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Abstract

Background: Maternal early pregnancy overweight (body mass index [BMI] 25.0-29.9 kg/m?) and
obesity (BMI230 kg/m?) are associated with mental and physical health adversities in the offspring.
Prenatal programming of the hypothalamic-pituitary-adrenal (HPA) axis has been put forward as one of
the mechanisms that may play pathophysiological role. However, evidence linking maternal overweight
and obesity with offspring HPA-axis activity is scarce. We studied if maternal early pregnancy BMI is

associated with diurnal salivary cortisol, a marker of HPA-axis activity, in young adult offspring.

Methods: At a mean age of 25.3 (standard deviation [SD)=0.6) years, 653 Arvo Ylpp6 Longitudinal
Study participants collected saliva samples for cortisol analyses, at awakening, 15 and 30 minutes
thereafter, 10:30AM, 12:00PM, 5:30PM and at bedtime. Maternal BMI was calculated from weight and
height verified by a measurement in the first antenatal clinic visit before 12 weeks of gestation derived

from healthcare records.

Results: Per each one kg/m? higher maternal early pregnancy BMI offspring diurnal average salivary
cortisol was -1.4% (95% ClI:-2.6, -0.2, pror=0.033) lower, at awakening it was -2.4% (95% ClI:-4.0,
-0.7, pror=0.025) lower and the morning average salivary cortisol was -2.0% (95% Cl:-3.4, -0.5,
pror=0.017) lower. These associations were independent of the offspring’s own young adulthood BMI,

and other important covariates.

Conclusion: Our findings show that young adult offspring born to mothers with higher early pregnancy
BMI show lower average levels of diurnal cortisol, especially in the morning. Whether these findings

reflect prenatal programming of the offspring HPA-axis activity warrants further investigation.



Keywords: body mass index; early pregnancy; hypothalamic-pituitary-adrenocortical axis; salivary

cortisol



1 Introduction

In 2014, 14.9% of adult women worldwide were obese (body mass index [BMI] >30 kg/m?) (NCD-RisC,
2016) with the global prevalence of obesity in women expected to increase to 21% by 2025 (NCD-RisC,
2016). Consequently, the prevalence of obesity in pregnant women has been increasing varying from 7 to
21% across European Union countries (Devlieger et al., 2016; Euro-Peristat, 2013) and 18 to 31% across
the United States (Branum et al., 2016; Deputy et al., 2018). The number of pregnant women who are
overweight (BMI 25-29.99 kg/m?) is high as well:17-28% in European union countries (Euro-Peristat,
2013) and 23-28% in the United States (Deputy et al., 2018). Overweight and obesity in pregnancy pose
multiple health risks for the mother, increasing risk for gestational diabetes (Torloni et al., 2009),
hypertensive pregnancy disorders (Gaillard et al., 2011; Wang et al., 2013), pregnancy and postpartum
depression (Kumpulainen et al., 2018; Molyneaux et al., 2014), and longer hospital stays after delivery
(Chu et al., 2008). Maternal overweight and obesity also increase the risk of caesarean section delivery
(Poobalan et al., 2009) and adverse neonatal outcome, including preterm birth (McDonald et al., 2010),
large-for-gestational-age birth weight and macrosomia (Ehrenberg et al., 2004), birth injury, asphyxia and
respiratory problems, convulsions, hypoglycaemia (Blomberg, 2013) and congenital malformations
(Persson et al., 2017). Maternal overweight and obesity are also major risk factors for stillbirth (Flenady

etal., 2011).

The adverse consequences of maternal overweight and obesity on the offspring not only pertain to the
neonatal and infancy periods, but emerging evidence suggests that they may persist into later life stages.
In follow-up studies, the adverse outcomes associated with maternal early pregnancy overweight and
obesity include increased risk of asthma and wheezing in children (Forno et al., 2014), poorer cardio-
metabolic profile (higher BMI, fat mass, blood pressure, lipids, inflammation) in children and adults
(Eriksson et al., 2015; Godfrey et al., 2017; Kaseva et al., 2018), higher risk of neurodevelopmental delay

(Girchenko et al., 2018) and poorer neurocognitive functioning in children (Alvarez-Bueno et al., 2017;



Contu and Hawkes, 2017; Huang et al., 2014), and higher risk of any mental and psychological
development (Kong et al., 2018; Rivera et al., 2015), attention deficit hyperactivity (Gardner et al., 2015;
Kong et al., 2018; Rodriguez, 2010; Rodriguez et al., 2008), conduct (Kong et al., 2018), mood (Kong et
al., 2018; Van Lieshout et al., 2013), anxiety (Rivera et al., 2015), and autism spectrum disorders
(Gardner et al., 2015; Kong et al., 2018; Xiang et al., 2015) in children, psychosis in children (Kong et al.,
2018) and schizophrenia in adults (Khandaker et al., 2012). The adverse adult outcomes additionally
include increased risk for diabetes (Eriksson et al., 2014; Godfrey et al., 2017), cardiovascular disease
morbidity and mortality (Eriksson et al., 2014; Reynolds et al., 2013) and all-cause mortality (Reynolds et

al., 2013).

These findings are compatible with the Developmental Origins of Health and Disease (DOHaD)
framework, which suggests that exposure to environmental adversity in the prenatal life may program
organs and their functioning in ways that increase risk for physical and mental disorders later in life
(Barker, 2004). Programming of the hypothalamic-pituitary-adrenal (HPA) axis has been put forward as
one of the mechanisms that may play pathophysiological role (Duthie and Reynolds, 2013; Raikkonen et

al., 2010; Seckl and Meaney, 2004).

Yet, to the best of our knowledge only a handful of studies have focused upon the associations between
maternal overweight and obesity during pregnancy and offspring HPA axis activity in humans. In one of
these studies severe maternal obesity (BMI >40 kg/m?) measured in early pregnancy was associated with
higher salivary cortisol reactivity in response to a delayed gratification test in the 3-5-year-old offspring
(Mina et al., 2017). In one other study maternal pre-pregnancy BMI, calculated from retrospectively
reported weight after pregnancy and measured height, was not associated with the 4-5-year-old offspring
salivary cortisol morning peak or diurnal decline sampled across three points: upon arrival at preschool in
the morning, before lunch and in the afternoon upon arrival back to the child’s home. This same study
also reported that maternal early pregnancy BMI was not associated with salivary cortisol reactivity in

response to four challenge tasks (drawing a “perfect’ circle, solving a puzzle, waiting as the examiner



wrapped up a favourite prize the child had previously chosen, getting the least favoured prize instead of
the most favoured one) (Elhassan et al., 2015). Maternal early pregnancy BMI, derived from medical
records, was not associated with cortisol measured from a morning plasma sample in the 8.5-year old
offspring (Phillips et al., 2005). A recent study also showed that maternal severe obesity in early
pregnancy, derived from medical records, was not associated with cortisol, corticosterone or 11-

dehydrocorticosterone measured from fetal cord blood plasma collected at delivery (Stirrat et al., 2017).

Differences in the study set ups in these previous studies (e.g., cortisol measured from saliva, peripheral
blood or cord blood plasma; number of samples taken; variation in time point(s) of measurement and
types of stressors employed) may possibly explain the mixed findings. Further, the sample sizes have
been relatively small and follow ups have been limited to childhood. As the HPA-axis may undergo age-
related changes (Gunnar et al., 2014; Lupien et al., 2009), it is important to know if maternal overweight

and obesity are associated with offspring HPA-axis activity when measured in adulthood.

Thus, we tested if maternal early pregnancy BMI was associated with diurnal salivary cortisol in a large
sample of their offspring followed up from birth to the mean age of 25.3 years. As maternal early
pregnancy overweight and obesity have been shown to be associated with higher BMI and fat mass in the
offspring throughout childhood to adulthood (Eriksson et al., 2015; Godfrey et al., 2017; Kaseva et al.,
2018), as higher BMI in a general population (Adam et al., 2017) and in pregnant women is associated
with lower HPA-axis activity (Aubuchon-Endsley et al., 2014; Berglund et al., 2016; Luiza et al., 2015;
Stirrat et al., 2016), and as maternal and fetal cortisol levels are correlated (Gitau et al., 2001; Stirrat et al.,
2017), we hypothesized that higher maternal early pregnancy BMI would be associated with lower
diurnal salivary cortisol of the offspring in adulthood. Further, as also lower levels of BMI have been
shown to be associated with lower HPA axis activity in a general population (Kumari et al., 2010), we
tested if the associations between maternal early pregnancy BMI and offspring diurnal salivary cortisol

were non-linear.



2 Methods

2.1 Participants

Participants come from the Arvo Ylpp6 Longitudinal Study (AYLS) (Heinonen et al., 2008; Riegel et al.,
1995; Wolke et al., 1998) They were recruited from a total of 15311 deliveries in the seven maternity
hospitals in the county of Uusimaa, Finland between March 15, 1985 and March 14, 1986. The sample
comprised 2193 infants (1193 boys). Of them 1535 (867 boys; 70% of the total sample of 2193) were
admitted to the neonatal wards of the obstetric units, or to the Neonatal Intensive Care Unit (NICU) of the
Children’s Hospital within ten days after birth. The neonates ranged from severely ill preterm infants to
infants requiring only brief inpatient observation. The majority of the admitted infants had no diagnosed
iliness and were on the ward for observation or because of common problems relating to neonatal
adaptation (Heinonen et al., 2008). An additional 658 (326 boys; 30% of the total sample of 2193) infants,
not admitted to neonatal wards, were prospectively recruited from births occurring after every second
hospitalized infant in the three largest maternity hospitals in the study area during the same period.

Details of the study cohort are presented elsewhere (Heinonen et al., 2008; Riegel et al., 1995).

In 2009-2012 the still traceable 1913 (87.2%) participants of the original cohort were invited for a
clinical and psychological follow-up (for 107 personal identification number was not available, for 173
participants of the original cohort, addresses were not traceable, they were living abroad or would have
needed accommodation for an overnight stay). Of the traceable participants, 1136 participated (59.4%;
51.8% of the original cohort) in the young adulthood follow-up, and of them, 848 participants (74.6%;

38.7% of the original cohort) provided salivary samples for cortisol measurements during one day.

We excluded young adult participants with congenital malformations or chromosomal abnormalities
(n=6), shift workers (n=3), those who were pregnant (n=2), and those who did not provide valid salivary
cortisol samples (n=53; 11 had >2 missing saliva samples out of seven samples, 38 had taken >2 saliva

samples on different days, 3 had one missing sample and >1 sample(s) taken on different days, and 1 had



all seven cortisol values were above the upper limit of assay range (>100 nmol/L). We additionally
excluded participants using inhaled (n=15) or oral (n=16) glucocorticoids and nasal corticosteroids (n=6)
because of their effects on cortisol levels. This left us with 747 participants with at least 6 salivary
samples; of them data on maternal BMI in early pregnancy were available for 653 participants (327 men;
29.8% of the original cohort). They formed the analytic sample of our study, who at the follow-up were
on average 25.3 (SD=0.6, Range=24.4-27.1) years of age. Figure 1 shows a flow chart of the sample and

attrition.

