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Popular scientific summary

* There are no studies that analyze the cafeteria and methyl donor diet in the context of sociability
in offspring.

* The cafeteria diet also contributed to a social deficit and anxiety-like behavior in the offspring.

* A maternal methyl donor-supplemented cafeteria diet normalized the social interaction in the off-
spring although it led to an increase in anxiety-like behaviors.

Abstract

Background: Nutritional status and maternal feeding during the perinatal and postnatal periods can program
the offspring to develop long-term health alterations. Epidemiologic studies have demonstrated an association
between maternal obesity and intellectual disability/cognitive deficits like autism spectrum disorders (ASDs)
in offspring. Experimental findings have consistently been indicating that maternal supplementation with
methyl donors, attenuated the social alterations and repetitive behavior in offspring.

Objective: This study aims to analyze the effect of maternal cafeteria diet and methyl donor-supplemented
diets on social, anxiety-like, and repetitive behavior in male offspring, besides evaluating weight gain and food
intake in both dams and male offspring.

Design: C57BL/6 female mice were randomized into four dietary formulas: control Chow (CT), cafeteria
(CAF), control + methyl donor (CT+M), and cafeteria + methyl donor (CAF+M) during the pre-gestational,
gestational, and lactation period. Behavioral phenotyping in the offspring was performed by 2-month-old
using Three-Chamber Test, Open Field Test, and Marble Burying Test.

Results: We found that offspring prenatally exposed to CAF diet displayed less social interaction index when
compared with subjects exposed to Chow diet (CT group). Notably, offspring exposed to CAF+M diet recov-
ered social interaction when compared to the CAF group.

Discussion: These findings suggest that maternal CAF diet is efficient in promoting reduced social interaction
in murine models. In our study, we hypothesized that a maternal methyl donor supplementation could improve
the behavioral alterations expected in maternal CAF diet offspring.

Conclusions: The CAF diet also contributed to a social deficit and anxiety-like behavior in the offspring. On the
other hand, a maternal methyl donor-supplemented CAF diet normalized the social interaction in the offspring
although it led to an increase in anxiety-like behaviors. These findings suggest that a methyl donor supplementation
could protect against aberrant social behavior probably targeting key genes related to neurotransmitter pathways.
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aternal obesity or overnutrition during preg-
Mnancy and lactation can lead to defects in the

metabolic profile, and also neuropsychiatric
disorders in the offspring, the literature indicates that
these effects are generally found in animals, rodents, and
primates (1-3). Maternal programing involves a new set
of peripheral and central pathways including energy
expenditure and inflammatory response, which poten-
tially increase the susceptibility for neurodevelopmental
disorders, such as autism spectrum disorder (ASD) in
humans (4) and rodents (5). Several diet-induced obe-
sity models, including the high-fat diet and the cafeteria
(CAF) diet (6), have been confirmed to disturb the met-
abolic response to feeding and fasting in key metabolic
organs in a murine model (7).

Several clinical studies have identified that maternal
obesity leads to up to 1.39 % of ASD cases (8—10). ASD is
aneurodevelopmental disorder characterized by persistent
deficits in social communication and interaction as well
as restricted, repetitive patterns of behaviors, interests, or
activities such as stereotyped or repetitive motor move-
ments. In addition, ASD subjects experience epilepsy,
gastrointestinal disorders such as constipation, diarrhea,
gastroesophageal reflux, abdominal pain, malabsorption,
and dysbiosis (11). Also, anxiety-like behavior is one of
the common comorbidities (12). Teixeira et al. demon-
strated in rats that a maternal CAF diet can develop a
social deficit in offspring. Eating patterns during preg-
nancy could play a role in regulating such behavior. Based
on the above, methyl donors are key epigenetic mecha-
nisms regulators that can be also a component of the diet.

The ‘epigenetic diet’ contains methyl group donors,
including folic acid, betaine, choline, and cobalamin
(13, 14), which can directly or indirectly act as methyl
donors in DNA methylation (15) and regulate genome
function during critical stages of development in mam-
mals (16). Multiple forms of DNA methylation are
recognised by methyl-CpG binding proteins (MeCPs),
which play vital roles in chromatin-based transcrip-
tional regulation, DNA repair, and replication (17).
Accordingly, evidence for abnormal DNA methylation
in ASD can be seen on multiple levels, from genetic
mutations in epigenetic machinery to loci-specific and
genome-wide changes in DNA methylation (18). About,
activation of the maternal immune system could also
lead to remodeling of some chromosomal regions and
lead to changes in gene expression in the brain of the
offspring (19). Dysregulation of micro-RNA could
also lead to abnormal gene methylation and change
in expression of an autism-related gene (20). These evi-
dences confirm methylome signatures in subjects diag-
nosed with ASD.

Maternal diet has been probed to modulate meth-
ylome signatures and autism-like behavior in diverse
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models. Animal models of ASD are evaluated based on
three criteria: psychological construct, face, and pre-
dictive validation. Psychological construct refers to the
rationality of model creation and its ability to mimic
etiological of the disorder. Face validation refers to the
ability to approximate the physiological and behavioral
phenotypic characteristics of people with the disorder.
Also, predictive validation refers to the ability to deter-
mine the effectiveness of the intervention, taking as ref-
erence a clinical population that presents the disorder
(21). Based on these murine models, reports documented
that maternal supplementation with betaine attenuated
the social alterations and repetitive behavior in offspring
(22). Accordingly, maternal choline supplementation
during mating, pregnancy, and lactation in female BTBR
mice reduced the repetitive behaviors in offspring (23).
It is believed that systemic methyl donors might reach
the brain and modulate behavior. For instance, a methyl
donor-supplemented diet increased the concentration
of folate intermediates in the prefrontal cortex (PFC),
which is blunted in male, but not female offspring pre-
natally exposed to high-fat diet, confirming a sex-depen-
dent effect supplementation (24). This evidence supports
the potential role of the methyl donor supplementa-
tion on social behavior and nutritional status. Overall,
we hypothesized that intake of methyl donors during
pre-gestation, gestation, and lactation can improve the
harmful effects of a CAF diet on social behavior in
offspring.

This study aims to analyze the effect of maternal CAF
diet and methyl donor-supplemented diets on social, anx-
iety-like, and repetitive behavior in male offspring, besides
evaluating weight gain and food intake in both dams and
male offspring.

Materials and methods
Diets

Table 1 shows the types of experimental diets used in
this study. For the dams, the following diets were used:

Table 1. Composition of maternal diets during pre-gestation,
gestation, and lactation

Diet Standard® Cafeteria®
Kcallkg 3,350 3,720
Carbohydrates (kcal) 1,909 1,450
Protein (kcal) 1,005 4,466
Lipids (kcal) 4,355 1,822
Sodium (mg) 290 513.53
Folic acid (mg) 5.5 5.5

Kcal = kilocalorie, kg = kilogram, mg = milligram.
*Rodent Lab Chow diet 5001; LabDiet, St. Louis, MO, USA; *Cruz-Car-
rillo, et al., 2020.
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(1) standard chow diet (CT) formula that contained
3.35 kcal/g (Rodent Lab Chow diet 5001; LabDiet, St.
Louis, MO, USA). (2) CAF (CAF) diet (3.72 kcal/g)
that consisted of a mix of liquid chocolate, fried pota-
toes, bacon, biscuits, standard chow diet, and pork
pate based on 1:1:1:1:1:2 ratio, respectively. CT and
CAF diets supplemented with methyl donors (Sigma-
Aldrich, St. Louis, MO, United States) consisted of
(3) CT (CT + M) and (4) CAF formula (CAF + M)
enriched with betaine (5 g/kg of diet), choline (5.37 g/
kg of diet), folic acid (5.5 mg/kg of diet), and vitamin
B, (0.5 mg/kg of diet) (25-28).

