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Analysis of Human Milk Leptin and Ghrelin in Relation
to Maternal Factors and Infant Weight Gain Within Six Months
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This study examined leptin and ghrelin concentrations in human milk (HM) in the first six months of lactation and their associa-
tions with maternal characteristics, milk composition, and infant weight gain. Twenty exclusively breastfeeding mothers were
recruited from the University Hospital of Biatystok, Poland. HM samples were collected at six postpartum intervals, and hor-
mone concentrations were measured using the enzyme-linked immunosorbent assay (ELISA). Maternal pre-pregnancy body
mass index (BMI) was recorded, and milk macronutrient composition was analyzed with an HMA analyzer. Mean HM leptin
concentrations ranged from 0.30 to 0.41 ng/mL within the first six months of lactation, while mean ghrelin concentrations
ranged from 23 to 30 pg/mL. Maternal pre-pregnancy BMI correlated positively with ghrelin concentrations at the second
postpartum interval but not with leptin levels. Leptin showed a moderate negative correlation with a true protein concentra-
tion at 7-8 weeks postpartum. Infant weight gain over the six months postpartum ranged from 370 to 790 g per month, with
no significant associations identified between weight gain and hormone levels. Although maternal BMI was associated with
ghrelin concentration, this correlation did not translate into measurable differences in infant growth trajectories. The relatively
stable concentrations of leptin and ghrelin throughout the first six months of lactation underscore the need for further research
on their potential roles in infant growth, gut development, and metabolic programming.
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INTRODUCTION

Human milk (HM) is widely recognized as the optimal source
of nutrition for newborns and infants, particularly for preterm
babies, facilitating a critical transition from intrauterine to ex-
trauterine life. HM provides unique nutritional, immunological,

and trophic properties vital during life’s early stages. As a re-
sult, global child health and nutrition organizations advocate
exclusive breastfeeding for the first six months of life [Perrella
et al, 2021; WHO, 2022]. Although initiation of breastfeeding
is relatively high in many European countries, the prevalence
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of exclusive breastfeeding in the first six months of life remains
below international recommendations. According to data from
the WHO European Region, the prevalence of exclusive breast-
feeding up to six months of age is lower than in most other WHO
regions worldwide.In many European countries, the proportion
of infants exclusively breastfed during the first six months of life
ranges from approximately 13% to 39% [Theurich etal, 2019].1n
Poland, although nearly all mothers initiate breastfeeding after
birth, national data from the PITNUTS 2016 study indicate that
only 5.9% of the infants were exclusively breastfed at six months
of age [Weker et al, 20171.

The composition of HM is dynamically tailored to meet
the evolving needs of the infant. This adaptive nature ensures
that dietary requirements are met through precisely-designed
contents of energy, macronutrients, and micronutrients, along
with a diverse array of biologically-active compounds, such
as enzymes, hormones, growth factors, anti-infective factors,
and blood cells [Andreas et al, 2015; Demmelmair & Koletzko,
2022]. The contents of these components can vary significantly
depending on maternal physiology, environmental influences,
and other factors [Fields et al, 2016].

HM is pivotal in regulating hunger and satiety, driven by
hormones and growth factors such as leptin and adiponectin,
ghrelin, resistin, obestatin, and insulin-like growth factor [Savino
etal, 2012]. These bioactive components mediate the interac-
tion between the gastrointestinal system and hypothalamic
centers responsible for energy homeostasis. Recent studies have
emphasized the significance of early-life nutrition, including
breastfeeding, in reducing the risk of overweight and obesity
later in life [Carrello et al, 2025; Ma et al, 2020; Sun et al, 2024;
Yan etal, 2014].

Polypeptide hormones in HM regulate energy balance
and are thought to originate from two primary sources: local
synthesis and secretion by mammary epithelial cells and transfer
from maternal plasma [Savino et al, 2012]. Among these, leptin
plays a key role in energy homeostasis. Synthesized primarily by
adipose tissue and the intestinal mucosa, leptin interacts with
hypothalamic receptors to suppress hunger and promote energy
expenditure [Palou & Pico, 2009]. Leptin in HM has been impli-
cated in appetite suppression and enhanced energy expenditure
in breastfed infants. It is suggested that leptin in HM may enter
the systemic circulation of newborns and infants through leptin
receptors located on epithelial cells of the stomach and small
intestine, potentially influencing early energy balance and me-
tabolism [Cannon et al, 2015; Flier & Maratos-Flier, 2017]. It is
worth noting that leptin concentrations in HM exhibit circadian
variation, with levels declining in the afternoon and rising over-
night, peaking at around 05:00 h. Notably, higher concentrations
have been reported between 22:00 and 04:00 h [Suwaydi et al.,
2023], which is consistent with the nocturnal rise in circulating
leptin observed in humans [Saad et al,, 1998].

Ghrelin, often called the "hunger hormone’, is present
in HM and produced by the mammary gland, mammary epi-
thelial cells,and the placenta. Itis crucial in regulating an infant’s
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appetite [Fields et al, 2016]. During feeding, ghrelin levels in-
crease, stimulating hunger and ensuring that the infant con-
sumes the necessary nutrients and energy for optimal growth
[Karatas etal, 2011]. Although diurnal fluctuations of ghrelin have
been documented in saliva [Aydin et al, 2006], there is currently
no evidence demonstrating circadian variation of ghrelin con-
centrations in HM, and studies addressing this issue are lacking.

Leptin and ghrelin concentrations are closely linked to lacta-
tion. Several longitudinal studies have shown that leptin levels
are highest in colostrum and generally decrease over the first
months of lactation [llcol et al, 2006; Schuster et al, 2011; Yu et
al, 2018], while ghrelin levels tend to remain stable or increase
in mature milk [de Fluiter et al, 2021; Kon et al,, 2014]. Leptin
concentrations are initially higher in term than in preterm co-
lostrum, but they decline more rapidly, leading to comparable
levels in both groups by six weeks postpartum [Bielicki et al,
2004]. Other investigations, however, have reported lower leptin
concentrations in mature term milk, likely reflecting differences
in the postpartum interval before sample collection [Vass et
al, 20201.

Both hormones are thought to contribute to regulating
growth and development during neonatal and infancy periods
and to likely play a role in protecting infants from the develop-
ment of obesity. Additionally, previous studies have suggested
that leptin and ghrelin are involved in metabolic programming
[Fields et al., 2016; Flier & Maratos-Flier, 2011; Savino et al,, 2010],
a process where prenatal and early postnatal conditions sig-
nificantly influence the development and function of tissues
and organs, potentially shaping long-term metabolic regulation.

Building on the understanding of the dynamic composi-
tion of HM and the pivotal roles of leptin and ghrelin in energy
balance and infant development, this study aimed to inves-
tigate these hormones in the context of lactation and early
growth. Specifically, it sought to examine the variability in lep-
tin and ghrelin concentrations in HM over the first six months
of lactation and to identify the maternal factors, e.g., age, body
mass index (BMI), that may affect their levels. This research has
the potential to deepen our understanding of the interplay be-
tween maternal factors, hormonal regulation, and infant growth,
ultimately contributing to the development of strategies for
optimizing early-life nutrition and long-term health outcomes.

MATERIALS AND METHODS

= Participants’ recruitment

Participants were recruited at the University Hospital of Biatystok,
Poland, between January and September 2022. During the initial
screening, 35 breastfeeding mothers were evaluated for eligibil-
ity. Nine individuals did not meet the inclusion criteria, which
required participants to be at least 18 years old, in good health
with no chronic illnesses, non-smokers during and after preg-
nancy, exclusively breastfeeding, and producing an adequate
milk supply. Additionally, six more participants were unable to
complete the study due to circumstances such as transition-
ing to formula feeding, subsequent pregnancy, or relocation.
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Notably, no participants withdrew from the study due to health
complications, as mothers and infants remained in good health
throughout the observation period. Ultimately, complete data-
sets and human milk samples from 20 participants were included
in the final analysis.

