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Human milk is uniquely tailored to meet infants’ specific nutritional requirements [1]. However,
it is more than just “milk” since it has emerged as an evolutionary strategy to promote human
well-being [2]. This dynamic and bioactive fluid allows mother—infant signalling over lactation,
guiding the infant in the developmental and physiological processes. Human milk exerts protection
and life-long biological effects, playing a crucial role in promoting healthy growth and optimal
cognitive development [3,4]. For this evidence, the promotion of breastfeeding initiation and duration
becomes paramount in all healthcare settings [5]. The latest scientific advances have provided
insight into different components of human milk and their dynamic and flexible changes over time
in response to several biological and environmental triggers. However, the complexity of human
milk composition and the synergistic mechanisms responsible for its beneficial health effects have
not yet been unravelled [4]. This special issue has brought together a variety of articles, including
original works and literature reviews, further exploring the complexity of the human milk biofluid
and the mechanisms underlying the beneficial effects associated with breastfeeding. In this issue,
the mounting amount of data regarding human milk proteome and metabolome, gathered using
advanced technological achievements such as “omics” techniques, has been reviewed, describing
the multitude of bioactive components and their relationship with infants” cognitive development,
growth and immune functions [6,7]. Changes in human milk protein content over the first months
of lactation in mothers from different geographical and ethnic origins have been investigated [8].
The high abundance of immune active proteins reflects the well-known immunological properties
of mothers’ milk [8]. Authors enhance the importance of passive immunisation through mothers’
antibodies transfer from breast milk, which has a key role for infant immune protection in the first
months [9]. Differences in oligosaccharides content between term and preterm milk have also been
examined in view of the potential implications for preterm infants’ clinical outcomes with special
regard to their increased vulnerability to infections [10]. Given the widely known anti-inflammatory
and antimicrobial properties of human milk, authors have also explored its implementation as a
powerful therapeutic agent for skin issues, suggesting its potential use in settings with limited access
to medicine [11].

In this special edition, attention has been focused on the variability of human milk compounds
depending on individual differences among mothers and, far more significant, on mothers’ nutritional
status and anthropometric characteristics. Authors outline the importance of a healthy lifestyle
and a correct micro and macronutrient intake, before and during pregnancy and lactation, in order
to promote adequate levels of vitamins and other components in human milk [12-16]. Moreover,
author recommendations indicate the need for identifying women at risk for a deficiency, who could,
therefore, benefit from an appropriate supplementation aimed at increasing breastmilk micronutrient
content [12-16].

The more the exceptional qualities of human milk are brought up, the more the support of
breastfeeding initiation and duration becomes fundamental [5]. However, breastfeeding rates are still
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lower than recommended, especially in developed countries. Authors highlight the association among
breastfeeding difficulties in the first months of lactation and early breastfeeding cessation and advocate
the provision of continued tailored breastfeeding support also after hospital discharge [17]. Within
this context, the effectiveness of online sources including an expert instructional video in improving
maternal knowledge and confidence regarding antenatal colostrum expressing, which in turn may
promote long term breastfeeding, has been explored [18].

In this issue, authors have investigated the potential relationship between the presence of unique
components of human milk and the positive long-life beneficial effects associated with breastfeeding.
In view of the crucial role of neuronic acid in white matter development, its content in human milk
through the first month of lactation has been quantified and compared with that of formula milk
from three fat sources [19]. Human milk’s hormonal content, which seems to be involved in infants’
metabolic pathways, including appetite and energy balance, has been also examined in light of the
reduced risk of developing overweight and metabolic syndrome in human milk-fed infants [20,21].

Benefits of human milk feeding are indeed even more critical among specific populations at high
risk of developing adverse outcomes, as preterm infants [22]. This value is highlighted not only by the
positive effects that human milk has in modulating preterms’ outcomes at every level but also by the
results of studies in this issue demonstrating the higher levels of bioactive, micro and macronutrient
contents in preterm milk, compared to full-term [10,23-26]. Within this context, however, authors have
underlined the potential lack of mineral content of preterm milk that should be taken into consideration
in the approach to the fortification of milk for the preterm population [27].

Since human milk feeding is associated with several life-long important beneficial health effects,
in a dose-dependent relation, its promotion and support should be considered as a public health
issue [2]. Unfortunately, the authors underline that breastfeeding initiation and duration are even
more challenging in preterm infants [28]. Therefore, donor human milk has been studied for its role as
a fresh mother’s milk substitute. Even though donor milk has to be processed through pasteurisation
for microbiological safety reasons and supplemented with fortifiers, it has been demonstrated to be
a better feeding alternative for preterm infants, compared to formula milk, when the own mother’s
milk is not available [29]. The refrigeration, freezing, and pasteurisation of donor milk have a variable
impact on vitamin, enzymes and nutrients concentration, resulting in a diminished bioactive function
of donor milk [30]. In this issue, changes in concentrations after pasteurization of water-soluble forms
of choline, which is crucial for infants’ development, have been investigated together with the potential
for reducing the loss of donor human milk compounds by using innovative techniques including
high-pressure processing [31,32].

As the diverse articles in this special issue highlight, commitment towards filling the knowledge
gap on the complex and highly dynamic human milk composition and the strictly interrelated
mechanisms underpinning its positive long-life biological effects is crucial for a deeper understanding
of the biology of the developing infant and the optimisation of infant feeding, particularly that of the
most vulnerable infants.

Author Contributions: M.L.G., D.M. wrote the editorial, M.E.B., EM. reviewed and revised the editorial.
All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
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Abstract: Choline is critical for infant development and mother’s milk is the sole source of choline for
fully breastfed infants until six months of age. Human milk choline consists to 85% of water-soluble
forms of choline including free choline (FC), phosphocholine (PhosC), and glycerophosphocholine
(GPC). Donor milk requires safe handling procedures such as cold storage and pasteurization.
However, the stability of water-soluble forms of choline during these processes is not known.
The objectives of this research were to determine the effect of storage and pasteurization on milk
choline concentration, and the diurnal intra- and inter-individual variability of water-soluble choline
forms. Milk samples were collected from healthy women who were fully breastfeeding a full-term,
singleton infant <6 months. Milk total water-soluble forms of choline, PhosC, and GPC concentrations
did not change during storage at room temperature for up to 4 h. Individual and total water-soluble
forms of choline concentrations did not change after storage for 24 h in the refrigerator or for up to one
week in the household freezer. Holder pasteurization decreased PhosC and GPC, and thereby total
water-soluble choline form concentrations by <5%. We did not observe diurnal variations in PhosC
and total water-soluble forms of choline concentrations, but significant differences in FC and GPC
concentrations across five sampling time points throughout one day. In conclusion, these outcomes
contribute new knowledge for the derivation of evidence-informed guidelines for the handling and
storage of expressed human milk as well as the development of optimized milk collection and storage
protocols for research studies.

Keywords: human milk; donor milk; choline; phosphocholine; storage; pasteurization; milk banking;
pumping; breastfeeding; lactation

1. Introduction

Choline is an essential nutrient with crucial roles in brain function, neurodevelopment,
and growth [1,2]. Biological roles of choline include neurogenesis and synapse formation in the
form of acetylcholine, membrane biogenesis, cell division, lipid transports, and myelination in
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the form of choline phospholipids, and as a methyl donor in the form of its oxidation product
betaine [3-6]. Betaine contributes to the generation of S-adenosylmethionine, which is the main methyl
donor involved in creatine and phosphatidylcholine synthesis, and DNA methylation, among other
biochemical reactions [7]. Choline adequacy in early infancy and rapid stages of growth is critical to
support membrane formation, cell proliferation, and parenchymal growth [6].

Exclusive breastfeeding ad libitum is the recommended feeding practice for the first six months
of life, with continued breastfeeding up to two years of age [8]. Human milk contains various forms
of the essential nutrient choline. The three water-soluble forms of choline, i.e., free choline (FC),
phosphocholine (PhosC), and glycerophosphocholine (GPC), contribute to approximately 85% of total
choline in human milk; the lipid-soluble phosphatidylcholine and sphingomyelin account for the
remaining 15% [9-13].

The practice of human milk pumping and storage for later use is on the rise both at home and
in clinical settings to accommodate various situations when feeding human milk at the breast is
not possible, e.g., mothers returning to work; insufficient volume of mother’s own milk, and need
for donor milk [14,15]. Current guidelines for the safe handling of expressed human milk focus
largely on microbiological safety, whereby Holder pasteurization (at 62.5 °C for 30 min) of donor
milk is mandatory in all North American hospitals [16]. Additionally, it is recommended that milk be
stored in the refrigerator at <4 °C for no more than eight days, and in the freezer at —17 °C for up to
12 months [17]. Whilst evidence suggests that refrigeration, freezing and pasteurization impact human
milk concentration of folate, vitamin B6, vitamin C, and other nutrients to various degrees [18-21],
the effect of pasteurization and short- and long-term storage at different temperatures on water-soluble
forms of choline in expressed human milk is not known.

Water-soluble forms of choline concentrations in human milk may vary within and between
women. Higher maternal dietary choline intake increases milk concentrations of water-soluble,
yet not fat-soluble, forms of choline, as shown in a 12-week dose-response feeding study and a
supplementation trial from 18 gestational weeks to 90 days postpartum [11,13]. No consistent changes
in total concentration of water-soluble forms of choline in human milk were observed in six women
over a time period of 72 h [22]. The diurnal changes and variability of individual water-soluble choline
forms among women have not been studied to date. Understanding these variabilities has important
implications for designing study protocols (e.g., sampling techniques) that focus on identifying the
determinants of choline in human milk and infant outcomes due to milk choline consumption.

The objectives of this research were to determine the effect of cold storage and pasteurization on
the concentrations of water-soluble forms of choline in human milk, and to determine the intra- and
inter-individual variability of water-soluble forms of choline concentrations in human milk within
a day. Water-soluble forms of choline seem stable during short-term cold storage and most forms
remained unchanged after four hours of storage at room temperature and six months of storage at
ultra-low freezing temperatures, as employed in research settings. Holder pasteurization significantly
impacted milk concentrations of water-soluble forms of choline, but to a small extent that is outweighed
by the microbiological safety benefits of pasteurization. We observed intra-individual variability
of individual but not total water-soluble forms of choline throughout one day, and recommend
standardized sampling protocols for research studies.

2. Materials and Methods

2.1. Participants and Study Design

The research consisted of two cross-sectional studies, i.e., the stability and variability study, as
well as the secondary analysis of bio-banked milk samples for the pasteurization study. For all studies,
healthy women who were exclusively breastfeeding a healthy, full-term and singleton infant <6 months
of age were eligible to participate. Exclusion criteria included: suffering from diabetes mellitus Type 1
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or 2, or any chronic disease involving fat metabolism, taking routine medications known to influence
fat metabolism, or consumption of more than 1 alcoholic drink per day.

2.1.1. Stability Study

A convenience sample of 6 mothers of 2- to 6- month old infants was included in this study.
Women were recruited through active and passive recruitment methods in the Greater Vancouver area
in 2014. Signed informed consent was obtained prior to enrolment. Information on maternal and
infant age, sociodemographic status, supplement use, and general infant health, was collected using a
self-administered questionnaire. Ethical approval was granted by the University of British Columbia
and the British Columbia Children’s and Women’s (C&W) Hospital Research Ethics Board (H12-03191).

Women provided a fresh complete milk expression collected in the morning (between
9:00-10:00 a.m.) using a commercial pump (Medela); samples were immediately transferred on
ice to the lab to be aliquoted and analyzed. One milk aliquot was analyzed immediately, with the
rest of the samples being stored at different temperatures for different durations (see Supplemental
Table S1), prior to analysis.

2.1.2. Pasteurization Study

Mid-feed human milk samples (milk collected after breastfeeding or pumping milk for
approximately 3 min) from mothers of 1-month old infants were used in the pasteurization study;
these bio-banked samples were derived from a completed, randomized controlled trial studying the
effect of DHA supplementation during pregnancy on the cognitive and visual outcomes on infants [23].
The study was approved by C&W REB (H03-70242). A subset of milk samples was randomly selected
from the bio-banked samples that had been stored for 5-9 years at =80 °C. In the original study, milk
samples were immediately frozen at home for a maximum time of 3 days, and transferred on ice to
the lab where they were frozen at —80 °C until analysis. Original milk samples obtained from the
participants were thawed on ice, homogenized by gentle mixing, and divided in two aliquots. The first
aliquot was stored at =20 °C for 1-2 h, and the second aliquot underwent Holder pasteurization in
a water bath. Water-soluble forms of choline were quantified before and after pasteurization on the
same day.

2.1.3. Variability Study

Twenty women were enrolled in this cross-sectional study. Recruitment and enrolment procedures
were similar to those described for the stability study. Sociodemographic, health and supplement use
data were collected using the same self-administered questionnaire as in the stability study. Ethical
approval was granted by the University of British Columbia and the British Columbia Children’s and
Women'’s Hospital Research Ethics Board (H12-03191).

Each participant provided 5 mid-feed milk samples at different times throughout one day.
For feasibility purposes, the five different time points were flexible as follows: before breakfast, before
lunch, 45-60 min after lunch, 45-60 min after dinner, and before bedtime. Participants were instructed
to place the vials in their home freezers immediately after pumping. Frozen samples were transferred
to the lab on ice the day after collection and stored at —80 °C for 2 weeks, when choline analysis
was completed.

2.2. Human Milk Choline Quantitation

Concentrations of water-soluble forms of choline in milk were determined using isotope dilution
liquid chromatography tandem mass spectrometry as previously described [24]. In brief, aliquots
of 20 pL of human milk were transferred to Eppendorf tubes containing 10 uL of deuterium-labeled
internal standards (choline-d9, PhosC-d9, GPC-d9) and vortexed. Protein was precipitated with 30 uL
of methanol with 0.1% formic acid. The supernatant was recovered after centrifugation at 18,000 X g at
4 °C for 10 min, transferred to an autosampler vial and mixed with acetonitrile with 0.1% formic acid in
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dilutions of 1:5. The inter-assay and intra-assay coefficient of variation (CV) based on 5 replicates were
as follows: For FC, 5.5% and 4.1%; for PhosC, 6.4% and 5.2%; and for GPC 9.5% and 2.3%; respectively.

2.3. Statistical Analysis

Participant characteristics are presented using descriptive statistics. Normality of data distribution
was assessed using Shapiro-Wilk test. Differences in milk concentrations of water-soluble forms
of choline under different storage conditions were determined using the related-samples Friedman
test, followed by Wilcoxon signed-ranks test as post-hoc analysis and adjusted using the Bonferroni
correction. Differences in water-soluble forms of choline concentrations after pasteurization were
determined using the Wilcoxon signed-ranks test. Intra-individual variability in water-soluble forms of
choline concentrations was determined using the related-samples Friedman test, followed by Wilcoxon
signed-ranks test as post-hoc analysis and adjusted using the Bonferroni correction. Analyses were
performed using the IBM SPSS statistics software (IBM SPSS Statistics for Windows, Version 25.0. SPSS
Inc., Chicago, IL, USA). Level of significance was set at p values < 0.05.

3. Results

3.1. Participant Characteristics

The characteristics of women included in each study are summarized in Table 1.

Table 1. Participant characteristics of each study.

Characteristics Total Sample Size Stability Study Pasteurization Study Variability Study

(n=16) (n =33) (n =20)
Age,y 35+21 34+4 32+4
Postpartum, mo 4.0 (3.0)2 1 4.5 (3.0)
First-time breastfeeding, 1 (%) 6 (100) 20 (61) 10 (50)
Ethnic background, n (%)
European 2 (33) 26 (79) 11 (55)
Latin American 2 (33) 2 (6) 4(20)
Middle Eastern 0 309 3 (15)
First Nation 1(17) 0 1(5)
Chinese Asian 1(17) 2 (6) 1(5)

! Mean + SD; 2 median (IQR).

3.2. Stability of Water-Soluble Choline Forms at Different Storage Conditions

The concentration of total water-soluble forms of choline, PhosC, and GPC did not significantly
change during storage at room temperature for up to 4 h (Figure 1, Supplemental Table 52). Compared
to fresh milk samples, i.e., baseline values, only FC concentration significantly increased after 3 h and
4 h of storage at room temperature.

We observed no changes in total water-soluble forms of choline and PhosC concentrations
independent of condition and duration of cold storage, including in the refrigerator at 4 °C for 24 h,
in the freezer at —20 °C for up to 1 week, and in the ultra-low freezer at —80 °C for up to 6 months
(Figure 1, Supplemental Table S2). The concentration of FC and GPC did not change after storage at
4 °C for 24 h or at =20 °C for up to 1 week, but significantly increased between baseline and 6 months
of storage at =80 °C.
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Figure 1. Changes in water-soluble forms of choline concentrations in human milk at (A) room
temperature (n = 6) and (B) under different cold storage conditions (1 = 5). Data presented as mean
+SD.

Stability of Water-Soluble Choline Forms during Pasteurization

Total water-soluble forms of choline concentrations significantly decreased by approximately 5%
after Holder pasteurization in 33 milk samples (Table 2). This decrease seems to be largely driven
by the decrease in the main water-soluble forms of choline in human milk, i.e., GPC and PhosC.
The concentrations of GPC and PhosC showed a mean decrease of 4%-5%. Median FC concentration

remained constant and did not seem to be impacted by exposure to pasteurization.
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Table 2. Water-soluble forms of choline concentrations in human milk before and after Holder
pasteurization L

Choline Form Before, umol/L  After, pmol/L Difference, pmol/L Difference, % p-Value 2
Free choline
Mean + SD 124 + 60 124 + 58 0.6+ 14 1.3+10 0.893
Median (min; max) 117 (47.9;293) 120 (44.6; 275) —1 (~29; 46) ~0.5 (—18; 33.0)
Phosphocholine
Mean + SD 675 + 220 632 + 189 —43 +73 -4.7 £10 0.003
Median (min; max) 676 (230; 1131) 621 (261; 960) —41 (-238; 111) —6.5 (-21;25)
Glycerophosphocholine
Mean + SD 442 + 181 425 + 181 =17 +43 -3.6 10 0.015
Median (min; max) 381 (243; 904) 387 (211; 994) -20 (-122; 97) -5.6 (-21; 26)
Total water-soluble choline
Mean + SD 1241 + 249 1186 + 201 —56 + 124 -3.4+10 0.017
Median (min; max) 1229 (789; 1794) 1136 (792; 1566) —63 (358; 231) —4.8 (-20;27)

1 11 = 33 samples; 2 Wilcoxon signed-rank test to test for differences between before and after Holder pasteurization.
3.4. Intra- and Inter-Individual Variability of Water-Soluble Forms of Choline Concentrations

Total water-soluble forms of choline and PhosC concentrations did not vary significantly within
a woman during the day based on analysis of five milk samples per mother (Table 3). However,
significant changes in FC and GPC were found. Posthoc analysis showed a 22.7% increase in FC from
T1 to T4 (p = 0.027) and a 12.2% decrease in GPC from T1 to T3 (p = 0.027).

Additionally, as shown in Figure 2, intra-individual variability in FC and GPC concentrations
varied between women, whereby milk FC and GPC concentrations showed a large variability in some,
i.e., 2 or 3 mothers, with milk samples of most other mothers reflecting minimal variability.

Table 3. Concentrations of water-soluble forms of choline in mid-feed milk samples collected at five
different time points within one day ™

Choline Form T1 T2 T3 T4 T5 p?
Free choline

Median (IQR) 119 (73.5) 125 (63.7) 131 (75.4) 146 (119) 132 (81.1) 0.029
Range 51.9-156 60.4-253 69.2-474 59.9-453 505-332

Phosphocholine

Median (IQR) 490 (328) 488 (270) 441 (359) 457 (330) 482 (335) 0.545
Range 138-906 82.1-1113 115-1120 78.9-1188 88.9-958

Glycerophosphocholine

Median (IQR) 625 (194) 559 (280) 549 (320) 533 (275) 682 (408) 0.008

Range 187-1363 107-1115 104-1188 99.1-1268 155-1445
Total water-soluble choline

Median (IQR) 1727 (366) 1219 (410) 1200 (308) 1289 (404) 1230 (344) 0.224

Range 955-2117 768-1817 809-1894 752-1896 652-2729

11 = 20 mothers exclusively breastfeeding 2-6 months old infants. T1, milk collected before breakfast; T2, before
lunch; T3, 45-60 min after lunch; T4, 45-60 min after dinner; T5, before bedtime. 2 p values for repeated-measures
Friedman test for difference across time points within a woman.
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Figure 2. Intra-individual variability of human milk concentration of (A) free choline,

(B) phosphocholine, (C) glycerophosphocholine, and (D) total water-soluble forms of choline. Boxes
represent median and 25"-75™ percentile; whiskers represent minimum and maximum values. Data
for each participant (1 = 20, represented on the x-axis) includes five mid-feed milk samples collected at
separate feeds on a single day.

4. Discussion

In this study, we report three findings on the stability of water-soluble forms of choline in expressed
human milk: First, storing human milk for 3 or 4 h at room temperature significantly increases milk FC
concentration. Second, thawing human milk after 6 months of freezing at —80 °C significantly increases
FC and GPC concentrations. Third, Holder pasteurization decreases PhosC and GPC concentrations,
and thereby lowers total concentration of water-soluble forms of choline. Additionally, we report
that total concentration of water-soluble forms of choline does not underlie diurnal variations within
a woman; however, significant diurnal variations in FC and GPC concentrations may occur among
some, but not all, women. These findings contribute to the literature being harnessed to develop
evidence-informed guidelines for the handling and storage of expressed human milk as well as the
development of optimized milk collection and storage protocols for research studies.

Milk expression for in-home use or human milk banking have become increasingly recognized as
a first best alternative to direct breastfeeding. While ensuring microbiological safety of expressed milk
remains a top priority, maintaining milk’s bioactive and nutritional quality is an important weighing
factor in developing milk handling and storage guidelines. The impact of storage and pasteurization on
the immunological properties, digestive enzymes, antioxidant capacity, and macro- and micronutrient
composition in human milk has been recently reviewed [19,25-29], with limited data on water-soluble
forms of choline. In an older study, Zeisel et al. [22] compared fresh milk to either samples incubated
for 15 min at 37 °C or to samples frozen for 72 h at —10 °C followed by incubation at 37 °C for 15 min.
Using radioisotope labeled choline compounds, the authors showed that neither of the two milk
handling and storage conditions resulted in significant changes in FC concentration. These findings
combined with ours suggest that following current recommendation of keeping freshly expressed milk

11



Nutrients 2019, 11, 3024

up to 4 h at room temperature should not significantly alter the composition of water-soluble forms of
choline, except for minor possible increases in FC. The possible mechanism(s) underlying the increase
in FC concentration cannot be determined in our study as designed.

The increase in FC concentration may be explained by the enzymatic breakdown of the lipid-soluble
choline compounds phosphatidylcholine and sphingomyelin. The presence of these phospholipids
within the milk fat globule membrane, a complex tri-layer of proteins and lipids, poses an analytical
challenge for their accurate quantification [30]. In addition to identifying factors influencing the
variability of choline forms in human milk in future studies, it is critical to also investigate whether
changes in the composition of choline forms in milk, not total choline concentration per se, have
functional implications for infant health and development. Choline has a wide array of functions
that support infant growth and development. As an essential component of phosphatidylcholine
and sphingomyelin, choline is involved in the maintenance of cell membrane structural integrity and
signaling pathways, as well as in parenchymal growth, cell proliferation, and membrane formation [3-6].
Choline, via its oxidized form betaine, also functions as a methyl group donor in the generation
of S-adenosylmethionine [7]. Additionally, choline is crucial for brain function as precursor of the
neurotransmitter acetylcholine [4]. To date, the contribution of different choline forms in human
milk to the variety in choline functions in the developing infant is largely unknown and merits
further investigation.

The cold storage conditions we tested are relevant to home and clinical use (refrigeration
temperature typically around 4 °C and freezing at —20 °C) and to storage conditions in research settings
(ultra-low freeze storage at —80 °C). Our findings suggest that short-term storage of milk aliquots
in the refrigerator (at 4 °C) for 1 day and in the home freezer (at —20 °C) for up to one week and
long-term storage at —80 °C for up to 6 months does not alter the total concentration of water-soluble
forms of choline in expressed human milk samples. However, milk FC and GPC concentrations
increased in samples that were thawed after six months of ultra-low freeze storage (i.e., at =80 °C).
The increase in FC and GPC concentrations after prolonged freezer storage may be explained by
the breakdown of lipid-soluble forms of choline, similar to the increase in FC concentration in milk
stored at room temperature for 4 h. Similar changes were observed in serum samples that were
inappropriately processed and stored, with increasing concentration of total water-soluble choline
concentration [31]. We were limited to six participants for the stability study as it was logistically
challenging to recruit participants willing to commute to our research site, provide a fresh milk sample,
and provide the sample as a complete milk expression. We however compensated in our statistical
analysis for this limitation (i.e., possible high variability across samples due to small sample size)
by using related-samples analyses rather than independent comparisons across conditions. Future
research is warranted to enhance the stability data by testing more milk samples as well as more
frequent and longer duration intervals to identify whether and when water-soluble forms of choline
concentration or composition may change in different cold storage conditions.

To our knowledge, this study is the first to test the effect of pasteurization on water-soluble forms
of choline concentrations in human milk. We showed that Holder pasteurization lowered milk PhosC
and GPC concentrations by about 5%, and thereby total water-soluble forms of choline concentration
by 3%. Limitation of our study was the use of previously frozen milk samples, for 5-9 years at =80 °C,
which is not consistent with clinical practice of pooling human milk and it undergoing pasteurization.
We used biobanked milk samples because of low milk volumes collected in the stability and variability
study, as well as to reduce participant burden. Additionally, for this preliminary study, we were
mainly focusing on the comparison of choline concentrations between before and after pasteurization.
We acknowledge that the long-term storage at —80 °C may have affected the milk concentrations
of the water-soluble forms of choline; however, the total water-soluble choline concentration in the
pre-pasteurized samples was similar to that of the fresh milk samples in the stability study (1241 umol/L
versus 1231 umol/L, respectively), as well as compared to those reported in the literature [11,24,32].
This seems to reflect that the total water-soluble choline concentration was not affected by the long-term
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storage at —80 °C and that our findings may contribute to the literature of how human milk is altered
by pasteurization.

Considering the crucial benefits of pasteurization for microbiological safety, we evaluate the
<5% decrease in milk concentration of water-soluble forms of choline as minor yet recommend the
confirmation of our findings in a second and larger study. The impact of pasteurization on lipid-soluble
choline compounds should also be investigated in future studies. If confirmed, our finding of a 5%
decrease should reassure clinicians that the benefits of providing pasteurized human milk continue
to outweigh the risk of nutrient losses. Indeed, despite previous reports of a decrease in several
nutrients, including folate, vitamin C and B6, due to pasteurization [18,25,26], the use of pasteurization
techniques continues to ensure the biologically-safe provision of human milk at hospital settings
around the globe.

In regards to the variability of water-soluble forms of choline concentration in expressed human
milk, we observed diurnal changes in milk FC and GPC concentrations, but not in PhosC and total
water-soluble choline forms. The total concentration of water-soluble forms of choline in expressed
human milk we found was similar to the concentrations previously reported by our team for Canadian
lactating women [24,32] and by Fischer et al. for US women [11]. Because no substantial diurnal changes
were observed and the total concentration of water-soluble forms of choline in human milk seems
stable, we conclude that the time point of milk sample collection in studies on water-soluble forms
of choline may not influence the study outcomes. However, because of the diverse intra-individual
variability of FC and GPC concentration within a day, we recommend to standardize the time of milk
sample collection across study participants. The influencing factors of the intra-individual variability
for some of the water-soluble choline forms, when present, are not fully elucidated but may be
related to dietary intake of choline and/or genetic variants related to choline absorption, distribution,
and metabolism [11]. The effect of acute versus long-term dietary choline intake on milk composition
of water-soluble forms of choline merits further investigation.

In conclusion, we provide new information on the stability of water-soluble forms of choline
concentration that will help in the development of evidence-based guidelines for the safe handling and
storage of expressed milk samples. Because breast milk is the recommended sole source of nutrients,
including that of choline, for infants under the age of 6 months, the handling of expressed milk needs
to address microbiological safety as well as nutrient-protective needs. Further research is warranted
on the effect of acute versus long-term dietary choline intake on the composition of choline forms in
human milk as well as the metabolic and functional significance of individual choline forms on infant
growth and development.
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composition; Supplementary Table S2: Changes in water-soluble forms of choline concentrations in human milk
under different storage conditions.
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Abstract: Although breast milk is the normative feeding for infants, breastfeeding rates are lower
than recommended. We investigated breastfeeding difficulties experienced by mothers in the first
months after delivery and their association with early breastfeeding discontinuation. We conducted a
prospective observational study. Mothers breastfeeding singleton healthy term newborns at hospital
discharge were enrolled and, at three months post-delivery, were administered a questionnaire on
their breastfeeding experience. Association among neonatal/maternal characteristics, breastfeeding
difficulties and support after hospital discharge, and type of feeding at three months was assessed
using multivariate binary logistic regression analysis. We enrolled 792 mothers, 552 completed the
study. Around 70.3% of mothers experienced breastfeeding difficulties, reporting cracked nipples,
perception of insufficient amount of milk, pain, and fatigue. Difficulties occurred mostly within the
first month. Half of mothers with breastfeeding issues felt well-supported by health professionals.
Maternal perception of not having a sufficient amount of milk, infant’s failure to thrive, mastitis,
and the return to work were associated with a higher risk of non-exclusive breastfeeding at three
months whereas vaginal delivery and breastfeeding support after hospital discharge were associated
with a decreased risk. These results underline the importance of continued, tailored professional
breastfeeding support.

Keywords: breastfeeding difficulties; early breastfeeding cessation; term infants;
breastfeeding support

1. Introduction

Breastfeeding is associated with improvement of infants’ survival and significant health benefits
both for infants and mothers in a dose-response manner [1-3]. Consequently, promotion and support
of breastfeeding initiation, duration, and exclusivity is a public health issue. However, the worldwide
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rates of breastfeeding are lower than international recommendations, especially in high-income
countries [4]. Therefore, there is a need for increasing the health care professionals” awareness of the
intrinsic factors associated with early breastfeeding cessation and for gaining further insight into the
related modifiable risk factors [5]. Several determinants of breastfeeding have been described within a
complex framework, including structural settings and individual factors that are involved at multiple
levels [6]. Among the individual factors, the experience of breastfeeding difficulties greatly contributes
to early breastfeeding cessation and causes mothers to be less likely to breastfeed a future child [7].
However, “breastfeeding difficulties” includes a wide range of different biological, psychological,
and social factors [8]. Unpacking this issue to gain further insight into the modifiable barriers mothers
experience during breastfeeding may help health professionals in overcoming them and in refining
community support [5].

The aim of the present study was to investigate the breastfeeding difficulties experienced by
mothers of healthy, singleton term-born infants in the first months after delivery and their association
with early breastfeeding discontinuation.

2. Materials and Methods

We conducted a prospective, observational study in the nursery of Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico in Milan, Lombardy, Italy. The hospital is a Level III center for neonatal
care that covers around 6000 deliveries per year, admitting pregnant women prevalently resident in
Lombardy but also those resident in other Italian regions.

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Milano (Comitato Etico Milano Area 2, n. 0120, atti n. 1580/2018).

Mothers with a low risk for early breastfeeding cessation, that is having delivered singleton, healthy,
term (gestational age >37 weeks) newborns with the birthweight >10th percentile for gestational
age, according to the Bertino’s neonatal growth chart [9], and breastfeeding were enrolled at hospital
discharge, which occurred within the completion of the first 72 h after delivery. Exclusion criteria
included exclusive formula feeding, multiple pregnancy, non-Italian speaking mothers due to fact
that the language barrier could have interfered with the accuracy of the answers, and mothers whose
newborns were admitted to Neonatal Intensive Care Unit and/or were affected by any condition that
could interfere with breastfeeding, such as congenital diseases, chromosomal abnormalities, lung
disease, brain disease, metabolic disease, cardiac disease, or gastrointestinal diseases. Breastfeeding
was promoted and supported in all mother-infant pairs throughout the hospital stay, following the
Ten Steps to Successful Breastfeeding [10]. Socio-demographic maternal variables (age, marital status,
education, mode of delivery, parity), basic infants” characteristics (gestational age, birth weight, length,
head circumference, Apgar score), and the infants’ mode of feeding at hospital discharge were collected.
At discharge, mothers were instructed to record in a diary their infant’s mode of feeding at seven
days, one month, and three months after delivery. The mode of feeding was categorized according to
the World Health Organization definition [11] as exclusive breastfeeding (infants are fed only breast
milk and no other food or drink; not even water; oral rehydration solutions, drops and syrups such
as vitamins, minerals and medicines are permitted); predominant breastfeeding (breast milk is the
infant’s predominant source of nourishment but liquids such as water and water-based drinks are
permitted); complementary feeding (infants are mainly breastfed but also consume formula milk and
other liquid or non-dairy foods); and exclusive formula feeding.

At three months post-delivery, mothers were contacted by phone in order to collect the recorded
infant feeding data, and were reminded to access and complete the online questionnaire investigating
their breastfeeding experience following hospital discharge within the subsequent 48 h. Specifically,
mothers were asked whether they had encountered any difficulty with regard to breastfeeding. If the
mothers answered yes, they had to report which difficulties they had encountered during their
breastfeeding experience, when the encountered difficulties had arisen (discharge—1st month after
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delivery, 1st month-2nd month after delivery, 2nd month-3rd month after delivery) and how they
had been solved. Mothers were also required to rate the breastfeeding support they had received by
health care professionals after hospital discharge (excellent, very good, satisfactory, poor, very poor,
or unacceptable).

Statistical Analysis

Data are presented as mean (SD) or number of observations (%). For analysis, maternal age was
divided into two categories based on the median value; maternal educational age was categorized
as <13 years or >13 years, while breastfeeding support after discharge was considered positive if
mothers rated it either as excellent, very good, or satisfactory and negative if the mothers rated it
either as poor, very poor or unacceptable. Mode of feeding was categorized as exclusive breastfeeding
vs. non-exclusive breastfeeding. The latter category included complementary feeding and exclusive
formula feeding. Association between socio-demographic characteristics, the mode of delivery, parity,
the occurrence of breastfeeding difficulties at any time point of the study, having been supported after
hospital discharge and the mode of infant’s feeding at three months (reference group: non-exclusive
breastfeeding) were first assessed using univariate binary logistic regression analysis. A multivariate
binary logistic regression analysis was then conducted in order to identify which breastfeeding
difficulties arisen through the study period were independently associated with the type of feeding at
three months. When adjusting the model, we included the items that showed a significant association
with type of feeding at univariate analysis. Statistical significance was set at the & = 0.05 level.
The statistical analyses were performed using SPSS (version 12, SPSS, Inc., Chicago, IL, USA).

