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Abstract

Background

Metabolic Syndrome (MetS) can be considered as a consequence of a complex
interplay between genetic and environmental factors and can be influenced by
changes in the environment early in life. Prenatal stress (PS) exposure likely
represents an important adverse intrauterine environment that may impact the
biology of the developing organism. The aim of this study was to
quantitatively synthesize the available data on the effects of PS on offspring’s
obesity, estimated indirectly by body mass index (BMI) and body fat; blood
pressure, plasma glucose and blood lipid concentrations (triglycerides and
high-density lipoprotein cholesterol).
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Methods

Literature searches for eligible studies on PubMed were conducted until
October 8, 2018. Full text review yielded 24 publications for inclusion into the
systematic review. Meta-analyses were performed for the outcomes BMI and
body fat. 62 effect sizes from 19 studies together with relevant moderators
were collected. Summary estimates were calculated by using random-effects
model.

Results

The combined standardized mean difference (d) for the relation between BMI
and PS indicated that despite significant heterogeneity, stress exposure of
expectant mothers was associated with increased BMI of their offspring [d
(95% CI) = 0.268 (0.191; 0.345)]. Both objective and subjective stress have
been linked to increased overweight. Preliminary results of the relationship
between PS and body fat suggested that the contribution of PS to body fat
should be at least further considered [d (95% CI) = 0.167 (0.016; 0.317)].
Evidence from a limited number of published studies do not sustains an effect
on blood pressure, glucose metabolism or circulating lipids, however these
outcomes have only been scarcely investigated.

Conclusions

A direct association between PS and BMI was found and further studies are
needed to confirm the relationship between maternal stress during gestation
and body fat. Overall, findings suggest that PS could contribute to alterations
to the post-natal offspring phenotype.

These authors contributed equally: Adriana L. Burgueño, Mariana L. Tellechea

Introduction
Stress appears to be an emerging risk and prognostic factor for earlier onset of
complex, common age-related diseases [1]. It is well recognized that in modern
society the adverse effects of stress on health have been increasing [2]. There are
several, competing uses of the term stress but is often defined as a threat to
physiological and/or psychological homeostasis. Accordingly, stressors are
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stimuli that can trigger physiological, emotional, and/or behavioral reactions of
distress when perceived as exceeding available resources [2].

The Developmental Origins of Health and Disease (DOHaD) theory, also called
fetal programming hypothesis, states that perturbations in early life could
program metabolic functions and lead to adverse cardio-metabolic outcomes
later in life, such as obesity, Metabolic Syndrome (MetS) and Cardiovascular
Disease [3]. Both genetic and environmental factors, including the in utero
environment, play important roles in the development of complex common
multifactorial disorders. The fetal programming concept has been nowadays
widely incorporated highlighting the importance of the non-genetic
susceptibility for metabolic disease. Studies concerning the effects of stressors
on pregnant women have taken a special position in stress research. Prenatal
stress (PS) exposure likely represents yet another important adverse intrauterine
environment that may impact the biology of the developing organism [4]. As the
global burden of metabolic disorders is escalating, the contribution of PS to
metabolic health represents an important area of research [4]. Nutritional and
non-nutritional stresses during pregnancy due to factors such as infection or
maternal physical or psychological trauma can lead to consequences for the fetus
that are detrimental to health [5]. Studies on maternal starvation from
preconception to early infancy, as in the Dutch famine in the World War II, or
exposure to stressful events in the Holocaust have shown associations between
early stress and ulterior obesity and associated metabolic disorders [6, 7, 8, 9,
10].

The effects of PS are thought to operate mainly through glucocorticoids (cortisol
in humans and other mammals, corticosterone in rodents), catecholamines
(adrenaline and noradrenaline), and neuropeptides such as corticotrophin-
releasing hormone [9]. Additionally, studies have reported that elevated stress in
pregnant women is associated with elevated serum pro-inflammatory cytokines
[11]. Besides endocrine and immune processes, in-utero exposure to PS would
be associated with potential maternal nutritional and life style changes affecting
the fetus.