The study adhered to rigorous ethical standards, consistent
with the Declaration of Helsinki. The protocol was approved by
the Bioethics Committee of the Medical University of Biatystok,
Poland (approval no. AKP.002.501.2021). All participants were
informed about the research objectives and provided written
informed consent before enrollment. Furthermore, they voluntar-
ily contributed milk samples for analysis, ensuring that the study
met its goals while upholding ethical integrity.

=  Anthropometric measurements

Maternal anthropometric data included pre-pregnancy weight
and height, which were self-reported at enrollment and used
to calculate pre-pregnancy BMI. Maternal weight at delivery
was obtained from medical records, and gestational weight
gain was calculated as the difference between pre-pregnancy
and delivery weight.

Infant anthropometric data comprised birth weight, collect-
ed from hospital records, and subsequent monthly body weights,
which were recorded during routine pediatric visits and verified
at study appointments. Infant body weights were expressed
in kilograms and converted to age- and sex-specific weight-
-for-age z-scores (WAZ) using WHO Child Growth Standards with
the anthro package, version 1.0.1 (WHO, Geneva, Switzerland).

= Human milk collection and nutrient concentration
analysis

Milk samples were collected between 7:00 and 9:00 AM, with
aminimum interval of one hour since the last breastfeeding ses-
sion. Participants were provided with sterilized collection tubes.
To maintain hygiene, mothers were advised to wash their hands
and clean the chest area before collection. Approximately 20 mL
of milk were collected as a composite sample, consisting of equal
volumes of pre-feed (foremilk) and post-feed (hindmilk) milk.
These fractions were pooled prior to centrifugation and hormone
analysis to obtain a representative mixed milk sample for each
feeding. After collection, the milk samples were stored at 4°C for
a few hours, but no longer than five, before being transported
tothe laboratory. Then, each sample was divided into two equal
portions, processed on the day of collection, frozen within 24 h,
and stored at —20°C until analysis. To ensure consistency, all sam-
ples were analyzed after a standardized storage period of three
to four months, and each sample was subjected to a single
freeze—thaw cycle to minimize peptide degradation.

Milk samples were collected at six specific postpartum
time points: 3-4 weeks, 7-8 weeks, 11-12 weeks, 15-16 weeks,
19-20 weeks, and 23-24 weeks, resulting in a total of 120 sam-
ples. At the first collection time point (3-4 weeks postpartum),
additional data on maternal and infant characteristics were gath-
ered for further analysis.
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The energy, lactose, fat, and protein concentrations of HM
were measured using the MIRIS human milk analyzer (HMA)
(Miris, Uppsala, Sweden), following a validated protocol. The anal-
ysis utilized mid-infrared (MIR) transmission technology, with
wavelengths specific to different macronutrient bonds: lactose
(C-OH stretch at 9.61 um), fat (C=0 at 5.73 um and C-H at
3.48 um), and protein (CO-N stretch at 6.46 um). The energy
value of HM was calculated per 100 mL based on the measured
concentrations of lactose, protein, and fat, which were conven-
tionally expressed per 100 mL of human milk. Energy value was
estimated using specific Atwater conversion factors for human
milk: 4.0 kcal/g for lactose, 4.4 kcal/g for protein, and 9.25 kcal/g
for fat. In addition to macronutrient concentrations, the MIRIS
HMA also provided a measurement of dry mass. This parameter
reflects the proportion of solid components in milk (fat, pro-
tein, and carbohydrates) after subtraction of the water content
and was automatically generated during mid-infrared analysis.

The total protein content was determined by the MIRIS HMA
based on the total nitrogen (N) content and calculated using
a nitrogen-to-protein conversion factor of 6.38, as specified by
the manufacturer. Because total protein includes non-protein
nitrogen (NPN) compounds, which account for approximately
20-25% of the total nitrogen in HM, true protein values were
estimated by applying a correction factor of 0.8, according to
the MIRIS methodology, using Equation (1):

True protein (g/100 mL) = Total protein (g/100 mL) x 0.8 m

For each sample, three aliquots (~12 mL in total) were ana-
lyzed for macronutrient concentrations, and the final value was
calculated as the mean of three measurements.

= Analysis of leptin and ghrelin concentrations in human
milk samples

For hormonal analysis, the HM samples were thawed at room
temperature and centrifuged at 1,770xg and 4°C for 15 min
using a 5702R centrifuge with an F-45-24-11 rotor (Eppendorf,
Hamburg, Germany). The fat and cellular layers were removed,
and the supernatant (skim milk) was used for hormone analy-
sis. Leptin and ghrelin concentrations were determined using
enzyme-linked immunosorbent assay (ELISA). All samples
were processed under identical conditions and subjected
to a single freeze—thaw cycle, and all assays were performed
in duplicate.

Hormone concentrations were determined using com-
mercial ELISA kits: human leptin ELISA DEEOO7 kit (Demeditec,
Kiel, Germany; assay range: 0.25-100 pg/L; intra-assay variance
<15%) and human ghrelin ELISA kit (cat. no. orb561916, Bior-
byt, Cambridge, UK; assay range: 1.875-120 pg/mL; sensitivity:
1.125 pg/mL). Optical density was measured with a Synergy
HTX multimode microplate reader (BioTek, Winooski, VT, USA),
and data analysis was performed using Gen5 Data Analysis
Software (BioTek). Concentrations of leptin and ghrelin were
expressed in ng and pg per 1 mL of milk, respectively.
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An attempt was also made to determine the concentra-
tions of acylated ghrelin using a commercially available Bertin
Bioreagent ELISA kit (#A05106.96, Bertin Technologies, Montigny-
le-Bretonneux, France; assay range: 2-250 pg/mL). However,
this assay did not yield reliable results in the analyzed human
milk samples.

m Statistical analysis

Continuous variables were expressed as mean and standard de-
viation (SD) for normally distributed or as median and SD for non-
-normally distributed data. The normal distribution of continuous
variables was tested using the Shapiro-Wilk test. The categori-
cal data were presented as numbers and percentages. Z-scores
were derived based on child weight, age (in days), and sex, using
the lambda-mu-sigma (LMS) method. Changes in milk com-
pound concentrations over time were analyzed using a Bayesian
hierarchical model with random intercepts for individual subjects
and an autoregressive (AR1) correlation structure to account
for repeated measurements. The associations between leptin
and ghrelin concentrations and maternal characteristics (e.g,,
body mass index, body weight, age and AWAZ) were evaluated
using Bayesian multilevel regression models. All models were
fitted in R using the brms package (v2.23.0; R Foundation for
Statistical Computing, Vienna, Austria) [Burkner, 2021], specify-
ing a Student-t likelihood. Weakly informative priors were used
for the fixed effects (Normal (0, 5)) and for the residual standard
deviation (Student-t distribution with 3 degrees of freedom,
mean 0, scale 10). Posterior distributions were estimated using
four Markov chain Monte Carlo (MCMC) chains, each with 4,000
iterations, including 1,000 warm-up iterations. Convergence was
assessed using R-hat statistics (<1.01), effective sample sizes,
and visual inspection of trace plots. To facilitate interpretation,
estimated marginal means and pairwise comparisons were ob-
tained with the emmeans package (v1.11.2-8; R Foundation for
Statistical Computing ). Correlations between hormone concen-
tration and milk parameters were assessed using Spearman’s
rank correlation. Trend analysis for milk compound concentra-
tions over time was performed using the Mann-Kendall test. Al
statistical analyses were conducted using the R environment
(v.4.4.1; R Foundation for Statistical Computing).

