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Abstract

Background: Insulin, leptin, and adiponectin regulate energy balance and may influence infant
growth via their presence in human milk. Maternal body mass index has been associated with
human milk insulin, leptin, and adiponectin concentrations, but results are inconsistent. Maternal
serum hormone concentrations and fat mass may better characterize human phenotype and be
more appropriate predictors of human milk insulin, leptin, and adiponectin.

Research aim: To examine the associations of human milk insulin, leptin, and adiponectin with
their concentrations in maternal circulation and with maternal fat mass.

Methods: Insulin, leptin, and adiponectin were measured in serum and human milk at 1 month
postpartum in /=25 women. Total body fat mass and fat-free mass were measured using
bioelectrical impedance analysis. Linear regression modeling was used to examine associations of
serum hormone concentrations or fat mass with human milk insulin, leptin, and adiponectin after
adjusting for covariates.

Results: Serum insulin (o =.007), leptin (p< .001), and adiponectin (p < .001) were each
associated with their respective concentrations in human milk. Fat mass was positively associated
with insulin (p=.005) and leptin (p < .001), but not with adiponectin (p = .65), in human milk.

Conclusions: Human milk insulin, leptin, and adiponectin were positively associated with their
concentrations in serum, and human milk insulin and leptin were associated with maternal fat
mass. Future research is needed to elucidate the role of human milk hormones in infant energy
balance and growth.
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Background

The prevalence of obesity among pregnant women continues to rise (Chen et al., 2018).
Globally, an estimated 1 in 8 women of childbearing age had obesity in 2015 (Global
Burden of Disease Study 2015 Obesity Collaborators, 2017). Obesity during pregnancy
increases the risk for perinatal complications, as well as the child’s long-term risk for
obesity and chronic disease (Catalano & Shankar, 2017). In a meta-analysis, children with
obesity were three times more likely to have been born to a mother with obesity compared to
normal weight children (Heslehurst et al., 2019). Thus, it is important for public health that
we understand the mechanisms by which maternal obesity increases the risk for obesity in
the child.

Pregnancy is a critical period for programming children’s metabolism in a manner that
influences their long-term risk for obesity, diabetes, and cardiovascular disease (Barker,
1990; Padmanabhan et al., 2016; Woo Baidal et al., 2016). Infancy is also a critical period
for programming obesity risk. Researchers have consistently shown that relatively rapid
weight gain during infancy is associated with an increased risk for obesity in childhood
and beyond (Zheng et al., 2018). As human milk is the main source of nutrition during
early infancy, it may play a role in programming obesity (i.e. “lactational programming”).
Researchers have used cross fostering studies in animals (Gorski et al., 2006; Oben et al.,
2010; Reifsnyder et al., 2000), as well as a banked human milk study (Plagemann et al.,
2002; Rodekamp et al., 2005), to provide evidence that there is a role for human milk in
programming obesity risk that is independent of the risk associated with the intrauterine
environment. To date, it is unclear how human milk exerts an influence on infant growth and
long-term obesity risk.

Human milk is a dynamic biological fluid that varies considerably among mothers. Human
milk contains insulin, leptin, and adiponectin, which are hormones that play a role in the
regulation of energy balance, appetite, and glucose and fat metabolism in adults (Petersen
& Shulman, 2018; Scheja & Heeren, 2019), and are hypothesized to contribute to the
development of infant appetite regulation and body composition via human milk (Badillo-
Suérez et al., 2017). Concentrations of these hormones in human milk have been associated
with infant weight and lean mass in some studies, but the direction and magnitude of
these associations is inconsistent (Badillo-Suarez et al., 2017). Thus, it is unclear whether
exposure to these hormones in human milk protects against future obesity by promoting
satiety and preventing rapid infant weight gain or conversely, whether it predisposes the
infant to later metabolic dysfunction and increases long-term obesity risk (Badillo-Suérez
et al., 2017). Nonetheless, insulin, leptin, and adiponectin are dysregulated with obesity
(Scheja & Heeren, 2019) and their presence in human milk suggests that they may play a
role in the transmission of obesity from mother to child.