3. Results

Of the 1843 mothers who delivered during the study period, 868 were eligible for the study.
A total of 76 mothers refused to participate and 792 mother-infant pairs were enrolled. Among these,
552 (70%) completed the study and the online questionnaire whereas the remaining 240 mothers did
not complete either the study or the online questionnaire since it was not possible to reach them by
telephone after hospital discharge.

Basic characteristics of mother-infant pairs which completed the study are summarized in Table 1.
Mother-infant pairs that have not completed the study did not significantly differ from the ones
completing the study.

Table 1. Basic characteristics of the mother-infant pairs that completed (1 = 552) and that not completed
(240) the study.

Mothers that Completed the Study (1 = 552) Mothers Who did not Complete the Study

(n = 240)
Maternal age, years (mean + SD) 355+4.6 349 +4.6
Marital status, n (%)
Married or cohabitant 540 (98) 237 (99)
Single or divorced 12(2) 3(1)
Maternal education level, n (%)

<13 years 150 (27) 75 (31)
>13 years 402 (73) 165 (69)

Vaginal delivery, n (%) 369 (66.8) 157 (65.4)

Primiparous, n (%) 290 (52.5) 138 (57.5)
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Table 1. Cont.

Mothers that Completed the Study (n = 552) Mothers Who dl?nnftzfg)mplete the Study

_ Infants Born to Mothers Who did not Complete
Infants Born to Mothers that had Completed the Study (1 = 552) the Study (1 = 240)

Gestational age, weeks (mean + SD) 392+1.0 39.3+09
Birth weight, g (mean + SD) 3368 + 350 3390 + 332
Length, cm (mean + SD) 50.1+1.6 50.3 £ 1.5

Head circumference, cm (mean + SD) 345+14 343+13

The mode of feeding at each time point of the study is reported in Table 2. At enrollment, 95% of
the mothers practiced exclusive breastfeeding, whereas 5% of the mothers practiced complementary
feeding. At one and three months, exclusive breastfeeding rates declined to 73% and 68%, respectively,
whereas complementary feeding rates were 20% and 15%, respectively. Percentage of infants receiving
exclusive formula feeding was 7% at one month, increasing up to 17% at three months.

Table 2. Mode of feeding at each time point of the study.

Enrollment Seven Days One Month Three Months
Exclusive breastfeeding 524 (95%) 447 (81%) 402 (73%) 375 (68%)
Predominant o o o, o
breastfeeding 0% 5 (1%) 5 (1%) 5 (1%)
Complementary feeding 28 (5%) 99 (18%) 105 (19%) 77 (14%)
Exclusive formula feeding 0% 0% 39 (7%) 94 (17%)

A total of 388 (70.3%) mothers experienced difficulties during breastfeeding. The difficulties most
frequently reported by the mothers were cracked nipples, the perception of insufficient amount of
milk, pain, and fatigue (Table 3).

Table 3. Breastfeeding difficulties arisen at any time point of the study according to mothers’ experience.

Breastfeeding Difficulties N (%)
Cracked nipples 159 (41.0)
Perception of an insufficient amount of milk 139 (35.8)
Pain not associated with cracked nipples 121 (31.2)
Fatigue 117 (30.2)
Breast engorgement 102 (26.3)
Infant’s failure to thrive 79 (20.4)
Incorrect latching 74 (19.1)
Perception of own’s milk limited nutritional value 68 (17.5)
Mastitis 27 (7.0)
Return to work 17 (4.4)
Prescription drugs 8(2.1)

Most of the mothers (63%) reported the occurrence of difficulties within the first month after
delivery whereas, in the second and third month after delivery, difficulties were experienced only by
9% and 10% of the enrolled mothers, respectively. A total of 189 (48.7%) mothers among those that
have encountered difficulties in breastfeeding reported they were successfully supported by health
professionals, whereas 78 (20.1%) mothers solved the difficulties by themselves and 45 (11.6%) mothers
with the support of friends or relatives. Difficulties were not solved in 19.6% of cases; however, 7% of
these latter mothers kept on breastfeeding.

After hospital discharge, the breastfeeding support received by health professionals was rated as
either excellent, very good, or satisfactory in most cases (86.1%) whereas only in the 13.9% of cases the
breastfeeding support was reported as either poor, very poor, or unacceptable. The mothers who rated
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the breastfeeding support after hospital discharge as negative were at higher risk of non-exclusive
breastfeeding at three months than the mothers that rated the support after hospital discharge as
positive (OR = 1.367, 95%CI 1.09-1.70, p = 0.005).

Univariate analysis showed that the absence of breastfeeding difficulties and having been
supported in case of difficulties were significantly associated with a lower risk of non-exclusive
breastfeeding at three months (OR = 0.051; 95% CI 0.022; 0.117, p < 0.0001; OR = 0.39; 95% CI
0.202-0.756, p = 0.005, respectively). When taking into account the type of breastfeeding difficulties,
the perception of not having enough milk, pain perception, infant’s failure to thrive, the perception of
milk’s limited nutritional value, the occurrence of mastitis, and the return to work were associated with
a higher risk of non-exclusive breastfeeding at three months (Table 4). Primiparity and an incorrect
latching tended to be associated with a higher risk of non-exclusive breastfeeding at three months
whereas vaginal delivery resulted in being associated with a lower risk (Table 4). No significant
association was found between maternal education level and age, breast engorgement, cracked nipples,
fatigue, prescription drugs, and the infant’s mode of feeding (Table 4).

Table 4. Association among maternal age and education, the mode of delivery, parity, and types of
breastfeeding difficulties and the mode of infant’s feeding at three months (univariate binary logistic
regression analysis).

Reference Group: Non-Exclusive Breastfeeding

OR 95%; CI P
Maternal age (<35 vs. >35 years) 1.02 0.711; 1.465 0913
Maternal education
(<13 vs. >13 years) 0.67 0.237;1.93 0.465
Mode of delivery 0.60 0.415; 0.881 0.009
(spontaneous vs. caesarean delivery)
o Parity 142 0.988; 2,051 0.058
(primiparous vs. multiparous)
Cracked nipples (yes vs. no) 1.38 0.933; 2.042 0.107
Perception of not I;e;v:(t)g) enough milk (yes 923 5.961; 14.301 <0.0001
Pain not associated with cracked nipples 162 1.066; 2.487 0.024
(yes vs. no)
Fatigue (yes vs. no) 1.22 0.790; 1.903 0.363
Breast engorgement (yes vs. no) 0.87 0.545; 1,412 0.590
Infant’s failure to thrive (yes vs. no) 5.136 3.094; 8.525 <0.0001
Incorrect latching (yes vs. no) 1.58 0.949; 2.635 0.078
Perception of milk’s limited nutritional 3.44 2.015; 5.898 <0.0001
value (yes vs. no)
Mastitis (yes vs. no) 2.49 1.144; 5.420 0.022
Return to work (yes vs. no) 7.65 2.457; 23.830 <0.0001
Prescription drugs (yes vs. no) 2.29 0.266; 19.761 0.452

Multivariate binary logistic regression showed that the maternal perception of not having a
sufficient amount of milk, infant’s failure to thrive, mastitis, and the return to work were associated
with a higher risk of non-exclusive breastfeeding at three months whereas vaginal delivery and
breastfeeding support after hospital discharge were associated with a decreased risk (Table 5).
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Table 5. Association among the mode of delivery, having been supported after discharge, the types of
breastfeeding difficulties and the mode of infant’s feeding at three months (multivariate binary logistic
regression analysis).

Reference Group: Non-Exclusive Breastfeeding

B OR 95%; CI p
Mode of delivery -0.57 0.56 0.329; 0.961 0.035
(spontaneous vs. caesarean delivery)
Having been supported after hospital
discharge -1.28 0.27 0.130; 0.594 0.001
(yes vs. no)
Perception of not having enough milk 1.96 715 1.096; 12.499 <0.0001
(yes vs. no)
Pain not associated with cracked nipples 025 1.29 0.737: 2.265 037
(yes vs. no)
Infant’s failure to thrive (yes vs. no) 1.00 2.73 1.441; 5.180 0.002
Perception of milk’s limited nutritional value 059 1.81 0.912; 3.607 0.089
(yes vs. no)
Mastitis (yes vs. no) 1.07 292 1.166; 7.314 0.022
Return to work (yes vs. no) 1.63 5.136 1.046; 25.204 0.044

4. Discussion

Increasing awareness of the modifiable barriers experienced by mothers during breastfeeding
may help health professionals in the detection of mothers at risk for early cessation of breastfeeding
and the implementation of targeted breastfeeding support [12,13].

Our findings contribute to the understanding of the specific breastfeeding difficulties experienced
by mothers with a low risk for early breastfeeding cessation, which appear to be related to several major
areas, including lactational, nutritional, psychosocial, lifestyle, and medical factors, towards which
breastfeeding promotion and support at the community level should be directed. Indeed, although
in our study, the mother-infant dyads were enrolled in only one hospital, the present results reflect
the primary care provided by the national “family pediatrics” network at the community level since,
according to the Italian Public Health Care System, all patients aged 0-16 years must have an identified
primary care provider among those available in the different regional health districts [14].

The perception of not having enough milk, the infant’s failure to thrive, and mastitis are well-known
factors acting negatively on breastfeeding [15-19], according to our results. Moreover, in this study,
the return to work was associated with early exclusive breastfeeding failure. As previously described,
balancing work and exclusive breastfeeding is challenging and requires a strong support in the short
and long term [20,21]. In this scenario, employers could play a critical role in providing encouragement
for working mothers to continue breastfeeding after returning to work and workplaces should establish
dedicated breastfeeding rooms [22-26].

The perception of milk’s limited nutritional value and pain during lactation was associated with a
higher risk of exclusive breastfeeding discontinuation only in univariate analysis. It can be speculated
that these factors might be closely related to the perception of reduced milk supply and often mentioned
together. Incorrect latching showed a tendency even though it did not reach statistical significance,
possibly reflecting the provision of adequate education and support both during the hospital stay and
after hospital discharge with regard to the improvement of mothers’ breastfeeding technique.

The findings of the present study are consistent with previous studies in the literature. Poor
breastfeeding technique has been reported among the individual factors associated with unsuccessful
breastfeeding [6,15,24,27], indicating that adequate breastfeeding support, including evaluation of
latching, position, and feeding at the breast, could prevent nipple cracks and thus mastitis. Accordingly,
the impact on breastfeeding cessation of acute pain, fever, and other typical mastitis symptoms
presented by 8-10% of breastfeeding mothers has been broadly described in literature [28-30]. Mosca
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et al. [31] found that lactational and nutritional factors were the most cited by mothers as determinants
for breastfeeding discontinuation, particularly during the first three months after delivery. Remarkably,
the authors reported that the evaluation by a health care professional was rated as important only in
29% to 51% of cases whereas the maternal perception of inadequate milk or insufficient milk supply
was cited as important by 40% up to 99% of mothers through the six months’ study duration.

The present findings highlight the importance of educating mothers on the criteria that have to be
taken into account when considering the adequateness of breast milk supply. Moreover, in this study,
our results confirm the association between infant’s failure to thrive and discontinuation of exclusive
breastfeeding at three months. Accordingly, it has also been described how infant’s failure to thrive,
objectively evaluated by a healthcare professional, was one of the reasons of exclusive breastfeeding
discontinuation, reported throughout the first 6 months of lactation [31]. Interestingly, a study by
Flaherman et al. [32] has reported how early and limited administration of small quantities of formula
milk during hospital stay could improve breastfeeding rates at three months. The authors speculated
that limiting infants” weight loss during the first days of life may reduce maternal milk supply concern,
which has been associated with breastfeeding discontinuation. It is then crucial to enhance maternal
confidence in her own abilities, enabling mothers to get further insight into the lactation process and
the peculiar characteristics of infant growth that often take place in spurts [16]. Within this context,
it has to be underlined that a previous negative breastfeeding experience and difficulty negatively
affect the likelihood of subsequent breastfeeding success, leading to a potential fear of breastfeeding
secondary to prior breastfeeding trauma [7].

In agreement with previous data [15,27,31], in the present study, mothers reported psychosocial
factors, in terms of pain and fatigue as breastfeeding difficulties in a relatively high number of cases.
The occurrence of physical difficulty during breastfeeding has been associated with a greater risk for
developing depressive symptoms in the postnatal period. Hence, it is crucial to provide mothers with
early adequate breastfeeding support, including emotional [8].

Accordingly, antenatal and postnatal support including mothers” counseling and education
positively affects breastfeeding success [6,12]. Consistently, in the present study, the availability of
adequate support at the community level was associated with exclusive breastfeeding at three months
post-delivery. Moreover, our results confirm that the mode of delivery modulates breastfeeding
success [33], although it must be considered that caesarean section does not seem to negatively impact
breastfeeding outcomes at six months, once adequate breastfeeding support is provided [34].

On the contrary, no mention about lifestyle factors, previously reported by other authors,
regarding body image, such as wish to lose weight or dislike of breast appearance and breastfeeding
convenience [8,15], have been reported, suggesting a positive breastfeeding attitude within the
enrolled mothers.

Remarkably, most of the reported breastfeeding difficulties occurred within the first month
after delivery, highlighting the importance of offering continuity of care after hospital discharge as
underlined in the third guiding principle of the Ten Steps to Successful Breastfeeding [10]. Moreover,
the largest decrease in exclusive breastfeeding in the present study was registered between enrollment
and seven days after birth.

Literature shows how global breastfeeding rates are far below the international targets, particularly
for high-income countries [4], although Italy has one of the highest rates of early initiation of
breastfeeding. Moreover, according to the Italian National Statistics Institute [35], in Italy, 48.7% of
infants are being exclusively breastfed in the first month, with a drop to 43.9% within the first three
months. A survey conducted in 2012 in Lombardy [36] reported a progressive reduction of exclusive
breastfeeding rates from 67.3% at hospital discharge to 47.3% and 27% within 120 and 180 days,
respectively. Our rates are higher and reflect a particular local context of a high-income country where
the breastfeeding benefits are well known and mothers are also supported at the community level.
It must be acknowledged that this study focused on mothers with a low risk for breastfeeding cessation
and did not include non-Italian speaking mothers due to the potential language barrier that could
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have interfered with the accuracy of the results, even though they could actually represent a subgroup
particularly in need of breastfeeding support structures.

The strength of the present study is that it enrolled a relatively large sample of breastfeeding
mother-infant pairs even though the duration of follow up was relatively limited and the dropout rate
was 30%, thus partially limiting the generalizability of the present findings. However, it has to be taken
into account that, with regard to cohort studies, although the maximum follow-up rate possible should
be achieved, dropout rates ranging from 20% up to 50% have been suggested as acceptable [37].

5. Conclusions

Our findings provide further insight into breastfeeding difficulties experienced by mothers
through the first three months after delivery in a high-income country with a positive breastfeeding
culture and attitude. We underline the importance of providing continued tailored professional support
in the community in the attempt to overcome maternal breastfeeding difficulties after discharge from
the hospital.
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Abstract: Human milk composition is variable. The identification of influencing factors and
interdependencies of components may help to understand the physiology of lactation. In this study,
we analyzed linear trends in human milk composition over time, the variation across different
European countries and the influence of maternal celiac disease. Within a multicenter European
study exploring potential prevention of celiac disease in a high-risk population (PreventCD), 569
human milk samples were donated by women from five European countries between 16 and 163 days
postpartum. Some 202 mothers provided two samples at different time points. Protein, carbohydrates,
fat and fatty acids, insulin, adiponectin, and insulin-like growth factor II (IGF-II) were analyzed. Milk
protein and n-6 long chain polyunsaturated fatty acids decreased during the first three months of
lactation. Fatty acid composition was significantly influenced by the country of residence. IGF-II and
adiponectin concentrations correlated with protein content (» = 0.24 and r = 0.35), and IGF-II also
correlated with fat content (r = 0.36), suggesting a possible regulatory role of IGF in milk macronutrient
synthesis. Regarding the impact of celiac disease, only the level in palmitic acid was influenced by
this disease, suggesting that breastfeeding by celiac disease mothers should not be discouraged.

Keywords: human milk; celiac disease; hormones; fatty acids; duration of lactation; country;
carbohydrate; fat

1. Introduction

Breastfeeding supports physiological infant growth and development [1]. The importance of early
life nutrition has been stimulated in studies investigating human milk composition and influencing
factors [2-5]. A recent meta-analysis found that the average energy content in human milk of mothers
with term born babies hardly changes from lactation week 2 to weeks 10-12 [6]. However, at both time
points, the energy content shows large inter-individual variation. This primarily reflects a high variation of
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milk fat content, but also protein and to a lesser extent lactose are variable [7]. Colostrum and transitional
milk are clearly different from mature milk. After the second week of lactation, changes associated with
the duration of lactation, like the decrease in protein content, only partially explain the variation in milk
composition and other influencing factors, for example, maternal diet, have to be considered [7].

The fatty acid (FA) composition of human milk fat is dependent on maternal diet. This has
been demonstrated for essential FA and their long chain polyunsaturated derivatives (LC-PUFA) [8],
as well as for medium chain FA (MCFA, C8.0 to C14.0) contents in milk, which are influenced by
the ratio of dietary carbohydrates to fat [9]. Milk protein is composed of casein and whey, which is
mainly comprised by «-lactalbumin and lactoferrin, but also includes a variety of lower concentrated
proteins and peptides [10]. Insulin, insulin-like growth factors, and adipokines are metabolic regulators
that might modulate infantile metabolism after milk feeding [11,12]. The hormones in milk may be
derived from the maternal circulation, as suggested for insulin [13], or they could be synthesized in
the mammary gland [11]; and their concentrations may be related to other human milk components.
Co-variation of peptide hormone and macronutrient concentrations in human milk might complicate
the identification of growth promoting or growth attenuating effects to individual compounds. This
could also in part explain why studies observing the relationship between human milk composition
and infant growth often yield ambiguous results [14-17].

Celiac disease (CD) is an intolerance of gluten, a protein present in various cereals. The disease
is associated with atrophy of the intestinal villi, inflammation of the jejunal mucosa, and intestinal
malabsorption [18]. A lifelong gluten free diet (GFD) is required to improve the histopathology and
symptoms of CD, such as steatorrhea, diarrhea, and abdominal distension [18]. However, there is a risk
that adherence to a GFD induces nutritional deficiencies, as GFDs have been found to be low in iron,
calcium, B-vitamins, and some fatty acids [19]. There are ambiguous findings in relation to the effect of
a GFD on fatty acid status biomarkers [20,21]. It is currently not known whether human milk fatty
acid composition is affected by maternal CD. So far, it has only been shown that CD affects cytokines
in milk [22]. Significant effects of CD or GFD on macronutrient contents or fatty acid composition
could be of importance for the nutrition of breast fed infants of CD mothers and might require specific
dietary recommendations.

In this study, we determined protein, fat, carbohydrate, individual FA, insulin, adiponectin,
and insulin-like growth factor IT (IGF-II) in milk samples collected in the large European PreventCD
prospective cohort study. We aimed to compare milk composition between mothers with CD and
healthy mothers, to investigate any effects by country of residence and duration of lactation on milk
composition and to analyze the variation and interdependencies of the measured milk components.

2. Materials and Methods

Human milk samples were collected from 2007 to 2010 within the PreventCD study [23]. Details
on the study population are reported in Vriezinga et al. [24]. Briefly, healthy newborns were enrolled if
they had at least one first-degree family member with biopsy-confirmed celiac disease and were tested
positive for the risk alleles HLA-DQ2 and/or HLA-DQS. Infants born preterm or with any congenital
disorder were excluded. Infants were randomized to the introduction of either small amounts of gluten
or to placebo at the age of 16 weeks.

The PreventCD study was approved by the medical ethics committee of each participating center
and complied with Good Clinical Practice guidelines ICH-GCP) regulations. The study was conducted
according to the Declaration of Helsinki. The PreventCD Current Controlled Trials number is ICTRP
CTRP NTR890.

Milk samples for this study were donated by mothers in five European countries between 16
days and 163 days postpartum. The included milk samples were collected in the Netherlands (Leiden,
n = 116), Italy (Naples, n = 68), Spain (Madrid, Valencia, and Barcelona, n = 138), Hungary (Budapest,
n =120), and Germany (Munich, n = 127).
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Mothers were asked to express milk manually or by pump once a month during the first six
months after birth without further specification for fore- or hind-milk sampling and time of day. Milk
samples were first frozen at —20 °C in home freezers, transferred to the hospital on ice, and then
stored at =80 °C. Samples for the reported analyses were aliquoted (1-2 mL) and randomly selected,
aiming for two samples from each mother, with one sample collected until 3 months postpartum (early
samples), and one sample collected during months 4 or 5 (late samples).

2.1. Measurements

Analytical procedures were previously described in a publication observing the association
between milk components and the infant metabolome [25]. Measurement of total fat and total
carbohydrates was performed via mid-infrared spectroscopy with a Human Milk Analyzer (MIRIS AB,
Uppsala, Sweden) [26]. Owing to limited available sample volumes, the samples were diluted 1:3 with
water. Samples were sonicated and heated to 40 °C prior to analysis. Tests with a diluted reference
milk sample revealed intra- and inter-assay coefficients of variation (CVs) (7 and 13 determinations) for
fat (5.3% and 6.6%) and carbohydrates (4.8% and 4.5%), comparable to the inter-assay CVs of undiluted
milk samples (fat: 5.6% and carbohydrates: 4.3%). The calibration curve of eight different diluted
samples versus the same eight undiluted samples showed high correlations with R? of 0.9 for fat and
0.90 for carbohydrates, respectively.

As the protein measurement by infrared spectroscopy (MIRIS) led to unsatisfactory CVs, the
protein content was measured with an adapted Bradford method [27]. The intra batch—and inter
batch—assay CVs of 4 and 16 determinations were calculated with 4.3% and 9.7%, respectively, using
samples with 1.3 g/dL protein. Spiking recovery was determined to be 99.1% + 27.6% in eight low
(+0.27 g/dL) and 105.8% =+ 16.5% in eight high (+0.44 g/dL) spiked samples.

Analysis of the FA composition of milk lipids was performed as previously described using 20 uL
of milk [28]. The lipid bound FAs were converted in situ with acidic catalysis into FA methyl esters,
which were subsequently extracted into hexane and analyzed by gas chromatography. The method
enabled quantification of FA with 8 to 24 carbon atoms, including the major LC-PUFA. The weight
percentages of 35 FA were determined with a mean CV of 4.9%, as estimated from 31 analyses of
control milk aliquots measured along with study samples.

For the analysis of hormones, milk aliquots were thawed overnight at 4 °C and skimmed by
centrifugation at 4000x g and 4 °C for 30 min. Total adiponectin concentration was measured with
a commercially available ELISA kit (Biovendor RD191023100 High Sensitivity Adiponectin, Brno,
Czech Republic) in 50 uL skimmed milk with a 1:3 dilution following the protocol of the manufacturer.
The intra-batch and inter-batch CVs of 4 and 8 determinations were 4.5% and 4.8%, respectively.
Spiking recovery was found to be 105.1% + 14.0% in eight low (+2 ng/mL) and 91.6% =+ 4.0% in eight
high (+10 ng/mL) spiked determinations.

Insulin was measured with the Mercodia Insulin ELISA kit 10-1113-01 (Mercodia, Uppsala,
Sweden) from 25 pL of undiluted, skimmed human milk, according to the protocol of the manufacturer.
The intra-batch and inter-batch CVs of 4 and 8 determinations were 3.4% and 11.0%, respectively.
Spiking recovery was determined to be 92.3% + 14.8% in seven low (+21 mU/L) and 85.9% + 7.2% in
seven high (+42 mU/L) spiked samples.

IGF-TI was determined with a radioimmunoassay from 30 pL of full fat milk by Mediagnost
(Reutlingen, Germany) using the R-30 IGF-II RIA kit, according to the protocol of the manufacturer.
The kit had already successfully been applied for the analysis of IGF-II in human milk [29].

2.2. Data Analysis

In order to evaluate the effects of duration of lactation and country of residence, data were divided
into subsets of early (day 16-100) and late (day 101-163) lactation. Statistical analyses were performed
independently on both subsets, that is, separately on the early and late samples. We identified outliers
by calculating the numeric distance to its nearest neighbor. If this distance (gap) was bigger than one
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standard deviation of the corresponding parameter, the observations more distant from the mean were
excluded from further analyses.

Using univariate linear regression, we tested for effects of individual factors (mode of delivery, maternal
age at delivery, duration of gestation, infants” gender, birth weight, maternal pre-pregnancy weight, maternal
pre-pregnancy body mass index (BMI), maternal CD status, day of lactation, or country of residence) on
measured milk analytes. As potentially significant predictors for the multiple regression analysis, we
selected the variates that showed Bonferroni corrected p-values below 0.2 in both data sets [30].

Potentially significant factors were included in the multiple linear regression analysis to test for
effects of these factors on the standardized analyte concentrations. Standardization, the transformation
of the analytes to have a mean of 0 and standard deviation of 1, was done in order to obtain comparable
model estimates. We used weighted effects coding for the categorical variable “country of residence”
(each variable is coded such that the estimated effects for each category are to be interpreted as deviations
from the weighted mean of the whole data set) to test whether milk components from individual
countries differed significantly from the global mean. Subsequently, we utilized analysis of variance
(ANOVA) to test for significant differences in the means of the measured analytes across countries.

For the determination of the relationships among selected analytes, correlation coefficients
according to Pearson were calculated for the early and late dataset, respectively.

For the exploration of intra-individual stability of concentrations and percentages, we related data
points in the early data set to the corresponding data points in the late data set for the 202 mothers
who donated two samples. Intra-individual comparisons were done with paired ¢-tests and correlation
coefficients were calculated according to Pearson.

All statistical analyses were performed with the software R (version 3.0.2., the R foundation for
statistical computing). We adjusted the confidence intervals and p-values that we report here for
multiple testing (41 milk compounds) using Bonferroni’s method.

3. Results

A total of 569 samples from 367 mothers were available. After outlier removal, the early dataset
(lactation days 16 to 100) contained results from 319 milk samples with a minimum of 307 values for
each analyte. The late dataset (lactation days 101 to 163) with 250 milk samples provided a minimum of
233 values for individual analytes. Early samples were collected on lactation days 42 + 21 (mean =+ SD)
and late samples were collected 120 + 8 days postpartum. A total of 202 of the late samples had an
earlier sampled counterpart in the first subset from the same mother. The characteristics of the mothers
and their children are summarized in Table 1.

Table 1. Characteristics of participating mothers and their infants.

Variable M SD N*
Age mother, years 33.4 +3.9 357
Gestational age, weeks 39.3 +1.4 366
Pre-pregnancy BMI
mother, kg/m? 22.4 +3.4 175
Birth weight, g 3373 +455 364

n % N *

Mothers with celiac 184 501 367
disease
Exclusive breastfeeding 264 779 339
at 4 months
Infant gender female 182 49.6 367

* N corresponds to the number of participants with available information, BMI, body mass index.

Day of lactation, country of residence, and CD status were identified as potentially relevant
variables for milk composition. Pre-pregnancy BMI showed a positive correlation with human milk
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insulin (Figure 1), but was not considered in other analyses as we have this information only from a
small subset of mothers.
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Figure 1. Milk insulin levels in early milk samples versus maternal pre-pregnancy body mass index
(BMI) (r = 0.24, p = 0.002, n = 175).

3.1. Influence of Maternal CD Status, Day of Lactation, and Country of Residence

About half of the participating mothers were CD patients (Table 1). Five out of 184 mothers with
CD did not follow a GFD. The early and late dataset showed that the milk of CD negative and positive
women was not significantly different regarding the hormone and macronutrient concentrations.
Among the FA percentages, only palmitic acid (C16:0) showed significantly decreased percentages
in milk of mothers with CD compared with non-CD mothers. Taking all available data into account,
palmitic acid contributed 22.3% =+ 3.1% to total milk fatty acids in the healthy mothers and 22.0% =+ 2.8%
in mothers with CD.

Within the first three months of lactation, levels of protein, n-6 LC-PUFA percentages, n-3
eicosatrienoic acid (20:3n-3), capric acid (10:0), lauric acid (12:0), and the monounsaturated fatty acids
(MUFA) C20:1n-9 and C24:1n-9 decreased significantly over time (Table 2). Day of lactation did not
show significant effects on milk FA composition during months 4 and 5 postpartum (Table 3). During
the first three months of lactation, most FA percentages differed significantly across the tested countries
(Table 4, docosahexaenoic acid (DHA) in Figure 2A), and long-chain FA also differed by country in late
samples (Table 5, DHA in Figure 2A). Comparisons of the individual FA between countries identified a
huge number of differences, which were mostly similar in the early and the late data set (Tables 4 and 5).
In the case of DHA, the mean value found in the early samples from Hungary was significantly lower
than in the sample from all other countries, and in the late samples, values for Italy and Hungary were
similarly low. This is also reflected in 57% and 73%, respectively, of Hungarian samples with DHA
below 0.2%, while in the whole sample set, only 29% of the early and 51% of the late samples were
below 0.2%. The highest DHA percentages were found in the samples from Spain and the Netherlands,
where only 15% and 23%, respectively, of the early samples and 37% and 36%, respectively, of the late
samples were below 0.2% DHA.
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Table 2. Mean analyte concentrations (+SD) of early samples collected until day 100 of lactation.

CD Mother Day of Lactation Count
Mean = SD B (CI: 0.06%; 99.94%) B (CI: 0.06%; 99.94%) ounyr
Hormones
IGF-II, ng/mL 17.41 + 6.09 —0.048 (-0.423; 0.326) —0.005 (-0.014; 0.003) <0.001
Insulin, mU/L 12.46 + 8.19 —0.090 (~0.480; 0.300) 0.003 (—0.006; 0.012) 1
Adiponectin, ng/mL 19.28 + 6.63 0.134 (-0.267; 0.534) —0.005 (-0.014; 0.004) 1
macronutrients, g/dL
Fat 22+12 -0.202 (-0.600; 0.196) —0.002 (-0.011; 0.007) 0.031
Carbohydrates 6.5+04 —0.102 (-0.482; 0.278) —0.002 (-0.010; 0.007) 0.701
Protein 1.16 +£0.22 0.081 (-0.276; 0.439) —0.015 (-0.023; —0.007) 0.049
Fatty Acids, wt %
SFA
C8:0 0.26 £ 0.10 0.129 (-0.258; 0.516) —0.007 (-0.016; 0.001) 0.002
C10:0 1.36 +0.32 0.224 (-0.161; 0.609) —0.013 (-0.022; —0.004) 0.122
C12:0 5.37 £ 1.69 0.244 (-0.150; 0.639) —0.01 (=0.019; —0.001) 1
C13:0 0.04 +0.01 0.134 (-0.258; 0.526) —0.002 (-0.011; 0.007) 0.005
C14:0 5.76 £ 1.62 0.131 (~0.268; 0.530) —0.006 (-0.015; 0.003) 0.031
C15:0 0.32£0.12 —0.068 (-0.404; 0.269) 0.001 (-0.007; 0.008) <0.001
C16:0 2216 +2.92 —0.446 (—0.770; —0.122) 0.002 (-0.005; 0.009) <0.001
C17:0 0.31 +0.06 0.020 (-0.342; 0.382) 0.005 (-0.003; 0.013) <0.001
C18:0 7.37 £1.33 —0.108 (~0.500; 0.284) 0.007 (-0.002; 0.015) <0.001
C20:0 0.27 £ 0.10 —0.006 (~0.421; 0.409) 0.003 (-0.006; 0.013) 0.821
C22:0 0.10 £ 0.03 0.143 (-0.239; 0.525) 0.004 (—0.004; 0.013) <0.001
C24:0 0.09 + 0.04 0.181 (-0.184; 0.545) —0.004 (-0.012; 0.004) <0.001
MUFA
C14:1 0.23 £0.11 —0.102 (-0.442; 0.237) —0.004 (-0.011; 0.004) <0.001
C15:1 0.07 £ 0.03 0.005 (—0.338; 0.348) 0.001 (-0.007; 0.008) <0.001
Clé6:1n-7 2.23 £ 0.69 —0.103 (-0.480; 0.274) —0.006 (-0.015; 0.002) <0.001
C18:1n-9 35.33 +4.35 0.216 (=0.119; 0.550) 0.005 (-0.003; 0.012) <0.001
C18:1n-7 1.62 +0.25 0.185 (-0.223; 0.593) ~0.007 (-0.016; 0.002) 1
C20:1n-9 0.46 + 0.08 0.235 (~0.140; 0.610) —0.011 (-0.019; —0.003) 0.272
C24:1n-9 0.07 £ 0.02 0.306 (—0.042; 0.653) —0.015 (-0.022; —0.007) <0.001
PUFA
né6
C18:22n-6 13.27 £ 4.16 —0.028 (~0.380; 0.323) 0.002 (-0.005; 0.010) <0.001
C18:3n-6 0.16 + 0.05 —0.205 (~0.603; 0.193) 0.000 (=0.009; 0.009) 0.619
C20:2n-6 0.30 £ 0.09 0.098 (—0.239; 0.435) —0.014 (-0.022; —0.007) <0.001
C20:3n-6 0.44 £0.11 -0.010 (-0.374; 0.354) —0.019 (-0.027; —0.011) <0.001
C20:4 n-6 0.49 +0.11 0.066 (—0.294; 0.426) —0.013 (-0.021; —0.005) <0.001
C22:4n-6 0.11 £ 0.03 0.137 (=0.191; 0.466) —0.014 (-0.021; —0.007) <0.001
C22:5n-6 0.05 + 0.02 0.167 (-0.171; 0.506) —0.013 (-0.021; —0.006) <0.001
n3
C18:3n-3 0.77 £ 0.39 —0.065 (-0.429; 0.298) —0.001 (-0.009; 0.007) <0.001
C20:3n-3 0.05 + 0.02 0.106 (~0.245; 0.458) —0.010 (-0.018; —0.002) <0.001
C20:5n-3 0.07 £ 0.05 0.012 (-0.383; 0.408) —0.005 (-0.014; 0.004) <0.001
C22:5n-3 0.15 + 0.05 0.016 (=0.363; 0.396) -0.007 (=0.016; 0.001) <0.001
C22:6n-3 0.29 +0.16 0.117 (-0.274; 0.508) —0.009 (-0.017; 0.000) <0.001
n9
C20:3n-9 0.02 £ 0.01 0.021 (=0.380; 0.423) —0.003 (-0.012; 0.006) 0.018
Trans FA
C16:1 trans 0.06 + 0.02 —0.049 (-0.412; 0.314) 0.005 (-0.003; 0.013) <0.001
C18:1 trans 0.31 +0.20 —0.296 (-0.672; 0.080) 0.004 (-0.005; 0.012) 0.001
C18:2 trans 0.10 £ 0.04 —0.010 (-0.359; 0.339) 0.002 (-0.005; 0.010) <0.001

