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Abstract: Periconceptional maternal folate levels may alter DNA methylation patterns and health
outcomes in offspring. We hypothesized that maternal folic acid supplementation alters fetal
neural development through DNA methylation in the fetal brain. Twenty-eight rats were randomly
assigned to four groups: three groups of the female rats were fed folate-normal, folate-deficient
or folate-supplemented diets from seven days before mating to delivery. In another group, folic
acid supplementation diet short-period group was fed a folate-normal diet, except for 10 days
(begin mating) when this group was fed a folate-supplemented diet. After delivery, the diets were
changed to folate-normal diet for all four groups. The cliff avoidance and forelimb grip tests were
used to assess sensory motor function of rat offspring. The results indicate that maternal folic acid
supplementation improved the early development of sensory-motor function in offspring. Maternal
folic acid supplementation increased the methylation potential, global DNA methylation (5-mC) and
DNA methyltransferase expression and activity in the brains of the offspring. In conclusion, maternal
folic acid supplementation increases DNA methylation pattern in offspring brain and improves the
early development of sensory-motor function.

Keywords: maternal folic acid; neurobehavioral development; DNA methylation; offspring

1. Introduction

Folate requirements are increased during pregnancy because of the increased abundance
of one-carbon transfer reactions for DNA synthesis and methylation reactions [1,2]. Folic acid
supplementation at 400 pg per day or higher is recommended worldwide before and during early
stages of pregnancy to reduce the incidence of neural tube defects (NTDs) [3]. Additionally, the food
supply in many countries is fortified with folic acid to increase folate levels in women of childbearing
age and thereby decrease NTDs risk [4]. High maternal folate levels also may have other beneficial
effects in offspring, such as reduced risks of low birth weight, language delay, autism, and childhood
brain tumors [5-9]. Some health outcomes in offspring may depend on alteration of fetal DNA
methylation patterns [10-12]. A new DNA methylation pattern is established during embryogenesis
soon after implantation and consequently the genome and epigenome of the developing fetus may be
highly susceptible to environmental modifiers such as maternal folate levels [13].

Our previous research in neural stem cell (NSC) cultures found that folic acid stimulates NSC
proliferation by modifying DNA methylation levels [14,15]. Therefore, we hypothesized that maternal
folic acid supplementation alters fetal neural development by modulating DNA methylation.
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2. Materials and Methods

2.1. Rats and Diets

The Tianjin Medical University Animal Ethics Committee approved the experimental protocols of
this study (TMUaEC2015001). Mature, three-month-old male and female Sprague-Dawley rats were
purchased from Charles River Laboratories, Beijing, China. The rats were housed under 24 4+ 2 °C
controlled SPF condition with 12-h light/dark cycle and allowed ad libitum access to food and water
during the experiment. Five females were housed with each male during mating and then pregnant
dams were housed singly.

The rats were randomly assigned to four groups (seven female rats for each group):
(1) folate-deficient diet group (DD group) that was fed a folate-deficient diet from seven days before
mating to delivery; (2) folic acid normal diet group (ND group) that was fed a control diet from seven
days before mating to delivery; (3) folic acid supplementation diet short-period group (FD-S group)
that was fed a control diet from seven days before mating to delivery except for a 10-day-long period
(beginning with mating) when this group was fed a folic acid supplementation diet; (4) folic acid
supplementation diet long-period group (FD-L group) that was fed a folic acid supplementation diet
from seven days before mating to delivery. After delivery, the diets were changed to the control diet
for all four groups.

All the diets were purchased from TestDiet (St. Louis, MO, USA). The control diet was AIN-93,
which contains 2.1 mg folic acid/kg and has been extensively used in previous animal studies of
folate [16,17]. The folate-deficient and folic acid supplementation diets only differed from AIN-93 by
containing, respectively, 0.1 and 3.5 mg folic acid/kg.

Some newborn offspring (pups) were selected randomly from each dam and euthanized, then the
blood and the brain samples were collected, and the brain tissue was snap-frozen and stored at —80 °C.
The remaining pups were used for neurobehavioral tests and euthanized at four months of age.

