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Abstract
Background
Prenatal or early childhood secondhand tobacco smoke (SHS) exposure increases obesity risk. However, the potential mechanisms underlying this association are unclear, but obesogenic eating behaviors are one pathway that components of SHS could perturb. Our aim was to assess associations of prenatal and early childhood SHS exposure with adolescent eating behaviors.

Methods
Data came from a prospective pregnancy and birth cohort (N = 207, Cincinnati, OH). With multiple informant models, we estimated associations of prenatal (mean of 16 and 26 weeks of gestation maternal serum cotinine concentrations) and early childhood cotinine (average concentration across ages 12, 24, 36, and 48 months) with eating behaviors at age 12 years (Child Eating Behaviors Questionnaire). We tested whether associations differed by exposure periods and adolescent’s sex. Models adjusted for maternal and child covariates.

Results
We found no statistically significant associations between cotinine measures and adolescent’s eating behaviors. Yet, in females, prenatal cotinine was associated with greater food responsiveness (β: 0.23; 95% CI: 0.08, 0.38) and lower satiety responsiveness (β: -0.14; 95% CI: -0.26, -0.02); in males, prenatal and postnatal cotinine was related to lower food responsiveness (prenatal: β: -0.25; 95% CI: -0.04, -0.06; postnatal: β: -0.36; 95% CI: -0.06, -0.11). No significant effect modification by sex or exposure window was found for other eating behaviors.

Conclusion
Prenatal and early childhood SHS exposures were not related to adolescent’s eating behavior in this cohort; however, biological sex may modify these associations.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12940-024-01076-0.
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Introduction
The prevalence of obesity has tripled globally since 1975 and increased dramatically in the last three decades in the United States (US) [1]. In 2017–2020, the prevalence in US adolescents aged 12–19 reached 22% [2]. Obesity is a risk factor for adulthood cardiovascular disease [3] and metabolic syndrome (MetS), a multifactorial disorder characterized by the cluster of central obesity, impaired glucose metabolism, dyslipidemia, and elevated blood pressure [4]. Diminished cardiometabolic health (CM) in childhood increases their risk of all-cause mortality, cardiovascular disease morbidity and mortality, and type 2 diabetes in adulthood [5].
Exposure to secondhand tobacco smoke (SHS) is a risk factor for the development of obesity and CM disorders during adolescence [6, 7]. Evidence suggests maternal behaviors, such as poor nutrition and exposure to chemicals in SHS, can lead to intrauterine growth restriction and, thus, poor CM health in children and adolescents [8, 9], consistent with what we observed in our cohort of 12-year-old adolescents from the Health Outcomes and Measures of the Environment (HOME) Study [6, 7]. In 2022, we found that postnatal SHS exposure was related to higher adiposity and CM risk and that the exposure time window and sex modify the strength of associations [6, 7].
Some chemicals found in SHS, including polycyclic aromatic hydrocarbons and nitrosamine 4 (methylnitrosamino)-1-(3-pyridyl)-1-butanone, can cross the placenta and directly impact hypothalamic neuropeptides and amygdala volume, which play a role in emotional regulation and reward reactivity [10, 11]. Further, nicotine from SHS may affect taste and smell perception [12, 13]. These alterations can influence children’s appetite, food intake, and eating preferences. Therefore, children exposed to SHS during gestation or early childhood may exhibit more obesogenic eating behaviors, such as lower satiety sensitivity, higher food responsiveness, and emotional overeating, and thus, in turn, may develop CM disorders later in life [11, 14].
The role of appetite in obesity risk was recognized in 1968 by Schachter [15]. Wardle and colleagues developed the behavioral susceptibility theory of obesity, which hypothesized that appetite mediates the interaction between genetic susceptibility to obesity and exposure to obesogenic environments and that variation in appetite emerges early in postnatal life [16]. However, whether eating behaviors may act as a behavioral pathway underlying the association between SHS exposure and obesity or CM disorders remains unclear. A better understanding will inform effective preventative strategies and interventions for childhood obesity.
This study examined the association of prenatal and early childhood serum cotinine concentrations with adolescent’s eating behaviors among the HOME Study participants. Based on prior findings from the HOME Study [6, 7], which emphasized the greater impact of postnatal SHS exposure on adolescents’ health outcomes compared to prenatal exposure, with a stronger association observed in girls than in boys, we hypothesized that: (1) Higher serum cotinine concentrations would be associated with greater food approaching behaviors (i.e., food responsiveness and emotional overeating) and lower food avoidance behaviors (i.e., satiety responsiveness and emotional undereating); (2) Associations between serum cotinine and eating behaviors are stronger during the postnatal period, compared to the prenatal period; and (3) Associations between serum cotinine and eating behaviors are stronger in female adolescents than in males.

