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Abstract

BACKGROUND/OBJECTIVES: Maternal obesity impacts fetal growth as early as 2nd trimester 

of pregnancy, yet little is known about the molecular mechanisms involved. We aimed to examine 

associations between maternal adipokines throughout pregnancy and neonatal size by pre-

pregnancy obesity status.

METHODS: In a prospective cohort of 2,802 U.S. pregnant women from the NICHD Fetal 

Growth Studies-Singleton Cohort (2009–2013) biospecimens were analyzed in a matched case-

control subset of 321 women. Blood was collected at 10–14, 15–26 (fasting), 23–31, and 33–39 

gestational weeks. Plasma leptin and soluble leptin receptor (sOB-R) and total and high-

molecular-weight (HMW)-adiponectin were measured. Free leptin was calculated as leptin/sOB-R. 

Birthweight was abstracted from medical records. Neonatal length and skinfolds were measured.
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RESULTS: Leptin and sOB-R in late pregnancy tended to be positively and negatively associated 

with neonatal length, respectively, while free leptin throughout pregnancy tended to be positively 

associated with length. Free leptin associations with neonatal length were differential by obesity 

(i.e., inversely among women without obesity and positively among women with obesity). A per 

unit increase in free leptin at 33–39 weeks was associated with a shorter neonatal length by 

−0.55cm (95%CI −0.83, −0.28) in women without obesity and longer length by 0.49cm (95%CI 

0.34, 0.65) in women with obesity. HMW-adiponectin at 33–39 weeks was inversely associated 

with neonatal length (β=−1.29cm; 95%CI, −1.74, −0.85) and skinfold thickness (β=−1.46mm; 

95%CI, −1.58, −0.56) among women with obesity. Free leptin across pregnancy tended to be 

negatively associated with neonatal skinfold thickness among women without obesity, while free 

leptin in early pregnancy was positively associated with skinfold thickness.

CONCLUSIONS: Maternal adipokines were associated with multiple pathways that influence 

neonatal size including length and adiposity, which differed in timing across pregnancy and by 

pre-pregnancy obesity. These findings provide new potential insights into mechanisms and timing 

by which maternal obesity may impact fetal growth.

INTRODUCTION

It is widely recognized that maternal obesity is strongly associated with offspring 

birthweight. Compared to offspring of women with normal weight, offspring of women with 

pre-pregnancy obesity are over three times more likely to be macrosomic at birth and this 

excess weight persists as overweight/obesity in adolescence.(1) Specifically, maternal 

obesity impacts fetal growth as early as the second trimester of pregnancy.(2) Pregnancy is a 

state of increased energy expenditure with substantial metabolic changes,(3) yet it is not 

fully understood how these metabolic alterations are affected by maternal obesity or their 

role in fetal growth.

Two main cytokines released by white adipose tissue which participate in energy 

homeostasis are leptin and adiponectin. In short, leptin acts on the hypothalamus in 

conjunction with other adipokines and hormones to inhibit food intake and increase energy 

expenditure.(4) Women with obesity tend to have higher levels, however, this signaling and 

feedback mechanism is disrupted by leptin resistance. Soluble leptin receptor (sOB-R), the 

major circulating binding protein of leptin, is a potential marker of leptin sensitivity.(5) 

Leptin tends to increase in pregnancy, albeit at a lower rate in women with pre-pregnancy 

overweight or obesity.(6) It is hypothesized that leptin influences maternal energy 

expenditure through increased catabolism of maternal adipose tissue via increases in lipid 

oxidation enzymes.(7) Acting in an opposing manner, adiponectin regulates insulin 

sensitivity and glucose uptake.(8) Adiponectin rises in early pregnancy, and then decreases 

corresponding to decreased maternal insulin sensitivity.(9)

Studies related to maternal leptin and birthweight have yielded inconsistent findings with 

either inverse(6, 10, 11) or null associations,(12) while adiponectin has been inversely 

associated with birthweight.(13–15) Most studies have examined these biomarkers only at a 

single time in gestation and given the dynamic changes of these adipokines in pregnancy, 

capturing full relations with fetal growth is difficult with only one measurement in 
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pregnancy. In addition, other studies have focused on adipokines at delivery via cord blood 

and thus are addressing a different physiologic question than the impact of maternal levels. 

Furthermore, birthweight remains a crude measure of neonatal size and does not necessarily 

capture differences in neonatal length or adiposity. For example, birth length is correlated 

with health(16) and later height(17) and neonatal body fat is a better predictor of child 

weight than birthweight.(18, 19) The state of the literature with adiponectin and leptin 

remains limited and inconsistent regarding the latter outcomes. Lastly, there is little research 

incorporating leptin in the context of sOB-R, as an indicator of leptin resistance, and its 

associations with neonatal size.

