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Abstract

Little research has examined determinants of newborn telomere length, a potential biomarker of
lifetime disease risk impacted by prenatal exposures. No study has examined whether maternal
exposures in childhood influence newborn telomere length or whether there are sex differences in
the maternal factors that influence newborn telomere length. We tested whether a range of
maternal risk and protective factors in childhood and pregnancy were associated with newborn
telomere length among 151 sociodemographically diverse mother-infant dyads. We further
examined whether the pattern of associations differed by infant sex. Newborn telomere length was
assessed from cord blood collected at birth. Risk/protective factors included maternal health
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(smoking, body mass index), socioeconomic status (education, income), stress exposures, and
mental health (depressive and posttraumatic stress disorder symptoms) in pregnancy as well as
maternal experiences of abuse (physical, emotional, sexual) and familial emotional support in
childhood. When examined within the whole sample, only maternal smoking in pregnancy and
familial emotional support in childhood emerged as significant predictors of newborn telomere
length. Male and female newborns differed in their pattern of associations between the predictors
and telomere length. Among males, maternal smoking, higher body mass index, and elevated
depressive symptoms in pregnancy and maternal sexual abuse in childhood were associated with
shorter newborn telomere length; higher maternal educational attainment and household income in
pregnancy and greater maternal familial emotional support in childhood were associated with
longer newborn telomere length. Together, these factors accounted for 34% of the variance in male
newborn telomere length. None of the risk/protective factors were associated with female newborn
telomere length. The results suggest that male fetuses are particularly susceptible to maternal
exposure effects on newborn telomere length. These findings have implications for elucidating
mechanisms contributing to sex disparities in health.
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1. Introduction

According to the Developmental Origins of Health and Disease theory, many human disease
processes begin as early as the fetal period, even if symptoms do not emerge until late in life
(Gluckman et al., 2008). Various maternal exposures have been identified as robust
influencers on fetal development and, ultimately, offspring physical and mental health and
neurodevelopment (Entringer et al., 2015; Van den Bergh et al., 2017). Importantly, evidence
suggests that these exposures may not uniformly affect male and female offspring (Van den
Bergh et al., 2017). The mechanisms underlying sex differences in outcomes related to
maternal exposures in pregnancy are yet to be elucidated. Ascertaining biomarkers that
capture disease vulnerability attributable to such exposures beginning in early life would
inform our understanding of the earliest origins of sex differences in lifetime health and
disease processes.

Newborn telomere length has emerged as a possible biomarker of the effects of maternal-
fetal processes on offspring long-term health (Entringer et al., 2015). Telomeres are
repeating nucleotide sequences of variable number that protect against chromosome
deterioration and regulate cellular and tissue function (Blackburn and Gall, 1978). Shorter
telomere length has been associated with chromosomal instability and is predictive of
decreased immunocompetence, the development of chronic disease throughout life (e.g.,
cardiovascular disease, diabetes, obesity, inflammatory diseases, depression), abnormalities
in brain structure and functioning, and earlier mortality (Baragetti et al., 2015; Factor-Litvak
etal., 2016; Geronimus et al., 2015; Hochstrasser et al., 2012; Mundstock et al., 2015; Qi
Nan et al., 2015; Rode et al., 2015). Telomere length at birth provides an individual’s initial
telomere length setting, such that telomere length at any given time point is determined by
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newborn telomere length and subsequent attrition (Factor-Litvak et al., 2016; Martens et al.,
2016). Therefore, processes that shorten newborn telomere length may be critical
determinants of lifetime health, and newborn telomere length may be a powerful biomarker
of lifetime disease risk. Notably, biomarkers of lifetime health that can be assessed in
childhood are rare (Entringer et al., 2011; Entringer et al., 2013).

Limited research has explored determinants of newborn telomere length. Research among
adults suggests high heritability, with a large meta-analysis estimating telomere length
heritability as 0.70 (Broer et al., 2013). However, many biological variables show increased
heritability with advancing age (Sillanpaa et al., 2017), such that heritability of telomere
length is likely lower among newborns than adults. Moreover, data suggest that telomere
dynamics during early development are largely determinative of relative telomere length for
life and that environmental factors have major impact on telomere length at birth (Hjelmborg
et al., 2015). To date, a number of environmental influences have been implicated (Broer et
al., 2013; Entringer et al., 2015). The extant literature suggests that shorter telomere length
at birth may be associated with a variety of maternal factors during pregnancy, including
maternal health, socioeconomic status (SES), and stress. For example, studies have linked
maternal smoking and increased maternal body mass index (BMI) during pregnancy with
shorter newborn telomere length (Drury et al., 2015; Factor-Litvak et al., 2016; Martens et
al., 2016). Two studies documented shorter telomere length among newborns of mothers
with lower educational attainment (Martens et al., 2016; Wojcicki et al., 2016), although two
others failed to find such effects (Drury et al., 2015; Factor-Litvak et al., 2016). Studies have
also linked higher maternal self-reported stress during pregnancy to shorter newborn
telomere length (Entringer et al., 2013; Marchetto et al., 2016; Salihu et al., 2016; Send et
al., 2017). Although not yet directly tested, data suggest that maternal psychological
functioning in pregnancy may also predict newborn telomere length. Internalizing
symptoms/disorders (depression, anxiety, posttraumatic stress disorder) have been correlated
with shorter telomere length and predict more rapid telomere length erosion across time in
adults (Revesz et al., 2016; Shalev et al., 2014). Additionally, maternal depression has been
associated with shortened telomere length in children, including among psychologically
healthy children (Coimbra et al., 2017; Gotlib et al., 2015). Research is needed to determine
if maternal mental health during pregnancy predicts newborn telomere length.

