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Abstract

Background: Cord blood leptin increases with advancing gestation. Preterm delivery leads to
premature separation from the maternal and placental leptin source predisposing infants to
postnatal leptin deficiency, but this has not been fully described.

Method: Blood leptin levels were measured for infants born before 33 weeks gestation daily for
the first 2 days, then weekly until 36 weeks postmenstrual age (PMA). Cord blood was obtained to
provide gestational age (GA)-specific standards.
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Results: Cord blood leptin levels were positively associated with GA at birth, maternal body
mass index (BMI) and pregnancy weight gain (all P<0.05). Following birth, infant leptin levels
decreased rapidly (74% decrease within 48 hours). The extent of this decline correlated with GA
(P<0.05). Postnatal leptin began to increase by 33-36 weeks PMA, but remained below cord blood
leptin levels (P<0.01). At 36 weeks PMA, leptin levels were influenced by infant’s weight and sex
(P<0.01), with females having higher leptin levels (1213 pg/ml vs. 984, P<0.05).

Conclusion: Cord blood leptin is influenced by maternal weight gain and BMI, suggesting an
important role for trans-placental leptin delivery. Preterm delivery leads to sustained leptin
deficiency through 36 weeks PMA, with the most premature male infants facing the longest and
harshest deficiency.

INTRODUCTION

The second half of pregnancy plays a key role in ongoing cell differentiation and organ
maturation. Hormones derived from the maternal circulation and placenta indirectly and
directly contribute to this critical phase of organogenesis. Alterations in the supply of
hormones and other trophic signals to the infant can thus disrupt fetal development. For
example, as an indirect consequence of altered maternal metabolism, cardiomyopathy and
impaired brain development have been reported in infants of diabetic mothers(1). Because of
their premature separation from maternal and placental influences, preterm infants are at an
increased risk of detrimental long-term outcomes.

It is widely known that preterm birth is a leading risk factor for adult metabolic syndrome
and cognitive deficit. The rapid development that typically occurs during the third trimester
is slowed by preterm delivery, and a crucial window of opportunity can pass while the infant
is in a battle for extrauterine survival. These concerns have prompted investigations to
uncover critical factors, including neurotrophic hormones,that could promote
neuromaturation in the absence of direct maternal and placental influences. Our basic
science investigations have confirmed the seminal observations of others in demonstrating
an important neurodevelopmental role of leptin(2).

Leptin is a pleiotropic hormone involved in adult metabolic regulation, as it affects both
feeding behavior and energy expenditure(3). Less well known, but perhaps more important,
is leptin’s role as a neurotrophic hormone during development(4, 5). Cord blood studies
demonstrate that fetal leptin levels increase with advancing gestation(6, 7) and are dependent
on both transplacental delivery and placental leptin production until around 32 weeks
gestation(8). Only after 30-32 weeks, when the fetus starts to accrue significant amounts of
adipose tissue, does the fetus become the main contributor to its own circulating leptin
levels(8).

Unfortunately, delivery before 32 weeks can deprive the infant of maternal and placental
leptin supply before endogenous production increases. This can lead to leptin deficiency
during a time of rapid growth and development. Late preterm and term male infants have
lower leptin levels than female infants(9-11), predisposing them to adverse developmental
outcomes. Limited investigations have shown leptin levels may be higher in breastfed versus
formula-fed term infants(12). We designed this study to fill several knowledge gaps by
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describing preterm infant leptin levels from periviable to near term gestation with
consideration for factors that might affect leptin levels in this population. We hypothesized
that premature birth rapidly results in leptin deficiency with the greatest effect in male
infants born at earlier gestations, and this deficiency may be attenuated in infants with
greater amounts of breast milk intake.

MATERIALS AND METHODS

All infants without congenital anomalies born between 22 0/7 and 32 6/7 weeks gestation
admitted to the University of lowa Stead Family Children’s Hospital Neonatal Intensive
Care Unit (NICU) between January 2016 and August 2017 were eligible for enrollment.
Gestational age (GA) was assessed by last menstrual period or early ultrasound. Only infants
born before 33 weeks gestation were eligible, since the primary aim of the study was to
evaluate leptin changes in infants who have not yet accreted significant adipose tissue.
Infants were prospectively enrolled in three predefined cohorts, 1) those born at 22 to 25
weeks GA, defined as “periviable” gestations, 2) those born at 26 to 29 weeks GA, and 3)
those born at 30 to 32 weeks GA. Ethical approval was obtained from the University of lowa
Institutional Review Board (IRB #201510835). Informed parental consent was obtained
prior to enrollment in the study. Cord blood samples were obtained through the University of
lowa Maternal Fetal Tissue Bank (IRB #200910784)(13).