RESULTS AND DISCUSSION

m  Characteristics of the study group

Maternal age averaged 32.0 years (Table 1). The mean pre-
pregnancy weight was 62.4 kg, and the mean pre-pregnancy
BMIwas 22.4 kg/m’. Sixteen women (75.0%) had normal weight,
while four (25.0%) were classified as overweight. Mean gesta-
tional age at delivery was 40.0 weeks, and 9 participants (45.0%)
delivered by cesarean section. Mean pregnancy weight gain was
13.9 kg. Regarding parity, 8 women (40.0%) were primiparous, 6
(30.0%) were in their second pregnancy, and 6 (30.0%) in their
third pregnancy. Socio-economic status was reported as high
in 1 participant (5.0%), middle in 13 (65.0%), and low in 6 (30.0%).
Infant birth weight averaged 3,679 g (Table 1), and the calculated
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monthly weight gain ranged from 370 to 790 g per month across
the observation period.

=  Human milk composition

The summary of the composition of HM over the first six months
of lactation was presented in the Supplementary Table S1. Statis-
tical analysis using the Mann-Kendall test revealed no significant
temporal changes in the concentrations of key components,
including energy value, and concentrations of total protein,
true protein, fat, lactose, dry mass, leptin, and ghrelin (p-values
ranging from 0.070 to 1.000). Mean leptin levels ranged from 0.30
to 041 ng/mL (p=0.603), while ghrelin concentrations varied
between 23 and 30 pg/mL (p=1.000).

The HM leptin concentrations were in a similar range com-
pared to other studies [de Fluiter et al, 2021; llcol et al, 2006;
Schusteretal, 2011;Yuetal, 20181; however, significantly higher
than values reported by Bronsky etal. [2011] (0.1 ng/mL, 3 months
postpartum), and on the other hand lower than in the Ameri-
can study [Young et al, 2017] (7.1 ng/mL - for normal weight
women, 4 months postpartum). Ghrelin concentrations in HM
vary across studies, likely due to methodological differences
[Andreas et al, 2016; Aydin et al, 2007; Cesur et al, 2012]. In our
study, the observed levels were lower than those reported by
Yu et al. [2018] (147.25-381.88 pg/mL, 3 months postpartum)
and Khodabakhshi et al. [2015] (133-156 pg/mL, 2 to 5 months
postpartum). However, they were higher than those measured
by Kon et al. [2014], who reported concentrations of 5.06 pg/mL
at 2 months and 0.71 pg/mL at 3 months postpartum.

In our cohort, neither leptin nor ghrelin concentrations
showed significant longitudinal changes between 1 and 6
months postpartum. This contrasts with several previous studies
that described decreasing leptin concentrations over the course
of lactation [llcol et al, 2006; Schuster et al, 2011] and increasing
orchanging ghrelin levels [Cesuretal, 2012; de Fluiteretal, 2021,
Kon et al, 2014]. The absence of a clear trend in our data may
reflect the relatively small sample size, the homogeneous char-
acteristics of the study population, or methodological differences
such as sampling strategy and analytical techniques. Collectively,
our findings indicate that the stability of these hormones during
early lactation is also possible and highlight the heterogeneity
of results reported in the literature.

Due to the absence of statistically significant trends observed
for the analyzed factors, a comparative analysis was performed
between specific time points. The changes in the total protein
concentration throughout the lactation period were analyzed
using Bayesian generalized (non-)linear multivariate multilevel
models. The total protein at 3—-4 weeks was significantly higher
than at all other measured time points (Figure 1A). The difference
between 3-4and 11-12 weeks was estimated at 0.203 (95% high-
er posterior density, HPD: 0.107-0.304), with a posterior probabil-
ity of the effect being greater than zero equal to 1, indicating very
strong evidence for a true positive effect. Similarly, comparisons
of 3-4 weeks with 7-8, 15-16, 19-20, and 23-24 weeks showed
positive differences of 0.143 (0.054-0.233), 0.154 (0.057-0.255),
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Table 1. General characteristics of the study group (n=20).

Mean + standard Median Number
Parameter
deviation (quartile ranges) (percentage)

Maternal characteristics

34.0 (26.8-36.0)

58.5 (55.0-70.0)

224(20.3-23.9)

16 (75%)/4 (25%)

13.5(10.8-15.5)

8 (40%)/6 (30%)/6 (30%)

1(5%)/13 (65%)/6 (30%)

Prenatal data

Age (years) 320448
Pre-pregnancy weight (kg) 62.4+9.5
Pre-pregnancy body mass index (kg/m?) 224+28
Pre-pregnancy nutritional status: Normal

weight/Overweight

Pregnancy weight gain (kg) 13.9+4.6
Pregnancy order: 1st/2nd/3rd

Socio-economic status: High/Middle/Low

Gestational age (weeks) 40.0+1.0

Mode of delivery: Vaginal/C-section

40.0 (39.0-41.0)

11 (55.0%)/9 (45.0%)

Infant characteristics

Birth weight (g) 3,679+682
Month 1 4,588+704
Month 2 5,377+806
Month 3 6,156+810

Infant body weight (g)
Month 4 6,744+810
Month 5 7,115+868
Month 6 7,728+882

0.207 (0.113-0.307),and 0.254 (0.157-0.355), respectively. Com-
parisons among later weeks also revealed smaller but significant
differences, including 7-8 vs. 23-24 weeks (0.110, 0.018-0.205)
and 15-16 vs. 23-24 weeks (0.099, 0.011-0.189).

True protein concentration at 3-4 weeks was significantly
higher than at all other time points (Figure 1B). The difference
between 3-4 and 11-12 weeks was estimated at 0.169 (95%
HPD: 0.090-0.250), with a posterior probability of the effect
being greater than zero equal to 1, indicating very strong evid-
ence for a positive effect. Comparisons of 3—-4 weeks with 7-8,
15-16,19-20, and 23-24 weeks also showed significant positive
differences of 0.113 (0.043-0.186), 0.136 (0.056-0.218), 0.162
(0.084-0.239),and 0.202 (0.122-0.283), respectively. Among later
weeks, 7-8 vs. 23-24 weeks revealed a weaker yet significant
difference (0.088,0.017-0.162).

Lactose concentration at 3—4 and 11-12 weeks was gen-
erally lower than at later time points (Figure 1C). Specifically,
the difference between 3-4 and 19-20 weeks was estimated at
—0.160 (95% HPD: —0.323 to —0.003), with a posterior probability
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3,675 (3,375-3,810)
4,470 (4,268-4,900)
5,255 (4,890-5,593)
6,108 (5,788-6,453)
6,650 (6,290-7,123)
7,255 (6,768-7,823)

7,785 (7,090-8,300)

of the effect being less than zero of 0.978, indicating strong
evidence for a negative effect. Similarly, 3-4 vs. 23-24 weeks
showed a difference of —0.151 (=0.301 to —0.006). Among later
weeks, 11-12 vs. 19-20 weeks and 11-12 vs. 23-24 weeks also
exhibited significant negative differences of —0.201 (—0.364 to
—0.049) and —0.192 (—0.349 to —0.043), respectively.