Notably, each of these factors (i.e., maternal smoking and BMI in pregnancy; maternal SES;
maternal stress and internalizing symptoms/disorders in pregnancy) has been associated with
mechanisms hypothesized to contribute to telomere length erosion, including elevated
oxidative stress, inflammation, and hypothalamic-pituitary-adrenal axis [HPAA] activity
(Choi et al., 2008; Gotlib et al., 2015; Price et al., 2013; Revesz et al., 2016; Shalev, 2012;
Shiels et al., 2011; Tomiyama et al., 2012; Van den Bergh et al., 2017; von Zglinicki, 2002;
Wikgren et al., 2012; Wolkowitz et al., 2011). Disrupted functioning of these key
physiological systems in pregnancy may negatively impact the initial setting and on-going
regulation of newborn telomere length via epigenetic and other gene-regulating processes
across cells (Entringer et al., 2011; Entringer et al., 2013; Lupien et al., 2009; Shiels et al.,
2011; Steptoe et al., 2011; Van den Bergh et al., 2017).
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Studies have not examined whether maternal experiences prior to pregnancy predict
newborn telomere length. However, several lines of research suggest that adverse maternal
exposures during her childhood, specifically maltreatment, may increase risk for shortened
newborn telomere length. A number of studies have correlated retrospective reports of
childhood maltreatment to shorter leukocyte telomere length in adults (Boeck et al., 2017,
Kananen et al., 2010; Kiecolt-Glaser et al., 2011; Price et al., 2013; Shalev et al., 2013;
Tyrka et al., 2010; Vincent et al., 2017). In fact, severe stressors in childhood, including
maltreatment, have greater impact on telomere length shortening than more recent stress in
adults (Tyrka et al., 2010). One study in children prospectively linked exposure to violence,
including physical abuse and witnessing domestic violence, to telomere attrition (Shalev et
al., 2013). Moreover, childhood maltreatment predicts persistent disruptions to the key
physiological systems described above, potentially influencing maternal-fetal processes in
pregnancy (Lupien et al., 2009). Furthermore, maternal exposures may influence maternal
oocyte telomere length beginning in childhood, thereby impacting offspring telomere length
(Ozturk et al., 2014). Thus, a maternal history of maltreatment in childhood may increase
risk for shortened newborn telomere length through effects on maternal oocyte telomere
biology and maternal physiological stress reactivity in pregnancy. Although studies suggest
that different types of maltreatment may have differential effects on telomere biology
(Ridout et al., 2017; Tyrka et al., 2010; Vincent et al., 2017), the specific forms of
maltreatment likely to have greatest impact on offspring newborn telomere length are
unknown.

Examination of protective factors that confer resilience against telomere attrition is lacking
(Ridout et al., 2017), and no study has explored whether positive maternal experiences
predict longer newborn telomere length. Emotionally supportive parental caregiving in
childhood has been shown to promote more optimal development and long-term functioning
of stress reactivity systems (Bosquet Enlow et al., 2014). Interestingly, preliminary data
suggest that increased oxytocin, a possible result of sensitive caregiving, may protect again
telomere attrition (Boeck et al., 2017). Therefore, receiving supportive caregiving in a
mother’s childhood may confer a protective influence on her newborn’s telomere biology
through programming of key maternal physiological systems that influence maternal oocyte
telomere length and maternal-fetal physiological processes. Notably, in adults, including
pregnant women, greater current family social support is associated with longer telomere
length, providing evidence that family support may provide a buffering effect against
telomere attrition (Mitchell et al., 2017).

Although a few studies have tested for sex differences in mean newborn telomere length,
with some finding no differences and others finding longer telomere length among females
(Factor-Litvak et al., 2016; Martens et al., 2016; Okuda et al., 2002; Wojcicki et al., 2016),
there has yet to be an examination of whether maternal factors differentially impact telomere
length among male versus female infants. A body of research suggests that males and
females may differ in the patterns of associations between prenatal exposures and telomere
length at birth. An extensive review of studies examining the developmental effects of
prenatal stress exposures found that, although both male and female fetuses are susceptible
to prenatal stress effects, there are sex differences in the response to specific types of stress
at different periods of gestation for different developmental outcomes (Van den Bergh et al.,
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2017). Also, male and female fetuses experience different patterns of cortisol exposure
during gestation (DiPietro, Costigan et al., 2011), which has implications for telomere
biology. Further, changes in epigenetic regulation of factors affecting fetal cortisol exposure
show sex-specific effects (Gabory et al., 2009; Ostlund et al., 2016). In children and adults,
sex differences in the effects of various risk factors (e.g., internalizing disorders, parental
caregiving quality, family violence exposure) on telomere attrition have been documented,
with males more susceptible in many, but not all studies (Drury et al., 2015; Enokido et al.,
2014; Moller et al., 2009; Shalev et al., 2014; Zalli et al., 2014). Together, these data suggest
that the effects of specific maternal factors on newborn telomere biology may vary by sex,
but this hypothesis requires investigation.

This study sought to address the gaps noted above to help elucidate the determinants of
newborn telomere length. The overall goal of this study was to test whether there are sex
differences in the risk and protective factors associated with newborn telomere length. Risk
factors examined included factors previously linked to newborn telomere length, including
maternal physical health (smoking during pregnancy, maternal pre-pregnancy BMI),
maternal SES in pregnancy (educational attainment, household income), and maternal stress
exposures during pregnancy. Risk factors examined also included factors not studied to date,
including maternal mental health in pregnancy (depressive and posttraumatic stress disorder
symptoms) and maternal abuse in her childhood (physical, emotional, sexual). Protective
factors examined included maternal familial emotional support in her childhood, also not
previously studied. Finally, we examined the independent and joint contributions of risk/
protective factors across categories in predicting male and female newborn telomere length.

2. Materials and methods

2.1.

