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Abstract

Objective: To examine associations of changes in leptin and adiponectin concentrations from
birth to age 12 years with adolescent adiposity and cardiometabolic risk in the HOME Study, a
prospective birth cohort (Cincinnati, OH, N=166).

Methods: Adiposity and cardiometabolic risk factors were assessed at age 12 years using
anthropometry, dual-energy X-ray absorptiometry, and fasting serum biomarkers. Cardiometabolic
risk scores were calculated by summing age- and sex- standardized z-scores for individual
cardiometabolic risk factors.
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Results: Most serum adipocytokine concentrations at birth were not associated with adiposity
or cardiometabolic risk outcomes. Leptin and adiponectin concentrations at age 12 years were
associated with all outcomes in the expected direction. Adolescents with increasing (B:4.2;
95%Cl:3.2, 5.2) and stable (B:2.2; 95%Cl:1.2, 3.2) leptin concentrations from birth to age 12

had higher cardiometabolic risk scores than adolescents with decreasing concentrations (reference
group). Adolescents with increasing (e.g., fat mass index: p:-1.04; 95%Cl:-1.27, —0.80) and
stable (B:—0.66; 95%CI:—0.92, —0.40) adiponectin/leptin ratios had more favorable adiposity
outcomes than adolescents with decreasing ratios.

Conclusions: In this cohort, changes in leptin concentrations and adiponectin/leptin ratios
over childhood were associated with adiposity and cardiometabolic risk scores, indicating
that adipocytokine concentrations are potential biomarkers for predicting excess adiposity and
cardiometabolic risk in adolescence.
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Introduction

The metabolic syndrome is a cluster of risk factors associated with a heightened risk of
cardiovascular disease in adults.(1) Although definitions of metabolic syndrome vary, they
generally require that a person presents with obesity, glucose dysregulation, dyslipidemia,
and hypertension (at least 3) in order to have the syndrome. Alternatively, others have
used continuous scores of metabolic syndrome components, as they may better predict
later life cardiovascular disease risk and detect more subtle or earlier manifestations

of cardiometabolic disease in children and adolescents.(2, 3) Strong evidence supports

the hypothesis that metabolic risk, such as the abnormalities associated with metabolic
syndrome, stem from perturbations of normal developmental programing /n uteroand in
early infancy.(4)

Leptin and adiponectin are energy metabolism hormones that are released from both
adipose and placental tissue.(5) Leptin and adiponectin are both positively associated with
gestational age and birthweight, and in the newborn period, are markers of fetal metabolism.
(6, 7) In animal models, perinatal leptin and adiponectin exposure independently modify
offspring diet-induced weight gain and fat deposition.(8, 9) Additionally, the development
of insulin resistance and hyperlipidemia in rodent offspring exposed to a high fat maternal
diet is mediated by alterations in methylation patterns of adiponectin and leptin genes.(10)
In children, we and others have shown that concentrations of leptin and adiponectin at birth
are associated with adiposity gains from birth through mid-childhood and adolescence.(11,
12)

There is compelling evidence that increased leptin and decreased adiponectin concentrations
in adolescents and adults are correlated with cardiometabolic disease. (13-15) However, few
studies have examined the impact of fetal adipocytokine concentrations on cardiometabolic
risk factors during adolescence. One study examined the association of leptin at birth with
cardiometabolic outcomes during adolescence, finding that increasing leptin concentrations
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from birth to mid-childhood were associated with higher metabolic risk scores in early
adolescence compared with children with low-stable leptin concentrations.(16) A second
study found that increasing leptin concentrations from birth to mid childhood, but not
adiponectin concentrations, were associated with adiposity at age 9 years.(17)

Identification of early biochemical phenotypes of adiposity and metabolic abnormalities
may influence risk stratification and prevention strategies to ameliorate the morbidities
associated with the obesities.(18) To better understand the role of leptin and adiponectin

in the development of cardiometabolic abnormalities, we examined the associations of
leptin and adiponectin concentrations at birth and in early adolescence with adiposity

and cardiometabolic risk assessments in early adolescence in a prospective cohort. We
hypothesized that higher cord blood leptin and lower cord blood adiponectin concentrations
would be predictive of higher adiposity and cardiometabolic risk at age 12 years, and that
increases in leptin concentrations and decreases in adiponectin concentrations over time
would be predictive of greater cardiometabolic risk.