Methods
Study recruitment and data collection
We used data from a prospective and ongoing pregnancy and birth cohort, the HOME Study [17]. The HOME Study recruited pregnant women between 2003 and 2006 and conducted follow-up visits with the mothers and their children through age 12 years. The study aimed to evaluate the association of pre- and postnatal exposure to environmental toxicants with a child’s growth and neurobehavioral outcomes. From 2003 to 2014, we conducted up to 11 in-person follow-up visits on 410 eligible children at the delivery hospital, the study clinic, or participants’ homes from birth to age 12 years. From June 2016 to April 2019, we invited 441 adolescents and their birth mother or primary caregiver to participate in a clinical visit, and 256 adolescents completed this 12-year visit. A detailed description of inclusion criteria, participants’ characteristics, follow-up, and study measures at the 12-year visit are described elsewhere [17]. Our final analytic sample included singleton children without congenital anomalies with at least one serum cotinine concentration measurement during pregnancy or childhood, caregivers’ responses to the Child Eating Behavior Questionnaire (CEBQ), and complete covariate information (N = 207).
The institutional review boards (IRBs) at Cincinnati Children’s Hospital Medical Center (CCHMC) and participating delivery hospitals approved the HOME Study protocols. Brown University and the Centers for Disease Control and Prevention (CDC) IRBs deferred to the CCHMC IRB. All mothers provided informed consent for themselves and their children at all visits; children provided informed assent at the age 12 visit.

Prenatal and postnatal SHS exposure assessment
Trained phlebotomists collected maternal venous blood samples at 16 and 26 weeks of pregnancy to assess prenatal SHS exposure. They also collected the child’s venous blood samples at 12, 24, 36, and 48 months via venipuncture to assess postnatal SHS exposure. The samples were stored at or below − 80ºC until analysis. Serum cotinine concentrations were quantified by trained technicians at the CDC using high-performance liquid chromatography atmospheric pressure tandem mass spectrometry. The assay limit for the cotinine detection threshold was 0.015 ng/mL. Maternal serum cotinine concentrations ≥ 3 ng/mL at 16 or 26 weeks of gestation were considered indicative of maternal tobacco consumption [18]. We imputed cotinine levels of 0 ng/mL with 0.001 before log10 transforming cotinine concentrations.

Adolescent’s eating behavior assessment
At the 12-year study visit, caregivers completed the Child Eating Behaviors Questionnaire (typically mothers) to assess their children’s eating behaviors [19]. The CEBQ is a valid and reliable multi-dimensional parent-reported measure of child eating behaviors used worldwide in pediatric research. The CEBQ comprises 35 Likert-style questions (1: never; 2: rarely; 3: sometimes; 4: often; 5: always) to assess eight eating behavior dimensions [19]. A higher score indicates a greater presence of the behavior perceived by the caregiver. Four dimensions measure food approach behaviors: food responsiveness (child’s reaction to external cues for eating); enjoyment of food (child’s interest in food); emotional overeating (child’s behavior of eating more in response to negative emotions such as anxiety, worry or boredom); desire to drink (child’s frequent need for a drink). Four dimensions measure food avoidance behaviors: satiety responsiveness (child’s ability to stop eating when feeling full); slowness in eating (child’s speed of eating); emotional undereating (child’s behavior of eating less in response to negative emotions such as anger and upset); food fussiness (child’s selectiveness about food) [19]. Further, we summed the scores across food approach (16 items) and food avoidance items (19 items) to summarize overall food approach and food avoidance behaviors.

Covariate assessment
Based on previous literature and directed acyclic graphs (DAGs), we identified potential confounders that may be associated with both serum cotinine concentrations and eating behaviors while ensuring we did not adjust for mediators or colliders (Figures S1 and S2). Mothers completed standardized questionnaires at baseline and reported the child’s race/ethnicity, maternal age, parity, level of education, household income, and marital status. Mothers reported breastfeeding duration via standardized questionnaires over the first three years after delivery. We extracted the child’s sex data from hospital medical records.