Participants

Participants were pregnant women enrolled in the PRogramming of Intergenerational Stress
Mechanisms (PRISM) study, a prospective pregnancy cohort originally designed to recruit ;/
= 276 mother-child dyads to examine the role of maternal and child stress exposures on
child development. Between July 2011 and November 2013, pregnant women were recruited
from a prenatal clinic in an urban hospital in the Northeast of the United States during the
first or second trimester (27 + 8 weeks of gestation). Eligibility criteria included: 1) English-
or Spanish-speaking; 2) age = 18 years at enrollment; 3) single gestation birth. Exclusion
criteria included: 1) maternal endorsement of drinking = 7 alcoholic drinks/week during
pregnancy; 2) maternal positive HIV status, which would influence/confound biomarkers of
interest. Approximately 9 months into recruitment, additional funding was obtained to
collect cord blood at delivery. Among women enrolled in PRISM who had not yet delivered
when this additional funding was obtained, 151 provided usable cord blood. Based on
screening data, there were no differences in race/ethnicity, education, or income between
women who enrolled in PRISM and those who declined. Within the PRISM cohort,
compared to mothers who were not included in the current analyses, mothers who were
included were more likely to be White, Black, or Other race and less likely to be Hispanic
and had on average higher educational attainment and annual income during pregnancy, s
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<.001. There were no differences between families who did and did not participate on
maternal age at enrollment or infant sex, gestational age, or birthweight, gs > .10.

2.2. Measures

2.2.1. Maternal physical health during pregnancy (predictors).—Maternal
pregnancy physical health variables included maternal cigarette smoking during pregnancy
and maternal pre-pregnancy BMI. Smoking during pregnancy was categorized as yes/no
based on maternal self-report of smoking at recruitment and/or in the third trimester. BMI
was calculated by dividing maternal self-reported pre-pregnancy weight (kg) by height
squared (meter), a validated method for estimating pre-pregnancy BMI (Wright et al., 2013).

2.2.2. Maternal socioeconomic characteristics during pregnancy
(predictors).—Mothers self-reported their highest level of education and annual household
income during pregnancy. Education level was scored as an ordinal variable as follows:
completion of high school/GED or less, some college, college degree, and graduate degree.
Annual household income was scored as an ordinal variable as follows: less than $20,000,
$20,000-$34,999, $35,000-$59,999, $60,000-$99,999, and $100,000 or more.

2.2.3. Maternal mental health during pregnancy (predictors).

2.2.3.1. Posttraumatic stress disorder (PTSD) symptoms.: Maternal PTSD symptoms
during pregnancy were assessed using the Posttraumatic Stress Disorder Checklist-Civilian
Version (PCL-C) (Weathers et al., 1993), a 17-item self-report measure that reflects DSM-1V
criteria for PTSD. Mothers rated each symptom on a five-point Likert scale in terms of how
much the symptom had bothered them in the past month, with item scores ranging from 1
(not at all) to 5 (extremely). The PCL-C provides a single symptom score based on number
and severity of PTSD symptoms (possible range 17-85). The PCL-C has high internal
consistency for the total scale and good test-retest reliability and convergent validity with a
number of other PTSD scales and with the Clinician-Administered PTSD Scale, a structured
clinical interview for PTSD.

2.2.3.2. Depressive symptoms.: Maternal depressive symptoms over the previous 7 days
were assessed using the Edinburgh Postnatal Depression Scale (EPDS) (Gibson et al., 2009).
The EPDS is a 10-item self-report questionnaire specifically designed to measure the
presence of depressive symptoms in mothers during the perinatal period. Each EPDS item is
scored for severity from 0 to 3 and then summed to provide a total score (possible range 0—
30). Additionally, a previously validated (Gibson et al., 2009) cutoff score of 13 was used to
obtain a likely clinical diagnosis of major depression, categorizing mothers into a “non-
elevated” (score < 12) or an “elevated” (score = 13) depressive symptoms group. The non-
elevated group (/7= 121) had a mean total EPDS score of 4.54, SD = 3.99, and the elevated
group (n=23) had a mean score of 16.78, SD = 3.36. The EPDS has demonstrated high
internal consistency and validity for detecting major depression in the perinatal period
(Gibson et al., 2009).
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2.2.4. Maternal stress exposures during childhood and pregnancy
(predictors).

2.2.4.1. Childhood abuse exposures.: Mothers’ experiences of abuse during her
childhood were assessed using the Childhood Trauma Questionnaire (CTQ)-short form
(Bernstein et al., 1994),which inquires about experiences up to age 11 years. The CTQ has
demonstrated excellent test-retest reliability and validity, including among racially/ethnically
mixed community samples (Scher et al., 2001).Two items assess emotional abuse, three
items assess physical abuse, and two items assess sexual abuse. Items were answered on a
five-point scale including 0 (never), 1 (rarely), 2 (sometimes), 3 (often), and 4 (very often).
Relevant item scores were summed to create total subscale scores for emotional abuse,
physical abuse, and sexual abuse to be tested separately, given that data among adults
suggest different types of maltreatment may have differential effects on telomere biology
(Ridout et al., 2017; Tyrka et al., 2010; Vincent et al., 2017). In addition, all item scores
were summed to create a total child abuse exposure score, given research suggesting that
exposure to more types of childhood adversity may be associated with larger telomere length
effects (Price et al., 2013; Ridout et al., 2017; Shalev et al., 2013). Higher scores indicate
greater exposure to abuse.

2.2.4.2. Stress exposures during pregnancy.: Maternal stress exposures during pregnancy
were assessed using the Crisis in Family Systems-Revised (CRISYS-R) survey, which
inquires about exposure to negative life events during the prior six months (Berry et al.,
2001). The CRISYS-R is suitable for sociodemographically diverse populations, has good
test/retest reliability, has been validated in English and Spanish in samples of parents, and
has been utilized in several studies as a measure of prenatal stress (Enlow et al., 2017). The
80-item survey encompasses 11 domains (financial, legal, career, stability in relationships,
medical issues pertaining to self, medical issues pertaining to others, safety in the
community, safety in the home, housing problems, difficulty with authority, discrimination),
with multiple items assessing each domain. Mothers rated endorsed items as positive,
negative, or neutral events. Research suggests increased vulnerability when exposed to
negative events across multiple domains, including for telomere biology (Enlow et al., 2017;
Ridout et al., 2017). Thus, the number of domains with one or more negative events
endorsed was summed to create a negative life events domain score (possible range 0-11), as
done in prior research (Enlow et al., 2017). Higher scores indicate greater exposure to
stressors.