Cord blood was obtained for inborn infants. An additional 14 cord blood samples were
obtained from infants born at 33 0/7 to 36 6/7 weeks gestation to compare infant postnatal
leptin levels with cord blood levels at 33 to 36 weeks PMA. The first infant blood sample
was obtained between 6 to 24 hours after birth, followed by daily sampling for the first 2
days of life and then weekly sampling until 36 weeks PMA. All blood was obtained during
previously scheduled lab draws. After the first week of life, a vast majority of samples were
obtained with morning labs at 0400, one hour after the start of an enteral feeding.

A total of 200 microliters of blood was collected in EDTA tubes and processed within 4
hours. Plasma was stored at —80 degrees Celsius. Samples were analyzed using a customized
magnetic bead assay (Millipore Sigma, Burlington, MA, USA) on BioPlex 200 with BioPlex
manager 6.1 software (Bio-Rad, Hercules, CA, USA). All samples were run in duplicate
with our intra-assay correlation coefficient >0.9 and intra-assay coefficient of variation of
7.4%. If the leptin level was below the limit of detection (41.0 pg/ml), a value equal to the
limit of detection divided by the square root of two (i.e., 29.0 pg/ml) was assigned. Each
assay included 7 standards and a quality control to ensure lot-to-lot consistency.

At clinician’s discretion, all infants born before 30 weeks gestation were begun on parenteral
nutrition, 10% Premasol (Baxter, Deerfield, IL, USA) within 24 hours of birth and 20%
Intralipid (Fresenius Cabi AB, Uppsala, Sweden) was added on day one. Infants born
between 30 and 32 weeks gestation were initially placed on intravenous dextrose to prevent
hypoglycemia and parenteral nutrition was started once central access was obtained. Enteral
feeds were started on day one at 10-20 ml/kg/day and advanced by 10-20 ml/kg/day as
tolerated to a goal of 140-150 ml/kg/day. Enfamil Human Milk Fortifier (Mead Johnson
Nutrition, Chicago, IL, USA) was added to breast milk with goal caloric intake of 110-120
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kcal/kg/day. According to parental wishes, infants were fed mother’s milk, donor milk or
preterm commercial formula.

Maternal and infant demographic and clinical data were retrospectively collected using
electronic medical records (Epic, Verona, WI, USA). Weekly data based on the last seven
day period prior to sample acquisition were collected for each infant. Data included weight,
glucose levels, dexamethasone exposure, head circumference, total calories received and
form of nutrition. We also collected data on bronchopulmonary dysplasia (BPD), defined as
oxygen use at 36 weeks PMA to maintain oxygen saturations above 90%(14), and
retinopathy of prematurity (ROP), based on the worst ROP stage observed by
ophthalmologist prior to maturation of retinas. All data were recorded and stored in
REDCap version 8.3.2 (Vanderbilt, TN, USA).

Statistical analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA) and GraphPad Prism version 7.0 (GraphPad Software, La Jolla, CA, USA). The
clinical characteristics of the study population and leptin concentrations are expressed as
median (interquartile range - IQR) or proportion. Infants were divided into three GA groups
and characteristics were compared using Fisher’s Exact or Chi-Square tests for categorical
variables, and Kruskal-Wallis Test for continuous variables. Significance between different
time points across different GA groups was tested with Two-Way ANOVA with Holm-Sidak
method for multiple comparisons. Simple linear regression and generalized linear modeling
were used to determine the relationship of leptin levels in cord blood and at 36 weeks GA
with predictor variables. Univariate regression was performed for each predictor, and then
the results were used to build multivariate models for leptin levels at those two time points.
Statistical significance was defined by P <0.05.