The objectives of this analysis were to examine longitudinal associations between maternal 

adipokine levels including leptin, sOB-R, and adiponectin measured four-times across 

pregnancy with neonatal size including birthweight, length, and adiposity and assess if the 

associations differed by pre-pregnancy obesity.

SUBJECTS AND METHODS

Study sample

We used data from the Eunice Kennedy Shriver National Institute of Child Health and 

Human Development (NICHD) Fetal Growth Studies-Singleton Cohort (n=2,802), which 

enrolled at 12 U.S. clinical centers (2009–2013) between gestational weeks 8–13 2,334 low-

risk pregnant women without pre-pregnancy obesity and 468 pregnant women with pre-

pregnancy obesity.(20) Primary aims of the NICHD Fetal Growth Studies were to develop 

fetal growth standards, thus enrollment was restricted to women without preexisting chronic 

diseases, medical conditions, or obesity (n=2,334).(21) Secondary aims were to examine 

etiology of gestational diabetes (GDM) and associations of obesity and fetal growth and thus 

a supplemental cohort of women with obesity was recruited (n=468).(2) This analysis 

leveraged existing longitudinal biospecimen data measured in 321 women at four visits 

across pregnancy for a prior nested case-control biospecimen analysis on GDM.(22) 

Specifically, biospecimens were assayed on 107 women with GDM and 214 women without 

GDM matched 1:2 to each GDM case. Non-GDM controls were selected to identify a 

control for each GDM case that was of same race-ethnicity, ±2 years of age, and all of 

biospecimens across pregnancy were collected within ±2 weeks of the case. Since GDM was 

not part of the main research question of the current manuscript, the sample was re-weighted 

to represent the full original cohort of pregnant women without and with obesity (re-

weighting described in the Statistical Methods section below).

Questionnaire data, research exams, and biospecimens were collected throughout pregnancy 

and at delivery. Medical record abstraction of routine prenatal exams and delivery discharge 

diagnoses was completed after delivery. Institutional review board approval was obtained for 

all the participating clinical sites (Christiana Care Health System, Columbia University, 

Fountain Valley, Long Beach Memorial Medical Center, Medical University of South 

Carolina, New York Hospital Queens, Northwestern University, St. Peter’s University 

Hospital, Tufts University, University of Alabama at Birmingham, University of California, 

Irvine, Women and Infants Hospital of Rhode Island), data coordinating centers (Clinical 
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Trials & Surveys Corporation and the Emmes Corporation), and NICHD. All participants 

provided written, informed consent.

Maternal Biospecimen Collection and Analysis

Biospecimens were collected following a standardized protocol at enrollment (targeted 8–

13; actual 10–14 weeks), visit 1 (fasting; targeted 16–22 weeks; actual 15–26 weeks), visit 2 

(targeted 24–29; actual 23–31 weeks), and visit 4 (targeted 34–37; actual 33–39 weeks). 

Research visits were scheduled according to a pre-determined schedule based on 

randomization groups designed to provide data equally distributed across all gestational 

weeks. Biospecimens were assayed at all four-time points for women with GDM and one of 

the two non-GDM controls, while only one of the two controls was randomly selected to be 

assayed for visits 2 and 4 to minimize biospecimen analysis cost and maximize efficiency.

Blood samples were immediately processed into EDTA plasma and stored at <−70ᵒC until 

they were thawed immediately before analysis. Assays were performed by a certified clinical 

laboratory at the University of Minnesota (Minneapolis, MN). Plasma leptin (ng/ml) was 

measured using a quantitative direct sandwich enzyme immunoassay (Mercodia, Uppsala, 

Sweden). Plasma sOB-R (ng/ml) was measured using a quantitative sandwich enzyme 

immunoassay (R&D Systems, Minneapolis, MN). Plasma total and high molecular weight 

(HMW)-adiponectin (ng/ml) was measured using a quantitative sandwich enzyme 

immunoassay (R&D Systems, Minneapolis, MN) and converted to μg/ml. Intraassay CVs 

were <17% for all assays. The free leptin index was calculated as the ratio of leptin to sOB-

R.

Neonatal Outcomes

Birthweight and gestational age at delivery were abstracted from neonatal medical records. 

Neonatal length and skinfolds were measured by trained, certified study personnel. 

Certification included review of study protocol and manual operations, review of training 

procedures,(23) and received individual training by a certified examiner. Measurements were 

obtained prior to discharge, 12–24 hours after delivery; if not possible to obtain 

measurements at birth because of NICU admission or neonatal complications, infants born 

very preterm (≤32 weeks) were measured at 32 completed weeks of gestation-corrected age 

and infants born moderately preterm (33–36 weeks) were measured once stabilized. 