2.2. Cliff Avoidance Test

The cliff avoidance test was evaluated from postnatal day (PD) 4 to PD8 to assess the integration
of exteroceptive input (vibrissae) and loco-motor output [18]. Pups were placed on the edge of a
platform (20 x 20 x 20 cm) with forepaws and heads extending over the edge. If the pup avoided the
cliff and turned backwards then the test result was recorded as positive. If the pup did not make a
response within 60 s or fell off the platform then the test result was recorded as negative.

2.3. Forelimb Grip Test

The forelimb grip strength test was carried out from PDS8 to PD14 to assess neuromuscular
function [19]. The duration of forelimb grip of a metal bar (diameter x length = 2 mm x 7.5 cm)
was measured using a low-force testing system (Model-RX-5, Aikoh Engineering, Nagoya, Japan).
Every pup was tested thrice and its mean grip duration was recorded.

2.4. Folate and Homocysteine (Hcy) Concentration

Angular venous blood was collected from pups in coagulant tubes and then centrifuged at 3000 x g
for 10 min to obtain serum. The brain tissues of pups were homogenized by a motor-driven tissue
homogenizer (PT1200E; Kinematica, Lucerne, Switzerland). Folate concentration was determined using
a competitive protein-binding assay and an automated chemiluminescence system (Immulite 2000 Xpi;
Siemens, Berlin, Germany) according to the manufacturer’s instructions. The assay detected all types
of folates, including folic acid, dihydrofolate, and tetrahydrofolate [20]. Serum samples were diluted
10 times with 0.9% saline to reach the detection limit of this system, which was 1-24 ng/mL. The total
Hcy concentration was quantified using an Auto-Chemistry Analyzer (DIRUIL; Changchun, China) and
Hcy Reagent (Medical System, Ningbo, China), for which the detection limit was 3-150 umol/L.
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2.5. Methylation Potential Assay

S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) were determined in brain
tissue of pups. The brain samples were homogenized by a motor-driven tissue homogenizer (PT1200E,
Kinematica, Lucerne, Switzerland) and kept on ice. 100 mg extracts were resuspended in 300 puL of
0.4 mol/L ice-cold perchloric acid. The homogenate was centrifuged at 20,000 x g for 10 min at 4 °C
and the supernatant was collected. The supernatant was filtered through 0.45 um (Millipore, Billerica,
MA, USA) and then was loaded into a Venusil MP-C18 column (250 mm x 4.6 mm, 5 pm particle;
Agela Technologies, Wilmington, DE, USA) fitted with a matched guard column, run by a Waters
HPLC system (Milford, MA, USA) and connected to an ultraviolet detector. Absorption of eluted
compounds was monitored at A = 254 nm. A two-buffer elution system was used: mobile phase A and
B, both contain 10 mmol/L ammonium formate and 4 mmol/L l-heptanesulfonic acid (pH = 4). Mobile
phase B contains 50% acetonitrile by volume. Elution of SAM and SAH was achieved at a flow rate of
1 mL/min with the following parameters: 0-0.5 min, 100% A; 0.5-20 min, linear gradient to 75% A and
25% B; 20-30 min, 25% B; 30—45 min, 100% A. Chromatograms were recorded by a Hewlett-Packard
HP3394 integrator with its quantification accomplished by automatic peak area integration. SAM and
SAH standards were used to identify the elution peaks [16].

2.6. DNA Methyltransferase Activity Assay

Nuclear extracts of brain tissue of pups were isolated using the nuclear extraction kit (Merck
KGaA, Darmstadt, Germany). DNA methyltransferase (DNMT) activity was measured using a DNMT
activity /inhibition assay kit according to the manufacturer’s instructions (Active Motif, Carlsbad,
CA, USA). A lot-specific standard curve was created with the DNMT1 provided in the kit. Optical
density (OD) was measured on a microplate reader at 450 nm and DNMT activity ((OD/(h-mg)) was
calculated according to the following formula

(Average Sample OD — Average Blank OD)

DNMT activity(OD/h/mg) = Protein amount (pg) * xhour * *

x 1000

where,
* Protein amount added into the reaction.
** Incubation time used for the reaction.