RESULTS

A total of 142 infants with a median GA of 29.4 weeks were prospectively enrolled. There
were 29 infants born at 22 0/7 to 25 6/7 weeks, 51 infants born at 26 0/7 to 29 6/7 weeks and
62 infants born at 30 0/7 to 32 6/7 weeks. Infant and maternal baseline characteristics are
provided in Table 1. As expected, birth weight and head circumference differed based on GA
at birth, but median Z-score for weight was similar across all GA groups (0.13, 0.13 and
0.18, respectively, P=0.32), with most infants (87%) appropriate for GA (AGA). Maternal
first trimester BMI and BMI prior to delivery were similar across GA groups, but as
anticipated, BMI increase during pregnancy was higher in mothers who delivered later in
pregnhancy. Most mothers (96%) received antenatal steroids, with 63% of those receiving a
full course (two doses given 48 hours prior to delivery). There were no differences between
the groups for maternal and labor complications, except maternal preeclampsia
predominated in the older GA infant groups, and the highest cesarean section rate (86%) was
seen in the 26-29 week cohort. Infant comorbidities, including BPD and ROP predominated
in the younger GA infant groups, with the highest rates seen in infants born at 22-25 weeks
gestation. The median time to reach goal caloric intake by enteral feeds alone varied with
GA at birth with the 22-25 week cohort arriving at full feeds at a median postnatal age of 52
days, the 26-29 week cohort at 35 days and the 30-32 week cohort at 26 days. The median
PMA to achieve full feeds was 32, 33, and 35 weeks, respectively.
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A total of 80 cord blood samples were collected from our study population. Due to
insufficient sample quantity or hemolysis, 11 samples were not able to be analyzed. Two
cord blood samples (one of 90,458 pg/ml within the 26-29 week group and one of 17,459
pg/ml within the 30-32 week group) were excluded as outliers. Based on the remaining 67
samples, median cord blood leptin was 1303 pg/ml. Cord blood leptin predictor variables
and their median or proportion are reported in Table 2. Univariate analysis revealed that GA
at birth, birth weight, birth head circumference, maternal BMI at time of delivery, and
maternal BMI change during pregnancy were all independent predictors of cord blood leptin
(Table 2). Cord blood leptin did not differ for infants born by cesarean section versus vaginal
delivery (1186 pg/ml versus 1165 pg/ml, P=0.31). While exposure to a complete course of
antenatal steroids was associated with higher cord blood leptin levels than seen after an
incomplete course of antenatal steroids, when adjusted for GA, this did not approach
statistical significance (1466 pg/ml versus 666 pg/ml, P=0.30 by 2 way ANOVA).
Multivariate regression analysis was performed with those significant variables plus infant’s
sex and maternal preeclampsia as potential covariates. Infant’s birth weight and head
circumference were excluded from multivariate analysis as they strongly correlate with GA
at birth. Based on generalized linear modeling, GA at birth, maternal BMI at delivery and
maternal pregnancy BMI change continued to predict cord blood leptin levels (Table 2).

Eleven percent of the anticipated longitudinal infant samples were lost either due to
insufficient sample quantity or missed sample collection, due to no scheduled lab draws that
week. After delivery, leptin levels decreased within 24 hours of birth (Figure 1) and,
compared to cord blood levels, this decrease became statistically significant at 25-48 hours.
Leptin level drop (the difference between cord blood and postnatal values) correlated with
GA and time since birth, with an exaggerated 96% decrease from cord blood levels seen in
infants born at 22-25 weeks by 25-48 hours of life (823 to 29 pg/ml, P<0.01). Infants born at
22-25 weeks or 26-29 weeks gestation had significantly lower leptin (46 pg/ml and 210
pg/ml, respectively) than infants born at 30-32 weeks gestation (1057 pg/ml) within 24
hours. Only after 48 hours of life, leptin levels were similar across all gestations for the rest
of the first week of life.

Postnatal leptin levels after the first week of life are represented in Figure 2. Following the
initial leptin level decrease, the 22-25 week and 26-29 week cohorts exhibited minimal
leptin level rise until 33-36 weeks PMA. These two younger GA infant groups exhibited a
more dramatic leptin increase between 30-32 and 33-36 weeks PMA when compared to that
seen in 30-32 week group (22-25 week group change: 120 to 883 pg/ml, 26-29 week group
change: 177 to 671 pg/ml, 30-32 week group change: 325 to 570 pg/ml; P<0.01). Despite
leptin level rise seen in all GA groups, postnatal leptin levels remained far below cord blood
leptin levels at all time points through 33-36 weeks PMA (P<0.01).