Materials/Subjects and Methods

Study Participants

We used data from the Health Outcomes and Measures of Environment (HOME) Study, an
ongoing, longitudinal birth cohort study of women and their children. Pregnant women were
recruited at approximately 16+3 weeks gestational age in Cincinnati, Ohio between 2003
and 2006, and follow up visits have been conducted of their children through age 12 years.
(19) Women were included if they were > 18 years of age, living in the Cincinnati area in

a home built before 1978, without the diagnosis of diabetes, schizophrenia, bipolar disorder,
cancer, or HIV infection, and not taking any medications for thyroid or seizure disorders.
The institutional review boards (IRBs) at Cincinnati Children’s Hospital Medical Center
(CCHMC) and participating delivery hospitals approved the study. The Brown University
IRB deferred to the CCHMC IRB. Additionally, all mothers provided informed consent for
themselves and their children at all visits, and children assented to the study procedures at
the age 12-year visit.

Details of our most recent study visit at age 12 years were previously published.(20) In
brief, among 441 eligible participants, we conducted follow-up on 256 adolescents at an
average of 12.4 years of age. At this visit, we conducted anthropometry, body composition,
and cardiometabolic health assessments. A total of 166 mother - singleton child pairs

with cord blood leptin and adiponectin concentrations, at least one individual adiposity or
cardiometabolic risk outcome, and relevant covariate data were included in the analysis for
this study.

Leptin and Adiponectin Measurement

We measured concentrations of leptin and total adiponectin in previously frozen umbilical
venous cord blood and adolescent overnight-fasting venous blood samples, using valid

and reliable ELISA sandwich assays: adiponectin (Millipore/Linco, Linco Research, St
Charles MO, Catalog #£EZHADP-61K) and leptin (Millipore/EMD, St. Charles MO, Catalog
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#EZHL-805K). All assays were performed by trained technicians at the CCHMC NIH-
funded Clinical Translational Research Center Core Laboratory. The levels of detection were
0.8 ng/mL for leptin and <2 pug/mL for adiponectin. Quality control samples and reagent
blanks were included in each analytic batch, with inter- and intra-assay coefficients of
variation of <11% for leptin and <17% for adiponectin. All adipocytokine concentrations
were log,-transformed for analyses. Additionally, we calculated the adiponectin-to-leptin
ratio for both the umbilical cord and adolescent adipocytokine measurements. Adiponectin-
to-leptin ratio has been associated with metabolic abnormalities in children and adolescents.
(21)

Adolescent Adiposity and Cardiometabolic Risk Assessment

We measured adolescent adiposity and cardiometabolic risk outcomes at the 12-year

follow up study visit. Trained research staff measured weight and height using a digital
calibrated Scaletronix 5002 scale (Hill-Rom Inc., Chicago IL) and wall-mounted Harpenden
stadiometer (Holtain Ltd., Crymych UK), respectively. They measured waist circumference
at the level of the iliac crest and hip circumference at the maximum protuberance of

the buttocks using a Gulick 1 fiberglass no-stretch retractable measuring tape (Country
Technology, Inc., Gays Mills WI). We calculated body mass index (BMI, kg/m?2) and
waist-to-hip ratio. We calculated BMI z-scores using the World Health Organization (WHO)
age- and sex-specific standard data. Overweight and obese were defined as BMI z-score

>1 and >2 standard deviations above the WHO growth reference median, respectively.

(22) We obtained measures of whole-body adipose tissue mass (kg) and visceral fat area
(cm?; defined as cross-sectional area of fat inside the abdominal cavity) using dual x-ray
absorptiometry (DXA, Hologic Horizon densitometer, Hologic Inc., Bedford MA). Whole
body DXA scans were analyzed using the National Health and Nutrition Examination
Survey (NHANES) body composition analysis option. We divided the total fat mass (kg)

by the square of height (m) to calculate the whole-body fat mass index (kg/m?). Sex- and
age- standardized z-scores of fat mass index were calculated according to the NHANES
1999-2004 child and adolescent participants.(23)

We obtained an overnight-fasting blood sample via venipuncture and measured serum
glucose, insulin, hemoglobin A1C, triglycerides, LDL, HDL, and total cholesterol using
immunoassays. All assays were performed in the above-mentioned laboratory, using

the following assays from Roche Diagnostics (Indianapolis, IN): cholesterol (catalog
#03039773), HDL (catalog #04399803), LDL (catalog #07005717), triglycerides (catalog
#20767107). Coefficients of variation for glucose, insulin, triglycerides, LDL, HDL, and
total cholesterol assays were 2.0%, 9.5%, 6.5%, 4.2%, 2.9% and 2.6%, respectively.

