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Abstract

Background and aim Maternal overweight and breastfeeding seem to have a significant impact on the gut micro-
biota colonization process, which co-occurs simultaneously with brain development and the establishment of the
“microbiota-gut-brain axis’, which potentially may affect behavior later in life. This study aimed to examine the influ-
ence of maternal overweight, obesity and/or gestational diabetes on the offspring behavior at 3.5 years of age and its
association with the gut microbiota already established at 18 months of life.

Methods 156 children born to overweight (OV, n =45), obese (OB, n=40) and normoweight (NW, n=71) pregnant
women participating in the PREOBE study were included in the current analysis. Stool samples were collected at

18 months of life and gut microbiome was obtained by 165 rRNA gene sequencing. Behavioral problems were evalu-
ated at 3.5 years by using the Child Behavior Checklist (CBCL). ANOVA, Chi-Square Test, ANCOVA, Spearman’s correla-

tion, logistic regression model and generalized linear model (GLM) were performed.

Results At 3.5 years of age, Children born to OV/OB mothers showed higher scores in behavioral problems than
those born to NW mothers. Additionally, offspring born to OB mothers who developed gestational diabetes mellitus
(GDM) presented higher scores in attention/deficit hyperactivity and externalizing problems than those born to GDM
OV/NW mothers. Fusicatenibacter abundance found at 18 months of age was associated to lower scores in total,
internalizing and pervasive developmental problems, while an unidentified genus within Clostridiales and Flavonifractor
families abundance showed a positive correlation with anxiety/depression and somatic complaints, respectively. On the
other hand, children born to mothers with higher BMI who were breastfed presented elevated anxiety, internalizing
problems, externalizing problems and total problems scores; likewise, their gut microbiota composition at 18 months of
age showed positive correlation with behavioral problems at 3.5 years: Actinobacteria abundance and somatic com-
plaints and between Fusobacteria abundance and withdrawn behavior and pervasive developmental problems.

Conclusions Our findings suggests that OV/OB and/or GDM during pregnancy is associated with higher behavioral
problems scores in children at 3.5 years old. Additionally, associations between early life gut microbiota composition
and later mental health in children was also found.
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Introduction

Women of childbearing age have not been spared in
the obesity epidemic worldwide. In fact, maternal obe-
sity or overweight are among the most common condi-
tions present during pregnancy in the developed world,
affecting up to 47% of women [1]. Obesity in pregnancy
has been associated with an increased risk of serious
adverse outcomes, including miscarriage, fetal congeni-
tal anomaly, thromboembolism, gestational diabetes
mellitus (GDM), preeclampsia, postpartum hemorrhage
(PPH), wound infections, stillbirth and neonatal death
and a lower breastfeeding rate [1-3]. The consequences
of fetal exposure to the intrauterine conditions associated
with maternal obesity may also extend to the neonate, as
infants born to obese women appear to be at increased
risk for a number of congenital anomalies, including
neural tube defects and macrosomia [4, 5]. Additionally,
it is important to note the effect of “nutrition program-
ming” [6]. In fact, there is increasing evidence about the
influence of maternal nutritional status and diet dur-
ing pregnancy and infant type of feeding during the first
months of life on child development and health in later
adulthood [7]. Early programmed effects on anthropo-
metric, metabolic, and neurological development have
been suggested [8—10]. In this regard, milk from obese
or gestational diabetic mothers presented changes in the
concentration of several bioactive components [11] that
could influence short- and long-term infant health status
[12]. Furthermore, several studies have linked maternal
and child weight through the transmission of maternal
commensal microbiota, which is probably colonized dur-
ing gestation [13-15]. Interestingly, Guilley et al. exam-
ined maternal human milk oligosaccharides (HMOs)
between overweight/obese and normoweight mothers
and observed an alteration in their composition. Further-
more, offspring from obese mothers presented a lower
abundance of short-chain fatty acid (SCFA)-producing
bacteria and lower fecal butyric acid levels, with a pre-
diction of elevated adiposity at 12 months [16]. It follows
that maternal obesity might also “program” offspring for
lifelong obesity and associated metabolic and mental dis-
orders [9, 17-19].

On the other hand, GDM is estimated to affect up to
14% of pregnancies [20] and is increasing worldwide in
the wake of the increase in obesity [21]. Maternal con-
sequences include an increased rate of hypertensive
disorders during pregnancy and a future risk of type 2
diabetes mellitus (T2DM) as well as other aspects of

metabolic syndrome, such as obesity, cardiovascular
morbidities, recurrent GDM [1, 22] and a variation in
the gut microbiota composition of the offspring dur-
ing the first week of life and 9 months after birth [23].
Moreover, there are maternal complications second-
ary to delivering a neonate that is macrosomic or large
for gestational age (LGA), such as an increased rate of
cesarean delivery, postpartum hemorrhage and birth
trauma [22].

The WHO [24] estimates that one in five children
and adolescents experience mental health problems,
which are known to predict other negative outcomes
in later life, including noncompletion of schooling,
physical health problems, drug and alcohol misuse,
marital difficulties, increased mortality, injury risk, and
involvement in the criminal justice system [25-28].
According to several authors, many risk factors during
the prenatal period (a critical window for later behav-
ioral development) could contribute to the develop-
ment of future mental diseases [29-31]. Research also
demonstrates the importance of environmental influ-
ences (e.g., prenatal and perinatal risk factors) on the
causation of externalizing behavior [32]. One reason
that may cause an increase in these risk factors is the
inflammatory milieu present in maternal obesity and
GDM during gestation [33, 34]. It has been proven that
a fetus maturing under those conditions (obesity and/
or GDM) has a higher risk of developing different neu-
rodevelopmental disorders during childhood [35], such
as attention problems, hyperactivity and anxiety [36—
39]. Furthermore, adverse birth outcomes, including
low birth weight and preterm birth, exposure during
pregnancy to maternal smoking, alcohol consump-
tion, GDM and psychological stress, have been identi-
fied as the most important pre- and perinatal factors
associated with attention-deficit/hyperactivity disorder
(ADHD) [40-42]. In a recent review, the association
between maternal obesity and neurodevelopmental
and psychiatric morbidity in offspring was investigated
[43]. Brion et al. found significant associations between
maternal overweight and externalizing and total prob-
lems at 3 years old in the Dutch Generation R cohort
but not in the Avon Longitudinal Study [44]. Further-
more, Rodriguez et al. reported that a higher maternal
prepregnancy body mass index (BMI) (overweight and
obesity) was associated with core symptoms of ADHD
in school-age children [45]. On the other hand, one
hypothesis to explain the influence of maternal weight
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on their children is the transmission of obesogenic
microbes from the mother to her offspring [13]. In this
connection, several studies have shown that maternal
prepregnancy obesity imprints a selective gut microbial
composition during late infancy [46, 47].

During the first 3 years of life, children’s brains grow-
ing rapidly parallel to deep gut microbiota establish-
ment and development through communication along
the “gut-brain axis” has been postulated as one plausi-
ble mechanism influencing infant neurodevelopment
[48, 49]. Experiments in animal models have shown that
the maturation process of the gut microbiota coincides
with intense synaptogenesis and pruning in the cer-
ebral cortex, ending in adolescence [50-52]. Therefore,
it is increasingly considered that gut microbes are part
of the unconscious system influencing early neurode-
velopment with potential later psychiatric expressions.
In this regard, the theory that health across the lifespan
is shaped during early sensitive windows, known as the
developmental origins of health and disease, is a focus of
pediatric molecular epidemiology, and the microbiome
likely plays a crucial role in the most significant problems
of behavior, such as externalizing (aggression, conduct
problems, hyperactivity and inattention) and internaliz-
ing problems (emotional and affective problems, anxiety
and depression) at 3 to 5 years old. Studying early bio-
markers and symptomatology is of crucial importance
because it could help to understand the underlying etiol-
ogy of behavioral problems in preschool children [53, 54].
The objective of this study was to evaluate the influence
of preconceptional maternal BMI and/or GDM on child
behavior at 3.5 years old and to identify other possible
influencing factors, including early gut microbiota com-
position and functionality and breastfeeding.

Material and methods

Study design and subjects

The PREOBE study design, the characteristics of the
pregnant women and their compliance have been
described previously [18]. Briefly, 331 pregnant women
were recruited between 2008 and 2012 through collabo-
ration with the Clinical University Hospital San Cecilio
and the Mother—Infant University Hospital of Granada,
Spain, and their peripheral health centers. The inclusion
criteria were single pregnancy at 12 to 34 weeks of gesta-
tion (before 20 weeks), aged 18 to 45 years, no simulta-
neous participation in another study, no drug treatment,
no vegan diet, and no diagnosed diseases other than obe-
sity, overweight or GDM. Based on their prepregnancy
BMI, pregnant women were assigned to one of the fol-
lowing three groups: 1. normoweight (18.5 <BMI<25),
n="71; 2. overweight (25 < BMI < 30), n=45; and 3. obese
(BMI> 30, n=40) (Fig. 1). Women who developed GDM
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during pregnancy remained in their group depending
on prepregnancy BMI as follows: 1. normoweight group
with GDM: n=20; 2. overweight with GDM: n=14; and
3. obese with GDM: n=14 (Fig. 1). According to the
hospital routines, mothers diagnosed with GDM were
invited to participate in an endocrine nutritional pro-
gram to optimize glucose control using nutritional and
lifestyle recommendations and, in some cases, medical
treatment. Overweight and obese mothers without GDM
received no intervention or dietary recommendations
except the regular ones.

Ethics, consent, and permissions

Ethical approval was obtained from the Research Ethics
Committee of the University of Granada. The Bioethical
Committees for Clinical Research of the Clinical Univer-
sity Hospital San Cecilio and the Mother—Infant Univer-
sity Hospital of Granada, Spain, approved the project.
A member of the research group provided full informa-
tion about the project, and written informed consent
was obtained from all women prior to entering the study.
The project was registered at www.ClinicalTrial.gov (no.:
NCT01634464).

Data collection during pregnancy

In this study, baseline and background characteristics of
pregnant women and their offspring, including mater-
nal age, weight gain during pregnancy, preconceptional
maternal weight, height, and BMI, maternal educa-
tion level, maternal intelligence quotient (IQ) assessed
with Catell's Culture Fair Intelligence Test (g factor)
[55, 56], smoking habit and alcohol consumption dur-
ing pregnancy, gestational age at delivery, neonatal
anthropometric measures (birth weight, length and head
circumference), Apgar scores, family situation, type of
delivery, baby gender, and parity, were collected using
questionnaires and medical records. In addition, at three
months of age, mothers were interviewed by an expert
pediatrician about infant diet, which was categorized as
breastfeeding, formula feeding or mixed feeding.