A significant decrease in dry mass was observed between
15-16 and 19-20 weeks, with an estimated difference of —0.835
(95% HPD: —1.590 to —0.082), indicating strong evidence for
a negative effect (Figure 1D).

u  Factors affecting human milk composition

A correlation analysis evaluated the relationship between
nutritional composition, maternal factors, and hormone con-
centrations across six time points. Overall, no consistent statis-
tically significant correlations were observed between energy,
total or true protein, or milk fat concentrations and leptin or
ghrelin levels across the study period (Figure 2). However, at
the second measurement time point, a statistically significant
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Figure 1. Concentrations of total protein (A), true protein (B), lactose (C), and dry mass (D) in human milk at different time points during the lactation period. In
each boxplot, the central line represents the median, boxes indicate the interquartile range (IQR), and whiskers denote 1.5 X IQR. Asterisks indicate statistically

significant differences between time points (*p<0.05, **p<0.01, ***p<0.001).

moderate negative correlation was identified between total
and true protein concentrations and leptin levels. This inverse
relationship may reflect distinct regulatory pathways influenc-
ing hormonal and macronutrient secretion in the mammary
gland. Although limited, previous research has suggested that
leptin and milk macronutrient content may be modulated
by separate maternal metabolic signals [Lonnerdal, 2017;
Qureshi et al, 2024]. It is also possible that this association
represents a transient physiological adaptation during early
lactation. To the best of our knowledge, such a negative cor-
relation has not been reported in the literature, which high-
lights the need for further studies to elucidate its biological
relevance and reproducibility in more diverse populations.
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It is noteworthy that these associations were observed only
during the second postpartum month, with no consistent
patterns at other time points, possibly reflecting transient
regulatory mechanisms in lactation.

The association between BMland ghrelin was evaluated us-
ing a Bayesian multilevel regression model, adjusting for relevant
covariates and repeated measures. The results indicated a statisti-
cally significant positive correlation between BMIand ghrelin lev-
els, with higher standardized BMI values associated with higher
ghrelin concentrations (posterior mean = 5.63, 95% credible
interval from 1.86 to 9.32). None of the other maternal factors
(e.g., age, total weight gain during pregnancy) was correlated
with HM leptin and/or ghrelin concentrations.
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Figure 2. The correlation matrix between human milk nutritional composition, hormone (leptin, ghrelin) concentrations, and maternal pre-pregnancy body
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Guler et al. [2022] reported that obese mothers (n=20) had
significantly higher ghrelin levels in foremilk compared to those
with normal weight (n=20; p=0.025) at 2 months postpartum,
which aligns with our findings. Conversely, Yu et al. [2018] ex-
amined ghrelin concentrations in colostrum and mature milk
collected on postpartum days 42 and 90 and reported an in-
verse association between maternal BMI - both pre-pregnancy
(p=0.031) and during lactation (p<0.001) — and ghrelin levels.
Meanwhile, Khodabakhshi et al. [2018] examined the correla-
tion between maternal body composition and hormone levels
in 80 participants but found no significant association between
maternal fat mass or BMI and ghrelin concentrations in HM.
Notably, their study assessed hormone levels at 6 months post-
partum. Collectively, these findings suggest a complex relation-
ship between maternal anthropometric parameters and ghrelin
concentrations in HM, which may be influenced by the timing
of milk collection and lactation stage.

We identified only one study [Chan et al, 2018] in which
maternal age was analyzed as a potential factor that impacts HM
leptin concentration. The authors reported that HM leptin level
was lower in older women (aged 35-44 years) than those <35
years (p=0.03). Numerous studies have explored the relationship
between maternal weight and BMI as potential factors influenc-
ing leptin concentrations in HM [Chan et al, 2018; Christensen
etal, 2022; Cortés-Macias et al, 2023; Khodabakhshi et al, 2018;
Larsson et al, 2018; Lemas et al, 2016; Sadr Dadres et al,, 2019].
Lemas et al. [2016] reported that at two weeks postpartum
in obese mothers (n=12), HM leptin concentration was twice as
high as that of normal-weight mothers (n=18). Similarly, Young
et al. [2017] observed consistently elevated leptin concentra-
tions in HM among 22 overweight or obese mothers compared
to 26 mothers of normal weight at both two weeks and four
months postpartum. A literature review by Qureshi et al. [2024]
indicated that 20 out of 21 studies found a positive correlation
between maternal BMI and leptin levels in HM. Interestingly,
in the remaining study, the authors reported a negative cor-
relation in normal-weight mothers (p=0.03) [Chan et al, 2018].

®  Leptinand ghrelin concentrations and infants’growth
Figure 3 illustrates the infant weight gain within the first six
months of life and HM leptin and ghrelin concentrations, show-
ing no apparent trends or consistent associations. Within the first
six months of life, no evidence was found for an association
between HM concentrations of leptin or ghrelin and short-term
changes in infant growth. In Bayesian mixed-effects models
adjusting for age interval and infant sex and accounting for
repeated measurements within infants, the overall associa-
tion between HM leptin concentration and changes in infant
weight-for-age z-scores (AWAZ) was weak and not statistically
significant (posterior mean = —0.39, 95% credible interval from
—1.33 to 0.50). In additional sensitivity analyses, we allowed
the association between leptin concentration and AWAZ to
differ across specific age intervals. These analyses produced
similarfindings, as the age-specific posterior estimates remained
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imprecise and their credible intervals consistently included zero.
Similarly, HM ghrelin concentration was not associated with
AWAZ in Bayesian mixed-effects models adjusted for age interval
and infant sex (posterior mean = —0.04, 95% credible interval
from —0.43 to 0.36). Models permitting age-specific effects did
not reveal consistent associations at any measurement interval.

Spearman rank correlation analyses supported these find-
ings. No statistically significant correlations were observed be-
tween infants’ AWAZ and HM leptin. Interval-specific Spearman
correlations between hormone concentrations and AWAZ were
weak and non-significant across most time points (Figure 4
and Figure 5). Although a moderate positive correlation be-
tween HM ghrelin concentration and AWAZ was observed at
7-8 weeks of age (p=0.45, p=0.049), this isolated result was not
supported by the mixed-effects models.

The relationships between leptin and ghrelin levels in hu-
man milk and infants’growth patterns have also been explored
in other studies [Christensen et al, 2022; Cortés-Macias et al.,
2023; Khodabakshi et al, 2018; Kugananthan et al,, 2017]. In-
terestingly, some studies have suggested that HM leptin may
influence infant gut microbiome development, potentially
contributing indirectly to growth outcomes [Lemas et al, 2016].
A study involving 18 normal-weight mothers and 12 obese
mothers, along with their exclusively breastfed infants, demon-
strated that higher HM leptin concentrations at 2 weeks post-
partum were associated with lower bacterial protease activity,
a marker of gastrointestinal inflammation in infants [Lemas et
al, 2016]. Considering these results, the authors suggested that
leptin may play a significant role in infant growth and should
be considered within the broader framework of factors influ-
encing early development. In turn, a recent study by Kebbe
et al. [2024] reported no significant associations between HM
leptin and the infant gut microbiome, highlighting the need for
cautious interpretation. Taken together, these findings indicate
that while HM leptin may play a role in infant growth, its effects
could be mediated by multiple pathways, including but not
limited to direct anthropometric outcomes.