Statistical analysis
We computed summary statistics of maternal and child characteristics, maternal serum cotinine concentrations at 16 and 26 weeks of pregnancy, and the child’s serum cotinine concentrations at age 12, 24, 36, and 48 months. Additionally, we conducted a bivariate analysis to compare the distribution of adolescents’ eating behaviors at age 12 years across strata of potential confounders.
Of 256 children who had complete CEBQ data, 251 and 232 mothers had at least one serum cotinine measurement at 16 and 26 weeks of pregnancy, and 186, 149, 157, and 127 children had cotinine measurements at age 12, 24, 36, and 48 months, respectively. After examining the distribution of the cotinine concentrations by creating histograms and performing Shapiro-Wilk tests, we decided to log10-transform the cotinine concentrations to reduce the influence of outliers. We calculated intraclass correlation coefficients (ICC) with 95% confidence intervals (CI) between log10-transformed pre- or postnatal cotinine concentrations at each time point. The ICC between repeated maternal cotinine concentrations (N = 193 mothers) was 0.91 (95% CI 0.89 to 0.93); the ICC between the four childhood cotinine concentrations (N = 64 children) was 0.79 (95% CI 0.69 to 0.86), indicating excellent agreement. Thus, we averaged available maternal serum cotinine concentrations (range = 1–2 measures) and children’s serum cotinine concentrations (range = 1–4 measures) to assess pre- and postnatal exposure, respectively. Spearman correlation coefficients (rho) were computed to evaluate the correlations between the exposure variables (pre- and postnatal serum cotinine concentrations at each time point, average pre- and postnatal concentrations) and the outcome variables (CEBQ dimension scores, food approach summary score, and food avoidance summary score).
Using multiple informant models, we estimated differences in food approach and avoidance behavior summary scores and individual behavior dimension scores with a 1-unit increase in prenatal and postnatal average log10-transformed serum cotinine concentrations (β and 95% CI). We further tested whether the strength of associations differed between the pre- and postnatal periods. Details on the multiple informant method have been previously described [20]. The multiple informant model utilizes generalized estimating equations to jointly evaluate the exposure-outcome association for each defined exposure period and tests whether the estimates for the exposure-outcome association are equal across different time points [20]. We created two separate joint estimates, one for the prenatal exposure period (average maternal serum cotinine concentrations at 16 and 26 weeks of pregnancy) and another for the postnatal exposure period (average child’s serum cotinine concentrations at age 12, 24, 36, and 48 months). The multiple informant model included exposure period, serum cotinine, cotinine × exposure period, and covariates, allowing us to test whether cotinine-outcome associations differed between pre- and postnatal exposure periods. The null hypothesis is that the association is constant regardless of exposure time. We considered a p-value of the time-exposure interaction term < 0.05 as evidence that at least one of the cotinine-outcome associations differs over time.
We also examined the potential modifying effects of adolescent sex using a three-way interaction term of exposure period × cotinine × adolescent sex. Multiple informant models were adjusted for maternal age at delivery, parity at baseline, maternal education, household income, marital status, duration of any breastfeeding, and adolescent sex and race/ethnicity.
We performed the analyses using R statistical software, version 4.1.2 (R Core Team, Vienna, Austria).

Role of the funding source
The funder of the study was not involved in the study design, the collection, analysis, and interpretation of data, the manuscript writing, or the decision to submit the paper for publication.


Results
The characteristics of our sample (N = 207) are similar to the baseline study cohort (N = 389) (Supplementary Table 1). The mean age of the 207 adolescents was 12.3 years (SD: 0.7; range 11.0–14.0). Among them, 57% were girls, and 62% were non-Hispanic White (Supplementary Table 1). On average, mothers of these adolescents were 27.8 years (SD: 5.8; range: 18.8–45.1) at delivery, and 43% were nulliparous. At the 12-year visit, 88% had greater than high school education, 69% were married, and 45% fed their children some human breastmilk for at least six months (Table S1).
Compared with the respective referent groups, food approach behavior scores were higher (0.9–1.2 points) among adolescents who were non-Hispanic Black and whose mothers were younger at delivery, had a lower level of education, had lower household income, and were unmarried (Table 1). Although food avoidance behavior scores varied by covariates to a lesser extent, they were higher among adolescents who were non-Hispanic White and whose mothers were older at delivery, multiparous, had higher household income, and breastfed their child for at least six months, compared to other groups (Table 1).
Table 1HOME Study participant’s eating behavior (Child Eating Behavior Questionnaire dimensions) at age 12 years according to covariates (N = 207)


