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Maternal obesity in pregnancy is associated with neurobehavioral problems in the oﬀspring. Establishing
causality has been challenging in existing human studies, due to confounding by genetic and postnatal environment. Animal experiments can improve our understanding of this association. This systematic review examined the eﬀects of maternal obesity in pregnancy on oﬀspring neurobehavior in animal models. We included
26 studies (1047 oﬀspring animals). Meta-analyses showed that oﬀspring of obese mothers displayed higher
levels of locomotor activity (standardized mean diﬀerence (SMD) 0.34 [0.10; 0.58]) and anxiety behavior (SMD
0.47 [0.16; 0.79]) than oﬀspring of lean mothers, but similar memory abilities (SMD −0.06 [−0.52; 0.39]).
Meta-analysis of learning abilities was not sensible due to heterogeneity. Although the evidence was heterogeneous and the quality of the included studies generally unclear, this systematic review of animal studies
indicates an eﬀect of maternal obesity on increased oﬀspring locomotor activity and anxiety, but not on oﬀspring
memory performance. These ﬁndings may be important from a public health perspective since obesity is rapidly
increasing worldwide, and warrant further research.

1. Introduction
Worldwide, the prevalence of obesity (Body Mass Index (BMI) ≥
30 kg/m2) among women has risen dramatically over recent decades
(Flegal et al., 2016; Ng et al., 2014). This rise has also been observed in
pregnant women (Heslehurst et al., 2010; Poston et al., 2016). At present, approximately one third of women of reproductive age in the
United States is obese (Flegal et al., 2016). Obesity before and during
pregnancy (hereafter referred to as maternal obesity or obese mothers)
is associated with pregnancy complications and adverse perinatal outcomes (Poston et al., 2016; Hanson and Gluckman, 2014).
Importantly, there is now accumulating evidence that maternal
obesity has long term impact on the health of the oﬀspring, including

⁎

oﬀspring neurobehavior (Hanson and Gluckman, 2014). Maternal
obesity causes alterations in the prenatal environment of the growing
fetus. For example, the developing brain is exposed to an increase of
nutrients, inﬂammatory cytokines and to diﬀerent levels of metabolic
hormones (Rivera et al., 2015). This consequently may aﬀect oﬀspring
neurobehavior later in life. Indeed, multiple observational studies have
demonstrated that maternal obesity is associated with an increased risk
of neurobehavioral problems in the oﬀspring (Godfrey et al., 2017). For
example, compared to children of mothers with normal weight, children of obese mothers had 40% higher odds of having emotional/behavioral problems and 60% higher odds of being diagnosed with a
neurodevelopmental disorder, such as attention deﬁcit-hyperactivity
disorder (Sanchez et al., 2017). Moreover, children of obese mothers
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manuscripts deemed potentially eligible after title and abstract
screening (MM and SM). Disagreements were resolved by discussion or
by consulting a third reviewer (RP).

show poorer cognitive performance than children born to mothers with
a normal weight (Alvarez-Bueno et al., 2017; Adane et al., 2016): each
unit increase in pre-pregnancy BMI is associated with a decrease in a
half point of intelligence quotient (IQ) in the oﬀspring at age 5 years
(Bliddal et al., 2014). However, some but not all studies (Antoniou
et al., 2014), that made use of sibling analyses (Chen et al., 2014) or
analyses with paternal BMI (Gardner et al., 2015) have failed to ﬁnd an
association between maternal obesity and an increase in oﬀspring
neurobehavioral problems. Therefore, it is still unknown whether maternal obesity itself is causal to an increase in oﬀspring neurobehavioral
problems or that the observed link can be explained by other factors
such as genetics (Chen et al., 2014) or parenting style (Van Lieshout,
2013).
Establishing whether maternal obesity directly causes oﬀspring
neurobehavioral problems has been challenging in existing human
studies, since they are all observational and thereby subject to confounding. Experimental studies allow the investigation of the causal
relation between maternal obesity and oﬀspring neurobehavior.
Experimental research in humans on this topic is diﬃcult to perform
and therefore experimental research in animals is needed. Also, relative
to studies with humans, it is easier in animal experiments to follow the
oﬀspring for longer fractions of their lifespan to assess the long term
neurobehavioral consequences of maternal obesity. Although numerous
animal experiments have been performed on the causal eﬀect of maternal obesity on neurobehavioral problems in the oﬀspring (Rivera
et al., 2015; Sullivan et al., 2014; Bolton and Bilbo, 2014; Edlow, 2017;
Contu and Hawkes, 2017), the evidence has not yet been systematically
reviewed or subjected to a meta-analysis. Therefore, the aim of the
current study was to systematically review and quantitatively summarize the eﬀect of maternal obesity on oﬀspring’s neurobehavior in
previously published animal experiments.

2.3. Eligibility
Animal studies were eligible if they compared the neurobehavior of
oﬀspring born to females that were obese before and during pregnancy
to oﬀspring born to females that had a normal weight before and during
pregnancy. We applied no limitation to animal species.
Obesity was deﬁned as a statistically signiﬁcant (as deﬁned by the
authors of the studies) higher body weight or a higher fat mass of experimental females compared to control females. For a study to be
eligible, higher body weight and/or fat mass had to be present before
pregnancy (deﬁned as prior to mating or at mating), to ensure that
oﬀspring were exposed to maternal obesity during the entire gestational
period. In case the weight/fat mass before pregnancy was not reported
in the study article, but in the methods section of the study article it was
reported that weight or fat mass was measured before pregnancy, the
authors were contacted for weight/fat mass details. We assumed that
obesity present before pregnancy continued to exist during pregnancy
when the diet that had resulted in obesity continued, unless the article
reported diﬀerently.
We excluded studies for the following reasons: (i) diﬀerent postnatal
environments between the experimental and control group; (ii) no
normal/chow diet of oﬀspring after weaning onwards (for example any
obesogenic or low-calorie diet); (iii) an additional disease factor such as
severe diabetes; (iv) interventions potentially interfering with the primary eﬀect of maternal obesity (e.g., postnatal leptin injections); (v)
lack of a control group with a normal weight and normal diet; (vi)
diﬀerent genetic background of experimental and control group; (vii)
only data on molecular, epigenetic or fetal eﬀects; (viii) reviews, editorials, conference abstracts and interviews.

