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Abstract

Objective: To test associations of pre-pregnancy BMI (BMI), gestational weight gain (GWG), 

oral glucose challenge test (OGCT) results, and post-partum weight loss (PPWL) as predictors of 

breastmilk leptin, insulin and adiponectin concentrations, and whether these relationships vary 

over time.

Methods: Milk was collected at 1- and 3 months from 135 exclusively breastfeeding women 

from the longitudinal Mothers and Infants Linked for Healthy Growth (MILk) study. Hormones 

were assayed in skimmed samples using ELISA. Mixed effects linear regression models were 

employed to assess main effects and effect-by-time interactions on hormone concentrations.

Results: In adjusted models, BMI was positively associated with milk leptin (p<0.001) and 

insulin (p=0.03), and negatively associated with milk adiponectin (p=0.02); however, the 

association with insulin was stronger and with adiponectin was weaker at 3-months than at 1-

month (time interaction p= 0.017 for insulin and p= 0.045 for adiponectin). GWG was positively 
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and PPWL was negatively associated with milk leptin (both p<0.001) independent of BMI. OGCT 

was not associated with these milk hormone concentrations.

Conclusion: Maternal weight status before, during, and after pregnancy contributes to inter-

individual variation in human milk composition. Continuing work will assess the role of these and 

other milk bioactive factors in altering infant metabolic outcomes.
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Introduction

Mothers’ milk is the gold standard for human infant nutrition, and breastfeeding exclusively 

to six months is strongly recommended by the American Academy of Pediatrics,1 American 

College of Obstetrics and Gynecologists, and World Health Organization.2 There is, 

however, evidence that human milk exhibits substantial individual variation in the 

concentration of appetite-regulating hormones, cytokine levels, fatty acid profiles, and other 

factors3,4 As reviewed by Ellsworth et al.,5 animal models provide intriguing evidence that 

maternal obesity may alter milk leptin, insulin, and other bioactive elements, which in turn 

are associated with diabetes, obesity, and hepatic steatosis in the adulthood offspring.5–7 As 

animal models do not always translate well into human studies, due to species differences in 

growth rate, mammary gland physiology, and critical windows of development5, more 

human research is needed to test the “lactational programming” hypothesis; that is, that 

variation in levels of hormones, cytokines and other bioactive compounds present in 

breastmilk may have sustained effects on offspring’s appetite and metabolic rate. Although 

25% of women in the United Stated have BMI in the obese range prior to pregnancy, 8 

increasing the risk of obesity in the offspring by 2-3 fold.9,10, the role of human milk 

composition in the transmission of obesity risk from mother to child has only recently been 

examined as a potential mechanism.

In line with this hypothesis, we and others have demonstrated positive associations between 

milk leptin levels and maternal BMI,11–13 but findings on the relationship of maternal BMI 

to milk insulin11,12,14,15 and adiponectin13,14,16–19 are less inconsistent. One factor that may 

explain disparate findings is that while milk composition is known to change over the course 

of lactation, ,with a general finding of declines in milk peptides over lactation,20,21 the 

current literature is characterized by within- and between-study heterogeneity in the timing 

of milk sample collection for analysis.16,19,22 Further, studies of milk hormone variation to 

date have not taken account of maternal metabolic status at different critical developmental 

windows. Growing evidence suggests that fetal, infant, and childhood adiposity and obesity 

risk are modified by pregnancy glucose dysregulation, gestational weight gain (GWG), and 

post-partum weight loss (PPWL), independent of pre-pregnancy BMI,5,23 and also that 

metabolic status during these periods could be involved in mammary gland development and 

lactogenesis I and II.24 This is important because GWG, PPWL, and subclinical glucose 

dysregulation may be more easily modifiable aspects of maternal metabolic status than are 

current or pre-pregnancy BMI.
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The present study aimed to test the relationship of maternal pre-pregnancy BMI, gestational 

weight gain (GWG), postpartum weight loss (PPWL), and oral glucose tolerance test 

(OGCT) results with breastmilk hormone concentrations (leptin, insulin, and adiponectin). 

We hypothesized that greater pre-pregnancy BMI, excessive GWG, higher OGCT, and lower 

PPWL would be associated with higher concentrations of insulin and leptin, and lower 

concentration of adiponectin in breastmilk, and that these associations would vary from 

earlier in lactation (1 month) to later in lactation (3 months).

