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Abstract

Background: Understanding of maternal and fetal factors affecting leptin, adiponectin, and adiponectin:leptin ratio at birth may
provide valuable insights into potential future risk of metabolic alterations and inform primordial prevention and precision nutrition
strategies. The objective of this study is to identify maternal and fetal risk factors that affect leptin and adiponectin levels (markers
of adiposity) and adiponectin/leptin ratio (a marker of dysfunctional adipose tissue) at birth.

Methods: We studied mother—infant pairs in the Boston Birth Cohort. Cord blood was collected at birth. We used student t- tests
to compare log normalized cord leptin and adiponectin levels. Regression analysis was performed to examine the association of
maternal and fetal factors with leptin and adiponectin levels and adiponectin:leptin ratio at birth in both term and preterm infants.

Results: We analyzed 1012 infants (245 preterm). Both cord leptin and adiponectin were higher in term infants than preterm
infants (10.2+0.9 vs. 9.2+1.3, P < 0.0001 and 9.5+0.7 vs. 8.9+0.8, P < 0.0001, respectively). Cord leptin was higher for Black
infants (10.1+1.1 vs. 9.9+1.2; P < 0.001) although Black (ref: non-Black) infants had lower cord adiponectin levels (9.3 +0.8 vs.
9.5+0.7; P = 0.01). Ratio of adiponectin to leptin (log normalized) was higher in preterm infants (-0.24) vs. term infants (-0.69).
On regression analysis, cord leptin was positively associated with longer gestational age (GA), birth weight z score, Black race,
maternal overweight and obesity, gestational diabetes and pregestational diabetes mellitus and negatively associated with male
sex. Cord adiponectin was positively associated with GA, birth weight z score and negatively with Black race and male sex.
Adiponectin:leptin ratio was positively with male sex and negatively with GA, birth weight z score, Black race, gestational DM,
pregestational DM and maternal overweight and obesity.

Conclusions: \We identified several factors that affect leptin and adiponectin levels along with adiponectin-leptin ratio at birth
beyond GA and birth weight which could also play an important role in influencing the trajectory of these hormones and future
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cardiometabolic outcomes. This knowledge can help tailor precision nutrition interventions.

Introduction

Adverse intrauterine environments may induce long-term
metabolic consequences for developing fetuses. In utero expo-
sures shape fetal adaptation to survive the adverse exposures
and prepare fetuses for a similar metabolic environment

This is a secondary data analysis of data already obtained by the Boston Birth
Cohort. Informed consent was obtained at initial cohort enrollment and postnatal
follow-up.
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postnatally. Yet, maladaptation occurs when the expected
postnatal environment is different and the in utero fetal adap-
tations end up being deleterious for childhood metabolic
health."! Epidemiological and animal studies have led to the
firmly established concept of the Developmental Origins of
Health and Disease.!>?!

Growing evidence points to the regulatory function of adi-
pokines in physiological and pathological processes in human
metabolic health.”! Leptin and adiponectin are two key adi-
pokines that are involved in the etiology and prognosis of
obesity, hypertension, and metabolic syndromes.>¢ Leptin
has several metabolic and immunological roles, and the state
of leptin resistance is an important precursor for obesity.ll A
vicious cycle between leptin resistance and the risk of obe-
sity—higher leptin levels promote obesity that further leads
to leptin resistance—has been proposed in previous studies.!”!
As for the developmental origins for leptin levels, studies have
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shown small for gestational age (SGA) infants to have lower
cord leptin levels, which results in rapid postnatal weight gain
and leads to metabolic syndromes. Maternal cardiometabolic
factors such as pre-pregnancy obesity and diabetes may also
result in higher cord leptin levels, placing infants at a higher
risk of metabolic syndromes.!®! Adiponectin, the most abun-
dant adipokines, is reported to have an insulin-sensitizing role
and possibly protects against the development of insulin resis-
tance and metabolic syndrome.”! Conversely to leptin, higher
cord adiponectin levels have been found to be associated with
lower degrees of childhood adiposity levels.['*'] However, in
newborns, unlike adults there is a positive correlation between
both leptin and adiponectin levels, gestational age (GA), and
birth weight.[''*3l An interplay between adipokines could play
a role in the early programming of fetuses for the development
of metabolic syndromes.

There is a particularly critical need to understand the role of
maternal and fetal factors on cord adipokines among children
born preterm. Premature infants are at higher risk of devel-
oping metabolic syndrome-related disorders such as obesity,
type 2 diabetes, and cardiovascular diseases in later life, but
the associated risk factors and pathogenic mechanisms are not
well understood.!"¥ Preterm birth can interrupt the acquisition
of energy and fat stores and limit the metabolic adaptation
of premature newborns to extra-uterine life. The ensuing adi-
pose tissue dysfunctions could explain the well-reported asso-
ciations of prematurity with future adverse cardiometabolic
health outcomes.>!*l Hence, cord blood adipokines could
provide metabolic clues to the adipose tissue maladaptation
secondary to in utero influences, which could have long-term
implications for a neonate’s health. Knowledge of these factors
will potentially allow planning of precision nutrition recom-
mendations for the high-risk infants based on their biology
and environment rather than a “one size fits all” nutritional
approach.