2.7. Global DNA Methylation Analysis

Nucleic acids were isolated from brain tissues of pups using the Genomic DNA Purification
Kit (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Nucleic acid
concentrations were determined with a Nucleic acid spectrometer (NanoDrop 2000, Thermo Scientific,
Waltham, MA, USA). The level of global DNA methylation was evaluated using a MethylFlash™
Global DNA Methylation (5-mC) ELISA Easy Kit (EpiGentek, Farmingdale, NY, USA). A lot-specific
standard curve was created with the positive control (containing 5% 5-mC) provided in the kit. Optical
density (OD) was measured on a microplate reader at 450 nm and the level of 5-mC was calculated
according to the following formula

ODsample - ODnegative

5 mC%h = slope x Sx

x 100%

where, * S is the amount of input sample DNA in ng.
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2.8. Statistical Analysis

The data were expressed as proportion or mean + SD according to the data distribution.
Comparisons between different groups were performed by one-way ANOVA for normally distributed
data, and by Pearson’s chi-squared or Fisher’s exact test for frequency analysis. Multiple timepoint
data were compared using the repeated-measures ANOVA. The statistical software package IBM SPSS
16.0 IBM, Armonk, NY, USA) and SAS 9.4 (SAS Institute, Berkley, CA, USA) was used to evaluate
differences within groups, which were considered statistically significant at p < 0.05.

3. Results

3.1. Maternal Folic Acid Had No Effect on Maternal Body Weight or Litter Size

None of the dams showed weight loss, failure to gain weight, or premature death. The overall
pattern of weight gain during pregnancy was similar among the four experimental groups and the
mean weight gain was 116.42 + 24.02 g. No significant differences in the average number of pups per
litter were observed among the four groups and the average number of pups per litter was 14.36 & 3.48.

3.2. Maternal Folic Acid Supplementation Improved Sensory-Motor Development in Offspring

The cliff avoidance and forelimb grip tests were used to assess sensory motor function of rat
offspring. From each diet group, 15 female and 15 male pups were selected randomly (4-5 offspring
from each dam) for the cliff avoidance test at PD4-8 and the forelimb grip test at PD8-14. The rates
of improvement in the cliff avoidance and forelimb grip tests from PND4 to PND14 tended to differ
between diet groups.

For the cliff avoidance test (Figure 1A,B), the folate-deficient (DD) group had the lowest
percentages of positive test results both in male and female, although repeated measures analysis
showed no statistically significant differences between this group’s results and those of the control
(ND) group (male, t = 0.15, p = 0.878; female, t = 0.16, p = 0.874), FD-S group (¢t = 0.16, p = 0.872) or
FD-L group (t = 0.11, p = 0.914). The highest percentages of positive test results were in the group that
had been supplemented throughout pregnancy (FD-L), although there was no significant difference
between this group and the group that had been supplemented for the periconception period only
(FD-S; t = 0.32, p = 0.747).

For the forelimb grip test (Figure 1C,D), the repeated measures analysis showed that the DD group
had the shortest grip durations both in male and female (male, F = 92.676, p < 0.001; female, F = 40.425,
p < 0.001). Folic acid supplementation lengthened grip duration significantly (F = 110.249, p < 0.001)
and supplementation throughout pregnancy was more effective than supplementation limited to the
periconception period. Taken together, these results indicate that maternal folic acid supplementation
improved the early development of sensory-motor function in offspring.
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Figure 1. Maternal folic acid supplementation improved sensory-motor development in offspring.

Dams were randomly assigned to a folate-normal diet group (ND), a folate-deficient diet group

(DD), a folic acid-supplemented diet short-period group (FD-S), and a folic acid-supplemented diet

long-period group (FD-L). Thirty pups (15 female and 15 male pups) were selected randomly from

each diet group (4-5 offspring from each dam) for the cliff avoidance test at PD4-8 and the forelimb

grip test at PD8-14. (A) Cliff avoidance test for male offspring (n = 15/group); (B) Cliff avoidance

test for female offspring (n = 15/group); (C) Forelimb grip test for male offspring (n = 15/group);

(D) Forelimb grip test for female offspring (1 = 15/group). Data of cliff avoidance test are expressed as

proportion, and data of forelimb grip test are expressed as mean £ SD. * Comparing with four groups

at o« = 0.05/(comparisons times).

