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PREFACE 

Vulnerability to mental illness might find its roots very early during development, already during fetal life. In 

fact, prenatal adversities can affect brain development by shaping neuronal circuits involved in stress  

responses, resulting in embedded biological traces that persist throughout life. In this perspective, maternal 

environment plays a pivotal role in driving fetal neurodevelopment, even more important than purely heritable 

genetic background.  

Chapter 1 of this thesis introduces the concept that maternal obesity - a growing public health issue - can be 

considered as a stressor that, by contributing to establish a sub-optimal intrauterine environment, may derange 

fetal neurodevelopment. We reviewed in detail clinical and preclinical evidence showing an association 

between the prenatal exposure to an “obesogenic environment” and a higher risk for the occurrence of 

neurodevelopmental and psychiatric disorders. 

An ever increasing body of evidence shows that similar mental health outcomes in the offspring have been 

observed as a result of either maternal obesity or maternal distress during pregnancy. Thus, in Chapter 2 we 

propose a “funnel effect” model hypothesizing that prenatal stressors of different nature might trigger shared 

stress-responsive pathways affecting neuroendocrine system, immune-inflammatory processes and energy 

metabolism regulation, ultimately resulting in increased vulnerability to psychopathology.  

Chapter 3 and Chapter 4 (original studies) investigate the shared biological mechanisms underlying the above-

mentioned stressors and their effects during specific time windows across neurodevelopment in two C57Bl6/N 

mouse models of maternal psychophysical stress (PNS) and maternal obesity (mHFD). We focused on 

oxidative stress as a central player driving fetal brain programming by adverse prenatal conditions. Also for 

this reason in our mouse models, we administered as preventive strategy the antioxidant N-acetyl-cysteine 

(NAC) to protect fetal neurodevelopment from stress-derived derangements. 

In particular, when we focused on the short-term effects, we found a widespread pro-inflammatory profile in 

fetal brains exposed either to PNS or mHFD - with females being more susceptible - to be associated to 

placental dysfunctions (Chapter 3). Moreover, investigation of the long-term effects of PNS and mHFD 

specifically during adolescence showed similar effects in the offspring, characterized by reduced brain anti-

oxidant defenses and impairments in hippocampal Bdnf levels, overall leading to alterations in the emotional 

behavior and hypothalamic-pituitary-adrenal axis functionality, in a sex-dependent fashion. Maternal NAC 

administration, by restoring the redox balance, showed long-term protective effects on brain development 

(Chapter 4).  

Together, our findings contribute to support our original “funnel effect” model to explain the converging 

effects of different stressors on offspring brain development. Above all, a pivotal role of redox signalling was 

highlighted as the orchestrator of a synchronized response to early adversities by the neuroendocrine and the 

immune system, among others. In addition, we unveil clear sex-specific differences that drive the programming 

effects of prenatal stressors on neurodevelopment.  
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Abstract 

Maternal obesity plays a key role in the health trajectory of the offspring. Although research on this topic has 

largely focused on the potential of this condition to increase the risk for child obesity, it is becoming more and 

more evident that it can also significantly impact cognitive function and mental health. The mechanisms 

underlying these effects are starting to be elucidated and point to the placenta as a critical organ that may 

mediate changes in the response to stress, immune function and oxidative stress. Long-term effects of maternal 

obesity may rely upon epigenetic changes in selected genes that are involved in metabolic and trophic 

regulations of the brain. More recent evidence also indicates the gut microbiota as a potential mediator of these 

effects. Overall, understanding cause-effect relationships can allow the development of preventive measures 

that could rely upon dietary changes in the mother and the offspring. Addressing diets appears more feasible 

than developing new pharmacological targets and has the potential to affect the multiple interconnected 

physiological pathways engaged by these complex regulations, allowing prevention of both metabolic and 

mental disorders. 
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Introduction 

Overweight and obesity are dramatically rising in low- and middle-income areas, particularly in urban settings 

(https://www.who.int/end-childhood-obesity/publications/ echo-report/en/). The prevalence of obesity is 

increasing across all populations and age groups: although genetic factors may play a role in modulating 

vulnerability to weight gain and fat accumulation, they cannot explain the exponential increase in obesity we 

are currently witnessing (Congdon, 2019). Indeed, globalization and urbanization have gradually led to the so-

called nutrition transition i.e. a reduction of physical activity associated with the increase in consumption of 

low-cost and easily accessible ultra-processed, energy-dense, nutrient-poor foods (https://www.who.int/end-

childhood-obesity/publications/ echo-report/en/). Such a spread of unhealthy lifestyles results in energy 

unbalance that favors fat storage, eventually strengthening the ground for the settlement of obesogenic 

environment (Townshend and Lake, 2017). 

Maternal obesity affects 30% of pregnant women and excess weight gain occurs in 40% of gestations. The 

‘‘Commission on Ending Childhood Obesity” (established by WHO) in its 2016 final report, has tackled the 

early life environment (including preconception and pregnancy) as a critical time for long-lasting and trans-

generational effects of the metabolic derangement underlying obesity – and the associated comorbidities – as 

well as a window of opportunity to prevent them (https://www.who.int/end-childhoodobes ity/ 

publications/echo-report/en/). Although a great deal of research has focused on the mechanisms that can lead 

to offspring obesity, there is also evidence for an effect of maternal obesity on cognition and mental health of 

the offspring (Rodriguez, 2010; Buss et al., 2012; Hinkle et al., 2012, 2013; Casas et al., 2013; Rivera et al.,  

2015). Indeed, exposure to maternal obesity or to an unhealthy maternal diet and metabolic diseases (diabetes 

and hypertension), can all increase the risk of for later-life cognitive disabilities and psychiatric disorders such 

as attention deficit hyperactivity disorder (ADHD), autism spectrum disorders (ASDs), anxiety, depression, 

schizophrenia and eating disorders in the offspring (Buss et al., 2012, Hinkle et al., 2012, Hinkle et al., 2013, 

Yatsunenko et al., 2012, Rivera et al., 2015, Dinan and Cryan, 2017). 

Obesity in pregnancy results in neuroendocrine, metabolic and immune/inflammatory changes which can 

affect fetal exposure to hormones and nutrients, disrupting the development of those neural pathways critical 

for the regulation of behavior and cognition. Inflammation during pregnancy may alter functional connectivity 

and may be associated with altered behavioral regulation and reduced working memory performance in early 

childhood. Changes in microbiota composition as a result of maternal obesity may play a role in these effects.  

Indeed, the gut microbiota develops and stabilizes in early life phases (Yatsunenko et al., 2012), which are 

crucial for the programming of tissues and organs, including the brain by e.g. modulation of the immune system 

(El Aidy et al., 2016, Dinan and Cryan, 2017) hormones, neurotransmitters and metabolites acting on brain 

physiology. 

Postnatal nutrition (also targeting microbiota) may represent an important strategy to counteract metabolic -

associated cognitive impairment. In fact, the beneficial effects of diets, nutrients and foods (e.g. Mediterranean 

diets, omega-3) on mental health and cognitive performance are starting to be recognized (Bruce et al., 2002, 
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Dimmitt et al., 2010, Davari et al., 2013, Bellisario et al., 2014, Mrizak et al., 2014, Dinan and Cryan, 2016, 

Kelly et al., 2016, Milior et al., 2016, Patterson et al., 2016, Sherwin et al., 2016). 

This review will focus on the contribution played by maternal obesity in shaping the metabolic and behavioral 

phenotype of the offspring by affecting the developmental programming of the fetus. Main emphasis will be 

given to changes in oxidative stress (OS) pathways and epigenetic modifications as possible mechanisms 

mediating the effect of maternal obesity and early exposure to high caloric diets (e.g. westernized diet rich in 

fats and sugars, high fat diet – HFD). The most recent evidence coming from epidemiological and preclinical 

studies will be reviewed taking also into account the role played by maternal obesity in early programming of 

the offspring gut microbiota. Finally, the potentiality of strategies aimed at preventing/counteracting the 

negative effects of prenatal obesity will be considered, including antioxidants and probiotics/prebiot ic 

administration during pregnancy and to the offspring. 

 

Developmental Origin of Health and Disease (DOHaD) Evolutionary and epidemiological 

perspectives 

Mammalian development unfolds as a gradual process, which is continuously adjusted to the needs and 

challenges posed by the environment (in this review we will specifically focus on the intrauterine development) 

within the constraints of the genetic asset of the individual. From an evolutionary perspective, the elevated 

plasticity characterizing the developmental program is perfectly suited at generating a plethora of best adapted 

phenotypes that allow the perpetuation of the species with regard to the eco-ethological niches they will 

colonize (Bateson, 2001, Bateson et al., 2004). While such plasticity helps the individual to adjust to changes 

in the environment, it can also provide a substrate for increased vulnerability later in life, thus resulting in a 

double edge sward. The overall outcome of the developmental program will depend heavily upon the interplay 

among the genetic background of the organism, the intrauterine milieu and the stability of the extra-uterine 

(external) environmental conditions with respect to those that primed fetal developmental trajectories (Bateson 

et al., 2004). 

Indeed, early life experiences have the potential to become embedded biological traces in the animal’s 

physiology, resulting either in increased vulnerability or in a greater resilience for the onset of disease states. 

The seminal studies of Barker and colleagues have contributed to provide evidence for a strong association 

between environmental challenges during pregnancy, altered fetal growth and health outcomes later in life 

(Barker et al., 1993, Seckl, 1998) giving rise to the concept of the DOHaD. In fact, the observation that those 

regions in England characterized by the highest infant mortality (due to reduced birth weight) showed the 

highest rates of adult mortality from cardiovascular disease (CVD), led to the hypothesis that those babies who 

survived were at greater risk of CVD later in life (Barker and Osmond, 1986, Barker et al.,  1989, Barker et al.,  

1993). Most intriguingly, the relationship between reduced birth weight and the onset of diseases at adult age 

(e.g. hypertension or type 2 diabetes - T2D) was unrelated to lifestyle risk factors (Osmond et al., 1993, Cirulli 
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et al., 1994, Leon et al., 1996, Harris and Seckl, 2011). In addition, studies on twins provided scarce evidence 

for a main role of genes in these associations (Baird et al., 2001, Bateson et al., 2004) indicating that 

vulnerability to adult diseases might rely upon fetal life experiences as a result of the redirection of the 

developmental trajectories. 

Although for historical reasons Barker’s theory was focused on the effects of prenatal undernutrition (see for 

instance the studies on the “Dutch famine” e.g. (Roseboom, 2019) and references therein), nowadays it is rather 

maternal obesity and its sequelae for metabolic and mental health that poses serious public health concerns 

(Jehn and Brewis, 2009, Congdon, 2019). Indeed, recent studies clearly suggest that maternal obesity, both 

before becoming pregnant and throughout gestation, is associated with negative short- and long-term health 

outcomes. Among all, a general developmental delay in children and poorer physical and mental abilities 

during aging are most often observed (see for instance the studies carried out on the Helsinki Birth Cohort 

(Berry et al., 2018a, Berry et al., 2018b, Eriksson et al., 2014, LifeCycle Project-Maternal et al., 2019, Mina 

et al., 2017, Westberg et al., 2016) with OS playing a key role as a mediator of both short and long-term effects 

(Berry et al., 2018a, Berry et al., 2018b, Edlow, 2017). Higher maternal body mass index (BMI) has been also 

associated with shorter telomeres length as assessed in the leukocytes of elderly women (Guzzardi et al., 2016). 

Moreover, umbilical cord gene expression profiling has identified patterns consistent with 

neurodegeneration/premature brain aging in fetuses of obese women (Edlow et al., 2016b) suggesting long-

term sequelae of early metabolic stress. To this regard, Alzheimer’s disease (AD), a neurodegenerative 

pathology affecting old age, has been recently defined as ‘Type-3-Diabetes’. In fact, recent evidence point to 

common molecular and cellular mechanisms linking type 1 diabetes, T2D and insulin resistance to cognitive 

deficits in old subjects, suggesting that an early obesogenic environment might set the stage for a shared 

vulnerability to both metabolic and mental health issues (Kandimalla et al., 2017). 

 

The obesogenic womb and its sequelae 

While for the mother the negative effects of obesity are readily observed as they may affect the ability to 

become pregnant and may also lead to obstetric complications, the effects on the offspring may not be 

immediately evident at birth although they have the potential to have both short- and long-term consequences 

(Alfaradhi and Ozanne, 2011, Tenenbaum-Gavish and Hod, 2013, Iozzo et al., 2014, Moussa et al., 2016, 

Contu and Hawkes, 2017). 

Most importantly, in addition to the effects on metabolic programming, long-term longitudinal and associative 

studies provide evidence for a direct association between prenatal metabolic stress and an increased risk to 

develop neuropsychiatric, mood disorders and cognitive disabilities (see Howell and Powell, 2017 and 

references therein). It should be mentioned that being obese during childhood may, by itself, trigger the onset 

of behavioral and emotional issues leading in turn to stigmatization and poor socialization, all conditions that 

may reduce educational attainment and trigger the onset or precipitation of psychiatric disorders (Pizzi and 
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Vroman, 2013, Miller et al., 2015). However, there is now evidence that, independently from offspring obesity, 

maternal obesity is associated with neurobehavioral problems in the offspring, although proving cause-effect 

mechanisms is rather hard in humans, given the confounds deriving from the many intervening (genetic and 

environmental) variables involved in these effects. Nonetheless, there are now quite a number of 

epidemiological studies indicating that compared to children born from mothers having normal weight, 

children of obese mothers have a greater chance to show behavioral problems or being diagnosed with a 

neurodevelopmental disorder, such as ADHD (Godfrey et al., 2017). Regarding cognitive deficits, studies on 

the UK Millennium cohort have provided evidence for a negative relationship between maternal BMI and 

children’s general cognitive ability at 7 years (Basatemur et al., 2013). A large synthesis and meta‐analyses of 

the literature has more recently evaluated the association between pre‐pregnancy overweight or obesity (in 

relation to normal weight) and subsequent childhood neurodevelopmental outcomes (Sanchez et al., 2018). 

This meta‐analysis supports previous preclinical and observational studies indicating that children born from 

mothers obese prior to and during pregnancy are at increased risk for neurodevelopmental disorders.  

Notwithstanding the above-mentioned evidence, it is rather difficult to establish whether maternal obesity 

affects neurobehavioral development in the offspring directly. In addition, maternal intelligence quotient, 

socio-economic status, breastfeeding vs. formula, maternal mental health, maternal diet and other postnatal 

lifestyle influences may concur to effects of maternal obesity (Soubry et al., 2013, Contu and Hawkes, 2017, 

Godfrey et al., 2017). These questions can be more easily asked using animal models which allow to 

distinguish the confounding variables present in human studies, which are mostly observational in nature. In 

animal models, maternal obesity is mainly modelled by feeding dams before and/or during gestation with HFD. 

Overall results from these studies enlarge and strengthen clinical and epidemiological evidence, indicating that 

offspring of obese mothers are characterized by social impairments, anxiety and depressive-like symptoms, in 

addition to cognitive disability and hyperactivity (Sullivan et al., 2015). One main important question that has 

being asked through preclinical models is whether pre-pregnancy obesity and maternal obesity exert the same 

effects on the offspring. This is an important point that can redirect prevention policies: it is much easier to 

address weight gain problems during pregnancy than acting upon an obesity condition that might be acquired 

much before gestation. A recent preclinical study appears to support epidemiological evidence indicating that 

prenatal and pregnancy windows have independent programming effects on the offspring. Preconception 

exposure affects body composition and adiposity while gestation exposure affects metabolism and tissue 

immune cell phenotypes (Chang et al., 2019). Overall, the current evidence suggests that pre-pregnancy 

obesity, rather than weight gain during gestation, may be most harmful to the fetus. 

The field is very complex as also shown by inconclusive evidence provided by a very recent meta-analysis 

addressing results coming from animal models (Menting et al., 2019). Indeed, while clear effects of maternal 

obesity were observed on locomotor activity and anxiety, both increased by the metabolic maternal challenge, 

no significant effect was revealed by the meta-analysis on learning and memory performance in the offspring 

(Menting et al., 2019). Although animal models may have some limitations, they are fundamental for 
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understanding that the effects of an obesogenic environment experienced during fetal life depend upon multiple 

and not-exclusive pathways, which may lead to long-term pathological outcomes. 

 

Mechanisms underlying fetal programming by maternal obesity 

In complex organisms there is a finely-tuned crosstalk between physiological and behavioral responses, 

ultimately leading to the avoidance or to the adaptation to challenges. While acute responses to short-term 

stressors are pivotal to restore homeostasis, the management of a chronic stress condition imposes a non-

negligible burden to the organisms (“allostatic load”) that might affect growth, metabolism, reproduction, 

inflammatory/immune and neuroendocrine function (McEwen, 1998, Seckl, 2004, de Kloet et al., 2005, 

Maccari and Morley-Fletcher, 2007). 

Pregnancy is a highly demanding task involving physiological adaptations leading to a shift in the homeostatic 

balance (Mannaerts et al., 2018). Such changes, which would result in a pathological state in non-pregnant 

women, are (usually) well tolerated in healthy (pregnant) subjects. Although obesity per se cannot be 

considered a pathological condition, it represents a major risk factor for the onset and/or precipitation of many  

metabolic and cardiovascular non-communicable diseases in addition to mood disorders (Chaput et al., 2012, 

Armani et al., 2017, Wurtman and Wurtman, 2018). Thus, being pregnant and obese at the same time may turn 

out to be an extremely stressful condition leading to a maternal allostatic load that will be affecting the fetus. 

This will engage multiple, not mutually exclusive, mechanisms (during sensitive developmental phases), 

affecting tissue organization and organs’ physiology in the offspring (Harris and Seckl, 2011, Iozzo et al.,  

2014). Among these mechanisms, hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis and the 

associated excessive glucocorticoids (GCs) secretion, OS and inflammation, as well as gut microbiota 

dysbiosis (just to mention a few) may all contribute to mediate the effects of maternal obesity, ultimately 

leading to vulnerability to neurodevelopmental and psychiatric morbidity in the offspring which could be 

embedded, through epigenetic changes, in selected genes. 

 

Maternal metabolic stress shaping brain development 

There is abundant preclinical and clinical evidence to indicate that adverse socio-economic conditions, in 

addition to physical, emotional or sexual abuse, are well-established risk factors for mood disorders (McEwen, 

2000, Roth and Sullivan, 2005, Raikkonen and Pesonen, 2009, Ehlert, 2013, McLaughlin et al., 2015, 

Roseboom, 2019). As the studies of Barker and colleagues (Barker et al., 1993, Seckl, 1998), previously 

detailed in this review, have listed body weight at birth within the set of risk factors that can increase 

susceptibility for adult diseases, maternal obesity needs to be listed as another yet adverse condition capable 

to affect offspring’s development. Although, counterintuitively, obesity may involve a form of 
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malnourishment, as it entails “poor nutrition”. Indeed, one has to consider that, even when food is relatively 

prevalent, it may lack vitamins, minerals or other fundamental nutrients. 

In order to understand the mechanisms underlying the detrimental effects of maternal obesity on brain 

developmental trajectories, we need to consider that this condition is likely to rely upon the same mechanisms 

regulating responses to stress (McEwen, 2000, Cirulli, 2017). Acute activation of this pathway represents an 

adaptive stress response, allowing the organism to face an acute threat. Under circumstances of chronic or 

overwhelming adversities, prolonged responses to stress may become maladaptive for the individual and toxic 

for the organism leading to pathological states (or “allostatic load”) (McEwen et al., 2015). The pathways 

deranged during early development and involved in the elaboration of stressful and metabolic signals might 

be further modified in their function when a “second hit” occurs during critical periods, such as adolescence 

or adulthood (Bock et al., 2014, Boersma et al., 2014, Cirulli et al., 2003, Daskalakis et al., 2013, Ehlert, 2013, 

Entringer et al., 2015, Provencal and Binder, 2015). Thus, the effects of metabolic or psychological stressors 

experienced at later stages will be more disruptive in those individuals who have been exposed to stressors 

early during development. 

Comorbidity between metabolic and behavioral disorders suggests shared developmental pathways and 

common mediators. Our group, together with many others, have clearly identified neurotrophins, such as 

BDNF, and GCs as main effectors of brain plasticity and metabolic regulations in response to stressful events 

(Cirulli et al., 2003, Cirulli and Alleva, 2009, Levine, 1957, McEwen, 2000, Meaney et al., 1989). 

There is a plethora of data from clinical and preclinical studies suggesting that the type and quantity of 

micronutrients, high levels of leptin and insulin as well as elevations in inflammatory mediators, such as 

interleukins and tumor necrosis factor, can play a fundamental role in affecting developmental trajectories of 

the fetus by crossing the placental barrier (Godfrey et al., 2017). Central to the maternal-fetal regulation is 

indeed the placenta (Fig. 1). This temporary organ, the main mother-fetus interface, is able to convey stress 

signals to the fetus by modulating the entry of hormones, glucose, amino acids, vitamins and ions necessary 

for fetal growth and development (Fowden et al., 2009, Bale et al., 2010, Cirulli, 2017). Since elevated levels 

of GCs can be detrimental for the fetus, a specific enzyme, the 11ß-hydroxysteroid dehydrogenase type 2 (11β-

HSD-2), acts as a shield, guaranteeing their rapid inactivation and allowing an optimal amount of these 

hormones to be transferred to the fetus for organs maturation. It is rather interesting that psychological stressors 

and metabolic/nutritional challenges can both affect the expression or the activity of the 11β-HSD-2 enzyme, 

with high levels of GCs reaching the fetus, resulting in increased susceptibility for psychiatric disorders and 

metabolic complications linked to an increased risk of insulin resistance and T2D, in addition to CVD and 

metabolic disorders associated with obesity (Eriksson et al., 2014, Mansur et al., 2015, Mina et al., 2015, 

Rivera et al., 2015, Stout et al., 2015). 
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Fig. 1. Potential mechanisms underlying the effects of maternal obesity on fetal development. The placenta is the critical 

mother-fetus interface transducing metabolic stress into changes in the developing organism underlying the short- and 

long-term effects of maternal obesity (see text for a detailed description). 

 

In recent studies we have clearly shown that HFD feeding during pregnancy (in mouse models), independently 

from maternal obesity, is a stressful challenge that is able to influence negatively the fetus, which is already 

exposed to excess GCs as a result of maternal pregnancy status (Bellisario et al., 2014, Eriksson et al., 2014, 

Bellisario et al., 2015). HFD-feeding in female mice before conception and during pregnancy, in fact, increases 

levels of maternal stress hormones and is associated with both reduced 11β-HSD-2 enzymatic activity and 

expression of the 11β-HSD-1 gene in the placenta (Bellisario et al., 2015). Exposure to a diet with high fat 

content has also been shown to disrupt maternal behavior at parturition with deleterious consequences on the 

offspring (Bellisario et al., 2015). These dysregulations, observed in HFD-fed dams, might be caused by 

changes in neural activity in brain regions responsible for olfactory processing and social recognition, 

ultimately leading to inappropriate maternal behavior (Bellisario et al., 2015). These effects are less apparent 

in animal models of reduced OS, especially in female subjects, suggesting that diet-induced metabolic 

dysfunction, neuroendocrine response and sex/gender all play a role in these regulations (see later in this 

review) (Bellisario et al., 2014). 

Worth noticing, these data also confirm clinical evidence showing that the presence of high levels of GCs 

during gestation can affect the expression of GCs-sensitive genes in the central nervous system, as well as in 

the periphery, with important effects on HPA axis function and regulation (Mina et al., 2015, Mina et al.,  

2017). These effects are reminiscent of a solid literature in animal models indicating that prenatal maternal 

stress affects HPA axis activity and stress regulation through changes in GCs receptors in limbic regions of 

the brain (Welberg and Seckl, 2001, McGowan et al., 2008, Brunton and Russell, 2010). We can thus 
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hypothesize that, by affecting the amount of GCs reaching the fetus, HFD during pregnancy could lead to 

similar short- and long-term effects already described for prenatal stress. 

A further intriguing aspect is related to the modulating effect of the HPA axis on immune function and 

inflammation. The group of Sasaki (Sasaki et al., 2014) investigated the expression of several inflammatory 

genes linked to GCs signaling (Sorrells et al., 2009) as a result of perinatal exposure to HFD (Bilbo and Tsang, 

2010). Results suggest a dysregulation of pro- and anti-inflammatory genes linked to HFD exposure in utero 

with NF-kB and IL-6 transcripts being increased in the hippocampus in HFD-exposed offspring. Moreover, 

increased expression of the cytokine IL-6 in the hypothalamus (De Souza et al., 2005) and cortex (White et al.,  

2009) is an established consequence of prolonged HFD exposure in utero. 

Chronic systemic inflammation characterizes both maternal obesity and pregnancy. Obese pregnant women 

have higher levels of circulating pro-inflammatory cytokines while maternal BMI is directly correlated with 

(maternal) pro-inflammatory cytokines concentrations and the activation of pro-inflammatory placental 

pathways. Changes in fetal cytokines expression, fetal neuronal damage and changes in gene expression in the 

neonatal brain have been previously related to placental and intrauterine inflammation (Edlow, 2017). 

Inflammation during pregnancy might alter the connectivity of brain networks and be associated with altered 

neurobehavioral regulations and reduced memory performance in early childhood. Indeed, it has been recently 

reported that maternal IL-6 during pregnancy correlates with newborn brain connectivity and can predict future 

working memory in offspring (Rudolph et al., 2018). Thus, changes in inflammatory mediators could be 

important biomarkers to be used to estimate long-term effects of maternal obesity on brain function. 

 

Role of the microbiota 

Long-lasting effects on fetus and newborn resulting from exposure to maternal obesity during pregnancy could 

also be explained by an alteration in the composition of the gut microbiota during critical developmental 

windows (Cryan, 2016). Each individual owns a unique gut microbiota profile composed by different strains 

of bacteria. Changes in this balance may lead to a condition of dysbiosis (Rinninella et al., 2019). Recent 

studies associate dysbiosis with different gastrointestinal and metabolic diseases such as diabetes and obesity 

but also with neurodegenerative and mental disorders, including AD and Parkinson’s disease (PD), ASDs, 

schizophrenia and depression (Heiss and Olofsson, 2019). This suggests that the balance of the gut microbial 

composition may play a key role in the regulation of different developmental processes (De Palma et al., 2015, 

Dinan and Cryan, 2016, El Aidy et al., 2016, Foster et al., 2016, Kelly et al., 2016, Luczynski et al., 2016).  

The early life phases are crucial for the development of the microbiota and to define its ultimate role in the 

programming of tissues and organs (Dimmitt et al., 2010). A number of studies show that the gut microbiota 

influences brain function (Dinan and Cryan, 2016, El Aidy et al., 2016, Foster et al., 2016). Notwithstanding 

the fact that the infant gut microbiota has been worldwide considered to be determined after birth, recent 

evidences have shown how the whole intrauterine environment (placenta, amniotic fluid, meconium and 
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umbilical cord blood) is actually colonized by specific bacterial species (Collado et al., 2016). These data 

robustly suggest the transmission of microorganisms from the mother to the fetus ahead of birth and this plays 

a pivotal role in the determination of the offspring microbiota (Satokari et al., 2009, Aagaard et al., 2014, 

Koleva et al., 2015, Collado et al., 2016). Transfer of microbes and microbiome metabolites between mother 

and infant can also occur during delivery and lactation and can be affected by maternal health and metabolism, 

in addition to mode of delivery and use of antibiotics (Soderborg et al., 2016). Hence, dysbiosis and obesity 

during pregnancy can dramatically affect microbiota composition of the mother as well as microbial 

transmission to the fetus (Basu et al., 2011), maternal diet having one of the largest known impacts on these 

regulations. 

The maternal gut microbiota differs in maternal obesity, particularly in the latter half of pregnancy, with 

overweight women being characterized by an increase in the Firmicutes phylum (Staphylococcus) as well as 

in some Proteobacteria (Soderborg et al., 2016). Elevated levels of microbe-derived plasma endotoxin appear 

to be one potential mechanism by which maternal microbes in obesity could affect the developing fetus; this 

might increase translocation of bacteria-derived products across the intestinal mucosa, contributing to systemic 

and placental inflammation and insulin resistance (Basu et al., 2011). 

Maternal obesity or excess gestational weight gain have been linked to inflammation in the placenta. Although 

the specific mechanisms through which the bacterial transmission is carried out are not currently well known, 

a new concept which is developing is that the placenta microbiota may be the intermediary of the microbial 

passage from the mother to the baby and may affect fetal development (Pelzer et al., 2017). An important 

subject for future studies is the role of placenta microbiota and its interaction with other maternally-derived 

variables, including life style, diet, BMI and pregnancy complications, which could all alter placental 

microbiota (Pelzer et al., 2017). 

 

Role of oxidative stress 

OS characterizes biological systems in aerobic conditions; it results from an unbalance between pro-oxidant 

and anti-oxidant molecules, with oxidants overriding the defense system of the organism. During normal 

healthy pregnancy, OS and its mediators – reactive oxygen species (ROS) – are increased within certain 

boundaries as the result of a physiological mild inflammatory state, to stimulate cell proliferation and proper 

fetal development (Dennery, 2007, Mannaerts et al., 2018). However, if OS overrides safety levels, 

complications might arise both for the mother and the offspring (Hracsko et al., 2008, Edlow, 2017, Mannaerts 

et al., 2018). OS is increased in many different pathological conditions including obesity, T2D and metabolic 

syndrome and can be triggered by chronic consumption of HFD. There is clear evidence for disrupted oxidative 

signaling in psychiatric disorders. Alterations in multiple biomarkers of OS have been observed in ADHD, 

bipolar disorder, ASDs, depression, and schizophrenia (Hovatta et al., 2010). Markers of oxidative damage to 

neurons have also been observed in post-mortem samples in several psychiatric diseases. It is of interest that 
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mitochondrial disorders with a clear genetic origin are also associated with an elevated incidence of psychiatric 

disorders, especially mood disorders and psychosis. Increased ROS generation might lead to random damage 

to proteins, lipids and DNA and excessive OS during pregnancy might result in pathological conditions of the 

placenta, the embryo, and the fetus, also leading to epigenetic changes and altered gene expression in the fetus 

(Del Rio et al., 2005, Mannaerts et al., 2018). The placenta is a main source of OS and this organ, in obese 

women, is characterized by greater levels of OS markers when compared to that of lean women (Saben et al.,  

2014). Edlow and colleagues found an upregulation of genes related to OS response as a result a global gene 

expression profiling carried out in the amniotic fluid from obese women (Edlow et al., 2014). Intriguingly, 

among these, Apolipoprotein D, a protein that is highly expressed in the brain and is upregulated in psychiatric 

conditions and neurological disorders (Sutcliffe and Thomas, 2002, Muffat and Walker, 2010), was found to 

be increased by nine-fold in fetuses of obese compared with lean women (Edlow et al., 2014, Edlow, 2017). 

A growing body of evidence suggest that OS may play a role in the etiology of mood disorders (Hovatta et al.,  

2010). A number of studies indicates that exposure to chronic stress may perturb the overall body energy 

balance acting not only on the neuroendocrine system but also on mitochondrial remodeling, affecting OS 

balance in the body and in the brain (Picard and McEwen, 2014, Picard and McEwen, 2018, Picard et al.,  

2018). Recent work suggests that isoprostanes (biomarkers of lipid peroxidation) are selectively upregulated 

in adolescents who have experienced early childhood adversities, suggesting that dysregulation of stress-

sensitive systems during early life stages can have persisting, and potentially deleterious, impact on brain 

structure–function development acting through OS-linked mechanisms (Horn et al., 2019). The mammalian 

brain is very sensitive to OS insults being characterized by high metabolic rate, poor antioxidant defenses and 

reduced capacity for cellular regeneration (Floyd and Carney, 1992). Thus, a prenatal insult such as an 

obesogenic womb, characterized by elevated levels of inflammation and OS, has the potential to affect 

dramatically the neurodevelopmental programming of the fetus, setting the stage for later life vulnerability to 

psychiatric disorders. 

Preclinical data enlarge and corroborate this body of evidence and the p66Shc−/− mouse model – that our 

group has thoroughly characterized – provides a striking example of how prenatal HFD feeding might impinge 

upon OS pathways to affect fetal programming and healthspan (Berry et al., 2007, Berry et al., 2008, Berry et 

al., 2010, Berry et al., 2012, Berry and Cirulli, 2013). p66Shc is a mammalian gene that regulates apoptosis by 

increasing intracellular OS and affects lipid metabolism by promoting fat storage (Berniakovich et al., 2008, 

Trinei et al., 2009). p66Shc is a protein acting specifically in the mitochondrion as a redox enzyme that 

generates H2O2 whose function is in a cause-effect relationship with that of insulin/IGF1(Berniakovich et al.,  

2008). Genetically modified mice lacking the p66Shc gene (p66Shc−/−, knock out mice – KO) are resistant to 

OS insults and to HFD-induced obesity, resulting overall in a healthier and long-lived phenotype, showing 

greater brain and behavioral plasticity associated to increased central levels of the neurotrophin BDNF (Berry 

et al., 2007, Berry et al., 2008, Berry et al., 2010, Berry et al., 2012, Berry and Cirulli, 2013). Prenatal exposure 

to HFD in these KO mice leads to a gender-specific resilience to both stressful and metabolic challenges 
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(Bellisario et al., 2014). Administration of a HFD during peri-conceptional time and throughout pregnancy 

resulted, in fact, in reduced body weight at birth and into a greater catch-up, particularly in males, while female 

offspring showed increased BMI as well as higher leptin levels. By contrast, p66Shc−/− subjects were overall 

protected (Bellisario et al., 2014), KO females being characterized by improved ability to cope with both 

metabolic and neuroendocrine stressors and showing enhanced glucose tolerance and insulin resistance. 

Moreover, while prenatal HFD led to a hyperactive HPA axis in wild type offspring, this was not observed in 

KO mice (particularly in females) overall suggesting that sex-hormones might play an important part in 

directing the effects of a metabolically stressful maternal challenge during fetal development (Bellisario et al.,  

2014). Data on gender differences have been further extended by Edlow and colleagues (Edlow et al., 2016a) 

who found that maternal obesity results specifically associated with sex-specific differences in fetal size and 

fetal brain gene expression signatures, males being the most vulnerable sex. In these studies, ROS metabolism 

was found to be affected by HFD (Edlow et al., 2016a) further strengthening the important role played by OS 

mediators in maternal obesity. 

Translating these preclinical findings to humans, investigating a group of women enrolled from the Helsinki 

Birth Cohort, we found a long-term increase in p66Shc mRNA in peripheral blood mononuclear cells (PBMC) 

of old frail subjects born from obese mothers (Berry et al., 2018a, Berry et al., 2018b). Moreover, when these 

women were stratified according to their BMI, PBMC p66Shc expression levels were reduced in subjects with 

a BMI ≥30.4 kg/m2 following physical exercise. This piece of data is particularly interesting for a number of 

reasons. First of all, it confirms a role for oxidative stress in human subjects in the signaling pathway linking 

maternal obesity to the health outcome in the offspring. Secondly it suggests that maternal obesity may play a 

role in the long-term programming of the mitochondrial function and metabolism (also through changes in the 

p66Shc expression) affecting the aging process. Moreover, it indicates that metabolic-challenging stimuli, such 

as physical exercise, may affect the expression of p66Shc, particularly in obese subjects, pointing to this 

molecule as a potential new target for therapeutic intervention studies (Berry et al., 2018a, Berry et al., 2018b, 

Berry and Cirulli, 2013). 

 

Long-lasting effects of maternal obesity - epigenetic signatures 

Epigenetic modifications have been proposed as a key causal mechanism linking maternal adiposity and 

offspring health outcome. Long-term effects of early nutritional experiences are potentially mediated by post-

translational modifications of DNA, post-translational modification of histones and non-coding RNAs. One of 

the most interesting consequences of these mechanisms is that they can account for transgenerational 

transmission of traits (Szyf et al., 2005, Szyf, 2012, Daskalakis et al., 2013, Bock et al., 2014, Turecki et al., 

2014, Provencal and Binder, 2015). 

To date, very little work has been performed to determine epigenetic changes in the brains of human offspring 

born to obese mothers. DNA methylation changes have been reported in cord blood and microRNA levels in 
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amniotic fluid in human studies of maternal obesity, indicating a potential role for these epigenetic mechanisms 

in the long-term effects of maternal obesity on the offspring (Godfrey et al., 2017). Cohort studies analyzing 

BMI extremes in these data sets found associations between maternal BMI and offspring DNA methylation at 

birth and at 3 years of age. However, more work is needed to study these regulations. 

In candidate gene approach studies, one of the most important findings concerns the observation that aryl-

hydrocarbon receptor repressor (AHRR) DNA methylation is 2.1% higher in offspring of obese vs. normal 

weight mothers; as robust links have been found between maternal smoking and offspring AHRR methylation 

(Reynolds et al., 2015), these observations suggest that methylation of these gene may be involved in the link 

between multiple adverse conditions, including maternal obesity, on offspring outcomes. 

Among the classical epigenetic mechanisms, DNA methylation is an attractive target for investigation because 

levels of folic acid, a co-factor in the production of the methyl donor methionine, are decreased in the amniotic 

fluid of obese pregnant women (Mohd-Shukri et al., 2015, Contu and Hawkes, 2017). In clinical studies, 

maternal depressive symptoms during pregnancy have been found to correlate with increased DNA 

methylation of the GR (NR3C1) in male infants and to result in decreased BDNF exon IV DNA methylation 

in both sexes at 2 months of age (Braithwaite et al., 2015). BDNF plays also a critical role in the integration 

and optimization of behavioral and metabolic responses by acting in the brain and periphery, it increases insulin 

sensitivity and parasympathetic tone (Cirulli and Alleva, 2009). Low levels of circulating BDNF characterize 

individuals with obesity and T2D, which implies a main role for this neurotrophin in obesity and metabolism 

(Mou et al., 2015). While methylation of the NRC31 has been related to prenatal early adversity in numerous 

studies (van der Knaap et al., 2015), these results indicate that genes involved both in stress responsivity and 

in feeding behavior are epigenetically regulated, supporting the notion of joint programming of these stress-

activated pathways and allowing for more detailed studies of the mechanisms underlying comorbidity of 

mental and metabolic disorders (Rivera et al., 2015). 

Preclinical studies performed in animal models (Vucetic et al., 2010) have indicated decreased DNA 

methylation in the promoter regions of the mu-opioid receptor genes as well as globally in brain regions 

associated with reward such as the ventral tegmental area (VTA), prefrontal cortex (PFC) and nucleus 

accumbens (NAc) of offspring born to obese mothers (Carlin et al., 2013). Supplementation of maternal HFD 

with methyl donors during gestation and lactation was able to restore some of these effects (Carlin et al., 2013). 