Child behavior checklist (CBCL)

Parents completed the Child Behavior Checklist
for Ages 1%-5 (CBCL) (Spanish validated version)
[57] when their children were 3.5 years old. This test
includes 101 items divided into two scales (“internal-
izing problems” and “externalizing problems”) and a
total score. The internalizing problems scale is divided
into four syndrome subscales: emotionally reactive
behavior, anxiety/depression, somatic complaints,
and withdrawn behavior. The externalizing problems
scale is divided into two syndrome subscales: atten-
tion problems and aggressive behavior. Additionally,
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Included mothers
in early and late pregnancy
N=331
\ [ \ \
NORMAL OVERWEIGHT OBESE GESTATIONAL
WEIGHT DIABETES
N=132 N=56 N=64 N=79
— D=4 — D=2 — D=12 — D=3
Delivery:
Remaining =310 N=128 N=54 N=52 N=76
B2 — D=23 D=26 -
— D=75 = — D=28
3.5 years old: — = = =
[Analyzed CBCL= 156] B0 =31 2o =48
3.5 years old: Analyzed NORMAL OVERWEIGHT OBESE
CBCL= 156 WEIGHT
Regardless of gestational CBCL: N=71: CBCL: N=45: CBCL: N=40:
diabetes GDM=20 GDM=14 GDM=14
Analyzed fecal samples (at (Fecal samples: (Fecal samples: (Fecal samples:
18 months) = 64 N=18) N=29) N=17)

Fig. 1 This figure shows drop-outs since delivery to 3.5 year old. D=drop-outs and E =exclusions (1 infant at delivery due to congenital heart
disease and one before the six months follow up due to severe immunodeficiency). CBCL = Child Behavior Checklist; GDM = Gestational diabetes

mellitus

it assesses sleep, affective problems, anxiety, perva-
sive developmental problems, ADHD and oppositional
defiant problems. The sum of the items of each CBCL
scale provides a score that becomes the basis for the
assignation of the children into one of the following
three groups: normal, borderline and clinical (patho-
logical) [57].

DNA Extraction from stool samples

Genomic deoxyribonucleic acid (DNA) was extracted
from the fecal bacteria of these infants (n=64) at
18 months of age, as previously described [58]. Briefly,
fecal samples were resuspended in 1 mL of TN150
buffer (10 mM Tris—HCI with a pH of 8.0 and 150 mM
NaCl). Zirconium glass beads (0.3 g) and 150 mL of
buffered phenol were added, and bacteria were dis-
rupted with a mini bead beater set to 5000 rpm at 4 °C
for 15 s (Biospec Products, Bartlesville, OK, USA).
After centrifugation, genomic DNA was purified from
the supernatant using a phenol-chloroform extraction.

Quality was checked by agarose gel electrophore-
sis and quantified with a QuantiT PicoGreen dsDNA
assay kit (Invitrogen, Darmstadt, Germany).

16S rRNA gene sequencing and data processing

Genomic DNA from fecal bacteria was used as a tem-
plate for 16S ribonucleic acid ribosomal (rRNA) gene
amplification using 27F and 338R universal primers and
two consecutive polymerase chain reactions (PCRs) to
integrate Illumina multiplexing sequences as previously
described [59]. The library was prepared by pooling equi-
molar ratios of amplicons and was sequenced using an
Ilumina MiSeq platform (Genetic Service, University
of Granada, Granada, Spain). Reads were demultiplexed
and sorted, and paired ends were matched to yield 240 nt
reads. The dataset was filtered, and OTUs were defined at
99% similarity with the MOTHUR programs unique.seqs
and pre.cluster [60]. Taxonomic classifications of OTUs
were assigned using the naive Bayesian algorithm CLAS-
SIFIER of the Ribosomal Database Project [61]. OTUs
were considered unassigned when the confidence value
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score was lower than 0.8 and were annotated using upper
taxonomic ranks.

Statistical analysis

All statistical analyses were performed using the SPSS
statistical software package for Windows (version 24.0;
IBM SPSS Inc., Chicago, IL, USA). Normally distributed
variables are presented as the mean and standard devia-
tion (SD), and nonnormal variables are presented as the
median and interquartile range (IQR). Categorical vari-
ables are shown as frequencies and percentages. Differ-
ences in CBCL scores among the three PREOBE groups
were evaluated using an analysis of variance (ANOVA) or
Kruskal-Wallis rank-sum test for nonnormal continuous
variables and a chi-square or Fisher’s test for categori-
cal variables. To determine differences according to the
development of GDM, a univariate analysis of variance
was performed. When significant differences were found
between groups, a posteriori Bonferroni correction was
used to identify significant pairwise group differences.
A logistic regression model (enter method) was used to
calculate odds ratios (ORs) and 95% confidence inter-
vals (ClIs) of having a normal/clinical pathologic value
in the different groups of study using the normoweight
group as a reference. Moreover, variables showing signifi-
cant group differences were adjusted to univariate gen-
eral linear models (ANCOVA) and multivariate logistic
regression models. Spearman’s correlation analyses were
performed to estimate the associations between precon-
ceptional maternal BMI, breastfeeding, and child behav-
ioral problems. In a secondary analysis, to establish the
influence of confounder variables regardless of group, we
used a logistic regression (Wald test). For the appropriate
analysis of gut microbiota compositional data, we per-
formed all statistical analyses and graphical representa-
tions in R [62] using the packages tidyverse [63], corrplot
[64], psych and stats [65]. The contribution of metadata
variables to microbiota community variation was deter-
mined by distance-based redundancy analysis (dbRDA)
on genus-level Aitchison distance (Euclidian distance
between samples after centered log-ratio transformation,
as recommended for compositional data) with the cap-
scale function in the vegan R package [64]. Correlations
between gut microbial composition and CBCL scale were
identified using Spearman’s nonparametric correlation
test. The Bonferroni procedure (FDR<0.01) was used to
correct for multiple testing in correlations between taxa
and CBCL scores. Associations between taxa and CBCL
scores after screening the effect of microbiota covari-
ates were assessed by fitting a generalized linear model
(GLM) with the glm R function. Unless otherwise stated,

(2023) 17:41

Page 5 of 18

the significance cutoff was set at p<0.05 or false discov-
ery rate (FDR)<0.05 when multiple test correction was
applied.

Results

Characteristics of the PREOBE study participants at 3.5
years old

Of the 331 pregnant women included in the PREOBE
study, 156 were included in the present study after exclu-
sions and dropouts. Children’s behavior was assessed at
3.5 years old using the CBCL test (Fig. 1).

Background and baseline characteristics of the moth-
ers and their offspring are shown and compared among
the three PREOBE groups in Table 1. Statistical analysis
revealed significant differences between study groups
in weight gain during pregnancy, maternal educational
level and maternal IQ. In fact, normoweight pregnant
women presented more weight gain during pregnancy
than obese pregnant women (p=0.008). Moreover, nor-
moweight pregnant women showed a higher cultural
level than obese pregnant women (p=0.001) and higher
IQ than overweight pregnant women (p=0.025). On the
other hand, obese mothers had an increased risk of GDM
(35%) compared with overweight (31.11%) or normo-
weight mothers (28.17%), although the difference was not
significant. Finally, differences in neonatal birth weight
were marginally significant among groups (p=0.065),
as was the type of feeding at 3 months (p=0.060). The
skewed variables were included in the analyses.

Effects of maternal prepregnancy BMI on children’s CBCL
scores at 3.5 years old
The effects of maternal prepregnancy overweight or
obesity on children’s CBCL scores at 3.5 years of age
are shown in Table 2. We found that children born to
overweight mothers showed higher scores in anxiety
(p=0.027) and total problems (p=0.039) than children
born to normoweight mothers, although significance was
lost after adjustment for confounders (weight gain dur-
ing pregnancy, maternal educational level and maternal
IQ). Moreover, differences between children’s scores
were seen in anxiety/depression (p=0.044) and inter-
nalizing problems (p =0.048); however, the p values did
not remain significant after a Bonferroni post hoc test
(p=0.083 and p=0.199, respectively). Additionally, the
results for emotionally reactive and externalizing prob-
lem scores were not significant (p=0.056 and p=0.062,
respectively), even after adjustment for confounding vari-
ables (p=10.065 and p=0.199, respectively).
Subsequently, we categorized the CBCL children’s
scores according to normal, borderline and clinical
pathology outcomes (Table 3). In general, children born
to overweight or obese mothers more frequently showed
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Table 1 General characteristics of the PREOBE mother—child pairs who participated in the children behavioral follow up at 3.5 years of

age
Normal weight (n=71) Overweight (n=45) Obese P’
(n=40)
Maternal age (y)2 31.93£3.90 3269+4.56 31.55+£543 0.489
Pre-conceptional BMI (kg/m?)? 2209+1.72° 2731£132° 3447 £4.19 <0.001
GWG (kg)? 1132£650° 9.9546.07%° 6.6447.58° 0.008
GDM? Yes 28.17% 31.11% 35.00% 0.754
Parity? 0 55.71% 52.27% 40.00% 0275
>1 44.29% 47.73% 60.00%
Family situation® Single/Separate 141% 2.27% 5.00% 0.290
Lives in partnership/ Married  98.59% 97.73% 92.50%
Others 0.00% 0.00% 2.50%
Maternal Educational level® Primary/Secondary 39.44%° 61.36%° 75.00%P 0.001
University 60.56%" 38.64%° 25.00%"
Maternal 1Q (points)? 10887 412.16° 102.16413.73° 106.11412.51%P 0.025
Paternal IQ (points)? 106.08+12.80 101.71+£1261 106.53+12.31 0.286
Smoking during pregnancy? No 85.71% 90.00% 91.43% 0.746
Yes 14.29% 10.00% 8.57%
Alcohol consumption during pregnancy® No 95.24% 100% 94.29% 0.384
Yes 4.76% 0.00% 571%
Type of delivery? Eutocia 67.92% 54.17% 73.08% 0.156
Dystocia 15.09% 12.50% 0.00%
Cesarean 16.99% 33.33% 26.92%
Neonate
Gestational age (wks)? 39.58+1.16 3937+£143 390.87+1.38 0218
Birth weight (g)2 3329+£385 3269+£516 3492 £481 0.065
Birth length (cm)? 50.53+148 50.00+1.98 51.01+£241 0.119
Apgar 174 9(0) 9(0) 90) 0.262
Apgar 5 10(0) 10(0) 10(0) 0.978
Sex? Boy 49.30% 48.89% 60.00% 0.495
Girl 50.70% 51.11% 40.00%
Type of feeding at 3 months> Breast-feeding 61.19% 58.97% 37.50% 0.060
Mixed 16.42% 17.95% 15.00%
Infant formula 22.39% 23.08% 47.50%

GWG Gestational Weight Gain, GDM Gestational Diabetes Mellitus, P Level of significance for overall differences between PREOBE-groups. 'Mean =+ Standard Deviation
for normally distributed continues variables; 2Percentage for categorical variables; *Median and Interquartile Range for non-normally distributed continuous variables

Statistical analysis performed: ANOVA: Analysis of variance for normally distributed variables. Kruskal-Wallis rank-sum test for non-normal continuous variables. Chi-
square test for categorical variables. Values who do not share the same suffix (abc) are significantly different in a Bonferroni post hoc test. Bold: p-value <0.05

scores classified as borderline or clinical pathology.
The analysis showed that children born to overweight
mothers presented more borderline anxiety/depression
(p=0.018) and clinical pathology such as externalizing
problems (p=0.020) and total problems (p=0.031) than
children born to healthy normoweight mothers. Con-
cerning oppositional defiant problems, children born to
normoweight mothers were more frequently classified
as normal than children born to overweight mothers
(p=0.008). Furthermore, children born to obese mothers

presented more borderline anxiety problems (p=0.006)
than those born to healthy normoweight mothers.

