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A B S T R A C T   

Early-life adversity (ELA) is a major risk factor for developing later-life mental and metabolic disorders. How
ever, if and to what extent ELA contributes to the comorbidity and sex-dependent prevalence/presentation of 
these disorders remains unclear. We here comprehensively review and integrate human and rodent ELA (pre- and 
postnatal) studies examining mental or metabolic health in both sexes and discuss the role of the placenta and 
maternal milk, key in transferring maternal effects to the offspring. We conclude that ELA impacts mental and 
metabolic health with sex-specific presentations that depend on timing of exposure, and that human and rodent 
studies largely converge in their findings. ELA is more often reported to impact cognitive and externalizing 
domains in males, internalizing behaviors in both sexes and concerning the metabolic dimension, adiposity in 
females and insulin sensitivity in males. Thus, ELA seems to be involved in the origin of the comorbidity and sex- 
specific prevalence/presentation of some of the most common disorders in our society. Therefore, ELA-induced 
disease states deserve specific preventive and intervention strategies.   

1. Introduction 

Exposure to early life adversity (ELA) during critical developmental 
periods prenatally (PRS) (Buffa, 2018; Lindsay et al., 2018; Hantsoo 
et al., 2019) or early postnatally (POS) (Short and Baram, 2019; Nelson 
et al., 2020) increases the risk for numerous health problems later in life, 
including psychopathology (Green, 2010; Macmillan, 2001), cognitive 
dysfunction (Saleh, 2017; Chugani, 2001), as well as metabolic and 
cardiovascular diseases (Danese and Tan, 2014; Roseboom et al., 2006) 
(see Hughes and colleagues (2018) (Hughes, 2017)). There are several 
characteristics of these disorders (i.e. specific mental health and meta
bolic domains, their comorbidity, sex-specific prevalence and presen
tation), and features of the ELA (i.e. timing and type) exposure that are 
determinant for understanding how ELA acts upon disease vulnerability 
across sexes. To gain a better understanding of this, we here 

comprehensively review and integrate human and rodent ELA (pre- and 
postnatal) studies examining mental or metabolic health in both sexes. 
In doing so, we took the following points into consideration. 

Firstly, since mental and metabolic health are broad concepts 
encompassing several major dimensions, we decided to focus on a 
number of specific mental and metabolic aspects that have been studied 
in the field of ELA research. Concerning mental health aspects we 
focused on cognitive, emotional and social dimensions (Fusar-Poli et al., 
2020), and for metabolic health we considered outcomes related to body 
composition and insulin/glucose metabolism. Because these various 
dimensions might be differently impacted by ELA, it is key to consider 
and assess them separately. 

Secondly, mental and metabolic health disorders are often comorbid. 
For instance, depression and obesity share a bidirectional relationship: 
obesity increases the risk for depression by 55%, while depression 
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increases the risk for obesity by 58% (Luppino, 2010; Milaneschi et al., 
2019; Stunkard et al., 2003; Obara-gołębiowska, 2017). Depression is 
also twice as prevalent among those with type 2 diabetes as compared to 
those without (Roy and Lloyd, 2012). Another example is the 
co-occurrence of diabetes and obesity with cognitive decline and Alz
heimer’s disease (Nooyens et al., 2010; Nguyen et al., 2014; Ott, 1999). 
The comorbidity of these mental and metabolic disorders suggests that 
similar pathways might be involved and/or interact, and considering 
that ELA impacts on vulnerability to both, it is key to understand if and 
to what extent these pathways may be set in motion by ELA. However, 
despite the increasing interest in, and acknowledgment of this comor
bidity, these disorders have historically often been studied by different 
experts, only rarely in the context of each other, and even less so in terms 
of how ELA modulates these disease risks. 

Thirdly, these disorders exhibit sex differences in their prevalence 
and presentation with for example depression being more common in 
women than in men and depressive women more often suffering from 
comorbid obesity than do depressive men (Albert, 2015; Heo et al., 
2006). Considering the increasing evidence that males and females are 
differentially affected by ELA (Gobinath et al., 2017; M. Schroeder, 
2018; A. Schroeder et al., 2018; Bonapersona, 2019; Bale and Epperson, 
2015; Hay et al., 2008; Milgrom et al., 2004; Boynton-Jarrett et al., 
2010), it is important to understand if and to what extent ELA may 
contribute to sex differences in the prevalence and presentation of 
these (comorbid) mental and metabolic disorders. However, this is 
hard to study as currently in human studies sex is often a factor that is 
taken into account by statistical adjustment but rarely specifically 
tested for with a formal assessment of effect modification, and rodent 
studies are only very recently being more systematically performed in 
both sexes. 

Fourthly, in order to understand if and to what extent ELA might 
contribute to vulnerability to mental and metabolic disorders, to their 
comorbidity and their sex-dependent prevalence/presence, the timing 
(i.e. prenatal versus postnatal stress) and type (i.e. specifics of the 
adversity) of ELA exposure could be key determinants. Because 
currently most research papers only studied one time period (either pre- 
or postnatal) and focused on a specific ELA exposure, it remains difficult 
to assess if and how these features of ELA exposure affect outcome 
characteristics. 

Lastly, in order to best evaluate if the current rodent ELA models are 
suitable to study underlying mechanisms, to identify novel targets and to 
test proof-of-concept intervention strategies in human patients, it is key 
to establish if and to what extent the ELA-induced effects are consistent 
across human and rodent literature. 

A comprehensive overview bringing together and integrating the 
existing literature on ELA effects across these disciplines and from these 
different subfields is currently lacking. With this review, we aim to 
overcome these barriers and further our understanding as to whether 
ELA may contribute to the comorbidity and sex-dependent prevalence/ 
presentation of mental and metabolic disorders. To this end, we set out 
to assess the consistency of sex differences in effects of ELA on mental 
and metabolic outcomes across human and rodent studies, and to assess 
to what extent they depend on the type and timing of ELA. More spe
cifically, we comprehensively review and discuss the prospective human 
and rodent studies that have (i) included both sexes, (ii) analyzed both 
sexes separately and (iii) addressed the sex-specific effects of ELA on 
mental (including cognitive, social and emotional domains) and/or 
metabolic outcomes. Finally, while addressing the complex mechanisms 
at the basis of the programming by ELA is out of the scope of this review, 
we discuss the role of two key biological mediators of the transfer of 
maternal effects to the offspring during the pre- and postnatal period: 
the placenta (Box 1) and maternal milk (Box 2). 

Understanding how ELA acts upon disease vulnerability across sexes, 
diseases and species, is crucial for a better understanding of how ELA 
programs offspring for life, ultimately providing the basis for a more 
precise, evidence-based and personalized diagnosis and treatment of 

disease, and with considerable relevance for study outcome evaluations. 

2. Methods 

2.1. Literature search 

A comprehensive literature search was conducted in PubMed up to 
March 2020 (Fig. 1). For the search terms used for the human and rodent 
literature, see Supplementary material 1. The search was aimed at 
identifying relevant papers examining the sex-specific effects of ELA on 
mental and metabolic health outcomes from human and rodent pro
spective cohort studies. Titles and abstracts of retrieved papers were 
examined by four authors (LB and JK for the human and SR and KR for 
the rodent literature). We acknowledge that there is also literature on 
the effects of ELA in other species (e.g. primates (Gorman et al., 2002), 
sheep (Coulon et al., 2014) and pigs (Medland, 2016)) but for the pur
pose of this review, we here focused on rodent and human studies. 

For the human literature, the PubMed search identified 1316 
research papers, of which 52 research papers covering mental and/or 
metabolic health outcomes met the inclusion criteria and were included 
in the current review. The inclusion criteria were; (1) prospective cohort 
studies examining associations between (2) ELA exposure (either 
occurring prenatally or postnatally up to 2 years postpartum) including 
stress, anxiety, depression and other forms of stress (e.g. bereavement, 
violence, a disaster etc) (See for details Table S1.A). When both prenatal 
stress (PRS) and postnatal stress (POS) were investigated in the same 
study and analyzed separately, the specific study was included for both 
PRS and POS analyses. Studies had to assess either; (3) mental health 
outcomes (including cognitive functions, externalizing or internalizing 
behaviors) and/or (4) metabolic parameters (including insulin/glucose 
(sensitivity), body weight and body composition). We selected papers 
that had included; (5) both girls and boys, and (6) had either stratified 
the analyses for sex, or had tested for an interaction between ELA 
exposure and offspring sex for any of the outcomes. We included all ages 
at which the outcomes were measured in the offspring. For the included 
studies, this ranged from 1 up to 32 years of age (y) with most studies 
investigating either children or adolescents (47 < 18 y, 3 = 18 y, 1 =

20 y, 1 < 32 y). Therefore, we use the term boys/girls when referring to 
the human study outcomes. 

For the rodent literature, our PubMed search led to the identification 
of 453 research papers of which 182 research papers covering behav
ioural and/or metabolic health outcomes met the inclusion criteria and 
were included in the current review. We included; (1) prospective ro
dent research papers that employed an early life stressor of a physical or 
psychological nature, and excluded those that were specifically and 
selectively nutrition-, metabolism- or inflammation-related. The 
selected ones encompassed either stressors occurring prenatally (PRS) 
(e.g. prenatal restraint or variable stress) or postnatally (POS) up to 21 
days postpartum (e.g. maternal separation or the limited nesting and 
bedding material paradigm) (Table S1.B). 

The included research papers had to assess either; (2) behavioural 
outcomes (including cognitive, social, anxiety or depressive-like 
behaviour) or (3) metabolic outcomes (including bodyweight, 
adiposity, or insulin/glucose levels/sensitivity) and (4) include both 
sexes. Finally, (5) considering the importance of the later-life environ
ment (‘second-hit’) for the ELA-induced phenotypes, for the papers 
focusing on behavioural effects, studies with secondary stressors (e.g. 
later-life acute or chronic stress) and for those focusing on metabolic 
parameters, papers with high-caloric diet exposure later in life, were 
also included. The behavioural studies with a secondary stressor were 
not included in the main analyses per domain, but separately discussed 
in paragraph 4.4.3. Results of mouse and rat experiments were 
collapsed, unless there was a different effect between species. Another 
relevant aspect in conceptualizing the findings across many studies is the 
age at which the outcome was assessed; therefore, we divided rodent 
studies based on the age of outcome (up to adolescent: <60 days old; 
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adulthood: >= 60 days old). A total of 449 rodent experiments (45 on 
metabolic parameters; 404 on behavioural parameters) met these in
clusion criteria and were included in the current review. 

2.2. Subdivision into domains 

All outcome parameters were categorized into several relevant do
mains in order to be able to better dissect the effects of ELA on specific 
aspects of mental health/metabolism for the human literature and 
behaviour/metabolism for the rodent literature. We therefore divided 
the various studies/experiments within each research paper by assigning 
them to the specific domain involved, and scored for each study 
(human) or experiment (rodent) what the effect of ELA was on that 
specific domain. 

Concerning mental health outcomes, to encompass the cognitive, 
emotional and social dimensions:  

– For the human research papers we included: cognitive function, and 
externalizing and internalizing behaviours and disorders. Cognitive 
function included IQ, school performance, attention disengagement, 
and executive function, as measured with e.g. cognitive tests or 
attention tasks. Externalizing behaviour and disorders included 
aggression, hyperactivity, and attention problems, as assessed via 
questionnaires and/or the presence of the externalizing disorders 
Attention Deficit Hyperactivity disorder (ADHD) and Conduct Dis
order (CD) as readout. Finally, internalizing behaviour and disorders 
encompassed emotional problems, anxiety and depressive 

symptoms, as assessed via questionnaires or diagnostic criteria for 
these disorders (see Table S2.A for all included readouts per domain).  

– For rodent research papers, we included and divided the various 
outcome parameters in the following domains: cognitive (non- 
stressful and stressful learning), social behaviour and emotional 
behaviour (anxiety and depressive-like behaviour). Within the 
cognitive domain, “non-stressful learning (nsLearning)” was assessed 
with neutral or non-stressful learning tasks (i.e. Object Location Task 
(OLT) and Object Recognition task (ORT)) and “Stressful learning 
(sLearning)” was assessed under stressful circumstances, (i.e. Morris 
Water Maze (MWM), Fear learning/extinction and Active or Passive 
Avoidance). Social behaviour was tested via social interaction/ 
recognition paradigms that in addition can specifically assess social 
play and aggressive behaviour. Within emotional behaviour, 
anxiety-like behaviour was assessed by investigating exploratory 
activity in the aversive environment (i.e. Open Field Test (OF), 
Elevated Plus Maze (EPM) and Dark-light box (Da-li-box)). Measures 
such as coping behaviour (i.e. Forced swimming Test (FST), Tail 
Suspension Test (TST)) or anhedonia (i.e. Sucrose Preference Test 
(SPT)), were considered to reflect depressive-like behaviour 
(Table S2.B). 

Concerning metabolic health, we assessed measures of body 
composition and insulin sensitivity as they were available among the 
included studies. For the human studies, these consisted of bodyweight, 
body mass index (BMI) and skinfold thickness, circulating glucose and 
insulin levels as well as HOMA-IR (a measure of insulin resistance). For 

Fig. 1. Overview of literature search.  
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rodent experiments, bodyweight, adiposity (DEXA scan or weights of 
specific adipose tissue depots), insulin/glucose levels, HOMA-IR, insulin 
tolerance tests (ITT) and glucose tolerance tests (GTT) were included. 

2.3. Scoring of sex differences in study and experiment outcomes 

As study determinants and study outcomes are very heterogeneous it 
was not feasible to pool results. Thus, in order to get an overview of the 
consistency of sex differences in the effects of ELA on mental and 
metabolic health, we scored the reported statistically significant effects 
(p < 0.05) in both sexes for all studies/experiments. We realize this is a 
very crude approach, as it ignores the size of effects and the size of study 
groups (and number of males and females), factors which potentially 
influence the chance of finding statistically significant effects, none
theless it is suitable for our goal of getting such an overview. In addition 
to take somewhat into account study sizes, we also separately report on 
outcomes of the larger (n > 500) studies in humans. 

For human metabolic as well as all rodent experiments, we scored the 
effects in boys/males and girls/females separately, resulting in one male 
and one female score per study/experiment. For example, if in a specific 
study, bodyweight was increased in girls, but not in boys, girls were 
scored as ‘increased’ and boys as ‘no effect’. If a rodent investigation 
included two nsLearning experiments and reported for experiment A 
impaired nsLearning in both sexes, and for experiment B impaired 
specifically in males and not females, males were scored as “decreased: 2 
studies” and females as “decreased: 1 study”. As final outcome, we 
calculated for both sexes how often ELA decreased, increased, or had no 
effect on the outcome experiments in each domain. 