2.2.5. Maternal familial emotional support during childhood (predictor).—
Mothers’ experiences of familial emotional support during their childhood (up to age 11
years) were assessed using the CTQ-short form (Bernstein et al., 1994) (described in
2.2.4.1). The five family support items inquire about the respondent’s feelings of being
emotionally supported and close with family members during childhood. Items were rated
on a five-point scale including 0 (neven), 1 (rarely), 2 (sometimes), 3 (often), and 4 (very
often). Item scores were summed to create a total childhood familial emotional support score
(possible range 0-20). Higher scores indicate greater familial emotional support in
childhood.
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2.2.6. Cord blood telomere length (outcome).—Newborn telomere length was
assessed from banked cord blood leukocyte DNA, a valid index of newborn telomere length
(Entringer et al., 2013; Okuda et al., 2002). Cord blood samples were collected at delivery in
EDTA-tubes, centrifuged to obtain buffy coat fraction, and stored at —80°C until DNA
extraction.DNA extraction was conducted using the Promega Wizard DNA extraction
system (Madison, WI, USA).Samples were assayed at the University of Milan (P1 Bollati).
Telomere length was determined using real-time polymerase chain reaction (PCR), which
requires a small amount of DNA. A recent meta-analysis determined that this method is a
valid technique for quantifying telomere length (Ridout et al., 2017). Telomere length was
measured using the quantitative real-time method described by Cawthon (Cawthon, 2002,
2009). For each sample, the amplification of telomere and B-globin (gene present in single
copy) were run in triplicate in two plates. Telomere length is represented by the ratio
between the average of three values obtained from telomere amplification and from B-globin
amplification (T/S ratio). Details regarding the telomere assaying procedure are provided in
the Supplementary Material, Telomere Assaying Procedures. Because PCR provides a
relative measure of telomere length, the acronym rTL (for “relative telomere length”) is
utilized when describing the current analyses.

2.2.7. Covariates.—Maternal age, race/ethnicity, pregnancy health conditions
(preeclampsia/eclampsia, gestational diabetes), and newborn gestational age and birthweight
were considered as potential covariates in analyses. Maternal age was treated as a
continuous variable. Maternal self-reported race/ethnicity was categorized as White, Black,
Hispanic, or other. Maternal diagnoses of preeclampsia, eclampsia, and gestational diabetes
were extracted from medical records and coded as present/absent. Newborn gestational age
and birthweight were extracted from medical records and treated as continuous variables.

2.3. Procedures

Participant sociodemographics were assessed shortly following recruitment (M= 19.4 weeks
gestation, SD = 8.6 weeks gestation). Within two weeks of enrollment, trained research
assistants administered the study questionnaires as in-person interviews. Cord blood samples
were collected at delivery. Study procedures were approved by the relevant institutions’
human studies ethics committees (Brigham and Women’s Hospital/Partners HealthCare,
Beth Israel Deaconess Medical Center). Mothers provided written informed consent in their
preferred language.

2.4. Data Analytic Plan

Data analyses proceeded in several steps. First, descriptive data were calculated. Next,
analyses tested for sex differences in cord blood rTL and the risk and protective predictor
factors. Then, associations between the predictors and cord blood rTL were examined in the
sample as a whole and stratified by infant sex. Differences in the correlation estimates
between male and female infants were determined using correlation coefficient difference
tests via the Fisher-to-z transformation. Finally, a series of predictive models, via structural
equation modeling (SEM), were run to examine independent and joint contributions of risk/
protective factors on cord blood rTL for male versus female infants. Specifically, data for
both males and females were estimated simultaneously using two steps: (a) freely estimated
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parameters and (b) parameters constrained to be equivalent between the sexes. In the latter
instance, chi-square difference tests were estimated, with significant differences signaling
model misfit and, consequently, significant differences in the predictive estimates between
male and female infants (Byrne, 1989). To increase confidence regarding the stability of
estimated parameters, all estimates of slopes were bootstrapped using 1,000 replications
(Efron, 1979). Due to the non-normality of some of the data distributions, robust standard
errors were estimated using maximum likelihood. Pairwise deletion was adopted, as the
number of missing cases was, on average, only 5 per model run. Analyses were conducted
using SPSS v23 and Mplus v8.

3. Results

Table 1 details the sample characteristics. The sample was sociodemographically diverse in
terms of maternal and child race/ethnicity, maternal educational attainment, annual
household income, and maternal marital status. The infants were primarily of normal
birthweight (M= 3347 grams, SD = 492 grams; 93% born greater than 2500 grams) and
born full-term (M= 39.19 weeks, SD = 1.50 weeks; 93% born 37 weeks or later); 5.3% and
9.3% of the mothers were diagnosed with preeclampsia/eclampsia and gestational diabetes,
respectively. The mean cord blood T/S ratio for the full sample was 2.48 (SD = 0.75); the
values were normally distributed with no outliers. Cord blood rTL did not differ between
male (M= 2.45, SD=0.74) and female (M= 2.52, SD = 0.76) infants, {149) = -0.62, p=.
538. There were also no significant differences between male and female infants on any of
the predictor variables, gestational age, birthweight, sociodemographic characteristics, or
potential covariates, all ps = .05. Table 2 presents the inter-correlations among the predictor
variables.

When the sample was considered as a whole, cord blood rTL was negatively associated with
maternal smoking in pregnancy and positively associated with maternal familial emotional
support in childhood (Table 3). Cord blood rTL was not associated with maternal pre-
pregnancy BMI or indicators of maternal SES, mental health in pregnancy, or stress
exposures in childhood or pregnancy. Cord blood rTL was also not associated with any of
the covariates (maternal age, race/ethnicity, preeclampsia/eclampsia, or gestational diabetes).