2. Methods
The review protocol (ﬁrst version at August, 28th 2015 and updated
version at January 3th, 2017) was registered at the website of SYRCLE
on January 11th, 2017 and can be accessed via the website: www.
syrcle.nl. The reporting in this systematic review adheres to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (Moher et al., 2009).

2.4. Study characteristics and outcome data extraction
2.4.1. First phase
We extracted bibliographic details, animal species and strain, sex of
the oﬀspring, method of obesity induction, dietary information of the
female animals and their oﬀspring, maternal age at mating, type of
outcome measure and age of the oﬀspring at time of outcome assessment of the included studies. We (MM and CvdB) extracted data using a
piloted data-extraction form. Of the studies of the initial search, 100%
were extracted in duplo and of the studies in the update search, 20%
were extracted in duplo. Due to negligible diﬀerences between the two
assessors, no further data extraction of the update search in duplo was
deemed necessary.
We divided the outcome measures into predeﬁned categories as
listed in our study protocol: physical activity (for example: spontaneous
movements, exploratory behavior, motor activity), behavior (for example: stress, social behavior, emotional behavior, communication,
avoidance, conditioning, anxiety) and executive functioning (for example: memory, attention, learning). Subsequently we selected up to
two outcomes from each outcome category for further analysis. In order
to be selected, the outcomes needed to be clinically important (as discussed within our author group) and reported in at least two independent articles included in our SR (of the initial search performed in
June 2015). We selected the outcomes locomotor activity, anxiety,
learning ability and memory.

2.1. Search strategy
A medical information specialist (JL) performed a systematic search
in OVID MEDLINE (including Epub Ahead of Print, In-Process & Other
Non-Indexed Citations) and OVID EMBASE from inception to January
30th, 2018 (initial search performed on June 24th, 2015, update search
performed on January 30th, 2018). We searched for the following
concepts, using both controlled terms (i.e. MESH) and text words: (i)
animals; (ii) prenatal/maternal exposure (including maternal/intrauterine and oﬀspring) and (iii) obese (including high-fat diet (HFD)
and maternal/body weight/mass). Reviews, editorials and conference
abstracts were excluded. No further restrictions were applied. We crosschecked the reference lists and the citing articles (via Web of Science) of
relevant papers and review articles and adapted the search in case of
additional relevant studies. The bibliographic records retrieved were
imported and de-duplicated in ENDNOTE. The complete search strategies are presented in supplementary ﬁle 1.
2.2. Study selection

2.4.2. Second phase
We extracted outcome data of the selected outcomes: means, standard deviations (SDs) or standard errors (SEs) and number of animals
(N) with additional study variables (use of multiple or single litter(s),
correction for litter size, paternal diet and cross-fostering). If results
were only displayed graphically, the outcomes were read using a digital

Two reviewers independently screened all identiﬁed articles for
eligibility using Covidence (Covidence systematic review software,
2019), ﬁrst by screening the title and abstract for eligibility of all
identiﬁed publications (MM screened all; CvdB screened 70% and SM
and CF screened each 15%) and secondly by screening the full
108
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signiﬁcance level according to the conservative Bonferonni method to
account for multiple analyses (P/number of comparisons). When the
subgroups signiﬁcantly diﬀered from each other, we interpreted this as
that subgroups explained some heterogeneity. Using post hoc analysis,
we examined whether type of test used for the outcome measurement
aﬀected heterogeneity.

screen ruler (Adobe Acrobat IX Pro). When SDs/SEMs overlapped
within the ﬁgure and therefore it was not possible to extract the exact
SD/SEM, we extracted the most conservative estimate and when this
was not possible, we contacted the authors for data.
We extracted data using a piloted data-extraction form. A random
selection of 15% of the data was extracted in duplo by a second reviewer (CvdB), blinded to the ﬁndings of reviewer one (MM) and any
discrepancies were resolved by discussion. Due to negligible diﬀerences
between the two assessors, data extraction of all data in duplo was not
deemed necessary.
Some tests reported multiple outcomes (for example the Open Field
test: ‘time in center zone’ and ‘frequencies entering the center zone’).
These outcomes were listed in order of relevance (through discussion of
the authors MM, CvdB, CH, AK) resulting in a primary outcome (ﬁrst
outcome on the list) and alternative outcomes (all other outcomes on
the list). An overview of the primary and alternative outcomes are
shown in supplementary tables 1–3. For each study, the primary outcome was extracted. An alternative outcome was only extracted when
the primary outcome was not available even after contacting the author.

2.6. Quality assessment and risk of bias
The methodological quality of all selected studies was evaluated by
the SYRCLE risk of bias tool for animal studies. The SYRCLE risk of bias
tool is based on the Cochrane Risk of Bias tool and has been adjusted for
aspects of bias that play a speciﬁc role in animal intervention studies
(Hooijmans et al., 2014). A ‘yes’ score indicates low risk of bias; a ‘no’
score indicates high risk of bias; and a ‘?’ score indicates unknown risk
of bias.
Reporting of experimental details on animals, methods and materials is very poor (Avey et al., 2016). To overcome the problem of
judging too many items as ‘unclear risk of bias’, we added three items
on reporting: reporting of any measure of randomization, reporting of
any measure of blinding, reporting of any measure of power size calculation. For these three items, a ‘yes’ score indicates ‘reported’, and a
‘no’ score indicates ‘unreported’.
We displayed the answers to all questions separately and no aggregated quality was determined. Studies were not excluded based on a
poor quality score.