For human mental health studies, due to the higher complexity of the 
measured outcomes, we scored separately studies only or predominantly 
affecting boys or girls or presenting effects in both sexes. For example, in 
some human studies of mental health, associations were found to be 
predominantly present in boys/girls compared to the opposite sex. In 
such cases, studies were classified as ‘only or predominantly effect in 
boys/girls’. Also, in a large number of studies in humans on mental 
health, a wide variety of behavioural outcomes was reported of which 
many could not be classified as externalizing or internalizing behavior. 
In these cases, we only included outcomes that could be clearly classified 
into these domains. 

3. Effect of ELA on mental health outcomes depends on period of 
exposure, the specific domain as well as sex 

Based on our inclusion and exclusion criteria (see method section 
and Fig. 1), we selected 42 research papers, of which 11 studies 
addressed cognitive functions, 25 externalizing and 25 internalizing 
behaviour and disorders. 

3.1. Cognition upon ELA exposure, postnatal stress in particular, is more 
often reported to be affected in boys than girls 

When investigating the effects of ELA on cognition, we found that for 
PRS exposure, only boys were reported to be affected on cognitive as
pects in 2 studies and only girls in 1 study, out of a total of 10 studies. 
Upon POS exposure, only boys were reported to be affected in 3 studies 
and girls in 1 out of 6 studies. 3 studies in which combined exposure to 
pre- and postnatal stress was investigated, reported only boys to be 
affected and 0 in which only girls were affected. For the remaining 
studies, either boys and girls were equally affected or there were no 
effects of ELA observed (Table 1A for a detailed overview of all results 
and references). 

Concerning PRS, prenatal anxiety was associated with worse per
formance in a reaction time task and difficulty with sustained attention 
in boys, but not in girls in two studies (Loomans, 2012; Van Den Bergh, 
2006). One study reported only girls to show worse inhibitory control 
after prenatal anxiety exposure Buss et al. (Buss et al., 2011). But no sex 

differences were found in other studies relating prenatal perceived stress 
and anxiety to worse performance on attention disengagement (Kataja, 
2019), attention shifting (Plamondon, 2015), and visuospatial working 
memory tasks (Plamondon, 2015; Buss et al., 2011). One study did not 
show associations between prenatal maternal depressive symptoms and 
IQ in either sex (Hay et al., 2008). 

Regarding POS, boys raised by a mother suffering from postpartum 
depression exhibited a lower full scale IQ at 3.5 years of age (Milgrom 
et al., 2004). These effects of POS on IQ in boys persisted beyond early 
childhood, as also postnatal maternal depression was negatively asso
ciated with full scale IQ (Hay et al., 2008) and with poorer results on 
academic performance in adolescent boys (Murray, 2010). Postpartum 
depression has also been associated with lower verbal intelligence spe
cifically in girls (Kersten-Alvarez, 2012). 

When only looking at the ‘larger’ studies (defined as offspring 
N > 500, 2 studies), a study with over 1000 participants, found that 
while PRS or POS alone did not affect IQ, high levels of depressive 
symptoms pre- and postnatally decreased IQ scores in children at 5–6 
years of age, with boys exhibiting lower full IQ cognitive scores 
compared to girls, while affecting verbal IQ in both sexes (van der 
Waerden, 2017). The other larger study included in this review showed 
that, while in the complete sample (N = 922) prenatal anxiety was 
related to performance in a reaction time task in both boys and girls, in a 
subset of highly anxious mothers (n = 100), an association between 
prenatal anxiety and poor performance in a reaction time task was only 
found in boys (Loomans, 2012). 

Overall, when looking at all included studies or only the large ones 
(N > 500) for this domain, we find that upon ELA exposure, boys 
generally are more often reported to develop cognitive problems than 
girls, which was especially found in the POS and combined PRS/POS 
studies. Girls, rather than being entirely resilient, repeatedly exhibit a 
lower verbal IQ. These conclusions should be taken with caution, as 
different ELA exposures and aspects of cognitive functions were assessed 
here, and a relatively low number of longitudinal prospective human 
studies investigated the association between ELA and cognitive func
tions. As such, this highlights the need for additional studies in this 
direction. 

3.2. Externalizing behaviour problems and disorders upon ELA exposure 
are more often reported in boys than in girls 

Concerning the effects of ELA on externalizing behaviours and dis
orders, we find that boys are more often reported to be affected than 
girls, both after exposure to PRS (only boys affected on externalizing 
aspects: 8; only girls affected on externalizing aspects: 3; out of 19 
studies), POS (only boys affected on externalizing aspects: 7; only girls 
affected on externalizing aspects: 1; out of 18 studies) (Fig. 2 A and 
Table 1A) and combined PRS and POS (only boys affected on external
izing aspects: 2; only girls affected on externalizing aspects: 0; out of 3 
studies). 

When reviewing the effects of PRS, prenatal maternal depression and 
anxiety respectively correlated to externalizing problems in boys at 2.5 
years of age (Carter et al., 2001), and with hyperactivity and attention 
problems at 5 years of age in boys, but not girls (Loomans, 2011). These 
effects of PRS extend beyond the early childhood period, as prenatal 
maternal depression was also associated with externalizing problems at 
16–17 years of age, particularly in boys (Korhonen et al., 2012). 
Moreover, death of a close relative or perceived stress during pregnancy, 
has been associated with an increased risk for developing ADHD in boys 
(Li et al., 2010; Rodriguez and Bohlin, 2005). When looking at conduct 
disorder (CD) risks, also interesting sex differences emerge; maternal 
distress decreased CD symptoms in girls, while it increased it in boys 
(Bendiksen, 2020), and similarly, prenatal maternal depression was 
associated with a higher risk to commit a crime in boys more so than in 
girls (Mäki, 2003). 

Some studies also show associations between PRS and externalizing 

K. Reemst et al.                                                                                                                                                                                                                                 



Neuroscience and Biobehavioral Reviews 138 (2022) 104627

5

Table 1 
Overview of human and rodent studies/experiments and the respective behavioural outcomes for the specific domains. A) Human studies (numbers and references) 
assessing mental health per domain, timing of ELA and sex B) Rodent experiments (numbers and references) assessing behaviour per domain, timing of ELA, outcome 
age, species (if relevant) and sex.  

(continued on next page) 
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Table 1 (continued ) 

(continued on next page) 
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Table 1 (continued ) 

(continued on next page) 
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Table 1 (continued ) 

(continued on next page) 
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Table 1 (continued ) 

(Barbie-Shoshani et al., 2016; Barbie-Shoshani et al., 2016; Barbosa Neto, 2012; Behan et al., 2011; Brunton, 2015; Butkevich et al., 2011; Challis et al., 2013; Clifton, 
2005; CS, 2015; Derks et al., 2016; Altufaily et al., 2009; Eklund and Arborelius, 2006; Farkas, 2009; Fuentes, 2018; Grundwald and Brunton, 2015; Jin, 2018; Koehnle 
and Rinaman, 2010; Kosten et al., 2006; Kosten et al., 2005; Koukounari et al., 2017; León Rodríguez and Dueñas, 2013; Litvin, 2010; Llorente, 2007; Macri et al., 
2004; McLean, 2018; Pereira-Figueiredo et al., 2017; Poltyrev and Weinstock, 2004; Renard et al., 2005; Sickmann et al., 2015; Sterley et al., 2011; Ströher, 2019; von 
Hoersten et al., 1993). 
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problems in both sexes. For example, prenatal stressful life events and 
maternal anxiety respectively predicted infant negativity at 6 weeks and 
12 months of age (Lin et al., 2017) as well as childhood conduct prob
lems (Barker and Maughan, 2009) equally in boys and girls. The few 
studies concluding that girls are affected and boys are not (Choe et al., 
2013; Shaw and Vondra, 1995) or much less (McGinnis et al., 2015) 
investigated externalizing behaviour at a rather young age (1–4.5 years 
of age), highlighting the importance of the age at which the various 
outcomes are studied. More studies that follow children into older age 
are needed to be able to understand the temporal dynamics of the impact 
of PRS on behaviour. 

Similar to PRS, POS is associated with externalizing problems, spe
cifically in boys. For example, maternal depressive or PTSD symptoms 
predicted boys externalizing behaviour at 33 months of age measured 
with ITSEA (Choe et al., 2013), as well as measured with CBCL at 1.5 and 
3 years of age (Sinclair and Murray, 1998; Hipwell et al., 2005). The 
effects of POS in boys seem to persist into adolescence, as postnatal 
depressive symptoms were associated with externalizing problems at 
16–17 years of age, only in boys (Korhonen et al., 2012). Yet, postnatal 
depression was associated with externalizing problems in both boys and 
girls as measured with CBCL at 4 (Narayanan and Nærde, 2016) and 12 
years of age (Choi, 2018), or with SDQ up until 13 years of age (Barker 
and Maughan, 2009), suggesting girls are not completely resilient. 

Interestingly, whereas exposure to postnatal depression has been 
more often reported to be detrimental for the behavioural development 
of boys, girls raised by a depressed mother postpartum seem to display a 

more ‘mature’ phenotype compared to unexposed girls. For example, 
girls born to women with postnatal depression are better adapted in 
class, less distractible (Sinclair and Murray, 1998), less likely to use 
physical aggression (Hipwell et al., 2005) and have less externalizing 
problems (Kersten-Alvarez, 2012). In line with this, combined pre- and 
postnatal anxiety increased the risk to develop CD symptoms in boys, 
while it reduced these risks in girls (Glasheen, 2013). Interestingly, ELA 
has been shown to also accelerate sexual maturation in girls (Belsky 
et al., 2015). These findings indicate that girls might adapt to adverse 
maternal emotional states possibly via accelerated maturation of 
externalizing behavioural regulations. In some cases this adaptation 
might be beneficial, however on the long term it may lead to other 
emotional problems, since associations have been reported between 
social maturity, emotional sensitivity and depressed mood in adolescent 
girls exposed to maternal prenatal depression (Murray et al., 2006). 

When looking specifically at the large ELA studies (N > 500, PRS: 8; 
POS: 7; PRS/POS: 1), a similar picture emerges for PRS, while for POS, 
the increased vulnerability in boys is less apparent. For example, in 5 out 
of 8 large studies, maternal prenatal distress, bereavement, anxiety and 
depression were associated with increased risk for CD (Bendiksen, 
2020), ADHD (Li et al., 2010), hyperactivity and attention problems 
(Loomans, 2011) and criminal offenses (Mäki, 2003), in boys but not 
girls. However, two large studies found associations between PRS and 
externalizing behaviour problems in both sexes (Barker and Maughan, 
2009; O’Connor et al., 2002). For POS and PRS/POS combined, 3 out of 
8 large studies reported specifically boys and not girls to be affected; 

Box 1 
Role of the placenta in mediating sex differences during foetal development. 

All eutherian mammals nourish their offspring via a placenta during gestation. The placenta is responsible for mediating the exchange of nu
trients, respiratory gasses, waste products, and hormones between a mother and foetus during pregnancy (Reece, 2011). Throughout devel
opment, maternal blood in the endometrium is closely apposed to foetal blood vessels in the trophoblast allowing for the transfer of materials via 
diffusion, active transport, or selective absorption from mother to child and vice versa (Reece, 2011). Due to the intimate nature of this 
maternal-foetal connection, the placenta plays a pivotal role in regulating the growth and development of the embryo and is therefore likely to 
play an important role in the transference of prenatal stress to the developing offspring. 

The placenta is a sexually dimorphic organ. It is unique in that it is the only organ in the animal kingdom that is formed by two genetically 
different individuals, consisting of both maternally-derived and foetally-derived (and hence gender-specific) tissue. Related in part to sex- 
specific differences in placental function, males and females differ in terms of growth and development in utero (Crawford et al., 1987; 
Misra et al., 2009). Studies on normal (uncomplicated) pregnancies have reported sex-specific differences in placental weight (Wallace et al., 
2013), efficiency (Eriksson et al., 2010), gene expression (Buckberry et al., 2014; Gonzalez, 2018; O’Connell et al., 2013), hormone production 
(Powe et al., 2010; Thakkar, 2013) and foetal and neonatal morbidity and mortality (Clifton, 2010). Moreover, there is compelling evidence that 
the placenta responds differently to prenatal stress (PRS) depending on the sex of the developing offspring. For example, the male placenta seems 
to be more susceptible to gestational glucocorticoid exposure (e.g. cortisol induced placental growth (Cuffe et al., 2012) and increased 
vasculature (O’Connell et al., 2013)) and prenatal stress (e.g. male placenta exhibit increased expression of PPARα, IGFBP-1, GLUT4, and HIF3α 
when compared to females (Mueller and Bale, 2008)), while the female placenta appears to be able to adapt more readily to adverse maternal 
conditions during pregnancy, such as obesity (Mandò et al., 2016) and asthma (Clifton, 2005). 

At the heart of all these differences lies a fundamental difference in prenatal growth strategy between the genders, with males investing 
maximally in foetal growth, while females forego maximal growth to allow for more adaptive flexibility in utero (Eriksson et al., 2010; Sandman 
et al., 2013; Clifton, 2010; Meakin et al., 2021). These sex-specific growth patterns determine the way in which male and female fetuses are 
capable of coping with the same adverse prenatal intrauterine environment, ultimately driving gender differences in their vulnerability or 
resilience to prenatal stress. Under favorable conditions, the focus of males on faster growth represents a distinct adaptive advantage that 
maximizes their fitness. However, this male-specific strategy is also risky, leaving them less adaptable to changes in the intrauterine envi
ronment; when confronted with adverse intrauterine conditions they are programmed to prioritize growth even when it is not in their best 
interest to do so, placing them at a greater risk for morbidities or mortality in utero (Eriksson et al., 2010; Sandman et al., 2013; Mandò et al., 
2016; Clifton, 2010; Meakin et al., 2021). Females adopt a more measured growth strategy, which allows female placentas to more readily adapt 
to adverse changes in the intrauterine environment (Mandò et al., 2016). This more conservative approach enables female fetuses to respond 
dynamically to maternal disease, enhancing their probability of survival should further maternal insults occur while ultimately lowering their 
risk of developing negative perinatal outcomes (Eriksson et al., 2010; Sandman et al., 2013; Mandò et al., 2016; Clifton, 2010; Meakin et al., 
2021). 