Prenatal methyl supplementation has also been shown to reverse deficits in motivated behavior in offspring 

exposed to a HFD indicating that early life is a sensitive time during which dietary methyl donor 

supplementation can alter PFC-dependent cognitive behaviors (McKee et al., 2017). Differential expression of 

37 microRNAs, rather than changes in DNA methylation (Edlow, 2017), have been reported in the brains of 

embryonic mice born to mothers fed a HFD vs. control diet. 
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Preventive strategies 

As mentioned above, maternal obesity affects multiple interconnected physiological pathways engaged by 

complex regulations. Thus, addressing diets and dietary and supplementation (particularly antioxidants) might 

provide a “broad-spectrum” of promising and feasible strategy to prevent/counteract the disruptive effects of 

the obesogenic womb, especially considering the difficulty in the development of new target-specific 

pharmacological interventions. In this paragraph we will specifically focus on some of the most promising 

dietary intervention that include also oral supplementation with the antioxidant N-Acetyl-Cysteine (NAC). 

NAC is the rate-limiting substrate in the biosynthesis of glutathione (GSH). It is a ROS scavenger and its 

clinical efficacy as well as safety have been recently documented in many pathological conditions (see 

Mokhtari et al., 2017 and references therein for a complete review). NAC is currently one of the most 

promising targets for neuropsychiatric disorders. Its most interesting feature is that its efficacy appears cross-

diagnostic (acting on neurotransmitter systems such as glutamate, antioxidants as well as inflammatory 

pathways, see Berk et al., 2013), while being relatively safe. Determining precisely how antioxidants – in 

particular NAC -work is crucial both to understand the basic biology of mental disorders as well as to devise 

adjunctive therapies that can act on these pathways. Indeed, the apparent universality of NAC action is 

intriguing and implies that it may target downstream pathways underlying co-morbidity between stress and 

metabolic responses. Although there is only preliminary data of the efficacy of NAC in many of psychiatric 

disorders, the field is expanding with many additional trials that could be of interest also in the field of maternal 

obesity pathways (Berk et al., 2013). 

So far, some preclinical studies have focused on the effects of this molecule in the context of maternal obesity. 

NAC administration during pregnancy in mice might counteract apoptosis and ROS-related genotoxicity by 

increasing glutathione levels and decreasing mitochondrial membrane depolarization (Amin et al., 2008). 

Indeed, mice lacking the rate-limiting enzyme for GSH synthesis show a range of behavioral disorders and 

treatment with NAC reverses some of these deficits, restoring GSH levels (Berk et al., 2013). NAC may also 

contribute to maintain oxidative balance through the action of the cysteine/cystine cycle (Elshorbagy et al.,  

2012). We have recently observed that the administration of NAC in animal models throughout pregnancy is 

able to buffer the effects of HFD on both the mother and the offspring. In our studies, offspring of mice 

supplemented with NAC during fetal life showed improved glucose tolerance, in addition to a reduced 

activation of the HPA axis when exposed to stress (Berry et al., 2018a, Berry et al., 2018b). Worth noticing, 

results obtained through in vivo NAC supplementation parallel the protective effects observed in the 

p66Shc−/− mice (a mouse model of reduced oxidative stress; see above) strengthening the link among 

metabolic stress experienced during fetal life, fetal programming and OS/mitochondrial pathways (Berry et 

al., 2018a, Berry et al., 2018b, Berry et al., 2007, Berry and Cirulli, 2013, Giorgio et al., 2012, Hovatta et al.,  

2010). 
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In addition to NAC, plant-based-antioxidant-rich diets could protect against free radical production and 

oxidative damage, potentially preventing obesity and comorbidities. As an example, luteolin supplementation 

of obese, HFD-fed adult mice has been found to be associated with better cardiometabolic features and reduced 

inflammatory and oxidative stress markers (Gentile et al., 2018). Research on these diets could extend to the  

prenatal period in the future. 

Poor prenatal diets have been often associated with poorer maternal and offspring mental health outcomes. 

Thus, the quality of maternal diet represents a potentially important and modifiable target for reducing the risk 

of mental disorders both in mothers and in the offspring (Lindsay et al., 2017). To this regard, longitudina l 

studies in clinical populations are warranted in order to provide further insights for the development and design 

of future and more effective intervention trials for improved maternal and child health outcomes (Lindsay et 

al., 2017). So far, observational data in humans has pointed to polyunsaturated fatty acids (PUFAs), including 

omega-3 and omega-6 fatty acids, as possible candidate therapeutics in maternal obesity. In particular, in 

human pregnancy studies data suggest that omega-3 PUFA may play a critical role not only on fetal 

neurodevelopment, but also for supporting positive maternal mood, decreasing stress, anxiety and depression 

in the pre- and postnatal periods (Lindsay et al., 2017). Maternal omega-3 fatty acid deficiency has been 

associated with increased risk of offspring ASDs and ADHD. Human pilot studies relying on the 

supplementation of obese pregnant women with omega-3 fatty acids demonstrated a reduction in maternal and 

placental inflammation (see Lindsay et al., 2017 for a review). 

In preclinical studies it has been shown that prenatal exposure to dietary omega-3 fatty acids may provide key 

relationships between metabolic signals and BDNF methylation, creating an epigenetic memory and a reservoir 

of neuroplasticity that can protect the brain against later insults (Tyagi et al., 2015). In animal models, early 

life methyl donor supplementation has been used as a strategy to alter one carbon metabolism and DNA 

methylation in a sex-dependent manner (McKee et al., 2017). In particular, supplementation of methyl donors 

in HFD fed dams has been able to attenuate weight gain and decrease fat preference (males) as well as to 

change gene expression and global hypomethylation in the brain of the offspring (McKee et al., 2017). A 

methyl-balanced diet can also prevent the effects of prenatal stress on binge eating behavior (Schroeder et al.,  

2017). In addition, early micronutrient supplementation can protect from early life stress-induced cognitive 

impairments, thus reinforcing the notion of common pathways that are engaged by early nutrition and early 

life stress (Naninck et al., 2017). 

We have previously argued that the negative effects of maternal obesity on mental disorders in the offspring 

may be mediated, at least in part, by gut dysbiosis. Changes in the microbiome and its metabolites offer the 

opportunity for non-invasive risk-screening and risk-reduction by tailored dietary formulations and diets, since 

earliest stages of life. Changing the composition of the gut microbiota through the use of probiotics and 

prebiotics could become a new strategy for reducing the risk of metabolic disorders in both the mother and 

offspring. In order to do this, it is necessary to identify clinically relevant markers and build early predictive 

models, which might help tailoring appropriate dietary interventions. Dietary interventions aimed at modifying 
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gut microbiota development and composition in the first phases of life may promote cognitive and emotional 

development. The use of pre- and probiotics has been shown to rapidly modify the microbial community and 

reduce (at least temporarily) adiposity and chronic inflammation in animal models of obesity and in limited 

human studies. As far as clinical studies are concerned, there have been only a handful of randomized clinical 

trials (RCTs) that examined the effects of probiotics administered during pregnancy with the aim of improving 

insulin sensitivity and reducing gestational diabetes mellitus diagnosis, with limited success. In one RCT either 

Bifidobacterium lactis alone or B. lactis plus Lactobacillus rhamnoses GG probiotic was administered to 

pregnant women 14 days before a scheduled Caesarean delivery (Baldassarre et al., 2018). Modulation of the 

gut microbiota by prebiotics, probiotics or by fecal microbiota transplantation has been used in the 

management of certain neurological disorders, including ASDs and depression, as well as their associated 

gastrointestinal symptoms, and increasing numbers of clinical trials suggest the beneficial effects of such 

treatments. Fermentable fiber influences gut microbiota composition and the production of short chain fatty 

acids; these, in turn, have been demonstrated to affect mood in animal models, as well as influence 

neurotransmitters such as serotonin although additional studies are needed to determine the role of different 

microbes in the physiology of the host and pathogenesis, as well as how the gut microbiota can be modulated 

for beneficial effects. Most of the interventions used mainly concern the prenatal phases, but they could be 

extended postnatally. It is rather difficult to discern the effects of prenatal maternal obesity to maternal obesity 

during lactation. Based upon an animal model, as an example, we were able to show that mice fed a HFD 

during pregnancy (and not lactation) still showed inappropriate maternal behavior after parturition (Bellisar io 

et al., 2015). There is evidence from epidemiological studies that overweight and obese women are less likely 

to breastfeed than normal weight women (Amir and Donath, 2007). 

It is especially important to stress here is that all the data above mentioned have to be taken with due caution 

given the relative paucity and high levels of heterogeneity of the studies present in the literature. In particular, 

it is imperative that further controlled trials be performed in order to determine the type of antioxidants vs pre- 

and probiotics and the most appropriate dose. 

Based upon the above-mentioned considerations, and data gathered through RCTs, we can draw some 

hypothetical scenarios on the proper timing of an ideal intervention and their possible consequences. We expect 

that the negative effects of being exposed to maternal obesity might manifest themselves at different time 

points throughout life, also in relation to a second hit (being this a stressful event or another metabolic 

challenge), starting from the early developmental phases to adolescence, up until aging. We hypothesize 

different potential windows of intervention: the earlier we intervene the greater and long-lasting the benefit.  

Ideally, the timing of the intervention should be set during brain development (before critical periods are 

closed) and hopefully before the end of adolescence/puberty. Adolescence is a critical time for brain and 

behavioral development ultimately leading to the transition from childhood to adulthood. This peculiar time is 

characterized by a massive neuronal remodeling powerfully shaped by hormones, thus representing a very 

vulnerable time in life as well as a window of opportunity. With late interventions (middle-age or old age) we 
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might still be able to act on residual neuronal plasticity, ameliorating the outcome of neurodegenerative 

disorders such as AD or PD (see Fig. 2). 

 

 

Fig. 2. Hypothetical scenarios on the proper timing of the interventions and their possible  consequences. The ability of 

the organism to cope with the sequelae of the obesogenic womb (oxidative stress, gut dysbiosis and inflammation) 

decreases throughout life as a result of the physiological decrease in neuronal and behavioral plasticity. Different windows 

of intervention may be foreseen. Earlier timing (perinatal phases until adolescence) may lead to greater and longer -lasting 

benefits, later interventions (adulthood until aging) may be able to act only on residual neuronal plasticity ameliorating 

the outcome of age-related neurodegenerative disorders. The earlier the intervention (green area within the curves) the 

greater the potential to reduce disease risk later in life (dashed arrows). Figure modified from Godfrey KM, Gluckman 

PD, Hanson MA. Developmental origins of metabolic disease: life course and intergenerational perspectives. Trends in 

endocrinology and metabolism: TEM. 2010;21(4):199–205. 

 

Although initial research linking prenatal development with major non-communicable disorders in later life 

focused on the effects of fetal undernutrition, nowadays it is rather maternal obesity and its sequelae for 

metabolic and mental health that poses serious public health concerns throughout the world (Jehn and Brewis, 

2009, Congdon, 2019). Indeed, an ever-increasing body of epidemiological data – that are corroborated by 

preclinical evidence – suggests that exposure to an obesogenic womb might strongly impact offspring 

healthspan throughout life, setting the stage for increased vulnerability to a number of pathological conditions 

including obesity, CVD, stroke, T2D and asthma (just to mention few), in addition to neuropsychiatric 

disorders. As recently pointed out by Godfrey and colleagues (Godfrey et al., 2017), there is a need of thorough 

large-scale studies tackling, for example, the differential impact played by maternal diet and maternal obesity 

as well as maternal obesity during pregnancy vs obesity during the lactation period. There may be a mix of 

psychological, behavioral and cultural factors underlying such effects. 
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These studies should be performed including populations differing in terms of culture as well as ethnicity and 

collecting detailed data on the cognitive and behavioral phenotype of both parents and offspring; in addition, 

a comprehensive assessment of diet and of measures of adiposity should be performed (Godfrey et al., 2017). 

From an evolutionary perspective, foraging behavior in harsh environments, a condition opposed to maternal 

obesity and characterized by limited and intermittent food availability, has most likely contributed to shape 

our brain to deal more effectively with spatial navigation, decision-making, social relationships and even 

creativity (Berry and Cirulli, 2013, Mattson, 2019). Globalization and urbanization, by favoring sedentary 

lifestyle and the consumption of high-caloric foods, are gradually leading to a change in the energetic niche 

experienced both prenatally and early postnatally by humans with consequences that are hard to predict. The 

ultimate outcome of such a metabolic shift is now starting to show an impact on pre- as well as post-natal 

developmental trajectories with potential disruptive effects on cognitive processes and susceptibility to mental 

disorders. Epigenetic changes and dysbiosis linked to such processes have the potential to propagate these 

modifications to future generations. 

While public health countermeasures that can rapidly break the vicious cycle of maternal and offspring obesity 

are mandatory, we are definitively in need of basic knowledge and appropriate longitudinal, controlled studies 

that can address the basic mechanisms underlying such regulation, allowing for appropriate intervention but, 

more importantly, indicating appropriate biomarkers and effective preventive measures. 
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Abstract 

Adverse stressful experiences in utero can redirect fetal brain development, ultimately leading to increased 

risk for psychiatric disorders. Obesity during pregnancy can have similar effects as maternal stress, affecting 

mental health in the offspring. In order to explain how similar outcomes may originate from different prenatal 

conditions, we propose a “funnel effect” model whereby maternal psychological or metabolic stress triggers 

the same evolutionarily conserved response pathways, increasing vulnerability for psychopathology. In this 

context, the placenta, which is the main mother-fetus interface, appears to facilitate such convergence, re-

directing “stress” signals to the fetus. Characterizing converging pathways activated by different adverse 

environmental conditions is fundamental to assess the emergence of risk signatures of major psychiatric 

disorders, which might enable preventive measures in risk populations, and open up new diagnostics, and 

potentially therapeutic approaches for disease prevention and health promotion already during pregnancy. 

 

Keywords 

Pregnancy, Maternal obesity, Placenta, Glucocorticoids, Inflammation, Metabolism, Oxidative stress, Mental 

health, Animal model, Clinical studies, Major depression. 
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1. Introduction 

Adverse events experienced during early life can affect brain development setting the stage for increased 

vulnerability to mental disorders. The developmental process is characterized by multiple time windows in 

which the organism is extremely plastic and sensitive to environmental stimuli. The ability of the organism to 

shape itself to best fit with the external environment results in an evolutionary advantage, leading to functional 

adaptations. However, such developmental plasticity provides, at the same time, the ground for increased 

vulnerability to later life diseases, resulting overall in a double edge sward. Thus, the overall success or 

detrimental result of the developmental program will depend upon the genetic background of the organism and 

on the stability of environmental conditions with respect to those that contributed to prime its developmental 

trajectories and will produce endurable biological modifications in the individual (Bateson et al., 2004; Cirulli 

and Berry, 2013). 

As far as the mammalian brain is concerned, adverse events can impair the maturation of structures involved 

in the emotional and endocrine responses to stress, eventually increasing the risk for the onset of psychiatric 

disorders later in life (Agorastos et al., 2019; Calkins and Devaskar, 2011; Cirulli et al., 2003; Cirulli and 

Alleva, 2009). Research performed over many decades has now provided evidence that early exposure to 

conditions such as physical or sexual abuse, maltreatment, neglect or separation experienced during childhood 

or adolescence, results in a variety of negative health outcomes (Cirulli et al., 2009; Heim and Nemeroff, 1999; 

Hughes et al., 2017; LeMoult et al., 2020; McLaughlin et al., 2019; Pechtel and Pizzagalli, 2011). In particular, 

it has been observed that social and emotional development, as well as responses to stress, are often 

dysregulated in children exposed to early adversities contributing to increase vulnerability to psychiatric 

disorders and anti-social behaviors later in life (Bick and Nelson, 2015). As an example, the Adverse 

Childhood Experiences project (ACEs - https:// www.acesaware.org/) has been the first large scale study 

showing the impact of early postnatal life stressors (including physical, emotional, sexual abuse, neglect and 

many others) on physical and mental health problems in over 17,000 adults (Felitti et al., 1998). More in detail,  

this study provided evidence for a strong relationship between child exposure to stressful conditions and the 

long-term effects on health risk factors (smoking, severe obesity, physical inactivity, depressed mood and 

suicide attempt), incidence of diseases (heart attack, cancer, stroke, chronic bronchitis or emphysema, diabetes) 

and mortality (Felitti et al., 1998). Notably, Felitti and co-workers reported that the number of adverse events 

children were exposed to was directly related to the occurrence of adult diseases, suggesting that experiencing 

multiple traumatic/stressful events might greatly contribute to set the vulnerability for later life diseases (Felitti 

et al., 1998; Guinosso et al., 2016). 

While studies have been most often focusing on the postnatal effects of early adverse experiences on mental 

health outcomes, it is now clear that exposure to postnatal stress is often a pursuit of pre-existing maternal 

adverse conditions affecting sensitive developmental windows already during fetal life. Beyond the well-

characterized effects of psychological stress, other environmental challenges, such as unbalanced nutritional 

habits, are emerging as risk factors contributing to thwart the intrauterine environment, and consequently the 
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developing fetus. To this regard, David Barker’s work (see later in this manuscript) gave rise to an entirely 

new field of study known initially as the “Fetal Origins of Adult Disease - FOAD” and later renamed as the 

“Developmental Origins of Health and Disease - DOHaD” to include the whole developmental process (from 

pre-natal to post-natal phases) and also to take into account the effects of stressors of different nature (Entringer 

et al., 2010; Krontira et al., 2020; Provenzi et al., 2021; Gluckman et al., 2015). As a result of these studies, 

unbalanced maternal nutritional habits, similarly to early life stressors, came to be recognized over the years 

as risk factors contributing to threat the intrauterine environment, setting the stage for the onset of psychiatric 

pathologies in the offspring (al-Haddad et al., 2019; Banderali et al., 2015; Cirulli et al., 2020; Leijser et al.,  

2018). 

In this manuscript we will review studies that indicate that there is now convincing evidence that very different 

prenatal conditions, such as prenatal maternal stress and maternal obesity can both independently represent 

risk factors for offspring development and mental health outcomes (Bellisario et al., 2015; Berry et al., 2021, 

2018a, 2015; Luoni et al., 2016a, 2014; Panetta et al., 2017). 

In order to explain how different environmental conditions can give rise to similar effects on mental health, 

we will argue that maternal obesity acts as a stressor, thus engaging the same evolutionary conserved response 

pathways as classical psychological stressors (Bellisario et al., 2015). Glucocorticoids (GCs), in particular, 

which play a major role in the response to stress, also mobilize energy reserves, exemplifying the main role 

played by metabolic mediators in the stress response, providing an explanation for the observed co-morbidity 

between metabolic and psychiatric disorders (Milaneschi et al., 2019). An ever increasing body of evidence 

reports that systems involved in homeostatic adjustments such as the neuroendocrine, the immuno-

inflammatory and the energy metabolism (insulin and leptin) are greatly altered both in psychiatric and 

metabolic disorders (Milaneschi et al., 2019). Such conditions, and the related alterations, are even more 

dramatic in the context of pregnancy, contributing to the establishment of a sub-optimal intrauterine 

environment. 

We propose a “funnel effect” model whereby maternal psychological and metabolic stress trigger the same 

response pathways engaging common biological mediators, increasing vulnerability for psychopathology 

(Cirulli and Berry, 2013). In this context, the placenta, which is the main mother-fetus interface, appears to 

facilitate such convergence, re-directing stress signals to the fetus. 

This review will provide evidence for comparable mental health outcomes following prenatal exposure to 

either maternal stressful life events or maternal obesity and discuss the possible biological mechanisms 

underlying these effects taking into account both clinical and preclinical evidence. Moreover, the proposed 

“funnel effect” model and the underlying driving forces will be discussed also considering evolutionary 

adaptations modulating physiological coordinated responses towards adversities. 
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2. Prenatal adverse events shape brain development 

While in the short term, stress-activated responses are essential for the maintenance of homeostasis and 

survival, over longer time periods, they can become detrimental, resulting in a burden (allostatic load) that 

affects growth, metabolism, inflammatory/immune and neuroendocrine responses (Cirulli and Berry, 2013; 

De Kloet et al., 2005; McEwen, 1998). The allostatic load experienced during gestation involves not only the 

mother, but also the growing fetus, with negative consequences for fetal programming (see Box 1). However, 

the specific effects of adverse conditions on the growing organism will greatly depend upon the timing of 

exposure to stress, since different organs show specific sensitivity at different times across pregnancy (Harris 

and Seckl, 2011). A striking example of the time specificity of the effects of prenatal insults is provided by the 

studies on the Dutch famine cohort showing that the same kind of stressor is associated to pervasive 

derangements of metabolic programming or brain development, depending upon the pregnancy trimester of 

exposure to undernutrition, leading to a higher prevalence of metabolic or psychiatric disorders later in life 

(Hoek et al., 1998; Roseboom et al., 2006, 2011). 

As far as the brain is concerned, stress during pregnancy might greatly affect the development of those 

structures that will play a role in later life responsiveness to stress and emotional adaptation, setting the stage 

for vulnerability to psychiatric disorders (Fig. 1). In the following paragraphs, we will specifically focus on 

the programming effects of maternal stress and maternal obesity on fetal brain development. 

 

Box 1 

The mother-fetus dyad: from allostasis to allostatic load 

Pregnancy is a time of great plasticity in women’s life, characterized by a number of physiological changes 

that take place from the conception, partially lasting after childbirth. Because of the multitude of complex 

structural and functional adaptations, pregnancy may be described as a condition of “allostasis” (allostasis 

= maintaining stability through changes) where both the mother and the fetus cooperate for mutual stability 

and wellbeing (Khambadkone et al., 2020; Russell and Brunton, 2019). If this fine modulation is perturbed by 

environmental challenges, pregnancy could lose its dynamic balance resulting into a state of “allostatic load” 

(McEwen, 1998) that turns the plasticity of the mother-fetus dyad into a risk factor for vulnerability to further 

insults. As far as environmental challenges are concerned, these can impact both psychophysical and 

metabolic aspects of the maternal physiology activating signaling pathways that in turn affect fetal growth 

(Harris and Seckl, 2011). As for example, GCs are essential hormones involved in many physiological 

functions ranging from metabolic balance to stress responsiveness and mood regulations. During mid- and 

late pregnancy a physiological rise of maternal GCs levels occurs ensuring the proper maturation of 

developing fetal organs by promoting cell differentiation (Duthie and Reynolds, 2013; Solano and Arck, 2020). 

Given the toxic effect deriving from an excessive or prolonged exposure to GCs, such a rise needs to be tightly 

regulated to prevent negative outcomes in the fetus. Psychological stress, changes in mood or full-blown 
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psychiatric disorders have been associated with disruptions of the neuroendocrine system function and 

increased GCs secretion. Thus, during pregnancy, psychiatric conditions, and more in general psychological 

distress, may shift the balance of mother-fetus dyad into a condition of “allostatic load”, representing a great 

risk factor for fetal neurodevelopment. Likewise, among the several metabolic adaptations occurring during 

gestation, glucose homeostasis plays a key role for a healthy pregnancy. Indeed, the increase in the fetal 

demand for glucose supply that accompanies the progression of pregnancy is crucial for the correct 

development of the growing organism. Such a demand is entirely satisfied by the mother through an increased 

endogenous glucose production accompanied by a physiological decrease in insulin sensitivity (Armistead et 

al., 2020). Thus, metabolic stressors such as overnutrition or obesity might greatly challenge the metabolic 

balance providing also in this case an “allostatic load” in the mother-fetus dyad (Jeyabalan, 2013; 

Tenenbaum-Gavish and Hod, 2013). 

 

Fig. 1. Time-dependent impact of prenatal stress. Stress during pregnancy might greatly affect brain structures playing 

a role in stress responsiveness and emotional adaptation, setting the stage for later life vulnerability to psychiatric 

disorders. Since different brain structures show different sensitivity at different times across development, the magnitude 

and the impact of early life stress will greatly depend upon the timing of exposure. The cartoon shows a comparison 

between brain developmental stages in humans and mice. Abbreviations. 5HT: 5-hydroxytryptamine or serotonin; Ach: 

acetylcholine; DA: dopamine; GABA: gamma-aminobutyric acid; GD: gestational day; GW: gestational week; NA: 

noradrenalin; PND: post-natal day; Y: year. 
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2.1. Programming effects of maternal stress on fetal brain development 

2.1.1. Human findings 

World Health Organization (WHO) reports that worldwide about 10% of pregnant women experience a menta l 

disorder, particularly anxiety and depression, reaching 15.6% in developing countries (htt 

ps://www.who.int/teams/mental-health-and-substance-use/materna l-mental-health). Clinical studies provide 

clear associations between maternal mental health issues during pregnancy and an increased risk for 

neurodevelopmental disorders in the offspring. Besides overt psychiatric conditions, maternal self-perceived 

feelings of stress, deriving from physical or sexual abuse, maltreatment, low socio-economic status, partner’s 

loss or natural disaster (just to mention few), are sufficient to dramatically affect brain development, increasing 

the risk for pathologies, such as attention deficit hyperactivity disorder (ADHD), or emotional problems in the 

offspring (Brannigan et al., 2019; O’Connor et al., 2003; Send et al., 2017; Sosnowski et al., 2018; Van Den 

Bergh and Marcoen, 2004). 

To this regard, retrospective studies initially conceived to investigate the consequences of natural disasters on 

individual stress perception were also the first to point out the association between stressful events experienced 

by the mother and neurodevelopmental disturbances in children. As an example, following the accident at the 

nuclear power plant in Chernobyl in 1986, many children - prenatally exposed to the disaster - were found to 

be characterized by a higher prevalence of developmental speech-language deficits and emotional disorders 

(Igumnov and Drozdovitch, 2000; Kolominsky et al., 1999). Such outcomes were associated with parental 

psychological stress deriving from the evacuation of the contaminated areas and relocation, independently 

from the effects of the radiations (Igumnov and Drozdovitch, 2000; Kolominsky et al., 1999). 

Likewise, the Project Ice Storm (https://www.mcgill.ca/projetverg las/icestorm) provided evidence for the 

long-term effects of in utero stress exposure on fetal programming (Laplante et al., 2004). In particular, 

adolescents born from women who were exposed to severe social isolation during pregnancy (due to an ice 

storm in Quebec) showed increased externalizing behaviors when tested in a psychosocial stress-provoking 

paradigm, accompanied by elevated cortisol reactivity (Laplante et al., 2008; Yong Ping et al., 2020). 

Moreover, it has been observed that children born from depressed or anxious mothers showed suboptimal 

neurobehavioral function and hyperactive cortisol responses (Molenaar et al., 2019; Oberlander et al., 2008; 

Osborne et al., 2018). Furthermore, the New England Family Study revealed that children (at 4 months and 1 

year of age) of those pregnant women experiencing socioeconomic hardship, were characterized by higher risk 

of neurologic abnormalities with regard to responses to specific stimuli and ratings of sensory and autonomic 

nervous system function (Gilman et al., 2017). 

Epigenetic modifications of genes specifically involved in stress responses, that play also a role in psychiatric 

conditions, have been observed as a result of prenatal stress (Cao-Lei et al., 2016; Provençal and Binder, 2015; 

Provenzi et al., 2021; Sosnowski et al., 2018). A striking example is provided by data from the mother-child 

dyads in the Avon Longitudinal Study of Parents and Children (ALSPAC - htt p://www.bristol.ac.uk/alspac/) 
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showing that children born from methylated mapping to genes associated with brain development and 

psychiatric disorders (Viuff et al., 2018). Furthermore, there is evidence for an association between different 

prenatal stressors and the methylation of genes directly involved in stress response regulation and 

hypothalamic-pituitary-adrenal (HPA) axis function such as Nr3c1 (that encodes for glucocorticoid receptors 

- GRs) and its repressor FKBP51 (Fkbp5) (Serpeloni et al., 2019; Sosnowski et al., 2018). To this regard, using 

a thorough converging evolutionary cross-species genome-wide approach, we have shown that several regions 

in Morc1, a gene associated with major depressive disorder, were differentially methylated in CD34 + and 

CD3 + T immune cells in response to early life stress (Nieratschker et al., 2014). Using a similar cross-species 

approach - involving humans, non-human primates and rodents - we have also provided evidence for DNA 

methylation of Ank3, a gene associated with psychiatric disorders, as a result of early-life stress (Luoni et al.,  

2016b). Interestingly, this piece of data was further strengthened by the observation that those people carrying 

a polymorphism associated to Ank3 are more vulnerable to early life stress (Luoni et al., 2016b). 

2.1.2. Preclinical evidence 

Investigating the impact of maternal stress on fetal programming in humans is challenging due to difficulty 

related to the recruitment of stressed children and the retrospective self-reported traumatic history as well as 

the environmental confounding such as genetic background, maternal smoke/alcohol consumption or 

nutritional habits, often resulting in discordant results. Moreover, in humans, studies to investigate the 

influence of early-life stress on psychiatric disorders (with regard to specific epigenetic modifications as well 

as changes in gene expression) are limited by the lack of access to living brain tissues. 

It is well-known that there is a variability in the incidence and the prevalence of psychiatric disorders between 

men and women however, the identification of specific gender-dependent risk factors is often hampered by the 

reduced statistical power and the poor compliance to the follow up in clinical studies. Also in this case, animal 

models provide a great advantage in filling this gap. 

In the last decades, a plethora of studies involving animal models has remarkably contributed to expand our 

knowledge on the effects of early life stress on offspring health outcomes. In fact, animal models offer more 

controlled experimental conditions and allow the manipulation of very critical times during development 

(Cirulli et al., 2009, 2003; Maccari et al., 2014). As for prenatal stress, a wide number of paradigms - applied 

during pregnancy - have been developed ranging from restraint stress to chronic unpredictable mild stress or 

social stress (just to mention a few) involving the use of the most common laboratory rodents (mice and rats). 

Interestingly, regardless of the species and the paradigm used, negative long-lasting health outcomes dealing 

with increased anxiety- and depressive-like behaviors as well as impaired cognitive performance have been 

reported in the offspring. Moreover, altered physiological balance of brain inflammatory markers and oxidative 

stress (OS) mediators have been also reported in association with the afore-mentioned behavioral phenotype 

in a sex-dependent fashion (Darnaud´ery and Maccari, 2008; Valĺ ee et al., 1999, 1997; Weinstock, 2017). 

Worth to notice, many of these features have been associated with permanent impairments of the HPA axis 

functionality. More in detail, prolonged corticosterone responses to stress were observed in adult rodents, 
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complemented by reduced levels of both GRs and mineralocorticoid receptors (MRs) in the hippocampus, 

overall affecting coping strategies towards stress throughout life (Brunton and Russell, 2010; Cirulli and Berry, 

2013; Henry et al., 1994; Koehl et al., 1999). 

A number of studies has found alterations in brain levels of Insulin-like Growth Factor (IGF), a trophic factor 

that plays a pivotal role in the development of the central nervous system, modulating neurogenesis, axonal 

growth and synaptogenesis. More in detail, a reduction of IGF upon prenatal stress was found to be associated 

with long-term impaired cognitive abilities and increased levels of plasma corticosterone in rats (Basta-Kaim 

et al., 2014; Guan et al., 2021). 

Our research group has greatly contributed to identify specific derangements in brain development resulting 

from prenatal restraint stress in male and female rat offspring from the early postnatal phases throughout 

adolescence and adulthood. Overall, we found that prenatal stress decreased the expression levels of GRs to 

the same extent in adult male and female rats both the in prefrontal cortex and the hippocampus (Luoni et al.,  

2016a). In addition, we have shown that prenatally stressed rats were characterized by a reduction of affiliative 

behaviors and increased social anxiety during adolescence, a time in life when sociability plays a pivotal role 

in brain maturation and in the development of social skills (Berry et al., 2015). Such behavioral phenotype was 

associated with decreased levels of Brain-Derived Neurotrophic Factor (BDNF), a neurotrophin involved in 

neuronal plasticity as well as in the modulation of emotional and cognitive functions (Berry et al., 2015). In 

particular, changes in the expression levels of Bdnf turned out to be very sensitive to prenatal stress, being 

tightly modulated in different brain areas, according to sex and age (Luoni et al., 2014). 

More recently, we have provided evidence that prenatal stress may increase the vulnerability to metabolic 

stressors. In particular, when challenged at adulthood with a metabolic insult (high-fat diet - HFD), male 

offspring of stressed mothers were characterized by decreased glucose tolerance and insulin sensitivity as well 

as by changes in eating behavior (Panetta et al., 2017). The metabolic challenge also resulted in increased 

anxiety and increased levels of pro-inflammatory cytokines such as Il-1β, Tnf-α and Il-6 in the dorsal and 

ventral hippocampus and in the prefrontal cortex (Berry et al., 2021). This piece of data is quite intriguing 

since it indicates that stressors as diverse as psychophysical and metabolic challenges converge on common 

signaling pathways involved in the regulation of mood and metabolism in a sex-dependent fashion. 

 

2.2. Programming effects of maternal obesity on fetal brain 

2.2.1. Human findings 

Metabolic stress experienced during pregnancy also deserves to be listed as an adverse condition able to 

permanently alter fetal programming (Lippert and Brüning, 2021). To this regard, the pioneering studies of 

Barker and colleagues paved the way for this field of research (Barker and Osmond, 1986). Briefly, Barker 

observed that the regions in England showing the highest rates of infant mortality due to low birth weight were 
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also characterized by the highest rates of mortality from cardiovascular diseases. These observations led to the 

hypothesis that those babies who survived, despite their reduced body weight, developed a greater vulnerability 

to metabolic disorders later in life (Barker, 2007; Barker and Osmond, 1986). Interestingly, the relationship 

between reduced birth weight and the development of diseases was found to be dependent from maternal 

undernutrition during pregnancy, unveiling the powerful role of metabolism as a potential stress. Findings 

from a cohort study of infants born during the Dutch famine (1943–1945) strengthened and enlarged this body 

of evidence showing that prenatal metabolic stress not only shapes metabolism but also mental health in the 

offspring, depending upon the specific time windows of exposure to undernutrition (Roseboom et al., 2011). 

In fact, while any time of gestation can be susceptible to metabolic programming, perturbation of early 

developmental phases results in an increased vulnerability to psychiatric disorders such as schizophrenia and 

depression, increased responsiveness to stress and low cognitive performances (Hoek et al., 1998; Roseboom 

et al., 2006, 2011). 

Very interestingly, a recent study on the Scottish Aberdeen Maternity and Neonatal Databank 

(https://www.abdn.ac.uk/iahs/research/obsgy nae/amnd/) has shown that both low as well as high maternal 

body mass index (BMI) are associated with offspring mental disorders (Lahti- Pulkkinen et al., 2021) 

suggesting that both undernutrition and overnutrition during pregnancy can alter fetal developmental 

trajectories. 

We are currently experiencing times characterized by a progressive reduction of physical activity and increased 

consumption of low-cost ultra-processed high-caloric food, strengthening the foundation for the settlement of 

an obesogenic environment (Townshend and Lake, 2017). In this context, overnutrition and obesity during 

pregnancy are emerging as pressing public health issues since they have been associated with adverse health 

outcome in the offspring (Congdon, 2019; Kearney, 2010; Khambadkone et al., 2020; Ng and Popkin, 2012; 

Rosenheck, 2008). Accordingly, large-scale population studies provide evidence for an association between 

high maternal BMI before and during pregnancy and an increased risk for the development of neuropsychiatric 

and mood disorders (Cirulli et al., 2020; Edlow, 2017; Kawai et al., 2004; Schaefer et al., 2000). To this regard, 

recent systematic reviews and meta-analysis have showed that children born from overweight or obese mothers 

are characterized by higher risk for neurodevelopmental disorders including ADHD and autism spectrum 

disorders (ASDs), cognitive delay and behavioral problems (Kong et al., 2020; Sanchez et al., 2018). In 

addition, in the Western Australian Pregnancy Cohort Study (https://rainestudy.org.au/research-pa per/the-

western-australian-pregnancy-cohort-raine-study-generation- 2/) it was found that children and adolescents 

born from overweight and obese mothers were at higher risk to develop persistent depressive symptoms 

(Robinson et al., 2013). An ever increasing body of evidence is indicating that children of obese women are 

characterized by an increased risk of schizophrenia, ASDs and cognitive delay (Aye et al., 2014; Brown et al.,  

2004; Buka et al., 2001; Goines et al., 2011; Van Der Burg et al., 2016). 

Epigenetic mechanisms may underly developmental programming. Several clinical studies indicate that 

genome-wide DNA methylation is significantly affected in offspring born to overweight and obese mothers 
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(Morales et al., 2014). In fact, it is well-known that nutrition can directly affect one-carbon metabolism, which 

provides the methyl groups in the reactions involved in DNA methylation (Clare et al., 2019; Yajnik and 

Deshmukh, 2012). Thus, unbalanced diets leading to any excess or deficiency in the number of the methyl 

group donors can disrupt one-carbon metabolism resulting in embedded changes in the epigenome 

methylation. Substantial evidence supports the involvement of one-carbon cycle dysregulation in psychiatric 

disorders including depression and ASDs, possibly affecting the expression of key genes involved in the 

regulation of emotional and cognitive behavior (Sugden, 2006). An important co-factor in the production of 

the methyl donor methionine is the folic acid. Interestingly, Contu and Hawkes have provided evidence for 

obese pregnant women being characterized by lower levels of folic acid in the amniotic fluid (Contu and 

Hawkes, 2017). Moreover, changes in DNA methylation have been reported also in cord blood of children 

born to obese mothers, supporting the role of maternal obesity in altering methylation patterns (Contu and 

Hawkes, 2017; Nardelli et al., 2014). 

 

2.2.2. Preclinical evidence 

As far as gestational metabolic stressors are concerned, animal models of maternal obesity have been 

developed and widely studied. Different paradigms are commonly employed, ranging from the exposure to 

purely HFD to high-fat/high-sugar diets (the so called “Western diet” or “cafeteria diet”) at different times 

during gestation or even starting largely from preconception. In our experience, maternal overweight, without 

overt obesity, is already sufficient to redirect fetal developmental trajectories leading to metabolic and 

behavioral phenotype alterations avoiding unwanted perinatal complications characterising maternal obesity. 

To this regard, we have clearly demonstrated that administration of a HFD before and during pregnancy, for a 

total of 13 weeks (from pre-conception until delivery), in C57Bl/6 mice substantially alters the intrauterine 

milieu with severe consequences for the developing fetus (Bellisario et al., 2015). Indeed, when the phenotype 

of the offspring was thoroughly characterized, we observed long-lasting and sex-dependent effects. In 

particular, prenatal HFD resulted in reduced body weight at birth and in a greater catch-up, particularly in male 

subjects at adult age, in association to increased anxiety-related behaviors in the elevated plus maze test; 

moreover, female offspring was characterized by impaired feedback response of the HPA axis activation 

following an acute restraint stress challenge (Bellisario et al., 2014). We have further shown that in this same 

model, prenatal exposure to HFD is able to reduce antioxidant defenses in the hypothalamus of male offspring, 

an effect that can be prevented by prenatal administration of the antioxidant N-acetyl-cysteine (NAC) (Berry 

et al., 2018a), suggesting that changes in OS underly these long-term effects and that the redox balance should 

be tightly regulated for a proper brain development. 