We previously reported a dose-dependent association between
GA and plasma leptin levels at birth.'5! Previous studies
have identified GA and anthropometric associations with
adipokines, but they were conducted in studies with smaller
sample sizes.>'") To our knowledge, no study has been done
among a cohort predominated by Black infants. Studies have
also been limited in their inclusion of several biological and
social factors that affect maternal health and influence fetal
metabolic programming. Our study aims to further advance
our understanding of a broader array of maternal and fetal
determinants of leptin and adiponectin levels in both term and
preterm births. It is important to understand how the concen-
tration of adipokines in cord blood relates to fetal and infant
growth and maternal biological and socio-demographic influ-
ences because, ultimately, this may affect future cardiometa-
bolic health risk. This study tested the hypothesis that multiple
maternal and fetal factors, individually and jointly, are associ-
ated with plasma adipokines levels at birth. Through this type
of comprehensive analysis, we will be able to better understand
the risk factors for future childhood adiposity. Such type of
studies may also provide systematic assessment of individual
risk profile for early childhood adiposity, via combination of
epidemiological and clinical data. This on a broader scale will
contribute to the generation of refined computer algorithms
to guide postnatal nutrition and develop the field of precision
nutrition in neonatology and pediatrics.
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Materials and Methods

We used data from the Boston Birth Cohort (BBC), a prospec-
tive birth cohort enriched by a spectrum of preterm births and
characterized by a predominately Black, urban, low-income
population in the United States.!'”! Institutional Review Boards
of Boston Medical Center and the Johns Hopkins Bloomberg
School of Public Health approved this study. Since 1998, the
BBC recruited mother—infant dyads within 2 to 3 days after
birth using a rolling design. Mothers who delivered singleton
live infants without major birth defects were eligible for par-
ticipation. Supplementary Figure, http:/links.lww.com/PN9/
A8, shows how participants were selected for this analysis. The
final analysis included 1012 infants (recruited between 1998
and 2010) who had data on cord leptin and adiponectin levels
measured at birth.

Maternal and perinatal characteristics

We collected data on maternal age at delivery, parity, race,
education, drug and smoking history using a standardized
postpartum questionnaire. Maternal pre-pregnancy body
mass index (BMI) was calculated as pre-pregnancy weight (kg)
divided by height (m) squared. We classified mothers as over-
weight or obese (OWO) if their BMI was >235 kg/m?. Medical
records were accessed for information about infant sex, type
of delivery, growth status at birth, GA, birth weight, ante-
natal steroid use, gestational diabetes mellitus (GDM), and
hypertensive disorders. GDM was diagnosed between 24 and
28 gestational weeks based on an oral glucose tolerance test
(OGTT). In cases of missing OGTT information, blood glu-
cose after 14 weeks of gestation was used to ascertain GDM
status. The presence of one or more of the following during
pregnancy: preeclampsia, eclampsia, chronic hypertension;
hemolysis, elevated liver enzymes, and low platelets (HELLP)
syndrome, led to the classification of maternal hypertensive
disorder.!15:18]

GA, birthweight for GA

We extracted data on birth outcomes and medical conditions
from the medical records. GA was confirmed using both the
first day of the last menstrual period and early (<20 weeks of
gestation) ultra-sonographic results, as described previously.!”!
Preterm birth was defined as GA less than 37 weeks.!"”) Neonates
were categorized into three groups: SGA (<10th percentile),
large for gestational age (LGA, >90th percentile), and appropri-
ate for gestational age (*AGA, 10th-90th percentile)”?°! based on
birth weight categories.

Plasma adipokines assays

Umbilical cord blood was collected at delivery. Plasma was
processed immediately after collection and stored in a -80°C
freezer. Leptin concentrations were determined using sandwich
immunoassays based on flow metric xMAP technology on
Luminex 200 machines (Luminex Corp., Austin, TX) with an
inter-assay coefficient of variation (CV) of 4.5%. Adiponectin
was measured by ELISA with an inter-assay CV of <5.8%. The
immunoassay kit was obtained commercially from Millipore
Corp. Each sample was run in duplicate, and the intra-assay
CVs for leptin and adiponectin were 4.3% and 2.9%, respec-
tively. Units of measurements are in pg/mL for leptin and ng/mL
for adiponectin.
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Statistical analysis

Our primary outcomes were cord leptin and adiponectin levels
(log-transformed). We used logistic regression models to estimate
the crude and adjusted associations of maternal and fetal factors
with cord leptin and adiponectin levels. We adjusted for GA in
model 1, birth weight in model 2, and all maternal and fetal fac-
tors (including GA and birth weight) in model 3. Maternal and
fetal factors included infant sex, delivery type, growth status at
birth, GA in completed weeks, maternal age (<20, 20-35, 235
years), maternal race (Black, non-Black including all other race
in the BBC), smoking (never smoker, previous smoker, active
smoker), education (below high school, high school graduate,
college graduate or above), antenatal steroid use (yes, no), ante-
natal and index pregnancy stress (mild, average—severe), diabe-
tes (no, gestational, pregestational), hypertensive disorders (yes,
no), drug use (yes, no), and maternal OWO (yes, no), and type
of preterm birth (spontaneous, medically indicated). As planned
a priori, in the subgroup analysis for preterm infants we added
“any” and “completed” antenatal steroids as additional vari-
ables in model 3. Additionally, we conducted a stepwise regres-
sion for preterm infants. Stata 15.2 (StataCorp. Stata Statistical
Software: Release 14. College Station, TX: StataCorp LP; 2015.)
was used to conduct all analyses. We considered a 2-sided P
value <0.05 as statistically significant./?!!

