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Abstract: Vitamin B9 (folate)/B12 (cobalamin) deficiency is known to induce brain structural and/or
functional retardations. In many countries, folate supplementation, targeting the most severe out-
comes such as neural tube defects, is discontinued after the first trimester. However, adverse effects
may occur after birth because of some mild misregulations. Various hormonal receptors were shown
to be deregulated in brain tissue under these conditions. The glucocorticoid receptor (GR) is particu-
larly sensitive to epigenetic regulation and post-translational modifications. In a mother–offspring
rat model of vitamin B9/B12 deficiency, we investigated whether a prolonged folate supplementation
could restore the GR signaling in the hypothalamus. Our data showed that a deficiency of folate
and vitamin B12 during the in-utero and early postnatal periods was associated with reduced GR
expression in the hypothalamus. We also described for the first time a novel post-translational
modification of GR that impaired ligand binding and GR activation, leading to decrease expression
of one of the GR targets in the hypothalamus, AgRP. Moreover, this brain-impaired GR signaling
pathway was associated with behavioral perturbations during offspring growth. Importantly, perina-
tal and postnatal supplementation with folic acid helped restore GR mRNA levels and activity in
hypothalamus cells and improved behavioral deficits.

Keywords: one-carbon metabolism; hypothalamus; fetal programming; post-translational
modification; corticoid pathway

1. Introduction

Nutritional conditions highly impact brain development. Current evidence supports
that maternal hypovitaminosis of folate (vitamin B9) and cobalamin (Cbl, vitamin B12) pre-
dispose offspring to a wide range of metabolic and neurological disorders [1–3]. Maternal
folate and/or Cbl deficiency induces an accumulation of homocysteine in plasma and neu-
ronal cells and a decreased S-adenosylmethionine/S-adenosylhomocysteine (SAM/SAH)
ratio, markers particularly associated with epigenetic mechanisms, neurotoxic effects, and
brain diseases [4]. Various mechanisms have been proposed to explain observed deleterious
effects, such as imbalanced proliferation and differentiation of neurons and brain atrophy
leading to cognitive decline and a durable behavioral change in offspring [5–9].
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In the context of maternal deficiency in methyl donors, fetal programming is a mecha-
nism described in specific brain function defects, such as locomotion coordination, learning,
and memory [10,11]. Nevertheless, numerous pathways are involved after the deregula-
tion of folate and/or methionine cycles [12–16]. Concerning brain outcomes, conclusions
sometimes need to be completed because brain circuits are interconnected, and a function
typically attributed to a specific circuit could be influenced by other circuits, especially in
early life in the case of avitaminosis [17].

The hypothalamus plays a central role in regulating peripheric functions but also
other central circuits using endocrine signals. Indeed, besides food intake regulation [18],
the hypothalamus signals modulate stress response, depressive-like behaviors, and, more
largely, cognitive outcomes [19–21]. Moreover, developmental studies highlighted the fetal
programming phenomenon in the predictive status of offspring concerning hypothalamic-
related functions [22–24]. As in other brain sub-areas, hypothalamus circuits develop
and connect synapses during the embryonic and postnatal periods, two sensitive time
windows for hormonal and environmental influences putatively leading to fetal program-
ming consequences [25,26]. Using a mother–offspring rat model of gestational methyl
donor deficiency (MDD), we previously showed that a reduced availability in methylation
status led to body growth retardation [9,26], abnormal hypothalamic development, and
impaired neuropeptides expression in the arcuate nucleus (ARC) and the ventromedial
nuclei (VMH) [27].

Nevertheless, a perinatal folate supplementation restoring the methylation status
could alleviate such physiopathologic effects [9,27]. Besides regulating food intake, the
hypothalamus is implicated in stress response through the hypothalamic–pituitary–adrenal
(HPA) axis leading to physiological and behavioral adjustments, at least in part with
glucocorticoids [28,29]. This hormonal regulation also produces a feedback mechanism
to the hypothalamus. The glucocorticoid receptor (GR) is a major factor in many cellular
regulations and gene expressions with other chaperone proteins, such as FKBP51 and
HSP90 [30,31]. Glucocorticoids (GCs) are also key hormones regulating food intake and
energy balance through neuropeptides NPY/AgRP [32,33]. Conversely, GCs inhibit the
release of corticotropin-releasing hormone (CRH), an anorexigenic neuropeptide decreasing
the NPY/AgRP synthesis and thus decreasing appetite [34,35]. As for other mediators, it
has been shown that a down-regulation of the one-carbon metabolism is associated with
epigenomic modulation of the GR pathways, a decreased interaction with ligands in the
hippocampus, and cognitive dysfunction [36].

Thus, considering that the hypothalamus is implicated in numerous neuronal func-
tions, that (i) the formation of its circuits occurs in the key time window around birth,
(ii) GCs play a central role in gene expressions in hypothalamic neurons, it appears relevant
to investigate if the GR mediation could modulate the cellular pathways in the ARC and
VMH hypothalamic regions in the context of a pre and postnatal methyl donor deficiency.
In the present study, we explored the impact of a maternal methyl donor deficiency (MDD)
during gestation and lactation on the expression and activation of GR in both ARC and
VMH hypothalamic regions of offspring. In addition, we investigated whether a perina-
tal supplementation with folic acid can modify the GR pathway in deprived rats and its
influence on neuropeptide expression.

2. Results
2.1. Effect of Vitamin B9 on One-Carbon Metabolism Markers and Expression of Glucocorticoid
Receptor (GR) in the Hypothalamus

As previously documented, maternal nutritional methyl donor deficiency during ges-
tation and lactation affects plasma levels of folate and vitamin B12, which are dramatically
reduced in the rat progeny at weaning (postnatal day 21). In parallel, homocysteinemia
is significantly augmented (p < 0.01). Table 1 shows that folic acid supplementation re-
stores folate concentration without affecting vitamin B12 status and significantly reduces
hyperhomocysteinemia in deficient pups.
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Table 1. Effects of the maternal dietary regimen on plasma concentrations of folate, vitamin B12, and
homocysteine in 21-day-old rat pups. Data are means ± SD, obtained from 15 ≤ n ≤ 40 individuals.
Statistically significant differences: ** p < 0.01 with respective control and ◦◦ p < 0.01 between MDD
and MDD + folic acid (MDD = methyl donor deficiency).