	 	 	Food Approach Behaviors a
	Food Avoidance Behaviors b

	N
	Mean ± SD
	Mean ± SD

	MATERNAL CHARACTERISTICS

	 Age at delivery (years)
	 	 	 
	  18–25
	46
	11.0 ± 2.7
	9.9 ± 2.3

	  >25–29
	43
	11.6 ± 3.0
	9.7 ± 2.2

	  >29–34
	74
	10.3 ± 2.1
	10.2 ± 1.9

	  >34
	44
	10.6 ± 2.2
	10.3 ± 1.9

	 Parity at baseline
	 	 	 
	  0
	88
	10.7 ± 2.5
	9.7 ± 2.1

	  1
	68
	10.8 ± 2.3
	10.2 ± 1.9

	  1+
	51
	11.0 ± 2.8
	10.4 ± 2.1

	 Education at baseline
	 	 	 
	  High school or less
	41
	11.5 ± 2.6
	10.3 ± 2.0

	  Technical school or some college
	62
	10.8 ± 2.7
	9.8 ± 2.0

	  Bachelor’s degree or more
	104
	10.5 ± 2.3
	10.1 ± 2.1

	 Household income at baseline ($)
	 	 	 
	  < 45,000
	81
	11.3 ± 2.8
	9.8 ± 2.1

	  45,000–75,000
	71
	10.5 ± 2.0
	10.1 ± 2.1

	  > 75,000
	55
	10.5 ± 2.5
	10.2 ± 1.9

	 Marital status at baseline
	 	 	 
	  Married
	138
	10.4 ± 2.3
	10.1 ± 2.1

	  Not married, living with partner
	21
	11.1 ± 2.9
	10.1 ± 2.5

	  Not married, living alone
	48
	11.6 ± 2.7
	9.9 ± 1.9

	 Breastfeeding duration (months)c
	 	 	 
	  <6
	113
	11.0 ± 2.6
	9.8 ± 2.0

	  ≥6
	94
	10.5 ± 2.4
	10.3 ± 2.1

	ADOLESCENT’S CHARACTERISTICS

	 Sex
	 	 	 
	  Female
	117
	11.2 ± 2.5
	10.2 ± 2.1

	  Male
	90
	10.3 ± 2.5
	9.8 ± 1.9

	 Race/ethnicity
	 	 	 
	  White, non-Hispanic
	129
	10.5 ± 2.3
	10.2 ± 2.0

	  Black, non-Hispanic
	66
	11.4 ± 2.8
	9.9 ± 2.0

	  Others
	12
	10.4 ± 2.6
	9.8 ± 2.3


aThe sum of the scores on the food responsiveness, emotional overeating, enjoyment of food, and desire to drink from the CEBQ dimensions
bThe sum of the scores on the satiety responsiveness, slowness in eating, emotional undereating, and food fussiness from the CEBQ dimensions
cData was obtained at the 3-year visit



Female adolescents scored 0.9 points higher on the food approach summary score than males (Table 2). Considering the four food approach behavior dimensions, females generally scored 0.3 points higher on emotional overeating and desire to drink than males. Regarding food avoidance summary scores, females scored 0.4 points higher than males, with the greatest increase being for emotional undereating (0.2 points) (Table 2). Eating behavior measures at age 12 years were weakly to strongly correlated with each other, with coefficients ranging from 0.01 (enjoyment of food, emotional undereating) to 0.62 (food responsiveness, emotional overeating) (Fig. 1).
Table 2Descriptive statistics of Child Eating Behavior Questionnaire (CEBQ) dimensions in the HOME Study participants at age 12 years and stratified by adolescent sex (N = 207)


	Eating Behaviors Subscale
	All
(N = 207)
	Females (N = 117)
	Males
(N = 90)