The involvement of the hypothalamic pituitary adrenal (HPA) axis in PS has
received extensive consideration. Glucocorticoids may be passed on from the
mother to the fetus through the placenta [12], however, the placental enzyme
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) catalyzes the rapid
inactivation of glucocorticoids (cortisol and corticosterone) to physiologically
inert forms, providing a protective barrier between the fetus and mother [13, 14].
It has been hypothesized that reduced placental 11β-HSD2 activity results in
high levels of glucocorticoids reaching the fetus, which retard growth and



7/18/2019 e.Proofing

https://eproofing.springer.com/journals_v2/printpage.php?token=IcC2jX2CtttTzHxT7jtkfrU6YpfZv3gVdRftCOn1kgnF4ACEuGi_sQ 5/27

program susceptibility to disease [15, 16, 17]. Maternal physiological stress
increases the levels of maternal glucocorticoids to levels that may overcome the
placental 11β-HSD2 barrier and additionally reduce placental 11β-HSD2
levels/activity [18, 19].

It is plausible that programmed changes in the HPA axis activity contribute to
the risk of MetS. Littleton et al. [20] have conducted a meta-analysis to evaluate
the relationship between psychosocial stress in pregnancy and negative perinatal
outcomes. PS has been shown to affect both neonatal weight and risk for low
birth weight. Owing to the inverse correlations that have been reported between
size at birth and MetS in adult life [21, 22], this finding supports the hypothesis
of association between PS and MetS. Edwards et al. [13] have suggested that the
association between low birth weight and the subsequent development of
common disorders of adult life, especially hypertension, are related to increased
fetal exposure to maternal glucocorticoids. Furthermore, a meta-analysis has
found an inverse association between birth weight and circulating cortisol levels
also suggesting a possible role of the HPA axis in the epidemiological
association between birth weight and cardiovascular disease [23]. The potential
role of glucocorticoids underlying the link between low birth weight and the
later development of obesity and diabetes is reviewed elsewhere [24].

The experience of PS has also been shown to affect a range of long-term
outcomes. Growing evidence from animal and human studies suggests that in-
utero exposure to PS may impact the developing fetus to produce increased
susceptibility for offspring MetS intermediate phenotypes, obesity, dysregulated
glycaemic control, hypertension and dyslipidaemia [25]. A study has found
evidence to suggest that exposure to stressful conditions during preconception
and the prenatal period may increase the risk for developing Type 2 Diabetes
Mellitus in childhood and young adulthood [26]. In this context we designed a
systematic review to summarize and quantify through meta-analyses, the long-
term metabolic effects of the exposure to PS. We collected and analyzed the
available data from the literature on humans regarding the short and long-term
influence of PS on intermediate phenotypes of the MetS such as body mass
index (BMI), including body fat and leptin levels; blood pressure; blood glucose
including insulin concentration; triglycerides and high-density lipoprotein
cholesterol (HDL-C) levels. The influence of biological and experimental
moderators was evaluated by using subgroup analysis and meta-regression.

Materials and methods

Search strategy
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Literature searches were done on studies up to October 8, 2018 on PubMed. We
followed the appropriate methods for conducting a meta-analysis as reported in
the Guidelines for Meta-Analyses of Observational Studies in Epidemiology
group and PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) statement [27, 28]. A review protocol was strictly followed
(available under request) and a PRISMA checklist is included in Supplementary
Information (SI) 1. The search strategy combines terms related to the exposure
and outcomes of interest (SI 2). Specifically, selected outcomes were BMI or
waist circumference if available, body fat or leptin levels, blood pressure,
glucose, insulin, triglycerides, and HDL-C.

Inclusion and exclusion criteria
Studies were included in the meta-analyses if they assessed any measure of
stress that mothers have experienced before offspring’s birth and include
outcomes in the postnatal period. Searches were restricted to studies on humans
that were published in English and no offspring age limits were used. There were
no country restrictions and eligible studies had no minimum number of
participants. Studies were excluded if they assessed nutritional stress, stress-
related behaviors in pregnancy (e.g., smoking) or glucocorticoid exposure during
prenatal life. Finally, studies that evaluated a related but distinct construct (e.g.,
cognitive appraisal) were excluded. Prenatal psychopathologic traits, anxiety (or
pregnancy related anxiety) and depression were also excluded as prior recent
reviews had assessed the association between these constructs and perinatal
outcomes [29, 30]. Exceptions were studies were anxiety and/or depression were
included in a composite stress index.