Results

Table 1 summarizes the characteristics of the 1012 mother—
infant pairs included in this analysis; 245 (24%) children were
born preterm. Mothers who delivered preterm infants were
more likely to have had drug exposure in pregnancy, experi-
enced cesarean delivery, had GDM and hypertensive disor-
ders, and had a higher proportion of antenatal steroid use.
Cord leptin (10.2+0.9 vs. 9.2+1.3) and adiponectin (9.5+0.7
vs. 8.9x0.8) levels were higher in term infants than preterm
infants (P < 0.0001). Cord leptin was higher for Black infants
(10.1£1.1 vs. 9.9+1.2; P < 0.001) although Black infants had
lower cord adiponectin levels (9.3+0.8 vs. 9.5+0.7; P = 0.01).
When analyzed for birth growth status, cord leptin was high-
est in infants born LGA (10.6+1.1, » = 109) and lowest for
SGA infants (9.2+1.1, n = 109) as compared to AGA infants
(9.9+1.1, n = 792; P < 0.001), while cord adiponectin did not
statistically differ by birth growth status (LGA: 9.4+0.7; SGA:
9.3+0.7; AGA: 9.4+0.8; P = 0.3). Ratio of adiponectin to leptin
(log normalized) was higher in preterm infants (-0.24) vs. term
infants (-0.69).

Figure 1 depicts the distribution of cord leptin (A), adiponec-
tin (B), and adiponectin:leptin ratio (C) tracked by GA (weekly
interval). Both cord leptin and adiponectin levels were directly
related to increasing GA with a major increase in the third tri-
mester for cord leptin. On the other hand, adiponectin: leptin
ratio decreased by increase in GA.

Table 2 shows the multivariable regression analysis for factors
affecting cord leptin (log normalized). Factors associated pos-
itively with cord leptin in the final model (model 3) included
GA, birth weight z score, Black race, maternal OWO, maternal
GDM and diabetes mellitus (DM and male sex and SGA was
found to be negatively associated with cord leptin). Stepwise
regression analysis revealed GA, birth weight z score, maternal
OWO, Black race, GDM and maternal DM, higher maternal
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Characteristics of the mothers and children included in this
analysis (with both cord leptin and adiponectin available).

Variables, n (%)

Birth weight, g, mean (SD)

Preterm (N = 245)
2255.23 (689.88)

Term (N =767)
3265.09 (6521.77)

Gestational age, weeks, mean (SD) 34.04 (3.01) 39.41 (1.25)
Child sex

Male 127 (51.84%) 383 (49.93%)

Female 118 (48.16%) 384 (50.07%)
Delivery type

Vaginal 145 (59.18%) 518 (67.89%)

C section 100 (40.82%) 245 (32.11%)
Any antenatal steroids 74 (30.20%) 4(0.52%)
Antenatal steroid completed 52 (29.38%) 4(9.52%)
Maternal race

Black 140 (57.14%) 436 (56.84%)

Non-Black 105 (42.86%) 331 (43.16%)
Maternal age

20-35 174 (71.02%) 560 (73.01%)

<20 22 (8.98%) 71 (9.26%)

>35 49 (20.00%) 136 (17.73%)
Maternal education

Below high school 81 (33.33%) 221 (29.00%)

High school graduate 134 (55.14%) 425 (55.77%)

College graduate or above 28 (11.52%) 116 (15.22%)
Nulliparity 101 (41.63%) 325 (42.37%)
Smoking

Never smoker 185 (75.82%) 636 (84.13%)

Previous smoker 21 (8.61%) 50 (6.61%)

Active smoker 38 (15.57%) 70 (9.26%)
General maternal stress

Mild 85 (35.12%) 295 (38.76%)

Average—severe 157 (64.88%) 466 (61.24%)
Stress during index pregnancy
Mild 87 (35.95%) 290 (38.16%)
Average—severe 155 (64.05%) 470 (61.84%)
Maternal overweight or obese 135 (57.45%) 365 (50.07%)
In utero drug exposure 8 (7.35%) 3(0.39%)
Maternal diabetes mellitus
No diabetes mellitus 205 (83.67%) 682 (89.15%)
Gestational diabetes mellitus 21 (8.57%) 57 (7.45%)
Diabetes mellitus 9(7.76%) 26 (3.40%)
Hypertensive disorders 62 (25.31%) 82 (10.69%)
Log cord leptin, pg/mL, mean (SD) 2(1.3) 10 2.9
Log cord adipo, ng/mL, mean (SD) 9(0.8) 5(0.7)
Log adipo/leptin ratio, mean (SD) —0.24 (1.29) -0. 69 (1.09)

Numbers are reported as 1 (%) unless specified.
SD, standard deviation.

age, average index pregnancy stress to be positively associ-
ated and male sex, SGA, average and severe general pregnancy
stress, severe index pregnancy stress, vaginal delivery and in
utero drug exposure to be negatively associated with cord
leptin levels (data not shown). For preterm infants, multivari-
able regression (Supplementary Table 2, http://links.lww.com/
PN9/A8) revealed positive association of cord leptin with GA,
birth weight z score, and GDM and a negative association with
male sex and severe general maternal stress. Stepwise regres-
sion for preterm infants revealed a positive association with
GA, birth weight z score, GDM and maternal DM, maternal
hypertension, higher maternal age, maternal OWO and average
index pregnancy stress and a negative association with male
sex, severe index pregnancy stress, in utero drug exposure and
average and severe general pregnancy stress (data not shown).