	Mean ± SD
	Mean ± SD
	Mean ± SD

	Food Approach Summary Score
	10.8 ± 2.5
	11.2 ± 2.5
	10.3 ± 2.5

	Food responsiveness
	2.4 ± 0.9
	2.5 ± 0.9
	2.3 ± 0.8

	Emotional overeating
	2.0 ± 0.8
	2.1 ± 0.8
	1.8 ± 0.7

	Enjoyment of food
	4.0 ± 0.7
	4.0 ± 0.7
	3.9 ± 0.8

	Desire to drink
	2.4 ± 1.0
	2.6 ± 1.1
	2.3 ± 1.0

	Food Avoidance Summary Score
	10.0 ± 2.1
	10.2 ± 2.1
	9.8 ± 1.9

	Satiety responsiveness
	2.6 ± 0.7
	2.6 ± 0.7
	2.5 ± 0.7

	Slowness in eating
	2.4 ± 0.7
	2.3 ± 0.7
	2.4 ± 0.8

	Emotional undereating
	2.5 ± 0.9
	2.6 ± 0.8
	2.4 ± 1.0

	Food fussiness
	2.6 ± 0.9
	2.7 ± 0.9
	2.6 ± 1.0




[image: ]
Fig. 1Spearman correlation coefficients between Child Eating Behavior Questionnaire (CEBQ) dimensions among HOME Study adolescents (N = 207). Abbreviations: FAp, food approach summary score; FR, food responsiveness; EOE, emotional overeating; EF, enjoyment of food; DD, desire to drink; FAv, food avoidance summary score; SR, satiety responsiveness; SE, slowness in eating; EUE, emotional


Approximately 9% of mothers (N = 19) had average serum cotinine concentrations indicative of active smoking during pregnancy (≥ 3ng/mL). Median prenatal serum cotinine concentrations were similar to median postnatal concentrations (0.03 vs. 0.05 ng/mL, respectively) (Table S2). Median pre- and postnatal cotinine concentrations were similar between females and males (0.04 vs. 0.02 ng/mL and 0.06 vs. 0.05 ng/mL, respectively, with p-values > 0.05 via two-sample t-tests) (Table S2 and Figure S3). Postnatal serum cotinine concentrations were moderately correlated with the prenatal concentrations (rho = 0.79) (Figure S4).
After adjusting for covariates, we generally did not observe notable associations of prenatal or postnatal serum cotinine with CEBQ scores (Table 3). Moreover, associations of serum cotinine concentrations with eating behaviors at age 12 years did not differ by exposure periods (cotinine x exposure period interaction terms > 0.05) (Table 3). Results from the multiple informant models reflect no main effects of serum cotinine concentrations on adolescents’ eating behaviors (Table 3).
Table 3Unadjusted and adjusted difference in Child Eating Behavior Questionnaire (CEBQ) dimensions (β with 95% CI) per log10-transformed increase in prenatal and postnatal serum cotinine concentrations (N = 207)


	 	UNADJUSTED MODEL
	ADJUSTED MODELa

	Prenatal
	Postnatal
	 	Prenatal
	Postnatal
	 
	Outcome
	β
	95% CI
	β
	95% CI
	Interaction
p-valueb
	β
	95% CI
	β
	95% CI
	Interaction
p-valueb

	Food Approach Summary Score
	0.45
	0.13, 0.78
	0.53
	0.12, 0.94
	0.78
	0.11
	-0.23, 0.46
	-0.10
	-0.59, 0.39
	0.40

	Food responsiveness
	0.13
	0.01, 0.25
	0.14
	-0.01, 0.28
	0.95
	0.02
	-0.11, 0.15
	0.06
	-0.25, 0.12
	0.37

	Emotional overeating
	0.01
	-0.10, 0.10
	0.02
	-0.11, 0.14
	0.96
	0.02
	-0.07, 0.12
	0.03
	-0.13, 0.18
	0.98

	Enjoyment of food
	0.04
	-0.04, 0.12
	-0.01
	-0.14, 0.12
	0.49
	0.00
	-0.09, 0.10
	-0.07
	-0.23, 0.10
	0.36

	Desire to drink
	0.27
	0.12, 0.42
	0.38
	0.22, 0.55
	0.30
	0.06
	-0.09, 0.21
	0.01
	-0.19, 0.20
	0.58

	Food Avoidance Summary Score
	-0.15
	-0.41, 0.10
	-0.13
	-0.49, 0.23
	0.90
	-0.17
	-0.48, 0.14
	-0.06
	-0.53, 0.40
	0.63

	Satiety responsiveness
	-0.13
	-0.20, -0.06
	-0.15
	-0.26, -0.03
	0.77
	-0.06
	-0.16, 0.03
	0.00
	-0.16, 0.20
	0.38

