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Obesity has long been identified as a global epidemic with major health implications
such as diabetes and cardiovascular disease. Maternal overnutrition leads to significant
health issues in industrial countries and is one of the risk factors for the development
of obesity and related disorders in the progeny. The wide accessibility of junk food in
recent years is one of the major causes of obesity, as it is low in nutrient content
and usually high in salt, sugar, fat, and calories. An excess of nutrients during fetal
life not only has immediate effects on the fetus, including increased growth and fat
deposition in utero, but also has long-term health consequences. Based on human
studies, it is difficult to discern between genetic and environmental contributions to
the risk of disease in future generations. Consequently, animal models are essential
for studying the impact of maternal overnutrition on the developing offspring. Recently,
animal models provided some insight into the physiological mechanisms that underlie
developmental programming. Most of the studies employed thus far have focused only
on obesity and metabolic dysfunctions in the offspring. These studies have advanced
our understanding of how maternal overnutrition in the form of high-fat diet exposure
can lead to an increased risk of obesity in the offspring, but many questions remain
open. How maternal overnutrition may increase the risk of developing brain pathology
such as cognitive disabilities in the offspring and increase the risk to develop metabolic
disorders later in life? Further, does maternal overnutrition exacerbate cognitive- and
cardio-metabolic aging in the offspring?
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INTRODUCTION

The prevalence of obesity is increasing worldwide and has reached epidemic proportions posing
a major problem for healthcare (Ng et al., 2014; Hruby and Hu, 2015). The last World Health
Organization (WHO) report classified 1.9 billion adults worldwide as overweight and more
than 650 million as obese (WHO, 2020). Obesity is associated with an increased incidence
of comorbidities like dyslipidemia, hypertension and type 2 diabetes mellitus (T2DM; Hruby
and Hu, 2015). These conditions are associated with higher cardiovascular disease risk and
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mortality. A particular concern emerged in the past two decades,
namely obesity during pregnancy (Heslehurst et al., 2010;
Huda et al., 2010; Gregor et al., 2016; Lindberg et al., 2016;
Kominiarek and Peaceman, 2017). Nearly two thirds of women of
childbearing age (19–44) are overweight and 36.5% are obese. It
is therefore not surprising that this epidemic also affects children
of all ages with nearly 38 million children under the age of 5 years
classified as overweight or obese (WHO, 2020). It is already
known that the obesity epidemic cannot be explained only as a
result of an affluent lifestyle, reduced physical activity or a genetic
predisposition (Albuquerque et al., 2017; Sheikh et al., 2017).
Evidence has suggested that it may originate from environmental
factors present already early in development during fetal life.
In the early 1980s the Barker hypothesis, also referred as the
“developmental origins of adult disease,” alluded to an association
between fetal undernutrition and low birth weight with the risk
of developing adult obesity, including the metabolic syndrome
and cardiovascular disease (Barker et al., 1990; Barker, 2007).
Programming is a process whereby an insult at a critical time
period of development has lifelong significance. According to the
Barker hypothesis, variations in the transfer of food from the
mother to her baby have profound and long-term implications
for the health of the next generation (for review see McMillen
et al., 2005). Since the original observations of David Barker,
various human and animal studies shifted their investigations to
studying the effects of maternal overnutrition and obesity, since
diets high in calories and fats combined with limited physical
activity and increased sedentary behavior have become more
prevalent in developed as well as under-developed countries.
Conforming to this hypothesis, studies in the past two decades
suggested a link between maternal obesity and/or overnutrition
during pregnancy and the increase risk of obesity later in life
(Kominiarek and Chauhan, 2016). Epidemiological studies report
a positive relationship between weight at birth and adult body
mass index (BMI). Moreover, maternal BMI, in particular its
increase during pregnancy is positively related to obesity in
the offspring as babies, through childhood and into adulthood
(Lawlor et al., 2007). More specifically, in a United States cohort,
maternal first-trimester obesity led to a two- to threefold increase
in the risk of childhood obesity in their progeny; 24% of the
children of obese mothers were themselves obese at age 4,
compared with 9% of the children of normal-weight mothers
(Whitaker, 2004). A maternal hypernutritional state, due to
pre-existing T2DM, gestational diabetes or obesity, generates
a long-term risk of obesity for the child. Gestational weight
gain, irrespective of pre-pregnancy body mass, is positively
associated with obesity in 3 years old children (Oken et al.,
2007). Maternal obesity increases a child’s risk for developing
obesity as a consequence of either shared genes, environmental
factors, or a combination of both. Parents not only create food
environments for their children but also influence their eating
behaviors, taste preferences, and food choices (Kral and Rauh,
2010). The in utero environment, which profoundly affects the
fetal developmental processes, is considered as important as
genes or family habits in determining the predisposition to
long-term health outcomes. Thus, the in utero environment is
a key player leading to increased risk of obesity, T2DM and

