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Maternal diet and metabolic conditions, such as obesity and diabetes, are associated with consequences for offspring brain health,
including effects on behaviour and an increased risk for neurodevelopmental disorders (NDDs). The extent and sequence of
neuroanatomical changes to offspring brain development produced by dietary conditions have not yet been reported. In this study,
we used a mouse model of parental high-fat or high-fat/high-sugar diet consumption to examine its effects on offspring brain
development using longitudinal magnetic resonance imaging. We demonstrated that exposure to these parental diets through
gestation and lactation resulted in offspring brain structure changes. Different temporal patterns of change were observed: some
structures exhibited volume differences already at postnatal day 3; some of these early appearing changes diminished early in
development while others were still present in adulthood; other structure changes were found to emerge later in the pubertal
period. Brain changes in adulthood were present despite switching to a healthy diet at weaning. Brain regions impacted included
the cingulate cortex, subregions of the hippocampus, and the orbitofrontal cortex, regions previously reported as affected in
human NDD populations, with functional roles in reward processing and social cognition, memory, and decision making,
respectively. Affected cortical regions, including the cingulate and orbitofrontal cortex, were found to be increased in volume
relative to the whole brain, while affected subcortical regions were largely decreased in volume. Our data provide new insights into
the long-term neuroanatomical impact of parental diets and how those diets may impact NDD risk. Future studies could use this
model to evaluate preventative or ameliorative measures.

Translational Psychiatry          (2025) 15:500 ; https://doi.org/10.1038/s41398-025-03701-z

INTRODUCTION
Neurodevelopmental disorders (NDD) such as autism spectrum
disorder and attention-deficit/hyperactivity disorder typically
manifest early in development and impair cognitive and social
functioning. Collectively, these conditions affect 4–18% of
children [1, 2], with the reported prevalence varying widely
depending on local diagnosis and screening practices, level of
awareness, access to healthcare, and methodology or reporting
[3]. While the cause of NDDs is undoubtedly multi-faceted [4], one
consideration is the impact of early life environment on long-
term brain development. Indeed, maternal obesity, gestational
weight gain, and diabetes are associated with offspring brain
health and NDD risk [5–8]. Since diet represents a common
precursor to these metabolic conditions [9], understanding the
impact of parental diet on offspring brain development is an

important step to elucidating its potential role in NDD etiology.
High-fat diets [10] and the “Western” diet, typified by the
widespread consumption of ultra-processed and pre-packaged
foods, high-sugar drinks, fried items, and high-fat dairy products
[11], is one factor associated with increased prevalence of
overweight and obesity [9], with 38% of the global population
classified as being overweight or obese [12]. Thus, we elected to
examine the impact on brain development of diets high in fat as
well as high in fat and simple sugar (a combination selected to
model key aspects of Western diet). Studying NDD etiology in
relation to parental diet is a first step that could ultimately lead to
efforts to promote healthier pregnancies and to develop
interventions for offspring.
In practice, controlling and quantifying diet in humans is

extremely challenging [13, 14]. It becomes even more difficult
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when long timelines are required to study parental diet effects on
offspring. Mouse models enable preclinical exploration of the link
between parental diet consumption and offspring neurodevelop-
ment in controlled environmental and genetic contexts. Indeed,
models of high-fat diet consumption in C57BL/6 J mice recapi-
tulate the metabolic characteristics of human conditions [15, 16].
Mice and humans also have largely homologous brain structure
and comparable transcriptomic profiles [17]. While previous
studies using mouse models of maternal high-fat diet consump-
tion have demonstrated changes to the offspring brain morphol-
ogy, signaling pathways, and behaviour [18–20], these findings
have largely been reported in isolated brain regions or without
the context of developmental trajectory. Our group recently
exploited the high-throughput structural characterization possi-
ble with magnetic resonance imaging (MRI) to demonstrate that
parental high-fat diet consumption in mice leads to widespread
volume changes in the offspring brain in adulthood, including the
extended amygdalar system which plays a role in reward-seeking
behaviour [21]. However, this work was conducted at a single
timepoint, and it is not yet known how parental diet affects
offspring brain structure from birth through adulthood.
Therefore, in this study, our aim was to use longitudinal

manganese-enhanced MRI (MEMRI) [22, 23] to establish the time
course of offspring brain structure changes resulting from
parental diet. Parent mice were fed one of three experimental
diets starting in adolescence (P35) for an 8-week acclimation
period and then throughout breeding, gestation, and lactation: a
healthy rodent control diet (CD), a “Western” diet high in both fat
and simple sugar (sucrose) (WD), or a high-fat diet without high
sucrose (HFD). From weaning onwards, offspring from all groups
were fed the CD, thus isolating the effect of parental and neonatal
diet on long-term brain growth. MEMRI was performed in
offspring at 8 different timepoints, spanning neonatal to adult
ages, and the trajectory of neuroanatomical changes was
quantified.