Methods

Study Sample

The present analysis used data from the Mothers and Infants Linked for Healthy Growth 

(MILk) study. The MILk study is a prospective cohort study taking place at the University of 

Oklahoma Health Sciences Center and University of Minnesota, in collaboration with 

HealthPartners Research Foundation in Minnesota. This study was approved by the 

Institutional Review Boards of University of Minnesota, University of Oklahoma Health 

Sciences Center, and HealthPartners Institute for Education and Research. Informed consent 

was obtained from all adult participants. The MILk study is registered with clinicaltrials.gov 

(NCT03301753).

At enrollment, study participants were 1) women in their second trimester of a singleton 

pregnancy; 2) 21 to 45 years old at time of delivery; 3) 18.5-40 kg/m2 BMI at first prenatal 

visit; and 4) self-reported to have social support for and intention to exclusively breastfeed 

for at least three months. Women were excluded if they had 1) alcohol consumption of 2 or 

more drinks per week during pregnancy and lactation; 2) tobacco use during pregnancy and 

lactation; 3) history of or current Type I, II, or gestational diabetes; 4) unable to speak or 

understand English; and 5) presence of a known infant congenital metabolic or endocrine 

disease, or other congenital illness affecting the infant’s feeding/growth. Of these enrolled 

women, those who delivered a term infant (37-42 weeks’ gestation) with a birth weight 

≥2,500 g and ≤ 4,500 g) and who were exclusively breastfeeding at 1-month post-partum 

were requested to provide milk samples at the study center.

A flow diagram of MILk study participants included in this analysis is found in 

Supplemental Figure 1. At the time of this analysis, a total of 253 pregnant women had been 

enrolled in the study and had given birth to an infant, who was at least 3 months old, of 

whom 170 met all of the criteria for continuation in the post-partum phase of the study. Of 

these, 153 women provided 1 and 3 months milk samples, and 135 of these had sufficient 

milk for all measurements (>=25 ml) and their samples were sent to the laboratory for assay. 

After removing statistical outliers and missing covariate information, data were available for 

130 women in the pre-pregnancy BMI and GWG analyses, and 129 women in the OGCT 

and postpartum weight loss analyses. To assess potential bias, these groups of participants 

were compared; differences in the means of important participant characteristics were tested 

using the Student’s T-test and differences in frequency of categorical variables were tested 

using Fischer’s Exact Test. Maternal BMI (26.1 vs. 28.2, P=0.0042) and infant birth weight 

(3541 vs. 3325 g, P=0.0118), but not maternal age differed between women that were 

eligible to participate in post-partum milk collection (N=170) as compared to women who 
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were excluded, respectively. There were also significant differences using Fisher’s Exact 

Test in maternal race (P=0.0014), maternal ethnicity (P=0.0081), and type of insurance 

(P=0.0070), but not infant sex (P=0.12) or delivery mode (P=0.11).

Maternal Characteristics

Pregnancy history data were collected from the electronic health records, including 1) 

maternal and gestational age at time of delivery; 2) first recorded maternal weight and height 

in the medical record within 6 weeks from conception (dated using last menstrual period), 

which was used to calculate pre-pregnancy BMI; 3) GWG calculated as body weight at 

admission for delivery minus the first recorded maternal weight as above; 4) mode of 

delivery coded as caesarean section or vaginal delivery; and 5) parity as number of times a 

woman has given birth to an infant over 24 weeks of gestational age. Subclinical glucose 

dysregulation was captured by the 1-hour blood glucose concentration after a 50g oral 

glucose challenge test (OGCT), administered between 26-28 weeks of gestation to screen for 

gestational diabetes (GDM). Women with OGCT levels greater than 140 g/dl received an 

oral glucose tolerance test to confirm and exclude those with GDM. Postpartum weight loss 

was calculated as the difference between maternal delivery weight and her body weight 

measured at the 1- and 3 months post-partum visits.

Human milk collection

Mothers and infants were scheduled and seen at the study centers within 5 days of the 1-

month and 3-month time points, between 8:00-10:00 am. The mother was instructed to be 

ready to breastfeed the infant upon arrival, and then fed the child ad libitum from one or 

both breasts as per her usual practice and whether the infant was fed from the left, right, or 

both breasts was recorded. Two hours after feeding, the mother provided a single complete 

breast expression sample (until the flow of milk stopped) from the right breast using a 

hospital-grade electric breast pump (Medela Symphony; Medela, Inc. Zug, Switzerland) 

ensuring the collection of fore-, mid- and hind-milk within each sample.12,25 The volume 

and weight of the milk collected from the single breast expression were recorded. Breast 

milk was gently mixed, aliquoted, and stored at −80°C within 20 minutes of collection.