Winther and co-workers observed that prenatal HFD led to anxiogenic behaviors in the offspring, increasing 

the time spent in the closed arms in the elevated plus maze (Winther et al., 2018). Moreover, Niu and co-

workers found increased corticosterone and corticotrophin-releasing hormone levels both under basal 

conditions as well as after an acute challenge (restraint stress) upon prenatal HFD (Niu et al., 2019). 
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Interestingly, the effects of such metabolic stress on neuroendocrine fetal programming are rather long-last ing 

since Balsevich and colleagues observed an upregulation of both Nr3c1 and Fkbp5 in the paraventricula r 

nucleus of the hypothalamus also in mice at middle-age (Balsevich et al., 2016). 

There is also some evidence showing that intrauterine exposure to a HFD leads to poor cognitive performance 

in adulthood, affecting object recognition memory and spatial memory compared to offspring of chowfed dams 

(Cordner et al., 2019). However, a recent meta-analysis has pointed out the high heterogeneity in studies 

investigating the effects of maternal obesity on cognitive abilities in the offspring, often leading to inconsistent 

results, highlighting the need for further studies (Menting et al., 2019). 

In rodents the exposure to a HFD during fetal life leads to alterations of the IGF pathway in the hypothalamus, 

a central regulator of feeding and mood, leading to central insulin resistance with more pronounced effects in 

male offspring, suggesting a common substrate that might link emotionality and metabolic balance (Dearden 

et al., 2020; Gomes et al., 2018; Schellong et al., 2019).  

Also, immune modulation is impaired in animal models of maternal obesity. Indeed, it has been shown that 

HFD consumption during pregnancy results in an exacerbated inflammatory profile in the offspring (Bordeleau 

et al., 2020). More in detail, neonatal and adolescent offspring of obese dams showed an increased expression 

of microglial activation markers together with altered microglial morphology in the hippocampus, under basal 

conditions as well as in response to a lipopolysaccharide challenge (Bilbo and Tsang, 2010; Bordeleau et al.,  

2020). All these feature were accompanied by impaired acquisition and retention in a spatial navigation task 

as well as increased emotional reactivity in males (Bilbo and Tsang, 2010). These data suggest that 

inflammatory pathways are tightly regulated also in association with metabolic challenges and might affect 

fetal brain programming. 

 

3. The “funnel effect” model: shared mechanisms underlying vulnerability to psychiatric 

disorders 

Mental health problems and obesity are widespread conditions with major individual and public health 

concerns. Depression and anxiety during pregnancy affect about 10–15% of women, while maternal obesity 

affects 30% of pregnant women. As already mentioned, the mother and the fetus are a dyadic and integrated 

system, characterized by a state of “allostasis”, being particularly vulnerable to environmental challenges. 

Thus, alterations in the maternal physiology associated with psychological or metabolic stress result in an 

allostatic load with pervasive consequences on fetal brain programming. So far, we have provided clinical and 

preclinical evidence for similar mental health outcomes in the offspring as a result of both maternal obesity 

and maternal psychological stress, with regard to increased risk for neurodevelopmental and psychiatric 

disorders, as well as altered ability to cope with stress later in life (Kong et al., 2020; Molenaar et al., 2019; 

Oberlander et al., 2008; Robinson et al., 2013; Sanchez et al., 2018). Despite this evidence, there is a great 

need to understand the precise mechanisms of action through which different prenatal stressors can similarly 
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affect brain developmental trajectories. To this regard, it is important to underline that the behavioral outcomes 

observed in the offspring were found to be often associated with a dysregulated HPA axis, in addition to altered 

inflammatory responses and metabolic derangements, suggesting a main role for these system in brain  

development during fetal life. 

Indeed, both psychiatric conditions, such as depression, and metabolic dysfunction, such as those 

characterizing obesity, show common features dealing with alterations in HPA axis function, 

immunoinflammatory activation and energy metabolism regulation including changes in leptin and insulin 

(Milaneschi et al., 2019). Such alterations are even more disruptive when occurring during pregnancy, a time 

characterized by multiple physiological adjustments aimed at supporting the growing fetus, greatly affecting 

the intrauterine environment. Thus, we hypothesize that whatever the maternal stress (psychologica l, 

metabolic) the effects will converge on the activation of shared signaling pathways ultimately affecting brain 

development through a “funnel effect” model where the placenta plays a key role (Fig. 2). More in detail, we 

suggest that the same homeostatic systems, that are found to be profoundly dysregulated in obese mothers, as 

well as in pregnant women suffering by severe stress or psychiatric disorders, might be responsible to prime 

those brain circuits involved in the regulation of emotion and stress responsiveness setting the stage for an 

increased vulnerability for mental health. 

In this context, the placenta might play a pivotal role as a sensor of maternal stressors conveying them to the 

fetus. The placenta is a unique temporary organ in that it develops by the direct interaction between maternal 

and fetal tissues, representing a physical link between maternal physiology and the growing fetus. Placental 

formation starts early right after conception (6–7 days in humans) and progresses through continuous 

adaptations in order to support fetal growth and wellbeing. It provides oxygen and nutrients, but also regulates 

the transfer of neuroendocrine and immune mediators as well as metabolic factors in order to protect the fetus 

from excessive exposure to stress hormones and growth-regulating factors as well as pathogens (Behura et al.,  

2019; Khambadkone et al., 2020; Turco and Moffett, 2019). Both psychophysical and metabolic stress during 

pregnancy can disrupt the protective placental function with important consequences on proper fetal brain 

development (Khambadkone et al., 2020). 

As far as neuroendocrine mechanisms are concerned, in healthy pregnancies, the placental enzyme 11β-

hydroxysteroid dehydrogenase (11β-HSD-2) transforms the active cortisol (corticosterone in rodents) into the 

inactive form (cortisone and 11β-dehydrocorticosterone), avoiding an excessive amount of maternal GCs 

reaching the fetus (Shearer et al., 2019). We have provided evidence from animal studies that both maternal 

psychophysical (restraint stress during the last week of gestation in rats) and metabolic stress (HFD 

consumption before and during pregnancy in mice) reduce placental 11β-HSD-2 enzymatic activity as well as 

placental weight thus allowing more GCs to reach the fetus overall disrupting placental function (Bellisario et 

al., 2015; Panetta et al., 2017). Moreover, among the long-term effects driven by overexposure to GCs, we 

have previously mentioned an altered ability to cope with further stressors during life that can be, at least in 
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part, explained by HPA axis developmental alteration reducing the number of both MRs and GRs (Maccari et 

al., 1995; Van Waes et al., 2006). 

Inflammatory processes also represent an appealing mechanism linking placental dysfunctions due to prenatal 

psychological or metabolic stress and neurodevelopmental risk in the offspring. In fact, the intrauterine 

inflamed state is able to affect the physiological immune tolerance towards the fetus, activating placental pro-

inflammatory pathways leading to increased inflammatory profile also in fetal brain (Aye et al., 2014; Bilbo 

and Tsang, 2010; Bolton and Bilbo, 2014). This effect could be in part explained considering that placental 

macrophages, deriving from the yolk-sac, migrate to the fetus through the blood stream and colonize the 

developing brain giving origin to microglial cells (Edlow et al., 2019; Takahashi et al., 1991). Thus, fetal 

exposure to inflammation could prime microglia towards a pro-inflammatory profile with severe implications 

in the onset of mental disorders across the lifespan (Bilimoria and Stevens, 2015; Edlow et al.,  2019; Takahashi 

et al., 1991). 

Energy metabolism mediators represent another pathway potentially driving the effects of different prenatal 

stressors on brain development. The coordinated action of insulin/IGF-1 and adipokines regulates 

mitochondrial function, protein synthesis, and the flux of glucose, amino acids and lipids across the placental 

barrier. A number of studies have highlighted changes in the expression of different members of the insulin/ 

IGF family (e.g.: IGF-1, IGF-2 and IGF binding proteins) in the placenta of male and female fetuses, under 

condition of both maternal stress and maternal obesity. Thus, it is possible to hypothesize that placental 

changes in this signaling pathway might be predictive of a specific sex-dependent vulnerability (Ferraro et al.,  

2012; Mina et al., 2015; Mueller and Bale, 2008; Rosario et al., 2016). As for adipokines, they are directly 

secreted by the placenta and play a key role in the modulation of placental-fetal immune tolerance and 

inflammatory processes (Dos Santos et al., 2015; Nogues et al., 2019). During gestation, a dysregulated 

production of leptin has been observed in obese mothers as well as a result of maternal stress. In particular, 

leptin acts as a pro-inflammatory factor on immune cells leading to a release of cytokines, supporting the 

hypothesis that high levels of leptin, that are observed in stressed and obese mothers, could represent a primer 

for placental inflammation (Challier et al., 2008; Tessier et al., 2013). 

In this review, we have been mainly focusing on derangements of neuroendocrine, immune and metabolic 

systems upon maternal different stressors and their sequelae on fetal brain development, since these systems 

are strongly and tightly regulated and characterized by a mutual crosstalk. This feature supports the 

fundamental nature and the evolutionary adaptation underlying physiological coordinated responses to 

adversities as early challenges impinge upon energy balance regulatory systems, which, in many cases, overlap 

with stress-response systems (Cirulli, 2017; Cirulli et al., 2020; Lindsay et al., 2019; Milaneschi et al., 2019). 

In addition, different systems can be activated in response to adverse conditions: genes involved in stress 

reactivity as well as in the immune response are both modulated by different prenatal challenges, supporting 

the hypothesis of a synergistic action on fetal programming and their long-term effects. 
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It is worth to mention that other mechanisms might act as mediators of maternal stress, either of psychophysical 

or metabolic nature, one above all is OS. Indeed, a growing body of evidence suggest that OS might underlie 

the endurable effects of early life adversities on the offspring neurodevelopment by modulating neurogenesis, 

neuronal migration and pruning (Berry et al., 2018b; Bittle et al., 2019; Horn et al., 2019; Karanikas et al.,  

2021; Londono Tobon et al., 2016; Malti et al., 2014). Neurodevelopmental disorders have been related to 

increased levels of systemic OS. Moreover, experiencing stressful events (psychophysical stress) or 

overnutrition (metabolic stress) during pregnancy has been associated with increased OS both in the mother 

and in the offspring although the specific mechanisms underlying this increase in the newborn still need to be 

elucidated. To this regard, it is possible to hypothesize that the above-discussed disruptions in the signaling 

pathways related to GCs, inflammatory and metabolic mediators might all contribute to provide a pro-oxidant 

environment in the developing fetus (Buss, 2021). In our hands, buffering OS in animal models of maternal 

HFD-feeding is able to prevent long-term metabolic and behavioral derangements, suggesting a pivotal role 

for OS in fetal programming (Guan et al., 2021). 

 

Fig. 2. The “funnel effect” model. Maternal psychophysical or metabolic stress may trigger shared signaling pathways 

dealing with neuroendocrine, inflammatory and metabolic mediators, disrupting fetal brain development. A “funnel 

effect” model might explain how such different maternal stressors may converge to similar effects on later life mental 
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health outcomes. To this regard, the placenta, which is the main mother-fetus interface, might play a pivotal role acting 

as a sensor of intrauterine adverse conditions and directing stress signals from the mother to the fetus. 

 

4. Conclusive remarks and future perspectives 

In this review, we have integrated clinical and preclinical evidence obtained over the past few decades 

indicating that both psychophysical and metabolic stress experienced during intrauterine life can threat fetal 

brain development with long-lasting effects on mental health. We have proposed a “funnel effect” model to 

explain how these different prenatal stressors impinge upon common pathways and converge through the 

placenta to increase risk for mental disorders in the offspring. 

In general, maternal stress includes a multitude of other factors such as smoking, air pollution, metals exposure, 

viral agents as well as nutritional and metabolic status, that may all contribute to challenge the intrauterine 

environment and consequently the developing organism (al-Haddad et al., 2019; Banderali et al., 2015; Cirulli 

et al., 2020; Leijser et al., 2018). Worth noticing, these environmental challenges often co-occur targeting 

preferentially (but not exclusively) people with a low socioeconomic status, making overall poverty a multi-

faceted risk factor for later life health outcomes, including psychiatric disorders (Martins et al., 2021; Palacios -

Barrios and Hanson, 2019). As an example, the increase in consumption of easily accessible low cost food, 

characterized by high calorie content and poor nutrient availability, greatly contributes to the spread of obesity, 

increasing the incidence of the related metabolic pathologies particularly among people with low socio-

economic status (Townshend and Lake, 2017). Thus, living in a poor environment has the potential to greatly 

synergize with the main mechanisms (neuroendocrine, immune/inflammatory and metabolic effectors) that we 

have hypothesized to mediate the effects of maternal stress contributing to negatively affect fetal development 

and vulnerability to mental disorders later in life. 

Health promotion and disease prevention descend upon our ability to strengthen the foundations of health and 

to mitigate the adverse impact of stressors in the prenatal periods. Overall, identifying common converging 

pathways in fetal development can be crucial to unveil early risk biomarkers of mental disorders and open up 

novel early diagnostic and treatment avenues. 
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Abstract 

Maternal obesity during pregnancy represents a stressful condition capable to affect fetal brain development 

to an extent that is very similar to psychophysical maternal stress, setting the stage for increased vulnerability 

to neurodevelopmental and psychiatric disorders. By means of two C57Bl6/N mouse models, we compared 

the effects of maternal psychophysical stress (PNS) and maternal obesity (mHFD) in E17.5 embryos (late 

gestation), investigating the role of the placenta in conveying maternal stressful stimuli to the developing fetal 

brain. We hypothesized that derangements in the oxidative stress balance during pregnancy might underlie the 

effects of both PNS and mHFD on neurodevelopment. Thus, we investigated the protective effects of the 

antioxidant N-acetyl-cysteine (NAC) administered to pregnant dams. We used a multi-disciplinary approach 

combining histological and lipidomic analysis to characterize structural and functional changes of the placenta 

accompanied by a targeted transcriptomic analysis to define oxidative stress and inflammatory related changes 

in the brains of male and female fetuses. Overall, we found that both PNS and mHFD disrupt maternal redox 

balance resulting in a sex-dimorphic and fetal brain phenotype characterized by a pro-oxidant and pro-

inflammatory milieu, unravelling a greater vulnerability of female offspring. These effects are associated with 

specific changes in placental morphology as well as with a reduced efficiency in placental lipid metabolism. 

Prenatal administration of NAC is able to partially preserve placental functionality and to prevent brain 

developmental derangements. 

 

Keywords 

Maternal obesity, maternal stress, placenta, fetal programming, brain development, inflammation, sex, 

oxidative stress, mouse model 

  



68 

Chiara Musillo - Ph.D. Thesis 

Introduction 

Psychological stressors experienced during pregnancy may increase the risk of neuropsychiatric problems in 

the offspring, suggesting that mental illness might find its roots very early during development, already during 

in utero fetal life (al-Haddad et al., 2019; Brannigan et al., 2019; Calkins & Devaskar, 2011; E. P. Davis et al.,  

2020; Gilman et al., 2017; Khambadkone et al., 2020; Srinivasan et al., 2020; Tuovinen et al., 2021; Van den 

Bergh et al., 2020). As the mammalian brain is highly plastic and sensitive to external stimuli, adverse prenatal 

conditions may become embedded biological traces, shaping neuronal circuits involved in the response to 

stress, ultimately affecting mental health in the offspring (Barker, 1995; Barker & Osmond, 1986; Cirulli & 

Berry, 2013). In addition to psychological stressors, other early life adversities may entail a greater 

vulnerability to mental illness (Musillo et al., 2022). Thus, it is possible to hypothesize that adverse experiences 

of different nature may impinge upon common pathways involved in the response to stress. A number of 

preclinical and clinical studies have indicated that obesity during pregnancy might be considered as a stressor 

holding similar risks for negative mental health outcomes in the offspring as prenatal - psychological - stress 

(al-Haddad et al., 2019; Brannigan et al., 2019; Calkins & Devaskar, 2011; Cirulli et al., 2020; J. Davis & 

Mire, 2021; Gilman et al., 2017; Khambadkone et al., 2020; Sanchez et al., 2018). In particular, maternal 

obesity has been associated with a higher risk for neurodevelopmental disorders such as attention deficit 

hyperactivity and autism spectrum disorders, cognitive delay but also mood disorders and depression (Cirulli 

et al., 2020; J. Davis & Mire, 2021; Sanchez et al., 2018).  

The mechanisms explaining how different maternal stressors might possibly impact the developing fetal brain, 

accounting for similar sequelae, still need to be studied in detail. In this scenario, the placenta is emerging as 

a main target of different stressful conditions, conveying environmental adversities to the fetus. Indeed, 

disruptions in placental function has been associated with abnormal fetal development (Behura et al., 2019; 

Bronson & Bale, 2016). Interestingly, Kratimenos and Penn have recently coined the term 

“neuroplacentology”, referring to a novel and expanding field of research focusing on the sequelae of placental 

dysfunctions specifically on brain development (Kratimenos & Penn, 2019; Vacher et al., 2021). To this 

regard, the weakening of the placental barrier as a result of stressful conditions has been proposed as a suitable 

mechanism explaining how this organ might be the key orchestrator in mediating signals of stress to the fetus 

(Bronson & Bale, 2016; Khambadkone et al., 2020). In agreement with this hypothesis, we have provided 

evidence that, in rodents, metabolic stress (high-fat diet consumption) reduces the placental 11β-HSD-2 (11β-

Hydroxysteroid dehydrogenase 2) enzymatic activity to a very similar extent than psychophysical stress 

(restraint stress), resulting in excessive amounts of glucocorticoids (GCs) reaching the fetus, leading to long-

term negative outcomes in the offspring (Bellisario et al., 2015; Panetta et al., 2017). 

Beyond resulting in an excessive amount of maternal GCs, prenatal stress and obesity may lead to increased 

levels of systemic inflammation and oxidative stress (OS) in the womb, activating placental pro-inflammatory 

pathways (Bilbo & Tsang, 2010; Bolton & Bilbo, 2014; Cirulli et al., 2022). Within the fetal brain, a main 

target of inflammation and OS is represented by microglia which plays a key role during development as 



69 

Chiara Musillo - Ph.D. Thesis 

regulator of neurogenesis, plasticity and neuronal apoptosis (Hammond et al., 2021). It is worth noticing that 

newborn microglial cells find their origin in the placental macrophages that, deriving from the yolk-sac, 

migrate through the maternal blood stream and colonize the developing brain and could be affected by a 

dysregulated intrauterine environment. Thus, a widespread in utero inflammatory environment could prime 

microglial cells towards an aberrant activation, eventually reprogramming brain development (Edlow et al.,  

2019; Musillo et al., 2022; Takahashi et al., 1991).  

During inflammatory processes, immune cells produce a great amount of reactive oxygen and nitrogen species 

(ROS and NOS), overall increasing levels of OS and nitrosative stress (NS). On the other hand, the 

establishment of a pro-oxidant environment enhances the pro-inflammatory phenotype, leading to a condition 

of mutual reinforcement, often characterizing the pathophysiology of many health issues including obesity and 

psychological stress (Biswas, 2016). Oxidative balance is also crucial for a proper brain development, 

regulating neurogenesis, neuronal migration, and pruning; moreover increased systemic OS has been 

associated with a higher risk for neurodevelopmental disorders (Bittle et al., 2019; Londono Tobon et al.,  

2016). In line with this evidence, a role of OS during critical phases of brain development has been proposed 

as a possible mechanism mediating the effects of different maternal stressors on offspring brain development 

and mental health (C. Buss, 2021). 

N-acetyl-cysteine (NAC) is emerging as a promising drug as it is a powerful antioxidant with also anti-

inflammatory properties (Chiew et al., 2018; Wilkes et al., 2005). Interestingly, there is a growing body of 

clinical evidence supporting beneficial effects of NAC in psychiatric patients, making this drug a valid 

candidate for the treatment of a wide range of neuropsychiatric disorders (Berk et al., 2013). As we have 

previously shown, NAC has the ability to boost the antioxidant defenses in the offspring of a mouse model of 

maternal obesity by increasing levels of glutathione (Berry et al., 2018). Thus, this compound could modulate 

the increase in the production of ROS, a possible etiopathological mechanism characterizing both 

psychophysical stress and maternal obesity.  

Our main working hypothesis was that maternal stressors as different as psychophysical stress (prenatal stress 

- PNS) and obesity (maternal high-fat diet - mHFD) might share common inflammatory/OS related pathways, 

disrupting fetal brain development, by primarily affecting placental function and morphology. To test such 

hypothesis, we used two different mouse models mimicking, respectively, maternal psychophysical stress and 

maternal obesity. In both models we evaluated: i) structural and functional placental alterations; ii) disruptions 

of the inflammatory/OS related pathways in fetal brains; iii) sex-specific differences in fetal programming; iv) 

the efficacy of the prenatal administration of NAC to preserve placental functionality and brain development 

against stressors occurring early during life. 
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Materials and methods 

This study was reported in conformity with ARRIVE guidelines (Animal Research: Reporting of In Vivo 

Experiments) (du Sert et al., 2020). 

Animal handling 

All experimental procedures were approved by the ethical body of the Istituto Superiore di Sanità for animal 

welfare and conducted in conformity with the European Directive 2010/63/EU and the Italian legislation on 

animal experimentation, D.Lgs. 26/2014. They were authorized by the Italian Ministry of Health. 

Two-month-old C57BL/6N mice, 140 females and 70 males, were purchased from a commercial breeder 

(Charles River, Italy) and housed two/cage in transparent Plexiglas cages provided by Tecniplast, in an air -

conditioned room (temperature 21 ± 1°C, relative humidity 60 ± 10%), under a reversed 12/12 h light/dark 

cycle with lights off from 07:00 a.m. to 07:00 p.m. Fresh tap-water and standard chow (energy 3.3 kcal/g, fat 

17%, carbohydrate 60% and protein 23% provided by Mucedola, Italy) were continuously available. After 

three weeks of habituation, female breeders were allocated into the experimental groups (see below for further 

details).  

 

Prenatal stressors 

Female breeders were allocated into two models of maternal stress as described below. 

Psychophysical stress (maternal restraint - PNS). Pregnant females were assigned to the control (CTRL) or 

the PNS groups and counterbalanced to avoid bias due to body weight. Females assigned to the PNS group 

were individually restrained in a transparent Plexiglas cylinder (11.5 × 3 cm) and contextually exposed to 

bright light as an additional stressor (6.500 lux) for 30 minutes, three times daily, from gestational day (G) 

12.5 until G17.5. Stress sessions were conducted during the dark phase (07:00 a.m. to 07:00 p.m.) at different 

hours during the day in order to prevent habituation to the repeated procedure (Maccari et al., 1995). Females 

assigned to the CTRL group were left undisturbed during the entire pregnancy period. The final number of 

dams was: CTRL-Vehicle = 9; CTRL-NAC = 7; PNS-Vehicle = 9; PNS-NAC = 7. 

Metabolic stress (maternal HFD - mHFD). Female breeders were assigned to the control diet (CD, n = 35) 

or the high-fat diet (HFD, n = 35) groups and counterbalanced to avoid bias due to body weight. Diets were 

administered ad libitum for 10 weeks before mating and throughout gestation (for a total of 13 weeks), until 

sacrifice at G17.5. HFD (D12331, energy 5.56 kcal/g, fat 58%, carbohydrate 25.5% and protein 16.4) and CD 

(D12328, energy 4.07 kcal/g, fat 10.5%, carbohydrate 73.1% and protein 16.4%) were provided by Research 

Diets Inc., New Brunswick, NJ, USA. The final number of dams was: CD-Vehicle = 9; CD-NAC = 12; HFD-

Vehicle = 6; HFD-NAC = 8. 
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N-acetyl-cysteine (NAC) administration 

Five weeks before mating, female breeders were divided in two groups receiving either the antioxidant NAC 

treatment (n = 35 for the PNS model and 35 for the mHFD model) or tap water as vehicle (n = 35 for the PNS 

model and 35 for the mHFD model), until sacrifice at G17.5 (for a total of 8 weeks). Treatments were allocated 

through a minimization approach to avoid bias due to body weight (Altman & Bland, 2005). In order to 

minimize stress due to excessive handling procedure, NAC was daily administered in drinking water to yield 

an average dose of 1 g/kg body weight (Berry et al., 2018). Solution consumption was recorded weekly 

throughout the entire experiment. NAC was purchased as powder by Sigma Aldrich. 

 

Mating, pregnancy and tissues collection 

After 5 weeks on NAC administration (and 10 weeks on diets), all females were bred (see Bellisario et al.,  

2015 for further details on the breeding procedure). Body weight gain was monitored once a week before 

mating and during pregnancy at G7, at G14 and at G17.5. Females that did not get pregnant underwent a second 

48 h mating with a different male breeder. 

At G17.5, the day before the expected delivery date, dams were sacrificed by cervical dislocation and trunk 

blood was collected into heparinized tubes to obtain plasma for measuring NAC levels and markers of OS. 

Immediately, a caesarean (c)-section was performed opening the uterine horns, then each amniotic sac was 

exposed by removing the maternal uterine wall and placentas, fetal brains and tails were dissected-out. From 

each pregnant dam, placentas of one male and one female were fixed for histopathological evaluations. 

Additional placentas of one male and one female as well as all the fetal brains and the tails were frozen in 2-

Methylbutane then stored at -80 °C for proteomic/lipidomic/metabolomic analysis on the placentas, gene 

expression analysis on the fetal brains and genetic sex determination on the tails, respectively. 

The investigators could not be blinded to the prenatal conditions but all the tissues collected (blood, placentas, 

tails and brains) were coded and analyzed in blind. 

 

Peripheral circulating levels of NAC and markers of OS in pregnant dams 

NAC measurements were performed after (Henning et al., 2022) with modifications. Briefly 10 µL murine 

plasma were spiked with 40 µL internal standard (d3-NAC,300 nM in 90% acetonitrile) and vortexed for 30 

s. To support protein precipitation, samples were stored at -20 °C for 10 min in a precooled rack and then 

centrifuged at 30.000×g and 4 °C for 10 min. Next, 40 µL of supernatant were transferred into a vial with a 

100 µL glass insert and 5 µL were injected into the LC system. Chromatography was performed using an 

ACQUITY UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 µm) equipped with a VanGuard BEH Amid 

pre-column (2.1 mm × 5 mm, 1.7 µm). Mobile phase A consisted of acetonitrile/MilliQ water (9:1, v/v) 
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containing 5 mM and 0.3% formic acid (v/v). Mobile phase B consisted of MilliQ water containing 25 mM 

ammonium formate (pH 6). Gradient elution started at 100% A and was held for 2 min. Thereafter, the 

proportion of solvent B was increased to 40% within 0.1 min. 40% were kept constant for 2 minutes until 

column was re-equilibrated with initial conditions until minute 6. The flow rate was constantly set at 0.25 

mL/min. Samples were kept in the autosampler at 6 °C and column temperature was set at 35°C. For detection 

a Waters Xevo TQ-XS was used in ESI+ mode. Monitored mass transitions were 164.1 > 122.0 and 164.1 > 

146.1 for NAC and 167.1 > 123.0 and 167.1 > 149.0 for d3-NAC. Plasma malondialdehyde was determined 

after derivatization with thiobarbituric acid following separation by RP-HPLC followed and subsequent 

fluorescence detection as described by (Wong et al., 1987) with modifications (Weber et al., 2014). The 

analyses of protein carbonyls and 3-nitrotyrosine in plasma by two in-house ELISA methods have been 

described elsewhere (H. Buss et al., 1997; Weber et al., 2014). Protein concentration was measured by the 

Bradford method prior to the respective ELISAs. 

 

Sex determination by PCR Reactions 

Genomic DNA was extracted from embryo mice tails (about 1 cm) using DNeasy Blood & Tissue kit (Qiagen), 

according to the manufacturer instructions, and the genetic sex of mice was determined by Sly/Xlr PCR with 

the SX_F, 5ʹ-GATGATTTGAGTGGAAATGTGAGGTA-3ʹ and SX_R, 5ʹ-

CTTATGTTTATAGGCATGCACCATGTA-3ʹ primer pairs, according to (McFarlane et al., 2013). 15 µL of 

PCR products were electrophoresed together with a DNA ladder (GelPilot MidRange ladder, Qiagen) and 

GelRed nucleic acid stain (Biotium) on 2% agarose gels, and visualized with the Bio-Rad ChemiDoc XRS 

system. 

 

Histomorphometric analysis of mouse placenta 

Placentas were fixed in paraformaldehyde solution 4% in PBS, stored in 80% ethyl alcohol, sliced transversally 

through their center with a scalpel and embedded in paraffin by tissue processor (Shandon Excelsior ES, 

Thermo Scientific). Placentas were cut into 5 µm sections using the Microm HM 325 (Thermo Scientific) and 

stained with hematoxylin-eosin. Slides were examined under a light microscope (Nikon Microphot FX, 

Amsterdam, Netherlands) for histological changes. For quantitative histomorphometrical analyses, placentas 

were examined by an image analysis system (Nis-Elements Br) applied to the optical microscope (Nikon 

Microphot FX). Thickness of layers (decidua basalis, junctional zone and labyrinth) was measured using a 

10 x lens. For each layer, the mean thickness and the ratio with the whole placenta thickness were calculated 

using three serial sections/sample (Tait et al., 2015).  

 

 



73 

Chiara Musillo - Ph.D. Thesis 

Lipidomic and Metabolomic analysis of mouse placenta by 1H-NMR spectroscopy 

Extraction of aqueous and organic metabolites. Frozen placentas were pulverized and subjected to methyl-tert-

butyl ether/methanol extraction of lipids, metabolites and proteins (Coman et al., 2016). The polar phase 

containing water soluble cellular metabolites was evaporated under nitrogen gas and lyophilized whilst the 

organic fraction (lipid phase) was evaporated under nitrogen gas flow. Both phases of cell extracts were stored 

at -20°C. 

Metabolomics analyses by Nuclear Magnetic Resonance (NMR) spectroscopy. The aqueous fraction from cells 

were reconstituted in 700 μL D2O using TSP (0.1mM) as NMR internal standard whereas lipid fraction from 

cells was resuspended in a CD3OD/CDCl3 solution (2:1 v/v) with 0.05%of tetramethylsilane (TMS) as internal 

reference. High-resolution 1H-NMR analyses were performed at 25 °C at 700 MHz (14.09 T Bruker AVANCE 

NEO spectrometer; Karlsruhe, Germany, Europe) on aqueous and organic cell extracts using acquisition 

pulses, water pre-saturation, data processing, and peak area deconvolution as previously described (Saulle et 

al., 2021). Relative quantification of lipid signals in organic fractions was referred to the signal at 1.6 ppm (as 

a measure of total acyl chain and referred to 100). The integrals of characteristic lipid signals were compared 

to this value. Reagents: methanol (CD3OD), chloroform (CDCl3); deuterium oxide (D2O) (Cambridge Isotope 

Laboratories, Inc.); 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) (Merck & Co, Montreal,  

Canada). 

 

Gene expression on fetal brains 

One male and one female fetal brain (G17.5) from each pregnant dam - for a total of 6 males and 6 females 

per experimental group - were removed from the skull on ice and homogenized in Trizol reagent (Thermo 

Fisher Scientific) using the TissueLyser LT (Qiagen) for 5 min at 50 Hz. Total RNA purification was 

performed according to the Trizol reagent user guide, and the quality and concentration of RNA was measured 

at Nanodrop. All samples were stored at -20°C until gene expression analyses. 

cDNA was reverse transcribed from 1 µg of RNA using the High-Capacity cDNA Reverse Transcription Kit 

and the Gene Amp PCR System 9700 (Applied Biosystems, Thermo Fisher Scientific). Real-time PCR was 

performed on the reverse transcription products using the AB 7500 Real Time PCR System, with TaqMan 

master mix and the following TaqMan™Gene Expression Assays (Applied Biosystems, Thermo Fisher 

Scientific): hypoxanthine guanine phosphoribosyl transferase (HPRT, Mm00446968_m1), interleukin-1β (IL-

1β, Mm00434228_m1), interleukin-6 (IL-6, Mm00446190_m1), tumor necrosis factor alpha (TNF-α, 

Mm00443258_m1), transforming growth factor beta 1 (TGF-β1, Mm01178820_m1), insulin-like growth 

factor 1 (IGF-1, Mm00439560_m1), inducible nitric oxide synthase (iNOS, Mm00440502_m1), arginase 1 

(Arg-1, Mm00475988_m1), uncoupling protein 2 (Ucp2, Mm00627599_m1), cluster of differentiation 68 

(CD68, Mm03047343_m1), triggering receptor expressed on myeloid cells 2 (TREM 2, Mm04209424_g1), 

transmembrane protein 119 (TMEM 119, Mm00525305_m1). Annealing temperature was 60 °C for all the 
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primer pairs listed. All samples were run in duplicate, and each PCR well contained 20 μl as a final volume of 

reaction, including 2l of complementary DNA corresponding to approximately 60 ng total RNA, 750 nM of 

each primer, and 10 μl PCR master mix. Thermal cycling conditions were as follows: 1 cycle at 95 °C for 

10 min, 40 cycles at 95 °C for 15 s and 60 °C for 1 min. The relative expression level of each mRNA 

(normalized to HPRT used as the housekeeping gene, and relative to the appropriate male mice vehicle group) 

was calculated using the 2-ΔΔCt method. 

 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism version 9 (GraphPad Software, San Diego, CA, 

USA). All the data were graphically presented as mean ± SEM. Maternal parameters were analyzed by means 

of a two-way ANOVA with stressful condition (PNS/CTRL or HFD/CD) and treatment (NAC/Vehicle) as 

between-subject factors and repeated measure (body weight) as within subject factors. As regards the thickness 

of placental layers, male and female mice were analyzed separately by means of a two-way ANOVA with 

stressful condition (PNS/CTRL or HFD/CD) and treatment (NAC/Vehicle) as between-subject factors. Post 

hoc comparisons among groups were performed using the Tukey’s test. Gene expression data were analyzed 

by means of a three-way ANOVA with prenatal condition (PNS/CTRL or HFD/CD), prenatal treatment 

(NAC/Vehicle) and sex (male or female) as between-subject factors. ANOVA analysis was followed by post-

hoc Šídák's multiple comparisons test on significant effects. Grubb's test, using 5% significance level critical 

values, was used to detect outliers (Grubbs, 1950). A level of probability set a p<0.05 was used as statistically 

significant. To analyze lipidome content, we preliminarily conducted a principal component analysis (PCA) 

on 17 lipid signals. The PCA is a factorial method that allows correlation analysis of a set of n standardized 

variables by extracting k < n orthogonal factors as linear combinations of the original variables. These factors 

were then named after the domain that recapitulates the variables with the highest factor loadings (at least >0.5 

in absolute value). Once the factors were defined, the loadings of the 17 variables were multiplied by the 

standardized values and then added to identify the coordinates in a new multidimensional space. These new 

values (reflecting the score of each individual for each orthogonal factor) were then analyzed through an 

unpaired t-test. 
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Results 

Dams’ body weight 

Body weight of dams was recorded once a week from the beginning of the experiment (1st week) and 

throughout pregnancy until sacrifice at G17.5. 

Psychophysical stress. NAC administration, that started five weeks before mating, overall reduced dams’ body 

weight (main effect of treatment: F(1,28)=36.299, p<0.0001). In particular, the interaction between treatment 

and time showed that this effect started from the 5th week of administration and continues throughout the entire 

pregnancy (F(1,8)=23.01, p<0.0001; post hoc comparisons: p<0.01 NAC vs Vehicle). When the restraint stress 

was applied, it was able to reduce dams’ body weight (main effect of stress: F(1,28)=7.512, p=0.0106). More 

in detail, an interaction between stress and time revealed that PNS reduced dams’ body weight during 

pregnancy specifically at G14 and G17.5 (F(1,8)=4.156, p=0.0001; post hoc comparisons: p<0.01 PNS vs 

CTRL), see Figure 1A. 

Metabolic stress. Overall, HFD feeding increased dams’ body weight already before mating as well as during 

pregnancy (main effect of diet: F(1,31)=23.579, p<0.0001). Interestingly, an interaction among time, diet and 

treatment was found showing that the administration of NAC was effective in containing HFD-induced body 

weight gain, starting from the 10th experimental week and through gestation (F(13,403)=2.014, p=0.0186, post 

hoc comparisons: p<0.01 HFD-NAC vs HFD-Vehicle), see Figure 1B. 
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Figure 1 Dams’ body weight. A) PNS as well as NAC administration reduced dams’ body weight. $$ p<0.01 Tukey’s 

test NAC vs Veh; ** p<0.01 Tukey’s test PNS vs CTRL. B) NAC administration contained body weight gain in HFD-

fed dams. ## p<0.01 main effect of diet; ** p<0.01 Tukey’s test HFD-NAC vs HFD-Veh. Data are mean ± SEM. Number 

of subjects: 6-12 within each experimental group. 

 

Peripheral circulating levels of NAC and markers of OS in pregnant dams 

At G17.5 all dams were sacrificed and plasma was collected to measure NAC levels and markers of OS. 

Circulating levels of NAC 

Psychophysical stress. No main effect of stress was found in maternal circulating levels of NAC (F(1,8)=2.255, 

p=1.1716), see Table1. 

Metabolic stress. No main effect of diet was found in maternal circulating levels of NAC (F(1,8)=0.086, 

p=0.7767), see Table 1. 

 

Table 1 Circulating levels of NAC (nM) in pregnant females administered with the compound.  

 NAC (nM) 

CTRL-NAC 1.853 ± 0.672 

PNS-NAC 4.768 ± 2.213 

CD-NAC 2.761 ± 0.774 

HFD-NAC 3.087 ± 0.693 

Data are mean ± SEM. Number of subjects: 4-6 within each experimental group 

 

Proteins and markers of OS in peripheral circulation of pregnant dams 

Psychophysical stress. NAC treatment as well as PNS had no significant effect on total circulating protein 

levels (F(1,28)=0.7007, p=0.4096; see Figure 2A). Protein carbonyls were also not altered between treatment 

groups (F(1,28)=2.241, p=0.1456; see Figure 2A). However, markers of OS, 3-nitrotyrosine and 

malondialdehyde showed varying effects dependent on NAC treatment or stress exposure. Specifically, 3-

Nitrotyrosine showed a significant interaction between stress and treatment, and a tendency toward a reduction 

in the PNS-NAC group that did not reach statistical significance (F(1,28)=4.553, p=0.0418, See Figure 2A). 