2.5. Data analysis
2.5.1. Comparisons and subgroups
If a study reported separately on oﬀspring outcomes of diﬀerent
maternal diets or oﬀspring sex, we analyzed the groups as if they were
separate studies.
When an outcome was measured more than once, measured using
the same test and also in the same animal (for example when the Open
Field tests was measured in the same animal at 6 and 8 weeks of age),
the outcome values (mean and SDs/SEMs) were pooled. Since in some
studies anxiety and memory were measured more than once using
diﬀerent tests in the same animal (for example Elevated Plus Maze and
Open Field test were measured in the same animal), the test showing
the largest diﬀerence between the oﬀspring groups was used for the
meta-analysis. With sensitivity analyses we assessed the robustness of
this method by including all performed tests in the meta-analysis and
dividing the N by the number of tests included in the analysis.
When a single control group served multiple experimental groups
(for example when two types of high-fat diet were examined relative to
the control group), the size of the control group was divided by the
number of experimental-control comparisons. Therefore, one unique
animal is only displayed once per outcome measure in the forest plot.

2.7. Publication bias assessment
To assess publication bias, we assessed funnel plots of the SMD
against 1/√N with the Duval and Tweedie Trim-and-Fill method (Duval
and Tweedie, 2000; Zwetsloot et al., 2017). We assessed publication
bias only for outcomes for which a minimum of 10 articles (i.e. locomotor activity, anxiety, learning ability and memory) had been included.
3. Results
3.1. Amendments to the study protocol
In advance, we had no indication of the amount of retrieved outcome measures on this topic. Because of limited resources, our ﬁrst
amendment (decided after the ﬁrst phase of data extraction of the initial search) was to focus on the three of our outcome categories listed
in the study protocol that were the most directly related to the topic
neurobehavior. Therefore, we excluded the outcome categories ‘brain
structure’ and ‘food preference and eating behavior’ that were listed in
our study protocol. Second, one reviewer extracted all data and a
random selection of studies was extracted in duplo, because of negligible diﬀerences between the two reviewers. Third, a post hoc analysis
was performed to assess whether the type of test used in the study for
outcome measurement explained heterogeneity.

2.5.2. Meta-analyses
We performed the meta-analyses with STATA 15.0 (StataCorp,
2017). We calculated the standardized mean diﬀerence (SMD) for each
separate experimental-control comparison group with Hedges' g correction (Hedges, 1985). In the meta-analysis, the individual SMDs were
pooled to obtain an overall SMD and 95% conﬁdence interval. A
minimum of three studies or ﬁve independent comparisons was required for this meta-analysis. We used random eﬀects models, which
take into account the precision of individual studies and the variation
between studies and weigh each study accordingly.
Subgroup analyses were pre-deﬁned in the protocol and only performed when the subgroups contained a minimum of three studies or
ﬁve independent comparisons. Subgroup analyses were performed according to sex (male, female, male + female in case the studies did not
report on males and females separately), age (e.g. infants (birth - 3
weeks for mice and rats), juveniles (3–6 weeks for mice; 3–7 weeks for
rats) and adults (6 weeks and older; 7 weeks and older for rats)) and
species (rat, mouse, macaques) when possible.
We displayed the summary outcomes using 95% conﬁdence intervals (CI) and calculated I2 as a measure of heterogeneity. We considered
P-values of less than .05 statistically signiﬁcant. In order to test for
subgroup diﬀerences we performed T-tests and adjusted our statistical

3.2. Search results
The search yielded 2543 unique publications, of which 540 were
considered eligible based on title and abstract screening (see Fig. 1).
After reading the full text articles, 513 studies were excluded. The main
reasons for exclusion were no/unknown obesity in the experimental
group (N = 307) or no report on the selected neurobehavioral outcomes (N = 129). One additional study was not eligible because the
experimental-control comparisons were reported in an unusable form
(Wright et al., 2011). Ultimately, 26 studies (N = 1047 oﬀspring animals) could be included in meta-analyses (Fig. 1).
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Fig. 1. PRISMA ﬂow diagram.

comparisons (hereafter referred to as comparisons) measured locomotor activity in the oﬀspring. Locomotor activity was measured in a
(metabolic) cage in nine studies (sixteen comparisons) (Dahlhoﬀ et al.,
2014; Fernandez-Twinn et al., 2014; Mouralidarane et al., 2015;
Samuelsson et al., 2013; Aburasayn et al., 2018; Ruegsegger et al.,
2017; Shalev et al., 2010; Wu et al., 2013); with an open ﬁeld test in
seven studies (fourteen comparisons) (Balsevich et al., 2016; Bellisario
et al., 2014; Fabian et al., 2015; Fernandes et al., 2012; Kang et al.,
2014; Tozuka et al., 2010; Buﬃngton et al., 2016); a running wheel in
four studies (twelve comparisons) (Chin et al., 2017; Bahari et al., 2013;
Caruso et al., 2013; Ruegsegger et al., 2017) and an accelerometer in
one study (two comparisons) (Thompson et al., 2017). Maternal obesity
led to an increase in oﬀspring locomotor activity (Fig. 2, SMD .34 [.10;
.58], p < .01). Subgroup analysis showed that the eﬀects of maternal
obesity on oﬀspring locomotor activity were not diﬀerent for oﬀspring
sex and species, but the eﬀect was diﬀerent for juvenile and adult oﬀspring: the increased locomotor activity was observed in juvenile oﬀspring (N = 343) of obese mothers and not in adult oﬀspring (N = 496)
of obese mothers (supplementary Fig. 1–3).
The heterogeneity (I2) of the overall analysis was 70.9%. Except for
oﬀspring age, the other predeﬁned subgroups based on the variables sex
and species did not explain the heterogeneity. A post hoc analysis into
the eﬀect of the type of test used to measure oﬀspring locomotor activity also did not lower heterogeneity (cage/accelerometer activity:
SMD .57 [.30; .84] with I2 = 40.4%, open ﬁeld test: SMD .29 [-.06; .65]
with I2 = 58.3% and running wheel: SMD .17 [-.38; .73] with
I2 = 81.0%).