3.3. Maternal Folic Acid Supplementation Increased Folate Level in Pups

Serum folate concentrations in offspring (pups) differed significantly between diet groups
(F = 529.434, p < 0.001) and increased in the sequence DD < ND < FD-S < FD-L (Figure 2A). Brain
folate concentrations in pups also differed significantly between diet groups (F = 15.115, p < 0.001) and
increased in the same sequence DD < ND < FD-S < FD-L (Figure 2B).
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Figure 2. Maternal folic acid supplementation increased folate levels in offspring. Dams were fed as

described in Figure 1. (A) Serum folate concentration in pups; (B) Brain folate concentration in pups.
* p <0.05 compared with DD group. # p < 0.05 compared with ND group. & p < 0.05 compared with
FD-S group. Data are expressed as mean + SD for n = 10 pups/group (1-2 pups from each dam).
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3.4. Maternal Folic Acid Supplementation Altered One Carbon Metabolism in Pups

In pups, there were significant differences between the diet groups for brain concentrations
of Hey (F = 31.663, p < 0.001; Figure 3A), SAM (F = 3.749, p = 0.022; Figure 3B), SAH (F = 21.851,
p < 0.001; Figure 3C), and brain methylation potential (F = 16.223, p < 0.001; Figure 3D). Hcy and SAH
concentrations decreased in the sequence DD > ND > FD-S > FD-L, whereas SAM concentration and
methylation potential increased in the sequence DD < ND < FD-S < FD-L (Figure 3). Taken together,
these results indicate that maternal consumption of folic acid affects one carbon metabolism in the
brains of their offspring.

3.5. Maternal Folic Acid Supplementation Increased Global DNA Methylation Level and DNMT Activity in
Offspring Brain

In the brains of pups, there were significant differences between the diet groups for global DNA
methylation level (5-mC level) (F = 8.983, p = 0.001; Figure 4A) and DNMT activity (F = 44.327,
p < 0.001; Figure 4B). The 5-mC level was lowest for the DD group, intermediate for the ND and FD-5
groups, and highest for the FD-L group. DNMT activity increased in the sequence DD < ND < FD-5
< FD-L. Real-time PCR and western blot analyses showed that DNMT1, DNMT3a, and DNMT3b
gene and protein expression levels all were lowest in DD group and highest in FD-L group (Figure 5).
Taken together, these results indicate that maternal folic acid supplementation increased global DNA
methylation level, DNMT activity, and DNMTs expression in the brains of offspring.
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Figure 3. Maternal folic acid supplementation altered one carbon metabolism in offspring. Dams were
fed as described in Figure 1. (A) Brain Hcy concentration in pups; (B) Brain SAM concentration in
pups; (C) Brain SAH concentration in pups; (D) Methylation potential (SAM:SAH ratio) in brain tissue
of pups. * p < 0.05 compared with DD group. # p < 0.05 compared with ND group. Data are expressed
as mean £ SD for n = 10 pups/group (same pups as Figure 2).
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Figure 4. Maternal folic acid supplementation increased global DNA methylation level and DNMT
activity in offspring brain. Dams were fed as described in Figure 1. (A) Global DNA methylation level
(5-mC level) in brain tissue of offspring; (B) DNMT activity in brain tissue of offspring. * p < 0.05
compared with DD group. # p < 0.05 compared with ND group. & p < 0.05 compared with FD-S group.
Data are expressed as mean =+ SD for nn = 10 pups/group (same pups as Figure 2).
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Figure 5. Maternal folic acid supplementation increased the expression of DNMTs in offspring brains.
Dams were fed as described in Figure 1. (A-C) mRNA expression of DNMT1, 3a and 3a in brain tissue
of pups; (D-F) Protein expression of DNMT1, 3a and 3b in brain tissue of pups. * p < 0.05 compared
with DD group. # p < 0.05 compared with ND group. & p < 0.05 compared with FD-S group. Data are
expressed as mean + SD for n = 10 pups/group (same pups as Figure 2).
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4. Discussion

The present study found that maternal folic acid supplementation increased in offspring’s brains
the methylation potential, global DNA methylation level (5-mC level), DNMT expression and activity,
and also improved the early development of sensory-motor function. Evidence is presented that
the underlying mechanism may be folic acid-induced modulation of methylation patterns in the
offspring brain.