Our study did not find any relationship between maternal
pre-pregnancy BMI and infants'weight gain during the first six
months of life. In turn, Chan et al. [2018] reported that elevated
HM leptin concentrations were correlated with a lower infant
weight-for-length z-score at both 4 months (3 of —0.65, 95%
Cl (confidence interval): —1.13, —0.16; p=0.0009 for highest vs.
lowest quintile) and 1 year of age (B of —0.58, 95% Cl: —1.02,
—0.14; p=0.0009 for highest vs. lowest quintile) after adjust-
ing for factors such as multiparity and exclusive breastfeeding,
which were themselves associated with reduced leptin levels
in HM. In contrast, an earlier study [Khodabakhshi et al, 2015]
comparing exclusively breastfed overweight/obese infants
(n=40) and normal-weight infants (n=40) found no significant
differences (p>0.05) in exposure to HM leptin concentrations
between 2 and 5 months postpartum. Additionally, the relation-
ship between HM hormones and the infant gut microbiome has
been explored.
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Figure 3. Infants'weight gain during the first six months of life (A), and leptin (B) and ghrelin (C) concentrations in milk collected from lactating mothers. In each
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As an appetite-stimulating hormone, ghrelin, is thought
to influence feeding behavior and infant weight gain. Cesur
etal [2012] reported a significant positive correlation (p<0.05)
between HM ghrelin levels at 4 months postpartum and infant
weight gain during the same period. Similarly, Kon et al. [2014]
found that at the first month of lactation, ghrelin levels in HM
were significantly higher in a group of infants with normal weight
gain (n=40) compared to those with low weight gain (n=18).
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However, in a group of infants with high weight gain (n=45),
ghrelin concentrations were lower than in those with normal
weight gain. These findings contrast with our study, where no
significant association was observed between infant weight gain
and ghrelin concentrations in HM. Additionally, Yu et al. [2018]
reported no relationship between total ghrelin levels and in-
fant head circumference or weight-for-height z-score. Interest-
ingly, formula-fed infants (n=100) have been shown to exhibit
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higher plasma ghrelin levels than breastfed infants (n=106). While
anthropometric measurements did not differ between these
groups, Savino et al. [2005] found a negative correlation between
ghrelin and BMIin formula-fed infants, suggesting that the feed-
ing mode may play a role in ghrelin regulation and its impact on
metabolic programming.

Beyond methodological considerations, it is also important
to acknowledge the conceptual limitations of interpreting hu-
man milk hormone research based solely on concentration
measurement. It should be noted that hormone concentration
may not accurately represent the dose ingested by the infant
when the exact volume of HM consumed is not measured. What
ismore, leptin and ghrelin levels capture only one potential bio-
activity, while they do not account for different molecular forms
(e.g.,acylated vs. deacylated ghrelin), binding to carrier proteins,
or the influence of milk fraction (foremilk vs. hindmilk) on bio-
availability [Karatas et al, 2011]. Moreover, the ultimate effect is
shaped by interactions with other bioactive milk components
and by infant-specific factors, such as enzymatic modification
in the gastrointestinal tract, epithelial transport, and receptor
expression, which can modulate absorption and activity [Lon-
nerdal et al, 2017]. Discrepancies among studies may therefore
reflect not only methodological differences (e.g., assay sensitivity,
timing of collection) [Andreas et al, 2016; Suwaydi et al,, 2023] but
also these broader biological influences. Importantly, previous
reviews emphasize that maternal metabolic status and systemic
hormone levels may act as mediators between milk composi-
tion and infant outcomes [Qureshi et al, 2024]. In addition, milk
hormones may interact with other milk-derived signals, such as
the microbiome and immune factors, influencing infant develop-
ment beyond direct hormone exposure [Lemas et al, 2016]. To
better clarify these relationships, future research should comple-
ment concentration data with analyses of hormone isoforms
and functional assessments (e.g., digestion stability, bioactivity
in cell-based models), incorporate simultaneous maternal plasma
and infant biomarkers, and work toward standardized sampling
and reporting protocols. Such multidimensional approaches
will strengthen biological validity and improve comparability
across studies.

m  Strengths and limitations

One of the main strengths of this study is its longitudinal de-
sign, with six standardized milk collection time points within
the first six months of lactation. All samples were collected
in the morning under controlled conditions, with consistent
handling and storage protocols, reducing potential pre-ana-
lytical variability. Macronutrient analysis was performed using
validated method, allowing reliable results of nutritional milk
composition. Moreover, hormone measurements were per-
formed using ELISA kits intended for use with various liquid
matrices, following prior adaptation of the method to human
milk samples. However, our findings must be interpreted con-
sidering certain limitations. The relatively small sample size
and the homogeneous study population (all participants were
highly educated and from a single geographic area) may limit
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the extent to which the findings can be generalized. Small
sample size restricted statistical power and may have contrib-
uted to the absence of significant associations. Recruitment
was limited to mothers exclusively breastfeeding up to six
months postpartum, a population group that is relatively rare
in Poland, which further constrained sample size. Additionally,
while we identified some correlations at specific time points,
these may reflect transient or chance findings rather than
consistent physiological patterns. A further limitation is that,
although leptin and ghrelin concentrations were quantified
in HM, individual milk intake volumes were not measured. Thus,
we could not estimate infants'total hormonal exposure, which
may have influenced the observed associations. Another nota-
ble limitation of this study is the lack of data on more nuanced
growth indicators, such as weight-for-length z-scores and BMI-
for-age, which restricts the depth of our growth assessments
and their interpretability. Furthermore, foremilk and hindmilk
fractions were not analyzed separately, as pooled samples were
used to reflect average hormonal exposure during feeding;
therefore, potential differences in leptin and ghrelin concen-
trations between milk compartments could not be assessed.
Finally, although we assessed several maternal and infant vari-
ables, other unmeasured factors, such as maternal diet, stress,
and metabolic markers, may also influence milk composition
and merit further investigation in future studies.

CONCLUSIONS

In this longitudinal study, leptin and ghrelin concentrations
in human milk remained relatively stable during the first six
months of lactation, and no association was detected in this
cohort with the available infant growth metrics (including weight
gain).These findings suggest that, within the limits of our sample
and the absence of milk intake data, HM leptin and ghrelin are
unlikely to be major independent determinants of early postnatal
weight accretion.

However, given the well-established physiological roles
of these hormones in appetite regulation, gut maturation,
and metabolic signaling, and considering that their biological
effects may not be fully reflected by concentration measures
alone, further studies in larger and more diverse populations,
incorporating functional and mechanistic outcomes, are advised
to clarify their potential contributions to infant development
and metabolic programming.

RESEARCH FUNDING
The study did not receive any external funding.

CONFLICT OF INTERESTS
None of the authors declares any conflict of interest, and all have
approved the final version of the manuscript.

INFORMED CONSENT

The study adhered to rigorous ethical standards, consistent
with the Declaration of Helsinki. The protocol was approved by
the Bioethics Committee of the Medical University of Biatystok



Pol. J. Food Nutr. Sci,, 2026, 76(1), 92-105

(approval no. AKP002.501.2021). All participants were informed
about the research objectives and provided written informed
consent before enrollment

SUPPLEMENTARY MATERIALS

The following are available online at https://journal.pan.
olsztyn.pl/Analysis-of-Human-Milk-Leptin-and-Ghrelin-
in-Relation-to-Maternal-Factors-and-Infant,218306,0,2.
html; Table S1. Human milk composition over the first six
months of lactation.

ORCID IDs

A. Bien

A. Bzikowska-Jura

D. Gutkowska-Kawka
M.M. Kaczmarek

B. Kulesza-Bronczyk
T. Molcan

A. Motas

A. Wesotowska

https://orcid.org/0000-0002-5268-6900
https://orcid.org/0000-0001-5181-3771
https://orcid.org/0009-0009-6074-1357
https://orcid.org/0000-0002-8213-4381
https://orcid.org/0000-0002-1859-018X
https://orcid.org/0000-0002-0380-0156
https://orcid.org/0000-0002-2680-9946
https://orcid.org/0000-0002-7270-5910

REFERENCES

1.