Animals and experimental design

Virgin females C57BL/6 mice (Scientific, Technological,
and Commercial Services S.A. de C.V.,, Monterrey,
Mexico), housed in polypropylene boxes in an environ-
ment of 21-22°C with 12-h light/dark cycles and with free
access to food and water. The animals were randomly dis-
tributed in four groups: standard chow diet (CT, n = 3),
CAF diet (CAF, n =15), CT + methyl donor supplemented
diet (CT + M, n = 5), and CAF + methyl donor supple-
mented diet (CAF + M, n = 3). The animals were exposed
to this diet for 9 weeks, including pre-gestation (before and
during mating), gestation, and lactation. Mice were mated
to similarly age and strain males. Male offspring were
culled to 10 pups per dietary group and housed in cages
after weaning at lactation-day 21 and then were exposed
to a control diet until 8 weeks of age (Fig. 1). By the age
of 2 months, male offspring were assigned to three behav-
ioral tests, as detailed below. Weight gain was registered
weekly. Similarly, food intake was measured weekly by
weighing the initial amount of chow diet offered to each
cage and what was left after 1 week, and energy intake was
also determined. Energy efficiency (EE) was calculated to

Dams fed CT, CAF, or CAF+M diet
L 1
Pre-pregnancy Pregnancy Lactation
0 3 6 9
e | | | & |
]
4 I |
0 3 8
Birth Weaning Behavioral
tests
| |

Offspring fed CT diet

Fig. 1. Maternal programming experimental design. Female
C57BL/6 mice fed different diets during the pre-gestational,
gestational and lactation period. At weaning, male offspring
were fed only control diet until week 8 of age where behav-
ioral tests were performed. CT = Control; CAF = Cafeteria;
CT+M = Control + methyl donors; CAF+M = Cafeteria +
methyl donors.
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estimate the efficiency of the diet to promote weight gain
expressed as g/kcal (29) with the following equation:

FE— Weight gain (g) in a determined time

Kcal consumed in a determined time

Animals were handled according to the NIH guide for
the care and use of laboratory animals (NITH Publications
No. 80-23, revised in 1996), with approval of the local
Animal Care Committee of the Facultad de Salud Publica
y Nutricién with the identifier 19-FaSPyN-SA-17.TP. The
procedures were carried out according to the Institutional
Biosafety Committee of the Center for Research and
Development in Health Sciences of the Universidad
Autonoma de Nuevo Leon.

Behavioral phenotyping

Three-Chamber Test

Sociability was evaluated by a three-chamber test. The
apparatus was an acrylic box divided into three chambers.
We quantified the time expended on left or right cham-
ber (unfamiliar mouse or plastic square figure). Approach
behavior was defined as interaction time including sniff-
ing or approaching the target (unfamiliar mouse or plastic
square figure) in each chamber (within 2 cm). The social and
non-social parameters were analyzed by two observers (30).

Open Field Test

Mice were tested for general exploratory locomotion and
anxiety-like behavior. The setup consisted of a rectangular
acrylic arena (50 X 50 cm) surrounded by walls (38 cm). The
mouse was placed in the center of the arena to freely explore
during 10 min. Total traveled distance, duration in central
and peripheral zones, activity, and freezing % of the time,
rearing, and thigmotaxis duration were video recorded and
analyzed using OMNIALVA, Inc., software (31).

Marble Burying Test

The mouse was placed in a cage with 5 cm fresh bedding
and allowed 5 min for habituation. Then 16 green or blue
glass marbles were placed into the cage while the mouse
was temporarily removed from the cage. After that, the
mouse was returned to the same cage for the 30-min
test. The number of marbles buried was counted by two
observers. A marble covered more than 70% of its diame-
ter with bedding was considered to be buried (32).

Statistical analysis

Data are presented as mean * standard error of mean
(SEM). Body weight and food intake were analyzed with
a repeated-measures ANOVA with time (T), diet (D), and
time x diet (TxD) as factors. Total weight gain, energetic
intake, and EE were analyzed with a one-way ANOVA.
Two-way ANOVA was performed to analyze the effect of
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maternal diet (D) X methyl donor supplementation (S) or
maternal diet X methyl donor supplementation (DxS) on
the behavior of the offspring. Post hoc analysis was per-
formed with a Tukey’s test. A value of P <0.05(*P <0.05;
*¥* P<0.01; *** P <0.001) was considered as statistically
significant between differences among the groups. SPSS
v25 and GraphPad v8 were used for this study.

Results

Diet-related changes in weight gain and intake in dams

During the pre-gestational period CAF, and CAF+M
dams weighed significantly more at week 1 than the CT
dams (P < 0.05). Baseline data indicated a similar behav-
ior concerning weight (Table 2). All dams gained weight
during the pregnancy, but there was no significant differ-
ence between dietary groups. During the lactation period,
CAF dams displayed significantly higher body weight at
week 7 (P <0.05). Moreover, methyl donors-supplemented
groups CT+M and CAF+M weighted significantly less at
week 9 than the CT group (P < 0.05) (Fig. 2A). Regarding
food intake, CAF dams presented a significantly higher
intake during pre-gestation at week 1 (P < 0.001),
CT+M dams at week 1 (P < 0.001), 2 (P <0.001), and 3

Table 2. Baseline data on body weight and food intake in dams

Maternal diet Body weight (g) Food intake (g)

Control 19.14 £ 0.3 6.30+0.2

Cafeteria 22.55 + 0.6* 8.66 + 0.|*¥F*
Control + Methyl donors 21.53+04 10.00 + 0.0%F*
Cafeteria + Methyl donors 22.48 + 0.8* 10.00 + 0.0%%*

Difference between groups was analyzed by a one-way ANOVA and a
Tukey s post hoc test. * P < 0.05 (vs CT); *** P < 0.05 (vs. CT). Groups:
(CT,n=3),(CAEn =5),(CT + M,n =5),(CAF + M,n = 3).

N w w Y
o £ a (=)

Body weight (g)

-
n

Weeks

(P<0.001), as well as CAF+M dams at week 1 (P <0.001)
and 2 (P < 0.05) compared to the CT dams at this period.
During gestation, CT+M dams showed significantly
higher intake at weeks 4, 5 and 6 (P < 0.001) compared to
the CT group. There was no significant difference between
the other dietary groups. At lactation, all dietary groups
displayed an opposite trend regarding eating behavior
compared to the CT group. At week 7, CAF dams showed
significantly less intake compared to CT dams (P < 0.05).
Furthermore, all dams showed significantly less food
intake at weeks 8 (P < 0.001) and 9 (P < 0.001) compared
to the CT group (Fig. 2B). Regarding weight gain, both
the supplemented groups (CT+M & CAF+M) gained
significantly less weight compared to the CT group. Both
control diet groups, supplemented or not (CT+M & CT)
consumed significantly more total calories (605.00 = 9.7
and 518.79 * 4.2, respectively) compared to the other
groups. The control group and the CAF group had a sig-
nificantly higher EE (0.02 = 0.002 and 0.02 £ 0.003) com-
pared to the other groups (Table 3).

Maternal diet programming effect on weight gain, food intake
and EE in male offspring

The CAF offspring showed significantly lower body weight
than the CT offspring at weeks 4, 6, and 7 (Fig. 3A).
Regarding food intake, the CAF group presented signifi-
cantly less intake at weeks 3, 5, 7, and 8 than the CT group
(Fig. 3B). Even though the CAF offspring consumed signifi-
cant fewer total calories (81.32 % 1.0) compared to the other
groups (P < 0.05), these animals had a significant higher EE
compared to the CT and CT+M offspring (Table 4).