There is thus increasing evidence that stress differentially affects the male and female placenta, potentially contributing to sex differences in 
adult disease risk after PRS exposure. This likely involves sex-specific programming in the placenta (e.g.,(Bale, 2011; Sandman et al., 2013; 
Clifton, 2010; Carpenter et al., 2017; Mueller and Bale, 2008), however, the precise mechanisms are still insufficiently understood and require 
further research.  
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maternal depression and anxiety as well as paternal depression were 
associated with increased externalizing problems and conduct symp
toms in boys (Letourneau, 2019; Ramchandani, 2008). Three studies 
found effects of postnatal stress and depression on conduct problems and 
externalizing behaviour in both sexes (Barker and Maughan, 2009; 
Narayanan and Nærde, 2016; Choi, 2018). 

In conclusion, from the analysis of all included studies, it appears 
that both PRS and POS are reported to be associated with externalizing 
behaviour problems mostly in boys. However, when specifically looking 
at the 16 included large studies (N > 500) concerning externalizing 
behaviour, the increased vulnerability after POS in boys is less apparent, 
which calls for the need for more large studies in this area. In addition, 
several studies report that girls exhibit a more mature behaviour and 
although this adaptation might be beneficial at first, the long-term 
consequences on emotional functioning should be investigated further 
(Murray et al., 2006). These results highlight the key importance of 
longitudinal studies that extend into adulthood and further to reach a 
better understanding of the complex impact of ELA. 

3.3. ELA affects internalizing behaviours and disorders in both boys and 
girls, depending on the timing of stress exposure 

Considering the effects of ELA on later internalizing behaviours and 
disorders, girls are somewhat more often reported to be affected by PRS 
(only boys affected on internalizing aspects: 2; only girls affected on 
internalizing aspects: 5; out of 17 studies), while it is the other way 
around for POS (only boys affected on internalizing aspects: 5; only girls 

affected on internalizing aspects: 2; out of 18 studies). Regarding studies 
investigating combined PRS and POS, no differences could be observed 
(only boys affected on internalizing aspects: 1; only girls affected on 
internalizing aspects: 0; out of 4 studies). For a detailed overview of all 
results and references see Fig. 2A and Table 1A. 

For example, prenatal maternal stressful life events have been related 
to internalizing problems at 1.5 years of age in girls only (Lin et al., 
2017), while prenatal maternal anxiety was positively associated with 
internalizing behaviour, anxiety and depressive symptoms at 2.5 years 
of age, predominantly in girls (Sharp et al., 2015). In addition, maternal 
prenatal anxiety and depression have been associated with depressive 
symptoms and emotional disorders in adolescent girls, but not boys (Hay 
et al., 2008; Van Den Bergh et al., 2008; Quarini, 2016). Although girls 
have been found to be more vulnerable for the effects of PRS on inter
nalizing problems in many studies, some studies have shown effects in 
boys as well. For example, two studies found that maternal anxiety and 
distress during pregnancy predicted emotional symptoms in both sexes 
at 2 and 3–4 years of age, respectively (Loomans, 2011; Bendiksen, 
2020). In addition, depression and high stress during pregnancy pre
dicted internalizing problems at 1–2 years of age (Letourneau, 2019; 
Gerardin, 2011) as well as depression and anxiety symptoms at 20 years 
of age (Herbison et al., 2017) predominantly in boys. It is unclear what 
specifically contributes to these differences in study outcome, but the 
trimester in which PRS occurs may matter in this regard (O’Connor 
et al., 2002; de Bruijn et al., 2009), possibly due to sex differences during 
brain development (McCarthy and Arnold, 2011). 

In contrast to PRS, POS seems to increase vulnerability to develop 

Box 2 
Sex-specificity in maternal milk composition. 

Newborn mammals are initially fed with maternal milk (Lefèvre et al., 2010), a rich bioactive liquid responsible for the transfer of nutrients, 
immune factors, hormones and microbiota from mother to offspring. Maternal milk composition is highly dynamic; within a single mother, large 
compositional differences exist within a single feeding (foremilk/hindmilk), across the day and over longer time periods/lactation stages. 
Maternal milk composition also varies greatly between different mothers, dependent on various environmental and maternal factors such as 
maternal diet and maternal BMI (Mäkelä et al., 2013). Interestingly, several experimental and clinical observations suggest that infant sex might 
be another driver of variability in maternal milk composition. 

Evidence for sex-specific maternal milk composition has been collected in various animal species. The primate work of Hinde et al. in rhesus 
macaques (Macaca mulatta) has shown that milk produced for male singleton offspring is higher in energy and fat content, but lower in volume 
and calcium compared to milk produced for female offspring (Hinde, 2007; Hinde, 2009; Hinde, 2013). A cross-fostering study in bank voles 
(Myodes glareolus) demonstrated that all-female litters receive more milk than all-male litters, independent of maternal size or condition 
(Koskela et al., 2009). Similarly, a study analyzing numerous lactation records of > 1.4 million Holstein dairy cows (Bos taurus) reports higher 
volume and energy content of milk produced for daughters compared to milk for sons (Hinde et al., 2014). Since calves are removed from their 
mother on the day of birth and as milking occurs in a mechanical and standardized fashion, the sex-specific milk production is suggested to be 
the result of prenatal programming of the mammary gland by foetal sex. Under different conditions, maternal nursing behaviour could possibly 
regulate milk production in a different direction. Indeed, among captive red deers (Cervus elaphus hispanicus), another ruminant species, milk 
volume and protein, fat and lactose content has been shown to be greater for sons than for daughters (Landete-Castillejos et al., 2005). Also in 
marsupials, kangaroos (Macropus giganteus) and wallabies (Macropus eugenii), milk for sons is found to be higher in protein content but similar in 
volume and total energy (Quesnel et al., 2017). 

Clinical observations that preterm boys respond differently to early nutritional interventions than girls (Lucas, 1990) point towards sex-specific 
early-life nutritional requirements, in humans too. Interestingly, breastfed same-sex twins are found to be taller and heavier than breastfed 
opposite-sex twins (Kanazawa and Segal, 2017), possibly because milk composition cannot be tailored to both sexes at the same time. This 
suggests that adaptation of milk composition to infant sex could be a potential mechanism via which optimal growth and development is 
achieved in both sexes. 

So far, only a few studies have addressed the relationship between infant sex and human milk composition and the results are somewhat 
conflicting. Some studies report no effect of infant sex on human milk macronutrient and energy content (Quinn, 2013), or microbiota profiles 
(Urbaniak et al., 2016). Three studies, all with a modest sample size (25− 61) report higher energy and fat content in milk for sons compared to 
daughters (Powe et al., 2010; Thakkar, 2013; Fumeaux, 2019). On the contrary, Hanh et al. report higher carbohydrate and energy content in 
milk for daughters (Hahn et al., 2017). In addition a study found that Kenyan mothers with a high social economic status produced milk with a 
higher fat content for sons, while poor mothers produced milk with a higher fat content for daughters (Fujita, 2012). Another study by Yahya 
et al. reports higher phosphor content and higher volume for sons, but higher calcium content in milk for daughters (Araya, 2009). 

Altogether, the current evidence collected in various mammalian species, hints toward sex-specificity in maternal milk composition, and that a 
potentially differential adaptation of maternal milk composition to maternal stress depending on the sex of the infant might contribute to the 
sex-dependent effects of POS on offspring/children, but further studies are required to establish this.  
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internalizing behaviour problems more so in boys than in girls. Postnatal 
depression has been found to predict internalizing problems at 3 and 4 
years of age (Shaw and Vondra, 1995); (Narayanan and Nærde, 2016) as 
well as at 7 years of age (Araya, 2009) predominantly boys,. Notably, 
these effects seem to persist until adolescence as postnatal depression 
predicted offspring depression at 18 years in boys but not girls (Quarini, 
2016). Although few studies showed that POS was associated with 
internalizing behaviour problems in girls, there were some that did point 
to such an association. For example, one study showed that postnatal 
depression predicted depressive symptoms in childhood and adoles
cence in both boys and girls (Quarini, 2016; Bureau et al., 2009) and 
postnatal stress trajectory predicted depression and anxiety symptoms in 
girls but not boys at 20 years of age (Herbison et al., 2017). 

When looking at the large-sized studies (PRS: 7; POS: 8), for PRS the 
female vulnerability disappears and boys and girls seem equally 
affected, while for POS the increased vulnerability in boys compared to 
girls remains. For example, one study with over 7000 participants 
showed that exposure to prenatal maternal depression was associated 
with depression in girls (Quarini, 2016), while another study (n = 2868) 
showed that high stress during pregnancy predicted depression and 
anxiety, specifically in boys (Herbison et al., 2017). Both studies 
assessed depressive symptoms in young adulthood (18–20 years of age), 
and it is unclear what factors contribute to this discrepancy. Two large 
studies investigating effects of PRS on internalizing behaviour 
(emotional symptoms and anxiety) at a younger age (3–5 years), 
observed similar effects in boys and girls (Loomans, 2011; Bendiksen, 
2020). For POS, also within the large studies, boys are more often re
ported to exhibit a heightened vulnerability. For example, postnatal 
maternal depression and anxiety were associated with an increased risk 
for emotional symptoms, internalizing behaviour problems, anxiety and 
depressive symptoms predominantly in boys (Letourneau, 2019; Nar
ayanan and Nærde, 2016; Quarini, 2016; Araya, 2009), and only one 
study concluded that POS was associated with an increased risk to 
develop depression and anxiety symptoms, only in girls (Herbison et al., 
2017). 

In conclusion, when taking into consideration all included studies, 
the effects of PRS on internalizing behavioural problems seem to be 
more often reported in girls. However, when looking solely at the larger 
studies, this trend disappears. For POS, both when all studies are 
considered, or when focusing only on the larger studies, boys seem more 
vulnerable to its effects on internalizing behavior with more studies 
reporting associations only in boys or associations being stronger in boys 
than in girls. It is important to note that there are discrepancies in the 
literature for which the reason is not always clear (Quarini, 2016); 
(Herbison et al., 2017). Hence, more research is needed to better un
derstand if and how different factors (e.g. timing of PRS, nature of ELA 
exposure, age at outcome and the specific assessment method used) 
contribute to the differential effects of PRS and POS on internalizing 
behavioural problems in boys and girls. This calls not only for more 
research in this field, preferably with larger group sizes, but especially 
for a higher level of standardization in categorizing ELAs and outcome 
measures. 

4. Evidence of sex differences in the effects of ELA on rodent 
behaviour 

To study the effects of ELA exposure on rodents, multiple animal 
models have been developed which can be divided into PRS and POS 
exposures (Table S1.B). In total, 60 PRS research papers were selected 
that comprised a total of 173 experiments, addressing cognitive, 
emotional or social behaviour, with restraint stress (39%) and variable 
stress (25%) being the most commonly used PRS models. In total, 77 
POS research papers were included which were divided into 231 ex
periments for which maternal separation (MS; 56%), maternal depri
vation (MS; 30%) and the limited bedding and nesting material 
paradigm (LBN; 31%) were the most often used POS models. For both 

PRS and POS, anxiety-like behaviour was the most frequently investi
gated domain (PRS; 39% and POS; 51%). 

In this section, we will discuss in detail the findings stratified by 
behavioural domain, the timing of ELA exposure and the age at which 
outcomes were measured. The experiments were divided over the do
mains as follows: PRS: cognitive (non-stressful (29) and stressful (33) 
learning), social behaviour (14) and emotional behaviour (anxiety (63), 
depressive-like behaviour (34)) and POS: cognitive (non-stressful (32) 
and stressful (26) learning), social behaviour (21) and emotional 
behaviour (anxiety (115), depressive-like behaviour (37)). For a 
detailed overview of all results and references see Fig. 2A and Table 1B. 

4.1. Impact of ELA on cognitive functions depends on the nature of the 
learning task, type and timing of ELA exposure and sex 

To get more insight into the sex differences in effects of ELA on 
cognitive functions, we divided the experiments addressing this question 
into non-stressful and stressful learning, as there is evidence that 
different processes might be at play when learning under non-stressful or 
stressful circumstances. When exposed to ELA, one could be best pre
pared to thrive under later stressful situations, whereas learning can be 
impaired or suboptimal when the conditions are not stressful. This hy
pothesis is also known as the ‘match-mismatch’, or predictive-adaptive- 
response hypothesis (Bateson et al., 2014; Santarelli, 2014; Schmidt, 
2011). We will first review the effects of PRS and POS on non-stressful 
learning (nsLearning), followed by the effects on stressful learning 
(sLearning) (for the included behavioural paradigms see Table S2B). A 
full overview of the results with references per domain, outcome age, 
and if relevant species, can be found in Table 1B. 

4.1.1. Non-stressful learning 
PRS does not lead to sex-specific impairments in nsLearning when 

animals are tested during adolescence (PRS-induced nsLearning im
pairments in males: 7; females: 5, out of 15 experiments) or in adulthood 
(males: 1; females: 2, out of 14 experiments). POS leads to differential 
effects in rats and mice and therefore we report these results separately. 
For POS rat studies, no consistent sex-dependent nsLearning impair
ments were present across studies either when tested during adolescence 
(males: 3; females: 2, out of 8 experiments) or in adulthood (males: 3; 
females: 3, out of 13 experiments). For POS mice studies, effects on 
learning in adolescent mice has not been studied sufficiently (1 experi
ment showed learning impairments in both sexes (Bath, 2017)), how
ever when tested in adulthood, POS is reported to more often impair 
nsLearning in males (males: 7; females: 2, out of 10 experiments). 

PRS exposure often led to memory impairments in both sexes when 
animals were tested during adolescence (Behan, 2011;Wu, 2007; Gué, 
2004). However, some papers report male specific memory impairments 
(Nishio et al., 2001; Mueller and Bale, 2007; Cao, 2014) or increased 
memory (Abdul Aziz and Kendall, 2012; Pallarés et al., 2007) as well as 
female specific impaired (Abdul Aziz and Kendall, 2012) and increased 
(Mueller and Bale, 2007) memory. The specific reason for this discrep
ancy is not entirely clear, but could be due to for example the specific 
PRS model used (i.e. early PRS (Mueller and Bale, 2007) versus late PRS 
(Pallarés et al., 2007)) or the exact age the outcome was measured 
(Abdul Aziz and Kendall, 2012). When tested in adulthood, 
PRS-exposure mostly does not affect nsLearning outcome parameters 
(Biala et al., 2011; Bowman, 2004; Bronson and Bale, 2014; Lerch et al., 
2016; Muhammad and Kolb, 2011; Weston, 2014; Wilson et al., 2013). 
Some papers however report changes in specifically males (Pallarés 
et al., 2007; Markham et al., 2010; Salomon et al., 2011) or females (Wu, 
2007); (Bengoetxea et al., 2017). Based on the information available, 
there does not seem to be any specific experimental parameter that 
could be responsible for these differences. This thus calls for a more 
careful description of experimental details to increase reproducibility of 
PRS nsLearning studies. 