Impact of GDM on children’s behavioral problems

at 3.5 years old

Additionally, we studied the impact of the development
of GDM in overweight, obese or normoweight pregnant
women on children’s CBCL scores. The statistical analy-
sis revealed significant differences only in offspring of
the obese mothers group, as the children born to obese
mothers with GDM presented higher scores in aggressive
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Table 2 Effects of maternal pre-pregnancy BMI on children’s CBCL scores at 3.5 years of age
CCL Scores at 3.5 years Normal weight (n=71) Overweight (n =45) Obese Punadj P.gj
(n=40)
Emotionally reactive 54.80£5.85 5751£6.74 56.83£6.40 0.056 0.065
Anxious/depressed 54.68+5.54° 5747 +7.36° 56.65+6.18° 0.044 0.083
Somatic complaints 55374645 57.56+7.72 56.68+6.91 0.242 0.640
Withdrawn 56.48+6.52 5898+7.88 56.13£6.31 0.098 0532
Sleep problems 5592+£8.10 57.33£8.06 55.75£6.15 0.547 0.296
Attention problems 53.66£5.05 54.96+£4.71 54.20£4.60 0376 0.725
Aggressive behaviour 534643.96 553145.90 55304525 0.137 0.234
Internalizing problems 52.99+9.00° 57.27+10.16° 55.10+£940° 0.048 0.199
Externalizing problems 50254753 53294791 53.05+7.60 0.062 0.345
Total problems 5204+8.11° 56.04+£9.17° 5490 +8.85%° 0.039 0.243
Affective problems 5593+£6.11 58.13£752 56.75£6.09 0213 0.387
Anxiety problems 54.8346.44° 58334+891° 57.8847.85%° 0.027 0472
Pervasive developmental problems 56.211+644 58.78+7.64 56.85+7.13 0.153 0913
Attention deficit/ hyperactivity problems 53354473 54984491 55104550 0.114 0.758
Oppositional defiant problems 53.63+4.22 54.78+6.30 559045.80 0.241 0378

Data are expressed as Mean + Standard Deviation

Punadj=Level of significance unadjusted—Analysis of variance (ANOVA). Values not sharing the same suffix (ab) were significantly different in a Bonferroni post hoc

test

Padj = Level of significance adjusted by potential confounders—Analysis of covariance (ANCOVA) for the group differences using univariate general linear model
including main effects from the following possible confounder: Weight gain during pregnancy, maternal educational level and maternal IQ (n = 156)

Bold: p-value <0.05

behavior (p=0.008) and oppositional defiant problems
(p=0.004) than the children born to obese mothers
without GDM (see Additional file 1: Table S1). Moreo-
ver, when we performed the analysis of CBCL scores
by categorizing into clinical clusters, we found that the
children born to obese mothers with GDM presented
more clinical pathology regarding externalizing prob-
lems (p=0.015) and more borderline ADHD symptoms
(p=0.011) than the children born to obese mothers with-
out GDM (see Additional file 2: Table S2).

Effects of maternal metabolic status and potential
confounders on behavioral development in PREOBE
children at 3.5 years of age

Logistic regression models, calculating the OR and
95% CI for CBCL scores of children born to obese and
overweight groups, respectively, against the normo-
weight group as a reference, are presented in Addi-
tional file 3: Table S3. We found an increased risk in
children born to overweight and obese mothers vs.
those children born to normoweight mothers of hav-
ing externalizing problems (OR 4.786, 95% CI 1.400-
16.364, p=0.013; OR 4.863, 95% CI 1.390-17.014,
p=0.013, respectively), total problems (OR 3.636, 95%
CI 1.513-8.740, p=0.004; OR 2.937, 95% CI 1.178-
7.326, p=0.021, respectively) and anxiety problems
(OR 3.300, 95% CI 1.028-10.592, p=0.045; OR 4.400,

95% CI 1.383-13.994, p=0.012, respectively). A similar
increased risk was seen in children born to overweight
vs. normoweight mothers regarding the anxiety/depres-
sion score (OR 4.271, 95% CI 1.372-13.289, p=0.012),
withdrawn behavior score (OR 4.187, 95% CI 1.205—
14.550, p=0.024) and internalizing problems score
(OR 3.038, 95% CI 1.366-6.757, p=0.006). Neverthe-
less, when the logistic regression models were adjusted
by confounding factors (weight gain during pregnancy,
maternal educational level and maternal IQ), these dif-
ferences disappeared.

Correlation analysis between gut microbiota composition
in children at 18 months of life and their CBCL scores

at 3.5 years

We initially examined gut microbiota covariation with
CBCL scales in the context of known microbiota covari-
ates, which included maternal age, smoking during preg-
nancy (yes/no), alcohol consumption during pregnancy
(yes/no), neonate weight, gender, type of delivery (C-sec-
tion or vaginal), gestational diabetes (yes/no), maternal
pregestational BMI groups (normoweight, overweight
and obese) and type of feeding up to the third month. We
determined the proportion of interindividual variation in
microbiota composition explained by covariates using a
dbRDA at the genus level with Aitchison distance. This
confounder analysis revealed a significant association
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Table 3 Effects of maternal pre-pregnancy overweight or obesity on children’s CBCL scores at 3.5 years of age compared to those
born to healthy normoweight pregnant women (controls)

Normal weight Overweight Obese p
(n=71) (%) (n=45) (%) (n=40) (%)

Emotionally reactive Normal 87.32 77.78 85.00 0.276
Borderline 12.68 22.22 12.50
Clinical Pathology 0.00 0.00 250

Anxious/depressed Normal 92.96° 75.56° 90.00%° 0.018
Borderline 4.23° 2222° 10.00%°
Clinical Pathology 282 222 0.00

Somatic complaints Normal 88.73 77.78 77.50 0.210
Borderline 845 1333 20.00
Clinical Pathology 2.82 8.89 2.50

Withdrawn Normal 94.37° 80.00° 90.00° 0.039
Borderline 0.00° 222° 5.00°
Clinical Pathology 5.63° 17.78° 5.00°

Sleep problems Normal 88.73 82.22 95.00 0.303
Borderline 141 4.44 2.50
Clinical Pathology 9.86 1333 2.50

Attention problems Normal 92.96 95.56 97.50 0.945
Borderline 563 444 2.50
Clinical Pathology 141 0.00 0.00

Aggressive behaviour Normal 98.59 88.89 95.00 0.055
Borderline 141 11.11 5.00
Clinical Pathology 0.00 0.00 0.00

Internalizing problems Normal 76.06 51.11 67.50 0.055
Borderline 845 15.56 5.00
Clinical Pathology 1549 3333 27.50

Externalizing problems Normal 94.37° 77.78° 77.50° 0.020
Borderline 2.82 6.67 12.50
Clinical Pathology 2.82° 15.56° 10.00%°

Total problems Normal 84.51° 60.00° 65.00°P 0.031
Borderline 7.04 1.1 10.00
Clinical Pathology 8452 28.89° 25.00°P

Affective problems Normal 90.14 84.44 92.50 0.378
Borderline 563 222 2.50
Clinical Pathology 423 13.33 5.00

Anxiety problems Normal 92.96° 80.00*° 75.00° 0.006
Borderline 0.00° 0.00°° 10.00°
Clinical Pathology 7.04 20.00 15.00

Pervasive developmental problems Normal 85.92 71.11 82.50 0.393
Borderline 845 17.78 10.00
Clinical Pathology 563 11.11 7.50

Attention deficit/ hyperactivity problems Normal 95.77 95.56 90.00 0.366
Borderline 2.82 2.22 10.00
Clinical Pathology 141 222 0.00

Oppositional defiant problems Normal 100.00° 88.89° 92.50%P 0.008
Borderline 0.00 6.67 7.50
Clinical Pathology 0.00 444 0.00

Data are shown as percentages and p-values were obtained after Chi square test. Values who do not share the same suffix (ab) are significantly differentin a

Bonferroni post hoc test. Bold: p-value <0.05
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Fig. 3 Heatmap diagram of significant correlations between gut
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with maternal pregestational BMI, which was consid-
ered in downstream statistical analyses to avoid covariate
effects (Fig. 2).
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Next, we identified associations of infant gut micro-
biota at the genus level with CBCL scales at 3.5 years
(Spearman’s correlation, Bonferroni FDR<0.01, Fig. 3).
The internalizing problems scores were negatively cor-
related with Fusicatenibacter and Butyricicoccus within
Firmicutes. Within the subscales, the anxiety/depression
and somatic complaints scores were positively correlated
with an unclassified genus in Clostridiales (unclass_
Clostridiales) and with Flavonifractor, respectively, both
belonging to Firmicutes. Somatic complaints, emotion-
ally reactive problems, and withdrawn behavior scores
were negatively correlated with Fusicatenibacter. On the
“externalizing problems scale’, the aggressive behavior
scores were negatively correlated with Barnesiella (Bac-
teroidetes) and Ruminococcus (Firmicutes). On independ-
ent scales, the sleep problems scores were negatively
correlated with Megasphaera (Firmicutes). Attention
deficit hyperactivity problems and aggressive behavior
scores were negatively correlated with Barnesiella. Per-
vasive developmental problems scores were negatively
correlated with Fusicatenibacter. Interestingly, the over-
all total problem scores were negatively correlated with
Fusicatenibacter and Butyricicoccus.

Fitting GLMs between CBL subscales and microbial
genera (FDR<0.05; Fig. 3) while screening the maternal
pregestational BMI covariate contribution confirmed
significant correlations between the abundances of three
genera and CBCL scores. An inverse association with
mental health problems remained largely significant
for the Fusicatenibacter genus. Negative correlations
between Fusicatenibacter abundances were confirmed
with total problems, internalizing problems and its sub-
scales somatic complaints and withdrawn behavior, and
pervasive developmental problems. Positive correlations
between the abundances of unclass_Clostridiales and
Flavonifractor and anxiety/depression and somatic com-
plaints subscales, respectively, remained significant.

Influences of maternal pregestational BMI

on breastfeeding and their consequences on behavioral
development in PREOBE children at 3.5 years of age

and gut microbiota composition at 18 months

Finally, we tested whether maternal pregestational BMI
had any effects on breastfeeding and its association
with later behavioral development. Remarkably, Spear-
man’s correlation analysis revealed that higher mater-
nal pregestational BMI was associated with higher
anxiety (rs=0.321; p=0.003), internalizing (rs=0.291;
p=0.006), externalizing (rs=0.255; p=0.018) and
total problems (rs=217; p=0.045) in their chil-
dren at 3.5 years old only in the group of children who
were breastfed during their first 3 months of life. No
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correlations were found in the group of children fed with
infant formula or mixed feeding (Fig. 4).