Andreas, N.J, Hyde, M.J,, Herbert, BR,, Jeffries, S, Santhakumaran, S., Man-
dalia, S., Holmes, E., Modi, N. (2016). 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, 6(7), art.
no.e010778.

https://doi.org/10.1136/bmjopen-2015-010778

Andreas, N.J,, Kampmann, B., Le-Doare, K.M. (2015). Human breast milk:
A review on its composition and bioactivity. Early Human Development,
91(11), 629-635.

https://doi.org/10.1016/j.earlhumdev.2015.08.013

Aydin, S., Geckil, H., Karatas, F, Donder, E, Kumru, S, Kavak, E. Colak, R,
Ozkan, Y., Sahin, I. (2007). Milk and blood ghrelin level in diabetics. Nutrition,
23(11-12),807-811.

https://doi.org/10.1016/j.nut.2007.08.015

Aydin, S., Ozercan, H.l, Aydin, S, Ozkan, Y., Dagl, F, Oguzoncul, F, Geckil, H.
(2006). Biological rhythm of saliva ghrelin in humans. Biological Rhythm
Research, 37(2), 169-177.

https://doi.org/10.1080/09291010600576860

Bielicki, J, Huch, R, von Mandach, U. (2004). Time-course of leptin levels
in term and preterm human milk. European Journal of Endocrinology, 151(2),
271-276.

https://doi.org/10.1530/eje.0.1510271

Bronsky, J, Mitrova, K, Karpisek, M., Mazoch, J., Durilova, M., Fisarkova, B,
Stechova, K., Prusa, R, Nevoral, J. (2011). Adiponectin, AFABP, and leptin
in human breast milk during 12 months of lactation. Journal of Pediatric
Gastroenterology and Nutrition, 52(4), 474-477.
https://doi.org/10.1097/MPG.0b013e3182062fcc

Burkner, PC. (2021). Bayesian Item Response Modeling in R with brms
and Stan. Journal of Statistical Software, 100(5), 1-54.
https://doi.org/10.18637/jss.v100.i05

Cannon, AM, Kakulas, F, Hepworth, AR, Lai, C.T, Hartmann, PE.,, Geddes,
D.T. (2015). The effects of leptin on breastfeeding behaviour. International
Journal of Environmental Research and Public Health, 12(10), 12340-12355.
https://doi.org/10.3390/ijerph121012340

Carrello, J, Brown, V., Killedar, A, Hayes, A. (2025). The effects of duration of any
breastfeeding on body mass index in Australian children: Exploration of he-
alth, economic and equity impacts. Pediatric Obesity, 20(2), art. no. e13167.
https://doi.org/10.1111/ijpo.13167

Cesur, G, Ozguner, F, Yilmaz, N., Dundar, B. (2012). The relationship between
ghrelin and adiponectin levels in breast milk and infant serum and growth
of infants during early postnatal life. The Journal of Physiological Sciences,
62(3),185-190.

https://doi.org/10.1007/512576-012-0193-z

Chan, D, Goruk, S., Becker, A.B, Subbarao, P, Mandhane, PJ., Turvey, S.E,, Lefe-
bvre, D, Sears, MR, Field, CJ, Azad, M.B.(2018). Adiponectin, leptin and insulin
in breast milk: associations with maternal characteristics and infant body
composition in the first year of life. International Journal of Obesity, 42(1), 36-43.
https://doi.org/10.1038/ijo.2017.189

Christensen, S.H., Lewis, J.I, Larnkjeer, A, Frgkiaer, H., Allen, LH., Mglgaard, C,,
Michaelsen, KF. (2022). Associations between maternal adiposity and ap-
petite-regulating hormones in human milk are mediated through maternal

104

20.

21.

22.

23.

24.

25.

26.

27.

circulating concentrations and might affect infant outcomes. Frontiers
in Nutrition, 9, art. no. 1025439.
https://doi.org/10.3389/fnut.2022.1025439

Cortés-Macfas, E., Selma-Royo, M, Rio-Aige, K., Bauerl, C, Rodriguez-Lagunas,
M.J., Martinez-Costa, C,, Perez-Cano, F.J,, Collado, M.C. (2023). Distinct breast
milk microbiota, cytokine, and adipokine profiles are associated with infant
growth at 12 months: an in vitro host-microbe interaction mechanistic
approach. fFood & Function, 14(1), 148-159.
https://doi.org/10.1039/D2F002060B

de Fluiter, KS., Kerkhof, G.F, van Beijsterveldt, I.A,, Breij, LM, van Vark-van
der Zee, L. C, Mulder, MT, Abrahamse-Berkeveld, M., Hokken-Koelega, A.C.
(2021). Appetite-regulating hormone trajectories and relationships with fat
mass development in term-born infants during the first 6 months of life.
European Journal of Nutrition, 60(7), 3717-3725.
https://doi.org/10.1007/s00394-021-02533-z

Demmelmair, H., Koletzko, B. (2022). Detailed knowledge of maternal and in-
fant factors and human milk composition could inform recommendations
for optimal composition. Acta Paediatrica, 111(3), 500-504.
https://doi.org/10.1111/apa.16174

Fields, D.A.,, Schneider, CR, Pavela, G.(2016). A narrative review of the associa-
tions between six bioactive components in breast milk and infant adiposity.
Obesity, 24(6), 1213-1221.

https://doi.org/10.1002/0by.21519

Flier, J.S. Maratos-Flier, E. (2017). Leptin’s physiologic role: does the emperor
of energy balance have no clothes? Cell Metabolism, 26(1), 24-26.
https://doi.org/10.1016/j.cmet.2017.05.013

Guler, TT, Koc, N, Uzun, AK, Fisunoglu, M. (2022). The association of pre-
-pregnancy BMI on leptin, ghrelin, adiponectin and insulin-like growth
factor-1 in breast milk: a case-control study. British Journal of Nutrition,
127(11),1675-1681.

https://doi.org/10.1017/S0007114521002932

licol, Y.O., Hizli, ZB., Ozkan, T. (2006). Leptin concentration in breast milk
and its relationship to duration of lactation and hormonal status. International
Breastfeeding Journal, 1(1), art. no. 21.
https://doi.org/10.1186/1746-4358-1-21

Karatas, Z, Durmus Aydogdu, S., Dinleyici, E.C,, Colak, O., Dogruel, N. (2011).
Breastmilk ghrelin, leptin, and fat levels changing foremilk to hindmilk: is
that important for self-control of feeding? European Journal of Pediatrics,
170(10), 1273-1280.

https://doi.org/10.1007/s00431-011-1438-1

Kebbe, M., Shankar, K., Redman, L.M., Andres, A. (2024). Human milk
components and the infant gut microbiome at 6 months: Understanding
the interconnected relationship. The Journal of Nutrition, 154(4), 1200-1208.
https://doi.org/10.1016/j.tjnut.2024.02.029

Khodabakhshi, A, Ghayour-Mobarhan, M., Rooki, H., Vakili, R, Hashemy, S.I.,
Mirhafez, S.R, Shakeri, M.T, Kashanifar, R, Pourbafarani, R, Mirzaei, M., Dahri,
M., Mazidi, M., Ferns, G., Safarian, M. (2015). Comparative measurement
of ghrelin, leptin, adiponectin, EGF and IGF-1 in breast milk of mothers with
overweight/obese and normal-weight infants. European Journal of Clinical
Nutrition, 69(5), 614-618.

https://doi.org/10.1038/ejcn.2014.205

Khodabakhshi, A, Mehrad-Majd, H., Vahid, F, Safarian, M. (2018). Association
of maternal breast milk and serum levels of macronutrients, hormones,
and maternal body composition with infant’s body weight. European Journal
of Clinical Nutrition, 72(3), 394-400.
https://doi.org/10.1038/s41430-017-0022-9