Influence of maternal celiac disease (CD) status and day of lactation are indicated by 3 estimates, and influence of
country is indicated by the p-values from analysis of variance (ANOVA). Weighted effects coding was used to code
the country. p-values and 95% confidence intervals were Bonferroni corrected (n = 41), resulting in an adjusted
99.88% confidence interval. Significant p-values and {3 estimates are printed in bold. SFA, saturated fatty acids,
MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acid; IGF, insulin-like growth factor.
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Table 3. Mean analyte concentrations (+SD) of late samples collected between days 101 to 163

of lactation.
CD Mother Day of Lactation Count
Global Mean = SD B (CIL: 0.06%; 99.94%) B (CI: 0.06%; 99.94%) ounyy
Hormones
IGF-II, ng/mL 12.61 +3.25 0.055 (-0.393; 0.502) —0.007 (-0.034; 0.021) 1
Insulin, mU/L 13.67 £9.15 —0.207 (=0.600; 0.186) 0.003 (—0.021; 0.027) 1
Adiponectin, ng/mL 17.56 + 6.26 0.268 (—0.154; 0.689) —0.008 (—0.034; 0.018) 1
macronutrients, g/dL
Fat 24+15 —0.035 (—0.482; 0.413) 0.000 (—0.027; 0.028) 1
Carbohydrates 6.6 +04 0.123 (=0.258; 0.504) 0.001 (=0.023; 0.024) 1
Protein 0.84 +0.18 0.094 (-0.339; 0.527) —0.014 (-0.041; 0.012) 0.753
Fatty Acids, wt %
SFA
C8:0 0.21 + 0.06 0.142 (-0.297; 0.580) —0.004 (-0.031; 0.024) 1
C10:0 1.42 +0.33 0.317 (=0.119; 0.752) —0.012 (=0.038; 0.015) 1
C12:0 5.76 + 1.66 0.181 (-0.261; 0.623) —0.007 (-0.034; 0.020) 1
C13:0 0.04 +0.01 0.031 (—0.386; 0.449) 0.004 (—0.022; 0.030) <0.001
C14:0 624 +1.71 0.196 (—0.264; 0.656) 0.003 (—0.026; 0.031) 1
C15:0 0.33 £0.12 —0.097 (—0.469; 0.276) 0.010 (—0.013; 0.033) <0.001
C16:0 22.33 +2.66 —0.404 (-0.795; —0.012) —0.005 (-0.030; 0.019) <0.001
C17:0 0.32 + 0.06 —0.146 (-0.562; 0.270) 0.005 (—0.021; 0.031) <0.001
C18:0 7.66 +1.34 —0.328 (—0.756; 0.100) —0.002 (-0.029; 0.025) <0.001
C20:0 0.24 + 0.06 —0.197 (-0.637; 0.243) —0.005 (—0.032; 0.022) 0.012
C22:0 0.09 +0.03 0.139 (-0.310; 0.588) —0.002 (-0.030; 0.026) 0.004
C24:0 0.07 +0.03 0.212 (=0.240; 0.664) —0.003 (-0.031; 0.025) 0.024
MUFA
Cl14:1 023 +0.11 —0.114 (-0.487; 0.260) 0.005 (—0.018; 0.028) <0.001
C15:1 0.08 +0.03 —0.010 (—0.391; 0.370) 0.009 (—0.015; 0.033) <0.001
Cl6:1n-7 2.14 +0.68 —0.033 (—0.465; 0.398) 0.003 (—0.024; 0.030) <0.001
C18:1n-9 34.87 +4.50 0.271 (-0.114; 0.656) 0.001 (-0.023; 0.025) <0.001
C18:1n-7 1.54 +£0.25 0.089 (—0.365; 0.542) —0.003 (-0.031; 0.025) 1
C20:1 n-9 0.42 +0.09 0.259 (—0.188; 0.706) —0.008 (—0.036; 0.019) 1
C24:1 0.05 +0.02 0.304 (-0.147; 0.755) —0.006 (—0.034; 0.022) 0.223
PUFA
né
C18:22n-6 1293 £3.72 —0.106 (-0.497; 0.284) 0.005 (—0.019; 0.029) <0.001
C18:3n-6 0.15 + 0.04 —0.243 (—0.685; 0.198) —0.015 (-0.042; 0.012) 0.073
C20:2n-6 0.25 +0.07 —0.068 (—0.456; 0.319) —0.008 (—0.032; 0.016) <0.001
C20:3n-6 0.34 +0.07 —0.116 (—0.540; 0.308) —0.025 (-0.052; 0.001) <0.001
C20:4 n-6 0.43 +0.09 0.042 (—0.381; 0.466) —0.016 (=0.043; 0.010) <0.001
C22:4n-6 0.09 +0.03 —0.015 (-0.397; 0.367) —0.013 (=0.037; 0.011) <0.001
C22:5n-6 0.04 +0.02 0.064 (—0.316; 0.444) —0.002 (-0.026; 0.022) <0.001
n3
C18:3n-3 0.75 +0.39 —0.109 (-0.509; 0.291) 0.012 (-0.013; 0.037) <0.001
C20:3n-3 0.04 +0.01 —0.124 (-0.565; 0.317) 0.004 (—0.024; 0.031) 0.111
C20:5n-3 0.06 + 0.05 0.089 (—0.368; 0.546) 0.002 (—0.026; 0.031) 0.027
C22:5n-3 0.14 + 0.05 0.067 (—0.368; 0.502) —0.001 (-0.028; 0.026) <0.001
C22:6 n-3 0.24 +0.15 0.197 (—0.248; 0.641) 0.001 (—0.027; 0.029) <0.001
n9
C20:3n-9 0.02 +0.01 —0.068 (-0.513; 0.378) —0.012 (=0.039; 0.016) 0.018
Trans FA
C16:1 trans 0.06 + 0.02 —0.037 (-0.451; 0.378) 0.013 (—0.013; 0.038) <0.001
C18:1 trans 0.30 +0.13 —0.229 (-0.672; 0.215) —0.002 (—0.029; 0.026) 0.004
C18:2 trans 0.11 + 0.04 —0.044 (—0.435; 0.348) 0.01 (-0.014; 0.035) <0.001

Influence of maternal CD status and day of lactation are indicated by 8 estimates, and influence of country is
indicated by the p-values from ANOVA. Weighted effects coding was used to code the country. p-values and
95% confidence intervals were Bonferroni corrected (1 = 41), resulting in an adjusted 99.88% confidence interval.
Significant p-values and {3 estimates are printed in bold.
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Table 4. Human milk fatty acid composition found in the early samples according to the country of
residence of the mothers.

NL It ESP HU GER
SFA
C8:0 0.29 +0.122b 0.22 +0.07 2 0.26 + 0.09 © 0.25 +0.12 0.21 + 0.06 ¢
C10:0 1.38 +0.35 1.50 + 0.34 1.37 £ 0.29 1.27 +0.33 1.31 +0.32
C12:0 5.46 + 1.84 6.03 +1.73 5.23 +1.52 5.46 +1.96 5.05 + 1.46
C13:0 0.04 +0.01 0.04 +0.01 0.04 +0.022 0.04 +0.01° 0.04 +0.01 2P
C14:0 6.06+1.922 6.44 +1.76° 5.03 + 1.42 abc 5.74 +1.73 6.33+155¢
C15:0 0.31 + 0.08 3P 035+0.09  025+0092%f  030+0.11°% 045+ 0.12bdfg
C16:0 2154 +2503¢ 2409 +2373d 1979 £232def 226442508 2425+ 2388
C17:0 0.29 +0.052 0.33 + 0.05 0.30 +0.10° 0.30 +0.05 ¢ 0.36 + 0.06 2b¢
C18:0 738 +1592 7.03+1.03P 697 +1.15¢ 7.40 +1.154 8.13 + 1.31 abed
C20:0 0.30 +0.122 0.23 +0.04° 0.29 +0.13 0.27 +0.12 0.27 +0.08
C22:0 0.12 + 0.04 abe 0.08 +0.01 0.11 +0.082 0.09 +0.03P 0.09 +0.03
C24:0 0.12 + 0.05 abe 0.07 +0.022 0.09 +0.08 0.08 +0.03 P 0.07 +0.03 €
MUF A
C14:1 0.25 + 0.09 abe 0.24+0.079  015+0.07248  020+008M 033 +0.12cesh
C15:1 0.07 +0.022 0.09 + 0.03 b¢ 0.06 + 0.04 bd 0.07 + 0.03 < 0.10 + 0.03 ade
C16:1n-7 244 +0.782 220+042° 1.77 + 0.42 abee 2.17 +0.55 ¢ 2.58 + (.82 ¢
C18:1n9 3518 +3.543 3558 +3.83°d 3891 +4.33 acef 31‘5§dfg3'07 34.44 +3.35 18
C18:1n-7 1.64 +0.27 1.56 +0.19 1.64 +0.21 1.59 + 0.27 1.63 +0.28
C20:1n-9 0.47 +0.07 0.43 + 0.06 0.47 +0.10 0.43 +0.07 0.48 +0.12
C24:1 0.08 + 0.03 abe 0.06 +0.022 0.07 +0.044 0.06 +0.02° 0.06 +0.02 <4
n-6 PUF A
C18:2n-6 12.81 £3213P¢ 1046 +2712d  1395+3.949%8 1650 +4.27beth 1051 +2.71 8h
C18:3n-6 0.15 + 0.06 0.16 + 0.05 0.17 + 0.09 0.17 + 0.06 0.15 + 0.04
C20:2n-6 0.29 +0.072 0.24 + 0.07 b¢ 0.33 +0.10 b4 0.37 +0.08 2 0.25 + 0.06 d¢
C20:3n-6 0.45 +0.09 0.44 +0.13 044 +0.12° 0.47 +0.14¢ 0.38 +0.10 abe
C20:4n-6 0.51+0.122 0.45 +0.09P 0.47 +£0.10 0.56 + 0.12 bed 0.43 + 0.09 a4
C22:4n-6 0.11 +0.032 0.10 + 0.02 P 0.11 +0.08 0.14 + 0.04 abed 0.09 +0.02¢
C22:5n-6 0.05 +0.022 0.05 + 0.02 0.05 +0.05P 0.07 + 0.02 abe 0.04 +0.01¢
n-3 PUF A
C18:3n-3 1.11 +0.433bcd (056 + 0.28 2 0.60 + 0.28 bf 0.76 + 0.34 € 0.80 + 0.35 def
C20:3n-3 0.06 +0.022 0.03 +0.012 0.05 + 0.06 0.05 +0.01 0.05 + 0.02
C20:5n-3 0.09 + 0.05 3P 0.05 + 0.03 2 0.08 +0.09 © 0.05 + 0.04 bed 0.08 +0.05 4
C22:5n-3 0.18 + 0.05 abe 0.11 + 0.04 2d 0.14 + 0.07P 0.13 + 0.04 < 0.16 + 0.06 d¢
C22:6n-3 0.31+0.172 0.23+0.10P 0.35 + 0.20 be 0.21+0.102¢cd 0.30 +0.19 4
n-9 PUF A
C20:3n-9 0.03 +0.012 0.03 +0.01 0.02 +0.01 2> 0.02 + 0.01 0.03 +0.01°
Tr2nsFA
Cl6:1t 0.06 +0.022 0.06 + 0.02 0.06 +0.07 P 0.06 +0.02 ¢ 0.08 + 0.03 abe
C18:1t 0.25+0.12°2 0.34 +0.36 029 +021P 0.46 + 0.43 abe 0.31+0.15¢
C18:2tt 0.10 +0.032 0.10 £ 0.04 P 0.09 +0.10 ¢ 0.09+0.0449  0.15 % 0.05 2bcd

a0 pairs with common superscripts indicate significant country differences (p < 0.05 after Bonferroni adjustment.
Country effects were less pronounced for hormones (e.g., adiponectin, Figure 2B) and

carbohydrates. IGF-II, protein, and total fat concentrations varied by country during the first
three months, but not in the later samples (data not shown in detail).
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Figure 2. Mean values (+SD) of docosahexaenoic acid (DHA) weight% (A) and adiponectin
concentration (B) per country in early and late milk samples; significant differences from the global
means for DHA (months 1-3: 0.29%, months 4-5: 0.24%) and adiponectin (months 1-3: 19.3 ng/mL,
months 4-5: 17.6 ng/mL) are indicated as ** for p < 0.01 and *** for p < 0.001.

Table 5. Human milk fatty acid composition found in the late samples according to the country of
residence of the mothers.

NL It ESP HU GER
SFA
C8:0 0.21 +0.08 0.27 +0.17 0.21 + 0.06 0.22 +0.07 0.21 + 0.06
C10:0 1.34 +0.33 1.56 + 0.34 1.40 + 0.36 1.40 +0.33 144 +0.38
C12:0 5.46 +1.92 6.20 +1.77 5.79 +1.91 6.00 = 1.70 5.44 +1.54
C13:0 0.04 + 0.01 20 0.05 + 0.02 ¢ 0.03 + 0.01 <d 0.04 £0.01°¢ 0.05 + 0.01 bde
C14:0 6.17 +2.23 6.49 + 1.50 5.77 +2.02 5.98 +1.78 6.74 +1.53
C15:0 0.31 +0.08 2P 0.35 + 0.09 <@ 0.25 + 0.09 ace 029 +0.11f 0.45 + .12 bdef
C16:0 21.62 +2.39 2P 2355+251¢ 1979 +3.583de 2233 1252df 2410+ 2,19 bef
C17:0 0.31 +0.052 0.33 +0.06 P 0.28 + 0.07 be 0.31 +0.05 4 0.36 + 0.06 a°d
C18:0 7.63 +1.26 7.26 0972 6.87 +1.37b¢ 7.72+125P 8.35 + 1.46 &
C20:0 0.29 +0.15 P 0.33 + .29 cde 0.22 + 0.06 2° 0.22 + 0.05 b4 0.24 +0.06
€22:0 0.11 + 0.06 ab¢ 0.09 + 0.02 0.08 +0.032 0.08 + 0.03 P 0.09 +0.03 €
C24:0 0.09 + 0.06 2b¢ 0.08 +0.03 0.07 +0.032 0.06 + 0.02° 0.06 + 0.03 ©
MUFA
C14:1 0.24 +0.07 @b 0.22 +0.08 0.15 + 0.07 & 0.20 + 0.09 4 0.33 +0.11 bed
C15:1 0.07 +0.022 0.08 +0.03P 0.05 + 0.02 be 0.07 +0.03 4 0.11 % 0.03 acd
C16:1n-7 225+ 0.722 1.87 +0.59° 1.75 + 0.51 2¢ 210 +0.534 2.49 + .75 bed
C18:1n-9 3559 +3.573 3492 +421° 3958+9.483de 3131 +341bdf 3407 1319¢f
C18:1n-7 1.58 + 0.26 145 +0.22 1.61 + 045 1.59 + 0.28 1.50 + 0.25
C20:1n-9 0.48 +0.23 0.38 + 0.07 0.41 +0.10 0.40 + 0.09 0.44 +0.12
C24:1 0.06 + 0.03 0.06 + 0.02 0.05 + 0.02 0.05 + 0.01 0.05 + 0.02
n-6 PUFA
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Table 5. Cont.

NL It ESP HU GER

C18:2n-6 12.72 +2.66 2P 11.75 + 3.54 ¢ 12.82 +3.519¢ 1642 +4382cdf 10,35 1 2,64 bef
C18:3n-6 0.15 + 0.04 0.16 + 0.04 0.15 + 0.04 0.17 + 0.05 0.14 + 0.03
C20:2n-6 0.24 + 0.05 2P 0.24 + 0.05 ¢ 026 +0.079¢ 03100724 020 +0.05 bef
C20:3n-6 0.33 +0.07 0.36 +0.052 0.34 + 0.09 0.37 +0.10° 0.30 + 0.05 2P
C20:4n-6 0.42 +0.07 2 0.44 +0.08 P 0.40 +£0.10 0.50 + 0.11 abed 0.40 + 0.08 ¢
C22:4n-6 0.09 +0.03 2 0.10 +0.02° 0.08 +0.03 0.12 + 0.03 abed 0.08 +0.029
C22:5n-6 0.04 +0.022 0.04 +£0.01P 0.04 +0.02¢ 0.06 + 0.02 abed 0.04+0.014
n-3 PUFA
C18:3n-3 1.09 + 0.43 abe 0.50 + 0.28 ad 0.55 +0.23 be 0.72 +0.28 € 0.90 + 0.48 de
C20:3n-3 0.05 + 0.02 0.04 +0.02 0.04 +0.02 0.04 +0.01 0.04 +0.02
C20:5n-3 0.09+0.112 0.05 + 0.02 0.07 + 0.05 0.04 +0.04 2P 0.08 + 0.05 P
C22:5n-3 0.18 + 0.09 abe 0.11 + 0.03 ad 0.13 +0.06 P 0.12 + 0.03 <@ 0.16 + 0.05 de
C22:6n-3 0.29 + 0.35 0.19 + 0.07 0.32+0.20° 0.18 +0.122 0.24 +0.14
n-9 PUFA
C20:3n-9 0.02 +0.012 0.02 +0.01 0.02 +0.01 2> 0.02 +0.01 0.03 £0.01°
Trans FA

Cl6:1t 0.06 +0.022 0.07 +0.02 0.05+0.02P 0.06 +0.02 € 0.08 + 0.02 abe

C18:1t 0.27 +£0.122 028 +0.11° 0.26 +£0.13 ¢ 0.42 + .29 abed 0.32+0.124

C18:2tt 0.12 + 0.04 abc 0.10 + 0.04 ¢ 0.08 + 0.04 2¢ 0.09 + 0.03 bf 0.14 + 0.04 cdef

21 pairs with common superscripts indicate significant country differences (p < 0.05 after Bonferroni adjustment).

3.2. Correlations among Human Milk Components

We focused on correlations that were consistently significant in both the early and late datasets
(Table 6). Protein in milk was positively correlated with adiponectin and IGF-1I levels. Milk fat content
was not significantly related to adiponectin or insulin, but correlated positively with IGF-II and protein.

Table 6. Pearson correlations between the concentrations of macronutrients, hormones, and FA groups
(weight%) stratified according to sample collection period.

Collection during the First Three Months of Lactation (1 = 319)

IGF-II Insulin Adip Fat CH Protein MUFA PUFA
Insulin 0.02
Adip 0.15 -0.05
Fat 0.36 *** 0.09 0.06
CH —-0.14 -0.06 -0.12 -0.16
Protein 0.24 *** -0.03 0.35 *** 0.23 ** -0.01
MUFA —-0.12 -0.20 * -0.1 —-0.12 0.12 0.04
PUFA 0.15 -0.04 0.02 -0.13 0.05 -0.05 —0.33 ***
SFA -0.03 0.21* 0.06 0.21 ** -0.15 0 —0.56 ***  —0.59 ***
Collection during Months 4 and 5 of Lactation (1 = 250)
IGF-II Insulin Adip Fat CH Protein MUFA PUFA
Insulin 0.21*
Adip 0.30 *** 0.02
Fat 0.51 *** 0.17 0.12
CH -0.11 0 -0.05 -0.13
Protein 0.38 *** 0.07 0.30 *** 0.23 * 0.03
MUFA -0.1 -0.2 -0.05 -0.09 -0.04 0.02
PUFA 0.05 -0.07 -0.05 0.12 -0.04 -0.1 —0.34 **
SFA 0.06 0.25 0.09 0 0.07 0.06 —0.68 ***  —0.46 ***

Note: * p < 0.05, * p < 0.01, ** p < 0.001 after Bonferroni correction. Significant results are given in bold.
Adip = Adiponectin, CH = carbohydrates.

3.3. Intrainividual Relationships between Early and Late Milk Samples

The relationships of the milk components in early and late samples from mothers who donated
two samples are summarized in Table 7. The mean difference between the days of collection was 76
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days (range 11 to 109 days). Most analytes showed significant correlations (p < 0.05, Table 7) with the
exception of carbohydrates, protein, as well as caprylic (8:0), arachidic (20:0), and nervonic acid (24:1n9).
Adiponectin and IGF-II concentrations showed closer relationships between both time points than insulin.
LC-PUFA and odd-chain FA showed the strongest correlations between the two sampling points (e.g.,
arachidonic acid (AA) and DHA in Figure 3). Significantly lower values in the 4-5 months period than in
the early period for protein and most FA agree with the decreases indicated by multiple linear regression
analyses during the first three months (Table 7, t-test). The exception is capric acid, which decreased
during the early period, but was found to be higher in the later period (Table 7). Additionally, DHA

showed a significant decrease from the early sample compared with the later sample.

Table 7. Comparison of the concentrations measured in the early (from lactation day 16-100) and late

samples (from lactation day 101-163) from the mothers who donated two samples (1 = 202).

Early Late t-Test Correlation
(M + SD) (M + SD) P r(p)
Hormones and macronutrients

IGF-II, ng/mL 17.16 +5.42 12.62 +3.30 <0.001 0.303 (0.001)
Insulin, mU/L 12.28 + 8.06 13.72 +8.74 0.531 0.480 (<0.001)
Adiponectin, ng/mL 19.19 + 6.06 17.61 + 6.45 0.013 0.466 (<0.001)
Fat, g/dL 222 +1.20 2.54 +1.53 0.205 0.346 (<0.001)
Carbohydrates, g/dL 6.54 +0.43 6.63 + 0.38 0.259 0.175 (0.543)
Protein, g/dL 1.15+0.22 0.85 +0.18 <0.001 0.209 (0.128)
Fatty Acids, wt %
C8:0 0.25 +0.10 0.21 + 0.06 <0.001 0.208 (0.123)
C10:0 1.35+0.32 1.42 +0.34 0.305 0.508 (<0.001)
C12:0 5.37 +1.67 5.74 + 1.66 0.032 0.471 (<0.001)
C13:0 0.04 +0.01 0.04 +0.01 1 0.460 (<0.001)
C14:0 5.87 + 1.66 6.23 +1.78 0.013 0.596 (<0.001)
C15:0 0.34 +0.12 0.33 +0.12 1 0.676 (<0.001)
C16:0 22.34 +2.85 2224 £2.72 1 0.591 (<0.001)
C17:0 0.32 +0.06 0.32 + 0.06 1 0.504 (<0.001)
C18:0 7.35 +1.33 7.63 +1.35 0.97 0.410 (<0.001)
C20:0 0.27 +0.09 0.23 + 0.06 <0.001 0.167 (0.995)
C22:0 0.10 + 0.03 0.09 + 0.03 0.002 0.356 (<0.001)
C24:0 0.09 +0.03 0.07 + 0.03 <0.001 0.355 (<0.001)
C14:1 0.24 +0.10 0.23 +0.11 1 0.651 (<0.001)
C15:1 0.08 + 0.03 0.08 + 0.03 1 0.651 (<0.001)
C16:1n-7 2.25 +0.69 2.15+0.70 1 0.594 (<0.001)
C18:1 n-9 35.25 + 4.53 3523 +4.54 1 0.605 (<0.001)
C18:1n-7 1.62 +0.26 1.54 +£0.25 0.004 0.488 (<0.001)
C20:1 n-9 0.46 + 0.07 0.42 +0.09 <0.001 0.353 (<0.001)
C24:1 0.06 + 0.02 0.05 + 0.01 <0.001 0.217 (0.129)
C18:2n-6 13.02 +4.19 12.76 + 3.69 1 0.628 (<0.001)
C18:3n-6 0.16 + 0.05 0.15 + 0.04 0.393 0.660 (<0.001)
C20:2 n-6 0.30 + 0.09 0.24 +0.06 <0.001 0.569 (<0.001)
C20:3 n-6 0.44 +£0.11 0.33 +0.07 <0.001 0.448 (<0.001)
C20:4 n-6 0.49 +0.11 0.43 + 0.08 <0.001 0.575 (<0.001)
C22:4 n-6 0.11 + 0.03 0.09 + 0.03 <0.001 0.557 (<0.001)
C22:5n-6 0.05 + 0.02 0.04 +0.02 <0.001 0.525 (<0.001)
C18:3n-3 0.77 £ 0.38 0.75 + 0.40 1 0.514 (<0.001)
C20:3n-3 0.05 + 0.02 0.04 +0.01 <0.001 0.388 (<0.001)
C20:5n-3 0.07 + 0.05 0.06 + 0.04 1 0.553 (<0.001)
C22:5n-3 0.15 + 0.05 0.13 + 0.05 0.48 0.591 (<0.001)
C22:6 n-3 0.28 +0.16 0.23 +0.15 <0.001 0.632 (<0.001)
C20:3n-9 0.02 +0.01 0.02 +0.01 1 0.534 (<0.001)
C16:1 trans 0.07 + 0.03 0.06 + 0.02 1 0.417 (<0.001)
C18:1 trans 0.31 +0.20 0.30 +0.13 1 0.386 (<0.001)
C18:2 trans 0.11 + 0.04 0.11 + 0.04 1 0.610 (<0.001)

Note: Means between the two samples were compared by paired t-test. Correlations between the concentrations of
early and late samples were calculated according to Pearson. Significant p-values (<0.05 after Bonferroni correction)

are given in bold.
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Figure 3. Weight percentages of arachidonic acid (AA) ((A), r = 0.58, p < 0.001) and docosahexaenoic
acid (DHA) (B), r = 0.63, p < 0.001) measured in both early and late milk samples. Percentages were
calculated for 202 mothers, who had provided samples during the first three months or during the
fourth or fifth month of lactation, respectively.

4. Discussion

We observed a significant decrease of both milk protein and n-6 LC-PUFA during the first three
months of lactation. Variations in the milk FA composition among the different countries were detected.
Among the studied compounds, maternal CD only significantly influenced palmitic acid percentage,
leading to lower values in the milk of mothers with CD.

In agreement with previous observations [31], milk carbohydrate contents remained stable over
time. Human milk protein levels were higher in earlier lactation and continued to decrease beyond
month 3 of lactation, similar to previous observations [7,32,33]. IGF-II and adiponectin showed a
trend to decrease with time, which concurs with the assumption that IGFs and protein share common
determinants or are directly associated [34]. Percentages of most saturated fatty acids SFA and
MUFA (except C20:1n-9 and C24:1n-9) did not change with the duration of lactation. In contrast,
LC-PUFA levels decreased. Maternal LC-PUFA stores are depleted due to the high requirements
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during pregnancy [35] and are further consumed during lactation, which leads to delayed recovery
of DHA status after birth in breastfeeding women as compared with non-lactating women [36,37].
Diet and endogenous LC-PUFA synthesis from essential FA did not seem to compensate for the
high demands. In our study population, milk fat content did not significantly increase with the
day of lactation. Therefore, our results do not support the conclusion of Marangoni et al. [38], that
lower LC-PUFA percentages with advancing lactation are compensated by an increase of total fat.
The discrepant findings could be linked to the heterogeneity in the collection of our milk samples,
while Marangoni et al. applied a defined sample collection procedure only allowing hind milk [38].

Correlations between early and late samples were low for macronutrients and only significant
for milk fat, which may partially be the result of variation in conditions of sample collection.
The considerable inter-individual differences of the time span between sample collections may
have masked a significant intra individual correlation of protein levels. High PUFA and LC-PUFA
correlation coefficients indicate a constancy of dietary habits, which define the individual PUFA and
LC-PUFA levels, although levels generally decrease with time. For linoleic acid in human milk, it
has been shown that about 30% is directly derived from diet and 70% is contributed by fat storage
pools [39]. This also seems to apply to DHA [40] and could explain the high correlation coefficient
observed for DHA. Nevertheless, single fish meals can markedly increase DHA in subsequent human
milk feeds [3], although day-to-day variation is buffered by the contribution of FA from adipose tissue
to milk fat [41,42]. Such single fish meals might have caused some of the observed high DHA-% and
this could explain that the correlation between early and late DHA-% was not significant, as only
those concentration pairs with at least one value above 0.45% were considered. A corresponding
phenomenon was not seen for AA, which is assumed to be mainly contributed by endogenous synthesis
from linoleic acid [43].

Our study showed that maternal CD and adherence to a GFD did not have any appreciable effect
on milk macronutrients, hormones, and FA, with the exception of a lower palmitic acid percentage
in the milk of CD mothers. Endogenous palmitic acid synthesis is stimulated by carbohydrate
intake [44]. It is tempting to speculate that avoidance of gluten-containing grain-based foods could
lead to a lower contribution of carbohydrates to energy intake, and hence lower palmitic acid synthesis.
Comparisons of the diet of CD patients and healthy controls report lower carbohydrate or higher fat
intake, respectively, with a GFD than in control groups in some studies, but not in all [45-47]. Previous
studies have also reported lower n-6 LC-PUFA and higher or lower n-3 LC-PUFA in adult CD patients
than in controls [20,21,48]. In this study population from five different countries, we could not find
such differences in human milk. Patients with active CD showed higher plasma adiponectin values
than healthy controls [49], but this seems not to apply for milk of mothers in remission with CD
following a GFD. Olivares et al. had reported lower concentrations of protective immune mediators in
milk of women with CD compared with milk from women without CD [22], but we did not identify
further nutritionally important effects of CD on human milk. Therefore, breastfeeding can and should
be encouraged also in women with CD and a GFD.

Total fat content was only different in the early samples between countries, whereas differences in
FA composition were consistently found in both data sets. Potential differences in the lactation day at
sample collection were considered in this analysis and do not explain country differences. Total lipid
content in human milk is higher in hind-milk than in fore-milk [50]. As fore- or hind-milk collection
was not specified in our study, differences of fat content could well be related to differences in sample
collection and not reflect different dietary habits. The mode of sample collection does not affect FA
composition (weight%), which remains stable during one feeding [51]. The significant variations
across countries confirm previous studies that revealed that average human milk FA composition
depends on the country and corresponding dietary habits [7,52,53]. While DHA levels were low in
milk from Hungarian mothers, Spanish mothers showed the highest DHA levels, which corresponds
with previous reports [54,55]. A contribution of at least 0.2% by DHA to total fatty acids in human
milk and infant formulas has been considered important for the infant development [56,57], and even
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0.3% has been recommended [58]. About 30% of the early samples and 51% of the late samples did
not reach the 0.2% level, indicating that sea fish consumption or n-3 LC-PUFA supplement intake
should be further encouraged in all included countries, but specifically in Hungary, increased efforts
seem required.

Brenna et al. included 65 studies in their meta-analysis of human milk DHA and AA contents and
found, on average, 0.32% =+ 0.22% for DHA and 0.47% =+ 0.13% for ARA [43]. In our study, DHA values
were found to be somewhat lower (early samples 0.29% + 0.16%, late samples 0.24% + 015%), but AA
values were very close to the reported worldwide average (0.49% + 0.11%, 0.43% + 0.09%, respectively).
In the whole study population, and stratified according to country, the observed variation was smaller
for AA than for DHA, which agrees with the findings in the meta-analysis [43] and the concept that
DHA levels in milk depend mainly on dietary intake, while AA is mostly endogenously produced
from linoleic acid and levels are related to the desaturase genotype [40]. Although linoleic acid status is
usually not found to limit the endogenous AA synthesis [59], the finding that Hungarian samples were
highest in linoleic acid and AA could suggest that a very high availability of linoleic acid supports high
AA. Comparing a-linolenic and DHA percentages between the countries did not indicate associations
between levels, confirming the importance of dietary DHA for appropriate milk levels.

The odd chain tridecanoic and pentadecanoic acids differed between countries and could indicate
differences in dairy fat intake, as previously shown for plasma FA [60] or differences in fiber intake [61].
Protein and carbohydrate content did not show consistent differences between countries in the early
and late data set. Observational studies in affluent populations and in developing countries have failed
to identify dietary factors that influence milk protein or carbohydrates [62-65].

There was a significant positive correlation between human milk fat and protein. This correlation
has been previously described for milk from mothers of very low birth weight infants [66] and in
African mothers [67]. A joint regulation of milk protein and milk fat synthesis has been suggested
based on in vitro studies [34,68]. The positive correlation of IGF-II with both protein and fat could be
of interest, although regulatory effects of IGF-II in the mammary gland were proposed to be much
smaller than IGF-I effects [69]. Adiponectin is significantly related to protein, but not to fat content,
but models of the actions of adiponectin in the mammary gland have not been developed so far. We
found no correlations between insulin and macronutrients in milk. Human milk insulin levels are
related to plasma insulin levels and show comparable diurnal variations [13]. Maternal insulin levels
were not available, but pre-pregnancy BMI is positively associated with human milk insulin in the
present study, comparable to the results of other studies [70-72].

Strengths and Limitations

The combined analysis of macronutrients, FA, and selected hormones in our study enabled the
parallel examination of day of lactation, country of residence, and CD status, which have not been
studied before in large numbers of human milk samples. Some of the results have to be interpreted
with caution as spot milk samples without full standardization of sampling have been studied, while
24 h collections of human milk and volume determinations would be more representative, enabling a
meaningful consideration of potential effects of mixed feeding. Furthermore, interpretation is limited
by partially missing information on maternal anthropometry and the ethnicity of the mothers.
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5. Conclusions

Milk FA patterns depend on country of residence, which suggests significant dietary influences.
In contrast, protein, fat, IGF-II, and adiponectin seem to depend on the individual metabolism.
The observed relationships between protein, fat, and IGF-II could agree with an IGF involvement in the
regulation of milk synthesis. As no major effects of CD on the studied human milk components were
found, breastfeeding should be encouraged in women with CD and a GFD as in the general population.
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Abstract: Our aims were to investigate vitamin A and E status during lactation and the determinants
of breast milk content for the appropriate nutrition of the infant in a study with nursing Brazilian
women. We hypothesized that both inadequate intake and the lipoprotein distribution of vitamin A
and E during lactation could have an impact on their breast milk levels from early- to mid-lactation.
Nineteen adult lactating women participated in this longitudinal observational study, in which dietary
records, blood and mature breast milk samples were collected for the analysis of vitamin A and E, and
carotenoids in early- (2nd to 4th week) and mid-lactation (12th to 14th week). Nutrient intake was
balanced by the Multiple Source Method (MSM), and the intake of vitamin A and E was inadequate
in 74 and 100% of the women, respectively. However, these results were not reflected in low serum
concentrations of retinol and only 37% of the volunteers were vitamin E deficient according to the
blood biomarker. As lactation progressed, vitamin A and E status worsened, and this was clearly
observed by the decrease in their content in breast milk. The reduced content of vitamin A and E in
the breast milk was not related to their distribution in lipoproteins. Taken together, the contents of
vitamin A and E in breast milk seemed to be more sensitive markers of maternal nutrition status than
respective blood concentrations, and dietary assessment by the MSM in early lactation was sensitive
to indicate later risks of deficiency and should support maternal dietary guidance to improve the
infant’s nutrition.