Compared to those participants who were invited but did not participate in the follow-up at a mean age of
25.3-years or who were excluded from the analysis (n=1260), those who participated in the adulthood
follow-up and were included in the analytic sample (n=653) were less often hospitalized at birth (60.6%
Vs 72.8%; p<0.0001), were born to older mothers (29.9 vs 29.2 years; p=0.001), had parents with higher
education (upper tertiary 34.2% vs 22.1%; p<0.0001), had higher weight (3394 vs 3242 grams; p<0.0001)
and gestational age at birth (39.1 vs 38.6 weeks; p<0.0001), and were more often women (49.9% vs

43.5%: p=0.007).

The childhood study protocol was approved by ethics committees of the Helsinki City Maternity Hospital,
the Helsinki University Central Hospital, and the Jorvi Hospital and in adulthood by the Coordinating
Ethics Committee of the Helsinki and Uusimaa Hospital District. Informed consent was obtained from the
mother when the participants were in childhood. In adulthood written informed consent was obtained

from the participating offspring.

2.3 Measures

2.3.1 Maternal early pregnancy BMI

Maternal early pregnancy BMI (kg/m?), which was calculated from weight and height verified by a nurse

at the first visit to the antenatal clinic before 12 weeks of gestation, was extracted from healthcare
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records. We used BMI as a continuous variable in our analyses. For display purposes we also categorized
BMI into pooled underweight (<18.50 kg/m2, n=47) and normal weight (18.5-24.99 kg/m?, n=515) and
pooled overweight ( 25-29.99 kg/m?, n=76) and obese ( >30 kg/m?, n=15) groups, as offspring cortisol
concentrations of mothers with early pregnancy underweight and normal weight did not differ (p-

values>0.16) and as the number of mothers with obesity was small in our sample.

2.3.2 Offspring diurnal salivary cortisol at a mean age of 25.3 years

Participants collected seven saliva samples during a one-day period: upon awakening (cortisol available
for 653 participants; Mean (M)=7:25AM hh:mm, SD=1:17 hh:mm), 15 minutes (n=651; M=7:41AM,
SD=1:17) and 30 minutes (n=650; M=7:57AM, SD=1:17) thereafter, at 10:30AM (n=645; M=10:35AM,
SD=0:29), at noon (n=649; M=12:13, SD=0:43), at 5:30PM (n=642; M=5:43PM, SD=0:39) and at
bedtime (n=638; M=11:42PM, SD=1:23). Participants were instructed to avoid brushing their teeth and
eating within 30 minutes after awakening. They were also asked to record the date and time at sample
collection. We allowed one missing salivary cortisol sample for analysis; of the participants with at least 6
salivary cortisol samples (n=653), 66 (10.1%) had at least one missing time value of sampling. Missing
sampling times were manually imputed using the pre-determined times of the salivary sampling protocol
(e.g., if sampling time of the second salivary sample was missing, but awakening time was recorded,
awakening time+15 minutes was imputed) or study population mean of the sampling time. Altogether 393

(8.7%) missing salivary sampling times out of 4528 were imputed.

2.3.2.1 Biochemical analyses

Samples were collected between November 2009 and May 2012. Samples were stored at -20°C and
analyzed in May-June 2012 at University of Trier, Germany. Salivary cortisol concentrations were
determined by use of a competitive, solid-phase, time-resolved fluorescence immunoassay with

fluorometric end point detection (DELFIA; Wallac, Turku, Finland) (Dressendorfer et al., 1992).


http://www.sciencedirect.com/science/article/pii/S0306453014002571?via%3Dihub#bib0040
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Cortisol concentrations were measured in duplicate and averaged. If the second measure was not

available, the single concentration measured was used.

The inter-assay coefficients of variation of the control samples were 6.53% for a mean concentration of
3.70 nmol/L, 7.69% for 7.73 nmol/L and 6.88% for 18.38 nmol/L. The intra-assay coefficients of

variation ranged between 4.0 and 6.7%.

2.3.2.2 Cortisol parameters

Cortisol values above the upper limit of assay range (>100 nmol/L) were truncated at 100 (n=1 at
awakening, n=3 at 15 and 30 minutes after awakening, n=2 at 10:30AM, n=1 at 12:00PM; n=2 at
5:30PM; and n=4 at bedtime). As cortisol concentrations in samples from awakening to bedtime were
skewed, we used natural logarithm to normalize their distributions. To study the diurnal average salivary
cortisol and the degree of change in salivary cortisol from morning to bedtime (cortisol slopes) we used
all seven cortisol values (Hruschka et al., 2005). We also studied average morning (first three samples)
and mid-morning to bedtime (samples from 10AM to bedtime) salivary cortisol averages and slopes.
Furthermore, we studied separately salivary cortisol at awakening and at bedtime, and calculated
integrated cortisol measures, namely time-weighted area under the curve with respect to ground (AUCg)
and time-weighted AUC with respect to increase/change (AUCI) from the three raw morning values
(Pruessner et al., 2003) to study the average morning cortisol and cortisol awakening response,
respectively. Awakening, bedtime and AUCg and AUCi values were normalized due to skewed

distributions using natural logarithm.

2. 4 Covariates

We used covariates that either theoretically or according to previous literature are related to maternal
overweight/obesity (Gaillard et al., 2011; Torloni et al., 2009; Wang et al., 2013) and/or cortisol secretion

(Adam and Kumari, 2009; Kajantie and Raikkonen, 2010; Kudielka and Kirschbaum, 2003; Roche et al.,
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2013). In Model 1, we adjusted for salivary sampling times for the diurnal cortisol profile analyses, and
time of salivary sample at awakening for cortisol awakening, AUCg and AUCi analyses, and at
awakening and bedtime for cortisol bedtime analyses, sex hormonal contraception use (women no

contraception/women yes contraception/men) and age (years) at salivary collection day.

Model 2 included model 1 covariates plus offspring’s BMI (kg/m?) measured at the follow-up at a mean
age of 25.3 years. Model 3 included model 2 covariates plus participant’s gestational age at birth (weeks)
(Kajantie and Raikkonen, 2010), birth weight standardized for gestational age and sex SD score, maternal
age at delivery (years), maternal diabetes (type 1 diabetes, type 2 diabetes or gestational diabetes; yes vs
no) and maternal hypertensive disorders (chronic hypertension, gestational hypertension, pre-eclampsia,
superimposed pre-eclampsia; yes vs no), smoking during pregnancy (yes/no), parity (primiparous vs
multiparous) derived from hospital birth records and highest parental education (primary/lower secondary
or less, upper secondary, lower tertiary, upper tertiary) reported by the mother in childhood or reported by

the offspring at the follow-up at a mean age of 25.3 years.

Model 4 included model 2 covariates plus offspring’s self-reported alcohol consumption (no use or 3-4
times or less often per year, 1-2 times/month, weekly or daily; missing (n=28) dummy coded as separate
category), smoking (yes, ex-smoker, no; missing (n=9) dummy coded as separate category) and own
completed/ongoing education (primary/lower secondary or less, upper/studying for upper secondary,
lower tertiary/studying for lower tertiary, upper tertiary/studying for upper tertiary; missing (n=15)

dummy coded as separate category) at the follow-up at a mean age of 25.3 years.

2.5 Statistical analyses

We studied if the offspring daily average and degree of change in the diurnal cortisol from awakening to
bedtime (cortisol slopes) varied according to maternal early pregnancy BMI by using random coefficients
mixed model regression. In these analyses the seven cortisol values from awakening to bedtime were

treated as outcome variables. The models included maternal early pregnancy BMI as a between-person
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predictor, salivary cortisol sampling time (transformed to SD units, M=0, SD=1, to retain the within-time
variation we used the mean of the times across the 7 salivary cortisol samplings) as a time-varying within-
person predictor, and their interaction. Covariates were included in the model as fixed effects. We
specified an unstructured (UN) covariance matrix and allowed random effects in the model to account for

individual differences in the intercept and in the slope.

We re-ran the mixed-model analyses to study if morning (upon awakening and 15 and 30 minutes
thereafter) and mid-morning to bedtime (10:30AM until bedtime) salivary cortisol averages and slopes

varied according to maternal early pregnancy BMI.

Further, by using generalized linear models (GLM) with Gaussian reference distribution, we examined if
maternal early pregnancy BMI was associated with the offspring salivary cortisol at awakening and at

bedtime, and salivary cortisol AUCg and AUCi calculated from the three morning values.

Finally, non-linearity of the associations was tested by adding maternal early pregnancy BMI x maternal
early pregnancy BMI interaction into the regression equation in the mixed model regressions and GLMs
following the main effect of maternal early pregnancy BMI, and maternal early pregnancy BMI x

maternal early pregnancy BMI x cortisol sampling time into the mixed model regressions following their

two-way interactions and main effects.

The associations are presented as unstandardized estimates and unstandardized regression coefficients and
95% confidence intervals (95% ClIs). The estimates/coefficients reflect change in salivary cortisol in %
(units transformed using natural logarithm back-transformed using (exp(estimate/coefficient)-1)*100) per
each kg/m? unit change in maternal BMI. All associations were adjusted for all covariates in four different
models. To control for error rate related to multiple testing, the false-discovery rate (pror) was applied
setting the false discovery rate across 3 tests (main effects of maternal early pregnancy BMI on diurnal
and morning and mid-morning to bedtime salivary cortisol values; maternal early pregnancy BMI x

sampling time interactions on diurnal and morning and mid-morning to bedtime salivary cortisol values)
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for diurnal cortisol mixed model analyses and across 4 tests (salivary cortisol at awakening, at bedtime
and AUCg and AUCI) for analyses of cortisol parameters at alpha level 0.05. All analyses were conducted

using IBM SPSS 24 (IBM Corp., Armonk, N.Y., USA).

3 Results

Table 1 presents the characteristics of the study sample according to maternal pooled underweight/normal
weight and pooled overweight/obesity groups. In comparison to mothers with underweight/normal
weight, mothers with overweight/obesity in early pregnancy were older, more often had chronic or
gestational hypertension and gestational diabetes and they themselves/their spouses less often had a
lower/upper tertiary education. Their offspring were born heavier and had higher BMI at the 25.3-year

follow-up.

3.1 Maternal early pregnancy BMI and offspring diurnal, morning and mid-morning to bedtime

salivary cortisol averages and slopes

Table 2 shows the findings of the mixed random coefficients regression models. Higher maternal early
pregnancy BMI was significantly associated with lower diurnal salivary cortisol average of the offspring
(Table 2), but it was not significantly associated with the diurnal cortisol slope from awakening to
bedtime (p-values>0.52 in Models1-4 for maternal early pregnancy BMI x salivary cortisol sampling
time interaction; data not shown). When we tested the morning and the mid-morning to bedtime averages
and slopes, we found that higher maternal early pregnancy BMI was significantly associated with lower
morning average cortisol of the offspring (Table 2), but it was not associated with the morning cortisol
slope (p-values>0.37 in Models1-4 for maternal early pregnancy BMI x salivary cortisol sampling time
interaction; data not shown) or with mid-morning to bedtime cortisol average (Table 2) or slope (p-

values>0.44 in Models1-4 for maternal early pregnancy BMI x salivary cortisol sampling time
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interaction; data not shown). The effect of maternal early pregnancy BMI on diurnal and morning salivary
cortisol averages remained significant across adjustments for all covariates (models 1-4 in Table 2). The
associations with diurnal (pror=0.033) and morning salivary cortisol averages (pror=0.017) remained

significant after correction for multiple testing. Figure 2 illustrates these associations.