These behavioral tests in this study revealed that maternal folic acid supplementation improved
the early development of sensory-motor function in rat offspring. It has been well established in
human studies that folic acid supplementation prior to and during early pregnancy can decrease
the risk of NTDs [21]. There have also been reports of associations between periconceptional
folate consumption and other aspects of human neurodevelopment, such as language delay
and autism [6,8,9]. Additionally, positive associations have been found between maternal folate
concentrations in early pregnancy and fetal head growth [22], and between maternal folate and
children’s mental and social development quotients with children 2 years of age [23]. In our prevent
study, the impact of periconceptual folate in adolescent and adult rat offspring also be discussed.
The Morris water maze test evaluate learning and memory ability in adolescent (PND45) and adult
(PND90) offspring. The results showed that maternal folate deficiency delayed early sensory-motor
reflex development, impaired spatial learning, and memory ability of offspring [24].

In this study, three kinds of diets were used, among those diets only folic acid content different,
respectively, 0.1, 2.1, and 3.5 mg folic acid/kg. As discussed in our previous study, 3.5 mg folic
acid per kilogram diet in rats is equivalent to consumption of a 400 ug folic acid tablet daily on in
people consuming a healthy diet [24]. Folic acid as a kind of micromolecule can be getting through
placental barrier, so serum folate concentrations in pups increased in the sequence DD < ND < FD-S
< FD-L. Folate can also get through blood-brain barrier, so brain folate concentrations in pups also
increased in the sequence DD < ND < FD-S < FD-L. The brains of the rat pups in the present study
responded to maternal folic acid supplementation with increased in offspring brain the methylation
potential, global DNA methylation level (5-mC level), DNMT expression, and activity. According
to the developmental origins of health and disease hypothesis, maternal nutrition during gestation
can influence the epigenome of the developing fetus and thus modulate physiological outcome.
Folate plays a key role in epigenomics and maternal folic acid supplementation produces long-term
epigenomic effects in offspring, some of which may be beneficial and others harmful [25,26].

The female rats were randomly assigned to four groups, seven female rats for each group.
The average number of pups per litter was 14.36 & 3.48. Because the serum sample is very litter for
neonatal rat, the pups which used to test folate euthanized at PDO, and then the blood and the brain
samples were collected. The sample size for the test of serum and brain folate was 10 pups/group that
mean 1 or 2 pups from each dam. Every dam chose at least one pup. The remaining pups were used
for neurobehavioral tests and euthanized at four months of age. Thirty pups (15 female and 15 male
pups) were selected randomly from each diet group (4-5 offspring from each dam) for sensory motor
function tests. The dada was calculated by sex. The pups were selected randomly and no data was
discarded. Although every dam has same parental generation and similar environment; the difference
between each littermate was small. Further study should expand the sample size to further verify how
maternal folic acid supplementation alters fetal neural development by modulating DNA methylation.

5. Conclusions

In conclusion, the present study found that maternal folic acid supplementation modifies DNA
methylation pattern in offspring brain. These changes were associated with improvement in the early
development of sensory-motor function. These findings are consistent with an epigenomic mechanism
by which periconceptional folic acid supplementation benefits neurodevelopment in offspring.



Nutrients 2018, 10, 292 90f 10

Acknowledgments: This research was supported by grants from the National Natural Science Foundation of
China (no. 81472967 and no. 81602849) and the Tianjin 13th five plan and TMU talent project (no. 2016KJ0304).