Maternal phenotype, behavior (e.g., dietary intake), and environment may account for some
of the individual variation in human milk composition (Fields et al., 2016). Specifically,
human milk leptin has been consistently and positively associated with maternal body mass
index (BMI; Brunner et al., 2015; Fields et al., 2017; Sadr Dadres et al., 2019; Young et

al., 2017). However, the direction and magnitude of the association of maternal BMI with
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Methods

Design

Setting

human milk insulin and adiponectin has been inconsistent (Chan et al., 2018; Fields et al.,
2017; Sadr Dadres et al., 2019; Shehadeh et al., 2003; Young et al., 2017; Yu et al., 2018). It
is possible that some of this inconsistency is due to the fact that may researchers have used
BMI in early pregnancy or at the time of milk collection, which is problematic because BMI
is not a reliable estimate of adiposity (Gaba & P¥idalova, 2016).

Researchers have also found evidence that concentrations of insulin, leptin, and adiponectin
in human milk reflect their concentrations in maternal circulation (Fakhreldin, 2018;
Jovanovic-Peterson et al., 1989; Young et al., 2017). It has been well-established that

fat mass (FM) is more closely related to circulating insulin, leptin, and adiponectin
concentrations than BMI (Goossens, 2017). Thus, maternal serum hormone concentrations
and measures of FM may better characterize the metabolic phenotype of the mother and

be more appropriate predictors of human milk insulin, leptin, and adiponectin. However,
most evidence that maternal metabolic phenotype affects human milk composition comes
from researchers that have compared the human milk of mothers with and without diabetes
(Jovanovic-Peterson et al., 1989; Whitmore et al., 2012; Yu et al., 2018). Thus, we need
more information on the associations of insulin, leptin, and adiponectin concentrations

in maternal circulation with their concentrations in human milk, particularly among non-
diabetic mothers.

In this study, we aimed to examine the associations of human milk insulin, leptin, and
adiponectin with their concentrations in maternal circulation and with maternal FM.
We hypothesized that human milk insulin, leptin, and adiponectin concentrations would
be positively associated with their concentrations in maternal serum and with maternal
adiposity.

A cross-sectional, observational study of mothers at 1-month postpartum was used to
address our research aim. We chose 1-month postpartum to avoid the potential confounding
effect of rapid fluid losses during the early postpartum period on the measurement of
maternal FM, to ensure lactation was established, and to capture women before returning
to work (Lukaski et al., 2007). The Institutional Review Board for Human Use at the
University of Alabama at Birmingham (UAB) reviewed and approved all study procedures
and amendments.

The cohort comprised women living near Birmingham, Alabama, an urban area in the
southeast United States. The ethnic composition in this area is approximately 50% non-
Hispanic white, 44% Black or African American, and 4% Hispanic or Latino (United
States Census Bureau, n.d.). Alabama has one of the lowest breastfeeding rates in the
United States, with approximately 68% of women ever breastfeeding and 21% exclusively
breastfeeding at 6 months (Centers for Disease Control and Prevention, 2018). We recruited
exclusively breastfeeding mothers for this study through flyers placed at local prenatal
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Sample

care classes, obstetrics offices, pediatricians’ offices, daycare centers, and online in a local
breastfeeding support group between January 2017 and March 2018.

We screened interested mothers via telephone for these initial inclusion criteria: 2—4

weeks postpartum, = 19 years of age, body weight < 300 kg (capacity of study scale),

and exclusively breastfeeding (i.e., no formula supplementation) their singleton infant;

and exclusion criteria: diagnosed type 1 or type 2 diabetes mellitus, presence of any

medical condition that could affect hormone levels (i.e., thyroid disorder, polycystic

ovarian syndrome, diseases of the adrenal or parathyroid gland) or significantly interfere
with breastfeeding, reported use of any medications believed to affect hormone levels,
self-reported any nicotine or illicit drug use during pregnancy or while lactating, inability

to understand and communicate in verbal and written English, infant diagnosis of failure

to thrive or any genetic or congenital defect or medical condition known to interfere