Milk Hormone Assays

Skimmed milk samples were prepared, stored at −80° C for up to 6 months. Leptin, insulin, 

total adiponectin was assayed using commercially available ELISA kits as previously 

described by Fields et al.12 and in Supplemental File 1. The inter- and intra-assay 

coefficients of reliability were <6% for all hormones and limits of quantitation were 0.24 

µU/ml for insulin, 1 ng/ml for total adiponectin, and 7.86 pg/ml for leptin.

Statistical Analysis

Data were analyzed using SAS 9.4 (Cary, NC, USA.). Dependent variables were examined 

using histograms and quantile-quantile (Q-Q) plots to determine normality. Milk leptin, 

adiponectin and insulin concentrations were positively skewed and were log transformed for 

all subsequent analyses.
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Descriptive statistics were presented by pre-pregnancy BMI group (normal weight, 

overweight, and obese), with chi-square tests and one-way ANOVA applied to identify 

potential confounding variables for the primary exposure, maternal BMI. Differences in milk 

hormone concentrations from 1- to 3 months were tested using paired t-tests.

Separate mixed effects linear regression models were used to test the association of maternal 

pre-pregnancy BMI, and each of the other maternal metabolic factors, with each repeated 

milk hormone measure (leptin, insulin, adiponectin). Preliminary analyses by pre-pregnancy 

BMI category and tertiles of OGCT, GWG, and PPWL showed a stepwise, dose-response 

relationship with milk hormones across groups for BMI, OGCT, and PPWL, suggesting 

linearity, but non-linear associations were observed for GWG. Pre-pregnancy BMI, OGCT 

glucose concentration, and PPWL were therefore treated as continuous variables, while 

GWG was dichotomized as below/within versus above the Institute of Medicine (IOM) 2009 

guidelines.26 The compound symmetry covariance structure for the repeated measures was 

selected as best by comparing AIC across models. Crude models included only the main 

effect of the metabolic factor, time (1- and 3 months) and their interaction. Adjusted models 

additionally included variables that differed across maternal BMI categories (p<0.15) or 

were identified from the literature to be associated with milk composition. These included 

maternal age, parity, education level, gestational age at birth, infant sex, mode of delivery 

(vaginal or cesarean section), exclusive breast milk feeding at 3 months (yes/no), and breast 

milk volume. Adjusted regression models testing GWG, OGCT, and PPWL also included 

pre-pregnancy BMI as a covariate. Significance was set at α=0.05. Sensitivity analyses 

examined the influence of the following on regression estimates of the exposure variables: 

infant birth weight z score, which breast (right or left) was used during the test feeding, 

restriction of the analysis to exclusively breast feeding dyads at 3 months, removal of three 

women with GWG below IOM guidelines, and reduction of covariates to those with p<0.15 

in bivariate analysis.

Results

Baseline characteristics

Descriptive statistics stratified by pre-pregnancy BMI groups are shown in Table 1. Attained 

education level, gestational age of the infant at birth, the frequency of excessive GWG, and 

PPWL at 3 months were significantly different between normal weight, overweight, and 

obese women in the sample (p<0.05). All the women were exclusively breastfeeding at 1- 

month by design, and 93% were still exclusively breastfeeding at 3 months. This tended to 

be slightly lower in women with pre-pregnancy obesity and overweight than in women in the 

pre-pregnancy normal weight category.

Hormone Concentrations from 1- to 3 Months Postpartum

Mean concentrations of the breastmilk hormones (raw and log transformed) at 1- and 3 

months are reported in Table 2. Mean log transformed adiponectin and leptin significantly 

decreased (p-value = 0.0006 and < 0.0001, respectively) from 1- to 3 months with no such 

change observed in insulin. The serial measures of milk leptin and insulin were highly 
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correlated from 1- to 3 months (r = 0.75 and 0.70, respectively; p-value < 0.0001), but no 

serial correlation was observed for adiponectin (r = 0.07; p-value = 0.41).

Hormone Concentrations and Relationships to Maternal Metabolic Characteristics

Table 3 provides results from the unadjusted and adjusted models assessing the association 

of maternal metabolic characteristics with milk leptin concentrations. There was a positive 

association between pre-pregnancy BMI and leptin in both the crude and adjusted models (β 
= 0.525 and 0.494 respectively, p-value < 0.001). In addition, there was a statistically 

significant, independent, difference between GWG (below/within vs. exceed guidelines) and 

leptin levels (crude: β =0.488 p-value = 0.0001; adjusted: β= 0.298 p-value = 0.009). PPWL 

was inversely associated with leptin concentration in the crude model, and remained 

significant in the adjusted models (β = −0.235 p-value = 0.001, β = −0.184 p-value =0.003 

respectively). OGCT results at 1- and 3 months were not associated with breastmilk leptin in 

any of the tested models. The exposure-time interaction was not significant in any of the 

tested leptin models.