We also found significant non-linear U-shaped associations between maternal early pregnancy BMI with
diurnal salivary cortisol average (p=0.020-0.026 for maternal early pregnancy BMI x maternal early
pregnancy BMI interaction in models 1-4, data not shown) and mid-morning to bedtime salivary cortisol
average (p=0.042-0.06 for maternal early pregnancy BMI x maternal early pregnancy BMI interaction).
These associations did not, however, survive the correction for multiple testing (pror <0.017 for diurnal

salivary cortisol average, peor <0.033 for mid-morning to bedtime salivary cortisol average).

To exclude any potential bias that may have resulted from imputation of the 393 missing salivary cortisol
sampling time points on the findings, we re-ran the analyses by excluding the imputed observations from
the analyses; it had no effect on the morning average salivary cortisol (p=0.014); however the association
between maternal early pregnancy BMI and diurnal average salivary cortisol was attenuated non-
significant (p=0.06). We also re-ran the analyses by excluding the salivary cortisol values that were above
the upper limit of assay range (>100 nmol/L) and which we truncated to 100 nmol/L); it had no effect on

the significant findings (p-values<0.031).

3.2 Maternal early pregnancy BMI and offspring salivary cortisol upon awakening, at bedtime and

morning AUCg and AUCi

Table 3 shows the findings from the GLMs. Across all adjustment models (models 1-4) and after
correction for multiple testing higher maternal early pregnancy BMI was associated with lower salivary
cortisol upon awakening (pror=0.025) and lower morning salivary cortisol AUCg of the offspring
(pror=0.013). It was not significantly associated with morning salivary cortisol AUCIi or salivary cortisol

at bedtime. None of these associations were non-linear (p-values>0.20 for maternal early pregnancy BMI
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X maternal early pregnancy BMI interaction in models 1-4; data not shown).

4 Discussion

To our knowledge, this is the first study examining associations between maternal BMI measured in early
pregnancy before the 12" gestational week and offspring diurnal salivary cortisol in young adulthood.
This study showed that higher maternal early pregnancy BMI was linearly associated with lower diurnal
salivary cortisol levels. More specifically, per each one kg/m? unit increase in maternal early pregnancy
BMI offspring average salivary cortisol levels during the day were over -1% lower, and at awakening and
on average in the morning they were over -2% lower. While these findings are small in effect size, the
differences in the diurnal average, awakening and morning average salivary cortisol levels were over -
31% lower between those exposed to the highest and the lowest maternal BMI in our cohort. Maternal
early pregnancy BMI was not significantly associated with the degree of change in the diurnal salivary
cortisol or morning salivary cortisol, namely diurnal cortisol slope or with cortisol awakening response.

It was not either associated with mid-morning to bedtime salivary cortisol average or slope. These
associations were independent of the participant’s own young adulthood BMI and also remained
significant after adjustment for other important covariates related to both the mother and the adult
offspring, including maternal diabetic and hypertensive pre-pregnancy and pregnancy disorders, parental
education, offspring gestational age, birth weight and attained/ongoing own young adulthood education.
The associations were not either explained by nasal/inhaled/oral glucocorticoid medications as their users
were excluded from this study sample, and were not accounted for the error rate related to multiple
testing. We also tested if any of these associations were non-linear, but none of the non-linear associations

survived correction for the error rate related to multiple testing.

The handful of studies that we are aware of that have tested associations between maternal early

pregnancy BMI and offspring HPA axis activity have shown that higher maternal early pregnancy BMI is
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associated with either higher salivary cortisol in the pre-school-aged offspring in response to a delayed-
gratification test (Mina et al., 2017), or have shown that it is not associated with the pre-school aged
offspring diurnal or stress-induced salivary cortisol, school-aged offspring morning plasma cortisol or
cortisol measured from fetal cord blood (Elhassan et al., 2015; Phillips et al., 2005; Stirrat et al., 2017).
These studies have, however, examined HPA axis activity in the offspring using study designs that differ
from ours (e.g., diurnal cortisol measured upon arrival at day care, before lunch and in the afternoon upon
arrival back to the child’s home, only once in the morning or in response to stress) and at much younger
age than our young adult sample. As our study does not provide data on HPA axis of the offspring in
childhood and as the follow-ups of the previous studies do not yet extend to adult age, it remains to be
detected if the associations between maternal early pregnancy BMI and offspring HPA axis change
according to offspring age. Furthermore, as the HPA axis activity is context-specific, we cannot rule out
that contextual factors, such a stress related to the sampling per se, may have interfered with our findings.
We cannot either account for other environmental factors, such as exposure to stressful life events that
may have played a role in re-calibrating the set-point of the HPA axis during the lifespan, as emphasized
in the Adaptive Calibration Model (Del Giudice et al., 2011) or in the Lifecycle Model of Stress (Lupien
et al., 2009). We were able to account for parental education, offspring own adulthood education and
BMI. While lower childhood and adulthood education and higher BMI have been related with physical,
social and psychological life adversities and their accumulation over the lifespan (Adler and Newman,
2002; Dixon, 2010; Eurostat, 2010; Mackenbach et al., 2008; Stringhini et al., 2017), they can be
considered only as crude proxies. Hence, future studies are needed using longitudinal study design to
disentangle the effects on HPA axis activity related to maturation, environmental factors and different

study designs.

A recent thorough literature review and meta-analysis on diurnal cortisol slopes demonstrated that flatter
diurnal slopes were associated with obesity, depression, internalizing and externalizing problems, fatigue,

other mental health problems, inflammation and cancer in general and patient populations (Adam et al.,
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2017). These are outcomes that have been associated with maternal early pregnancy overweight/obesity
(Eriksson et al., 2015; Godfrey et al., 2017; Kaseva et al., 2018; Kong et al., 2018; Rivera et al., 2015)
and/or other related prenatal environmental adversities, such as maternal prenatal depression
(Kumpulainen et al., 2018; Toffol et al., in press.). We did not, however, find linear or non-linear
associations between maternal early pregnancy BMI and diurnal cortisol slopes, cortisol awakening
response or mid-morning to bedtime slopes. Rather, we found linear associations with lower average
diurnal and especially lower cortisol levels at awakening and on average in the morning. While the
associations of these cortisol measures with the physical and mental health outcomes remain less
consistent and less well-established, there is evidence that lower salivary cortisol at awakening
(Champaneri et al., 2013; Kumari et al., 2010; Ruttle et al., 2013) and lower average morning cortisol
(Champaneri et al., 2013) are correlated with higher BMI and waist circumference, and lower salivary
cortisol at awakening and 30 minutes thereafter are correlated with depression (Sjogren et al., 2006) in

general populations.

The biological underpinnings of these associations remain unknown. These include maternal HPA axis
activity: maternal overweight, obesity and severe obesity in early pregnancy are associated with blunted
maternal HPA axis activity during pregnancy (Berglund et al., 2016; Luiza et al., 2015; Stirrat et al.,
2016). Maternal overweight and obesity are also associated with maternal hyperinsulinemia,
dyslipidemia, impaired endothelial function, elevated blood pressure and low-grade inflammation during
pregnancy (Coussons-Read, 2013; O’Reilly and Reynolds, 2013; Ramsay et al., 2002; Segovia et al.,
2014). It is also possible that obesity-related changes in the maternal microbiota (Nehra et al., 2016), and
differential exposure to maternal microbiota as a result of caesarean section delivery (Papachatzi et al.,
2016) and non-breastfeeding (Lepe et al., 2011) which are more common in overweight and obesity, play

arole.

Also, epigenetic and genetic factors have been suggested to be play a role. However, a recent epigenome-

wide-association-study in over 9000 mother-newborn pairs showed that maternal BMI in early pregnancy
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had only a small effect on fetal global DNA methylation measured from cord blood (Sharp et al., 2017).
Only 8 sites were found to be suggestive of direct causal intrauterine effect by maternal BMI (Sharp et al.,
2017). The study suggested that the small effect of maternal BMI at the start of preghancy on offspring
cord blood DNA methylation “may be better explained by genetic or lifestyle factors than a causal
intrauterine mechanism” (Sharp et al., 2017). The role of genetic factors remains to be elucidated: a series
of genome-wide association studies have unraveled genetic variants related to BMI (Locke et al., 2015)
and plasma cortisol (Bolton et al., 2014), but their role in shaping the HPA axis activity in the context of
early environment remains largely unknwon. Emerging evidence also suggests that a large proportion of
the offsrping DNA methylation is accounted for by the offsrping genetic factors and by their interaction

with the early enviroment (Teh et al., 2014).

Strengths of our study include a large, longitudinal sample and repeated measurements of salivary cortisol
throughout one day from awakening till bedtime. Of the study participants, all had at least six and over
90% (N=610) had all seven cortisol samples available providing the possibility to reliably study diurnal
salivary cortisol profiles. The three salivary cortisol measurements upon and 15 and 30 minutes after
awakening were highly intercorrelated (intraclass correlations>0.76), providing support for the
consistency of the morning cortisol assessment. \We were also able to account for a wide number of
confounders, including the offspring’s own young adulthood BMI, and conducted sensitivity analyses to
increase internal validity (Adam and Kumari, 2009). We cannot, however, entirely rule out the possibility

of residual confounding.

There are limitations to our study. Cortisol sampling was performed on a single day. Cortisol levels may
differ substantially within-individuals between sampling days (Clow et al., 2010). However, demanding
procedures that include several sampling days may decrease compliance and participation rate (Adam and
Kumari, 2009) and in large samples, like ours, increase costs. As participants collected saliva samples in
their daily environment, cortisol sampling times were self-reported. While 89.9% of the participants

reported all sampling times, 10.1% had a missing recording in at least one of the sampling times (393 of
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4528 sampling times were imputed). Some studies suggest that non-compliance may especially influence
cortisol awakening response and diurnal slope (Broderick et al., 2004; Kudielka et al., 2003). Yet, the
inclusion of time-discordant samples have not been shown to result in differences in cortisol levels or
blunted diurnal slopes in a study in which signal-contingent time-sampling protocol was used (Jacobs et
al., 2005). In our study, exclusion of salivary cortisol values, for which we imputed the missing sampling
time, changed the results only a little. Nevertheless, the inaccuracy related to self-reported sampling times

should be borne in mind when interpreting the study findings.

A further study limitation relates to the birth year of our cohort. Over two decades ago when our cohort
was born, the prevalence of overweight (11.6% in our cohort) and obesity (2.3% in our cohort) in
pregnant Finnish women was much lower than the prevalence in pregnant Finnish women (overweight
20.7%; obese 11.3%) (Kong et al., 2018) and in the world in more recent cohorts (Branum et al., 2016;
Deputy et al., 2018; Devlieger et al., 2016; Euro-Peristat, 2013). This clearly limits statistical power and
generalizability to cohorts born more recently, but remains an unavoidable limitation when studying
today’s adult populations. Also lack of data about exposure to ecological stress/positive environment

across the offspring lifespan, in addition to lack of data about their somatic health, is a study limitation.

Loss to follow up in longitudinal studies is also inevitable. The follow-up attrition was related to maternal
and child perinatal characteristics. Hence, our findings may not be generalized to populations that vary in

characteristics from our study sample.

5 Conclusions
To conclude, our study showed that young adult offspring of mothers with higher BMI in early pregnancy
have lower average levels of salivary cortisol during the day, especially in the morning. Whether these

findings reflect prenatal programming of the offspring HPA-axis activity warrants further investigation.