We calculated homeostatic model assessment for insulin resistance (HOMA-IR) using a
standard formula (HOMA-IR = fasting insulin (mIU/L) x fasting glucose (mg/dL)/405).
(24) Higher values of HOMA-IR indicate increased insulin resistance. Additionally, we
calculated the triglyceride to HDL ratio. We took 3 sitting blood pressure measurements,
each one minute apart, using a Dinamap Pro100 automated monitor (Critikon, Tampa
FL) using previously described methods.(25) For statistical analyses, we excluded the first
measure and used the average of the second and third blood pressure measures.(26)
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Next, we calculated z-scores for the individual cardiometabolic risk outcomes. We
calculated sex-, age-, and height- standardized blood pressure z-scores and percentiles
according to a national childhood blood pressure database.(27) We additionally standardized
these blood pressure z-scores for our study participants. For outcomes in which standards
from the U.S. population were unavailable, we calculated standardized z-scores according to
our own study participants. To do this, we ran linear regression models of each individual
cardiometabolic risk factor as the dependent variable with age and sex as predictors. We then
standardized the residuals from those models to derive the age- and sex-specific z-scores.
(28) Insulin, HOMA-IR, triglycerides, triglycerides to HDL ratio, waist circumference, total
fat mass, and visceral fat area were not normally distributed, and thus were log,-transformed
prior to calculating standardized z-scores.

Given there is currently no consensus on which individual components should be included
in the children’s/adolescents’ cardiometabolic risk score, we constructed two continuous
cardiometabolic risk summary scores, one with traditional cardiometabolic risk factors
that were components of the metabolic syndrome definition and the other with novel
cardiometabolic risk factors that were recently shown to have great reliability and
predictability. Traditional cardiometabolic risk scores have utilized assessments of waist
circumference, blood pressure, HDL, and triglyceride z-scores.(28) However, new data
suggest that inclusion of factors such as visceral fat, HOMA-IR, and the TG to HDL
ratio may be more predictive of cardiometabolic risk than traditional measures.(29, 30)
The traditional cardiometabolic risk score was calculated by summing the standardized
z-scores for glucose, insulin, triglycerides, HDL (multiplied by —1), the mean of systolic
blood pressure and diastolic blood pressure, and waist circumference.(31) The novel
cardiometabolic risk score was calculated by summing standardized z-scores for HOMA-
IR, triglyceride to HDL ratio, systolic blood pressure, and visceral fat area. Higher
cardiometabolic risk scores indicate higher cardiometabolic risk.

We used published studies and direct acyclic graphs to identify potential confounders of
the associations between birth adipocytokine concentrations and adolescent adiposity and
cardiometabolic outcomes (Figs. S1, S2). Trained research assistants collected baseline
data at enrollment using computer assisted questionnaires and medical chart abstractions.
Maternal sociodemographic factors included age at delivery and education. Perinatal and
infant factors included child sex, race, birth weight percentile, and maternal parity. Birth
weight percentiles were calculated according to sex and gestational age using a U.S. national
reference.(32) We used maternal self-reported height and weight (or imputed weight if
missing) to calculate pre-pregnancy BMI.(33) To assess gestational weight gain, we used
the difference between maternal weight at the last visit prior to delivery and maternal
self-reported pre-pregnancy weight, and calculated weight gain for gestational age z-scores.
(34) The average of the logyg-transformed serum cotinine concentrations measured at 16-
and 26-weeks’ gestation were used to assess tobacco smoke exposure (active smoking:

>3 ng/mL; second hand exposure: 0.015-3; unexposed: <0.015). Additionally, length of
breastfeeding was assessed through standardized interviewer-administered questionnaires,
and categorized as a continuous variable in the statistical models.
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At the 12-year study visit, we assessed adolescents’ physical activity levels with a validated
Physical Activity Questionnaire for Older Children and calculated an activity summary
score.(35) Trained research staff collected three 24-hour food recalls (2 weekdays and

1 weekend day) from adolescents, and we calculated Healthy Eating Index 2010 scores.
The Healthy Eating Index is a measure of diet quality in terms of conformance with

federal dietary guidance using the Nutrition Data Systems for Research software and

foods database (University of Minnesota, MN).(36) We also provided adolescents with
standardized instructions to self-evaluate their pubertal stage (stages I-V) based on pubic
hair growth in a private room.(37) The exposure, outcome, and covariate variables for
mothers and children are listed in Table S1.