Malondialdehyde showed a significant suppression in the presence of NAC treatment in both control and PNS 

groups (See Figure 2A (F(1,28)=32.35, p<0.0001, post hoc comparisons: p<0.01 CTRL-NAC vs CTRL-

Vehicle; p<0.001 PNS-NAC vs PNS-Vehicle). 
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Metabolic stress. Exposure to HFD had a significant effect in decreasing total circulating protein levels that 

was not further exacerbated by NAC treatment (main effect of diet: F(1,26)=4.15, p=0.0478; see Figure 2B). 

Malondialdehyde and protein carbonyls were also not altered between treatment groups (F(1,26)=0.2211, 

p=0.6422 and F(1,26)=1.133, p=0.2970, respectively). However, 3-Nitrotyrosine showed a significant 

interaction between diet exposure and NAC treatment revealing a tendency toward a reduction within the HFD-

NAC group that did not reach statistical significance (F(1,26)=4.330, p=0.474); see Figure 2B). 

 

In general, psychophysical and metabolic stress exerted similar effects, affecting 3-Nitrotyrosine levels and 

shifting the homeostatic balance towards a pro-oxidant maternal environment. 

 

 

Figure 2 Total proteins and markers of OS in dams’ peripheral circulation. 3-Nitrotyrosine levels were found to be 

affected by both PNS and HFD. A) $$ main effect of treatment p<0.01; * Interaction between stress and treatment. B) # 

main effect of diet p<0.05; * Interaction between stress and treatment. Data are mean ± SEM. Number of subjects: 6-9 

within each experimental group. 

 

Histomorphometric analysis on placenta 

Psychophysical stress. When the placental layers were measured, we found sex dimorphic changes. In 

particular, PNS reduced the thickness of both the labyrinth and the decidua basalis only in male placentas 

(main effect of stress - labyrinth: F(1,21)=7.095, p=0.0145; decidua: F(1,21)=5.688, p=0.0266), see Figure 
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3A. The junctional zone resulted to be reduced by NAC treatment specifically in females, while no effect was 

observed in male placentas (main effect of NAC: F(1,21)=15.90, p=0.0007). 

Metabolic stress. The exposure to mHFD increased the thickness of the junctional zone specifically in male 

placentas, while NAC treatment was able to prevent this effect (interaction between diet and treatment: 

F(1,19)=4.368, p=0.050; post hoc comparisons: p<0.05 HFD-Vehicle vs CD-Vehicle; p<0.01 HFD-NAC vs 

HFD-Vehicle), see Figure 3B. As for female placentas, we observed a reduction of the junctional zone as a 

result of the antioxidant treatment (Main effect of NAC: F(1,19)=14.09, p=0.0013). 

 

 

Figure 3 Thickness of the placental layers. A) PNS reduced labyrinth and decidua basalis specifically in males. Main 

effect of stress #p<0.05; ## p<0.01; $$ Main effect of NAC p<0.01. B) mHFD increased junctional zone in males only. 

Tukey’s test *p<0.05 HFD-Vehicle vs CD-Vehicle, **p<0.01 HFD-NAC vs HFD-Veh; $$ Main effect of NAC p<0.01. 

Data are mean ± SEM. Number of subjects: 4-8 within each experimental group. 

 

Placental lipidome profile 

Psychophysical stress. When the z-score (relative to PC1) accounting for the effects on phospholipids and lipid 

metabolism was analyzed, we found that exposure to PNS reduced this parameter compared to CTRL 

(p=0.0184). 

Metabolic stress. In placentas exposed to mHFD we found similar results to PNS showing a reduced z-score 

(relative to PC1) compared to CD (p=0.0262). 
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Figure 4 Placental lipidome content. Both PNS and mHFD reduced the z-score accounting for the effects on 

phospholipids and lipid metabolism. 

 

Neuroinflammation and microglia function in fetal brains 

We analyzed the transcript levels of genes involved in homeostatic and immune functions of microglia and 

markers of neuroinflammation: the inflammatory cytokines IL-1β, IL-6, TNF-α, TGF-β; the growth factor 

IGF-1; the inflammatory/oxidative stress-related proteins iNOS, ARG-1 and the mitochondrial uncoupling 

protein UCP2; the microglia/macrophage markers CD68, TREM 2, and TMEM 119.  

Psychophysical stress. When the gene expression levels of a panel of microglia markers and 

neuroinflammatory mediators were measured, we found that PNS as well as the prenatal administration of 

NAC exerted sex-dependent effects on fetal brains. In particular, PNS had a dimorphic effect on IL-1β levels, 

increasing this cytokine specifically in females compared to male mice (post hoc comparisons: p<0.05 males 

PNS-Veh vs females PNS-Veh). In addition, prenatal administration of NAC seemed to rebalance this 

parameter, reducing IL-1β expression in females and increasing it in males (interaction between sex and 

treatment: F(1,38)=7.06, p=0.0115; post hoc comparisons did not reach statistical significance), see Figure 5A. 

As for IL-6, PNS increased the expression of this cytokine specifically in females (interaction between stress 

and sex: F(1,39)=5.54, p=0.0237; post hoc comparisons: p<0.01 PNS-Veh vs CTRL-Veh), while prenatal NAC 

treatment was able to prevent this effect (interaction between stress and treatment: F(1,39)=8.34, p=0.0063; 

post hoc comparisons: p<0.05 PNS-NAC vs PNS-Veh), see Figure 5A. A main effect of sex revealed increased 
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mRNA levels of TNF- in male fetal brains compared to females (F(1,38)=4.34, p=0.0439), see Figure 5A. 

Expression levels of TGF-β and IGF-1 were not significantly affected by PNS nor NAC treatment. 

CD68 and TREM2 mRNAs were not altered by PNS, NAC nor their combination in either sexes. In the case 

of TMEM119, a significant interaction between stress and treatment suggested that NAC enhanced its 

expression in CTRL mice, regardless of sex (F(1,36)=6.25, p=0.0171, although post hoc comparisons did not 

reach statistical significance), see Figure 5C. 

When the iNOS/Arg-1 mRNA ratio was assessed, NAC treatment revealed a tendency toward a reduction 

within the PNS males (interaction between stress, sex and treatment: F(1,36)=5.79, p=0.0214), although post 

hoc analyses did not yield significance, see Figure 5E. Also for UCP-2 mRNA expression, an interaction 

among stress, sex and treatment was found (F(1,40)=5.14, p=0.0288), suggesting enhanced UCP2 expression 

in CTRL-NAC females compared to their control, see Figure 5E. 

Metabolic stress. Overall, fetal brains exposed to mHFD showed altered expression of inflammatory and 

microglial related genes. More in detail, when cytokine levels were assessed, we found that mHFD increased 

IL-1and IGF-1 expression in both sexes (main effect of diet: F(1,38)=7.03, p=0.0116 and F(1,39)=6.01, 

p=0.0188, respectively for IL-1and IGF-1), see Figure 5B. A significant interaction between sex and diet 

was found both for TNF-α and TGF-β mRNAs (TNF-α: F(1,38)=4.45, p=0.0415 and TGF-β: F(1,39)=8.09, 

p=0.0070). Post hoc comparisons showed increased levels of TGF-β in mHFD females when compared to their 

counterpart (p<0.05 HFD-Veh vs CD-Veh). As for TNF-α, a similar trend was observed although post hoc 

comparisons did not reach statistical significance, see Figure 5B. Prenatal exposure to NAC did not revert the 

HFD-induced changes of all the transcripts considered but IL-6. More in detail, NAC overall reduced its 

expression levels, regardless of diet and sex (main effect of treatment: F(1,38)=5.43, p=0.0252), see Figure 

5B. 

mHFD affected CD68 and TMEM119 expression in a sex-dependent manner. In particular, while no effect was 

observed in males, female fetal brains were characterized by increased mRNA levels when compared to both 

CD females as well as mHFD males (interaction between diet and sex - CD68: F(1, 40)=7.15, p=0.0108; post 

hoc comparisons: p<0.05 females HFD-Veh vs CD-Veh; p<0.01 males HFD-Veh vs females HFD-Veh; and 

TMEM119: F(1,38)=5.13, p=0.0293); post hoc comparisons: p<0.05 females HFD-Veh vs CD-Veh; males 

HFD-Veh vs females HFD-Veh). Maternal NAC administration was effective in overall reducing the 

expression of CD68 (main effect of treatment: F(1,40)=4.79, p=0.0345), while it had no effects on TMEM119 

regulation (Figure 5D). 

mHFD increased also the iNOS/Arg-1 ratio in fetal brains (main effect of diet: F(1,38)=10.3, p=0.0027). As 

for UCP2, a significant interaction among diet, sex and treatment was found (F(1,34)=6.37, p=0.0165) showing 

that overall control males had higher levels of UCP2 compared to control female subjects (p<0.05). In addition, 

it was shown that mHFD reduced UCP2 in fetal male brains but not in females (p<0.01), while prenatal NAC 

was effective in decreasing this parameter in control male fetuses (p<0.01). See Figure 5F. 
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Overall, PNS and mHFD activated immuno-inflammatory pathways in fetal brains leading to increased 

expression levels of cytokines such as IL-1 and IL-6. A greater vulnerability of female fetuses was observed 

as a result of both the stressors. Furthermore, mHFD seemed to specifically target microglia markers and genes 

involved in the regulation of brain OS balance. 
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Figure 5 Neuroinflammation and microglia functions in male and female fetal brains at E18. A) Cytokines panel in 

fetal brains following a prenatal exposure to psychophysical stress. PNS increased levels of IL-1 and IL-6 specifically 

in female fetal brains, while NAC prevented this effect. IL-1: *p<0.05 Sidak’s test males PNS vs females PNS; IL-6: 

*p<0.05 Sidak’s test females PNS-NAC vs PNS-Veh; **p<0.01 Sidak’s test females PNS-Veh vs female CTRL-Veh; 

TNF-: £ main effect of sex p<0.05. B) Cytokines panel in mHFD fetal brains. mHFD increased levels of IL-1 and IGF-

1 in both sexes and increased TGF- expression only in female fetuses. IL-1 and IGF-1: # main effect of diet p<0.05; $ 

main effect of treatment p<0.05; *p<0.05 Sidak’s test female HFD-Veh vs CD-Veh. C) Markers of homeostatic and 

immune functions of microglia were not affected in PNS fetal brains. D) Markers of homeostatic and immune functions 

of microglia in mHFD fetal brains. mHFD had sex-dependent effects increasing levels of CD68 and TMEM119 

specifically in female fetuses, while NAC buffered this change. CD68: *p<0.05 Sidak’s test females HFD-Veh vs CD-

Veh; **p<0.01 Sidak’s test females HFD-Veh vs males HFD-Veh; **p<0.01 Sidak’s test females HFD-NAC vs males 

HFD-NAC; TMEM119: *p<0.05 Sidak’s test females HFD-Veh vs CD-Veh; females HFD-Veh vs males HFD-Veh. E) 

mRNA levels of iNOS/Arg-1 and UCP2 were not affected in fetal brains following PNS. F) The iNOS/Arg-1 ratio was 

found to be increased in mHFD fetal brains in both sexes; ## main effect of diet p<0.01. mHFD as well as NAC exposure 

decreased the expression of UCP2 mRNA specifically in female fetal brains; **p<0.01 Sidak’s test males HFD-Veh vs 

CD-Veh; CD-NAC vs CD-Veh. Data are mean ± SEM. Number of subjects: 5-6 within each experimental group. 
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Discussion 

Collectively, we provide important evidence supporting the hypothesis that prenatal stressors of 

psychophysical (PNS) and metabolic nature (mHFD), experienced by the mother, affect the brain development 

of the fetus to a similar extent, by triggering shared converging inflammatory/OS related pathways. In addition, 

we highlight clear sexually dimorphic phenotypes in response to PNS or mHFD, revealing an increased 

vulnerability of female offspring, at least during early developmental stages. 

In this study, we used two paradigms of prenatal stress relying upon repeated sessions of restraint stress from 

G12.5 to G17.5 or feeding with a diet enriched in fats, prior to and during pregnancy, to mimic, respectively, 

a condition of maternal psychophysical stress or maternal obesity. When assessing body weight gain of the 

dams in these two conditions, and as expected, body weight was increased by the HFD. By contrast, PNS 

pregnant females showed a decreased body weight gain during pregnancy, specifically at G14 and G17.5, 

compared to CTRL females. This piece of data replicates the reduction of maternal body weight due to restraint 

stress that has been widely described (Kinsley & Svare, 1986; Lu et al., 2021; Weinstock, 2017). Interestingly, 

both maternal stress and obesity during gestation have been associated with neonatal complications, in 

particular with intrauterine growth restriction (IUGR), a condition defined as the failure of the fetus to reach 

its full genetic growth potential (Lesage et al., 2004; Lopez-Tello et al., 2019; Radulescu et al., 2013; Rondó 

et al., 2003; Tanner et al., 2022). Our group has previously provided evidence that support and confirm this 

association, showing that maternal stress or obesity similarly cause reduced fetal weight in late gestation, an 

effect that is consistent across different species (Bellisario et al., 2015; Panetta et al., 2017). As expected, NAC 

administration revealed a strong capacity to prevent the weight gain in HFD-fed dams. These results are in 

agreement with previous studies by Kim and colleagues showing that NAC can exert anti-obesity activity by 

blocking metallothionein-II protein and removing ROS, two elements that are essential during adipocyte 

differentiation, thus inhibiting lipid droplet formation (Kim et al., 2006).  

In agreement with the fact that increased OS and NS result from a range of adverse stimuli, when maternal 

blood was analyzed, we found that 3-Nitrotyrosine levels were altered by both PNS and mHFD towards a pro-

oxidant profile. Since maternal blood ultimately flows into the placenta, we can assume that also the 

intrauterine milieu and in particular the placenta suffers from PNS/mHFD-induced OS. We have previously 

shown that placentas of fetuses exposed to PNS or mHFD were similarly characterized by reduced weight in 

late pregnancy (Bellisario et al., 2015; Panetta et al., 2017). Here we tested the hypothesis that OS might have 

a direct impact on placental function and that variations in total tissue weight might reflect alterations in 

placental structure and physiology; thus we performed histomorphometric evaluations and lipidomic analysis.  

The labyrinth zone is the crucial site of nutrient exchange, from the maternal to the fetal side, and it is strongly 

implicated in the pathogenesis of IUGR, while the decidua basalis is a maternal derived tissue with specialized 

glycogen-storing cells (Woods et al., 2018). Here we found that PNS reduced the thickness of the labyrinth 

and the decidua in a sex-dependent fashion, specifically affecting male placentas. Although we did not observe 

differences in mHFD labyrinth, other studies reported a smaller labyrinth in mHFD male placentas (Napso et 
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al., 2022), suggesting sex-specific overlapping effects of PNS and mHFD on placental morphology and 

functionality. Moreover, the junctional zone, which is the main endocrine compartment regulating the 

maternal-fetal crosstalk, was found to be increased in mHFD males only. Similar findings suggest that this 

effect might be mediated by increased levels of placental IGF expression as a result of overexposure to 

maternal corticosterone (Cuffe et al., 2012). Interestingly, NAC treatment was able to counteract such increase 

possibly buffering the detrimental effects of mHFD on 11β-HSD-2 activity, thus preventing excessive amount 

of GCs to affect the fetus (Bellisario et al., 2015; Panetta et al., 2017; Shi et al., 2020). 

Our preliminary data regarding the placental lipidome content revealed important similarities between PNS 

and mHFD in reducing the more important component of the PCA performed on these samples, the one that 

accounts for the effects on phospholipids and lipid metabolism. This piece of data is not surprising as lipids 

play a main role in the central nervous system being the constituent of brain cell membranes. As an example, 

polyunsaturated fatty acids (PUFA) participate in cell signaling, neurotransmission and neuroinflammat ion 

(Bazinet & Layé, 2014). Because of limited capacity of the fetus to synthesize lipids that are essential for the 

developing brain (e.g. PUFA), an altered transfer across the placenta might have a detrimental impact on 

neurodevelopment (Devarshi et al., 2019). Thus, our data indicate that two very different prenatal conditions 

converge in modifying lipid content in the fetal placenta, supporting the important role of this temporary organ 

in transmitting the effects of adverse conditions on fetal growth. 

PNS and mHFD, by increasing OS and causing placental dysfunction, might be responsible for abnormal fetal 

brain development specifically affecting microglial functional maturation. In order to test this hypothesis, we 

assessed a panel of genes involved in homeostatic and immune functions of microglia and markers of 

neuroinflammation. Overall, in this study we provide evidence confirming our hypothesis, showing that both 

PNS and mHFD trigger shared inflammatory/OS related pathways, exerting sex-specific effects on brain 

immune function, with greater effects on female fetuses. More in detail, we found that PNS and mHFD 

increased levels of one of the most representative pro-inflammatory cytokines, Il-1 , in the fetal brain, 

resembling the condition known as maternal immune activation (Baines et al., 2020). PNS was particularly 

effective in increasing Il-6 levels, a condition that has been associated with increased glutamatergic synapse 

density and disruption of hippocampal connectivity in adulthood (Mirabella et al., 2021). It is of interest that, 

compared to PNS, mHFD had more pervasive effects inducing a pro-inflammatory milieu by increasing mRNA 

expression of growth factors (i.e. Tgf- and Igf-1) and markers of microglia activation (i.e. Cd68 and 

Tmem119), specifically in female brains as previously described (Kang et al., 2014). Moreover, mHFD drove 

the fetal brain towards a pro-oxidant profile by increasing iNOS/Arg-1 ratio as well as decreasing Ucp2 

expression. Maintaining cellular redox balance is fundamental for brain development, not only because fetal 

brain is particularly vulnerable to OS and antioxidant enzymes are low expressed, but also because it regulates 

microglia homeostasis through the NFkB-NRF2 mutual crosstalk (Akhtar et al., 2017; Rojo et al., 2014). In 

this context, NAC was only partially effective in preventing the effects here described. However, we have data 
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to show that NAC may have more long-term effects on these dysregulations (Musillo et al, in preparation - 

Chapter 3). 

 

Conclusions and future perspectives 

In conclusion, our study shows that the prenatal exposure to stressors as diverse as psychophysical (PNS) or 

metabolic stress (mHFD) impinge upon common stress responsive pathways, affecting the maternal-fetal dyad. 

In particular, placental dysfunctions associated to a widespread pro-inflammatory brain profile characterize 

fetuses exposed to PNS or mHFD, with female offspring being more affected. We point to redox mechanisms 

as central players to drive fetal brain programming by prenatal adverse conditions. Thus, these findings 

contribute to support the “funnel effect” model, previously proposed to explain the convergent effects of 

different stressors on offspring brain development (Musillo et al., 2022).  

It has been recently proposed that extracellular vesicles derived from the placenta and the amniotic fluid might 

represent a fine mechanism mediating the maternal-fetal crosstalk. These elements are easily detectable in the 

maternal peripheral blood, carrying a peculiar cargo of lipids, proteins and RNAs that reflects the intrauterine 

environment. Thus, the study of these vesicles would be complementary to our findings, providing dynamic 

and non-invasive biomarkers to open up new insights into the mechanisms underlying fetal programming of 

adverse conditions (Buca et al., 2020; Kratimenos & Penn, 2019). 

 

Acknowledgments 

We are thankful to Marianna Samà and Letizia Giona for the support in tissues collection; Enrico Cardarelli,  

Andrea Giovannelli and Antonio Di Virgilio for animal care. 

This work was supported by ERANET NEURON JTC 2018 (Mental Disorders) Project ‘‘EMBED” to F.C. 

HDHL-INTIMIC-085-GUTMOM project (co-PI F.C.) within the ERA-NET Co-fund HDHL-INTIMIC 

(INtesTInal MICrobiomics) programme; “Avvio alla Ricerca - Tipo 1” 2021 “Sapienza” University of Rome 

funding to C.M. and funding from the Italian Ministry of Health (Ricerca Corrente 2021 to F.C.). ISS Project 

MOMINFLAM - Unique signatures underlying placental-fetal brain crosstalk in maternal obesity. Proj code 

ISS20-88bc10d8839b to F.C. 

 

Conflict of interest 

The authors declare no conflict of interest 

  



86 

Chiara Musillo - Ph.D. Thesis 

References 

Akhtar, F., Rouse, C. A., Catano, G., Montalvo, M., Ullevig, S. L., Asmis, R., Kharbanda, K., & Maffi, S. K. (2017). 

Acute maternal oxidant exposure causes susceptibility of the fetal brain to inflammation and oxidative stress. 

Journal of Neuroinflammation, 14(1). https://doi.org/10.1186/s12974-017-0965-8 

al-Haddad, B. J. S., Oler, E., Armistead, B., Elsayed, N. A., Weinberger, D. R., Bernier, R., Burd, I., Kapur, R., Jacobsson, 

B., Wang, C., Mysorekar, I., Rajagopal, L., & Adams Waldorf, K. M. (2019). The fetal origins of mental illness. In 

American Journal of Obstetrics and Gynecology (Vol. 221, Issue 6, pp. 549–562). Mosby Inc. 

https://doi.org/10.1016/j.ajog.2019.06.013 

Altman, D. G., & Bland, J. M. (2005). Treatment allocation by minimisation. BMJ, 330(7495), 843. 

https://doi.org/10.1136/bmj.330.7495.843 

Baines, K. J., Hillier, D. M., Haddad, F. L., Rajakumar, N., Schmid, S., & Renaud, S. J. (2020). Maternal Immune 

Activation Alters Fetal Brain Development and Enhances Proliferation of Neural Precursor Cells in Rats. Frontiers 

in Immunology, 11, 1145. https://doi.org/10.3389/fimmu.2020.01145 

Barker, D. J. P. (1995). Intrauterine programming of adult disease. In Molecular Medicine Today (Vol. 1, Issue 9, pp. 

418–423). Mol Med Today. https://doi.org/10.1016/S1357-4310(95)90793-9 

Barker, D. J. P., & Osmond, C. (1986). Infant mortality, childhood nutrition, and ischaemic heart disease in England and 

wales. The Lancet, 327(8489), 1077–1081. https://doi.org/10.1016/S0140-6736(86)91340-1 

Bazinet, R. P., & Layé, S. (2014). Polyunsaturated fatty acids and their metabolites in brain function and disease. In 

Nature Reviews Neuroscience (Vol. 15, Issue 12, pp. 771–785). Nature Publishing Group. 

https://doi.org/10.1038/nrn3820 

Behura, S. K., Dhakal, P., Kelleher, A. M., Balboula, A., Patterson, A., & Spencer, T. E. (2019). The brain-placental axis: 

Therapeutic and pharmacological relevancy to pregnancy. In Pharmacological Research (Vol. 149, p. 104468). 

Academic Press. https://doi.org/10.1016/j.phrs.2019.104468 

Bellisario, V., Panetta, P., Balsevich, G., Baumann, V., Noble, J., Raggi, C., Nathan, O., Berry, A., Seckl, J., Schmidt, 

M., Holmes, M., & Cirulli, F. (2015). Maternal high-fat diet acts as a stressor increasing maternal glucocorticoids’ 

signaling to the fetus and disrupting maternal behavior and brain activation in C57BL/6J mice. 

Psychoneuroendocrinology, 60, 138–150. https://doi.org/10.1016/j.psyneuen.2015.06.012 

Berk, M., Malhi, G. S., Gray, L. J., & Dean, O. M. (2013). The promise of N-acetylcysteine in neuropsychiatry. In Trends 

in Pharmacological Sciences (Vol. 34, Issue 3, pp. 167–177). Trends Pharmacol Sci. 

https://doi.org/10.1016/j.tips.2013.01.001 

Berry, A., Bellisario, V., Panetta, P., Raggi, C., Magnifico, M. C., Arese, M., & Cirulli, F. (2018). Administration of the 

antioxidant n-acetyl-cysteine in pregnant mice has long-term positive effects on metabolic and behavioral endpoints 

of male and female offspring prenatally exposed to a high-fat diet. Frontiers in Behavioral Neuroscience, 12. 

https://doi.org/10.3389/fnbeh.2018.00048 

Bilbo, S. D., & Tsang, V. (2010). Enduring consequences of maternal obesity for brain inflammation and behavior of 



87 

Chiara Musillo - Ph.D. Thesis 

offspring. The FASEB Journal, 24(6), 2104–2115. https://doi.org/10.1096/fj.09-144014 

Biswas, S. K. (2016). Does the Interdependence between Oxidative Stress and Inflammation Explain the Antioxidant 

Paradox? In Oxidative Medicine and Cellular Longevity (Vol. 2016). Hindawi Publishing Corporation. 

https://doi.org/10.1155/2016/5698931 

Bittle, J., Menezes, E. C., McCormick, M. L., Spitz, D. R., Dailey, M., & Stevens, H. E. (2019). The Role of Redox 

Dysregulation in the Effects of Prenatal Stress on Embryonic Interneuron Migration. Cerebral Cortex, 29(12), 

5116–5130. https://doi.org/10.1093/cercor/bhz052 

Bolton, J. L., & Bilbo, S. D. (2014). Developmental programming of brain and behavior by perinatal diet: Focus on 

inflammatory mechanisms. Dialogues in Clinical Neuroscience, 16(3), 307–320. 

https://doi.org/10.31887/dcns.2014.16.3/jbolton 

Brannigan, R., Cannon, M., Tanskanen, A., Huttunen, M. O., Leacy, F. P., & Clarke, M. C. (2019). The association 

between subjective maternal stress during pregnancy and offspring clinically diagnosed psychiatric disorders. Acta 

Psychiatrica Scandinavica, 139(4), 304–310. https://doi.org/10.1111/acps.12996 

Bronson, S. L., & Bale, T. L. (2016). The Placenta as a Mediator of Stress Effects on Neurodevelopmental 

Reprogramming. In Neuropsychopharmacology (Vol. 41, Issue 1, pp. 207–218). Nature Publishing Group. 

https://doi.org/10.1038/npp.2015.231 

Buca, D., Bologna, G., D’amico, A., Cugini, S., Musca, F., Febbo, M., D’arcangelo, D., Buca, D., Simeone, P., Liberati, 

M., Vitacolonna, E., Miscia, S., D’antonio, F., & Lanuti, P. (2020). Extracellular vesicles in feto–maternal crosstalk 

and pregnancy disorders. In International Journal of Molecular Sciences (Vol. 21, Issue 6). Multidisciplinary 

Digital Publishing Institute (MDPI). https://doi.org/10.3390/ijms21062120 

Buss, C. (2021). Maternal oxidative stress during pregnancy and offspring neurodevelopment. In Brain, Behavior, and 

Immunity (Vol. 93, pp. 6–7). Brain Behav Immun. https://doi.org/10.1016/j.bbi.2021.01.007 

Buss, H., Chan, T. P., Sluis, K. B., Domigan, N. M., & Winterbourn, C. C. (1997). Protein carbonyl measurement by a 

sensitive ELISA method. Free Radical Biology and Medicine, 23(3), 361–366. https://doi.org/10.1016/S0891-

5849(97)00104-4 

Calkins, K., & Devaskar, S. U. (2011). Fetal origins of adult disease. Current Problems in Pediatric and Adolescent 

Health Care, 41(6), 158–176. https://doi.org/10.1016/j.cppeds.2011.01.001 

Chiew, A. L., Gluud, C., Brok, J., & Buckley, N. A. (2018). Interventions for paracetamol (acetaminophen) overdose. In 

Cochrane Database of Systematic Reviews (Vol. 2018, Issue 2). John Wiley and Sons, Inc. and the Cochrane 

Library. https://doi.org/10.1002/14651858.CD003328.pub3 

Cirulli, F., & Berry, A. (2013). Early developmental trajectories of brain development: New directions in the search for 

early determinants of health and longevity. In G. Laviola & S. Macrì (Eds.), Adaptive and Maladaptive Aspects of 

Developmental Stress (pp. 1–281). Springer New York. https://doi.org/10.1007/978-1-4614-5605-6 

Cirulli, F., De Simone, R., Musillo, C., Ajmone-Cat, M. A., & Berry, A. (2022). Inflammatory Signatures of Maternal 

Obesity as Risk Factors for Neurodevelopmental Disorders: Role of Maternal Microbiota and Nutritional 



88 

Chiara Musillo - Ph.D. Thesis 

Intervention Strategies. Nutrients, 14(15). https://doi.org/10.3390/NU14153150 

Cirulli, F., Musillo, C., & Berry, A. (2020). Maternal Obesity as a Risk Factor for Brain Development and Mental Health 

in the Offspring. In Neuroscience (Vol. 447, pp. 122–135). https://doi.org/10.1016/j.neuroscience.2020.01.023 

Coman, C., Solari, F. A., Hentschel, A., Sickmann, A., Zahedi, R. P., & Ahrends, R. (2016). Simultaneous metabolite, 

protein, lipid extraction (SIMPLEX): A combinatorial multimolecular omics approach for systems biology. 

Molecular and Cellular Proteomics, 15(4), 1453–1466. https://doi.org/10.1074/mcp.M115.053702 

Cuffe, J. S. M., O’Sullivan, L., Simmons, D. G., Anderson, S. T., & Moritz, K. M. (2012). Maternal corticosterone 

exposure in the mouse has sex-specific effects on placental growth and mRNA expression. Endocrinology, 153(11), 

5500–5511. https://doi.org/10.1210/en.2012-1479 

Davis, E. P., Hankin, B. L., Glynn, L. M., Head, K., Kim, D. J., & Sandman, C. A. (2020). Prenatal Maternal Stress, Child 

Cortical Thickness, and Adolescent Depressive Symptoms. Child Development, 91(2), e432–e450. 

https://doi.org/10.1111/cdev.13252 

Davis, J., & Mire, E. (2021). Maternal obesity and developmental programming of neuropsychiatric disorders: An 

inflammatory hypothesis. Brain and Neuroscience Advances, 5, 239821282110034. 

https://doi.org/10.1177/23982128211003484 

Devarshi, P. P., Grant, R. W., Ikonte, C. J., & Mitmesser, S. H. (2019). Maternal omega-3 nutrition, placental transfer 

and fetal brain development in gestational diabetes and preeclampsia. Nutrients, 11(5). 

https://doi.org/10.3390/nu11051107 

du Sert, N. P., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., Browne, W. J., Clark, A., Cuthill, I. C., Dirnagl, U., 

Emerson, M., Garner, P., Holgate, S. T., Howells, D. W., Hurst, V., Karp, N. A., Lazic, S. E., Lidster, K., 

MacCallum, C. J., Macleod, M., … Würbel, H. (2020). Reporting animal research: Explanation and elaboration for 

the arrive guidelines 2.0. In PLoS Biology (Vol. 18, Issue 7, p. e3000411). Public Library of Science. 

https://doi.org/10.1371/journal.pbio.3000411 

Edlow, A. G., Glass, R. M., Smith, C. J., Tran, P. K., James, K., & Bilbo, S. (2019). Placental Macrophages: A Window 

Into Fetal Microglial Function in Maternal Obesity. International Journal of Developmental Neuroscience, 77, 60–

68. https://doi.org/10.1016/j.ijdevneu.2018.11.004 

Gilman, S. E., Hornig, M., Ghassabian, A., Hahn, J., Cherkerzian, S., Albert, P. S., Buka, S. L., & Goldstein, J. M. (2017). 

Socioeconomic disadvantage, gestational immune activity, and neurodevelopment in early childhood. Proceedings 

of the National Academy of Sciences of the United States of America , 114(26), 6728–6733. 

https://doi.org/10.1073/pnas.1617698114 

Grubbs, F. E. (1950). Sample Criteria for Testing Outlying Observations. The Annals of Mathematical Statistics, 21(1), 

27–58. https://doi.org/10.1214/aoms/1177729885 

Hammond, B. P., Manek, R., Kerr, B. J., Macauley, M. S., & Plemel, J. R. (2021). Regulation of microglia population 

dynamics throughout development, health, and disease. In GLIA (Vol. 69, Issue 12, pp. 2771–2797). John Wiley & 

Sons, Ltd. https://doi.org/10.1002/glia.24047 



89 

Chiara Musillo - Ph.D. Thesis 

Henning, T., Kochlik, B., Kusch, P., Strauss, M., Jurić, V., Pignitter, M., Marusch, F., Grune, T., & Weber, D. (2022). 

Pre-Operative Assessment of Micronutrients, Amino Acids, Phospholipids and Oxidative Stress in Bariatric 

Surgery Candidates. Antioxidants, 11(4), 774. https://doi.org/10.3390/antiox11040774 

Kang, S. S., Kurti, A., Fair, D. A., & Fryer, J. D. (2014). Dietary intervention rescues maternal obesity induced behavior 

deficits and neuroinflammation in offspring. Journal of Neuroinflammation, 11(1), 156–156. 

https://doi.org/10.1186/s12974-014-0156-9 

Khambadkone, S. G., Cordner, Z. A., & Tamashiro, K. L. K. (2020). Maternal stressors and the developmental origins of 

neuropsychiatric risk. In Frontiers in Neuroendocrinology (Vol. 57). Academic Press Inc. 

https://doi.org/10.1016/j.yfrne.2020.100834 

Kim, J. R., Ryu, H. H., Hyun, J. C., Joo, H. L., Sang, W. K., Woo, H. K., Baek, S. H., & Jung, H. K. (2006). Association 

of anti-obesity activity of N-acetylcysteine with metallothionein-II down-regulation. Experimental and Molecular 

Medicine, 38(2), 162–172. https://doi.org/10.1038/emm.2006.20 

Kinsley, C., & Svare, B. (1986). Prenatal stress effects: Are they mediated by reductions in maternal foo d and water 

intake and body weight gain? Physiology and Behavior, 37(1), 191–193. https://doi.org/10.1016/0031-

9384(86)90405-1 

Kratimenos, P., & Penn, A. A. (2019). Placental programming of neuropsychiatric disease. In Pediatric Research (Vol. 

86, Issue 2, pp. 157–164). https://doi.org/10.1038/s41390-019-0405-9 

Lesage, J., Del-Favero, F., Leonhardt, M., Louvart, H., Maccari, S., Vieau, D., & Darnaudery, M. (2004). Prenatal stress 

induces intrauterine growth restriction and programmes glucose intolerance and feeding behaviour disturbances in 

the aged rat. Journal of Endocrinology, 181(2), 291–296. https://doi.org/10.1677/joe.0.1810291 

Londono Tobon, A., Diaz Stransky, A., Ross, D. A., & Stevens, H. E. (2016). Effects of Maternal Prenatal Stress: 

Mechanisms, Implications, and Novel Therapeutic Interventions. In Biological Psychiatry (Vol. 80, Issue 11, pp. 

e85–e87). Biol Psychiatry. https://doi.org/10.1016/j.biopsych.2016.09.011 

Lopez-Tello, J., Arias-Alvarez, M., Gonzalez-Bulnes, A., & Sferuzzi-Perri, A. N. (2019). Models of Intrauterine growth 

restriction and fetal programming in rabbits. In Molecular Reproduction and Development (Vol. 86, Issue 12, pp. 

1781–1809). Mol Reprod Dev. https://doi.org/10.1002/mrd.23271 

Lu, J., Liu, G., Wang, Z., Cao, J., Chen, Y., & Dong, Y. (2021). Restraint stress induces uterine microenvironment 

disorder in mice during early pregnancy through the β2-AR/cAMP/PKA pathway. Stress, 24(5), 514–528. 

https://doi.org/10.1080/10253890.2020.1855419 

Maccari, S., Piazza, P. V., Kabbaj, M., Barbazanges, A., Simon, H., & Le Moal, M. (1995). Adoption reverses the long-

term impairment in glucocorticoid feedback induced by prenatal stress. Journal of Neuroscience, 15(1 I), 110–116. 

https://doi.org/10.1523/jneurosci.15-01-00110.1995 

McFarlane, L., Truong, V., Palmer, J. S., & Wilhelm, D. (2013). Novel PCR assay for determining the genetic sex of 

mice. Sexual Development, 7(4), 207–211. https://doi.org/10.1159/000348677 

Mirabella, F., Desiato, G., Mancinelli, S., Fossati, G., Rasile, M., Morini, R., Markicevic, M., Grimm, C., Amegandjin, 



90 

Chiara Musillo - Ph.D. Thesis 

C., Termanini, A., Peano, C., Kunderfranco, P., di Cristo, G., Zerbi, V., Menna, E., Lodato, S., Matteoli, M., & 

Pozzi, D. (2021). Prenatal interleukin 6 elevation increases glutamatergic synapse density and disrupts hippocampal 

connectivity in offspring. Immunity, 54(11), 2611-2631.e8. https://doi.org/10.1016/j.immuni.2021.10.006 

Musillo, C., Berry, A., & Cirulli, F. (2022). Prenatal psychological or metabolic stress increases the risk for psychiatric 

disorders: the “funnel effect” model. In Neuroscience and Biobehavioral Reviews (Vol. 136). Neurosci Biobehav 

Rev. https://doi.org/10.1016/j.neubiorev.2022.104624 

Napso, T., Lean, S. C., Lu, M., Mort, E. J., Desforges, M., Moghimi, A., Bartels, B., El-Bacha, T., Fowden, A. L., Camm, 

E. J., & Sferruzzi-Perri, A. N. (2022). Diet-induced maternal obesity impacts feto-placental growth and induces 

sex-specific alterations in placental morphology, mitochondrial bioenergetics, dynamics, lipid metabolism and 

oxidative stress in mice. Acta Physiologica, 234(4), e13795. https://doi.org/10.1111/apha.13795 

Panetta, P., Berry, A., Bellisario, V., Capoccia, S., Raggi, C., Luoni, A., Longo, L., Riva, M. A., & Cirulli, F. (2017). 