	Slowness in eating
	0.00
	-0.07, 0.07
	0.02
	-0.09, 0.14
	0.73
	-0.06
	-0.14, 0.02
	-0.05
	-0.20, 0.10
	0.91

	Emotional undereating
	-0.01
	-0.12, 0.11
	0.00
	-0.15, 0.16
	0.90
	0.00
	-0.14, 0.13
	0.00
	-0.18, 0.19
	0.94

	Food fussiness
	-0.02
	-0.14, 0.10
	-0.01
	-0.16, 0.14
	0.91
	-0.04
	-0.19, 0.10
	-0.02
	-0.22, 0.19
	0.78


aModels adjusted for maternal age at delivery, parity at baseline, education, household income, marital status, duration of any breastfeeding, and adolescent’s sex, and race/ethnicity
bFrom the two-way interaction term between exposure period and serum cotinine



The three-way interaction term of cotinine × exposure period × adolescent’s sex in the multiple informant models was not statistically significant (p-value for interaction > 0.05) (Table 4). However, higher prenatal cotinine concentrations were associated with more food approach in females but not in males. Specifically, each 1-unit increase in prenatal log10-transformed cotinine concentrations was associated with greater food responsiveness (β: 0.23; 95%CI: 0.08, 0.38) and lower satiety responsiveness (β: -0.14; 95%CI: -0.26, -0.02) among females (Table 4). Of note, each 10-fold increase in cotinine concentrations was associated with lower food responsiveness in males (prenatal β: -0.25; 95%CI: -0.44, -0.06; postnatal β: -0.36; 95%CI: -0.60, -0.11) (Table 4).
Table 4Adjusted difference in Child Eating Behavior Questionnaire (CEBQ) dimension scores (β with 95% CI) per log10-transformed increase in prenatal and postnatal serum cotinine concentrations (N = 207): Stratified by adolescent’s sex


	 	Prenatal
	Postnatal
	 
	Females (N = 117)
	Males (N = 90)
	Females (N = 117)
	Males (N = 90)
	Interaction p-valueb

	Outcome
	β a
	95% CI
	β
	95% CI
	β
	95% CI
	β
	95% CI

	Food Approach Summary Score
	0.56
	0.16, 0.97
	-0.45
	-0.84, -0.06
	0.44
	-0.20, 1.09
	-0.64
	-1.32, 0.04
	0.93

	Food responsiveness
	0.23
	0.08, 0.38
	-0.25
	-0.44, -0.06
	0.19
	-0.05, 0.44
	-0.36
	-0.60, -0.11
	0.86

	Emotional overeating
	0.10
	-0.03, 0.22
	-0.04
	-0.17, 0.09
	0.11
	-0.10, 0.33
	-0.03
	-0.23, 0.16
	0.95

	Enjoyment of food
	0.07
	-0.04, 0.19
	-0.08
	-0.23, 0.08
	0.08
	-0.11, 0.28
	-0.22
	-0.48, 0.03
	0.43

	Desire to drink
	0.17
	-0.01, 0.35
	-0.08
	-0.26, 0.10
	0.05
	-0.20, 0.30
	-0.03
	-0.32, 0.27
	0.33

	Food Avoidance Summary Score
	-0.18
	-0.62, 0.25
	-0.08
	-0.49, 0.33
	-0.11
	-0.75, 0.54
	0.05
	-0.60, 0.70
	0.92

	Satiety responsiveness
	-0.14
	-0.26, -0.02
	0.01
	-0.12, 0.15
	-0.07
	-0.29, 0.14
	0.04
	-0.17, 0.25
	0.82

	Slowness in eating
	-0.07
	-0.16, 0.02
	0.01
	-0.11, 0.13
	-0.06
	-0.23, 0.11
	-0.04
	-0.28, 0.19
	0.63

	Emotional undereating
	0.14
	-0.02, 0.30
	-0.15
	-0.34, 0.04
	0.15
	-0.09, 0.39
	-0.06
	-0.32, 0.20
	0.64

	Food fussiness
	-0.11
	-0.31, 0.08
	0.04
	-0.15, 0.24
	-0.12
	-0.39, 0.16
	0.12
	-0.18, 0.42
	0.76


aBeta coefficients derived from multiple informant models adjusting for maternal age at delivery, parity at baseline, education, household income, marital status, duration of any breastfeeding, and adolescent’s sex, and race/ethnicity
bFrom the three-way interaction term of exposure period × serum cotinine × adolescent’s sex




