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Abstract

Objective—Emerging evidence suggests that prenatal exposures may affect long-term health
outcomes. In utero exposure to smoking is associated with an increased risk of overweight and
obesity in children and adolescents. However, few studies have examined how prenatal exposure
to parental smoking influences risk of obesity in adulthood and whether these associations are
independent of childhood and adolescent adiposity. The aim of the current study was to investigate
whether prenatal exposure to parental smoking influences body size in adulthood and whether any
association may be mediated by childhood and adolescent body size.

Methods—We investigated the association between parental smoking during pregnancy and risk
of overweight and obesity in adulthood and at age 18, and adiposity during childhood among
35,370 participants in the Nurses’ Health Study I1. Data on smoking during pregnancy and
socioeconomic variables were provided by the mothers, and anthropometric data and adult risk
factors were reported by participants.

Results—After adjustment for socioeconomic and behavioral variables, maternal smoking
during pregnancy was associated with adiposity at ages 5-10, age 18, and during adulthood. For
age 18 overweight the ORs (95% Cls) for 1-14, 15-24, and 25+cigarettes/day were 1.13 (1.18—
1.50), 1.40 (1.20-1.64), and 1.15 (0.79-1.69) and for obesity were 1.41 (1.14-1.75), 1.69 (1.31-
2.18), and 2.36 (1.44-3.86). The corresponding ORs (95% Cls) for obesity in adulthood were 1.26
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(1.16-1.37), 1.46 (1.30-1.63), and 1.43 (1.10-1.86). Risk of adiposity was not increased among
daughters whose mothers stopped smoking during the first trimester (OR [95% CI] for overweight
(1.03 [95% CI1 0.90-1.17] and obesity (1.12 [95% CI 0.97-1.30]). Women whose fathers smoked
during pregnancy were also at increased risk of overweight and obesity in adulthood with
covariate-adjusted ORs (95% Cls) for obesity of 1.19 (1.11-1.29) for 1-14 cigarettes/day, 1.27
(1.18-1.37) for 15-24 cigarettes/day, and 1.40 (1.27-1.54) for 25+ cigarettes/day compared to
fathers who did not smoke (pyeng<0.0001). Paternal smoking during pregnancy was also
associated with an increased risk of obesity at age 18 among those whose fathers smoked 15 or
more cigarettes/day but was not associated with childhood body size.

Conclusions—Maternal smoking during pregnancy was associated in a dose-response manner
with overweight and obesity in the daughter through adolescence and adult life. Smoking
cessation during the first trimester appears to mitigate this excess risk.

Paternal smoking was also associated with risk of overweight and obesity of the adult daughter
and this association persisted after adjustment for maternal smoking.

Keywords
pregnancy; prenatal programming; cigarette smoking; obesity

Introduction

Emerging evidence suggests that prenatal exposures may affect long-term health outcomes.
The developmental origins of health and disease hypothesis (DOHAD) proposes that
exposures before birth may result in persistent adaptations including alterations in
metabolism.! Children exposed to cigarette smoking in utero have a lower birthweight
compared to children of non-smokers? 3 and conversely an increased risk of overweight and
obesity as children and young adults.#~10 A 2008 meta-analysis reported a 50% increased
risk of overweight in children whose mothers smoked during pregnancy compared to
children of non-smoking mothers.8 More recently, Durmus, et al. reported an increased risk
of obesity at age 4 among children whose mothers smoked during pregnancy but did not
observe an association with paternal smoking among non-smoking mothers.> To our
knowledge, only two studies have examined the relation of prenatal exposure to smoking to
body size in later adult life. The authors of these studies reported that exposure to maternal
smoking in utero was associated with a 34-41% increased risk of adult obesity, 11 12
however neither reported adjustment for body size in early life.

While previous studies have suggested that the association between maternal smoking and
body size in childhood and young adulthood is independent of birthweight 8-10.13-16 jt jg
unclear whether any association between maternal smoking and later life adult body mass
index (BMI) may be mediated by childhood and adolescent body size. In addition, few
studies have examined the influence of paternal smoking on body size throughout the
lifecourse. The aim of the current study was to investigate whether prenatal exposure to
parental smoking influences body size in adulthood and whether any association may be
mediated by childhood and adolescent body size. In addition, we investigated whether these
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associations were accounted for by parental BMI or other determinants of adiposity
including physical activity and diet.