Because longitudinal leptin levels may be influenced by insulin, corticosteroids and gender,
additional data were extracted from the electronic medical record. Average daily glucose
levels, obtained at the same time as the research samples, varied from 75 to 115 mg/dl with
an overall mean of 96 and a standard deviation of 25. Only 3.6% of the glucose levels were
above 150 mg/dl and only 0.8% of values were less than 50 mg/dl. None of the infants
received insulin therapy. Overall, 10 of 29 infants in the 22-25 week cohort and 5 of 51
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infants in the 26-29 week cohort received postnatal dexamethasone for ventilator-dependent
lung disease. Among those 15 infants, leptin levels during dexamethasone administration
were not significantly different from leptin levels obtained in the weeks before or after
dexamethasone administration (387 pg/ml versus 292 pg/ml, P=0.16 by paired T-test).
Figure 3 provides longitudinal leptin levels for female versus male infants. Independent of
GA at delivery, from a PMA of 26 to 36 weeks, female infants had significantly higher leptin
levels than male infants.

One hundred eighteen infants completed the study period reaching 36 weeks PMA. Seven
infants were lost due to death and 17 due to early discharge before 36 weeks PMA. Also, no
blood sample was available from 14 infants at 36 weeks PMA, leaving 104 infants. Median
leptin level at 36 weeks PMA was 1108 pg/ml. Thirty-six week PMA leptin level predictor
variables and their median or proportion are represented in Table 3. GA at birth, sex, age,
weight, weight Z-score and BPD were all independent predictors of infant leptin levels at 36
weeks PMA (Table 3). Multivariate analysis was performed with those significant variables,
except age in days and weight Z-score, as those strongly correlate with GA at birth and
weight at 36 weeks PMA, respectively. Infant’s sex and weight remained significant
predictors of infant plasma leptin levels at 36 weeks PMA (Table 3), with weight having
positive correlation with leptin levels and female infants having higher leptin levels than
male infants (1213 pg/ml vs. 984 pg/ml). Caloric intake from breast milk and the form of
nutrition did not predict leptin levels, although a vast majority of infants received
predominately breast milk by the time they reached 36 weeks gestation.

DISCUSSION

In this study, we describe postnatal leptin levels in preterm infants from periviable birth until
near term gestation. We utilized cord blood leptin levels as a surrogate for the levels
typically seen in the developing fetus. To our knowledge, this is the most comprehensive
study describing postnatal leptin level changes in a preterm population with comparison to
“reference fetus” levels. Prior studies have shown that preterm infants have lower leptin
levels than term infants(10, 11). This is not surprising, as there are many studies, including
ours, demonstrating that cord blood leptin levels increase with advancing gestation(6, 7, 15).
Therefore, it would be unfair to expect that preterm infants at birth have similar leptin levels
to those of term infants. However, the fact that leptin levels in preterm infants remain low for
weeks(11, 16), and this low leptin state can be observed even past term gestation(10, 17),
confirms that preterm infants have profound and persistent leptin deficiency. To our
knowledge, Hellgren and coworkers were the first to highlight this concern, by comparing
preterm infants postnatal leptin levels with other preterm infants, instead of full term infant
levels(18). In their study, infants born at 28 weeks were found to have lower leptin at 32
weeks PMA than infants born at 32 weeks. Our study provides deeper insight into preterm
infant postnatal leptin level changes, and it is the first to describe the depth and duration of
leptin deficiency in highly vulnerable periviable infants.

The most commonly reported cord blood leptin modulators are GA and fetal weight,
specifically fetal adiposity(15, 19). Despite fetal adipocytes producing leptin as early as 20
weeks gestation(20), adipocytes are less responsive to other hormonal influences and are not
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present in all major fat deposition areas until around 28 weeks gestation(21). Thus cord
blood leptin levels increase slowly from 18 to 32 weeks gestation, but accumulation of fetal
mass after 32 weeks(22) drives a late gestation leptin surge(6, 7). There are studies that did
not identify a relationship between GA and cord blood leptin levels in preterm populations,
but statistical power was limited by the sample size(15, 23). Despite evaluating leptin levels
in infants born before significant adipose mass accumulation, we show positive correlation
between GA and leptin levels. Presence of this association in earlier gestations is
understandable from a developmental standpoint, as there are redundant systems in place to
ensure the adequacy of circulating fetal leptin levels, including a critical role for increasing
maternal weight gain and leptin production during pregnancy.

