoc test. Values are mean + SEM, n = 9-12/group.

the mouse hypothalamus at postnatal day 21 and the offspring
had higher insulin concentrations suggesting insulin resis-
tance.' In our study, the HFol diet during pregnancy decreased
glucose response to an insulin load in the offspring but feed-
ing the HFol post-weaning diet reversed these effects. Because
small changes in methylation together are known to determine
the risk of chronic diseases,” the association between POMC-
specific methylation and glucose response to a glucose load at 10
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weeks post-weaning demonstrates important implications at the
phenotypic level.

Relevance to humans. Our findings may have relevance to
humans as increasing amounts of vitamins, especially folate, are
consumed during pregnancy. A recent Canadian Health Measures
Survey (2007-2009) has shown that the red blood cell folate con-
centrations of 40% of female participants were above the high-
concentration cut-off, 1,360 nmol/L.?* The consequences of
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Figure 5. Hypothalamic gene expression of neuropeptide Y (NPY), pro-opiomelanocortin (POMC), brain-derived neurotrophic factor (BNDF) and sero-
tonin receptors (5-HTR1A/2A/2C) of right hypothalamus in male offspring at 29 weeks post-weaning. Diet abbreviations: RV, the AIN-93G diet with the
recommended vitamins; HFol, RV+10-fold the folate content. Gestational and pup diets denoted before and after the dash line, respectively. **Signifi-
cantly different by one-way ANOVA followed by Tukey’s post-hoc test. Values are mean + SEM, n = 4-7/group.
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Figure 6. DNA methylation at (A) global and (B) pro-opiomelanocortin (POMC)-specific of left hypothalamus in male offspring at 29 weeks post-wean-
ing. Diet abbreviations: RV, the AIN-93G diet with the recommended vitamins; HFol, RV+10-fold the folate content. Gestational and pup diets denoted
before and after the dash line, respectively. Global DNA methylation not significant, n = 5/group. ®POMC-specific methylation p = 0.0001 by one-way
ANOVA followed by Tukey’s post-hoc test, n = 4-6/group. Values are mean * SEM.

these high levels are uncertain but may be of concern because
folic acid use after 12 weeks of gestation influences human off-
spring repeat element and imprinted gene methylation in cord
blood.?! Another study has shown that periconceptional maternal
folic acid use of 400 g per day is positively related to methyla-
tion of the insulin-like growth factor 2 gene in children between

12-18 mo of age.” These studies highlight the need of further
examination on the consequences and mechanisms by which
folate programs the offspring for obesity and chronic diseases in
later life.

Limitations. There are some limitations in interpreting the
data. One weakness of our study is that gene expression does not
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necessarily indicate function. Protein expression downstream
of the genes that were modified due to folate gestational and
pup diets would inform functional consequences. In addition,
examining the role of vitamins involved in DNA methylation,
not only folate but also methyl group vitamins together, in regu-
lating feeding mechanisms would provide better understanding
of their interaction in contributing to epigenetic changes in the
brain. Furthermore, we are uncertain at which point in the criti-
cal windows of development that folate induced its effect on the
offspring. Although the critical windows of development are gen-
erally not well-defined, they include not only the periconception,
mid- and late-gestation and early postnatal life, but also extend
to post-weaning and puberty.??

Materials and Methods

Animals and diets. First-time, 2- to 3-d pregnant Wistar rats
(Charles River) were housed individually in ventilated plastic
transparent cages with bedding in a 12:12 h light-dark cycle
(lights on at 0700 at 22 + 1°C). Food and water were provided
ad libicum throughout the study period. The experimental pro-
cedure was approved by the University of Toronto Animal Care
Committee. From third day of pregnancy to term, dams (n = 10
per gestational diet group) were fed the AIN-93G diet* contain-
ing either the recommended vitamin (RV) content or RV+10-
fold the folate content (HFol, high folate), both of which have
the same energy density (3.8 kcal/g). The composition (in g/kg)
of the RV AIN-93G diet is 529.5 cornstarch, 200 casein, 100
sucrose, 70 soybean oil, 50 cellulose, 10 vitamin mixture, 35
mineral mixture, 3 L-cystine, 2.5 choline bitartarate and 0.014
tert-butyl hydroquinone. The RV diet has 2 mg/kg of folate. In
order to formulate the 10-fold HFol diet, we added 18 mg of
folate to make a total of 20 mg/kg. Figure 9A shows the study
design. Within 24 h of delivery, each litter was culled to 10
unsexed pups to minimize the difference in milk availability. All
dams were fed the RV diet during lactation. At weaning, one
male offspring from each litter was terminated whereas another
male was followed for 29 weeks. The offspring from dams fed
the HFol diet were weaned to RV or HFol diets. A control group
was the offspring from dams fed a RV diet weaned to a RV diet.

Food intake and body weight. Figure 9B illustrates the study
protocol. Seventy-two-hour food intake was measured every 2
weeks from 0-29 weeks post-weaning. Body weight was mea-
sured at birth and weaning, and weight gain was calculated
weekly from 0-29 weeks post-weaning.