Measurements were obtained in duplicate; a third measurement was obtained if the 

difference between first two measurements exceeded prespecified tolerances based on 

expected technical errors of measurement,(24–26) and the two closest measurements were 

averaged. Neonatal length, distance from soles of infant’s feet to top of head, was measured 

with infant supine using an Infantometer (seca 416 Infantometer). Skinfold measurements 

were taken on the right side of the infant’s body at abdominal flank, anterior thigh, 

subscapular, and triceps using Lange Skinfold Caliper (Beta Technology, Inc., Santa Cruz, 

CA) and summed for total adiposity.(27, 28) One of the study sites used incorrect calipers; 

skinfold measurements at this site (n=12) were excluded.
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Additional Variables

Ultrasound at enrollment confirmed accurate pregnancy dating by last menstrual period, 

which was used to calculate gestational weeks at each visit. At enrollment, women 

completed questionnaires regarding medical history and behavioral and socio-demographic 

characteristics. Maternal race-ethnicity was self-reported (non-Hispanic white, non-Hispanic 

Black, Hispanic, Asian/Pacific Islander). Maternal height and pre-pregnancy weight were 

self-reported. Pre-pregnancy body mass index (BMI; kg/m2) was calculated and categorized 

as normal (18.5–24.9), overweight (25.0–29.9), or obese (≥30.0). Gestational weight gain at 

each visit was calculated as measured weight minus pre-pregnancy weight. As part of the 

inclusion criteria for the main study (primary aim was to define a fetal growth standard), 

non-obese women who smoked were not eligible. At enrollment, obese women reported 

their smoking habits in the 6 months prior to pregnancy (yes/no). Women reported attained 

education (high school or less, some college/associate degree, 4-year college degree or 

higher). GDM and preeclampsia cases were identified by medical record review.(29)

Statistical Methods

This study leveraged biomarker data measured as part of a nested GDM case-control study 

in which the primary aim was to assess relations between biomarkers and GDM. The current 

analysis aim was to assess relations between biomarkers and birth outcomes irrespective of 

GDM. Because women with GDM were overrepresented in the analytic sample with 

biomarkers, the sample was re-weighted to represent the full cohort (e.g., in the re-weighted 

sample 4% of women had GDM opposed to 33% in the non-weighted sample). We 

confirmed effective reweighting by confirming that 95% confidence intervals around 

estimates of distributions of the reweighted sample contained the original estimate based on 

the full cohort (Supplemental Table 1). Weights were created following the idea of 

pseudolikelihood in Samuelsen (1997),(30) weighting each subject by the inverse of her 

sampling probability. Sampling probability of each non-GDM subject was calculated from a 

logistic regression in the full cohort, excluding GDM cases. Predictors included matching 

factors for selecting controls: age, race/ethnicity, and gestational week at blood collection. 

GDM subjects had a sampling probability of 1. We used bootstrapping with 200 replicates to 

confirm the variance of our weighted models and observed similar findings.

Univariate sample characteristics were presented as weighted medians with interquartile 

ranges or percentages overall and by pre-pregnancy obesity status. Differences in sample 

characteristics by pre-pregnancy obesity were estimated using a weighted non-parametric 

model with robust error variance. Weighted linear regressions with robust standard errors 

were used to estimate associations between continuous biomarkers at each visit and 

continuous neonatal outcomes. A major aim of this study was to understand mechanisms by 

which pre-pregnancy obesity impacts fetal growth, thus we stratified all models by pre-

pregnancy obesity. Stratification isolated women with pre-pregnancy obesity from women 

with normal weight and overweight. Stratified models adjusted for pre-pregnancy BMI as a 

continuous variable to remove residual confounding of adiposity within each strata and the 

following covariates: age, race-ethnicity, education, parity, gestational weight gain up to the 

respective visit, and gestational week at blood collection. Models of neonatal length and 
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skinfold thickness were adjusted for number of days post-delivery when measurements were 

made. Maternal height was not adjusted for as it was not associated with adipokine levels.

Multiple sensitivity analyses were performed to ensure robustness of findings. First, missing 

data was usually due to inadequate aliquot biospecimen volume or missing neonatal 

anthropometric measurements. Supplemental Figure 1 displays the sample size for each of 

the models. We ran sensitivity analyses using multiple imputation with 50 replicates to 

address missing data among the biomarker sample (n=321) and included women’s baseline 

characteristics and relevant longitudinal data for time-varying variables.(31) Second, to 

assess if the difference in adiposity was due to differences in overall size, models of skinfold 

thickness were additionally adjusted for neonatal weight at the exam. Third, to ensure that 

the less restrictive enrollment criteria among obese women did not bias the results, we 

excluded women with pre-pregnancy obesity who smoked prior to pregnancy (n=5). Fourth, 