21

Declarations of interests: Satu M Kumpulainen, Drs. Kati Heinonen, Nina Kaseva, Sture Andersson,
Aulikki Lano, Rebecca M Reynolds, Dieter Wolke, Eero Kajantie, Johan G Eriksson and Katri Raikkdnen

declare no conflict of interest.

Author contributions

Satu Kumpulainen, Katri Raikkonen, and Kati Heinonen had access to all the data and are responsible for

the data, for accuracy of the data analysis, and for conducting the research.

Satu Kumpulainen analyzed and interpreted the data, drafted the initial manuscript, and revised the
manuscript for important intellectual content. Drs. Eriksson, Heinonen, Kajantie, and Raikkénen
contributed to study concept and design, acquisition of data, interpretation of data, and drafting and
revising the manuscript for important intellectual content. Dr. Wolke contributed to study design of the
childhood assessments, acquisition, processing, and interpretation of data, and drafting and revising the
manuscript for important intellectual content. Dr. Lano contributed to assessing the children, acquisition
and processing of childhood data and interpretation of the data, and drafting and revising the manuscript
for important intellectual content. Drs. Kaseva, Andersson and Reynolds contributed to drafting and
revising the manuscript for important intellectual content. All authors read and approved the final version

of the manuscript.

Role of the funding sources

Childhood follow-up was financially supported by the Bundesministerium flr Forschung und Technik
(Federal Goverment of Germany, Ministry of Science and Technology) program grants PKE 4 and JUG
14 (FKZ’s 0706224, 0706564, and 01EP9504) to Drs. Klaus Riegel, Dieter Wolke, and Barbara Ohrt. Dr
Aulikki Lano was supported by and Finnish Foundation for Pediatric Research. Adulthood follow-up was
financially supported by the Academy of Finland program grants to Drs. Johan G Eriksson, Eero Kajantie

and Katri Raikkonen. Dr Nina Kaseva was supported by Finska Lakareséllskapet, Signe and Ane



22

Gyllenberg Foundation and Stiftelsen Dorothea Olivia, Karl Walter och Jarl Walter Perklens. Dr. Eero
Kajantie was also supported by grants from European Commission (Horizon 2020 Award SC1-2016-
RTD-733280 RECAP), Sigrid Jusélius Foundation, Emil Aaltonen Foundation, Novo Nordisk
Foundation, Finnish Foundation for Pediatric Research, Finnish Foundation for Cardiovascular Research,
Juho Vainio Foundation, Signe and Ane Gyllenberg Foundation. Dr Johan Eriksson was supported by
grant from Samfundet Folkhéalsan. Dr. Sture Andersson was supported by grants from Paivikki and Sakari
Sohlberg Foundation and Finska Lakaresallskapet and Dr. Kati Heinonen by the Academy of Finland
post-doctoral grant. Dr. Rebecca Reynolds acknowledges the support of Tommys and the British Heart
Foundation. The work by Ms. Satu Kumpulainen was supported by University of Helsinki Research

Funds and Doctoral program of Psychology, Learning and Communication.



23

References

Adam, E.K., Kumari, M., 2009. Assessing salivary cortisol in large-scale, epidemiological research.

Psychoneuroendocrinology 34, 1423-1436. https://doi.org/10.1016/j.psyneuen.2009.06.011

Adam, E.K., Quinn, M.E., Tavernier, R., McQuillan, M.T., Dahlke, K.A., Gilbert, K.E., 2017. Diurnal
cortisol slopes and mental and physical health outcomes: A systematic review and meta-analysis.

Psychoneuroendocrinology 83, 25-41. https://doi.org/10.1016/j.psyneuen.2017.05.018

Adler, N.E., Newman, K., 2002. Socioeconomic disparities in health: Pathways and policies - ProQuest.

Health Aff. 21, 60—76. https://doi.org/10.1377/hlthaff.21.2.60

Alvarez-Bueno, C., Cavero-Redondo, I., Lucas-de la Cruz, L., Notario-Pacheco, B., Martinez-Vizcaino,
V., 2017. Association between pre-pregnancy overweight and obesity and children’s neurocognitive
development: a systematic review and meta-analysis of observational studies. Int. J. Epidemiol. 46,

1653-1666. https://doi.org/10.1093/ije/dyx122

Aubuchon-Endsley, N.L., Bublitz, M.H., Stroud, L.R., 2014. Pre-pregnancy obesity and maternal
circadian cortisol regulation: Moderation by gestational weight gain. Biol. Psychol. 102, 38—43.

https://doi.org/10.1016/j.biopsycho.2014.07.006

Barker, D.J.P., 2004. The Developmental Origins of Adult Disease. J. Am. Coll. Nutr. 23, 5885-595S.

https://doi.org/10.1080/07315724.2004.10719428

Berglund, S.K., Garcia-Valdés, L., Torres-Espinola, F.J., Segura, M.T., Martinez-Zaldivar, C., Aguilar,
M.J., Agil, A., Lorente, J.A., Florido, J., Padilla, C., Altmée, S., Marcos, A., Lopez-Sabater, M.C.,
Campoy, C., 2016. Maternal, fetal and perinatal alterations associated with obesity, overweight and
gestational diabetes: an observational cohort study (PREOBE). BMC Public Health 16.

https://doi.org/10.1186/s12889-016-2809-3



24

Blomberg, M., 2013. Maternal obesity, mode of delivery, and neonatal outcome. Obstet. Gynecol. 122,

50-55. https://doi.org/10.1097/A0G.0b013e318295657f

Bolton, J.L., Hayward, C., Direk, N., Lewis, J.G., Hammond, G.L., Hill, L.A., Anderson, A., Huffman, J.,
Wilson, J.F., Campbell, H., Rudan, 1., Wright, A., Hastie, N., Wild, S.H., Velders, F.P., Hofman, A.,
Uitterlinden, A.G., Lahti, J., Raikkonen, K., Kajantie, E., Widen, E., Palotie, A., Eriksson, J.G.,
Kaakinen, M., Jarvelin, M.R., Timpson, N.J., Davey Smith, G., Ring, S.M., Evans, D.M., St
Pourcain, B., Tanaka, T., Milaneschi, Y., Bandinelli, S., Ferrucci, L., van der Harst, P., Rosmalen,
J.G.M,, Bakker, S.J.L., Verweij, N., Dullaart, R.P.F., Mahajan, A., Lindgren, C.M., Morris, A.,
Lind, L., Ingelsson, E., Anderson, L.N., Pennell, C.E., Lye, S.J., Matthews, S.G., Eriksson, J.,
Mellstrom, D., Ohlsson, C., Price, J.F., Strachan, M.W.J., Reynolds, R.M., Tiemeier, H., Walker,
B.R., 2014. Genome Wide Association Identifies Common Variants at the SERPINAG6/SERPINA1
Locus Influencing Plasma Cortisol and Corticosteroid Binding Globulin. PLoS Genet. 10,

e1004474. https://doi.org/10.1371/journal.pgen.1004474

Branum, A.M., Kirmeyer, S.E., Gregory, E.C.W., 2016. Prepregnancy body mass index by maternal

characteristics and state: Data from the birth certificate, 2014. Natl. Vital Stat. Rep. 65, 1-11.

Broderick, J.E., Arnold, D., Kudielka, B.M., Kirschbaum, C., 2004. Salivary cortisol sampling
compliance: Comparison of patients and healthy volunteers. Psychoneuroendocrinology 29, 636—

650. https://doi.org/10.1016/S0306-4530(03)00093-3

Champaneri, S., Xu, X., Carnethon, M.R., Alain, G., Seeman, T., Desantis, A.S., Roux, A.D., Shrager, S.,
Golden, S.H., Carolina, N., 2013. Diurnal Salivary Cortisol is Associated With Body Mass Index
and Waist Circumference: The Multi-Ethnic Study of Atherosclerosis. Obesity 21, 1-17.

https://doi.org/10.1002/0by.20047

Chu, S.Y., Bachman, D.J., Callaghan, W.M., Whitlock, E.P., Dietz, P.M., Berg, C.J., O’Keeffe-Rosetti,



25

M., Bruce, F.C., Hornbrook, M.C., 2008. Association between Obesity during Pregnancy and
Increased Use of Health Care. N. Engl. J. Med. 358, 1444-1453.

https://doi.org/10.1056/NEJM0a0706786

Clow, A., Hucklebridge, F., Thorn, L., 2010. The cortisol awakening response in context, International

Review of Neurobiology. Elsevier Inc. https://doi.org/10.1016/S0074-7742(10)93007-9

Contu, L., Hawkes, C.A., 2017. A review of the impact of maternal obesity on the cognitive function and

mental health of the offspring. Int. J. Mol. Sci. 18, 1093. https://doi.org/10.3390/ijms18051093

Coussons-Read, M.E., 2013. Effects of prenatal stress on pregnancy and human development:

mechanisms and pathways. Obstet. Med. 6, 52-57. https://doi.org/10.1177/1753495X12473751

Del Giudice, M., Ellis, B.J., Shirtcliff, E.A., 2011. The Adaptive Calibration Model of stress responsivity
Gliederung. Neurosci. Biobehav. Rev. 35, 1562-1592.

https://doi.org/10.1016/j.neubiorev.2010.11.007.The

Deputy, N.P., Dub, B., Sharma, A.J., 2018. Prevalence and Trends in Prepregnancy Normal Weight — 48
States, New York City, and District of Columbia, 2011-2015. MMWR. Morb. Mortal. WKly. Rep.

66, 1402-1407. https://doi.org/10.15585/mmwr.mm665152a3

Devlieger, R., Benhalima, K., Damm, P., Van Assche, A., Mathieu, C., Mahmood, T., Dunne, F.,
Bogaerts, A., 2016. Maternal obesity in Europe: Where do we stand and how to move forward?: A
scientific paper commissioned by the European Board and College of Obstetrics and Gynaecology
(EBCOG). Eur. J. Obstet. Gynecol. Reprod. Biol. 201, 203-208.

https://doi.org/10.1016/j.ejogrb.2016.04.005

Dixon, J.B., 2010. The effect of obesity on health outcomes. Mol. Cell. Endocrinol. 316, 104-108.

https://doi.org/10.1016/j.mce.2009.07.008



26

Duthie, L., Reynolds, R.M., 2013. Changes in the maternal hypothalamic-pituitary-adrenal axis in
pregnancy and postpartum: Influences on maternal and fetal outcomes. Neuroendocrinology 98,

106-115. https://doi.org/10.1159/000354702

Ehrenberg, H.M., Mercer, B.M., Catalano, P.M., 2004. The influence of obesity and diabetes on the
prevalence of macrosomia. Am. J. Obstet. Gynecol. 191, 964-968.

https://doi.org/10.1016/j.ajog.2004.05.052

Elhassan, M.E., Miller, A.L., Vazquez, D.M., Lumeng, J.C., 2015. Associations of prenatal and perinatal
factors with cortisol diurnal pattern and reactivity to stress at preschool age among children living in

poverty. JCRPE J. Clin. Res. Pediatr. Endocrinol. 7, 114-120. https://doi.org/10.4274/jcrpe.1685

Eriksson, J.G., Sandboge, S., Salonen, M., Kajantie, E., Osmond, C., 2015. Maternal weight in pregnancy
and offspring body composition in late adulthood: findings from the Helsinki Birth Cohort Study

(HBCS). Ann. Med. 47, 94-9. https://doi.org/10.3109/07853890.2015.1004360

Eriksson, J.G., Sandboge, S., Salonen, M.K., Kajantie, E., Osmond, C., 2014. Long-term consequences of
maternal overweight in pregnancy on offspring later health: Findings from the Helsinki Birth Cohort

Study. Ann. Med. 46, 434-438. https://doi.org/10.3109/07853890.2014.919728

Euro-Peristat, 2013. Euro-Peristat project with SCPE and Eurocat. European perinatal health report. The
health and care of pregnant women and babies in Europe in 2010 [WWW Document]. URL

WWW.europeristat.com

Eurostat, 2010. Analysing the socioeconomic determinants of health in Europe: new evidence from EU-

SILC. Luxembourg: Publications Office of the European Union.