Study population

The Nurses’ Health Study 11 (NHS 11) was established in 1989 when 116,430 female nurses
completed a questionnaire about lifestyle factors, anthropometric variables, and prevalent
disease. Follow-up questionnaires were sent biennially to collect updated information.

In 2001, mothers of NHS |1 daughters were invited to complete a questionnaire regarding
their daughter. Details about the Nurses’ Mothers’ Cohort have been provided elsewhere.’
Information on pregnancy and early life exposures were obtained for 35,794 participants
(76.5% response rate). Women were excluded from the current analyses if they had been
adopted (n=113), were missing information on maternal smoking (n=122), or were missing
BMI in 1989 (n=189). Implied consent was assumed upon return of the completed
questionnaire. This study was approved by the Institutional Review Boards of the Harvard
School of Public Health and Brigham and Women’s Hospital.

Assessment of smoking

Mothers reported whether they smoked during pregnancy with their daughter, the number of
cigarettes smoked per day, whether they stopped smoking during pregnancy, and if so when
they stopped. The validity of recalled maternal smoking during pregnancy was found to be
high in the National Collaborative Perinatal Project (sensitivity=0.86, specificity=0.94).18
Mothers also reported whether the nurse’s father smoked and if so when he smoked, and the
number of cigarettes smoked per day.

Assessment of body size

NHS 11 participants reported their height, weight, and weight at age 18 at baseline (1989);
current weight was updated on biennial questionnaires. BMI in 2007 was used for the main
analysis. In 1989 participants were asked to recall their body shape at ages 5 and 10 using a
9-level figure drawing.19 The validity of recalled body shape using this drawing was
assessed in the Third Harvard Growth Study. Body shape recalled by 181 participants
between ages 71-76 years was compared to BMI taken as part of annual examinations
during childhood. Pearson correlations were 0.60 and 0.70, for age 5 and 10 years,
respectively.20

Covariate assessment

NHS 11 participants reported their age, year of birth, age at menarche, husband’s education,
income, physical activity, caloric intake, alcohol consumption, smoking status, parity, and
age at first birth on baseline and follow-up questionnaires. Nurses’ mothers reported
maternal and paternal age at time of the nurse daughter’s birth, maternal and paternal
education level, maternal weight gain during pregnancy, maternal prepregnancy weight,
paternal weight at the time of the nurse daughter’s birth, maternal and paternal height,
maternal and paternal history of diabetes, maternal and paternal occupation, parents’ home
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ownership at the time of the nurse daughter’s birth, the nurse’s birthweight, gestational age,
and breast feeding history on the Mothers” questionnaire.

Statistical analyses

Polytomous logistic regression was used to estimate odds ratios (OR) and 95% confidence
intervals (CIs) for the associations between maternal and paternal smoking during pregnancy
and BMI in adulthood, BMI at age 18, and childhood body shape. Maternal smoking was
categorized into ‘No smoking during pregnancy’, ‘Quit smoking during pregnancy’, ‘1-14
cigarettes/day’, ‘15-24 cigarettes/day’, and ‘25+/cigarettes/day’. Paternal smoking was
categorized into ‘Non-smoker’, ‘1-14/day’, ‘15-24/day’, and ‘25+/day’. Secondary analyses
were conducted by combined parental smoking (no smoking from either parent, father
smoker/mother non-smoker, father non-smoker/mother smoker, both smokers).

BMI (kg/m?2) was categorized as: <25, 25-<30 (overweight), and =30 (obese). Somatotypes
at ages 5 and 10 were averaged to obtain estimates of childhood body size and categorized
as 1-2, 2.5-3, 3.5-4, and 24.5.