METHODS
Diets and animals
Five-week-old male and female C57BL/6 J mice were obtained from The
Centre for Phenogenomics (TCP) in-house colony and kept on a 12 h light/
dark cycle with access to food and water ad libitum. The mice were
assigned groups in a block-randomized fashion (2-4 breeding pairs per
block) and placed on one of the following diets: 1) the CD, consisting of
13% kcal from fat, 19% kcal from protein, 68% kcal from carbohydrates,
and 12% weight from sucrose (TD.08485, Inotiv, formerly Envigo, IN, USA);
2) the WD, consisting of 42% kcal from fat, 15% kcal from protein, 43%
kcal from carbohydrates, and 34% weight from sucrose (TD.88137, Inotiv,
IN, USA); or 3) the HFD, consisting of 60% kcal from fat, 16% kcal from
protein, 24% kcal from carbohydrates, and 12% weight from sucrose
(TD.210337, Inotiv, IN, USA). Since the high fat content diets tended to
crumble and fall from the standard food hoppers, the diet pellets were
placed on the cage floor throughout the experimental time course for all
diet groups. Due to evident visual differences in diets (colour and texture),
investigators were not blinded to diet during experiments.
After an 8-week diet acclimation, diet-matched male and female mice

were paired for mating for 4-6 days and then separated. Pregnant female
mice were then singly housed and kept on their specified diet throughout
gestation and lactation (Fig. 1A). Paw tattoos were applied on postnatal
day (P)1 or P2 to uniquely identify offspring (AIMS NEO-9 Neonate Tattoo
System, Animal Identification and Marking Systems, Inc., NY, USA). At
three weeks of age (P21), all offspring mice were weaned onto CD,
regardless of parental diet (CD, WD, or HFD). The mice used as parents to
produce subject offspring were used for breeding only once, to keep a
strict diet consumption period. Animal care and experimental procedures
were approved by the TCP Animal Care Committee (AUP 25-0175H).

Body weights
Dam and sire weights were recorded weekly throughout the 8-week diet
acclimation period. After the mice were paired for breeding, the following

number of litters were produced for each diet type: n= 10 CD, 10 WD, and
11 HFD. Offspring mice were weighed before each MRI scan. The number
of male (M) and female (F) offspring used for collection of experimental
data were: n= 20M/16 F CD, 18 M/14 F WD, and 20M/16 F HFD. We aimed
for a sample size of 15 mice per group per sex to provide sufficient power
to capture ~3% volume change for main diet effects. Parental weight gain
data was fit with a linear mixed-effects model using the lme4 package [24].
Fixed effects were included for age (treated categorically, with one for
each of the 8 measurements), diet (categorical), and sex (categorical),
along with their interactions. A random effect was included that allowed
for a mouse-specific intercept. Offspring weights were normalized by the
mean weight of CD offspring for each timepoint and sex. Then, the
logarithm of normalized weights was fit with a linear mixed-effects model
[24]. Fixed effects were included for diet (categorical) and sex (categorical),
along with their interactions with age (treated categorically, with one for
each of the timepoints). A random effect was included that allowed for a
mouse-specific intercept. A p-value < 0.05 was considered statistically
significant. Statistical analysis was performed using R (version 3.6.3)
through Rstudio (2022.07.1 + 554) [25, 26]. The Satterthwaite approxima-
tion was used to estimate p-values using the lmerTest package [27].