Plasma Folate
(nmol/L)

Plasma Vitamin B12
(pmol/L)

Plasma
Homocysteine

(µmol/L)

21d Control-Vehicle 75 ± 8.3 918.6 ± 54.7 5.8 ± 1.5

21d MDD-Vehicle 18.5 ± 6.2 ** 389.3 ± 157.1 ** 17.6 ± 6.3 **

21d Control + Folic Acid 111.17 ± 33.51 ** 878.9 ± 141.16 4.7 ± 1.1

21d MDD + Folic Acid 98.1 ± 24.84 **/◦◦ 397.2 ± 122.4 ** 6.4 ± 2.1 **/◦◦

Investigating the expression of mRNA and protein levels of GR, our results show
that a deficiency in methyl donor (vitamin B9 and/or B12) leads to significantly reduced
mRNA by 50% and protein by 32% of this receptor (Figures 1 and 2A) in the hypothalamic
cell line and hypothalamus brain tissue. Supplementing rat offspring with folic acid
(FA) surprisingly led to a significant reduction of mRNA by 24% in the hypothalamus of
controls. Still, such an FA-supplementation partially restores GR mRNA in MDD offspring
by 29% compared with not-supplemented MDD (Figure 2A). In addition, the microscope
observation of hypothalamic tissues shows a cellular delocalization of GR protein between
offspring groups. Indeed, young MDD rats present a cytoplasmic localization of GR in the
ARC and VMH compared with controls. Cytoplasmic GR aggregates are also observed in
MDD rats. FA-supplementation led to relocalizing GR in nuclei (Figure 2B).
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Figure 1. Effects of methyl donor deficiency on GR expression in a rat hypothalamic cell line. (A) GR
mRNA expression 24 h after B9 deficiency. (B) GR protein expression 24 h after B9 deficiency. Data
are means ± SD from 3 separate cultures and are reported as arbitrary units. Statistically significant
differences between control and B9 deficient cells: ** p < 0.01.
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Figure 2. Effects of methyl donor deficiency and FA-supplementation on GR expression in the
hypothalamus of rat pups at 21 days of age. (A) GR mRNA expression. Data are means ± SD
from 6 ≤ n ≤ 8 animal samples and are reported as arbitrary units. Statistically significant differ-
ences between control and deficient (MDD) rats: * p < 0.05 and ** p < 0.01. Statistically significant
differences between deficient (MDD) and FA-supplemented deficient (MDD-FA) rats: ◦ p < 0.05.
(B) Immunohistochemistry of GR expression in the arcuate (ARC) and the ventromedial (VMH)
nuclei of the hypothalamus of control and deficient (MDD) and FA-supplemented rat pups at 21 days.
White arrows show aggregate-shaped GR proteins and white squares show a higher magnification
(×100) of these aggregate-shaped GR proteins.

2.2. B9-Deficiency Leads to N-Homocysteinilation of GR and Loss of Function

We analyzed the peptides collected after immunoprecipitation with anti-Hcy antibody
from the rat forebrain by mass spectrometry. The N-homocysteinylation of one lysine
residue (K699) of the 686–699 peptide and one threonine phosphorylation at residue T686
are identified (Figure 3A). Both modifications are located in the ligand-binding domain of
GR. This domain is highly conserved, and the 686–699 rat peptide has a 100% sequence
identity with mouse GR (683–696) and 93% sequence identity with human GR. A glutamic
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acid (E696 rat/E693 mouse) was replaced by an aspartic acid in the human sequence
(D 678) (Figure 3).
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Figure 3. Post-translational modifications of GR. (A) New post-translational modification sites
identified by mass spectrometry in the ligand-binding domain of the rat glucocorticoid receptor.
N-homocysteinylated lysine is shown in red and phosphorylated threonine in green (drawn according
our results and the review from Weikum et al. [37]). (B) Alignments of the rat, mouse, and human
glucocorticoid receptor. NTD: amino-terminal domain, DBD: DNA-binding domain, and LBD:
ligand-binding domain.

A prominent interaction of homocysteine with GR was confirmed by the Duolink in
situ Proximity Ligation Assay that shows a significant increase of fluorescent signals in
deficient hypothalamic cells compared with controls (Figure 4A). Because the procedure
is based on a stoichiometric reaction, each red dot corresponds to a close interaction
between GR and homocysteine. Furthermore, the functional adverse effects associated with
increased GR homocysteinylation in the ligand-binding site are reflected by a 24% reduced
expression of the GR response gene coding for AgRP (Figure 4B).
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Figure 4. Quantification of the GR N-homocysteinylation in a rat hypothalamic cell line. (A) In situ
interaction between homocysteine and GR was monitored by the Duolink assay (acquisition images)
and the Blobfinder freeware (analysis example images) in control and vitamin B9-deficient cells.
(B) AgRP mRNA expression analysis. All experiments were performed in triplicate. Data are
reported as means ± SD (3 ≤ n ≤ 9). ** p < 0.01 vs. control.

The prominent interaction of homocysteine with GR was confirmed by the Duolink
in situ Proximity Ligation Assay in our rat model. GR N-homocysteinylation is signifi-
cantly increased in the arcuate nucleus of deficient rats (MDD) compared with controls
(152% increase). B9-supplementation significantly reduces the GR N-homocysteinylation
in MDD rats (35% reduction) but not at the control levels (Figure 5A). Furthermore, we
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analyzed the dimerization and the nuclear localization of GR. GR–GR interaction is sig-
nificantly reduced in the arcuate nucleus of deficient rats (34% in the cytoplasm and 66%
in nuclei; Figure 5B). Moreover, this was associated with a 25% reduced GR response
gene coding expression for AgRP. The AgRP mRNA level is significantly restored by the
B9-supplementation in MDD rats (Figure 5C).
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N-homocysteinylation in the rat hypothalamus. (A) Quantification of GR N-homocysteinylation
monitored by the Duolink assay and the Blobfinder freeware in the arcuate nucleus. (B) Quantification
of GR–GR interaction monitored by the Duolink assay and the Blobfinder freeware in the arcuate
nucleus. (C) Hypothalamic AgRP mRNA expression analysis. All experiments were performed in
triplicate. Data are reported as means ± SD (3 ≤ n ≤ 9). Statistically significant differences between
control and deficient (MDD) rats: ** p < 0.01. Statistically significant differences between deficient
(MDD) and FA-supplemented deficient (MDD-FA) rats: ◦ p < 0.05.
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2.3. Behavioral Characterization of Rat Offspring

The general activity was quantified during the suckling period in three-time points
after the first environmental explorations that offspring presented from the nest. Thus,
rat offspring usually increase their locomotion during the second half of the suckling
period, which was confirmed in our results for the control group from D11 to D18. In
contrast, MDD young rats showed a lower number of zones visited, and such a low activity
remained equal at all tested ages. FA-supplementation did not modify control activity,
but the number of zones visited at D18 by MDD-FA offspring reached the control groups
(Figure 6A).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 6. Effects of methyl donor deficiency and FA-supplementation on some markers of the 
21-day-old pups’ behavior. Results are presented according to groups (black and white) or the age 
of growing pups (color). (A) Evaluation of the general activity level in terms of environmental ex-
ploration. (B) Evaluation of olfaction sensitivity. (C) Evaluation of olfaction recognition in terms of 

Figure 6. Effects of methyl donor deficiency and FA-supplementation on some markers of the 21-day-
old pups’ behavior. Results are presented according to groups (black and white) or the age of growing
pups (color). (A) Evaluation of the general activity level in terms of environmental exploration.
(B) Evaluation of olfaction sensitivity. (C) Evaluation of olfaction recognition in terms of percentage
of olfaction success. Data are reported as median and quartiles (14 ≤ n ≤ 40). Statistics: According
to parameters, such as number of groups > 2, number of individuals in groups, and variability of
data, a non-parametric analysis was performed (Kruskal–Wallis and Mann–Whitney tests); tables of
statistical analysis are shown of each behavioral test.
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Olfaction sense usually follows the same profile as general activity. By testing the
offspring’s abilities to recognize a familiar odor, our results showed that control rats
increased the time spent in the familiar odor zone while MDD did not, whatever the age.
FA-supplementation did not modify control results but led to a hugely significant increase
in the treated MDD group at D18 (Figure 6B). The same profile of result was obtained by
quantifying the olfactory success. Indeed, control offspring obtain the best percentage of
success in recognizing a familiar odor compared with MDD. FA-supplementation tends
to improve the control and MDD success scores at D18 compared with their respective
untreated groups (p = 0.0620 and 0.0757, respectively). An interesting measurement of
the olfactory improvement curve from D11 to D18 (with a linear formula) showed that
all groups display a positive progression between +11 to +25% slope, except the MDD
group showing a −11% decreasing slope. Thus, FA-supplementation switched the olfaction
performance of MDD from negative to positive while offspring developed (Figure 6C).