Maternal diet influence on behavioral phenotyping in male
offspring

In the 3-chamber test, the CAF offspring displayed
significantly less time (sec) interacting with the stranger

20T O A

Food intake (g)

Weeks

Fig. 2. Body weight (A) and food intake (B) in dams. Control (CT, n = 3), Cafeteria (CAF, n = 5), Control + methyl donors
(CT + M, n=>5)and CAF+M = Cafeteria + methyl donors (CAF + M, n = 3). Data is presented as mean * SEM (n = >3 animals
per group). Repeated-measures ANOVA was performed to analyze the effect of Time (T), Diet (D), or interactive effect of Time
x Diet (TxD). Difference between groups was assessed by “Tukey’s post hoc test. °P < 0.05 (CT vs. CAF); °P < 0.05 (CT vs. CT
+ M); 4P < 0.05 (CT vs. CAF + M).
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mouse (P < 0.05) (Fig. 4A), and higher interaction with
the novel object or non-social interaction compared to the
CT offspring (P < 0.01), also CAF+M offspring showed
significantly higher time interacting with the novel object
compared to the CT offspring (P < 0.001) showing that
a maternal CAF diet, supplemented with methyl donors
or not, can promote an alteration in this parameter
(Fig. 4B). When comparing these two interactions (social
and non-social), all the experimental groups presented
a significant preference for interacting with the stranger
mouse (P < 0.001) except for the CAF group (Fig. 4C).
The CAF group displayed a significantly smaller number

Table 3. Nutritional status in dams from pre-gestation period to
lactation

. Total weight ~ Total energetic Energy efficiency
Maternal diet gain (g) intake (kcal) (g/kcal)
Control 1433+ 1.4 51879 + 4.2 0.02 £+ 0.002
Cafeteria 920 1.6 395.87 + 5.8*¢ 0.02 £ 0.003¢
Control + Methyl ¢ 1o 4 0.1+ 605.00+9.7%¢ 0,00 + 0.000%
donors
Cafeteria + Methyl 5 194 14 43179103« 001 + 0003

donors

Difference between groups was analyzed by a one-way ANOVA and a
Tukey’s post hoc test.?P < 0.05 (vs. CT), °P < 0.05 (vs. CAF), P < 0.05
(vs.CT + M), 9P < 0.05 (vs. CAF + M). Groups: (CT,n = 3), (CAF n = 5),
(CT+M,n=5),(CAF+M,n=3).

301 e CT

_ b b -= CAF —_
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of total social sniffs compared to the CT group (P < 0.05)
(Fig. 4G). The CAF+M group presented spent a greater
time sniffing the novel object compared to all the experi-
mental groups (P < 0.001) (Fig. 4H).

In the open field test (Figs. 5 and 6), the CAF group
displayed significantly less time (sec) in the center zone
(Fig. 5A) and greater time in the periphery zone compared
to the CT offspring (P < 0.05) indicating an anxiety-like
behavior (Fig. 5B & 6). There were no significant differ-
ences between groups in the parameters of distance trav-
eled (m) (Fig. 5C), activity time (%) (Fig. 5D), freezing
time (%) (Fig. 5E), and duration of grooming behavior
(sec) (Fig. 5F). Regarding the anxiety-like related behav-
iors, the CT+M offspring showed a significantly greater
duration (sec) of rearing compared to the CT offspring
(P <0.05) (Fig. 5G). The CT+M and CAF+M presented
a significantly greater time spent leaning on the wall than
the CT offspring (Fig. 5I). There were no significant dif-
ferences between groups in the % of marbles buried that
indicate repetitive behavior (Fig. 5J).

Discussion

The high prevalence of maternal obesity and the con-
sumption of a CAF diet contribute to several health com-
plications in both the mother and offspring (33). Here,
the CAF diet generates a greater gain in body weight;
however, this effect is modified when supplemented with
methyl donors, inducing weight loss, especially at the end

15+ d
o CT
c = CAF
104 d b | b b CT+M
P T
c e ~4=—% = CAF+M
5| P } =
V//YJ T
N TxD
v L |l L Ll 1 Ll
3 4 5 6 1 8
Weeks

Fig. 3. Body weight (A) and food intake (B) in male offspring. CT = Control, CAF = Cafeteria, CT+M = Control + methyl
donors and CAF+M = Cafeteria + methyl donors. Data is presented as mean = SEM (n = 10/group). Repeated-measures
ANOVA was performed to analyze the effect of Time (T), Maternal diet (D), or interactive effect of Time x Maternal Diet (TxD).
Difference between groups was assessed by “Tukey’s post hoc test. °P < 0.05 (CT vs. CAF); P < 0.05 (CT vs CT + M); 4P < 0.05

(CT vs. CAF + M).

Table 4. Nutritional status in male offspring from weaning to early adulthood

Maternal diet Total weight gain (g)

Total energetic intake (kcal) Energy efficiency (g/kcal)

Control (CT) 13.30+0.3

Cafeteria (CAF) 12.42 + 0.6%¢
Control + Methyl donors (CT + M) 14.54 + 0.5°
Cafeteria + Methyl donors (CAF + M) 14.76 + 0.3°

137.84 £ 0.6 0.09 + 0.00
81.32 + |.0*<¢ 0.15+ 0.0l
132.58 + 4.3 0.11 £0.01°¢
125.15 + 24.7° 0.15 £ 0.02>¢

Difference between groups was analyzed by a one-way ANOVA and a Tukey's post hoc test (n= 10/group). *P < 0.05 (vs. CT), °P < 0.05 (vs. CAF),

P < 0.05 (vs.CT + M), 9P < 0.05 (vs. CAF + M).
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Fig. 4. 3-Chamber test results in male offspring. Sociability duration between experimental groups (A), comparation of novel
object interaction duration between experimental groups (B), individual comparation of social and non-social interactions dura-
tion (C), time spent in the stranger mouse chamber (D), time spent in the novel object chamber (E), duration of social sniffing
(F), times of social sniffing (G), non-social sniffing duration (H) & times of non-social sniffing (I) (n = 10/group). CT = Control,
CAF = Cafeteria, CT+M = Control + methyl donors & CAF+M = Cafeteria + methyl donors. Two-way ANOVA was performed
to analyze the effect of Maternal Diet (D), Supplementation of methyl donors (S), or Maternal Diet x Supplementation (DxS).
Difference between groups was assessed by a Tukey’s post hoc test. *P < 0.05; ** P 0.01; *** P < (0.001.

of the lactation period. It is important to remark that the
control group supplemented with methyl donors also pre-
sented a reduction in weight gain, which could suggest
that this effect occurs from supplementation, regardless
of the type of diet. On the other hand, it should also be
considered that the supplemented mothers had a lower
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dietary intake during the lactation period, which could
be contributing to the lower weight gain in this stage.
The present study included supplementation based on
methyl donors, including betaine. Animal studies have
shown the beneficial effect of betaine supplementation on
body composition, while the data from human studies are
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Fig. 5. Open field and marble burying tests result in male offspring. Time spent in center zone (A), time spent in periphery zone
(B), distance travelled (C), activity time (%) (D), freezing time (%) (E), grooming (F), duration of rearing (G), times of rearing
(H), wall leaning (I), and percentage of marbles buried (J) (» = 10/group). CT = Control, CAF = Cafeteria, CT+M = Control +
methyl donors and CAF+M = Cafeteria + methyl donors. Two-way ANOVA was performed to analyze the effect of Maternal

Diet (D), Supplementation of methyl donors (S), or Maternal Diet x Supplementation (DxS). Difference between groups was
assessed by a Tukey's post hoc test. *P < 0.05; **P < (0.01; ***P < 0.001.
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Fig 6. Traces of animal track paths across the periphery and center zone in the open field test in male offspring (n = 10/group):
control (A), cafeteria (B), control + methyl donors (C) and cafeteria + methyl donors (D).

controversial and inconsistent. In this regard, oral betaine
supplementation has been shown to reduce body weight
and BMI compared to placebo-treated participants (34).