When studying POS effects, as mentioned above, we observed 
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differential effects in rats and mice and we therefore discuss them 
separately. For rats, when tested during adolescence half (Muhammad 
and Kolb, 2011; Grissom, 2012; Hensleigh et al., 2011; Marco, 2013), 
and when tested during adulthood a majority (De Melo et al., 2018; 
Fuentes, 2014; Hill, 2014; Mela, 2015; Mourlon, 2010; Tata, 2015; 
Llorente, 2011) of POS experiments did not report changes in nsLearning 
in either sex. Within the experiments showing changes in learning ca
pabilities, there was no sex-or age-dependent effect (Grissom, 2012; 
Marco, 2013; Fuentes, 2014; Mourlon, 2010; Llorente, 2011; Frankola, 
2010; Takase et al., 2012). When POS-exposed mice were tested in 
adulthood, a male vulnerability to develop learning impairments is 
clearly present (Bath, 2017; Naninck, 2015; Wang, 2011; Wang et al., 
2011). These studies all used common ELA models (LBN and maternal 
separation) and behavioural tests (ORT, OLT, MWM) while the few 
studies that failed to show this sex effect, either used a less common ELA 
model (e.g. faecal smell stress (Lerch et al., 2016)) or nsLearning 
behavioural paradigm (e.g. “Attention-Set-Shifting-Task (ASST)” testing 
attention or the “T-maze” which rather tests working memory (Mehta 
and Schmauss, 2011)). 

In summary, in cases during which PRS and POS affect nsLearning, 
the stressors mostly impair learning and memory in rodents. When 
tested during adolescence, no clear sex-differences emerge, while in 
adulthood, POS exposure is more often reported to lead to males’ sus
ceptibility in mice, but not in rats. 

4.1.2. Stressful learning 
When reviewing the studies addressing the effect of ELA on sLearn

ing, the large majority of both PRS and POS experiments were per
formed in rats, and behaviour was mostly tested in adulthood. Based on 
the studies concerning the adolescent period, neither PRS (less memory 
in males: 7 females: 8, out of 12 experiments) nor POS (less memory in 
males: 2; females: 2, out of 4 experiments) lead to sex-specific differ
ences (See Table 1B for all references). When tested in adulthood, both 
PRS exposed males (more memory: 2; less memory: 8, out of 21 exper
iments) and females (more memory: 4; less memory: 8, out of 21 ex
periments) mostly show decreased memory during stressful learning. 
POS also lead to reduced memory in males (more: 3; less: 5, out of 22 
experiments) and females (more: 1; less: 5, out of 22 experiments). 

Upon PRS exposure, when tested during adolescence, almost all 
included papers report reduced memory in both males and females 
during the stressful learning tasks, with two using a passive avoidance 
paradigm (Cherian et al., 2009; Nazeri, 2015) and five using Morris 
Water Maze (Wu, 2007; Cao, 2014; Nazeri, 2015; Xu, 2013), and only 
one paper reported female specific memory impairments (Gué, 2004). 
Also when tested in adulthood, no sex-differences and mostly learning 
impairments were detected even though there is also evidence for both 
sexes (Bengoetxea et al., 2017;Benoit et al., 2015; de los Angeles et al., 
2016) only males (Salomon et al., 2011; Kohman et al., 2008; Szuran 
et al., 2000; Wang, 2016) or only females (Wu, 2007; Fang, 2018; Meek 
et al., 2000; Sun, 2017) being affected. Additionally, increased memory 
during stressful learning has been reported as well in adult males 
(Markham et al., 2010; Wilson,et al., 2013) and females (Wang, 2016; 
Stöhr, 1998). For these experiments, the age of testing (P63 versus P100) 
and behavioural paradigm (contextual versus cued fear conditioning or 
Morris Water Maze) could explain the difference in learning outcomes. 
All above mentioned experiments used common PRS models induced 
during the late-gestational period, while for example PRS via faecal 
smell stress during mid gestational period did not affect sLearning in 
either sex (Lerch et al., 2016). 

For POS experiments, only few were performed during adolescence 
with one paper describing decreased memory in both sexes during 

contextual and auditory fear conditioning tasks (Chocyk, 2014) and two 
papers reporting no change in learning capabilities using the Morris 
Water Maze paradigm. When tested in adulthood no clear sex-dependent 
learning differences were detected either. Differences in learning 
outcome have been reported in either sex, in both rats and mice. For 
example, two studies showed decreased memory of the stressful event in 
females and not males (Manzano-Nieves et al., 2018; Sun et al., 2014) 
and others reported male-specific increases in memory during fear 
conditioning or active avoidance paradigms (Arp, 2016; Guadagno 
et al., 2018; Lehmann et al., 1999). There is also evidence for impaired 
learning in both sexes (Wang, 2011; Wang et al., 2011; Dayi, 2019) or 
findings in the opposite direction depending on sex, with increased 
memory specifically in females (Imanaka, 2008) or decreased memory 
in males only (Naninck, 2015; Lehmann et al., 1999). Lehmann et al. 
reported that effectiveness of POS on sLearning highly depends on the 
timing of the POS model and behaviour paradigm used (Lehmann et al., 
1999). 

In summary, ELA modulates performance during sLearning para
digms. When tested during adolescence, this does not seem to depend on 
sex. However, to date, the effects of PRS and POS on sLearning have not 
been studied sufficiently at a young age. In adulthood, when taking all 
studies together, no clear sex-differences emerge, but different findings 
exist among research papers. There is evidence that (at least part of) this 
discrepancy might lie in the specific PRS and POS models and behav
ioural tests that are used. To clarify this, studies are needed that directly 
compare the effects of multiple ELA models on sLearning behavioural 
paradigms. 

4.2. ELA is more often reported to lead to altered social behaviour in 
young male rodents 

Within this section we will discuss experiments that addressed the 
effects of ELA particularly on social behaviour. This is a relatively new 
research field and only comprised approximately 8% out of the total 
experiments included in this review. 

When effects of ELA on social behaviour were tested during adoles
cence, changes were most often reported in male rodents exposed to PRS 
(males: 5; females: 3; out of 7 experiments) or POS (males: 7; females: 3; 
out of 11 experiments). When animals were tested in adulthood, often no 
behavioural changes were observed and when altered behaviour was 
found, this was equally often changed in male and female rodents (3 out 
of 7 (PRS) or 10 (POS) experiments for both sexes). 

When PRS-exposed rats were tested during adolescence (no mice 
studies met the criteria for this review), males were more often affected. 
Two experiments showed that specifically males displayed a decrease in 
social behaviour (Green et al., 2018; M. Schroeder et al., 2013), while no 
experiment showed this for females. However, females are not 
completely resilient since behavioural changes in both sexes have also 
been reported (M. Schroeder et al., 2013; Berry, 2015; Iturra-Mena et al., 
2018). The rat strain used and the type and timing of PRS seem to greatly 
matter for the outcome of social behaviour experiments in young rats. 
For example, Schroeder and colleagues reported that daily restraint 
stress during the last week of pregnancy did not alter social behaviour in 
neither Wistar Kyoto (WKY) nor Wistar rats, while 7 days of restraint 
stress applied in a random fashion throughout pregnancy led to 
decreased social behaviour in specifically male WKY rats and increased 
social behaviour in both male and female Wistar rats (M. Schroeder 
et al., 2013). Others have reported that restraint stress during the last 
trimester decreased social behaviour in male and female 
Sprague-Dawley rats (Berry, 2015; Iturra-Mena et al., 2018), while in 
Long-Evans, the same PRS paradigm decreased social behaviour only in 
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males (Green et al., 2018). When PRS-exposed rats were tested in 
adulthood, no sex-dependent behavioural changes were observed. Some 
report both sexes to be affected (Muhammad and Kolb, 2011; Wilson 
et al., 2013), one specifically males (Schulz, 2014) and one specifically 
females (Grundwald et al., 2016). However Grundwald and colleagues 
detected the female-specific effect only with a social memory task and 
not with a social preference task (Grundwald et al., 2016). Additional 
research is needed to better understand the impact of PRS on adult social 
behaviour. 

In POS-exposed rodents, similar observations were made: adolescent 
males displayed altered social behaviour more often as compared to 
females. For rat experiments, the exact age of testing seems to be a key 
determinant of the observed effects. In fact, the 3 experiments that 
showed specifically males displaying decreased social behaviour tested 
the animals around P40 (Kentrop, 2018; Muhammad and Kolb, 2011; 
Holland et al., 2014), while the studies reporting only females (Holland 
et al., 2014; Farrell et al., 2016) or both males and females (Kentner 
et al., 2018) to be affected used 25-day-old rats. Mouse strain dependent 
results have also been reported, Kundakovic and colleagues showed that 
for mice MS led to increased social behaviour in male C57BL/6 mice 
while no POS effect was found in Balb/c mice using a social approach 
task (Kundakovic et al., 2013). On the other hand, male MS-exposed 
Balb/c were more aggressive as compared to control animals, while 
this was not observed in C57BL/6 mice. Venerosi and colleagues also 
reported MS-exposed male CD-1 to be more aggressive during a social 
interaction task as compared to control mice (Venerosi et al., 2003). 
While most papers did not report any behavioural changes when 
POS-exposed animals were tested in adulthood (Lerch et al., 2016; 
Mehta and Schmauss, 2011; Cabbia et al., 2018; Marmendal et al., 
2004), some reported behavioural changes in specifically males (Gua
dagno et al., 2018), females (Bondar et al., 2018 ) or both sexes (Takase 
et al., 2012; Kentrop, 2018). Kentrop and colleagues reported that the 
outcome depended on the behavioural paradigm used: no behavioural 
change was found in either sex using a social interest paradigm, while 
both sexes underperformed on a social discrimination paradigm, the 
latter possibly also measuring social memory (Kentrop, 2018). 

Overall, based on the limited papers available that studied ELA ef
fects on social behaviour of rodents, we found that when tested during 
adolescence, both PRS and POS-exposed males are more often affected 
than females. In adulthood, often no change in behaviour was observed, 
and when PRS or POS did affect social behaviour, this was usually 
similar in both sexes. 

4.2 ELA-induced effects on the behavioural problems that are related to 
anxiety and depressive-like behaviour, are highly dependent on sex, the ELA- 
model, behavioural paradigm and age tested. 

4.2.1. Anxiety-like behaviour 
When tested during adolescence, PRS females are somewhat more 

vulnerable to develop increased-anxiety-related behaviour when 
compared to males (males: 7; females: 12, out of 27 experiments), while 
when tested during adulthood, no sex-differences are apparent (males: 
14; females: 11, out of 36 experiments). Opposed to PRS, POS had dif
ferential effects in rats and mice and therefore we will discuss them 
separately. When POS-exposed mice were tested during adolescence, 
anxiety-related behaviour was often not affected and when it was, this 
did not depend on sex (males: 1; females: 2, out of 10 experiments). In 
adulthood, POS-exposed rodents did develop behavioural changes, 
however the sex-specificity of these effects is not clear cut for mice 
(males: 9; females: 12, out of 26 experiments), while in rats, POS- 
exposed males have been reported to be more often affected, both 
when tested during adolescence (males: 14; females: 9, out of 37 ex
periments) and in adulthood (males: 16; females: 9 out of 42 
experiments). 

When PRS effects were tested during adolescence, there were several 
experiments showing that specifically females, and not males, developed 
increased anxiety-related behaviour (M. Schroeder et al., 2013; Baker, 

2008; Nazeri, 2015). Others have also reported increased 
anxiety-related behaviour in both sexes (Sun et al., 2013; Vargas, 2016) 
or in males specifically (Green et al., 2018; Iturra-Mena et al., 2018). 
Based on these available studies it seems that even though PRS-exposed 
young female rodents more often develop increased anxiety-related 
behaviour when compared to males, this likely depends on the ro
dents’ strain and the type and intensity of PRS (M. Schroeder et al., 
2013; Mychasiuk et al., 2011). In adulthood, PRS induced 
sex-differences were also modest; mostly both PRS-exposed males and 
females displayed increased anxiety-related behaviour (Salomon et al., 
2011; Kohman et al., 2008; Ribes et al., 2010; Richardson et al., 2006; 
Verstraeten, 2019; Zohar et al., 2016). However, from the experiments 
showing a sex-effect, increased anxiety-related behaviour was more 
often reported in males (Muhammad and Kolb, 2011; Green et al., 2018; 
Verstraeten, 2019; Brunton and Russell, 2010; Said et al., 2015; Zuena, 
2008) than in females (Schulz, 2014; Richardson et al., 2006; Van den 
Hove, 2014), possibly indicating increased vulnerability in males. 

From POS experiments in rats, both during adolescence and adult
hood, approximately half of the experiments did not show altered 
behaviour in either sex. However, when behaviour was affected, POS 
was reported to increase anxiety-like behaviour more often in males 
than in females, both when tested during adolescence and adulthood. 
The experiments that found the male vulnerability during adolescence 
mostly used MS as POS model and tested behaviour via OFT and EPM 
(Muhammad and Kolb, 2011; Jaimes-Hoy, 2016; Xu, 2011; Xu, 2018). 
Similarly, when tested in adulthood, the majority of the experiments 
showed increased anxiety-related behaviour in POS-exposed males (De 
Melo et al., 2018; Guadagno et al., 2018; Bai, 2014; Diehl, 2007; Pru
sator and Greenwood-Van Meerveld, 2015; Kalinichev et al., 2002). 