with growth and development. We screened a total of 86 women over the 14 months of
recruitment. Of those screened, 25 participants were eligible and enrolled in the study. Based
on previously published data (Chan et al., 2018; Fakhreldin, 2018; Quinn et al., 2015; Young
etal., 2017), we anticipated a medium to large effect size (0.4-0.72) for associations of
maternal serum hormones and FM with human milk insulin, leptin, and adiponectin. Using
multiple linear regression with 3 predictor variables and assuming an effect size of 0.4, we
would have 85% power to detect a significant association with a sample size of 25. Power
calculations were conducted using G*Power 3.1.9.7. (Faul et al., 2007) and assuming a
significance level of .05.

Measurements

We asked participants to report their age, race-ethnicity (categorized as non-Hispanic
White, non-Hispanic Black, Hispanic or Latino, Native American or American Indian, or
Asian/Pacific Islander), marital status (categorized as married or living as married, never
married, separated, divorced, or widowed), parity, pre-pregnancy weight, weight gained
during gestation, gestational age at delivery, infant birth weight, and household income via
questionnaire.

We measured maternal FM and fat-free mass (FFM) using segmental multifrequency
bioelectrical impedance analysis (BIA; seca mBCA, seca gmbh & co. kg, Hamburg,
Germany), which has been validated using the 4-compartment model with a correlate of
over 98% for FFM (Bosy-Westphal et al., 2013). Body mass was measured to the nearest
45 g with participants wearing minimal clothing and no shoes, and FM was calculated as
the difference between total body mass and FFM. Height was measured to the nearest 1 mm
using a seca® 264 digital stationary stadiometer (seca gmbh & co. kg, Hamburg, Germany).

Fasting blood samples were immediately processed to extract serum. Serum was stored at
—80°C until analysis. Insulin in serum was measured by immunofluorescence on a TOSOH
900 AIA analyzer (TOSOH Bioscience, South San Francisco, CA). Mean intra- and inter-
assay coefficients of variation (CVs) were 1.49% and 3.95%, respectively. Serum leptin was
measured by radioimmunoassay (Millipore, Billerica, MA) in one assay with an intra-assay
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CV of 7.27%. Serum adiponectin was measured by radioimmunoassay (Millipore, Billerica,
MA) using one assay with a mean intra-assay CV of 0.83%.

Participants reported the time and from which breast they last fed or expressed milk. We
measured the weight of the container (e.g., bottle) used for the human milk collection
prior to and again immediately following the milk expression to the nearest 1 g on an
Ohaus CS2000 electronic scale (Ohaus, Parsippany, NJ). The total amount of expressed
milk collected was calculated as the difference in the container weight pre- and post-milk
expression. Human milk samples were thoroughly mixed and divided into 3-ml aliquots.
Aliquots were stored at —80°C until analyses. For analyses, human milk aliquots were
thawed on ice and milk fat was separated from the aqueous phase by centrifugation

(3,000 xg for 10 min). Assays were all conducted the same day on the newly skimmed
human milk. Insulin in human milk was measured by immunofluorescence on a TOSOH
900 AIA analyzer (TOSOH Bioscience, South San Francisco, CA) with mean intra- and
inter-assay CVs of 1.90% and 2.55%, respectively. Leptin was measured by immunoassay
(Human Leptin Quantikine ELISA Kit; R&D Systems, Minneapolis, MN) with mean intra-
and inter-assay CVs of 4.48% and 13.56%, respectively. Adiponectin was measured by
radioimmunoassay (Millipore, Billerica, MA) using one assay with a mean intra-assay CV
of 7.67%.

Of the 25 participants enrolled in the study, one participant had given birth prior to 37 weeks
gestation to an infant weighing less than 2,500 g. Exclusion of this participant’s data did

not change results; therefore, her data were included in the final analyses. One participant
was a statistical outlier for human milk insulin, even after log transformation, and reported
breastfeeding an older child (in addition to the exclusively breastfed infant included in our
study), and so her data were excluded from all human milk insulin analyses. Excluding this
participant did not change the results of the human milk leptin or adiponectin models and so,
she was included for these analyses.