Flenady, V., Middleton, P., Smith, G.C., Duke, W., Erwich, J.J., Khong, T.Y., Neilson, J., Ezzati, M.,

Koopmans, L., Ellwood, D., Fretts, R., Frgen, J.F., 2011. Stillbirths: The way forward in high-



27

income countries. Lancet 377, 1703-1717. https://doi.org/10.1016/S0140-6736(11)60064-0

Forno, E., Young, O.M., Kumar, R., Simhan, H., Celedon, J.C., 2014. Maternal Obesity in Pregnancy,
Gestational Weight Gain, and Risk of Childhood Asthma. Pediatrics 134, e535-€546.

https://doi.org/10.1542/peds.2014-0439

Gaillard, R., Steegers, E.A., Hofman, A., Jaddoe, V.W., 2011. Associations of maternal obesity with
blood pressure and the risks of gestational hypertensive disorders. the Generation R Study. J.

Hypertens. 29, 937-944. https://doi.org/10.1097/HJH.0b013e328345500c

Gardner, R.M., Lee, B.K., Magnusson, C., Rai, D., Frisell, T., Karlsson, H., Idring, S., Dalman, C., 2015.
Maternal body mass index during early pregnancy, gestational weight gain, and risk of autism
spectrum disorders: Results from a Swedish total population and discordant sibling study. Int. J.

Epidemiol. 44, 870-883. https://doi.org/10.1093/ije/dyv081

Girchenko, P., Tuovinen, S., Lahti-Pulkkinen, M., Lahti, J., Savolainen, K., Heinonen, K., Pyhél§, R.,
Reynolds, R.M., Hamalainen, E., Villa, P.M., Kajantie, E., Pesonen, A.K., Laivuori, H., Raikkdnen,
K., 2018. Maternal early pregnancy obesity and related pregnancy and pre-pregnancy disorders:
Associations with child developmental milestones in the prospective PREDO Study. Int. J. Obes. 42,

995-1007. https://doi.org/10.1038/s41366-018-0061-x

Gitau, R., Fisk, N.M., Teixeira, J.M.A., Cameron, A., Glover, V., 2001. Fetal hypothalamic-pituitary-
adrenal stress responses to invasive procedures are independent of maternal responses. J. Clin.

Endocrinol. Metab. 86, 104-109. https://doi.org/10.1210/jc.86.1.104

Godfrey, K.M., Reynolds, R.M., Prescott, S.L., Nyirenda, M., Jaddoe, V.W.V ., Eriksson, J.G., Broekman,
B.F.P., 2017. Influence of maternal obesity on the long-term health of offspring. Lancet Diabetes

Endocrinol. 5, 53-64. https://doi.org/10.1016/S2213-8587(16)30107-3



28

Gunnar, M.R., Wewerka, S., Frenn, K., Griggs, C., 2014. Developmental changes in hypothalamus—
pituitary—adrenal activity over the transition to adolescence: Normative changes and associations
with puberty. Dev. Psychopathol. 21, 69-85.

https://doi.org/10.1017/S0954579409000054.Developmental

Heinonen, K., Raikkonen, K., Pesonen, A.-K., Kajantie, E., Andersson, S., Eriksson, J.G., Niemelg, A.,
Vartia, T., Peltola, J., Lano, A., 2008. Prenatal and postnatal growth and cognitive abilities at 56
months of age: a longitudinal study of infants born at term. Pediatrics 121, e1325-33.

https://doi.org/10.1542/peds.2007-1172

Hruschka, D.J., Kohrt, B.A., Worthman, C.M., 2005. Estimating between- and within-individual variation
in cortisol levels using multilevel models. Psychoneuroendocrinology 30, 698—714.

https://doi.org/10.1016/j.psyneuen.2005.03.002

Huang, L., Yu, X., Keim, S,, Li, L., Zhang, L., Zhang, J., 2014. Maternal prepregnancy obesity and child
neurodevelopment in the Collaborative Perinatal Project. Int. J. Epidemiol. 43, 783-792.

https://doi.org/10.1093/ije/dyu030

Jacobs, N., Nicolson, N.A., Derom, C., Delespaul, P., Van Os, J., Myin-Germeys, |., 2005. Electronic
monitoring of salivary cortisol sampling compliance in daily life. Life Sci. 76, 2431-2443.

https://doi.org/10.1016/j.1fs.2004.10.045

Kajantie, E., Réikkdnen, K., 2010. Early life predictors of the physiological stress response later in life.

Neurosci. Biobehav. Rev. 35, 23-32. https://doi.org/10.1016/j.neubiorev.2009.11.013

Kaseva, N., Vadrasmaki, M., Matinolli, H.-M., Sipola-Leppanen, M., Tikanmaki, M., Heinonen, K.,
Lano, A., Wolke, D., Andersson, S., Jarvelin, M.-R., Raikkénen, K., Eriksson Johan, G., Kajantie,
E., 2018. Pre-pregnancy overweight or obesity and gestational diabetes as predictors of body

composition in offspring twenty years later—evidence from two birth cohort studies. Int. J. Obes.



29

42, 872-879. https://doi.org/doi: 10.1038/ij0.2017.277

Khandaker, G.M., Dibben, C.R.M., Jones, P.B., 2012. Does maternal body mass index during pregnancy
influence risk of schizophrenia in the adult offspring? Obes. Rev. 13, 518-527.

https://doi.org/10.1111/j.1467-789X.2011.00971.x

Kong, L., Norstedt, G., Schalling, M., Gissler, M., Lavebratt, C., 2018. The Risk of Offspring Psychiatric
Disorders in the Setting of Maternal Obesity and Diabetes. Pediatrics 142, e20180776.

https://doi.org/10.1542/peds.2018-0776

Kudielka, B.M., Broderick, J.E., Kirschbaum, C., 2003. Compliance with saliva sampling protocols:
Electronic monitoring reveals invalid cortisol daytime profiles in noncompliant subjects.

Psychosom. Med. 65, 313-319. https://doi.org/10.1097/01.PSY.0000058374.50240.BF

Kudielka, B.M., Kirschbaum, C., 2003. Awakening cortisol responses are influenced by health status and
awakening time but not by menstrual cycle phase. Psychoneuroendocrinology 28, 35-47.

https://doi.org/10.1016/S0306-4530(02)00008-2

Kumari, M., Chandola, T., Brunner, E., Kivimaki, M., 2010. A nonlinear relationship of generalized and
central obesity with diurnal cortisol secretion in the Whitehall 11 study. J. Clin. Endocrinol. Metab.

95, 4415-4423. https://doi.org/10.1210/jc.2009-2105

Kumpulainen, S.M., Girchenko, P., Lahti-Pulkkinen, M., Reynolds, R.M., Tuovinen, S., Pesonen, A.-K.,
Heinonen, K., Kajantie, E., Villa, P.M., Haimélainen, E., Laivuori, H., Réikkdnen, K., 2018.
Maternal early pregnancy obesity and depressive symptoms during and after pregnancy. Psychol.

Med. 48, 2353-2363. https://doi.org/10.1017/S0033291717003889.

Lepe, M., Bacardi Gascon, M., Castafieda-Gonzalez, L.M., Pérez Morales, M.E., Jiménez Cruz, a, 2011.

Effect of maternal obesity on lactation: systematic review. Nutr. Hosp. 26, 1266-1269.



30

https://doi.org/10.3305/nh.2011.26.6.5388

Locke, A.E., Kahali, B., Berndt, S.1., Justice, A.E., Pers, T.H., Day, F.R., Powell, C., Vedantam, S.,
Buchkovich, M.L., Yang, J., Croteau-Chonka, D.C., Esko, T., Fall, T., Ferreira, T., Gustafsson, S.,
Kutalik, Z., Luan, J., Mégi, R., Randall, J.C., Winkler, T.W., Wood, A.R., Workalemahu, T., Faul,
J.D., Smith, J.A., Zhao, J.H., Zhao, W., Chen, J., Fehrmann, R., Hedman, A.K_, Karjalainen, J.,
Schmidt, E.M., Absher, D., Amin, N., Anderson, D., Beekman, M., Bolton, J.L., Bragg-Gresham,
J.L., Buyske, S., Demirkan, A., Deng, G., Ehret, G.B., Feenstra, B., Feitosa, M.F., Fischer, K., Goel,
A., Gong, J., Jackson, A.U., Kanoni, S., Kleber, M.E., Kristiansson, K., Lim, U., Lotay, V.,
Mangino, M., Leach, .M., Medina-Gomez, C., Medland, S.E., Nalls, M.A., Palmer, C.D., Pasko,
D., Pechlivanis, S., Peters, M.J., Prokopenko, 1., Shungin, D., Stan¢akova, A., Strawbridge, R.J.,
Sung, Y.J., Tanaka, T., Teumer, A., Trompet, S., Van Der Laan, S.W., Van Setten, J., Van Vliet-
Ostaptchouk, J. V., Wang, Z., Yengo, L., Zhang, W., Isaacs, A., Albrecht, E., Arnldv, J., Arscott,
G.M., Attwood, A.P., Bandinelli, S., Barrett, A., Bas, I.N., Bellis, C., Bennett, A.J., Berne, C.,
Blagieva, R., Bliiher, M., Bohringer, S., Bonnycastle, L.L., Béttcher, Y., Boyd, H.A., Bruinenberg,
M., Caspersen, I.H., Chen, Y.D.l., Clarke, R., Daw, E.W., De Craen, A.J.M., Delgado, G.,
Dimitriou, M., Doney, A.S.F., Eklund, N., Estrada, K., Eury, E., Folkersen, L., Fraser, R.M., Garcia,
M.E., Geller, F., Giedraitis, V., Gigante, B., Go, A.S., Golay, A., Goodall, A.H., Gordon, S.D.,
Gorski, M., Grabe, H.J., Grallert, H., Grammer, T.B., GréRler, J., Gronberg, H., Groves, C.J., Gusto,
G., Haessler, J., Hall, P., Haller, T., Hallmans, G., Hartman, C.A., Hassinen, M., Hayward, C.,
Heard-Costa, N.L., Helmer, Q., Hengstenberg, C., Holmen, O., Hottenga, J.J., James, A.L., Jeff,
J.M., Johansson, A., Jolley, J., Juliusdottir, T., Kinnunen, L., Koenig, W., Koskenvuo, M., Kratzer,
W., Laitinen, J., Lamina, C., Leander, K., Lee, N.R., Lichtner, P., Lind, L., Lindstrom, J., Lo, K.S.,
Lobbens, S., Lorbeer, R., Lu, Y., Mach, F., Magnusson, P.K.E., Mahajan, A., McArdle, W.L.,
McLachlan, S., Menni, C., Merger, S., Mihailov, E., Milani, L., Moayyeri, A., Monda, K.L.,