Statistical Analysis

We started by comparing the covariate distribution between children included in this analysis
and all children in the HOME Study cohort. We calculated univariate statistics of all
exposure variables (serum concentrations of leptin, adiponectin, and adiponectin-to-leptin
ratio at birth and age 12 years), outcome variables (adiposity and cardiometabolic risk
outcomes), and by strata of covariates for whole body fat index, the novel cardiometabolic
risk score, and all exposure variables. We also calculated Pearson correlation coefficients for
serum adipocytokine concentrations between birth and age 12 years.

In the main analyses of cardiometabolic risk outcomes, we focused on the novel
cardiometabolic risk score and its individual components. We used multivariable

linear regression to estimate covariate-adjusted associations of serum concentrations of
adipocytokines at birth and age 12 years with adolescents’ adiposity and cardiometabolic
risk outcomes. We estimated the difference in each adiposity and cardiometabolic risk
outcome (expressed as standardized z-scores) per unit increase in logp-transformed serum
concentrations of leptin, adiponectin, and adiponectin-to-leptin ratio separately at birth and
age 12 years.

To evaluate whether changes in adipocytokine concentrations between birth and adolescence
were associated with adolescent adiposity and cardiometabolic risk outcomes, we subtracted
the sex-standardized z-scores of serum adipocytokine concentrations at birth from the age-
and sex- standardized z-scores of serum adipocytokine concentrations at age 12 years to
calculate the change in the adipocytokine concentrations over time. We categorized these
changes into three categories according to terciles of change over time. We used spaghetti
plots to visualize the changes of adipocytokine z-scores over time for each child by tercile
groups for leptin, adiponectin, and adiponectin-to-leptin ratio separately. We then estimated
differences in adolescents’ adiposity and cardiometabolic risk outcomes across terciles using
Tercile 1, the decreasing group, as the reference. Linear trends were tested by modeling the
changes of adipocytokine z-scores as continuous variables, with p-values for this term <0.05
considered as evidence of linear trends across the three terciles.

In all models, we adjusted for mother's age, education, pre-pregnancy BMI, gestational
serum cotinine concentrations, parity, child’s age and sex, child’s race, and length of
breastmilk feeding. We also adjusted for visceral fat area in the models examining
associations of the age 12 adipocytokine concentrations and cardiometabolic risk outcomes
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because central adiposity may be associated with both the exposure and the outcome.

We also adjusted for cord serum concentrations of leptin, adiponectin, and adiponectin-
to-leptin ratio in the models examining associations of the changes in the standardized
z-scores of leptin, adiponectin, and adiponectin-to-leptin ratio over time with adiposity and
cardiometabolic risk outcomes at age 12, respectively, as a baseline adjustment.

Secondary and Sensitivity Analyses—First, we examined the associations of
adipocytokines (at birth, age 12 years, and changes over time) with the traditional
cardiometabolic risk score and its individual components. Second, we included an
adipocytokine x sex interaction term in the multivariable linear regression models to
determine if the exposure-outcome associations differed by sex. We considered an
adipocytokine x sex interaction term p-value <0.05 to be a significant interaction. This
analysis was conducted for both the prospective and cross-sectional associations of
adipocytokine concentrations with adiposity and cardiometabolic risk outcomes. Third, we
adjusted for serum concentrations of leptin, adiponectin, and adiponectin-to-leptin ratio
at age 12 years (instead of the levels at birth) in the models examining the changes in

the leptin, adiponectin, and adiponectin-to-leptin ratio with associations of adiposity and
cardiometabolic risk, respectively. We also adjusted for birth weight percentile, pubertal
stage, and gestational weight gain z-score in both the prospective and cross-sectional
associations. Finally, we adjusted for Healthy Eating Index 2010 total scores and physical
activity summary scores in the cross-sectional associations since the presence and/or
directionality of the associations of these covariates with the exposure and outcome is
unclear. We performed all analyses using SAS version 9.4 (SAS Institute Inc., USA).