The results of the present study showed that a mater-
nal CAF diet supplemented with methyl donors does
not reduce weight gain in the offspring at the end of the
study compared to the control group. Concerning the
role of methyl donor supplementation, several authors
have described the opposite effects of folic acid supple-
mentation on weight (35). Cho et al. found that a high
maternal folic acid supplementation promoted a greater
weight and food intake in male offspring compared to
the recommended folic acid supplementation group.
They also found hypomethylation of 5-HTR2A and the
pro-opiomelanocortin (POMC) promoter occurred with
the high folate pup diet. POMC-specific methylation was
positively associated with glucose response to a glucose
load (36).Several lines of evidence support a role for sero-
tonin (5-hydroxytryptamine [5-HT]) signaling in the regu-
lation of eating behavior and long-term body weight (37).
The experimental modulation of multiple serotonin recep-
tor subtypes has been shown to affect food intake and/or
body weight regulation in animal models. The serotonin
system spans across the central and peripheral nervous
system, and the central and peripheral components have
opposing effects on energy homeostasis (38). Overall, cen-
tral serotonergic signaling is anorexigenic, and it increases
energy expenditure via the stimulation of thermogenesis
in brown adipose tissue (39). Moreover, POMC neurons
in the arcuate nucleus of the hypothalamus (ARC) play
an essential role in the control of food intake and energy
expenditure (40). In the melanocortin pathway to regulate
feeding, hypothalamic POMC neurons receive inhibitory
signals from cholinergic neurons localized to the dorso-
medial hypothalamus (DMH) that project to the arcuate
nucleus (41), as well as from excitatory glutamatergic sig-
nals from steroidogenic factor (SF-1)-expressing neurons
localized to the ventromedial hypothalamus (42).

On the other hand, maternal CAF diet offspring had
less weight and food intake compared to the control
group; in this regard, Vithayatil et al. reported that off-
spring from CAF diet-fed dams were lighter at weaning
and that this pattern was maintained at 6 weeks of age
even when the pups were fed a chow diet compared to the
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offspring from control chow diet-fed dams. They suggest
that this diet has nutritional deficiencies that affect fetal
growth. This diet high in fat tends to be low in protein
which is a fundamental nutrient for lowering the risk of
restriction in intrauterine growth. A CAF diet also con-
tains low-key micronutrients that are also needed for
fetal growth and neurodevelopment (43). However, off-
spring from maternal CAF diet supplemented or not, had
greater EE, showing that this diet can exert an obesogenic
phenotype in later life (29).

Regarding social behavior, we found that a mater-
nal CAF diet can program a social deficit in offspring.
Teixeira et al. reported that offspring from dams fed
CAF diet during lactation period presented fewer social
interactions in comparison to the control group (13).
Buffington et al. reported that a maternal high-fat diet
(MHFD) can promote social alterations in offspring.
They attribute this effect to the gut-microbiota-brain axis
due to the detection of intestinal dysbiosis in these ani-
mals, to lower oxytocin levels in the paraventricular nuclei
of the hypothalamus, and impairing of the mesolimbic
dopamine reward system (44). These findings suggest that
maternal CAF diet is efficient in promoting a reduced
social interaction in murine models. High-fat meals like
CAF diet can stimulate innate immune cells and lead to
a transient postprandial inflammatory response, alter-
ing our immune system and subsequently our inflam-
matory status (45). Cell oxidative stress is another event
that is closely linked to tissue inflammation. Nutritional,
or dietary, oxidative stress denotes a disturbance in the
redox state resulting from excess oxidative load or inad-
equate nutrient supply, favouring pro-oxidant reactions
(46). Prenatal programming by exposure to high-energy
diets and their effects on the offspring behavior seems to
be primed at very early stages of development. Reports
confirm that mothers provide an innate priming stimulus
showing interleukin (IL)-6 accumulation in plasma after
ingesting a high-fat diet feeding (47). Notably, higher
maternal IL-6 concentration during pregnancy was asso-
ciated with defective brain connectivity and cognitive
performance in the newborn at 2 years of age (48, 49).
Finally, peripheral administration of IL-6 could induce
neurovascular remodeling leading to increased permea-
bility of the blood-brain barrier and defective behavior
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in mice (50). This evidence supports a causal effect of
IL-6 accumulation in dams exposed to high-energy diets
during pregnancy affecting the establishment of brain
circuits establishment at the fetus (51). In our study, we
hypothesized that a maternal methyl donor supplemen-
tation could improve the behavioral alterations expected
in maternal CAF diet offspring. There are no studies that
analyze these two different diets in the context of socia-
bility in offspring. Orenbuch et al. reported that a prena-
tal methyl donor diet (folic acid, betaine, and choline) in
dams Mthfr £ lead to a higher number of social behaviors
in offspring compared to those from the group of con-
trol diet in dams from the same genotype (52). Zhang et
al. showed that a postnatal administration of folic acid
in BTBR offspring promoted a greater duration of social
interactions compared to the control group. They attri-
bute this effect to the presence of an attenuation in lev-
els of oxidative stress and inflammation markers such as
interleukin-1p (IL-1B), Iba-1, IL-18, tumor necrosis fac-
tor-a, and IL-6 and glial fibrillary acidic protein in brain
(14). We found that maternal methyl donor supplementa-
tion to cafeteria diet (CAF+M) normalized the sociabil-
ity or social interaction in the 3-chamber test but not the
non-social interaction in male offspring. However, we did
not find that the control diet + methyl donor supplemen-
tation had a regulatory effect in sociability in offspring
and we propose that the supplementation period—dose
is key to establish beneficial epimutations (53) and in this
case, the maternal CAF + methyl donor diet had a com-
pensatory effect in the presence of this obesogenic stimuli.

The maternal CAF also promoted an anxiety-like
behavior in offspring resulting from the time spent in
the central and periphery zone in the open field test. In
contrast with these results, Speight et al. found that a
maternal CAF diet did not induce anxiety-like behavior
in offspring in the open field test. They reported that
these animals spent more time in the center zone and
had more entries into this zone, also travelled a higher
distance compared to the control group (54). Wright
et al. established that a maternal CAF diet during the
pre-gestational, gestational, and lactation period exerts
an anxiolytic effect in male offspring shown by the pres-
ence of increased entries in the open arms in an ele-
vated plus-maze and shorter latency to enter the center
zone in open field test (55). Also, as described above,
5-HT is a monoaminergic neurotransmitter with activ-
ities that modulate central and peripheral functions. A
recent study has shown that brain 5-HT deficiency can
impair antidepressant responses and impact suscepti-
bility to depression and anxiety-like behavior follow-
ing stress (56). From this study, it was suggested that a
maternal CAF diet promotes programming that could
be regulating an anxiety-like behavior in the open field
test. However, we observed that maternal methyl donor
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supplementation contributes to the presence of anx-
iety-like behaviors such as rearing and wall leaning,
exploratory behaviors that have been also used to study
anxiety-like behavior (57). Barua et al. reported that
maternal folic acid supplementation leads to an increase
in ultrasonic vocalizations and hyperactivity in offspring
and that this could be mediated by a modification in the
expression of genes implicated in releasing neurotrans-
mitters and synaptic plasticity (58). Based on the above,
it is likely that there is some epigenetic regulation at
the brain level that could be associated with both the
CAF diet and methyl donors. In this sense, mechanisms
involved in brain development and maturation like the
decreased proliferation of neuronal progenitor cells,
abnormal synaptic stability sensitive to epigenetic reg-
ulation machinery, such as DNA methylation, may pro-
mote the development of alteration in the behavior of
offspring born to obese mothers (59). Several nutrients
included in these vitamins have a role in DNA and RNA
synthesis and DNA methylation as well as for physiolog-
ical and brain development (60). Methyl donors are key
epigenetic mechanism regulators that can also be a com-
ponent of the diet. In the brain, methyl group donors are
important for multiple neurotransmitter pathways such
as the acetylcholine synthesis, involved in memory and
attention, with choline as a precursor (61).