In vivo longitudinal imaging
Magnetic resonance imaging. Longitudinal MRI of offspring was employed
to characterize brain structure throughout development and into
adulthood. To enhance neuroanatomical contrast, 0.4 mmol/kg dose of
manganese (in the form of manganese chloride, MnCl2) was administered
intraperitoneally 24-h prior to scanning [28], either to the dam (up to
offspring age P14) who passed the agent to offspring through maternal
milk or directly to the offspring mice [23]. The mice were scanned using a
multi-channel 7-Tesla 306-mm horizontal bore magnet (BioSpec 70/30
USR, Bruker, Ettlingen, Germany) with ParaVision 6.0.1 console software.
This system is equipped with four cryogenically cooled radiofrequency
coils [29] to allow simultaneous scanning of up to four mice [30, 31]. Brain
images were obtained with a T1-weighted, 3D gradient echo sequence
and the following parameters: α= 26°, TR= 26ms, TE= 8.25ms, field-of-
view = 25 × 22 × 22mm, matrix size = 334 × 294 × 294, 2 repetitions, total
acquisition time = 59min, 75 µm isotropic resolution. The acquisition time
was reduced by using a cylindrical k-space acquisition [32]. In most cases
(~65%), the final image used for analysis consisted of the average of the
two acquired repetitions. In the remaining cases, either a single repetition
was judged to be of better quality or only a single repetition was acquired
due to premature termination of the scan (either due to hardware failure or
other issues).

Experimental time course. The number of pups in each litter was culled to
a maximum of 6 to ensure balanced nutrients and care from the dams, as
well as comparable manganese chloride uptake via maternal milk across
the litters. A maximum of 2 male and 2 female pups were chosen from
each litter for longitudinal scanning. Male and female offspring mice
were scanned longitudinally across 8 postnatal timepoints: P3, P5, P7,
P14, P28, P42, P65, and P150 (Fig. 1B). Scan timepoints were spaced more
closely in the early postnatal period to capture the critical brain
development occurring rapidly in early life, and then more sparsely
continuing into adulthood. Females were not evaluated for estrous stage
prior to imaging. After acquisition, images were evaluated for quality
(signal-to-noise ratio, possible image artifact) and excluded if warranted
(investigators were blinded during quality assessment). A total of 27
images were excluded due to poor image quality (6 images), poor
segmentation at image registration (4 images), scans missed due to
scanner downtime (4 images), mouse welfare concerns (9 images), or
ambiguous paw tattoos at P3 (4 images). A total of 805 brain images were
included in data analyses.

Image registration and analysis
All images were registered together through the Pydpiper toolkit [33],
which utilizes the Advanced Normalization Tools (ANTs) [34] and the
Montreal Neurological Institute (MNI) tools [35]. The longitudinal analysis
employed a two-step process in which brain images were first aligned to
an age-specific consensus average and then registered across different
ages using a multi-level registration pipeline. This registration process was
described in detail in Qiu et al., 2018 [23]. The MAGeT Brain algorithm [36]
was used to automatically segment each of the 805 brain images into 182
bilateral brain regions using previously published atlases [37–40]. Using
this algorithm, each image was first registered to the atlas. Then, within
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each scan timepoint, 25 images were randomly selected to be used as
registration templates for the rest. Each individual image was then
automatically segmented 25 times using the generated templates. In this
work, the MAGeT algorithm was adjusted so that brain structure volumes
for each individual image were determined by computing the median
volume for each structure from the 25 candidate segmentations.

Relative brain structure volumes (i.e., normalized to whole brain volume)
were fit with a piecewise linear mixed-effects (LME) model [24]. Fixed
effects were included for age (treated categorically, with one coefficient for
each of the 8 timepoints), diet (categorical, with five coefficients describing
a piecewise linear change from CD), and sex (categorical, with five
coefficients describing a piecewise linear change from female), along with

A.

B.

C. D.

E. F.

Lactation (3 wks)Gestation (3 wks)BreedingDiet Acclimation (8 wks)
5-wk-old

C57BL/6J mice
(female & male)

CD/WD/HFD

Birth of pups (P0) Wean pups (P21)

P3     P5     P7              P14 P28 P42                      P65     P150

CDCD/WD/HFD via
maternal milk

Postnatal 
day (P)

MRI scans

Weaning (P21)
Change to CD
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all interactions. The five timepoint knots chosen for the diet and sex fixed
effects were P3, P14, P28, P42, and P150, which represent neonatal, late
postnatal, puberty, late adolescence, and later adulthood, respectively. A
random effect was included that allowed for a mouse-specific intercept.
Assessment of diet or diet-sex interaction effects was based on t-tests of
the associated fixed effect coefficients in the model, employing the
Satterthwaite approximation to estimate degrees of freedom. A false
discovery rate (FDR) [41] threshold of 10% was used to correct statistics for
multiple comparisons across all structures (i.e., a q-value < 0.1 was
considered statistically significant). Normality and homoscedasticity of
volume data were assessed for each structure using the Kolmogorov-
Smirnov and Fligner-Killeen tests, respectively, and found to be valid
(adjust p values > 0.99 and 0.17, respectively). Where total volume changes
for a group of structures was evaluated (e.g., combined hippocampal CA3
region, total cingulate cortex, whole brain), the unadjusted p-values were
used to assess significance.
To group structures that showed similar diet effects across the time