3. Discussion

A deficiency in methyl donors, such as vitamin B9 (folate) and/or B12, especially dur-
ing pregnancy, is related to neurodevelopmental defects in offspring. For several decades,
this led to a supplementation program for pregnant women in some countries or food
fortification in others [38–40]. Considering the brain specificity, which still develops and
maturates its circuits after birth, several animal studies have also suggested a prolongation
of vitamin status correction to favor a better birth status [41] or brain plasticity and matura-
tion after birth [9,11]. Thus, some brain sub-regions still complete their circuits formation
and connectivity based on a so-called Hebbian mechanism, even long after birth, while
young individuals are subjected to internal and environmental factors [11,42]. The present
study deals with such mechanisms, including environmental and biochemical factors that
could influence the development and maturation of some brain sub-structure even after
birth. Nevertheless, as brain sub-structures could be interconnected, the functions of one
could influence others.

The hypothalamus is a neurovegetative center that receives numerous external and
internal inputs and regulates brain and other organs’ functions through neuroendocrine
messages [43]. A direct hypothalamus influence on cognitive brain areas and functions such
as memory and anxiety has been recently shown [44]. Due to its major central influence, the
hypothalamus could be implicated in deregulations of brain formation and/or functions
under hyperhomocysteinemia.

Several of our previous studies have shown that methyl donor deficiency affects dif-
ferent brain functions and behaviors, such as olfaction performances [45], early locomotion
and coordination [10], and hippocampus-related cognition [46]. Moreover, it has been
shown that specific receptors could be linked to neuronal mechanisms and methyl donor
deficiency, such as Estrogen receptor alpha [10] or glucocorticoid receptor [47]. Because the
hypothalamus uses the glucocorticoid receptor and plays its influences other brain circuits,
modulation of the glucocorticoid pathway could lead to a cascade of influences between
circuits linked to the hypothalamus.

The results of the present study have shown that a methyl donor deficiency during
the perinatal period led to a decrease of GR mRNA and protein in hypothalamic cells and
that an FA-supplementation reversed this effect. As an additional consequence, a lack of
nucleus translocation of GR was quantified in deficient rats. Additionally, deregulation of
the one-carbon metabolism increased the circulating and tissue homocysteine, a metabolite
identified as a major cytotoxic marker [4]. One of the related cellular deleterious mecha-
nisms has been described as N-homocysteinylation of proteins leading to disturbing its
function [48,49]. Our results showed that GR appears sensitive to N-homocysteinylation
on a lysine residue in position 699, corresponding to the ligand-binding domain of the
protein. We also quantified an elevation of GR–homocysteine interaction in hypothalamus
cells submitted to a methyl-deficient status. Investigating the functional outcomes of the
GR protein, our results showed that GR–GR dimerization and the translocation from cyto-
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plasm to nucleus were reduced in deficient conditions and restored at least partially by an
FA-supplementation. Using one of the target genes of GR in the hypothalamus, we finally
showed that the deregulation of the GR pathway induced the decrease of AgRP mRNA in
deficient rats, also restored by an FA-supplementation.

From a behavioral point of view, the implication of the hypothalamus has been
described in food intake but also in cognitive functions [23]. Indeed, besides the well-
known diet regulation, the diversity of hypothalamus circuit connections also modu-
lates psychiatric-related outcomes, such as stress, anxiety, and depression syndromes [50].
A reduced olfaction capacity appears as a sense and behavioral marker linked to hy-
pothalamic dysfunction and stress and anxiety syndromes. Indeed, the olfactory sys-
tem projects neuronal connections to highly relevant brain sub-structures, such as the
limbic system (i.e., amygdala and hippocampus) for cognitive functions and the thala-
mus and hypothalamus for vegetative and neuroendocrine regulations [51]. In the last
decades, it has been shown that many psychiatric syndromes, such as stress, anxiety, and
depression, could be related and predicted through olfactory cues or putative deficits or
deregulations [52–54]. The behavioral investigations of the present study measured that
general activity and olfaction performances were reduced in young rats submitted to
B9/B12 deficiency during the perinatal period and that a late FA-supplementation partially
restored such olfactory–hypothalamic-related behaviors.

Taken together, the results of the present study highlighted the deregulation of the
glucocorticoid receptor in the hypothalamus for the first time by an N-homcysteinylation
mechanism under a methyl donor deficiency status. GR was already shown to be impli-
cated in hippocampus deregulation for learning and memory function in a B12-deficient
model. Thus besides epigenetic mechanisms on the GR gene [55,56] and deregulations
of proteins related to the GR pathway [36], the N-homocysteinylation of GR appears as
an additional mechanism leading to deleterious neuronal effects in brain tissues in the
context of hyperhomocysteinemia and methyl donor deficiency. This is especially relevant
because the hypothalamus plays a central role in the maturation and functions of other
brain sub-structures and influences the maturation and behavioral outcomes of many
neuronal functions after birth. In addition, a prolonged FA-supplementation after the
third trimester of gestation could rescue some deleterious effects, considering the knowl-
edge of post-developmental specific windows of time after birth for brain maturation and
post-formation [11,57].

4. Materials and Methods
4.1. Animals and Tissue Collection

In vivo experiments were performed on a validated animal model of methyl donor
deficiency [5]. They were conducted according to the international guidelines for the
care and use of laboratory animals and were approved by the local University Research
Ethics Board (authorization number APAFIS#5509-2016053112249550). Wistar rats (Charles
River, L’Arbresle, France) were maintained under standard laboratory conditions, on
a 12 h light/dark cycle, with food and water available ad libitum. One month before
mating, adult females were fed either a standard diet (Maintenance diet M20, Scientific
Animal Food, and Engineering, Villemoisson-sur-Orge, France) or a methyl donor-deficient
(MDD) low-choline diet (119 vs. 1780 mg/kg) lacking folate and vitamin B12 (Special
Diet Service, Saint-Gratien, France). Methionine content (~0.4%) was similar in both diets.
The supplementation protocol was conducted as previously described [26]. Briefly, folic
acid (FA, Sigma-Aldrich, Saint-Quentin Fallavier, France) was diluted in condensed milk
and given per OS at 3 mg/kg per day in a final volume of 1 mL to dams from embryonic
days (E) 13 to 20. Matched control dams received the same volume of vehicle (i.e., 1 mL
condensed milk) over the same period.