As seen in Table 4 pre-pregnancy BMI was inversely associated with milk adiponectin in the 

crude model (β= −0.067, p-value = 0.02) and remained significant in the adjusted model (β= 

−0.070, p-value = 0.02). The pre-pregnancy BMI- time interaction was statistically 

significant (p-value = 0.001 and p-value = 0.045 in crude and adjusted models, respectively), 

indicating that the association between maternal BMI and adiponectin was different at 3-

months as compared to 1 month (referent). The positive beta coefficient for the interaction 

term indicates that the negative main effect of maternal pre-pregnancy BMI with adiponectin 

was weaker (closer to zero) at 3 months as compared to 1 month. The other three maternal 

metabolic characteristics were not associated with milk adiponectin concentration.

For the insulin models shown in Table 5, a positive association between pre-pregnancy BMI 

and insulin was observed in both the crude and adjusted models (β= 0.177, p-value = 0.003; 

and β= 0.144, p-value = 0.030, respectively). In addition, the pre-pregnancy BMI-time 

interaction was statistically significant (p-value = 0.002 and p-value = 0.017) marking a 

difference in the association at 1 and 3 months. Here, the positive beta coefficient for the 

interaction term indicates that the positive main effect of maternal pre-pregnancy BMI on 

milk insulin was stronger (more positive) at 3 months as compared to 1 month. No other 

significant associations were observed between maternal factors and milk insulin 

concentration levels.

Given that only education and gestational age at birth were statistically significant in the 

mixed effect models, more parsimonious mixed effect linear regression models adjusting for 

education and gestational age only were performed. These models resulted in very similar 

findings, and therefore, these results were not reported. In additional analyses, we found no 

significant association of birth weight z score, or which breast the infant fed from during the 

test feed, on any of the outcomes (p>0.15) and the estimates of BMI, GWG, PPWL, and 

OGCT were not influenced significantly (greater than 10% difference in regression 

coefficient) by their inclusion (results not shown). Restriction to dyads that were exclusively 

breast feeding at 3 months or who had GWG greater than or equal to IOM guidelines 

likewise did not alter the results.
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Discussion

In this longitudinal analysis from birth to 3 months postpartum, maternal pre-pregnancy 

BMI was positively associated with elevated concentrations of leptin and insulin and lower 

concentrations of adiponectin in mature human milk, after adjusting for potential 

confounders. In addition, we found a statistically higher milk leptin concentration in women 

whose GWG exceeded the IOM guidelines as compared to those whose GWG was either 

below or within the IOM guidelines, independent of time. Lastly, our study has shown a 

negative association between postpartum weight loss and concentration of milk leptin level, 

independent of time. Our findings on the association of pre-pregnancy BMI and increased 

leptin levels is largely consistent with other studies; however, our findings on the time-

dependent relationship of pre-pregnancy BMI and higher concentration of milk insulin and 

lower concentration of milk adiponectin, as well as the relationships of excessive GWG and 

lower postpartum weight loss with milk leptin, are novel to the field.

Leptin is an appetite-regulating hormone produced in the adipose tissue,27 as well as 

epithelial cells of the mammary gland,28 and has been found in much higher concentrations 

in human serum compared to breastmilk,20 and in serum of obese than normal weight 

women.29 Milk leptin’s positive association with maternal BMI (with a small number of 

exceptions19,30) has been well established.11,13,16,31 Our results confirmed this association 

in exclusively breastfeeding women and extended it by documenting that milk leptin 

concentration is responsive to dynamic aspects of weight change in pregnancy and lactation. 

Maternal serum leptin increases during late gestation and declines after parturition (the so-

called “leptin surge”), which phenomenon is thought to be critical for maturation of appetite 

regulating centers in the fetal brain,32 and which we saw reflected in a significant decline in 

milk leptin from 1 to 3 months. Milk leptin is thought to derive in large part from maternal 

serum, the level of which tracks changes in adiposity; this may explain why we found it to 

associate with maternal GWG and PPWL as well as BMI. It is not clear why the same 

results were not found for insulin or adiponectin, but it may relate to differences across 

hormones in the degree to which their appearance in milk occurs via active expression 

and/or transport by the mammary epithelial cells rather than passive paracellular diffusion.
21,32 Serial measurement of maternal serum would help to address this point in future. 

Randomized weight management trials during these critical periods could also better assess 

whether the relationships we have observed are causal.