Data Collection

All data were collected between February 2017 and March 2018. Written informed consent
was obtained from all participants who chose to enroll in the study (M = 26.0 days
postpartum, SD = 4.5 at enrollment). At least 24 hours after the enrollment visit, participants
returned for the assessment visit (M = 33.3 days postpartum, SD = 4.4). This was done

to comply with Institutional Review Board requirements that study participants be given

at least 24 hours to consider study participation and the opportunity to withdraw after
reviewing and receiving a copy of the consent form. All data were entered into and

stored in a password-protected, secure database. Consent forms and original copies of data
collection forms were stored in a locked filing cabinet within a locked research lab to

guard confidentiality. For the assessment visit, participants arrived between 0800 and 1000
following an overnight fast (no food or drink except for plain water) of at least 10 hours.

As previously described (Wingo et al., 2018), we asked participants to refrain from drinking
alcohol within 24 hours of the assessment visit, to avoid exercise or sauna use within 12
hours of the assessment visit, and to refrain from using hand or body lotion the morning of
the assessment visit. Immediately upon arrival at the assessment visit, we collected a fasting
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venous blood sample from each participant. Subsequently, with participants still fasted, a
sample of human milk was collected. In-clinic sample collection reduced the potential that
diurnal variation would influence human milk hormone concentrations. The entire contents
of the breast opposite the one last used for a feed or expression were collected using the
participant’s personal breast pump. A study investigator was in the room with participants to
confirm that no more milk was coming from the breast at the completion of the expression,
which ensured each sample contained fore-, mid-, and hind-milk. Immediately following
the human milk collection, height, weight, and body composition (total FM and FFM)
measurements were taken.

Data Analysis

Results

All data are presented as means and standard deviations, unless otherwise specified.

All statistical tests were two-tailed. We used Wilcoxon signed-rank non-parametric tests
to compare insulin, leptin, and adiponectin concentrations in human milk with their
concentrations in maternal serum.

We performed exploratory analyses of the following potential covariates using stepwise
linear regression to obtain the most parsimonious model: gestational weight gain, age,
parity, household income, infant gender, infant age at milk collection, and time since last
breastfeeding to variability in human milk insulin, leptin, and adiponectin concentrations.
We used separate multiple linear regression models to examine the association of maternal
FM, adjusted for FFM to account for overall body size, or serum hormone concentration
with human milk insulin, leptin, and adiponectin. We adjusted final regression models
predicting human milk insulin for the time since the last breastfeeding, we did not adjust
final regression models for human milk leptin for any additional covariates, and we adjusted
final regression models predicting human milk adiponectin for maternal age at measurement.
We log-transformed serum and human milk analyte concentrations for regression analyses.
For all models, residuals were normally distributed with a mean of 0 and standard deviation
of 1. Alpha was set at .05 for statistical significance and all analyses were performed using
SAS 9.4 statistical software (SAS Institute, Cary, North Carolina).

Characteristics of the Sample

Characteristics of the study population are described in Table 1. The mean (SD) amount

of expressed milk collected was 97.3 g (66.8). Participants were predominately White
(Non-Hispanic; 96%, n = 24) and reported that they were married or living as married (96%,
n=24). According to BMI at the assessment visit, 4% (n= 1) of the study sample were
underweight (BMI < 18.5), 32% (/7= 8) were normal weight (18.5 < BMI < 25.0), 20% (n=
5) were overweight (25.0 < BMI < 30.0), 44% (7= 11) were obese (BMI = 30.0). None of
the participants reported having gestational diabetes during their pregnancy. Just over half of
participants had a male infant (56%, 77 = 14) and there were no differences by infant gender
in human milk concentrations of insulin, leptin, or adiponectin (not shown).
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Concentrations of Insulin, Leptin, and Adiponectin in Serum and Human Milk

Analyses comparing concentrations of insulin, leptin, and adiponectin in serum with their
respective concentrations in human milk are shown in Figure 1.

Serum with Human Milk Insulin, Leptin, and Adiponectin

Results of regression models for associations of serum insulin, leptin, and adiponectin with
their respective concentrations in human milk are shown in Table 2.