3.3. Study characteristics
Table 1 provides an overview of the study characteristics and outcome measures. Included species were mice (N = 15 studies) (Balsevich
et al., 2016; Bellisario et al., 2014; Chin et al., 2017; Dahlhoﬀ et al.,
2014; Fabian et al., 2015; Fernandes et al., 2012; Fernandez-Twinn
et al., 2014; Graf et al., 2016; Kang et al., 2014; Mouralidarane et al.,
2015; Samuelsson et al., 2008, 2013; Tozuka et al., 2010; Aburasayn
et al., 2018; Buﬃngton et al., 2016), rats (N = 10 studies) (Bahari et al.,
2013; Bilbo and Tsang, 2010; Caruso et al., 2013; Robb et al., 2017;
Ruegsegger et al., 2017; Sasaki et al., 2014, 2013; Shalev et al., 2010;
White et al., 2009; Wu et al., 2013) and macaques (N = 1 study)
(Thompson et al., 2017). Maternal obesity was induced by diet in the
majority of the studies (N = 25) or by a combination of diet and litter
size reduction in early life (N = 1) (Fabian et al., 2015).
3.4. Study quality
Table 3 shows the risk of bias assessment of the included studies. Six
studies reported on randomization, three on blinding and no study on
power or sample size calculation. Following the results of the SYRCLE
Risk of Bias tool, all studies had an overall unclear risk of bias (Table 3).
There was insuﬃcient contrast between studies to perform sensitivity
analyses according to study quality.
3.5. Locomotor activity
Nineteen

studies

with

38

separate

experimental-control
110

Mice, C57BL/6 J

Rats, Sprague-Dawley

Mice, C57BL/6 J

Mice, KO-p66^Shc-/- and
WT-66^Shc+/+; C57Bl6/J
background
Rats, Sprague-Dawley

Mice, C57BL/6 J

Rats, Sprague-Dawley

Mice, C57BL/6 J

Mice, NMRI

Aburasayn et al. (2018)

Bahari et al. (2013)

Balsevich et al. (2016)

Bellisario et al. (2014)

Buﬃngton et al. (2016)

Caruso et al. (2013)

Chin et al. (2017)

Dahlhoﬀ et al. (2014)
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Mice, C57BL/6 J

Mice, C57BL/6 J

Mice, C57BL/6 J

Mice, C57BL/6 J

Mice, C57BL/6 J

Rats, Sprague-Dawley

Rats, Wistar

Mice, C57BL/6 J

Fernandes et al. (2012)

Fernandez-Twinn et al.
(2014)
Graf et al. (2016)

Kang et al. (2014)

Mouralidarane et al.
(2015)

Robb et al. (2017)

Ruegsegger et al.
(2017)

Samuelsson et al.
(2008)
Samuelsson et al.
(2013)
Sasaki et al. (2013)

Rats, Long Evan

Mice, C57BL/6 J

Mice, ICR (CD-1 IGS) strain

Fabian et al. (2015)

Bilbo and Tsang,
(2010)

Species, strain

Reference

Table 1
Study characteristics of the included studies.

activity, Cage
• Locomotor
activity
activity, Cage
• Locomotor
activity
• Anxiety, OF, EPM and LD

MWM
• Learning,
• Memory, MWM
activity, Wheel
• Locomotor
Running and Cage activity

activity, Cage
• Locomotor
activity
activity, OF
• Locomotor
OF
• Anxiety,
activity, OF
• Locomotor
OF and LD
• Anxiety,
activity, Cage
• Locomotor
activity
Y-maze and novel
• Memory,
object recognition
activity, OF
• Locomotor
OF
• Anxiety,
activity, Cage
• Locomotor
activity

EPM
• Anxiety,
MWM
• Memory,
MWM
• Learning,
activity, OF
• Locomotor
OF
• Anxiety,
activity, Running
• Locomotor
wheel
activity, Running
• Locomotor
wheel

activity, Running
• Locomotor
wheel
activity, OF
• Locomotor
EPM
• Anxiety,
• Locomotor activity, OF

activity, Cage
• Locomotor
activity

Outcome measure

M+F

143

M+F
M+F
M+F

28
51

M+F

24

32

M+F

F

6

32

M+F

M+F

25
109

M

M

17
11

M+F

120

M+F

M

28

28

M

44

M+F

M+F

12

48

M

F

F

Sex oﬀspring

44

24

3

N

Adulthood

3 months

Running wheel:
4-7 weeks
16-19 weeks
Cage activity:
6 weeks
18 weeks
3 and 6 months

40-48 days

6 months

32-35 days

12 weeks

8 weeks

4-5 months

32-36 days

5 months

16-19 weeks

4-10 weeks

7-12 weeks

3-4 months

3 months 12 months
(Diﬀerent animals used)
12.5 weeks

10-15 weeks

8 weeks

Age oﬀspring
measurement

6 (M and F oﬀspring, three tests
anxiety)

2 (M and F oﬀspring)

2 (M and F oﬀspring)

8 (M and F oﬀspring; two tests;
two age groups per test)

2 (M and F oﬀspring)

4 (M and F oﬀspring, two tests
memory)
4 (HFD and CD lactation diet, M
and F oﬀspring)
1

1

2 (two tests anxiety)

1

2 (M and F oﬀspring)

2

1

1

1 (mice with diﬀerent genetic
background were grouped
together)
4 (SFD and TFD diet, M and F
oﬀspring)

2

1

1

Maximum of separate
experimental-control
comparison within one outcome

(continued on next page)

Alternative outcome was extracted for anxiety, EPM and
LD.

Locomotor activity during light period. Locomotor
activity during dark period was measured but not
reported and was also not available when contacting
author.
At 90-98 days the MWM was also performed in the same
animals. The animals remembered the task. Therefore
the measurements at 90-98 days were not extracted.
Two generations were reported in the study article, ﬁrst
generation was used for analyses.

Data was displayed in boxplots. Authors provided
additional information on the mean and standard error.
Alternative outcome was extracted for anxiety, OF.

Authors provided additional information on total
distance travelled and time spent in center zone (OF).

Two cohorts were used.
Additionally, a subset of animals of the second cohort
had locomotor activity measurement, but only the
measurement of the whole group was extracted.

Average over 4-10 weeks old was extracted.

Anxiety: OF and EPM were performed but no primary or
alternative outcome measures were reported.

Males were not measured in the study because there was
no body weight diﬀerence between the experimental and
control group before 8 weeks.
Average over 10-15 weeks old was extracted.