to ensure that preterm deliveries were not driving the findings, we excluded women with a 

preterm delivery <37 weeks (n=22). Fifth, we repeated analyses using a race/ethnic specific 

birthweight for gestational age z-score created based on a U.S. natality reference.(32) Sixth, 

the main analysis models were not adjusted for pregnancy complications (e.g., GDM, 

preeclampsia). Pathologic changes associated with GDM and preeclampsia may occur 

earlier than the diagnosis date and thus it is unclear at what timepoint these conditions may 

be on the causal pathway and adjustment for mediators can induce bias.(33) However, given 

that diagnosis of GDM is typically between 24–28 weeks we performed sensitivity analyses 

where for the associations at weeks 33–39, after the typical diagnosis date for GDM, we 

adjusted for GDM and preeclampsia.

We also completed a latent-class trajectory approach to identify specific trajectories of how 

maternal adipokines change over gestation and their association with neonatal size. A 

flexible data-driven semiparametric approach was used to identify trajectories.(34) We 

compared model fit for each biomarker based on 2–4 trajectory groups and fit linear, 

quadratic, and cubic models. Final models were selected based on maximum Bayesian 

information criterion value (i.e., least negative). (34) We required that final selected models 

had ≥5% of the data in each identified group. Each trajectory group was then associated with 

each neonatal outcome, stratified by pre-pregnancy obesity status, adjusting for age, pre-

pregnancy BMI, race-ethnicity, education, parity, gestational weight gain up to the last visit 

(33–39 weeks), and number of days post-delivery when measurements were made (length 

and skinfold thickness only). The reference for each model was group 1 (i.e., group with 

lowest first trimester biomarker concentrations ).

R version 3.0.2 (Vienna, Austria) was used to calculate sampling weights. SAS version 9.4 

(SAS Institute, Cary, NC, USA) was used for all other analyses. Two-sided P-values <0.05 

were considered significant. Requests for code or data should be directed to the 

corresponding author.

Results

The study sample was diverse with respect to race-ethnicity and socioeconomic factors 

(Table 1). Women with obesity were more likely to be non-Hispanic Black or Hispanic. 
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Furthermore, women with obesity were less likely to have a 4-year college degree or higher 

and gain more weight later in pregnancy. Throughout gestation median adipokine levels 

differed significantly between women with and without pre-pregnancy obesity (Table 2). 

Furthermore, adipokine levels at each visit were highly correlated with levels at the prior 

visit (r=0.86–0.93) (Supplemental Table 2).

Table 3 displays adjusted longitudinal associations of leptin, sOB-R, free leptin, HMW-

adiponectin, and total adiponectin with neonatal birthweight, length, and skinfold thickness. 

Higher leptin and free leptin later in pregnancy, in weeks 33–39, was associated with lower 

birthweight independent of maternal pre-pregnancy BMI and other characteristics including 

maternal weight gain. Higher sOB-R in weeks 33–39 was positively associated with 

neonatal length and sOB-R early and late in pregnancy was positively associated with 

increased skinfold thickness. Lastly, total and HMW-adiponectin later in pregnancy were 

inversely associated with birthweight; associations were similar, yet slightly stronger with 

HMW-adiponectin than total adiponectin.

Results stratified by pre-pregnancy obesity status are shown in Table 4. Once stratified, free 

leptin was inversely associated with birthweight among women without obesity only. 

Adiponectin late in pregnancy was inversely associated with birthweight among women with 

and without obesity, but stronger in women with obesity. Throughout pregnancy free leptin 

tended to be associated with neonatal length; however, associations were differential by 

obesity status such that free leptin was inversely associated among women without obesity 

and positively among women with obesity. Adiponectin was inversely associated with 

neonatal length among women with obesity only. Free leptin across pregnancy tended to be 

inversely associated with neonatal skinfold thickness among women without obesity, while 

free leptin in early pregnancy was positively associated with neonatal skinfold thickness. 

Adiponectin was inversely associated with neonatal skinfold thickness among women with 

obesity only.

Results were also in a similar direction and magnitude when multiple imputation was used 

to impute missing data (Supplemental Table 3). Skinfold thickness results were similar when 

additionally adjusted for neonatal weight at post-delivery exam (Supplemental Table 4). All 

results were similar after excluding women who smoked prior to pregnancy (data not 

shown). Furthermore, when excluding preterm deliveries overall patterns of results and 

magnitude of estimates were generally consistent with main findings (Supplemental Table 

5). Results using birthweight z-score yielded similar conclusions as with birthweight 

(Supplemental Table 6). Lastly, when adjusting week 33–39 adipokines for GDM and 

preeclampsia, results were consistent with little attenuation of estimates (Supplemental 

Table 7). There were two additional findings such that after adjustment for GDM and 

preeclampsia, among women with normal weight or overweight leptin at weeks 33–39 was 

significantly associated with decreased birthweight and among women with obesity sOB-R 

at weeks 33–39 was significantly associated with decreased birthweight.