We considered 2 main covariate-adjusted models; the first adjusted for parental and nurse’s
prenatal characteristics and the second adjusted for parental and all nurse characteristics. We
included the following a priori potential confounders in the parental and nurse’s prenatal
characteristics model: age of the nurse, birth year, maternal and paternal age at birth,
maternal and paternal education, maternal and paternal history of diabetes, maternal and
paternal occupation, maternal weight gain during pregnancy, maternal prepregnancy BMI,
paternal BMI, and home ownership at birth. In addition the following a priori potential
confounders were included in the parental and all nurse characteristics model which
represents the final model: gestational age, breast feeding history in infancy, age at
menarche, parity/age at first birth, nurse’s smoking status, alcohol intake, caloric intake,
physical activity, dietary change score,2! income, and nurse’s husband’s education. Models
with maternal smoking were also simultaneously adjusted for paternal smoking and vice
versa. We also explored the role of birthweight, childhood body size, and BMI at age 18 as
potential mediators by adding them to the models with adult BMI as the outcome, and added
birthweight and childhood body size to the models with BMI at age 18 as the outcome. In
addition, adolescent smoking status, alcohol intake, caloric intake, and physical activity
were included in the BMI at age 18 analyses. Tests for linear trend were performed by
assigning the category midpoints to each participant in that group.

We examined whether the association between maternal smoking and body size varied by
maternal prepregnancy BMI, weight gain during pregnancy and birthweight. Effect
modification was assessed with a likelihood ratio test comparing a model with the cross-
product term between maternal smoking and each potential effect modifier to the model with
main effects. Chi-square tests were used to obtain p-values for the likelihood ratio test
statistics. All tests of statistical significance were two sided and all statistical analyses were
performed using SAS Version 9.2 (SAS Institute Inc., Cary, NC).
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Among 35,370 women included in this study, 9,245 (26.1%) had mothers who reported
smoking during pregnancy. The mean (standard deviation [SD]) adult BMI in 2007 among
daughters of smokers was 27.4 (6.3) compared to 27.1 (6.1) for daughters of non-smokers
while the daughters of smokers had a lower mean birthweight (grams) (SD) than the non-
smokers, 3158 (513) and 3335 (503), respectively. Mothers who smoked during pregnancy
had a lower prepregnancy BMI, were more likely to have a college education, and less likely
to own their own home at the time of their daughter’s birth compared to those who did not
smoke (Table 1).

We observed a statistically significant association between maternal smoking during
pregnancy and overweight and obesity in adulthood with the risk increasing with the number
of cigarettes smoked daily. Compared to women of mothers who did not smoke during
pregnancy the maternal, paternal, and nurse characteristics-adjusted ORs (95% Cls) for
overweight for women whose mothers smoked during pregnancy were 1.10 (1.02-1.19) for
1-14 cigarettes/day, 1.20 (1.08-1.33) for 15-24 cigarettes/day, and 1.35 (1.07-1.72) for 25+
cigarettes/day (Pieng<0.0001). The corresponding ORs (95% Cls) for obesity were 1.26
(1.16-1.37), 1.46 (1.30-1.63), and 1.43 (1.10-1.86) (Ptreng<0.0001) (Table 2). Adjustment
for paternal smoking (Table 2) and body size in childhood (data not shown) slightly
attenuated the associations but they remained significant. Adjustment for BMI at age 18
attenuated the associations but the trends remained significant (Table 2). When highly
correlated variables are included together in a regression model this may cause an inflation
of the standard errors which may affect the precision of the estimate. We did not observe an
inflation of the standard errors when BMI at age 18 was included in a model simultaneously
with adult BMI as the observed correlation between BMI at age 18 and adult BMI
(measured in 2007) was only 0.53 (p<0.0001 level) and this is well below the threshold of
0.9 above which collinearity may be a problem.22 Results were similar when adult BMI
from questionnaires before 2007 were used (data not shown).

Fifteen percent (n=1,385) of women who smoked during pregnancy reported quitting (1,141
first trimester, 135 second trimester, and 109 third trimester). Among the daughters of the
women who quit smoking there was no association with overweight (1.03 [95% CI 0.90-
1.17]) and the association with obesity was not significant (1.12 [95% CI 0.97-1.30]). When
quitting was examined by trimester the ORs (95% CIs) for obesity were 1.13 (0.96-1.33) for
the first trimester, 1.23 (0.79-1.92) for the second trimester, and 0.94 (0.56-1.60) for the
third trimester. However, the results for the second and third trimesters were based on small
numbers (n=44 and 24, respectively).