Author Contributions: All authors have seen and approved this manuscript. W.L. and G.H. planned experiments;
Z.L. and S.L. performed experiments; W.L. and X.W. analyzed data; W.L. and ].X.W. wrote the paper.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Joubert, B.R.; Den Dekker, H.T.; Felix, ].F.,; Bohlin, J.; Ligthart, S.; Beckett, E.; Tiemeier, H.; van Meurs, ].B.;
Uitterlinden, A.G.; Hofman, A.; et al. Maternal plasma folate impacts differential DNA methylation in an
epigenome-wide meta-analysis of newborns. Nat. Commun. 2016, 7, 10577. [CrossRef] [PubMed]

Rochtus, A.; Jansen, K.; Van Geet, C.; Freson, K. Nutri-epigenomic Studies Related to Neural Tube Defects:
Does Folate Affect Neural Tube Closure Via Changes in DNA Methylation? Mini Rev. Med. Chem. 2015, 15,
1095-1102. [CrossRef] [PubMed]

Miller, J.W.; Ulrich, C.M. Folic acid and cancer—Where are we today? Lancet 2013, 381, 974-976. [CrossRef]
Castillo-Lancellotti, C.; Tur, J.A.; Uauy, R. Impact of folic acid fortification of flour on neural tube defects:
A systematic review. Public Health Nutr. 2013, 16, 901-911. [CrossRef] [PubMed]

Yajnik, C.S.; Deshmukh, U.S. Fetal programming: Maternal nutrition and role of one-carbon metabolism.
Rev. Endocr. Metab. Disord. 2012, 13, 121-127. [CrossRef] [PubMed]

Castro, K.; Klein Lda, S.; Baronio, D.; Gottfried, C.; Riesgo, R.; Perry, L.S. Folic acid and autism: What do we
know? Nutr. Neurosci. 2016, 19, 310-317. [CrossRef] [PubMed]

Quach, P; El Sherif, R.; Gomes, J.; Krewksi, D. A systematic review of the risk factors associated with the
onset and progression of primary brain tumours. Neurotoxicology 2016, 17. [CrossRef] [PubMed]

Roth, C.; Magnus, P.; Schjelberg, S.; Stoltenberg, C.; Surén, P.; McKeague, IW.; Davey Smith, G.;
Reichborn-Kjennerud, T.; Susser, E. Folic acid supplements in pregnancy and severe language delay in
children. JAMA 2011, 306, 1566-1573. [CrossRef] [PubMed]

Schmidt, R.J.; Tancredi, D.J.; Ozonoff, S.; Hansen, R.L.; Hartiala, J.; Allayee, H.; Schmidt, L.C.; Tassone, F.;
Hertz-Picciotto, I. Maternal periconceptional folic acid intake and risk of autism spectrum disorders
and developmental delay in the CHARGE (CHildhood Autism Risks from Genetics and Environment)
case-control study. Am. J. Clin. Nutr. 2012, 96, 80-89. [CrossRef] [PubMed]

Barua, S.; Kuizon, S.; Chadman, K.K.; Flory, M.J.; Brown, W.T.; Junaid, M.A. Single-base resolution
of mouse offspring brain methylome reveals epigenome modifications caused by gestational folic acid.
Epigenetics Chromatin 2014, 7, 3. [CrossRef] [PubMed]

Haggarty, P; Hoad, G.; Campbell, D.M.; Horgan, G.W.; Piyathilake, C.; McNeill, G. Folate in pregnancy
and imprinted gene and repeat element methylation in the offspring. Am. J. Clin. Nutr. 2013, 97, 94-99.
[CrossRef] [PubMed]

Pauwels, S.; Ghosh, M.; Duca, R.C.; Bekaert, B.; Freson, K.; Huybrechts, I.; Langie, S.A.; Koppen, G.;
Devlieger, R.; Godderis, L. Maternal intake of methyl-group donors affects DNA methylation of metabolic
genes in infants. Clin. Epigenetics 2017, 9, 16. [CrossRef] [PubMed]

Lee, H.S. Impact of Maternal Diet on the Epigenome during In Utero Life and the Developmental
Programming of Diseases in Childhood and Adulthood. Nutrients 2015, 7, 9492-9507. [CrossRef] [PubMed]
Yu, M,; Li, W,; Luo, S.; Zhang, Y,; Liu, H.; Gao, Y.; Wang, X.; Wilson, ].X.; Huang, G. Folic acid
stimulation of neural stem cell proliferation is associated with altered methylation profile of PI3K/Akt/CREB.
J. Nutr. Biochem. 2014, 25, 496-502. [CrossRef] [PubMed]