In mice, there was no sex-effect of POS when evaluating anxiety- 
related behaviours. In fact, when tested during adolescence, in the 
majority of the experiments POS had no effect on behaviour in either sex 
(Bath, 2017; Kundakovic et al., 2013; Goodwill, 2019; He et al., 2019; 
Nishio et al., 2006). In adulthood, behavioural changes are observed for 
both sexes. The specific effect of POS on adult anxiety-related behaviour 
seems to depend, at least partly, on the behavioural paradigm used to 
assess anxiety-like behaviour (Lerch et al., 2016; Bondar et al.,2018; 
Goodwill, 2019; Veenema et al., 2007; Weiss et al., 2011; Romeo, 2003; 
Tsuda et al., 2014). For example, POS-exposed males displayed 
increased anxious behaviour when assessed with OFT, while females 
displayed increased anxiety behaviour when assessed with EPM as 
compared to their respective controls (Bondar et al.,2018). Another 
paper reported that, both for the EPM and OFT, POS males were more 
anxious as compared to their controls, while females were less anxious 
during the OFT (Romeo, 2003). Interestingly, they only found this 
decrease in anxiety-related behaviour in females in the diestrous phase 
of their estrous cycle, indicating that hormonal fluctuations may affect 
POS-induced anxiety-related behaviour in females. Interestingly, 
Goodwill et al. (2019) reported females to be more vulnerable to POS in 
the anxiety domain, but this could only be exposed by continuous home 
cage video monitoring, while a standard OFT showed both sexes to be 
more anxious as compared to their respective controls (Goodwill, 2019). 
Lastly, Weiss et al. (2011) reported differential effects depending on the 
type of POS, i.e. they found a male vulnerability in offspring of MS dams 
that were additionally stressed by restraint or swim stress during the 
dam-pup separations while in regular MS offspring, females and not 
males were found to display increased anxiety-related behaviours for the 
same task, a free exploratory paradigm (Weiss et al., 2011). 

Taken together, PRS-exposed adolescent female rodents are have 
been reported to be more affected than males while in adulthood, 
increased anxiety-like behaviour was observed in both sexes equally. 
POS-exposed male rats have been reported to more often develop 
anxiety-related behaviour changes as compared to females, both when 
tested during adolescence and adulthood, while for mice, the outcome 
depends on the specific POS model and behavioural paradigm. 
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4.2.2. Depressive-like behaviour 
For ELA effects on depressive-like behaviour, when tested during 

adolescence, we found altered behaviour to be present more often in 
males exposed to either PRS (males: more: 4, less: 4; females: more: 2, 
less: 1; out of 11 experiments) or POS (males: more: 15, less: 0; females: 
more: 10, less: 3; out of 21 experiments). When tested in adulthood, 
behaviour was often not affected and when it was, no clear sex- 
differences became apparent when rodents were exposed to either PRS 
(males: more: 4, less: 2; females: more: 6, less: 1; out 23 experiments) or 
POS (males: more: 2, less: 2; females: more: 3, less: 2; out of 16 
experiments). 

When reviewing effects of PRS on depressive-like behaviour during 
adolescence, male rats (no studies using mice met the requirements for 
this review) were more likely to be affected as compared to females 
(Bengoetxea et al., 2017; M. Schroeder et al., 2013; Iturra-Mena et al., 
2018). Similar to anxiety-like behaviour, the outcome depended on the 
rat strain and timing of PRS model used (M. Schroeder et al., 2013). In 
adulthood, firstly, half of the experiments did not show behavioural 
changes in either males or females (Behan, 2011; Lerch et al., 2016; 
Wilson et al., 2013 ;Bengoetxea et al., 2017; Stöhr, 1998; Green et al., 
2018; Mueller and Bale, 2008). Of note, six of these experiments were 
part of the same paper in which several PRS time-windows were tested, 
of which the majority was not effective in modulating depressive-like 
behaviour in mice (Mueller and Bale, 2008). In fact, variable stress 
applied during the first week of gestation led to increased 
depressive-like behaviour in males, while the same stressor applied 
during mid or late gestational period, did not affect depressive-like 
behaviour in either sex (Mueller and Bale, 2008). However, van der 
Hove et al. (2014) reported increased depressive-like behaviour specif
ically in male rats exposed to restraint stress during late gestation. This 
discrepancy could be due to the use of different species (mice versus 
rats) and a different PRS model (variable stress versus restraint stress) 
(Van den Hove, 2014; Mueller and Bale, 2008), as also discussed in this 
review (Weinstock, 2017). Apart from these two papers, most experi
ments actually report increased anxiety-related behaviour in female 
rodents exposed to mid- or late-gestational stress (Behan, 2011; Green 
et al., 2018; Alonso et al., 2000; Alonso et al., 1991; Sickmann et al., 
2015), suggesting a female vulnerability depending on the timing of 
PRS. 

For POS, when tested during adolescence, several experiments 
showed that in particular males develop depressive-like behaviour 
(Kundakovic et al., 2013; Cui, 2020; Freund et al., 2013; Miragaia, 
2018), even though female offspring is not resistant and similar 
behavioural changes in both sexes have been reported as well (Kunda
kovic et al., 2013; He et al., 2019; Cui, 2020; Miragaia, 2018; Wei, 2018; 
Zhang, 2013; Butkevich et al., 2015). All of these studies used MS or MD 
as POS model, while the exact timing and behavioural paradigm used 
(see e.g. (Miragaia, 2018) differed among experiments. From the details 
in these papers, it becomes clear that even though young males seem to 
be more vulnerable to the effects of POS on depressive-like behaviour, 
the type and timing of POS matters, as well as the behavioural paradigm 
used to assess behaviour. In adulthood, half of the included experiments 
reported neither males nor females to be affected by POS (Lerch et al., 
2016; Hill, 2014; Naninck, 2015; Wang, 2011; Wang et al., 2011; He 
et al., 2019; Stiller et al., 2011; Wigger and Neumann, 1999) and, within 
the affected studies, there was no sex-difference. Some reported 
increased depressive-like behaviour, specifically in MS-exposed male 
rats (Bai, 2014), MS-exposed female rats (Mourlon, 2010) or 
LBN-exposed female mice (Goodwill, 2019). Decreased depressive-like 
behaviour has also been reported for MS-exposed male rats (Mourlon, 
2010), MD-exposed female rats (Cabbia et al., 2018) or both male and 

female rats exposed to the LBN paradigm (Fuentes, 2014). Thus, where 
in some cases species or POS model explain the different outcome, in 
other cases the source of variation in outcomes remains unclear. 

In summary, both for PRS and POS, males seem to more often display 
depressive-like behaviours when animals are tested during adolescence. 
When tested in adulthood, both PRS and POS affect behaviour in about 
half of the reported experiments and within the affected experiments no 
clear sex-difference becomes apparent. For all ELA experiments 
regarding depressive-like behaviour, the timing and type of ELA and 
behavioural paradigm used seem to greatly matter for the outcome of an 
experiment. 

4.3. The impact of a ‘second-hit’ in ELA experiments related to rodent 
behaviour 

The two-hit hypothesis poses that ELA is the ‘first hit’, that increases 
the sensitivity to later-life challenges (i.e. the ‘second hit’), and as such 
increases ‘allostatic load’ (Nederhof and Schmidt, 2012). A secondary 
challenge might then unmask behavioural changes that have been pro
grammed earlier, and are not apparent under basal circumstances. 
Concerning the behavioural domains, we investigated whether second
ary stressors (e.g. acute or chronic stress) affected behavioural outcomes 
(Supplementary table S3). Unfortunately, the effects of secondary 
stressors on the behaviour of ELA-exposed rodents have not been studied 
often in a setting where both sexes were included (PRS: 4.0%, POS: 
13.9% of all included experiments). Nevertheless, for anxiety- and 
depressive-like behaviour that was tested in adulthood, sex-specific 
behavioural changes are observed. For example, postnatally stressed 
males and not females develop anxiety-like behaviours when exposed to 
a secondary stressor later in life as compared to control animals exposed 
to the same secondary stressor only (He et al., 2019; Wei, 2018; Barna, 
2003; Renard et al., 2007). This is comparable to the POS induced male 
vulnerability in rats for developing anxiety-like behaviour under stan
dard later-life conditions (paragraph 4.2.1). For depressive-like behav
iour on the other hand, no sex-dependent behavioural changes were 
found when animals where only postnatally stressed early in life and 
tested in adulthood (paragraph 4.2.2). However, when POS-exposed 
animals were exposed to a secondary stressor, specifically the adult fe
males exhibit increased depressive-like behaviour whereas males do not, 
as compared to controls that were (only) exposed to the same secondary 
stressor (Hill, 2014; Bai, 2014; Yang, 2019). These examples highlight 
the importance of a second-hit in revealing typical aspects of 
ELA-induced programming. Thus, we encourage the inclusion of a sec
ond hit when possible, to study the response of various systems, not only 
under resting/basal state, but also under conditions of demand, while 
being activated to respond to the current challenge. 

5. Assessment of ELA effects on later metabolic health in human 
studies 

Relative to the ELA effects on mental health outcomes and behav
iour, the metabolic consequences of ELA are understudied. This is re
flected by the number of included research papers in this review (human 
mental health: 42; human metabolic health: 11; rodent behaviour: 131; 
rodent metabolism: 45). We will discuss in this chapter the current 
human literature with a focus on the PRS versus POS exposures, sex 
differences, and the effects on bodyweight, adiposity, and thereafter 
measures of insulin sensitivity. For a detailed overview of all results and 
references see Fig. 2 B and  Table 2 A. 
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Table 2 
Overview of human and rodent studies/experiments and the respective metabolic outcomes for the specific domains. A) Human studies (numbers and references) 
assessing metabolic outcomes: per domain, timing of ELA and sex. B) Rodent experiments (numbers and references) assessing metabolic outcomes: per domain, timing 
of ELA, outcome age, species (if relevant) and sex.  

(continued on next page) 
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Table 2 (continued ) 

(continued on next page) 
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Table 2 (continued ) 

(Ajslev et al., 2010; Bonapersona, 2019; Ingstrup, 2012; Mcpherson et al., 2009; Mourlon, 2010; Moussaoui, 2017; Mueller and Bale,2008; Nakhjiri et al,2017; 
Neuenschwander, 2018; Nishinaka et al., 2015; Ströher, 2020; Suchecki et al., 2000; Wigger and Neumann, 1999; Zimmerberg and Kajunski, 2004).  
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5.1. Girls are more often reported to be at higher risk for effects of ELA on 
body composition than boys 

Overall, girls seem at a higher risk than boys to develop overweight 
or adiposity upon ELA. Upon PRS exposure, girls were reported to 
develop overweight or adiposity somewhat more often than boys (girls: 
increased: 4, decreased: 0; boys: increased 2, decreased: 2, out of a total 
of 6 studies). For POS, girls also showed increased risk to develop 
overweight or adiposity since only “high risk” subgroups of boys were 
affected (girls: 2; boys: 2 (“high risk” subgroups) out of 3 studies. One 
study investigating PRS+POS exposure together found increased risk for 
obesity only in girls. 

For example, maternal report of intimate partner violence pre- or 
postnatally was associated with an increased risk for obesity, specifically 
in girls (Boynton-Jarrett et al., 2010). Also, daughters of mothers with a 
psychiatric illness (and no use of SSRI’s) during pregnancy were more 
likely to become overweight as compared to daughters of healthy 
mothers, while no such effect was observed in boys (Grzeskowiak, 
2013). Postpartum maternal distress was associated with an increased 
waist-to-hip ratio in girls, whereas in boys this was only seen in those 
with high levels of stress reactivity (Kozyrskyj, 2011). Prenatal depres
sion was associated with increased BMI in girls, while for boys this was 
only true for those whose mothers required hospitalization due to 
depression (Park, 2018). While most studies thus suggest stronger effects 
of ELA on body composition in girls, there are also studies reporting 
ELA-induced metabolic vulnerability in both boys and girls, for example 
after prenatal maternal stress due to an ice storm (Liu et al., 2016) and in 
relation to parental separation during pregnancy (Hohwü, 2015). 
Opposite effects on body composition have only been reported in boys: 
depression during pregnancy was associated with a lower weight and 
smaller height among boys, but not girls, while in the same study 
depression postpartum was associated with higher weight-for-height 
ratios specifically in girls (Park, 2018). While CORT levels are not the 
same as an actual stressor, they do reflect stress levels. It is interesting to 
note that also prenatal maternal CORT levels were associated with 
marginally lower fat mass index (FMI) in boys, but higher FMI in girls at 
5 years of age (Van Dijk et al., 2012). 

Concluding, ELA has been reported to more often increase body
weight in girls. Boys seem less affected and there is some evidence for 
boys to exhibit a leaner phenotype. Importantly, even though only few 
studies are available on the effects of ELA on body composition, almost 
all included studies are considered large (8 out of 9 had more than 500 
participants) and thus the observed increased vulnerability for over
weight or adiposity in girls seems robust. 

5.2. Effects of ELA on insulin sensitivity parameters 

There are so far no studies that met inclusion criteria for this review 
investigating associations between ELA and diabetes. However, two 
human studies on measures of glucose metabolism and insulin sensi
tivity after ELA exposure showed no sex differences. In a large study 
with 1478 participants, prenatal psychosocial stress exposure did not 
correlate to fasting glucose and insulin resistance (HOMA-IR; measure 
for insulin resistance based on circulating glucose and insulin levels) in 
5–6-year-old children (Van Dijk et al., 2014). A small study (32 partic
ipants) reported a positive association between prenatal stress due to an 
ice storm with insulin secretion at 13 years of age in both boys and girls 
(Dancause et al., 2013). As insulin insensitivity usually develops with 
age together with unhealthy lifestyle habits (Mozaffarian, 2009), it is 
important to study these insulin parameters in ELA-exposed adults 
instead of children. 

Taken together, there are relatively few studies addressing ELA 
exposure on metabolic outcomes in humans, however based on the ev
idence presented above, we tentatively conclude that ELA is more often 
reported to increase the risk to develop overweight in girls compared to 
boys, while no clear association was found between ELA and insulin 

sensitivity parameters in either sex. 

6. Assessment of sex differences in the effects of ELA on rodent 
metabolic outcome parameters 

It has been proposed that the later life (nutritional) environment 
eventually determines which ELA-induced phenotype emerges: a 
healthy lifestyle or positive environment would lead to resilience (lower 
adiposity, increased insulin sensitivity), while a negative environment, 
or unhealthy lifestyle, increases vulnerability (increased adiposity, 
reduced insulin sensitivity) (Maniam et al., 2014). While in human co
horts, later life dietary conditions are difficult to control for, this is not 
the case for rodent studies. Therefore, we considered not only the impact 
of ELA on metabolic health under basal circumstances, but also under 
different dietary conditions. We will thus next review and discuss the 
effects of PRS and POS on the various metabolic outcomes (body weight 
(BW), adiposity and insulin resistance) at two different ages (adoles
cence and adulthood), and highlight when the outcomes were at basal 
levels, or in response to a later life dietary challenge (unhealthy diet; 
UD). For a detailed overview of all results and references see Fig. 2B and 
Table 2B. 