Keywords: retinol; «-tocopherol; inadequate intake; nutritional status; breast milk; undernourishment;
dietary assessment; multiple source method

1. Introduction

Vitamin A and E are essential to newborns, and their transfer to breast milk is key for the nutrition
of infants. Vitamin A is crucial for newborn development, epithelial function and protection against
infections. Vitamin A deficiency affects millions of preschool-age children, especially in developing
countries, and it increases the susceptibility to infection and infant mortality rate, especially before
the age of 2 [1]. Vitamin A nutritional requirements are met by the intake of retinoids, such as retinyl
esters, and provitamin A carotenoids, especially 3-carotene and less prominently by x-carotene and
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B-cryptoxanthin. In addition to serving as retinoid precursors, these carotenoids are transferred to
breast milk and, together with lycopene and lutein, might contribute to breastfed infant health, as they
present potential bioactivity. The primary function of vitamin E is related to its activity as a potent
free radical scavenger and, although overt signs of deficiency are rare, pre-term infants might be more
susceptible to associated illnesses [2].

Essential nutrients, such as vitamins, are provided to the breastfed infant via transfer from the
maternal circulation into the milk by the mammary gland. The contents of retinol and x-tocopherol
in the breast milk are mainly determined by maternal diet and nutritional status [3,4]. However,
to what extent changes in the maternal nutritional status throughout lactation might affect the transfer
of vitamin A and E to the breast milk is not entirely known. Interactions between vitamin A and E
seem to influence their contents in breast milk as it has been shown that postpartum retinyl-ester
supplementation decreased vitamin E content in the colostrum [5]. On the other hand, the mechanisms
underlying this biochemical interaction are not known and are possibly related to serum transport in
lipoproteins and uptake by the mammary gland [3]. Vitamin A and E distribution in major lipoprotein
fractions might fluctuate throughout lactation, which would impact their transfer to breast milk.

Our aim was to investigate vitamin A and E status, and carotenoids during lactation, and the
determinants of breast milk levels for the appropriate nutrition of breastfed infants. We hypothesized
that both inadequate intake and the lipoprotein distribution of vitamin A and E during lactation could
have an impact on their breast milk levels from early- to mid-lactation. By taking advantage of a
longitudinal study with adult nursing women in Rio de Janeiro, Brazil, we used multiple regression
models to explain the impact of maternal diet and serum concentration of vitamin A and E on their
breast milk content during early- and mid-lactation.

2. Materials and Methods

2.1. Experimental Design and Recruitment of Volunteers

This is a longitudinal observational study, approved by the Research Ethics Committee of
the Pedro Ernesto University Hospital, Rio de Janeiro State University (CEP/HUPE-UER]:3043/
2011-CAAE:0186.0.228.228-11). Data and sample collection were conducted after signing written
informed consent. The volunteers were recruited at Policlinica Américo Piquet Carneiro (UER]) and
at health facilities in the city of Rio de Janeiro. Recruitment occurred in the last month of gestation,
when the first visit of the study was scheduled according to the probable delivery date. Of the 22
recruited women, three refused to participate during mid-lactation and their data were excluded.
Thus, 19 pregnant women (age 2040 years) participated in the study, exclusively or predominantly
breastfeeding. They did not have any chronic or acute diseases, were not using prescribed medicines
or dietary supplements, and were non-smokers and non-alcoholic who had completed single and
full-term gestations. In the present study, mature breast milk was collected, because in full lactation,
when mature milk is produced, tight junctions between mammary epithelial cells are fully functional,
and, therefore, paracellular transport (between cells) is virtually absent. Therefore, one can expect that
there are no major changes in the mammary epithelial cells transport systems during the time span
assessed in this study.

2.2. Data Collection and Qualification of Lactation Practices

Demographics and medical history were obtained in early lactation (2nd to 4th week postpartum;
mean 24.7 days). In mid-lactation (12th to 14th week postpartum; mean 94 days), volunteers answered
a questionnaire concerning lactation practices. All women reported adopting practices consistent with
exclusive or predominant breastfeeding. Total body mass (kg) and height (meters) were obtained in an
anthropometric scale (Filizola, Brazil) to calculate body mass index (BMI, in kg/mz) [6].
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2.3. Assessment of Dietary Intake

Dietary intake throughout lactation was estimated using the Multiple Source Method (MSM).
The MSM is a statistical method to estimate usual food intake and uses at least two different dietary
inputs (e.g., dietary recalls and/or food frequency questionnaires) [7] and it has been shown to be
adequate to estimate usual intake during pregnancy [8]. Using this method, 24-h dietary recalls
(24hRs) were applied in early- and mid-lactation (one in each period) to evaluate possible changes
in eating habits and to estimate recent intake of energy and nutrients. The nutrient composition of
the 24hRs was analyzed with the NutriSurvey® software v. 2007 (Dr. Juergen Erhardt; Germany;
available at www.nutrisurvey.de/nutrisurvey2007.exe) using the food composition database from the
US Department of Agriculture release 22 [9] adapted for common fat sources in the Brazilian diet [10].
A semi-quantitative food frequency questionnaire (SQ-FFQ) was applied in the first lactation period to
assess food sources of the nutrients of interest in the present investigation and to confirm the feasibility
of the 24hR to evaluate usual dietary intake.

The prevalence of inadequate nutrient intake was estimated using Estimated Average Requirements
(EARSs), as set by the Institute of Medicine [11-14] as cut-off points. The prevalence of the inadequate
intake of each nutrient was estimated by the proportion of individuals with intake below the EAR
value. Since the EAR cut-off point method is not suitable for assessing energy adequacy, the proportion
of the group with BMIs below, within, and above the desirable range was used to classify inadequate,
adequate, and excessive energy intakes [11].

2.4. Collection and Processing of Biological Samples

Blood and milk samples were collected in the morning after fasting overnight, were immediately
processed for the separation of plasma, serum and erythrocytes, and frozen at —80 °C until analysis.
Whole blood aliquots were used for the immediate determination of hematocrit and hemoglobin
concentrations. Milk samples (10 mL) were manually expressed in the morning from the breast which
the baby last suckled and transferred into sterile plastic bottles. An aliquot was taken for analysis of
the crematocrit. For the analysis of lactose and protein, aliquots were stored at =20 °C and for retinol,
carotenoids and tocopherols analyses, at =80 °C and tubes were protected with aluminum foil.

2.5. Determination of Hematocrit and Hemoglobin, and Triglycerides and Cholesterol in Blood

Hematocrit was determined in a microhematocrit centrifuge (Hemospin, Incibras; Sao Paulo,
Brazil) and hemoglobin concentration was determined by the cyanmethemoglobin method by a
commercial kit (BioClin; Belo Horizonte, Brazil). Triglyceride, total cholesterol and HDL-c (total
serum and HDL-c fraction after LDL-c+VLDL-c precipitation) were determined by the enzymatic
colorimetric method using commercial kits (BioClin, Brazil), using sodium phosphotungstate and
Mg?* for precipitation of LDL and VLDL particles, as described [15]. The clear supernatant, containing
the HDL fraction, was used for the analysis of HDL-c (and vitamins by HPLC, described in Section 2.7),
and the concentration of LDL-c+VLDL-c was determined by the difference between the concentration
of HDL-c and total cholesterol. All analyses were performed in duplicate and the automatic reading
was performed in triplicate.

2.6. Breast Milk Macronutrient Composition

Total fat was determined by the crematocrit method, in a microhematocrit centrifuge (Hemospin,
Incibras) [16]. Lactose was determined by a colorimetric assay [17] adapted by [18], based on
the reaction with picric acid. Total protein content was determined by the Lowry method [19],
after eliminating interference of fat and lactose, by precipitating the proteins with 20% trichloroacetic
acid and 2.5% sodium deoxycholate, and centrifugation. The supernatant with interfering substances
was discarded and precipitated milk proteins were suspended in Folin-Ciocalteu’s reagent and
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analyzed [20]. The standard curve was prepared with casein in concentrations ranging from 20.0 to
100.0 pg/mL. All these analyses, as well as standard curves, were performed in triplicates.

2.7. Determination of Retinol, Carotenoids and Tocopherols by HPLC in Breast Milk, Whole Blood Serum,
and Lipoprotein Fractions

Serum samples were prepared and extracted as described by [21], adapted from [22]. Retinol,
tocopherols, and carotenoids were analyzed by HPLC in serum and in the HDL fraction, in duplicate.
The concentration of these vitamins in the LDL+VLDL fraction was calculated by the difference between
contents in whole serum and in the HDL fraction. Milk samples were prepared as described [21],
adapted from [23], and care was taken to avoid direct light to avoid vitamin losses during sample
extraction and analysis.

HPLC analysis was performed in a Shimadzu chromatographic system (Shimadzu, Kyoto,
Japan), composed of a LC-20AT pump, a Shimadzu SPD-M20AV UV-Vis detector, and a CBM-20A
system controller. A total of 20 uL of sample extracts and standards solutions were injected through
a Rheodyne injection valve with a volumetric loop, onto a C18 reversed-phase column (Kromasil;
150 x 4.6 mm), and compounds were eluted isocratically with a ternary solvent composed of acetonitrile,
tetrahydrofuran, and 15 mM methanolic ammonium acetate (65:25:10, v/v/v), at 0.9 mL/min. Each
sample extract was injected twice, one run monitored at A (nm) 450, for the analysis of carotenoids,
and the other run monitored at 325 and 292 for the analysis of retinol and tocopherols, respectively. All
analyses were performed in duplicate.

Identities of chromatographic peaks corresponding to the fat-soluble vitamins in samples
chromatograms were determined based on standards retention times, and by exact co-elution with
standards spiking in representative samples. Vitamin concentrations in samples were determined by
external calibration, with linear calibration curves and direct extrapolation. Commercial standards of
retinol, x-tocopherol and y-tocopherol were from Sigma-Aldrich (Sao Paulo, Brazil), and carotenoid
standards (purity > 95%) were isolated from foods naturally rich in these pigments, as previously
described [24], by the open column method [25]. Representative chromatograms from HPLC standards
are shown in Supplementary Figure S1.

2.8. Statistical Analyses

Paired t-tests were used to investigate differences between early- and mid-lactation on the variables
studied. Variable frequency distribution was assessed by standardized coefficients of skewness and
kurtosis, and those with values < —2.0 or > +2.0 were characterized as having a non-normal distribution,
which were presented as median and minimum and maximum levels, in contrast to normally distributed
variables that were presented as the mean + standard deviation (SD). Non-normally distributed variables
were log-transformed before running Pearson’s correlation analysis, which was used to investigate
associations between continuous variables. Stepwise multiple regression analyses (backward) were used
to investigate the effect of independent factors on the composition of vitamins in serum and in breast
milk. The criteria for the inclusion of independent variables in the multiple regression models were based
on results from Pearson correlations and on data from the literature. In the final model, only significant
variables that improved the model were kept (p-to-remove > 0.05; p-to-persist < 0.05). The multiple
regression models were further assessed by analysis of residual plots that were checked to determine
if they were randomly distributed. Data analyses were performed with the Multiple Source Method
(MSM) software for dietary data analysis, GraphPad Prism 7.0 (GraphPad Software, San Diego, CA,
USA) and Statgraphics Centurion 18 (Statgraphics Technologies, Inc.; The Plains, VA, USA) for statistics.
Values of p < 0.05 were considered significant.
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3. Results

3.1. General Characteristics of Lactating Women

The nursing women who participated in the present study were adults (31.9 + 5.9 years of age),
primiparous and had term pregnancies (gestational age of 39.8 + 1.1 weeks), from which 58% had
vaginal delivery (Table 1). According to the BMI, 58% of women were overweight (25-30 kg/m? [6])
in early lactation (2nd to 4th lactation week). In mid-lactation (12th to 14th lactation week), 42% of
the lactating mothers were overweight. Most of the volunteers (63%) were anemic at the beginning
of the study and after 10 weeks, there was a significant 11% increase in the mean blood hemoglobin
concentration and a decrease in anemia frequency to 26% in mid-lactation (Table 1).

Table 1. General characteristics of adult Brazilian lactating women in early- (2nd to 4th week) and
mid-lactation (12th to 14th week) (n = 19).

Ch .. Lactation Period p Recommended
aracteristics Value or Range 1

Early Lactation =~ Mid-Lactation
2nd-4th Week  12th-14th Week

Body mass index (kg/m?) 259 +4.0 253 +4.2 0.068 * 18-24.9 [6]
Hemoglobin (g/dL) 116 +1.7 125+ 1.6 0.029 * >12.0 [26]
Hematocrit (%) 39.2+35 378 +£3.5 0.131 >36 [26]
Triglycerides (mg/dL) 747 £214 57.0 £21.2 0.007 * <150 [27]
Total cholesterol (mg/dL) 190.2 +41.9 182.2 +41.0 0.219 <200 [27]
LDL-c (mg/dL) 156.0 + 44.1 146.6 + 35.9 0.164 100-129 [27]
HDL-c (mg/dL) 342 +6.2 35.6+94 0.601 >60 [27]

Data presented as the mean + standard deviation; * Significant differences between lactation periods, paired t-test.
1 Shown in the same respective units as the first column.

Serum triglyceride concentration was adequate in all volunteers and reduced significantly by
24% from early- to mid-lactation. Serum HDL concentrations, on the other hand, were below the
minimum value in all volunteers and 74% of the nursing women presented LDL concentrations
above the desirable range, irrespective of the lactation period [27]. Regarding total cholesterol in the
serum, 47 and 31% of the volunteers presented concentrations above the desirable value, in early- and
mid-lactation, respectively.

3.2. Dietary Intake of Vitamin A and E Were Inadequate throughout Lactation

Dietary data assessment indicated that nutrient intake did not vary significantly between the two
lactation periods, considering both recent and usual dietary consumption. Therefore, these data were
presented combined, as estimated by the MSM, which assesses habitual intake considering data from
two or more 24hRs and one FFQ (Table 2). The frequency of volunteers with sub-adequate nutrient
intake was estimated as proposed [12,13] using EAR whenever available (Table 2). The very high
prevalence of inadequate intake of vitamin A and E (Table 2) may set these lactating mothers and
their offspring’s health at increased risk. Although the median intake of 3-carotene (Table 2) was
within the range considered prudent, 47% of the volunteers presented (3-carotene intake below this
range. In contrast, the average intake of lycopene was lower than the level established as prudent [12],
and intake was sub-adequate in 89% of the volunteers.
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Table 2. Intake of energy and nutrients by Brazilian nursing women from the 2nd to the 14th week

of lactation.
Energy and Nutrients (24111‘;31;;M) Inadequacy (%) 3 Nutrient Intake Adequacy
Reference Value Method [Ref.]
(Daily Intake) 4 ’
Energy (kcal) 1577 + 164 1 53 — BMI distribution [14]
Carbohydrate (en%) 51.2+771 21 160 g 5 EAR cut-off [14]
Protein (en%) 17.7 +3.11 47 1.05 g/kg ® EAR cut-off [14]
Total lipids (en%) 31.1+0521 26 20 to 35 AMDR [14]
Vitamin A (ug RE) 824.7 +21.81 74 900 EAR cut-off [13]
B-Carotene (ug) 3249 (1408-6707) 2 — 3000-6000 [12] —
a-Carotene (ig) 1053 (56-3712) 2 — — —
Lycopene (ug) 1854 (302-6472) 2 — >5000 [12] —
Lutein + zeaxanthin (ug) 2446 (872-4873) 2 — — —
Vitamin E (mg) 44+091 100 16 EAR cut-off [12]

! Data expressed as the mean =+ standard deviation; 2 Median (minimum-maximum); 3 Estimated frequency of
volunteers with inadequate intake; 4 based on estimated average requirement values whenever available, and are in
the same units as the first column, except stated otherwise; in the case of carotenoids (-carotene and lycopene),
the reference value was taken as the daily intake level considered prudent for maintaining health; 5 EAR is used
to assess adequacy of carbohydrate and protein intake, but usual intake expressed as en% are, respectively 45-65
and 5-10 [14]. AMDR: acceptable macronutrient distribution ranges; en%: macronutrient intake as a percentage of
energy intake; 24hR-MSM: two 24-h recalls were used, and data were assessed by the Multiple Source Method; BMI:
body mass index; EAR: Estimated Average Requirement.

3.3. Serum Vitamin A and E Were Not Associated with Their Changes in Breast Milk Concentration
throughout Lactation

Serum vitamin A was adequate in all volunteers in early- and mid-lactation (Table 3). In contrast,
68 and 84% of the volunteers were at risk of developing vitamin E deficiency in early- and mid-lactation,
respectively. Although serum retinol concentration did not vary throughout lactation, retinol in breast
milk showed a significant 13% decrease from early- to mid-lactation (Table 3). In early lactation,
retinol concentration in the milk of all volunteers was above the limit considered adequate [1,3] for the
formation of infant liver reserves. After 10 weeks of lactation, however, milk retinol concentration
became inadequate in 21% of the nursing women [1]. A similar trend was observed with breast milk
contents of 3-carotene, lutein+zeaxanthin and a-tocopherol, which significantly decreased from early-
to mid-lactation, irrespective of the serum concentrations (Table 3).

Table 3. Concentrations of fat-soluble vitamins (imol/L) in the serum and breast milk of adult Brazilian
nursing women (n = 19), in early- (2nd to 4th week) and mid- (12th to 14th week) lactation, and
respective cut-off values for inadequacy 1

Serum Breast Milk
Vitamin Lactation Period Undernutrition Lactation Period Inédecglfafcy
ond-4th  12th-14th Cut-Off Value  2nd—4th  12th-14th ut-
Week Week P Week Week Value
Retinol 150+030 148+031 0913 0.7 28] 23+£078 20+072  0013*  1.05[1,28]
B-Carotene  0.61+0.07 059+005  0.628 — 017£0.02 014+03  0.001* —
«-Carotene 043 +0.09 044 +0.08 0.720 — 0.04 £0.01  0.03 +0.01 0.304 —
Lycopene 020003 0.18+004 0530 — 004+001 004000  1.000 —
Lutein+ 11004 023£007 0633 — 007002 006001  0.026* —
zeaxanthin
oTocopherol 111+ 111 10.1+123  0.089 116 [12] 1294025 1.07+013  0.001* 7.4128]
y-Tocopherol 076 +0.15  0.75+0.13  0.896 — 038+004 035+004 0436 —

1 Data expressed as the mean + standard deviation. * Significant differences between lactation periods, paired t-test.

3.4. Breast Milk Concentration of Fat-Soluble Vitamins from Early- to Mid-Lactation Is Associated with Dietary
Vitamin A, Serum B-Carotene and Tocopherols

Multiple regression analysis was used to investigate the determinants of vitamin A and E and
carotenoid concentration in breast milk (Table 4). Retinol concentration in breast milk was determined

52



Nutrients 2019, 11, 2025

by the dietary intake of vitamin A, and this association was stable from early- to mid-lactation (Table 4;
models 1 and 4). In contrast, the determinants of milk 3-carotene changed from early- to mid-lactation
(Table 4; models 2 and 5). Regarding vitamin E, serum concentration was the sole determinant of its
contents in breast milk (Table 4; models 3 and 6).

Table 4. Multiple regression models of the concentrations of vitamin A and E (umol/L) in the milk of
Brazilian nursing women (1 = 19), to assess its associations with the intake ! and serum contents of
these vitamins.

Dependent Independent Coefficients Weight in . p2 5
Model N Variable Variables Serum Vl— the Model 3 Adj. R Error (%) * 4
Breast Milk ? A and Diet B alue P
Early-Lactation: 2nd—4th Week
1 Retinol Vitamin A B 533 %1073  <0.0001 100% 94.9 9% <0.0001
. p-Carotene A 225%x 1071 0.0045 63% o
2 p-Carotene B-Carotene B 252x 107  0.0430 37% 87.7 14% <0.0001
3 a-Tocopherol «-Tocopherol A 1.24 <0.0001 100% 96.2 18% <0.0001
Mid-Lactation: 12th-14th Week
4 Retinol Vitamin A B 479x107%  <0.0001 100% 94.7 14% <0.0001
5 p-Carotene B-Carotene  2.34x 107! <0.0001 100% 78.4 17% <0.0001
6 «-Tocopherol o-Tocopherol A 1.03 <0.0001 100% 97.9 12% <0.0001

! Data from the average of two 24-h recalls corrected by the Multiple Source Method (Vitamin A, ug RE/day;
p-Carotene, pg/day); > Concentrations of fat-soluble vitamins in milk; > Weight in the model = independent
variable coefficient x variable average content in samples; # Relative error of estimate = (estimated absolute error
X 100%)/average value of the dependent variable; 5 Model significance. Superscript letters indicate whether
the vitamins included as independent variables in the model were serum concentration (*) or dietary intake (*).
Variables included in the starting analysis matrices before running the backward stepwise regression analysis
(p-to-remove > 0.05): model 1, vitamin A intake (RE), serum retinol and fat intake; model 2, 3-carotene intake and
serum [3-carotene; model 3, vitamin E intake and serum a-tocopherol; model 4, vitamin A intake (RE), serum retinol
and fat intake; model 5, 3-carotene intake and serum f3-carotene; model 6, vitamin E intake and serum «-tocopherol.
Adj. R?: adjusted coefficient of determination for the fitted model.

3.5. Vitamin A and E and Carotenoids Distributed Differently in Lipoprotein Fractions during Lactation

There were no significant changes from early- to mid-lactation in the relative distribution of vitamin
A and E and carotenoids in serum lipoprotein fractions (Figure 1). Retinol and y-tocopherol were
distributed equally between HDL+serum binding proteins and LDL+VLDL fractions, in both lactation
periods. p-Carotene and x-carotene, lycopene and a-tocopherol were enriched in the LDL+VLDL
fraction. In contrast, approximately 70% of lutein+zeaxanthin was concentrated in the HDL+binding
proteins fraction, in both lactation periods.
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Figure 1. Distribution of fat-soluble vitamins in blood serum lipoprotein fractions in early- and
mid-lactation. * Significantly different from the contents (%) in the HDL fraction (paired t-test; p < 0.05).
Error bars represent standard deviations.

4. Discussion

Adequate breast milk contents of vitamins and minerals are crucial for infant development. In the
present work, the maternal nutritional status of vitamin A and E was evaluated, and the factors
associated with their content in breast milk in adult Brazilian nursing mothers. The most striking result
was the fact that despite constant serum levels, the content of vitamin A and E in breast milk decreased
throughout lactation, which we hypothesize as a consequence of the sustained inadequate dietary
intake from early- to mid-lactation. This sub-adequate intake was insufficient to affect biochemical
markers of vitamin status in serum, but negatively affected breast milk, being potentially detrimental
to the lactating infant. Therefore, vitamin A and E in breast milk seem to be more sensitive markers of
maternal nutrition status than their respective blood concentrations. Since the distribution of vitamin
A and E in fasting serum lipoproteins did not change from early- to mid-lactation, this factor is unlikely
to be related to the decrease in the transfer of fat-soluble vitamins into milk during lactation.

4.1. Dietary Intake, Nutritional Status and Milk Transfer of Vitamin A and E, and Carotenoids

Vitamin A intake was sub-adequate in 74% of the subjects [13] and was insufficient to maintain
adequate breast milk levels throughout lactation. Maternal vitamin A requirement increases during
lactation to fulfill the increased demand imposed by the mammary gland, and vitamin A in breast milk
is essential to build up the infant’s liver stores, contributing to the prevention of vitamin A deficiency
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when lactation ends [4,29]. A high intake of 3-carotene could compensate the low intake of retinol,
but the former nutrient was in the range considered prudent (3000-6000 pg/day [12]) in only 53% of
the volunteers, thus it is likely that the breastfed infants were at risk of vitamin A deficiency [4,30].
Despite that, all subjects showed serum retinol levels above the cutoff value for inadequacy risk
(>0.7 umol/L [1]) throughout lactation [3].

Retinol in breast milk is also seen as a reliable marker of vitamin A nutritional status on a
population basis. According to the World Health Organization, when retinol concentration in milk is
below 1.1 umol/L, the infant’s body stores may be below the estimated critical amounts to supply for the
increased requirements in the second half of childhood [1]. In all subjects in the present study, the breast
milk concentration of retinol in early lactation was above this cutoff value. However, in mid-lactation,
21% of the nursing women were below the adequacy cutoff. Possibly, these results indicate that these
nursing women presented subclinical vitamin A deficiency, which worsened throughout lactation,
and that their lactating newborns were at risk of vitamin A deficiency to build up liver stores [4,29].
However, concentrations of fat-soluble vitamins are usually higher at the beginning of lactation,
suffering a progressive fall as lactation progresses [3], but levels should be above the safe cut-off value
throughout lactation.

The retinol concentration in breast milk in the two lactation periods evaluated was near the average
values previously reported for Brazilian nursing women [5,21,30] and for Korean nursing women
(2.0 to 3.0 umol/L) [31]. As these previous works did not assess dietary intake, further discussion
regarding the factors involved in the regulation of the concentration of vitamins in breast milk was
not possible. Retinol content in breast milk is associated with maternal dietary fat intake, stressing
the importance of dietary lipids to retinol transport and absorption [31]. It is suggested that during
lactation, a large proportion of retinol from the maternal diet is transported directly into the mammary
gland via blood lipoproteins, bypassing the liver [3]. Breast milk vitamin A might be more strongly
affected by dietary fat intake than by serum retinol concentration, especially in groups with a low
dietary intake of vitamin A and inadequate nutritional status of this vitamin [31]. Consistently, in the
present study, fat intake was correlated with breast milk retinol, both in early (r = 0.47; p = 0.042) and
in mid-lactation (r = 0.46; p = 0.046) and vitamin A intake was a determinant of breast milk retinol
concentration in both lactation periods investigated (Table 4).

The intake of vitamin E was also sub-adequate in all volunteers [12]. Vitamin E intake might have
been underestimated in the present study, because its principal dietary source was vegetable oil, and it
is inherently difficult to assess cooking oil intake [32]. In Brazil, soybean oil is by far the most consumed
oil and the main source of vitamin E in the subjects” diets. In contrast, it should also be considered that
the possibility that vitamin E EAR (16 mg/day [12]) is overestimated, which could contribute to the
high frequency of inadequacy in the present study [32]. In this sense, the recommended daily intake of
vitamin E for Brazilian nursing women [32] is nearly half that recommended in North America by the
Institute of Medicine [4,12]. The vitamin E status biomarker (serum a-tocopherol/cholesterol ratio;
umol/mmol) indicates that the prevalence of vitamin E deficiency (<2.25 umol/mmol) [2,4] increased
from 37 to 63% of the volunteers from early- to mid-lactation.

{3-Carotene was the major carotenoid present in the serum and breast milk throughout lactation,
consistent with maternal usual diets, representing over 50% of total carotenoids in milk [21,33].
Serum and breast milk (3-carotene were strongly associated, as expected [34,35] and, in early-lactation,
breast milk (3-carotene was also associated with maternal intake, highlighting the importance of both
dietary intake and blood concentration to 3-carotene in breast milk [34,35]. It is noteworthy that the
concentration of 3-carotene and lutein+zeaxanthin in breast milk was, respectively, approximately 8-
and 6-fold higher than observed in a previous study with Brazilian nursing women [21]. Compared to
the values of a recent study that addressed the effect of prematurity on the content of carotenoids in the
colostrum, the results of the present study were sensibly lower, particularly for lutein+zeaxanthin and
lycopene concentrations, which were approximately 10-fold lower [36]. These differences might be
related to the stage of lactation and also to potential differences in the habitual diets of the volunteers

55



Nutrients 2019, 11, 2025

of both studies. The concentration of «-tocopherol in breast milk was determined by its concentration
in the serum. It is important to highlight that the intake of a-tocopherol was entered as an independent
variable in the multiple regression analysis matrix. However, the model did not adjust, and significance
was reached only after dietary data were excluded from the analysis matrix.

4.2. Vitamin A and E, and Carotenoids Distribution among Serum Lipoprotein Fractions Was Stable from Early-
to Mid-Lactation

Highly nonpolar carotenes partition more easily into lipoprotein particles that are richer in neutral
lipids (VLDL+LDL), and the more polar xanthophylls partition into HDL particles [37]. Indeed,
our results showed that approximately 68% of serum lutein+zeaxanthin was in the HDL fraction
in both early- and mid-lactation and serum carotenes were predominant in the serum fraction of
LDL+VLDL. An important quality control of the protocol used for the differential precipitation of serum
lipoproteins was the analysis of HDL-c in whole serum and in the HDL fraction, after precipitation of
LDL+VLDL. There was no significant difference between HDL-c concentration in whole serum and
in this lipoprotein fraction, indicating that there was no co-precipitation of HDL with LDL+VLDL.
Retinol was evenly distributed between HDL and non-HDL serum fractions and was unchanged from
early- to mid-lactation, consistently with previous reports [3]. However, the protocol used herein to
precipitate LDL+VLDL does not allow the discrimination between free retinol, transported bound to
retinol binding protein (RBP), and the HDL fraction. It is worth investigating in the future whether
RBP-mediated retinol transport varies during lactation. y-Tocopherol was evenly distributed in the
serum fractions of HDL and LDL+VLDL. In contrast, a-tocopherol was more concentrated in the
LDL+VLDL fraction, possibly because vitamin E is transferred to HDL, and then promptly transfers
into all other circulating lipoproteins [5], which possibly favors its uptake by the mammary glands and
transfer into breast milk.

In summary, the distribution of fat-soluble vitamins among plasma lipoprotein fractions, HDL and
LDL+VLDL, in lactating women was similar to that of non-pregnant non-lactating women [37], despite
the high adipose tissue turnover that is common to exclusive lactation. In addition, this distribution
pattern was stable from early- to mid-lactation in the present study. From data in Figure 1, we estimated
the sample size required to assess potential differences between early- and mid-lactation in the distribution
of vitamin A and E, and carotenoids among HDL and LDL+VLDL fractions (Supplementary Table S1).
Accordingly, it may be speculated that for the carotenes («- and 3-carotene and lycopene) and for retinol,
it is unlikely that variations in their distribution between the lipoprotein fractions would be reasonably
detectable—or that if detectable, they would have a biological role. Therefore, in the case of retinol and
[3-carotene, it is very unlikely that the decrease in the concentrations in breast milk, until mid-lactation,
is related to their distribution between HDL and LDL+VLDL serum fractions. However, changes in
the distribution of the xantophylls (Lut + Zea) and tocopherols (x and y) in serum fractions might be
detected between early- and mid-lactation with sample sizes of approximately 100 and 500 depending
on the nutrient (Supplementary Table S1) and, in the case of x-tocopherol and the xantophylls, this
metabolic distribution among serum lipoproteins might have a role in the decreasing transfer to breast
milk from early- to mid-lactation, if confirmed in future studies. The major limitation of this work is the
limited number of subjects, that limited reaching a significance level in some analyses and the capacity to
extrapolate the results found to larger population groups. However, our results indicate new potentially
interesting points to be investigated in the future, which might improve nutrition guidance for lactating
women, especially if at high risk of sub-adequate intake of vitamin E.

5. Conclusions

Despite constant serum levels, the content of vitamin A and E in breast milk decreased throughout
lactation, imposing risks of deficiency to the breastfed infants. Subclinical vitamin A deficiency in the
lactating mothers was undetectable by serum retinol concentration in early- or mid-lactation. On the
other hand, dietary assessment by the MSM was fairly sensitive to detect vitamin A inadequacy and
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might be used in the future to identify population groups at risk and guide maternal dietary advice
on food choices or eventually supplementation in order to prevent sub-adequate nutritional status in
breastfed newborns. A similar trend was observed for vitamin E, because breast the milk concentration
of x-tocopherol seemed largely more sensitive than its serum concentration to the sub-adequate intake
of the vitamin. Future prospective clinical trials providing nutritional advice to lactating mothers with
sub-adequate vitamin A and E intake and the assessment of breast milk levels and infant nutritional
status of these vitamins would contribute to widen the impact of this research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/9/2025/s1,
Figure S1: Representative chromatograms by HPLC-UV-Vis of the analysis of: (A) retinol (325 nm) and tocopherols
(292 nm) standards; (B) carotenoid standards (450 nm). Refer to materials and methods for detailed methods
description. Table S1: Calculated sample size necessary to disclose differences between early- and mid-lactating
women in the distribution of vitamin A and E, and carotenoids in HDL and LDL+VLDL serum fractions.
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Abstract: Human milk fat plays an essential role as the source of energy and cell function regulator;
therefore, the preservation of unique human milk donors’ lipid composition is of fundamental
importance. To compare the effects of high pressure processing (HPP) and holder pasteurization on
lipidome, human milk was processed at 62.5 °C for 30 min and at five variants of HPP from 450 MPa
to 600 MPa, respectively. Lipase activity was estimated with QuantiChrom™ assay. Fatty acid
composition was determined with the gas chromatographic technique, and free fatty acids content by
titration with 0.1 M KOH. The positional distribution of fatty acid in triacylglycerols was performed.
The oxidative induction time was obtained from the pressure differential scanning calorimetry.
Carotenoids in human milk were measured by liquid chromatography. Bile salt stimulated lipase
was completely eliminated by holder pasteurization, decreased at 600 MPa, and remained intact at
200 + 400 MPa; 450 MPa. The fatty acid composition and structure of human milk fat triacylglycerols
were unchanged. The lipids of human milk after holder pasteurization had the lowest content of free
fatty acids and the shortest induction time compared with samples after HPP. HPP slightly changed
the B-carotene and lycopene levels, whereas the lutein level was decreased by 40.0% up to 60.2%,
compared with 15.8% after the holder pasteurization.

Keywords: donor human milk; high pressure processing; carotenoids; antioxidant capacity; lipids;
bile salt stimulated lipase; preterm

1. Introduction

Lipids in human milk are not only the main source of energy, but also of bioactive components and
regulatory factors, such as vitamins and polyunsaturated fatty acids. Lipids exhibit several functions
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in the range of biological effects connected with neurodevelopment, immunity, digestion, metabolism
regulation, cell membranes communication, and signal transduction [1]. Carotenoids, which are
lipid-soluble provitamins, contribute to the anti-oxidative properties of human milk, protecting
preterm infants against toxic free radicals [2]. Human milk contains a high bile salt stimulated
lipase (BSSL) concentration, which enables the easy digestion of mother’s milk lipids even in the
absence of the enzyme in premature newborns. Human milk lipids are valuable, nourishing food
with high bioavailability for newborns [3]. Therefore, expressed human milk, including donor
milk, should be handled with care to minimize the loss of the unique lipid composition and lipase
activity [4]. Administration of donor milk within the hospital setting often requires several preparatory
stages, such as pumping, freezing, thawing, and pasteurization by heat treatment (usually holder
pasteurization, HoP). The potential losses in human milk lipid content could accumulate when milk
passes through all these stages from donor to recipients [5]. Earlier research indicates that heat
treatment does not decrease lipid content and does not alter the fat soluble vitamins A, D, and E [6].
However, it was recently shown, using mid-infrared spectroscopy, that lipids are one of the most
affected components in pooled pasteurized milk compared with raw milk donated to a milk bank [7].
It was reported earlier that the total availability of lipids in donor milk is affected by the decrease of
BSSL and high adhesion to containers surface [8]. In addition, human milk processing may decrease
the antioxidant properties of milk, which could have nutritional and clinical implications owing to the
particular susceptibility of polyunsaturated fats to peroxidation.