course, a cluster analysis was conducted, as similarly done in Yeung et al.
[42]. Structure-wise, relative volumes were first z-scored and then a vector
was generated from the average values for each diet group at each
timepoint, producing a matrix of 182 vectors each containing 24 values (3
diets, 8 timepoints). The distance between the vectors were calculated
using the Euclidean method and hierarchical clustering was performed
using the Ward D2 method [43]. The number of clusters retained was
determined using an elbow plot.
The percent changes of brain structure volumes were calculated using

the outputs of the LME model, by dividing the beta value of diet
coefficients by the beta value of corresponding timepoint coefficients (i.e.,
the volume of the baseline control group at that timepoint) and
multiplying by 100%. The 95% confidence intervals displayed in all scatter
plots were generated from the raw data points (not from the model).

RESULTS
Parental WD or HFD consumption resulted in significant
weight gain in dams, sires and offspring, but weight
normalized in offspring after switch to CD at weaning
The body weight of parent mice was measured every week during
the 8-week diet acclimation period to verify diet impact on parent
physiology. Dams and sires fed either WD or HFD exhibited
significantly greater weight gain compared to CD by the 5th week
after diet introduction (p < 0.05, Fig. 1C). The average weight
(reported as mean ± standard deviation) gained over the 8-week
acclimation period are as follows: females (CD 4.0 ± 1.8 g; WD
5.9 ± 1.2 g; HFD 6.6 ± 1.5 g) and males (CD 8.1 ± 1.8 g; WD
11.9 ± 3.3 g; HFD 11.2 ± 2.4 g). In summary, WD dams gained
48.5% more weight than CD dams (p < 0.01), while HFD dams
gained 64.5% more than CD dams (p < 0.001). Similarly, the WD
and HFD sires respectively gained 45.8% and 37.6% more weight
than CD sires (p < 0.001).
Both the male and female offspring of WD and HFD groups

gained more weight pre-weaning and were heavier than CD
offspring (Fig. 1D) at weaning (average weight difference at P21 vs
CD offspring: +9% F, +14% M, p < 0.01; Fig. 1E). However, after
offspring fed the WD and HFD were transitioned to the CD at
weaning, the weight difference dissipated (average weight
difference at P28 vs CD offspring: -1.2% F, +1.2% M, p > 0.1; Fig.
1F).

Diet manipulation in early life changed brain growth
trajectories over offspring lifespan, including into adulthood
Offspring brains were imaged longitudinally from P3 to P150. Our
primary analyses focused on relative brain volumes, calculated by
normalizing individual structure volumes with whole-brain
volume. The longitudinal time courses show many expected
features, such as rapid volume growth and then volume decrease
in cortical brain regions as well as slower initial but persistent
growth of subcortical and white matter regions, resulting in a
V-shape trajectory for many of these structures. Images revealed
relative volume changes at all scan timepoints in animals exposed
to WD and HFD during gestation and lactation (Fig. 2 and
Supplementary Figure 1, which further separates by sex). The
diets altered growth trajectories of different structures at varying
developmental timepoints. Several structures showed transient
changes in relative volumes in early postnatal development,
either at P3 or through the period while still exposed to WD or
HFD (20 and 30 structures, respectively). For example, the relative
volume of the cerebral peduncle was smaller in WD and HFD
compared to CD by P14 (-2.7% WD and -2.9% HFD, q < 0.05, Fig.
3A), but these differences waned slowly through development
after switch to CD (-1.7% WD and -0.8% HFD, q > 0.2 at P28; -1.1%
WD and -0.6% HFD, q > 0.3 at P150). Other structures displayed a
different pattern with early structural changes that were
conserved in the later timepoints (i.e., P42 or P150), well after
transitioning to CD at weaning (P21) and despite the normal-
ization of diet-induced weight differences observed in the pre-
weaning period. One example of this pattern is increased
cingulate cortex volume observed in both WD and HFD offspring
at P3 and P150 ( + 1.2% WD and +2.0% HFD, p < 0.05 at P3; +3.0%
WD and +3.0% HFD, p < 1 × 104 at P150; Fig. 3B). In total, 7 and
13 structures in WD and HFD, respectively, displayed these early
differences (pre-weaning) which were also significant in adult-
hood. Lastly, a larger number of structures (40 and 27 structures
in WD and HFD, respectively) followed a different trajectory with
alterations that emerged after weaning and into adulthood, as
seen in the habenular commissure (+2.4% WD and +1.0% HFD,
q > 0.9 at P3; -17.9% WD and -11.3% HFD, q < 0.1 at P28; -12.9%
WD and -11.7% HFD, q < 1 × 104 at P150; Fig. 3C) and
hippocampal CA3 region (-0.8% WD and +0.5% HFD, p > 0.1 at
P3; -1.7% WD and -2.0% HFD, p < 0.05 at P28; -2.2% WD and -2.5%
HFD, p < 0.001 at P150; Fig. 3D). Percent volume changes for all
182 structures at each of the 5 timepoint knots of the LME model
are listed in Supplementary Table 1. It is intriguing that many of
the structures with observed volume changes in our study have
also been reported to have structural changes in human NDDs. A
listing of structures identified here with corresponding examples
of human findings is provided in Supplementary Table 2, though
we emphasize that such correspondence is exploratory and must
be interpreted cautiously.
Since we observed the different developmental patterns noted