Another mechanism involved can be due to altered
levels of cortisol in offspring from dams supplemented
with methyl donors (62) or due to a modulation in intes-
tinal microbiota (63). These diets likely exert a decrease
in the expression of DNMT (DNA methyltransferase) in
these regions and, consequently, an alteration in behavior.
Besides, the dietary pattern in industrialized countries has
changed substantially over the past century due to tech-
nological advances in agriculture, food processing, stor-
age, marketing, and distribution practices. In addition to
being a predictor of obesity and metabolic dysfunction,
consumption of a Western diet (WD) is related to poorer
cognitive performance across the lifespan (64). Indeed,
to the effect of perinatal WD exposure on anxiety-like
behavior, studies suggest that maternal WD consump-
tion throughout gestation and lactation may impact the
HPC (hippocampus) and amygdala, brain regions that
are strongly linked with anxiety. WD-associated anxi-
ety-like behavior is accompanied by increased expression
of SHT-rla and GABAa alpha2 receptor subunit in the
ventral HPC (65), as well as elevated brain-derived neuro-
trophic factor (BDNF) expression in the dorsal HPC (66),
a region where BDNF levels correlate with the magnitude
of anxiety-like behavior in the elevated plus maze (EPM)
task in wildtype mice (67). Exploration of the open arm
of the EPM apparatus (decreased by WD) also correlates
negatively with HPC gene expression for inflammatory
markers TNFa and MCP-1 (68).
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In the current study, we did not find any significant
difference between groups in the marble burying test, a
repetitive behavior test. This may be caused by heteroge-
neity in behavioral phenotype expressed by maternal diet
or by a defensive-neophobic burying (69) or motor alter-
ations that are regulated by an aberrant synaptic trans-
mission of the cerebellar cortex (70). Indeed, in a recent
study, the authors found an alteration in anxiety and
impulsive behaviors for the HSB (high-sugar and fat)-
fed mice through the marble burying test (71). Another
study showed male-specific disturbances in social inter-
action and an increase in repetitive behavior during
adolescence (72). Although there is not much evidence
on CAF diet promoting a repetitive behavior, models
such as valproic acid (22) have significant changes in the
development of this behavior. Hill et al. found that a
prenatal exposure to valproic acid promoted a decreased
marble burying in offspring (73).

Otherwise, the amount and type of dietary macronu-
trients strongly influence the intestinal microbiota (74).
Indeed, some individuals with neurodevelopmental dis-
orders including ASD co-present with gastrointestinal
problems and dysbiosis of the gut microbiota (75-77).
It has been shown that MHFD-induced obesity in mice
is associated with social behavioral deficits, which are
mediated by alterations in the offspring gut microbiome.
Moreover, high-fat diet offsprings had shorter dura-
tion of social interaction and social contacts, in addi-
tion to showing no preference for social novelty in the
3-chamber sociability test. One of the factors involved
in a marked social deficit in this group is the microbiota,
the authors detected a reduced diversity and a difference
in gut microbial communities compared to the control
group (44). The intestinal microbiota may also be a fac-
tor that could be modulating anxiety-like behavior, as
has been found in the study by Miousse et al. where
methionine supplementation altered the composition of
the microbiota (53).

Conclusion

In conclusion, the maternal CAF diet promoted a
decreased body weight and food intake in the offspring
compared to the control diet group, suggesting that this
diet did not affect programming an obesogenic phenotype
in early life, although this diet caused an increase in EE that
could develop a weight gain in later life by impairing basal
metabolism. The CAF diet also contributed to a social defi-
cit and anxiety-like behavior in the offspring. On the other
hand, a maternal methyl donor-supplemented CAF diet
normalized the social interaction in the offspring, although
it led to an increase in anxiety-like behaviors. These find-
ings suggest that a methyl donor supplementation could
protect against aberrant social behavior probably targeting
key genes related to neurotransmitter pathways.

10

(page number not for citation purpose)

Acknowledgements
Special acknowledgments to Jose Herrera for his support
in handling for the animals.

Conflicts of interest and funding

The authors declare no conflict of interest. The funder
had no role in the writing of the manuscript. This research
was funded by Consejo Nacional de Ciencia y Tecnologia
‘CONACyYT’, Mexico (No. SA777-19).

Author disclosure statement
No competing financial interests exist.

Authors’ contributions

K.H, A.C.M., and H.C. conceived and designed the
experiment. K.H. performed the experiment. All
authors analyzed the data, wrote, read, and improved
the manuscript.

References

1. Cardenas-Perez RE, Fuentes-Mera L, de la Garza AL, Torre-
Villalvazo 1, Reyes-Castro LA, Rodriguez-Rocha H, et al.
Maternal overnutrition by hypercaloric diets programs hypo-
thalamic mitochondrial fusion and metabolic dysfunction in rat
male offspring. Nutr Metabol 2018; 15(1): 1-16. doi: 10.1186/
$12986-018-0279-6

2. Cruz-Carrillo G, Montalvo-Martinez L, Cardenas-Tueme M,
Bernal-Vega S, Maldonado-Ruiz R, Reséndez-Pérez D, et al.
Fetal programming by methyl donors modulates central inflam-
mation and prevents food addiction-like behavior in rats. Front
Neurosci 2020; 14: 1-15. doi: 10.3389/fnins.2020.00452

3. Maldonado-Ruiz R, Fuentes-Mera L, Camacho A. Central
modulation of neuroinflammation by neuropeptides and ener-
gy-sensing hormones during obesity. BioMed Res Int 2017
2017: 1-12. doi: 10.1155/2017/7949582

4. Rivera HM, Christiansen KJ, Sullivan EL. The role of maternal
obesity in the risk of neuropsychiatric disorders. Front Neurosci
2015;9: 1-16. doi: 10.3389/fnins.2015.00194

5. Zilkha N, Kuperman Y, Kimchi T. High-fat diet exacerbates cog-
nitive rigidity and social deficiency in the BTBR mouse model
of autism. Neuroscience 2017; 345: 142-54. doi: 10.1016/j.
neuroscience.2016.01.070

6. Talita Sayuri Higa, Acaua Vida Spinola, Fonseca-Alaniz MH,
Evangelista FS. Comparison between cafeteria and high-fat
diets in the induction of metabolic dysfunction in mice. Int J
Physiol Pathophysiol Pharmacol 2014; 6(1): 47-54.

7. Castro H, Pomar CA, Pic6 C, Sanchez J, Palou A. Cafeteria diet
overfeeding in young male rats impairs the adaptive response
to fed/fasted conditions and increases adiposity independent
of body weight. Int J Obes 2014; 39(3): 430-7. doi: 10.1038/
jo.2014.125

8. Andersen CH, Thomsen PH, Nohr EA, Lemcke S. Maternal
body mass index before pregnancy as a risk factor for ADHD
and autism in children. Eur Child Adolesc Psychiatry 2017,
27(2): 139-48. doi: 10.1007/s00787-017-1027-6

9. Li M, Fallin MD, Riley A, Landa R, Walker SO, Silverstein
M, et al. The association of maternal obesity and diabetes with
autism and other developmental disabilities. Pediatrics 2016;
137(2): €20152206. doi: 10.1542/peds.2015-2206

Citation: Food & Nutrition Research 2023, 67: 9828 - http://dx.doi.org/10.29219/fnrv67.9828


http://dx.doi.org/10.29219/fnr.v67.9828
https://doi.org/10.1186/s12986-018-0279-6
https://doi.org/10.1186/s12986-018-0279-6
https://doi.org/10.3389/fnins.2020.00452￼
https://doi.org/10.1155/2017/7949582
https://doi.org/10.3389/fnins.2015.00194
https://doi.org/10.1016/j.neuroscience.2016.01.070
https://doi.org/10.1016/j.neuroscience.2016.01.070
https://doi.org/10.1038/ijo.2014.125
https://doi.org/10.1038/ijo.2014.125
https://doi.org/10.1007/s00787-017-1027-6
https://doi.org/10.1542/peds.2015-2206

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Maldonado-RuizR,Garza-Ocaias L, Camacho A. Inflammatory
domains modulate autism spectrum disorder susceptibility
during maternal nutritional programming. Neurochem Int 2019;
126: 109-17. doi: 10.1016/j.neuint.2019.03.009