Figure 1 displays group-based trajectories for each biomarker across gestation. Four distinct 

groups were identified for leptin, HMW-adiponectin, and total adiponectin, three groups 

were identified for sOB-R, and two groups were identified for free leptin. Results based on 
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maternal adipokine trajectories were in general similar to inferences from results on specific 

weeks of gestation with only a few notable differences (Table 5). For example, leptin was 

not significantly associated with birthweight using the original approach, but with 

trajectories, we observed that among women without pre-pregnancy obesity, higher baseline 

leptin that increased across pregnancy was inversely associated with birthweight compared 

to the lowest level of baseline leptin that remained relatively constant across pregnancy. 

Interestingly, however, the findings related to adiponectin and birthweight among women 

without obesity were null based on the trajectory approach.

Discussion

Several key insights into fetal growth were gained from this analysis of longitudinal 

associations between maternal adipokine levels across pregnancy and neonatal size. First, in 

women with pre-pregnancy obesity we observed that leptin, sOB-R, and free leptin were 

associated with neonatal length and skinfold thickness (i.e., adiposity). Conversely among 

women without obesity, only free leptin was associated with neonatal length, while sOB-R 

and free leptin were associated with skinfold thickness. Interestingly, the direction of the 

associations was different in women with than without obesity. For example, free leptin was 

positively associated with neonatal length and skinfolds in women with obesity but 

negatively in women without. Furthermore, leptin and sOB-R were not associated with 

birthweight when stratified by obesity status, highlighting the importance of using more 

specific measures of neonatal size. Lastly, adiponectin levels (HMW and total), in the latter 

half of pregnancy were associated with birthweight in women with and without obesity, but 

only neonatal length and skinfolds were associated with adiponectin in women with obesity. 

These data suggest that maternal adipokines are associated with multiple pathways that 

influence fetal growth, and the associations may be differential between women who start 

pregnancy with obesity and those who do not.

Recent findings from our diverse cohort demonstrated that fetal long bones (femur length 

and humerus length) were longer in women with pre-pregnancy obesity, compared to 

without, starting from the second trimester.(2) The differences were not attributed to gravid 

complications and the underlying mechanism remained unclear. Our current in-depth 

analysis builds on this prior finding by demonstrating that maternal adipokine levels may be 

an important player in the differences in fetal bone growth between women with and without 

obesity. We observed that free leptin, potentially starting from as early as 10 weeks of 

gestation was positively associated with neonatal length among women with pre-pregnancy 

obesity, while it was inversely associated with neonatal length among women without 

obesity. Notably, women with obesity tend to have higher leptin and lower sOB-R levels, 

suggestive of leptin resistance, and thus we hypothesize that leptin resistance may play a role 

in women with pre-pregnancy obesity having longer neonates. We also observed that 

adiponectin was inversely associated with neonatal length, but only in women with obesity. 

These findings are novel as there has been little epidemiological research examining 

maternal adipokine levels and neonatal length or bone mass. Much of the prior literature is 

focused on cord blood or neonatal blood leptin levels.(35) While there is evidence in non-

pregnant individuals for a direct and indirect function of leptin on bone health,(36) the exact 

mechanisms for an association between maternal leptin and fetal bone growth remain 
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unknown and are further complicated by the fact that maternal leptin does not cross the 

placenta.(37) Furthermore it is interesting that free leptin was negatively associated with 

neonatal length in women without obesity, but positively in women with obesity. Yet the 

long-term clinical implications of these findings require additional research. In general, 

longer bone lengths at birth are associated taller adult height,(38) but also with an increased 

risk for wrist fractures in childhood.(39) Thus it is unclear if longer bone lengths at birth to 

women with obesity translates to healthier bones into adulthood and consequently the area 

of fetal programming of osteoporosis is an important emerging area of research.(40)

In line with traditional roles of adipokines in energy regulation, we observed that higher 

leptin was positively associated with neonatal skinfold thickness (i.e., adiposity), but only in 

women with pre-pregnancy obesity. This was consistent with previous studies.(41–43) While 

our study had leptin measured multiple times across pregnancy, we observed the association 

between leptin and neonatal adiposity in early pregnancy only. Given that fetal adipose does 

not tend to accumulate until late in pregnancy,(44) we hypothesize that maternal leptin may 

be more likely to have indirect influences on fetal adiposity potentially through regulation of 

maternal glucose levels or deposition of maternal subcutaneous fat mass early in pregnancy.