To identify the possible gut bacteria that could influence
these results, we analyzed the gut microbiota composi-
tion of children at 18 months born to obese/overweight
mothers who were exclusively breastfed during the first
3 months of life. At the phylum level, we detected a posi-
tive correlation between Actinobacteria and somatic
complaints, Fusobacteria and withdrawn behavior and
Fusobacteria and pervasive developmental problems.
At the family level, 6 families (Coriobacteriaceae, Leu-
conostocaceae, Ruminococcaceae, Unclass_Firmicutes,
Fusobacteriaceae and Streptococcaceae) were positively
correlated with somatic complaints, withdrawn behav-
ior, sleep problems, internalizing problems, pervasive
developmental problems, total problems and anxiety/
depression. Finally, we detected positive and negative
correlations between all CBCL subscales and several
genera, highlighting a positive correlation between

Flavonifractor and sleep problems and negative correla-
tions between Fusicatenibacter and somatic complaints,
affective problems and pervasive developmental prob-
lems (Fig. 5).

Discussion

Obesity before and during pregnancy is the most impor-
tant cause of increased systemic inflammation in the fetal
compartment, and exposure to a proinflammatory milieu
might produce alterations in brain structure and later
neurocognitive function and psychopathology [66—68].
Experimental studies in animals concluded that expo-
sure to high levels of proinflammatory cytokines pro-
duced negative consequences in neurogenesis, apoptosis,
neurotransmitter levels and myelination [69], leading to
a decrease in gray and white matter volumes, abnormal
development of fetal brain and later behavioral problems
[70], and even increased risk for neuropsychiatric disor-
ders [71]. In this regard, some studies in animals showed
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that the offspring of mothers who are obese during preg-
nancy showed reduced central serotonergic and dopa-
minergic signaling in brain regions (nucleus accumbeus,
hippocampus and prefrontal cortex) associated with cog-
nitive development and psychiatric problems in humans
[72-74].

In the present study, we provide evidence that chil-
dren born to obese and overweight mothers presented
higher scores in the CBCL test and increased risk for
developmental behavior problems at 3.5 years old than
those born to healthy normoweight mothers. Recently, a
meta-analysis supported the idea that offspring born to
mothers who were overweight or obese prior to preg-
nancy have an increased risk of compromised neurode-
velopmental outcomes, such as ADHD, autism spectrum
disorder developmental delay and emotional/behavio-
ral problems [39]. Moreover, Jo. et al. determined that
children whose mothers were severely obese before
pregnancy had an increased risk of unfavorable devel-
opment, such as emotional symptoms, peer problems,
ADHD, autism or developmental delay [75]. Another
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study showed that learning and behavioral disabilities,
as well as ADHD, autism, pervasive development disor-
der, oppositional defiant disorder or another develop-
mental delay, occurred more often in children who were
born to severely obese mothers [76]. In addition, Mina
et al. showed that 3- to 5-year-old children born to very
severely obese mothers have higher scores for external-
izing and total problems, anxiety/depression, aggressive
behavior and other syndromes and more DSM-oriented
affective problems, anxiety and ADHD problems in
CBCL [77].

Affective problems, including major depressive disor-
der and dysthymic disorder, are the most common men-
tal problems in children and adolescents [78, 79]. Recent
studies have shown that factors present in fetal life could
affect the development of common mental disorders,
such as depression [80, 81]. Empirical data suggest that
obesity and metabolic disorders, such as GDM, are asso-
ciated with a higher risk of depression. Recent studies
suggest a possible link between maternal metabolic con-
ditions and programming of the fetal brain in the uterus,
which could predispose the fetus to suffering from emo-
tional problems in childhood [82]. Robinson et al. con-
firmed the relationship between maternal prepregnancy
BMI (obesity and overweight) and the development of
affective and emotional problems [78]. Additionally,
maternal prepregnancy obesity and overweight were
found to predict a higher risk for inattention and emo-
tional regulation problems when children were 5 years
old [83].

Moreover, interestingly, our results indicate that chil-
dren born to obese mothers with GDM presented higher
scores in psycho-behavior problems than children born
to obese mothers without GDM or overweight/healthy
normoweight mothers who developed GDM. Therefore,
maternal diabesity represents the worst-case scenario for
the fetus, increasing the odds of developing behavioral
problems during childhood. Our results seem to be in
agreement with other previously published studies show-
ing that lower IQ, language disability, attention problems,
impulsivity, and behavioral problems are linked to GDM
[84, 85]. In addition, other studies found that children of
diabetic mothers had higher rates of ADHD symptoms
[42, 86]. The intrauterine conditions associated with
childhood obesity are characterized by a series of pre-
natal factors, such as suboptimal maternal diet and/or
nutritional deficiencies, diabetes mellitus, psychosocial
stress, increased levels of proinflammatory cytokines,
and obstetric complications. These factors are associ-
ated with deficits in brain growth in the offspring and are
attributed to fetal programming, including brain inflam-
mation, behavioral alterations in the offspring and later
mental health [31, 87, 88]. The maturing brain is a target
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for these environmental insults, and anything affecting
the developing brain, such as elevated circulating lev-
els of glucose or fatty acids, has the potential to deter-
mine childhood and adult behavior [89, 90]. Particularly,
in obese and diabetic pregnant women, an increased
inflammatory milieu appears during gestation that might
represent a biological condition involved in the genesis
and development of behavioral and psychological prob-
lems in the offspring. Among other possible mechanisms
proposed to underlie the risk of neurodevelopmental
morbidity are the dysregulation of leptin signaling in the
developing brain, serotonergic and dopaminergic signal-
ing and impaired reward circuitry or alteration of brain-
derived neurotrophic factor-mediated synaptic plasticity
[43].

Psycho-behavior research has provided evidence of an
association between maternal prepregnancy BMI and
emotional and behavioral problems in children [91],
and a higher risk of externalizing (ADHD and aggres-
sive behavior) and internalizing problems are related to
prepregnancy adiposity [92]. However, as the higher risk
for externalizing problems appears early during develop-
ment, some recent research has shown the increasing risk
for internalizing problems later in life. It is not yet clear
whether the delayed expression of internalizing symp-
toms is caused by stress linked to externalizing problems
in early life, programming of internalizing problems dur-
ing pregnancy or heterotypic continuity [87]. Never-
theless, our data showed higher scores in internalizing
symptoms such as anxiety/depression and externalizing
problems in children 3.5 years old born to overweight
and obese mothers with GDM, respectively, suggest-
ing that psycho-emotional and behavioral problems may
be programmed in early life. It is important to note that
maternal psychosocial variables, such as maternal IQ,
educational level, and breastfeeding, were associated
with lower psycho-behavioral problems, influencing child
behavior development more frequently.

There is increasing evidence on the influence of the
type of feeding during the first months of life on infant
development as well as on later health in adult life[7].
During the first 1000 days of life, the intensity of growth
makes the brain particularly vulnerable to adverse nutri-
tional stimuli and has a direct impact on cognitive and
behavioral development [93], and this period is a critical
window in the establishment of the gut microbiota com-
munity, which has been linked with later neurodevelop-
ment skills and obesity status [94]. Breastfeeding is the
gold standard of nutrition for optimal development, and
the benefits on cognitive function are clear [95], but there
are fewer studies about its role in emotional regulation
and behavior development. In this regard, breastfeed-
ing has been associated with a lower risk of behavioral
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problems in childhood. Parker et al. found that breast-
feeding absence was associated with increased internal-
izing, externalizing, and overall behavioral problems as
well as the diagnosis of ADHD [96]. In another study,
children who were breastfed and whose mothers actively
engaged with them showed the lowest risk of internaliz-
ing problems at 6 years old [97]. However, some studies
have not found an association between breastfeeding and
behavioral problems during early childhood [98]. Kwok
et al. found inconsistent associations between breast-
feeding and several early adolescent mental health fac-
tors, where confounding factors, such as socioeconomic
status and maternal educational level, play an important
role in the establishment of a good behavioral system
and mental health [99]. Along these lines, several stud-
ies have shown that a large number of social and parental
educational factors might influence child development
independently of the breastfeeding effect [95]. Wigg
et al. noted that when confounders such as social advan-
tage, maternal education and intelligence, and the qual-
ity of a child’s developmental experiences were taken into
account, the differences between bottle-fed and breastfed
groups disappeared [100].

Most likely, there is an association between social,
genetic and nutritional factors that could be essential for
optimal brain development. The benefits of breastfeed-
ing could be related to a stronger psychological attach-
ment between mother and child neurodevelopment and
not only to breast milk intake. Quinn et al. found that
children who were breastfed presented better scores in
language than formula-fed children, but this association
was reduced though remaining significant when a large
number of confounding social and parental factors were
considered [95]. In this sense, milk from obese or ges-
tational diabetic mothers might contain a lower abun-
dance of protective factors than milk from normoweight
mothers [101, 102]. Likewise, the omega-6/omega-3
ratio is increased, while the fatty acid (docosahexaenoic
acid, eicosapentaenoic acid and docosapentaenoic acid)
concentration and carotenoid (lutein) concentration
are decreased [103]. Interestingly, and according to our
results, breastfeeding in the offspring of overweight and
obese mothers appears to be related to higher anxiety,
internalizing problems, externalizing problems and total
problems in children at 3.5 years old.

During early childhood, many behavioral problems
that determine the development of mental pathologies in
adult life, as well as higher rates of school dropout, sub-
stance abuse, problems with justice and suicide, can be
identified. The emotional and psychological state of the
child might be inferred through internalization problems,
such as anxiety, depression, somatic complaints, with-
drawn behavior or affective problems [104]. In contrast,
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externalizing problems manifest as aggressive behavior,
opposite defiance or inattention. Thus, there is a clear
distinction between externalizing and internalizing dis-
orders. Despite the overlap between both, as children
with internalizing problems might have disruptive behav-
iors with the environment and vice versa, children with
externalizing problems could suffer several internal emo-
tional problems. Therefore, it is necessary to perform a
behavioral global study to understand its etiology and
long-term consequences [105-107].