One of promising preservation methods that allows the unique properties of human milk to be
maintained unchanged is high pressure processing (HPP). It is a non-thermal technology that is being
increasingly applied in food industries worldwide. This method consists of applying hydrostatic high
pressure in short-term treatment to inactivate pathogenic microorganisms and provide nutritionally
intact and sensory high-quality products [9].

The aim of our study was to evaluate high pressure processing as a promising technique for the
preservation the lipid profile, antioxidant properties, and lipase enzymes activity in donor milk.

2. Materials and Methods

2.1. Ethical Approval

The Bioethics Committee of Warsaw Medical University has accepted the information about
conducting this non-interventional study without reservations (admission number AKBE/59/15).

2.2. Milk Sampling

Milk samples were obtained from donors between the second and sixth week of lactation from
Regional Human Milk Bank in Warsaw at Holy Family Hospital. Women were given standard
instructions about the best practices for expressing breast milk. Milk samples of approximately
50 mL were collected at home or in the hospital ward using an electric or manual pump, stored
in the refrigerator at the temperature of 4 °C, and delivered to the human milk bank within 24 h,
while maintaining refrigerated conditions.

To carry out the study, 6 pooled samples from 3—4 donors were used. Experiments were performed
in duplicate and repeated three times with similar results in the following variants:

- raw milk—control
- temperature processed milk/holder pasteurization (HoP)—comparator
- high pressure processed (HPP)—experimental

The processing influence on lipase activity and the change in human milk lipids were evaluated
according to these experimental designs.

Milk samples for all analyses, except for lipase activity, were centrifuged at 4400 rpm for 15 min at
4 °C (Centrifuge 5702R, Eppendorf, Darmstadt, Germany) he lipid monolayer was carefully separated,
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and both supernatants and lipid monolayer were frozen for later analysis. Lipase activity assay was
performed on whole milk samples.

2.3. Human Milk Processing

2.3.1. High Pressure Processing (HPP)

High pressure processing was applied to human milk samples using U 4000/65 apparatus designed
and produced by Unipress Equipment at the Institute of High Pressure Physics, Polish Academy of
Sciences. The maximum pressure available in the apparatus was 600 MPa and the treatment chamber
had a distilled water and polypropylene glycol mixture (1:1), used as pressure-transmitting fluid.
The manufacturer designed the working temperature ranges of the apparatus between —10 °C and
+80 °C. In our experiments, the test condition temperature was between 19 and 21 °C. Pressure was
applied in the following variants: (1) 600 MPa, 10 min; (2) 100 MPa, 10 min, interval 10 min, 600 MPa,
10 min; (3) 200 MPa, 10 min, interval 10 min, 400 MPa, 10 min; (4) 200 MPa, 10 min, interval 10 min,
600 MPa, 10 min; (5) 450 MPa, 15 min. The pressure generation time was 15-25 s and the decompression
time was 1-4 s.

2.3.2. Holder Pasteurization (HoP)

Human milk samples were pasteurized according to the routine procedure performed in
Regional Human Milk Bank in Warsaw at Holy Family Hospital, using Sterifeed S90 ECO Pasteurise
(Medicare Colgate Ltd., Devon, UK, at 62.5 °C for 30 min.

2.4. Lipase Activity

Lipase activity was determined using the lipase assay kit (QuantiChrom Lipase Assay Kit, Bioassay
Systems, Hayward, CA, USA) according to the kit instructions. Whole fat human milk samples were
brought to room temperature and diluted with distilled water (1:250, v/v). The optical density was
measured by a Biotek multiple reader at room temperature.

2.5. Lipidome Profile

2.5.1. Fat Extraction

The Folch method [10] with further improvement by Boselli [11] was applied to extract fat from
the studied samples.

2.5.2. The Oxidative Induction Time

Induction time (IT) was determined by the use of PDSC (pressure differential scanning calorimetry)
to evaluate the samples’ oxidative stability. A differential scanning calorimeter (DSC Q20 TA
Instruments, New Castle, DE, USA) coupled with a high-pressure cell was used. Fat samples
of 3-4 mg were weighed into an aluminium open pan and placed in the sample chamber under oxygen
atmosphere with an initial pressure of 1400 kPa. The isothermal temperature for each sample was
120 °C. Obtained diagrams were analyzed using TA Universal Analysis 2000 software (TA Instruments,
New Castle, DE, USA). For each sample, the output was automatically recalculated and presented as
the amount of energy per one gram. The maximum oxidation induction time was determined based
on the maximum rate of heat flow.

2.5.3. Acid Values and Free Fatty Acids Content

The acid value was determined by titration of fat samples with 0.1 M ethanolic potassium
hydroxide solution. Free fatty acids (FFA) concentration was calculated based on acid values and the
oleic acid molar mass value. Acid values were determined according to ISO method 660:2000.
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2.5.4. Fatty Acid Composition

The determination of fatty acid composition was carried out by gas chromatographic (GC) analysis
of fatty acid methyl esters. Methyl esters of fatty acids were prepared through transesterification
with sodium methoxide according to ISO 5509:2001. A YL6100 GC chromatograph equipped with a
flame ionization detector and BPX-70 capillary column of 0.25 mm i.d. x 60 m length and 0.25 um film
thickness was used. The oven temperature was programmed as follows: 60 °C for 5 min; then it was
increased by 10 °C/min to 180 °C; from 180 °C to 230 °C, it was increased by 3 °C/min; and then it was
kept at 230 °C for 15 min. The temperature of the injector was 225 °C, with a split ratio of 1:50 and the
detector temperature of 250 °C. Nitrogen was used as the carrier gas. The results were expressed as
relative percentages of each fatty acid, calculated by external normalization of the chromatographic
peak area. Fatty acids were identified by comparing the relative retention times of fatty acid methyl
ester (FAME) peaks with FAME chemical standard.

2.5.5. Positional Distribution of Fatty Acid in Tag

Positional distribution of fatty acid in sn-2 and sn-1,3 positions in triacylglycerols (TAG) was based
on the pancreatic lipase ability to selectively hydrolyze ester bonds in sn-1,3 positions. Briefly, 20 mg
of purified pancreatic lipase (porcine pancreatic lipase, crude type II), 1 mL of Tris buffer (pH 8.0),
0.25 mL of bile salts (0.05%), and 0.1 mL of calcium chloride (2.2%) were added to 50 mL centrifuge
tubes and vortexed with 0.1 g of fat sample. The mixture was incubated at 40 °C in a water bath for 5
min, after which 1 mL of 6 mol/L HCl and 1 mL of diethyl ether were added, and then the mixture
was centrifuged. Diethyl ether layer was collected in test tubes and evaporated under nitrogen gas to
obtain 200 uL volume. A 200 uL aliquot was loaded onto a silica gel thin layer chromatography (TLC)
plate with fluorescent indicator 254 nm and developed with hexane: diethyl ether acetic acid (50:50:1,
v:viv). 2-monoacylglycerol (2-MAG) band was visualised under UV light. 2-MAG band was scraped
off into a screw capped test tube, extracted twice with 1 mL of diethyl ether, and centrifuged. The ether
layer was collected and entirely evaporated under nitrogen, and then the sample was dissolved in
n-hexane and methylated as described above.

2.6. Carotenoids Analysis

Breastmilk carotenoids’ (3-carotene, lycopene, and lutein + zeaxanthin) concentration in milk
samples was assessed using high-performance liquid chromatography system (HPLC). Milk samples
for the analysis were prepared on the basis of the modified method published earlier [12,13]. Analysis of
the studied carotenoids was carried out at a wavelength of 471 nm for lycopene, 450 nm for 3-carotene,
and 445 nm for lutein + zeaxanthin using the HPLC system (Japan: 2 LC-20AD pumps, CMB-20A
controller system, SIL-20AC autosampler, UV/VIS SPD-20AV detector, CTD-20AC controller, Shimadzu,
Kioto, Japan) using C18 Synergi Fusion-RP 80i columns (250 x 4.60 mm, Phenomenex, CA, USA).
The concentration of individual carotenoids was compared to standard curves prepared with Sigma
Aldrich standards (catalogue numbers: 3-carotene C4582, lutein + zeaxanthin X6250, lycopene L9879).
The concentration of the studied carotenoids was expressed in nmol/L. Lutein and zeaxanthin could not
be completely resolved and they were summed; therefore, all references to milk lutein concentration
refer to lutein + zeaxanthin.

2.7. Statistical Analysis

Relative standard deviation for the lipase, lipidome, and lipolytic antioxidant factors results
was calculated, where appropriate, for all collected data, using Microsoft Excel 2012 Software
(Microsoft, Redmond, Washington, DC, USA). One-way analysis of variance (ANOVA) was performed
using the Statgraphics Plus, version 5.1 (Statgraphics Technologies, Inc., The Plains, VA, USA). Differences
were considered to be significant at a p-value < 0.05, according to Tukey’s multiple range test.
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3. Results
3.1. Lipase Activity

Because of the variability of lipase activity in human milk, the results from several experiments
treating different milk samples were presented as a percent of activity in different samples with respect
to raw milk considered 100%. As shown in Figure 1, the enzyme activity was nearly completely
eliminated by HoP (2.1% residual activity). Higher lipase activity was detected in the HPP treated
samples (16.5%—600 MPa, 11%—100 + 600 MPa, 13.6%—200 + 600 MPa). Almost entire lipase activity

retention was observed in pressure 200 + 400 MPa, 10 min, interval 10 min; and 450 MPa, 15 min
(82.2%—200 + 400 MPa, 87.3%—450 MPa).
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Figure 1. Lipase enzymatic activity in milk samples after holder pasteurization and variants of high
pressure processing (HPP) compared with raw milk. Results are shown as a % value of raw milk

with error bars representing SD. Different letters indicate that the samples are significantly different at
p-value < 0.05.

3.2. FFA Content

Any type of donor milk treatment was associated with a reduction in the FFA content compared
with raw milk taken as 100% (Figure 2).
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Figure 2. Decrease in free fatty acids (FFA) content compared with raw milk in fats from samples of

milk after HPP and holder pasteurization. Results are shown as a % value of raw milk with error bars
representing SD. Different letters indicate that the samples are significantly different at p < 0.05.
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Holder pasteurization decreased FFA content by 50.2%. High pressure processing, depending on
the variants, lowered FFA milk content by 19.5% for 100 + 600 MPa, 14.6% for 600 MPa, 12.8% for
200 + 400 MPa, 8.4% for 450 MPa, and 5.1% for 200 + 600 MPa (Figure 2).

3.3. Oxidative Stability

The PDSC measurements results of oxidative stability of sample expressed as the oxidation
induction time (IT) are shown in Figure 3. Longer IT is connected with better stability. Significant
differences in IT were observed especially between fat from raw and HoP milk—after heat treatment,
IT was over 12 minutes shorter. The fat from samples after high pressure processing was also
characterized by changed oxidative stability in comparison with the fat from raw human milk.
The changes were slightly detectable in the case of 600 MPa and 200 + 600 MPa; more noticeable in
450 MPa, 15 min condition (3 minutes shorter); and about 7 min shorter induction time was observed
in 200 + 400 MPa and 100 + 600 MPa (pressure 10 min, interval 10 min, pressure 10 min).
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Figure 3. Oxidative stability of raw milk, in the samples after HPP and holder pasteurization. Results are
shown as a % value of raw milk with error bars representing SD. Different letters indicate that the
samples are significantly different at p < 0.05. IT, induction time.

3.4. Fatty Acid Composition

The fatty acids profile of fats from studied samples are presented in Figure 4 and Table 1. The fats
from analyzed human milk contained from 10.7% to 12.2% of the polyunsaturated fatty acids (PUFA)
and from 37.7% to 43.1% of the monounsaturated fatty acids (MUFA). Over 40% of all fatty acids
in these fats were saturated fatty acids (SFA), of which the main representative was palmitic acid
(from 23.8% to 25.1%). The main monounsaturated fatty acid present in analyzed samples of fats
was oleic acid (from 34.0% to 39.4%). Polyunsaturated fatty acids found in studied samples were
primarily linoleic acid (from 8.2% to 9.4%) and a-linolenic acid (1.3-1.4%). The major LCPUFA from
n-6 family found in analyzed samples of fats was arachidonic acid (about 0.3-0.4%). Fats from studied
human milk also contained omega-3 long chains polyunsaturated fatty acids like eicosapentaenoic
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acid (about 0.1%) and docosahexaenoic acid (about 0.3%). No statistically significant differences for
samples after processing compared with raw milk fat were observed.
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Figure 4. Content of fatty acid (SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; TRANS, trans fatty acids) in the samples after HPP and holder
pasteurization. The different lower case letters (for SFA, MUFA, and PUFA separately) indicate
significantly different values (p < 0.05).

Table 1. Changes in fatty acid composition during high pressure processing (HPP) and holder
pasteurization (mean + SD).

Human Milk Fat . 200+400  100+600 200 + 600

Acid Composition ’(3‘,'/0) Raw Milk Holder 600 MPa S, e e 450 MPa
s‘"“migl:f;')'y acds 40534004 4977£339 4794083 4770025 4732008 47724018  43.17+0.62
C80 006+004 011002 008+004 004+001  006+001  0.05+001  0.05:+0.00

C10:0 089009 107+023  083+010 077+001  088+002  0.85+002  0.73+0.09

C12:0 577+014  658+126 572036 528005 576011  563+008 396051

C140 8474040  889+148  827+035  808+0.13  810£007  815+008  6.11+039

C150 036+002  038+005 035+002 035+001  035£001  035£000 036001
C16:0 2450049 2513+130 2422008 2445+023 2380001 2414+002 23.93+0.16

c17:0 036003 033000 033001 034001 033001  034+000  034+001

C18:0 7574003  694+083  773+005  795+014  7.64+009  7.81+001  7.26+0.20

€200 0474003  036+011  043+001  046+001  042£001  043£001 045001
Polyunsaturated fatty 50, 15 377155234 3904070 3924+042 3946+ 015 3925+ 008  43.13+ 045

acids (PUFA)

C2011 0524001  043+0.13  052£001  055+004  050£001  052£001 072001

c1a:1 025004 032004 0294000 027+001  028+000 028+000 023001

c151 010001  011+002 009+000 010+00l 00900l 009000  0.08+0.00

C16:1 263035  269+025  244+004  245+011  246+001  246+001 249 +0.02

c171 0204001  021+0.03  021+001  020+001  023£001  022+001  0.200.00
ci81 3539046 3397250 3549074 3568+025 3591013 3569009  39.41 +047
Polyunsaturated fatty 1055 100 17045105 114012 11534008 1167£0.07 11574000 1224 +0.30

acids (PUFA)

C18:2n-6 817+115 875+064  890+006 899+001  908+004  9.05+001  9.40+0.8
C18:3n-3 1364012 1284012 1274001 1304003  136+005 130+000  1.33+0.06
C20:2n-6 020001 018004  022:001  022+001  022+001  022+000 032000

C20:3 n-6 0204001  021+0.07 027+003  025+001  026£000 025£000 035001

C20:4 n-6 038+001  034+008 038+001  039+000 039+000 038+000  0.44+001
C20:5n-3 014001  007+001 0114004 0114002 0094001  0.10+000  0.09+0.03

C22:6 n-3 031+001  022+008  028+001 0274003 0294001  028+001 031000
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3.5. Fatty Acid Distribution

The results regarding the percentage of fatty acids esterified at sn-2 position of TAG from fats
are presented in Figure 5 and Table 2. Palmitic acid was located at sn-2 position in 64.7% TAG from
raw milk fats, 66.5% fats from milk after HoP. High pressure processing causes a slight increase in
the palmitic acid in sn-2 position of TAGs—to about 70% (73.6% in 600 MPa, 72.6% in 200 + 400 MPa,
70.4% 200 + 600 MPa, and 72.8% for 450 MPa). The difference was not statistically significant. Oleic
acid at sn-2 was detected in 15% of TAG extracted from raw and holder pasteurized milk samples.
After HPP, the percentage of oleic acid at sn-2 position of TAG diminished to 12% for 600 MPa, as well
as 200 + 400 MPa and 100 + 600 MPa. In the case of 200 + 600 MPa 10 min, interval 10 min, 10 min,

the percentage of the fatty acids esterified at sn-2 position of TAG was 14.1%, and almost the same for
450 MPa, 15 min. (13%).
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Figure 5. Fatty acid distribution in the sn-2 position of TAG from raw milk and in the samples after

HPP and holder pasteurization. The different lower case letters for each fatty acid separately indicate

significantly different values (p < 0.05). The line indicates the statistical (even) distribution of fatty acids
between three TAG positions (33%).

Table 2. Changes in the fatty acid composition of sn-2 monoacylglycerols during HPP and holder
pasteurization (mean + SD; only selected fatty acids are presented).

Fatty Acid (%) in sn-2 200 + 400 100 + 600 200 + 600

Position of TAG Raw Milk Holder 600 MPa MPa MPa MPa 450 MPa
'leI:O . 14.00 £ 0.71 1250 £0.50 1440+047 1490 +1.12 14.52 + 0.62 13.90 + 0.63 9.50 +0.54
(myristic acid)
C.lt.'):() . 4770+0.81 50.10+1.34 53.50+1.85 53.20 +0.59 51.50 + 0.45 51.00 + 1.22 52.20 +0.02
(palmitic acid)
C.l&l. 1640 £0.35 16.00+0.18  13.40 +0.04 13.10 + 1.07 13.20 + 0.07 15.10 + 1.65 15.40 + 0.25
(oleic acid)
. C1.8:2 . 6.50 +0.28 6.20 + 0.10 570 +0.11 5.40 +0.57 5.67 +0.28 5.90 +0.28 5.40 +0.28
(linoleic acid)
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3.6. Carotenoids

The studied carotenoids’ concentration in raw milk was about 32.8 nmol/L for B-carotene,
85.9 nmol/L for lycopene, and 45.9 nmol/L for lutein + zeaxanthin. The content of carotenoids after
processing compared with raw milk is presented in Figure 6.
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Figure 6. Content of carotenoids (3-carotene, lycopene, and lutein + zeaxanthin) in milk samples
after HPP and holder pasteurization. Results are shown as a % value of raw milk with error bars
representing SD. Different letters indicate that the samples are significantly different at p < 0.05.

{3-carotene was intact after processing; therefore, the level was comparable in all milk samples.
Statistically significant changes (p < 0.05) were observed in the case of lutein and zeaxanthin, as well as
lycopene concentration in milk samples after processing. Pasteurization diminished the content of
lutein + zeaxanthin compared with raw milk to about 84.1%, whereas HPP was so destructive as to leave
39.7% after 600 MPa, 52.9% after 200 + 400 MPa, 42.5% after 200 + 600 MPa, 60% after 100 + 600 MPa,
and 42.4% after 450 MPa. In the case of lycopene, a slight content increase was observed after processing
compared with raw milk—8.8% in case of pasteurization; 5.7% after 450 MPa; and 111.8% to 113.6%
after other variants of high pressure processing, 200 + 400 MPa and 200 + 600 MPa, respectively.

4. Discussion

The main practical advantages of putting the baby to the breast for feeding are overall integrity of
given nutrients, optimal temperature, microbiological safety, and intact bioactivity of mother’s milk.
Every other way of feeding involves some losses in human milk properties. Human milk is a complex
body fluid with thousands of components in dynamic interplay [14-16]. For example, human milk
fat breakdown by endogenous lipase is rather not noticeable when the baby is fed directly from the
breast. In contrast, expressing human milk with a high lipase activity is associated with free fatty
acids release from TAG, even if milk is frozen immediately. The increase of FFA levels causes pH
changes that affect enzyme activity and other inherent human milk components [17-19]. In addition,
unbound FFA may cause cytotoxicity in the intestinal lumen [20]. However, endogenous lipases are
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the prime effector of milk fats” digestion, facilitating human milk consumption in the early period of
life. Therefore, it is crucial to retain enzymatic properties of human milk, especially when human milk
is banked for preterms. As several previous studies proved, the activity of BSSL in donor human milk
is mostly suppressed by holder pasteurization [21-23]. In contrast, high pressure processing seems
to be a favorable technique for human milk preservation for this purpose [24]. Our current results
concerning the residual enzymatic activity of lipase after HPP are consistent with the discovery of
Demazou and co-workers, as well as the work of Pitino et al. [25,26]. All studies showed slightly
diminished functional activity of this enzyme in milk after processing it in selected pressure conditions
to about 80%, compared with 100% in raw milk [26]. In fact, the difference between detected enzyme
activity in raw milk and milk treated in pressure of 450 MPa for 15 min and 200 + 400 MPa for 10 min
with a 10 min interval was not statistically significant (Figure 1).

As human milk enzymes such as BSSL modulate the digestion to favor absorption of triglycerides
hydrolysis and vitamins, human milk processing may negatively affect infants” ability to digest lipids
because of the total inactivation of endogenous human milk lipases [27].

Human milk FFA content seems to be a good indicator of BSSL bioavailability in processed milk,
because in the case of human milk, the FFA concentration should depend mostly on this enzyme’s
activity. However, available data concerning the effect of HoP on FFA concentration were inconsistent.
Lepri et al. reported an 83% increase in FFA content after heat treatment [28], in contrast to several
studies where no change was detected [29-32]. Only Williamson et al. report a 21% decrease in FFA
concentration [33]. As shown in this study, all applied preservation techniques reduced the content of
free fatty acids in fat extracted from human milk with a statistically significant difference (Figure 2).
In the case of pasteurized milk, a reduction as large as 50% in the content of FFA compared with raw
milk was noticed. FFA content decrease in fat from high pressure processed human milk was from 5%
to 19% compared with fat from raw human milk, which is consistent with previous studies [30].

Analyzing the results, it can be observed that the differences in FFA fat content are especially
significant in milk pasteurized by HoP, while after high pressure processing, the decrease in FFA
content is minor. So when the enzyme was completely destroyed by heat treatment in the HoP
samples, the FFA content was the lowest. This rule does not apply to high pressure samples. Among
HPP variants, the largest reduction in FFA content was noticed in milk subjected to 100 + 600 MPa
pressure, and lipase activity in this variant is significantly diminished. In contrast to this finding,
at 200 + 600 MPa, the FFA content is almost intact while enzyme activity is severely lowered (Figure 1,
Figure 2). In fact, our results of FFA and lipase activity in human milk after processing are ambiguous.
The reason for this discrepancy could be a very low level of FFA in untreated human milk taken as
100%—as a result, any changes given as a percentage lead to large proportional differences [34].

Nevertheless, based on our research, we concluded that the best option seems to be 450 MPa for
15 min as the most favorable conditions for preservation of FFA concentration and lipase activity.

Oxidative stability is one of the most important factors determining the quality of foods, especially
those containing high levels of unsaturated fats, including human milk. Within the fatty acid family,
polyunsaturated fatty acids are highly labile molecules susceptible to oxidation, giving rise to free
radicals, hydroperoxides and polymers, which might lead to loss of quality, both technological and
related to their health benefits [35]. A number of methods for the assessment of oxidative stability
have been developed, among which differential scanning calorimetry is one of the most frequently
used. This method is very fast and convenient [36-38]. Generally, samples with longer induction times
(IT) are more stable than those with a shorter induction time at the same temperature [37,39].

In our study, IT changes compared with raw milk value ranged from 5% for samples from fat after
HPP in 600 MPa to 46% for HPP variant with 200-400 MPa. It appears that any kind of preservation
causes changes to human milk oxidative status, but less so in selected pressure variants than in HoP
(Figure 3).

Although original causes and consequences of oxidative and hydrolytic degradation processes
are quite different, they seem to interact with each other and contribute to the reduction in stability of
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fats. Research suggests that fat FFA presence may induce oxidation as a result of a catalytic effect of
carboxylic groups of FFA on the formation of free radicals. In general, the higher the level of fatty acids
content, monoacylglycerols, and diacylglycerols in the fat with respect to the level of TAG, the more
the oxidative stability is reduced. Pro-oxidant FFA action is thus connected with carboxylic molecular
group, which accelerates the rate of hydroperoxides decomposition [35,40,41].

Analyzing the results obtained in this work, it can be concluded that the reduction in FFA content
did not affect the improvement of oxidative fat stability (Figure 2, Figure 3). Pasteurized milk, despite the
low content of FFA, is characterized by the shortest induction time, and thus the worst oxidative stability.
Deterioration of oxidative stability in the case of pasteurized human milk could have been influenced by
other factors, such as temperature, that could affect the content of antioxidants in the samples.

Human milk contains 3-5% of lipids and approximately 99% of them are TAG. The major fatty
acids of TAG are palmitic acid (16:0), oleic acid (18:1), and linoleic acid (18:2 1-6), which constitute 25%,
30%, and 15%, respectively, of all fatty acids [42,43]. Therefore, fatty acid composition of human milk
fat is unique, because the fat is characterized by a high content of saturated palmitic acid and also
contains polyunsaturated fatty acids, which are not present in other milk fats [44-46].

Polyunsaturated fatty acid components of human milk are complex, including both C18
precursors, linoleic acid (18:2 n-6) and «-linolenic acid (18:3 n-3), as well as bioactive, very long
chain polyunsaturated fatty acids (LCPUFA) of both #-6 and n-3 families [46,47].

Most of the studies on the effect of human milk processing, including the current study, have
claimed that fatty acid composition was intact after holder pasteurization [21,30,47]. In addition,
the results from our study proved no change in fatty acid profile in human milk after HPP, which is
consistent with discoveries from other research studies on the effect of HPP on human milk [21,30]. It can
be concluded that high pressure processing and holder pasteurization do not affect the composition of
fatty acid (Figure 4, Table 1).

Moreover, the structure of human milk TAG is also unique, as 60-70% of palmitic acid is located
at sn-2 position, and sn-1 and sn-3 positions are taken by 18:0, 18:1, and 18:2 fatty acids. This unique
intramolecular structure is one of the key factors controlling the products formed by the gastric lipase
in the stomach and by pancreatic or bile salt-stimulated lipases in the small intestinal absorption;
therefore, it improves the efficiency of calcium absorption [48].

Considering the composition of fatty acid in sn-2 position of monoacylglycerols from the studied
fats (Table 2), it can be seen that saturated fatty acids that occur mainly in this position are palmitic and
myristic acid and unsaturated fatty acids—oleic and linoleic acids.

Analyzing the results regarding the percentage of fatty acids esterified at sn-2 position of TAG
from the studied fats, it can be concluded that differences in the distribution of fatty acid in TAG were
really small (Figure 5). There are no statistically significant differences between raw milk and HoP
in the distribution of fatty acid in triacylglycerol molecules. These results are confirmed by many
research studies [5,29-31,47,49]. According to scientists, no difference was found in the bioaccessibility
of different fatty acids released from raw human milk and pasteurized human milk. If pasteurization
affected the structure of triacylglycerols (TAG), the bioavailability of fatty acids found in these TAG
would also change.

The percentage of palmitic acid and myristic acid at sn-2 of TAG in fats from all processed samples
of human milk exceeded 33% (ranged from 64.7% to 73.6% for palmitic acid and from 46.7% to 61.4%
for myristic acid), which means that these saturated fatty acids are located mainly in the internal
position of TAG (Figure 5). This location increases the efficiency of calcium absorption in infants.
Taking into account the percentage of unsaturated fatty acids in sn-2 position of TAG in studied fats,
it can be stated that they are located mostly in external positions of TAG. The percentage of oleic acid
at sn-2 of TAG in analyzed fats ranged from 12.2% to 15.7% and linoleic acids—from 19.2% to 26.3%,
which confirms that they are located mainly in sn-1,3 positions of TAG (external position of TAG).

Carotenoids are principal non-enzymatic, lipophilic antioxidants that act as free radical
scavengers. There is a substantial and growing body of research evidence showing an important
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role of carotenoids, especially lutein, in human development, related to their antioxidant and
anti-inflammatory properties [50,51]. This is crucial for preterm infants, for whom carotenoid
(mainly lutein) administration may decrease the risk of several prematurity disorders, including
necrotizing enterocolitis, bronchopulmonary dysplasia, and retinopathy of prematurity related to
elevated oxidative stress [52-54]. Carotenoids are one of the bioactive factors in human milk, and their
amount is determined by maternal dietary intake; infant formulas are not fortified enough [51,55].
In our study, we found that all variants of HPP slightly changed the (3-carotene and lycopene content
(it is increased), whereas lutein + zeaxanthin content is decreased by 40.0% (at 600 MPa, 200 + 600 MPa,
450 MPa) up to 60.2% (at 100 + 600 MPa) compared with a 15.8% decrease in the holder pasteurized
samples. It is the first time that the effect of high pressure on human milk with regard to 3-carotene
content has been evaluated. The only existing study comparing maternal breastmilk with donor milk
has revealed the 18-53% lower amount of carotenoids after heat treatment, which is still higher than
in infant formulas [55]. The increase in lycopene concentration after high pressure treatment was
observed before in tomato products [56]. Human milk preservation and storage are not the only
processes that affect carotenoid content. A study conducted by Tacken et al. also found that lutein is
more sensitive to processing than other carotenoids [57]. In this case, tube feeding was related to the
decreased concentration of lutein by 35% (even 42.6% with the phototherapy exposure), 3-carotene
by 26%. This relatively high decrease in lutein content may be caused by its high susceptibility to
oxidation damage.

5. Conclusions

Human milk lipids are essential nutrition components for the growth and development of an
infant. Commonly used holder pasteurization affects some of the nutritional and biological components
of human milk and its lipid fractions [21,34]. Moreover, structural disintegration of lipid fraction of
human milk by thermal pasteurization has been proven [7,27]. However, in the pilot clinical trial,
the significance of those changes has not been proven with regards to important nutritional outcomes
such as effectiveness of gastric emptying in the group of preterm infants [58,59]. Other studies revealed
a decrease of fat absorption in preterms fed with donor milk [60]. We determined that high pressure
processing, especially at 450 MPa for 15 min., minimizes changes in the lipidome and lipid related
components such as lipase of donor human milk, with the exception of the destructive effect on lutein
+ zeaxanthin. As was previously shown, preterms’ growth rate during their hospital stay depends on
overall quality of lipidome [61]. Therefore, any methods of improving human milk lipids preservation,
including high pressure processing of donor milk, could be beneficial in managing optimal infant
weight gain and growth.
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Abstract: Nervonic acid (24:1 n-9, NA) plays a crucial role in the development of white matter, and it
occurs naturally in human milk. This study aims to quantify NA in human milk at different lactation
stages and compare it with the NA measured in infant formulae. With this information, optimal
nutritional interventions for infants, especially newborns, can be determined. In this study, an absolute
detection method that uses experimentally derived standard curves and methyl tricosanoate as
the internal standard was developed to quantitively analyze NA concentration. The method was
applied to the analysis of 224 human milk samples, which were collected over a period of 3-30 days
postpartum from eight healthy Chinese mothers. The results show that the NA concentration was
highest in colostrum (0.76 + 0.23 mg/g fat) and significantly decreased (p < 0.001) in mature milk
(0.20 + 0.03 mg/g fat). During the first 10 days of lactation, the change in NA concentration was
the most pronounced, decreasing by about 65%. Next, the NA contents in 181 commercial infant
formulae from the Chinese market were compared. The NA content in most formulae was <16% of
that found in colostrum and less than that found in mature human milk (p < 0.05). No significant
difference (p > 0.05) was observed among NA content in formulae with different fat sources. Special
attention was given to the variety of n-9 fatty acids in human milk during lactation, and the results
indicated that interindividual variation in NA content may be primarily due to endogenous factors,
with less influence from the maternal diet.

Keywords: n-9 fatty acid; nervonic acid; human milk fat; infant formula; lactational stage

1. Introduction

Human milk is generally regarded as the best source of nutrition for infants during their first six
months of life [1]. Human milk contains 3%-5% fats, of which 98%-99% are triacylglycerols (TAGs),
0.26%—0.80% are phospholipids (PLs), and 0.25%-0.34% are sterols, as well as trace amounts of minor
components, including monoacylglycerols (MAGs), diacylglycerols (DAGs), non-esterified fatty acids,
and other substances [2]. Human milk fat is one of the most complex natural lipids with a unique fatty
acids (FAs) composition. Nervonic acid (24:1 n-9, NA) is a very-long-chain monounsaturated fatty acid
(>Cy) that naturally occurs in human milk (less than 2%) [3], but it has been rarely studied in the field
of human nutrition.

NA is an essential constituent of the neuronal membrane [4] and plays a crucial role in problems
such as early myelination [5], peroxisomal disorders [6,7], and undernourishment [8]. NA rapidly
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accumulates in the fetal brain at 32-37 weeks’ gestation [9]. After birth, infants continue to obtain
NA from human milk. Several publications have indicated that the NA concentration in human milk
markedly decreases as lactation stages progress [10-12]. NA concentrations in colostrum (<1 week
postpartum) have been found to range from two- to six-fold higher than those in mature milk (>2 weeks
and <16 weeks) [13,14]. The results suggested that the human brain heavily accumulates NA in
the early days of life. Previous research identified that NA is an important fatty acid in the white
matter and its deficiency in early development may damage the white matter [15]. The cause of the
majority of preterm infants with cerebral palsy is mainly attributed to white matter diseases, such as
periventricular leukomalacia [16,17].

The NA concentration in human milk is not routinely reported because NA quantitation is
obscured by more abundant very-long-chain fatty acids when expressed percentage by weight of total
fatty acids in gas chromatography (GC) analyses [18]. However, previous studies report that NA is
detectable in human milk from different countries of the world, and a significantly higher NA content
is present in colostrum compared to mature milk [11-13,19-21]. Very few data are available on the
quantification of nervonic acid in human milk especially the amount in each lactation day.

The NA content in common vegetable oils is low, therefore infant formulae have much lower
NA content compared with human milk [3], especially colostrum. However, relatively little attention
has been paid to NA in infant formulae [22]. NA, together with docosahexaenoic acid (22:6 n-3,
DHA) and arachidonic acid (20:4 n-6, AA), has a positive effect on the neural development of the
neonate [23]. Nonetheless, the importance of DHA and AA in infant formulae have attracted researchers’
attention [9,24,25], whereas few studies focus on the effect of NA in human milk and the comparison
with infant formula which is potentially important.

This study aimed to develop an effective method for the quantification of NA concentration in
human milk and systematically compare the NA concentration in human milk on different lactation
days. The NA contents in infant formulae from three fat sources (cows’ milk fat, goats” milk fat,
and plant oil) were also studied. Special attention was given to the variation of three other n-9 FAs,
including oleic acid (18:1 n-9, OA), eicosenoic acid (20:1 n-9, EiA) and erucic acid (22:1 n-9, EA),
in human milk throughout lactation.

2. Materials and Methods

2.1. Standards and Chemicals

A standard mixture of 37 kinds of fatty acid methyl esters (FAMEs, from Cy4 to Cp4) was bought
from Sigma-Aldrich (St. Louis, MO, USA). The standards methyl cis-15-tetracosenoate (24:1 n-9 FAME)
and methyl tricosanoate (23:0 FAME), methanol, and n-hexane (HPLC grade) were obtained from J
and K Scientific (Beijing, China). Other reagents were analytical grade and purchased from Sinopharm
Reagent Co. Ltd. (Shanghai, China).