Kon, 1Y, Shilina, N.M., Gmoshinskaya, M.V, Ivanushkina, T.A. (2014). The study
of breast milk IGF-1, leptin, ghrelin and adiponectin levels as possible reasons
of high weight gain in breast-fed infants. Annals of Nutrition and Metabolism,
65(4),317-323.

https://doi.org/10.1159/000367998

Kugananthan, S., Gridneva, Z, Lai, CT, Hepworth, AR., Mark, PJ,, Kakulas,
F, Geddes, D.T. (2017). Associations between maternal body composition
and appetite hormones and macronutrients in human milk. Nutrients, 9(3),
art.no. 252.

https://doi.org/10.3390/nu9030252

Larsson, MW, Lind, M.V, Larnkjaer, A, Due, AP, Blom, 1.C., Wells, J, Ching, T.L,,
Mglgaard, C, Geddes, DT, Michaelsen, KF. (2018). Excessive weight gain
followed by catch-down in exclusively breastfed infants: An exploratory
study. Nutrients, 10(9), art. no. 1290.
https://doi.org/10.3390/nu10091290

Lemas, D.J, Young, B.E, Baker, PR, Tomczik, A.C, Soderborg, TK, Hernandez,
TL, de la Houssaye, B.A, Robertson, CE.,, Rudolph, M.C,, Ir, D,, Patinkin, ZW.,,
Krebs, N.F, Santorico, S.A., Weir, T, Baebour, LA, Frank, D.N., Friedman, J.E.
(2016). Alterations in human milk leptin and insulin are associated with early
changes in the infant intestinal microbiome. The American Journal of Clinical
Nutrition, 103(5), 1291-1300.

https://doi.org/10.3945/ajcn.115.126375


https://journal.pan.olsztyn.pl/Analysis-of-Human-Milk-Leptin-and-Ghrelin-in-Relation-to-Maternal-Factors-and-Infant,218306,0,2.html
https://journal.pan.olsztyn.pl/Analysis-of-Human-Milk-Leptin-and-Ghrelin-in-Relation-to-Maternal-Factors-and-Infant,218306,0,2.html
https://journal.pan.olsztyn.pl/Analysis-of-Human-Milk-Leptin-and-Ghrelin-in-Relation-to-Maternal-Factors-and-Infant,218306,0,2.html
https://journal.pan.olsztyn.pl/Analysis-of-Human-Milk-Leptin-and-Ghrelin-in-Relation-to-Maternal-Factors-and-Infant,218306,0,2.html
https://orcid.org/0000-0002-5268-6900
https://orcid.org/0000-0001-5181-3771
https://orcid.org/0009-0009-6074-1357
https://orcid.org/0000-0002-8213-4381
https://orcid.org/0000-0002-1859-018X
https://orcid.org/0000-0002-0380-0156
https://orcid.org/0000-0002-2680-9946
https://orcid.org/0000-0002-7270-5910
https://doi.org/10.1136/bmjopen-2015-010778
https://doi.org/10.1136/bmjopen-2015-010778
https://doi.org/10.1016/j.earlhumdev.2015.08.013
https://doi.org/10.1016/j.earlhumdev.2015.08.013
https://doi.org/10.1016/j.nut.2007.08.015
https://doi.org/10.1016/j.nut.2007.08.015
https://doi.org/10.1080/09291010600576860
https://doi.org/10.1080/09291010600576860
https://doi.org/10.1530/eje.0.1510271
https://doi.org/10.1530/eje.0.1510271
https://doi.org/10.1097/MPG.0b013e3182062fcc
https://doi.org/10.1097/MPG.0b013e3182062fcc
https://doi.org/10.18637/jss.v100.i05
https://doi.org/10.18637/jss.v100.i05
https://doi.org/10.3390/ijerph121012340
https://doi.org/10.3390/ijerph121012340
https://doi.org/10.1111/ijpo.13167
https://doi.org/10.1111/ijpo.13167
https://doi.org/10.1007/s12576-012-0193-z
https://doi.org/10.1007/s12576-012-0193-z
https://doi.org/10.1038/ijo.2017.189
https://doi.org/10.1038/ijo.2017.189
https://doi.org/10.3389/fnut.2022.1025439
https://doi.org/10.3389/fnut.2022.1025439
https://doi.org/10.1039/D2FO02060B
https://doi.org/10.1039/D2FO02060B
https://doi.org/10.1007/s00394-021-02533-z
https://doi.org/10.1007/s00394-021-02533-z
https://doi.org/10.1111/apa.16174
https://doi.org/10.1111/apa.16174
https://doi.org/10.1002/oby.21519
https://doi.org/10.1002/oby.21519
https://doi.org/10.1016/j.cmet.2017.05.013
https://doi.org/10.1016/j.cmet.2017.05.013
https://doi.org/10.1017/S0007114521002932
https://doi.org/10.1017/S0007114521002932
https://doi.org/10.1186/1746-4358-1-21
https://doi.org/10.1186/1746-4358-1-21
https://doi.org/10.1007/s00431-011-1438-1
https://doi.org/10.1007/s00431-011-1438-1
https://doi.org/10.1016/j.tjnut.2024.02.029
https://doi.org/10.1016/j.tjnut.2024.02.029
https://doi.org/10.1038/ejcn.2014.205
https://doi.org/10.1038/ejcn.2014.205
https://doi.org/10.1038/s41430-017-0022-9
https://doi.org/10.1038/s41430-017-0022-9
https://doi.org/10.1159/000367998
https://doi.org/10.1159/000367998
https://doi.org/10.3390/nu9030252
https://doi.org/10.3390/nu9030252
https://doi.org/10.3390/nu10091290
https://doi.org/10.3390/nu10091290
https://doi.org/10.3945/ajcn.115.126375
https://doi.org/10.3945/ajcn.115.126375

B. Kulesza-Broniczyk et al.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Lonnerdal, B. (2017). Bioactive proteins in human milk — potential benefits
for preterm infants. Clinics in Perinatology, 44(1), 179-191.
https://doi.org/10.1016/j.clp.2016.11.013

Ma, J, Qiao, Y, Zhao, P, Li, W,, Katzmarzyk, PT, Chaput, J.P, Fogelholm, M.,
Kuriyan, R, Lambert, EV, Maher, C, Maia, J, Matsudo, V., Olds, T, Onywera, V.,
Sarmiento, O.L, Standage, M., Tremblay, M.S., Tudor-Locke, C, Hu, G,, ISCOLE
Research Group. (2020). Breastfeeding and childhood obesity: A 12-country
study. Maternal & Child Nutrition, 16(3), art no. e12984.
https://doi.org/10.1111/mcn.12984

Palou, A, Pico, C. (2009). Leptin intake during lactation prevents obesity
and affects food intake and food preferences in later life. Appetite, 52(1),
249-252.

https://doi.org/10.1016/j.appet.2008.09.013

Perrella, S., Gridneva, Z,, Lai, C.T, Stinson, L., George, A, Bilston-John, S., Ged-
des, D. (2021). Human milk composition promotes optimal infant growth,
development and health. Seminars in Perinatology, 45(2), art no. 151380.
https://doi.org/10.1016/j.semperi.2020.151380

Qureshi, R, Fewtrell, M., Wells, J.C,, Dib, S. (2024). The association between
maternal factors and milk hormone concentrations: a systematic review.
Frontiers in Nutrition, 11, art. no. 1390232.
https://doi.org/10.3389/fnut.2024.1390232