In addition, advances in 16S rDNA gene sequencing
have recently shown the association of the gut microbiota
with the pathophysiology of neurological disorders, such
as anorexia nervosa, major depressive disorder (MDD),
bipolar disorder, anxiety, psychosis, and schizophrenia.
Fecal microbiota transplants from patients with psychiat-
ric conditions resulted in the development of behavioral
and physiological responses in germ-free mice, suggest-
ing that the gut microbiota may be involved in neuro-
logical disorders and may serve as a biomarker[108].
Interestingly, evidence from epidemiological studies indi-
cates that maternal prepregnancy obesity is also associ-
ated with increased risks for autism spectrum disorder,
cognitive dysfunction, attention-deficit hyperactivity dis-
order, and other mental disorders [109]. In fact, our pre-
vious studies showed that maternal prepregnancy obesity
may imprint a selective gut microbial composition dur-
ing late infancy with distinct functional performances
[47], and perhaps this factor would modulate the devel-
opment of fine motor skills [110]. In the present study,
we observed negative correlations between Fusicateni-
bacter and several CBCL scores. The Fusicatenibacter
genus comprises one single cultured Fusicatenibacter
species, E saccharivorans, a strict anaerobic sugar fer-
menter and producer of propionate and acetate[111].
Dong et al. showed that the abundance of Fusicateni-
bacter was significantly lower in patients with MDD and
general anxiety disorder, where a significant negative
correlation between Fusicatenibacter abundance and
thyroid hormone FT4 levels was observed[112]. Valles-
Colomer et al identified significant associations between
the abundances of 10 genera and quality-of-life scores,
including both mental and physical scores, where Fusi-
catenibacter was positively correlated with quality-of-life
scores. Nevertheless, Medawar et al. observed a positive
correlation between Fusicatenibacter abundances and
unhealthy eating behavior, higher subjective hunger rat-
ings and lower fecal concentrations of propionate and
acetate [113]. Another genus linked to neurodevelop-
mental disorders was Flavonifractor, whose abundances
were positively correlated with somatic complaints in our
study. While Rothenberg et al. observed a positive cor-
relation between Flavonifractor abundance and mental
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developmental index scores in children at 3 years of age
[114], Luna et al. conducted a study showing higher levels
of Clostridiales, including Flavonifractor plautii, in chil-
dren with autism spectrum and functional gastrointesti-
nal disorders[115]. Likewise, in our study, an unassigned
genus within Clostridiales was positively correlated with
anxiety/depression scores. Bacteria within Clostridiales
are predominant members of the gut microbiota that
are more abundant in children with neurodevelopmen-
tal disorders[116]. Furthermore, Rhee et al. analyzed the
association of serum microbial DNA composition with
depressive and anxiety symptoms in patients, observ-
ing a positive association between the Desulfovibrion-
aceae family and Clostridiales Family XIII with the total
Beck Anxiety Inventory score[117]. Nevertheless, in
adults, Li et al. showed a significant depletion of 6 gen-
era within Clostridiales in multiple psychiatric diseases
that was associated with dysfunction in amino acid and
carbohydrate metabolism [118]. Our results suggest an
association between gut microbiota at 18 months of life
and CBCL scores in 3.5-year-old children that varies by
population characteristics, type of disorder and timing of
microbiota assessment. Further accurate and reliable evi-
dence is needed to clarify the potential role of early life
gut microbiota imprinting and maturation in children
with neurodevelopmental disorders.

On the other hand, to improve prevention and inter-
vention strategies, early detection of psychological and
social factors that contribute to the development and
maintenance of overweight and obesity, especially during
pregnancy, is necessary because of the long-term conse-
quences on children’s health. In this regard, our results
highlight the importance of studying the influence of
prepregnancy obesity and GDM on children’s future psy-
cho-behavior and central nervous system development,
considering their gut microbiota composition as a key
modulator.

In summary, our current study helps to fill the gap in
examining the relationship between prepregnancy weight
status and child behavior development and confirms
previous results shown in other studies, as there is not
enough evidence about the impact of maternal metabolic
state on behavior problems in children between 2 and
5 years old, especially in GDM mothers. Moreover, our
results provide evidence that children whose mothers are
obese and present GDM have an increased risk of devel-
oping behavioral problems. Furthermore, we provide
evidence that the early gut microbiota composition in
infants is a possible behavioral modulator for the future
design of preventive strategies. Finally, the aforemen-
tioned influences of nutritional and maternal sociode-
mographic factors might help to clarify the etiology of
behavioral problems during childhood. In this regard, it
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is important to note that human milk of overweight and
obese mothers seems to be related to higher behavioral
problems in children at 3.5 years old.

Strengths and limitations

The main strength of this study is its longitudinal design,
which allowed long-term monitoring. An important
issue has been the possibility of performing gut micro-
biota analysis at 18 months and behavioral assessment
in this special cohort, which allowed us to develop these
pilot studies to formulate new hypotheses. Furthermore,
the presence of a specific group of mothers who devel-
oped GDM made it possible to study the effects of GDM
development according to preconceptional BMI. The use
of CBCL scales, a highly reliable and valid measure of
childhood behavior, permitted us to arrive at important
conclusions. All of the children evaluated were healthy,
and maternal IQ and education level were used as con-
founding factors. Notably, the present study underlined
the importance of optimal implantation of the intestinal
microbiota during the first months of life in the develop-
ment of behavioral alterations in children, which can be
associated with different mental illnesses later in life. In
addition, this study considers the intestinal microbiota as
a potential biomarker of long-term problems related to
mental health.

Among the limitations of the study, we should note
that we have not included data about the mother’s men-
tal health status during pregnancy or stress, anxiety or
depression, and other important variables such as diet
or nutritional deficiencies. Moreover, we had no data on
socioeconomic status at the moment of the evaluation,
although other studies accounted for it and found it to be
a significant predictor of mental health problems in chil-
dren [119]. In addition, although our results regarding
the offspring of obese mothers with GDM are in agree-
ment with previously published studies [42, 86], caution
should be taken because of the relatively small sample
size of our groups.

Conclusions

According to our results, maternal overweight and obe-
sity during pregnancy are significantly associated with
elevated levels of behavior problems. Being obese with
GDM during pregnancy increases behavioral problems in
the offspring. This effect is not observed in overweight or
normoweight mothers. Furthermore, the type of feeding
during the first months of life, early gut microbiota com-
position and maternal psychosocial variables more com-
monly influence child behavior development. The results
link early life gut microbiota composition with later men-
tal health in children and state the importance of mater-
nal metabolic status, suggesting a fetal programming of

(2023) 17:41

Page 14 of 18

mental health and different nutritional and environmen-
tal factors in the causation of behavioral problems in chil-
dren. Future research is needed to verify and clarify the
mechanisms behind the observed associations.

Abbreviations

ADHD Attention-deficit/hyperactivity disorder
ANCOVA  Univariate general linear model;
ANOVA Analysis of variance

BMI Body mass index

CBCL Child Behavior Checklist

Cls Confidence intervals

dbRDA Distance-based redundancy analysis
DNA Deoxyribonucleic acid

FDR False discovery rate

GDM Gestational diabetes mellitus
GLM Generalized linear model
HMOs Human milk oligosaccharides
1Q Intelligence quotient

LGA Large for gestational age
NW Normoweight

OB Obese

ORs Odds ratios

ov Overweight

PCRs Polymerase chain reactions
PPH Postpartum hemorrhage
rRNA Ribonucleic acid ribosomal
SCFA Short-chain fatty acid

T2DM Type 2 diabetes mellitus

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513034-023-00589-9.

Additional file 1: Table S1. Effects of development of gestational diabe-
tes mellitus on children’s CBCL scores at 3.5 years old.

Additional file 2: Table S2. Effects of development of gestational diabe-
tes mellitus on children’s CBCL clinical-clusters at 3.5 years old.

Additional file 3: Table S3. Logistic regression models assessing the odds
of having the CBCL scores at 3.5 years old.

Acknowledgements

The authors want to acknowledge the women and children who participated
in the study, and the obstetricians, paediatricians and technicians of the
EURISTIKOS Excellence Centre for Paediatric Research and of the Department
of Paediatrics, Faculty of Medicine, University of Granada, Spain.

Author contributions

Conceptualization, CC; Study design and methodology, CC; formal analysis,
AN-R, AS, TG; investigation, AN-R, TC, BJ, FJT-E, ME-M, MG-R; data curation, FJT-E,
TC; writing—original draft preparation, AN-R; TC; writing—review and editing,
MG-B, BJ, JAG-S; AS, CC; supervision, CC; project administration, CC; funding
acquisition, CC. All authors have read and approved the final manuscript.

Funding

This study has been funded by the Andalusian Government, Economy, Sci-
ence and Innovation Ministry (PREOBE Excellence Project Ref. P0O6-CTS-02341);
Spanish Ministry of Education (Grant no. SB2010-0025); Spanish Ministry of
Economy and Competitiveness (BFU2012-40254-C03-01); Further support
was received by EU Project FP7 MyNewGut (KBBE-2013-7. GA N°:613979).
José Antonio Garcfa-Santos was supported by a grant from the Ministry of
Economic Transformation, Industry, Knowledge, and University of the Junta de
Andalucia (Andalusian Plan for Research, Development and Innovation, PAIDI
2020) and TC was supported by’Sara Borrell’ programmes (CD21/00187) from
Institute of Health Carlos Il (ISCIII).


https://doi.org/10.1186/s13034-023-00589-9
https://doi.org/10.1186/s13034-023-00589-9

Nieto-Ruiz et al. Child and Adolescent Psychiatry and Mental Health

Availability of data and materials
The data presented in this study are available on request from the correspond-
ing author. The data are not publicly available due to ethical reasons.

Declarations

Ethics approval and consent to participate

The study was conducted in accordance with the Declaration of Helsinki

and approved by the Institutional Review Board (or Ethics Committee) of
Research Ethics Committee of the University of Granada, the Bioethical Com-
mittees for Clinical Research of the Clinical University Hospital San Cecilio
and the Mother-Infant University Hospital of Granada, Spain. The project was
registered at www.ClinicalTrial.gov no.: NCT01634464. linformed consent was
obtained from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests

The authors declare that they have no competing interests. The results of this
article are likely to be included in the Doctoral Thesis of B.J. in the context of
the Clinical Medicine and Public Health Doctoral Program at the University of
Granada.

Author details

'Department of Paediatrics, Faculty of Medicine, University of Granada,

Avda. Investigacion 11, 18016 Granada, Spain. “Biomedical Research Centre,
EURISTIKOS Excellence Centre for Paediatric Research, University of Granada,
18016 Granada, Spain. *Instituto de Investigacién Biosanitaria de Granada
(Ibs.GRANADA), San Cecilio University Hospital. Health Sciences Technologi-
cal Park, 18016 Granada, Spain. “Maimonides Biomedical Research Institute

of Cérdoba (IMIBIC), Reina Sofia University Hospital, University of Cérdoba,
Cordoba, Spain. *Clinical University Hospital San Cecilio. Paediatric Service,
Granada, Spain. ®Neurosciences Institute Dr. Federico Oloriz - University

of Granada. Health Sciences Technological Park, Avda. del Conocimiento, S/N.,
18016 Granada, Spain. ' Department of Biochemistry and Molecular Biology 2,
School of Pharmacy, University of Granada, Granada, Spain. Institute of Nutri-
tion and Food Technology (INYTA), Biomedical Research Centre, University

of Granada, Health Sciences Technological Park, Avda. del Conocimiento, S/N.,
18016 Granada, Spain. °Spanish Network of Biomedical Research in Epidemiol-
ogy and Public Health (CIBERESP), Granada's Node, Institute of Health Carlos I,
28029 Madrid, Spain.