As fetal immaturity limits autologous leptin synthesis in the first two trimesters of
pregnancy, it is not unexpected that cord blood leptin levels are affected by maternal factors.
Although we did not measure maternal leptin or body composition directly, we did assess
multiple maternal clinical variables as predictors for cord blood leptin. In our study, we
evaluated maternal first trimester BMI, BMI at delivery and maternal weight gain during
pregnancy. The highest weight gain was noted in the group of mothers that delivered at
30-32 weeks gestation. The most likely explanation is that these mothers were further along
in the pregnancy; thus they had more time for pregnancy weight gain. Even after adjusting
for GA at time of birth, maternal BMI at time of delivery and maternal pregnancy weight
gain were both independent predictors of cord blood leptin. There are studies showing
similar findings(23, 24) and maternal-fetal leptin transfer has been previously demonstrated.
Notably, our cohort’s median BMI (26.2 kg/m?) is lower than the average BMI of woman in
America between the ages 20 and 39 years (28.7 kg/m?), both values are considered
overweight(25). Maternal influence on fetal leptin levels is supported by association
between maternal comorbidities, like diabetes, on cord blood leptin levels(7, 17). It appears
that maternal factors also may have a direct effect on placental leptin secretion. For example,
increased placental leptin mMRNA and protein expression has been described in mothers with
diabetes, preeclampsia and chorioamnionitis(26-28). Knowing that there is a direct placental
leptin secretion(20), we evaluated the effect of maternal morbidity on cord blood leptin
levels, but did not observe statistically significant effects. Of note, we did remove outliers
from the variate analysis, and the mother of the 30-32 week infant with a cord blood level of
17,459 pg/ml carried a diagnosis of Diabetes Mellitus and was morbidly obese, with a first
trimester BMI of 41. After birth, the affected infant’s leptin levels remained extremely high,
but did decrease in a similar fashion as other infants (17,459 pg/ml to 8,041 pg/ml within 24
hours, to 2,567 pg/ml within 48 hours and to 538 pg/ml within 72 hours). Further preclinical
and clinical studies would be beneficial to evaluate how antenatal complications, and
perhaps genetic or environmentally-induced leptin resistance, affect fetal leptin levels.

Trans-placental leptin delivery is reportedly influenced by steroid exposure. Preclinical
investigations in rats have shown decreased trans-placental leptin delivery after antenatal
dexamethasone(29). Subsequently, similar findings with antenatal betamethasone
administration were shown in clinical studies(30). Unfortunately, we were not able to further
evaluate antenatal steroid effects, as 96% of our study population were exposed to steroids.
Although exploratory analysis showed a trend towards lower leptin levels after an
incomplete course of steroids, this did not reach statistical significance, and it is unclear if
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the association could be related to an acute suppressive effect of the initial steroid dose on
placental leptin transfer and/or a stimulatory effect of >24 hour steroid exposure on
adipocyte leptin production. The latter possibility is supported by the increased leptin levels
seen during postnatal dexamethasone exposure, but our study was not designed to test those
hypotheses and our results did not reach the threshold for statistical significance. Besides
antenatal steroids, other adrenal and gonadal steroids affect leptin levels, with male fetuses
having lower leptin levels than females(9, 31). There is no clear evidence explaining this sex
dimorphism, but there is a negative relationship between testosterone and leptin in adult
male populations(32), and a similar association has been described in preterm infants(11).
Furthermore, testosterone directly decreases leptin mRNA expression in adipocytes(33). In
contrast, estrogen has been shown to directly increase leptin mMRNA expression(34), and a
positive association between estrogen and leptin has been described in some but not all
clinical studies(35, 36). In our study, cord blood leptin levels were not affected by infant’s
sex, but there was a marked difference between postnatal leptin levels in males and females
from 26 to 36 weeks PMA.

Following delivery, preterm infant leptin levels fall abruptly. Postnatal decreases in leptin are
also seen in term infants, albeit to a lesser extent(24, 37). This initial drop may represent
acute placental and maternal supply loss. Infants born at 22 to 29 weeks gestation exhibit the
steepest drop, suggesting higher dependence on trans-placental leptin. Furthermore, their
leptin levels remain low for weeks, and there is no significant rise until after 32 weeks PMA,
signifying immaturity of adipose tissue. Interestingly, after 32 weeks PMA leptin levels
increase more distinctly in these infants. Possibly, this represents altered body composition
with increased fat mass accumulation, as is frequently seen in preterm infants(38). Overall,
postnatal leptin changes in the preterm population parallel the leptin level changes seen in
fetuses using cord blood, but it appears that their third trimester leptin surge occurs a few
weeks later than that seen from cord blood, where the increase is seen already starting 30
weeks PMA. It is also noteworthy that cordocentesis studies have confirmed findings in
animal models that demonstrate increasing intrauterine leptin levels throughout gestation(7,
39). Further supporting the contention that cord blood levels reflect intrauterine values rather
than delivery-induced aberrations, intrauterine cordocentesis levels are very consistent with
cord blood levels obtained immediately after delivery at the corresponding PMA(7, 15, 40).
Some could argue that the low leptin levels are a protective mechanism for survival in
infancy, to enhance hunger and expansion of energy stores needed for rapid growth. Thus,
this low leptin state in preterm population might be part of normal postnatal adaptation,
since term infant leptin levels are below cord levels even at 2 years of age(37). In contrast,
preterm infants significantly differ from those born at term, as organ maturation has not yet
occurred, and they must undergo major developmental changes in the extra-uterine
environment.