Table 3 shows the multivariable regression analysis for factors
affecting cord adiponectin (log normalized). Factors associated
positively with cord adiponectin in the final model (model 3)
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Figure 1 : (A) Distribution of cord leptin by gestational age (in weekly
increments). (B) Distribution of cord adiponectin by gestational age (in
weekly increments). (C) Distribution of cord adiponectin/leptin ratio by gesta-
tional age (in weekly increments).

included GA, and below high school maternal education. Male
sex was the only factor showing negative association with
cord adiponectin in the final model. Stepwise regression anal-
ysis for cord adiponectin revealed GA and birth weight z score
to be positively associated and male sex, Black race, average
and severe general pregnancy stress and higher maternal edu-
cation to be negatively associated with cord adiponectin levels
(data not shown). Multivariable regression for preterm infants
(Supplementary Table 3, http:/links.lww.com/PN9/A8) revealed
positive association of cord adiponectin with GA and birth
weight z score and negative association with higher maternal
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education (college graduate and above). Stepwise regression
analysis for preterm infants revealed a positive association with
GA and birth weight z score and a negative association with
male sex, higher maternal education, Black race and LGA birth
status (data not shown).

Table 4 shows the multivariable regression analysis for factors
affecting cord adiponectin:leptin ratio (log normalized). Factors
associated positively with cord adiponectin:leptin ratio in the
final model (model 3) were male sex. Factors associated neg-
atively with cord adiponectin:leptin ratio were birth weight
z score, GA, Black race, GDM, and DM. Stepwise regression
analysis revealed male sex, in utero drug exposure, and vaginal
delivery to be positively associated with adiponectin:leptin ratio
and birth weight z score, GA, Black race, average index preg-
nancy stress, maternal OWO, higher maternal education, GDM,
and maternal DM to be negatively associated with adiponect-
in:leptin ratio (data not shown). Multivariable regression for
the preterm subgroup (Supplementary Table 4, http:/links.Ilww.
com/PN9/A8) revealed positive association of cord adiponect-
in:leptin ratio with male sex and a negative association with GA
and Black race in the final model (model 3). Stepwise regression
for preterm infants revealed a positive association of cord adi-
ponectin:leptin with, severe index pregnancy stress, average and
severe general pregnancy stress and male sex to be positively
associated and birth weight z score, GA, maternal hyperten-
sion, Black race, maternal OWO, higher maternal age, medically
induced preterm delivery and maternal DM to be negatively
associated with cord adiponectin:leptin (data not shown).

Discussion

Our study makes several novel contributions to our under-
standing of the fetal origins of metabolic disorders pertaining
to adipokines balance at birth. We found independent associa-
tions between leptin, adiponectin, and adiponectin:leptin ratio
in cord plasma and several maternal and fetal factors as summa-
rized in Supplementary Table 1A http:/links.lww.com/PN9/A8
(full cohort) and Supplementary Table 1B http://links.lww.com/
PN9/A8 (preterm infants only). Findings from this study could
have direct relevance to understanding and improving early risk
assessment of metabolic dysfunction, paving the way to poten-
tial primordial prevention and precision nutrition strategies in
this high-risk population.

Associations of cord adipokines with GA and birth weight have
been reported in the literature.['*??l Previous study from BBC
also reported a dose-dependent association of leptin!"! with
GA and this current study reports a positive association of
GA and birth weight z scores with cord leptin and adiponectin
in both term and preterm infants and a negative association
with adiponectin:leptin ratio. Studies from non-US population
have reported lower leptin levels in SGA infants and higher
leptin levels in LGA infants even after adjusting for prematu-
rity and several maternal factors.>*=¢ In this current analy-
sis, we found that cord adiponectin was negatively associated
with LGA status only for preterm infants. LGA infants have
an increased risk of obesity, cardiovascular and metabolic
complications during life.?”" LGA infants even when born to
non-diabetic mothers have elevated cord leptin levels com-
pared to AGA infants suggesting a disturbance in adipokines
balance.?*?”I This adipokines imbalance has been reported to
be associated with subsequent central obesity in children.**2¢l
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Multivariable regression of maternal and fetal factors with cord leptin levels (log normalized).

Model 1: Model 2: adjusted for
Unadjusted adjusted for GA birth weight z score Model 3*
Variables Coefficient (95% Cl) Coefficient (95% Cl) Coefficient (95% CI) Coefficient (95% Cl)
GA 0.19(0.17-0.21)t NA 0.19(0.18-0.22)t 0.21(0.19-0.23)t
Birth weight z score 0.38 (0.32-0.45)t 0.42 (0.36-0.47) NA 0.33(0.24-0.42)t
Birth growth status (ref: AGA)

SGA —0.76 (-0.97 to —0.54)+ —0.85 (-1.03 to —0.66) —0.19 (-0.46 t0 0.08) —0.26 (-0.49 to -0.01)t
LGA 0.64 (0.43 t0 0.86)t 0.65 (0.46 t0 0.83)t —-0.02 (-0.32 10 0.27) —0.11(-0.36 10 0.14)
Male sex (ref: female) —0.36 (—-0.50 to —0.22)t —-0.37 (-0.49 to —-0.25)t -0.32 (-0.45t0 -0.19)t  —0.37 (-0.47 to —0.26)T