cardiovascular disease in the adult offspring upon exposure
to increased nutrient supply before birth (Reynolds et al.,
2013; Godfrey et al., 2017). A relation between different insults
during pregnancy, including famine, different types of infections,
prenatal stress, obstetric complications, smoking, were shown
to impact the adult life of the progeny (Boksa, 2004). However,
it appears virtually impossible in human studies to establish
a cause-effect relationship, to disentangle the direct effects of
maternal obesity from the influence of shared genes and postnatal
lifestyle on the developing child. Therefore, animal models are
necessary to answer these crucial questions and generate results
that then may be translated to humans.

This review will summarize findings on the long-term effects
of maternal overnutrition and obesity on metabolic states and
cognitive function in the offspring from human and rodent
studies. It will also try to identify whether one trait can be the
consequence of the other.

THE MATERNAL
OVERNUTRITION/OBESITY ANIMAL
MODEL

Maternal obesity can be induced by exposing female animals to
different nutritional diets for example hyperenergetic and highly
palatable diets such as high-fat (varying between 45 and 60%
calories from fat) (Tozuka et al., 2009, 2010; Peleg-Raibstein
et al., 2012, 2016; Kang et al., 2014; Graf et al., 2016; Janthakhin
et al., 2017; Robb et al., 2017; Sarker and Peleg-Raibstein, 2018;
Sarker et al., 2018, 2019a,b; Wolfrum and Peleg-Raibstein, 2018;
Moreton et al., 2019; Zieba et al., 2019), a combination of high-
fat high-sugar diet, high-sugar diet or a cafeteria diet which
supplement the normal chow diet with a variety of palatable
foods (Wright et al., 2014; Ribeiro et al., 2018; Lewis et al., 2019;
Moreton et al., 2019). These different diets promote weight gain
and depending on the length of exposure induce obesity and
other metabolic disorders to the mother. These diets are trying
to mimic the human modern food habits and consumption. Each
of these types of diets have their advantages and disadvantages.
For example, in the high-fat diet (HFD) and high-fat high-sugar
diet (HFHS) models, the macronutrients and micronutrients
contents can be controlled between the obesogenic diets and
the control chow diet. They are commercially available and
can be easily utilized. Whereas, the cafeteria diet model has
different variations depending on the laboratory and can be
tailored depending on the specific research question and adapted
accordingly. Female mice exposed to the cafeteria diet gain
faster body weight and develop increased body fat composition
with changes of other metabolic markers (i.e., insulin levels,
triglycerides levels etc.) compared to the HFD model. However, in
this diet it is more difficult to control for intake of macronutrients
and micronutrients. In addition, by using this diet one needs
more careful planning and executing of the diet schedules
because otherwise the changes in diet composition throughout
the experiment will have too much variations.

An overview of the current literature on animal studies
investigating the effects of maternal obesity or overnutrition
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utilizes different maternal diets (as mentioned above) as well as
different exposure time periods such as exposure only during
gestation, only during lactation or prior to mating (conception)
and during gestation and lactation (Ghosh et al., 2001; Siemelink
et al., 2002; Buckley et al., 2005; Gregersen et al., 2005; Khan
et al., 2005; Chen et al., 2008, 2009; Naef et al., 2008, 2011;
Dunn and Bale, 2009, 2011; Elahi et al., 2009; Morris and Chen,
2009; Niculescu and Lupu, 2009; Tamashiro et al., 2009; White
et al., 2009; Bilbo and Tsang, 2010; Chechi et al., 2010; Gregorio
et al., 2010; Vucetic et al., 2010; Ashino et al., 2011; Dunn
et al., 2011; Simar et al., 2011; Strakovsky et al., 2011; Wahlig
et al., 2011; Zhang et al., 2011; Peleg-Raibstein et al., 2012, 2016;
Vogt et al., 2014; Sarker and Peleg-Raibstein, 2018; Sarker et al.,
2018, 2019a,b; Wolfrum and Peleg-Raibstein, 2018; Zieba et al.,
2019). In addition, also the time periods of exposure prior to
mating differ between the studies. Thus, these studies have led
to considerably inconsistent metabolic and behavioral outcomes
in the offspring.