6.1. Sex-dependent effects of ELA on the bodyweight of rodents depend on 
the nature of stress exposure and the later life diet 

Under standard dietary conditions, PRS does not affect body weight 
(BW) in most studies, and when it did, there were no strong sex differ
ences in either adolescence (males: increased: 2, decreased: 0; females: 
increased: 3, decreased: 0 out of 11) or adulthood (males: increased: 0, 
decreased: 2; females: increased: 0, decreased: 2, out of 10). In adoles
cence, POS mostly reduced BW (males: decreased: 12, increased: 2; fe
males: decreased: 10, increased: 2, out of 26), while in adulthood, POS 
either increased or decreased BW (males: increased: 4, decreased: 4; 
females: increased: 4, decreased: 4, out of 21) similarly in males and 
females. 

When challenging the system with an unhealthy diet (UD) later in 
life, we found the following: only one study investigated the modulatory 
effect of UD (high-sucrose only) in adolescence, and an increased BW 
was observed in both POS exposed males and females. In adulthood, PRS 
exposure combined with UD, either increased (males: 1; females: 2, out 
of 5) or decreased (males: 2; females: 1, out of 5) BW compared to 
control animals on UD without showing strong sex differences. In 
contrast, for POS a clear sex difference was observed: no studies showed 
an effect on adult BW in males, while 3 out of 5 studies (2 increased; 1 
decreased) reported effects of POS in females. 

Under standard dietary conditions, PRS generally did not affect BW 
in adolescence (Bowman, 2004; Nishio et al., 2006; A. Schroeder et al., 
2018; A. Schroeder, 2018), although some studies reported an increase 
in adolescent BW in both sexes or in females only (Bengoetxea et al., 
2017; Iturra-Mena et al., 2018; Tamashiro et al., 2009). There are no 
clear differences in timing of PRS (early versus late in gestation), the age 
at which BW was measured (early in adolescence versus later in 
adolescence), or the species used, that could explain some of the dif
ferences between these studies. In adulthood, PRS mostly does not affect 
BW (Tamashiro et al., 2009; Panetta, 2017; García-Cáceres, 2010; 
Mueller and Bale, 2006). For example, chronic mild unpredictable stress 
during early and mid-gestation, or variable or restraint stress during late 
gestation did not affect BW in either sex (A. Schroeder et al., 2018; M. 
Schroeder, 2018; Tamashiro et al., 2009; García-Cáceres, 2010); 
(Paternain, 2013). Few studies showed a reduction in adult BW after PRS 
(Brunton, 2013; Cheong, 2016; Pankevich et al., 2009), while no studies 
reported an increase. 

In contrast to PRS, POS has stronger effects on BW in both adoles
cence and adulthood. In adolescence, POS often leads to a reduction in 
BW similarly in both sexes (Llorente, 2011; Eck, 2020; Gao, 2011; de 
Lima, 2020). For example, exposure to the limited bedding and nesting 
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Fig. 2. Schematic summary of the sex-dependent effects of early-life adversity on later life mental and metabolic health.  
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(LBN) paradigm with or without exposure to a substitute mother for one 
hour per day reduced BW at P27 and 9 weeks of age in males and females 
(Fuentes, 2014; Eck, 2020). Similarly, maternal deprivation (MD) and 
maternal separation (MS) reduced BW throughout adolescence in male 
and female offspring (Cui, 2020; Mela, 2016; Llorente-Berzal, 2012; 
Mela, 2012; McIntosh et al., 1999). However, some MS studies also 
showed an increase in adolescent BW (Jaimes-Hoy, 2016; Gehrand, 
2016; Holgate et al., 2018). It is unclear what contributes to these dis
crepancies. In adulthood, POS alters BW similarly in both sexes. LBN or 
MD resulted in a reduction (Fuentes, 2014; Manzano-Nieves et al., 2018; 
Mela, 2012), or no effect (Naninck, 2015; Llorente-Berzal, 2012; Yam, 
2017) on adult BW. In contrast, MS with or without early weaning either 
increased (Jaimes-Hoy, 2016; Raff, 2018; Slotten et al., 2006), or had no 
effect (Gracia-Rubio, 2016; Jaimes-Hoy et al., 2019); Maxwell et al., 
2018; Murphy, 2018; Maniam and Morris, 2010) on adult BW. In 
conclusion, studies show differences in the effect of ELA on BW 
depending on the timing of stress, and (for POS) the specific model used, 
but generally with similar effects in both sexes. 

When challenging the system with an UD later in life, a different 
picture emerges. PRS either decreased (Pankevich et al., 2009) or 
increased (Tamashiro et al., 2009) adult BW when exposed to UD. For 
example, chronic variable stress early in pregnancy reduced BW in both 
males and females upon 17 weeks of UD, compared to their respective 
controls on UD (Pankevich et al., 2009). In contrast, variable stress 
during late gestation has been shown to increase BW in male and female 
offspring when exposed to UD post-weaning (Tamashiro et al., 2009). 
Restraint stress during late gestation did not affect BW after 4 weeks of 
UD (Panetta, 2017). Due to the relatively low number of studies, it re
mains difficult to understand what underlies the discrepancies between 
these studies. When looking at the effects of POS combined with UD, 
females appear more susceptible compared to males. For example, MS 
combined with either sham injection or early-weaning increased BW 
when fed a post-weaning UD for either 12 or 17 weeks in females, but 
not in males (Murphy, 2018; Murphy, 2017). In contrast, MD or MS 
alone followed by postweaning UD for 11 or 16 weeks, did not affect BW 
in either sex (Mela, 2012; Maniam and Morris, 2010) suggesting that the 
type and severity of the postnatal stressor may influence metabolic 
outcome. 

Summarizing, PRS in most studies does not seem to affect BW when 
animals are on chow diet and there are mixed results when exposed to 
UD later in life. POS, however, leads to a similar effect on BW in both 
sexes when fed standard chow, and upon UD later in life POS-exposed 
females are more affected than males. 

6.2. ELA exposure increases adiposity in female rodents when exposed to 
an unhealthy diet 

Adiposity can be affected by ELA independent of bodyweight (Yam, 
2017), and is therefore another important indicator of metabolic health 
to assess with regard to ELA. Under standard dietary conditions, both in 
adolescence and in adulthood, in some cases PRS exposure decreased 
adiposity in males (adolescence: 1 out of 3 studies; adulthood: 2 out of 6 
studies) while this was never the case for females. For POS, only one 
study investigated its effects on adiposity in adolescence and observed 
no difference in either sex, while in adulthood, POS affected adult 
adiposity in both sexes in 3 out of 5 studies. When animals are subjected 
to an unhealthy diet (UD) in adulthood, a clear picture emerges: females 
specifically gain more adiposity when they are stressed during either 
pre- or postnatal life (females: 5; males: 1, out of 8). When taking into 

account timing of ELA; for PRS, 3 out of 4 studies show increased 
adiposity in adult females, while this was true for only 1 out of 4 studies 
for males. For POS, adipose tissue accumulation in response to UD was 
never increased in males, compared to their respective controls (4 out of 
4), while females showed increased adiposity in 2 out of 4 studies, and 
decreased adiposity in 1 out of 4 studies. 

Under standard dietary conditions, in adolescence, PRS either had no 
effect on adiposity in either sex (A. Schroeder et al., 2018; M.Schroeder, 
2018; Tamashiro et al., 2009) or decreased it in males specifically 
(Bengoetxea et al., 2017). Similar effects were observed in adulthood: 
PRS (early or late in gestation) exposed males showed decreased 
adiposity, while females were unaffected (Bengoetxea et al., 2017; 
Pankevich et al., 2009). However, other studies reported no effect of PRS 
(early-mid or late gestation) in either sex (A. Schroeder et al., 2018; M. 
Schroeder, 2018;Tamashiro et al., 2009; Paternain, 2013; Brunton, 
2013). Although it is unclear what contributes to these differences be
tween studies, they suggest males may be somewhat more affected by 
PRS, and show a leaner phenotype compared to controls. 

POS similarly affected adult adiposity in both sexes, but the exact 
outcome (i.e. more or less adiposity) seems to depend on the POS 
paradigm. Whereas exposure to LBN led to decreases in adiposity (Yam, 
2017), exposure to MS increased adiposity (Jaimes-Hoy, 2016; Murphy, 
2018) in adult males and females. Of note, although POS does not seem 
to result in clear sex differences in adiposity when fed standard chow, 
there might be more subtle sex differences. For example, MS increased 
adipose tissue depot weight in males and females, and while this was the 
case for only one out of three depots in males, it was true for all three 
depots in females (Jaimes-Hoy, 2016), and LBN led to a higher mesen
teric fat percentage, which was particularly the case in females (Yam, 
2017). As the various fat depots have different functional implications 
(Bjørndal et al., 2011), this suggest the need for more detailed studies in 
this area. 

When animals are subjected to an unhealthy diet (UD) in adulthood, 
females gain more adiposity when exposed to PRS or POS (A. Schroeder 
et al., 2018; M. Schroeder, 2018; Paternain, 2013; Murphy, 2018; 
Murphy, 2017). For PRS, in the studies specifically finding increased 
adiposity in females but not males, UD started in adulthood with a 
duration of 3–10 weeks, and PRS was applied either early-mid or late 
during gestation (A. Schroeder et al., 2018; M. Schroeder, 2018; Pater
nain, 2013). Notably, the one study that observed increased adiposity in 
both sexes used an UD starting directly after weaning (Tamashiro et al., 
2009). This suggests that timing and length of exposure of UD are 
important aspects to take into account when comparing the various 
studies, and that starting UD exposure at a younger age might overrule 
the otherwise observed sex differences. 

When looking at the effects of POS, similar to PRS, a female-specific 
increase in adiposity upon UD is observed (Murphy, 2018; Murphy, 
2017), although one study found that while POS did not affect male 
adiposity, females showed less adiposity after UD (Jaimes-Hoy, 2016). 
All studies used the MS paradigm and UD started either directly or soon 
after weaning. The two studies observing more adiposity added either 
early weaning or sham injections to the MS protocol (Murphy, 2018; 
Murphy, 2017), suggesting that the severity of the stressor might in
fluence metabolic outcome. 

In conclusion, under standard chow, males may be somewhat more 
affected by PRS, while POS affects adult males and females similarly. 
While PRS led to reduced adiposity, POS either increased or decreased 
adiposity, which is potentially related to the used POS model. When fed 
an UD, specifically ELA-exposed females accumulated more fat. 
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6.3. Insulin sensitivity is generally more compromised in male rodents 
after ELA 

High levels of circulating glucose (hyperglycaemia) and insulin 
(hyperinsulimea) are signs of insulin insensitivity. Insulin sensitivity can 
be measured with insulin and glucose tolerance tests (ITT; GTT). Under 
healthy circumstances, blood glucose is expected to quickly decrease in 
the ITT as well as the GTT. Reduced insulin sensitivity is thus indicated 
by either high glucose or insulin levels, or a slow glucose clearance. Only 
one study has investigated the effects of PRS on insulin sensitivity during 
adolescence, and observed no effects in either sex (Tamashiro et al., 
2009) (Table 1B). In adulthood, PRS increased insulin sensitivity mea
sures more often in females compared to males (males: 1; females: 4, out 
of 8), while in 2 out of 8 studies for both sexes reduced sensitivity was 
observed. For POS, adolescent males were affected in 3 (2 decreased; 1 
increased) out of 3 studies, and females in 2 (1 decreased; 1 increased) 
out of 3 studies. In adulthood, POS affected adult insulin sensitivity 
measures more often in males (males: 6; females: 3, out of 10). 

When reviewing the studies including an UD condition later in life, 
there are no studies addressing the effects of PRS in combination with 
UD on insulin sensitivity in adolescence. In adulthood, PRS affected 
insulin sensitivity in 2 out of 5 studies for males and in 1 out of 5 for 
females. For POS, one study investigated its effects in adolescence and 
observed detrimental outcomes only in females. In adulthood, POS 
either decreases (2 out of 5 studies) or does not affect (3 out of 5 studies) 
insulin sensitivity in males, while in females POS increases (2 out of 5 
studies) or did not affect (3 out of 5 studies) insulin sensitivity measures 
when fed UD. When combining both adult PRS and adult POS studies, 
females never show decreased insulin sensitivity when fed UD, while 
ELA-exposed males on UD showed this in 3 out of 10 studies. See 
Table 1B for references. 

In adulthood, PRS females more often showed increased insulin 
sensitivity measurements compared to males (Paternain, 2013; Jaime
s-Hoy et al., 2019). For example, exposure to prenatal variable stress 
during late gestation led to lower insulin levels, lower HOMA-IR and 
faster glucose clearance in adult females, but not males (Paternain, 
2013; Jaimes-Hoy et al., 2019). However, in another study PRS during 
late gestation did not affect glucose clearance in GTT or ITT (Panetta, 
2017), and also reduced insulin sensitivity is described upon either 
early-, mid- or late-PRS exposure in females (Brunton, 2013), males 
(Cheong, 2016), and both sexes (A. Schroeder et al., 2018; M. Schroeder, 
2018). These discrepancies between studies do not seem to be explained 
by the gestational period in which the stress was applied, nor measured 
outcome (e.g. circulating insulin/glucose levels versus GTT/ITT) or used 
species, thus further research is needed to gain a better understanding of 
the effects of PRS on insulin sensitivity. 

When looking at POS, both increased and reduced insulin sensitivity 
was observed in adolescence (Mela, 2016; Mela, 2012); Aya-Ramos 
et al., 2017). The studies of Mela and colleagues suggest timing of 
measurement matters: with the same POS model they found increased 
insulin levels in males at P36 without affecting females (Mela, 2016), 
but decreased insulin levels at P45 and P65 in both sexes (Mela, 2012). 
In adulthood, males were more often affected, mostly showing reduced 
insulin sensitivity indicated by e.g. higher circulating glucose (Loizzo, 
2010), and higher circulating insulin levels (Jaimes-Hoy et al., 2019), 
although some studies also report such effects in both sexes (Gehrand, 
2016; Raff, 2018). In conclusion, when rodents are fed a standard chow 
diet, PRS more often increases insulin sensitivity in females compared to 
males, while POS affects males slightly more often, mainly resulting in 
decreased insulin sensitivity. 

When exposed to an UD later in life, PRS-exposed males are reported 
to have both increased glucose clearing in GTT and ITT (A. Schroeder 
et al., 2018; M. Schroeder, 2018), as well as reduced glucose tolerance 
(Tamashiro et al., 2009) after PRS during either early-mid or late 
gestation, respectively. Females were not affected in these studies. 
However, another study found increased insulin sensitivity measures 
specifically in females but not males exposed to PRS followed by UD in 
adulthood (Paternain, 2013). Differences between the studies are timing 
of stress, as well as the timing and duration of UD. 