American Psychiatric Association. Diagnostic and Statistical
Manual of Mental Disorders. Sth ed. Washington, DC: American
Psychiatric Association; 2013. doi: 10.1108/rr-10-2013-0256
Tye C, Runicles A, Whitehouse AJO, Alvares GA. Corrigendum:
characterizing the interplay between autism spectrum disorder
and comorbid medical conditions: an integrative review. Front
Psychiatry 2019; 10: 1-21. doi: 10.3389/fpsyt.2019.00438
Teixeira AE, Rocha-Gomes A, Pereira dos Santos T, Amaral
BLS, da Silva AA, Malagutti AR, et al. Cafeteria diet adminis-
tered from lactation to adulthood promotes a change in risper-
idone sensitivity on anxiety, locomotion, memory, and social
interaction of Wistar rats. Physiol Behav 2020; 220: 112874. doi:
10.1016/j.physbeh.2020.112874

Zhang QZ, Wu H, Zou M, Li L, Li Q, Sun C, et al. Folic acid
improves abnormal behavior via mitigation of oxidative stress,
inflammation, and ferroptosis in the BTBR T+ tf/J mouse model
of autism. J Nutr Biochem 2019; 71: 98-109. doi: 10.1016/j.
jnutbio.2019.05.002

Niculescu MD, Zeisel SH. Diet, methyl donors and DNA
methylation: interactions between dietary folate, methionine
and choline. J Nutr 2002; 132(8): 2333S2335S. doi: 10.1093/
jn/132.8.2333s

Law PP, Holland ML. DNA methylation at the crossroads of
gene and environment interactions. Essays Biochem 2019; 63(6):
717-26. https://doi.org/10.1042/EBC20190031

Meng H, Cao Y, Qin J, Song X, Zhang Q, Shi Y, et al. DNA
methylation, its mediators and genome integrity. Int J Biol Sci
2015; 11(5): 604-17. doi: 10.7150/ijbs. 11218

Tremblay MW, Jiang Y. DNA methylation and susceptibility to
autism spectrum disorder. Ann Rev Med 2019; 70: 151-66. doi:
10.1146/annurev-med-120417-091431

Labouesse MA, Dong E, Grayson DR, Guidotti A, Meyer U.
Maternal immune activation induces GAD1 and GAD2 pro-
moter remodeling in the offspring prefrontal cortex. Epigenetics
2015; 10(12): 1143-55. doi: 10.1080/15592294.2015.1114202
Mor M, Nardone S, Sams DS, Elliott E. Hypomethylation
of miR-142 promoter and upregulation of microRNAs that
target the oxytocin receptor gene in the autism prefrontal cor-
tex. Mol Autism 2015; 6(1): 46. doi: 10.1186/s13229-015-0040-1
Hulbert SW, Jiang YH. Monogenic mouse models of
autism spectrum disorders: common mechanisms and miss-
ing links. Neuroscience 2016; 321: 3-23. doi: 10.1016/).
neuroscience.2015.12.040

Huang F, Chen X, Jiang X, Niu J, Cui C, Chen Z, et al. Betaine
ameliorates prenatal valproic-acid-induced autism-like behav-
ioral abnormalities in mice by promoting homocysteine metabo-
lism. Psychiatry Clin Neurosci 2019; 73(6): 317-22. doi: 10.1111/
pen. 12833

Langley EA, Krykbaeva M, Blusztajn JK, Mellott TJ. High
maternal choline consumption during pregnancy and nurs-
ing alleviates deficits in social interaction and improves anx-
iety-like behaviors in the BTBR T+Itpr3tf/J] mouse model
of autism. Behav Brain Res 2015; 278: 210-20. doi: 10.1096/
fasebj.29.1_supplement.900.5

McKee SE, Zhang S, Chen L, Rabinowitz JD, Reyes TM.
Perinatal high fat diet and early life methyl donor supplementa-
tion alter one carbon metabolism and DNA methylation in the
brain. J Neurochem 2018; 145(5): 362-73. doi: 10.1111/jnc.14319

Citation: Food & Nutrition Research 2023, 67:9828 - http://dx.doi.org/10.292 1 9/fnrv67.9828

Maternal methyl donor diet regulates the social behavioral and nutritional status

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Carlin J, George R, Reyes TM. Methyl donor supplementation
blocks the adverse effects of maternal high fat diet on offspring
physiology. Jasoni C, editor. PLoS One 2013; 8(5): €63549. doi:
10.1371/journal.pone.0063549

Cordero P, Milagro F, Campion J, Martinez J. Maternal
methyl donors supplementation during lactation prevents the
hyperhomocysteinemia induced by a high-fat-sucrose intake
by dams. Int J Mol Sci 2013; 14(12): 24422-37. doi: 10.3390/
ijms141224422

Waterland RA, Travisano M, Tahiliani KG, Rached MT, Mirza
S. Methyl donor supplementation prevents transgenerational
amplification of obesity. Int J Obes 2008; 32(9): 1373-9. doi:
10.1038/ij0.2008.100

Wolff GA, Kodell RL, Moore SS, Cooney CA. Maternal epi-
genetics and methyl supplements affect agouti gene expression
in Avy/a mice. FASEB J 1998; 12(11): 949-57. doi: 10.1096/
fasebj.12.11.949

Grobe JL. Comprehensive assessments of energy bal-
ance in mice. Methods Mol Biol 2017; 1614: 123-46. doi:
10.1007/978-1-4939-7030-8_10

Kaidanovich-Beilin O, Lipina T, Vukobradovic I, Roder J,
Woodgett JR. Assessment of social interaction behaviors. J
Visual Exp 2011; 48: 1-6. doi: 10.3791/2473

Seibenhener ML, Wooten MC. Use of the open field Maze to
measure locomotor and anxiety-like behavior in mice. J Visual
Exp 2015; 96: 1-6. doi: 10.3791/52434

Angoa-Pérez M, Kane MJ, Briggs DI, Francescutti DM, Kuhn
DM. Marble burying and nestlet shredding as tests of repetitive,
compulsive-like behaviors in mice. J Visual Exp 2013; 82: 1-7.
doi: 10.3791/50978

Maric-Bilkan C, Symonds M, Ozanne S, Alexander BT.
Impact of maternal obesity and diabetes on long-term health
of the offspring. Exp Diabetes Res 2011; 2011: 1-2. doi:
10.1155/2011/163438

Grizales AM, Patti ME, Lin AP, Beckman JA, Sahni VA,
Cloutier E, et al. Metabolic effects of betaine: a random-
ized clinical trial of betaine supplementation in prediabetes. J
Clin Endocrinol Metabol 2018; 103(8): 3038-49. doi: 10.1210/
j¢.2018-00507

Sie KKY, Li J, Ly A, Sohn KJ, Croxford R, Kim YI. Effect of
maternal and postweaning folic acid supplementation on global
and gene-specific DNA methylation in the liver of the rat off-
spring. Mol Nutr Food Res 2013; 57(4): 677-85. doi: 10.1002/
mnfr.201200186

Cho CE, Sanchez-Hernandez D, Reza-Lopez SA, Huot PSP,
Kim YT, Anderson GH. High folate gestational and post-wean-
ing diets alter hypothalamic feeding pathways by DNA methyl-
ation in Wistar rat offspring. Epigenetics 2013; 8(7): 710-9. doi:
10.4161/epi.24948

Galen KA, Horst KW, Serlie MJ. Serotonin, food intake, and
obesity. Obesity Rev 2021;22(7): €13210. https://doi.org/10.1111/
obr.13210

Nakatani Y, Sato-Suzuki I, Tsujino N, Nakasato A, Seki Y,
Fumoto M, et al. Augmented brain 5-HT crosses the blood-
brain barrier through the 5S-HT transporter in rat. Eur J Neurosci
2008; 27(9): 2466-72. doi: 10.1111/j.1460-9568.2008.06201.x
Donovan MH, Tecott LH. Serotonin and the regulation of
mammalian energy balance. Front Neurosci 2013; 7: 1-15. doi:
10.3389/fnins.2013.00036

Kwon E, Jo YH. Activation of the ARCPOMC—MeA projec-
tion reduces food intake. Front Neural Circuits 2020; 14: 1-8.
doi: 10.3389/fncir.2020.595783