Received: 10 January 2023 Accepted: 8 March 2023
Published online: 21 March 2023

References

1. Stang J, Huffman LG. Position of the academy of nutrition and dietetics:
obesity, reproduction, and pregnancy outcomes. J Acad Nutr Diet.
2016;116:677-91.

2. Catalano PM, Shankar K. Obesity and pregnancy: Mechanisms of short
term and long term adverse consequences for mother and child. BMJ.
2017;356:1.

3. Amir LH, Donath S. A systematic review of maternal obesity and breast-
feeding intention, initiation and duration. BMC Pregnancy Childbirth.
2007;7:9.

4. Huang H-Y, Chen H-L, Feng L-P. Maternal obesity and the risk of neural
tube defects in offspring: A meta-analysis. Obes Res Clin Pract Nether-
lands. 2017;11:188-97.

5. Tanaka K, Matsushima M, Izawa T, Furukawa S, Kobayashi Y, Iwashita
M. Influence of maternal obesity on fetal growth at different periods
of pregnancies with normal glucose tolerance. J Obstet Gynaecol Res.
2018. https://doi.org/10.1111/jog.13575.

6. Koletzko B, Von Kries R, Monasterolo RC, Subias JE, Scaglioni S, Giovan-
nini M, et al. Can infant feeding choices modulate later obesity risk? Am
J Clin Nutr. Oxford University Press. 2009;89:15025-1508S.

7. Koletzko B, Lien E, Agostoni C, Bohles H, Campoy C, Cetin |, et al. The
roles of long-chain polyunsaturated fatty acids in pregnancy, lactation

(2023) 17:41

20.

21.

22.

23.

24.

25.

26.

27.

Page 150f 18

and infancy: review of current knowledge and consensus recommen-
dations. J Perinat Med. 2008;36:5-14.

Sesma HW, Georgieff MK. The effect of adverse intrauterine and
newborn environments on cognitive development: the experiences of
premature delivery and diabetes during pregnancy. Dev Psychopathol.
2003;15:991-1015.

Marciniak A, Patro-Matysza J, Kimber-Trojnar Z, Marciniak B, Oleszczuk
J, Leszczynska-Gorzelak B. Fetal programming of the metabolic syn-
drome. Taiwan J Obstet Gynecol. 2017;56:133-8.

Heerwagen MJR, Miller MR, Barbour LA, Friedman JE. Maternal obesity
and fetal metabolic programming: a fertile epigenetic soil. Am J Physiol
Integr Comp Physiol. 2010;299:711-22.

Whitaker KM, Marino RC, Haapala JL, Foster L, Smith KD, Teague AM,

et al. Associations of maternal weight status before, during, and after
pregnancy with inflammatory markers in breast milk. Obesity Wiley
Online Library. 2017;25:2092-9.

Lisboa PC, Miranda RA, Souza LL, Moura EG. Can breastfeeding affect
the rest of our life? Neuropharmacology. 2021,200:108821.

Galley JD, Bailey M, Kamp Dush C, Schoppe-Sullivan S, Christian LM.
Maternal obesity is associated with alterations in the gut microbiome in
toddlers. PLoS ONE. 2014;9:113026.

Hu J, Nomura Y, Bashir A, Fernandez-Hernandez H, Itzkowitz S, Pei Z,

et al. Diversified microbiota of meconium is affected by maternal diabe-
tes status. PLoS ONE. 2013;8:e78257.

Jiménez E, Marin ML, Martin R, Odriozola JM, Olivares M, Xaus J, et al.

Is meconium from healthy newborns actually sterile? Res Microbiol.
2008;159:187-93.

Gilley SP, Ruebel ML, Sims C, Zhong Y, Turner D, Lan RS, et al. Associa-
tions between maternal obesity and offspring gut microbiome in the
first year of life. Pediatr Obes. 2022;1:212921.

Barker DJP. Obesity and early life. Obes Rev An Off J Int Assoc Study
Obes. 2007;8(Suppl 1):45-9.

Berglund SK, Garcfa-Valdés L, Torres-Espinola FJ, Segura MT, Martinez-
Zaldivar C, Aguilar MJ, et al. Maternal, fetal and perinatal alterations
associated with obesity, overweight and gestational diabetes: an
observational cohort study (PREOBE). BMC Public Health. 2016;16:207.
https://doi.org/10.1186/512889-016-2809-3.

Contu L, Hawkes CA. A review of the impact of maternal obesity on
the cognitive function and mental health of the offspring. Int J Mol Sci.
2017;18:1093.

Tieu J, Middleton P, McPhee AJ, Crowther CA. Screening and subse-
qguent management for gestational diabetes for improving maternal
and infant health. Cochrane Database Syst Rev. 2010. https://doi.org/10.
1002/14651858.CD007222.pub2/abstract.

Dabelea D, Snell-Bergeon JK, Hartsfield CL, Bischoff KJ, Hamman RF,
McDuffie RS. Increasing Prevalence of Gestational Diabetes Mellitus
(GDM) Over Time and by Birth Cohort Kaiser Permanente of Colorado
GDM Screening Program. Diabetes Care . 2005;28:579-84. http:/care.
diabetesjournals.org/content/28/3/579

Schaefer-Graf U, Napoli A, Nolan CJ. Diabetes in pregnancy: a new dec-
ade of challenges ahead. Diabetologia. 2018. https://doi.org/10.1007/
s00125-018-4545-y.

Crusell MKW, Hansen TH, Nielsen T, Allin KH, Rihlemann MC, Damm

P, et al. Comparative studies of the gut microbiota in the offspring of
mothers with and without gestational diabetes. Front Cell Infect Micro-
biol. 2020;630:1.

WHO IRIS: Atlas : child and adolescent mental health resources : global
concerns: implications for the future . 2015. http://apps.who.int/iris/
handle/10665/43307

Duchesne S, Vitaro F, Larose S, Tremblay RE. Trajectories of Anxiety
During Elementary-school Years and the Prediction of High School
Noncompletion. J Youth Adolesc. 2007;37:1134-46. https://doi.org/10.
1007/510964-007-9224-0.

Scott KM, Von Korff M, Angermeyer MC, Benjet C, Bruffaerts R, de
Girolamo G, et al. Association of childhood adversities and early-onset
mental disorders with adult-onset chronic physical conditions. Arch
Gen Psychiatry. 2011;68:338-44.

McKenzie M, Olsson CA, Jorm AF, Romaniuk H, Patton GC. Association
of adolescent symptoms of depression and anxiety with daily smoking
and nicotine dependence in young adulthood: findings from a 10-year
longitudinal study. Addiction. 2010;105:1652-9.


http://www.ClinicalTrial.gov
https://doi.org/10.1111/jog.13575
https://doi.org/10.1186/s12889-016-2809-3
https://doi.org/10.1002/14651858.CD007222.pub2/abstract
https://doi.org/10.1002/14651858.CD007222.pub2/abstract
http://care.diabetesjournals.org/content/28/3/579
http://care.diabetesjournals.org/content/28/3/579
https://doi.org/10.1007/s00125-018-4545-y
https://doi.org/10.1007/s00125-018-4545-y
http://apps.who.int/iris/handle/10665/43307
http://apps.who.int/iris/handle/10665/43307
https://doi.org/10.1007/s10964-007-9224-0
https://doi.org/10.1007/s10964-007-9224-0

Nieto-Ruiz et al. Child and Adolescent Psychiatry and Mental Health

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Stevenson J, Goodman R. Association between behaviour at age 3
years and adult criminality. Br J Psychiatry J Ment Sci. 2001;179:197-202.
Schlotz W, Phillips DIW. Fetal origins of mental health: evidence and
mechanisms. Brain Behav Immun. 2009;23:905-16.

Tearne JE, Allen KL, Herbison CE, Lawrence D, Whitehouse AJO, Sawyer
MG, et al. The association between prenatal environment and children’s
mental health trajectories from 2 to 14 years. Eur Child Adolesc Psychia-
try. 2015;24:1015-24.

MacKay E, Dalman C, Karlsson H, Gardner RM. Association of gestational
weight gain and maternal body mass index in early pregnancy with risk
for nonaffective psychosis in offspring. JAMA Psychiat. 2017;74:339-49.
Buschgens CJM, Swinkels SHN, van Aken MAG, Ormel J, Verhulst FC,
Buitelaar JK. Externalizing behaviors in preadolescents: familial risk
to externalizing behaviors, prenatal and perinatal risks, and their
interactions. Eur Child Adolesc Psychiatry. 2008;18:65-74. https://doi.
0rg/10.1007/s00787-008-0704-x.

Entringer S, Buss C, Wadhwa PD. Prenatal stress and developmental
programming of human health and disease risk: concepts and inte-
gration of empirical findings. Curr Opin Endocrinol Diabetes Obes.
2010;17:507-16.

Huda SS, Brodie LE, Sattar N. Obesity in pregnancy: prevalence and
metabolic consequences. Semin Fetal Neonatal Med . 2010;15:70-6.
http://www.sciencedirect.com/science/article/pii/S1744165X090009
85

Bilbo SD, Schwarz JM. Early-Life Programming of Later-Life Brain and
Behavior: A Critical Role for the Immune System. Front Behav Neuro-
sci . 2009;3. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2737431/
Van Lieshout RJ, Taylor VH, Boyle MH. Pre-pregnancy and pregnancy
obesity and neurodevelopmental outcomes in offspring: a system-
atic review. Obes Rev . 2011;12:548-59. Doi: https://doi.org/10.
1111/].1467-789X.2010.00850.x/abstract

Ornoy A, Reece EA, Pavlinkova G, Kappen C, Miller RK. Effect of mater-
nal diabetes on the embryo, fetus, and children: congenital anoma-
lies, genetic and epigenetic changes and developmental outcomes.
Birth Defects Res Part C, Embryo Today Rev. 2015;105:53-72.
Swanson JD, Wadhwa PM. Developmental origins of child mental
health disorders. J Child Psychol Psychiatry. 2008;49:1009-19. https://
doi.org/10.1111/}.1469-7610.2008.02014.x/abstract.

Sanchez CE, Barry C, Sabhlok A, Russell K, Majors A, Kollins SH, et al.
Maternal pre-pregnancy obesity and child neurodevelopmental
outcomes: a meta-analysis. Obes Rev. 2018;19:464-84.

Lahti J, Raikkonen K, Kajantie E, Heinonen K, Pesonen A-K, Jarvenpaa
A-L, et al. Small body size at birth and behavioural symptoms of
ADHD in children aged five to six years. J Child Psychol Psychiatry.
2006;47:1167-74. https://doi.org/10.1111/j.1469-7610.2006.01661.x/
abstract.

Linnet KM, Dalsgaard S, Obel C, Wisborg K, Henriksen TB, Rodriguez
A, et al. Maternal lifestyle factors in pregnancy risk of attention deficit
hyperactivity disorder and associated behaviors: review of the cur-
rent evidence. Am J Psychiatry. 2003;160:1028-40.