Long-term sex-dependent vulnerability to metabolic challenges in prenatally stressed rats. Frontiers in Behavioral 

Neuroscience, 11. https://doi.org/10.3389/fnbeh.2017.00113 

Radulescu, L., Munteanu, O., Popa, F., & Cirstoiu, M. (2013). The implications and consequences of maternal obesity on 

fetal intrauterine growth restriction. Journal of Medicine and Life, 6(3), 292–298. /pmc/articles/PMC3806033/ 

Rojo, A. I., McBean, G., Cindric, M., Egea, J., López, M. G., Rada, P., Zarkovic, N., & Cuadrado, A. (2014). Redox 

control of microglial function: Molecular mechanisms and functional significance. In Antioxidants and Redox 

Signaling (Vol. 21, Issue 12, pp. 1766–1801). Mary Ann Liebert, Inc. https://doi.org/10.1089/ars.2013.5745 

Rondó, P. H. C., Ferreira, R. F., Nogueira, F., Ribeiro, M. C. N., Lobert, H., & Artes, R. (2003). Maternal psychological 

stress and distress as predictors of low birth weight, prematurity and intrauterine growth retardation. European 

Journal of Clinical Nutrition, 57(2), 266–272. https://doi.org/10.1038/sj.ejcn.1601526 

Sanchez, C. E., Barry, C., Sabhlok, A., Russell, K., Majors, A., Kollins, S. H., & Fuemmeler, B. F. (2018). Maternal pre-

pregnancy obesity and child neurodevelopmental outcomes: a meta-analysis. In Obesity Reviews (Vol. 19, Issue 4, 

pp. 464–484). Blackwell Publishing Ltd. https://doi.org/10.1111/obr.12643 

Saulle, E., Spinello, I., Quaranta, M. T., Pasquini, L., Pelosi, E., Iorio, E., Castelli, G., Chirico, M., Pisanu, M. E., Ottone, 

T., Voso, M. T., Testa, U., & Labbaye, C. (2021). Targeting Lactate Metabolism by Inhibiting MCT1 or MCT4 

Impairs Leukemic Cell Proliferation, Induces Two Different Related Death-Pathways and Increases 

Chemotherapeutic Sensitivity of Acute Myeloid Leukemia Cells. Frontiers in Oncology, 10, 1. 

https://doi.org/10.3389/fonc.2020.621458 

Shi, X. T., Zhu, H. L., Xiong, Y. W., Liu, W. B., Zhou, G. X., Cao, X. L., Yi, S. J., Dai, L. M., Zhang, C., Gao, L., Xu, 

D. X., & Wang, H. (2020). Cadmium down-regulates 11β-HSD2 expression and elevates active glucocorticoid level 

via PERK/p-eIF2α pathway in placental trophoblasts. Chemosphere, 254. 

https://doi.org/10.1016/j.chemosphere.2020.126785 

Srinivasan, R., Pearson, R. M., Johnson, S., Lewis, G., & Lewis, G. (2020). Maternal perinatal depressive symptoms and 

offspring psychotic experiences at 18 years of age: a longitudinal study. The Lancet Psychiatry, 7(5), 431–440. 

https://doi.org/10.1016/S2215-0366(20)30132-2 



91 

Chiara Musillo - Ph.D. Thesis 

Tait, S., Tassinari, R., Maranghi, F., & Mantovani, A. (2015). Bisphenol A affects placental layers morphology and 

angiogenesis during early pregnancy phase in mice. Journal of Applied Toxicology, 35(11), 1278–1291. 

https://doi.org/10.1002/jat.3176 

Takahashi, K., Naito, M., Katabuchi, H., & Higashi, K. (1991). Development, differentiation, and maturation of 

macrophages in the chorionic villi of mouse placenta with special reference to the origin of Hofbauer cells. Journal 

of Leukocyte Biology, 50(1), 57–68. https://doi.org/10.1002/jlb.50.1.57 

Tanner, L. D., Brock and, C., & Chauhan, S. P. (2022). Severity of fetal growth restriction stratified according to maternal 

obesity. Journal of Maternal-Fetal and Neonatal Medicine, 35(10), 1886–1890. 

https://doi.org/10.1080/14767058.2020.1773427 

Tuovinen, S., Lahti-Pulkkinen, M., Girchenko, P., Heinonen, K., Lahti, J., Reynolds, R. M., Hämäläinen, E., Villa, P. M., 

Kajantie, E., Laivuor, H., & Raikkonen, K. (2021). Maternal antenatal stress and mental and behavioral disorders 

in their children. Journal of Affective Disorders, 278, 57–65. https://doi.org/10.1016/j.jad.2020.09.063 

Vacher, C. M., Lacaille, H., O’Reilly, J. J., Salzbank, J., Bakalar, D., Sebaoui, S., Liere, P., Clarkson-Paredes, C., Sasaki, 

T., Sathyanesan, A., Kratimenos, P., Ellegood, J., Lerch, J. P., Imamura, Y., Popratiloff, A., Hashimoto-Torii, K., 

Gallo, V., Schumacher, M., & Penn, A. A. (2021). Placental endocrine function shapes cerebellar development and 

social behavior. Nature Neuroscience, 24(10), 1392–1401. https://doi.org/10.1038/s41593-021-00896-4 

Van den Bergh, B. R. H., van den Heuvel, M. I., Lahti, M., Braeken, M., de Rooij, S. R., Entringer, S., Hoyer, D., 

Roseboom, T., Räikkönen, K., King, S., & Schwab, M. (2020). Prenatal developmental origins of behavior and 

mental health: The influence of maternal stress in pregnancy. In Neuroscience and Biobehavioral Reviews (Vol. 

117, pp. 26–64). Elsevier Ltd. https://doi.org/10.1016/j.neubiorev.2017.07.003 

Weber, D., Stuetz, W., Bernhard, W., Franz, A., Raith, M., Grune, T., & Breusing, N. (2014). Oxidative stress markers 

and micronutrients in maternal and cord blood in relation to neonatal outcome. European Journal of Clinical 

Nutrition, 68(2), 215–222. https://doi.org/10.1038/ejcn.2013.263 

Weinstock, M. (2017). Prenatal stressors in rodents: Effects on behavior. In Neurobiology of Stress (Vol. 6, pp. 3–13). 

Elsevier Inc. https://doi.org/10.1016/j.ynstr.2016.08.004 

Wilkes, J. M., Clark, L. E., & Herrera, J. L. (2005). Acetaminophen overdose in pregnancy. In Southern Medical Journal 

(Vol. 98, Issue 11, pp. 1118–1122). https://doi.org/10.1097/01.smj.0000184792.15407.51 

Wong, S. H. Y., Knight, J. A., Hopfer, S. M., Zaharia, O., Leach, C. N., & Sunderman, F. W. (1987). Lipoperoxides in 

plasma as measured by liquid-chromatographic separation of malondialdehyde-thiobarbituric acid adduct. Clinical 

Chemistry, 33(2), 214–220. https://doi.org/10.1093/clinchem/33.2.214 

Woods, L., Perez-Garcia, V., & Hemberger, M. (2018). Regulation of Placental Development and Its Impact on Fetal 

Growth—New Insights From Mouse Models. In Frontiers in Endocrinology (Vol. 9, p. 570). Frontiers Media S.A. 

https://doi.org/10.3389/fendo.2018.00570 

 

  



92 

Chiara Musillo - Ph.D. Thesis 

 

 

 

 

 

 

 

CHAPTER 4 

  



93 

Chiara Musillo - Ph.D. Thesis 

Oxidative stress as a shared mechanism underlying the long-term 

effects of different prenatal stressors on brain plasticity and emotional 

behavior of adolescent mice 

 

Chiara Musillo1,2, Kerstin C. Creutzberg3, Barbara Collacchi1, Maria Antonietta Ajmone-Cat4, Roberta De 

Simone4, Marcello Lepre1, Irmgard Amrein5, Lutz Slomianka5, Marco A. Riva3, Alessandra Berry1, Francesca 

Cirulli1 

1 Center for Behavioral Sciences and Mental Health, Istituto Superiore di Sanità, Viale Regina Elena 299, 00161 Rome, Italy. 2 Ph.D. 

Program in Behavioral Neuroscience, Department of Psychology, Sapienza University of Rome, 00185 Rome, Italy. 3 Department of 

Pharmacological and Biomolecular Sciences, University of Milan, Milan, Italy. 4 National Center for Drug Research and Evaluation, 

Istituto Superiore di Sanità, Viale Regina Elena 299, 00161 Rome, Italy. 5 Functional Neuroanatomy, Institute of Anatomy, University 

of Zürich, Zurich, Switzerland. 

 

In preparation 

  



94 

Chiara Musillo - Ph.D. Thesis 

Abstract 

The intrauterine milieu plays a pivotal role for fetal brain development and maternal stressful events can 

negatively shape developmental trajectories, increasing risks for neuropsychiatric diseases. Maternal obesity 

is emerging as a stressor capable to affect the developing fetal brain exerting long-term effects comparable to 

those resulting from maternal psychological stress. Here, we hypothesized that prenatal adversities as diverse 

as psychophysical or metabolic stress might affect neuronal structures involved in emotional regulation and 

stress responses to a very similar extent, triggering oxidative stress derangements, leading to a long-last ing 

vulnerability to neuropsychiatric diseases. We contrasted and compared adolescent male and female offspring 

of two mouse models of maternal psychophysical stress (restraint during pregnancy - PNS) and maternal 

obesity (high-fat diet before and during gestation - mHFD) by combining behavioral assays, evaluation of the 

hypothalamic-pituitary-adrenal (HPA) axis reactivity and a targeted gene expression analysis in the 

hippocampus. The prenatal administration of the antioxidant N-acetyl-cysteine (NAC) was used as a strategy 

to protect fetal neurodevelopment from the negative effects of PNS and mHFD. Our findings show that 

different stressors can have comparable effects, reducing brain anti-oxidant defenses, driving impairments in 

hippocampal Bdnf levels and leading to alterations in the emotional behavior and HPA axis functionality, in a 

sex-dependent fashion. Moreover, maternal NAC treatment, by restoring the redox balance, has long-term 

protective effects on brain development.  

 

Keywords 

Maternal obesity, maternal stress, fetal programming, brain, BDNF, adolescence, sex, oxidative stress, 

behavior, mouse model. 
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Introduction 

Psychological stress or overt psychiatric disorders affect about 10-15% of pregnant women worldwide being 

issues of main concern not only for the mother but also for the mental health of the offspring 

(https://www.who.int/). Likewise, a variety of different modern-day life environmental challenges, such as 

infection, air pollution, smoking or dietary imbalance may contribute to disrupt the intrauterine environment 

and, in turn, affect fetal development (al-Haddad et al., 2019; Banderali et al., 2015; Block et al., 2022; Cirulli 

et al., 2020). Among the others, metabolic stress during pregnancy, due to unhealthy nutritional habits, is 

emerging as a pressing public health issue. While pioneering studies in this field of research were prompted 

by the sequelae of starvation and undernutrition on fetal development due to the second World War (Barker 

and Osmond, 1986; Roseboom et al., 2011), we are currently dealing with quite an opposite condition such as 

prenatal exposure to an “obesogenic environment” characterized by unlimited access to high-caloric “junk 

food” (Cirulli et al., 2020; Congdon, 2019). In this context, a growing body of evidence links maternal 

overnutrition or obesity to a higher risk for neurodevelopmental and psychiatric disorders in the offspring such 

as cognitive deficits, attention deficit hyperactivity, autism spectrum disorders and depression (Cirulli et al.,  

2020; Davis and Mire, 2021; Sanchez et al., 2018). Intriguingly, similar health outcomes have been also 

reported as a result of maternal psychological stress during pregnancy (Brannigan et al., 2019; Gustafsson et 

al., 2018; Lipner et al., 2019). This piece of evidence leads to hypothesize that, according to a “funnel effect” 

model, stressors of different nature might trigger similar stress-responsive pathways affecting neuroendocrine 

system, immune-inflammatory processes and energy metabolism regulation (Musillo et al., 2022). Indeed, 

taking advantage of mouse models of maternal psychophysical stress and obesity, we have previously provided 

evidence to support such a “funnel effect” model, showing that these two prenatal stressors exert similar 

detrimental effects at least during early developmental stages, weakening the placental barrier and affecting 

fetal brain development towards a pro-inflammatory/pro-oxidant phenotype (Bellisario et al., 2015; Panetta et 

al., 2017)Musillo et al. in preparation).  

Adolescence represents a critical time window for the onset of neuropsychiatric disorders. In fact the 

adolescent brain is characterized by a high degree of plasticity and undergoes many physiologica l 

rearrangements including an overproduction of synapses - to increase the plasticity needed to adapt to the 

environmental stimuli - followed by synaptic pruning that refines neuronal connections shaping complex 

circuits and removing synapses with low activity (Katz and Shatz, 1996; Malave et al., 2022). Microglia, the 

resident immune cells in the brain, play a key role during pruning by phagocytosing targeted synapses (Schafer 

et al., 2012). Exposure to early life stressors (e.g. maternal stress, infection or obesity) can disrupt microglia l 

function, ultimately resulting in permanent immature synapses characterized by weak transmission and altered 

connectivity causing impairments in the maturation of specific brain regions such as the hippocampus (Block 

et al., 2022; Bordeleau et al., 2020; Delpech et al., 2016; Paolicelli et al., 2011). In addition to the brain, the 

hypothalamic-pituitary-adrenal (HPA) axis also displays a great plasticity during adolescence, being 

characterized by a delayed and a more prolonged activation in response to stress, compared to adulthood, with 
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sex hormones driving its activity (McCormick and Mathews, 2007). Thus, the programming effects of early 

life stressors on the HPA axis functionality might be exacerbated in adolescent offspring, resulting in 

maladaptive coping strategies in response to stressful events.  

While adolescence represents a window of vulnerability, at the same time it could also represent an important 

window of opportunity for early intervention. N-acetyl-cysteine (NAC) is receiving particular attention in the 

treatment of neuropsychiatric disorders due to its ability to interact with neurotransmitter systems, 

inflammatory processes and oxidative stress (OS) related pathways (Berk et al., 2013). We have previously 

shown beneficial effects of maternal NAC treatment in alleviating the short-term negative effects of prenatal 

psychophysical or metabolic stress on fetal neuroinflammation and redox balance (Berry et al., 2018) Musillo 

et al. in preparation). This evidence points to NAC as a promising candidate compound capable to modulate 

converging mechanisms activated by different stressors such as psychophysical stress and maternal obesity.  

The aim of this study was to compare and contrast the potential negative health outcomes deriving from 

prenatal exposure to either psychophysical (maternal restraint stress during the last third of pregnancy) or 

metabolic stress (maternal high-fat diet - HFD - consumption before and during gestation) in adolescent male 

and female mouse offspring. Main focus has been given to the investigation of OS as a central mechanism put 

in place within the hypothesized “funnel effect” model. More in detail, in the adolescent male and female 

offspring we characterized HPA axis reactivity, emotional profile and sociability as well as coping strategies 

to an acute stressor, in addition to brain expression of genes involved in neuroendocrine, metabolic, 

inflammatory and OS regulation. Finally, we tested the hypothesis that maternal antioxidant (NAC) treatment, 

modulating redox mechanisms, would prevent the negative effects of prenatal stressors on the offspring. 
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Materials and Methods 

This study was reported in conformity with ARRIVE guidelines (Animal Research: Reporting of In Vivo 

Experiments) (du Sert et al., 2020). 

Animal handling 

One-month-old C57BL/6N mice, 190 females and 95 males, were purchased from a commercial breeder 

(Charles River, Italy) and housed sex-matched two/cage in transparent Plexiglas cages provided by Tecniplast,  

in an air-conditioned room (temperature 21 ± 1°C, relative humidity 60 ± 10%), under a reversed 12/12 h 

light/dark cycle with lights off from 07:00 a.m. to 07:00 p.m. Fresh tap-water and standard chow (energy 3.3 

kcal/g, fat 17%, carbohydrate 60% and protein 23% provided by Mucedola, Italy) were constantly available. 

After three weeks of habituation, female mice were allocated into the experimental groups (see below for 

further details).  

All experimental procedures were approved by the ethical body of the Istituto Superiore di Sanità for animal 

welfare and conducted in conformity with the European Directive 2010/63/EU and the Italian legislation on 

animal experimentation, D.Lgs. 26/2014. They were authorized by the Italian Ministry of Health. 

 

Prenatal stressors 

Female breeders were allocated into two models of maternal stress as previously described (see Musillo et al.  

2022 in preparation), where the assignment of each animal to either model and experimental groups was based 

on a minimization approach avoiding body weight bias. 

Psychophysical stress (maternal restraint - prenatal stress - PNS). In this cohort, 47 pregnant females were 

assigned to the control (CTRL = 27) or the PNS (PNS = 20) groups. Females assigned to the PNS group were 

individually restrained in a transparent Plexiglas cylinder (11.5 × 3 cm) and contextually exposed to bright 

light as an additional stressor (6.500 lux) for 30 minutes, three times daily, from gestational day (G) 12.5 until 

G18.5. Stress sessions were conducted during the dark phase (07:00 a.m. to 07:00 p.m.) at different times 

during the day in order to prevent habituation to the repeated procedure (Maccari et al., 1995). Females 

assigned to the CTRL group were left undisturbed during the entire pregnancy period.  

 

Metabolic stress (maternal HFD - mHFD). Female breeders were assigned to the control diet (CD, n = 47) 

or the high-fat diet (HFD, n = 48) groups. Diets were administered ad libitum for 10 weeks before mating and 

throughout gestation (for a total of 13 weeks), until G16 when both HFD and CD were replaced with a standard 

chow to prevent cannibalistic behaviors and pups’ mortality (Bellisario et al., 2015). HFD (D12331, energy 

5.56 kcal/g, fat 58%, carbohydrate 25.5% and protein 16.4) and CD (D12328, energy 4.07 kcal/g, fat 10.5%, 

carbohydrate 73.1% and protein 16.4%) were provided by Research Diets Inc., New Brunswick, NJ, USA. 



98 

Chiara Musillo - Ph.D. Thesis 

 

NAC administration and breeding procedure 

Five weeks before mating, female breeders were divided in two groups receiving either the antioxidant 

treatment with NAC (n = 95: 47 for the PNS model and 48 for the mHFD model) or tap water as vehicle (n = 

95: 47 for the PNS model and 48 for the mHFD model). Treatment was administered also during pregnancy 

until G16, for a total of 8 weeks. In order to minimize stress due to excessive handling procedure, NAC was 

daily administered in drinking water to yield an average dose of 1 g/kg body weight (Berry et al., 2018). NAC 

was purchased as powder by Sigma Aldrich. 

After 5 weeks on NAC administration (and 10 weeks on diets for mHFD cohort), all females were bred (see 

Bellisario et al., 2015 for further details on the breeding procedure). Body weight gain was measured weekly 

before mating as well as during gestation, specifically at G7, at G14 and at G18 to monitor pregnancy. Females 

that did not get pregnant underwent a second 48 h mating with a different male breeder. 

The final number of pregnant females was: CTRL-Vehicle = 14; CTRL-NAC = 11; PNS-Vehicle = 11; PNS-

NAC = 11; CD-Vehicle = 13; CD-NAC = 13; HFD-Vehicle = 12; HFD-NAC = 12. 

 

Experimental procedures on the adolescent offspring 

Pups’ birth was considered as post-natal day 0 (PND 0). At PND 30, offspring were weaned and body weight 

registered. One or two males and one or two females, when possible, were selected from each litter to perform 

the behavioral characterization. Litters with ≤3 pups were excluded from the study. Starting at PND 33, male 

and female offspring were tested to assess the emotional profile, the sociability and the neuroendocrine 

reactivity in response to an acute stress, resulting from prenatal exposure to PNS or mHFD and the role of 

NAC on these effects. The experimental design of this study is reported in Figure 1. 

 

Figure 1 Experimental design.  
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Behavioral phenotype 

All tests were video-recorded and behavioral analysis was performed by an observer blind to the experimental 

conditions using dedicated video tracking software: The Observer XT 15, Noldus (the Netherlands) and 

AnyMaze (Stoelting CO, Wood Dale, IL, USA). All apparatuses were cleaned by a cotton pad and 70% ethanol 

solution between each session. 

Elevated Plus Maze - EPM. Emotional profile, exploration and risk-assessment behaviors were evaluated 

through the EPM. The apparatus was made of two open (30 x 5 cm) and two enclosed arms (30 x 5 x 15 cm) 

that extend from a common central platform (5 x 5 cm). The apparatus was made by Plexiglas (dim grey floor, 

transparent walls) and raised to a height of 60 cm above the floor level. Mice were individually placed on the 

central platform facing an open arm and were allowed to freely explore the maze for 5 minutes. The % time 

spent in the open vs the closed arms was assessed (Fernandes and File, 1996). In addition, the frequency of 

rearing, wall-rearing and head dipping were evaluated through a Z-score as a behavioral index of exploratory 

activity, while the frequency of stretched attend posture (SAP) was analyzed as a measurement of risk 

assessment. During the test, illumination level was maintained at 100 lux. 

Emergence test. This test was used to further characterize the emotional profile. The apparatus was a cubic 

arena (40 x 40 x 40 cm) made of Plexiglas, ideally divided into 25 squares partitioned into a central zone (24 

x 24 cm) and a peripheral zone (the remaining part of the arena). A shelter (black plastic cup - 15 cm diameter) 

in one corner of the arena provided a retreat possibility from the brightly lit arena (600 lux) (Lalonde and 

Strazielle, 2009). Each mouse started the test inside the shelter and the latency to emerge was evaluated as an 

index of emotionality or loss of inhibition. The test had a total duration of 20 min during which the mice were 

free to explore: distance travelled, mean speed and the time spent in the different zones of the arena were 

measured. 

Social interaction test - SIT. To increase social behaviors, 24 hours before the test experimental subjects were 

individually housed. During the test, mice were placed in a novel cage, identical to the holding cage, with an 

unfamiliar conspecific, sex- and weight-matched that had been previously isolated (standard opponent with 

the tail marked by a nontoxic paint). During each 20 min session, the frequency of snout sniffing, body sniffing 

and ano-genital sniffing were evaluated through a composite Z-score as an index of social behaviors, while the 

durations of wall-rearing and rearing have been added together and analyzed as an index of vertical exploration.  

Forced swim test - FST - and coping stress strategy. This test was used to evaluate the copying strategies in 

response to an acute stress. Mice were gently placed into a cylindrical transparent tank (30 cm h x 20 cm 

diameter) filled with water (26 ± 1°C) up to 25 cm, so mice were not able to touch the bottom of the tank. One 

session of 6 minutes was performed and only the last four minutes were analyzed (Can et al., 2011). The % 

time spent performing the following strategies was assessed: passive strategy (floating); active strategy 

(swimming and struggling). 
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Plasma corticosterone levels in response to forced swim test 

The activation of the HPA axis was assessed in response to an unescapable stressful challenge. All mice 

underwent an acute unescapable forced swim test (6 min) and blood samples were collected by a tail nick at 

different time points: baseline (0 min) before the stress, 30 and 180 following the stress exposure, to measure 

plasma levels of corticosterone (CORT). Blood samples were collected in potassium EDTA coated tubes and 

plasma was separated by centrifugation at 3000 rpm for 15 min at +4°C and immediately stored at -80°C. 

CORT levels were determined using an enzyme-linked immunoassay based commercial kit (Enzo Life 

Sciences, NY, USA). 

 

Tissues collection 

At PND 50, male and female offspring were sacrificed by cervical dislocation and trunk blood was collected  

into either heparinized or standard tubes to obtain plasma or serum respectively. Tubes were centrifuged at 

3000 rpm for 15 min at +4°C and immediately stored at -80°C until further analysis. Brains were removed 

from the skull, hippocampi were dissected from the left hemispheres and immediately frozen at -80°C until 

gene expression analysis. The right hemispheres were post-fixed in 4% paraformaldehyde (PFA) overnight at 

+4°C and then stored in Sodium Azide 0.05 solution until immunohistochemistry analysis. 

 

RNA extraction and gene expression analysis 

Total RNA was isolated from the left hippocampus using the RNeasy Micro Kit (Qiagen) according to the 

manufacturer’s protocol. RNA concentration was measured at NanoDrop spectrophotometer (Thermo Fisher) 

and further used for quantitative real-time polymerase chain reaction (qRT-PCR) (CFX384 real-time system, 

Bio-Rad Laboratories). Samples were run in triplicate and beta-actin was used as housekeeping gene. Primers 

for Nuclear factor erythroid 2-related factor 2 (Nrf2, Mm00477784_m1); Kelch Like ECH Associated Protein 

1 (Keap1, Mm00497268_m1); cluster of differentiation 68 (CD68, Mm03047343_m1), triggering receptor 

expressed on myeloid cells 2 (TREM 2, Mm04209424_g1), transmembrane protein 119 (TMEM 119, 

Mm00525305_m1) were purchased from Thermo Fisher Scientific while beta-actin (Fwd: 

ACCTTCTACAATGAGCTGCG, Rev: CTGGATGGCTACGTACATGG, probe: 

TCTGGGTCATCTTTTCACGGTTGGC), Bdnf total (Fwd: AAGTCTGCATTACATTCCTCGA, Rev: 

GTTTTCTGAAAGAGGGACAGTTTAT, probe: TGTGGTTTGTTGCCGTTGCCAAG), primers and 

probes were purchased from Eurofins Genomics. All analyses were performed following the deltadeltaCT 

method with the beta-actin as endogenous control. Data are presented as fold change % compared to the control 

group (set at 100%).  
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Immunohistochemistry (HIC) 

Post-fixed right hemispheres were coded to conduct the HIC procedure and analysis. Brains were placed in 

20% glycerol solution at 4 °C overnight for cryoprotection and then embedded in gelatin-egg-albumin blocks 

(4 brains in each block) (Smiley and Bleiwas, 2012). Each block was cut into 40 µm-thick coronal sections 

using a freezing microtome (HYRAX S 30), ten complete series were collected in cryoprotection solution and 

stored at -20oC until use. One complete series was mounted in the correct anatomical order (reference series) 

and Giemsa stained. Sections containing the hippocampus were selected based on the stereotaxic atlas of 

Paxinos and Franklin (4th edition) and used for HIC Iba-1 staining. For HIC staining, one complete series of 

free-floating sections were first rinsed in Tris-Triton and incubated in citrate buffer [0.1 M] at 95 °C for 40 

min to retrieve antigens. After cooling down, the sections were treated with 0.6% peroxidase solution for 15 

min and rinsed again in Tris-Triton. They were then placed in a blocking buffer of 2% normal goat serum 

(NGS) and 0.2% Triton in Tris-Triton for 1h. Afterwards, sections were incubated with anti-IBA1 antibody 

(ionized calcium-binding adapter molecule 1; anti-rabbit, 1:3000, Wako) at 4 °C overnight. The next day, 

sections were rinsed in Tris-buffered saline (TBS) and incubated with a goat-anti-rabbit secondary antibody 

(1:300, Reactolab) for 40 min; rinsed again in TBS and incubated with ABC solution (Reactolab) for 20 min. 

After additional rinses, sections were stained with DBA (Sigma-Aldrich) for 4 min, mounted, counterstained 

with Giemsa and embedded.  

 

Quantitative analysis of Iba1-positive cells 

Quantification of Iba1-positive cells in the hippocampal CA1 region was performed using the optical 

fractionator probe (Slomianka, 2021; West et al., 1991), with section sampling fraction of 10, step size of 

250m and frame size of 90m. Delineation of the region was made based on the reference series and mouse 

brain atlas of Paxinos and Franklin (4th edition), on average 6 sections per animal contained the CA1 region. 

Iba1-positive cells were identified as ramified (multiple long processes) or intermediate (multiple short 

processes). Iba1-positive cell number estimates were performed with StereoInvestigator 10 software (MBF 

Bioscience, Williston, VT, USA) on a Zeiss microscope (Zeiss, Germany) using a 40x oil immersion lens. 

Sections were analyzed in the correct anatomical order, cell numbers from each section were then standardized 

into 2 virtual sections representing the dorsal (rostral) and ventral (intermediate/temporal) CA1 region (Amrein 

et al., 2015). Analysis was done blind to animal identity in 6-7 animals per sex and experimental group.  

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 9 (GraphPad Software, San Diego, CA, 

USA). All the data were graphically presented as mean ± SEM. Since a main effect of sex was often found on 

the parameters related to behavioral tests and ex vivo analyses, male and female mice were analyzed separately 
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by means of a two-way ANOVA with prenatal condition (PNS/CTRL or HFD/CD) and prenatal treatment 

(NAC/Vehicle) as between-subject factors and repeated measure as within subject factors (i.e. time, zones of 

the apparatus, changes in CORT levels, microglia cell morphology). Post hoc comparisons among groups were 

performed using the Tukey’s test. The cumulative incidence of latency to emerge from the shelter was analyzed 

using a log-rank (Mantel–Cox) test (Jahn-Eimermacher et al., 2011) with the application of Bonferroni 

correction. A composite Z-score was calculated using the three main behaviors used for measuring the 

exploration of the environment in the EPM test (Kestering-Ferreira et al., 2021). We included the frequency 

of rearing, wall-rearing and head dipping and refer to this score as “Exploration” Z-score. Moreover, we also 

calculated a composite Z-score for social behaviors evaluated in the SIT test, including the frequency of those 

behaviors directed to the conspecific such as snout sniffing, body sniffing and ano-genital sniffing. Binary data 

such as the number of animals performing (or not) self-grooming within the same experimental group were 

analyzed by Fisher’s exact test. Grubb's test, using 5% significance level critical values, was used to detect 

outliers (Grubbs, 1950). A level of probability set a p<0.05 was used as statistically significant. Statistical 

tendency was set at p<0.1 and for interactions at p<0.1 also lower order effects were evaluated. 
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Results 

Elevated plus maze - EPM 

PNS cohort. In general, all adolescent mice showed a preference for the open arms of the apparatus rather than 

the closed arms (Main effect of zone - females: F(1,37)=9.401, p=0.0040; males: F(1,43)=3.612, p=0.0641), a 

behavior often observed during adolescence. In particular, PNS females spent more time in the open arms 

compared to the controls (interaction between stress and zone: F(1,37)=7.867, p=0.0080; post hoc 

comparisons: p<0.05 PNS vs CTRL), see Figure 2A. When we assessed the composite exploration Z-score, 

we found that PNS increased exploratory activity in both sexes (females: F(1,37)=5.136, p=0.0294; males: 

F(1,43)=9.290, p=0.0039) and reduced the frequency of risk assessment behaviors (females: F(1,37)=4.947, 

p=0.0323; males: F(1,43)=5.015, p=0.0304), see Figure 2B. In addition, the number of PNS females 

performing self-grooming was greater when compared to controls (Fisher’s test p=0.0094, PNS-Veh vs CTRL-

Veh). In this specific test, maternal administration of NAC did not affect the parameters assessed. 

mHFD cohort. Also in this cohort, all adolescent mice preferred the open arms (Main effect of zone - females: 

F(1,43)=12.891, p=0.0008; males: F(1,49)=12.848, p=0.0008). Similarly to PNS, prenatal exposure to the 

mHFD increased the time spent by female subjects in the open arms compared to the controls (interaction 

between diet and zone: F(1,43)=5.827, p=0.0201; post hoc comparisons: p<0.05 HFD vs CD), see Figure 2A. 

However, differently from what was observed in the PNS cohort, mHFD was associated with a decreased 

composite exploration Z-score specifically in female mice (F(1,43)=4.611, p=0.0374), while no difference 

between HFD and CD groups was observed in the frequency of risk assessment behaviors (Figure 2B). In this 

specific test, maternal administration of NAC did not affect the parameters assessed. 
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Figure 2 Emotional and explorative behaviors in the EPM. A) The prenatal exposure to either PNS or mHFD resulted 

in similar effects on the emotional profile of female offspring increasing the time spent in the open arms. B) Overall, PNS 

increased exploration and reduced risk assessment behaviors while mHFD reduced exploratory behaviors only in females 
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and did not affect risk assessment. # p<0.05, ## p<0.01 main effect of prenatal stress/diet. Data are mean ± SEM. Number 

of subjects: 9-15 within each experimental group. 

 

Emergence test 

PNS cohort. Latency to first emergence from the shelter showed that PNS affected female offspring only, 

reducing the latency to emerge compared to their CTRL counterpart (χ2=8.364, p=0.0038), see Figure 3A. Sex-

dependent effects were also found when the time spent in the different zones of the apparatus was evaluated. 

More in detail, an interaction between stress and zones revealed that PNS females reduced the time spent inside 

the shelter while increased the time spent in the periphery of the arena compared to control subjects 

(F(3,126)=9.585, p<0.0001; post hoc comparisons: p<0.01 PNS vs CTRL), see Figure 3B. Furthermore, PNS 

females were characterized by enhanced speed and increased distance travelled when compared to CTRL 

females (Main effect of stress - mean speed: F(1,42)=5.675, p=0.0218; distance: F(1,42)=5.485, p=0.0240. 

See Table1). In this specific test, maternal administration of NAC did not affect the parameters assessed. 

mHFD cohort. No difference between the groups was observed when assessing the latency to emerge from the 

shelter. A general preference for the peripheral zone of the apparatus was observed in all experimental subjects 

(Main effect of zones - males: F(3,93)=519.339, p<0.0001; females: F(3,87)=374.592, p<0.0001), see Figure 

3A. Overall, neither the prenatal exposure to mHFD nor NAC affected the behaviors assessed in the Emergence 

test in both sexes (Figure 3B and Table1). 

 

Table 1 Locomotor activity in the Emergence test 

 Distance (m) Speed (cm/s) 

Males Females Males Females 

CTRL-Vehicle 32.43 ± 2.84 32.06 ± 1.48 2.69 ± 0.24 2.67 ± 0.13 

CTRL-NAC 30.77 ± 2.51 34.33 ± 2.66 2.56 ± 0.21 2.85 ± 0.22 

PNS-Vehicle 33.09 ± 1.94 37.45 ± 2.40 2.75 ± 0.16 3.12 ± 0.20 

PNS-NAC 29.76 ± 2.54 41.73 ± 3.79 2.49 ± 0.21 3.48 ± 0.31 

CD-Vehicle 38.20 ± 1.35 35.63 ± 1.47 3.18 ± 0.11 2.96 ± 0.13 

CD-NAC 36.41 ± 2.92 39.76 ± 2.70 3.03 ± 0.24 3.30 ± 0.22 

HFD-Vehicle 33.67 ± 2.33 37.14 ± 2.48 2.82 ± 0.19 3.09 ± 0.21 

HFD-NAC 39.86 ± 2.34 41.90 ± 4.06 3.31 ± 0.19 3.50 ± 0.33 

Data are mean ± SEM. Number of subjects: 6-12 within each experimental group 
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Figure 3 Emotional behavior in the Emergence test. A) PNS reduced the latency to emerge from the shelter specifically 

in female offspring, while no effects were observed upon mHFD. B) PNS reduced total time spent in the shelter and 

increased time in the periphery, while no effects were observed in mHFD. ##p<0.01 log-rank (Mantel-Cox) test with 
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Bonferroni correction; **p<0.01 Tukey’s test PNS vs CTRL. Data are mean ± SEM. Number of subjects: 6 -12 within 

each experimental group. C=centre; P=periphery; S=inside shelter; R=shelter’s roof. 

 

Social interaction test - SIT 

PNS cohort. When the sociability of adolescent offspring exposed to PNS was evaluated, similar effects were 

observed in both sexes, with a greater impact on female subjects. In particular, PNS decreased the composite 

Z-score of social behaviors towards a conspecific in female subjects (interaction between stress and treatment: 

F(1,38)=22.67, p<0.0001; post hoc comparisons: *p<0.05 Tukey’s test PNS-Veh vs CTRL-Veh). Moreover, 

maternal NAC administration led to decreased social behaviors in female mice (*p<0.05 Tukey’s test CTRL-

NAC vs CTRL-Veh) in favor of increased exploration of the environment (Main effect of treatment: 

F(1,38)=4.216, p=0.0470; data not shown). As for male offspring, a similar trend of reduced Z-score of social 

behaviors in CTRL-NAC and PNS-Veh groups was observed (F(1,40)=3.920, p=0.0546), in addition to a 

significant increase in exploratory behaviors upon the prenatal exposure to NAC (Main effect of treatment: 

F(1,40)=6.499, p=0.0147). 

mHFD cohort. Similarly to the findings observed in the PNS cohort, also in the mHFD cohort we found that 

maternal NAC administration per se decreased Z-score of social behaviors in female control offspring 

(interaction between diet and treatment: F(1,45)=3.904, p=0.0543; *p<0.05 Tukey’s test CD-NAC vs CD-

Veh). A significant interaction between diet and treatment revealed that mHFD males were characterized by a 

slight decrease of social behaviors when placed in direct contact with a conspecific (F(1,39)=6.962, p=0.0119, 

although post hoc analyses did not reach statistical significance). Interestingly, NAC treatment was able to 

boost social behaviors in these same subjects (post hoc comparisons: *p<0.05 Tukey’s test HFD-NAC vs HFD-

Veh; data not shown). No significant changes were observed in the exploratory behaviors of mice prenatally 

exposed to the metabolic stress. 

 

Forced swim test and coping stress strategy 

PNS cohort. When the ability to deal with an acute unescapable stress (forced swim test) was evaluated, control 

male offspring showed a clear preference towards an active coping strategy (interaction between strategy and 

stress: F(1,36)=5.341, p=0.0267; post hoc comparisons: *p<0.05 Tukey’s test active CTRL-Veh vs passive 

CTRL-Veh). By contrast, PNS males did not specifically choose an active strategy to cope with stress but they 

spent an equal amount of time displaying active as well as passive strategies (Figure 4). No significant 

differences were observed in coping stress strategy adopted by female offspring exposed to different prenatal 

conditions. 

mHFD cohort. Prenatal exposure to mHFD increased the time spent performing an active coping strategy at 

the expense of a passive strategy in both sexes, exacerbating the phenotype observed in CD subjects 
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(interaction between strategy and stress - males: F(1,33)=3.901, p=0.0567; females: F(1,31)=3.997, p=0.0544; 

post hoc comparisons: **p<0.01 Tukey’s test males active HFD-Veh vs passive HFD-Veh; females active 

HFD-Veh vs passive HFD-Veh), see Figure 4. No significant changes were observed as a result of maternal 

NAC administration. 

 

Figure 4 Coping strategies in response to an acute stress. PNS males failed to show a clear preference for a coping 

strategy towards stress when compared to the CTRL group. mHFD exacerbated the preference for adopting an active 

coping strategy towards stress in both sexes. *p<0.05 Tukey’s test active CTRL-Veh vs passive CTRL-Veh; **p<0.01 

males active HFD-Veh vs passive HFD-Veh; females active HFD-Veh vs passive HFD-Veh. Data are mean ± SEM. 

Number of subjects: 7-11 within each experimental group. 

 

HPA axis reactivity 

PNS cohort. When the functionality of the HPA axis under basal conditions was assessed, we found sex-

dependent effects indicating that PNS reduced basal CORT levels in male offspring only (interaction between 

stress and treatment: F(1,36)=6.353, p=0.0163; post hoc comparisons: *p<0.05 Tukey’s test PNS-Veh vs 

CTRL-Veh), see Figure 5A. Subsequently, the reactivity of the HPA axis was evaluated 30 and 180 minutes 

following an acute stress (6 min of forced swim test). Overall, PNS males reacted to an acute stress with 

enhanced CORT release after 30 minutes and they still showed higher circulating levels after 180 minutes from 
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the stress, when usually CORT is expected to return to a baseline (interaction between stress and treatment: 

F(1,36)=5.585, p=0.0236; post hoc comparisons: *p<0.05 Tukey’s test PNS-Veh vs CTRL-Veh), see Figure 

5B. Interestingly, the prenatal NAC treatment was effective in buffering CORT rise in PNS males, leading to 

levels comparable to those observed in the CTRL group (*p<0.05 PNS-NAC vs PNS-Veh), see Figure 5B. In 

general, we did not observe significant statistical differences in corticosterone levels of female offspring. 

mHFD cohort. Similarly to the what observed in the PNS cohort, exposure to mHFD led to reduced CORT 

levels under basal conditions specifically in male mice (interaction between diet and treatment: F(1,29)=15.49, 

p=0.0005; post hoc comparisons: *p<0.05 Tukey’s test HFD-Veh vs CD-Veh), see Figure 5A. In addition, the 

maternal administration with NAC was able to prevent this reduction, restoring basal levels of CORT (*p<0.05 

PNS-NAC vs PNS-Veh), see Figure 5A. As for the HPA axis reactivity after an acute stress, no significant 

changes were observed among the different prenatal conditions in both male and female offspring (Figure 5B). 
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Figure 5 HPA axis under basal conditions (A) and its reactivity in response to an acute stress (B). A)  Both PNS and 

HFD resulted in similar lower basal CORT levels when compared to their respective control groups. Prenatal NAC 

administration was able to prevent this effect only in HFD males. B) When the reactivity of the HPA axis was evaluated 

30 and 180 minutes after the exposure to an acute stress, PNS males were characterized by overall higher CORT levels 

and prenatal NAC was effective in buffering the CORT rise. *p<0.05 Tukey’s test males PNS-Vehicle vs CTRL-Vehicle; 

PNS-NAC vs PNS-Vehicle; HFD-Vehicle vs CD-Vehicle; HFD-NAC vs HFD-Vehicle. Data are mean ± SEM. Number 

of subjects: 7-11 within each experimental group. 