Offspring were kept until 21 days of age (weaning time) for behavioral investigations;
then, they were euthanized by an excess of isoflurane. Brains were rapidly collected and
laid on ice to carefully separate the two hemispheres according to the sagittal plane. Left
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hemispheres were dropped in cold (+4 ◦C) methylbutane to (i) remove physiological fluids,
(ii) dehydrate, and (iii) freeze the tissues at −20 ◦C. Left hemispheres were finally stored
at −80 ◦C for further cryo-sections. Right hemispheres were microdissected on ice, and
brain sub-areas such as the hypothalamus were immediately frozen in liquid nitrogen and
stored at −80 ◦C until biochemical/molecular analyses. For immunohistochemistry, twelve
µm sagittal cryo-sections were generated from the left hemispheres, starting from the zero
planes that bisect the brain mid-sagittally. Brain structures were identified according to the
Paxinos and Watson atlas for slide standardization according to the same coordinates. For
subsequent staining, selected slides were coded prior to analysis, and the codes were not
broken until experiments were completed (blind procedure). Selected tissue sections were
fixed in 4% paraformaldehyde 1 h at room temperature prior to the immuno-technique
(see below).

4.2. Cell Culture

rHypoE11 (rat) neuronal cell lines purchased from American Type Culture Collection
(ATCC) was conditionally immortalized by transfer of a temperature-sensitive simian
virus 40 large tumors (SV40 T) antigen to primary hypothalamic neuronal cell cultures
obtained from fetal mice on embryonic days E15, E17, and E18, and from E18 fetal rats [28].
Cells were cultivated in 1× Dulbecco’s modified Eagle’s medium (DMEM, D5796, Sigma-
Aldrich, Saint-Quentin Fallavier, France) with 10% fetal bovine serum (CVFSVF0001, lot:
S52751-2262, Eurobio, Courtaboeuf, France), 1% penicillin/streptomycin (P4333, Sigma-
Aldrich), and maintained at 37 ◦C with 5% CO2. For homogeneity, the same serum was
used throughout all experiments. The cells grew to form a monolayer culture attached to
the culture plate and were split when they reached 70–90% confluence, with a plate ratio
of 1:5. Because standard DMEM does not contain vitamin B12, methyl donor deficiency
was induced by using a poor medium (DMEM D2429, Sigma-Aldrich) lacking vitamin B9
(folic acid), with the addition of 2 mM glutamine (G7513, Sigma-Aldrich), 3.7% sodium
bicarbonate (S8761, Sigma-Aldrich), 0.35% glucose (G8769, Sigma-Aldrich), 10% fetal
bovine serum and 1% penicillin/streptomycin. Cells were kept in B9-free conditions for 24
or 48 h before subsequent analyses.

4.3. Measurement of Maternal Plasma Concentrations of Homocysteine, Vitamin B12, and Folate
and Offspring Tissue Concentrations of SAM and SAH

Homocysteine concentrations were measured by HPLC (Waters, St. Quentin, France)
coupled with mass spectrometry (Api 4000 Qtrap; Applied Biosystems, Courtaboeuf,
France). Vitamin B12 and folate concentrations were measured by radio-dilution iso-
tope assay (simulTRAC-SNB; ICN Pharmaceuticals, Versailles, France) as previously
described [58].

4.4. Immunohistochemistry

Immunohistological analyses were performed on brain sections at the level of the arcu-
ate and the ventromedial nuclei of the hypothalamus according to the Paxinos and Watson
rat brain atlas [59]. Nonspecific binding sites were blocked in phosphate-buffered saline
containing 1% bovine serum albumin (BSA), and incubation was performed overnight
with an antibody against the glucocorticoid receptor (mouse monoclonal, 1/200, Novus
Biologicals, Centennial, CO, USA). After a washing step, immunoreactivity was assessed
by incubation in the presence of an appropriate secondary anti-IgG antibody conjugated to
AlexaFluor for 1 h at 25 ◦C (1/1000, Life Technologies, Saint-Aubin, France). Cell nuclei
were counterstained with the DNA fluorochrome 4,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich). Control experiments were conducted by omitting the primary antibody.
Immunofluorescence visualization, image acquisition (×20 and ×60 magnification), and
unbiased cell counts in randomly selected fields were performed with a BX51WI microscope
(Olympus, Rungis, France) coupled to a ProgRes MF cool camera (Jenoptik, Saint-Martin-
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des-Entrées, France) or a confocal microscope (Nikon Instruments, Champigny sur Marne,
France) and analyzed by Cell® software (version 3.1, Olympus, Rungis, France).

4.5. Western Blotting

Following protein extraction from brain extracts with RIPA buffer, Western blot analy-
ses were performed using a standard procedure with chemiluminescence using the ECL
system (Bio-Rad, Marnes-la-Coquette, France), as previously detailed [13]. Antibodies
against the glucocorticoid receptor (mouse monoclonal, 1/1000, Novus Biological) and
the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, chicken monoclonal, 1/1000,
Millipore, Fontenay-sous-Bois, France) was used. GAPDH served as an internal standard.
Polyvinylidenedifluoride membranes were incubated for 1 h at room temperature with
the corresponding horseradish peroxidase-conjugated preadsorbed secondary antibody
(1/2000, Santa Cruz, CA, USA).

4.6. RNA Extraction and Quantitative RT-PCR

RNA was purified from rat hypothalamus tissues. RNA extraction was performed with
TRIzol® (Invitrogen, Cergy-Pontoise, France) according to the manufacturer’s instructions.
The concentration and purity of RNA were determined at 260/280 nm using a nanodrop
spectrophotometer Multiskan GO (Thermo Fisher Scientific, Illkirch, France).

RNA (300 ng) was then subjected to a two-step RT-qPCR using the PrimeScript™
RT Master Mix and SYBR® Premix Ex Taq® (Takara, Ozyme, Saint-Cyr-l’Ecole, France)
following the manufacturer’s instructions. Primers are detailed in Table 2 and were pur-
chased from Eurogentec (Liège, Belgium). The amplification products were analyzed
by agarose gel electrophoresis to confirm amplicon size and primer specificity (a single
band at the expected size). Cycle threshold (Ct) was determined from each sample, and
real-time PCR amplification efficiencies were expressed by calculating the ratio of crossing
points of amplification curves. The expression of genes of interest was normalized to those
of GAPDH/RPS29 for the rat species and Pol2/RPS29 for the mouse species using the
2−∆∆Ct method.

Table 2. Sequences of primers used for quantitative PCR.