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v67.9828
https://doi.org/10.1016/j.neuint.2019.03.009
https://doi.org/10.1108/rr-10-2013-0256￼
https://doi.org/10.3389/fpsyt.2019.00438
https://doi.org/10.1016/j.physbeh.2020.112874
https://doi.org/10.1016/j.jnutbio.2019.05.002
https://doi.org/10.1016/j.jnutbio.2019.05.002
https://doi.org/10.1093/jn/132.8.2333s
https://doi.org/10.1093/jn/132.8.2333s
https://doi.org/10.1042/EBC20190031
https://doi.org/10.7150/ijbs.11218
https://doi.org/10.1146/annurev-med-120417-091431
https://doi.org/10.1080/15592294.2015.1114202
https://doi.org/10.1186/s13229-015-0040-1
https://doi.org/10.1016/j.neuroscience.2015.12.040
https://doi.org/10.1016/j.neuroscience.2015.12.040
https://doi.org/10.1111/pcn.12833
https://doi.org/10.1111/pcn.12833
https://doi.org/10.1096/fasebj.29.1_supplement.900.5
https://doi.org/10.1096/fasebj.29.1_supplement.900.5
https://doi.org/10.1111/jnc.14319
https://doi.org/10.1371/journal.pone.0063549
https://doi.org/10.3390/ijms141224422
https://doi.org/10.3390/ijms141224422
https://doi.org/10.1038/ijo.2008.100
https://doi.org/10.1096/fasebj.12.11.949
https://doi.org/10.1096/fasebj.12.11.949
https://doi.org/10.1007/978-1-4939-7030-8_10
https://doi.org/10.3791/2473
https://doi.org/10.3791/52434
https://doi.org/10.3791/50978
https://doi.org/10.1155/2011/163438
https://doi.org/10.1210/jc.2018-00507
https://doi.org/10.1210/jc.2018-00507
https://doi.org/10.1002/mnfr.201200186
https://doi.org/10.1002/mnfr.201200186
https://doi.org/10.4161/epi.24948
https://doi.org/10.1111/obr.13210
https://doi.org/10.1111/obr.13210
https://doi.org/10.1111/j.1460-9568.2008.06201.x
https://doi.org/10.3389/fnins.2013.00036
https://doi.org/10.3389/fncir.2020.595783

Katya Herrera et al.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Jeong JH, Lee DK, Jo YH. Cholinergic neurons in the dorso-
medial hypothalamus regulate food intake. Mol Metabol 2017,
6(3): 306-12. doi: 10.1016/j.molmet.2017.01.001

Christine KA, Jens CB. Selective insulin and leptin resistance
in metabolic disorders. Cell Metabol 2012; 16(2): 144-52. doi:
10.1016/j.cmet.2012.07.004

Vithayathil MA, Gugusheff JR, Ong ZC, Langley-Evans SC,
Gibson RA, Muhlhausler BS. Exposure to maternal cafete-
ria diets during the suckling period has greater effects on fat
deposition and Sterol Regulatory Element Binding Protein-1c
(SREBP-1c) gene expression in rodent offspring compared to
exposure before birth. Nutr Metbol 2018; 15(1): 17. doi: 10.1186/
$12986-018-0253-3

Buffington SA, Di Prisco GV, Auchtung TA, Ajami NJ,
Petrosino JF, Costa-Mattioli M. Microbial reconstitution
reverses maternal diet-induced social and synaptic defi-
cits in offspring. Cell 2016; 165(7): 1762-75. doi: 10.1016/
j.cell.2016.06.001

Fritsche KL. The science of fatty acids and inflammation. Adv
Nutr 2015; 6(3): 293S301S. doi: 10.3945/an.114.006940

Sies H, Stahl W, Sevanian A. Nutritional, dietary and postpran-
dial oxidative stress. J Nutr 2005; 135(5): 969-72. doi: 10.1093/
jn/135.5.969

Bordeleau M, Chloé Lacabanne, Fernandez L, Vernoux
N, Savage JC, Fernando Gonzalez Ibafiez, et al. Microglial
and peripheral immune priming is partially sexually dimor-
phic in adolescent mouse offspring exposed to maternal
high-fat diet. J Neuroinflamm 2020; 17(1): 264. doi: 10.1186/
$12974-020-01914-1

Graham NAJ, Wilson SK, Carr P, Hoey AS, Jennings S, MacNeil
MA. Seabirds enhance coral reef productivity and functioning
in the absence of invasive rats. Nature 2018; 559(7713): 250-3.
doi: 10.1038/s41586-018-0202-3

Rudolph MD, Graham AM, Feczko E, Miranda-
Dominguez O, Rasmussen JM, Nardos R, et al. Maternal
IL-6 during pregnancy can be estimated from newborn
brain connectivity and predicts future working memory in
offspring. Nat Neurosci 2018; 21(5): 765-72. doi: 10.1038/
s41593-018-0128-y

Menard C, Pfau ML, Hodes GE, Kana V, Wang VX, Bouchard
S, et al. Social stress induces neurovascular pathology promot-
ing depression. Nat Neurosci 2017; 20(12): 1752-2. doi: 10.1038/
s41593-017-0010-3

Camacho-Morales A, Montalvo-Martinez L, Cruz-Carrillo G,
Maldonado-Ruiz R, Trujillo-Villarreal L, Garza-Villarreal E.
Prenatal programing of motivated behaviors: can innate immu-
nity prime behavior? Neural Regener Res 2023; 18(2): 280. doi:
10.4103/1673-5374.346475

Orenbuch A, Fortis K, Taesuwan S, Yaffe R, Caudill MA, Golan
HM. Prenatal nutritional intervention reduces autistic-like
behavior rates among Mthfr-deficient mice. Front Neurosci
2019; 13: 1-15. doi: 10.3389/fnins.2019.00383

O’Neill RJ, Vrana PB, Rosenfeld CS. Maternal methyl supple-
mented diets and effects on offspring health. Front Genet 2014;
5:1-10. doi: 10.3389/fgene.2014.00289

Speight A, Davey WJ, McKenna, ES, Voigt JP. Exposure to a
maternal cafeteria diet changes open-field behaviour in the
developing offspring. Int J Dev Neruosci 2016; 57(1): 34-40.
doi: 10.1016/j.ijdevneu.2016.12.005

Wright T, Langley-Evans SC, Voigt JP. The impact of maternal
cafeteria diet on anxiety-related behaviour and exploration in
the offspring. Physiol Behav 2011; 103(2): 164-72. doi: 10.1016/j.
physbeh.2011.01.008

12

(page number not for citation purpose)

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gutknecht L, Popp S, Waider J, Sommerlandt FMJ, G6éppner
C, Post A, et al. Interaction of brain 5-HT synthesis deficiency,
chronic stress and sex differentially impact emotional behavior
in Tph2 knockout mice. Psychopharmacology 2015; 232(14):
2429-41. doi: 10.1007/s00213-015-3879-0

Ennaceur A. Tests of unconditioned anxiety — pitfalls and dis-
appointments. Physiol Behav 2014; 135: 55-71. doi: 10.1016/j.
physbeh.2014.05.032

Barua S, Chadman KK, Kuizon S, Buenaventura D, Stapley
NW, Ruocco F, et al. Increasing maternal or post-weaning folic
acid alters gene expression and moderately changes behavior
in the offspring. Rosenfeld CS, editor. PLoS One 2014; 9(7):
el101674. doi: 10.1371/journal.pone.0101674

Contu L, Hawkes CA. A review of the impact of maternal obe-
sity on the cognitive function and mental health of the offspring.
Int J Mol Sci 2017; 18(5): 1093. doi: 10.3390/ijms18051093

Li M, D’Arcy C, Li X, Zhang T, Joober R, Meng X. What
do DNA methylation studies tell us about depression? A sys-
tematic review. Transl Psychiatry 2019; 9(1): 68. doi: 10.1038/
s41398-019-0412-y

McKee M, Reeves A, Clair A, Stuckler D. Living on the edge:
precariousness and why it matters for health. Arch Public Health
2017; 75(1): 13. doi: 10.1186/s13690-017-0183-y