THE LONG TERM-EFFECTS OF
MATERNAL OVERNUTRITION ON
COGNITIVE FUNCTION OF THE
OFFSPRING

With rates of global obesity constantly increasing, maternal
obesity, and excessive gestational body weight leading not only
to obesity but also to other long-term health outcomes such as
cardiovascular disease and mental disorders including cognitive
decline in the progeny. In the past few years, human studies
linked maternal obesity with cognitive abnormalities in the
offspring (for review, Van Lieshout, 2013; Contu and Hawkes,
2017). More specifically, maternal obesity was linked to reduction
in child intelligence quotient (IQ) scores (Neggers et al., 2003;
Gage et al., 2013; Bliddal et al., 2014; Pugh et al., 2015), cognitive
test scores (Tanda et al., 2013), impaired neuropsychological
development (Hinkle et al., 2012; Casas et al., 2013; Huang
et al., 2014) and autism spectrum disorder and other intellectual
disabilities (Brion et al., 2011; Li et al., 2016; Kong et al., 2020)
in the children. Additionally, other studies suggested that an
association might exist between maternal obesity and increased
symptoms of attention-deficit hyperactivity disorder (ADHD) in
children (Rodriguez et al., 2008; Rodriguez, 2010; Buss et al.,
2012; Jenabi et al., 2019; Kong et al., 2020; Li et al., 2020; Robinson
et al., 2020). Although the association between maternal obesity
and offspring’s cognitive disabilities was described, the current
literature is still scarce, and findings are inconsistent (Brion
et al., 2011; Keim and Pruitt, 2012; Van Lieshout, 2013; Bliddal
et al., 2014). The underlying mechanisms leading to a higher
susceptibility of the progeny to develop cognitive abnormalities
later in life is still unknown. The observed cognitive impairments
in the adult offspring could also be a result of obesity. Therefore,
the understanding how maternal weight and weight gain might
contribute to offspring’s cognitive development is important,
however, knowledge gaps remain. It was shown that excessive
food intake and obesity leads to increased risk for cognitive

impairments and to various types of neurodegenerative dementia
(Stranahan and Mattson, 2008; Sellbom and Gunstad, 2012;
Wraw et al., 2018). Therefore, to date, it is still not clear whether
the cognitive decline is a trait that precede obesity and/or the
metabolic syndrome, or whether the metabolic state itself is
leading to cognitive disabilities. Another important question is
whether maternal overnutrition exacerbate aging, metabolically
and cognitively in subsequent generations.