Notes
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Rats, Long Evan

Rats, Wistar

Macaques, Japanese Macaques

Mice, C57BL/6 J

Rats, Long Evan

Rats, Wistar

Rats, Wistar

Sasaki et al. (2014)

Shalev et al. (2010)

Thompson et al. (2017)

Tozuka et al. (2010)

White et al. (2009)

Wright et al. (2011)

Wu et al. (2013)

activity, OF
• Locomotor
OF
• Anxiety,
BM
• Learning,
BM
• Memory,
MWM
• Learning,
MWM
• Memory,
activity, OF
• Locomotor
OF and EPM
• Anxiety,
activity, Cage
• Locomotor
activity
• Learning, VDSRL and ASST

activity,
• Locomotor
Accelerometer
• Anxiety, Novel object

conditioning)

• Anxiety, OF, EPM and LD
activity, Cage
• Locomotor
activity
Sucrose-taking
• Learning,
behavior (operant

Outcome measure

M

M
M+F
M

38

18
?
30

M+F

M

17

45

M+F

Sex oﬀspring

70

N

Unknown

10 weeks

29 weeks

3-4 weeks 10-11 weeks
(Diﬀerent animals used)

11 months

60-70 days

35-45 days

Age oﬀspring
measurement

4 (HFD and HPD diet, two tests
learning)

?

1

2 (Diﬀerent age groups)

Physical activity: 2 (M and F
oﬀspring)
Anxiety: 1 (M and F oﬀspring
combined)

6 (M and F oﬀspring, three tests
anxiety)
1

Maximum of separate
experimental-control
comparison within one outcome

Data was presented in unusable form.

Physical activity was also measured after the anxiety
tests, but this was not extracted (physical activity after a
stressful event).
Anxiety was also measured with the human intruder test
but this was not extracted (social anxiety).

Alternative outcome was extracted for OF and EPM.

Notes

Note. OF = Open Field test, EPM = Elevated Plus Maze test, LD = light Dark box/transition, MWM = Morris Water Maze, BM = Barnes Maze, VDSRL = Visual Discrimination and Serial Learning, ASST = Attentional Set
Shifting Task, NR = Novel object Recognition, YM = Y-maze, M = Male, F = Female, SFD = high Saturated-Fat Diet, TFD = high Trans-Fat Diet, MFD = Moderate Fat Diet, HFD = High-Fat Diet, CD = Control/normal/
chow Diet, HPD = Highly Palatable Diet.

Species, strain

Reference

Table 1 (continued)
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Fig. 2. Forest plot (eﬀect size and 95% CI) of individual comparisons of oﬀspring of obese mothers versus oﬀspring of non-obese mothers on locomotor activity. Note.
HFD = High-Fat Diet, BB = Beam breaks, RW = Running Wheel, HP = Highly Palatable diet, CD = Control/normal/chow Diet.

maternal obesity on increased oﬀspring anxiety (SMD 0.28 [0.03;
0.53]).
The heterogeneity (I2) of the overall analysis was 70.3%. Subgroup
analyses showed that oﬀspring sex, age and species did not lower the
heterogeneity. Also, a post hoc analysis into the type of test used to
measure anxiety did not explain heterogeneity (Elevated Plus Maze test:
SMD 0.39 [−0.52; 1.30] with I2 = 83.0% and Open Field test: SMD
0.48 [0.15; 0.80] with I2 = 60,8%).

3.6. Anxiety
Ten studies (Balsevich et al., 2016; Fabian et al., 2015; Fernandes
et al., 2012; Kang et al., 2014; Tozuka et al., 2010; Buﬃngton et al.,
2016; Bilbo and Tsang, 2010; Sasaki et al., 2014, 2013; Thompson
et al., 2017) with twenty-nine comparisons measured oﬀspring anxiety.
In case anxiety was measured with multiple tests in the same animals
(Fernandes et al., 2012; Sasaki et al., 2014, 2013), the test with the
largest eﬀect was included in our meta analyses. As a consequence,
anxiety was measured with the Elevated Plus Maze test in three studies
(seven comparisons) (Balsevich et al., 2016; Bilbo and Tsang, 2010;
Sasaki et al., 2013), the Open Field test in ﬁve studies (ten comparisons)
(Fabian et al., 2015; Kang et al., 2014; Tozuka et al., 2010; Buﬃngton
et al., 2016; Sasaki et al., 2014), the Light-Dark box in two studies (two
comparisons) (Fernandes et al., 2012; Sasaki et al., 2013) and with the
Novel Object test in one study (one comparison) (Thompson et al.,
2017). Overall pooled analyses showed signiﬁcantly higher anxiety
levels in oﬀspring of obese mothers relative to oﬀspring of non-obese
mothers (Fig. 3, SMD .47 [.16; .79], p = .004). Subgroup analysis
showed that the eﬀects of maternal obesity on oﬀspring anxiety were
not diﬀerent for oﬀspring sex, age and species (Supplementary ﬁgure
4–6). Sensitivity analysis (see method Section 2.5 comparisons and
subgroups) did not lead to diﬀerent results: it showed an eﬀect of

3.7. Learning ability
Six studies (Tozuka et al., 2010; Bilbo and Tsang, 2010; Robb et al.,
2017; Shalev et al., 2010; White et al., 2009; Wu et al., 2013) with
twelve comparisons described the eﬀect of maternal obesity on learning
abilities. The visuo-spatial learning abilities in a non-food related context were assessed with the Morris Water Maze in three studies (seven
comparisons) (Bilbo and Tsang, 2010; Robb et al., 2017; White et al.,
2009) and the Barnes Maze in one study (two comparisons) (Tozuka
et al., 2010). The simple and reversal learning abilities of the oﬀspring
in a food-related context were assessed with the sucrose-taking behavior test in one study (one comparison) (Shalev et al., 2010), the Visual
Discrimination and Serial Reversal Learning task in one study (two
comparisons) (Wu et al., 2013) and the Attentional Set-Shifting task in
113
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Fig. 3. Forest plot (eﬀect size and 95% CI) of individual comparisons of oﬀspring of obese mothers versus oﬀspring of non-obese mothers on anxiety. Note.
EPM = Elevated Plus Maze test, OF = Open Field test, SFD = high Saturated-Fat Diet, LDT = light Dark Transition, CD = Control/normal/chow Diet, LDB = Light/
Dark Box, TFD = high Trans-Fat Diet.