above, we sought not only to identify individual structures
evidencing developmental differences but also to group struc-
tures in the whole brain based on consistent patterns of change
over time and across diets. To do this, we conducted a cluster

Fig. 1 Experimental timelines and weight measurements. A Timeline of parent mice diet acclimation, breeding, gestation, and lactation. Wk:
week. P: postnatal day. B Timeline of offspring brain MRI scans, where the top green arrows indicate when the MRI scans were performed.
C Mice began acclimation to experimental diets on postnatal day (P)35 and continued on those diets for 8 weeks prior to breeding. The
average weight at P35 are as follows: females (18.8 g CD/17.9 g WD/17.9 g HFD) and males (22.2 g CD/22.4 g WD/22.3 g HFD). Number of mice
represented are as follows: CD (10 M/10 F), WD (10 M/10 F), and HFD (11 M/11 F). D Weight gain trajectory of CD offspring mice. E Weights
were normalized to the baseline CD group to show differences between diet groups. The average weight of CD male and female mice at P21
were 8.28 g and 8.32 g, respectively. Significant weight differences were seen at P21 in male and female offspring of WD group and HFD
group. F The weight difference in offspring began to dissipate post weaning when they were all transitioned onto the CD. A logarithmic x-axis
was used in panels D-F for a more equal spacing between the timepoints. All error bars represent 95% confidence intervals. The data points
have been jittered horizontally for visualization purposes. F: female. M: male. Asterisks denote: *p < 0.05; **p < 0.01; ***p < 0.001 (based on a
t-test of mixed model coefficients employing the Satterthwaite approximation for degrees of freedom).
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analysis (Fig. 4A) based on 6 clusters, a number selected based on
an elbow plot of residual variance versus cluster number
(Supplementary Figure 2). The relative volumes of structures
belonging to each of the 6 clusters were summed for each mouse
and averaged to visualize cluster patterns by diet across time (Fig.
4B-G). Clusters 1 and 5 exhibited decreased volumes in WD and
HFD groups. Cluster 1 consisted of subcortical structures, including
the amygdala, nucleus accumbens, and colliculi, whereas cluster 5
included the hippocampal CA3 region and some cortical
structures (e.g., primary visual cortex and perirhinal cortex).
Clusters 3 and 6 exhibited a different pattern with increased
volumes in WD and HFD groups, with both comprised primarily of
cortical structures (25 of 46 and 16 of 22 structures by count,
respectively). However, the structures belonging to cluster 3
predominantly included regions in the cingulate and temporal
cortices, whose relative volumes were collectively larger in WD
and HFD offspring during the post-weaning and adult period,
whereas those belonging to cluster 6 predominantly included
regions in the cingulate and frontal cortices, whose relative
volumes were collectively larger in WD and HFD offspring
throughout development from early postnatal period. Clusters 2
and 4 exhibited minimal impacts of perinatal diet, with differences
seen in early postnatal periods which disappeared through
development.
We also explored sex and diet-sex interaction effects on

individual structures. As expected, we observed increased relative
volumes of the medial amygdala (+13.7%, q < 10−13 at P150;