Although univariate analysis suggested that the diagnosis of BPD predicted higher leptin
levels at 36 weeks PMA, that relationship was not seen on multivariate analysis. Male sex
and current weight were the primary predictors of 36 week leptin levels, and it is possible
sex and weight confounded the association between leptin and BPD. Alternatively, it is
possible that leptin has effects on surfactant production, alveolar development and fibrosis,
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but the effect of leptin on the human lung appear to be less beneficial than the positive
effects often seen in preclinical models(41, 42).

Maternal breast milk intake has been associated with improved intelligence, suggesting the
presence of protective factors in breast milk. Leptin has been identified in maternal breast
milk(43) and the role of breast milk delivery of leptin in the maintenance of term infant
leptin levels is supported by studies showing that breast fed infants have higher leptin levels
than formula fed babies(12). Animal studies have shown that leptin is absorbed
enterally(44). To our knowledge, there are no studies evaluating the breast milk effect on
preterm infant leptin levels. Unfortunately, we were not able to assess if infant’s leptin levels
are affected by feeding type as all infants received breast milk at some point during their
NICU stay. Similarly, we were not able to evaluate if leptin levels are influenced by the type
of breast milk an infant receives (maternal vs donor), as there were no infants receiving
exclusively donor breast milk. We did evaluate if the amount of maternal breast milk infants
received affects their leptin levels at 36 weeks PMA, and did not observe any association,
but our study is limited in that we did not measure the leptin concentration in the breast
milk. The average caloric intake from human milk reported in Table 3 underestimates total
caloric intake because it includes breast milk intake via feeding tube or bottle, but excludes
breastfeeding due to inability to accurately quantify breast feeding volumes, which is a
limitation of this study. All breast milk is not equal, as leptin content in maternal breast milk
varies(43). Therefore, based on our results, we cannot disregard maternal breast milk as a
potential route of leptin supplementation. That said, addition of leptin to parenteral nutrition
would be the most reliable method of leptin delivery in the postnatal period, but as is the
case for infant formulas, those solutions currently do not contain leptin(45).

Our study has several additional limitations. We did not obtain maternal blood samples or
longitudinal samples from all infants, as research samples were collected only with routine
lab draws. We do not have information on the infants’ body composition, and they were not
randomized to receive maternal breast milk vs donor breast milk vs another form of
nutrition. In conclusion, preterm delivery is associated with rapid onset and profound leptin
deficiency that is sustained through 36 weeks PMA. The pattern of leptin level decline and
recovery is influenced by sex and GA at birth. This prolonged low leptin state might
represent functional immaturity, lack of sufficient adipose tissue or suboptimal nutrition.
Future studies are needed to evaluate if this low leptin state skews the developmental
processes during critical windows of susceptibility, resulting in neurodevelopmental
implications. Targeted nutritional interventions may be needed to improve the postnatal
leptin status and development of premature infants.
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Figure 1. Plasma leptin was measured in cord blood and postnatal blood obtained within a week
of preterm delivery.

Samples were obtained from infants born at a completed gestational age of 22-25 weeks
(circles, N=29), 26-29 weeks (squares, N=51) or 30-32 weeks (triangles, N=62). Following a
cord blood sample (CB), the first postnatal sample was obtained 6 to 24 hours after birth,
followed by daily sampling for the first 2 days and a final early sample obtained 3 to 7 days
after delivery. Compared to infants born at 30-32 weeks, those born at earlier gestations had
lower leptin concentrations in both cord blood and postnatal blood obtained within 2 days of
delivery (*P < 0.05 or **P < 0.01). Compared to cord blood levels, leptin concentrations
were significantly decreased within 25-48 hours of delivery and this leptin deficit persisted
throughout the first week of life (tP < 0.05 or t1P<-0.01). Data are presented as median
(IQR) and analysis utilized two-way ANOVA with Holm-Sidak method for multiple
comparisons.
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Figure 2. Longitudinal plasma leptin concentrations were measured beginning one week after
delivery and culminating at a postmenstrual age (PMA) of 36 weekswith comparison to
prospectively obtained cord blood concentrations.