(Graf et al., 2016) and with the Novel Object Recognition test in one
study (one comparison) (Graf et al., 2016). Overall analysis showed that
oﬀspring of obese mothers did not diﬀer in memory from oﬀspring of
non-obese mothers (Fig. 4, SMD −0.06 [−0.52; 0.39], p = 0.79).
Subgroup analysis showed that the eﬀect of maternal obesity on oﬀspring memory was not diﬀerent for oﬀspring sex (Supplementary
ﬁgure 7). Subgroup analysis for age and species was not possible due to
insuﬃcient number of studies and numbers of comparisons. Sensitivity
analysis (see method Section 2.5 comparisons and subgroups) did not
lead to a diﬀerent result: it showed no eﬀect of maternal obesity on
oﬀspring memory (SMD −0.06 [-0.45; 0.33]). (Fig. 5)
The heterogeneity (I2) in the overall analysis was 53.0%. Subgroup
analysis for oﬀspring sex did not lower the heterogeneity. Due to insuﬃcient number of studies and comparisons, we could not assess with
a post hoc analysis whether type of test was responsible for heterogeneity.

one study (two comparisons) (Wu et al., 2013). Studies were too heterogeneous in type of test and outcomes used (Table 2) and therefore
meta-analysis was not sensible.
Table 2 qualitatively summarizes the ﬁndings of the studies per
comparison. Analysis of the results by using vote counting did not
suggest diﬀerences in learning abilities between oﬀspring of obese
mothers versus oﬀspring of normal weight mothers. Four comparisons
out of four studies (Tozuka et al., 2010; Robb et al., 2017; Shalev et al.,
2010; White et al., 2009) showed no diﬀerences in learning abilities of
oﬀspring of obese mothers versus oﬀspring of non-obese mothers based
on the authors conclusions. Four comparisons out of three studies
(Tozuka et al., 2010; Robb et al., 2017; Wu et al., 2013) showed impaired learning ability and four comparisons out of one study (Bilbo
and Tsang, 2010) showed improved learning ability of oﬀspring of
obese mothers versus non-obese mothers.
3.8. Memory

3.9. Publication bias
Five studies with thirteen comparisons (Graf et al., 2016; Tozuka
et al., 2010; Bilbo and Tsang, 2010; Robb et al., 2017; White et al.,
2009) assessed the memory of the oﬀspring. In case memory was
measured with multiple tests in the same animals (Graf et al., 2016), the
largest eﬀect was included in our meta analyses. As a consequence,
memory was assessed with the Morris Water Maze in three studies
(seven comparisons) (Bilbo and Tsang, 2010; Robb et al., 2017; White
et al., 2009); with the Barnes Maze test in one study (two comparisons)
(Tozuka et al., 2010); with the Y-maze in one study (one comparison)

Inspection of the funnel plot for locomotor activity did not show
asymmetry (Fig. 5A). Inspection of the funnel plot for anxiety suggested
asymmetry due to an underrepresentation of studies with moderate
precision and decreased anxiety in the oﬀspring as a consequence of
maternal obesity. Duval and Tweedie’s Trim and Fill analysis resulted in
three extra data points (Fig. 5B), indicating the presence of publication
bias and a small overestimation of the summary eﬀect size. The adjusted estimated eﬀect size was SMD .35 [.03; .66], whereas the
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All separate trials
Trials per learning phase
averaged

4 trials per day for 3 days
Several trials per day, diﬀerent
learning phases.

Distance covered to reach the target hole
Latency to platform, distance travelled
Main measures: number of trials to criterion, number of
errors to criterion, type of error, latency to collect the
reward, probability of shifting after an error or a correct
response

Sucrose-taking behavior, Food-related
conditioning

Barnes Maze, Visuo-spatial learning

Morris Water Maze, Visuo-spatial learning

Visual Discrimination and Serial Reversal
Learning & Attentional Set-shifting task, Foodrelated learning and reversal learning

Tozuka et al.
(2010)
White et al.
(2009)
Wu et al. (2013)

115

8 days several ﬁxed ratio-1
trials, 10 days several
progressive ratio trials
3 trials per day for 6 days

Trials per day averaged

Trials per day averaged
and trials over three days
averaged
Trials per day averaged

HFD
HPD

Male Juvenile
Male Adult
N/A*

↓↔
↓↔

↓
↔
↔

↔

↑
↑
↑
↓
↔
Female SFD
Male TFD
Female TFD
Male
Female
N/A*

↑

Outcome

Male SFD

Separate experimental-control
comparison within one
outcome

Faster learning for oﬀspring of obese mothers ↑.
No diﬀerence between the oﬀspring groups↔.
Slower learning for oﬀspring of obese mothers↓.
Impaired reversal learning, but no diﬀerence in basal learning ↓↔.
* Only one separate experimental-control comparison in the study (see Table 1). SFD = high Saturated-Fat Diet, TFD = high Trans-fat Diet, HFD = High-Fat Diet, HPD = Highly Palatable Diet, N/A = Not Applicable.