Discussion
To our knowledge, this is the first study to assess the associations of repeated measures of serum cotinine concentrations from pregnancy to age four years with eating behaviors at age 12 years. We did not find any statistically significant associations between cotinine and eating behaviors or evidence that associations differed by exposure period (prenatal vs. postnatal). However, there were some notable sex-specific associations; prenatal serum cotinine concentrations were associated with higher food responsiveness and lower satiety responsiveness among females aged 12.
Consistent with prior literature that solely assessed prenatal SHS exposure, we did not find any statistically significant associations between prenatal exposure and individual eating behavior dimensions [21]. We are aware of three studies [21–23] that assessed the association between at least one dimension of an infant’s or child’s eating behavior and their prenatal SHS exposure, albeit only with maternal smoking during pregnancy. These studies [21–23] assessed the association of maternal smoking during pregnancy with a child’s eating behavior using subjective methods such as maternal self-reported questionnaires. Consequently, estimates could be inaccurate due to subjectivity linked to differences in perception, ignorance of SHS exposures, or recall and social desirability biases. In addition, the authors adjusted the analysis models for potential casual intermediates (e.g., birth weight or gestational age), which could have resulted in an underestimation of the total effect of prenatal SHS exposure on a child’s eating behaviors. Finally, prior studies did not evaluate postnatal exposure or potential sex differences in the impact of prenatal SHS exposure on eating behavior [21–23].
Cardona Cano et al. [23] reported that prenatal SHS exposure among Dutch children was not a determinant of their trajectories of picky eating, as measured by two items (“child refuses to eat” and “child doesn’t eat well”) from the Child Behavior Checklist. This validated parent-report questionnaire assesses children’s emotional and behavioral problems [24]. In contrast to this finding, in 2023, Bourne et al. [22] observed a greater risk of persistent picky eating among Scottish children whose mothers reported smoking during pregnancy (RR = 2.18; 95% CI: 1.34–3.57). However, this study [22] may have been subject to information bias since picky eating was defined based on previous studies rather than validated questionnaires [22]. Picky eating (i.e., fussy, faddy, or selective eating) can occur in early childhood. It may precede the onset of eating disorders in adolescence, such as anorexia or bulimia nervosa [25]. Results from Bourne et al. and Cardona Cano et al. [22, 23] suggest that picky eating may vary over time. In our study, the associations between cotinine and CEBQ-measured food fussiness were null; unfortunately, we did not have repeated measures of individual eating behavior dimensions from childhood to adolescence, which would have allowed us to confirm the above conjecture.
Costa et al. [21] examined the stability of appetitive traits during childhood and their association with prenatal exposure to SHS. This study suggested age-related variation in the associations between prenatal self-reported SHS exposure and some eating behavior dimensions measured by the Baby Eating Behavior Questionnaire. Although associations of prenatal SHS exposure with food responsiveness, food enjoyment, and slowness in eating were null, infants whose mothers self-reported smoking during pregnancy had lower satiety responsiveness at age three months compared to those unexposed (β = − 0.26; 95% CI: − 0.49, − 0.04); however, this association could be biased since authors did not adjust for any maternal sociodemographic characteristics. In our study, we observed that adjustment for maternal age, educational level, income, marital status, parity, duration of breastfeeding, and ethnicity attenuated the association of prenatal cotinine with food responsiveness and satiety responsiveness at age 12 years, suggesting that multiple maternal factors may confound these associations.
The extent to which eating behaviors may manifest differently between females and males, especially in childhood or adolescence, remains unclear. In our cohort, we noticed a potential sex-specific association of maternal SHS exposure on certain appetitive traits in the offspring. For instance, in our sample, prenatal cotinine exposure showed a positive association with food responsiveness (β: 0.23; 95% CI: 0.08, 0.38) in females yet a negative association in males (β: -0.25; 95% CI: -0.04, -0.06). A mini-review of retrospective and prospective cohort studies postulates that pre-natal nicotine exposure may affect offspring’s neurocognitive and behavioral outcomes differently by child’s sex [26]. Yet, findings on the sex differences in maternal smoking-related behavioral outcomes are not always consistent [26]. Further, given the primarily null results in our main analysis, we cannot rule out the possibility of chance findings. Results from the sex-stratified analysis of ours and others highlight the complexity of these associations and possible sex-specific impacts of maternal smoking and children’s behaviors. Additional research is thus needed to confirm if the associations between maternal SHS and offspring’s eating behaviors are sex-specific and what underlying mechanisms may potentially explain this sex effect modification.