Black race (ref: non-Black) 0.16 (0.02-0.30)t 0.24 (0.12-0.36)t 0.12 (-0.01 10 0.25) 0.16 (0.05-0.28)t
C section delivery (ref: vaginal) —0.04 (-0.19 10 0.09) 0.14 (0.01-0.26)t —0.08 (-0.22 t0 0.05) 0.09 (-0.03 10 0.22)
Type of preterm birth (ref: spontaneous) 0.03(-0.121t0 0.17) 0.02 (-0.1110 0.14) 0.06 (—0.07 to 0.20) 0.003 (-0.1210 0.13)
Maternal smoking (ref: never smoker)
Previous smoker —0.14 (-0.4210 0.13) —0.07 (-0.31 10 0.16) —-0.15(-0.40 t0 0.11) —0.13(-0.34 t0 0.09)
Active smoker —-0.41 (-0.64 to —0.19)t -0.34 (-0.54 to —0.16) -0.11(-0.30 t0 0.07)
(

Maternal hypertensive disorders —0.24 (-0.43 to —-0.05)F
Maternal overweight or obese 0.30 (0.16-0.44)t
Maternal diabetes mellitus (ref: no maternal diabetes mellitus)
Gestational diabetes mellitus 0.52 (0.27-0.78)t
Diabetes mellitus 0.42 (0.08-0.75)t
General maternal stress (ref: mild)

Average —0.09 (-0.23 t0 0.06)

Severe —0.37 (-0.61 to -0.13)t
Stress during index pregnancy (ref: mild)

Average 0.03(-0.12t0 0.18)

Severe -0.32 (-0.51 t0 -0.12)t
Maternal age (ref: 25—-35 years)

<20 —0.17 (-0.42 t0 0.07)

>35 0.13(-0.05t0 0.31)

Maternal education (ref: high school)
Below high school
College graduate or above

In utero drug exposure

0.01 (-0.15100.17)
0.15 (~0.05 t0 0.36)
~1.29 (-1.7 o ~0.81)t

S
0.13 (~0.03 10 0.30)
0.35 (0.23-0.47)f

0.57 (0.36-0.79)f
0.66 (0.37-0.94)f

~0.03 (~0.1510 0.09)
~0.24 (0.4 to —0.03)

0.06 (~0.07 10 0.19)
-0.19 (~0.36 to —0.03)t

~0.19 (-0.40 t0 0.02)
0.21 (0.06 10 0.37)f

0.01 (~0.13 10 0.15)
0.05 (~0.12 10 0.23)
~0.71 (-1.13t0 —0.29)t

(- (-

~0.27 (~0.49 to —0.06) -

~0.21 (-0.38t0-0.03t  0.06 (-0.1010 0.22)
0.17 (0.04-0.31)t 0.14 (0.02-0.25)t
0.30 (0.05-0.54)t
0.24 (~0.08 t0 0.55)

0.35 (0.14-0.55)1
0.39 (0.13-0.67)t

~0.08 (~0.22 to 0.06)
-0.31 (~0.53 10 0.09)

~0.10(~0.29 t0 0.10)
~0.18 (~0.46 t0 0.09)

0.02 (~0.13 10 0.16)
~0.26 (~0.44 to —0.08)F

0.17 (~0.03 10 0.36)
-0.03 (=027 t0 0.21)

~0.08 (~0.31 0 0.15)
0.07 (~0.09 to 0.24)

0.0005 (~0.20 to 0.20)
0.11 (=0.12 t0 0.35)

~0.01 (-0.16 t0 0.14)
0.15 (~0.04 t0 0.34)
~1.12 (-1.57 to —0.67)t

0.02 (-0.11 10 0.15)
0.09 (~0.07 t0 0.26)
~0.37 (-0.78 t0 0.03)

*Model 3: adjusted for the following variables: GA, birth weight z score, birth growth status, sex, race, type of delivery, type of preterm delivery, maternal hypertension, maternal OWO, maternal smoking
status, maternal diabetes, maternal index and general stress, maternal age and education and in utero drug exposure.

FStatistically significant.

AGA, appropriate for gestational age; Cl, confidence interval; GA, gestational age; LGA, large for gestational age; NA, not applicable; SGA, small for gestational age.

Our report of consistent associations of adipokines and GA
and birth weight is important as our study covers a US popu-
lation with a Black predominance. Additionally, our results are
from a racial population known to be at high risk of preterm
birth, early childhood obesity, and DM which has been histor-
ically underrepresented in such studies. Our work helps estab-
lish the association of cord adipokines with these variables in a
US minority cohort.

We found that cord leptin levels were higher and adiponec-
tin levels were lower in infants born to Black mothers, and
these associations held in the preterm subpopulation. This
finding potentially suggests racial disparities in metabolic dys-
function beyond prematurity alone. Racial disparities in early
childhood obesity are well reported. Childhood obesity rates
of 24.2% were reported in non-Hispanic Black children as
compared to 16.1% among non-Hispanic White children.!?”!
Researchers have explored the role of racial differences in
early childhood obesity rates,**3!l although research on impact
of racial factors at different stages of life course including early
development is lacking. Adult studies have shown that rele-
vant to racial disparities, circulating leptin levels were higher
and adiponectin levels were lower in Black (vs. White) men
taking into account differences in adiposity in a US nation-
ally representative study.®?! One study reported a non-signifi-
cant higher trend in cord blood leptin (adjusted) in Black male
neonates.® In a large (7 = 10,700) US pediatric study, the

authors reported several postnatal risk factors for obesity that
differed by race.’* Additionally, obesity risk profiles for Black
children were less favorable than those of white children. The
racial differences in leptin and adiponectin levels observed in
this analysis could possibly suggest an early metabolic sign
that portends future obesity risk. Black neonates have a lower
mean birth weight and a higher proportion of low and very
low birth weight compared with white neonates. Even then
Black infants grow faster in childhood and rapid postnatal
growth has been linked to the early onset of childhood obe-
sity.’%3¢l Infant weight gain is also known to differ by race.l”
Hence these racial differences in leptin and adiponectin levels
at birth could also be an early sign of rapid postnatal growth
and future obesogenic risk in Black neonates. This race-specific
unfavorable adipokines balance at birth; which is probably a
result of unfavorable maternal influences and extends to affect
several other obesogenic risk factors in early childhood could
serve as an important link explaining an intergenerational risk
of obesity. Early identification of these risk factors could guide
the planning of interventions that can be implemented early
in life and could help curb widening racial disparities in early

childhood obesity.