Secreted by adipose tissue, serum adiponectin is inversely associated with adiposity, plays a 

role in modulation of glucose and lipid metabolism in insulin sensitive tissues, and has anti-

atherogenic and anti-inflammatory effects.17,33–35 Adiponectin is one of the most abundant 

milk hormones, the concentration of which is thought to be driven by maternal circulating 

levels. Milk levels decline over the period of lactation36, as we have also shown here from 1 

to 3 months. We found a time dependent inverse relationship between maternal pre-

pregnancy BMI and milk adiponectin, with a stronger (negative) association observed at 1-

month than at 3 months post-partum. Literature to date is inconsistent on the association of 

maternal BMI and milk adiponectin,14,16–19 with no clear association between maternal 

BMI and adiponectin levels in colostrum, hindmilk, foremilk, or whole milk. Martin et al.18 

first showed a positive association of maternal BMI with adiponectin concentrations in 
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breastmilk in a study of 22 women with serial skimmed milk samples, but this finding was 

based on post-pregnancy, and not pre-pregnancy BMI, and was not confirmed after covariate 

adjustments. Other studies that reported no association between maternal BMI and milk 

adiponectin levels had lower precision of estimates due to fewer women with elevated BMI, 

self-reported maternal weights, and wide infant age ranges for milk sampling.14,17,18 Our 

results of a diminished association over time supports findings by Chan et al.16 who reported 

no association between maternal pre-pregnancy BMI and adiponectin levels in breastmilk at 

3 to 4 months postpartum. The finding points out the importance of timing of milk 

collection. The relative benefits of hormones in early versus later milk for infant growth 

remain to be determined.

Produced in the pancreas, insulin plays a major role in maintaining glucose homeostasis and 

metabolic function, but also has less recognized roles in appetite suppression through 

receptors binding in hypothalamic neurons,37,38 and as a potent growth regulating hormone 

in early life.39 Milk insulin concentration is found at equimolar concentrations as in 

maternal serum and is thought to be actively transported into milk by the mammary 

epithelial cell, rather than diffusing through the paracellular pathway.21 This active transport 

may explain why we found that milk insulin did not decline on average from 1 to 3 months 

post-partum, in contrast to leptin and adiponectin. Indeed, the positive association between 

maternal pre-pregnancy BMI and milk insulin not only remained significant from 1- to 3 

months but was stronger at the later time point. Previous findings on the relationship of 

maternal BMI to milk insulin have been mixed. Our results are consistent with several other 

studies reporting a positive correlation with maternal pregnancy BMI.21,22 In contrast, 

Shehadeh et al.15 reported post-partum maternal BMI (measured at the time of breastmilk 

sample collection), to have no influence on insulin concentrations in transitional milk (days 

3 and 10). Two other studies, which may have suffered from low statistical power due to low 

sample size14,16 also showed no association between pre-pregnancy BMI and milk insulin 

levels. These results warrant further investigation on the potential role of milk insulin in 

infant appetite, metabolic rate and obesity risk.

Strengths and Limitations

This study had a rigorous milk collection protocol, where all the samples were expressed 

with the same equipment, collected in the morning and precisely two hours after the 

previous breast feeding, and within narrow age-specific collection windows. This allowed 

for control of diurnal and lactation stage variations in milk which have been well recorded.40 

Numerous confounding and technical factors were assessed, and our sample included a 

relatively large proportion of overweight and obese women. There were also some 

limitations to this study. First, whether maternal weight changes relate specifically to milk 

hormone levels in foremilk versus hind milk was not assessed,11. Second, study population 

was relatively homogenous in ethnic and racial composition, making the results less 

generalizable to non-White or Hispanic populations. Third, the effect sizes for the 

relationship of milk hormones with GWG, PPWL, and OGCT appear to be weaker than for 

pre-pregnancy BMI; our finding that GWG and PPWL had relationships only with leptin 

level may be a function of statistical power. Fourth, potential confounding effects of 

maternal physical activity level and dietary intake were unavailable for analysis. Finally, lack 
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of maternal serum hormone concentrations limited the ability to explain observed 

differences in results across the different milk hormones.

Conclusions

Numerous benefits of breastfeeding to the health of the infant and the mother have been 

established,1,2 however much is to be learned regarding the causes and consequences of 

individual variation in breastmilk composition. Our study advances this body of knowledge 

by 1) showing that milk hormone concentrations and their relationship with maternal 

metabolic status change over time, and 2) illustrating that not only pre-pregnancy BMI but 

also gestational weight gain and postpartum weight loss are associated with variation in milk 

leptin. Future work will test the relationship of these and other milk bioactive components 

with infant growth and metabolic health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

The authors would like to acknowledge and thank all the women and health care providers who contributed to the 
MILk study, and the MILk study teams including Neely Miller and Kristin Sandness from the Center for 
Neurodevelopmental Behavior and Rebecca Hollister from the Clinical and Translational Science Institute at 
University of Minnesota, the University of Oklahoma Health Sciences Center, and the HealthPartners Center for 
research and Education. A special thank you to Tory Bruch, Regina Marino and Claire Levar.