Prenatal and early postnatal exposure to SHS can negatively affect the neuroendocrine system in adolescence or adulthood in both females and males, which may increase food preferences for fats and the risk of developing obesity [7, 27, 28]. Studies in rodents have suggested that exposure to maternal smoking during pregnancy or lactation may cause hormonal dysfunction in offspring and alterations in their hypothalamic circuitry involved in appetite control; this may affect the expression patterns of neuropeptides released by leptin-regulated anorexigenic or orexigenic neurons and cause sustained activation of glial cells (such as astrocytes and microglia), which may lead to hypothalamic inflammation [28]. These changes may contribute to alterations in appetite and metabolic control, primarily due to leptin resistance, which has been associated with decreased energy expenditure and satiety responsiveness and increased food responsiveness, both of which are associated with higher adiposity and risk for CM disorders [13, 14]. Moreover, previous studies in humans have found that prenatal exposure to SHS is associated with higher postnatal plasma levels of the appetite-stimulating hormone ghrelin [29], which could lead to increased food responsiveness [30–32]. Ghrelin, an orexigenic hormone, triggers appetite and food-seeking behaviors by activating brain regions associated with hunger and reward [31]. By interacting with neurotransmitters such as dopamine, opioids, endocannabinoids, and orexins, ghrelin increases the urge to eat [30]. This interaction occurs in brain regions such as the hypothalamus and other areas involved in reward processing, where ghrelin may increase the salience of food cues, making food more appealing and potentially leading to an increased response to food stimuli [30, 31]. Future human studies should investigate the possible biological mechanisms of the effect of early childhood SHS exposure on dietary intake during adolescence or adulthood.
This study has some limitations and strengths. First, our modest sample size might limit our ability to identify distinct periods of heightened susceptibility and sex-specific cotinine-outcome associations. Still, no studies have assessed the effects of SHS, measured with serum cotinine during pregnancy and early childhood, on adolescents’ eating behaviors. We did not have serum cotinine measures after age four years, yet these might be more important than earlier measures. Notably, the prospective design of our study enabled us to establish clear temporal relations between SHS exposures and eating behaviors. Attrition in follow-up is another potential limitation. Still, measured sociodemographic characteristics were not substantially different among participants who did and did not complete follow-up at 12 years. The maternal self-report of their offspring’s eating behaviors may contain measurement errors due to subjectivity, ignorance about adolescents’ eating outside the home, and social desirability bias. Yet, the CEBQ has demonstrated good internal consistency in pediatric populations and good correspondence with objective behavioral measures of eating [19]. Although we did not include the father’s report, studies have shown that mothers spend significantly more time than fathers in direct interactions with their children across several familial situations [33]. There is potential residual confounding, such as maternal lifestyle; mothers who did not smoke during pregnancy may be more health conscious, and that might impact their children’s eating behaviors. Another limitation of this study is the potential influence of unaccounted-for dietary nicotine exposure [34]. While nicotine from dietary sources can be a source of cotinine in the blood, the typically low quantities consumed by young children are unlikely to impact measured levels significantly. Future assessments of SHS exposure in children should integrate detailed dietary data and refined serum cotinine cut-points to enhance understanding of exposure patterns. This approach would enable differentiation between significant exposures and minor or accidental exposures, including those resulting from dietary sources of nicotine. In addition, our results should be interpreted with caution, as spurious associations may arise from multiple testing. Finally, our findings may not be generalizable to other populations; reassuringly, serum cotinine concentrations among HOME Study participants were similar to those of other pregnant women and children in the US during enrollment and follow-up [35].

Conclusions
Prenatal and early childhood serum cotinine concentrations were unrelated to adolescents’ eating behavior in this study. However, prenatal exposure to SHS may be related to hyperphagic behaviors, including lower satiety responsiveness and lower food responsiveness, in female adolescents as compared to males. Future cohorts should examine the magnitude of the effect of SHS on eating behaviors from infancy to adolescence, given its impact on body composition and CM risk components, while considering the influence of the period of exposure, biological sex, and social-familial factors.
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