(3) Also, free leptin was negatively associated with neonatal adiposity in women without 

obesity. We hypothesize that this may suggest that even in women without obesity increased 

leptin sensitivity may be associated with lower neonatal adiposity, but this requires 

additional investigation.(5) We also observed that adiponectin was inversely associated with 

neonatal adiposity, but only late in pregnancy among women with obesity. This corresponds 

to the catabolic state of late pregnancy when nutrients are shifted to the fetus. It has been 

hypothesized by others that maternal adiponectin has an indirect negative impact on fetal 

growth through improved insulin sensitivity and via placental signaling and nutrient 

transport to the fetus.(45) Notably, the findings we observed in this analysis are independent 

of neonatal weight and thus do not just reflect a larger neonate with greater fat mass. While 

the long-term implications of these findings require more research, studies have shown that 

neonatal fat mass is positively associated with obesity in childhood.(19)

There are a few potential limitations of this work. First, it is important to emphasize that 

these findings are observational and do not represent causal effects, but rather observed 

associations. The enrollment criteria for women with obesity was slightly less restrictive 

than for women without.(20) In sensitivity analyses we excluded women with obesity who 

smoked (n=5) and observed similar findings, but cannot rule out residual confounding due to 

other factors such as chronic hypertension which has been associated with lower 

birthweight.(46) Also, pre-pregnancy weight was self-reported at enrollment and there could 

be error in this measure, however, self-reported pre-pregnancy weight is typically highly 

correlated (r=0.90) with measured weight.(47) Lastly, we did not have biospecimens on the 

neonates, so the current work is limited solely to maternal adipokine levels.

Notable strengths lie in the robust longitudinal measurement of maternal adipokines. Studies 

with a single measurement in pregnancy may miss these dynamic associations. In addition to 

assessing the associations between the adipokines at various timepoints in gestation and 

birth outcomes, we also examined the associations using trajectory models based on the 

pattern of change in maternal adipokines over pregnancy. In general, the results were 
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consistent between approaches with a few discrepancies likely due to our small sample. We 

also had maternal weight gain at each time point of biospecimen collection, which is 

important as many studies only have total gestational weight gain, and as such we adjusted 

for maternal weight gain up to each visit in our analyses. We also examined both total and 

HMW-adiponectin; notably the results were similar. Neonatal measurements were taken 

according to a strict protocol. Lastly, this was a diverse cohort of women from multiple race-

ethnic groups from across the U.S. increasing generalizability.

Conclusions

We observed that leptin, sOB-R, and adiponectin are associated with multiple pathways that 

influence fetal growth differentially, depending on the timing in pregnancy and maternal pre-

pregnancy obesity status. We observed novel findings associating maternal adipokines with 

neonatal length. In addition, maternal adipokines were associated with offspring adiposity 

with notable findings suggesting that even in women without pre-pregnancy obesity, leptin 

sensitivity may be associated with lower neonatal adiposity. Future research is needed to 

examine long-term intergenerational impact of maternal adipokines on offspring bone health 

and adiposity into adolescence and adulthood. This work provides new potential insights 

into the timing and mechanisms for which maternal obesity may impact fetal growth and 

may inform future work on developing a model for predicting fetal growth in women with 

obesity.
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Figure 1. 
Maternal adipokine trajectories across gestation.
a Trajectories identified based on a weighted latent class model.
b Group 1 shown in orange. Group 2 shown in blue. Group 3 shown in green. Group 4 

shown in yellow. Percentages represent the proportion of the data estimated to make up each 

group.
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Table 1.

Sample characteristics overall and according to maternal pre-pregnancy obesity status.

Pre-Pregnancy BMI

Overall (n=321) < 30.0 kg/m2 (n=255) ≥ 30.0 kg/m2 (n=66)

n (%) or median (IQR) n (%) or median (IQR) n (%) or median (IQR)
P

a

Age, y 27.6 (23.2, 31.9) 27.7 (23.2, 31.7) 27.3 (23.0, 32.6) 0.84

Race-ethnicity 0.004

 Non-Hispanic White 75 (30.9) 60 (32.9) 15 (20.0)

 Non-Hispanic Black 45 (23.3) 31 (21.5) 14 (33.3)

 Hispanic 123 (27.2) 87 (23.8) 36 (46.6)

 Asian & Pacific Islander 78 (18.5) 77 (21.8) 1 (0.2)

Education 0.01

 High school or less 81 (25.1) 60 (22.7) 21 (38.3)

 Some college/associate degree 117 (35.2) 85 (33.2) 32 (46.5)

 4-year college degree or higher 123 (39.8) 110 (44.2) 13 (15.2)

Nulliparous 144 (51.1) 117 (53.2) 27 (39.5) 0.17

Smoked
b 5 (0.7) 0 (0.0) 5 (4.6) --

Pre-pregnancy BMI, kg/m2 24.6 (22, 27.4) 23.9 (21.6, 25.7) 35.0 (32.4, 38.0) <0.001