Studies were excluded from meta-analyses and included in systematic review if
data necessary to calculate an effect size could not be obtained from the study
but any statistic was reported.

Data collection and data analysis
Data collection is described in SI 3 and the quality of individual studies was
assessed at the outcome level using an adapted version of the Newcastle-Ottawa
Scale [31] (NOS, SI 4).

All calculations were performed using the Comprehensive Meta-Analysis
(CMA) computer program (Biostat, Englewood, NJ, USA) as previously
described [32]. Effect sizes (standardized mean difference, d) with confidence
intervals were calculated and summary estimates were calculated using random
effects models. Forest plots were generated to illustrate the study-specific effect
sizes along with 95% CI. Sensitivity analysis removing one study at a time was
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performed to investigate the influence of each study on the overall result [33].
Heterogeneity was evaluated with the Q statistic and I-squared statistic.
Measures of heterogeneity of 25%, 50%, and 75% were considered low,
moderate, and high, respectively [34]. A priori subgroup analyses based on type
of stress (objective vs. subjective), study design, source of dataset, intervention
span and age stage were conducted to examine possible sources of heterogeneity.
In mixed effects analysis a random effects model was used to combine studies
within each subgroup. For mixed effects analysis a p-value of less than 0.1
indicates a statistically significant subgroup effect. Meta-regression analysis was
also performed to assess the influence of age, proportion of male participants,
quality score, sample size and year of publication. Further sensitivity analyses,
also specified a priori, were conducted to observe the impact of removing studies
at risk of bias: (1) studies where ascertainment of exposure was not assessed by
structured interview or questionnaire, (2) studies scoring three or less in quality
level, and finally (3) studies reporting standardized regression coefficients,
instead of correlation r to verify the possible influence of those studies on
estimates. To check for publication bias we used the Egger’s test and visual
inspection of funnel plots. A p-value < 0.05 was considered to be statistically
significant unless otherwise stated.

AQ5

Results

Eligible studies and characteristics
A flow diagram schematizing the process of article exclusion is summarized in
Fig. 1. Full text review yielded 24 publications for inclusion into the systematic
review and meta-analyses [35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, 51, 52, 53, 54, 55, 56, 57, 58]. The list of excluded studies with reasons
for exclusion is available in SI 5.

Fig. 1

PRISMA flow chart summarizing study selection processes for systematic review
and meta-analysis in humans
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We performed two separate meta-analyses for BMI and body fat datasets.
Table 1 altogether with SI 6 illustrate the characteristics of the 19 included
studies [35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 53, 55, 56, 58].
Thirteen studies included a relatively similar amount of males and females. The
range age of participants was 0.25–38.9 years. Studies were conducted in both
developed and developing countries, and some studies were conducted in
specific ethnic groups (e.g., Mexican, Chinese and US racial/ethnic minorities).
In general, studies have included both primigravida and multigravida women.

Table 1

Characteristics of included studies
AQ6
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Study Dataset Design Country %
Ethnicity

%
Male ExposureStudy Dataset Design Country %

Ethnicity
%

Male Exposure

Bhat [35] Hospital
level Current Australia ~0 47.7 Life stress

events

Chatterjee
[36]

Town
level Current Mexico ~100 51 Perceived

stress

Christensen
[37]

Country
level Historical Denmark ~0 51.3

Road traffic
noise (<55 
dB vs. ≥55 
dB)

Dancause
[38]

Regional
level Current Canada ~0 56,2

Ice storm-
related
objective
hardship

Dancause
[38]

Ice storm-
related
subjective
distress

Dancause
[39]

Regional
level Current USA ~0 54.7

Flood-
related
objective
hardship

Dancause
[39]

Flood-
related
subjective
distress

Dixon [40] Regional
level Current USA ~100 50.7

Experiences
of racism (0
vs. 3+)