POS exposure followed by post-weaning UD reduced insulin sensi
tivity measures in males but not females in two studies (Mela, 2012; 
Maniam and Morris, 2010). Interestingly, in two other studies, POS 
followed by either post weaning UD or a diet high in fat and carbohy
drates led to increased insulin sensitivity measures in females, while 
males were unaffected (Jaimes-Hoy et al., 2019; Murphy, 2017). These 
studies indicate sex differences in vulnerability to high caloric diets 
following POS. 

Taken together, ELA-exposed males are more often reported to 
exhibit reduced insulin sensitivity, either when fed standard chow or 
UD, while ELA-exposed females more often show increased insulin 
sensitivity, depending on the timing of the ELA and diet. However, more 
studies focusing on sex-dependent effects of ELA on insulin sensitivity 
are needed, preferably investigating insulin sensitivity in multiple ways 
(e.g. ITT/GTT as well as basal insulin and glucose levels), at multiple 
ages, and in response to both standard and UDs. 

7. Discussion 

In this comprehensive review, we set out to unravel the consistency 
of sex differences in effects of ELA on later mental and metabolic out
comes across human and rodent studies and assess to what extent they 
depend on the type and timing of ELA. We did this by reviewing and 
discussing prospective human and rodent studies that have (i) included 
both sexes, (ii) analysed both sexes separately and (iii) addressed the 
sex-specific effects of ELA on core dimensions for mental (cognitive, 
emotional and social) and/or metabolic (body composition and insulin 
sensitivity) health. We will here integrate the so far reviewed evidence 
from the different fields and address these points. 

7.1. Sex dependence and convergence of human and rodent literature of 
ELA-induced effects 

Concerning the data from mental health/behavioural domains for 
human and rodent studies respectively, we can carefully conclude that 
they mostly go hand in hand. Indeed, ELA seems to lead to specific sex 
differences and the overall conclusion after integrating human and ro
dent research and the PRS/POS induced effects across the various 
mental health/behavioural domains is that males/boys seem to be more 
often affected by the effects of ELA compared to females/girls. Potential 
mechanisms for sex-dependent outcomes of ELA are: sex-differences in 
the development of the fetus in utero (Dipietro and Voegtline, 2017) and 
the placenta (Bale, 2016), differential (epigenetic) programming of the 
HPA-axis (Bale, 2011), differences in hormonal exposures during 
development (Gitau et al., 2005), differences in breast milk content 
(Powe et al., 2010; Thakkar, 2013; Fumeaux, 2019) or microbiome 
(Ferretti, 2018), or may result from alternate sex-specific evolutionary 
strategies (Clifton, 2010; Eriksson et al., 2010; Sandman et al., 2013). 
While addressing the complex mechanisms at the basis of the pro
gramming by ELA is out of the scope of this review, we included a brief 
discussion on the role of the two key biological mediators interfacing the 
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communication between mother and foetus/offspring and essential for 
the transfer of maternal effects during the critical pre- and post-natal 
period, i.e. the placenta (Box 1) and breast milk (Box 2) respectively. 

When reviewing the results in more detail, we find that for the 
considered mental health domains in humans (cognitive, internalizing 
and externalizing behaviors) and rodents (cognitive, social and 
emotional) the following picture emerges: 

Concerning cognitive functions, ELA exposed boys were more often 
reported to perform poorer on cognitive tasks as compared to girls. 
Timing of ELA seems to matter, since the effect was stronger after POS 
exposure, with evidence for this effect to be lasting up to adolescence 
(human studies) and into adulthood (rodent studies). Important to note 
is that girls are not resilient to ELA as their cognitive health is also 
frequently shown to be affected by PRS and POS and there is initial 
evidence that ELA might impact girls’ verbal intelligence more so than in 
boys. While we can of course only speculate, this could be due for 
example to a sex difference in basal level in verbal intelligence to begin 
with. In fact studies have shown a female advantage in verbal skills 
(Barel and Tzischinsky, 2018), which could potentially contribute to this 
aspect being more sensitive to modulation by ELA in girls. When 
thinking of the neural basis of this, there is some evidence that male and 
female intelligence might relay on distinct functional networks (Jiang, 
2020), which might also explain such sex-dependent impact, but this 
remains open to future investigations. Similarly there is evidence from 
rodent studies for females to be impacted at specific ages or settings. 
Concerning externalizing behaviour in children, such as attention 
problems, aggression and hyperactivity, especially boys were at risk to 
develop these type of behavioural changes, both after PRS and POS 
exposure. While this domain is harder to directly relate to rodent 
studies, social behaviour (e.g. measuring social interest and sometimes 
aggression) can be used as a proxy for aspects of externalizing behav
iour. Indeed, in line with human literature, especially young male 
offspring of PRS or POS stressed dams display altered social behaviours. 
Finally, when considering internalizing behaviours, the picture is a little 
more complex. We found that both boys and girls exposed to ELA often 
develop internalizing behaviour problems (i.e. emotional problems, 
anxiety and depressive-symptoms, and that the specific result (the 
affected sub-domain and sex-specificity)) highly depends on timing of 
stress exposure and age of outcome. More specifically, the effects of PRS 
on internalizing behaviour are somewhat stronger in girls, while boys 
seem more vulnerable for the effects of POS. 

Similarly, evidence from rodent studies indicates that both sexes can 
develop changes related to anxiety and depressive-like behaviour and 
that this also depends on the type and timing of the ELA model, 
behavioural paradigm and the age at which the animals were tested. 
Thus, ELA-exposed boys/males seem to be more vulnerable for the 
cognitive and externalizing domain, while for the internalizing disorders 
(e.g. anxiety and depression), both sexes are affected depending on the 
type and timing of ELA. This suggests that ELA might make men more 
susceptible to develop internalizing disorders that in the general popu
lation are more prevalent among women. 

Concerning the metabolic outcomes, before discussing the overall 
picture, it is important to note that most longitudinal clinical studies 
included in this review that investigated the effects of ELA on meta
bolism, report ELA effects in children and adolescents, while rodent 
studies most often study this aspect in adulthood. This is important 
because, for example, insulin insensitivity often develops with age or 
after prolonged high-fat diet exposure (Mozaffarian, 2009). Effects of 
ELA on these parameters may be difficult to observe at a younger age 
and this is thus a limitation to our study. For our literature search, we did 
not constrain age, but the oldest age of individuals studied was 32 years. 

This clearly indicates the need for longitudinal human studies with 
follow-ups into (late) adulthood. Nonetheless, human studies suggest 
that girls are more likely to develop overweight or altered waist-hip 
ratio after ELA exposure. 

Similarly, rodent evidence indicates that ELA-exposed females, when 
exposed to an unhealthy diet later in life, gain more adiposity compared 
to their respective controls than males. There is also initial evidence for 
ELA to impact on food choice in both a human (Lussana, 2008; Jackson 
and Vaughn, 2019) and rodent setting (McIntosh et al., 1999), in a 
sex-specific manner, which will clearly also have consequences for 
metabolic health. 

Regarding the effects of ELA on glucose metabolism and insulin 
sensitivity, human studies are extremely sparse and inconsistent: both 
no association and a non-sex-specific association between ELA and in
sulin sensitivity parameters are reported. Also, within the relatively few 
rodent studies that investigated ELA effects on insulin sensitivity and 
glucose metabolism, there are inconsistencies, but overall males some
what more often showed a decreased insulin sensitivity, independent of 
later-life diet, while females rather showed increased insulin sensitivity. 
While decreased insulin sensitivity has been associated with diabetes 
(Fujimoto, 2000), the exact implication of increased sensitivity is not 
well understood. Thus, ELA-exposed females seem to be more vulnerable 
to develop adiposity, whereas males may be more susceptible for 
detrimental effects on insulin sensitivity. 

7.2. Comorbidity between cognitive and metabolic phenotype 

Notable, the comorbidity between metabolic and brain disorders 
suggest converging or interacting underlying pathways might be at play 
(Luppino, 2010; Milaneschi et al., 2019; Stunkard et al., 2003; Nooyens 
et al., 2010; Nguyen et al., 2014; Ott, 1999). Do the comorbidities of 
these particular conditions indeed share a similar early-life origin? 

Human studies suggest a bidirectional relationship between depres
sion and obesity: obesity increases risk for depression and depression is 
also predictive of obesity (Luppino, 2010). Within this review we found 
that PRS-exposed girls are more likely to develop depressive behaviours 
and girls seem more vulnerable to become overweight after ELA expo
sure. Although the studies that we included in the review did not spe
cifically investigate comorbidity, our results may point to an increased 
risk for women to suffer from comorbid depression and overweight/
obesity after ELA, which could (partly) explain evidence demonstrating 
that depressive women more often suffer from comorbid obesity than do 
depressive men (Heo et al., 2006). 

Also for rodent studies, females seem to be more vulnerable for the 
metabolic and depressive-like phenotype. Effects of ELA on depressive- 
like behaviours depend on the timing of both stress exposure and 
behaviour assessment but overall adult females exposed to PRS in late 
pregnancy are more likely to develop depressive(-like) behaviours in 
adulthood. This is in line with the metabolic vulnerability at this age 
since ELA mostly affects adiposity in adult females fed a high fat diet. 

Moreover, metabolic diseases (both obesity and diabetes) are linked 
to the development of, and often co-occur with, cognitive impairments 
and Alzheimer’s disease later in life (Nooyens et al., 2010; Nguyen et al., 
2014; Ott, 1999; Walker and Harrison, 2015). We here report that 
cognitive deficits following ELA are more pronounced in males/boys, 
which is supported by a previous meta-analysis (Bonapersona, 2019). 
The ELA-induced sex-dependent vulnerability to metabolic alterations 
depended on the readout. As mentioned above, males have been re
ported more often to be vulnerable with regard to glucose metabo
lism/insulin sensitivity in contrast to females being more vulnerable to 
increased adiposity. In particular the downstream effects of obesity, 
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such as inflammation and insulin resistance are suggested to be involved 
in mediating its effects on cognition (Walker and Harrison, 2015; 
Ganguli, 2020). Therefore, it is possible that the observed ELA effects on 
insulin resistance in males underlie the male vulnerability for ELA 
induced cognitive impairments. 

Taken together, the ELA-induced adiposity and PRS-induced 
depressive-like phenotype are more pronounced in females/girls, sup
porting the hypothesis that ELA might be at the origin of this female 
specific vulnerability and that there might be converging pathways 
leading to the metabolic and mental disorders. In addition, pathways 
leading to dementia might differ between men and women, i.e. while for 
women, the ELA effects on obesity might increase risk, for men, the 
changes in glucose metabolism/insulin sensitivity may do so. 

7.3. Limitations 

Throughout this review, it became clear that effects of ELA largely 
depend on the specific domain, the time of exposure, the specific ELA 
model, the age of testing and importantly the sex of the offspring. 
However, in particular for rodent research, even when stratifying the 
outcomes into these sub-categories, there is considerable discrepancy in 
the findings and a considerable amount of experiments showed no effect 
of ELA on the various domains. Some of the aspects contributing to this 
variation are the breeding method and animal species/strain, early-life 
environmental factors such as diet composition and cage enrichments, 
and for behavioural research, the animal facility and experience of the 
experimenter. While these are clearly important determinants, they 
might be the hardest to fully standardize and control for. Two specific 
aspects emerged while reviewing the literature that appear to have an 
important influence in the context of ELA-induced effects on behaviour 
and metabolism: a methodological aspect concerning the origin of the 
pregnant dams and a statistical aspect concerning the power of the 
current studies, which are discussed in the Supplementary material 2. 

Next, it is important to note that studies addressing mental/behav
ioural and metabolic health outcomes simultaneously, are currently 
lacking, and this is the case both for human and rodent literature. These 
will be needed in the future, in order to be able to more directly relate 
these two aspects and to further our understanding on their origin(s) and 
sex-specific co-occurrence. Understanding more about the co- 
occurrence of various diseases, how they modulate each other and 
how the treatment of one may impact the other, will give us new insights 
into possible converging pathways and joint targets. 

Another limitation to our study, as shortly referred to above, is the 
young age of the studied populations in the human studies. Disorders 
like depression, obesity, type 2 diabetes and dementia tend to develop 

with increasing age (although depression also affects the young). In 
order to study sex-differences between effects of ELA on these disorders, 
studies are needed that include older populations. 

Finally, as also stated in the Methods section, in order to gain a better 
understanding of the consistency of sex differences in effects of ELA on 
mental and metabolic disorders, we took a fairly crude approach by 
scoring the statistically significant effects in both sexes for all studies/ 
experiments and looking at the male/female ratio in the total counts of 
these studies. Also, by taking study/experiment as the unit of observa
tion, we did not take into account the size of the studies. In an attempt to 
overcome this limitation, we separately reported on outcomes of the 
larger studies in human (n > 500). In our view, this was the best prac
tical way to get an overview of sex differences in effects of ELA, as our 
aim was to compare studies in humans and rodents with a wide variety 
of early life stressors and outcomes, making it impossible to perform 
meta-analysis. 

Despite these limitations, our evaluation of the consistency of sex 
differences in the effects of ELA on mental and metabolic disorders is an 
important step in better understanding the differences between disorder 
prevalence and presentation among males and females who experienced 
ELA, which is important for future research and potentially treatment. 

8. Conclusion 

Altogether, our findings show that ELA impacts later life mental and 
metabolic health differently in males and females, and suggest that ELA 
plays an important role in the sex-specific prevalence/presentation and 
comorbidities of these disorders (Fig. 2A,B and Fig. 3). As such, ELA- 
induced disease states deserve specific strategies for the adequate 
development of preventive or interventional treatments. Researchers are 
advised to broaden their assessment of the context of population studies, 
intervention trials, treatments and diagnosis, in order to more regularly 
include individuals early-life history, sex and comorbidities, laying ul
timately the basis for personalized treatment. The high convergence of 
rodent and human findings across our comprehensive review further 
reinforces the validity of rodent models to study the biological substrates 
and exact underlying mechanisms that lead to the ‘programming’ of 
disease risk by ELA, and are thus vital in identifying and testing novel 
targets for future preventive and intervention strategies. 
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Behan, Á.T. et al., 2011, Evidence of female-specific glial deficits in the hippocampus in a 
mouse model of prenatal stress. doi:10.1016/j.euroneuro.2010.07.004. 