 19.0–24.9 156 (51.7) 156 (61.0) 0 (0.0)

 25.0–29.9 99 (33.1) 99 (39.0) 0 (0.0)

 30.0–45.0 66 (15.2) 0 (0.0) 66 (100.0)

Maternal weight gain
c
, kg

 10–14 weeks 1.9 (0.4, 3.2) 2.0 (0.4, 3.2) 1.7 (−1.4, 4.0) 0.36

 15–26 weeks 4.5 (1.8, 6.8) 4.6 (2.2, 6.9) 2.3 (−0.3, 5.4) 0.20

 23–31 weeks 8.7 (5.9, 11.4) 9.3 (6.6, 11.4) 5.5 (2.5, 8.2) <0.001

 33–39 weeks 13.6 (10.9, 17.2) 14 (11.3, 17.6) 11.5 (6.9, 13.5) 0.01

Preterm delivery, <37 weeks 22 (9.1) 17 (8.4) 5 (12.6) 0.54

Gestational diabetes 107 (3.9) 75 (3.2) 32 (7.6) 0.002

Preeclampsia 10 (2.2) 6 (2.0) 4 (3.2) 0.65

Abbreviations: BMI, body mass index; IQR, interquartile range.

a
P-value represents the difference between the median level in women with a pre-pregnancy BMI <30.0 kg/m2 and ≥ 30.0 kg/m2

b
Women with a pre-pregnancy BMI < 30.0 kg/m2 who smoked were not eligible for the study

c
Maternal weight gain calculated as the difference between the maternal weight measured at the research visit and pre-pregnancy weight self-

reported at enrollment.
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Table 2.

Adipokine distributions across pregnancy overall and according to maternal pre-pregnancy obesity status.

Pre-Pregnancy BMI

Overall (n=321) < 30.0 kg/m2 (n=255) ≥ 30.0 kg/m2 (n=66)

Median (IQR) Median (IQR) Median (IQR)
P

a

Leptin, ng/ml

 10–14 weeks 30.7 (20.3, 48.6) 27.6 (19.6, 43.6) 65.6 (46.1, 79.1) <0.001

 15–26 weeks 38.8 (26.9, 53.5) 34.6 (25.4, 46.8) 71.8 (57.3, 86.3) <0.001

 23–31 weeks 40.6 (27.5, 59.1) 38.6 (26.1, 52.5) 78.2 (59.1, 93.7) <0.001

 33–39 weeks 40.4 (26.2, 67.5) 35.4 (24.3, 57.9) 79.7 (53.1, 93.2) <0.001

sOB-R, ng/ml

 10–14 weeks 26.6 (22.4, 33.8) 28.5 (23.0, 34.4) 19.7 (14.9, 23.0) <0.001

 15–26 weeks 31.7 (23.9, 39.6) 33.9 (27.1, 41.4) 20.4 (17.7, 24.2) <0.001

 23–31 weeks 29.9 (23.4, 38.3) 31.0 (25.4, 39.6) 19.1 (13.7, 23.9) <0.001

 33–39 weeks 29.7 (23.1, 37.6) 31.8 (24.3, 38.3) 20.5 (13.0, 28.2) <0.001

Free leptin index
b

 10–14 weeks 1.2 (0.7, 2.2) 1.0 (0.6, 1.8) 3.5 (2.4, 4.6) <0.001

 15–26 weeks 1.2 (0.7, 2.1) 1.0 (0.7, 1.6) 3.8 (2.9, 4.4) <0.001

 23–31 weeks 1.3 (0.8, 2.3) 1.2 (0.7, 2.1) 4.1 (2.6, 6.7) <0.001

 33–39 weeks 1.4 (0.7, 2.4) 1.1 (0.6, 2.3) 3.4 (2.2, 5.8) <0.001

HMW-adiponectin, μg/ml

 10–14 weeks 4.1 (2.9, 6.5) 4.7 (3.2, 7.2) 2.5 (1.8, 3.5) <0.001

 15–26 weeks 3.8 (2.7, 5.6) 4.1 (3.0, 6.2) 2.4 (1.8, 3.5) <0.001

 23–31 weeks 3.2 (2.3, 4.9) 3.5 (2.3, 5.2) 2.3 (1.8, 3) <0.001

 33–39 weeks 2.9 (1.9, 4.5) 3.0 (2.1, 4.8) 2.2 (1.0, 3.8) <0.001

Total Adiponectin, μg/ml

 10–14 weeks 7.1 (4.8, 10.6) 7.9 (5.1, 11.3) 4.5 (3.8, 6.5) <0.001

 15–26 weeks 6.7 (4.7, 9.4) 7.2 (5, 9.8) 4.6 (3.5, 6.3) <0.001

 23–31 weeks 5.8 (4.1, 7.9) 5.8 (4.2, 8.5) 5.1 (3.3, 5.8) 0.003

 33–39 weeks 5.1 (3.5, 7.5) 5.3 (3.6, 7.9) 4.1 (2.5, 6.2) 0.03

Abbreviations: BMI, body mass index; HMW, high molecular weight; IQR, interquartile range; sOB-R, soluble leptin receptor.