Morken, M.A., Mulas, A., Miller, G., Miller-Nurasyid, M., Musk, A.W., Nagaraja, R., N&then,



31

M.M., Nolte, I.M., Pilz, S., Rayner, N.W., Renstrom, F., Rettig, R., Ried, J.S., Ripke, S., Robertson,
N.R., Rose, L.M.,, Sanna, S., Scharnagl, H., Scholtens, S., Schumacher, F.R., Scott, W.R.,
Seufferlein, T., Shi, J., Smith, A.V., Smolonska, J., Stanton, A. V., Steinthorsdottir, V., Stirrups, K.,
Stringham, H.M., Sundstrom, J., Swertz, M.A., Swift, A.J., Syvanen, A.C., Tan, S.T., Tayo, B.O.,
Thorand, B., Thorleifsson, G., Tyrer, J.P., Uh, HW., Vandenput, L., Verhulst, F.C., Vermeulen,
S.H., Verweij, N., Vonk, J.M., Waite, L.L., Warren, H.R., Waterworth, D., Weedon, M.N., Wilkens,
L.R., Willenborg, C., Wilsgaard, T., Wojczynski, M.K., Wong, A., Wright, A.F., Zhang, Q.,
Brennan, E.P., Choi, M., Dastani, Z., Drong, A.W., Eriksson, P., Franco-Cereceda, A., Gadin, J.R.,
Gharavi, A.G., Goddard, M.E., Handsaker, R.E., Huang, J., Karpe, F., Kathiresan, S., Keildson, S.,
Kiryluk, K., Kubo, M., Lee, J.Y., Liang, L., Lifton, R.P., Ma, B., McCarroll, S.A., McKnight, A.J.,
Min, J.L., Moffatt, M.F., Montgomery, G.W., Murabito, J.M., Nicholson, G., Nyholt, D.R., Okada,
Y., Perry, J.R.B., Dorajoo, R., Reinmaa, E., Salem, R.M., Sandholm, N., Scott, R.A., Stolk, L.,
Takahashi, A., Tanaka, T., Van T’Hooft, F.M., Vinkhuyzen, A.A.E., Westra, H.J., Zheng, W,
Zondervan, K.T., Heath, A.C., Arveiler, D., Bakker, S.J.L., Beilby, J., Bergman, R.N., Blangero, J.,
Bovet, P., Campbell, H., Caulfield, M.J., Cesana, G., Chakravarti, A., Chasman, D.I., Chines, P.S.,
Collins, F.S., Crawford, D.C., Cupples, L.A., Cusi, D., Danesh, J., De Faire, U., Den Ruijter, H.M.,
Dominiczak, A.F., Erbel, R., Erdmann, J., Eriksson, J.G., Farrall, M., Felix, S.B., Ferrannini, E.,
Ferriéres, J., Ford, 1., Forouhi, N.G., Forrester, T., Franco, O.H., Gansevoort, R.T., Gejman, P. V.,
Gieger, C., Gottesman, O., Gudnason, V., Gyllensten, U., Hall, A.S., Harris, T.B., Hattersley, A.T.,
Hicks, A.A., Hindorff, L.A., Hingorani, A.D., Hofman, A., Homuth, G., Hovingh, G.K., Humpbhries,
S.E., Hunt, S.C., Hypponen, E., lllig, T., Jacobs, K.B., Jarvelin, M.R., Jockel, K.H., Johansen, B.,
Jousilahti, P., Jukema, J.W., Jula, A.M., Kaprio, J., Kastelein, J.J.P., Keinanen-Kiukaanniemi, S.M.,
Kiemeney, L.A., Knekt, P., Kooner, J.S., Kooperberg, C., Kovacs, P., Kraja, A.T., Kumari, M.,
Kuusisto, J., Lakka, T.A., Langenberg, C., Le Marchand, L., Lehtiméki, T., Lyssenko, V., Mannisto,
S., Marette, A., Matise, T.C., McKenzie, C.A., McKnight, B., Moll, F.L., Morris, A.D., Morris,

A.P., Murray, J.C., Nelis, M., Ohlsson, C., Oldehinkel, A.J., Ong, K.K., Madden, P.A.F.,



32

Pasterkamp, G., Peden, J.F., Peters, A., Postma, D.S., Pramstaller, P.P., Price, J.F., Qi, L., Raitakari,
O.T., Rankinen, T., Rao, D.C., Rice, T.K., Ridker, P.M., Rioux, J.D., Ritchie, M.D., Rudan, 1.,
Salomaa, V., Samani, N.J., Saramies, J., Sarzynski, M.A., Schunkert, H., Schwarz, P.E.H., Sever, P.,
Shuldiner, A.R., Sinisalo, J., Stolk, R.P., Strauch, K., T6njes, A., Trégouét, D.A., Tremblay, A.,
Tremoli, E., Virtamo, J., Vohl, M.C., Vdlker, U., Waeber, G., Willemsen, G., Witteman, J.C.,
Zillikens, M.C., Adair, L.S., Amouyel, P., Asselbergs, F.W., Assimes, T.L., Bochud, M., Boehm,
B.O., Boerwinkle, E., Bornstein, S.R., Bottinger, E.P., Bouchard, C., Cauchi, S., Chambers, J.C.,
Chanock, S.J., Cooper, R.S., De Bakker, P.1.W., Dedoussis, G., Ferrucci, L., Franks, P.W., Froguel,
P., Groop, L.C., Haiman, C.A., Hamsten, A., Hui, J., Hunter, D.J., Hveem, K., Kaplan, R.C.,
Kivimaki, M., Kuh, D., Laakso, M., Liu, Y., Martin, N.G., Mérz, W., Melbye, M., Metspalu, A.,
Moebus, S., Munroe, P.B., Njglstad, I., Oostra, B.A., Palmer, C.N.A., Pedersen, N.L., Perola, M.,
Pérusse, L., Peters, U., Power, C., Quertermous, T., Rauramaa, R., Rivadeneira, F., Saaristo, T.E.,
Saleheen, D., Sattar, N., Schadt, E.E., Schlessinger, D., Slagboom, P.E., Snieder, H., Spector, T.D.,
Thorsteinsdottir, U., Stumvoll, M., Tuomilehto, J., Uitterlinden, A.G., Uusitupa, M., Van Der Harst,
P., Walker, M., Wallaschofski, H., Wareham, N.J., Watkins, H., Weir, D.R., Wichmann, H.E.,
Wilson, J.F., Zanen, P., Borecki, 1.B., Deloukas, P., Fox, C.S., Heid, .M., O’Connell, J.R., Strachan,
D.P., Stefansson, K., VVan Duijn, C.M., Abecasis, G.R., Franke, L., Frayling, T.M., McCarthy, M.,
Visscher, P.M., Scherag, A., Willer, C.J., Boehnke, M., Mohlke, K.L., Lindgren, C.M., Beckmann,
J.S., Barroso, 1., Speliotes, E.K., 2015. Genetic studies of body mass index yield new insights for

obesity biology. Nature 518, 197-206. https://doi.org/10.1038/nature14177

Luiza, J.W., Gallaher, M.J., Powers, R.W., 2015. Urinary cortisol and depression in early pregnancy:
Role of adiposity and race. BMC Pregnancy Childbirth 15, 1-8. https://doi.org/10.1186/s12884-015-

0466-7

Lupien, S.J., McEwen, B.S., Gunnar, M.R., Heim, C., 2009. Effects of stress throughout the lifespan on

the brain, behaviour and cognition. Nat. Rev. Neurosci. 10, 434-445.



33

https://doi.org/10.1038/nrn2639

Mackenbach, J.P., Stirbu, I., Roskam, A.-J.R., Schaap, M.M., Menvielle, G., Leinsalu, M., Kunst, A.E.,
European Union Working Group on Socioeconomic Inequalities in Health, 2008. Socioeconomic
inequalities in health in 22 European countries. N. Engl. J. Med. 358, 2468-81.

https://doi.org/10.1056/NEJMsa0707519

McDonald, S., Han, Z., Mulla, S., Beyene, J., 2010. Overweight and obesity in mothers and risk of
preterm birth and low birth weight infants: systematic review and meta-analyses. BMJ 341, c3428.

https://doi.org/10.1136/bmj.c3428

Mina, T.H., Lahti, M., Drake, A.J., Forbes, S., Denison, F.C., Rdikkénen, K., Norman, J.E., Reynolds,
R.M., 2017. Maternal lipids in pregnancy are associated with increased offspring cortisol reactivity

in childhood. Psychoneuroendocrinology 83, 79-83. https://doi.org/10.1016/j.psyneuen.2017.04.018

Molyneaux, E., Poston, L., Ashurst-williams, S., Howard, L.M., 2014. Obesity and Mental Disorders
During Pregnancy and Postpartum : A Systematic Review and Meta-analysis. Obstet. Gynecol. 123,

857-867. https://doi.org/10.1097/A0G.0000000000000170.0besity

NCD-RisC, (NCD Risk Factor Collaboration), 2016. Trends in adult body-mass index in 200 countries
from 1975 to 2014: A pooled analysis of 1698 population-based measurement studies with 19.2

million participants. Lancet 387, 1377-1396. https://doi.org/10.1016/S0140-6736(16)30054-X

Nehra, V., Allen, J.M., Mailing, L.J., Kashyap, P.C., Woods, J.A., 2016. Gut Microbiota: Modulation of

Host Physiology in Obesity. Physiology 31, 327-335. https://doi.org/10.1152/physiol.00005.2016

O’Reilly, J.R., Reynolds, R.M., 2013. The risk of maternal obesity to the long-term health of the

offspring. Clin. Endocrinol. (Oxf). https://doi.org/10.1111/cen.12055

Papachatzi, E., Paparrodopoulos, S., Papadopoulos, V., Dimitriou, G., Vantarakis, A., 2016. Pre-



34

pregnancy maternal obesity in Greece: A case-control analysis. Early Hum. Dev. 93, 57-61.

https://doi.org/10.1016/j.earlhumdev.2015.12.006

Persson, M., Cnattingius, S., Villamor, E., Séderling, J., Pasternak, B., Stephansson, O., Neovius, M.,
2017. Risk of major congenital malformations in relation to maternal overweight and obesity

severity: cohort study of 1.2 million singletons. BMJ 357, j2563. https://doi.org/10.1136/bmj.j2563

Phillips, D.I.W., Bennett, F.I., Wilks, R., Thame, M., Boyne, M., Osmond, C., 2005. Maternal body
composition , offspring blood pressure and the hypothalamic-pituitary-adrenal axis. Paediatr.

Perinat. Epidemiol. 19, 294-302.