Maternal nutrition is important for an optimal
neurodevelopment of the offspring. In recent years, an increased
interest emerged looking at the effects of maternal nutrition
and offspring cognitive function. When assessing learning and
memory, most of the studies investigated the effects of maternal
overnutrition and obesity by examining hippocampal-dependent
learning and memory mainly employing the Morris water maze
paradigm. Bilbo and Tsang (2010) demonstrated that maternal
diet high in either saturated or trans fats induced increased
spatial memory performance and a concomitant increased
inflammation within the hippocampus compared to control
offspring. In contrast, decreased spatial memory performance in
the Barnes maze was found in young and adult offspring born
to obese mothers (Tozuka et al., 2010). Similar impaired spatial
memory performances were observed in offspring exposed to
a HFD throughout both the pre- and postnatal period (White
et al., 2009; Page et al., 2014; Lépinay et al., 2015). Working
memory assessment employing the novel object recognition
task also lead to contradictory findings between studies. One
study described reduced novel object exploration in young
adult offspring exposed to maternal HFD (MHFD) (Graf et al.,
2016) while offspring exposed to maternal cafeteria diet during
lactation reported increased novel object exploration (Wright
et al., 2014). Another study employing exposure led to a wide
spectrum of cognitive abnormalities in an age-depend manner
in the offspring (Wolfrum and Peleg-Raibstein, 2018). The
behavioral abnormalities observed in the adult offspring readily
suggests that the perturbations caused by MHFD exposure are
diverse and fundamental to normal brain development. It was
shown that offspring exposed to MHFD were severely impaired
in acquisition of avoidance learning in an aversive learning task,
a two-way active avoidance paradigm, as compared to control
offspring at adulthood (Wolfrum and Peleg-Raibstein, 2018)
while working memory and fear memory remained intact (Peleg-
Raibstein et al., 2012; Wolfrum and Peleg-Raibstein, 2018) during
adulthood and impaired in aged-adult HFD offspring (Wolfrum
and Peleg-Raibstein, 2018). This study had several unique
strengths: the longitudinal nature allowed to assess offspring
cognition at different developmental ages utilizing different
behavioral cognitive testing. The authors could pinpoint when
different cognitive dysfunctions such as working memory, spatial
memory and associative memory were evident. In summary all
these findings can show that cognitive abilities can be influenced
by obesity of the offspring. Most of these behavioral tests are
dependent of hippocampus function (Vorhees and Williams,
2014). A brain region important in cognitive processing, learning
and memory and that was also shown to be sensitive to changes
in dietary energy intake (Miller and Spencer, 2014) and in
aged-related cognitive ability (Gerstein et al., 2013). In addition,
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it was shown that exposure to a high-calorie diet in middle-aged
rats led to impaired hippocampus-dependent cognitive functions
such as spatial learning and which was accompanied by reduced
hippocampal neurogenesis and synaptic plasticity (Stranahan
et al., 2008). Since the development of the hippocampus is
sensitive to in utero nutritional insults, it is not surprising that
maternal HFD induced cognitive function impairments which
was associated with inhibition of hippocampal neurogenesis and
increased apoptosis in the offspring (Tozuka et al., 2009; Kim
and Park, 2018).

These discrepancies might be due to methodological
differences between the studies such as different gender used,
timing of maternal dietary exposure, strain of the animals,
different maternal diets employed, different testing protocols and
age of the offspring at the time of testing. Another important
consideration for the interpretation of the findings is that not all
of the maternal diets utilized induce differences in gestational
weight between female dams exposed to diet-induced obesity or
control diet with no difference in any other metabolic parameters
[i.e., fat mass, plasma glucose, insulin, triglycerides, cholesterol,
and FFA levels (Peleg-Raibstein et al., 2016)]. While other animal
models of maternal obesity lead to an obese state of the mothers
(Bilbo and Tsang, 2010; Tozuka et al., 2010; Simar et al., 2011).
This makes it difficult to dissociate between the direct effect of
maternal obesity and that of overnutrition leading to obesity
in the offspring.

Until now, relatively little is known about how maternal
overnutrition/obesity can lead to lifelong consequences in
cognitive abilities of the offspring. In this respect, this field
of research is still in its early stages, and additional studies
are required to examine the long-term effects of maternal
overnutrition/obesity on memory and learning abilities of the
offspring that may lead to advanced cognitive aging and also to
increased risk to develop Alzheimer’s disease (AD).

NUTRITIONAL PROGRAMMING OF
ALZHEIMER’S DISEASE AND RELATED
COGNITIVE DECLINE

To this date, investigations on the impact of maternal
overnutrition and maternal obesity on offspring cognitive
performance and mental health in animal models have focused
mainly on anxiety, depression and motivation with some
newer studies also examining the effects on learning and
memory. Alzheimer’s disease, the most common form of
dementia, is a chronic progressive neurodegenerative disorder
that develops slowly over decades. The observable pathological
brain changes and the symptoms often do not follow the
same time-course, which makes the diagnosis difficult. One
of the clinically observed symptoms is memory loss, with
the hippocampus and the cerebral cortex being the brain
regions primarily involved. Interestingly, classic clinical studies
indicate that human AD is also associated with damage in
brain areas related to nutrient-sensing and the motivation to
move, especially the hypothalamus which is also linked to
the ability to form memories (Ishii, 1966; Saper and German,