Genes Pimers Sequences

AgRP Forward CGGAGGTGCTAGATCCACAGA

AgRP Reverse AGGACTCGT GCAGCC TTACAC

GR Forward TGAAGCTTCGGGATGCCATT

GR Reverse ATTGTGCTGTCCTTCCACTG

Pol II Forward AGCAAGCGGTTCCAGAGAAG

Pol II Reverse TCCCGAACACTGACATATCTCA

RPS 29 Forward ATGGGTCACCAGCAGCTCTA

RPS 29 Reverse CATGTTCAGCCCGTATTTGC

4.7. Mass Spectrometry

Coimmunoprecipitation experiments were performed with the control and rat fore-
brain using a Pierce® Co-Immunoprecipitation kit (Thermo Fisher Scientific, Illkirch, France)
to assess the Hcy interaction with proteins. Hcy coimmunoprecipitation was analyzed by
mass spectrometry (MS), as described by Bossenmeyer-Pourié and colleagues (2019) [48].
Tryptic peptides were obtained from immunoprecipitated proteins and separated using a
nano-chromatography system (Proxeon, Thermo Fisher Scientific) connected online to an
LTQ Velos Orbitrap (Thermo Fisher Scientific) mass spectrometer. Separation conditions
were as in Ren and colleagues [60]. MS spectra were acquired on the Orbitrap analyzer
at resolution mode R = 30,000. After each MS spectrum, an automatic selection of the
20 most intense precursor ions was activated with a 15 s dynamic exclusion delay to acquire
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MS/MS spectra on the LTQ Velos analyzer using CID fragmentation mode at 35% relative
resonant activation energy for 40 ms. Spectra were analyzed using Mascot 2.3.2 (Matrix
Science). The search was performed against a non-redundant database of rodent protein
sequences from Swissprot, to which corresponding random decoy entries were added. The
mascot was run in MS/MS Ion search mode with the following parameter settings: no fixed
modification, variable modifications (homocysteinylation on lysine and homocysteinyla-
tion on cysteine), precursor mass tolerance 10 ppm, fragment ions mass tolerance 0.6 Da,
2 missed cleavages, and trypsin as a digestion enzyme. Additional filtering was applied
after protein and peptide identification for further analysis, using the following criteria:
for single and multiple peptide hit proteins, each Mascot ion scores. Such criteria allowed
a false-positive rate below 1% for each injection, based on the numbering of identified
decoy entries.

4.8. Behavioral Evaluation

As part of a global neurofunctional approach, various behaviors, such as locomotion,
exploration, and olfaction, were studied using a corridor apparatus. Because spontaneous
exploration of rat offspring is significant after postnatal days 10, 11, 14, and 18 (D11, D14,
and D18) were chosen. For this purpose, the maternal diets were as described above
and maintained after delivery until the last testing day. As previously described, specific
behavioral items revealing specific rat neuro-functional abilities were measured [45,61]. At
each time point studied, rat pups performed one trial test of 300 s (cut-off) consisting in
moving freely in a corridor apparatus (90 cm in length, walls of 15 cm high, and a corridor
of 6 cm wide). As olfaction stimuli, 5 g of litter was randomly placed at each end of the
corridor (fresh or from the home cage of individuals). Rats were prohibited from touching
the litter samples using a wall containing holes. The number of rat pups in each group was
as follows: 19 controls, 40 FA-controls, 14 MDD, and 33 FA-MDD. For homogeneity, tests
were performed between 8:00 and 11:00 a.m. and video-recorded with a video-tracking
system (Viewpoint, Lyon, France).

4.9. Statistical Analysis

Data were analyzed with Statview 5 software for Windows (SAS Institute, Berkley, CA,
USA). Tissue data were compared using a one-way analysis of variance (ANOVA) with
Fisher’s test. Behavioral data were compared using non-parametric tests because of the
unequal numbers of animals in each group. Kruskal–Wallis or Mann–Whitney tests were
applied according to the number of groups compared. A p-value < 0.05 was considered to
indicate significance.

Author Contributions: A.M. conducted research, performed experiments, analyzed data, performed
statistical analysis, and contributed to writing the manuscript. T.K., L.S.-C., J.-M.A., R.U., D.H. and
A.J. performed experiments and analyzed data. G.P. and C.B.-P. designed the research, conducted
the research, analyzed the data, performed the statistical analysis, wrote the manuscript, and had
primary responsibility for the final content. J.-L.D. and J.-L.G. designed the research and revised the
paper. All authors have read and agreed to the published version of the manuscript.

Funding: This project is supported by Inserm, University of Lorraine, CHRU Nancy, FHU ARRIM-
AGE, the GEENAGE program of the University of Lorraine funded by the French Agence Nationale
de la Recherche, PIA project, Lorraine Université d’Excellence (LUE) ANR-15-IDEX-04-LUE, the
OMAGE grant from the region GrandEST of France and FEDER funding from European Union (EU).
AM was the recipient of a graduate student fellowship from the French Ministry of Higher Education
and the University of Lorraine.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of University of Lorraine CELMEA (protocol code APAFIS#5509-
2016053112249550 obtained October 11, 2016).

Acknowledgments: Thanks to David Meyre, McMaster University, Canada, for his help in the editing
review of this manuscript.



Int. J. Mol. Sci. 2023, 24, 9847 14 of 16

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

References
1. Oliver, M.H.; Jaquiery, A.L.; Bloomfield, F.H.; Harding, J.E. The effects of maternal nutrition around the time of conception on the

health of the offspring. Soc. Reprod. Fertil. 2007, 64, 397–410. [CrossRef] [PubMed]
2. Guéant, J.L.; Caillerez-Fofou, M.; Battaglia-Hsu, S.; Alberto, J.M.; Freund, J.N.; Dulluc, I.; Adjalla, C.; Maury, F.; Merle, C.; Nicolas,

J.P.; et al. Molecular and cellular effects of vitamin B12 in brain, myocardium and liver through its role as co-factor of methionine
synthase. Biochimie 2013, 95, 1033–1040. [CrossRef] [PubMed]

3. Ricci, D.; Martinelli, D.; Ferrantini, G.; Lucibello, S.; Gambardella, M.L.; Olivieri, G.; Chieffo, D.; Battaglia, D.; Diodato, D.; Iarossi,
G.; et al. Early neurodevelopmental characterization in children with cobalamin C/defect. J. Inherit. Metab. Dis. 2020, 43, 367–374.
[CrossRef] [PubMed]

4. Mattson, M.P.; Shea, T.B. Folate and homocysteine metabolism in neural plasticity and neurodegenerative disorders. Trends
Neurosci. 2003, 26, 137–146. [CrossRef]

5. Blaise, S.A.; Nedelec, E.; Schroeder, H.; Alberto, J.M.; Bossenmeyer-Pourié, C.; Guéant, J.L.; Daval, J.L. Gestational vitamin B
deficiency leads to homocysteine-associated brain apoptosis and alters neurobehavioral development in rats. Am. J. Pathol. 2007,
170, 667–679. [CrossRef] [PubMed]

6. Troen, A.M.; Shea-Budgell, M.; Shukitt-Hale, B.; Smith, D.E.; Selhub, J.; Rosenberg, I.H. B-vitamin deficiency causes hyperhomo-
cysteinemia and vascular cognitive impairment in mice. Proc. Natl. Acad. Sci. USA 2008, 105, 12474–12479. [CrossRef]

7. Daval, J.L.; Blaise, S.; Guéant, J.L. Vitamin B deficiency causes neural cell loss and cognitive impairment in the developing rat.
Proc. Natl. Acad. Sci. USA 2009, 6, 106. [CrossRef]

8. Tomizawa, H.; Matsuzawa, D.; Ishii, D.; Matsuda, S.; Kawai, K.; Mashimo, Y.; Sutoh, C.; Shimizu, E. Methyl-donor deficiency in
adolescence affects memory and epigenetic status in the mouse hippocampus. Genes Brain Behav. 2015, 14, 301–309. [CrossRef]