When the sample was stratified by infant sex, significant correlations with cord blood rTL
emerged for several predictors among male infants (Table 3). Maternal smoking in
pregnancy, greater maternal pre-pregnancy BMI, elevated maternal depressive symptoms
(categorical) in pregnancy, and more severe maternal sexual abuse in childhood were each
associated with shorter cord blood rTL; greater maternal education, higher household
income during pregnancy, and greater maternal familial emotional support in childhood were
each associated with longer cord blood rTL. The association between greater maternal PTSD
symptoms in pregnancy and shorter cord blood rTL approached significance. Among female
infants, cord blood rTL was not significantly associated with any of the predictor variables.
Using the Fisher-to-z transformation, significant differences in correlation coefficients were
observed between male and female infants on maternal pre-pregnancy BMI, educational
attainment, household income during pregnancy, depressive symptoms (categorical) in
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pregnancy, and sexual abuse in childhood; in all instances, the correlation coefficients were
significantly more pronounced among male infants.

A series of predictive SEM models using robust standard errors that controlled for maternal
agel tested the independent effects of the significant predictors in the bivariate analyses on
cord blood rTL among male and female infants. Table 4a presents the detailed results for
males and Table 4b for females, including chi-square tests of invariance. Steps (termed
Models in Tables 4a and 4b) were ordered from variables hypothesized to have the most
direct effect on newborn rTL (maternal pregnancy health) to the most indirect effect
(maternal childhood exposures). In the first step, maternal age was included as a control
variable. The second step included the pregnancy health variables, maternal smoking and
pre-pregnancy BMI, which resulted in a significant prediction for males, ”2=14%, but not
for females, R2=5%. Chi-square tests of invariance? indicated that males’ and females’
coefficients were associated with differential model fit in a one-tailed test. The third step
included maternal SES in pregnancy. Because maternal educational attainment and annual
household income were highly associated (75 = .68), raising concerns about multi-
collinearity, only maternal educational attainment was included in this step. Educational
attainment was chosen over income given that education has been described as an indicator
of an individual’s long-term SES trajectory and thus may represent a cumulative, robust
measure of SES across time compared to a “snapshot” measure such as current income
(Steptoe et al., 2011). Adding maternal educational attainment to the model resulted in a
significant prediction among males, /72 = 23%, and no change among females, /72 = 5%. The
fourth step added maternal mental health in pregnancy, specifically elevated depressive
symptoms (categorical); this model increased the prediction for males by another 3% and for
females 4% to a total A2 of 26% among males and 9% among females. For females, the
inclusion of maternal depressive symptoms was associated with a significant trend when
using a one-tailed test. Chi-square tests of invariance indicated that males’ and females’
coefficients were associated with differential model fit in a two-tailed test. The fifth step
added maternal abuse in childhood, specifically sexual abuse, which resulted in an overall
prediction for males of 30% and for females of 8%. Sexual abuse was a significant predictor
for male but not for female infants. Again, invariance between males and females was not
supported, with the chi-square test positing equal slopes between males and females
showing significant misfit. The sixth and final step added maternal familial emotional
support in childhood, increasing the predictive ability of the model for males to explaining
34% of the variance in cord blood rTL; the respective percentage for females was 10%. The
sex difference in the slopes in this model was significant using the chi-square fixed slopes
discrepancy test. Pictorial representations of the final model (Model 6) and all models
(Model 1-6) are presented in Figure 1 and in the Supplementary Material, Figure S1,
respectively. All significant effects of slope estimates were associated with 95% confidence

ITwo supplemental series of predictive models (data not shown) tested potential contributions of demographic and health covariates.
In the first series, newborn gestational age and birthweight were included as control variables along with maternal age; the pattern of
results did not differ from the analyses presented here. In the second series, maternal race/ethnicity, preeclampsia/eclampsia, and
gestational diabetes were included as control variables; these covariates contributed non-significant amounts of variance. For reasons
of parsimony, none of these models are shown.

The chi-square tests of invariance ran using between 1 and 19 degrees of freedom, as per the predictive Models 1-6 displayed in
Tables 4a and 4b.
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intervals that did not contain the value of zero; thus, the present findings are likely robust
and reflective of true population effects.

4. Discussion

The overall goal of this study was to examine whether maternal exposures are differentially
associated with newborn telomere length, assessed from cord blood, between male and
female infants. Maternal exposures tested comprised a range of domains hypothesized to be
associated with newborn telomere length, including maternal health behaviors, SES, and
stress exposures in pregnancy. An additional goal of this study was to consider maternal
exposures not yet considered in the newborn telomere literature, including maternal mental
health in pregnancy and maternal childhood experiences. We tested associations of newborn
telomere length with different types of maternal abuse in childhood (physical, emotional,
sexual). We also considered maternal familial emational support in childhood as a potential
protective factor on newborn telomere length; to date, studies have focused almost
exclusively on risk factors and neglected consideration of resilience factors.

There were several significant findings. First, maternal exposures across risk domains were
associated with cord blood rTL among male but not female newborns. Specifically, maternal
smoking in pregnancy, greater maternal pre-pregnancy BMI, lower SES (educational
attainment, household income), elevated depressive symptoms in pregnancy, and more
severe sexual abuse in childhood were each associated with shorter cord blood rTL, and
greater maternal familial emotional support in childhood was associated with longer cord
blood rTL among male infants. Among female infants, none of the identified risk or
protective factors were associated with cord blood rTL. Moreover, the magnitude of the
correlation coefficients between the majority of these risk/protective factors and cord blood
rTL was significantly more pronounced among male compared to female infants, providing
further evidence of sex differences in the impact of maternal exposures on newborn telomere
length. Notably, when the sample was considered as a whole (i.e., male and females
together), only maternal smoking during pregnancy and familial emotional support in
childhood emerged as significant predictors of cord blood rTL, highlighting the importance
of considering sex differences in environmental exposure effects on newborn telomere
length. Lack of consideration of sex differences in prior research on newborn telomere
length determinants may have contributed to inconsistencies in findings across studies.