Source of Funding: The present study used data from Mothers and Infants Linked for Healthy Growth (MILk) 
study. The MILk study is supported by an NIH/NICHD grant (R01HD080444).

Disclaimers: DRJ, PLM, PMM, TCS, LH, DAF, and EWD report grant funding from the National Institute of Child 
Health and Human Development (NICHD) during the conduct of this study. No other conflicts of interest were 
reported.

References

1. Breastfeeding and the Use of Human Milk. Pediatrics. 2012;129(3).

2. WORLD HEALTH ORGANIZATION Infant and young child nutrition Global strategy on infant 
and young child feeding Report by the Secretariat. 2002.

3. Fields DA, Schneider CR, Pavela G. A narrative review of the associations between six bioactive 
components in breast milk and infant adiposity. Obesity. 2016;24(6):1213–1221. doi:10.1002/oby.
21519. [PubMed: 27151491] 

4. Lemas DJ, Young BE, Baker PR, et al. Alterations in human milk leptin and insulin are associated 
with early changes in the infant intestinal microbiome. Am J Clin Nutr. 2016;103(5):1291–1300. 
doi:10.3945/ajcn.115.126375. [PubMed: 27140533] 

5. Ellsworth L, Harman E, Padmanabhan V, Gregg B. Lactational programming of glucose 
homeostasis: a window of opportunity Short Title: Insights into lactational programming. 2018;(5):
1–50. http://www.reproduction-online.org/content/early/2018/05/11/REP-17-0780.full.pdf.

6. Li M, Sloboda DM, Vickers MH. Maternal obesity and developmental programming of metabolic 
disorders in offspring: Evidence from animal models. Exp Diabetes Res. 2011;2011. doi:
10.1155/2011/592408.

7. Samuelsson A-M, Matthews PA, Argenton M, et al. Diet-Induced Obesity in Female Mice Leads to 
Offspring Hyperphagia, Adiposity, Hypertension, and Insulin Resistance. Hypertension. 2008;51(2).

Dadres et al. Page 9

Obesity (Silver Spring). Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.reproduction-online.org/content/early/2018/05/11/REP-17-0780.full.pdf


8. Branum AM, Kirmeyer SE, Gregory ECW. National Vital Statistics Reports Prepregnancy Body 
Mass Index by Maternal Characteristics and State: Data From the Birth Certificate, 2014. 2014.

9. Ehrlich SF, Rosas LG, Ferrara A, et al. Pregnancy glycemia in mexican-american women without 
diabetes or gestational diabetes and programming for childhood obesity. Am J Epidemiol. 2013. doi:
10.1093/aje/kws312.

10. Lawlor DA, Smith GD, O’Callaghan M, et al. Epidemiologic Evidence for the Fetal Overnutrition 
Hypothesis: Findings from the Mater-University Study of Pregnancy and Its Outcomes. Am J 
Epidemiol. 2006;165(4):418–424. doi:10.1093/aje/kwk030. [PubMed: 17158475] 

11. Andreas NJ, Hyde MJ, Herbert BR, et al. Impact of maternal BMI and sampling strategy on the 
concentration of leptin, insulin, ghrelin and resistin in breast milk across a single feed: a 
longitudinal cohort study. BMJ Open. 2016;6(7):e010778. doi:10.1136/bmjopen-2015-010778.

12. Fields DA, Demerath EW. Relationship of insulin, glucose, leptin, IL-6 and TNF-α in human 
breast milk with infant growth and body composition. Pediatr Obes. 2012;7(4):304–312. doi:
10.1111/j.2047-6310.2012.00059.x. [PubMed: 22577092] 

13. Andreas NJ, Hyde MJ, Gale C, et al. Effect of Maternal Body Mass Index on Hormones in Breast 
Milk: A Systematic Review. Herder C, ed. PLoS One. 2014;9(12):e115043. doi:10.1371/
journal.pone.0115043. [PubMed: 25536196] 

14. Ley SH, Hanley AJ, Sermer M, Zinman B, O’Connor DL. Associations of prenatal metabolic 
abnormalities with insulin and adiponectin concentrations in human milk. Am J Clin Nutr. 
2012;95(4):867–874. doi:10.3945/ajcn.111.028431. [PubMed: 22378730] 

15. Shehadeh N, Khaesh-Goldberg E, Shamir R, et al. Insulin in human milk: postpartum changes and 
effect of gestational age. Arch Dis Child Fetal Neonatal Ed. 2003;88(3):F214–6. http://
www.ncbi.nlm.nih.gov/pubmed/12719395. Accessed April 24, 2017. [PubMed: 12719395] 

16. Chan D, Goruk S, Becker AB, et al. Adiponectin, leptin and insulin in breast milk: associations 
with maternal characteristics and infant body composition in the first year of life. Int J Obes. 2017;
(8):1–8. doi:10.1038/ijo.2017.189.