Literature on sex-specific differences for adipokines has been con-
flicting especially with regards to the age at which these sex-spe-
cific differences in childhood obesity begin. These imbalances
at birth reported in our study may help highlight the long-term
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Multivariable regression of maternal and fetal factors with cord adiponectin levels (log normalized).

Model 1: Model 2: adjusted
Unadjusted adjusted for GA for birth weight Model 3*

Variable Coefficient (95% Cl) Coefficient (95% Cl) Coefficient (95% Cl) Coefficient (95% Cl)
GA 0.10 (0.09-0.12)1 NA 0.10(0.09-0.12)t 0.10 (0.08-0.12)1
Birth weight z score 0.05(0.01-0.1)F 0.07 (0.03,0.11)t NA 0.07 (-0.004 t0 0.14)
Birth growth status (ref: AGA)

SGA —0.15(-0.29 to —0.01)t —-0.19 (-0.33 t0 -0.07)t —0.07 (-0.251t0 0.11) —0.12 (-0.31 t0 0.06)

LGA 0.03(-0.12100.17) 0.05(-0.08 t0 0.18) —0.08 (-0.28100.12) —0.07 (-0.26 t0 0.13)
Male sex (ref: female) -0.12 (-0.19 10 -0.02)t -0.11 (-0.19 t0 -0.03)t -0.11(-0.20t0 -0.02t  —0.09 (-0.18 to —0.007)t
Black race (ref: non-Black) -0.11 (-0.19 10 -0.02)t —0.09 (-0.17 to —0.01)t —-0.11(-0.20, -0.02)+ —0.06 (-0.1510 0.03)
C section delivery (ref: vaginal) —0.13 (-0.22 t0 —0.03)t —0.05 (-0.14 t0 0.03) -0.13(-0.23t0 -0.04)t  -0.02 (-0.12 t0 0.08)
Type of preterm birth (ref: spontaneous) —0.04 (-0.14 10 0.05) —0.05 (-0.14 10 0.04) —0.04 (-0.13 t0 0.06) —-0.02 (-0.12t0 0.09)
Maternal smoking (ref: never smoker)

Previous smoker —0.12 (-0.30 to 0.05) —0.10 (-0.26 to 0.06) —0.12 (-0.29 10 0.05) —0.09 (-0.27 t0 0.07)

Active Smoker -0.02 (-0.16 t0 0.13) 0.03(-0.10t0 0.17) 0.01 (-0.14t0 0.15) 0.07 (-0.08 t0 0.22)
Maternal hypertensive disorders —-0.23 (-0.36 to -0.11)t —0.08 (-0.19 t0 0.04) —-0.23 (-0.35t0 0.10)t —-0.01(-0.1410 0.12)
Maternal OWO —-0.02 (-0.12 10 0.07) 0.002 (—0.08 to 0.09) —0.04 (-0.13 10 0.05) —0.01 (-0.11 10 0.08)

Maternal diabetes mellitus (ref: no maternal diabetes mellitus)
Gestational diabetes mellitus 0.02 (-0.1510 0.19)
Diabetes mellitus —-0.22 (-0.44 10 0.003)
General maternal stress (ref: mild)

Average —-0.12 (-0.22 to —-0.03)t

Severe —0.24 (-0.40 to —0.09)t
Stress during index pregnancy (ref: mild)

Average —-0.07 (-0.17 t0 0.03)

Severe —0.16 (-0.27 to —0.03)t
Maternal age (ref: 25—-35 years)

<20 0.03 (-0.1210 0.17)

>35 —0.12 (-0.23 to —0.002)t
Maternal education (ref: high school)
Below high school
College graduate or above
In utero drug exposure

0.10 (0.002-0.20)t
~0.04 (-0.17 10 0.09)
~0.25 (~0.57 10 0.08)

0.05 (~0.10 to 0.21)
~0.08 (-0.290 0.13)

~0.11 (-0.19 to —0.02)t
-0.18 (~0.32, —0.04t

~0.07 (~0.15 0 0.03)
-0.11 (=022 t0 0.01)

~0.02 (~0.12 0 0.16)
~0.08 (~0.19 t0 0.03)

0.09 (~0.001 to 0.18)
~0.08 (=021 t0 0.03)t
0.07 (~0.23 10 0.38)

~0.02 (~0.19 10 0.15)
~0.25 (~0.48 to —0.03)t

~0.01 (-0.17 10 0.15)
0.01 (~0.21 10 0.23)

~0.12(-0.22 to —0.03)t
-0.24 (~0.39 to —0.09)

~0.14(-0.28 10 0.02)
~0.17 (~0.38 to 0.05)

~0.07 (-0.16 10 0.02)
~0.15 (~0.27 to —0.03)

0.04 (~0.11 t0 0.20)
~0.003 (~0.20100.19)

0.04 (-0.11 10 0.20)
~0.13(=0.24 to —0.01)t

~0.01 (-0.17 10 0.14)
~0.09 (~0.27 10 0.08)

0.10 (~0.004 to 0.20)
~0.04 (~0.17 to —0.09)
~0.22 (~0.55 10 0.10)

0.10 (0.002-0.21)
~0.01 (~0.19 t0 0.06)
0.16 (~0.17 t0 0.50)

*Model 3: adjusted for the following variables: GA, birth weight z score, birth growth status, sex, race, type of delivery, type of preterm delivery, maternal hypertension, maternal OWO, maternal smoking
status, maternal diabetes, maternal index and general stress, maternal age and education and in utero drug exposure.