1987). The exact etiology of AD is still not fully understood,
however, ample evidence points to amyloid-beta peptide (Aβ)
as a key player in the pathogenesis of AD and is the earliest
lesion in the disease process (Hardy and Higgins, 1992; Ballard
et al., 2011). In the past, AD was thought to be a disease
that developed in later life, but there is increasing evidence
that the disease probably begins many years before clinical
symptoms appear. Thus far, very little is known about this
“silent” stage of the disease. Exactly when AD begins, and
why some people get it and others do not, is still not fully
understood. There are many environmental risk factors, such
as nutrition, that are thought to have their major effects long
before the disease can be diagnosed (Killin et al., 2016). For
example, elevated dietary intake of fat has been shown to
increase the risk of developing AD and facilitate age-related
cognitive impairments (Luchsinger et al., 2002; Hooijmans and
Kiliaan, 2008; Gustafson, 2012). Therefore, it is not surprising
that obesity and consumption of a Western-style diet, especially
in mid-life, are associated with increased risk of AD later in
life (Laitinen et al., 2006). The prevalence of AD is greater
in countries with a high intake of high-fat/high-calorie diets
and lower in those that consume low-fat diets (Grant, 1999;
Panza et al., 2004). Recently, evidence suggests that maternal
diet may also impact accelerating aging and (McAninch et al.,
2020) the subsequent appearance of AD in late life (Borenstein
et al., 2006; Lahiri et al., 2008; Miller and O’Callaghan, 2008;
Tolppanen et al., 2016). In the previous section we discussed the
association from human studies and evidence from preclinical
animal models between maternal obesity and unhealthy eating
with cognitive impairments and disturbances of cerebral cortex
and hippocampus function (Van Lieshout et al., 2011; Van
Lieshout, 2013; Cordner and Tamashiro, 2015; Contu and
Hawkes, 2017). These leads to neuropsychological impairments
as deficits in attention, working memory and executive function.
However, to date the underlying mechanisms linking maternal
diet to these pathophysiological changes of the brain and
behavior are not fully understood. As obesity is a risk factor
for AD and excessive intake of fats in adulthood worsen
AD in animal models (Tolppanen et al., 2016; Baranowski
et al., 2018; Lloret et al., 2019), it is possible that maternal
overnutrition affects the development of AD in the offspring.
Animal models are fundamental for our understanding the
effects of an obesogenic environment during fetal life and
the effects depend on multiple and not-exclusive pathways
that may lead to long-term neuropathological outcomes. Thus,
by employing the overnutrition/obesity animal model with a
common genetic background, carefully controlled dietary and
activity conditions and a controlled postnatal environment is
fundamental for examining how overnutrition prior and during
pregnancy increases the development of obesity, cardiometabolic
disease and the risk to develop AD in the offspring. Thus far
only a handful of preclinical studies investigated the impact of
maternal overnutrition/obesity on AD-like cognitive pathology.
It was shown that MHFD led to impairment in memory in
2- and 12-month-old triple transgenic mouse model of AD
(3xTgAD) offspring compared to control offspring (Martin
et al., 2014). The memory impairments were accompanied by a
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significant increase in the number of hippocampal tau positive
neurons. These findings may imply that MHFD can induce
the onset and progression of AD later in life (Martin et al.,
2014). In addition, it was demonstrated that the pathological
AD marker, clearance of the β-amyloid peptide, was impaired in
brains of MHFD offspring (Hawkes et al., 2015). Additionally,
offspring born to MHFD Tg2576 mothers (i.e., the Tg2576
mouse model of AD which express the Swedish mutation in the
human amyloid precursor protein) developed higher levels of
hippocampal β-amyloid pathology compared to control offspring
(Nizari et al., 2016).

A LINK BETWEEN CENTRAL LIPIDS AND
COGNITIVE FUNCTION?