An association between maternal smoking during pregnancy and BMI at age 18 and body
size in childhood was also observed. Compared to women of mothers who did not smoke
during pregnancy women of mothers who smoked during pregnancy had covariate-adjusted
ORs (95% Cls) for overweight at age 18 of 1.33 (1.18-1.50) for 1-14 cigarettes/day, 1.40
(1.20-1.64) for 15-24 cigarettes/day, and 1.15 (0.79-1.69) for 25+ cigarettes/day
(Ptrend<0.0001). The corresponding ORs (95% Cls) for obesity were 1.41 (1.14-1.75), 1.69
(1.31-2.18), and 2.36 (1.44-3.86) (Ptreng<0.0001). This association was slightly attenuated
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after adjustment for body size in childhood (Table 3). In addition, the daughters of mothers
who smoked during pregnancy were more likely to report increased childhood body size
(Table 4).

Women whose fathers smoked during pregnancy were at increased risk of overweight and
obesity in adulthood with covariate-adjusted ORs (95% Cls) for overweight of 1.11 (1.03-
1.18) for 1-14 cigarettes/day, 1.14 (1.07-1.22) for 15-24 cigarettes/day, and 1.19 (1.09-
1.31) for 25+ cigarettes/day compared to fathers who did not smoke (pireng<0.0001). The
corresponding ORs (95% Cls) for obesity were 1.19 (1.11-1.29), 1.27 (1.18-1.37), and 1.40
(1.27-1.54) (ptreng<0.0001) (Table 5). An attenuated but still statistically significant
association remained when paternal smoking was examined among non-smoking mothers
(data not shown). The strongest association with adult overweight and obesity was observed
when both parents smoked (ORs [95% Cls] for adult BMI of 1.22 [95% CI 1.13-1.31] for
overweight and 1.49 [95% CI 1.37-1.61] for obesity.

Paternal smoking during pregnancy was associated with an increased risk of obesity at age
18 among those whose fathers smoked 15 or more cigarettes/day (ORs [95% CIs] of 1.22
[95% CI 1.00-1.49] for 15-24 cigarettes/day and 1.52 [95% CI 1.21-1.92] for 25+
cigarettes/day). When paternal smoking was examined among non-smoking mothers only
the association with obesity among those whose fathers smoked 25+ cigarettes/day remained
significant (1.39 [1.02-1.88]). Paternal smoking was not associated with childhood body
size (data not shown). No significant interactions were observed for any of the body size
outcomes by maternal prepregnancy BMI, weight gain during pregnancy, or birthweight.

Discussion

In this large cohort study, maternal smoking during pregnancy was independently associated
in a dose-response manner with increased risk of elevated body mass during childhood,
adolescence, and adulthood in the daughter. This association was strongest among daughters
of women who smoked 25 or more cigarettes per day during pregnancy. Paternal smoking
was also associated with risk of overweight and obesity of the adult daughter and this
association persisted after adjustment for maternal smoking. Most studies examining in
utero exposure to maternal cigarette smoking have been limited to examining body size
outcomes in childhood and adolescence and have consistently reported increased risk of
overweight and obesity among exposed children.® Few studies have examined the
association with body size in later adult life. Consistent with our results for adult BMI,
Power and Jefferis reported an adjusted OR (95%) of 1.45 (1.13-1.87) for the association
between maternal smoking and obesity in 2921 women 33 years of age 11. Among 4917
participants (age 33 years) from the British National Child Development Study,
Montgomery and Ekbom reported ORs (95% Cls) for obesity of 1.34 (1.07-1.60) for
medium smokers (1-9 cigarettes/day) and 1.38 (1.06-1.79) for heavy smokers (>10
cigarettes/day).12 Neither of these studies reported adjustment for body size in childhood or
adolescence. In addition, they did not have the breadth of potential confounders that were
available in our study including maternal weight gain during pregnancy and adult diet and
physical activity in the daughter. In our analysis adjustment for BMI at age 18 attenuated the
associations but a significant trend remained suggesting that at least part of the effect of
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maternal smoking on adult BMI may be independent of adolescent body size. Consistent
with prior studies we found only marginal changes in the associations when adjusting for
differences in birthweight, a potential intermediate.* 8-10. 13-16