The covariate distribution was similar between children included in this analysis and

all children in the HOME Study cohort (Table S2). The median (25%, 75t serum
concentrations of leptin, adiponectin, and adiponectin-to-leptin ratio were 10 (6, 16) ng/mL,
42 (30, 51) pg/mL, and 4.3 (2.4, 7.1) at birth and 10 (4, 22) ng/mL, 12 (9, 20) pg/mL, and
1.3 (0.6, 3.8) at age 12 years, respectively (Table 1, Table S3). The correlation between cord
and age 12-year serum adipocytokine concentrations were moderate for leptin (Pearson’s
r=0.42) and adiponectin-to-leptin ratio (Pearson r=0.36), and null for adiponectin (Pearson
r=0.01).

The median (25, 751 whole body fat mass index was 6.3 (4.7, 8.1) kg/m?, and the

mean (SD) of the novel cardiometabolic risk score was 0.1 (2.7) (Table 1). On average,
adolescents’ mean novel cardiometabolic risk scores were higher among children who were
non-Hispanic black, not breastfed, or born to mothers who were >35 years at delivery,

less educated (< high school education), actively smoked during pregnancy, or had higher
pre-pregnancy BMI (=30 kg/m?). The distribution of the adiposity and cardiometabolic

risk outcomes are presented in Table S4. At age 12 years, 62% of the children were
normal-weight, 25% were overweight, and 13% were obese. The distribution of pubertal
stage at age 12 years were stage 1 (13%), stage 2 (25%), stage 3 (32%), stage 4 (18%) and
stage 5 (12%).
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After adjusting for covariates, cord serum concentrations of leptin, adiponectin, and
adiponectin-to-leptin ratio were not associated with adiposity or cardiometabolic risk
outcomes, except that cord leptin was associated with increased hip circumference (B: 0.14;
95% confidence interval [CI]: 0.03, 0.25) (Figure 1). Cord leptin was marginally associated
with increased total fat mass (B: 0.10; 95% CI: —0.01, 0.22) and waist circumference (B:
0.09; 95% ClI: —0.02, 0.20) (Table S5).

Serum leptin concentrations at age 12 years were positively associated with all adiposity
outcomes (Figure 2). Adiponectin-to-leptin ratio at age 12 years was negatively associated
with all adiposity outcomes, but adiponectin was not associated with the adiposity outcomes
at age 12 years. Serum leptin (p 0.51; 95% CI: 0.26, 0.77) and adiponectin ( —0.43; 95%
Cl: -0.80, —0.05) at age 12 years had opposite associations with the novel cardiometabolic
risk score (Figure 2). Adiponectin-to-leptin ratio was negatively associated with the novel
cardiometabolic risk score (f —0.49; 95% CI: —0.70, —0.28) (Table S6).

We categorized changes in adipocytokine standardized z-scores from birth to age 12 years
into terciles: Tercile 1, decreasing; Tercile 2, stable; and Tercile 3, increasing (Figs. 3A,
3B, 3C, Table S7). Adolescents with increasing (Tercile 3: 0.26 SD to 3.73 SD range) or
stable (Tercile 2: —0.32 SD to 0.26 SD range) leptin concentration z-scores from birth to
age 12 years had higher adiposity and worse cardiometabolic risk scores than adolescents
with decreasing (Tercile 1: —6.24 SD to —0.32 SD range) leptin concentration z-scores (all
p-values for linear trend <0.01) (Figure 4). Similarly, adolescents with increasing (Tercile
3: 0 SD to 3.96 SD) or stable (Tercile 2: —0.30 SD to 0 SD) adiponectin-to-leptin ratio z-
scores had lower adiposity and more favorable cardiometabolic risk scores than adolescents
with decreasing (Tercile 1: —7.68 SD to —0.30 SD) adiponectin-to-leptin ratio z-scores (all
p-values for linear trend <0.01). Changes in adiponectin concentration z-scores (Tercile 1:
-4.38 D to —0.40 SD; Tercile 2: —0.40 SD to 0.27 SD; Tercile 3: 0.27 SD to 3.75 SD) were
not associated with the adiposity outcomes or cardiometabolic risk scores (Table S8).