A series of SEM models tested the independent and joint effects of the significant predictors
on cord blood rTL among male and female infants. The final model, which included
maternal age (control variable), maternal smoking in pregnancy, pre-pregnancy BMI,
educational attainment, elevated depressive symptoms in pregnancy, sexual abuse in
childhood, and familial emotional support in childhood, accounted for 34% of the variance
in cord blood rTL among male infants and 10% among female infants. The sex difference in
the slopes in this model was significant, indicating that the model performed differently
between males and females. In the final model, maternal SES (i.e., educational attainment),
elevated depressive symptoms in pregnancy, sexual abuse in childhood, and familial
emotional support in childhood were independent significant predictors among males;
among females, only maternal age (control variable) was significant. The results suggest that
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male fetuses are acutely susceptible to the effects of a variety of maternal exposures on
telomere biology. These findings are consistent with other studies that have documented sex
differences in fetal responses to prenatal exposures and highlight the particular vulnerability
of male fetuses (Doyle et al., 2015; Van den Bergh et al., 2017). The findings are also
consistent with the limited studies in adults indicating that males experience more
accelerated telomere attrition in response to psychological distress, reduced social support,
and early life adversity (Shalev et al., 2014; Zalli et al., 2014).

The mechanisms via which the examined exposures influence newborn telomere length are
as yet unknown. Potential mechanisms include disruptions to maternal HPAA reactivity and
increased oxidative stress and inflammation, epigenetic changes resulting in altered gene
expression, mitochondrial dysfunction, and telomerase inactivation due to heightened and
prolonged stress signaling (Entringer et al., 2011; Entringer et al., 2013; Lupien et al., 2009;
Shiels et al., 2011, Steptoe et al., 2011; Van den Bergh et al., 2017). Importantly, each of the
risk factors identified in this study has been associated with disruptions in stress physiology
systems, including during pregnancy, and thus may have contributed to the observed effects.
Research is needed to elucidate the likely varied biological mechanisms that contribute to
newborn telomere biology and link maternal exposures to offspring telomere attrition.

Findings from a number of lines of research suggest several factors that may contribute to
the increased male vulnerability to maternal exposures observed in this study. First, studies
suggest sex differences in the effects of maternal stress reactivity during pregnancy on
various aspects of fetal development (Davis et al., 2013; Doyle et al., 2015; Gabory et al.,
2009; Ostlund et al., 2016). Specifically, fetal sex appears to moderate the production of
maternal cortisol over the second half of pregnancy (DiPietro et al., 2011), and male and
female fetuses show different strategies for adapting to exposure to stress hormones that
result in sex differences across a range of outcomes (Davis et al., 2013). Importantly,
exposure to increased cortisol has been implicated as a mechanism in accelerated telomere
shortening (Choi et al., 2008; Entringer et al., 2011). Therefore, factors that influence
functioning of the maternal HPAA, including the variables studied in the current analyses,
may have sex-specific effects on fetal telomere biology. There is also evidence of sex-
specific differences in placental responsivity to maternal distress, with males less likely to
make adaptations to adverse in utero environments in placental gene and protein expression
(Bale et al., 2010; Clifton, 2010; Doyle et al., 2015; Mueller and Bale, 2008; Stark et al.,
2009). Some suggest that these processes contribute to greater male vulnerability across a
range of fetal and child outcomes (Clifton, 2010; Doyle et al., 2015). Research is needed to
determine if such processes apply to telomere biology. In addition, epigenetic processes
occurring early in embryonic development may contribute to sex-specific patterns of
telomere attrition on sex chromosomes. For example, in a study utilizing umbilical cord
blood lymphocytes, Perner and colleagues (Perner et al., 2003) found significant sex
differences in the lengths of the Xg-telomeres, derived from the maternal germline, with
males’ telomeres 1100 base pairs shorter than that of females. However, research has been
mixed as to whether telomere length is maternally inherited via an X-linked mechanism
(Broer et al., 2013). Also, because the method used in the current analyses to quantify
telomere length provides an average measure of telomere length across all chromosomes
within all cells present in the sample, the proportion of variance in telomere length explained
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by varying length of the telomeres of sex chromosomes is likely small. Future studies should
aim to explicate the biological mechanisms that contribute to sex differences in vulnerability
to maternal exposures on newborn telomere attrition.

In the current study, maternal race/ethnicity was not associated with newborn telomere
length in bivariate analyses and did not independently contribute to newborn telomere length
in the SEM models. To date, race/ethnicity differences in telomere length have varied widely
in nature and degree across studies of infants as well as children and adults (Drury et al.,
2015; Factor-Litvak et al., 2016; Martens et al., 2016; Needham et al., 2012; Okuda et al.,
2002). Race/ethnicity may contribute to more complex patterns of associations among
maternal risk factors and newborn telomere length. Further exploration of the potential
nature of race/ethnicity effects on newborn telomere length was beyond the scope of this
study but should be pursued in future research. Notably, in the current sample, several of the
examined risk factors were present at higher rates among racial/ethnic minority participants,
as documented in other studies (Geronimus et al., 2015). Research is needed to disentangle
whether any observed differences in telomere length among racial/ethnic groups are
attributable to different distributions of risk factors associated with shortened telomere
length or to other factors.

This study offers a number of strengths. It is one of a few studies to explore determinants of
newborn telomere length and the first to consider maternal mental health during pregnancy
and trauma exposures in childhood, specifically different types of childhood abuse. Previous
studies have shown links between maternal stress in pregnancy and newborn telomere length
(Entringer et al., 2013; Marchetto et al., 2016; Salihu et al., 2016; Send et al., 2017) and,
albeit inconsistently, between childhood maltreatment and adult telomere length (Boeck et
al., 2017; Kananen et al., 2010; Kiecolt-Glaser et al., 2011; Price et al., 2013; Tyrka et al.,
2010; Vincent et al., 2017). This is the first study to demonstrate associations between
maternal abuse in childhood and offspring newborn telomere length. Maternal sexual abuse,
but not physical or emational abuse, in childhood was predictive of shorter male newborn
telomere length. In adults, the few available studies suggest that risk of telomere attrition
differs by type of childhood maltreatment experienced, but the type of maltreatment linked
to shortened telomere length has varied across studies (Tyrka et al., 2010; Vincent et al.,
2017). This study provides preliminary evidence that a maternal history of sexual abuse in
childhood may confer particular risk for shortened telomere length among males at birth.
This is also the first study to consider protective factors, specifically maternal familial
emotional support in childhood, on newborn telomere length. The findings suggest that a
nurturing childhood environment may confer resilience to the next generation via offspring
newborn telomere biology. Together, the child maltreatment and familial emotional support
findings indicate that maternal lifetime exposures, not just exposures during pregnancy, have
implications for newborn telomere length. Other strengths of the study include the relatively
large and sociodemographically diverse sample, particularly for a study of newborn telomere
length determinants.