Supplementary Figure 3A) and bed nucleus of stria terminalis
(+5.6%, q < 0.01 at P150; Supplementary Figure 3B) in males
compared to females, which emerged post-weaning and were
observed regardless of diet exposure. There were 50 other
structures (q < 0.1) that showed significant sex effects at different
stages through development (Supplementary Figure 3C). There
were also several structures (32 total, q < 0.1) that showed small
but statistically significant diet-sex interaction effects. These
effects were significant mainly at the early neonatal timepoint
(P3). The hypothalamus in WD males showed a significant volume
offset from WD females at P3 but the difference disappeared by
P14 (diet-sex interaction effect: -3.0%, q < 0.01 at P3; -1.1%, q > 0.9
at P14; Fig. 3E).
Overall, WD and HFD affected a similar profile of structures and

with a similar direction of change. However, some diet differences
were noted. When HFD offspring brains were compared with WD
offspring brains, significant differences were found in 42
structures (q < 0.1). Most of these WD-HFD differences were
present at P3 timepoint and disappeared by the second week of
postnatal life (Supplementary Figure 4). For example, the corpus
callosum had a larger relative volume in HFD offspring than WD
offspring at P3 ( + 2.5% in HFD vs WD, q < 0.1), and this difference
was absent by P14 (-0.8%, q= 1.0; Fig. 3F).
While we focus here on relative brain volume data, we did also

conduct analyses of absolute brain volumes (please refer to the
Supplementary Materials for detailed methods and results; see
Supplementary Figure 5).

CP

OFC Str CCx M2 CA3

Amyg

Fig. 2 Sample neuroanatomical structures whose relative volumes were affected by diet through development. Gestational and early-life
consumption of WD or HFD was found to affect the relative volume of several brain structures from neonatal period (P3) to adulthood (P150).
Each column follows a coronal cross-section of the developing brain through the experimental timepoints down the rows. Warm colours
indicate structures relatively larger in experimental diet groups and cool colours indicate structures relatively smaller in experimental diet
groups. Opaque colours represent significant structures after multiple comparisons correction across both diets at 10% FDR, applied at each
timepoint. Transparent colours represent structures with uncorrected p-value of less than 0.05, computed based on a t-test of mixed model
coefficients employing the Satterthwaite approximation for degrees of freedom. T-values greater than 5 or less than -5 were clamped by the
colour bar for display purposes. The slice indicator on the top left corner shows the location of the coronal cross-section slices. CP: cerebral
peduncle. OFC: orbitofrontal cortex. Str: striatum. CCx: cingulate cortex. M2: secondary motor cortex. CA3: hippocampal CA3 region. Amyg:
amygdala.
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DISCUSSION
Our data demonstrate that exposure to high-fat or high-fat/high-
sugar (i.e., WD) parental diet during gestation and lactation has small
but long-lasting effects on offspring brain structure, with impact still

seen well into adulthood. Exposure to the WD or HFD over an 8-week
period induced significant weight gain in parentmice, consistent with
previous literature [21, 44]. The dams were maintained on these diets
throughout gestation and lactation, and this exposure resulted in

A. B.

C. D.

E. F.

Fig. 3 Diets induced different trajectories of brain structure development in relative volume. (A) The cerebral peduncle relative volume
was significantly affected by both WD and HFD at late postnatal period (P14), but this difference disappeared post weaning. B The cingulate
cortex relative volume was increased in WD and HFD offspring from neonatal development (P3) and persisting into later adulthood (P150).
The diet effect on (C) the habenular commissure and (D) the hippocampal CA3 region emerged in the pubertal period (P28) and persisted
through development. (E) WD effect on the hypothalamus at P3 was different based on offspring sex. (F) The corpus callosum relative volume
was significantly larger in HFD offspring compared to WD offspring at neonatal timepoint (P3) but this appeared to be only transient. Number
of mice represented are as follows: CD (20 M/16 F), WD (18M/14 F), and HFD (20 M/16 F). A logarithmic x-axis was used in all the panels for a
more equal spacing between the timepoints. All error bars represent 95% confidence intervals. The data points have been jittered horizontally
for visualization purposes.
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heavier offspring than those produced by CD-fed parents, though
weights then normalized over time once offspring were transitioned
to the control diet [21, 45]. Similarly, an observational study in
humans has also revealed that maternal pro-inflammatory diet
consumption during pregnancy led to increased offspring body mass
index and growth rate in childhood [46]. Consistent with previous
findings [21], we observed offspring brain structure changes into
adulthood despite early transition to a healthy diet and weight
normalization. Our data showed that structures involved in reward

processing were impacted in adulthood by parental diet, similar to
findings reported by Fernandes et al. [21]. We note, however, that the
Fernandes study showed a wider extent of brain regions impacted,
which we attribute primarily to differences in the specific diets used.
The persistence of offspring brain changes into adulthood due to
parental and early life diet evokes the broader theory of develop-
mental origins of health and disease, which hypothesizes that early-
life environmental exposures permanently influence health through-
out the lifespan [47, 48].