Glucose response to an insulin or glucose load. After 10
h overnight fasting, a blood sample was withdrawn from the
tail vein and baseline glucose was immediately assayed using
a commercial glucometer (MediSense Precision Xtra, Abbott
Laboratories). Glucose response was measured after an intra-
peritoneal injection of insulin (0.75 U of insulin per kg body
weight) at 7, 12 and 16 weeks post-weaning or after a glucose
gavage (0.375 g glucose mL, 5 g of glucose per kg body weight)
at 10, 14 and 18 weeks post-weaning. Upon the insulin injection
or glucose gavage, blood glucose concentrations were determined
at 15, 30, 45 and 60 min later. The net area under the curve
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(netAUC) for glucose response to an insulin load and incremen-
tal area under the curve (IAUC) for glucose response to a glucose
load were calculated as previously described.?

Hypothalamic gene expression. Whole brains of offspring
at 29 weeks post-weaning were removed rapidly after decapita-
tion and immediately frozen on top of dry ice, and then stored
at -80°C. The right and left sides of the hypothalamus were dis-
sected separately on ice using the previously reported method.?
The right side of the hypothalamus was homogenized using a
tissue ruptor homogenizer (Qiagen Tech). The RNA from the
homogenized hypothalamus was isolated using Trizol and chloro-
form extraction by the manufacturer’s protocol (Invitrogen) and
quantified by Nanodrop 1000. The ¢cDNA from the extracted
right hypothalamus was synthesized using the High Capacity
c¢DNA Archive Kit (Applied Biosystems Inc.; ABI) Gene Amp
PCR System 2700.

Real-time RT-PCR was performed on the ABI PRISM 7000
Sequence Detection System (SDS) using Taqman assays for the
following genes (ABI): neuropeptide Y (NPY; Rn01410146_m1);
pro-opiomelanocortin  (POMC; Rn00595020_m1); brain-
derived neurotrophic factor (BDNF; Rn02531967_s1); serotonin
receptor 1A (5-HTRIA; Rn00561409_s1); serotonin recep-
tor 2A (5-HTR2A; Rn01468302_m1); serotonin receptor 2C
(5-HTR2C; Rn00562748_m1). The cycle conditions were 50°C
for 2 min, 95°C for 10 min, 40 cycles for 95°C for 15 sec and 60°C
for 1 min. The relative quantification method was performed
using glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Rn99999916_sl1), which was the endogenous housekeeping gene
selected for its lowest variation from a preliminary screen. Results
were expressed as fold-change by the 224" method” and ana-
lyzed using ABI DataAssist software version 3.0.

Hypothalamic global and gene-specific DNA methylation
analysis. The left side of the hypothalamus was used for DNA
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- Food intake over 72 h (bi-weekly)

respectively.

Figure 9. Schematic sketch of the study (A) design and (B) protocol for male offspring from 0-29 weeks post-weaning. Diet abbreviations: RV, the
AIN-93G diet with the recommended vitamins; HFol, RV+10-fold the folate content. Gestational and pup diets denoted before and after the dash line,
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Figure 10. Location of 5 cytosine-phosphate-guanine (CpG) sites in the pro-opiomelanocortin (POMC) gene promoter shown by the shadowed areas.

methylation status. DNA was isolated using the standard proto-
col outlined by the DNeasy Blood and Tissue Kit (Qiagen Tech).
Two spectrophotometric readings of the DNA samples were aver-
aged to determine the concentration for a ratio of A, to A,
between 1.8 and 2.0 and free of RNA and protein contamina-
tion. The global methylation status of hypothalamic genomic
DNA and gene-specific methylation of the hypothalamic POMC
promoter were assessed by a pyrosequencing assay of sodium
bisulfate converted DNA as previously described.?® For each
sample, the methylation levels of 5 CpG sites were verified and
averaged. Sequencing was performed by PyroMark Q24 (Qiagen,
9001514) and long interspersed nuclear element-1 repeat element
methylation was used as an indicator of global methylation levels
as previously described.?’ Figure 10 shows the primer sequence of
POMC promoter and location of 5 CpG sites.

Folate concentration analysis. The left side of the remain-
ing brain was used for folate concentration measurement. Trunk
blood was collected and centrifuged to obtain plasma. Brain
and plasma folate concentrations were determined by a standard
microbiological microtiter 96-well plate assay using Lactobacillus
casei, which demonstrates a growth response to folate.?3!

Statistical analyses. The PROC MIXED model procedure in
SAS (Version 9.2, SAS Institute Inc.) was used to determine the
treatment effects on 72 h food intake and weight gain with ges-
tational diets, pup diets and time as the main factors. Variables
with non-normal distribution were normalized. The means at
each time point and for glucose response to a glucose or insulin
load, hypothalamic gene expression, global and POMC-specific

methylation status and folate concentrations were compared by
one-way analysis of variance using the PROC GLM followed by a
Tukey’s post-hoc test. Correlation analyses between DNA meth-
ylation status and outcome measures were performed by using
Spearman’s correlation coefficient. Significant differences were
reported at p < 0.05. All data are expressed as mean + standard
error of the mean (SEM).

Conclusion

In conclusion, the obesogenic phenotype of offspring from
dams fed the HFol gestational diet can be corrected by feeding
them a HFol diet perhaps due to epigenetic changes involving
methylation.
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