Entriger
[41]

Regional
level Historical Germany ~0 17.2 Negative life

events

Farewell
[42] Regional

level Current New
Zealand 41.4 51.4

Objective
vulnerability

Farewell
[42]

Perceived
stress

Guxens
[43] Regional

level Current The
Netherlands ~38.3 50.6

Distress
related to
hostility

Guxens
[43] Family stress

Hohwu
[44]

Specific
sub-
group

Historical Denmark ~0 100
Bereavement
(exposed vs.
not)

Data on ethnicity and % male are approximations taken from data on the original cohort 
which individuals were taken. Superscripts indicate different datasets.

a

b

a,b

c,d

a,b

c,d

a–g

h–n
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Data source varied between studies but most studies were population-based.
Studies in general were carried out prospectively; however, different criteria
were used for ascertainment of exposure. Exposure was registered during
pregnancy in ten studies, besides in eight studies (historical cohorts)
ascertainment of exposure was collected from existing records or health care

Study Dataset Design Country %
Ethnicity

%
Male Exposure

Hohwu
[45]

Hospital
level Current Denmark ~0 49.3

Separation
(vs.
cohabiting
parents)

Ingstrup
[46]

Country
level Historical Denmark ~0 51.2

Feeling
stressed (a
lot vs. a
little)

Ji [47] Regional
level Historical China ~100 75

Earthquake
(exposed vs.
not)

Li [48] Town
level Historical Denmark ~0 50.5

Bereavement
(exposed vs.
not)

Liu [49]

Regional
level Current Canada ~0 50.5–

57.7

Ice storm-
related
objective
hardship

Liu [49]
Ice storm-
related
subjective
distress

Van Dijk
[53]

Town
level Current The

Netherlands 10.5 NA
Job strain
(high vs.
low)

Wang [55]
Specific
sub-
groups

Case-
control China ~100 74.4

Earthquake
(exposed vs.
not)

Weyde [56] Town
level Historical Norway ~8.5 51

Road traffic
noise (<55 
dB vs. ≥60 
dB)

Zadzinska
[58]

Town
level Historical Poland ~0 48.1

Experience
of
stress/trauma

Data on ethnicity and % male are approximations taken from data on the original cohort 
which individuals were taken. Superscripts indicate different datasets.

a–g

a–e

f–j
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registers, or assessed retrospectively through questionnaire/interview. For
analytical purposes we classified PS type in objective and subjective and data on
overall/composite stress were not collected except for one study not included in
meta-analyses but included in systematic review [57].

The majority of studies included had a low risk of bias according to the modified
NOS quality score, with only two studies scoring low quality score. Summary of
data included in meta-analyses is available on SI 7. Sample size ranged from 28
to 111,651 participants.

Other outcomes of interest have scarcely been investigated and for this reason
meta-analyses were not performed. Table SI 8 illustrates the characteristics of
the studies excluded from meta-analyses but included in systematic review [50,
51, 52, 54, 57].

Systematic review and meta-analysis on the relationship
between PS and BMI
The search process resulted in 18 studies (53 data points) included in the meta-
analysis. Included studies reported the relationship between PS and a measure of
offspring’s obesity: BMI (kg/m ), BMI z-score or overweight. Measures of
overweight were based on BMI or BMI z-score.

The combined weighted effect size for the relation between BMI and PS
indicated that BMI was higher in prenatally stressed subjects than in control
subjects [d(95%CI) = 0.268 (0.191;0.345), Fig. 2]. Sensitivity analysis indicated
that no single study changed the pooled estimate qualitatively which suggested
that the results of the meta-analysis were stable and reliable (d varied between
0.241 and 0.278; p-values < 0.001). There was evidence of high heterogeneity
between studies [I-squared = 97, p-value(Q) < 0.001] and then subgroup analyses
were performed (Table 2). The tests for subgroup differences suggested that
there were significant subgroup effects, meaning that those moderators modified
the effect of PS on BMI, specifically, there was evidence that the association
between BMI and PS varied by dataset, design and age stage. Subgroup analysis
includes the possibility of testing the robustness of associations across
subgroups and interestingly, we identified that the association between PS and
BMI was not significant in historical cohorts. Of note, substantial amount of
unexplained heterogeneity between the studies included in each individual
subgroup was detected.