B. C.

D. E.

A.

F. G.

1   2  3  4   5  6
Cluster

OB
CCx32

CA3

Amyg

EC

Lob VI

Fig. 4 Clusters of structure relative volume change. A The structures were grouped into 6 clusters based on their pattern of relative volume
change through development and additional impact of perinatal diet exposure. The slice indicator on the top left corner shows the location of
the coronal cross-section slices. OB: olfactory blub. CCx32: cingulate cortex area 32. CA3: hippocampal CA3 region. Amyg: amygdala. EC:
entorhinal cortex. Lob VI: cerebellar lobule VI. B Cluster 1 consisted of subcortical structures whose relative volumes were collectively smaller
in WD and HFD offspring than CD offspring, mainly post weaning and into adulthood. C Cluster 2 consisted of subcortical structures with
minimal diet effects at pre weaning period. D Cluster 3 consisted of mainly cortical structures, whose relative volumes were collectively larger
in WD and HFD offspring from post weaning period and onwards. E Cluster 4 consisted of mainly cortical structures with varying diet effects
restricted to pre weaning period. F Cluster 5 consisted of hippocampal and cortical structures whose relative volumes were collectively smaller
in WD and HFD offspring, mostly post weaning and into adulthood. G Cluster 6 consisted of mainly cortical structures, whose relative volumes
were collectively larger in WD and HFD offspring throughout the entire developmental trajectory. A logarithmic x-axis was used in panels B-G
for a more equal spacing between the timepoints. All error bars represent 95% confidence intervals. The data points have been jittered
horizontally for visualization purposes.
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This study is novel in that we followed offspring brain
development longitudinally with MRI from birth to adulthood
with the aim of further defining the impact of perinatal diet
exposure. The time course of structure volume change has
potential translational implications. For example, we found that
many structures exhibited a volume change that emerged in the
late postnatal or peripubertal period. For these structures, one
wonders whether there is an early window of opportunity for
postnatal interventions in offspring to prevent/ameliorate some of
these changes. For example, future studies could explore exercise
or omega-3 fatty acid supplementation – reported to modulate
aspects of behaviour in NDDs and obesity-induced neuroinflam-
mation, respectively [49, 50] – as a strategy to mitigate structural
changes even after exposure to parental/early-life diet. Prevention
or remediation of the structural changes that we observe in the
early neonatal period (i.e., at P3), which correspond to late
gestational timepoints in humans, may require earlier interven-
tion, prior to birth [51]. In the context of our mouse study, it would
be interesting to also investigate maternal care behaviour.
Different diets might lead to changes in nursing, nesting or other
care behaviours that could influence subsequent offspring
neurodevelopment. Such differences, if also a factor for humans,
could also represent modifiable risks for brain development in
newborns [52].
In our analyses, we focused primarily on relative structure

volumes, which account for whole brain volume differences.
Generally, this accounts for biological variability and is more
sensitive to small regional changes or in circumstances with a high
degree of variability, such as seen in younger mice [23, 53]. Many
of the structures with observed changes at multiple develop-
mental timepoints in our data have previously been reported to
be altered in human NDD populations (Supplementary Table 2). A
few notable structures included the cingulate cortex [54–56],
hippocampus [55], and prefrontal cortex [54, 55], which together
play an important role in emotion, reward processing, social
cognition, decision making, and cognition [57–59]. Children with
NDDs have impairments of these functions, such as aberrant
reward processing [60] and emotional dysregulation [61] in ADHD,
social impairments in ASD [62], decision making deficits [63] in ID,
and cognitive deficits in ASD [64], ADHD [65], and ID [62].
Volumetric changes in these brain structures may suggest
underlying cellular changes that contribute to the reported
functional deficits.
Interestingly, most of the structures with increased relative