Limitations may include the use of peripheral blood mononuclear cells (PBMC) to estimate
newborn telomere length. PBMC telomere length is an average across different cell
subpopulations (T cells, B cells, NK cells, monocytes); telomere attrition may not be
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uniform across cell types, and relative ratios of cell types may vary across individuals.
However, PBMC telomere length is the metric that has been most commonly linked to
morbidity and mortality (Geronimus et al., 2015). Moreover, telomere length from different
tissues and cell types from the same individual are highly correlated within individuals from
the fetal period through adulthood, suggesting PBMC telomere length is a surrogate
parameter for relative telomere length in other tissues (Friedrich et al., 2000; Okuda et al.,
2002; Price et al., 2013). Measures of maternal abuse and familial emotional support in
childhood relied on retrospective report, introducing possible error due to memory
inaccuracies or reporting biases. Prior data suggest that inaccuracies are in the direction of
underestimating adverse experiences, which would lead to an underestimation of the
magnitude of associations with newborn telomere length (Hardt and Rutter, 2004). Also,
maternal reports were collected prior to birth and unlikely to have been reported
differentially by cord blood rTL. The current analyses did not include paternal factors,
which may contribute to newborn telomere length via various processes, including
heritability, paternal characteristics (e.g., paternal age), and assortative mating (Broer et al.,
2013). Future studies would be strengthened by considering the role of paternal factors,
which have been given minimal attention in the newborn telomere literature to date.

The characteristics of the sample have potential implications for the interpretation of the
study findings. The results may be broadly generalizable because the sample was drawn
from the community rather than by clinical status or other pre-determined risk factors and
closely reflected the demographics and risks of the community at large. For example, the 7%
premature birth rate is similar to that of the state in which the study occurred (8.7%). Nearly
half of the sample (45%) had household incomes below the median income for the state.
Importantly, 15% endorsed depressive symptoms suggestive of a diagnosis of major
depression, a rate highly consistent with epidemiological data that indicate a rate of 13%
among pregnant and postpartum women (Office on Women’s Health, U.S. Department of
Health and Human Services, 2017). Although the current findings indicated an association
between elevated maternal depressive symptoms (i.e., symptom suggestive of major
depression) and shorter cord blood rTL among males, no association was found between the
continuous measure of maternal depressive symptoms and cord blood rTL. The average
depression symptom score in this study was low, indicating limited variability in symptoms
within the sample, including relatively low numbers of participants experiencing subclinical
depression. This lack of variability may have contributed to the non-significant associations
between the continuous measure of maternal depressive symptoms and cord blood rTL. The
current analyses should be tested in a sample that includes a more varied range of symptoms,
including a sufficient representation of subclinical symptoms, to determine if there is a linear
association between maternal depressive symptoms and cord blood rTL or if maternal
depressive symptoms only have impact when they reach a clinically significant level of
severity. This is particularly important given findings that subclinical levels of depressive
symptoms in mothers during pregnancy may impact fetal development and child outcomes
(e.g., Gustafsson et al., 2018; Kingston et al., 2018). Also of note, maternal mental health
symptoms were only assessed at one time point in pregnancy in the current study; the extant
literature does not provide guidance as to how the timing and severity of maternal
psychopathology during pregnancy may influence newborn telomere biology. Overall, the
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significant correlation of cord blood rTL with elevated depressive symptoms and the
trending association with maternal PTSD symptoms among male infants provide preliminary
support for a link between maternal psychological functioning during pregnancy and
newborn telomere length. Studies should explore maternal mental health effects on newborn
telomere length in a more psychiatrically ill sample, where larger effects and/or a different
pattern of results may emerge. Studies should also be conducted to determine whether the
pattern of associations between risk/protective factors and newborn telomere length apply to
populations with other more extreme characteristics (e.g., premature/low birthweight infants;
low income/poverty samples).

The rates of maternal abuse during childhood were also relatively low in this sample. The
measure utilized to characterize childhood abuse experiences provided continuous ratings of
abusive experiences. A score of at least 1 (i.e., rare exposure) was endorsed by 42% of the
sample for physical abuse, 77% for emotional abuse, 10% for sexual abuse, and 81% for any
type of abuse. The mean scores on each of these scales were toward the low end of the
scales, suggesting that experiences of childhood abuse were infrequent in this sample. Thus,
although a significant association between maternal sexual abuse history and cord blood TL
was found among males, the lack of significant associations with the other abuse measures
should be interpreted cautiously. An extensive literature has demonstrated that a history of
childhood maltreatment has large and persistent effects on a wide range of health outcomes
across the lifespan. More research is needed with samples with documented histories of
severe and chronic childhood abuse to determine the types of childhood maltreatment that
may influence newborn telomere length and whether more extreme histories of maltreatment
influence both male and female offspring.