The brain is the most cholesterol rich organ in the body. The
majority of central cholesterol accumulates during embryonic
development and in the early postnatal period, while the
metabolism of cholesterol in adulthood is characterized by a low
turnover and minimal loss of cholesterol (Zhang and Liu, 2015).
Brain cholesterol is proposed to be derived by de novo synthesis,
since only small amounts of plasma cholesterol can transfer
through the blood–brain barrier (BBB; Dietschy and Turley,
2001). Cholesterol supply to the central nervous system (CNS)
is believed to be mediated by astrocytes and microglia, which
predominantly secrete cholesterol and phospholipids together
with apolipoprotein E (ApoE). ApoE, a protein involved in
fats metabolism in the body, in turn serves as a ligand for
these lipoproteins to affect the uptake of lipoproteins via the
low-density lipoprotein receptor (LDLR) and the lipoprotein
related protein (LRP; Lane-Donovan et al., 2014). Currently
it is believed that ApoE-containing lipoproteins redistribute
lipids and regulate cholesterol homeostasis within the brain
(Mahley, 2016b). As cholesterol is essential for normal brain
function including learning and memory, dysfunction in central
cholesterol metabolism might lead to deficiencies that will
induce structural and functional brain disorders such as AD
(Kim et al., 2009a; Mahley, 2016a; Yamazaki et al., 2019). In
this context, the expression of ApoE in the brain concomitant
with LDLR function has been implicated. For example, one
study demonstrated that overexpression of ApoE in the brain
had beneficial effects on cognitive function as well as neural
circuit function by enhancing the clearance of Aβ (Cramer
et al., 2012). Furthermore, LRP1 forebrain knockout mice
show alterations in central lipid metabolism in brain regions
important for cognitive function paralleled with impairments
in memory (Liu et al., 2010). In addition, neuron-specific 2
(LPL) deficient mice display learning and memory deficits (Xian
et al., 2009) and overexpression of brain LDL receptors reduces
amyloid deposition and may represent a novel treatment for AD
(Kim et al., 2009b). Thus, current evidence points to the fact
that central cholesterol homeostasis is important for cognitive
function. However, the link to peripheral cholesterol metabolism
is not yet understood. More specifically, it remains unknown,
by which mechanisms lipoproteins are produced in the brain
and whether there may be a transport or a link to cholesterol

precursors across the BBB thus connecting central and systemic
lipid homeostasis?

THE EFFECTS OF MATERNAL HFD
EXPOSURE AND THE INCREASED RISK
FOR CARDIO-METABOLIC DISEASE IN
THE OFFSPRING

In human epidemiological studies maternal BMI was positively
correlated with cardiovascular events and premature death in
the progeny (Reynolds et al., 2013). Maternal overnutrion/obesity
was shown to induce a cardiometabolic phenotype (increased fat
disposition, alterations in plasma metabolic markers, increased
body weight, hyperinsulinemia, and fasting glucose levels)
(Godfrey et al., 2017). In preclinical studies offspring born
to over nourished mothers showed increased risk to develop
cardiovascular pathology compared to their control counterparts
(Samuelsson et al., 2008; Liang et al., 2009; Blackmore et al., 2014;
Loche et al., 2018).

In order to try to investigate how maternal
overnutrition/obesity influences the cardio-metabolic function
of the offspring the body weight is not always a predictor
of body composition. Some studies have shown that, despite
similar body weights of the offspring of over nourished mothers
and control offspring, elevated percentages of body fat can
be detected (Buckley et al., 2005; Howie et al., 2009). These
findings suggest that elevated body fat percentages may be
more likely a result of reduced lean mass than an increase in
fat mass per se. The pathophysiological processes underlying
a cardio-metabolic state (obesity, diabetes, and cardiovascular
dysfunction), cognitive decline and structural brain changes
are most likely multifactorial. There are some evidence that
inflammation (i) may be the cause of decline in cognitive
processes in aging (Cornejo and von Bernhardi, 2016), (ii) is
a risk factor for acceleration in cognitive decline (Stacey et al.,
2015), and (iii) may be a cause for neurodegenerative disorders
(Schain and Kreisl, 2017). Inflammation may cause alterations
in brain structures such as reduced hippocampal and prefrontal
volume (Bruehl et al., 2009), decrease in white matter (Kullmann
et al., 2016), and reduction in total brain volume (Jefferson et al.,
2007). In addition, inflammation processes were also associated
with obesity and the metabolic syndrome (Guillemot-Legris
and Muccioli, 2017). Taken together, these findings may suggest
that one potential mechanism for explaining the exacerbation
of cognitive decline observed in the offspring is alteration in
pro-inflammatory markers in plasma and/or brain (Contu
and Hawkes, 2017). Expression of brain pro-inflammatory
markers such as TNFα, IL1, and IL-6 will in brain structures
that predominantly underline memory, learning, and attentional
processes, such as the hippocampus, prefrontal cortex, and the
hypothalamus in different age stages of the offspring will enable
the identifications of how longitudinal changes in inflammation
markers might correlate with cognitive acceleration and/or
cardiovascular dysfunction. C-reactive protein (CRP) is acting
as an indicator for inflammation. In humans increased levels of
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circulation CRP was associated with reduced cognitive function
and is used as a marker to predict future risk for stroke and
ischemic attack (Kuo et al., 2005).