9. Geoffroy, A.; Saber-Cherif, L.; Pourié, G.; Helle, D.; Umoret, R.; Guéant, J.L.; Bossenmeyer-Pourié, C.; Daval, J.L. Developmental
Impairments in a Rat Model of Methyl Donor Deficiency: Effects of a Late Maternal Supplementation with Folic Acid. Int. J. Mol.
Sci. 2019, 20, 973. [CrossRef]

10. Pourié, G.; Martin, N.; Bossenmeyer-Pourié, C.; Akchiche, N.; Guéant-Rodriguez, R.M.; Geoffroy, A.; Jeannesson, E.; El Hajj
Chehadeh, S.; Mimoun, K.; Brachet, P.; et al. Folate- and vitamin B12-deficient diet during gestation and lactation alters cerebellar
synapsin expression via impaired influence of estrogen nuclear receptor α. FASEB J. 2015, 29, 3713–3725. [CrossRef]

11. Hassan, Z.; Coelho, D.; Kokten, T.; Alberto, J.M.; Umoret, R.; Daval, J.L.; Guéant, J.L.; Bossenmeyer-Pourié, C.; Pourié, G. Brain
Susceptibility to Methyl Donor Deficiency: From Fetal Programming to Aging Outcome in Rats. Int. J. Mol. Sci. 2019, 20, 5692.
[CrossRef] [PubMed]

12. Battaglia-Hsu, S.F.; Akchiche, N.; Noel, N.; Alberto, J.M.; Jeannesson, E.; Orozco-Barrios, C.E.; Martinez-Fong, D.; Daval, J.L.;
Guéant, J.L. Vitamin B12 deficiency reduces proliferation and promotes differentiation of neuroblastoma cells and up-regulates
PP2A, proNGF, and TACE. Proc. Natl. Acad. Sci. USA 2009, 106, 21930–21935. [CrossRef]

13. Akchiche, N.; Bossenmeyer-Pourié, C.; Pourié, G.; Koziel, V.; Nédélec, E.; Guéant, J.L.; Daval, J.L. Differentiation and neural
integration of hippocampal neuronal progenitors: Signaling pathways sequentially involved. Hippocampus 2010, 20, 949–961.
[CrossRef] [PubMed]

14. Kirsch, S.H.; Herrmann, W.; Obeid, R. Genetic defects in folate and cobalamin pathways affecting the brain. Clin. Chem. Lab. Med.
2013, 51, 139–155. [CrossRef] [PubMed]

15. Kerek, R.; Geoffroy, A.; Bison, A.; Martin, N.; Akchiche, N.; Pourié, G.; Helle, D.; Guéant, J.L.; Bossenmeyer-Pourié, C.; Daval, J.L.
Early methyl donor deficiency may induce persistent brain defects by reducing Stat3 signaling targeted by miR-124. Cell Death
Dis. 2013, 4, e755. [CrossRef]

16. Willekens, J.; Hergalant, S.; Pourié, G.; Marin, F.; Alberto, J.M.; Georges, L.; Paoli, J.; Nemos, C.; Daval, J.L.; Guéant, J.L.; et al. Wnt
Signaling Pathways Are Dysregulated in Rat Female Cerebellum Following Early Methyl Donor Deficiency. Mol. Neurobiol. 2019,
56, 892–906. [CrossRef] [PubMed]

17. Scalabrino, G. Vitamin-regulated cytokines and growth factors in the CNS and elsewhere. J. Neurochem. 2009, 111, 1309–1326.
[CrossRef]

18. Sohn, J.W. Network of hypothalamic neurons that control appetite. BMB Rep. 2015, 48, 229–233. [CrossRef]
19. Ulrich-Lai, Y.M.; Herman, J.P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 2009, 10,

397–409. [CrossRef]
20. Otte, C.; Gold, S.M.; Penninx, B.W.; Pariante, C.M.; Etkin, A.; Fava, M.; Mohr, D.C.; Schatzberg, A.F. Major depressive disorder.

Nat. Rev. Dis. Primers 2016, 2, 16065. [CrossRef]
21. Keller, J.; Gomez, R.; Williams, G.; Lembke, A.; Lazzeroni, L.; Murphy, G.M., Jr.; Schatzberg, A.F. HPA axis in major depression:

Cortisol, clinical symptomatology and genetic variation predict cognition. Mol. Psychiatry 2017, 22, 527–536. [CrossRef] [PubMed]
22. Ross, M.G.; Desai, M. Developmental programming of appetite/satiety. Ann. Nutr. Metab. 2014, 64 (Suppl. 1), 36–44. [CrossRef]

[PubMed]
23. Ralevski, A.; Horvath, T.L. Developmental programming of hypothalamic neuroendocrine systems. Front. Neuroendocrinol. 2015,

39, 52–58. [CrossRef] [PubMed]

https://doi.org/10.5661/RDR-VI-397
https://www.ncbi.nlm.nih.gov/pubmed/17491161
https://doi.org/10.1016/j.biochi.2013.01.020
https://www.ncbi.nlm.nih.gov/pubmed/23415654
https://doi.org/10.1002/jimd.12171
https://www.ncbi.nlm.nih.gov/pubmed/31503356
https://doi.org/10.1016/S0166-2236(03)00032-8
https://doi.org/10.2353/ajpath.2007.060339
https://www.ncbi.nlm.nih.gov/pubmed/17255334
https://doi.org/10.1073/pnas.0805350105
https://doi.org/10.1073/pnas.0809217106
https://doi.org/10.1111/gbb.12207
https://doi.org/10.3390/ijms20040973
https://doi.org/10.1096/fj.14-264267
https://doi.org/10.3390/ijms20225692
https://www.ncbi.nlm.nih.gov/pubmed/31739389
https://doi.org/10.1073/pnas.0811794106
https://doi.org/10.1002/hipo.20690
https://www.ncbi.nlm.nih.gov/pubmed/19714568
https://doi.org/10.1515/cclm-2012-0673
https://www.ncbi.nlm.nih.gov/pubmed/23183749
https://doi.org/10.1038/cddis.2013.278
https://doi.org/10.1007/s12035-018-1128-3
https://www.ncbi.nlm.nih.gov/pubmed/29804229
https://doi.org/10.1111/j.1471-4159.2009.06417.x
https://doi.org/10.5483/BMBRep.2015.48.4.272
https://doi.org/10.1038/nrn2647
https://doi.org/10.1038/nrdp.2016.65
https://doi.org/10.1038/mp.2016.120
https://www.ncbi.nlm.nih.gov/pubmed/27528460
https://doi.org/10.1159/000360508
https://www.ncbi.nlm.nih.gov/pubmed/25059804
https://doi.org/10.1016/j.yfrne.2015.09.002
https://www.ncbi.nlm.nih.gov/pubmed/26391503


Int. J. Mol. Sci. 2023, 24, 9847 15 of 16

24. Fatima, M.; Srivastav, S.; Mondal, A.C. Prenatal stress and depression associated neuronal development in neonates. Int. J. Dev.
Neurosci. 2017, 60, 1–7. [CrossRef] [PubMed]

25. Wood, C.E. Development and programming of the hypothalamus-pituitary-adrenal axis. Clin. Obstet. Gynecol. 2013, 56, 610–621.
[CrossRef]