Poobalan, A.S., Aucott, L.S., Gurung, T., Smith, W.C., Bhattacharya, S., 2009. Obesity as an independent
risk factor for elective and emergency caesarean delivery in nulliparous women--systematic review
and meta-analysis of cohort studies. Obes. Rev. 10, 28-35. https://doi.org/10.1111/j.1467-

789X.2008.00537.x [doi]

Pruessner, J.C., Kirschbaum, C., Meinlschmid, G., Hellhammer, D.H., 2003. Two formulas for
computation of the area under the curve represent measures of total hormone concentration versus
time-dependent change. Psychoneuroendocrinology 28, 916-931. https://doi.org/10.1016/S0306-

4530(02)00108-7

Raikkonen, K., Seckl, J.R., Heinonen, K., Pyhdla, R., Feldt, K., Jones, A., Pesonen, A.K., Phillips,
D.I.W., Lahti, J., Jarvenpaa, A.L., Eriksson, J.G., Matthews, K.A., Strandberg, T.E., Kajantie, E.,
2010. Maternal prenatal licorice consumption alters hypothalamic-pituitary-adrenocortical axis
function in children. Psychoneuroendocrinology 35, 1587-1593.

https://doi.org/10.1016/j.psyneuen.2010.04.010

Ramsay, J.E., Ferrell, W.R., Crawford, L., Michael Wallace, A., Greer, I.A., Sattar, N., 2002. Maternal

obesity is associated with dysregulation of metabolic, vascular, and inflammatory pathways. J. Clin.



35

Endocrinol. Metab. 87, 4231-4237. https://doi.org/10.1210/jc.2002-020311

Reynolds, R.M., Allan, K.M., Raja, E.A., Bhattacharya, S., McNeill, G., Hannaford, P.C., Sarwar, N.,
Lee, AJ., Norman, J.E., 2013. Maternal obesity during pregnancy and premature mortality from
cardiovascular event in adult offspring: follow-up of 1 323 275 person years. BMJ 347, f4539.

https://doi.org/10.1136/bm;j.f4539

Riegel, K., Ohrt, B., Wolke, D., Osterlund, K., 1995. Die Entwicklung gefahrdet geborener Kinder bis
zum funften Lebensjahr [The development of children born at risk until their fifth year of life].

Fernind Enke Verlag, Stuttgart.

Rivera, H.M., Christiansen, K.J., Sullivan, E.L., 2015. The role of maternal obesity in the risk of

neuropsychiatric disorders. Front. Neurosci. 9. https://doi.org/10.3389/fnins.2015.00194

Roche, D., King, A.C., J, C.A,, Lovallo, W.R., 2013. Hormonal contraceptive use diminishes salivary
cortisol response to psychosocial stress and naltrexone in healthy women. Pharmalogy Biochem.

Behav. 109, 84-90. https://doi.org/10.2147/DMS0.S523915

Rodriguez, A., 2010. Maternal pre-pregnancy obesity and risk for inattention and negative emotionality in
children. J. Child Psychol. Psychiatry Allied Discip. 51, 134-143. https://doi.org/10.1111/j.1469-

7610.2009.02133.x

Rodriguez, A., Miettunen, J., Henriksen, T.B., Olsen, J., Obel, C., Taanila, A., Ebeling, H., Linnet, K.M.,
Moilanen, ., Jarvelin, M.R., 2008. Maternal adiposity prior to pregnancy is associated with ADHD
symptoms in offspring: Evidence from three prospective pregnancy cohorts. Int. J. Obes. 32, 550—

557. https://doi.org/10.1038/s).ij0.0803741

Ruttle, P.L., Javaras, K.N., Klein, M.H., Armstrong, J.M., Burk, L.R., Essex, M.J., 2013. Concurrent and

longitudinal associations between diurnal cortisol and body mass index across adolescence. J.



36

Adolesc. Heal. 52, 731-737. https://doi.org/10.1016/j.jadohealth.2012.11.013

Seckl, J.R., Meaney, M.J., 2004. Glucocorticoid programming. Ann N 'Y Acad Sci 1032, 63-84.

https://doi.org/10.1196/annals.1314.006

Segovia, S.A., Vickers, M.H., Gray, C., Reynolds, C.M., 2014. Maternal obesity, inflammation, and

developmental programming. Biomed Res. Int. 418975. https://doi.org/10.1155/2014/418975

Sharp, G.C., Salas, L.A., Monnereau, C., Allard, C., Yousefi, P., Everson, T.M., Bohlin, J., Xu, Z.,
Huang, R.C., Reese, S.E., Xu, C.J., Baiz, N., Hoyo, C., Agha, G., Roy, R., Holloway, J.W.,
Ghantous, A., Merid, S.K., Bakulski, K.M., Kupers, L.K., Zhang, H., Richmond, R.C., Page, C.M.,
Duijts, L., Lie, R.T., Melton, P.E., Vonk, J.M., Nohr, E.A., Williams-DeVane, C.L., Huen, K.,
Rifas-Shiman, S.L., Ruiz-Arenas, C., Gonseth, S., Rezwan, F.l., Herceg, Z., Ekstrém, S., Croen, L.,
Falahi, F., Perron, P., Karagas, M.R., Quraishi, B.M., Suderman, M., Magnus, M.C., Jaddoe,
V.W.V., Taylor, J.A., Anderson, D., Zhao, S., Smit, H.A., Josey, M.J., Bradman, A., Baccarelli,
A.A., Bustamante, M., Haberg, S.E., Pershagen, G., Hertz-Picciotto, 1., Newschaffer, C., Corpeleijn,
E., Bouchard, L., Lawlor, D.A., Maguire, R.L., Barcellos, L.F., Smith, G.D., Eskenazi, B., Karmaus,
W., Marsit, C.J., Hivert, M.F., Snieder, H., Fallin, M.D., Melén, E., Munthe-Kaas, M.C., Arshad, H.,
Wiemels, J.L., Annesi-Maesano, 1., Vrijheid, M., Oken, E., Holland, N., Murphy, S.K., Sgrensen,
T.LLA., Koppelman, G.H., Newnham, J.P., Wilcox, A.J., Nystad, W., London, S.J., Felix, J.F.,
Relton, C.L., 2017. Maternal BMI at the start of pregnancy and offspring epigenome-wide DNA
methylation: Findings from the pregnancy and childhood epigenetics (PACE) consortium. Hum.

Mol. Genet. 26, 4067—-4085. https://doi.org/10.1093/hmg/ddx290

Sjogren, E., Leanderson, P., Kristenson, M., 2006. Diurnal saliva cortisol levels and relations to
psychosocial factors in a population sample of middle-aged Swedish men and women. Int. J. Behav.

Med. 13, 193-200. https://doi.org/10.1207/s15327558ijbm1303_2



37

Stirrat, L.1., Just, G., Homer, N.Z.M., Andrew, R., Norman, J.E., Reynolds, R.M., 2017. Glucocorticoids
are lower at delivery in maternal, but not cord blood of obese pregnancies. Sci. Rep. 7, 1-7.

https://doi.org/10.1038/s41598-017-10266-5

Stirrat, L.I., O’Reilly, J.R., Barr, S.M., Andrew, R., Riley, S.C., Howie, A.F., Bowman, M., Smith, R.,
Lewis, J.G., Denison, F.C., Forbes, S., Seckl, J.R., Walker, B.R., Norman, J.E., Reynolds, R.M.,
2016. Decreased maternal hypothalamic-pituitary-adrenal axis activity in very severely obese
pregnancy: Associations with birthweight and gestation at delivery. Psychoneuroendocrinology 63,

135-143. https://doi.org/10.1016/j.psyneuen.2015.09.019

Stringhini, S., Carmeli, C., Jokela, M., Avendafio, M., Muennig, P., Guida, F., Ricceri, F., d’Errico, A.,
Barros, H., Bochud, M., Chadeau-Hyam, M., Clavel-Chapelon, F., Costa, G., Delpierre, C., Fraga,
S., Goldberg, M., Giles, G.G., Krogh, V., Kelly-Irving, M., Layte, R., Lasserre, A.M., Marmot,
M.G., Preisig, M., Shipley, M.J., Vollenweider, P., Zins, M., Kawachi, I., Steptoe, A., Mackenbach,
J.P., Vineis, P., Kivimaki, M., Alenius, H., Avendano, M., Bochud, M., Carmeli, C., Carra, L.,
Castagné, R., Chadeau-Hyam, M., Clavel-Chapelon, F., Costa, G., Courtin, E., Delpierre, C.,
D’Errico, A., Dugué, P.A., Elliott, P., Fraga, S., Gares, V., Giles, G., Goldberg, M., Greco, D.,
Hodge, A., Irving, M.K., Karisola, P., Kivimaki, M., Krogh, V., Lang, T., Layte, R., Lepage, B.,
Mackenbach, J., Marmot, M., McCrory, C., Milne, R., Muennig, P., Nusselder, W., Panico, S.,
Petrovic, D., Polidoro, S., Preisig, M., Raitakari, O., Ribeiro, A.l., Ribeiro, A.l., Ricceri, F.,
Robinson, O., Valverde, J.R., Sacerdote, C., Satolli, R., Severi, G., Shipley, M.J., Stringhini, S.,
Tumino, R, Vineis, P., Vollenweider, P., Zins, M., 2017. Socioeconomic status and the 25 x 25 risk
factors as determinants of premature mortality: a multicohort study and meta-analysis of 1-7 million

men and women. Lancet 389, 1229-1237. https://doi.org/10.1016/S0140-6736(16)32380-7

Teh, AL, Pan, H., L., C.,0Ong, M.-L., Dogra, S., Wong, S., Maclsaac, J.L., Mah, S.M., McEwen, L.M.,

Saw, S.-M., Godfrey, K.M., Chong, Y.-S., Kwek, K., Kwoh, C.-K., S.-E., S., Chong, M.F.F.,



38

Barton, S., Karnani, N., Cheong, C.Y., Buschdorf, J.P., Stiinkel, W., Kobor, M.S., Meaney, M.J.,
Gluckman, P.D., Holbrook, J.D., 2014. The effect of genotype and in utero environment on
interindividual variation in neonate DNA methylomes. Genome Res. 24, 1064-1074.

https://doi.org/http://dx.doi.org/10.1101/gr.171439.113

Toffol, E., Lahti-Pulkkinen, M., Lahti, J., Lipsanen, J., Heinonen, K., Pesonen, A., Hamaldinen, E.,
Kajantie, E., Laivuori, H., Pesonen, A.K., Villa, P.M., Raikkdnen, K., n.d. Maternal depressive
symptoms during and after pregnancy are associated with poorer sleep quantity and quality and

sleep disorders in 3.5-year-old offspring. Sleep Med. https://doi.org/10.1002/da.22756

Torloni, M.R., Betran, A.P., Horta, B.L., Nakamura, M.U., Atallah, A.N., Moron, A.F., Valente, O.,
2009. Prepregnancy BMI and the risk of gestational diabetes: A systematic review of the literature
with meta-analysis: Diagnostic in Obesity and Complications. Obes. Rev. 10, 194-203.

https://doi.org/10.1111/j.1467-789X.2008.00541.x

Van Lieshout, R.J., Robinson, M., Boyle, M.H., 2013. Maternal pre-pregnancy body mass index and
internalizing and externalizing problems in offspring. Can. J. Psychiatry 58, 151-159.

https://doi.org/10.1177/070674371305800305

Wang, Z., Wang, P., Liu, H., He, X., Zhang, J., Yan, H., Xu, D., Wang, B., 2013. Maternal adiposity as
an independent risk factor for pre-eclampsia: A meta-analysis of prospective cohort studies. Obes.