Adiposity with Human Milk Insulin, Leptin, and Adiponectin

Results of regression models for the association of maternal FM, adjusted for FFM, with
human milk insulin, leptin, and adiponectin are shown in Table 2. Serum adiponectin was
positively associated with human milk adiponectin concentrations (&* = 0.63, p < .001; not
shown), but there was an outlier. Results excluding this outlier are shown in Table 2, Model
5.

Discussion

We expanded upon previous studies by showing that circulating insulin, leptin, and
adiponectin were associated with their respective concentrations in human milk and that
maternal adiposity at one month postpartum, measured with BIA, was associated with
human milk insulin and leptin concentrations. Given the role of insulin, leptin, and
adiponectin in the regulation of energy balance, this raises the possibility that human milk
concentrations of these hormones play a role in the intergenerational transmission of obesity.

Our insulin results were consistent with previous research (Young et al., 2017). Given that
women with obesity have higher circulating insulin concentrations (Kim et al., 2015), it is
likely that the association of FM with human milk insulin reflects the association between
circulating and human milk insulin. Although the importance of human milk insulin for
the infant is unclear, the higher insulin concentration in human milk versus serum may be
important to help account for the immature secretory function of the infant pancreatic beta
cells (Bonner-Weir et al., 2016; Henquin & Nenquin, 2018). Young et al. (2017) found
that human milk insulin levels decreased across lactation, which would be consistent with
the pancreatic beta cell maturation and improved glucose-stimulated insulin secretion that
occurs across infancy (Bonner-Weir et al., 2016; Henquin & Nenquin, 2018). Additionally,
it is possible that human milk insulin changes in response to the availability of energy
from the mother, and thereby may support infant appetite regulation. In support of this,
Jovanovic-Peterson et al. (1989) demonstrated that human milk insulin concentrations rose
in response to an insulin infusion in diabetic mothers. It will be of interest in the future to
better characterize how closely insulin in human milk aligns with that in circulation, and
whether human milk insulin concentrations change across the day in response to maternal
dietary patterns.

Our results for leptin are consistent with evidence that leptin in the aqueous portion of the
human milk is derived from maternal circulation (Casabiell et al., 1997; Houseknecht et al.,
1997), and, as it is primarily secreted by adipocytes, circulating leptin concentrations reflect
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Limitations

adiposity (Scheja & Heeren, 2019). Human milk leptin may influence infant appetite control
through its actions on the infants developing hypothalamic circuitry (Badillo-Suéarez et al.,
2017). However, additional research is needed to understand the importance of leptin for
infant development and health.

Other researchers have reported positive associations between serum and human milk
adiponectin concentrations (Savino et al., 2012; Weyermann et al., 2006; Young et al.,
2017), but the origin of human milk adiponectin is unclear (Weyermann et al., 2006).
Despite the well-established inverse association between overall adiposity and circulating
adiponectin (Scheja & Heeren, 2019), the association of maternal adiposity with human milk
adiponectin remains unclear. Some researchers have reported positive associations between
maternal BMI and human milk adiponectin (Young et al., 2017; Yu et al., 2018). While
other researchers have found no association (Chan et al., 2018; Weyermann et al., 2007)

or a negative association (Sadr Dadres et al., 2019) between maternal BMI and human

milk adiponectin. These inconsistent findings may be due to changes in the association of
maternal BMI with human milk adiponectin across the postpartum period (Sadr Dadres et
al., 2019; Young et al., 2017) or to the possibility that human milk adiponectin may be more
closely related to pre-pregnancy BMI versus current BMI (Bronsky et al., 2006). Ultimately,
we need more research to understand factors aside from serum adiponectin that influence
human milk adiponectin concentrations, as this could have important implications for the
infant.