Fig. 2

Forest plot for the associations between prenatal stress and BMI

2
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Table 2

Subgroup analysis

 N
Heterogeneity

d (95%CI)
Q-value I-

squared

Overall (random effects
model) 53 1755*** 97

0.268
(0.191;
0.345)***

Five moderators were analyzed. In mixed effects analysis a random effects model was
used to combine studies within each subgroup. For this test a p-value of less than 0.1
indicates a statistically significant subgroup effect. Subgroups with less than five
separate studies are not shown. d = standardized mean difference. Column N indicates
number of subgroups (total between heterogeneity) or number of effect sizes (with
number of separate studies in parenthesis)

*p-value < 0.05; **p-value < 0.01; ***p-value < 0.00001
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 N
Heterogeneity

d (95%CI)
Q-value I-

squared

Dataset Total
between 5 102 (p-value < 

0.00001)< 0.00001)   

 Regional 21 143*** 86
0.227
(0.130;
0.323)***

 Town 26 341*** 93
0.253
(0.190;
0.316)***

Design Total
between 3 17 (p-value = 0.0002) 

= 0.0002)   

 Current 37 481*** 93
0.273
(0.214;
0.332)***

 Historical 15
(8) 1247*** 99

0206
(−0.066;
0.478)

Stress type Total
between 2 0 (p-value = 0.9)   

 Objective 26 1196*** 98
0.278
(0.106;
0.449)**

 Subjective 27 490*** 95
0.261
(0.192;
0.331)***

Intervention
span

Total
between 2 0 (p-value = 0.9)   

 Preges/ges 18 29* 42
0.252
(0.158;
0.346)***

 Ges 35 1720*** 98
0.260
(0.167;
0.352)***

Age stage Total
between 5 10 (p-value = 0.04) = 

0.04)   

0.272

Five moderators were analyzed. In mixed effects analysis a random effects model was
used to combine studies within each subgroup. For this test a p-value of less than 0.1
indicates a statistically significant subgroup effect. Subgroups with less than five
separate studies are not shown. d = standardized mean difference. Column N indicates
number of subgroups (total between heterogeneity) or number of effect sizes (with
number of separate studies in parenthesis)

*p-value < 0.05; **p-value < 0.01; ***p-value < 0.00001
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 N
Heterogeneity

d (95%CI)
Q-value I-

squared

 Infancy 15 344*** 96 (0.184;
0.359)***

 Early
childhood 21 248*** 92

0.170
(0.088;
0.253)**

 Middle
childhood 6 5 0

0.265
(0.161;
0.369)***

 Adolescence 6 2 0
0.420
(0.274;
0.566)***

Five moderators were analyzed. In mixed effects analysis a random effects model was
used to combine studies within each subgroup. For this test a p-value of less than 0.1
indicates a statistically significant subgroup effect. Subgroups with less than five
separate studies are not shown. d = standardized mean difference. Column N indicates
number of subgroups (total between heterogeneity) or number of effect sizes (with
number of separate studies in parenthesis)

*p-value < 0.05; **p-value < 0.01; ***p-value < 0.00001

By meta-regression analysis we further explored whether the effect size for the
relation between PS and BMI was influenced by offspring’s age, male ratio or
ethnicity, and these analyses demonstrated that no moderator had a significant
impact. Summaries of results from meta-regression are shown in SI 9. The male
ratio in the sample seemed to have a positive effect on the relationship between
PS and BMI (Z > 0); however, exclusion of one outlier study, conducted only in
males (Hohwü 2014 [44]), resulted in loss of significance for this effect.
Scatterplots are also available in SI 9.