Belsky, J., Ruttle, P.L., Boyce, W.T., Armstrong, J.M., Essex, M.J., 2015. Early adversity, 
elevated stress physiology, accelerated sexual maturation, and poor health in 
females. Dev. Psychol. 51, 816–822. 

Bendiksen, B., et al., 2020. The Associations Between Pre- and Postnatal Maternal 
Symptoms of Distress and Preschooler’s Symptoms of ADHD, Oppositional Defiant 
Disorder, Conduct Disorder, and Anxiety. J. Atten. Disord. 24, 1057–1069. 

Bengoetxea, Xabier, Paternain, Laura, Martisova, Eva, Milagro, Fermin I., Martinez, J. 
Alfredo, Javier Campion, M.J.R., 2017. Effects of perinatal diet and prenatal stress 
on the behavioural profile of aged male and female rats. J. Psychopharmacol. 31, 
356–364. 

Benoit, J.D., Rakic, P., Frick, K.M., 2015. Prenatal stress induces spatial memory deficits 
and epigenetic changes in the hippocampus indicative of heterochromatin formation 
and reduced gene expression. Behav. Brain Res. https://doi.org/10.1016/j. 
bbr.2014.12.001. 

Berry, A., et al., 2015. Decreased Bdnf expression and reduced social behavior in 
periadolescent rats following prenatal stress. Dev. Psychobiol. 57, 365–373. 

Biala, Y.N., Bogoch, Y., Bejar, C., Linial, M., Weinstock, M., 2011. Prenatal stress 
diminishes gender differences in behavior and in expression of hippocampal synaptic 
genes and proteins in rats. Hippocampus 21, 1114–1125. 

Bjørndal, B., Burri, L., Staalesen, V., Skorve, J., Berge, R.K., 2011. Different adipose 
depots: Their role in the development of metabolic syndrome and mitochondrial 
response to hypolipidemic agents. J. Obes. (2011). 

Bonape, T.A., Andersen, C.S., Ingstrup, K.G., Nohr, E.A., Sørensen, T.I.A., 2010. Maternal 
postpartum distress and childhood overweight. PLoS One 5, 11136. 

Bonapersona, V., et al., 2019. Sex-dependent modulation of acute stress reactivity after 
early life stress in mice: relevance of mineralocorticoid receptor expression. Front. 
Behav. Neurosci. 13, 181. 

Bonapersona, V., et al., 2019. Behav. phenotype Early life Advers.: A 3-Lev. meta-Anal. 
rodent Stud. https://doi.org/10.1016/j.neubiorev.2019.04.021. 

Bondar, N.P., Lepeshko, A.A. & Reshetnikov, V.V., 2018, Effects of Early-Life Stress on 
Social and Anxiety-Like Behaviors in Adult Mice: Sex-Specific Effects. doi:10.1155/ 
2018/1538931. 

Bowman, R.E., et al., 2004. Sexually Dimorphic Effects of Prenatal Stress on Cognition, 
Hormonal Responses, and Central Neurotransmitters. Endocrinology 145, 
3778–3787. 

Boynton-Jarrett, R., Fargnoli, J., Suglia, S.F., Zuckerman, B., Wright, R.J., 2010. 
Association between maternal intimate partner violence and incident obesity in 
preschool-aged children: Results from the fragile families and child well-being study. 
Arch. Pediatr. Adolesc. Med. 164, 540–546. 

Bronson, S.L., Bale, T.L., 2014. Prenatal stress-induced increases in placental 
inflammation and offspring hyperactivity are male-specific and ameliorated by 
maternal antiinflammatory treatment. Endocrinology 155, 2635–2646. 

de Bruijn, A.T.C.E., van Bakel, H.J.A., van Baar, A.L., 2009. Sex differences in the 
relation between prenatal maternal emotional complaints and child outcome. Early 
Hum. Dev. 85, 319–324. 

Brunton, P.J., et al., 2013. Sex-specific effects of prenatal stress on glucose homoeostasis 
and peripheral metabolism in rats. J. Endocrinol. 217, 161–173. 

Brunton, P.J., 2015. Programming the Brain and Behaviour by Early-Life Stress: A Focus 
on Neuroactive Steroids. J. Neuroendocrinol. 27, 468–480. 

Brunton, P.J., Russell, J.A., 2010. Prenatal social stress in the rat programmes 
neuroendocrine and behavioural responses to stress in the adult offspring: Sex- 
specific effects. J. Neuroendocr. 22, 258–271. 

Buckberry, S., Bianco-Miotto, T., Bent, S.J., Dekker, G.A., Roberts, C.T., 2014. Integrative 
transcriptome meta-analysis reveals widespread sex-biased gene expression at the 
human fetal-maternal interface. Mol. Hum. Reprod. 20 (8), 810–819. https://doi. 
org/10.1093/molehr/gau035. 

Buffa, G., et al., 2018. Prenatal stress and child development: A scoping review of 
research in low- and middle-income countries. PLoS One 13. 

Bureau, J.F., Easterbrooks, M.A., Lyons-Ruth, K., 2009. Maternal depressive symptoms in 
infancy: Unique contribution to children’s depressive symptoms in childhood and 
adolescence? Dev. Psychopathol. 21, 519–537. 

Buss, C., Davis, E.P., Hobel, C.J., Sandman, C.A., 2011. Maternal pregnancy-specific 
anxiety is associated with child executive function at 69 years age. Stress 14, 
665–676. 

Butkevich, I.P., Mikhailenko, V.A., Vershinina, E.A., Ulanova, N.A., 2015. Differences in 
adaptive behaviors of adolescent male and female rats exposed at birth to 
inflammatory pain or stress. J. Evol. Biochem. Physiol. 51, 305–315. 

Butkevich, I.P., Mikhailenko, V.A., Vershinina, E.A., Otellin, V.A., Aloisi, A.M., 2011. 
Buspirone before prenatal stress protects against adverse effects of stress on 
emotional and inflammatory pain-related behaviors in infant rats: Age and sex 
differences. Brain Res. https://doi.org/10.1016/j.brainres.2011.08.068. 

Cabbia, R., Consoli, A., Suchecki, D., 2018. Association of 24h maternal deprivation with 
a saline injection in the neonatal period alters adult stress response and brain 
monoamines in a sex-dependent fashion. Stress 21, 333–346. 

Cao, K., et al., 2014. AMPK activation prevents prenatal stress-induced cognitive 
impairment: Modulation of mitochondrial content and oxidative stress. Free Radic. 
Biol. Med. 75, 156–166. 

Carpenter, T., Grecian, S.M., Reynolds, R.M., 2017. Sex differences in early-life 
programming of the hypothalamic–pituitary–adrenal axis in humans suggest 
increased vulnerability in females: a systematic review. J. Dev. Orig. Health Dis. 8, 
244–255. 

Carter, A.S., Garrity-Rokous, F.E., Chazan-Cohen, R., Little, C., Briggs-Gowan, M.J., 
2001. Maternal depression and comorbidity: Predicting early parenting, attachment 
security, and toddler social-emotional problems and competencies. J. Am. Acad. 
Child Adolesc. Psychiatry 40, 18–26. 

Challis, J., Newnham, J., Petraglia, F., Yeganegi, M., Bocking, A., 2013. Fetal sex and 
preterm birth. Placenta 34 (2), 95–99. https://doi.org/10.1016/j. 
placenta.2012.11.007. 

Cheong, J.N., et al., 2016. Sex-specific metabolic outcomes in offspring of female rats 
born small or exposed to stress during pregnancy. Endocrinology 157, 4104–4120. 

K. Reemst et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.neubiorev.2022.104627
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref1
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref1
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref1
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref1
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref2
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref2
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref3
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref3
https://doi.org/10.1016/0031-9384(91)90538-Y
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref5
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref5
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref5
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref6
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref6
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref6
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref7
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref7
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref7
https://doi.org/10.1016/j.physbeh.2014.04.019
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref9
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref9
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref10
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref10
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref11
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref11
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref12
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref12
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref13
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref13
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref13
https://doi.org/10.1159/000446981
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref15
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref15
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref15
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref16
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref16
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref17
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref17
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref17
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref18
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref18
https://doi.org/10.1016/j.ynstr.2017.04.001
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref20
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref20
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref21
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref21
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref21
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref22
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref22
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref22
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref23
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref23
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref23
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref23
https://doi.org/10.1016/j.bbr.2014.12.001
https://doi.org/10.1016/j.bbr.2014.12.001
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref25
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref25
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref26
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref26
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref26
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref27
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref27
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref27
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref28
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref28
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref29
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref29
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref29
https://doi.org/10.1016/j.neubiorev.2019.04.021
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref31
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref31
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref31
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref32
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref32
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref32
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref32
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref33
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref33
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref33
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref34
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref34
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref34
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref35
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref35
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref36
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref36
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref37
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref37
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref37
https://doi.org/10.1093/molehr/gau035
https://doi.org/10.1093/molehr/gau035
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref39
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref39
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref40
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref40
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref40
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref41
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref41
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref41
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref42
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref42
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref42
https://doi.org/10.1016/j.brainres.2011.08.068
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref44
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref44
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref44
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref45
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref45
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref45
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref46
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref46
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref46
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref46
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref47
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref47
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref47
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref47
https://doi.org/10.1016/j.placenta.2012.11.007
https://doi.org/10.1016/j.placenta.2012.11.007
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref49
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref49


Neuroscience and Biobehavioral Reviews 138 (2022) 104627

26

Cherian, S.B., Bairy, K.L., Rao, M.S., 2009. Chronic prenatal restraint stress induced 
memory impairment in passive avoidance task in post weaned male and female 
Wistar rats. Indian J. Exp. Biol. 47. 

Chocyk, A., et al., 2014. The effects of early-life adversity on fear memories in adolescent 
rats and their persistence into adulthood. Behav. Brain Res. 264, 161–172. 

Choe, D.E., Sameroff, A.J., McDonough, S.C., 2013. Infant functional regulatory 
problems and gender moderate bidirectional effects between externalizing behavior 
and maternal depressive symptoms. Infant Behav. Dev. 36, 307–318. 

Choi, K.W., et al., 2018. Maternal depression in the intergenerational transmission of 
childhood maltreatment and its sequelae: Testing postpartum effects in a 
longitudinal birth cohort. Dev. Psychopathol. 31, 1–14. 

Chugani, H.T., et al., 2001. Local brain functional activity following early deprivation: A 
study of postinstitutionalized Romanian orphans. Neuroimage 14, 1290–1301. 

Clifton, V.L., 2005. Sexually dimorphic effects of maternal asthma during pregnancy on 
placental glucocorticoid metabolism and fetal growth. Cell Tissue Res 322 (1), 
63–71. https://doi.org/10.1007/s00441-005-1117-5. 

Clifton, V.L., 2010. Review: Sex and the human placenta: mediating differential 
strategies of fetal growth and survival. Placenta 31 (31 Suppl), S33–S39. https://doi. 
org/10.1016/j.placenta.2009.11.010. https://pubmed.ncbi.nlm.nih.gov/20004469/ 
. 

Clifton, V.L., 2010. Sex and the Human Placenta: Mediating Differential Strategies of 
Fetal Growth and Survival. Placenta 31, S33–S39. 
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Mäki, P., et al., 2003. Criminality in the offspring of antenatally depressed mothers: A 33- 
year follow-up of the Northern Finland 1966 Birth Cohort. J. Affect. Disord. 74, 
273–278. 

K. Reemst et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref112
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref112
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref112
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref113
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref113
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref113
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref114
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref114
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref115
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref115
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref116
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref116
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref116
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref117
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref117
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref117
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref118
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref118
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref118
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref119
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref119
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref119
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref120
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref120
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref121
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref121
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref121
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref122
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref122
https://doi.org/10.1016/j.bbr.2007.07.039
https://doi.org/10.1016/j.bbr.2007.07.039
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref124
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref124
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref125
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref125
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref125
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref126
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref126
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref127
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref127
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref127
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref127
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref128
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref128
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref128
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref129
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref129
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref130
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref130
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref131
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref131
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref131
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref131
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref132
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref132
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref132
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref133
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref133
https://doi.org/10.1016/j.psyneuen.2018.07.029
https://doi.org/10.1016/j.psyneuen.2018.07.029
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref135
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref135
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref136
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref136
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref136
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref137
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref137
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref137
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref138
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref138
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref138
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref139
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref139
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref139
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref140
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref140
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref140
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref141
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref141
https://doi.org/10.1016/j.bbr.2004.07.001
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref143
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref143
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref143
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref144
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref144
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref145
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref145
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref145
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref146
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref146
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref146
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref146
https://doi.org/10.1146/annurev-genom-082509-141806
https://doi.org/10.1146/annurev-genom-082509-141806
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref148
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref148
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref148
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref149
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref149
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref149
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref150
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref150
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref150
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref151
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref151
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref151
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref152
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref152
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref152
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref153
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref153
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref153
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref154
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref154
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref154
https://doi.org/10.1016/J.BIOPSYCH.2018.06.021
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref156
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref156
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref157
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref157
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref157
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref157
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref158
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref158
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref158
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref158
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref159
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref159
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref159
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref160
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref160
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref160
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref161
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref161
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref161
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref161
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref162
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref162
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref163
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref163
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref164
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref164
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref164
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref165
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref165
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref166
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref166
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref167
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref167
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref167
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref168
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref168
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref169
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref169
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref169
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref170
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref170
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref170
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref171
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref171
http://refhub.elsevier.com/S0149-7634(22)00116-6/sbref171


Neuroscience and Biobehavioral Reviews 138 (2022) 104627

28
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Renard, G.M., Rivarola, M.A., Suárez, M.M., 2007. Sexual dimorphism in rats: effects of 

early maternal separation and variable chronic stress on pituitary-adrenal axis and 
behavior. Int. J. Dev. Neurosci. 25, 373–379. 
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