 

Gene expression on the hippocampus 

To investigate the molecular changes underlying prenatal psychophysical and metabolic stress, we first 

analyzed gene expression of the neurotrophin Bdnf in the hippocampus of adolescent male and female 

offspring. Then, in order to investigate the mutual regulation between Bdnf and redox balance, we assessed 

the gene expression of Nrf2, which is a transcriptional factor that in response to OS quickly translocates into 

the nucleus to activate the expression of antioxidant genes, and its main inhibitory regulator Keap1. Finally, 

in order to assess the effect of PNS and mHFD on microglia homeostasis, we investigated 

microglia/macrophage markers CD68, TMEM119 and TREM2.  

PNS cohort. Hippocampal gene expression profile revealed that levels of total Bdnf were significant ly 

decreased in PNS female offspring compared to the control group (interaction between stress and treatment: 

F(1,40)=24.36, p<0.0001; post hoc comparisons: **p<0.01 Tukey’s test PNS-Veh vs CTRL-Veh). 
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Interestingly, the prenatal administration of NAC was able to prevent this effect, restoring Bdnf levels in PNS 

females (**p<0.01 Tukey’s test PNS-NAC vs PNS-Veh), see Figure 6A. Less pronounced effects were 

observed in male offspring, showing an effect of prenatal NAC in increasing total Bdnf levels in PNS subjects 

only (interaction between stress and treatment: F(1,43)=5.240, p=0.027; post hoc comparisons: *p<0.05 

Tukey’s test PNS-NAC vs PNS-Veh). As for the redox regulations, we found that PNS greatly decreased 

hippocampal Nrf2 expression in the offspring, regardless of sex (main effect of stress - females: F(1,42)=46.05, 

p<0.0001; males: F(1,43)=10.10, p=0.0027), see Figure 6A. In female mice, a main effect of prenatal treatment 

was found showing a booster effect of NAC in enhancing Nrf2 expression (F(1,42)=4.700, p=0.0359), while 

in male offspring only a tendency toward a similar effect was observed. When we evaluated the expression 

levels of Keap1, we founded no difference in females but a significant interaction between stress and treatment 

in male offspring, revealing an increase in PNS-NAC group compared to PNS-Vehicle (F(1,44)=6.450, 

p=0.0147; post hoc comparisons: *p<0.05 Tukey’s test PNS-NAC vs PNS-Veh), see Figure 6A. 

When assessing markers of microglia, we found that hippocampal levels of Cd68 and Tmem119 were 

decreased by PNS specifically in female offspring, while no effects were observed in males (main effect of 

stress in females - Cd68: F(1,26)=8.349, p=0.0077; Tmem119: F(1,24)=31.46, p<0.0001), see Figure 6B. 

Prenatal NAC did not affect these markers, but it increased Trem2 levels in female offspring only (main effect 

of treatment: F(1,26)=8.520, p=0.0072). 

mHFD cohort. The evaluation of the hippocampal transcript profile performed on this experimental cohort 

unmasked very similar effects between the prenatal exposure to PNS or mHFD. More in detail, a significant 

interaction between diet and treatment showed decreased Bdnf total levels upon the exposure to mHFD, 

specifically in female brains (F(1,41)=34.69, p<0.0001; post hoc comparisons: **p<0.01 Tukey’s test HFD-

Veh vs CTRL-Veh), while no significant changes were observed in male mice. Also in this case, the maternal 

treatment with NAC, in addition to mHFD, led to restored expression levels of the neurotrophin in female 

offspring (**p<0.01 Tukey’s test HFD-NAC vs HFD-Veh), see Figure 6A. When Nrf2 mRNA expression was 

measured, similarly to PNS females, also female offspring exposed to mHFD were characterized by lower 

levels of Nrf2 compared to CD group (main effect of diet: F(1,47)=10.99, p=0.0018); overall, a main effect of 

treatment revealed that Nrf2 levels resulted increased by the maternal administration with NAC 

(F(1,47)=27.04, p<0.0001), see Figure 6A. A general increase of Nrf2 mRNA levels were observed in male 

offspring upon the prenatal exposure to NAC (main effect of treatment: F(1,51)=7.715, p=0.0076), see Figure 

6A. The assessment of Keap1 levels revealed a main effect of diet showing reduced Keap1 expression 

specifically in male subjects (F(1,45)=4.673, p=0.0360), while no changes were observed in females.  

When microglia markers were measured, we found pervasive effects of mHFD in increasing Cd68 levels both 

in males and females (main effect of diet: F(1,20)=20.27, p=0.0002); F(1,20)=6.699, p=0.0176, respectively 

for males and females), see Figure 6B. Prenatal treatment with NAC was able to overall reduce this parameter 

only in females (main effect of treatment: F(1,20)=6.004, p=0.0236). No significant changes were observed in 

mRNA levels of Tmem119 or Trem2 between groups. 
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Figure 6 Hippocampal expression of genes involved in plasticity and OS (A) and microglia-related markers (B). 

A) Both PNS and HFD resulted in a similar reduction of hippocampal Bdnf and Nrf-2, with greater effects on females. B) 

While PNS reduced Cd68 and Tmem119 levels specifically in females, mHFD overall increased Cd68 both in males and 

females. #p<0.05, ## p<0.01 main effect of prenatal stress/diet; $$p<0.01 main effect of NAC; *p<0.05, **p<0.01 

Tukey’s test. Data are mean ± SEM. Number of subjects: 6-12 within each experimental group. 
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Stereological counting and morphological analysis of Iba1-positive cells in the hippocampal CA1  

We estimated the number of microglia in the CA1 region of the hippocampus and analyzed their cellular 

morphology as well as dorso-ventral distribution. The analysis was done in the adolescent offspring, 

performing an IHC using antibodies against Iba1. 

PNS cohort. There were no significant differences in the total number of microglial cells in the CA1 between 

CTRL and PNS groups, neither in male nor in female offspring (data not shown). However, when the 

morphological analysis was performed, evaluating both the ventral and the dorsal sub-region of the CA1, a 

significant interaction among cell morphology, stress and treatment was found in the ventral part of male 

offspring (F(1,21)=4.680, p=0.0422). More in detail, the exposure to PNS combined with the NAC treatment 

reduced the number of ramified microglia cells, displaying a so-called “surveillance” phenotype usually 

characterizing physiological conditions, compared to prenatal exposure to NAC alone (*p<0.05 Tukey’s test 

PNS-NAC vs CTRL-NAC, see Figure 7). Overall, in the dorsal part of the CA1 a similar trend in PNS-NAC 

male mice was observed although no significant changes were detected. 

mHFD cohort. Similarly to what observed in the PNS cohort, also in the mHFD cohort no significant changes 

were found in the total number of microglial cells in the CA1, either in male or in female offspring (data not 

shown). In this cohort, the morphological analysis revealed a significant interaction among cell morphology, 

diet and treatment in the dorsal part of male offspring. In particular, also in this case, the exposure to mHFD 

combined with the NAC treatment reduced the number of ramified “surveillance” microglia cells compared to 

prenatal exposure to NAC alone (**p<0.01 Tukey’s test HFD-NAC vs CD-NAC, see Figure 8). No significant 

differences in the morphology of microglia in female offspring were observed. 
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Figure 7 Stereological counting and morphological analysis of Iba1-positive cells in the CA1. Similarly, exposure to 

PNS or mHFD, combined with NAC treatment, reduced the number of ramified microglia cells compared to prenatal 

exposure to NAC alone. *p<0.05, **p<0.01 Tukey’s test. Data are mean ± SEM. Number of subjects: 5-6 within each 

experimental group.  
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Discussion 

In the present study, we provide evidence supporting the hypothesis that psychophysical or metabolic stress 

act through a “funnel effect” model, triggering shared conserved pathways and redirecting fetal developmental 

trajectories, potentially leading to increased vulnerability to negative mental health outcomes in a sex-

dependent fashion (Musillo et al., 2022). NAC administration was able to prevent some of these effects,  

suggesting that the modulation of OS-related pathways might be effective in targeting common shared 

mechanisms between different adverse prenatal conditions.  

The first evidence supporting the hypothesis of a “funnel effect” of different prenatal stressors comes from the 

assessment of the hippocampal transcript profile of genes involved in brain plasticity and OS regulation in the 

adolescent offspring exposed to PNS or mHFD. BDNF was assessed as it plays a pivotal role during brain 

development, being involved in neuronal differentiation, survival and neuroplasticity as well as in the 

integration of neuroendocrine and metabolic pathways in response to stressful challenges (Cirulli and Alleva, 

2009). PNS and mHFD were both able to reduce hippocampal mRNA levels of this neurotrophin in adolescent 

females, suggesting that, at least at this age, female mice are more vulnerable to prenatal stressors, confirming 

and expanding our previous findings showing a reduction of Bdnf upon PNS in female rats during adolescence 

(Berry et al., 2015). Parallel changes were also found in hippocampal levels of Nrf2 that is a master regulator 

of antioxidant defenses. (Bellezza et al., 2018; Fuse and Kobayashi, 2017). This is in line with the fact that a 

BDNF-NRF2 mutual crosstalk in mood disorders has been previously shown (Bouvier et al., 2017; Bruna et 

al., 2018; Hashimoto, 2018). For example, Bouvier and colleagues found that vulnerability to depressive-like 

behavior in a rat model of social defeat stress resulted in a persistent state of OS due to a failure of BDNF to 

activate the NRF2-KEAP1 complex, a condition that was reversed by treatment with antioxidants (Bouvier et 

al., 2017). Here we show that the exposure to PNS or mHFD reduces hippocampal levels of Nrf2 in female 

subjects, mirroring Bdnf changes. This effect was also associated with a decrease in Keap1 specifically in the 

mHFD group. We have previously shown that both these prenatal stressors increase circulating OS markers in 

the mothers possibly providing a pro-oxidant intrauterine milieu (Musillo et al. 2022 in preparation). Thus, it 

is possible to hypothesize that increased fetal OS, due to maternal stress or obesity, might disrupt the NRF2-

BDNF regulation, ultimately leading to reduced Bdnf expression in the offspring brain at adolescence. This 

hypothesis is corroborated by the fact that supplementation with an antioxidant compound, NAC, early on, by 

rebalancing the redox status, is capable to restore expression of both Bdnf and Nrf2. 

The emotional behavior of the adolescent offspring also showed strong, sex-specific differences, with larger 

effects, also in this case, in female mice. In particular, females prenatally exposed to PNS or mHFD, when 

tested in the EPM, spent more time in the open arms compared to their control groups, suggesting a more 

pronounced behavioral disinhibition as they were also characterized by increased exploration and decreased 

risk-assessment behaviors. These same subjects, when assessed in the Emergence test, were also characterized 

by reduced latency to emerge from the shelter and less total time spent inside the shelter, accompanied to 

increased locomotor activity. All these features overall describe a disinhibited phenotype that might be 
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considered as an adaptive behavioral strategy to meet immediate emotional demands in a novel unfamiliar 

context. However, such a disinhibition, generally including a broad spectrum of behavioral traits such as 

impulsiveness, low levels of control and increased novelty seeking, might have severe long-term 

consequences, setting the stage for later adverse functional outcomes and psychopathology (Clark et al., 2019, 

2016; Moffitt et al., 2011; Nigg, 2017). Our behavioral results, showing an increased behavioral disinhibit ion 

associated with a decrease in hippocampal Bdnf levels of female offspring exposed to PNS or mHFD, might 

be explained through the intriguing “stress acceleration hypothesis” (Callaghan and Tottenham, 2016). 

According to this theory, early adversities might prematurely activate neuronal structures involved in 

emotional regulation and stress response (e.g. hippocampus and prefrontal cortex), causing an overall 

premature development of these circuits (Callaghan and Tottenham, 2016). In an evolutionary framework, this 

accelerated maturation would confer advantageous emotional adaptation and behavioral flexibility 

characterized by a rapid response to new conditions and less anxiety in the short-term, also allowing a higher 

reproductive success and fitness in adverse conditions. Nevertheless, such a faster neurodevelopment has been 

associated with permanent impairment of developmental plasticity, increasing the risk for poor cognitive 

abilities, anxiety and psychopathology in the long-term (Fragale et al., 2016; Frankenhuis and de Weerth, 2013; 

Zehr et al., 2007). Our findings of reduced Bdnf levels in the hippocampus might indirectly indicate that a 

reduction in neuroplasticity is already underway during late adolescence and the negative behavioral effects 

may become manifest in adulthood. 

Stress occurring during pregnancy has been linked to altered HPA axis activity in the offspring, although the 

findings appear to be very heterogeneous. While some preclinical and clinical studies have reported that early 

life stress leads to a hyper-activation of the HPA axis in the offspring, other evidence indicates lower basal 

cortisol levels or a blunted cortisol response to an acute stress (Osborne et al., 2018; Send et al., 2019; Simons 

et al., 2015; Van Der Voorn et al., 2019). One possible explanation is based on the concept that disruptions of 

offspring HPA axis, due to maternal stress, can change throughout life, as shown by the ALSPAC cohort 

reporting higher cortisol awakening response in 10-years-old children but lower levels of the same parameter 

at 15-years-old (O’Connor et al., 2005; O’Donnell et al., 2013). In our study, when we measured the 

functionality of the HPA axis, we found that both PNS as well as mHFD were associated to reduced baseline 

CORT levels in adolescent male offspring and that NAC administration prevented this reduction. This effect, 

which corroborates our “funnel effect” hypothesis, was specific to male subjects providing a further evidence 

that these two different prenatal stressors converge on common mechanisms in a sex-dependent fashion. We 

also found that exposure to PNS led to an overall increased response to a stressful challenge, an effect that was 

maintained three hours following the end of stress when the HPA axis is expected to return to a steady state. 

Interestingly in this same group of PNS subjects, NAC administration prevented the increased adrenocortical 

output rendering PNS males similar to controls.  

As for the potential mechanisms, our group has previously shown that both PNS and mHFD are able to weaken 

the placental barrier by reducing the enzymatic activity of 11β-Hydroxysteroid dehydrogenase 2 (11β-HSD 2) 
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allowing excessive amount of glucocorticoids (GCs) to reach the fetus and to affect neuroendocrine 

development (Bellisario et al., 2015; Panetta et al., 2017). A very similar effect of reduction in the placental 

levels of 11β-HSD2 has been observed by Shi and co-workers as a result of prenatal exposure to OS due to 

environmental pollution, an effect that was reverted by NAC administration acting through inhibition of the 

ROS-induced PERK/p-eIF2 signaling cascade in the placenta (Shi et al., 2020; Zhang et al., 2019). Given 

our recent data showing increased markers of OS in maternal blood as a result of both PNS and mHFD (Musillo 

et al 2022, in preparation), we can hypothesize that the activation of the placental signaling cascade PERK/p-

eIF2 might represent a specific common mechanism underlying the male-specific derangement in HPA axis 

function and that NAC may target it, preventing HPA axis dysfunctions in male offspring.  

Physiological and behavioral responses to acute stressors are, at least in part, driven by the HPA axis activity 

and adverse early life experiences might affect fetal development to shape the HPA axis functionality and the 

related coping strategies (Maccari et al., 1995; Veenema et al., 2006). When PNS males were testes in the FST, 

they failed to show a clear preference for a coping strategy, with overall higher CORT levels following this 

stressful challenge, suggesting an inability to properly react to a situation potentially harmful. This effect was 

sex-specific and was not observed in adolescent PNS females. By contrast, in the mHFD cohort, both males 

and females were characterized by a strong preference for the active coping strategy. To this regard, it is 

interesting to note that in a recent review Molendijk and de Kloet have provided a novel key to interpret data 

deriving from FST, pointing to behavioral coping strategies rather than to depressive-like behaviors (Molendijk 

and de Kloet, 2019). In particular, subjects characterized by low stress-induced GCs secretion together with 

increased pro-inflammatory profile might be defined as proactive copers, while an opposite pattern holds true 

for reactive (passive) copers (elevated GCs secretion upon stress and reduced inflammation) (de Boer et al.,  

2017; Koolhaas et al., 2010). Thus, it is possible to hypothesize that PNS and mHFD might affect coping 

strategies towards stress and the associated neuroendocrine and immune profile in a sex-dependent fashion. In 

particular, while PNS males might be characterized by a reactive/passive profile, mHFD males and females 

show a proactive profile when facing an unescapable stress.  

We have previously shown that the exposure to PNS or mHFD affects the brain inflammatory state already 

during embryonal stages (E18), in a sex dimorphic manner (see Musillo et al. 2022 in preparation). Given the 

embryonic origins of microglia and their role in brain development and homeostasis, in the current study, we 

assessed whether the fetal microglial pro-inflammatory phenotype is maintained across critical developmental 

windows such as adolescence. Our results overall indicate only limited effects of PNS or mHFD on microglia l 

markers at adolescence, with the exposure to mHFD increasing the levels of hippocampal Cd68, a marker of 

microglia activation, in both male and female adolescent offspring in line with previous data (Bilbo and Tsang, 

2010). When the same marker (Cd68) was assessed in the PNS cohort, we observed a specific decrease in 

females, suggesting a blunted priming of microglia cells, a condition that, at this age, might affect proper brain 

development. Overall, the limited effects found at this age suggest that long-term effects of these prenatal 

conditions might be revealed only following an immune challenge to the system and may be difficult to 
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ascertain at baseline. To further investigate the effects of early life stressors on microglial function, we have 

performed a stereological counting accompanied by a morphological characterization of Iba1+ cells, 

specifically in the CA1 of the hippocampus. We found sex-specific effects revealing that prenatal NAC 

treatment increased the number of ramified cells - “surveillance” phenotype -, while NAC treatment in 

combination with the exposure to PNS or mHFD reduced this cell population specifically in male offspring. 

An unbalanced number of ramified cells generally mirrors complementary changes in the number of the second 

most abundant microglia population characterized by an “intermediate” phenotype with fewer, thicker and 

shorter processes, overall polarized towards a pro-inflammatory profile. In fact, together with the decreased 

number of ramified cells, we observed a slight shift through increased number of intermediate cells in PNS-

NAC and HFD-NAC groups. It is worth to note that microglia morphology is tightly regulated by redox 

balance, usually displaying a “surveillance” state when ROS and antioxidant defenses are counterbalanced 

between each other; when the OS increases, microglia shift to a pro-inflammatory morphology that is 

accompanied by the activation of NF-kB pathway and the transcription of pro-inflammatory genes (Rojo et 

al., 2014). Finally, when the antioxidant machinery restores the redox balance also the microglia remodel its 

morphology towards a physiological ramified state. Given this evidence, it is possible to hypothesize that the 

boost in the antioxidant defenses that we observed in our models (increased Nrf2 levels) as a result of NAC 

treatment alone, by rebalancing the redox status of the brain, might mediate the shift of microglia from an 

activated morphology towards a “surveillance” state (increased ramified cells). 
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Conclusions 

In this study, we have provided preclinical evidence to support the hypothesis of a “funnel effect” by which 

different adverse prenatal conditions can affect fetal brain development to a very similar extent, setting the  

stage for an increased vulnerability for negative health outcomes. In particular, we found comparable changes 

in offspring prenatally exposed to PNS or mHFD, when assessing stress-responsive pathways. A main role of 

brain redox mechanisms was highlighted in orchestrating a synchronized response of different systems, 

including the neuroendocrine and the immune system, to early adversity. While differences emerge as a result 

of prenatal stressors, indicating differential vulnerability in females and males, buffering OS early on appears 

an ever effective mean to prevent at least some of the long-term effects of adverse prenatal conditions. 

Ultimately, these studies may lead to future investigations assessing the potential role of redox regulations as 

basic mechanisms involved the co-morbidity characterizing metabolic and psychiatric conditions. 
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Stress is a main risk factor for psychopathology. Extensive research on the biology of stress now shows that 

healthy development can be derailed by excessive or prolonged activation of the stress response in the brain 

already during fetal life. Such toxic stress exposure can have damaging effects on mental health across the 

lifespan. Overall, identifying shared biological mechanisms underlying different stressors can be crucial to 

unveil early risk biomarkers of mental disorders and open up novel early diagnostic and treatment avenues.  

We identified the involvement of two main shared pathways that result similarly disrupted by both PNS and 

mHFD in a fine sex-dimorphic manner: metabolic-neuroendocrine regulations in males and inflammatory-

redox balance in females. We can speculate that the effects of prenatal stressors observed in male offspring 

might result from specific sex-dependent adaptations in placental functionality. More in detail, we found 

structural alterations in PNS and mHFD male placentas that might underlie an insufficient supply of nutrients 

to these fetuses (Chapter 3). A possible explanation for this phenomenon is that male fetuses invest more 

energy on brain growth, compared to placental development, which gives them less reserve capacity, with a 

consequent higher risk for undernourishment when facing a stressful challenge, compared to females. Such 

lack of nourishment could prime the metabolic and neuroendocrine function (HPA axis) towards a more 

vulnerable phenotype later in life. In line with this interpretation, we found that, despite the same reduction of 

11β-HSD 2 placental activity observed in both sexes, a specific baseline ipo-functionality of the HPA axis 

characterized adolescent males, being associated with changes in coping strategies towards stress (Chapter 

4). Previous data from our research group support this sex-dependent programming effect of prenatal stress on 

the metabolic-neuroendocrine regulations, showing a greater vulnerability of males towards metabolic insults 

experienced later in life. 

With regard to females, despite the apparent preserved functionality of the placenta, we clearly observed short-

term disruption in fetal brains with increased pro-inflammatory and pro-oxidant markers (Chapter 3). 

Intriguingly, similar derangements in these patterns were maintained throughout adolescence, in addition to a 

reduction in markers of brain plasticity and to a more disinhibited phenotype (Chapter 4). Since female 

mammals are characterized by more efficient antioxidant defenses compared to males - an evolutionary 

conserved feature dealing with the cost of reproduction - it is possible to hypothesize that prenatal stressors, 

by specifically targeting the antioxidant machinery, might lead to a sex-specific vulnerability. The preventive 

effect shown by NAC on many of the outcomes measured supports a main role of oxidative stress as a 

converging mechanism between metabolic and psychological stressors. 

Unraveling further time- and sex-specific mechanisms will be crucial to develop personalized diagnostic tools 

and strategies for early intervention in order to buffer the harmful impact of prenatal adverse conditions on 

mental disorders. 
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Abstract 

Prenatal stress (PNS) affects foetal programming and, through an interaction with subsequent challenges, can 

increase vulnerability to mood and metabolic disorders. We have previously shown that, following PNS, adult 

male rats are characterized by increased vulnerability to a metabolic stressor experienced at adulthood (8-

week-high-fat diet-HFD). In this study, we specifically assessed whether PNS might interact with an adult 

metabolic challenge to induce an inflammatory phenotype. Changes in the expression levels of inflammatory 

(Il-1β, Tnf-α, Il-6) and of stress response mediators (Nr3c1, Fkbp5) as well as of mood and metabolic 

regulators (Bdnf, Ghs-R) were investigated in the hippocampus, prefrontal cortex and hypothalamus, brain 

regions involved in the pathogenesis of depression and prone to inflammation in response to stress. Overall,  

PNS reduced the expression of Bdnf and Tnf-α, while HFD administered at adulthood counteracted this effect 

suggesting that PNS impinges upon the same pathways regulating responses to a metabolic challenge at 

adulthood. Furthermore, HFD and PNS affected the expression of both Nr3c1 and Fkbp5, two neuroendocrine 

mediators involved in the response to stress, metabolic challenges and in the modulation of the emotional 

profile (as shown by the correlation between Fkbp5 and the time spent in the open arms of the elevated plus -

maze). Overall, these results indicate that the same metabolic and neuroendocrine effectors engaged by PNS 

are affected by metabolic challenges at adulthood, providing some mechanistic insight into the well-known 

comorbidity between mood and metabolic disorders. 

 

Keywords 

Co-morbidity; animal model; high-fat diet; mood disorders; neuroinflammation; prenatal stress. 
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Introduction 

Mood disorders are common conditions with major public health implications. It is estimated that each year 

around 40% of the EU population suffers from a mental disorder. Adjusted for age and comorbidity, this 

corresponds to 164.8 million people affected (Health Organization Regional Office for Europe, 2015). Among 

the risk factors that might trigger the onset of psychiatric conditions, or an exacerbation of symptoms, stressful 

life events play a pivotal role. In fact, according to a “two-hit model” of vulnerability to diseases, stress 

experienced during early life phases, might affect brain development leading to a reduced ability to cope with 

further stressors during life (Daskalakis et al., 2013). To this regard, a suboptimal intrauterine environment, 

prompted by maternal stress (ranging from poor socio-economic status and maternal obesity to depression or 

maltreatments) may predispose the offspring to lifelong negative health outcomes, including neuropsychiatric 

disorders as well as metabolic and immune dysregulations (Barker, 1995; Berry et al., 2015; Boersma et al.,  

2013; Cattane et al., 2020; Cirulli et al., 2020; Krontira et al., 2020).  

Consistent evidence suggests that depressed patients are characterised by alterations in the functional activity 

of the immune system, affecting both peripheral and central tissues and that early life stress represents an 

important factor influencing the inflammatory status (Cattaneo et al., 2015; Dantzer et al., 2008; Dowlati et 

al., 2010; Liu et al., 2012; Valkanova et al., 2013). As an example, Danese and colleagues reported increased 

blood C-reactive protein (CRP) levels in maltreated children, an effect that was larger in those subjects that 

also developed depression later in life (Danese et al., 2009, 2008). Likewise, Slopen and co-workers reported 

increased CRP and interleukin-6 (IL-6) in adolescents who experienced early life adversities (Slopen et al.,  

2014). Offspring of women who experienced stressful life events during pregnancy show higher levels of IL-

1β, IL-4, IL-5, IL-6, and IL-8 in umbilical cord blood at delivery (Andersson et al., 2016). Interestingly, it has 

been recently proposed that inflammation may act as a key mediator linking exposure to prenatal stress (PNS) 

and enhanced vulnerability to psychopathology in the offspring (Hantsoo et al., 2019).  

Preclinical studies in rodent models provide strong support to the above mentioned clinical findings, showing 

for example that PNS exposure causes extended inflammation in the foetal brain (Ślusarczyk et al., 2015). To 

this regard, Gur and colleagues found increased levels of IL-1β in the placenta of mouse dams undergoing 

stress during pregnancy and in the foetal brain of their offspring; this was also associated with decreased levels 

of the neurotrophin Brain-Derived Neurotrophic Factor (BDNF) specifically in the amygdala (Chen et al.,  

2020; Gur et al., 2017) suggesting that increased expression of placental immune responsive genes upon 

maternal stress might be considered as a potential mechanism (Bronson and Bale, 2014; Mueller and Bale, 

2008). 

Despite the large body of clinical and preclinical evidence showing associations among PNS, the 

hyperactivation of the immune system and an enhanced vulnerability to mood disorders, cause-effect 

mechanisms are still largely unknown, and the prenatal environment may not act alone to set the stage for long-

term onset of mood disorders. Interestingly, psychiatric conditions and metabolic pathologies are often found 
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to co-occur within the same individual showing a feed-forward pattern overall suggesting the activation of 

shared mechanisms/pathways (Cattane et al., 2020; Cirulli et al., 2020; Milaneschi et al., 2019). Among these, 

BDNF and glucocorticoids (GC) hormones have been identified as main effectors of brain plasticity and 

metabolic function in response to stressful events. Thus, it is possible that these actors may represent both 

effectors as well as targets of stress - during sensitive developmental periods - leading, in the developing 

organism, to a remodelling of the mechanisms associated with stress responsiveness (Cattaneo et al., 2015; 

Cirulli and Alleva, 2009; McEwen, 2000). The neurotrophin BDNF plays a pivotal role in brain and 

behavioural plasticity as well as in the control of energy homeostasis (Cirulli and Alleva, 2009; Marosi and 

Mattson, 2014); its expression is finely tuned by GC in response to acute or chronic stressful stimuli (Cirulli,  

2017;Cirulli & Alleva, 2009) and it has been also suggested to be negatively regulated by pro-inflammatory 

cytokines (Barrientos et al., 2004; Bilbo et al., 2008). Thus, BDNF appears as a sensitive target as well as a 

biomarker of stress response as it could actively contribute to maintain brain health/homeostasis in different 

challenging conditions. To this regard, the interplay between the activation of stress-related pathways by 

adverse experiences during development and adult metabolic challenges might be crucial in shaping individual 

vulnerability to stress (Nederhof and Schmidt, 2012).  

A growing body of evidence suggests that the effects of PNS are sex-specific and that males’ foetal brain might 

be more vulnerable to changes in the inflammatory mediators overall showing learning deficits and decreased 

brain plasticity particularly with regard to the hippocampus prefrontal cortex (McCarthy, 2019; Weinstock, 

2007). Indeed, in a previous study we have shown that male rats who underwent PNS were more vulnerable 

than females to the effects of a metabolic challenge experienced at adulthood (high-fat diet feeding - HFD), 

while females showed an overall greater plasticity, possibly mediated by increased total Bdnf mRNA 

expression levels both in the hippocampus and in the hypothalamus. Based on the “two hit model” of diseases, 

we hypothesized that PNS might disrupt the intrauterine environment affecting brain developmental 

trajectories leading, in turn, to increased brain inflammation and reduced plasticity in the offspring (first hit).  

We also hypothesized that a metabolic challenge such as a HFD, experienced at adulthood, might interact with 

inflammatory pathways to exacerbate the PNS-induced pro-inflammatory phenotype. Thus, the aim of this 

study was to investigate the effect of a second hit - represented by an HFD - specifically in male rats. We 

focused on selected brain regions - characterised by high degree of sexual dimorphism (Handa et al., 1994) - 

such as the dorsal and the ventral hippocampus, the prefrontal cortex and the hypothalamus known to be 

involved in the pathogenesis of depression and to be prone to inflammatory status in response to external 

challenges. We specifically assessed in these brain regions levels of Bdnf, Tnf- , Il-6 and Il- .  

Stress powerfully affects both mood and energy homeostasis. Such effects are achieved not only through the 

interaction between GC hormones and their receptors (that regulate HPA axis function in addition to glucose 

metabolism) but also by triggering a multitude of signalling cascades reciprocally modulating one another in 

a regional-, temporal, and functional-dependent manner (Balsevich et al., 2019). Among these, ghrelin is a 

peptide hormone produced in the stomach and involved in the signalling of meal initiation. Its action is 
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mediated through the growth hormone secretagogue receptor (Ghs-R) that is found to be highly expressed in 

several brain regions including the hypothalamus, pituitary gland and hippocampus (see Zarouna, 2015 and 

references therein). Both Ghrelin and Ghs-R are modulated by stress (Patterson et al., 2010); there is evidence 

that ghrelin may decrease anxiety-like and depressive-like behaviours in mice (Lutter et al., 2008) moreover, 

it appears to be involved in in food anticipatory activity and consumption (Blum et al., 2009; Verhagen et al.,  

2011) as well as in mood disorders (Zarouna, 2015). Interestingly, both genetic variants within ghrelin and GC 

signalling pathways have been associated with obesity, stress-related mental disorders, or both (see Balsevich 

et al., 2019 and references therein). To this regard, we also investigated changes in the expression levels of 

Ghs-R as well as of Nr3c1 (encoding for the glucocorticoid receptors - GR) and the GC co-chaperon Fkbp5 

(encoding for the FK506 binding protein 51) in all the above-mentioned brain regions. 

 

Materials and methods 

Animals and experimental design 

Twelve adult nulliparous female (230–260 g) and 6 male Sprague-Dawley rats (400 g) were purchased from a 

commercial breeder (Charles River, Calco, Italy). Upon arrival, animals were pair-housed with same sex 

conspecifics under standard laboratory conditions (see Panetta et al. 2015 for further details). Pellet food 

(Altromin-R, Rieper, Italy) and tap water were continuously available. Following one week of adaptation, two 

females and one male were mated for 24 hours. To assess pregnancy, changes in body weight were monitored. 

Pregnant females were randomly assigned to either the control (CTRL) or prenatal stress (PNS) groups. CTRL 

rats were left undisturbed throughout gestation, while PNS females underwent a repeated restraint stress 

procedure during the last third of gestation until the day delivery day (postnatal day 0 - PND-0). On PND-1 all 

pups were weighted and litters culled to an average of 5 male and 5 female pups. On PND-21 pups were 

weaned and housed in groups of 2 or 3 same-sex littermates until 2 months of age. By this time, n=20 CTRL 

and n=21 PNS males were assigned either to high-fat diet (HFD) or control diet (CD) regimen for 8 weeks. 

The final number of animals per group was: n=10 CTRL-CD, n=10 CTRL -HFD, n=10 PNS-CD and n=11 

PNS-HFD. Groups were composed by 1 pup/litter (CTRL-CD; CTRL-HFD; PNS-CD; PNS-HFD. After 4 

weeks on the respective diets, all animals underwent a number of metabolic and behavioural assessments; they 

were successively sacrificed and brains dissected out to investigate the expression levels of Il-6, Il-1, Tnf-, 

Nr3c1, Fkbp5, Ghs-R, in the dorsal hippocampus, ventral hippocampus, hypothalamus and prefrontal cortex; 

total Bdnf was investigated only in the dorsal hippocampus and prefrontal cortex (since it was already assessed 

in the other two areas, see Panetta et al., 2017).  

To better characterise the effects of possible changes in gene expression levels, regression analyses were 

carried out by taking into account specific outcomes deriving from the Elevated Plus-Maze (EPM), as 

previously performed in (Panetta et al., 2017). We focused on immobility time since this is a well-known proxy 

for emotionality and reactivity to novel environment (Fernandes and File, 1996) and correlated it with Bdnf 
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and Il-1 since both these mediators are involved in behavioural plasticity (Bourgognon and Cavanagh, 2020; 

Cirulli and Alleva, 2009; Goshen et al., 2007). Moreover, we also assessed the ability of Fkbp5 to affect 

emotionality in the EPM by correlating expression levels of this gene in the dorsal hippocampus to the time 

spent in the open arms of the maze. As for the EPM protocol used, briefly, the apparatus was made of Plexiglas 

and consisted of two opposite open arms and two arms closed by transparent walls (50×10×40 cm). Each rat 

was placed in the center of the maze and video-recorded for 5 minutes under dim light conditions. Each session 

was recorded and behavioral analysis was carried out using a commercial software (‘‘The Observer 3.0’’, 

Noldus, The Netherlands) (see (Panetta et al., 2017) for further details).  

All experimental procedures were reviewed by the ethical body of the Istituto Superiore di Sanità for animal 

welfare and conducted in conformity with the European Directive 2010/63/EU and the Italian legislation on 

animal experimentation, D.Lgs. 26/2014. They were authorized by the Italian Ministry of Health. 

Dams’ stress procedure 

Pregnant females (at gestational day - GD - 14) were restrained in a transparent Plexiglas cylinder (7.5×19 cm) 

under a bright light (6.500 lux) for 45 minutes three times daily at random times (between 9:00 a.m.-5:00 p.m.) 

during the dark phase until the expected delivery day (GD-21, see Maccari et al., 1995 for further details). This 

stress has been selected since it is one of the most well characterised prenatal stressors with well-known effects 

on developmental trajectories of the offspring. 

High-fat diet administration  

CTRL and PNS offspring were fed ad libitum either with HFD (energy: 5.24 kcal/g; composition: fat 60%, 

carbohydrate 20% and protein 20%) or CD (energy: 3.3 kcal/g; composition: fat 17%, carbohydrate 60% and 

protein 23%) starting from two months of age. The HFD diet (D12492) was purchased from Research Diets, 

Inc., New Brunswick, NJ, USA; the CD was purchased from Altromin-R, Rieper, Italy.  

Tissue collection  

At 4 months of age offspring was weighted and sacrificed. Brains were removed and the dorsal and ventral 

hippocampus, hypothalamus and prefrontal cortex were dissected out and immediately frozen at -80°C (Panetta 

et al., 2017). 

Molecular analysis 

RNA isolation and Real Time PCR Analyses 

Total RNA was isolated using PureZol RNA isolation reagent (Bio–Rad Laboratories, Italy), treated with 

DNase to avoid DNA contamination and quantified by spectrophotometric analysis. The quantified RNA was 

analyzed by TaqMan q-RT PCR Instrument (CFX384 real time system, Bio-Rad Laboratories) using the 

iScriptTM one-step RT-PCR kit for probes (Bio-Rad Laboratories) and Applied BioSystem Assays (Gene 

Expression Assays: Il6, Il-β, Tnf- , Bdnf, Nr3c1, Fkbp5, and Ghs-R). Samples were run in triplicate and each 
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target gene analyzed has been normalized to the expression of the housekeeping (HK) gene β-actin (ActB). 

The expression of target genes was calculated by using to the Ct method (-ΔΔCt method) (Schmittgen and 

Livak, 2008), where CTRL-CD rats have been used as a reference group.  

 

Statistical analysis 

Data were evaluated by a two-way ANOVA with Diet (HFD vs CD) and Prenatal condition (PNS vs CTRL) 

as between-subject factors. Post-hoc comparisons between groups were performed using the Tukey’s test. A 

linear regression model was used to assess the ability of Bdnf levels and of Il-1  in the dorsal hippocampus 

to affect immobility duration (a parameter indicative of increased emotionality) in the EPM test. A level of 

probability set at p˂0.05 was used as statistically significant. Statistical tendency was set at p<0.1. For 

interactions at p<0.1, we also examined lower order effects. Data are presented graphically as means ± SEM 

box plot (observations outside the ranges are represented with dots outside the boxes). The raw data supporting 

the conclusions of this article will be made available by the authors upon request without undue reservation. 
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Results 

 

Inflammatory mediators Il-1, Tnf- and Il-6 mRNA expression 

Il-1 - We first analyzed the expression of Il-1 a prototype pro-inflammatory cytokine. We observed that 

PNS resulted in a nearly significant decrease in the dorsal hippocampus while neither a main effect of HFD 

nor a PNS x HFD interaction effect were found (F (1,35)=3.818, 0.004, 2.184; p= 0.0587, 0.9518, 0.1484).  