Additionally, the effect of quality score, sample size and year of publication was
explored by meta-regression but analysis demonstrated that these moderators had
no significant impact. In addition, pre-specified sensitivity analyses were
conducted to observe the impact of removing samples at risk of bias. High
heterogeneity was still detected after exclusion of seven studies were
ascertainment of exposure was not assessed by structured
interview/questionnaire [I-squared = 93%, p-value(Q) < 0.001, n = 39]. The
random model pooled d was even significant (d = 0.256, p-value < 0.001). In a
different analysis we excluded two studies scoring three or less in quality level
but heterogeneity was not resolved [I-squared = 97%, p-value(Q) < 0.001, n = 51]
and the random model pooled estimate from the remaining studies was still
significant (d = 0.253, p-value < 0.001). Finally, when removing one study
reporting standardized regression coefficients, both heterogeneity [I-squared = 
97%, p-value(Q) < 0.001, n = 39] and random model pooled estimate (d = 0.247,
p-value < 0.001) were still significant.
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At last, Egger’s regression test was not significant (intercept ± ES = −0.486 ± 
1.366) and the shape of the funnel plots seemed symmetrical, suggesting that
publication bias might not have a significant influence on the result of this meta-
analysis (SI 10).

One published research paper [50] meeting screening criteria was not included in
meta-analysis because data necessary to calculate an effect size could not be
obtained. This study reported no association between MS and BMI. More
specifically, Sandel et al. [50] have studied the stress of homelessness during
early development and found that prenatal homelessness was not associated with
overweight in children < 4 years old compared with children in the never-
homeless group. SI 11.1 show data extracted from the studies excluded from
meta-analyses but included in systematic review.

Systematic review and meta-analysis on the relationship
between PS and adiposity
Meta-analysis regarding body fat was just explorative because data on adiposity
was extracted only from six studies, of which five (9 data points) were included
in meta-analysis. One published research paper (Wu S [57]) was excluded from
meta-analysis but included in systematic review. Different methods were used to
estimate body fat: air-displacement plethysmography, bioelectrical impedance
analysis and skinfold (SI 7).

The combined weighted effect size for the relation between body fat and PS
indicated a significant positive relationship [d (95% CI) = 0.167 (0.016;0.317),
Fig. 3], indicating that body fat was higher in prenatally stressed subjects than in
controls. The leave-one-out sensitivity analysis indicated that excluding one
study at a time changed the random model pooled estimates qualitatively (SI 12).
The pooled estimates were marginally significant with p-values varying between
0.044 and 0.059, except for exclusion of one specific dataset (Dixon B [40])
which turned pooled estimate significant (p-value = 0.001). Heterogeneity was
not detected among studies [I-squared = 29%, p-value(Q) = 0.2]. Pre-specified
sensitivity analyses was performed and excluding one study scoring three in
quality level the random model pooled estimate was marginally significant [d
(95% CI) = 0.162 (−0.001;0.324), p = 0.05, n = 8]. Egger’s test for asymmetry of
effect sizes (intercept ± ES = 1.751 ± 0.629, p-value = 0.03) and the funnel plot
did show some evidence for study bias (SI 10).

Fig. 3

Forest plot for the associations between prenatal stress and body fat. Estimates for
standardized difference in means (d, effect); the corresponding 95% CI (lower and
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upper) and significance (p-value) were estimated by random effects analysis. The
first author of the study and the year of publication are shown after study name. In
the graph, numbers indicate d values, filled squares stand for the effect of
individual studies, and filled diamonds express combined fixed and random effects

A negative association was reported in the one manuscript excluded from meta-
analysis (Wu S [57]). In a cohort of mother-child pairs in Mexico City, an
increase in a stress composite index (based on four stress-related scales) was
associated with decreases in percentage body fat in early childhood (SI 11.1).
Additionally, data regarding circulating leptin levels was extracted from one
study (Entriger S [41]) where authors reported increased levels of leptin in
young adults whose mothers experienced major stressful life events during their
pregnancy, compared with control subjects (SI 11.1).

Systematic review on the relationship between PS and blood
pressure, glucose metabolism, and circulating lipids
The relation between PS and outcomes other than BMI or body fat had only been
investigated by a small number of researchers and therefore enough data to
calculate an appropriate overall effect size could not be obtained.