2.2. Human Milk Samples and Infant Formulae

Human milk samples were collected from eight healthy mothers of term infants in Wuxi, China.
The study was approved by the Ethics Committee of the School of Food Science and Technology in
Jiangnan University (JN No. 21212030120), and written consent was obtained from all subjects included
in this study. During the lactation period from 3 to 30 days postpartum, 224 human milk samples were
collected. The sample-set included colostrum (3—6 postpartum days, n = 32), transitional milk (7-14
postpartum days, n = 64), and mature milk (>15 postpartum days, n = 128). All participating mothers
were non-smokers, non-medicated, and healthy. The mean age of the mothers was 28.38 + 3.16 years,
mean BMI was 21.78 + 2.75 kg/mz, and mean infant weight at birth was 3.35 + 0.23 kg. The samples
(5-10 mL) were collected after full expression from one breast with a breast pump between 9 and 11 am.
The samples were stored at —20 °C for less than 2 h and transferred to the lab at Jiangnan University
for lipid extraction.
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The fatty acid composition of infant formulae is reported in a previous study [3]. A total of
181 formulae from 27 brands were collected; the tested formulae account for 75% of the Chinese
infant formulae market. Three stages (infant, follow-on, and growing-up) of formulae were included.
The formulae were divided into cows’ milk, goats” milk, and plant oil, depending on the main fat source.

2.3. Fatty Acid Methyl Esters Preparation

Total lipids in human milk were extracted by classic Rose-Gottlieb method [26] with some
modifications. Briefly, 1 mL ammonia water was added into 4 mL human milk, and then mixed in
a water shaking bath at 65 °C + 5 °C for 20 min. Then, 5 mL absolute ethanol, 10 mL absolute ether
and 10 mL petroleum ether were added to extract the lipids. The samples were mixed thoroughly and
stood for 2 h, and then the supernatants were collected. The lipids in the lower phase were extracted
using half of the solvents as above. The solvents were removed by nitrogen and the lipids were stored
in a —80 °C freezer until analysis.

The 24:1 n-9 FAME standard was prepared at a concentration of 0.5 mg/mL dissolved in n-hexane.
The internal standard solution was prepared by weighing 10 mg of 23:0 FAME into 10 mL of n-hexane.
Milk fat (40 mg) was suspended in 200 pL of the internal standard solution, 800 uL 1-hexane, and 500 uL
of KOH-CH30H (2 mol/L). After mixing for 2 min, the water in the solution was removed by adding
the appropriate amount of anhydrous sodium sulfate. Then, the mixture was mixed thoroughly and
left standing for half an hour. The supernatant was filtered by a 0.22 um filter and analyzed by gas
chromatography (GC).

2.4. GC Analysis

The samples were analyzed by an Agilent 7820A gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) with a hydrogen flame ionization detector, and they were separated by
a TRACE™.FAME capillary column (60 m X 0.25 mm x 0.25 um, Thermo Fisher Scientific, Waltham,
MA, USA) using nitrogen carrier gas [27]. The injection and detector temperature were set at 250 °C,
and the injection volume was 2 uL. The temperature of the column was set at 60 °C for 3 min to start
and then increased to 175 °C at a rate of 5 °C/min. The temperature was maintained at 175 °C for 15 min
and then raised (at a rate of 2 °C/min) to 220 °C, which was maintained for 10 min. FAs were identified
by comparing the retention times of the sample peaks with those of the FAME standards. The NA
concentration was measured by the absolute detection method, with 23:0 FAME as an internal standard.

2.5. Quantitation of Nervonic Acid

In the first step, a series of standard solutions that contained varying concentrations of 24:1 n-9
FAME and an identical amount of 23:0 FAME were injected. The calibration line was constructed using
Equation (1):

y=ax+b 1)

where y is the ratio of the peak area of 24:1 n-9 FAME to that of 23:0 FAME, a is the slope of the
calibration curve, x is the ratio of the weight of 24:1 n-9 FAME to that of 23:0 FAME and b is the intercept
of the calibration curve.
The NA concentration in human milk fat was calculated using Equation (2), with 23:0 FAME as
the internal standard.
C:(ﬁ—b)xmoxlxlxﬂ )
Ao a 1%
where C is the concentration of NA in human milk fat (mg/g fat), A; is the peak area of 24:1 n-9 FAME,
Ay is the peak area of 23:0 FAME, my is the weight of the internal standard/mg, W is the weight of

human milk fat in the test sample/g, and F; is the transformation coefficient of 24:1 n-9 FAME to NA.
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2.6. Validation of the Method

The following parameters (precision, recovery rate, and limits of detection and quantification)
were used to validate this method based on the guidance of the United States Pharmacopeia (USP) [28].
For the precision test of the method, the same homogeneous sample was analyzed three times in
one day to obtain the intra-day precision and in three different days to obtain the inter-day precision.
The precision was described as peak area and retention time relative standard deviations (RSDs) [29].
The recovery of the methods was measured using three levels of concentration of standard solution
that were added into three identical human milk samples, and no standard was added into the fourth
sample. The rate was calculated by the detected concentration of NA standard divided by the actually
added concentration. The limits of detection and quantitation were defined as three times and ten
times of signal to noise ratio, respectively [30].

2.7. Statistical Analysis

All analyses of human milk were performed in duplicate. The results were expressed as means
(%) + standard deviations (SD) and were calculated using the SPSS 19.0 (SPSS, USA). Differences in
NA concentration were tested by one-way analysis of variance (ANOVA) for continuous variables.
Two-way ANOVA was used to evaluate the effect of fat sources and stages on the n-9 FA composition
of infant formulae. Differences among all results were compared by use of Ducan’s test at p < 0.05.
Pearson’s correlation test was used to determine the correlation coefficient between NA concentration
and lactation days. Principal component analysis (PCA) was used to determine the differences in NA
content in three lactation stages of human milk and three stages of infant formulae using SIMCA-P
software version 13.5 (Demo Umetrics, Umea, Sweden).

3. Results

3.1. Nervonic Acid Concentration in Human Milk

In this study, to accurately quantify the NA concentration in human milk, a long GC program
with an analysis time of 70 min was applied, and a FAME with a similar molecular structure (23:0) was
added to the sample as an internal standard [31]. The gas chromatograms of NA in human milk are
shown in Figure 1.

300

200

1 ¥ |

§ 10 15 20 25 30 35 40 45 50 55 60 65 10 5

Figure 1. Gas chromatography (GC) of total fatty acids (a) and very-long-chain fatty acids (b) in one
colostrum human milk. 1, tricosanoicacid (23:0); 2, docosatetraenoic acid (22:4 n-7); 3, docosapentaenoic
acid (22:5 n-6); 4, nervonic acid (24:1 n-9, NA); 5, docosapentaenoic acid (22:5 n-3); 6, docosahexaenoic
acid (22:6 n-3).
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The calibration line of this method was defined by y = 0.733x + 0.7417 (R? = 0.9944) showing
a good linearity [32]. The calibration lines of 24:1 n-9 and 23:0 were y = 9.47 X 10°x (R? = 0.9938) and
y = 9.59 x 10°x (R? = 0.9965), respectively. The precision measured the dispersion degree between
the tested results of the same sample under the same condition [29]. Both the intra-day and inter-day
RSD% on the retention times were lower than 0.01%, and the intra-day and inter-day RSD% on the
peak areas were lower than 0.02% and 0.18%, respectively. The recovery rate of the method ranged
from 95% to 103%, which met the advisable international level of 80% to 115% [33]. The detection
limits ranged from 1.34 pug/mL for NA to 3.25 pug/mL for 23:0 FAME and the quantitation limits ranged
from 3.11 pg/mL to 5.36 pg/mL for NA and 23:0 FAME, respectively.

The NA concentrations in human milk are presented in Table S1. The NA concentration in all
human milk samples decreased significantly (r = —0.822, p < 0.001) during the first month of lactation.
The average NA concentration on day three of lactation was about five times higher than that on day
30 (p < 0.001), with values of 1.00 + 0.24 mg/g and 0.18 + 0.03 mg/g fat, respectively. No significant
difference was observed in the NA concentration in human milk obtained after 15 days of lactation.
The concentration of NA was highest in colostrum (0.76 + 0.23 mg/g fat) and lowest in mature milk
(0.20 £ 0.03 mg/g fat), decreasing by 82% in the first month of lactation. Figure 2 illustrates the changing
trend of the mean values of NA concentration in human milk in the first month of lactation.
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Figure 2. Nervonic acid concentrations in human milk throughout the first month of lactation.

Besides changes between lactation stages, there were significant interindividual differences in NA
concentration. The differences were more pronounced from three to 15 days and marginally significant
(p > 0.05) after day 15 of lactation. At three days postpartum, there was a two-fold variation in NA
in the milk from the eight mothers, with values ranging from 0.72 to 1.44 mg/g fat. The differences
between individuals decreased over time during the study period. During days 26-30 of lactation,
the NA concentration varied from 0.15 mg/g fat to 0.22 mg/g fat, with a 0.07 mg/g fat difference.

3.2. Composition of n-9 Fatty Acids in Human Milk

In this study, four kinds of n-9 FAs (OA, EiA, EA, and NA) were detected in human milk samples.
Changes in n-9 FA composition in human milk during the first month of lactation are shown in
Figure 3. OA, whose percentage ranged from 30.23% to 33.86% of total FAs, was the predominant FA
in human milk. During lactation, no significant difference was observed in OA content in human milk
(Figure 3A). Contrary to the observed consistency of OA, there were significant changes (p < 0.05) in
the percentage of EiA (from 0.17% to 0.06%) and NA (from 0.21% to 0.04%) as the milk progressed from
colostrum to transitional milk and from transitional milk to mature milk (Figure 3b,d). Particularly,
the NA percentage varied in the range of 0.18%-0.21% in colostrum and decreased to 0.12%-0.17% in
transitional milk and 0.04%—-0.10% in mature milk. The EA content decreased from 0.19% to 0.11% of
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the total FA content from the first to third lactation stage, but the discrepancies were less significant
between transitional milk and mature milk (Figure 3c).
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Figure 3. Changes in n-9 fatty acids including 18:1 n-9 (a), 20:1 n-9 (b), 22:1 n-9 (c), and 24:1 n-9 (d) in
human milk during the first month of lactation. Significantly different from colostrum, transitional
milk, and mature milk: *** p < 0.001; ** p < 0.01. No labeling indicates no significant differences.

3.3. Composition of n-9 Fatty Acids in Infant Formulae

A total of 181 infant formulae were analyzed, and 97 (53.59%) were found to contain NA. The n-9
FA composition of 97 infant formulae are presented in Table 1. The infant formulae were divided into
three stages (infant formula, follow-on formula, and growing-up formula) and three sources (cows’
milk formula, goats’ milk formula, and plant-oil formula). There was a significant difference in fat
sources of OA (p < 0.001), EiA (p < 0.001), and EA (p < 0.01) among different formulae. There were no
significant differences in sources of NA (p > 0.05). The n-9 FA composition was not affected by the
formulae stages or the interaction between fat sources and stages (p > 0.05). It is recommended that
EA content in infant formulae be below 1% of the total fat content [34]. It is noteworthy that infant
formulae have much lower concentrations of NA compared with human milk. The NA content of
most formulae (0.02% =+ 0.02%) was about <16% of that in colostrum (0.20% =+ 0.04%) and less than
from that found in mature milk (0.08% + 0.04%).
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Table 1. n-9 Fatty acid composition (wt%) of infant formulae.

CMF GMF POF p-Value
(n = 30) (n=16) (n=51) F S FxS

181n9 IF 32.15+5.062 34.81 + 5.66 &P 40.74 + 8.32P NS NS
FF 30.65 + 5.95 2 30.15 £ 5.282 4161 +6.11°
GF 3176 £5.092 29.66 + 6.50 @ 40.89 +7.31P

Fatty Acids

20:1n9 IF 0.23 + 0.09 0.29 + 0.09 0.31 +0.10 % NS NS
FF 0.17 £0.10 0.24 + 0.09 @b 0.33 +0.09P
GF 0.13 +0.04° 021 +0.072 0.30 +0.09®

22:1n9 IF 0.04 + 0.04 0.06 + 0.04 0.04 +0.03 = NS NS
FF 0.03 +0.03 0.05 + 0.03 0.05 + 0.03
GF 0.01 +0.012 0.04 + 0.03 2P 0.05 +0.04 P

241n9 IF 0.03 +0.13 0.03 + 0.02 0.03 +0.02 NS NS NS
FF 0.02 +0.00 2 0.02 +0.012 0.03+0.01P
GF 0.02 +0.01 0.02 +0.01 0.03 +0.01

CME, cows’ milk formula; GMF, goats’ milk formula; POF, plant-oil formula; IF, infant formula; FF, follow-on
formula; GF, growing-up formula. F, fat source; S, stage. Different superscript lowercase letters indicate significant
differences (p < 0.05) with a row. *** p < 0.001; ** p < 0.01. NS, p > 0.05.

4. Discussion

NA occurs naturally in human milk; however, it has not been routinely reported in the global
FA profile of human milk [18]. The main reason for its frequent omission is that the concentration
of NA in human milk is low, and its retention time is similar to several polyunsaturated fatty acids
(PUFAs). These factors make the quantitation of NA very difficult. In this study, 23:0 FAME was used
as an internal standard to quantify NA concentration in human milk fat. In general, the validation of
the method for the quantification of NA in human milk indicated that the method parameters’” were
well within internationally accepted limits.

The NA concentration significantly decreased (p < 0.05) with the progression of lactation days.
Furthermore, the NA level decreased markedly during the first 10 days then decreased slowly after
15 days. The fat contents of human milk increased during lactation (Table S2). As shown in Table 2,
the NA contents in human milk from mothers in different geographical regions and at different lactation
stages were summarized. Most of the studies show a significantly higher NA content in colostrum
compared to mature milk [11-13,19,20]. This study indicates the concentration of NA in colostrum was
three times higher than that in mature milk, which is similar to Hua et al. [19] and Rueda et al. [20].
The results of the NA concentration in human milk during the three stages (colostrum, transitional
milk, and mature milk), were similar to those found by Xiang [35]. Other publications show ten times
higher NA content in colostrum compared to mature milk [11,12]. However, there are also a few
publications that report the NA concentrations decrease from 0.35 to 0.27 mg/g of human milk, with no
significant difference between colostrum and mature milk [36].

There are some discrepancies between studies, as shown in Table 2. The percentage of NA in
human milk from individuals in Wuxi ranged from 0.06% to 0.20%. This result is marginally different
from the values from several previous studies, which have reported values ranging from 0.19% to
0.99%. The difference could be due to analytical methods, as well as individuals from different locations
and the lactation day. Further studies on the absolute detection of NA concentration from different
countries and the correlation with maternal diet are needed.
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Table 2. Mean value of nervonic acid (wt%) in human milk from individuals in different regions.

Regions Colostrum Transitional Milk Mature Milk References
Wuxi, China 0.20 (3-6 d) 0.15 (7-14 d) 0.06 (15-30 d) This study
Taiwan, China 0.99 (1-6 d) - 0.28 (2 m) Hua et al. [19]
Switzerland 0.39 (1 week) 0.13 (2 weeks) 0.07 (3-8 weeks) Thakkar et al. [13]
Beijing, China 0.54 (4 d) - 0.25 (30 d) Zhao et al. [14]
Thailand ] oo 0.06 Golfetto et al. [37]
Bangladeshi - - 0.20 Yakes et al. [38]
Northern Sudanese 0.19 0.15 0.02 Nyuar et al. [11]
Wenzhou, China 0.45 - -
Changzhou, China 0.25 - . Peng etal. [39]
Shanghai, China - 0.08 0.05
Guangzhou, China - 0.06 0.06
Nanchang, China - 0.12 0.11 Jing et al. [40]
Harbin, China - 0.06 0.04
Hohhot, China - 0.21 0.19
Granada, Spain 0.28 0.08 0.07 Sala-Vila A et al. [21]
Congolese - - 0.04 Rocquelin et al. [41]
Panama 0.32 0.16 0.10
Spain 0.24 0.17 0.10 Rueda etal. [20]
Dominica - - 0.05 Beusekoma et al. [42]
Saint Lucia 0.41 0.11 0.04 Boersma et al. [12]
Belize ) ) 0.06 Cheristien et al. [43]
Dominica - - 0.02

Dietary habits differ among regions and can cause internal physiological differences [44]. Jing and
co-workers determined the NA content of transitional milk and mature milk from five regions
(Shanghai, Guangzhou, Nanchang, Harbin, and Hohhot) of China, and the content in Hohhot was
highest, regardless of whether the sample was transitional milk or mature milk [40]. Diets containing
NA were fed to lactating rats, and the NA in the diet influenced the NA concentration in the animal’s
milk [45]. Although it is rare for NA to be provided by a typical diet, earlier studies have reported
that dietary OA and EA influence the nervonic acid content in humans [46]. Lactating women are
able to synthesize NA by carbon chain elongation with enzyme catalysts [47]. The large variation in
NA concentration in the milk of human mothers from different regions may reflect differences in the
mothers’ diets [48].

There are differences in the diets of lactating mothers around the world that can account for the
NA concentration differences between individuals. Additionally, the individual variation may also be
related to maternal age [49], and Body Mass Index (BMI) [50]. However, in this study and previous
studies, the NA concentration in all samples had a downward trend throughout the entire lactation
period. This consistency, despite regional differences, indicates that the decline in NA content in
human milk is more likely to be influenced by an endogenous factor [51] than a dietary habit.

The amounts of DHA and AA in human milk, similarly to NA, had a decreasing trend over the
lactation period (Table S3). This has been attributed to the genes that encode delta (5)- and delta
(6)-desaturases and their effect on the proportions of these FAs in human milk [52]. The DHA and
AA precursors linolenic acid (18:3 n-3, ALA) and linoleic acid (18:2 n-6, LA) increase in parallel [53].
The hypothetical pathways of n-9 FAs metabolism are shown in Figure 4. NA is synthesized from OA
by elongation. The OA content measured in this study (30.23%-33.86%) was in accordance with Qi’s
results (30.66%-32.71%) [27], but inconsistent with Weiss’s study (43.96%—-48.21%) [53]. OA content
was stable in this study, which was contrary to the study by Lopez-Lopez et al., who claimed that
OA content decreased as lactation progressed [54]. Additionally, the percentage of EiA, EA, and NA
decreased with the progression of lactation, which agreed with the results obtained by Nyuar et al. [11].
In general, the amount of OA was stable over time, and the other precursors, EiA and EA, decreased
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during the same period, which differs from the precursors of DHA or AA. The mechanism by which
genes regulate the metabolism of n-9 FAs remains unclear and needs further study. In human milk,
OA is the richest FA and serves as a structural component. It can be assumed that the OA content
might be sufficient to synthesize NA and other n-9 FAs.

Stearic acid (18:0)
‘ A-9 desaturase
Oleic acid (18:1 n-9)
‘ Elongase
Eicosenoic acid (20:1 n-9)
‘ Elongase
Erucic acid (22:1 n-9)
‘ Elongase

Nervonic acid (24:1 n-9)
Figure 4. Hypothetical pathway for the synthesis of nervonic acid in infants.

It has been demonstrated that infants have the capacity to convert ALA and LA to DHA and
AA, respectively, and that elongases and desaturases have activity in the first week after birth [55].
However, the ability of infants to synthesis FAs is weak, and the amount of DHA formed from ALA
is inadequate to support brain development [56]. For the optimal development of an infant’s brain,
a sufficient amount of NA, DHA, and AA is necessary for newborns.

Human milk is a rich source of NA compared with commercial infant formulae. In the 118
collected infant formulae samples, only 53.59% contained NA. The PCA revealed differences of NA
content between human milk (including colostrum, transitional milk, and mature milk) and infant
formulae (Figure 5). A significant distinction of NA content was observed between human milk and
infant formula (p < 0.05). NA content in the three-stages (colostrum, transitional milk, and mature milk)
of human milk differs obviously (p < 0.05). However, there is no significant difference of NA content in
the three types (infant, follow-on, growing-up) of infant formula. Most NA-containing formulae had
NA concentrations that were <16% of that measured in colostrum. NA content in formulae needs to be
enhanced urgently for term newborns and especially for preterm newborns. It has been reported that
the NA concentration in preterm milk is seven-fold higher compared to that in milk from mothers with
full-term babies at a similar stage of lactation [9].
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) Mature milk
0.4 . Infant formula
3 M Follow-on formula
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0.2 4 3 .....1 Growing-up formula
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Figure 5. Principal component analysis of stage difference in the NA content in human milk (1, colostrum;
2, transitional milk; 3, mature milk) and infant formulae (1, infant formula; 2, follow-on formula;
3, growing-up formula).
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The NA level is considered to reflect brain maturation, and its accumulation in the brain is a sign
of the onset of myelinogenesis [57]. Newborns who cannot be breastfed fail to get sufficient levels
of NA from infant formulae. Long-term NA deficiency will hamper the development of the nervous
system and cause visual impairment [58]. Supplying dietary lipids to stimulate the synthesis of n-9
FAs has been advised to support myelination in newborns [23]. Thus, infant formulae need to enhance
their NA content to match the NA content in human milk. This applies to formulae for full-term
infants, and it is especially the case for preterm infants.

NA content in formulae was not related to fat sources or stages. However, the differences observed
between other n-9 FAs in infant formulae were particularly influenced by fat sources. The current
formula fat sources (generally used cow milk fat, goat milk fat, and vegetable oils) contain no or trace
amount of NA. NA has been found in some plant species [59] for example Malania oleifera [60] and
Lunaria annua [61]. However, oils of these plants are rarely developed and used in infant formulae
because of their high EA content. It has been demonstrated that the heart may be damaged by EA,
and EA is undesirable for human consumption [62]. It is necessary to explore the effect of NA as well
as different forms (FA, TAG or PLs) for the optimal brain development of infants.

5. Conclusions

The NA concentration was at its highest at the onset of lactation, with an overall decrease of 82%
throughout the 3-30 days postpartum study period. The concentration dropped at a faster rate in the
first 10 days and then flattened out. Thus, it is crucial for infants, especially preterm infants, to get
enough NA within the first ten days of lactation. The NA concentration differs between breastfeeding
mothers, in part because of the regions in which they live. Further studies are needed to clarify the
NA biosynthetic system in infants. Most of the 97 infant formulae in which NA was detected had less
than 16% of the NA content in colostrum. There were significant differences between the fat sources
of OA, EiA, and EA in the formulae, but this was not the case for NA. The effect of the stages or the
interaction between sources and stages on infant formulae FA composition was not obvious. Because
of the low level of NA found in infant formulae, it is suggested that the NA content in infant formulae
for newborns be increased. Further work is also warranted to identify the best form of NA for infants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/8/1892/s1,
Table S1: Nervonic acid (mg/g fat) concentration in human milk during the first month of lactation, Table S2: Total
fat content (mg/mL) in human milk during the first month of lactation; Table S3: Total fatty acid composition
(%, wt) in human milk during the lactation days.
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Abstract: An adequate mineral supply to preterm infants is essential for normal growth and
development. This study aimed to compare the mineral contents of human milk (HM) from healthy
mothers of preterm (28-32 weeks) and full term (>37 weeks) infants. Samples were collected weekly
for eight weeks for the term group (1 = 34) and, biweekly up to 16 weeks for the preterm group (n = 27).
Iron, zinc, selenium, copper, iodine, calcium, magnesium, phosphorus, potassium, and sodium were
quantitatively analyzed by Inductively Coupled Plasma-Mass Spectrometry. The mineral contents
of both HM showed parallel compositional changes over the period of lactation, with occasional
significant differences when compared at the same postpartum age. However, when the comparisons
were performed at an equivalent postmenstrual age, preterm HM contained less zinc and copper
from week 39 to 48 (p < 0.002) and less selenium from week 39 to 44 (p < 0.002) than term HM.
This translates into ranges of differences (min-max) of 53% to 78%, 30% to 72%, and 11% to 33%
lower for zinc, copper, and selenium, respectively. These data provide comprehensive information on
the temporal changes of ten minerals in preterm HM and may help to increase the accuracy of the
mineral fortification of milk for preterm consumption.

Keywords: human milk; term; preterm; calcium; phosphorus; magnesium; zinc; iron; copper; iodine;
selenium; potassium; sodium

1. Introduction

An estimated 15 million babies are born preterm (i.e., born before 37 weeks of gestation) worldwide
every year, with the incidence ranging from 5% to 18% of births according to the area [1]. Very preterm
infants (i.e., born before 32 weeks of gestation) represent a highly vulnerable population with
complications that can lead to growth failure, lifetime disability including learning difficulties, visual
and hearing impairments, or even death. This population requires a high level of medical care,
including nutritional support, to offset the risk of nutritional deficiencies and associated adverse health
outcomes. Indeed, term infants are generally born with adequate stores of minerals, the accrual of
which occurs during the third trimester of pregnancy. A consequence of being born before term is a
high risk of mineral shortfalls due to the limited stores, but also to the rapid postnatal growth, immature
gastrointestinal tracts, high endogenous losses, and variable intakes [2]. Due to their essentiality,
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minerals need to be provided at a level to meet the in utero accretion rates to favor catch-up growth
and to not compromise long-term neuronal and cognitive development [3]. The essential minerals
or trace elements include iron, zinc, copper, iodine, selenium, calcium, phosphorus, and magnesium,
but also potassium and sodium (non-exhaustive list). Among other physiological roles in humans,
iron, zinc, copper, and iodine are essential for optimal brain development [4]; calcium, phosphorus,
and magnesium are required for adequate bone health [5]; selenium, zinc, and iodine play a crucial
role in thyroid hormone metabolism [2]; and potassium and sodium are key electrolytes involved in
water fluxes and enzymatic functions [6]. Breastfeeding is the gold standard source of nutrition for
term infants and is also highly recommended for preterm infants, as it is protective against several
complications of preterm birth [7,8]. However, because of the risk of inadequate nutrient intakes,
the fortification of mothers” own milk or donor human milk (HM) is generally prescribed for very
preterm infants to enhance the protein, energy, and micronutrients intake [7-9]. Fortification is
often recommended to be continued until a postconceptional age of 40 weeks, but possibly until
about 52 weeks if infants are discharged with a suboptimal weight for a postconceptional age [3].
Nevertheless, there is no consensus on nutrition after discharge from the neonatal intensive care
unit (NICU) [10]. However, it may be assumed that to support adequate growth and development,
breastfed preterm infants should have, at the minimum, a similar mineral intake to breastfed term
infants of an equivalent developmental stage [11].

Optimal HM mineral fortification during an NICU stay and, potentially, after discharge, requires a
precise understanding of HM mineral content and its potential sources of variability. Although decades
of research have been allocated to HM mineral concentrations, most of the research has been performed
on HM of mothers delivering at term, and for some elements, there are a limited number of reports on
preterm HM. When available, comparisons between term HM and preterm HM have been performed
at an equivalent postpartum age (i.e., lactation stage), but, to our knowledge, there is no evaluation
of differences at the same postmenstrual age (i.e., infant developmental stage). As concentrations of
several minerals and trace elements in milk change over lactation [12], the assumption was that the
comparison by postmenstrual age could reveal unexplored differences between both groups of HM in
the period that surrounds preterm infant discharge from NICU. Therefore, the objectives of the present
study were (i) to precisely describe the concentration of zinc, copper, iodine, selenium, iron, calcium,
phosphorus, magnesium, potassium, and sodium in HM from mothers of preterm (28-32 weeks of
gestation) infants over a period of 16 weeks; (ii) to compare preterm HM mineral content with that of
milk from mothers of full term (>37 weeks of gestation) infants at equivalent infant postpartum and
postmenstrual ages.

2. Materials and Methods

2.1. Subjects

The aim of the study was to characterize the nutritional composition of preterm and term
HM. The study design (monocentric, prospective cohort) and characteristics of the subjects were
already reported elsewhere [13], with the results on longitudinal changes for other nutrients (i.e.,
macronutrients [14], proteins [13], lipids [15], and human milk oligosaccharide [16]). In brief, the study
was conducted at the University Hospital in Lausanne (CHUV), Switzerland, between October 2013
and July 2014. The study included women older than 18 years of age and intending to breastfeed their
infants for a minimum of 4 months. The preterm group included infants with a gestational age from 28
0/7 to 32 6/7 weeks and the full-term group referred to infants with a gestational age of 37 0/7 to 41 6/7
weeks. The exclusion criteria included any counter-indication to breastfeeding, the mother having
been diagnosed with diabetes (type I or II) before pregnancy, alcohol or drugs consumption during
pregnancy, and/or mothers having insufficient French language skills to follow the study guidelines.

Mothers who participated in the study were followed until postpartum week 16 for the preterm
group, and week 8 for the term group, or until lactation discontinuation (whatever came first), by a
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dedicated research nurse who was qualified as a lactation consultant (International Board of Lactation
Consultant, IBCLC).

The study protocol was established following the Declaration of Helsinki’s guidelines and was
approved by the local Ethical Committee (Commission cantonale d’éthique de la recherche sur I’étre
humain du Canton de Vaud, Switzerland; Protocol 69/13, clinical study 11.39.NRC) on April 9, 2013.
All the subjects participating in the study signed an inform consent before the enrollment. Registration
of this trial was completed at ClinicalTrials.gov under NCT02052245.

2.2. Data Collection

Neonatal demographic and delivery data were prospectively collected and recorded in electronic
case report forms. The following infant characteristics were collected: single or multiple gestation,
mode of delivery, sex, weight, length, head circumference, and gestational age at birth. Birth weight
was monitored with an electronic scale accurate to the nearest 5 g, crown-heel length with a height
gauge, and head circumference with a tape. An electronic scale was used to measure the maternal
weight at delivery, whereas the maternal age, height, and weight before pregnancy were self-reported
and completed during face-to-face interviews between mothers and the research nurse, and were
verified by one of the two referent pediatricians (LB, CJFF).

2.3. Human Milk Sampling and Processing

A schematic representation of the HM sampling and processing has already been published
previously [16]. Preterm HM samples were collected every 7 days + 1 day during the first 8§ weeks and
then every 14 days + 1 day during the following 8 weeks, which yielded a total of 12 samples during
the 16 weeks. For term HM, a total of 8 samples were collected every 7 days + 1 day for 8 weeks.

Full HM expression from a single breast was performed between 6 am and noon (i.e., corresponding
to first morning expression) using an electric breast pump (Symphony®, Medela, 6340 Baar, Switzerland).
After full milk collection, the milk was homogenized. A maximum volume of 10 mL milk was reserved
for analysis. Lower volumes were collected for the two first time points in the preterm group (i.e.,
max 5 mL). The remaining HM volumes were provided to the infant for feeding. Samples of HM for
analysis were transferred by the mothers into 15 mL polypropylene tubes (FalconTM, Fisher Scientific,
Reinach, Switzerland), previously labelled with the subject number and collection information,
and stored at —18 °C in the home freezer until being transferred to the hospital. Samples were
temporarily kept at —80 °C at the hospital before shipment to the Nestlé Research Centre (Lausanne,
Switzerland). To avoid multiple thawing/freezing cycles, HM samples were thawed once for splitting
into 15 aliquots before storage at —80 °C until analysis.

2.4. Mineral Quantification

Quantification of minerals was realized using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, Nexion 300-D, PerkinElmer, SCIEX, Norwalk, CT, USA). For sodium, magnesium,
phosphorous, potassium, calcium, iron, copper, zinc, and selenium, 0.7 mL of human breast milk
was transferred into perfluoroalkoxy alkane vessels and mineralized in a MARS XPress microwave
digestion system (CEM® Corp., Matthews, NC, USA) using HNO3/H,O,. Mineralized samples were
transferred to PE tubes, diluted with Milli Q water and germanium and tellurium were added as
internal standards. Quantification was realized by ICP-MS using helium or CHy as a collision or
reaction gas. For iodine, 1 mL of human breast milk was treated with 1 mL tetramethylammonium
hydroxide (25%) and 4.5 mL of Milli Q water in a drying oven at 90 °C for 3 h. Sample solutions were
diluted to 15 mL and centrifuged at 1730 g for 15 min. Quantification was realized using ICP-MS in
normal mode using germanium as the internal standard. Certified Reference Materials (CRM) were
added to all analytical series to control the quality of the quantification.
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2.5. Statistics

Statistical analyses were done using SAS (version 9.3, SAS Institute Inc., Cary, NC, USA, 2013) and
R (version 3.2.1, R Foundation for Statistical Computing, Vienna, Austria). The longitudinal changes of
mineral contents were compared in preterm HM and term HM at equivalent infant (1) postpartum
ages and (2) postmenstrual ages. Mixed linear models were used for both comparisons to estimate
the differences between the groups. The models used age (either postpartum or postmenstrual),
term/preterm status, interaction between age and term/preterm status, sex of infant, and mode of
delivery as fixed effects as follows: concentration = visit X term_status + child_sex + delivery +
twin_type. There was only one case of mixed sex twins out of six “sets”. Since the milk samples
analyses were conducted according to the mothers and not the infants, the statistical models used the
mother as an individual and the sex of the infant was chosen as the sex of the first child (for twins).
This entails that one mother is represented as having a male infant where indeed she has both (because
of twins). Within-subject variability was accounted for by declaring the subject ID as a random effect.
Contrast estimates of the model were calculated by comparing preterm and term HM groups at each
time point. No imputation method was applied for missing data (both in between visits and loss to
follow up) as the method used is adapted to handle incomplete data. A conventional two-sided test
with a 5% error rate was used without adjusting for multiplicity. Mixed linear models were produced
using the package nlme and contrast estimates were made with contrast package. R graphs were
created using the package ggplot2.

3. Results

3.1. General Characteristics of the Subjects

The subjects” characteristics were reported elsewhere [13,16] and are summarized in Table 1.
In brief, 27 mothers having delivered 33 preterm infants and 34 mothers having delivered 34 term
infants were included. In the respective groups, two (7.4% for preterm) and six (17.4% for term) mothers
dropped out the study. In total, 473 HM samples, 257 from preterm and 216 from full-term infant
mothers, were available for mineral analyses. Except for the rate of Caesarean delivery being higher
in the preterm mothers than in the term ones, none of the baseline characteristics were significantly
different between the two groups of mothers. Regarding the infants’ characteristics, thirty-six percent
of the preterm births were twins. As expected, the weight, height, and head circumference were
statistically significantly lower in the preterm group than in the term group, but not the sex distribution.

Table 1. General characteristics of the two groups of mothers and infants.