No main effects of PNS nor of HFD were observed in the ventral hippocampus (F(1,34)=0.152, 0.335; 

p=0.6995, 0.5665). A strong PNS x HFD interaction was found (F(1,34)=4.655; p=0.0381). More in detail,  

PNS exposed animals were characterized by decreased levels of this cytokine, while the administration of 

postnatal HFD counteracted the effects of the PNS (post-hoc comparisons just missed statistical significance).  

In the prefrontal cortex while no main effects of PNS was observed (F(1,33)=0.969; p=0.3321) postnatal HFD 

overall increased levels of Il-1 (main effect of HFD: F(1,33)=5.112, p=0.0305). Similarly to what was 

observed in the ventral hippocampus, a nearly significant PNS x HFD interaction was found with decreased 

levels of Il-1 in PNS animals, this effect being reverted by postnatal administration of HFD (F(1,33)=3.858; 

p=0.0580, post hoc comparisons: p<0.01, PNS vs. PNS-HFD); (see Figure 1A).  

In the hypothalamus, levels of Il-1 were not affected by PNS, HFD nor an interaction was found 

(F(1,36)=0.042, 0.0001633, 0.070; p=0.8386, 0.9899, 0.7934 respectively for PNS, HFD and PNS x HFD, see 

Figure 1A).  

 

Tnf- - In the dorsal hippocampus no main effects of PNS nor of HFD were observed (F(1,37)=1.288, 0.209; 

p=0.2638, 0.6506). By contrast, a significant interaction was found between PNS and HFD (F(1,37)=5.772; 

p=0.0214). In particular, PNS animals were characterised by decreased levels of Tnf- although this effect 

was no longer observed in PNS-HFD animals that showed levels of this cytokine comparable to those observed 

in CTRL animals (post hoc comparisons: p<0.05, PNS vs. CTRL).  

No main effects of PNS nor of HFD were found in the ventral hippocampus (F(1,34)=0.033, 2.941; p=0.8573, 

0.0955, respectively for PNS and HFD), while a PNS x HFD interaction was found showing that administration 

of postnatal HFD in the PNS group selectively increased levels of this cytokine ((F(1,34)=6.747; p=0.0138); 

post hoc comparisons: PNS vs. HFD-PNS, p<0.01).  

No main effects of PNS nor of HFD were observed in the prefrontal cortex (F(1,33)= 0.079, 1.648; p=0.7809, 

0.2082 respectively for PNS and HFD) however, as also observed for the ventral hippocampus a PNS x HFD 

interaction effect was found showing that the administration of postnatal HFD in the PNS group selectively 

increased levels of this cytokine (F(1,33)=7.946; p=0.0081); post hoc comparisons: PNS vs. HFD-PNS, 

p<0.01); (see Figure 1B).  

Levels of Tnf- in the hypothalamus (see Figure 1B) were not affected neither by PNS nor by postnatal HFD 

(F(1, 35)=0.286, 0.702, 2.111; p= 0.5964; 0.4079; 0.1551 respectively for PNS, HFD and PNS x HFD). 
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Il-6 - Postnatal HFD decreased levels of Il-6 in the dorsal hippocampus (main effect of HFD: F(1,37=0.814; 

p=0.0066), whereas no effect of the PNS nor of the PNS x HFD interaction effect were found (PNS main 

effect: F(1,37)=1.387; p=0.2465; PNS x HFD interaction: F(1,37)=0.164; p=0.6881).  

Levels of Il-6 did not change as a result of PNS, HFD or their interaction neither in the ventral hippocampus 

(F(1,36)=0.759, 2.631, 0.029; p=0.3893, 0.1135, 0.8647 respectively for PNS, HFD and PNS x HFD) nor in 

the prefrontal cortex (F(1,35)=0.144, 0.053, 0.202 respectively for PNS, HFD and PNS x HFD); (see Figure 

1C). PNS decreased nearly significantly the levels of Il-6 also in the hypothalamus (F(1,36)=3.889; p=0.0563), 

but no effect of HFD nor an interaction PNS x HFD were found to be significant (F(1,36)=0.903, 0.757; 

p=0.3482, 0.3899, respectively for HFD and PNS x HFD). 

 

 

Figure 1. Overall subjects who experienced prenatal stress (PNS-CD) were characterized by decreased m-RNA levels of 

both Il-1 (panel A) and Tnf- (panel B) in almost all the brain regions investigated; Il-6 showed a decrease in its 

expression levels upon HFD in the dorsal hippocampus (panel C). Il-1 showed statistical significance only in the 

prefrontal cortex while Tnf- was tightly modulated upon pre- and postnatal stressors. Data are presented graphically as 

means ± SEM box plot (observations outside the ranges are represented with dots outside the boxes). Post hoc 

comparisons: $$p<0.01, main effect of diet (dorsal hippocampus, Il-6); post hoc comparisons: *p<0.05, interaction effect 

(dorsal hippocampus, Tnf-: PNS-CD vs. CTRL-CD); **p<0.01, interaction effect (ventral hippocampus, Tnf-: PNS-

CD vs. PNS-HFD; Prefrontal cortex, Tnf- and Il1-: PNS-CD vs. PNS-HFD). Number of subjects:8-10 within each 

experimental group.  

 

Interestingly, when expression levels of Il-1 in the dorsal hippocampus were related to immobility duration 

in the EPM (a test run in a companion paper on the same experimental animals, see (Panetta et al., 2017)), we 

observed a significant strong negative association linking these two parameters only in the PNS-CD animals, 
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overall suggesting that reduced levels of this cytokine can be related with reduced behavioral plasticity (see 

discussion; CTRL-CD: F(1,8)=0.007; p=0.9367; R2=0.01; CTRL-HFD: F(1,8)=3.461; p=0.1051; R2=33.1; 

PNS-CD: F81,8)= 7.538; p=0.0287; R2=51.8; PNS-HFD: F(1,9)= 1.739; p=0.2237, R2=17.9; see Figure 2). By 

contrast, regression plot between Il-1and time spent in the open arms of the maze was not significant in 

neither of the four groups considered (CTRL-CD F(1,9)= 1.387; p=0.2742; R2= 0.147; CTRL-HFD: 

F(1,9)=0.91; p=0.7708; R2= 0.011; PNS-CD: F(1,8)=2.875; p=0.1338; R2= 0.291; PNS-HFD: F(1,8)=1.040; 

p=0.3417;R2= 0.129). 

 

 

Figure 2. Male rats exposed to prenatal stress (PNS) were characterised by an inverse relation between levels of Il -1 in 

the dorsal hippocampus and immobility duration as assessed in the elevated plus maze test (EPM). *p<0.05. Number of 

subjects: 6-10 within each experimental group. 

 

Neuronal plasticity marker - Bdnf mRNA expression 

We first investigated the expression of Bdnf, a neurotrophin that is considered a prototype marker of plasticity. 

Within the dorsal hippocampus, overall PNS and postnatal HFD did not affect levels of Bdnf (F(1, 36)= 3.678; 

1.964;p= 0.0631; 0.1696), main effect of PNS and HFD respectively), although we observed a significant 

interaction between PNS and postnatal HFD (F(1, 36)=5.606; p=0.0234). More in detail, PNS decreased Bdnf 

expression, while the postnatal administration of HFD was able to counteract this effect (PNS vs. CTRL, 

p<0.05; PNS vs. PNS-HFD, p<0.05). In the prefrontal cortex no effect of PNS, HFD or their interaction was 

observed (F(1, 36)=0.200, 1.377, 0.174; p=0.6572; 0.2482; 0.6794, respectively for PNS, HFD and PNS x 

HFD); (see Figure 3).  
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Figure 3. Prenatal stress decreased Bdnf m-RNA levels specifically in the dorsal hippocampus suggesting a reduced 

neuronal plasticity. This effect is reversed by HFD administration at adulthood. Data are presented graphically as means 

± SEM box plot (observations outside the ranges are represented with dots outside the boxes). Post hoc comparisons 

*p<0.05, interaction effect in the dorsal hippocampus, PNS-CD vs. CTR-CD and PNS-HFD. Number of subjects is 

between 9-11 within each experimental group.  

 

Interestingly, levels of Bdnf in the dorsal hippocampus were negatively associated with the time spent 

immobile in the EPM (a test run in a companion paper on same experimental animals, see (Panetta et al.,  

2017)) only in the PNS-CD group (CTRL-CD: F(1,9)=0.730; p=0.4261; R2= 0.081; CTRL-HFD: F(1,9)= 

0.090; p=0.7713; R2=0.011; PNS-CD: F(1,8)=11.084; p=0.0127; R2=0.612; PNS-HFD: F(1,9)=0.716; 

p=0.4221; R2= 0.082), supporting a role of this neurotrophin in the emotional phenotype (see Figure 4). 

 

 

Figure 4. Male rats exposed to prenatal stress (PNS) were characterised by an inverse relation between levels of Bdnf in 

the dorsal hippocampus and immobility duration as assessed in the elevated plus maze test (EPM). Post hoc comparisons 

*p<0.05. Number of subjects: 9-10 within each experimental group.  
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Stress response mediators - Nr3c1, Fkbp5 mRNA expression 

Nr3c1 - In the dorsal hippocampus the postnatal HFD decreased the levels of Nr3c1 when compared to controls 

and a similar nearly significant effect was observed for PNS (main effect: F(1,36)=3.827, 7.063, p=0.0582; 

0.0117 respectively for PNS, HFD). Moreover, a significant PNS x HFD interaction was found showing that 

both PNS-CD and CTRL-HFD as well as the combination PNS-HFD were characterised by a decrease of GR 

mRNA levels (F(1,36)=6.228; p=0.0173 and PNS x HFD; post hoc comparisons p<0.05).  

In the ventral hippocampus levels of Nr3c1 were increased a result of postnatal HFD (main effect: 

F(1,36)=10.405; p=0.0027), while no effects of PNS nor of the PNS x HFD interaction were found (F(1, 

36)=0.011, 0.258; p= 0.9167; 6146). In the prefrontal cortex the postnatal HFD overall increased the levels of 

Nr3c1 (main effect of HFD: F(1, 37)=12.453; p=0.0011); no effects of PNS nor of the PNS x HFD interaction 

were observed  ((F(1, 37)=1.001, 0.702; p=0.3236; 0.4076). No effects of PNS, HFD nor of their interaction 

were found in the hypothalamus (F(1, 37)=0.157, 0.009, 1.067; p= 0.6943; 0.9257; 0.3084); (see Figure 5). 

 

Fkbp5 - In the dorsal hippocampus the postnatal HFD increased the levels of Fkbp5 

(F(1,35)=10.331;p=0.0028), while no effect of PNS nor of the PNS x HFD interaction was observed 

(F(1,35)=1.502, 0.958; p= 0.2285; 0.3343). No effect of PNS, HFD or their interaction was found in the ventral 

hippocampus (F(1,36)=0.781, 3.222, 0.007; p=0.3828; 0.0811; 0.9359). In the prefrontal cortex, PNS increased 

the levels of Fkbp5 (F(1,37)=5.244; p=0.0278), while no effect of HFD nor of the PNS x HFD interaction was 

observed (F(1,37)=1.219, 2.019; p=0.2767; 0.1637). A main effect of the postnatal HFD was also observed In 

the hypothalamus, the Postnatal HFD decreased levels of Fkbp5 (F(1,37)=9.156; p=0.0045); no effect of PNS 

nor of the PNS x HFD interaction was observed (F(1,37)=0.094, 3.353; p= 0.7608; 0.0751); (see Figure 5). 
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Figure 5. Independently from the prenatal condition, post-natal HFD administration increases levels of Nr3c1 in the 

ventral hippocampus and prefrontal cortex. By contrast, in the dorsal hippocampus a significant interaction between PNS 

and HFD results in decreased levels of this gene both as a result of pre- and post-natal stressors. No change in Nr3c1 was 

observed in the hypothalamus as a result of PNS nor of HFD (see panel A). As for Fkbp5, HFD independently from the 

prenatal condition, increased its expression levels in the dorsal hippocampus while a decrease was observed in the 

hypothalamus; no change was observed in the ventral hippocampus. PNS overall increased levels of Fkbp5 specifically 

in the prefrontal cortex. $$p<0.01, main effect of diet (Nr3c1: ventral hippocampus and prefrontal cortex; Fkbp5: dorsal 

hippocampus and hypothalamus; Fkbp5: dorsal hippocampus; hypothalamus); £p<0.05, main effect of PNS (Fkbp5: 

prefrontal cortex); post hoc comparisons: **p<0.01, interaction effect (Nr3c1: CTRL-CD vs. CTRL-HFD, PNS-CD and 

PNS-HFD); Number of subjects:8-10 within each experimental group.  

 

Interestingly, levels of Fkbp5 in the dorsal hippocampus were positively related with increased time spent in 

the open arm of the EPM (a test run in a companion paper on same experimental animals, see (Panetta et al.,  

2017)) only in the CTRL-CD group (CTRL-CD: F(1,8)=26.617; p=0.0013; R2= 0.792; CTRL-HFD: F(1,9)= 

0.104; p=0.7713; R2=0.013; PNS-CD: F(1,8)=0.253; p=0.6307; R2=0.035; PNS-HFD: F(1,9)=0.503; 

p=0.6307; R2= 0.4982). This result might suggest that Fkbp5 is physiologically required to engage animals in 

the proper exploration of novel environments through a fine modulation of GR receptors (see Figure 6). By 

contrast, regression plot between Fkbp5 and time spent immobile in this same brain area was not significant 

in neither of the four groups considered (CTRL-CD F(1,8)= 0.718; p=0.4249; R2= 0.093; CTRL-HFD: 

F(1,9)=0.325; p=0.5841; R2= 0.039; PNS-CD: F(1,8)=4.195; p=0.798; R2= 0.375; PNS-HFD: F(1,9)= 0.983; 

p=0.3504;R2= 0.109). 
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Figure 6. Control subjects are characterized by a direct relationship between expression levels of Fkbp5 in the dorsal 

hippocampus and the time spent in the open arms of the Elevated Plus Maze, overall suggesting a permissive role for 

explorative behavior of this GC-related genes under physiological conditions. Post hoc comparisons **p<0.01. Number 

of subjects: 6-9 within each experimental group.  

 

Metabolic/mood regulator marker - Ghs-R mRNA expression 

Ghs-R - In the dorsal hippocampus the postnatal HFD overall decreased levels of Ghs-R (F(1,33)=1,948; 

p=0.0007). By contrast, PNS increased Ghs-R levels (F(1,33)=5.192; p=0.0293), but no interaction between 

PNS x HFD was observed (F(1,33)=0.290; p= 0.5941). In the ventral hippocampus HFD overall increased the 

levels of Ghs-R (F(1,32)=6.278; p=0.0175), while no main effect of PNS was observed (F(1,32)=0.593; 

p=0.4468). However, Ghs-R was increased in the CTRL-HFD and in the PNS-CD groups (interaction between 

PNS and HFD: F(1,32)=14.778; p=0.0005, post hoc: CTRL vs. CTRL-HFD, p<0.01; CTRL vs. PNS, p<0.01). 

In the prefrontal cortex, PNS increased the levels of Ghs-R (F(1,29)=5.865; p=0.0219) and no effect of HFD 

was observed (F(1,29)=2.191; p=9.1496). However, in this brain area, Ghs-R was increased in the CTRL-HFD 

and in the PNS-CD groups (interaction between PNS and HFD: F(1,29)=6.870; p= 0.0138, post hoc: CTRL 

vs. CTRL-HFD, p<0.05; CTRL vs. PNS, p<0.01); (see Figure 7). As for the hypothalamus, neither PNS nor 

HFD affected levels of Ghs-R (F(1,34)=3.155, 3.033, 0.907; p=0.0846; 0.0906; 0.3477). 

 

 

Figure 7. Levels of Ghs-R were found to be specifically decreased upon HFD in the dorsal hippocampus while an increase 

was observed in both the ventral hippocampus and the prefrontal cortex in CTRL-HFD and PNS-CD animals. No change 

was observed in hypothalamus. Main effect of HFD: main effect of diet, $$ p<0.01; post hoc comparisons for the 

interaction effects: *p<0.05: prefrontal cortex, CTRL-CD vs. CTRL-HFD; **p<0.01: ventral hippocampus, CTRL-CD 

vs. CTRL-HFD and PNS-CD, prefrontal cortex, CTRL-CD vs. PNS-CD. Number of subjects: 8-10 within each 

experimental group.  
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Discussion 

In the present study we assessed the long-term effects of exposure to PNS (a first hit) on foetal brain 

programming with regard to neuronal plasticity and brain inflammation. Moreover, we used a metabolic 

challenge (HFD) at adulthood (second hit) to assess potential interaction effects with the PNS-induced 

phenotype. We have previously shown (Panetta et al., 2017) that although PNS resulted in a strong metabolic 

liability in male rats fed with HFD at adulthood it also dampened the negative effects driven by such a 

metabolic challenge on the emotional phenotype as assessed in the EPM. Here we extended such body of 

evidence by providing information on the possible mechanisms underlying this interaction. PNS-CD rats were 

characterised by reduced brain plasticity showing decreased expression levels of the neurotrophin Bdnf and of 

pro-inflammatory cytokines in a number of brain regions; moreover, HFD feeding, experienced at adulthood, 

induced an increase in pro-inflammatory cytokines in those animals that had experienced PNS. This suggests 

that PNS might impinge upon the same mechanisms underlying vulnerability to metabolic challenges at 

adulthood. Furthermore, HFD greatly affected the expression levels of the main effectors of HPA axis function 

(the glucocorticoid receptor - GR - gene Nr3c1 and of the GR’s co-chaperone Fkbp5) an effect possibly 

underlying the metabolic vulnerability previously observed in male rats. 

In our study, we found that PNS animals were characterised by differential expression of mRNA levels of Il-

1 and Tnf- in almost all the brain regions investigated except for the hypothalamus, an area that, in our 

experimental condition, appeared to be resilient to inflammatory changes driven by both pre- and postnatal 

stressors. While Tnf- was tightly modulated upon pre- and postnatal stressors, changes in Il-1 were observed 

only when considering the interaction with the second hit (HFD), suggesting that the former cytokine (Tnf-) 

might be considered as a reliable marker of stress adaptation in response to a prenatal challenge. As for Il-6, 

no effect was observed upon PNS in neither of the brain areas considered, though HFD overall decreased its 

expression levels in the dorsal hippocampus. TNF-α, IL-1β and IL-6 are the main activators of the HPA and 

are in turn modulated (inhibited) by GC hormones. As described by O’Connors and colleagues these cytokines 

hold differential sensitivity for adrenal steroids with TNF-α being the most sensitive to such inhibition in the 

range of physiological levels, IL-1β being second and IL-6 being the most resistant (O’Connor et al., 2000).  

There is general consensus that elevated inflammation can exacerbate or even give rise to depressive symptoms 

or may be associated to other psychiatric conditions (Dantzer et al., 2018, 2008). However, cytokines are also 

constitutively released in the healthy brain by resident myeloid cells to keep proper synaptic plasticity. As an 

example, the modulation of both IL-1 and TNF- plays an important role in the processes of LTP and synaptic 

scaling (a form of homeostatic plasticity) (Rizzo et al., 2018; Salim et al., 2012). Here we found that lower 

mRNA levels of Il-1 in the dorsal hippocampus of PNS rats were associated to increased time spent immobile 

in the EPM (as previously assessed in (Panetta et al., 2017)). Moreover, and in line with our previous work 

(Panetta et al., 2017), PNS rats were characterised by decreased levels of the neurotrophin Bdnf (in the dorsal 

hippocampus); this decrease was also associated to an increase in the time spent immobile in the EPM, 

suggesting that PNS might affect foetal brain programming by reducing neuronal plasticity. Interestingly, the 
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interaction between PNS and adult HFD (PNS-HFD group) resulted in increased levels of Il-1 and Tnf- 

mRNA. Alboni and colleagues have recently provided evidence for increased rather than decreased levels of 

pro-inflammatory cytokines in the brain of stressed mice treated with the antidepressant fluoxetine. Such an 

effect was associated to increased BDNF levels and stronger LTP in the hippocampus (Alboni et al., 2017, 

2016), suggesting that brain plasticity may also be related to the activation of basal metabolism that in turn is 

positively associated to the ability to properly mount and control inflammatory responses. To this regard, we 

cannot exclude that prolonged exposure to the HFD or to a stronger metabolic insult, such as a western pattern 

diet (rich in fats and sugar), should lead to an overall excessive brain inflammation (not observed in this study) 

with main consequences on emotional/cognitive behaviour. Worth to notice, we have previously shown that 

upon PNS, male rats were characterized by increased corticosterone levels under basal conditions, this effect 

was associated with a decrease in reactive oxygen species (ROS) as well as a with decreased NF-kB signalling 

in the hippocampus suggesting a lower set-point under basal conditions in PNS male rats (Anacker et al.,  

2013). Here we observed a similar blunted activation upon PNS with HFD triggering a response only in PNS 

subjects (increased Il-1 and Tnf- in the prefrontal cortex and Tnf-in the dorsal and ventral hippocampus). 

To our knowledge this is one of the few instances in which a reduction in inflammatory mediators is described 

as a result of PNS. Because cytokines have been shown to modulate hippocampal development and plasticity 

(Bourgognon and Cavanagh, 2020; Goshen et al., 2007) a decreased expression profile as a result of a “first 

hit” (PNS) might set the stage for an increased response to a “second hit” (metabolic challenge). Obesity is 

characterised by low-grade systemic and central inflammation and TNF- and IL-1 appear to be key players 

in this condition and in the associated pathologies (Mighiu et al., 2012). Although the hypothalamus is a well-

known area playing a main role in the crosstalk between brain and periphery in metabolic pathologies 

associated to obesity, other brain regions have been shown to be affected by high-fat diet- or obesity-induced 

inflammation such as the hippocampus, cortex, brainstem, or amygdala (Guillemot-Legris and Muccioli,  

2017). There are data to suggest that the effects of a metabolic challenge may be different depending on the 

region of interest dealing with brain plasticity (hippocampus) or metabolic regulation and homeostasis 

(hypothalamus) (Rasgon and McEwen, 2016). Thus, our data also indicate that PNS might set the stage for a 

differential regulation of central inflammatory mediators in specific brain regions, an effect that can be 

unmasked only upon the occurrence of a second hit, such as the HFD at adult age. 

Hyperactivity of the HPA axis and increased circulating GC have been implicated in the pathogenesis of mood 

and anxiety disorders suggesting an impairment in the ability of the HPA axis to self-regulate its function by 

shutting down the system (Binder, 2009; Holsboer, 2000; Pariante and Miller, 2001). Glucocorticoids have 

also an important function in metabolic regulations as they mobilize glucose to fuel the energy demands of the 

stress response and furthermore promote energy storage, feeding, and weight gain. Thus, it is possible to 

hypothesize that both psychological as well as metabolic stress might be able to affect HPA axis functionality 

(Balsevich et al., 2019). A growing body of evidence suggests that levels of Fkbp5 mRNA GR co-chaperone 

have been associated with higher levels of circulating cortisol and reduced negative feedback inhibition of the 

stress response associated with a depressive phenotype (Binder, 2009). We have previously shown that, 
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following PNS, male rats were characterised by elevated GC levels when compared to controls (Anacker et 

al., 2013); in this study we show elevated levels of Fkbp5 upon PNS in the prefrontal cortex and upon HFD 

administration in the dorsal hippocampus, suggesting that both psychological and metabolic stressors affect 

this mediator. When we looked at the hypothalamus, Fkbp5 expression levels were reduced in the HFD group, 

possibly accounting for a compensatory mechanism. Interestingly, we also showed that levels of Fkbp5 in the 

dorsal hippocampus were positively related to the time spent in the open arm of the EPM and that this positive 

correlation is lost as a result both of PNS as well as of HFD. This result might suggest that under physiologica l 

conditions Fkbp5 is required to engage animals in the proper exploration of novel environments through a fine 

modulation of the GR receptors and that this balance can be greatly affected by both early life stressors as well 

as by metabolic challenges.  

The prefrontal cortex is one of the most important cortical areas among the network of regions being involved 

in the pathogenesis of depression that plays a main role in the ability to process positive and negative emotions 

(Harms et al., 2017; Kaya and McCabe, 2019). Thus, the observed increase in levels of Fkbp5 in this brain 

area should not be surprising and may underlie a condition of potential increased vulnerability to stress.  

Changes in Nr3c1 and Fkbp5 in the hippocampus, a result of HFD, indicate a cross-regulation between a 

metabolic challenge and Nr3c1/Fkbp5 balance, strengthening the notion that indeed these molecules are 

involved in “sensing” environmental challenges, be these of psychological or metabolic nature. We also found 

that HFD increased the levels of Nr3c1 in the prefrontal cortex; by contrast, changes in Fkbp5 in this brain 

area were observed only as a result of PNS. These results possibly suggest a fine and complex multiple level 

regulation of the GR-negative feedback in this specific brain region highlighting the role of this brain area in 

mood disorders such as depression. Transcriptional control of GR relies in part upon the DNA methylation 

status at multiple alternative initiation sites that are tissue specific. In fact, Nr3c1 gene is characterised by an 

unusually complex promoter structure (Turner et al., 2010). This might possibly explain the unexpected 

decrease in the dorsal hippocampus observed as a result of HFD or the lack of effects observed in the 

hypothalamus (see also concluding remarks).  

When we investigated levels of Ghs-R we found a specific decrease upon HFD in the dorsal hippocampus 

while an increase was observed in both the ventral hippocampus and the prefrontal cortex in CTRL-HFD and 

PNS-CD animals. It has become increasingly apparent that the dorsal and the ventral portions of the 

hippocampus are preferentially involved in different physiological functions the first playing a role in the 

regulation of cognitive processes (spatial memory) the second in the modulation of emotions - such that they 

have been defined the cold and the hot hippocampus respectively - (Fanselow and Dong, 2010). Chen and co-

workers provided evidence that infusion of ghrelin in the dorsal hippocampus enhanced synaptic plasticity and 

spatial memory (Chen et al., 2020). By contrast, Kanoski and colleagues showed that ghrelin delivery to the 

ventral but not the dorsal hippocampus increased the ability of environmental food-related cues to stimulate 

meal initiation and to enhance motivation to obtain it by increasing food intake frequency (Kanoski et al.,  

2013) confirming that this hippocampal sub-region might be of importance in feeding/appetitive rewarding 

behaviours. To this regard it is interesting to note that we have previously found an increase in caloric intake 
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upon HFD (Panetta et al., 2017). Recently Guo and colleagues have shown that GHS-R knock-out mice were 

characterised by improved abilities to cope to social stressors, decreased emotionality and depressive-like 

behaviours (Guo et al., 2019). Thus, we can hypothesize that both the pre-natal and the postnatal stressors 

might act by increasing the ghrelin signal in two brain regions of main importance for the ability to process 

emotions (the ventral hippocampus and the prefrontal cortex) setting the stage for increased vulnerability to 

mood disorders.  

 

Concluding remarks and future directions 

We have here provided evidence that PNS can affect brain development (first hit) setting the stage for increased 

vulnerability to further insults during life (HFD, second hit). In particular, we observed important changes in 

the expression levels of GR, their chaperones and Ghs-R in response to both PNS and HFD, confirming that 

the there is an important overlap between pathways and effectors involved in the regulation of emotions and 

in food intake and metabolic balance. Further investigations are warranted to assess more in detail the role 

played by these molecules in setting the stage for co-morbidity between metabolic and psychiatric disorders. 

In addition, the role of additional co-regulators, such as endocannabinoids should be tested (Balsevich et al.,  

2019).  

There are some limitations of the current study that should be mentioned. First, we examined here the 

expression level of selected genes of interest but did not complement this with the levels of the corresponding 

proteins, the functional end products of the genes. Secondly, we have used real-time PCR in combination with 

biopsy punching as a quantitative approach instead of in situ hybridization. Due to this approach we had to 

make a selection of brain areas and lose anatomical resolution. Thirdly, genomic and epigenomic regulation 

of glucocorticoids in the brain may affect mood and metabolism but is based upon the coordinated activity of 

many chaperone proteins, in addition to proper circadian and ultradian fluctuation of hormone release (Gray 

et al., 2017). Future studies should assess the interrelationship between psychological and metabolic stressors. 

In addition, given the observed changes of Ghs-R and Nr3c1 in the dorsal hippocampus following a HFD, 

further research should be devoted to explore more in depth the effects of HFD and of PNS, and their 

interaction, on brain plasticity. 
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Abstract 

Obesity is a main risk factor for the onset and the precipitation of many non-communicable diseases. This 

condition, which is associated with low-grade chronic systemic inflammation, is of main concern during 

pregnancy leading to very serious consequences for the new generations. In addition to the prominent role 

played by the adipose tissue, dysbiosis of the maternal gut may also sustain the obesity-related inflammatory 

milieu contributing to create an overall suboptimal intrauterine environment. Such a condition here generically 

defined as "inflamed womb" may hold long-term detrimental effects on fetal brain development, increasing 

the vulnerability to mental disorders. In this review, we will examine the hypothesis that maternal obesity-

related gut dysbiosis and the associated inflammation might specifically target fetal brain microglia, the 

resident brain immune macrophages, altering neurodevelopmental trajectories in a sex-dependent fashion. We 

will also review some of the most promising nutritional strategies capable to prevent or counteract the effects 

of maternal obesity through the modulation of inflammation and oxidative stress or by targeting the maternal 

microbiota. 
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gut microbiota; high-fat diet; inflammation; maternal obesity; microglia; nutritional intervention strategies; 

oxidative stress. 
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1 Introduction 

The perinatal environment plays a pivotal role for the developing mammal and, as postulated by the 

Developmental Origin of Health and Disease (DOHaD) theory, negative experiences, such as a suboptimal 

intrauterine environment, may set the stage for later life vulnerability to diseases [1]. To this regard, 

malnourishment during pregnancy, either deriving from the lack or from the excess of nutrients, can be 

considered as a maternal metabolic stress that can negatively affect fetal programming increasing the risk for 

metabolic disorders and cardiovascular diseases in the offspring [2,3,4,5]. Interestingly, while the pioneering 

studies in this field of research, for historical reasons, were framed in the context of hunger and starvation 

nowadays we have to face the sequelae of malnourishment due to the global spread of obesity. In fact, 

globalization and urbanization have gradually led to the so-called nutrition transition namely a reduction of 

physical activity associated with the increase in the consumption of “junk food” (i.e., low-cost food easily 

accessible, ultra-processed, hypercaloric and poor in nutrient) [6,7]. Worth to mention, a number of long-term 

longitudinal studies have provided evidence for an association between maternal obesity and an increased risk 

to develop cognitive disabilities, autism spectrum disorders, attention deficit hyperactivity disorder, anxiety 

and depression in the offspring [6,8,9,10]. In this context, it is important to highlight that obesity and the 

consumption of “junk food” most often co-occur in humans making difficult to discriminate the effects of the 

nutritional aspects per se from those related to maternal metabolic profile in the offspring. Thus, it is possible 

to hypothesize that overall derangements in the prenatal metabolic environment hold similar effects as those 

observed as a result of maternal psychological stressors, profoundly affecting fetal development and future life 

liability to mental health [6,8,11,12]. 

Despite the increasing body of evidence linking maternal obesity or stress to offspring mental health problems, 

the mechanisms underpinning these effects remain poorly understood. 

Inflammation has recently obtained widespread attention as a likely mediating mechanism for its involvement 

in the pathophysiology of both obesity and mental disorders [13] and for the emerging role of inflammatory 

mediators as regulators of brain homeostasis and plasticity [14,15,16]. As a general mechanism, the expansion 

of adipose tissue observed in obese subjects is associated with increased size and number of adipocytes leading 

to adipocyte hypoxia, infiltration of leukocytes, inflammation and insulin resistance [17,18,19]. Preclinical and 

clinical studies clearly indicate that these conditions, which set a chronic state of low-grade systemic 

inflammation, are magnified during gestation [20,21,22], a time when tightly balanced immune changes 

naturally occur in non-obese pregnant women [23]. This chronic low-grade systemic inflammation is also 

maintained by the adipose tissue that, acting as a metabolic and endocrine organ, greatly affects the physiology 

of pregnancy, as well as fetal development [24] providing an overall suboptimal intrauterine environment here 

generically defined as “inflamed womb” [17,25,26]. As an example, in physiological pregnancies, the placenta 

is fairly protected from peripheral inflammation, with macrophages of both the decidua and placental typically 

observed in an anti-inflammatory condition to allow the immune tolerance of the growing fetus. However, in 

the setting of maternal obesity, histopathological evidence of placental inflammation is described suggesting 
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that such immune tolerance may be disrupted [20,27,28]. Moreover, Melekoglu and colleagues have provided 

evidence for increased levels of inflammatory cytokines in the amniotic fluid of women with a body mass 

index (BMI) ≥35 [29]. Notwithstanding the prominent role played by the adipose tissue, other players may 

also greatly contribute to create an inflammatory state: one above all is the maternal gut microbiota. This 

population of trillions of symbiotic bacteria participates in the metabolic, biochemical, and immunologica l 

balance of the host organism, hence playing a central role for human health [30]. The composition and function 

of this bacterial community is tightly modulated by the environment. To this regard, treatment with antibiotic, 

consumption of “junk food” on a regular base, obesity, and chronic stress are all factors that may trigger a 

condition of dysbiosis within the gut bacterial community, i.e., a dramatic loss of the homeostatic balance 

between the beneficial and potentially pathogenic bacteria that has been associated with a great variety of 

pathological conditions (metabolic, autoimmune, psychiatric, neurodegenerative) related to systemic 

inflammation (see [31] and references therein). A growing number of clinical evidence suggests that the quality 

and patterns of diets by affecting gut microbiota may modulate mood and behavior [32,33,34]. Changes in the 

inflammatory profile characterize healthy pregnancies—often associated to changes in the redox balance—

and are aimed at promoting embryo implantation and parturition [23]; such changes are accompanied by time-

specific adaptations of the gut microbiota composition. This tightly regulated process when deranged by 

metabolic stressors results in a pro-inflammatory condition [8,35,36,37]. 

However, how do we go from an “inflamed womb”, such as that characterizing maternal obesity, to long-term 

changes in brain function in the offspring? A number of preclinical studies is starting to answer this question, 

showing consistent findings indicating that maternal obesity during pregnancy might specifically affect brain 

development by targeting microglia, the resident brain immune macrophages. These cells are of unique origin 

and function compared to their peripheral counterpart and, besides immune defense, they play a pivotal role in 

brain development, homeostasis and plasticity; their homeostatic functions as well as their response to local or 

systemic challenges are sex-dimorphic and age-specific [38,39,40,41,42,43,44,45]. Alterations in microglia l 

function in the offspring of obese dams appear to be long-lasting and associated to inflammation and changes 

in the architecture of specific brain areas overall resulting in decreased cognitive abilities [41]. Interestingly, 

a direct link between maternal microbiota and the development of embryonal microglia has been recently 

reported providing evidence for microglia derived from germ free (GF) mice to show an altered expression of 

those genes involved in the immune response and to be characterized by an overall immature or hypoactive 

immune state [46]. Although microglia might be only one of the many players, in this review we have taken 

into account also the hypothesis that maternal obesity-related dysbiosis and the associated inflammation might 

target this specific cell type altering neurodevelopmental trajectories in a sex dimorphic fashion. Moreover, 

we have reviewed some of the most promising nutritional strategies to prevent or counteract the effects of 

maternal obesity both in terms of their efficacy in modulating oxidative stress (OS) and inflammation, and 

their ability to target the maternal microbiota. Relevant literature to the main topic of this review has been 

retrieved by searching on PubMed. 
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2. Microglia as a main target of maternal obesity-derived inflammation 

The chronic low-grade systemic inflammation characterizing maternal obesity is similar to that observed as a 

result of an early-life bacterial infection and suggests that common molecular and cellular mechanisms are 

activated by these different prenatal conditions [13,47,48]. The mechanisms mediating the propagation of 

maternal inflammation to the developing fetal brain are poorly elucidated, although the microenvironment 

generated by the placenta at the maternal/fetal interface is emerging as central in this phenomenon [13,49]. 

Altered ratios of innate and adaptive immune cell subsets and increased expression of placental pro-

inflammatory and oxidative factors interfere with fetal development through several mechanisms, including 

maternal delivery of metabolites, nutrients, hormones, antibodies, and also cells, to the fetus [50]. Fetal brain 

microglia originate from a common erythromyeloid precursor in the extra-embryonic yolk sac, in which they 

are exposed to mother-derived signals since early developmental stages. Microglial progenitors colonize the 

developing brain as early as embryonic day 9 in rodents [51] and at the 4th–5th month and beyond in humans 

[52] where they persist and self-sustain throughout adulthood by local self-proliferation under steady state 

conditions. The estimated median lifespan of microglia is about 15 months in the mouse cortex and around 4 

up to 20-years in humans. Their longevity and their remarkable capacity of long-lasting immune memory 

responses holds main implications for the quality and extent of the brain’s responses to new threats following 

a previous experience [53]. Microglia are key players in brain development, maturation, function and plasticity 

in healthy and disease conditions. By acquiring distinct phenotypes, with unique gene expression profiles, 

during the different phases of development they shape neuronal circuits and neuronal apoptosis to support and 

regulate neurogenesis and synapse plasticity [38,39]. Being the primary sensors of environmental changes in 

the central nervous system (CNS) they are key actors in mediating the effects of maternal obesity. 

In the last decade, several preclinical studies of maternal obesity have shown evidence of how HFD-induced 

neuroinflammation might contribute to impaired social behavior in offspring of overfed dams. One of the first 

evidence demonstrating that the peripheral inflammation associated with maternal obesity is capable of 

programming microglial reactivity and inflammation within the offspring brain comes from the study of Bilbo 

and Tsang [40]. These authors found increased levels of the microglial activation marker cluster of 

differentiation molecule 11b (CD11b) within the hippocampus of newborn pups from HFD dams, as well as 

higher density of Ionized calcium-binding adaptor molecule 1 (Iba1) positive microglia in the hippocampus 

(CA1, CA3 and dentate gyrus) of male and female rat offspring at adulthood. They also found that a peripheral 

immune challenge at weaning and adulthood, despite the fact that the offspring themselves were maintained 

on a low-fat diet after weaning, induced a significant increase of the pro-inflammatory cytokine Inteleukin-1 

beta (IL-1 beta) in the hippocampus of HFD offspring compared to controls. These alterations were 

accompanied by marked changes in anxiety-like behaviors and spatial learning. This evidence strongly 

supports that maternal obesity could prime offspring microglia towards a pro-inflammatory phenotype that is 

retained postnatally; although the underlying mechanisms have not been elucidated in this study, they are very 
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likely to involve mechanisms of epigenetic reprogramming, as described in other phenomena of microglia l 

immune memory [53]. 