Nomura Y, Grossman B, et al. Exposure to gestational diabetes
mellitus and low socioeconomic status: Effects on neurocognitive
development and risk of attention-deficit/hyperactivity disorder in
offspring. Arch Pediatr Adolesc Med. 2012;166:337-43. https://doi.
org/10.1001/archpediatrics.2011.784.

Edlow AG. Maternal obesity and neurodevelopmental and psychiat-
ric disorders in offspring. Prenat Diagn. 2017;37:95-110.

Brion M-J, Zeegers M, Jaddoe V, Verhulst F, Tiemeier H, Lawlor

DA, et al. Intrauterine Effects of Maternal Prepregnancy Over-

weight on Child Cognition and Behavior in 2 Cohorts. Pediatrics .
2011;127:€202-11. http://pediatrics.aappublications.org/content/
127/1/€202

Rodriguez A, Miettunen J, Henriksen TB, Olsen J, Obel C, Taanila A, et al.
Maternal adiposity prior to pregnancy is associated with ADHD symp-
toms in offspring: evidence from three prospective pregnancy cohorts.
Int J Obes . 2007;32:550-7. http://www.nature.com/ijo/journal/v32/n3/
full/0803741a.html

Stanislawski MA, Dabelea D, Wagner BD, Sontag MK, Lozupone CA,
Eggesbe M. Pre-pregnancy weight, gestational weight gain, and the
gut microbiota of mothers and their infants. Microbiome Springer.
2017;5:1-12.

(2023) 17:41

47.

48.

49.

50.

51

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.
63.
64.
65.

66.

67.

68.

Page 16 of 18

Cerdd T, Ruiz A, Jauregui R, Azaryah H, Torres-Espinola FJ, Garcia-

Valdés L, et al. Maternal obesity is associated with gut microbial
metabolic potential in offspring during infancy. J Physiol Biochem.
2018;74:159-69.

Rodriguez JM, Murphy K, Stanton C, Ross RP, Kober Ol, Juge N, et al. The
composition of the gut microbiota throughout life, with an emphasis
on early life. Microb Ecol Health Dis. 2015;26:26050.

Grant-Beurmann S, Jumare J, Ndembi N, Matthew O, Shutt A, Omoig-
berale A, et al. Dynamics of the infant gut microbiota in the first 18
months of life: the impact of maternal HIV infection and breastfeeding.
Microbiome Springer. 2022;10:1-18.

Zheng P, Zeng B, Zhou C, Liu M, Fang Z, Xu X, et al. Gut microbiome
remodeling induces depressive-like behaviors through a pathway
mediated by the host’s metabolism. Mol Psychiatry. 2016;21:786-96.
Savignac HM, Tramullas M, Kiely B, Dinan TG, Cryan JF. Bifidobacteria
modulate cognitive processes in an anxious mouse strain. Behav Brain
Res. 2015;287:59-72.

De Palma G, Blennerhassett P, Lu J, Deng Y, Park AJ, Green W, et al.
Microbiota and host determinants of behavioural phenotype in mater-
nally separated mice. Nat Commun. 2015;6:1-13.

van der Valk JC, Verhulst FC, Stroet TM, Boomsma DI. Quantitative
genetic analysis of internalising and externalising problems in a

large sample of 3-year-old twins. Twin Res Off J Int Soc Twin Stud.
1998;1:25-33.

Antoniou EE, Fowler T, Reed K, Southwood TR, McCleery JP, Zeegers MP.
Maternal pre-pregnancy weight and externalising behaviour problems
in preschool children: a UK-based twin study. BMJ Open. 2014;4:
e005974.

Cattell RB. Theory of fluid and crystallized intelligence: A critical experi-
ment. J Educ Psychol. 1963;54:1-22.

Cattell, R. B, & Cattell AKS. g Factor Test. Scale 2. Form A. Inst. Personal.
Abil. testing. (Spanish Adapt. Madrid, Spain TEA Ediciones, S.A. 1994,
Achenbach PT, Rescorla PL. Achenbach System of Empirically Based
Assessment. In: Volkmar FR, editor. Encycl Autism Spectr Disord . 2013.
p. 31-9. http://link springer.com/referenceworkentry/https://doi.org/
10.1007/978-1-4419-1698-3_219

Ferrer M, Ruiz A, Lanza F, Haange SB, Oberbach A, Till H, et al. Microbiota
from the distal guts of lean and obese adolescents exhibit partial func-
tional redundancy besides clear differences in community structure.
Environ Microbiol. 2013;15:211-26.

Camarinha-Silva A, Jauregui R, Chaves-Moreno D, Oxley APA, Schaum-
burg F, Becker K, et al. Comparing the anterior nare bacterial com-
munity of two discrete human populations using I llumina amplicon
sequencing. Environ Microbiol. 2014;16:2939-52.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,

et al. Introducing mothur: Open-source, platform-independent,
community-supported software for describing and comparing micro-
bial communities. Appl Environ Microbiol. 2009;75:7537-41.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for
rapid assignment of rRNA sequences into the new bacterial taxonomy.
Appl Environ Microbiol. 2007;73:5261-7.

Team RC. R Core Team: A language and environment for statistical com-
puting R Foundation for Statistical Computing. Vienna: Austria; 2013.
Wickham H, Averick M, Bryan J, Chang W, McGowan LD, Francois R, et al.
Welcome to the Tidyverse. J open source Softw. 2019;4:1686.

WeiT, Simko V, Levy M, Xie Y, Jin Y, Zemla J. Package ‘corrplot’ Statistician.
2017;56: e24.

Team RC, Team MRC, Suggests M, Matrix S. Package stats. R Stats
Packag. 2018;

Basu S, Haghiac M, Surace P, Challier J-C, Guerre-Millo M, Singh K, et al.
Pregravid obesity associates with increased maternal endotoxemia and
metabolic inflammation. Obesity (Silver Spring). 2011;19:476-82.

Van Der Burg JW, Sen S, Chomitz VR, Seidell JC, Leviton A, Dammann O.
The role of systemic inflammation linking maternal BMI to neurodevel-
opment in children. Pediatr Res. 2016;79:3-12.

John CC, Black MM, Nelson CA. Neurodevelopment: The Impact of
Nutrition and Inflammation During Early to Middle Childhood in Low-
Resource Settings. Pediatrics. 2017;139:559-71. https://doi.org/10.1542/
peds.2016-2828H.


https://doi.org/10.1007/s00787-008-0704-x
https://doi.org/10.1007/s00787-008-0704-x
http://www.sciencedirect.com/science/article/pii/S1744165X09000985
http://www.sciencedirect.com/science/article/pii/S1744165X09000985
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2737431/
https://doi.org/10.1111/j.1467-789X.2010.00850.x/abstract
https://doi.org/10.1111/j.1467-789X.2010.00850.x/abstract
https://doi.org/10.1111/j.1469-7610.2008.02014.x/abstract
https://doi.org/10.1111/j.1469-7610.2008.02014.x/abstract
https://doi.org/10.1111/j.1469-7610.2006.01661.x/abstract
https://doi.org/10.1111/j.1469-7610.2006.01661.x/abstract
https://doi.org/10.1001/archpediatrics.2011.784
https://doi.org/10.1001/archpediatrics.2011.784
http://pediatrics.aappublications.org/content/127/1/e202
http://pediatrics.aappublications.org/content/127/1/e202
http://www.nature.com/ijo/journal/v32/n3/full/0803741a.html
http://www.nature.com/ijo/journal/v32/n3/full/0803741a.html
https://doi.org/10.1007/978-1-4419-1698-3_219
https://doi.org/10.1007/978-1-4419-1698-3_219
https://doi.org/10.1542/peds.2016-2828H
https://doi.org/10.1542/peds.2016-2828H

Nieto-Ruiz et al. Child and Adolescent Psychiatry and Mental Health

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

Golan HM, Lev V, Hallak M, Sorokin Y, Huleihel M. Specific neurodevel-
opmental damage in mice offspring following maternal inflammation
during pregnancy. Neuropharmacology. 2005;48:903-17.

Short SJ, Lubach GR, Karasin Al, Olsen CW, Styner M, Knickmeyer

RC, et al. Maternal influenza infection during pregnancy impacts
postnatal brain development in the rhesus monkey. Biol Psychiatry.
2010,67:965-73.

Brown AS, Derkits EJ. Prenatal infection and schizophrenia: a

review of epidemiologic and translational studies. Am J Psychiatry.
2010;167:261-80.

Bilbo SD, Tsang V. Enduring consequences of maternal obesity for brain
inflammation and behavior of offspring. FASEB J Off Publ Fed Am Soc
Exp Biol. 2010;24:2104-15.

Vucetic Z, Kimmel J, Totoki K, Hollenbeck E, Reyes TM. Maternal high-fat
diet alters methylation and gene expression of dopamine and opioid-
related genes. Endocrinology. 2010;151:4756-64.

Sullivan EL, Grayson B, Takahashi D, Robertson N, Maier A, Bethea CL,

et al. Chronic consumption of a high-fat diet during pregnancy causes
perturbations in the serotonergic system and increased anxiety-like
behavior in nonhuman primate offspring. J Neurosci Off J Soc Neurosci.
2010;30:3826-30.

Jo H, Schieve LA, Sharma AJ, Hinkle SN, Li R, Lind JN. Maternal prepreg-
nancy body mass index and child psychosocial development at 6 years
of age. Pediatrics. 2015;135:e1198-1209.

Hinkle SN, Sharma AJ, Kim SY, Schieve LA. Maternal prepregnancy
weight status and associations with children’s development and dis-

abilities at kindergarten. Int J Obes. 2013;37:1344-51. https://doi.org/10.

1038/ij0.2013.128.

Mina TH, Lahti M, Drake AJ, Raikkénen K, Minnis H, Denison FC, et al.
Prenatal exposure to very severe maternal obesity is associated

with adverse neuropsychiatric outcomes in children. Psychol Med.
2017;47:353-62.

Robinson M, Zubrick SR, Pennell CE, Van Lieshout RJ, Jacoby P, Beilin LJ,
et al. Pre-pregnancy maternal overweight and obesity increase the risk
for affective disorders in offspring. J Dev Orig Health Dis. 2013;4:42-8.
Bergmann S, Schlesier-Michel A, Wendt V, Grube M, Keitel-Korndorfer
A, Gausche R, et al. Maternal weight predicts children’s psychosocial
development via parenting stress and emotional availability. Front
Psychol. 2016;7:1.

Alati R, Lawlor DA, Mamun A, Williams GM, Najman JM, O'Callaghan

M, et al. Is there a fetal origin of depression? Evidence from the Mater
University Study of Pregnancy and its outcomes. Am J Epidemiol.
2007;165:575-82.

Robinson M, Oddy WH, Li J, Kendall GE, de Klerk NH, Silburn SR, et al.
Pre- and postnatal influences on preschool mental health: a large-scale
cohort study. J Child Psychol Psychiatry. 2008;49:1118-28.