The associations of adipocytokines at birth, at age 12 years, and change over time with the
traditional cardiometabolic risk score and its individual components were similar to that of
the novel cardiometabolic risk score (Tables S5, S6, S8). The associations of adipocytokine
concentrations at birth and age 12 years with adolescents’ adiposity and cardiometabolic
risk outcomes generally did not differ by sex (Tables S9, S10). For some associations of the
age 12-year adipocytokine concentrations, the interaction p-values were <0.05; however,
the directions of the sex-specific associations were the same (e.g., for the association
between leptin and waist circumference, the s [95%ClIs] were 0.56 [0.46, 0.66] for girls
and 0.36 [0.28, 0.44] for boys). When we adjusted for serum concentrations of leptin,
adiponectin, and adiponectin-to-leptin ratio at age 12 years (instead of levels at birth) in

the models examining the changes in adipocytokine concentrations, the associations were
slightly attenuated. However, most of the significant associations of leptin and adiponectin-
to-leptin ratio with adiposity and cardiometabolic risk outcomes remained (Figure S3). The
associations of cord serum adipocytokine concentrations with adiposity and cardiometabolic
risk outcomes were not substantially altered after additionally adjusting for birth weight
percentile or pubertal stage. Similarly, the cross-sectional associations of age 12-year
adipocytokine concentrations with adiposity and cardiometabolic risk outcomes were not
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substantially different from our main analysis after additionally adjusting for birth weight
percentile, pubertal stage, gestational weight gain z-score, Healthy Eating Index 2010 total
scores, or physical activity summary scores (data not shown).

Discussion

In this prospective cohort, adipocytokine concentrations at age 12 years, but not at birth,
were associated with adolescents’ adiposity and cardiometabolic risk assessments. Changes
in both leptin and adiponectin-to-leptin ratio from birth to age 12 years predicted both
adolescent adiposity outcomes and cardiometabolic risk scores, independent of birth or
12-year levels. In our cohort, increasing and stable leptin concentrations were associated
with higher adiposity and worse cardiometabolic risk scores, while increasing and stable
adiponectin-to-leptin ratios were associated with lower adiposity and more favorable
cardiometabolic risk scores.

Our observation that rises in leptin over time were associated with adiposity and
cardiometabolic risk outcomes are consistent with findings from the Project Viva cohort, in
which adolescents with increasing leptin from birth to mid-childhood had higher metabolic
risk scores.(16) Both results support the notion that changing leptin concentrations over time
may represent the development of leptin resistance in children, which is associated with
insulin resistance, central, and visceral adiposity.(38) Another study examining trajectories
of adipocytokine change over time have also found similar results. In that study, Volberg

et al. examined correlations of leptin and adiponectin at 4 time points between birth and

age 9 years, and found positive associations of rising leptin, but not adiponectin, with waist
circumference and BMI in mid-childhood.(17)

Similar to our findings, several other studies have also found that higher leptin and

lower adiponectin concentrations in adolescence were associated with adverse adiposity

and cardiometabolic risk outcomes, including central adiposity, insulin resistance, blood
pressure percentiles, and lipid profiles. (13, 15) Most of these studies, however, have not
examined comprehensive indicators of cardiometabolic risk, including detailed assessments
of fat mass and central adiposity by methods other than BMI or body circumferences.
Additionally, factors such as puberty or measures of visceral or abdominal fat were not
consistently adjusted for in the analyses in prior studies, and the proportion of subjects

with overweight or obese status varied significantly in prior studies. These factors may
explain some of the variation in the magnitude of results across studies. In our study, the
associations of adipocytokine concentrations at birth and age 12 years with adolescents’
adiposity and cardiometabolic risk outcomes generally did not differ by sex. Consistent with
this, no interaction by child sex was observed in the Project Viva cohort when examining age
3-year leptin in associations with age 7-year adiposity.(38) Other studies have not examined
interaction by sex.

Our study is the first, to our knowledge, to assess the relationships of birth adiponectin

and adiponectin-to-leptin ratio with adolescent cardiometabolic risk outcomes. Adiponectin-
to-leptin ratio has been associated with adiposity and insulin resistance in children

and adolescents.(21) Overall, we did not identify any significant associations between
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adiponectin concentrations at birth or change in adiponectin concentrations over time
and the age 12-year outcomes. Our finding of adiponectin-to-leptin ratio predicting

both traditional and novel cardiometabolic risk scores was driven mostly by leptin
concentrations. Our results suggest that the association between changes in leptin and
adiponectin-to-leptin ratio over time with adiposity and cardiometabolic risk may also
be driven by the cross-sectional associations of adipocytokines and adiposity outcomes.
Alternatively, adolescent adiposity and cardiometabolic dysfunction could cause changes
in adipocytokines (i.e., reverse causation). Although, when we adjusted for age 12-year
adipocytokine concentrations in our models, the associations remained.