Samples were obtained from infants born at a completed gestational age of 22-25 weeks
(solid circles, N=29), 26-29 weeks (squares, N=51) or 30-32 weeks (triangles, N=62). Cord
blood samples (open circles) were obtained from infants born at 22-25 weeks (N=15), 26-29
weeks (N=19), 30-32 weeks (N=33) or 33-36 weeks (N=14). Cord blood leptin levels
increased with advancing gestational age (tP < 0.05 versus cord blood obtained at 22-25
weeks, T1P<-0.01 versus cord blood obtained at 22-25, 26-29, and 30-32 weeks). Compared
to cord blood levels, postnatal leptin concentrations remained significantly low through 36
weeks PMA (*P < 0.01 versus cord blood at the corresponding PMA). By 33-36 weeks
PMA, infants born at 22-25 or 26-29 weeks achieved higher leptin levels than those born at
30-32 weeks (**P < 0.01). Samples with a leptin level below the limit of detection (41
pa/ml) were assigned a value equal to the limit of detection divided by the square root of two
(29 pg/ml). Data are presented on a logarithmic scale as median (IQR) and analysis utilized
two-way ANOVA with Holm-Sidak method for multiple comparisons.
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Figure 3. Longitudinal plasma leptin concentrations were measured for female and male infants
beginning one week after delivery and culminating at a postmenstrual age (PMA) of 36 weeks.

ANOVA was utilized to compare samples obtained from 77 female infants (O) and 75 male
infants (O) within the pre-specified PMA windows. Compared to male infants, regardless of
gestational age at delivery, female infants had significantly higher leptin levels at a PMA of
26-29 weeks (**P < 0.01), 30-32 weeks (*P < 0.05), and 33-36 weeks (**P < 0.01).

Pediatr Res. Author manuscript; available in PMC 2019 September 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Steinbrekera et al.

TABLE 1.

Page 16

Maternal and infant characteristics were obtained for the three predefined cohorts based on gestational age at
delivery (22-25, 26-29 or 30-32 completed weeks). Continuous variables, expressed as medians (interquartile

range), were analyzed by Kruskal-Wallis Test while categorical variables, expressed as proportions, were

analyzed by Fisher’s Exact or Chi-Square Tests.

Gestational age at birth (weeks)
Birth weight (g)

Birth weight z-score

Birth weight percentile

o <10t

« 10t-goth

« >g0th

Birth head circumference (cm)
Male sex

Antenatal steroids, any
Antenatal steroids, doses

o1

2

3

o4

Time between antenatal steroids and birth
(hours)

° <24
* 25-48

Maternal age (years)
1% trimester maternal body mass index (BMI)
Maternal BMI at delivery
Maternal BMI change
Maternal diabetes, any
Maternal hypertension
Preeclampsia
Chorioamnionitis
Cesarean section
Bronchopulmonary dysplasia at 36 weeks
Retinopathy of Prematurity (ROP), any
ROP, stage 1
2
3

Laser therapy for ROP

All infants
N=142

29.4(26.6,31.3)
1186 (883, 1610)
0.14 (-0.47, 0.53)

9/142
124/142
9/142
27 (24, 29)
75/142
136/142

24/136
86/136
5/136
21/136

41/136
10/136
85/136
29 (25, 33)
26.2 (21.7,32.8)
30.1(27.2,38.0)
3.3(2.0,4.9)
15/141
19/141
28/141
9/140
97/142
64/116
31/116
22/31
8/31
1/31
1/30

22-25 weeks
N=29

24.3 (23.2, 25.1)
624 (554, 757)
0.13 (-0.66, 0.49)

2/29
25/29
2/29
21 (20, 23)
17/29
28/29

7128
21/28

11/28
1/28
16/28
27 (24, 35)
27.8 (23.4, 35.0)
30.0 (26.8, 36.6)
2.6 (1.2, 3.4)
2/29
2/29
1/29
429
16/29
22/23
17/23
10/17
6/17
117
117

26-29 weeks
N=51

28.0 (27.1, 29.1)
1075 (966, 1223)
0.13 (-0.15, 0.59)