TStatistically significant.

AGA, appropriate for gestational age; Cl, confidence interval; GA, gestational age; LGA, large for gestational age; NA, not applicable; OWO, overweight or obese; SGA, small for gestational age.

sexual dimorphism in childhood obesity. Some studies have
reported higher levels of adiponectin and leptin in the cord blood
of females.!'>373%1 This has been attributed to a higher percentage
of fat in females for a similar weight!®® and is proposed by some
researchers to be an indication of the sex-specific female advan-
tage in the acquisition and functionality of adipose tissue in fetal
life.’! On the other hand, other studies have reported no sex-spe-
cific difference in adiponectin. This lack of consistent association
in our and several other studies could be due to several factors
like sex-based difference in adipose tissue regulation of leptin
production,B¥ the fact that body weight does not reflect body fat
mass alone,*’! and sexual difference in leptin secretion.*!

Our analysis also highlights an important association of GDM,
maternal DM, and maternal OWO with cord adipokines. Along
the lines of fetal programming, maternal diabetes and obesity
have been implicated in childhood obesity.*!l Fetal exposure to
high maternal glucose leads to fetal hyperinsulinemia which then
leads to fetal leptin resistance. This leptin resistance can then lead
to overgrowth of fat cells and eventual obesity.**?! It has been
proposed that altered leptin signaling in utero may predispose
the fetus for leptin resistance, which could explain the strong
association between maternal obesity in pregnancy, LGA sta-
tus at birth, and obesity in children.*) Neonates born to obese
mothers are prone to develop cardiovascular and metabolic
disorders later in life secondary to in utero programing from
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maternal obesity. Similarly, obese mothers with GDM are three
times more likely to have LGA or macrosomic babies who have
increased adiposity.**1 Moreover, GDM diagnosis is associated
with increased future risk of obesity, cardiovascular disease, and
metabolic disease in both mother and child.**#”) Maternal obe-
sity has also been associated with low grade inflammatory state
due to increased release of adipokines.*¥! However, not many
studies have explored the link between impaired maternal met-
abolic health and fetal adiposity programming and even fewer
have explored the association at birth (including preterm birth)
with cord leptin levels and adiponectin:leptin ratio. Additionally,
most of such data stems from studies conducted on non-US
population. -1 Qur analysis highlights a similar link between
maternal OWO and diabetes with higher cord leptin which could
be an early signal of future obesity, which provides an import-
ant clue to a mechanistic relationship between maternal obesity,
neonatal adiposity, and childhood obesity in Black neonates. It
also suggests that improving the health and nutrition of women
in their reproductive age may provide a primordial prevention
approach to childhood obesity.

Obesity-related adipose tissue expansion is characterized by an
increase in circulating leptin and a decrease in adiponectin levels
and adiponectin: leptin has been proposed to be a marker of
dysfunctional adipose tissue.’>*3 Adiponectin:leptin correlates
negatively with BMI®* and is a better surrogate of insulin
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Multivariable regression of maternal and fetal factors with cord adiponectin-leptin ratio (log normalized).

Model 1: Model 2: adjusted
Unadjusted adjusted for GA for birth weight Model 3*

Variable Coefficient (95% Cl) Coefficient (95% Cl) Coefficient (95% Cl) Coefficient (95% Cl)
GA —0.08 (-0.10 to —0.06)t NA —0.09 (-0.11 to —0.06)t —0.09 (-0.12 to —-0.07)t
Birth weight z score —0.34 (-0.41 t0 -0.27)F —0.35 (-0.42 t0 -0.29)t NA —0.28 (-0.39 10 -0.17)t
Birth growth status (ref: AGA)

SGA 0.64 (0.41-0.86)t 0.67 (0.45-0.89)t 0.09 (-0.1910 0.38) 0.13(-0.16 10 0.42)

LGA —0.55 (-0.77 to —0.33) —0.57 (-0.79 to —0.35)t 0.09 (-0.22 t0 0.40) 0.10 (-0.21 t0 0.40)
Male sex (ref: female) 0.26 (0.12-0.40) 0.27 (0.12-0.39)t 0.22 (0.08-0.36)t 0.26 (0.12-0.39)t
Black race (ref: non-Black) —0.33 (-0.48 to —0.19)t —0.35 (-0.49 to -0.21)t —0.30 (-0.44 10 -0.16)t —0.25 (-0.40 to —0.11)t
C section delivery (ref: vaginal) —0.14 (-0.29 10 0.01) —0.21 (-0.36 to —0.06)t —0.11 (-0.25t0 0.04) —0.14 (-0.29 t0 0.02)
Type of preterm birth (ref: spontaneous) —-0.07 (-0.22 10 0.08) —0.06 (-0.21 t0 0.09) —0.10 (-0.24 10 0.04) -0.04 (-0.19100.12)
Maternal smoking (ref: never smoker)

Previous smoker 0.02 (-0.27 10 0.30) —0.004 (-0.26 t0 0.27) —0.002 (—0.27 t0 0.26) 0.04 (-0.23100.32)