There is still very little known on the role of circulating
lipoproteins and cholesterol on neuropathological disorders, such
as aging and cognitive decline on the one hand and increased
risk to develop cardiovascular disorders on the other hand.
Enhancing our understanding on the role and function of
lipoproteins and cholesterol in the brain and their transport to
the brain, may have an enormous impact in this field. In addition,
a potential target for treatment for age-related cognitive and
cardio-metabolic disabilities.

CONCLUSIONS AND FUTURE
DIRECTIONS

The epidemic of obesity is spreading fast through developed
and developing countries. The latest projections from the WHO
predict that 1 in 10 is obese (this is an average as in developed
countries it is considerably higher). Obesity is a dangerous
condition because it creates a permissive environment for
many other health-related diseases, such as type 2 diabetes,
hypertension and heart disease. Even more worrying are the
facts that health problems not only affect the adult population,
but also children (Ogden et al., 2014). Childhood obesity is
of major concern because it will most likely be translated
to higher rates of adult obesity and related comorbidities
such as diabetes and cardiovascular disease (Freedman et al.,
2007; Li et al., 2008; Pulgarón, 2013). Growing evidence in
the past two decades has shown that maternal overnutrition
and/or obesity has a long-term impact on offspring health,
demonstrating that the in utero environment might be a key
determinant of long-term health outcomes. However, that far
epidemiological human studies cannot distinguish between the
effect of overnutrition during pregnancy and postnatal nutrition
(such as an obesogenic household). Many human studies
investigating the long-term implications of developmental insults
on the health of the offspring (such as famine or infection),
can point to causality since the insults occur during a specific
point in time, while the rest of the pregnancy and childhood is
normal. In the case of maternal overnutrition in humans, there
is chronic consumption of palatable food during pregnancy that
continues into childhood and adolescence, thereby preventing
a conclusive association between the metabolic phenotype of
the adult offspring exposed to prenatal overnutrition. There are
several other limitations to human observational studies due to
methodological differences in the publish research that make
conclusion difficult or impossible such as socio-economic factors,
adjustment for maternal intelligence, inadequate reporting of

nutrition evaluations (through self-reported questionnaires),
sample selection, low power due to a small sample size, etc.
Thus, the establishment of the effect of maternal overnutrition
on the offspring can only be studied in isolation in animal
models. The health consequences of in utero exposure to
maternal overnutrition on future generations are thus an area of
intense research.

Until now, there are a few intervention studies utilizing the
maternal obesity animal model. Those studies employ dietary
(for review Zambrano et al., 2010; Nathanielsz et al., 2013; Kang
et al., 2014; Liu et al., 2020), physical exercise (Carter et al., 2012;
Vega et al., 2015; Fernandez-Twinn et al., 2017)[151; 152; 153],
or therapeutic/supplementation interventions during different
developmental stages (Vickers et al., 2005; Sen and Simmons,
2010). Some of these studies report potential beneficial effects
on metabolic and cognitive outcomes in the offspring (Vickers
et al., 2005; Vickers and Sloboda, 2012). Different interventions,
a combination of approaches and the time of intervention may
act through different mechanisms, which limit the intervention
strategies to prevent the detrimental effects of maternal obesity.
To date there are only a handful of interventional human studies
that try to mitigate the health adversities in the offspring due to
maternal obesity (Han et al., 2012; Briley et al., 2014; Chiswick
et al., 2015; Poston et al., 2015, 2017; Thangaratinam, 2015;
Dodd et al., 2016).

Prevention of obesity in women of childbearing age and the
prevention of obesity during childhood are essential to fight the
global obesity epidemic. Further, it is of outmost importance to
elucidate the specific mechanisms linking in utero exposure to
an hyperphagic diet to the development of obesity as well as
cardiovascular disorders. The latter is the number one cause of
global mortality. Outcomes from animal studies have a potential
to unravel novel and yet unknown mechanisms involved in the
pathophysiology of cardio-metabolic disease and how they are
linked to cognitive impairments. A deeper understanding of
whether and how maternal overnutrition exerts noxious effects
on the health of the offspring may allow the identification of
new targets for future interventions against the development of
obesity-related cardiovascular disorders and neuropathology.
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