26. Geoffroy, A.; Kerek, R.; Pourié, G.; Helle, D.; Guéant, J.L.; Daval, J.L.; Bossenmeyer-Pourié, C. Late Maternal Folate Supplementa-
tion Rescues from Methyl Donor Deficiency-Associated Brain Defects by Restoring Let-7 and miR-34 Pathways. Mol. Neurobiol.
2017, 54, 5017–5033. [CrossRef]

27. Sheng, J.A.; Bales, N.J.; Myers, S.A.; Bautista, A.I.; Roueinfar, M.; Hale, T.M.; Handa, R.J. The Hypothalamic-Pituitary-Adrenal
Axis: Development, Programming Actions of Hormones, and Maternal-Fetal Interactions. Front. Behav. Neurosci. 2021, 14, 601939.
[CrossRef]

28. Saber Cherif, L.; Pourié, G.; Geoffroy, A.; Julien, A.; Helle, D.; Robert, A.; Umoret, R.; Guéant, J.L.; Bossenmeyer-Pourié, C.; Daval,
J.L. Methyl Donor Deficiency during Gestation and Lactation in the Rat Affects the Expression of Neuropeptides and Related
Receptors in the Hypothalamus. Int. J. Mol. Sci. 2019, 20, 5097. [CrossRef]

29. Nicolaides, N.C.; Kyratzi, E.; Lamprokostopoulou, A.; Chrousos, G.P.; Charmandari, E. Stress, the stress system and the role of
glucocorticoids. Neuroimmunomodulation 2015, 22, 6–19. [CrossRef]

30. Herman, J.P.; McKlveen, J.M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B. Regulation of the
Hypothalamic-Pituitary-Adrenocortical Stress Response. Compr. Physiol. 2016, 6, 603–621.

31. Silverman, M.N.; Sternberg, E.M. Glucocorticoid regulation of inflammation and its functional correlates: From HPA axis to
glucocorticoid receptor dysfunction. Ann. N. Y. Acad. Sci. 2012, 1261, 55–63. [CrossRef] [PubMed]

32. Gjerstad, J.K.; Lightman, S.L.; Spiga, F. Role of glucocorticoid negative feedback in the regulation of HPA axis pulsatility. Stress
2018, 21, 403–416. [CrossRef] [PubMed]

33. Shimizu, H.; Arima, H.; Watanabe, M.; Goto, M.; Banno, R.; Sato, I.; Ozaki, N.; Nagasaki, H.; Oiso, Y. Glucocorticoids increase
neuropeptide Y and agouti-related peptide gene expression via adenosine monophosphate-activated protein kinase signaling in
the arcuate nucleus of rats. Endocrinology 2008, 149, 4544–4553. [CrossRef] [PubMed]

34. Gyengesi, E.; Liu, Z.W.; D’Agostino, G.; Gan, G.; Horvath, T.L.; Gao, X.B.; Diano, S. Corticosterone regulates synaptic input
organization of POMC and NPY/AgRP neurons in adult mice. Endocrinology 2010, 151, 5395–5402. [CrossRef]

35. Takeda, E.; Terao, J.; Nakaya, Y.; Miyamoto, K.; Baba, Y.; Chuman, H.; Kaji, R.; Ohmori, T.; Rokutan, K. Stress control and human
nutrition. J. Med. Investig. 2004, 51, 139–145. [CrossRef] [PubMed]

36. Foster, M.T.; Warne, J.P.; Ginsberg, A.B.; Horneman, H.F.; Pecoraro, N.C.; Akana, S.F.; Dallman, M.F. Palatable foods, stress,
and energy stores sculpt corticotropin-releasing factor, adrenocorticotropin, and corticosterone concentrations after restraint.
Endocrinology 2009, 150, 2325–2333. [CrossRef]

37. Weikum, E.R.; Knuesel, M.T.; Ortlund, E.A.; Yamamoto, K.R. Glucocorticoid receptor control of transcription: Precision and
plasticity via allostery. Nat. Rev. Mol. Cell. Biol. 2017, 18, 159–174. [CrossRef]

38. Reynolds, E. Vitamin B12, folic acid, and the nervous system. Lancet Neurol. 2006, 5, 949–960. [CrossRef]
39. Li, F.; Watkins, D.; Rosenblatt, D.S. Vitamin B(12) and birth defects. Mol. Genet. Metab. 2009, 98, 166–172. [CrossRef]
40. Rubini, E.; Baijens, I.M.M.; Horánszky, A.; Schoenmakers, S.; Sinclair, K.D.; Zana, M.; Dinnyés, A.; Steegers-Theunissen, R.P.M.;

Rousian, M. Maternal One-Carbon Metabolism during the Periconceptional Period and Human Foetal Brain Growth: A Systematic
Review. Genes 2021, 12, 1634. [CrossRef]

41. Li, S.; Liu, D.; Zhang, R.; Lei, F.; Liu, X.; Cheng, Y.; Li, C.; Xiao, M.; Guo, L.; Li, M.; et al. The association of maternal dietary folate
intake and folic acid supplementation with small-for-gestational-age births: A cross-sectional study in Northwest China. Br. J.
Nutr. 2019, 122, 459–467. [CrossRef] [PubMed]

42. Chaudhury, S.; Sharma, V.; Kumar, V.; Nag, T.C.; Wadhwa, S. Activity-dependent synaptic plasticity modulates the critical phase
of brain development. Brain Dev. 2016, 38, 355–363. [CrossRef] [PubMed]

43. Yoo, S.; Blackshaw, S. Regulation and function of neurogenesis in the adult mammalian hypothalamus. Prog. Neurobiol. 2018, 170,
53–66. [CrossRef] [PubMed]

44. Li, Y.D.; Luo, Y.J.; Chen, Z.K.; Quintanilla, L.; Cherasse, Y.; Zhang, L.; Lazarus, M.; Huang, Z.L.; Song, J. Hypothalamic modulation
of adult hippocampal neurogenesis in mice confers activity-dependent regulation of memory and anxiety-like behavior. Nat.
Neurosci. 2022, 25, 630–645. [CrossRef] [PubMed]

45. El Hajj Chehadeh, S.; Pourié, G.; Martin, N.; Alberto, J.M.; Daval, J.L.; Guéant, J.L.; Leininger-Muller, B. Gestational methyl donor
deficiency alters key proteins involved in neurosteroidogenesis in the olfactory bulbs of newborn female rats and is associated
with impaired olfactory performance. Br. J. Nutr. 2014, 111, 1021–1031. [PubMed]

46. Ghemrawi, R.; Arnold, C.; Battaglia-Hsu, S.F.; Pourié, G.; Trinh, I.; Bassila, C.; Rashka, C.; Wiedemann, A.; Flayac, J.; Robert, A.;
et al. SIRT1 activation rescues the mislocalization of RNA-binding proteins and cognitive defects induced by inherited cobalamin
disorders. Metabolism 2019, 101, 153992. [CrossRef]