Active Smoker 0.40 (0.17-0.63)t 0.37 (0.14-0.60)t 0.24 (0.02-0.47)t 0.16 (-0.07 t0 0.39)
Maternal hypertensive disorders —-0.02 (-0.22 t0 0.19) —0.15(-0.35 10 0.06) —-0.03 (-0.22 t0 0.17) —0.01 (-0.22 t0 0.20)
Maternal OWO —-0.28 (-0.43 to —0.14)F —0.31 (-0.45t0 -0.17)t —0.17 (-0.31 10 -0.03)t —-0.12 (-0.26 t0 0.03)

Maternal diabetes mellitus (ref: no maternal diabetes mellitus)
Gestational diabetes mellitus —-0.43 (-0.70 to —0.19)t
Diabetes mellitus -0.57 (-0.92 t0 -0.22)t
General maternal stress (ref: mild)

Average -0.13(-0.29 t0 0.02)

Severe 0.09 (-0.16 t0 0.034)
Stress during index pregnancy (ref: mild)

Average —-0.18 (-0.34 to —-0.02)

Severe 0.08 (-0.1210 0.27)
Maternal age (ref: 2535 years)

<20 0.33(0.08-0.57)t

>35 —0.17 (-0.3510 0.02)

Maternal education (ref: high school)
Below high school
College graduate or above

In utero drug exposure

0.10 (~0.06 t0 0.26)
~0.19 (=040 10 0.02)
1.01 (0.52-1.52)f

~0.46 (~0.71 to —0.20)t
~0.68 (~1.02 to —0.35)t
~0.15 (~0.29 to 0.005)

-0.18 (-0.33 to —0.03)

-0.20 (~0.38 to —0.02)t

~0.16 (~0.36 t0 0.05)

~0.23 (~0.49 t0 0.03)
~0.39 (~0.73 to —0.06)

~0.29 (~0.54 to —0.03)t
~0.34 (~0.68 t0 0.004)f

~0.14(~0.29t0 —0.02)
0.04 (~0.20 10 0.27)

~0.04 (~0.29 0 0.19)

0.04 (~0.20 10 0.28) 0.03 (~0.32 t0 0.37)

~0.17 (-0.32 t0 —0.0411
0.03 (~0.15 10 0.22)

~0.17 (~0.41 10 0.08)
0.04 (~0.15 10 0.24) ~0.01 (-0.31 10 0.29)
0.33 (0.09-0.57)t 0.25 (0.01-0.48)

~0.12 (=030 to —0.06)

~0.13 (~0.37 10 0.12)
-0.22 (<051 t0 0.07)
0.09 (~0.07 t0 0.25) 0.11 (~0.04 10 0.27)
~0.18 (~0.38 t0 0.02)
0.84 (0.36-1.32)1

0.06 (~0.09 t0 0.22)
~0.18 (=039 t0 0.02)

0.79 (0.30-1.3/ 0.46 (~0.05 t0 0.97)

*Model 3: adjusted for the following variables: GA, birth weight z score, birth growth status, sex, race, type of delivery, type of preterm delivery, maternal hypertension, maternal OWO, maternal smoking
status, maternal diabetes, maternal index and general stress, maternal age and education and in utero drug exposure.

FStatistically significant.

AGA, appropriate for gestational age; Cl, confidence interval; GA, gestational age; LGA, large for gestational age; OWO, overweight or obese; NA, not applicable; SGA, small for gestational age.

resistance and metabolic syndrome than adiponectin and leptin
alone.’%%¢! Since the adiponectin:leptin ratio reflects the func-
tionality of adipose tissue, this ratio serves as a clinically use-
ful biomarker for susceptibility to cardiometabolic diseases.’s!
Early identification of factors impacting this clinically import-
ant ratio could help guide screening and intervention strategies
immediately after birth. In our analysis, we reported a negative
association between Black race and maternal GDM with adi-
ponectin:leptin ratio, signifying a possible positive correlation
with BMI and other obesity-related adverse outcomes in future.

Limitations of our study include the lack of several maternal
factors that could affect fetal metabolic status. Maternal diet
and nutritional balance before and during pregnancy have been
implicated in fetal metabolic maladaptation in several animal
and epidemiological studies.®”l We did not have data on mater-
nal gestational weight gain, although we included maternal
pre-pregnancy OWO in the model, which has been reported to
be more critical than gestational weight gain in affecting obesity
risk in children.’® Second, we only examined factors affecting
cord blood adipokines and did not explore other hormones like
insulin. We have explored cord insulin in a previous publica-
tion®” and we intend to study the interactions of adipokines
and insulin in the future. Finally, we have not explored other
adipokines in this analysis that have been associated with adi-
posity such as resistin and ghrelin./>!!

Our study adds important information on adipokines profile
in preterm and term neonates in a large US-based minority
sample. An important dimension of our study is the extensive
study of the association with sociodemographic factors that
could predict a metabolically maladapted neonate beyond pre-
maturity and anthropometric associations. Our results may
help classify neonates at risk of future adverse cardiometabolic
health who could benefit from primordial prevention or post-
natal interventions during a potential therapeutic window that
could reverse developmental metabolic programming.’®° An
adipokine-based stratification of neonates at risk of future adi-
posity could supplement development of sophisticated models
for nutritional recommendations along the theme of precision
nutrition. Further study of the trajectory of these adipokines,
their interaction with insulin and early childhood markers of
metabolic syndrome will be crucial to evaluate the possible role
of adipokines in early childhood adiposity.
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