1/51
45/51
5/51
26 (25, 27)
22/51
47/51

7147
30/47
2147
8/47

12/47
4147
31/47
28 (25, 31)
25.0 (21.0, 32.7)
29.4 (27.3,38.2)
3.0 (1.3, 6.0)
5/50
8/50
9/50
3/50
44/51
33/44
12/44
10/12
212
0/12
0/11

30-32 weeks
N =62

31.8 (31.0, 32.0)
1655 (1370, 1914)
0.18 (-0.63, 0.53)

6/62
54/62
2/62
30 (28, 31)
36/62
61/62

10/61
35/61
3/61
13/61

18/61
5/61
38/61
30 (27, 33)
26.2 (21.9,32.7)
31.1(26.7, 38.0)
3.8(2.6,4.9)
8/62
9/62
18/62
2/61
37/62
9/49
2/49
212
02
02
02

<0.01
<0.01
0.32

0.36

<0.01
0.30
0.25

<0.01

0.90

0.20
0.24
0.93
<0.05
0.67
0.54
<0.05
0.16
<0.01
<0.01
<0.01
0.62

1.0
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TABLE 2.

Cord blood leptin levels (N=67) were correlated with maternal and infant variables by univariate linear

regression followed by generalized linear modeling to determine independent predictors. The multivariate

regression analysis included the significant variables from univariate analysis plus sex and maternal

preeclampsia as potential covariates. Given their strong correlation with gestational age at birth, birth weight

and head circumference were excluded from the multivariate analysis.

Median (IQR) Univariate | Univariate | Multivariate | Multivariate
or proportion Beta P Beta P
Gestational age at birth (weeks) 29.71 (26.14, 31.71) 152.8 <0.01 151.8 <0.01
Birth weight (g) 1265 (955, 1728) 0.7 <0.05
Birth weight z-score 0.08 (-0.39, 0.62) -92.0 0.67
Birth head circumference (cm) 28 (25, 30) 130.0 <0.05
Male sex 38/67 92.4 0.21 29 0.99
1%t trimester maternal body mass index (BMI) 26.3(22.7,32.9) 26.7 0.23
Maternal BMI at delivery 30.9 (27.4, 36.7) 46.8 <0.05 47.1 <0.05
Maternal BMI change 3.8(2.5,4.9) 198.9 <0.01 176.8 <0.05
Maternal diabetes, any 10/66 92.4 0.55
Maternal hypertension 8/67 93.4 0.61
Preeclampsia 14/67 92.4 0.21 28.8 0.95
Chorioamnionitis 3/64 92.3 0.45
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Plasma leptin levels at 36 weeks postmenstrual age (PMA) (N=104) were correlated with maternal and infant
variables by univariate linear regression followed by generalized linear modeling to determine independent
predictors. The multivariate regression analysis included the significant variables from univariate analysis,
except current age and weight z-score, as those strongly correlate with gestational age at birth and current

weight, respectively.

Median (IQR) Univariate | Univariate | Multivariate | Multivariate
or proportion Beta P Beta P

Gestational age at birth (weeks) 29.43 (26.21, 31.28) -82.8 <0.05 -40.1 0.37
Age (d) 49 (37, 73) 11.7 <0.05
Current weight (g) 2575 (2300, 2810) 0.6 <0.01 0.6 <0.01
Current weight z-score -0.46 (-0.98, 0.06) 478.4 <0.01
Change in weight z-score from birth -0.55 (-1.02, -0.18) 291.6 0.11
Current head circumference (cm) 32 (31, 33) 27.3 0.46
Male Sex 53/104 -82.2 <0.01 -727.9 <0.01
Average kcal/kg/d from human milk (enrollment to 36 73 (58, 81) 8.1 0.15
wk PMA)
Average kcal/kg/d from human milk (33 to 36 wk 102 (83, 112) 7.0 0.13
PMA)
15 trimester maternal body mass index (BMI) 26.6 (21.9, 32.9) 8.4 0.55
Maternal BMI at delivery 30.1(27.7, 37.4) 6.1 0.68
Maternal BMI change 3.4(2.3,5.7) -9.5 0.79
Bronchopulmonary dysplasia at 36 weeks 59/104 439.95 <0.05 284.2 0.28
Retinopathy of Prematurity (ROP), any 30/104 291.78 0.22
ROP, stage 1 21/30 NA 0.69

2 8/30

3 1/30
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