The alterations in offspring’s behavior and CNS inflammation induced by maternal HFD have been shown to 

be sex, age and brain region specific. Exposure to a maternal HFD during gestation and or lactation in mice 

results in increased anxiety behavior in females and hyperactivity in male offspring while alterations in 

sociability are observed only in female offspring [54]. Interestingly, these behavioral changes are accompanied 

by increased mRNA expression levels of the pro-inflammatory genes IL-1 beta, Tumor Necrosis Factor-alpha 

(TNF-alpha) and Iba1, and by increased Iba1 staining intensity at 6 weeks of age in the amygdala—a region 

associated with anxiety and social behaviors—only in female offspring from HFD-fed dams. Switching 

maternal diet from HFD to control diet during lactation results in a significant decrease in Iba1 transcripts in 

the brain suggesting that dietary intervention may be able to alleviate the impact of maternal HFD on offspring 

brain inflammation [54]. HFD was reported to induce distinct behavioral and inflammatory response profiles 

between adolescent and adult animals with also sex- and region- specific changes [55,56]. Adolescent animals 

perinatally exposed to maternal HFD, showed a decreased anxiety behavior associated with increased levels 

of glucocorticoid receptor transcripts in the hippocampus, but not in the amygdala, and by a dysregulation of 

inflammatory gene expression in both hippocampus and amygdala. Male and female adult rats showed instead 

increased anxiety behavior, concomitantly to a selective alteration in the expression of corticosteroid receptors 

in the amygdala in both sexes, and by higher levels of nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-kB) and Interleukin-6 (IL-6) transcripts, two important inflammatory genes downstream to the 

glucocorticoid signaling, only in females.Winther and colleagues [57] found that the anxiogenic phenotype of 

the adult offspring born to HFD dams was correlated to an increase of the hippocampal mRNA levels of the 

pro-inflammatory cytokine TNF-alpha and of monocyte chemoattractant protein-1 (mcp-1), an important 

chemokine that regulates microglial recruitment and activation. In addition, maternal HFD increased the 

offspring’s levels of hippocampal corticosteroid releasing hormone receptor 2 (crhr2) and kynurenine mono 

oxygenase (kmo), whereas kynurenine aminotransferase I (kat1) mRNA levels were decreased. These 

observations strongly support that neuroinflammatory and stress-axis pathways may contribute to anxiogenic 

effects of maternal HFD [57]. 

More recently, Wijenayake and co-workers investigated the susceptibility of the adult offspring exposed to 

maternal HFD during perinatal life to an immune (lipopolysaccharide, LPS) and a stress (corticosterone, 

CORT) challenge or to their combination [58]. They observed that in response to CORT alone, male HFD 

offspring were more affected than females, showing increased levels of anti-inflammatory transcripts in the 

hippocampus and amygdala, whereas in response to LPS alone, female HFD offspring showed, in the same 

brain regions, increased levels of pro-inflammatory transcripts. Furthermore, in response to a CORT and LPS 

combination male HFD offspring showed greater pro-inflammatory transcriptional response in the cerebral 

cortex while female HFD offspring exhibited increased anti-inflammatory gene expression in the amygdala 

and cortex [58]. 
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In another recent study, Bordeleau and colleagues found sex-dimorphic ultrastructural changes of microglia in 

maternal HFD-exposed offspring in the dorsal CA1 region of the hippocampus. They reported the presence of 

morphological microglial alterations and a reduction in microglia-associated pockets of extracellular space 

that may indicate diminished capacities to remove extracellular debris. While these changes were observed in 

both sexes, male offspring also showed increased microglia-astrocyte interactions as well as a reduction of 

mRNA expression of the inflammatory-regulating mediators NF-kB and Transforming growth factor-beta 

(TGF-beta), and the homeostatic microglial receptors Transmembrane Protein 119 (Tmem119), Triggering 

receptor expressed on myeloid cells 2 (TREM2) and CX3C chemokine receptor 1 (CX3CR1), all key factors 

in the synaptic remodeling and inflammatory response [42]. 

Interestingly, a few studies in rodent models explored the combined effect of prenatal exposure to LPS with 

pre- and postnatal HFD on the immune and behavioral profile of the offspring [59,60,61]. Repeated LPS-

stimulation of HFD dams during pregnancy affected the inflammatory profile in the offspring’s brain in a 

different way compared to a post-natal LPS exposure of maternal HFD offspring. The combined prenatal 

exposure (maternal HFD+LPS) lowered the IL-6/IL-10 ratio in the amygdala, hippocampus and prefrontal 

cortex, and reduced anxiety-like behaviors and short-term memory impairment at adolescence suggesting an 

unexpected protective effect of LPS against maternal HFD. Although in these studies microglial activation 

markers have not been evaluated, is reasonable that these cells play a key role in the protection induced by 

LPS, likely through the well-described mechanism of tolerance/sensitization, in which repeated exposure to 

an activating stimulus reduces macrophages/microglia responses to subsequent stimuli of similar or different 

nature and polarize them to anti-inflammatory functions [53,62]. These studies unveil poorly explored 

compensatory mechanisms of adaptation in the offspring brain. 

The inflammatory response induced in HFD-fed dams and their pups by an excessive intake of dietary fats 

during pregnancy also affects myelination within the offspring’s cortex. Reduced levels of myelin basic protein 

(MBP), a mature oligodendrocyte marker, were revealed in the medial cortex of male offspring [63]. These 

changes were accompanied by a dysregulated brain iron metabolism and neurocognitive behavioral alterations, 

suggesting that the neuroinflammatory response induced in utero by maternal HFD may be correlated with a 

dysregulation of iron homeostasis and a reduction in myelination in male offspring [63]. 

Myelination alterations were also found within the corpus callosum—the region containing the most of the 

myelinated fiber projections within the brain—of HFD-fed dams’ offspring at adolescent stage [64]. 

Specifically, male adolescent offspring showed a reduction in the area of cytosolic myelin channels and of 

myelination-associated transcripts levels in the hippocampus, the projecting region of the corpus callosum. In 

addition, in both sexes, maternal HFD-exposed microglia exhibited increased numbers of contacts with 

synapses within the corpus callosum and reduced numbers of mature tertiary lysosomes suggesting an impaired 

phagolysosomal pathway [64]. Associated to these alterations, both male and female maternal HFD-adolescent 

offspring presented loss of social memory and sensorimotor gating deficits [64]. 
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Collectively, these findings highlight how dysfunctional microglia and their crosstalk with neighboring glia 

may contribute to the adverse neurodevelopmental outcomes resulting from maternal HFD. Several other 

preclinical studies report how maternal HFD affects also hypothalamic inflammation, and microglial reactivity 

[65,66], as well as astrocyte proliferation [67]. It was shown that the proportion of proliferating astrocytes was 

significantly higher in the arcuate nucleus (ARC) and the supraoptic nucleus (SON) of the hypothalamus of 

maternal HFD offspring compared to control offspring from normal weight pregnancies. In addition, cultured 

fetal hypothalamic astrocytes proliferated significantly in response to IL-6, one of the cytokines significant ly 

elevated in fetuses of obese dams, via the JAK/STAT3 signaling pathway [67] indicating that pathologica l 

exposure of developing hypothalamic astrocytes to cytokines would alter their development with repercussions 

for the developing brain. 

The mechanism linking maternal obesity to long-term changes in brain function may depend upon complex 

interactions with the gut microbiome as microglia appear to be uniquely responsive to signals from the gut 

microbiome [30,42,46,68,69,70]. 

 

3. Obesity, maternal microbiota dysbiosis and its sequelae on the neurodevelopment of the 

offspring 

3.1 Role of the microbiota in human health: the forgotten organ 

The gut is the main site of interaction between the host immune system, commensals as well as pathogenic 

microbes in both mother and offspring. In fact, the gut microbiota is made up of a variety of microorganisms—

mainly bacteria—playing a pivotal role in human health, so much so that it has been defined as the “forgotten 

organ” [71]. It is involved in the maintenance of the immunologic, hormonal, and metabolic homeostasis of 

the host and provides protection against pathogens; during the digestive process, it supports the extraction of 

energy and nutrients from foods serving as a source of metabolites, vitamins and essential nutrients. It 

synthesizes and releases neurotransmitters and neuromodulators, such as short-chain fatty acids (SCFAs), 

biogenic amines and other amino acid-derived metabolites playing a pivotal role in brain development, 

function and plasticity via a bidirectional exchange of signals between the gut and the brain occurring through 

the microbiota-gut-brain axis [30]. 

Physiological changes in the microbiota are observed throughout life, with life extremes (i.e., birth and 

senescence) being characterized by overt differences from the typical adult gut microbiota in terms of diversity, 

as well as in the representation of specific taxa [30]. Significant alterations in the microbiota composition are 

found in response to diet, BMI and stressful life events (among many conditions), greatly compromising its 

proper functioning leading to increased vulnerability to the onset of a variety of pathological conditions [59]. 

Alterations in the gut microbiota and inflammation may involve a bidirectional connection. In fact, while 

dysbiosis may promote the onset of pathological conditions such as metabolic syndrome, type 2 diabetes and 

inflammatory bowel disease (IBD), on the other hand, changes in microbiota composition may result from 
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these same pathological states (see [32] and references therein). A similar bidirectional effect may apply also 

to neurodevelopmental and psychiatric disorders characterized by neuroinflammation through the microbiota-

gut-brain axis [30,68,69,70] Changes in microbiota composition have been suggested to contribute to the 

endocrine, neurochemical and inflammatory alterations underlying obesity and the often-associated psychiatric 

disorders, a role that might be already at play during fetal life [33,34,65,72]. 

 

3.2 Microbiota dysbiosis in maternal obesity 

Clinical and epidemiological studies are consistently showing that the rise in the prevalence of obesity and 

metabolic diseases among women of the reproductive age has been paralleled by an increase in the occurrence 

of neurodevelopmental disorders in the offspring. According to the DOHaD theory, it is possible to hypothesize 

a direct relationship between metabolic derangements in the mother and neurodevelopmental outcomes in the 

offspring [73,74]. In this scenario, maternal microbiota is emerging as a key player providing a mechanistic 

link for the intergenerational negative effects observed as a result of metabolic maternal derangements. 

Specifically, and most importantly, maternal microbiota might contribute to the process of offspring brain 

development through different mechanisms, not mutually exclusive. One of the proposed mechanisms relies 

upon the phenomenon of the “leaky gut” a condition resulting in increased systemic and intrauterine 

inflammation due to obesity-related maternal dysbiosis. In particular, excessive BMI during pregnancy has 

been related to reduced alpha diversity and higher abundance of bacterial species such as Staphylococcus 

aureus, Escherichia coli, and in general of Proteobacteria, and lower counts of species such as Bifidobacterium 

longum and Bacteroides fragilis [75,76]. This abundance in Proteobacteria may lead to pro-inflammatory 

changes enhancing maternal gut permeability favoring the translocation of maternal intestinal bacteria to the 

fetus, eventually priming immune activation through the toll-like receptors (TLRs) [77,78]. Besides alive 

bacteria, many microbiota-derived microbial compounds such as LPS or flagellin may increase the production 

of pro-inflammatory cytokines (e.g., TNF-alpha, IL-6 and IL-1beta) activating the TLRs and affecting fetal 

development [78,79]. To this regard, studies performed in non-human primates and rodents have provided 

evidence that microbial maternal dysbiosis, deriving from HFD consumption, a model of maternal obesity, is 

associated with increased inflammation and is accompanied by elevated anxiety levels and reduced social 

behavior in the offspring [40,80]. 

As previously mentioned, bacterial metabolism is characterized by the production of SCFAs, macromolecules 

resulting from gut microbial anaerobic fermentation, that play a pivotal role in brain development, function, 

and plasticity. A growing body of evidence suggests that SCFAs play a pivotal role in linking maternal diet 

during pregnancy (and/or lactation) to inflammatory diseases (e.g., asthma) and obesity in offspring. In fact, 

being potent epigenetic modifiers and holding anti-obesity effects SCFAs have the potential to modulate host 

energy metabolism and the infant immune system through the interactions of leptin and insulin signaling in 

hypothalamic neurons, affecting food intake and energy expenditure (see [81,82,83] and references therein). 
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SCFAs concentrations increase significantly in maternal gut throughout pregnancy and recent preclinical 

studies have provided evidence for their beneficial effects on embryonal development acting as signaling 

molecules through G-protein receptors (GPR) GPR41 and GPR43 [84,85]. In particular, SCFAs have a major 

impact on fetal immune system development affecting cytokine synthesis and anti-inflammatory activities (see 

[78] and references therein). 

Microglia are sensitive to intestinal microbiome changes and receive signals from the vagus nerve to regulate 

neuroimmune activity and function. Importantly, recent evidence suggests that microglia is developmentally 

regulated by the host microbiome and have been shown to dynamically respond to metabolic products from 

gut microbiota (SCFAs) in a sex-dependent manner [46,86]. Thion and collaborators [46] found that offspring 

born from GF mouse dams expressed changes in genes regulating LPS recognition and processing in utero and 

continued to exhibit sex-specific alterations in microglial-related gene expression postnatally [87]. 

Furthermore, altered microglial morphology and density, as well as attenuated inflammatory responses, were 

also observed right after birth, that is when microglia exhibit an activated phenotype [88]. It is important to 

note that the timeframe when the human gestational microbiota begins to stabilize resembling an adult 

composition - i.e., around three years of age - also overlaps with critical periods of CNS development, synaptic 

pruning, and neural remodeling. These observations support the hypothesis that a complex commensal 

microbiota ecosystem and their metabolites are integral to the early programming of key host physiologica l 

systems [87]. 

A further - though debated - mechanism through which changes in microbiota might contribute to modulate 

fetal brain development refers to the hypothesis of an intrauterine origin of fetal microbiota [77,78]. Given the 

importance of the microbiota-gut-brain axis for (neuro)development, gastrointestinal tract colonization 

represents indeed a milestone [89]. Although for about a century it has been hypothesized that the fetus is 

sterile, and that vaginal delivery is the first opportunity for large-scale bacterial colonization, recent studies 

are challenging the dogma of the “sterile womb” providing evidence for microbes to colonize the amniotic 

fluid, the umbilical blood cord and the placenta. In particular, the presence of an established microbiota in 

healthy and term infants supports the hypothesis that microbial colonization, occurring before birth, may play 

a role in the physiological development of the fetus [76,77]. See Figure 1. 
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Figure 1 Obesogenic diets before and during pregnancy may trigger a dramatic loss of the homeostatic balance between 

the beneficial and potentially pathogenic bacteria in maternal gut leading to a condition of dysbiosis. This enhances gut 

inflammation that weakens the intestinal barrier (leaky gut) eventually resulting in the transplacental passage of bacteria 

and microbial compounds in the womb providing an immunogenic challenge to the fetus. SCFAs the main end-product 

of bacterial metabolism hold anti-inflammatory properties; they are tightly regulated during pregnancy to provide optimal 

fetal development. Obesity-related dysbiosis and inflammation may alter levels of SCFAs reaching the fetus. Finally, 

although still debated, the colonization of the fetal gut by maternally-derived bacteria (fetal gut seeding) in a condition of 

maternal dysbiosis might negatively affect the development of the gut-brain axis. The above-mentioned mechanisms may 

all contribute to provide a suboptimal intrauterine environment characterized by elevated systemic inflammation 

(inflamed womb) in turn affecting homeostasis in the developing fetal brain (inflamed brain) with microglia being a 

preferential target. Developing nutraceutical strategies, based on safe and feasible compounds (NAC, MFGM, LC-

PUFA), aimed at counteracting gestational weight gain, reducing inflammation and oxidative stress is of paramount 

importance to support optimal brain development and to promote mental health throughout life. This image is original 

and has been created with BioRender. 

 

4. Nutritional strategies to counteract maternal obesity 

The sequelae of maternal obesity might become manifest early during development but also in the long run 

[90]. Excessive BMI before and during pregnancy has been associated with insulin resistance and gestational 

diabetes and is more likely to result in life-threatening conditions (both for the mother and the offspring) such 

as pre-eclampsia [91]. Moreover, it has been related to perinatal morbidity and to an overall increased chance 

for the offspring to develop metabolic, cardiovascular, and mental health disorders throughout life [8,14,92]. 

To this regard, an interesting meta-analysis performed by Thangaratinam and co-workers suggests that dietary 

interventions are the most effective way to contrast maternal obesity. Based on 34 different randomized trials, 
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the mean reduction in maternal gestational weight gain due to the dietary intervention was −3.84 kg vs.−1.42 

kg obtained through interventions such as moderate physical exercise [93]. Notwithstanding the great efforts 

of clinical practitioners to inform the general population about the risks related to excessive BMI, particularly 

during pregnancy, and the recommendation to reduce or contain gestational weight gain, compliance to diet 

regimens and to moderate physical exercise during pregnancy is very low and women are likely to maintain 

pre-pregnancy lifestyle until parturition (and even to gain weight during lactation) [94]. In this context safe 

and effective nutritional strategies, with limited side-effects, are becoming of utmost importance as rates of 

obesity continue to increase and the long-term negative effects on the offspring health is becoming more and 

more apparent [95]. Thus, addressing proper dietary supplementation might provide a broad-spectrum 

promising and feasible strategy to prevent or counteract the disruptive effects of the “inflamed womb”. In the 

following paragraphs, we will review nutritional strategies and dietary supplementation that have received 

recent attention and that appear to be promising based on the results obtained on preclinical studies and in 

clinical trials. 

These intervention strategies include Long Chain Polyunsaturated Fatty Acids (LC-PUFA), Milk fat globule 

membrane (MFGM) and N-Acetyl-Cysteine (NAC) supplementation, all of which hold the potential to 

modulate inflammatory/oxidant processes and to target microbiota functions by multiple mechanisms, as 

described in the following paragraphs. 

 

4.1 LC-PUFA supplementation as anti-inflammatory and protective strategy 

Obesity is associated with an altered profile of circulating fatty acids (FAs), including LC-PUFAs of the 

omega-3 and omega-6 series which is exacerbated by pregnancy-related adaptations. In both humans and 

animal models of maternal HFD, increased circulating levels of n-6 PUFAs, mainly arachidonic acid AA (AA, 

C20:4n-6) and linoleic acid (LA, C18:2n-6), and decreased levels of n-3 PUFAs, mainly docosahexaenoic acid 

(DHA, 22:6n-3) and eicosapentaenoic acid (EPA, C20:5n-3) were found. These alterations in maternal 

circulating levels are mirrored in breast milk and fetal circulation [96,97]. As the LC-PUFA supply to the fetus 

and the newborn relies mainly on their transfer from the maternal circulation across the placenta and from the 

breast milk, the dysregulation of maternal lipid metabolism profoundly affects the lipid profile of the fetus in 

different organs, including the brain [98,99]. 

In addition, the placental uptake and metabolism of essential FAs, particularly of DHA, is impaired by maternal 

obesity [96,97] and this occurs in a sex-specific manner, reflecting the differential expression, content, and 

activity of placental FAs transport and translocator proteins, as well as metabolizing enzymes [100,101]. 

Males’ offspring placentas showed reduced DHA-transfer capacity and the umbilical cord plasma had lower 

DHA-phospholipids than in females, which could lead to a lower DHA supply for proper fetal development in 

males under metabolic stress conditions [100]. 
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The elevated n-6/n-3 PUFA ratio in the mother is associated with adverse pregnancy outcomes, shorter length 

of gestation and impaired fetal growth [102] being a key factor in the onset of low-grade, chronic inflammation 

associated with obesity in the mother-fetus dyad 

Long-chain fatty acids are indeed crucial regulators of the functional polarization of macrophages, through a 

multiplicity of mechanisms yet to be fully elucidated. These include the modulation of membrane fluidity—

and hence of membrane-associated enzymes, receptors and signaling pathways—and the direct agonism to 

extracellular or intracellular receptors and transcription factors, such as G protein-coupled receptor 120 

(GPR120), retinoid X receptors (RXR) and Peroxisome Proliferator-activated Receptor-gamma (PPAR-

gamma), involved in the regulation of inflammation. AA and AA-derived eicosanoids act mainly, though not 

univocally, as pro-inflammatory mediators [103,104,105], while EPA, DHA and the DHA-derivatives 

docosanoids are recognized anti-inflammatory pro-resolving mediators (see [103,104,105] and references 

therein). 

A recent study from Belcastro and colleagues found that placentas from women with pre-gestational obesity 

contain overall higher contents of PUFAs and a higher ratio of AA-derived isoprostanes vs. DHA-derived 

neuroprostanes, which are pro- and anti-inflammatory bioactive molecules, respectively [106]. Neuroprostanes 

were negatively correlated with inflammation markers, while isoprostanes were positively associated with 

maternal pre-gestational BMI [107], suggesting the importance of rebalancing PUFA levels in obese pregnant 

women as an anti-inflammatory/protective strategy for the progeny. 

In the Fat-1 transgenic mouse model, capable of producing n-3 fatty acids from the n-6 type, Heerwagen and 

colleagues demonstrated that high maternal n-3/n-6 ratio prevents the consequences of maternal HFD-

associated inflammation on weight gain, body and liver fat, and insulin resistance, and limits the development 

of adverse metabolic outcomes in adult offspring [108]. In line with these findings, DHA supplementation or 

higher fish consumption as a dietary omega-3 source in obese pregnant women decrease placental 

inflammation [109,110] further supporting that re-balancing n-3/n-6 LC-PUFA ratio represent a promising 

interventional approach to counteract the negative effects of maternal obesity and related inflammation. 

The re-balancing of the n-3/n-6 LC-PUFA ratio could be crucial also for the proper fetal brain development. 

Notably, maternal obesity and maternal dietary n-3 PUFA deficiency leads to similar defects in prenatal brain 

development, immune status and behavioral impairments in animal models. Both maternal HFD and maternal 

low n-3 PUFA studies reported long-lasting changes in basal microglial reactivity and functions in the progeny, 

and higher susceptibility to subsequent inflammatory stimuli, as well as marked changes in anxiety and spatial 

learning behavioral patterns, as also mentioned in the previous section [40,42,111,112,113]. 

In mice, n-3 PUFA deficient maternal diet leads to increased n-6 PUFA levels in microglial membranes, while 

maternal n-3 PUFA dietary supply increases microglial DHA membrane content [113], demonstrating the strict 

correlation between maternal n-3 PUFA intake and microglial lipid profile in the developing brain, with likely 

repercussion for microglial reactivity and brain development. 
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Indeed, in activated brain microglia as in peripheral macrophages, DHA inhibits TLR inflammatory signaling, 

enhance fatty acid metabolism-related genes, reduces the synthesis of pro-inflammatory and anti-neurogenic 

molecules, and favors the shift to a phenotype that promotes the survival and differentiation of neural precursor 

cells [114,115,116,117,118,119,120,121]. Madore and colleagues recently reported that DHA is also crucial 

in maintaining the homeostatic molecular signature of microglia in physiological conditions and in tuning 

microglia-mediated phagocytosis of synaptic elements in the rodent developing hippocampus. In particular, a 

maternal n-3 PUFA deficient diet dysregulated microglial homeostasis in the progeny, increasing microglia l 

immune and inflammatory pathways, and enhancing the phagocytosis of synaptic elements leading to their 

excessive removal [122]. 

Besides their immunomodulatory properties, n-6 (particularly AA) and n-3 (particularly DHA) PUFAs play 

essential roles for neural and visual development, as structural and functional components of neural membranes 

[123]. Incorporated into membrane phospholipids in uniquely high levels in the CNS, with the highest demand 

during the third trimester of pregnancy and the first two years of postnatal life, they promote neural and glial 

cell growth and differentiation [124,125,126]. For example, DHA was shown to promote oligodendrocyte 

progenitor cell maturation through its PPAR-gamma agonistic activity and the activation of extracellu lar 

signal-regulated-kinase (ERK)-1/2 [127]. Consistently, Leyrolle et al., 2021 recently demonstrated that 

maternal dietary n-3 PUFA deficiency impairs oligodendrocyte maturation and myelination during the 

postnatal phase, with long-term consequences on white matter structure, brain functional connectivity, mood, 

and cognition in adult mice. Other studies, in experimental models and humans, illustrated that LC-PUFAs are 

essential to astrogliogenesis, neurogenesis, synaptic plasticity, and neuronal wiring 

[128,129,130,131,132,133,134]. Collectively, these studies highlight the importance of an adequate dietary 

intake of LC-PUFAs, especially in highly sensitive windows of development since conception. 

A recent study in mice fed a HFD suggested that high-DHA tuna oil significantly ameliorated obesity and 

metabolic dysfunctions in offspring by the regulation of taxonomic compositions of gut microbiota and their 

functional profiling, as the intestinal arginine and proline metabolism was restored by DHA supplementation 

[134]. Accumulating evidence from case reports and from animal studies suggests that DHA and other n-3 

PUFAs can exert positive effects on gut microbiome signatures and composition [135,136,137]. More recently, 

it was shown that DHA supplementation repaired the lipids metabolism shifts in a mouse model of antibiotic -

mediated gut dysbiosis [138]; similarly DHA significantly improved dyslipidemia and anxiety-like behaviors 

induced by long-term azithromycin (AZI) treatment in mice [139]. 

In the last decade several prenatal and postnatal clinical trials of n-3 PUFA supplementation have been 

conducted varying in sample size, dose and composition of supplements, timing and duration of intervention 

and demographic characteristics. The results regarding beneficial effects on offspring cognitive and/or 

metabolic outcomes remain controversial (see [140] and references therein). In addition, studies evaluating the 

role of n-3 PUFA supplementation specifically in the higher risk cohort of women with higher baseline 

metabolic dysregulation and with low n-3 status are limited to a pilot study from Monthé-Drèze and colleagues 
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[141]. Supplementation with n-3 PUFA in women with obesity during pregnancy was associated with 

increased fetal fat-free mass accrual, improved fetal growth, and increased length of gestation. Larger 

adequately powered trials of n-3 supplementation or dietary intervention, starting before conception or early 

in pregnancy, specifically in women with excessive overweight should be conducted to confirm these findings.  

 

4.2 Milk fat globule membrane 

The milk fat globule membrane (MFGM) is a unique, complex structure surrounding milk fat globule. It is 

essentially an oil droplet enclosed in plasma membrane that is secreted from the milk-producing cells in the 

epithelium of the mammary gland (lactocytes) and is physiologically delivered to the newborn through 

breastfeeding. It is a rich source of bioactive compounds including phospholipids, sphingolip ids, 

gangliosides—and polar lipids in general—that hold a main functional role for the proper development of both 

the brain and the gut, two organs that communicate bidirectionally through the gut-brain axis system [142]. 

Moreover, MFGM has also the potential to synergize with probiotic bacteria—through direct interactions with 

proteins of the bacterial surface—overall increasing the survival and adhesion of probiotic bacteria during the 

gastrointestinal transit, improving mucosal immunity, and neurodevelopment and cognitive abilities in 

developing infants [143]. 

For the sake of clarity, in this paragraph, we will first review the beneficial effects of MFGM in postnatal 

development and adulthood and only successively we will hypothesize about the potential use of this 

compound in obese mothers during pregnancy to counteract the “inflamed womb” and its sequelae. 

Supplementation with dietary MFGM or with selected components thereof has shown beneficial effects on 

brain function, microbiome composition and immune system in several clinical and preclinical studies 

[142,144,145,146]. 

Breastfeeding appears to be positively related to cognitive and immune outcomes and to be overall associated 

with a decreased incidence of all-cause infection-related mortality in infants [142]. Recent preclinical evidence 

clearly suggests that MFGM-based interventions targeting the microbiota-gut-brain axis are able to buffer 

stress-induced dysfunctions of physiological processes and brain development [147,148]. Given the complex 

nature of this compound the pathways affected by MFGM are multiple and non-mutually exclusive and 

therefore quite a number of mechanisms are currently under investigation to clarify its positive effects on 

health outcomes during development and at adult age. Among all, MFGM has been shown to hold anti-

inflammatory properties. Preclinical studies have provided evidence for laboratory rodents supplemented with 

MFGM to be characterized by a greater ability to counteract inflammation upon an immunogenic challenge. 

As an example, Snow and co-workers showed that MFGM-treated weanling mice displayed lower levels of 

inflammatory cytokines and reduced intestinal permeability upon LPS injection [149]; Huang and colleagues 

provided evidence for low-birth-weight mouse pups supplemented with MFGM during the suckling period to 
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be characterized by reduced cytokines expression levels in the ileum (TNF-alpha, IL-6, IFN-gamma, IL-1beta) 

upon LPS treatment [150]. 

Recent evidence by Arnoldussen and co-workers has shown that MFGM was able to attenuate 

neuroinflammation in a mouse-model of HFD by reducing microglia activation resulting in better spatial 

memory performance and functional connectivity in the hippocampus, an effect possibly resulting from the 

modulation of phospholipid and metabolite composition in brain tissue or by increasing the level of 

gangliosides [151]. Besides their anti-inflammatory effects, gangliosides are known to be involved in neuronal 

transmission and are believed to support myelination, neuronal and synaptic plasticity during postnatal 

development. However, the rate of gangliosides accretion in the developing brain is highest in utero and in 

very early postnatal phases. Preclinical research has shown that complex milk lipids (also contained in MFGM) 

are transferred across the placenta and as such, an increased maternal intake during pregnancy has been 

associated with increases in fetal gangliosides levels [152,153]. Interestingly, a recent multicenter randomized 

controlled trial—the CLIMB (Complex Lipids In Mothers and Babies) study—was aimed to investigate the 

effects of supplementation of complex lipids in pregnancy, on maternal ganglioside status and subsequent 

cognitive outcomes in the offspring [154]; the authors report the absence of any adverse outcome but no effect 

of MFGM was reported on fetal growth, at least soon after birth, and for the parameters investigated in a 

population of healthy women [155]. Despite this inconclusive result, preclinical evidence rather suggests 

MFGM to be very promising to improve the health of the offspring. As for example, Yuan and co-workers 

report that supplementation of MFGM to obese rat dams during pregnancy and lactation improves 

neurodevelopment and cognitive function in male offspring. In particular, these authors reported that while 

maternal obesity induced insulin resistance and aberrant brain-derived neurotrophic factor (BDNF) signaling 

in the hippocampus of neonatal and adult offspring, these effects were counteracted by maternal MFGM 

administration [156]. Moreover, Li and colleagues provided evidence for the supplementation during 

pregnancy of MFGM to promote brown/beige adipocyte development and to prevent obesity in male offspring 

born from HFD-dams rats [157]. These same authors showed that MFGM may act through the modulation of 

gut microbiota to alleviate obesity-induced glucose metabolism disorders in peripheral tissues in rat dams 

[158]. Indeed, as mentioned above, MFGM is able to decrease gut permeability, which could attenuate gut -

derived endotoxin translocation and the associated inflammatory responses supporting its use during 

pregnancies characterized by a general inflammatory condition such as those associated to obesity or 

hypercaloric unbalanced diets. Very interestingly, recent preclinical evidence shows that MFGM 

supplementation could reduce high-fat diet (HFD)-induced body weight gain and may control gut physiology 

and the amount of bacteria of metabolic interest [159]. Moreover, a clinical study showed that in 

overweight/obese adult subject, MFGM supplementation was able to reduce postprandial inflammation in a 

population characterized by a chronic inflammatory state due to obesity. In particular, MFGM lowered fasting 

plasma cholesterol, inflammatory markers as well as postprandial insulin response [160]. Thus, MFGM 

appears to be a safe and promising compound with the great potential to counteract the negative effect of 

maternal obesity promoting health outcomes of both the mother and the offspring. 
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4.3 The antioxidant n-acetyl-cysteine as an anti-inflammatory and protective strategy in the maternal-

fetal crosstalk 

OS and inflammation are main features of obesity and play a pivotal role in mediating the negative effects of 

this condition during pregnancy for both the mother and the offspring [8,92,161]. Indeed, a tight regulation of 

the redox balance and inflammatory processes, particularly during pregnancy, is crucial for a proper fetal 

development [14,162]. Moreover, OS has been reported to impair human placental amino acid uptake and 

increase Na+ permeability, directly affecting amino acid transporters [163]. 

To this regard, antioxidant compounds are emerging as a promising strategy for the treatment of diabetes and 

other metabolism-related pathologies [164]. Moreover, given the role played by OS and specific reactive 

oxygen species (ROS) in mediating fat accumulation, the reduction of OS through antioxidant compounds 

administration might mimic caloric restriction contributing to limit body weight gain [165,166,167,168]. 

Among the antioxidants, N-Acetyl-Cysteine (NAC) is receiving growing attention as a feasible 

pharmacological strategy in counteracting the detrimental effects related to maternal obesity [162,169]. NAC 

is the rate-limiting substrate in the biosynthesis of glutathione (GSH) and holds a great efficacy as a ROS 

scavenger [164]. We have previously shown that administration of NAC during pregnancy in a mouse model 

of maternal obesity resulted in improved glucose tolerance, in addition to a reduced activation of the HPA axis, 

when exposed to stress. Moreover, while HFD reduced antioxidant defenses (glutathione GSH levels) in the 

hypothalamus of male offspring, this effect was prevented by prenatal NAC administration. Since the 

hypothalamus plays a key role in both metabolic regulation and emotional behaviors, our data support a role 

for OS in the long-term effects of maternal obesity [162]. Interestingly, the above-mentioned results on NAC 

supplementation appear to mirror the protective effects observed in a genetically modified mouse model of 

reduced OS (p66Shc-/- mice) confirming the tight relationship existing among prenatal metabolic stress 

(maternal obesity), fetal programming and OS pathways [92,162,166,170]. NAC also holds anti-inflammatory 

capacity, being able to reduce the expression of pro-inflammatory mediators by suppressing the activation of 

the transcription factor NF-kB, whose regulation is redox sensitive [171,172,173] As such, NAC has been 

reported to reduce oxidative and inflammatory responses at the maternal-fetal interface and to improve 

placental efficiency in a number of clinical and preclinical studies. As an example, Williams and co-workers 

reported that NAC administration improved HFD-induced decidual vasculopathy in mouse placenta by 

reducing mRNA and immunostaining of IL-1beta and monocyte chemoattractant protein-1 and increasing 

Vegf m-RNA [174]. Paintlia and colleagues showed that NAC pretreatment was able to prevent LPS-induced 

preterm labor as well as inflammation and OS at the placental level and in the amniotic fluid and to inhibit 

LPS-induced up-regulation of phospholipids metabolism in placenta [175]. In the same rat model, these authors 

report that NAC was able to provide neuroprotection and to attenuate the degeneration of oligodendrocytes 

progenitor cells and white matter injury in the developing rat brain [176]. 

A number of severe pathological conditions of the newborns can be observed as a result of pre-eclampsia, a 

pregnancy-specific disorder characterized by new-onset hypertension and proteinuria that poses at great life-
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risk the mother and the newborn [177,178]. Pre-eclampsia shows a strong direct correlation with BMI and both 

inflammation and OS are involved in its etiopathogenesis. Although there is still no consensus in the literature 

on the best strategy for the prevention and the treatment of this disease, both anti-oxidant and anti-

inflammatory approaches seem to be feasible [179]. To this regard, Motawei and colleagues observed 

attenuation of pre-eclampsia severity (improved liver and kidney function, decreased blood pressure, decreased 

proteinuria) and improved pregnancy outcomes among patients with pre-eclampsia who received NAC as they 

reported an increase in birth weight as well as a higher Apgar score [169]. 

As previously-mentioned one possible mechanism through which maternal obesity and maternal over-nutrition 

may trigger intrauterine inflammation—eventually affecting fetal brain development—is by inducing a 

condition of gut dysbiosis. To this regard, very interestingly, Luo and co-workers [180] showed that NAC 

supplementation in pigs during late gestation alleviated maternal-placental OS and inflammatory response, 

improved placental function, and altered fecal microbial communities. More in detail, NAC increased the 

relative abundance of fecal Prevotella that was positively related with the increased propionate and butyrate 

concentrations (two SCFAs able to reduce inflammation and OS). In addition, the relative abundances of 

Clostridium cluster XIVa, Prevotella, and Roseburial/Eubacterium rectale were related negatively to the gene 

expression levels of the NLRP3 and positively to that of Slc7a8 (that encodes for a transporter that mediates 

the uptake of amino acids in the placenta [181]. Overall evidence provided by Luo and co-workers indicates 

strong interactions between gut microbiota, placental NLRP3 inflammasome and nutrients delivery [180] and 

support the use of NAC as a promising compound to counteract the negative effect of maternal obesity. 

However, OS and inflammatory pathways need to be tightly regulated during pregnancy to ensure proper fetal 

development and a general consensus on the use NAC (and other antioxidants) during pregnancy in the clinical 

practice is still lacking [14,162]. 

 

5. Conclusions 

A number of studies have clearly demonstrated an association between prenatal stress and neurodevelopmental 

disorders. Metabolic stressors, such as maternal obesity or malnutrition, due for example to the exposure to 

unbalanced diets rich in fats and sugars, can have similar long-term effects disrupting fetal programming. The 

role of the maternal gut microbiota in this context is still under study. However, being finely tuned throughout 

pregnancy and being very responsive to metabolic stressors, it could clearly represent an intriguing mediator 

capable to transmit the negative effects of maternal obesity/diet to the growing organism through multiple and 

non-exclusive pathways, leading to long-lasting inflammatory signatures. 

In general, it is clear that the immune priming occurring in the fetal/newborn gut plays a pivotal role in brain 

development and in the health outcomes of the individual. This has been confirmed by a number of different 

experimental approaches ranging from GF animal (suggesting that microbiota plays a pivotal role in shaping 

both innate and adaptive immunity) to the manipulation of microbiota (either with antibiotic treatment or 
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microbiota reconstitution providing evidence for the main role of the microbiota in immune homeostasis) 

[182]. Whether this priming occurs primarily in uterus or after birth is still a matter of debate however, it is 

also clear that the development of the immune system and the modulation of inflammatory responses both play 

a pivotal role in brain and metabolic health. This is also suggested by the growing number of studies reporting 

a comorbidity among autoimmune, psychiatric and metabolic disorders also in relation with changes in 

microbiota composition (see for example [183,184] and references therein). 

In fetal brain, one important target of maternal microbiota is represented by microglia. Given the fundamental 

role played by this cell type on brain development, effective intervention strategies are needed in the future to 

break the vicious cycle that links maternal gut dysbiosis and inflammation to derangements in proper microglia 

development and function. 

Overall, better understanding of the role of gut microbiota in maternal obesity might help us to promote healthy 

fetal brain and to prevent neurodevelopmental disorders. 
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