In our prior work from the HOME Study, birth adiponectin and leptin were both associated
with childhood body mass index and adiposity development over time.(11) Increased

BMI and rate of weight gain in early childhood are important predictors of obesity

and cardiometabolic disease in adolescence.(39) The exact mechanism of how adiposity
development and cardiometabolic risk is programmed, and the role of early concentrations
of adipocytokines in this process is largely unknown. In regards to cardiometabolic disease,
animal models have shown that insulin resistance and hyperlipidemia among offspring
exposed to a maternal high fat diet in pregnancy are due to methylation patterns in both
adiponectin and leptin genes.(10) Recognizing the complex influence of the perinatal
environment in the programming of both adiposity and cardiometabolic risk, there is

a need to further identify these mechanisms to inform strategies to decrease adverse
cardiometabolic consequences in vulnerable populations.

This study has several strengths. Our prospective and longitudinal design have allowed

for examining adipocytokines at birth, age 12 years, and change over time in association
with the adiposity and cardiometabolic risk outcomes. Additionally, we assessed a novel
risk score of adiposity and cardiometabolic risk outcomes, creating standardized scores

of insulin resistance, visceral fat area, triglycerides, and HDL. Inclusion of HOMA-IR, a
robust surrogate for the gold standard euglycemic clamp diagnosis of insulin resistance;(24)
directly measured visceral adipose tissue;(40) and the triglyceride to HDL ratio, which is a
known predictor of cardiovascular disease,(29, 30) may better represent cardiometabolic
risk in adolescents than other less refined measures (2, 41). While we used a novel
cardiometabolic risk score, it is important to note that there are several metabolic syndrome
definitions (at least 8) and ongoing debate regarding the clinical significance and predictive
power of these definitions for adolescents.(42)

Limitations of the present study include our moderate sample size, loss to follow up,

and self-reported assessment of adolescent puberty status. Additional limitations include
the inability to include covariates such as detailed maternal nutrition and placental

function in our analysis. Weight and adiposity at birth, which are influenced by maternal
nutrition and other health conditions, are important predictors of cardiometabolic outcomes
in childhood and adolescence.(43) However, adjustment for birth weight percentile did

not substantially change our associations. We were also unable to measure maternal

or early childhood adipocytokine concentrations, which may have further informed our
trajectories of adipocytokine change over time or establish temporality of the association of
adipocytokine concentrations with adolescent adiposity and cardiometabolic risk measures.

Obesity (Silver Spring). Author manuscript; available in PMC 2021 November 04.
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(44) In light of this, our categories of adipocytokine change were consistent with other
studies that examined concentrations at 3 or more time points during childhood and/or
adolescence.(16, 17) There is limited information regarding changes in adipocytokines over
time, particularly over the first two years of life, which represent critical developmental
windows for adipose tissue development.(45) How such changes may influence adolescent
adiposity and cardiometabolic risk outcomes is an important avenue for future study.
Finally, while multiple comparisons may be a concern in this study, leptin, adiponectin,

and adiponectin-to-leptin ratio were all consistently associated with different adiposity and
cardiometabolic risk measures, which suggests that these results may not be solely due to
chance. The potential concern of false positive results necessitates further replication of our
findings.

Conclusion

In this prospective cohort study of pregnant women and their children, adolescents with
increasing and stable leptin concentrations over time had higher adiposity and worse
cardiometabolic risk scores than those with decreasing concentrations. Adipocytokines
are potential biomarkers for predicting excess adiposity and cardiometabolic risk in
adolescence. Further study on the mechanism linking adipocytokines to metabolic
programming and the development of adipocytokine resistance may shed light on future
risk stratification and prevention strategies for reducing cardiometabolic disease.
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What is already known about this subject?

. Evidence shows that metabolic abnormalities stem from perturbations of
normal developmental programing /7 utero and in early infancy.

. Adipocytokines, such as leptin and adiponectin are biomarkers of adipose
tissue metabolism.

What are the new findings in this manuscript?

. Change in leptin concentrations from birth to adolescence were associated
with higher cardiometabolic risk scores among early adolescents.

. Change in adiponectin-to-leptin ratios from birth to adolescence were
associated with more favorable adiposity outcomes among early adolescents.

How might the results change the direction of research or the focus of clinical
practice?

. Changes in adipocytokine concentration over time may predict excess
adiposity and cardiometabolic risk in adolescence.
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Figure 1. Adjusted Differences in Adiposity and Cardiometabolic Risk Outcome Standardized
Z-Scores with 1-Unit Increase in Logy-Transformed Cord Serum Adipocytokine Concentrations:
The HOME Study.