47. Dreumont, N.; Mimoun, K.; Pourié, C.; Quadros, E.V.; Alberto, J.M.; Umoret, R.; Helle, D.; Robert, A.; Daval, J.L.; Guéant, J.L.;
et al. Glucocorticoid Receptor Activation Restores Learning Memory by Modulating Hippocampal Plasticity in a Mouse Model of
Brain Vitamin B12 Deficiency. Mol. Neurobiol. 2021, 58, 1024–1035. [CrossRef]

https://doi.org/10.1016/j.ijdevneu.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/28389369
https://doi.org/10.1097/GRF.0b013e31829e5b15
https://doi.org/10.1007/s12035-016-0035-8
https://doi.org/10.3389/fnbeh.2020.601939
https://doi.org/10.3390/ijms20205097
https://doi.org/10.1159/000362736
https://doi.org/10.1111/j.1749-6632.2012.06633.x
https://www.ncbi.nlm.nih.gov/pubmed/22823394
https://doi.org/10.1080/10253890.2018.1470238
https://www.ncbi.nlm.nih.gov/pubmed/29764284
https://doi.org/10.1210/en.2008-0229
https://www.ncbi.nlm.nih.gov/pubmed/18535107
https://doi.org/10.1210/en.2010-0681
https://doi.org/10.2152/jmi.51.139
https://www.ncbi.nlm.nih.gov/pubmed/15460899
https://doi.org/10.1210/en.2008-1426
https://doi.org/10.1038/nrm.2016.152
https://doi.org/10.1016/S1474-4422(06)70598-1
https://doi.org/10.1016/j.ymgme.2009.06.004
https://doi.org/10.3390/genes12101634
https://doi.org/10.1017/S0007114519001272
https://www.ncbi.nlm.nih.gov/pubmed/31379315
https://doi.org/10.1016/j.braindev.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/26515724
https://doi.org/10.1016/j.pneurobio.2018.04.001
https://www.ncbi.nlm.nih.gov/pubmed/29631023
https://doi.org/10.1038/s41593-022-01065-x
https://www.ncbi.nlm.nih.gov/pubmed/35524139
https://www.ncbi.nlm.nih.gov/pubmed/24229781
https://doi.org/10.1016/j.metabol.2019.153992
https://doi.org/10.1007/s12035-020-02163-2


Int. J. Mol. Sci. 2023, 24, 9847 16 of 16

48. Bossenmeyer-Pourié, C.; Smith, A.D.; Lehmann, S.; Deramecourt, V.; Sablonnière, B.; Camadro, J.M.; Pourié, G.; Kerek, R.; Helle,
D.; Umoret, R.; et al. N-homocysteinylation of tau and MAP1 is increased in autopsy specimens of Alzheimer’s disease and
vascular dementia. J. Pathol. 2019, 248, 291–303. [CrossRef]

49. Sharma, G.S.; Kumar, T.; Dar, T.A.; Singh, L.R. Protein N-homocysteinylation: From cellular toxicity to neurodegeneration.
Biochim. Biophys. Acta 2015, 1850, 2239–2245. [CrossRef]

50. Wisłowska-Stanek, A.; Kołosowska, K.; Maciejak, P. Neurobiological Basis of Increased Risk for Suicidal Behaviour. Cells 2021,
10, 2519. [CrossRef]

51. Masuo, Y.; Satou, T.; Takemoto, H.; Koike, K. Smell and Stress Response in the Brain: Review of the Connection between
Chemistry and Neuropharmacology. Molecules 2021, 26, 2571. [CrossRef] [PubMed]

52. Glinka, M.E.; Samuels, B.A.; Diodato, A.; Teillon, J.; Feng Mei, D.; Shykind, B.M.; Hen, R.; Fleischmann, A. Olfactory deficits
cause anxiety-like behaviors in mice. J. Neurosci. 2012, 32, 6718–6725. [CrossRef] [PubMed]

53. Krusemark, E.A.; Novak, L.R.; Gitelman, D.R.; Li, W. When the sense of smell meets emotion: Anxiety-state-dependent olfactory
processing and neural circuitry adaptation. J. Neurosci. 2013, 33, 15324–15332. [CrossRef] [PubMed]

54. Huang, Z.; Hoffman, C.A.; Chelette, B.M.; Thiebaud, N.; Fadool, D.A. Elevated Anxiety and Impaired Attention in Super-Smeller,
Kv1.3 Knockout Mice. Front. Behav. Neurosci. 2018, 12, 49. [CrossRef] [PubMed]

55. Turecki, G.; Meaney, M.J. Effects of the Social Environment and Stress on Glucocorticoid Receptor Gene Methylation: A Systematic
Review. Biol. Psychiatry 2016, 79, 87–96. [CrossRef]

56. Berretta, E.; Guida, E.; Forni, D.; Provenzi, L. Glucocorticoid receptor gene (NR3C1) methylation during the first thousand days:
Environmental exposures and developmental outcomes. Neurosci. Biobehav. Rev. 2021, 125, 493–502. [CrossRef]

57. McKee, S.E.; Reyes, T.M. Effect of supplementation with methyl-donor nutrients on neurodevelopment and cognition: Considera-
tions for future research. Nutr. Rev. 2018, 76, 497–511. [CrossRef]

58. Chery, C.; Barbe, F.; Lequere, C.; Abdelmouttaleb, I.; Gerard, P.; Barbarino, P.; Boutroy, J.L.; Guéant, J.L. Hyperhomocysteinemia is
related to a decreased blood level of vitamin B12 in the second and third trimester of normal pregnancy. Clin. Chem. Lab. Med.
2002, 40, 1105–1108. [CrossRef]

59. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 7th ed.; Elsevier: Amsterdam, The Netherlands, 2013; p. 480.
60. Ren, J.; Mann, Y.S.; Zhang, Y.; Browne, M.D. Synthesis and Mass Spectrometry Analysis of Oligo-peptoids. J. Vis. Exp. 2018,

132, 56652.
61. Slamberová, R.; Pometlová, M.; Charousová, P. Postnatal development of rat pups is altered by prenatal methamphetamine

exposure. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2006, 30, 82–88. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/path.5254
https://doi.org/10.1016/j.bbagen.2015.08.013
https://doi.org/10.3390/cells10102519
https://doi.org/10.3390/molecules26092571
https://www.ncbi.nlm.nih.gov/pubmed/33924992
https://doi.org/10.1523/JNEUROSCI.4287-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22573694
https://doi.org/10.1523/JNEUROSCI.1835-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/24068799
https://doi.org/10.3389/fnbeh.2018.00049
https://www.ncbi.nlm.nih.gov/pubmed/29615878
https://doi.org/10.1016/j.biopsych.2014.11.022
https://doi.org/10.1016/j.neubiorev.2021.03.003
https://doi.org/10.1093/nutrit/nuy007
https://doi.org/10.1515/cclm.2002.193
https://doi.org/10.1016/j.pnpbp.2005.06.006

	Introduction 
	Results 
	Effect of Vitamin B9 on One-Carbon Metabolism Markers and Expression of Glucocorticoid Receptor (GR) in the Hypothalamus 
	B9-Deficiency Leads to N-Homocysteinilation of GR and Loss of Function 
	Behavioral Characterization of Rat Offspring 

	Discussion 
	Materials and Methods 
	Animals and Tissue Collection 
	Cell Culture 
	Measurement of Maternal Plasma Concentrations of Homocysteine, Vitamin B12, and Folate and Offspring Tissue Concentrations of SAM and SAH 
	Immunohistochemistry 
	Western Blotting 
	RNA Extraction and Quantitative RT-PCR 
	Mass Spectrometry 
	Behavioral Evaluation 
	Statistical Analysis 

	References