Our study had several limitations. Generalizability is minimal due to the small,
predominantly White cohort within a select geographic region. The lack of objective

data prior to or during pregnancy prevented us from being able to examine and compare
associations of pre-pregnancy BMI and gestational weight gain with human milk hormones.
Additionally, participants used their own breast pumps for the milk collection rather than
having a standardized breast pump. However, the potential influence of using different breast
pumps was likely minimized because an investigator was present to help assure the breast
had been emptied during collection. Given that a limitation of BIA is that it is influenced

by fluid shifts, we standardized our protocol as much as possible and chose the 1-month
assessment time point to minimize the potential confounding effect of early postpartum
rapid fluid losses (Lukaski et al., 2007). Our ability to give further insight into potential
programming influences of milk insulin, leptin, and adiponectin was also limited by the lack
of infant outcomes in our dataset.

Conclusions

We add further evidence that maternal adiposity may be an important predictor of human
milk leptin and insulin. We need more studies with rigorous assessments of maternal
adiposity and standard procedures for the collection, storage, and analysis of human milk
hormones in order to better understand factors influencing the composition of human milk.
Although it cannot be disputed that human milk has many important benefits, it is crucial for
us to understand modifiable factors that influence human milk composition and their effect
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Figurel.
Wilcoxon Signed-Rank Tests for the Comparison of Maternal Serum and Human Milk

Hormone Concentrations at 1 Month Postpartum. Aofe. The center line of the box is the
median (Mdn), the limits of the box are the 25! and 75t percentile (interquartile range
[IQRY]), and whiskers are 1.5 times the IQR below and above the 251 and 75t percentiles,
respectively. Each dot represents an individual participant. Panel A: Serum versus human
milk insulin (Mdn [IQR]: 3.25 plU/ml [3.30] vs. 8.65 [4.90], respectively). Panel B: Serum
versus human milk leptin (Mdn [IQR]: 41.75 ng/ml [95.29] vs. 0.47 [0.94], respectively).
Panel C: Serum versus human milk adiponectin (Mdn [IQR]: 12,030.00 ng/ml [4,970.00] vs.
14.90 [9.19], respectively). ***p < .001.
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Table 1
Characteristics of the Study Cohort (N = 25)
Variable M (SD) Range
Age (years) 31.3(4.4) 20.9-38.0
Pre-pregnancy BMI (kg/m?) 27.7(1.7) 17.5-43.9
Gestational age at delivery (weeks) 39.8 (1.5) 34.0-42.0
Gestational weight gain (kg)a 14.9(59) 0.0-23.6
Infant birth weight (g) 3553.2(561.6) 2182.9-4535.9
Maternal BMI (kg/m?) 29.4(7.2) 18.3-45.2
Maternal total fat mass (kg) 32.9(14.8) 12.8-71.8
Maternal fat-free mass (kg) 47.3(7.1) 36.4-66.1

Note. M (SD), Mean (Standard Deviation); BMI, body mass index.

a - . . .
n= 24, one participant could not recall amount of gestational weight gain.
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Table 2

Standardized Regression Coefficients of Associations Between Serum Hormone (Insulin, Leptin, or
Adiponectin) Concentration or Fat Mass and Human Milk Hormone (Insulin, Leptin, or Adiponectin)
Concentration (N = 25)

Model Outcome Predictor b* t p
1 Human milk insulin? Serum insulin, adjusted” 050 297 <01
2 Human milk insulina Fat mass, adjustedc 113 313 <.01
3 Human milk leptin Serum leptin 0.96 17.26 <.0001
4 Human milk leptin Fat mass, adjusted” 102 545 <0001

5 Human milk adiponectin  Serym adiponectin, adjusted® 077~ 6.46  <.0001

6  Human milk adiponectin Fat mass, adjusted” 020 046 .65

an: 24, one mother was a statistical outlier for human milk insulin and so her data were excluded from all milk insulin analyses.

bLinear regression model was adjusted for duration of time from the last breastfeeding to the start of the human milk collection.

cLinear regression model was adjusted for duration of time from the last breastfeeding to the start of the human milk collection and fat-free mass.
dLinear regression model was adjusted for fat-free mass.

e . . . - .
Linear regression model was adjusted for maternal age at measurement; /7= 24, one mother was a statistical outlier and her data were excluded
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from this regression model.

f. . .
Linear regression model was adjusted for maternal age at measurement and fat-free mass.
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