Saad, M.F, Riad-Gabriel, M.G, Khan, A, Sharma, A, Michael, R, Jinagouda, S.D,,
Boyadjian, R, Steil, G.M. (1998). Diurnal and ultradian rhythmicity of plasma
leptin: effects of gender and adiposity. The Journal of Clinical Endocrinology
& Metabolism, 83(2), 453-459.

https://doi.org/10.1210/jc.83.2.453

Sadr Dadres, G, Whitaker, KM, Haapala, J.L, Foster, L, Smith, KD, Teague,
AM.,, Jacobs Jr. DR, Kharbanda, E.O., McGovern, PM.,, Schoenfuss, T.C,, Le,
LJ, Harnack, L., Fields, D.A., Demerath, EW. (2019). Relationship of maternal
weight status before, during, and after pregnancy with breast milk hormone
concentrations. Obesity, 27(4), 621-628.
https://doi.org/10.1002/0by.22409

Savino, F, Fissore, M.F, Grassino, E.C, Nanni, G.E, Oggero, R, Silvestro, L. (2005).
Ghrelin, leptin and IGF- levels in breast-fed and formula-fed infants in the first
years of life. Acta Paediatrica, 94(5), 531-537.
https://doi.org/10.1111/j.1651-2227.2005.tb01934.x

Savino, F, Liguori, S.A, Petrucci, E, Lupica, M.M,, Fissore, M.F, Oggero, R, Silve-
stro, L. (2010). Evaluation of leptin in breast milk, lactating mothers and their
infants. European Journal of Clinical Nutrition, 64(9), 972-977.
https://doi.org/10.1038/ejcn.2010.105

Savino, F, Lupica, M.M,, Benetti, S., Petrucci, E., Liguori, S.A, Cordero Di
Montezemolo, L. (2012). Adiponectin in breast milk: relation to serum adipo-
nectin concentration in lactating mothers and their infants. Acta Paediatrica,
701(10), 1058-1062.

https://doi.org/10.1111/j.1651-2227.2012.02744.x

105

38.

39.

40.

41.

42.

44,

45.

46.

47.

Schuster, S, Hechler, C, Gebauer, C, Kiess, W, Kratzsch, J. (2011). Leptin in mater-
nal serum and breast milk: association with infants’body weight gain in a lon-
gitudinal study over 6 months of lactation. Pediatric Research, 70(6), 633-637.
https://doi.org/10.1203/PDR.0b013e31823214ea

Sun, J, Han, J, Jiang, X, Ying, Y., Li, S. (2024). Association between breastfe-
eding duration and BMI, 2009-2018: A population-based study. Frontiers
in Nutrition, 11, art. no. 1463089.
https://doi.org/10.3389/fnut.2024.1463089

Suwaydi, M.A, Lai,CT, Rea, A, Gridneva, Z,, Perrella, S.L, Wlodek, M.E., Geddes,
D.T.(2023). Circadian variation in human milk hormones and macronutrients.
Nutrients, 15(17), art. no. 3729.

https://doi.org/10.3390/nu15173729

Theurich, MA, Davanzo, R, Busck-Rasmussen, M., Diaz-Gémez, N.M,, Brennan,
C, Kylberg, E, Baerug, A, McHugh, L, Weikert, C,, Abraham, K., Koletzko, B.
(2019). Breastfeeding rates and programs in Europe: A survey of 11 national
breastfeeding committees and representatives. Journal of Pediatric Gastro-
enterology and Nutrition, 68(3), 400-407.
https://doi.org/10.1097/MPG.0000000000002234

Weker, H., Barariska, M., Riahi, A, Strucifiska, M., Wiech, M., Rowicka, G.,
Dylag, H., Klemarczyk, W., Bzikowska, A., Socha, P. (2017). Nutrition of infants
and young children in Poland - Pitnuts 2016. Developmental Period Medicine,
21(1),13-28.

https://doi.org/10.34763/devperiodmed.20172101.1328

Vass, RA, Bell, EF, Colaizy, T.T, Schmelzel, M.L,, Johnson, K.J.,, Walker, J.R,, Ertl,
T, Roghair, RD. (2020). Hormone levels in preterm and donor human milk
before and after Holder pasteurization. Pediatric Research, 88(4), 612-617.
https://doi.org/10.1038/s41390-020-0789-6

WHO (2022). World Health Organization. e-Library of Evidence for Nutrition
Actions (eLENA),
http://www.who.int/elena/titles/exclusive_breastfeeding/en/ (Acces-
sed January 18, 2022).

Yan, J, Liu, L, Zhu, Y, Huang, G, Wang, PP. (2014). The association between
breastfeeding and childhood obesity: a meta-analysis. BMC Public Health,
14(1), art. no. 1267.

https://doi.org/10.1186/1471-2458-14-1267

Young, BE, Patinkin, Z, Palmer, C., de la Houssaye, B, Barbour, LA, Hernandez,
T, Friedman, J.E, Krebs, N.F. (2017). Human milk insulin is related to maternal
plasma insulin and BMI: but other components of human milk do not differ
by BMI. European Journal of Clinical Nutrition, 71(9), 1094-1100.
https://doi.org/10.1038/ejcn.2017.75

Yu, X, Rong, S.S,, Sun, X, Ding, G.,, Wan, W,, Zou, L, Wu, S., Li, M., Wang, D.
(2018). Associations of breast milk adiponectin, leptin, insulin and ghrelin with
maternal characteristics and early infant growth: a longitudinal study. British
Journal of Nutrition, 120(12), 1380-1387.
https://doi.org/10.1017/S0007114518002933


https://doi.org/10.1016/j.clp.2016.11.013
https://doi.org/10.1016/j.clp.2016.11.013
https://doi.org/10.1111/mcn.12984
https://doi.org/10.1111/mcn.12984
https://doi.org/10.1016/j.appet.2008.09.013
https://doi.org/10.1016/j.appet.2008.09.013
https://doi.org/10.1016/j.semperi.2020.151380
https://doi.org/10.1016/j.semperi.2020.151380
https://doi.org/10.3389/fnut.2024.1390232
https://doi.org/10.3389/fnut.2024.1390232
https://doi.org/10.1210/jc.83.2.453
https://doi.org/10.1210/jc.83.2.453
https://doi.org/10.1002/oby.22409
https://doi.org/10.1002/oby.22409
https://doi.org/10.1111/j.1651-2227.2005.tb01934.x
https://doi.org/10.1111/j.1651-2227.2005.tb01934.x
https://doi.org/10.1038/ejcn.2010.105
https://doi.org/10.1038/ejcn.2010.105
https://doi.org/10.1111/j.1651-2227.2012.02744.x
https://doi.org/10.1111/j.1651-2227.2012.02744.x
https://doi.org/10.1203/PDR.0b013e31823214ea
https://doi.org/10.1203/PDR.0b013e31823214ea
https://doi.org/10.3389/fnut.2024.1463089
https://doi.org/10.3389/fnut.2024.1463089
https://doi.org/10.3390/nu15173729
https://doi.org/10.3390/nu15173729
https://doi.org/10.1097/MPG.0000000000002234
https://doi.org/10.1097/MPG.0000000000002234
https://doi.org/10.34763/devperiodmed.20172101.1328
https://doi.org/10.1038/s41390-020-0789-6
https://doi.org/10.1038/s41390-020-0789-6
http://www.who.int/elena/titles/exclusive_breastfeeding/en/%20
http://www.who.int/elena/titles/exclusive_breastfeeding/en/%20
https://doi.org/10.1186/1471-2458-14-1267
https://doi.org/10.1186/1471-2458-14-1267
https://doi.org/10.1038/ejcn.2017.75
https://doi.org/10.1038/ejcn.2017.75
https://doi.org/10.1017/S0007114518002933
https://doi.org/10.1017/S0007114518002933