17. Weyermann M, Brenner H, Rothenbacher D. Adipokines in human milk and risk of overweight in 
early childhood: a prospective cohort study. Epidemiology. 2007;18(6):722–729. doi:10.1097/
EDE.0b013e3181567ed4. [PubMed: 18062063] 

18. Martin LJ, Woo JG, Geraghty SR, et al. Adiponectin is present in human milk and is associated 
with maternal factors. Am J Clin Nutr. 2006;83(5):1106–1111. doi:83/5/1106 [pii]. [PubMed: 
16685053] 

19. Bronsky J, Mitrova K, Karpisek M, et al. Adiponectin, AFABP, and Leptin in Human Breast Milk 
During 12 Months of Lactation. J Pediatr Gastroenterol Nutr. 2011;52(4):474–477. doi:10.1097/
MPG.0b013e3182062fcc. [PubMed: 21407103] 

20. Savino F, Sardo A, Rossi L, Benetti S, Savino A, Silvestro L. Mother and Infant Body Mass Index, 
Breast Milk Leptin and Their Serum Leptin Values. Nutrients. 2016;8(6):383. doi:10.3390/
nu8060383.

21. Whitmore TJ, Trengove NJ, Graham DF, Hartmann PE. Analysis of Insulin in Human Breast Milk 
in Mothers with Type 1 and Type 2 Diabetes Mellitus. Int J Endocrinol. 2012;2012:1–9. doi:
10.1155/2012/296368.

22. Young BE, Patinkin Z, Palmer C, de la Houssaye B, Barbour LA, Hernandez T, Friedman JE, 
Krebs NF. Human milk insulin is related to maternal plasma insulin and BMI: but other 
components of human milk do not differ by BMI. Eur J Clin Nutr 2017 9;71(9):1094–1100. doi: 
10.1038/ejcn.2017.75. [PubMed: 28513622] 

23. Gillman MW. Developmental origins of health and disease. N Engl J Med. 2005;353(17):1848–
1850. doi:10.1056/NEJMe058187. [PubMed: 16251542] 

24. Nommsen-Rivers LA. Does Insulin Explain the Relation between Maternal Obesity and Poor 
Lactation Outcomes? An Overview of the Literature. Adv Nutr. 2016;7(2):407–414. doi:
10.3945/an.115.011007. [PubMed: 26980825] 

25. Khodabakhshi A, Ghayour-Mobarhan M, Rooki H, et al. Comparative measurement of ghrelin, 
leptin, adiponectin, EGF and IGF-1 in breast milk of mothers with overweight&sol;obese and 
normal-weight infants. Eur J Clin Nutr. 2014;69(10):614–618. doi:10.1038/ejcn.2014.205. 
[PubMed: 25351650] 

Dadres et al. Page 10

Obesity (Silver Spring). Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/12719395
http://www.ncbi.nlm.nih.gov/pubmed/12719395


26. Weight Gain During Pregnancy: Reexamining the Guidelines. http://
www.nationalacademies.org/hmd/~/media/Files/Report-Files/2009/Weight-Gain-During-
Pregnancy-Reexamining-the-Guidelines/Report-Brief-Weight-Gain-During-Pregnancy.pdf. 
Accessed October 6, 2017.

27. Friedman JM, Halaas JL. Leptin and the regulation of body weight in mammals. Nature. 
1998;395(6704):763–770. doi:10.1038/27376. [PubMed: 9796811] 

28. Smith-Kirwin SM, O’Connor DM, Johnston J, de Lancy E, Hassink SG, Funanage VL. Leptin 
Expression in Human Mammary Epithelial Cells and Breast Milk. J Clin Endocrinol Metab. 
1998;83(5):1810–1810. doi:10.1210/jcem.83.5.4952. [PubMed: 9589698] 

29. Pan H, Guo J, Su Z. Advances in understanding the interrelations between leptin resistance and 
obesity. Physiol Behav. 2014;130:157–169. doi:10.1016/j.physbeh.2014.04.003. [PubMed: 
24726399] 

30. Savino F, Sorrenti M, Benetti S, Lupica MM, Liguori SA, Oggero R. Resistin and leptin in breast 
milk and infants in early life. Early Hum Dev. 2012;88(10):779–782. doi:10.1016/j.earlhumdev.
2012.05.004. [PubMed: 22641277] 

31. Ahuja S et al. Glucose and Insulin Levels are Increased in Obese and Overweight Mothers’ Breast-
milk. Food Nutr Sci. 2011;2(May):201–206. doi:10.4236/fns.2011.23027.