We extracted blood pressure data from five separate publications (SI 11.2). In
school age children participants of the Generation R Study, maternal
psychological distress, by means of family stress or hostility symptoms, were not
associated with childhood systolic or diastolic blood pressure. High family stress
reported by the mother was positively associated with a higher childhood
diastolic blood pressure, but not with childhood systolic blood pressure.
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However, after adjustment for various potential confounders these associations
did not remain significant [51]. In the Amsterdam Born Children and their
Development (ABCD) study job strain was not associated with systolic or
diastolic blood pressure in the child at age 5–7 years. Moreover, hypertension,
defined using guidelines from the Fourth Report on the Diagnosis, Evaluation,
and Treatment of High Blood Pressure in Children and Adolescents, was not
associated with job strain in this sample [52]. Two separate studies described the
relationship between maternal exposure to earthquake during pregnancy (as a
surrogate for PS) and blood pressure later in adult life. In one study, the systolic
pressure was significantly higher in the prenatal earthquake stress group
compared to that in the control group, but no significant differences were found
for diastolic pressure [55]. In the other study, prenatal exposure to the
earthquake was not associated with systolic or diastolic blood pressure [47].
Finally, a study showed an opposite effect. PS (life stress events) was inversely
related to systolic and diastolic blood pressure in young adult offspring
participants of the Raine Study. Furthermore, PS predicted lower odds of systolic
(pre)hypertension (SBP ≥ 120 mmHg) [35].

Table SI 11.3 shows data collected on the relationship between PS and
offspring’s glucose metabolism. Four studies on offspring’s glucose and PS were
identified in our review and all of them found no association between glucose
and PS (negative life events, job strain and exposure to earthquake) [41, 47, 54,
55]. We found only one study reporting on PS and insulin without significant
assoaciations [41].

A total of three studies on triglycerides were included in the systematic review
(SI 11.4) and the three of them found no association between circulating
triglycerides and PS (negative life events and exposure to earthquake) [41, 47,
55]. Finally, the association between PS and HDL-C was investigated in two
studies with contradictory results (SI 11.4). One study showed that subjects
exposed to PS (negative life events) had 16% lower HDL-C levels [41]; however
a different study found no significant differences for HDL-C between prenatal
earthquake stress and control subjects [55].

Discussion
We have systematically collected the available data on effects of PS on
offspring’s phenotypic outcomes related to obesity risk, metabolic function, and
blood pressure. In a first meta-analysis the key finding was that the overall effect
size (d) of the effect of PS on BMI was positive. Heterogeneity was detected
meaning that studies on the association between PS and BMI have yielded mixed
results. Differences in methodology may, at least partly, be responsible for this
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inconsistency. Dataset source, study design, intervention span, stress type and
age stage were detected as sources of putative heterogeneity. Importantly,
subgroup analysis detected that the association between PS and BMI was lost in
historical studies. Thus, study design can certainly influence the conclusions of
different studies. Both objective and subjective PS have been linked to increased
BMI. Furthermore, subgroup analysis did not find a significant difference
between different data sources, although due to the unbalanced nature of sample
sizes in our data subsets, we could not perform all of the planned subgroup
analysis. Finally, meta-regression analysis showed that age, male ratio and
ethnicity may have no significant effect on effect size.

A second but explorative meta-analysis was performed synthesizing five studies
investigating the association between PS and body fat. The overall standardized
mean difference effect size was positive with no heterogeneity, however, the
leaving-one-out study detected that results were not consistent. As exclusion of
specific datasets may modulate the association between PS and body fat, more
large-scale studies are required to throw light into this association. Furthermore,
publication bias was evident in body fat dataset. Overestimation of effect size
potentially could occur as negative studies are less likely to be published in
journals. Furthermore, the single study not included in quantitative meta-
analysis (Wu S [57]) showed an inverse significant association.