Koponen H, Jokelainen J, Keindnen-Kiukaanniemi S, Kumpusalo E,
Vanhala M. Metabolic syndrome predisposes to depressive symp-
toms: a population-based 7-year follow-up study. J Clin Psychiatry.
2008;69:178-82.

Rodriguez A. Maternal pre-pregnancy obesity and risk for inatten-

tion and negative emotionality in children. J Child Psychol Psychiatry.
2010;51:134-43.

Perna R, Loughan AR, Le J, Tyson K. Gestational Diabetes: Long-Term
Central Nervous System Developmental and Cognitive Sequelae. Appl
Neuropsychol Child . 2015;4:217-20. http://www.tandfonline.com/doi/
full/https://doi.org/10.1080/21622965.2013.874951

Shirong C, Anqi Q, Birit FPB, Eric QW, Peter DG, Keith MG, et al. The influ-
ence of gestational diabetes on neurodevelopment of children in the
first two years of life: a prospective study. PLoS ONE. 2016;11:1-15.
Schmitt J, Romanos M. Prenatal and perinatal risk factors for
attention-deficit/hyperactivity disorder. Arch Pediatr Adolesc Med.
2012;166:1074-5. https://doi.org/10.1001/archpediatrics.2012.1078.
Van Lieshout RJ. Role of maternal adiposity prior to and during preg-
nancy in cognitive and psychiatric problems in offspring. Nutr Rev.
2013;71(Suppl 1):595-101.

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

van Bodegom M, Homberg JR, Henckens MJAG. Modulation of the
Hypothalamic-Pituitary-Adrenal Axis by Early Life Stress Exposure. Front

(2023) 17:41

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

107.

109.

110.

Page 17 of 18

Cell Neurosci. 2017;11:1-33. https://doi.org/10.3389/fncel.2017.00087/
full.

Sullivan EL, Nousen EK, Chamlou KA. Maternal high fat diet consump-
tion during the perinatal period programs offspring behavior. Physiol
Behav. 2014;123:236-42. https://doi.org/10.1016/j.physbeh.2012.07.014.
Van Lieshout RJ, Schmidt LA, Robinson M, Niccols A, Boyle MH.
Maternal pre-pregnancy body mass index and offspring tempera-
ment and behavior at 1 and 2 years of age. Child Psychiatry Hum Dev.
2013;44:382-90.

Van Lieshout RJ, Robinson M, Boyle MH. Maternal pre-pregnancy body
mass index and internalizing and externalizing problems in offspring.
Can J Psychiatry. 2013;58:151-9.

Keunen K, van Elburg RM, van Bel F, Benders MJNL. Impact of nutrition
on brain development and its neuroprotective implications following
preterm birth. Pediatr Res. 2015;77:148-55. https://doi.org/10.1038/pr.
2014.171.

Robertson RC, Manges AR, Finlay BB, Prendergast AJ. The human micro-
biome and child growth-first 1000 days and beyond. Trends Microbiol.
2019;27:131-47.

Quinn P, O'Callaghan M, Williams G, Najman J, Andersen M, Bor W.The
effect of breastfeeding on child development at 5 years: A cohort study.
J Paediatr Child Health. 2001;37:465-9. https://doi.org/10.1046/j.1440-
1754.2001.00702.x/abstract.

Park S, Kim B-N, Kim J-W, Shin M-S, Yoo HJ, Cho S-C. Protective effect

of breastfeeding with regard to children’s behavioral and cognitive
problems. Nutr J. 2014;13:111.

Liu J, Leung P, Yang A. Breastfeeding and Active Bonding Protects
against Children’s Internalizing Behavior Problems. Nutrients.
2013;6:76-89.

Kramer MS, Fombonne E, lgumnov S, Vanilovich |, Matush L, Mironova
E, et al. Effects of prolonged and exclusive breastfeeding on child
behavior and maternal adjustment: evidence from a large, randomized
trial. Pediatrics. 2008;121:435-440.

Kwok MK, Leung GM, Schooling CM. Breast feeding and early adoles-
cent behaviour, self-esteem and depression: Hong Kong's “Children of
1997"birth cohort. Arch Dis Child. 2013;98:887-94.

Wigg NR, Tong S, McMichael AJ, Baghurst PA, Vimpani G, Roberts R.
Does breastfeeding at six months predict cognitive development? Aust
N Z J Public Health. 1998;22:232-6.

Li C, Kaur H, Choi WS, Huang TT, Lee RE, Ahluwalia JS. Additive interac-
tions of maternal prepregnancy BMI and breast-feeding on childhood
overweight. Obes Res Wiley Online Library. 2005;13:362-71.

Isganaitis E, Venditti S, Matthews TJ, Lerin C, Demerath EW, Fields DA.
Maternal obesity and the human milk metabolome: associations with
infant body composition and postnatal weight gain. Am J Clin Nutr.
2019;110:111-20. https://doi.org/10.1093/ajcn/nqy334.

Panagos PG, Vishwanathan R, Penfield-Cyr A, Matthan NR, Shivappa

N, Wirth MD, et al. Breastmilk from obese mothers has pro-inflamma-
tory properties and decreased neuroprotective factors. J Perinatol.
2016;36:284-90.

Liu J, Chen X, Lewis G. Childhood internalizing behaviour: analysis and
implications. J Psychiatr Ment Health Nurs. 2011;18:884-94. https://doi.
org/10.1111/j.1365-2850.2011.01743.x/abstract.

Achenbach TM. The Child Behavior Profile: I. Boys aged 6--11. J Consult
Clin Psychol . 1978:46:478-88.

Eisenberg N, Cumberland A, Spinrad TL, Fabes RA, Shepard SA, Reiser M,
et al. The relations of regulation and emotionality to children’s external-
izing and internalizing problem behavior. Child Dev. 2001;72:1112-34.
Hinshaw SP. On the distinction between attentional deficits/hyper-
activity and conduct problems/aggression in child psychopathology.
Psychol Bull. 1987;101:443-63.

Nikolova VL, Hall MRB, Hall LJ, Cleare AJ, Stone JM, Young AH. Perturba-
tions in gut microbiota composition in psychiatric disorders: a review
and meta-analysis. JAMA Psychiat. 2021;78:1343-54.

Kong L, Chen X, Gissler M, Lavebratt C. Relationship of prenatal
maternal obesity and diabetes to offspring neurodevelopmental and
psychiatric disorders: a narrative review. Int J Obes. 2020;44:1981-2000.
Acuna |, Cerdd T, Ruiz A, Torres-Espinola FJ, Lépez-Moreno A, Aguilera M,
et al. Infant Gut Microbiota Associated with Fine Motor Skills. Nutrients.
2021;13:1673.


https://doi.org/10.1038/ijo.2013.128
https://doi.org/10.1038/ijo.2013.128
https://doi.org/10.1080/21622965.2013.874951
https://doi.org/10.1001/archpediatrics.2012.1078
https://doi.org/10.3389/fncel.2017.00087/full
https://doi.org/10.3389/fncel.2017.00087/full
https://doi.org/10.1016/j.physbeh.2012.07.014
https://doi.org/10.1038/pr.2014.171
https://doi.org/10.1038/pr.2014.171
https://doi.org/10.1046/j.1440-1754.2001.00702.x/abstract
https://doi.org/10.1046/j.1440-1754.2001.00702.x/abstract
https://doi.org/10.1093/ajcn/nqy334
https://doi.org/10.1111/j.1365-2850.2011.01743.x/abstract
https://doi.org/10.1111/j.1365-2850.2011.01743.x/abstract

Nieto-Ruiz et al. Child and Adolescent Psychiatry and Mental Health (2023) 17:41 Page 18 of 18

111. TakadaT, Kurakawa T, Tsuji H, Nomoto K. Fusicatenibacter sacchariv-
orans gen. nov.,, sp. nov., isolated from human faeces. Int J Syst Evol
Microbiol. 2013;63:3691-6.

112. Dong Z, Shen X, Hao Y, Li J, Li H, Xu H, et al. Gut microbiome: a potential
indicator for differential diagnosis of major depressive disorder and
general anxiety disorder. Front Psychiatry. 2021;1576:1.

113.  Medawar E, Haange S-B, Rolle-Kampczyk U, Engelmann B, Dietrich A,
Thieleking R, et al. Gut microbiota link dietary fiber intake and short-
chain fatty acid metabolism with eating behavior. Trans| Psychiatry.
2021;11:1-11.

114. Rothenberg SE, Chen Q, Shen J, Nong Y, Nong H, Trinh EP, et al. Neu-
rodevelopment correlates with gut microbiota in a cross-sectional anal-
ysis of children at 3 years of age in rural China. Sci Rep. 2021;11:1-11.

115. Luna RA, Oezguen N, Balderas M, Venkatachalam A, Runge JK, Versa-
lovic J, et al. Distinct microbiome-neuroimmune signatures correlate
with functional abdominal pain in children with autism spectrum
disorder. Cell Mol Gastroenterol Hepatol. 2017;3:218-30.

116. Bojovi¢ K, Ignjatovi¢ B, Sokovi¢-Baji¢ S, et al. Gut microbiota dysbiosis
associated with altered production of short chain fatty acids in children
with neurodevelopmental disorders. Front Cell Infect Microbiol.
2020;10:223.

117. Rhee SJ,Kim H, Lee Y, Lee HJ, Park C, Yang J, et al. The association
between serum microbial DNA composition and symptoms of depres-
sion and anxiety in mood disorders. Sci Rep. 2021;11:1-9.

118. LiJ,MaY,Bao Z Gui X, Li AN, Yang Z, et al. Clostridiales are predomi-
nant microbes that mediate psychiatric disorders. J Psychiatr Res.
2020;130:48-56.

119. Hosokawa R, Katsura T. Effect of socioeconomic status on behavioral
problems from preschool to early elementary school — A Japanese
longitudinal study. 2018;1-23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Maternal weight, gut microbiota, and the association with early childhood behavior: the PREOBE follow-up study
	Abstract 
	Background and aim 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Study design and subjects
	Ethics, consent, and permissions
	Data collection during pregnancy
	Child behavior checklist (CBCL)
	DNA Extraction from stool samples
	16S rRNA gene sequencing and data processing
	Statistical analysis

	Results
	Characteristics of the PREOBE study participants at 3.5 years old
	Effects of maternal prepregnancy BMI on children’s CBCL scores at 3.5 years old
	Impact of GDM on children’s behavioral problems at 3.5 years old
	Effects of maternal metabolic status and potential confounders on behavioral development in PREOBE children at 3.5 years of age
	Correlation analysis between gut microbiota composition in children at 18 months of life and their CBCL scores at 3.5 years
	Influences of maternal pregestational BMI on breastfeeding and their consequences on behavioral development in PREOBE children at 3.5 years of age and gut microbiota composition at 18 months

	Discussion
	Strengths and limitations

	Conclusions
	Anchor 26
	Acknowledgements
	References