Li, W, Yu, M,; Luo, S.; Liu, H.; Gao, Y.; Wilson, ].X.; Huang, G. DNA methyltransferase mediates
dose-dependent stimulation of neural stem cell proliferation by folate. |. Nutr. Biochem. 2013, 24, 1295-1301.
[CrossRef] [PubMed]

Li, W,; Liu, H.; Yu, M.; Zhang, X.; Zhang, M.; Wilson, ]J.X.; Huang, G. Folic acid administration inhibits
amyloid B-peptide accumulation in APP/PS1 transgenic mice. J. Nutr. Biochem. 2015, 26, 883-891. [CrossRef]
[PubMed]

Ly, A.; Ishiguro, L.; Kim, D.; Im, D.; Kim, S.E.; Sohn, K.J.; Croxford, R.; Kim, Y.I. Maternal folic acid
supplementation modulates DNA methylation and gene expression in the rat offspring in a gestation
period-dependent and organ-specific manner. J. Nutr. Biochem. 2016, 33, 103-110. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/ncomms10577
http://www.ncbi.nlm.nih.gov/pubmed/26861414
http://dx.doi.org/10.2174/1389557515666150909144828
http://www.ncbi.nlm.nih.gov/pubmed/26349489
http://dx.doi.org/10.1016/S0140-6736(13)60110-5
http://dx.doi.org/10.1017/S1368980012003576
http://www.ncbi.nlm.nih.gov/pubmed/22850218
http://dx.doi.org/10.1007/s11154-012-9214-8
http://www.ncbi.nlm.nih.gov/pubmed/22415298
http://dx.doi.org/10.1179/1476830514Y.0000000142
http://www.ncbi.nlm.nih.gov/pubmed/25087906
http://dx.doi.org/10.1016/j.neuro.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27212451
http://dx.doi.org/10.1001/jama.2011.1433
http://www.ncbi.nlm.nih.gov/pubmed/21990300
http://dx.doi.org/10.3945/ajcn.110.004416
http://www.ncbi.nlm.nih.gov/pubmed/22648721
http://dx.doi.org/10.1186/1756-8935-7-3
http://www.ncbi.nlm.nih.gov/pubmed/24484737
http://dx.doi.org/10.3945/ajcn.112.042572
http://www.ncbi.nlm.nih.gov/pubmed/23151531
http://dx.doi.org/10.1186/s13148-017-0321-y
http://www.ncbi.nlm.nih.gov/pubmed/28191262
http://dx.doi.org/10.3390/nu7115467
http://www.ncbi.nlm.nih.gov/pubmed/26593940
http://dx.doi.org/10.1016/j.jnutbio.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24629913
http://dx.doi.org/10.1016/j.jnutbio.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23332600
http://dx.doi.org/10.1016/j.jnutbio.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25959374
http://dx.doi.org/10.1016/j.jnutbio.2016.03.018
http://www.ncbi.nlm.nih.gov/pubmed/27152636

Nutrients 2018, 10, 292 10 of 10

18.

19.

20.

21.

22.

23.

24.

25.

26.

Naik, A.A.; Patro, LK,; Patro, N. Slow Physical Growth, Delayed Reflex Ontogeny, and Permanent Behavioral
as Well as Cognitive Impairments in Rats Following Intra-generational Protein Malnutrition. Front. Neurosci.
2015, 9, 446. [CrossRef] [PubMed]

Yang, FY.; Huang, S.F.; Cheng, .H. Behavioral alterations following blood-brain barrier disruption stimulated
by focused ultrasound. Oncotarget 2016, 7, 27916-27925. [CrossRef] [PubMed]

Strain, J.J.; Dowey, L.; Ward, M.; Pentieva, K.; McNulty, H. B-vitamins, homocysteine metabolism and CVD.
Proc. Nutr. Soc. 2004, 63, 597-603. [CrossRef] [PubMed]