Rev. 14, 508-521. https://doi.org/10.1111/0br.12025

Wolke, D., Sohne, B., Riegel, K., Ohrt, B., Osterlund, K., 1998. An epidemiologic longitudinal study of
sleeping problems and feeding experience of preterm and term children in southern Finland:
comparison with a southern German population sample. J. Pediatr. 133, 224-231.

https://doi.org/10.1016/S0022-3476(98)70224-0

Xiang, A.H., Wang, X., Martinez, M.P., Walthall, J.C., Curry, E.S., Page, K., Buchanan, T.A., Coleman,



39

K.J., Getahun, D., 2015. Association of maternal diabetes with autism in offspring. JAMA - J. Am.

Med. Assoc. 313, 1425-1434. https://doi.org/10.1001/jama.2015.2707



40

Figure legends.

Figure 1. Flowchart of the participants and sample attrition of the Arvo Ylpp6 Longitudinal Study.

Figure 2. Associations between maternal body mass index (BMI) in early pregnancy and diurnal salivary
cortisol profiles from awakening until bedtime in the offspring at a mean age of 25.3 years. Salivary
cortisol geometric means and their 95% confidence intervals are adjusted for time of salivary sampling,

offspring sex/hormonal contraception, and age in adulthood.
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Table 1. Characteristics of the sample.

Maternal early pregnancy

body mass index (N=653)

<25.00 kg/m?

>25.00 kg/m?

(N=562) (N=91)
Mean (SD) /n Mean (SD) /n P for
(%) (%) difference
Child characteristics
At birth
Sex (boys) 280 (49.8%) 47 (51.6%) 0.75
Gestational age (weeks) 39.1(2.5) 39.2 (2.4) 0.72
Birth weight (grams) 3359 (697) 3610 (739) 0.002
Birth weight (standard deviation units by sex
0.1 (1.2) 0.4 (1.2) <0.0001
and gestational age)
Hospitalized within 10 days of birth 0.97
No 221 (39.3%) 36 (39.6%)
Yes 341 (60.7%) 55 (60.4%)
Multiple pregnancy 0.11
Singleton 535 (95.2%) 90 (98.9%)
Twin 27 (4.8%) 1(1.1%)
At 25.3-year follow-up
Age 25.3 (0.6) 25.3 (0.6) 0.38

Cortisol (nmol/L), geometric means



At awakening
15 minutes after awakening
30 minutes after awakening
10:30AM
12:00PM
5:30PM
Bedtime
Cortisol parameters (nmol/L)
Awakening time-weighted area under the
curve with respect to ground (AUCQ)
Awakening time-weighted area under the
curve with respect to increase/decrease
(AUCI)
Salivary sample collection time points (hh:mm)
At awakening
15 minutes after awakening
30 minutes after awakening
10:30AM
12:00PM
5:30PM
Bedtime
Hormonal contraception (women)

No

6.7 (2.1)
8.9 (2.0)
10.49 (1.9)
439 (2.1)
3.46 (2.1)
2.05 (2.2)

1.01 (2.8)

339.0 (271.4)

65.5 (160.7)

7:27AM (1:16)
7:42AM (1:16)
7:58AM (1:16)
10:35AM (0:30)
12:13PM (0:44)
5:42PM (0:39)

11:42PM (1:25)

111 (39.4%)

5.2 (2.1)
6.89 (2.0)
9.03 (1.8)
43 (1.9)
3.46 (2.0)
2.10 (2.5)

0.96 (3.4)

268.6 (215.7)

71.4 (174.6)

7:15AM (1:23)
7:30AM (1:23)
7:46AM (1:22)
10:36AM (0:25)
12:13PM (0.37)
5:46PM (0:39)

11:45PM (1:08)

14 (31.8%)

42

0.003

0.001

0.034

0.71

1.00

0.75

0.69

0.019

0.75

0.17

0.16

0.18

0.85

0.91

0.43

0.72

0.34



Yes
Body mass index (kg/m?)
Level of education
Basic/primary or less
Upper secondary
Lower tertiary
Upper tertiary
Alcohol consumption
No
3-4 times/year or less often
1-2 times/month or couple of times/month
Weekly or daily
Cigarette smoking
Non-smoker
Ex-smoker
Smoker
Maternal characteristics
Body mass index (kg/m?) in early pregnancy
Age at delivery
Parity
Primiparous
Multiparous

Smoking during pregnancy

171 (60.6%)

23.6 (4.1)

21 (3.8%)
166 (30.2%)
138 (25.1%)

224 (40.8%)

16 (3.0%)
27 (5.1%)
194 (36.3%)

297 (55.6%)

133 (24.1%)
234 (42.3%)

186 (33.6%)

21.2 (1.9)

29.7 (4.8)

293 (52.1%)

269 (47.9%)

30 (68.2%)

26.0 (4.7)

5 (5.6%)
33 (37.1%)
28 (31.5%)

23 (25.8%)

4 (4.4%)
5 (5.5%)
32 (35.2%)

50 (54.9%)

21 (23.1%)
36 (39.6%)

34 (37.4%)

28.2 (3.4)

31.4 (4.8)

47 (51.6%)

44 (48.4%)

43

<0.0001

0.06

0.91

0.78

<0.0001

0.001

0.93

0.60



No

Yes

Diabetic disorders (type 1 and 2 diabetes,
gestational diabetes)

No

Type 1 diabetes

Type 2 diabetes

Gestational diabetes mellitus
Hypertensive disorders

Normotensive

Chronic hypertension

Gestational hypertension
Pre-eclampsia, superimposed pre-eclampsia
Highest education of either parent
Basic/primary or less

Upper secondary

Lower tertiary

Upper tertiary

463 (82.4%)

99 (17.6%)

530 (94.3%)
13 (2.3%)
0 (0.0%)

19 (3.4%)

471 (83.8%)
21 (3.7%)
45 (8.0%)

25 (4.4%)

44 (7.8%)
103 (18.3%)
212 (37.7%

203 (36.1%)

77 (84.6%)

14 (12.4%)

78 (85.7%)
1 (1.1%)
1 (1.1%)

11 (12.1%)

60 (65.9%)
12 (13.2%)
17 (18.7%)

2 (2.2%)

13 (14.3%)
30 (33.0%)
28 (30.8%)

20 (22.0%)

44

<0.0001

<0.0001

0.001

Note. Frequencies and percentages refer to valid N of variable. Data are missing as follows: Child
characteristics at 25-year follow-up: n=5 salivary cortisol awakening AUCg and AUCI, n=1 body

mass index, n=15 educational level, n=28 alcohol consumption, n=9 smoking.



Table 2. Associations between maternal early pregnancy body mass index (BMI) and offspring diurnal salivary cortisol at a mean age of 25.3
years.

Diurnal cortisol from awakening Diurnal cortisol from awakening to Diurnal cortisol from 10:30AM until
until bedtime (%) 30 minutes after awakening (%o) bedtime (%0)

Maternal % per 95% P % per 95% P % per 95% P
early kg/m?increase  Confidence kg/m?increase  Confidence kg/m?increase  Confidence
pregnancy in maternal Interval in maternal Interval in maternal Interval
BMI (kg/m?) BMI BMI BMI
Model 1 -1.4 (-2.6,-0.2) 0.028 -2.0 (-3.4,-0.5)  0.007 -0.6 (-2.0,0.7) 0.36
Model 2 -1.3 (-2.6,0.0)  0.054 2.3 (-3.8,-0.8)  0.003 05 (-2.0,0.9) 0.46
Model 3 -1.5 (-2.9,-0.10)  0.036 2.4 (-4.0,-0.8)  0.004 1.1 (-2.6, 0.4) 0.15
Model 4 -1.4 (-2.7,-0.1)  0.040 2.4 (-3.9,-0.9)  0.002 0.8 (-2.2,0.7) 0.29

Note. Model 1 refers to adjustment for participant’s sex/hormonal contraception, age and salivary cortisol sampling time (all time points between
awakening and bedtime for diurnal profile; awakening time, 15 minutes and 30 minutes thereafter for analysis from awakening to 30 minutes
after awakening; awakening time and time points from 10:30AM to bedtime for analyses from 10:30AM to bedtime); Model 2 refers to Model 1

covariates plus participant’s body mass index in adulthood; Model 3 refers to Model 2 covariates plus participant’s gestational age at birth, birth
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weight SD score standardized by gestational age and sex, maternal age at delivery, parity, maternal smoking during pregnancy, diabetic and
hypertensive disorders and parental education at participant’s childhood/adulthood; Model 4 refers to Model 2 covariates plus participant’s

smoking, alcohol consumption and own attained/ongoing education in adulthood.
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Table 3. Associations between maternal early pregnancy body mass index (BMI) and offspring diurnal salivary cortisol parameters at a mean age of 25.3 years,

Cortisol at awakening

Bedtime cortisol

Awakening time-weighted area

Awakening time-weighted area

(n=653) (n=638) under the curve (AUCQ) under the curve with respect to
(n=648) increase/change (AUCI)
(n=648)
% per 95% P % per 95% P % per 95% P % per 95% P

Maternal kg/m? Confidence kg/m? Confidence kg/m2 Confidence kg/m? Confidence
early increase in Interval increase in Interval increase in Interval increase in Interval
pregnancy maternal maternal maternal maternal
BMI (kg/m?) BMI BMI BMI BMI
Model 1 2.4 (-4.0,-0.7)  0.007 -1.4 (-3.8,1.00 0.24 2.2 (-3.5,-0.8) 0.003 -0.0 (-0.0,0.1) 0.38
Model 2 2.4 (-4.1,-0.6)  0.009 -1.2 (-36,1.3) 0.34 2.5 (-3.9,-1.0) 0.001 -0.0 (-0.0,0.0) 0.61
Model 3 -2.5 (-4.4,-0.6) 0.010 -2.0 (-45,0.7)  0.16 2.5 (-4.1,-0.9)  0.002 -0.0 (-0.0,0.1)  0.20
Model 4 2.5 (-4.3,-0.7  0.006 -15 (-39,1.0) 0.24 2.6 (-4.0,-1.1)  0.001 -0.0 (-0.0,0.0)  0.59

Note. Model 1 refers to adjustment for participant’s sex/hormonal contraception, age and time upon awakening for analysis of cortisol upon awakening, AUCg and AUCi

and to adjustment for participant’s sex/hormonal contraception, age and time upon awakening and bedtime for analysis of bedtime cortisol; Model 2 refers to Model 1

covariates plus participant’s BMI at adulthood; Model 3 refers to Model 2 covariates plus participant’s gestational age at birth, birth weight SD score standardized by
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gestational age and sex, maternal age at delivery, parity, maternal smoking during pregnancy, diabetic and hypertensive disorders and parental education in participant’s

childhood/adulthood; Model 4 refers to Model 2 covariates plus participant’s smoking, alcohol consumption and attained/ongoing education in adulthood.
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Figure 2.
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Time main effect (from awakening until bedtime): -52.7% decrease in salivary cortisol per one SDincrease in time, p<0.0001

Maternal early pregnancy BMI x time (from awakening until bedtime) interaction, p=0.52

Time main effect (from awakening to 30 minutes after awakening): 238.7%increase in salivary cortisol per one SD increase in time, p<0.0001
Maternal early pregnancy BMI x time (from awakening to 30 minutes after awakening) interaction, p=0.41

Time main effect (from 10:30AM until bedtime): -47.3% decrease in salivary cortisol per one SDincrease in time, p<0.0001

Maternal early pregnancy BMI x time (from 10:30AM until bedtime) interaction, p=0.45