Sucrose infusions/60 min, active lever responses/60 min

4 trials per day for 3 days

All separate trials

Shalev et al.
(2010)

Latency to platform, distance travelled

10 trials per day for 2 days

Morris Water Maze Visuo-spatial learning

Latency to platform

Robb et al. (2017)

Trial data that are
reported in the study
article

Morris Water Maze, Visuo-spatial learning

Amount of trials and days

Bilbo and Tsang,
(2010)

Unit of measurement

Test, learning domain

Study reference

Table 2
The eﬀect of maternal obesity on oﬀspring learning abilities.
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Aburasayn et al.
(2018)
Bahari et al.
(2013)
Balsevich et al.
(2016)
Bellisario et al.
(2014)
Bilbo and Tsang,
(2010)
Buﬃngton et al.
(2016)
Caruso et al.
(2013)
Chin et al.
(2017)
Dahlhoﬀ et al.
(2014)
Fabian et al.
(2015)
Fernandes et al.
(2012)
FernandezTwinn et al.
(2014)
Graf et al.
(2016)
Kang et al.
(2014)
Mouralidarane
et al. (2015)
Robb et al.
(2017)
Ruegsegger
et al. (2017)
Samuelsson
et al. (2008)
Samuelsson
et al. (2013)
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N
N

Note. Reporting questions: a ‘yes’ score indicates ‘reported’, and a ‘no’ score indicates ‘unreported’. Risk of bias questions: ‘yes’ indicates low risk of bias; a ‘no’ score indicates high risk of bias; and a ‘?’ score indicates
unknown risk of bias.
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unadjusted SMD was: .52 [.20; .84] (note: this SMD was slightly different from the overall analyses displayed in Fig. 3 since the Trim and
Fill analyses is based on a diﬀerent precision estimate, e.g. 1/√N instead
of SE). The number of studies on the outcome memory was too small to
assess publication bias.
4. Discussion
Although the evidence was heterogeneous and the quality of the
included studies generally unclear, this systematic review of animal
studies indicates that maternal obesity before and during pregnancy is
linked to an increase in oﬀspring locomotor activity and anxiety behavior but does not aﬀect oﬀspring memory. The studies measuring
oﬀspring learning ability were too heterogeneous for meta-analysis.
The eﬀects of maternal obesity on oﬀspring neurobehavior were present
regardless of oﬀspring sex, age or species, except for oﬀspring locomotor activity: juvenile but not adult oﬀspring of obese mothers displayed increased locomotor activity when compared to oﬀspring of
normal weight mothers.
4.1. Potential mechanisms
Although the exact mechanism by which maternal obesity is related
to oﬀspring neurobehavior remains unknown, several potential mechanisms have been proposed (Rivera et al., 2015; Sullivan et al.,
2014). For example, oﬀspring of obese mothers are exposed to an excess
of nutrients (fatty acids, glucose), an excess of metabolic hormones
(leptin) and higher levels of inﬂammatory cytokines in utero than oﬀspring of mothers with a normal weight (Rivera et al., 2015). These
factors have immediate eﬀects on the oﬀspring’s developing neuroendocrine system, neural pathways and brain structure (Rivera et al.,
2015) in utero as well as later in life through programmed epigenetic
mechanisms (Contu and Hawkes, 2017; Moody et al., 2017). This
change in neuroendocrine systems, neural pathways and brain structures in turn increases the chance of neurobehavioral alterations in the
oﬀspring (Rivera et al., 2015; Sullivan et al., 2015).
All of the animal models included in this systematic review, induced
maternal obesity with an obesogenic diet. Another causal pathway that
also has been demonstrated in rodent models could be that maternal
high fat diet alters maternal behavior: an increase in nursing and a
decrease in maternal grooming behavior was observed among HFD fed
mother-oﬀspring pairs when compared to normal fed mother-oﬀspring
pairs. This maternal behavioral change leads to increased anxiety-like
behavior in her oﬀspring, possibly mediated by altered oﬀspring hypothalamic pituitary adrenal (HPA) regulation, or permanent epigenetic modiﬁcation of endocrine systems in the oﬀspring (Sullivan et al.,
2015).
4.2. Clinical implications
The association of maternal obesity with increased activity and
anxiety in the oﬀspring could be important for public health since the
rate of maternal obesity is increasing worldwide (Ng et al., 2014). At
present, some animal studies have shown that dietary (Rodriguez et al.,
2012; Zambrano et al., 2010) and exercise interventions (Vega et al.,
2015; Moser et al., 2017; Fernandez-Twinn et al., 2017) before and
during pregnancy may have beneﬁcial eﬀects on the oﬀspring. Importantly however, the translation from our results to humans is not
straightforward.
Our meta-analyses showed an eﬀect of maternal obesity on increased locomotor activity, which was independent of the type of test
used. This suggests that locomotor activity in the oﬀspring is increased
regardless of the setting: voluntary locomotor activity (for example
wheel running), spontaneous locomotor activity in the cage and activity
in an anxiety provoking environment (Garland et al., 2011). However,
translating the concept of rodent’s locomotor activity to humans is
117
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Fig. 4. Forest plot of individual comparisons of oﬀspring of obese mothers versus oﬀspring of non-obese mothers on memory. Note. NR = Novel object Recognition,
YM = Y-Maze, SFD = high Saturated-Fat Diet, TFD = high Trans-Fat Diet.

also in the timing of the development of speciﬁc brain regions.
Therefore, the animal models included in this review reﬂect exposure to
maternal obesity at a diﬀerent time of brain development (Semple
et al., 2013). Additionally, the included animal models are not able to
inform us about the eﬀects of postnatal factors as attachment, abuse
and parenting style that are of known importance for children’s neurobehavioral development (Loman and Gunnar, 2010). Additionally, in
all included studies maternal obesity was induced by diet. We know
that other factors, like the amount of physical activity, also play an
important role in the development of maternal obesity (Caballero,
2007). Therefore, the animal models used in the included studies may
not reﬂect the human situation of maternal obesity perfectly.

challenging (Garland et al., 2011). Oﬀspring increased locomotor activity in animals has been frequently interpreted as increased hyperactivity (Rivera et al., 2015; Fernandes et al., 2012; Kang et al., 2014).
Our results would thereby support ﬁndings of human observational
studies showing that maternal obesity is associated with an increase in
children’s hyperactivity (Sanchez et al., 2017). Alternatively, increased
locomotor activity could be interpreted as an increased (innate) motivation to exercise or as a decrease of sedentary behavior (Garland et al.,
2011). If this would apply here, increased activity could be beneﬁcial
for the oﬀspring, since increased activity is linked to improved physical
and mental health (Landry and Driscoll, 2012). We were unable to
disentangle these two possible interpretations of our ﬁndings in the
present systematic review.
Also, one of the key issues with animal experiments is the generalizability to humans. For example, it is important to realize that
rodents diﬀer from humans in the length of gestation, the lifespan and