Tobacco smoke contains over 4,000 different chemicals making it difficult to elucidate the
mechanisms through which exposure to smoking in utero may increase body size in
childhood, adolescence, and adulthood. Rats prenatally exposed to nicotine have increased
body fat23 and weight? making nicotine a possible candidate. Nicotine may influence body
size through the programming of the fetal hypothalamic-pituitary axis?® or alterations in
pancreatic function?® and appetite control.2” We observed an association between both
maternal and paternal smoking and adult BMI but did not observe associations between
paternal smoking and child body size. This is consistent with results from the Generation R
Study of children in the Netherlands where a significant association was observed between
maternal smoking and childhood obesity while no association was observed between
paternal smoking and childhood obesity among non-smoking mothers.®> This may suggest
different mechanisms through which in utero exposure to maternal smoking versus exposure
to paternal second hand smoke (SHS) influences adult and early life body size. The
significant effect estimates observed for maternal smoking but not paternal smoking for
childhood body size may suggest a direct intrauterine effect of maternal smoking on
childhood body size. Alternatively, it could indicate that exposure in childhood to parental
SHS is being captured by the paternal smoking variable since 93% of fathers in our study
smoked both during pregnancy and early childhood. This SHS exposure during the
daughter’s childhood could influence adult adiposity as SHS exposure in adults and
adolescents has been associated with insulin resistance, metabolic syndrome, and type 11
diabetes.28-31 |n addition, SHS exposure during childhood has been associated with insulin
resistance at the age of 10 years.32 Thus, SHS exposure during childhood may cause
alterations in metabolism that become most apparent during adulthood. The mothers in our
study were not asked about their smoking habits during their daughter’s early childhood but
itis likely that most women who smoked during pregnancy did not quit immediately
following pregnancy. Finally, the stronger effect estimates observed for maternal smoking
compared to paternal smoking for childhood adiposity may suggest a direct intrauterine
effect of maternal smoking on childhood body size.

Parental smoking during pregnancy was recalled by nurses’ mothers, and body shape in
childhood, and BMI at age 18 were recalled by the nurse participants, which may have
resulted in misclassification of these variables. In addition, self-reported weight and height
used to calculate BMI may also be affected by measurement error. However, long-term
maternal recall of smoking during pregnancy has been found to be highly accurate.® Also,
recall of body shape using the 9-level figure diagram is correlated with BMI at the same
age;20 however, error in the classification of childhood body size could have resulted in
incomplete adjustment for this variable in the models where childhood body size was
considered as a potential mediator. Finally, correlations of 0.84 and higher have been
reported for recalled weight and height at age 18 and self-reported weight compared to
direct measures of these variables.33: 34 Confounding by socioeconomic and lifestyle factors
is often a concern when smoking is examined. However, the participants in this study were
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born between 1945 and 1964 corresponding to a time when information on the harmful
effects of tobacco use was just beginning to reach the public. Per capita consumption of
cigarettes peaked in the U.S in 19633° and in 1964 the U.S. Surgeon General issued a report
highlighting the dangers of cigarette smoking. Thus our results are less likely to be due to
confounding by health-related behaviors than analyses examining effects of smoking in
more recent years. In addition, we adjusted for many potential confounders including
parental education, occupation, and BMI, and the nurse’s income, physical activity, diet, and
smoking status. If anything, adjustment for these variables slightly increased the strength of
the association with maternal smoking, suggesting that confounding by unmeasured factors
is unlikely to account for our findings.

Our study has several strengths. To our knowledge, this is the largest study to examine the
association between parental smoking and overweight and obesity in adulthood. We had
detailed information on maternal and paternal smoking habits including the number of
cigarettes smoked and if the mother quit smoking during pregnancy which allowed us to
examine the dose-response relation. In addition, we have anthropometric data from across
the lifecourse (birthweight, childhood body size, BMI at age 18, and multiple assessments of
adult BMI), which allowed us to examine independent associations with each of these
outcomes. We also have high follow-up rates and data on many covariates that have been
collected and updated at two-year intervals.

In conclusion, our findings suggest that maternal and paternal smoking during pregnancy
increases the risk of overweight and obesity in the offspring during adulthood in a dose-
response manner. These associations appear to be independent of childhood and adolescent
body size and birthweight. In addition, maternal smoking, but not paternal smoking, was
associated with increased body size in childhood and adolescence. Future studies that can
separate the effects of parental smoking exposure in utero and early childhood may further
our understanding of the importance of the timing of smoking exposure as well as the
mechanisms behind these associations.
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