a
P-value represents the difference between the median level in women with a pre-pregnancy BMI <30.0 kg/m2 and ≥ 30.0 kg/m2

b
Free leptin index calculated as Leptin (ng/ml)/sOB-R (ng/ml).
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Table 3.

Longitudinal maternal plasma leptin, sOB-R, and HMW-adiponectin concentrations and the association with 

neonatal birthweight, length, and sum of skinfolds.

Neonatal Outcome

Maternal Biomarker Birthweight, g Adjusted
a
 β (95% CI) Length, cm Adjusted

a
 β (95% 

CI)
Sum of Skinfolds, mm Adjusted

a
 β 

(95% CI)

Leptin, ng/ml

 10–14 weeks −2.70 (−8.27, 2.88) −0.01 (−0.04, 0.02) 0.01 (−0.05, 0.06)

 15–26 weeks −1.97 (−7.30, 3.37) −0.02 (−0.04, 0.01) −0.01 (−0.05, 0.04)

 23–31 weeks −3.69 (−7.81, 0.44) −0.01 (−0.04, 0.01) −0.01 (−0.06, 0.04)

 33–39 weeks −4.13 (−7.68, −0.59) 0.00 (−0.03, 0.02) 0.00 (−0.04, 0.04)

sOB-R, ng/ml

 10–14 weeks −1.73 (−9.31, 5.86) 0.02 (−0.04, 0.08) 0.11 (0.01, 0.20)

 15–26 weeks 0.16 (−6.97, 7.28) 0.04 (−0.01, 0.09) 0.06 (−0.02, 0.14)

 23–31 weeks 0.74 (−7.22, 8.70) 0.05 (−0.01, 0.11) 0.07 (−0.03, 0.17)

 33–39 weeks 4.01 (−2.35, 10.37) 0.07 (0.03, 0.12) 0.11 (0.02, 0.20)

Free leptin index
b

 10–14 weeks −0.54 (−69.01, 67.92) 0.00 (−0.42, 0.42) −0.31 (−1.61, 0.99)

 15–26 weeks −22.19 (−94.12, 49.73) −0.30 (−0.72, 0.11) −0.96 (−1.92, −0.01)

 23–31 weeks −56.41 (−121.76, 8.94) −0.26 (−0.75, 0.23) −0.34 (−1.76, 1.07)

 33–39 weeks −72.63 (−123.81, −21.44) −0.30 (−0.60, 0.01) −0.46 (−1.41, 0.50)

HMW-adiponectin, μg/ml

 10–14 weeks 3.81 (−30.25, 37.87) 0.01 (−0.15, 0.16) 0.08 (−0.16, 0.32)

 15–26 weeks −3.24 (−37.79, 31.31) −0.03 (−0.21, 0.15) −0.01 (−0.28, 0.26)

 23–31 weeks −53.48 (−89.46, −17.49) −0.26 (−0.51, 0.00) 0.06 (−0.52, 0.64)

 33–39 weeks −39.86 (−67.69, −12.03) −0.18 (−0.40, 0.05) 0.18 (−0.39, 0.75)

Total Adiponectin, μg/ml

 10–14 weeks 1.96 (−23.15, 27.07) 0.00 (−0.13, 0.12) 0.02 (−0.13, 0.17)

 15–26 weeks 4.79 (−19.30, 28.89) −0.01 (−0.14, 0.13) −0.01 (−0.18, 0.16)

 23–31 weeks −38.14 (−63.84, −12.44) −0.19 (−0.37, 0.00) −0.05 (−0.42, 0.33)

 33–39 weeks −25.96 (−50.13, −1.79) −0.11 (−0.27, 0.06) 0.07 (−0.35, 0.49)

Abbreviations: CI, confidence interval; HMW, high molecular weight; sOB-R, soluble leptin receptor.

a
Adjusted for maternal age (continuous), race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, Asian), education (High school or less, 

some college/associate degree, 4-year college degree or higher), nulliparity (yes/no), pre-pregnancy body mass index (continuous), gestational 
weight gain up to the respective visit (continuous), gestational week at blood collection (continuous), and postnatal days at neonatal assessment 
(continuous; length and skinfolds model only).

b
Free leptin index calculated as Leptin (ng/ml)/sOB-R (ng/ml).
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