It must be noted that relevant outcomes including blood pressure, glucose
metabolism and circulating lipids have only been assessed in a limited number of
studies and individuals to date. Noticeably, six out of seven investigations on PS
exposure and these metabolic outcomes were published between 2012 and 2017,
with only one study previously in 2008; reflecting that there is an increasing
interest in the area. Regarding the association between stress exposure during
pregnancy and blood pressure, the results of five research studies were
inconsistent. Of note, Bhat SK and collaborators have reported an inverse
relationship between prenatal stress and adult SBP, which was accentuated by a
higher BMI [35]. Although some epidemiological studies have shown,
paradoxically, that individuals with metabolically healthy overweight/obesity did
not always exhibit higher rates of cardio- metabolic diseases; a meta-analysis of
prospective cohort studies has demonstrated that the risk of hypertension is
increased in both metabolically unhealthy and metabolically healthy obese
phenotypes [59]. Obesity is well-known as a risk factor for development of
hypertension. A recent updated meta-analysis (2018) has shown that waist-to-
height ratio, waist-to-hip ratio and BMI were all associated with hypertension
risk [60]. Furthermore, a dose–response meta-analysis demonstrated that the risk
of hypertension increased continuously with increasing all anthropometric
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measures; e.g., the risk of hypertension increased by 49% per a five-unit
increment in BMI [61].

Some aspects of our meta-analysis deserve discussion. Unpublished and non-
English data could not be considered in meta-analysis for practical reasons and
we limited search to data obtained from studies indexed by selected database.
Including all study results was also challenging because of varying methods for
assessing associations. Operationalization of stress exposure varied widely
between the included studies and in future meta-analyses exposure variable
should be normalized as much as possible and ideally should include cortisol
values or any other measure of physical load. Although self-completion
questionnaires and interviews are still the most commonly used methods, new
technology is increasingly providing opportunities to make progress in stress
measurement.

A recent meta-analysis synthesized results from studies of maternal stress during
infancy and childhood, finding higher risk of obesity in children when mothers
experienced stress, and children’s own experience of stress seemed to exacerbate
the association between maternal stress and subsequent higher child obesity risk
[62]. Prospective human studies to date also suggest that accelerated infant
growth, promoted in part by calorie-rich diets or early overfeeding, may program
principal components of the MetS, including obesity, insulin resistance and
cardiovascular disease [63, 64, 65]. It may be speculated that PS per se may give
rise to subtle adverse effects, and abnormal phenotype may be provoked by or
exacerbated in a later life challenging environment. Additionally, different
postnatal factors may further account for overweight later in life. The effects of
well-known risk factors such as family history of disease, socioeconomic status,
lifestyle habits (e.g., physical activity, smoking, alcohol- and drug use), and
nutrition should be also taken into consideration. The question therefore remains
to what extent associations between PS and postnatal metabolic alterations can
be modulated by changes in biological and social risk factors. Future research
examining the relationship between PS exposure and offspring metabolic
outcomes should therefore include potentially relevant confounders with
adequate assessment of mother and child lifestyle variables. In light of the
current dietary and stress environment that many humans live in, it is important
to address whether PS may exacerbate the effects of postnatal nutritional and
stressful insults.

Based on findings presented here on studies on human research and the
conceptual framework we conclude that experiencing a stressful situation during
development in the uterus is associated to a predisposition to increased
overweight risk, owning to an increase in BMI, and/or a possible increase in
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body fat. In this systematic review we could not find conclusive evidence for
abnormal MetS intermediate phenotypes caused by stress exposure in utero,
beyond overweight; although there is an increasing interest in the area and future
systematic reviews would help to contribute to this knowledge area.

Although quantitative evidence supports an association between prenatal
stressors and overweight and biological plausibility does exist, the link is simply
associational. More studies are required to understand the underlying
fundamental molecular mechanisms related to the role of the interactions
between genome, epigenome, maternal environment and postnatal environment.
PS through stress hormones or through other pathophysiological and/or genetic
mechanisms may program lifespan offspring’s stress biology, probably via
epigenetic mechanisms [66]. It has been demonstrated that PS can lead to an
increase in DNA methylation at specific CpG sites within the 11β-HSD2 gene
promoter in the placenta [67]. Furthermore, several studies have looked at
alterations in the methylation of other genes, e.g., the glucocorticoid receptor
(NR3C1) [68]. Other potential programming mechanism may include effects of
PS on telomere biology [69].
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