4.1. Conclusions

Our findings suggest that maternal lifetime exposures, including physical and mental health
and SES in pregnancy and abusive and supportive experiences in childhood, impact newborn
telomere length, particularly among males. Such effects may have lifelong health
implications given that newborn telomere length provides the initial setting for lifetime
telomere length and that regulation of lifetime telomere attrition rate may be programmed in
early life (Factor-Litvak et al., 2016; Martens et al., 2016; Tyrka et al., 2010). Therefore,
processes that shorten newborn telomere length may be critical determinants of lifetime
health, and newborn telomere length may be a powerful biomarker of lifetime disease risk
(Martens et al., 2016). Whether telomere length is a determinant of health or a biomarker of
the cumulative effects of other health determinants is as yet unknown (Geronimus et al.,
2015). Future research should explore whether newborn telomere length is a biomarker that
predicts health outcomes or plays an etiological role in linking prenatal exposures with poor
health. If the latter, maternal lifetime experiences may be mechanistically involved in the
development of a number of offspring disease states into adulthood via fetal programming of
telomere length, particularly among male offspring. Studies that elucidate mechanisms
responsible for maternal exposures effects on newborn telomere length may inform the
development of preventive interventions that optimize offspring lifetime health outcomes.
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structural equation model (Model 6) for male and female infants. Paths marked by (+*) were
significant and positively associated with cord blood telomere length in the final model.
Paths marked by (-*) were significant and negatively associated with cord blood telomere
length in the final model. Paths marked by “n.s.” were not significant in the final model.
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Table 1
Sample characteristics (N = 151)
nd % M sD

Maternal age (years) 31.53 5.00
Maternal race/ethnicity

White 68 45

Black/Haitian 51 34

Hispanic 13 9

Otherb 19 13
Child race/ethnicity

White 57 38

Black/Haitian 54 36

Hispanic 18 12

Otherb 22 15
Maternal relationship status

Married 102 68

Living together 16 11

Otherc 31 21
Maternal education

High school/GED or less 17 11

Some College 3% 23

College Degree 41 27

Graduate Degree 56 37
Annual household income

< $20,000 27 18

$20,000-$34,999 14 9

$35,000-$59,999 27 18

$60,000-$99,999 26 17

$100,000+ 53 35
Maternal pre-pregnancy body mass index (BMI), kg/m? 25.72  6.55
Maternal cigarette smoking in pregnancy 32 21
Maternal posttraumatic stress symptoms in pregnancy (PCL-C) 2345 11.49
Maternal depressive symptoms in pregnancy (continuous, EPDS) 6.49 5.95
Maternal elevated depressive symptoms in pregnancy (categorical, EPDS) 23 15
Maternal physical abuse in her childhood (CTQ-SF) 1.52 2.54
Maternal emotional abuse in her childhood (CTQ-SF) 2.25 2.03
Maternal sexual abuse in her childhood (CTQ-SF) 036 1.16
Maternal total abuse in her childhood (CTQ-SF) 411 4.84
Maternal stress exposures during pregnancy (CRISYS-R) 2.34 1.95
Maternal familial emotional support in her childhood (CTQ-SF) 1452 242
Newborn sex (male) 83 55
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a % M SD

Cord blood relative telomere length (T/S ratio)? 248 075

Note. PCL-C= Posttraumatic Stress Disorder Checklist-Civilian Version; EPDS = Edinburgh Postnatal Depression Scale; CTQ-SF = Childhood
Trauma Questionnaire, Short Form; CRISYS-R = Crisis in Family Systems-Revised.

laData were missing for 0 to 11 participants across study variables.
The majority categorized as “other” race/ethnicity were identified by self/mother as Asian or multi-racial.
cOther included never married (77 = 23), divorced (/7= 2), separated (7= 1), and other relationship status (/7= 5).

Telomere length is represented by the ratio between the average of three values obtained from telomere amplification and from B-globin
amplification (T/S ratio).
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Table 3

Correlation coefficients between predictor variables and cord blood relative telomere length for entire sample
and split by infant sex

Entire Sample Males Females
N =151 n=283 n=68
r p r p r p Z-test

Maternal health in pregnancy

Maternal smoking during pregnancy -.18 .025 -28 011 -05 .706 -1.423

Maternal body mass index (BMI), kg/m? -12 155 =28 011 .09 501 _9o0p3*
Socloeconomic status in pregnancy

Maternal educational attainment 14 096 37 .001 -.12 .33 3ug*

Annual household income in pregnancy .07 436 .32 004 -22 072 g3395*
Maternal mental health in pregnancy

Posttraumatic stress symptoms (PCL-C) -.12 .166 -22 056 -.02 .855 -1.220

Depressive symptoms (continuous, EPDS) .06 .504 -08 470 .21 099 -1.757

Elevated depressive symptoms (categorical, EPDS) -.08 317 -24 030 .16 206 _9430*
Maternal stress exposures in her childhood and in pregnancy

Physical abuse in childhood (CTQ-SF) -.03 .710 -03 .797 -04 772 0.060

Emotional abuse in childhood (CTQ-SF) -.05 .569 -05 .657 -.06 .658 0.060

Sexual abuse in childhood (CTQ-SF) -13 143 -31 .007 .05 .718 _p919*

Total abuse in childhood (CTQ-SF) -.07 .388 -11 337 -.04 770 -0.422

Stress exposures in pregnancy (CRISYS-R) .05 516 -03 .817 -.02 .855 -0.060
Maternal support in her chilahood

Familial emotional support in childhood (CTQ-SF) 24 .004 .34 .003 .13 284 1.338
Control variables

Maternal age -11 171 -06 618 -18 .132 0.730

Note. PCL-C= Posttraumatic Stress Disorder Checklist-Civilian Version; EPDS = Edinburgh Postnatal Depression Scale; CTQ-SF = Childhood
Trauma Questionnaire, Short Form; CRISYS-R = Crisis in Family Systems-Revised. Telomere length was normally distributed. Pearson’s
correlation coefficients were calculated when both variables were continuous and normally distributed; Spearman’s correlation coefficients when
both variables were continuous and at least one was non-normally distributed and/or ordinal; point biserial correlations when one variable was
dichotomous and the other was continuous; and phi correlation when both variables were dichotomous. Bolded correlation coefficient values are
significant at p < .05, two-tailed. Z-test is a result of the transformation of the difference between the correlation coefficients for male and female
infants using the Fisher-to-z transformation;

*
indicates that the magnitude of the correlation coefficients was significantly different between male and female infants using a two-tailed test.
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