volume (e.g. cingulate cortex, orbitofrontal cortex, secondary motor
cortex, primary somatosensory cortex) in adult WD or HFD offspring
were cortical regions, whereas the structures with decreased
volume (e.g. hippocampal CA3 region, striatum) were subcortical
regions. Larger cortical volumes may indicate an abnormality in the
typical pattern of cortical thinning during development, which is a
feature previously reported in the ASD population [66, 67]. However,
there has also been a report of decreased cortical thickness in
human ASD population, particularly in the temporal lobe [68], as
well as decreased cortical volume in adult mice with diet-induced
obesity, where the authors suggested a likely involvement of
microglia dysregulation [69]. A slightly reduced volume of the whole
brain as well as a greater volume reduction of subcortical structures
have been reported in the ADHD populations, where caudate,
putamen, and thalamus were found to be disproportionately
smaller [70]. These relationships require further study and may
provide insights into how parental diet [71] – and possibly obesity
and other maternal metabolic abnormalities – may increase
offspring NDD risk in humans.
Our relative volume findings demonstrate that the effects of

WD and HFD on offspring brain structure were largely similar,
especially later in development and into adulthood. We hypothe-
size that this similarity indicates the fat component of the diets
has more long-lasting effect on offspring than the sugar

component, as a high fat component was a shared feature of
the two experimental diets. The mechanism of the diet-induced
changes is not clear but may stem from the metabolic
environment and inflammation. It has been shown that obese
pregnant mice have increased levels of circulating insulin, leptin,
and cholesterol during late gestation [72], and maternal obesity
may also be accompanied by hyperglycemia [73]. Hence, the
offspring are exposed to increased levels of circulating nutrients
(e.g. glucose) and metabolic hormones (e.g. leptin, insulin), which
can also be passed onto the fetal circulation [74]. Appropriate
levels of nutrients and hormones are necessary for proper brain
development and maturation, and their excess or deficit may
disrupt normal developmental processes [75, 76]. Additionally,
obesity produces a state of low-grade chronic inflammation,
because the increase in adipose tissue mass leads to increased
secretion of inflammatory cytokines, such as interleukin-6 (IL-6),
interleukin-1β, and tumor necrosis factor-α (TNF-α) [77]. Studies
using a mouse model of HFD-induced maternal obesity found
elevated IL-6 levels in the maternal serum [78, 79] and the
placenta [79] at late gestation, along with an increase in cytokine
levels in fetal circulation [79]. Pro-inflammatory cytokines may
result in direct injury to neurons and oligodendrocytes or act
indirectly through microglial activation, which can damage
surrounding cells with the secretion of pro-inflammatory cytokines
and free radicals [80]. The disruption of early brain development
due to inflammatory processes could result in long-lasting
consequences as observed in this study.
Our studies have utilized a mouse model to allow us to study

impact of diet while holding other variables constant. Further
study of the model could explore the influence of age at time of
parental diet exposure as well as age at pregnancy to determine
how these might modulate diet impact on the brain. It would also
be of interest in future studies to investigate how controlled
dietary exposures, as demonstrated here, affect brain structure
development in different contexts, as other lifestyle factors,
environmental exposures, underlying genomic variations, and
their interactions also contribute to NDD development [81]. Future
mouse studies could also assess parental diet as an added risk
factor in the context of genetic mouse models of NDDs, allowing
such interactions to be probed experimentally without the
confounding variability inherent in human studies. For example,
a post-weaning HFD exposure altered dopamine signaling in the
BTBR mouse model of ASD and elevated inflammatory processes
in the Cc2d1a conditional knockout mouse model of ASD,
resulting in exacerbation of behavioral abnormalities [82, 83].
Gestational and neonatal dietary exposures and neurodevelop-
mental brain structure changes in these contexts would be
valuable to further our understanding of the mechanistic
associations with NDD risk. It would also provide an experimental
setting to investigate possible interventions [79].
In summary, we utilized MRI in a mouse model of parental diet

exposures to enhance our understanding of how early-life diet
affects offspring neurodevelopment from birth to adulthood. The
effects of diet during gestation and lactation on offspring brain
structure emerged early and were long-lasting, even after
transitioning to a healthy control diet at weaning. Many brain
structures, including both cortical and subcortical regions, showed
different trajectories of volume change after perinatal diet
exposure, some of which overlap with brain differences previously
reported in human NDD populations. Since diet represents a
modifiable risk factor for NDDs in humans, these findings highlight
the importance of dietary considerations gestationally and
provide a means of exploring intervention experimentally.
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