Study Population Preterm Term p-Value *
Mothers (drop outs) N=27(2) N =34(2)
Age (years) 324+56 312+42 0.3173
BMI before pregnancy (Kg/m?) 228 +3.3 232 +49 0.6990
BMI at child birth (Kg/m?) 258 £3.7 269 +4.7 0.3141
Delivery type: caesarean (%) 63 235 0.0019
Infants N =33 N =34
Gestational age at birth (weeks) 30.8+14 39.5+1.0 <0.0001
Males (%) 54.5 529 0.8952
Twins (%) 36.4 0.0 0.0001
Height (cm) 404 +£3.2 494 +17 <0.0001
Weight (g) 1421.4 +372.8 3277.6 + 353.6 <0.0001
Head circumference (cm) 278 +21 344+15 <0.0001

* t-test and Fisher test of proportions were used for the comparison of continuous and discrete variables, respectively.
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3.2. Mineral Concentration and Longitudinal Change in Preterm and Term Human Milk at the Same
Postpartum Age

A summary of the results i.e., mean + SD and median (min-max) for each mineral, is provided in
Table 2 along with the range of values reported in the literature. The most concentrated element in both
HMs was found to be potassium, followed by, in order of decreasing concentrations, calcium, sodium,
phosphorus, magnesium, zinc, iron, copper, iodine, and selenium. The longitudinal concentrations
(mean + SD) of minerals in preterm and term HM per visit at equivalent postpartum ages are reported in
Supplementary Table S1. As depicted in Figure 1, in preterm and term HM, the changes in concentration
over the 4-month period of sample collection converge into three main patterns. First, the mineral
concentrations were observed to increase during the first week postpartum and then to decline during
the lactation, like for phosphorus and copper. Secondly, the concentrations were highest in the first
week and then either decreased quickly (i.e., zinc, potassium), or gradually (i.e., calcium, selenium,
sodium) over the lactation, or remained stable in mature milk (i.e., iodine, iron). Finally, for magnesium,
the concentrations remained fairly stable during the course of lactation.

Table 2. Summary of mineral concentrations (i.e., mean + SD and median (min-max)) in preterm (from
sample collection from postpartum week 1 to 16) and term human milk (as collected over 8 weeks
postpartum). Retrieved published ranges of mineral concentration in human milk * are also provided
for comparison.

Minerals Statistic Preterm Milk Term Milk Literature Range
(mg/L)
. Mean 578 + 107 575 + 92 515% [17], 688% [18]
Potassium
Median 569 (209-907) 562 (308-908) -
. Mean 281 + 51 286 + 47 -
Calcium
Median 282 (145-459) 287 (136-433) 252 (84-462)" [19]
. Mean 205 + 177 235 + 237 135-371% [20]
Sodium
Median 160 (54-1577) 170 (84-1969) -
Phosphorus Mean 145 + 32 148 + 30 -
Median 145 (48-225) 146 (45-257) 143 (17-278)* [19]
. Mean 37+9 32+7 -
Magnesium
Median 36 (12-70) 33 (17-53) 31 (15-64)* [21]
Zinc Mean 24+17 32+19 2.2-2.5;2.9-3.9; 1.7-5.3% [22]
Median 2.1(0.2-15.5) 2.7 (0.4-11.9) -
Mean 0.36 +£0.23 0.44 +£0.26 -
Iron
Median 0.32 (0.13-2.78) 0.36 (0.13-1.8) 0.47 (0.04-1.92)* [23]
Mean 0.36 = 0.16 0.44 £0.15 -
Copper
Median 0.35 (0.06-1.1) 0.42 (0.13-1.0) 0.33 (0.03-2.19)* [23]
(ug/L)
. Mean 92 + 67 87 + 41 15-150" [20]
Todine
Median 76 (2-422) 76 (18-228) 62 (5.4-2170)" [24]
. Mean 143 +47 15.0 4.2 119 [25]-28% [26]
Selenium
Median 13 (4-45) 14 (6-34) -

* Published median (min-max) value where preferred for reporting. * indicates that values were calculated from
term human milk (HM); ® corresponds to data calculated from preterm HM.

No statistical difference was found in mineral concentrations between preterm and term HM at
the same postpartum age, except at a few time points. The phosphorus concentration was higher in
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preterm HM than in term HM at week 1 (p = 0.024). The same direction of difference was observed for
magnesium at week 4 (p = 0.027), week 6 (p = 0.0357), and week 7 (p = 0.047). Inversely, the sodium and
copper concentrations were lower in preterm HM than in term HM at week 2 (p = 0.032 and p = 0.024,
respectively). The calcium to phosphorus mass ratios were found to range between 1.57 and 2.32 in
preterm HM, and between 1.84 and 2.22 in term HM, with a statistically significant difference between
groups found at week 1 (p = 0.042; preterm HM < term HM) and at week 2 (p = 0.018, preterm HM <
term HM). The zinc to copper molar ratio ranged between 20.6 (at week 1) and 5.2 in preterm HM,
and between 29.8 (at week 1) and 5.6 in term HM, with no significant difference between the two HMs.
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Figure 1. Longitudinal changes of mineral concentration (means) in term (dark grey) and preterm
(light grey) human milk (HM) at an equivalent postpartum age. The letter (a) indicates if differences
between term and preterm are significant p < 0.05. Box plots represent medians with 25th and 75th

percentile, min-max range and outliers.

No significant differences were found when comparing mineral concentrations by sex, mode of
delivery, or twin/single delivery.
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3.3. Longitudinal Changes of Mineral Concentration in Term and Preterm Human Milk at an Equivalent
Postmenstrual Age

When the HM from mothers of preterm and full term infants was compared at an equivalent
postmenstrual age, the main significant differences were observed for zinc, copper, selenium,
and magnesium. As depicted in Figure 2, zinc and copper concentrations in term HM were significantly
higher than in preterm HM from week 39 to 48 of postmenstrual age (p < 0.002). Similar observations
were made for selenium, with significant differences being found at week 39 to 44 (p < 0.002).
In comparison to term HM, preterm HM contained 53% to 78% (average 62%), 30% to 72% (average
44%), and 11% to 33% (average 24%) less zinc, copper, and selenium, respectively.
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Figure 2. Longitudinal changes of mineral concentration (means) in term (dark grey) and preterm
(light grey) human milk (HM) at an equivalent postmenstrual age. The letter (a) indicates if differences
between term and preterm are significant p < 0.05. Box plots represent medians with 25% and 75t
percentile, min-max range and outliers.
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Magnesium is the only element for which the concentration in preterm HM was found to
be statistically significantly higher than in term HM from weeks 42 to 44 and week 46 (p < 0.05).
The differences between preterm HM and term HM per postmenstrual age ranged from minus 17% to
plus 39% (average + 12%).

Statistically significant differences were also found for sodium, potassium, phosphorus, iron,
iodine, and calcium at scattered postmenstrual weeks, with higher values in favor of term HM.
The sodium concentration in preterm HM was significantly lower at weeks 39, 40, and 42, and weeks
44 to 45 (p < 0.01). The potassium concentration was significantly lower at week 39 to 41 (p < 0.006);
for phosphorus, at week 41, 43, 45, and 47 (p < 0.05); for iodine, at week 41, 43, 45, and 46; for iron,
at week 40 and 41 (p < 0.002); and for calcium, at week 45 and 47 (p < 0.05). The longitudinal
concentrations (mean + SD) of minerals in preterm and term HM per visit at equivalent postmenstrual
ages are reported in Supplementary Table S2.

4. Discussion

We have reported a comprehensive longitudinal overview of the content of 10 minerals in 500 HM
samples from women delivering before term or at term. The study design enabled the comparison of
preterm and term HM mineral contents at the same postpartum weeks (i.e., same lactation stages) and
at equivalent postmenstrual weeks (i.e., equivalent infant developmental stages).

4.1. Mineral Concentration and Longitudinal Change in Preterm and Term Human Milk at the Same
Postpartum Age

To our knowledge, the results of our study represent the first set of mineral analyses from
breast milk in apparently healthy Swiss mothers of preterm and term infants. As illustrated in
Table 2, the mean and median concentration determined for each individual element in preterm HM
over the period of sample collection was found to be in the range of retrieved published values for
HM [17-28]. These ranges can be wide and this variability is mainly due to the stage of lactation
and to the intra and intersubject variability, including the circadian rhythm [12,29]. The presented
result is in line with previous research performed in HM from a well-nourished population which
showed, for several minerals, that their diet, status, or supplementation have a limited or no impact
on their milk concentration. That is, for instance, the case for iron, copper, zinc, and magnesium [12],
and to some extent, for phosphorus, potassium, and sodium [30-32]. Inversely, the calcium, iodine,
and selenium concentration in HM can be impacted by the diet of the mother, and therefore, except
for calcium, by the use of dietary supplements [12]. In the present study, the dietary intakes of the
mother were not recorded, and no recent survey on either dietary intakes or mineral status in Swiss
pregnant or lactating women was retrieved for these three elements. Nevertheless, data on iodine
intake in the general Swiss population was classified as sufficient by the Iodine Global Network
(http://www.ign.org/scorecard.htm). In our study, this is reflected by an iodine median concentration
in milk above the published median value of 62 pg/L [24]. A similar observation is made for calcium,
despite the results of a Swiss cross-sectional study showing that in 28% of subjects following an
omnivore diet, calcium intake does not reach the corresponding nutritional recommendation [33].
No recent data on the prevalence of intake inadequacy or deficiency was retrieved for selenium, but the
rather low levels in milk observed in our study may indicate a need for a higher selenium intake in
Swiss lactating women, as underlined in a review published earlier for the Swiss population [34].
This may help to increase the selenium milk content. In any case, even if dietary intakes of the mother
do not influence their milk mineral concentration, they should give particular attention to the mineral
density of their diet to match their own increased requirements if adaptation of the mechanism of
absorption is not enough to avoid putting themselves at risk of mineral deficiencies.

The comparison of concentration at the same postpartum age shows no statistically significant
difference between preterm HM and term HM for six minerals, i.e., potassium, zinc, iodine,
selenium, iron, and calcium. These data are in agreement with previous published results for
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potassium [17,18,28,35,36], zinc [22,37,38], iodine [24,39], and selenium [26,40]. Few papers have
reported higher levels of iron in preterm HM during the early lactation period [28,41,42], but some
others [43,44] and a more recent one [45], failed to observe any differences. In HM, 2% to 9% of iron is
linked to lactoferrin [45] and our iron content results correlate with the results of lactoferrin analyzed
from the same set of samples [13]. Only minor and scattered differences between preterm HM and
term HM have previously been reported for calcium. A recent systematic review and meta-analysis
performed with 11 studies showed no differences from day 1 to week 12 postpartum, except at week 7
to 9, where a statistically significant difference of 15% was reported (preterm HM > term HM) [46].
Calcium along with phosphorus are the two main minerals required for the multifaceted mechanisms
of bone metabolism [47]. Therefore, the meta-analysis was also performed for phosphorus from
eight independent studies, and showed that the phosphorus concentration in preterm HM was not
statistically different than in term HM, except between week 3 and 4 and week 5 to 6, with reported
differences of 14% and 16%, respectively (preterm HM < term HM) [46]. In our study, a significant
difference was only found at week 1 for this mineral in the opposite direction (preterm HM > term
HM). We also found a higher concentration in preterm HM than in term HM for magnesium and only
at three time points during the transitional phase (i.e., week 1 to 4). These differences were below 20%.
In the literature, only one study out of 16 reported a similar difference [21,48]. In addition, we found
lower concentrations of copper and sodium in preterm HM than in term HM, but only at postpartum
week 2. Like for iron, inconsistent results were retrieved for copper in the literature [23]. Preterm
HM copper concentrations were reported to be significantly lower [42,44], higher [41], or no different
from the concentrations of term HM [44,49,50]. Except for one study [17], the sodium concentration in
preterm HM is consistently reported as higher in preterm HM than in term HM, at the very early stage
of lactation [18,51]. Our result goes in an opposite direction, but only at week 2. These discrepancies
are most probably due to the difference in the timing of sample collection and comparison that, in most
studies, started at day 1 postpartum versus day 7 in the present report. Other analytical reasons may
be the differences in the number of samples, the collection method (e.g., foremilk vs. hindmilk as
compared to full-breast expression in our study), and the storage procedures [45]. Beside this reading,
although it is well-established that the levels of minerals in preterm HM are not sufficient to meet
the needs of the preterm infant, it is not unusual to read that when higher concentrations are found
in preterm HM than in term HM, it could be due to a physiological adaption to meet the increased
requirement of the preterm infants [28,41,42,51]. This explanation goes along with the hypothesis of a
reduced blood flow to the mammary gland and thus milk volume, and the immaturity of the gland (i.e.,
incomplete differentiation of epithelial cells, and the absence of tight junctions between the cells) [52].
However, some authors reported no difference in milk volumes produced by both preterm and term
mothers, stressing that understanding of the physiological processes responsible for the micronutrient
composition in human milk still requires investigation [17]. Some authors also report that it is likely
that these discrepancies are due to differences in hormonal balance and metabolic regulation due to the
shorter gestational period [17,53,54].

Overall, in agreement with previous reports, the present results show parallel compositional
changes in the mineral content of milk from mothers of preterm and term infants throughout the 8
postpartum weeks of common sample collection. While breastfeeding is the gold standard for term
and preterm feeding, for the latter, it is prescribed that human milk should be fortified with nutrients
in short supply [7-9]. Despite the punctual differences described above, when comparing the median
of values for each individual element to the recommendations by the ESPGHAN [9], it appeared that,
except for iodine and potassium, none of the concentrations reached the minimum recommended
level [9] (results presented in Supplementary Figure S1). This emphasizes the need for fortifying with
only those minerals whose content in HM is lower than the recommended levels, in order to avoid
overloads of those minerals that are present in HM at sufficient levels.
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4.2. Longitudinal Changes of Mineral Concentration in Term and Preterm Human Milk at an Equivalent
Postmenstrual Age

Fortification of human milk is recommended up to preterm infant discharge from the neonatal care
unit, to address the mismatch between its content and the nutritional recommendations for optimal
growth and development. However, there is a lack of consensus about the need to fortify human milk
after discharge (usually occurring at around term corrected age) [10]. Considering that the references
for an optimal growth of preterm infants after they reach the term corrected age are calibrated against
the standards of infants born at term, we assumed that the preterm infant nutritional requirements
during this period would be at least the same as those of their term counterparts. Therefore, the
mineral contents of preterm HM were compared to those of term HM at the same postmenstrual ages
(i.e., from postmenstrual weeks 39 to 48). This comparison showed highly significant differences for
zinc, copper, and selenium, with a lower concentration in preterm HM than in term HM. Zinc and
copper contribute to many cellular and molecular processes and therefore are essential for growth,
the immune response, and cognitive function [4]. The serum zinc concentration in term and preterm
infants is reported to be high at birth and then to progressively decrease, which was correlated
with normal growth [55]. Selenium is an important factor for optimal function of the antioxidant
systems and its serum concentration has been showed to increase in healthy term breastfed infants
after birth [56]. Therefore, the observed differences of concentrations of these three trace elements in
preterm HM and term HM at the same postmenstrual age may be physiologically relevant and require
further investigation.

4.3. Strengths and Limitations of the Study

This study has some limitations. First, the samples were collected at only one time of the day.
As the fluctuation of mineral concentration in milk has been previously observed over the day [29],
one may argue that the data are not representative of the whole day concentration. Nevertheless,
the sampling time was standardized and it allowed us to perform a comparison of the HM of the two
infant populations at a postpartum and postmenstrual age. Finally, the number of subjects was limited
in both groups, reducing the power of the study and limiting the number of association analyses.

5. Conclusions

This study represents the first set of simultaneous analyses of ten minerals in human term and
preterm milk comprehensively covering the period of 2 months postpartum. It confirms previous
observations of concentrations and temporal changes, as well as the global similarity in the composition
of term and preterm milk when compared at the same lactation stage. Interestingly, zinc, copper,
and selenium contents were found to be consistently lower in preterm milk than in term milk when
compared at an equivalent infant developmental stage. The relevance of the observed differences to
the health, growth, and development of preterm infants, as well as the impact on fortification practices,
remain to be further investigated.
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(dark grey) and preterm (light grey) human milk (HM) at an equivalent postmenstrual age, with dotted lines
representing the range of recommended intakes (converted in mg/L, using measured energy density of preterm
HM), as provided by ESPGHAN [3].
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Abstract: Breast milk is characterized by a dynamic and complex composition which includes
hormones and other bioactive components that could influence infant growth, development,
and optimize health. Among the several beneficial effects associated with prolonged breastfeeding,
a 13% decrease in the risk of overweight and obesity has been reported. Recent research has focused
on breast milk hormones contributing to the appetite and energy balance regulation and adiposity.
Accordingly, we conducted a literature systematic review with the aim to provide an update on the
effect of leptin, ghrelin, Insulin Growth Factor 1, adiponectin, and insulin on infants” and children’s
growth and body composition. The revised literature reveals contrasting findings concerning the
potential role of all these hormones on modeling growth and fat mass apposition and health outcomes
later in life. Further studies are needed to gain further insight into the specific role of these bioactive
components in metabolic pathways related to body composition. This could help gain a further
insight on infants’ growth, both in physiological and pathological settings.

Keywords: hormones; adipokines; breast milk; growth; body composition; term infant

1. Introduction

Breast milk (BM) is the only species-specific human food tailored to meet infants” needs through
the adaptation of its micro and macronutrient content and bioactive components, depending upon the
mother—infant dyad characteristics (i.e., gestational age at birth, birth weight, etc.) [1,2].

Furthermore, the dynamic composition of BM also allows mother—infant signaling over
lactation [3,4]. Asaresult, theinfantis guided in the developmental and physiological processes through
breastfeeding, whose crucial role in promoting healthy growth and optimal cognitive development is
widely acknowledged [2,5]. Breastfeeding is beneficial through an epigenetic effect that is demonstrated
to be dose-dependent [6]. However, although our understanding of the bioactive, non-nutritional
compounds of BM and their dynamic changes over time has improved, the complexity of BM
composition and the synergistic mechanisms responsible for its life-long biological effects have not yet
been unraveled [7]. Among the several beneficial health effects associated with prolonged breastfeeding,
a 13% decrease in the risk of overweight and obesity development has been reported [8]. In light of the
well-known different growth trajectory and body composition development that characterize breastfed
infants in comparison to formula-fed ones [9,10], gaining further insight into the factors that contribute
to infants” appetite regulation and metabolic programming in the long run is, therefore, crucial for
developing adequate strategies aimed at obesity prevention [11,12]. Accordingly, recent research has
focused on BM hormones involved in the regulation of appetite and energy balance and adiposity,
with the aim of identifying the factors that modulate their concentration throughout lactation and
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elucidating their potential biological relevance within this context [13,14]. We conducted a literature
review with the aim of providing an update on the effects of BM leptin, ghrelin, Insulin Growth
Factor 1 (IGF-1), adiponectin, and insulin found within BM on infants” and children’s growth and
body composition.

2. Methods

We performed a review using PUBMED, searching for all trails published in English from 2009 up
to July 2019. The following key words were used: “Leptin” OR “Ghrelin” OR “IGF-1” OR “Adiponectin”
OR “Insulin” OR “Adipokines” AND “BM” OR “donor milk” OR “banked milk” AND “weight gain”
OR “body composition” OR “obesity” OR “adiposity” OR “growth” AND “infant” OR “children”.
In this review, observational studies examining the effects of these BM hormones on infants’ and
children’s anthropometry and growth were selected. A total of 344 articles were initially identified and,
among them, 30 studies were retrieved and evaluated for inclusion as relevant studies for the analysis
by reviewing the abstract, and, when necessary, the full text. A manual bibliographic cross-referencing
was also performed. We also reviewed the reference lists of relevant studies in order to detect other
relevant primary sources.

—

& Records identified through Additional records identified

% database searching through other sources

&= (n=344) n=0)

=

W

=
| —
— Records after duplicates removed

(n=30)

o0
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— serum and not in breast milk (n =3)

Figure 1. PRISMA diagram of search strategy.

Articles were considered as relevant and included in the analysis if (a) they reported the effect of
milk hormones on infant growth; (b) included weight gain, body composition, obesity, adiposity as
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outcome measures; and (c) enrolled human participants. The selection procedure used for identifying
and including the studies is summarized in Figure 1. Finally, we included 15 observational studies for
the review. Three researchers independently searched, screened, and identified studies and abstracted
and tabulated data. Discrepancies were addressed and sorted out by discussion.

3. Results

Young et al. [15] performed a prospective study of 41 healthy, term, breastfed infants, with the aim
of assessing components in BM that are related with infant growth and may affect fat-free mass (FFM)
or fat mass (FM) deposition thorughout the first four months of life. A significant association between
the trajectory of weight for length Z-scores (WLZ) and BM insulin was detected. However, the effect
differed by maternal body mass index (BMI), being the association negative among infants of normal
weight mothers. In the multivariable model, mean BM insulin quintiles were significantly associated
with infant fat gain rate, suggesting the role of this hormone in regulating fat-mass accretion. On the
contrary, an inverse association among BM adiponectin content and rate of fat gain was found.

Kon et al. [16] assessed 103 mother—infant pairs during the first three months of lactation and
reported higher BM concentration of IGF-1 in the mothers of infants with high weight gain than in the
mothers of those with low and normal weight gain at all study points. BM leptin and ghrelin content
tended to show a similar behavior at two and three months of lactation and at one and two months of
lactation, respectively. These results suggest that both leptin and ghrelin contribute to infants” weight
gain. On the contrary, in another prospective study, Yis et al. [17] found that neither BM ghrelin nor
BM leptin was correlated with anthropometric data in breastfed infants. They only observed positive
correlations when they analyzed hormones sampled in infants’ serum, in particular between ghrelin
and triceps skinfold thickness (TSF), and leptin and weight, TSF and weight gain at three months of age.
Gridneva and colleagues [18] showed a different effect of BM leptin and adiponectin content on infant
FFM and FM deposition through the first 12 months of life: Specifically, they saw an inverse association
between the daily intake of adiponectin and the infant fat-free mass but a positive relationship with
infant fat mass. At one year, higher intake of BM leptin was associated with higher fat mass deposition.
Interestingly, contrasting data were found in this study by Fields et al. [19], where authors observed that
milk leptin concentration reduces through lactation and it was higher in obese mothers; furthermore,
this hormone shows a negative association with infant length, FM percentage, total FM, and trunk
fat at six months of age. In a previous pilot study on 19 exclusively breastfeeding mother-infant
dyads [20], Fields observed that greater BM leptin was associated with lower BMI-for-age z-score
(BMIZ), and higher content of BM insulin was associated with lower infant weight, BMIZ, and FFM.
All these results concerning leptin suggest that this hormone may have a role both with regard to FM
and FFM deposition. The relationship between BM adiponectin, leptin, and insulin with infant body
composition was assessed in 430 mother—infant dyads taking part into the Canadian Healthy Infant
Longitudinal Development (CHILD) Study [21]. Data showed an inverse correlation between BM leptin
and insulin content and infant WLZ and BMIZ at four months of age, whereas no significant association
was found between BM adiponectin concentrations and infant body composition. Meyer et al. [22]
longitudinally investigated the correlation among BM leptin and adiponectin with body composition
in children aged three to five years. The authors previously reported a positive association between BM
adiponectin concentration and FM and weight gain in infants in the first two years of age. However,
the findings of this analysis failed to demonstrate a significant relationship of BM leptin and adiponectin
levels, assessed at six weeks and four months after delivery, with later body composition characteristics.
Brunner and colleagues [23] investigated the association of leptin and adiponectin in BM with infant
weight gain and body composition using skinfold thickness assessment in the first 24 months of life.
Although BM leptin assessed at four months was negatively associated with concurrent infant weight,
BMI, and FFM, no relationship with infant growth and body composition at later ages was reported.
On the contrary, there was a tendency for BM adiponectin to be negatively associated with infant growth
parameters in the first four months of age, but afterwards, it was positively associated with infant
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weight gain and FM up to the first 24 months of life. Mohamad et al. [24], assessed the relationship of
maternal serum and BM adipokines with infant adiposity development. A higher BM adiponectin
concentration at two months after delivery was associated with reduced infant body weight, BMIZ,
and abdominal circumference at two months of age. After adjusting for confounders, BM adiponectin
at two months postpartum was the only factor that remained independently associated with infant
adiposity at two months of age. This result indicates that BM adiponectin may be protective on infant
adiposity development in the early postnatal period. Cesur et al. [25] investigated the relationship
between ghrelin and adiponectin content in BM and serum samples of 25 mother—infant pairs with the
anthropometry of newborn infants at one and four months of life. BM ghrelin content was significantly
higher than the infant and maternal serum ghrelin at both study points. Moreover, the level of the
fourth month BM ghrelin level positively correlated with infants” weight gain throughout the study.
Larsson et al. [26] aimed to identify the determinants of early growth by comparing two groups of
exclusively breastfed infants, one with excessive weight gain and the second one with a normal growth
pattern during the first five months. The lack of difference in the BM intake at the age of five months
between the groups suggests that the high weight gain could be driven by factors related to milk
composition. Accordingly, the leptin content was significantly decreased in the BM of the group
characterized by high weight gain, thus stimulating appetite and milk intake in this group of infants.
Anyhow, it has to be considered that, in this study, measurement of BM was carried out only at five
months of age and not earlier, when growth velocity was considerably higher. Ucar and colleagues [27]
investigated whether leptin may exert an effect on satiety by comparing the formilk and hindmilk
leptin concentrations in 18 lactating women. However, no differences were found between the leptin
levels of BM samples assessed during the two different phases of feeding at breast. Additionally,
no association between leptin concentrations in both BM and maternal plasma and infants” body
weight, BMI, TSF, and left upper arm circumference measurements was found. Concerning the role of
adiponectin in BM, a longitudinal observational study of two cohorts of 45 mother-infant pairs was
carried out to determine an association between milk adiponectin and infant growth. No significant
difference was detected among the two cohorts at the beginning of the study. However, higher BM
adiponectin was associated, through the first six months, with lower infant adiposity—in particular,
with weight-for-age z-score (WAZ) and WLZ, but not length for age z-score (LAZ), after adjusting for
confounders and irrespective of the cohort [28]. Similarly, a negative association between adiponectin
and infant growth (i.e., weight-for-height z-score (WHZ) and head circumference) in two cohorts of
infants from 48 healthy mothers and from 48 mothers with gestational diabetes mellitus was found [12].
No associations between BM insulin, leptin, and ghrelin concentrations and infant WHZ and head
circumference resulted [12]. In Table 1 the main findings of the studies meeting the inclusion criteria
are shown.
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4. Discussion

In this systematic review, we explored updated evidences on five hormones (leptin, ghrelin, IGF-1,
adiponectin, insulin) described in BM that are also related with hunger, fat deposition, and adipose
tissue metabolism in all stages of life. Leptin is an hormone synthetized by adipose cells and
mucosal cells in the small intestine; it regulates energy homeostasis by interacting with its receptors
in the hypothalamus, inhibiting hunger [29]. As a result, fat storage in adipocytes is decreased [30].
In newborns, Chaoimh et al. [31] found a negative relationship between cord leptin content and weight
gain, demonstrating that a low weight gain is accompanied by a reduced fat mass deposition in the
early postnatal period. Accordingly, BM leptin has been reported to be inversely associated with
infant global adiposity and trunk fat at six months of age [19]. Moreover, a higher content of BM
leptin was associated with lower WLZ and BMIZ in infants [20,21]. However, this effect appears
to be temporary, as indicated by the lack of effect of leptin levels in BM on body composition in
the first years of age [22,23]. Interestingly, despite this well-known anti-adiposity effect, BM leptin
content has also been positively correlated with higher weight gain in infants in the early postnatal
period, and increased adiposity as far as 12 months of lactation [16,18]. Consistently with these results,
a possible relationship of BM leptin with body fat stores and infant adiposity has been suggested by
Savino and colleagues, who determined leptin values in serum and in the mothers” BM. The authors
found positive correlations between BM leptin and infant serum leptin, and between infant serum
leptin and both infants” BMI and weight [32]. Yis et al. also found a positive correlation with leptin
serum level in infants, but failed to demonstrate a significant correlation with BM leptin levels [17].
These inconstistent results may pose a doubt on BM leptin’s hormonal role during lactation, which
could differ from what is known to be its primary role in human body, as hypothesized by Ucar
and colleagues who failed to demonstrate a role played by leptin BM levels as a satiety factor, and
also showed no correlation with infants” weight and adiposity [27]. Opposite to leptin, ghrelin is
considered to be the “hunger hormone”. It is a neuropetide secreted by specific gastrointestinal cells
when the stomach is empty, that acts on the hypothalamus to stimulate appetite, increase gastric
acid secretion, and improve gastrointestinal motility [33]. A different relationship between the serum
content of hormones involved in satiety and appetite regulation, including ghrelin, has been found by
Viésquez-Garibay et al. [34]. Specifically, the authors demonstrated a more significant association in
breastfeeding mother—infant pairs than in formula-fed ones. Moreover, Cesur et al. found that ghrelin
in BM is significantly higher than serum ghrelin, both in the infants” and the mothers’ samples through
first months of lactation [25]. However, although there is agreement regarding the role of breastfeeding
in modulating the mechanisms underlying satiety and appetite regulation, studies available in the
literature on BM ghrelin and infants” weight gain have shown inconsistent results. While Kon and
colleagues [16] reported a positive correlation between BM ghrelin in the first two months of lactation
with higher weight gain in infants, the results were not confirmed by Yis et al., despite again finding a
positive correlation with infants” serum ghrelin levels and TSF [17]. Equally to ghrelin, adiponectin is a
peptide with hormonal functions that stimulate hunger, acting on the hypothalamus. It is produced
specifically by the adipose tissue, and its serum levels are inversely correlated with the FM percentage
of the body in the adult population [35]. Its levels in BM and association with infants” FM and
growth have been explored by many studies included in this review, with inconsistent results. Young
et al. inversely correlated BM adiponectin levels with FM gain in healthy term infants, consistent
with its hormonal function [12], whereas Gridneva and colleagues found a correlation with a higher
adiposity in the first year of life [18]. Similar results, both with a positive or negative correlation,
were obtained in all other studies explored, whereas the largest cohort CHILD study failed to find
any association between adiponectin BM levels and infants’ body composition [21]. IGF-1 is part
of countless metabolic pathways of cells’ signaling with their environment, often referred as IGF
“axis” that plays a primary role in cell proliferation and inhibition of cell death (apoptosis) in both
physiological and pathological states [36]. IGF-1 expression is also required for achieving maximal
growth in developing organisms [37]. In this review, we found only one study that explored IGF-1 BM
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levels and infants” growth. Kon et al. reported a higher BM level of IGF-1 in those mothers whose
infants showed a higher weight gain [16]. Insulin is a peptide that acts as a hormone, produced by
specific endocrine cells located in the pancreatic tissue. It is considered to be the most important
anabolic hormone and promotes cellular intake glucose in muscle and adipose tissue [38]. According
to these functions, its levels in BM have been demonstrated to positively correlate with infant WLZ
trajectory in the first months of life [12]. However, similarly to other hormones listed above, these
findings were not confirmed by other studies considered in this review. However, limitations should
be noted when interpreting the results. First of all, more longitudinal investigations are needed,
especially during the early lactation period, to clarify the effects of breast milk hormones on growth
and regulation of nutrition in infancy and childhood. The use of different outcomes to measure the
child’s growth was a further limitation of the review. The duration of the studies was until different
ages and in some studies, it was not possible to arrange clinical visits before the age of five to six
months. Finally, infant growth was evaluated using anthropometric measurements: More accurate
measurements of body composition will help accurately evaluate the mediation effect of hormones
in BM.

5. Conclusions

The inconsistent findings of the studies considered in this review could be explained with the
concomitant action of countless factors interfering with infants” body composition during the first years
of life. While some of these, including basic subject characteristics, could be identified and controlled,
other factors such as synergetic or antagonist functions of many other bioactive components of BM,
that could play a role in modeling growth and FM apposition, are difficult—if not impossible—to take
into account. Although further studies are needed to determine the specific role of hormones and
adipokines in BM, undoubtedly, these bioactive components participate in metabolic pathways related
to body composition. The understanding of these pathways could help gain further insight on infants’
growth, both in physiological and pathological settings.
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Abstract: Human-milk-targeted metabolomics analysis offers novel insights into milk composition
and relationships with maternal and infant phenotypes and nutritional status. The Biocrates
AbsolutelDQ® p180 kit, targeting 40 acylcarnitines, 42 amino acids/biogenic amines, 91 phospholipids,
15 sphingolipids, and sum of hexoses, was evaluated for human milk using the AB Sciex 5500
QTRAP mass-spectrometer in liquid chromatography-tandem mass-spectrometry (LC-MS/MS) and
flow-injection analysis (FIA) mode. Milk (<6 months lactation) from (A) Bangladeshi apparently
healthy mothers (body mass index (BMI) > 18.5; n = 12) and (B) Bangladeshi mothers of stunted
infants (height-for-age Z (HAZ)-score <-2; n = 13) was analyzed. Overall, 123 of the possible
188 metabolites were detected in milk. New internal standards and adjusted calibrator levels were
used for improved precision and concentration ranges for milk metabolites. Recoveries ranged
between 43% and 120% (coefficient of variation (CV): 2.4%-24.1%, 6 replicates). Milk consumed
by stunted infants vs. that from mothers with BMI > 18.5 was lower in 6 amino acids/biogenic
amines but higher in isovalerylcarnitine, two phospholipids, and one sphingomyelin (p < 0.05 for all).
Associations between milk metabolites differed between groups. The AbsoluteIDQ® p180 kit is a rapid
analysis tool suitable for human milk analysis and reduces analytical bias by allowing the same
technique for different specimens. More research is needed to examine milk metabolite relationships
with maternal and infant phenotypes.

Keywords: human milk; targeted metabolomics; amino acids; lipid metabolites; LC-MS; flow
injection analysis

1. Introduction

The postnatal period is a critical stage for infant’s physiology, accompanied by rapid changes in
brain development, and in metabolic, immunologic, intestinal, and physiological systems [1]. Human
milk undergoes dynamic changes in composition during lactation to provide all nutrients and other
bioactive substrates for optimal infant growth and development, and exclusive breastfeeding (EBF)
is recommended during the first 6 months of life [2]. Even beyond the EBF period, it remains a vital
dietary source of nutrients; however, the mechanisms behind its ability to drive and affect infant
metabolism, health, development, and long-term outcomes are not fully understood. The recent
resurgent interest in human milk composition triggered the development of state-of-the-art methods
for analyzing micronutrients [3-10], peptides and oligosaccharides (HMOs) [11,12], the human milk
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microbiome [13,14], and milk lipids [15,16]. Within this scope, metabolomics provides novel insight
into the complexity of the milk metabolome and its influence on infant metabolism and physiology via
intestinal enzymes [17,18].

The effects of human milk bioactives on early infant physiology and development are diverse;
effects may reach the insulin signaling cascade, the hepatic mitochondrial system, and possibly
the mechanistic target of rapamycin (mTOR) signaling pathway, vital to cell growth, protein and
lipid synthesis, or lipid and adiposity accumulation and adipogenesis [1,19-22]. On the other hand,
associations of human milk metabolites were also found with maternal phenotype and diet [22,23].
The observed relationships of milk metabolites and maternal and infant status and phenotypes demand
further investigation and analyzing the human milk metabolome as the interface between mother and
infant can provide key information for maternal and infant health. Moreover, milk metabolites are
not only derived from maternal blood but also from de novo synthesis in the mammary gland [23,24].
Consequently, obtaining the metabolic profile of the mothers as well as their milk may offer important
insights into the contributions of the maternal metabolic state to the milk metabolome compared to
the mammary-gland-derived compounds. Using the same analytical technique on different matrices
reduces method bias and produces more robust results.