4.3. Strengths, limitations and recommendations
This systematically conducted review has several strengths. First,

Fig. 5. Filled funnel plots with pseudo 95% conﬁdence limits for locomotor activity (A) and anxiety (B).
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eﬀect of maternal obesity with oﬀspring anxiety. This ﬁnding could
imply that publication bias inﬂuences the other outcomes in this systematic review, but that we may not have been able to detect this due to
the low number of studies included in the analyses. However, the eﬀect
of maternal obesity on oﬀspring anxiety was still present after adjusting
for the publication bias using the Trim and Fill method (Duval and
Tweedie, 2000). Thus our conclusion that maternal obesity before and
during pregnancy is linked to an increase in the anxiety behavior of the
oﬀspring remains. Moreover, this adjustment should be interpreted
with caution, since the Trim and Fill method may inappropriately adjust for publication bias when there is substantial between-study heterogeneity (Terrin et al., 2003; Peters et al., 2007) (although we tried to
minimize this risk by using a sample size-based precision estimate
(Zwetsloot et al., 2017)).
This systematic review with meta-analyses provides recommendations for future studies. Firstly, we recommend that all scientists conducting animal experiments register their trial (e.g. www.clinicaltrials.
eu) in order to decrease the likelihood of publication bias (Jansen of
Lorkeers et al., 2014) and publish their experiment according to the
available reporting and methodological quality guidelines (Kilkenny
et al., 2010; Hooijmans et al., 2010). Secondly, studies must use validated tests to measure oﬀspring neurobehavior as well as report all
outcomes that were measured per trial to enhance the transparency and
possibility of meta-analysis. Third, future studies should also focus on
other species than mice and rats as comparable results in multiple
species would increase our conﬁdence in the results and applicability
for the clinical situation.

we performed an extensive literature search. Second, only the oﬀspring
that were fed a normal postnatal diet after weaning were included in
the analyses as a control group, to exclude possible moderating eﬀects
of oﬀspring’s postnatal diet. Third, to answer our research question
“Does maternal obesity before and during pregnancy aﬀect oﬀspring’s
neurobehavior” we purposely selected only those studies where the
oﬀspring of the experimental group were exposed to maternal obesity
during the entire gestational period. To determine this, weight and/or
fat mass of the females had to be reported (to have been measured) and
shown to be higher in the experimental group than in the control group
from conception onwards. A lack of this information meant that we
were unable to determine maternal obesity at conception. Therefore,
the downside of this stringent study selection could be that potentially
valuable studies were not included in this systematic review. For example, we excluded studies of which the weight/fat mass of the females
before pregnancy was not reported to have been measured (e.g.
(Rodriguez et al., 2012; Santos et al., 2015)) or, in case it was reported
that weight/fat mass had been measured, the details could not be made
available to us after directly contacting the authors (e.g. (Camacho
et al., 2017)). A diﬀerent selection strategy may have yielded diﬀerent
results, but investigating this issue was outside the scope of this systematic review.
Second, a limitation is that most of the tests that measured oﬀspring
anxiety and memory had diﬀerent outcomes and there was not one
single universally accepted outcome per test. To avoid multiple testing,
we deﬁned one primary outcome for each test that we used in our metaanalysis. It is possible that our study results would have shifted in either
direction if we had chosen a diﬀerent primary outcome in our metaanalysis. Reassuringly, the eﬀects of maternal obesity on oﬀspring anxiety and memory pointed into the same direction (Balsevich et al.,
2016; Fabian et al., 2015; Bilbo and Tsang, 2010; Thompson et al.,
2017), with only one exception (Fernandes et al., 2012) when we
looked at the included studies that reported in their study article both
our deﬁned primary outcome and other outcomes for anxiety and
memory.
Third, we were unable to investigate whether the eﬀects of maternal
obesity on oﬀspring activity and anxiety were dependent on the severity of maternal obesity or the nutrient composition in the maternal
diet. As both maternal dietary composition and severity of maternal
obesity were outside the scope of our review, we cannot rule out the
possibility that the eﬀects we found were due to maternal diet and not
maternal obesity per se.
Fourth, as in every systematic review, the quality of the review and
its conclusion is dependent on the quality of the included studies. The
majority of studies included in our review were poorly reported. This is
not unique for this ﬁeld (Avey et al., 2016; Kilkenny et al., 2009;
Muhlhausler et al., 2013). Many essential details regarding the methodological design were missing. Consequently, we scored the risk of
bias regarding those missing details as unclear. In the absence of
mandatory reporting guidelines, we cannot assume that the authors
conducted their experiment in an inappropriate way. Not knowing the
actual risk of bias of the included studies hampers our ability to draw
reliable conclusions. Therefore, the results of this systematic review
should be interpreted with caution.
Fifth, we extracted the number (N) of oﬀspring used in the studies.
It was frequently unclear in the included studies whether the N referred
to litters, individual dams or individual oﬀspring. In that case, we interpreted the N as the number of individual oﬀspring. This means that
we may have underestimated the number of oﬀspring for some studies
and thereby underestimated the size (i.e. weight) of these studies in our
meta-analysis. Moreover, ideally the dams should be the experimental
unit instead of the pups. However, it was unclear from the majority of
studies which pups belonged to which dam. Thus, although it would
have been ideal to use the dam as the experimental unit, we were not
able to extract this data.
Sixth, we found evidence for the presence of publication bias for the

5. Conclusions
This is the ﬁrst systematic review with meta-analysis of animal
studies focusing on maternal obesity before and during the entire
pregnancy on oﬀspring neurobehavior. Although the evidence was
heterogeneous and the quality of the included studies generally unclear,
our results indicate an eﬀect of maternal obesity on increased oﬀspring
locomotor activity and anxiety, but not on oﬀspring memory performance. We excluded studies in which maternal obesity was not present
before and during pregnancy or in which the presence of maternal
obesity was unclear, although these studies may contain additional
evidence on the eﬀect of maternal obesity on oﬀspring neurobehavior.
The ﬁndings of the present systematic review may be important from a
public health perspective since obesity is rapidly increasing worldwide,
and warrant further research.
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