32. Nozhenko Y, Asnani-Kishnani M, Rodríguez AM, Palou A. Milk Leptin Surge and Biological 
Rhythms of Leptin and Other Regulatory Proteins in Breastmilk. Mintz EM, ed. PLoS One. 
2015;10(12):e0145376. doi:10.1371/journal.pone.0145376. [PubMed: 26680765] 

33. Zhu N, Pankow JS, Ballantyne CM, et al. High-Molecular-Weight Adiponectin and the Risk of 
Type 2 Diabetes in the ARIC Study. J Clin Endocrinol Metab. 2010;95(11):5097–5104. doi:
10.1210/jc.2010-0716. [PubMed: 20719834] 

34. Kopecky C, Ebtehaj S, Genser B, et al. HDL Cholesterol Efflux Does Not Predict Cardiovascular 
Risk in Hemodialysis Patients. J Am Soc Nephrol. 2017;28(3):769–775. doi:10.1681/ASN.
2016030262. [PubMed: 27612996] 

35. Bahceci M, Gokalp D, Bahceci S, Tuzcu A, Atmaca S, Arikan S. The correlation between 
adiposity and adiponectin, tumor necrosis factor alpha, interleukin-6 and high sensitivity C-
reactive protein levels. Is adipocyte size associated with inflammation in adults? J Endocrinol 
Invest. 2007;30(3):210–214. doi:10.1007/BF03347427. [PubMed: 17505154] 

36. Newburg DS, Woo JG, Morrow AL. Characteristics and Potential Functions of Human Milk 
Adiponectin. J Pediatr. 2010;156(2):S41–S46. doi:10.1016/j.jpeds.2009.11.020. [PubMed: 
20105665] 

37. Bakshi AA, Bavikar JS, Asegaonkar SB, et al. Evaluation of usefulness of serum insulin as 
sensitive predictor of cardiovascular dysfunction in obese individuals with normal lipid profile. J 
Clin Diagn Res. 2014;8(10):CC10–2. doi:10.7860/JCDR/2014/9759.4980.

38. Coll AP, Farooqi IS, O’Rahilly S. The hormonal control of food intake. Cell. 2007;129(2):251–
262. doi:10.1016/j.cell.2007.04.001. [PubMed: 17448988] 

39. Susa JB, Schwartz R. Effects of hyperinsulinemia in the primate fetus. Diabetes. 1985;34(SUPPL. 
2):36–41. doi:10.2337/diab.34.2.s36. [PubMed: 3888740] 

40. Ballard O, Morrow AL. Human milk composition: nutrients and bioactive factors. Pediatr Clin 
North Am. 2013;60(1):49–74. doi:10.1016/j.pcl.2012.10.002. [PubMed: 23178060] 

Dadres et al. Page 11

Obesity (Silver Spring). Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nationalacademies.org/hmd/~/media/Files/Report-Files/2009/Weight-Gain-During-Pregnancy-Reexamining-the-Guidelines/Report-Brief-Weight-Gain-During-Pregnancy.pdf
http://www.nationalacademies.org/hmd/~/media/Files/Report-Files/2009/Weight-Gain-During-Pregnancy-Reexamining-the-Guidelines/Report-Brief-Weight-Gain-During-Pregnancy.pdf
http://www.nationalacademies.org/hmd/~/media/Files/Report-Files/2009/Weight-Gain-During-Pregnancy-Reexamining-the-Guidelines/Report-Brief-Weight-Gain-During-Pregnancy.pdf


What is Already Known About This Topic

• Human milk is a highly complex fluid and varies between and within women 

over time, but the determinants of this variation remain understudied.

• Human milk leptin concentration increases in a stepwise fashion with 

increasing maternal BMI.
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What This Study Adds

• Concentrations of leptin and adiponectin in mature human milk decline from 

1 to 3 months, while milk insulin does not change over this period of 

lactation.

• Milk leptin increases with greater gestational weight gain and lower post-

partum weight loss, independent of its relationship with pre-pregnancy BMI

• Pre-pregnancy BMI is positively associated with milk insulin and negatively 

associated with milk adiponectin, and the strength of these relationships 

change from 1 to 3 months post-partum.
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