Yadon N, Owen A, Cakora P, Bustamante A, Hall-South A,
Smith N, et al. A high methyl donor diet affects physiology and
behavior in Peromyscus polionotus. Physiol Behav 2019; 209:
112615. doi: 10.1016/j.physbeh.2019.112615

Miousse IR, Pathak R, Garg S, Skinner CM, Melnyk S, Pavliv
O, et al. Short-term dietary methionine supplementation affects
one-carbon metabolism and DNA methylation in the mouse gut
and leads to altered microbiome profiles, barrier function, gene
expression and histomorphology. Genes Nutr 2017; 12(1): 22.
doi: 10.1186/s12263-017-0576-0

Tsan L, Décarie-Spain L, Noble EE, Kanoski SE. Western diet
consumption during development: setting the stage for neu-
rocognitive dysfunction. Fronti Neurosci 2021; 15: 1-28. doi:
10.3389/fnins.2021.632312

Bannerman DM, Rawlins JNP, McHugh SB, Deacon RMJ, Yee
BK, Bast T, et al. Regional dissociations within the hippocam-
pus — memory and anxiety. Neurosci Biobehav Rev 2004; 28(3):
273-83. doi: 10.1016/j.neubiorev.2004.03.004

Peleg-Raibstein D, Luca E, Wolfrum C. Maternal high-fat diet
in mice programs emotional behavior in adulthood. Behav Brain
Res 2012; 233(2): 398-404. doi: 10.1016/j.bbr.2012.05.027

Yee BK, Zhu SW, Mohammed A, Feldon J. Levels of neuro-
trophic factors in the hippocampus and amygdala correlate with
anxiety- and fear-related behaviour in C57BL6 mice. J Nerual
Trans 2006; 114(4): 431-44. doi: 10.1007/s00702-006-0548-9
Winther G, Elfving B, Miller HK, Lund S, Wegener G.
Maternal high-fat diet programs offspring emotional behavior
in adulthood. Neuroscience 2018; 388: 87-101. doi: 10.1016/.
neuroscience.2018.07.014

Wolmarans DW, Stein DJ, Harvey BH. Of mice and marbles:
novel perspectives on burying behavior as a screening test for
psychiatric illness. Cogn Affect Behav Neurosci 2016; 16(3):
551-60. doi: 10.3758/s13415-016-0413-8

Wang R, Tan J, Guo J, Zheng Y, Han Q, So KF, et al. Aberrant
development and synaptic transmission of cerebellar cortex in a
VPA induced mouse autism model. Front Cell Neurosci 2018;
12: 1-13. doi: 10.3389/fncel.2018.00500

Moreira Junior RE, de Carvalho LM, dos Reis DC, Cassali
GD, Faria AMC, Maioli TU, et al. Diet-induced obesity leads
to alterations in behavior and gut microbiota composition

Citation: Food & Nutrition Research 2023, 67: 9828 - http://dx.doi.org/10.29219/fnrv67.9828


http://dx.doi.org/10.29219/fnr.v67.9828
https://doi.org/10.1016/j.molmet.2017.01.001
https://doi.org/10.1016/j.cmet.2012.07.004
https://doi.org/10.1186/s12986-018-0253-3
https://doi.org/10.1186/s12986-018-0253-3
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.3945/an.114.006940
https://doi.org/10.1093/jn/135.5.969
https://doi.org/10.1093/jn/135.5.969
https://doi.org/10.1186/s12974-020-01914-1
https://doi.org/10.1186/s12974-020-01914-1
https://doi.org/10.1038/s41586-018-0202-3
https://doi.org/10.1038/s41593-018-0128-y
https://doi.org/10.1038/s41593-018-0128-y
https://doi.org/10.1038/s41593-017-0010-3
https://doi.org/10.1038/s41593-017-0010-3
https://doi.org/10.4103/1673-5374.346475
https://doi.org/10.3389/fnins.2019.00383
https://doi.org/10.3389/fgene.2014.00289
https://doi.org/10.1016/j.ijdevneu.2016.12.005
https://doi.org/10.1016/j.physbeh.2011.01.008
https://doi.org/10.1016/j.physbeh.2011.01.008
https://doi.org/10.1007/s00213-015-3879-0
https://doi.org/10.1016/j.physbeh.2014.05.032
https://doi.org/10.1016/j.physbeh.2014.05.032
https://doi.org/10.1371/journal.pone.0101674
https://doi.org/10.3390/ijms18051093
https://doi.org/10.1038/s41398-019-0412-y
https://doi.org/10.1038/s41398-019-0412-y
https://doi.org/10.1186/s13690-017-0183-y
https://doi.org/10.1016/j.physbeh.2019.112615
https://doi.org/10.1186/s12263-017-0576-0
https://doi.org/10.3389/fnins.2021.632312
https://doi.org/10.1016/j.neubiorev.2004.03.004
https://doi.org/10.1016/j.bbr.2012.05.027
https://doi.org/10.1007/s00702-006-0548-9
https://doi.org/10.1016/j.neuroscience.2018.07.014
https://doi.org/10.1016/j.neuroscience.2018.07.014
https://doi.org/10.3758/s13415-016-0413-8
https://doi.org/10.3389/fncel.2018.00500

72.

73.

74.

75.

in mice. J Nutr Biochem 2021; 92: 108622. doi: 10.1016/j.
jnutbio.2021.108622

Gawlinska K, Gawlinski D, Kowal E, Jarmuz-Szymczak M,
Filip M. Alteration of the early development environment by
maternal diet and the occurrence of autistic-like phenotypes
in rat offspring. Int J Mol Sci 2021; 22(18): 9662. doi: 10.3390/
jms22189662

Hill DS, Cabrera R, Wallis Schultz D, Zhu H, Lu W, Finnell
RH, et al. Autism-like behavior and epigenetic changes associ-
ated with autism as consequences ofIn UteroExposure to envi-
ronmental pollutants in a mouse model. Behav Neurol 2015;
2015: 1-10. doi: 10.1155/2015/426263

Tremaroli V, Bickhed F. Functional interactions between the
gut microbiota and host metabolism. Nature 2012; 489(7415):
242-9. doi: 10.1038/naturel 1552

Bresnahan M, Hornig M, Schultz AF, Gunnes N, Hirtz D, Lie
KK, et al. Association of maternal report of infant and Toddler

Citation: Food & Nutrition Research 2023, 67:9828 - http://dx.doi.org/10.292 1 9/fnrv67.9828

Maternal methyl donor diet regulates the social behavioral and nutritional status

76.

71.

gastrointestinal symptoms with autism. JAMA Psychiatry 2015;
72(5): 466-74. doi: 10.1001/jamapsychiatry.2014.3034

Parracho HM. Differences between the gut microflora of chil-
dren with autistic spectrum disorders and that of healthy chil-
dren. J Med Microbiol 2005; 54(10): 987-91. doi: 10.1099/
jmm.0.46101-0

Mayer EA, Padua D, Tillisch K. Altered brain-gut axis in
autism: comorbidity or causative mechanisms? BioEssays 2014;
36(10): 933-9. doi: 10.1002/bies.201400075

*Heriberto Castro

Dr. Eduardo Aguirre Pequeiio 905
Mitras Centro, 64460, Monterrey, Nuevo
Ledn, Méxicot

Email: heriberto.castrogr@uanl.edu.mx

13

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v67.9828
https://doi.org/10.1016/j.jnutbio.2021.108622
https://doi.org/10.1016/j.jnutbio.2021.108622
https://doi.org/10.3390/ijms22189662
https://doi.org/10.3390/ijms22189662
https://doi.org/10.1155/2015/426263
https://doi.org/10.1038/nature11552
https://doi.org/10.1001/jamapsychiatry.2014.3034
https://doi.org/10.1099/jmm.0.46101-0
https://doi.org/10.1099/jmm.0.46101-0
https://doi.org/10.1002/bies.201400075
mailto:heriberto.castrogr@uanl.edu.mx