Gao, Y,; Sheng, C.; Xie, R.H.; Sun, W.; Asztalos, E.; Moddemann, D.; Zwaigenbaum, L.; Walker, M.; Wen, S.W.
New Perspective on Impact of Folic Acid Supplementation during Pregnancy on Neurodevelopment/Autism
in the Offspring Children—A Systematic Review. PLoS ONE 2016, 11, e0165626. [CrossRef] [PubMed]
Steenweg-de Graaff, J.; Roza, S.J.; Walstra, A.N.; El Marroun, H.; Steegers, E.A.; Jaddoe, VW.; Hofman, A ;
Verhulst, F.C.; Tiemeier, H.; White, T. Associations of maternal folic acid supplementation and folate
concentrations during pregnancy with foetal and child head growth: The Generation R Study. Eur. J. Nutr.
2017, 56, 65-75. [CrossRef] [PubMed]

Bhate, V.K,; Joshi, S.M.; Ladkat, R.S.; Deshmukh, U.S.; Lubree, H.G.; Katre, P.A.; Bhat, D.S.; Rush, E.C,;
Yajnik, C.S. Vitamin B12 and folate during pregnancy and offspring motor, mental and social development
at 2 years of age. J. Dev. Orig. Health Dis. 2012, 3, 123-130. [CrossRef] [PubMed]

Wang, X.; Li, W,; Li, S.; Yan, J.; Wilson, J.X.; Huang, G. Maternal Folic Acid Supplementation During
Pregnancy Improves Neurobehavioral Development in Rat Offspring. Mol. Neurobiol. 2017. [CrossRef]
[PubMed]

Barua, S.; Kuizon, S.; Brown, W.T.; Junaid, M.A. DNA Methylation Profiling at Single-Base Resolution
Reveals Gestational Folic Acid Supplementation Influences the Epigenome of Mouse Offspring Cerebellum.
Front. Neurosci. 2016, 10, 168. [CrossRef] [PubMed]

Guéant, ].L.; Namour, F.; Guéant-Rodriguez, R.M.; Daval, J.L. Folate and fetal programming: A play in
epigenomics? Trends Endocrinol. Metab. 2013, 24, 279-289. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3389/fnins.2015.00446
http://www.ncbi.nlm.nih.gov/pubmed/26696810
http://dx.doi.org/10.18632/oncotarget.8444
http://www.ncbi.nlm.nih.gov/pubmed/27034007
http://dx.doi.org/10.1079/PNS2004390
http://www.ncbi.nlm.nih.gov/pubmed/15831132
http://dx.doi.org/10.1371/journal.pone.0165626
http://www.ncbi.nlm.nih.gov/pubmed/27875541
http://dx.doi.org/10.1007/s00394-015-1058-z
http://www.ncbi.nlm.nih.gov/pubmed/26497537
http://dx.doi.org/10.1017/S2040174411000778
http://www.ncbi.nlm.nih.gov/pubmed/25101923
http://dx.doi.org/10.1007/s12035-017-0534-2
http://www.ncbi.nlm.nih.gov/pubmed/28421540
http://dx.doi.org/10.3389/fnins.2016.00168
http://www.ncbi.nlm.nih.gov/pubmed/27199632
http://dx.doi.org/10.1016/j.tem.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23474063
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Rats and Diets 
	Cliff Avoidance Test 
	Forelimb Grip Test 
	Folate and Homocysteine (Hcy) Concentration 
	Methylation Potential Assay 
	DNA Methyltransferase Activity Assay 
	Global DNA Methylation Analysis 
	Statistical Analysis 

	Results 
	Maternal Folic Acid Had No Effect on Maternal Body Weight or Litter Size 
	Maternal Folic Acid Supplementation Improved Sensory-Motor Development in Offspring 
	Maternal Folic Acid Supplementation Increased Folate Level in Pups 
	Maternal Folic Acid Supplementation Altered One Carbon Metabolism in Pups 
	Maternal Folic Acid Supplementation Increased Global DNA Methylation Level and DNMT Activity in Offspring Brain 

	Discussion 
	Conclusions 
	References