BMI: body mass index; waist c: waist circumference; hip c: hip circumference; waist/hip:
waist to hip ratio; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; TG/
HDL.: triglycerides to high density lipoprotein ratio; SBP: systolic blood pressure; novel
CM: novel cardiometabolic risk score.

All models adjusted for maternal age, maternal education, maternal pre-pregnancy BMI,
gestational smoking, parity; child age, sex, race, and length of breastfeeding.

All outcomes were sex- and age-standardized z-scores. Whole body fat mass, visceral fat
area, waist circumference, HOMA-IR, and triglycerides to HDL ratio were not normally
distributed, and thus were log,-transformed before standardization.
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Figure 2. Adjusted Differences in Adiposity and Cardiometabolic Risk Outcome Standardized
Z-Scores with 1-Unit Increase in Logs-Transformed Adipocytokine Concentrations at Age 12
Years: The HOME Study.

BMI: body mass index; waist c: waist circumference; hip c: hip circumference; waist/hip:
waist to hip ratio, HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; TG/
HDL.: triglycerides to high density lipoprotein ratio; SBP: systolic blood pressure; Novel
CM: novel cardiometabolic risk score.

All models adjusted for maternal age, maternal education, maternal pre-pregnancy BMI,
gestational smoking, parity; child age, sex, race, and length of breastfeeding. Visceral

fat area was adjusted in cardiometabolic risk models. All outcomes were sex- and age-
standardized z-scores. Whole body fat mass, visceral fat area, waist circumference, HOMA-
IR, and triglycerides to HDL ratio were not normally distributed, and thus were log,-
transformed before standardization.
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Figure 3A. Changes (by Terciles) in Serum Leptin Concentrations Standardized Z-Scores
Between Birth and Age 12 Years among HOME Study Children.

The gray lines show the changes from birth to age 12 years for each individual. The red lines
show the average trend in that tercile.
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Figure 3B. Changes (by Terciles) in Serum Adiponectin Concentrations Standardized Z-Scores
Between Birth and Age 12 Years among HOME Study Children.

The gray lines show the changes from birth to age 12 years for each individual. The red lines
show the average trend in that tercile.
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Figure 3C. Changes (by Terciles) in Serum Adiponectin-to-Leptin Ratio Standardized Z-Scores
Between Birth and Age 12 Years among HOME Study Children.

The gray lines show the changes from birth to age 12 years for each individual. The red lines
show the average trend in that tercile.
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Figure 4. Adjusted Differences in Adiposity and Cardiometabolic Risk Outcome Standardized
Z-Scores with 1- or 2- Tercile Increase in Adipocytokine Standardized Z-Score Changes (Age 12
Year — Cord), additionally Adjusted for Adipocytokine Concentrations at Birth.

Reference group is the decreasing group (Tercile 1). -S: stable group; -I: increasing group.
Leptin: Tercile 1 (Decreasing) —6.24 SD to —0.32 SD; Tercile 2 (Stable) —-0.32 SD to 0.26
SD; Tercile 3 (Increasing) 0.26 SD to 3.73 SD.

Adiponectin: Tercile 1 (Decreasing) —4.38 SD to —0.40 SD; Tercile 2 (Stable) —0.40 SD to
0.27 SD; Tercile 3 (Increasing) 0.27 SD to 3.75 SD.

Adiponectin-to-leptin ratio: Tercile 1 (Decreasing) —7.68 SD to —0.30 SD; Tercile 2 (Stable)
-0.30 SD to 0 SD; Tercile 3 (Increasing) 0 SD to 3.96 SD.

Fat: whole body fat mass; FMI: whole body fat mass index; Visc: visceral fat area; BMI:
body mass index; W: waist circumference; H: hip circumference; W/H: waist to hip ratio;
HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; TG/HDL.: triglycerides to
high density lipoprotein ratio; SBP: systolic blood pressure; Novel: novel cardiometabolic
risk score.

All models adjusted for maternal age, maternal education, maternal pre-pregnancy BMI,
gestational smoking, parity; child age, sex, race, and length of breastfeeding.

All outcomes were sex- and age-standardized z-scores. Whole body fat mass, visceral fat
area, waist circumference, HOMA-IR, and triglycerides to HDL ratio were not normally
distributed, and thus were log,-transformed before standardization.
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