The AbsoluteIDQ® p180 kit (https://www.biocrates.com/images/p180_Folder_HP_v01-2018.pdf)
from Biocrates Life Science AG covers multiple compound classes (acylcarnitines, amino acids, biogenic
amines, sphingolipids, phospholipids, and sum of hexoses) which are involved in various central
metabolic processes, such as immune regulation, fatty acid oxidation, membrane composition, cell cycle
control, insulin resistance, or nutritional status. While this assay has been validated for various species
and matrices, the human milk matrix has not yet been evaluated. Therefore, the purpose of this study
was to assess application of this kit for the analysis of human milk metabolites. The validated assay
was then used in a feasibility plate to analyze milk samples from (A) apparently healthy Bangladeshi
mothers (“BMI > 18.5 mothers” (BMI—body mass index), < 6 months lactation) and (B) mothers of
stunted infants (“stunted infants”, height-for-age Z (HAZ)-score <—2) as proof of concept.

2. Materials and Methods

2.1. Chemicals and Materials

All reagents, internal and calibration standards, quality controls, test mix, and a patented 96-well
filter plate required for the AbsolutelDQ®p180 analysis were included in the kit or provided by
Biocrates Life Science AG (Innsbruck, Austria).

2.2. AbsoluteIDQ® p180 Assay and Sample Preparation

The AbsoluteIDQ® p180 kit is a fully automated assay based on phenylisothiocyanate (PITC)
derivatization of the target analytes in bodily fluids (e.g., plasma, serum, urine) using internal standards
for quantitation. Amino acids and biogenic amines are determined in LC-MS mode, acylcarnitines,
phospholipids (lyso-phosphatidylcholines with acyl residue at CXX:X, phosphatidylcholine with diacyl
residue sum CXX:X (PC aa), and phosphatidylcholine with acyl-alkyl residue sum CXX:X (PC ae)),
sphingomyelins, and the sum of hexoses are analyzed in flow injection analysis (FIA). Human milk
sample preparation was carried out according to the manufacturer’s protocol. Briefly, 2 to 10 pL of
human milk was transferred to the upper 96-well plate and dried under a nitrogen stream. Thereafter,
50 uL of a 5% PITC solution was added to derivatize amino acids and biogenic amines. After incubation,
the filter spots were dried again before the metabolites were extracted using 5 mM ammonium acetate
in methanol (300 pL) into the lower 96-well plate for analysis after further dilution using the MS
running solvent A. Quantification was carried out using internal standards and a calibration curve
(Cal 1 to Cal 7). The experimental metabolomics measurement technique is described in detail by
patents EP1897014B1 and EP1875401B1 [25,26]. See Supplementary Materials (Table S1) for the full list
of metabolites and their abbreviations.

118



Nutrients 2019, 11, 1733

2.3. LC-MS

The LC-MS/MS system was comprised of an ACQUITY UPLC-system (Waters, Milford, MA, USA)
coupled to a QTRAP 5500 mass spectrometer (AB Sciex, Redwood City, CA, USA) in electrospray
ionization (ESI) mode. Amino acids and biogenic amines were analyzed via LC-MS in positive mode.
Two microliters of the sample extract were injected onto an ACQUITY UPLC BEH C18 column,
2.1 x7.5mm, 1.7 um protected by an ACQUITY BEH C18, 1.7 um VanGuard pre-column (Waters,
Milford, MA, USA) at 50 °C using a 7.3 min solvent gradient employing 0.2% formic acid in water
(solvent A) and 0.2% formic acid in acetonitrile (solvent B).

Twenty microliters of the sample extract were used in the flow injection analysis (FIA) in
positive mode to capture acylcarnitines, glycerophospholipids, and sphingolipids, while hexoses
were monitored in a subsequent run in negative mode. All FIA injections were carried out using the
Biocrates MS Running Solvent. Additional LC and MS settings for LC-MS and FIA mode are described
in Table 1. All metabolites were identified and quantified using isotopically-labeled internal standards
and multiple reaction monitoring (MRM) as optimized and provided by Biocrates Life Sciences AG
(Innsbruck, Austria).

Table 1. LC and MS parameters '.

Instrument Parameter LC-MS FIA (MS Only)
CUR 45 20
s 5500 5500
TEM 500 200
GS1 60 40
5500 QTRAP MS a2 70 50
CAD 9 9
EP 10 10
CXP 15 15
ACQUITY UPLC  Time [min] Flow rate [mL/min] Solvent A [%]
0 0.8 100
0.45 0.8 100
33 0.8 85
5.9 0.8 30
6.05 0.8 0
LCEMS 6.2 0.9 0
6.42 0.9 0
6.52 0.8 0
6.7 0.8 100
7.3 0.8 100
0 0.03
1.6 0.03 Bi . - .
iocrates Solvent I MS running buffer in isocratic mode
FIA 24 0.2
2.8 0.2
3.0 0.03

T CUR—curtain gas; IS—ion spray voltage (V);—temperature (°C); GS1/GS2—ion source gas 1 and 2 (psi); CAD—CAD
gas (psi); EP—entrance potential (V); CXP—collision cell exit potential (V); LC-MS—Iiquid chromatography—mass
spectrometry; FIA—flow injection analysis.

2.4. Method Validation

Pooled milk was used to evaluate matrix effects and metabolite recovery. The samples were
diluted in phosphate buffered saline solution (PBS) 1:2 and 1:5 to assess ion suppression due to the
matrix. A 3-level analyte recovery was carried out using Cal 2, 3, and 5 in half, normal, and double
concentrations, covering up to 230-fold of the endogenous milk concentrations. All experiments
were conducted in replicates of six. Individual milk samples (n = 25) from Bangladeshi women were
prepared according to the manufacturer’s protocol and analyzed at 3 different sample volumes (2, 5,
and 10 pL).
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Analyte recovery was calculated using the following equation:

Recovery [0/01 = (Cmeasured_cendogenous) X 1OO/Caddecl (1)

where Cpeasured is the measured concentrations of the spiked sample, Cendogenous the measured
concentration of the non-spiked sample, and C,q4eq the theoretically added concentration by spiking.
Relative recovery in the diluted samples was calculated as follows:

Relative recovery [%] = Cx/qr X dF x 100/Cx )

where Cyqr is the concentration measured in the diluted sample, dF the dilution factor (2 or 5), and Cx
the concentrations measured in the non-diluted milk samples.

2.5. Human Milk Samples

To determine recovery rates and evaluate matrix effects, a human milk pool, obtained from
milk samples provided by apparently healthy women in the Vancouver, BC, Canada area, was used.
Individual milk samples, available in the laboratory but not collected for the purpose of this validation,
were analyzed in the feasibility plate. These convenient samples were collected during the first 6
months of lactation from apparently healthy Bangladeshi lactating women (“BMI > 18.5 mothers”,
body mass index (BMI) > 18.5, n = 12) whose infants” anthropometry was unknown, and Bangladeshi
mothers with stunted infants (“stunted infants”, HAZ-score < -2, n = 13), to try to obtain a wide
range of metabolite concentrations in the milk. All milk samples were shipped from the United States
Department of Agriculture — Agricultural Research Service (USDA/ARS) Western Human Nutrition
Research Center in Davis, CA, USA on dry ice to Biocrates Life Science AG in Innsbruck, Austria for
testing. Upon arrival, samples were stored at —80 °C until analysis.

2.6. Statistical Analysis

Raw data was computed in MetIDQ™ version Carbon (Biocrates Life Science AG, Innsbruck,
Austria). Mean, standard deviation, and coefficient of variation (CV) for the validation were calculated
in Excel 2016 (Microsoft Corporation, Redmond, WA, USA). R statistical software (3.5.2, R Foundation
for Statistical Computing) was used for statistical analysis and visualization of the results for the
feasibility study. The Wilcoxon rank sum test was used to explore differences in analyte concentrations
based on group assignment (BMI > 18.5 mothers vs. stunted infants), and metabolite associations were
assessed using Spearman’s rank correlation. p-values < 0.05 were considered significant.

3. Results
3.1. Validation Using Pooled Human Milk

3.1.1. LC-MS (Amino Acids and Biogenic Amines)

Since the development of the assay, new internal standards became available for lysine,
acetyl-ornithine, alpha-aminoadipic acid, cis-4-OH-proline, histamine, kynurenine, nitro-tyrosine,
phenylethylamine (PEA), symmetric dimethylarginine (SDMA), and trans-4-OH-proline. Using these
new internal standards, mean CVs (range) were reduced from 11.3% (3.6%—26.6%) to 6.6% (2.3%—-11.5%;
p = 0.017, Student’s paired t-test). The quantification of glutamate and taurine required additional
calibrators (Cal 8 and 9), which was also true for putrescine (Cal 8). Saturation effects were observed for
proline, tryptophan, and valine at Cal 5 and Cal 6 levels. The sensitivity of the 5500 QTRAP MS-system
allowed the extension to calibrators (Cal 0.5 and 0.25) for most of the metabolites and was needed for
asparagine, methionine, ornithine, tryptophan, asymmetric dimethylarginine (ADMA), kynurenine,
methionine-sulfoxide, sarcosine, and SDMA. However, alanine, spermidine, spermine, and ADMA
could not be accurately measured at the Cal 0.25 level.
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All 21 amino acids and 12 biogenic amines were detectable in the pooled human milk sample.
Overall recovery across three spiking levels ranged between 79%-106% (CV: 4.5%-19.2%) for
amino acids, and 81%-108% (CV: 2.4%-11.0%) for biogenic amines, as shown in Figure la and
Supplementary Table S2. Compared to the non-diluted milk samples, the diluted pooled milk
revealed a relative concentration range for amino acids of (1:2/1:5 dilution) 70%-100%/67%—-104%
(CV: 2.4%-15.7%/2.7%-11.0%) and 87%—-119%/80%-102% (CV: 0.8%-13.5%/10.8%-14.6%) for biogenic
amines, as shown in Figure 1b and Supplementary Table S3. Ornithine relative concentration was in
good agreement with the non-diluted milk samples for the 1:2 dilutions (96.7%) but revealed a higher
variation of CV = 25.3%. However, some of the amino acids and biogenic amines, including ornithine,
were only observed in very low concentrations in the non-diluted pooled milk samples.

150 _ 150
K
3 125
ES H
3 £ 100
9 £
g g o
g 8
I3 £
£ 50
<
2
25
=
[

Figure 1. (a) Violin plots of mean milk metabolite recovery and coefficients of variation (CVs)
determined by 3-level spiking experiments (n = 6); (b) relative milk metabolite recovery and
CVs of the diluted milk samples. AA—amino acids; BA—biogenic amines; AC—acylcarnitines;
PL—phospholipids; SM—sphingomyelins.

3.1.2. FIA (Acylcarnitines, Phospholipids, Sphingomyelins, Hexoses)

Sample extracts were diluted 1:20 for analysis using the 5500 QTRAP mass spectrometer.
A relatively low recovery (CV) for PC aa C32:1 (42.6% (41.3%)) and to a lesser extent for PC aa C42:1
(44.4% (15.0%)) were observed. Overall, 89 (11 acylcarnitines, 63 phospholipids, 15 sphingomyelins)
out of 146 FIA-analytes were quantifiable, with five additional metabolites detectable above (LOD)
with no measurable carry-over effects. Overall recovery across the three spiking levels ranged between
70%-97% (CV: 5.8%-9.6%; acylcarnitines), 70%-92% (CV: 6.4%-8.6%; sphingomyelins), and 91.4%
(CV:7.1%) for the sum of hexoses. Excluding the above mentioned phospholipids, the recovery ranges
between 64%-120% (CV: 3.9%-15.9%). PC ae C30:1 showed a good recovery of 85.7% but high variation
(CV:24.1%), as shown in Figure 1a and Supplementary Table S4.

Compared to the concentrations measured in the non-diluted pooled milk samples,
acylcarnitines revealed relative concentration ranges (1:2/1:5 dilution) of 70%-134%/60%-164%
(CV:  3.0%-7.0%/6.7%-10.7%), sphingomyelins ranged between 110%-167%/135%-228%
(CV: 4.1%-13.0%/6.1%-20.5%), and hexoses 111%/143% (CV: 6.0%/10.5%). Phospholipids relative
concentrations spanned between 97%-158%/95%-173% (CV: 1.8%-19.3%/2.3%—-28.5%). Only five of
the metabolites had a CV > 20% at the higher dilution. PC aa C32:1 and PC ae C30:1 experienced
higher variations (CVs: 27% to 36.3%). PC aa C 38:1 was not detectable at a higher dilution and
showed extreme variations at the lower dilution level with a mean relative concentration of 157% and
CV = 55.7%, as shown in Figure 1b and Supplementary Table S5.
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3.2. Feasibility Plate

Across all analyzed milk samples (BMI > 18.5 mothers and stunted infants), all 21 amino acids,
15 sphingomyelins, and the sum of hexoses were quantifiable. In addition, 10 biogenic amines,
11 acylcarnitines, and 54 phospholipids were observed, as shown in Supplementary Table Sé6.

Milk from BMI > 18.5 mothers had significantly higher concentrations of the amino acids and
biogenic amines citrulline, glutamate, glycine, phenylalanine, serine, and the biogenic amine sarcosine
(all p < 0.045), and lower concentrations of isovalerylcarnitine, phosphatidylcholine with diacyl residue
sum C36:6 (PC aa), phosphatidylcholine with acyl-alkyl residue sum C30:2 (PC ae), and sphingomyelin
with acyl residue sum C22:3 (all p < 0.048), as shown in Table 2, when compared to milk fed to

stunted infants.

Table 2. Median concentrations and interquartile range (IQR) for milk metabolites affected by group
(BMI > 18.5 mothers vs. stunted infants).

Metabolite! ~ BMI > 18.5 Mothers  Stunted Infants  p-Value ?
[umol/L]

C5 0.13 (0.12, 0.14) 0.19 (0.17, 0.37) 0.011
PC aa C36:6 0.028 (0.025, 0.028) 0.031 (0.028, 0.035) 0.044
PC ae C30:2 0.011 (0.01, 0.011) 0.012 (0.012, 0.013) 0.047
SM C22:3 0.017 (0.014, 0.019) 0.022 (0.018, 0.037) 0.014
Citrulline 185 (122, 22.3) 106 (8.7, 16.3) 0.021
Glutamate 1825 (1477, 1977) 1181 (976, 1472) 0.002
Glycine 116 (103, 147) 96.0 (79.5, 104) 0.017
Phenylalanine 12.5(11.7,16.1) 11.2 (10.3, 12.0) 0.012
Serine 142 (94.2, 184) 85.0 (79.4, 108) 0.026
Sarcosine 0.61 (0.52,0.72) 0.46 (0.38, 0.51) 0.044

1c 5—isovalerylcarnitine/2-methylbutyrylcarnitine/valerylcarnitine; PC aa C36:6—phosphatidylcholine with diacyl
residue sum C36:6; PC ae C30:2—phosphatidylcholine with acyl-alkyl residue sum C30:2; SM C22:3—sphingomyelin
with acyl residue sum C22:3. 2 p-values by Wilcoxon rank sum test.

While milk metabolites were significantly associated (p < 0.05) in both groups, the correlation
profile differed considerably. These significant relationships were found not only among metabolites
that were significantly different in concentration between the two groups but also among metabolites
that had similar concentrations in all milk samples across groups, as shown in Figure 2.
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Figure 2. Spearman rank correlation map of milk metabolites in (a) BMI > 18.5 mothers and (b) stunted
infants groups. Only significant correlations are shown (p < 0.05).
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4. Discussion

4.1. Validation Using Pooled Human Milk

LC-MS: The new internal standards for amino acids and biogenic amines, and the extension of the
calibrator curve allowed a more accurate analysis of the milk metabolites. While proline, tryptophan,
and valine revealed saturation effects at mid calibrator levels, the measured milk concentrations of
these amino acids, however, were well within the linear calibrator curve and the high level calibrators
were not needed. While the low range of the calibrator curve was also extended to Cal 0.5 and 0.25,
alanine, spermidine, spermine, and ADMA were not quantifiable at the lowest calibrator. Given that
these metabolites were present in milk above Cal 0.5, the low accuracy at Cal 0.25 concentrations was
not problematic. Some of the amino acids and biogenic amines, including ornithine, were found already
in very low concentrations in the non-diluted pooled milk sample; consequently, their concentrations
in the diluted samples were around or below the limit of detection (LOD) and reliable data could
not be obtained. For metabolites within the calibrator curve, the diluted samples were mostly within
80%-120%, indicating some but not serious effects for quantification due to the matrix. The lower
ion spray voltage (IS) intensity found for milk samples when compared to plasma further confirmed
effects due to the milk matrix. To reduce matrix interferences due to early eluting matrix components
(e.g., lactose), results for creatinine, the first eluting metabolite in LC-MS mode could be sacrificed to
maintain MS-integrity and accuracy over time.

FIA: Phospholipids showed the greatest variation in metabolite recovery, and also represented
the largest compound class of metabolites analyzed. Some of the variation could be explained by
low abundance of metabolites at the edges of the calibrator range, or standard additions possibly
to levels of saturation and therefore loss of linearity and accuracy. However, selectivity issues by
milk-specific interferences cannot be excluded. No extended calibrator curve was necessary in FIA
mode. The relative concentration of the analytes in the diluted samples compared to the non-diluted
samples of generally above 100%, and often above 150% at higher dilutions, suggested some ion
suppression due to the matrix which can be overcome by sample dilution. However, no metabolite was
affected by the matrix to a degree that would not allow quantitation. However, given the abundance of
lactose in the sample (~7%), a greater dilution would be preferable to reduce contamination of the MS
by matrix constituents in FIA mode.

We found all detectable amino acids, sphingomyelins, and the sum of hexoses in human milk,
but only 25% of the acylcarnitines, 50% of the biogenic amines, and 68% of the phospholipids. A recent
study on plasma metabolites of healthy men and women (18-80 years) using the AbsolutelDQ® p180
kit reported fewer of the amino acids, biogenic amines, acylcarnitines, and sphingomyelins in plasma,
but more phospholipids [27], illustrating the variations in metabolite profile depending on specimen
analyzed. Moreover, that study reported that the metabolic profile of plasma and urine can predict
sex with >90% accuracy, as well as age (based on gender), and within females the menopausal status
could be predicted with >80% accuracy. Other studies showed that differences in plasma metabolite
profiles could be a useful diagnostic tool for Alzheimer’s disease and cognitive impairment, or type
2 diabetes [28,29], further indicating the importance and relevance of the information than can be
derived from the milk metabolome to the phenotype and status [27].

4.2. Feasibility Plate

Differences by Group Assignment

Overall, the metabolites detected in the feasibility plate using milk from Bangladeshi women
were similar to those in the pooled human milk sample. The observed higher concentrations in milk
from BMI > 18.5 mothers for selected amino amides and biogenic amines and lower concentrations of
phospholipids, acylcarnitines, and sphingomyelins are consistent with alterations found in the serum
metabolome of stunted compared to non-stunted children (1 to 5 years of age) in Malawi by Semba et al.,
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using the same AbsolutelDQ® p180 kit [30]. Stunting can be caused by intrauterine growth retardation,
inadequate nutrition for optimal infant growth and development, or repeated infections early in
life, and usually originates in utero [31]. Thus, the reported low circulating amino acids and other
metabolome alterations in the blood of stunted children in Malawi may stem from challenges in utero
and early infancy, including possible effects derived from the lower supply of amino acids in human
milk as reported here. This hypothesis is supported by the fact that human growth is regulated by
the mechanistic target of rapamycin complex C1 (mTORC1), a major growth regulating pathway,
which suppresses protein and lipid synthesis and cellular growth when intake of specific amino acids
is insufficient [30,32]. However, since we do not have the full information about maternal and infant
characteristics, including exact stage of lactation for each sample, we cannot exclude that additional
maternal or infant factors possibly affect the milk metabolome. Nonetheless, correlation patterns
changed in milk fed to stunted infants, indicating alterations of the milk metabolome and its pattern
could be related to the infant phenotype. Since the alterations in the metabolome correlation profile were
not limited to metabolites showing significant differences in concentrations, these relationships may be
also affected by maternal or infant status. However, our sample size was very small, the anthropometric
status of infants in the group of BMI > 18.5 mothers was unknown, and further research is needed to
confirm and explore the results found in this feasibility study.

5. Conclusions

This is the first study to validate the commercially available AbsoluteIDQ® p180 assay for targeted
metabolomics in the human milk matrix. A greater range of calibrators is needed to accommodate the
wide range of milk metabolite concentrations; new available internal standards improved accuracy of
the results. While the primary purpose of this study was the validation of the AbsoluteIDQ® p180 assay
for the human milk matrix, and it was not our intention to draw conclusions about group differences
in metabolites from the feasibility plate, the observed differences in concentrations and metabolome
profiles in the two groups warrant further investigation of the mother-infant relationship and the
importance of milk metabolome for infant optimal growth and development, which is now possible
using identical targeted metabolomics assays for blood and milk samples.
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human milk based on non-diluted samples in LC-MS mode, Table S4: Metabolite concentrations (mean + SD) and
recovery rates (CV) of pooled milk in FIA mode, Table S5: Relative recovery (mean + SD) of milk metabolites in
diluted pooled human milk based on non-diluted samples in FIA mode, Table S6: Median concentrations and
interquartile ranges (IQR) of milk metabolites in the BMI > 18.5 mothers and the stunted infants groups.
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Abstract: In view of continuing reports of high prevalence of severe vitamin D deficiency and low rate
of infant vitamin D supplementation, an alternative strategy for prevention of vitamin D deficiency
in infants warrants further study. The aim of this randomized controlled trial among 95 exclusively
breastfeeding mother-infant pairs with high prevalence of vitamin D deficiency was to compare the
effect of six-month post-partum vitamin D3 maternal supplementation of 6000 IU/day alone with
maternal supplementation of 600 IU/day plus infant supplementation of 400 IU/day on the vitamin
D status of breastfeeding infants in Doha, Qatar. Serum calcium, parathyroid hormone, maternal
urine calcium/creatinine ratio and breast milk vitamin D content were measured. At baseline, the
mean serum 25-hydroxyvitamin D (25(OH)D) of mothers on 6000 IU and 600 IU (35.1 vs. 35.7 nmol/L)
and in their infants (31.9 vs. 29.6) respectively were low but similar. At the end of the six month
supplementation, mothers on 6000 IU achieved higher serum 25(OH)D mean + SD of 98 + 35 nmol/L
than 52 + 20 nmol/L in mothers on 600 IU (p < 0.0001). Of mothers on 6000 IU, 96% achieved
adequate serum 25(OH)D (>50 nmol/L) compared with 52%in mothers on 600 IU (p < 0.0001). Infants
of mothers on 600 IU and also supplemented with 400 IU vitamin D3 had slightly higher serum
25(OH)D than infants of mothers on 6000 IU alone (109 vs. 92 nmol/L, p = 0.03); however, similar
percentage of infants in both groups achieved adequate serum 25(OH)D >50 nmol/L (91% vs. 89%,
p = 0.75). Mothers on 6000 IU vitamin Dj/day also had higher human milk vitamin D content.
Safety measurements, including serum calcium and urine calcium/creatinine ratios in the mother
and serum calcium levels in the infants were similar in both groups. Maternal 6000 IU/day vitamin
D3 supplementation alone safely optimizes maternal vitamin D status, improves milk vitamin D
to maintain adequate infant serum 25(OH)D. It thus provides an alternative option to prevent the
burden of vitamin D deficiency in exclusively breastfeeding infants in high-risk populations and
warrants further study of the effective dose.

Keywords: vitamin D deficiency; supplementation; breastfeeding; mothers; infants
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1. Introduction

Chronic vitamin D deficiency resulting in rickets remains a serious childhood public health
problem worldwide, particularly in breastfeeding infants who lack sun exposure and vitamin D
supplementation in Asia, parts of Africa and the Middle East, including Qatar, and among the
immigrant population from the above countries to Europe, Australia and New Zealand [1,2]. Although
vitamin D is effective in preventing vitamin D deficiency, recent reports confirmed that nutritional
rickets due to vitamin D deficiency is common and the prevalence is significantly higher in Middle
Eastern countries [3], some parts of Asia [4] and among children of immigrant and minority populations
than the Western population in prospective and cross-section studies [5]. Of 540 Qatari children of
less than five years of age attending a primary health care clinic, 24% were found to have nutritional
rickets [3]. A national survey of vitamin D deficiency in Mongolian children <5 years found that
42% of the children had serum 25-hydroxyvitamin D [25(OH)D] < 23 nmol/L and 50% of those with
serum 25(OH)D < 23 nmol/L had clinical rickets [4]. Despite reports of high prevalence of nutritional
rickets, especially in high risk populations worldwide [1-5], and the different recommendations from
professional bodies and expert advisory groups on preventive measures [1,6], the prevalence of vitamin
D deficiency associated with increased risk of rickets continues to be a significant public health problem,
especially in breastfed infants [2,7-9] due to low vitamin D intake from the breast milk, low vitamin D
supplementation and lack of sunlight exposure. The prevalence and magnitude of vitamin D deficiency
depends on the definition used in the reported studies. The Institute of Medicine defines vitamin D
deficiency as serum 25(OH)D < 30 nmol/L [9] while the Endocrine Society defines serum 25(OH)D <
50 nmol/L as vitamin D deficiency [10]. Some studies report the prevalence of 25(OH)D < 25 nmol/L as
cutoff for vitamin D deficiency in unsupplemented breastfed infants with 43% in New Delhi, India [11],
and 58% in a cohort of Arab breastfed infants in Doha, Qatar [12]. Furthermore, the prevalence of
serum 25(OH)D < 30 nmol/L associated with increased risk of nutritional rickets [1] range from 13% in
Cincinnati, Ohio [13], and 22% in Mexico City [13]. In a review of global vitamin D status based on
articles published in PubMed/Medline, the prevalence of vitamin D deficiency as defined in the present
study (serum 25(OH)D < 50 nmol/L) [10] in infants range from 24%, 40%, 46% to as high as 93%, 96%
and 99% in Argentina, Australia, Black American (US), in Iran, Kuwait and India respectively [14].

Besides rickets, vitamin D deficiency or suboptimal vitamin D intake in infancy has also been
shown to be associated with increased risk of lower respiratory tract infections in infancy and
childhood [15,16] and vitamin D deficiency should, therefore, be regarded as a significant public health
problem in children and prevention, particularly in the breastfed infants, requires heightened attention.
The natural sources of vitamin D after birth in breastfeeding infants are previous transplacental transfer,
human milk and sunlight exposure. The infant vitamin D stores at birth are dependent on maternal
vitamin D status during pregnancy [17]. There are many documented reports of high prevalence of
vitamin D deficiency during pregnancy worldwide associated with lack of sunlight exposure and
inadequate vitamin D corrective supplements [8] that will predispose their infants to low vitamin D
stores at birth [17]. The few studies that have also reported vitamin D status of breastfeeding mothers,
indicate high prevalence of vitamin D deficiency (serum 25(OH)D < 50 nmol/L) ranging from 15%
in Cincinnati [13], 51% in Shanghai [13], and 62% in Mexico City [13] which would theoretically be
associated with low milk vitamin D intake for the nursing infant.

Since human milk contains low vitamin D (20-70 IU/L), it would be insufficient to meet the
recommended daily intake of 400 IU of vitamin D for infants [6,9] when infant sun exposure is limited
and the mothers are vitamin D deficient. Therefore, the current recommendation from professional
body in the U.S. [6], and experts” opinion [1,9,10] is that all infants receive direct oral supplementation
of 400 IU vitamin D/day to maintain adequate vitamin D status to prevent vitamin D deficiency.
Compliance with vitamin D supplementation in breastfeeding infants has been reported to be very
low and recent studies from the US found vitamin D supplementation rate of 5%-19% in fully
breastfed infants during the first six months of life [18,19]. In addition, vitamin D supplementation of
breastfeeding infants does not address the concomitant high prevalence of vitamin D deficiency in
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their mothers. Therefore, ensuring maternal vitamin D sufficiency has been suggested as part of the
strategy to prevent vitamin D deficiency in breastfed infants and their mothers [8,20]. This led to a
pilot study of high-dose maternal vitamin D supplementation alone to prevent vitamin D deficiency in
breastfeeding mother and her nursing infant.

Because of increasing reports of rickets [21] and the high prevalence of vitamin D deficiency
in breastfeeding infants [6,8,21] and the new data in adults on the safety of up to 10,000 IU/day of
vitamin D supplementation [22], a larger study from Charleston, South Carolina in the US, compared
the effect of daily high-dose maternal vitamin D supplementation alone of 6400 IU with maternal
supplementation of 400 IU/day and direct infant supplementation of 300 IU/day for six months on
vitamin D status of breastfeeding infants [23]. The authors found significantly increased maternal serum
25(OH)D and breast milk vitamin D content in the maternal high-dose group [23]. The mean serum
25(OH)D in the nursing infants following high-dose maternal supplementation alone were similar to
those in infants following maternal plus infant supplementation. There were no safety concerns related
to vitamin D supplementation in mothers and infants as measured by serum calcium levels and urine
calcium—creatinine ratio [23]. In a more recent large National Institute of Health-funded randomized
controlled trial the same group from Charleston, South Carolina, compared the effectiveness of maternal
vitamin D3 supplementation of 6400 IU/day alone with maternal plus infant supplementation with
400 IU/day in 334 exclusively breastfeeding mother—infant pairs. The authors confirmed that maternal
supplementation alone with 6400 IU/day significantly increased maternal vitamin D status to meet
the requirement of the nursing infant without safety issues [24]. The vitamin D content of the breast
milk was not measured in this later study to assesses the contribution of milk vitamin D. In view of
the reported high prevalence of vitamin D deficiency in Arab mother—infant breastfeeding dyads [8],
reported low rate of infant vitamin D supplementation, and the possible effect of baseline vitamin
D status on the response to supplementation dose [25,26], the present randomized controlled trial
was conducted to compare the effect of high-dose maternal vitamin D supplementation alone with
combined maternal and direct infant vitamin D supplementation on vitamin D status of breastfeeding
infant in this high-risk population. To our knowledge, this was the first study to further examine and
compare with previous landmark US studies the effect of daily maternal vitamin D supplementation
alone on maternal and breast milk vitamin D status as part of a strategy to reduce the burden of vitamin
D deficiency in breastfeeding mother-infant pairs in a population with endemic vitamin D deficiency.

1.1. Primary Aim

The effect of 6000 IU/day maternal vitamin D3 supplementation alone was compared with maternal
supplementation of 600 IU/day plus direct infant supplementation of 400 IU/day vitamin D3 on the
serum 25(OH)D levels of breastfeeding mothers and their infants including the percentage of mothers
and infants that achieved a priori criteria of adequate serum 25(OH)D levels of >50 nmol/L [9].

1.2. Secondary Aim

The effect of maternal high-dose (6000 IU/day) vitamin D3 and 600 IU/day maternal vitamin D3
supplementation on human milk vitamin D content was also evaluated.

The hypothesis was that 6000 IU/day maternal vitamin D3 supplementation alone would optimize
vitamin D status of exclusively breastfeeding mother and maintain vitamin D status of the nursing
infant at equivalent level to that of an infant on direct oral vitamin D3 supplementation of 400 IU/day
plus maternal 600 IU/day vitamin D3 supplementation.

2. Materials and Methods

2.1. Trial Design, Setting and Participants

This was a randomized, controlled, double-blind trial of the effect of 6000 IU/day maternal vitamin
D3 supplementation alone versus maternal vitamin D3 supplementation of 600 IU/day plus direct
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infant vitamin D3 supplementation of 400 IU/day on the vitamin D status of breastfeeding infants
in a sunny environment of Doha, Qatar. Arab breastfeeding mothers in Doha and Al-Wakra, Qatar,
who delivered at term (3742 weeks) at Al-Wakra Hospital, Hamad Medical Corporation (HMC) and
planned to fully breastfeed their babies for the first 4-6 months postpartum were eligible for the study
and were enrolled within four weeks of delivery and followed up for six months (during the period of
August 2013-May 2016).

The study was approved by Hamad Medical Corporation and Weill Cornell Medical College Qatar
Joint Institutional Review Board (JIRB No. 13-00036), and Cincinnati Children’s Hospital Medical
Center Institutional Review Board (IRB) (study No. 2013-4909). Subjects were included in the study
if they met the following criteria: (1) Arab women who delivered at term and presented for routine
follow-up within 4 weeks after delivery, (2) were self-reported to be in good health, (3) agreed to blood
and milk collection at enrollment and follow up to blood draw from the infant for study investigations,
(4) planned to fully breastfeed for at least 4-6 months and (5) would be available for follow up visits.
Exclusion criteria were mothers with pre-existing calcium disorders, active thyroid disease, Type 1
diabetes or liver diseases, which are likely to affect vitamin D status of the mothers and those of the
infants. Mothers of infants with major or multiple congenital anomalies were also excluded.

2.2. Initial Visit and Baseline Data

Each mother completed questionnaires on socio-demographic and health status. These included
maternal age, nationality, and educational level and occupation of herself and the father of the
infant. Pregnancy and delivery information, and infant dietary and neonatal history including growth
parameters were recorded. Maternal and infant sunlight exposure behaviors was based on usual
outdoor clothing and included body surface area (BSA) exposed to sunlight, duration of sun exposure
outdoor (h/week) and sun index score (%BSA x h/week of sun exposure), which correlate with serum
vitamin D status in adults and infants [18,27]. The season in which the blood samples were drawn were
defined as “hot season” (April-September) and “cool season” (October-March). Baseline biochemical
parameters including serum vitamin D status and calcium homeostasis were assessed as a function of
season and sunlight exposure characteristics at first visit. The data provided information with which to
compare the results derived from different supplementation groups and at other different time points.

Maternal weight and height were recorded to determine the body mass index (BMI), (weight
(kg)/height (meter squared)). BMI was not included as criterion for exclusion because of the high
prevalence of overweight and obesity in the Arab population. It was taken into account in the analysis
as possible confounding variable.

2.3. Interventions

Vitamin D Supplementation, Randomization, Blinding

The mother’s vitamin D tablets of 6000 IU or 600 IU were of similar color and taste and were
manufactured and supplied by Tischon Corp (Salisbury, Maryland) as in our previous randomized
controlled trial (RCT) [25] and each mother received a 100-day supply for three months visit and was
repeated at the fourth visit. Biotics Research Corporation (Rosenberg, Texas, USA) manufactured and
supplied infant vitamin D3 drops and the placebo administered daily to each infant. The medication
met FDA guidelines and has been used in breastfeeding infants in the USA [24]. The vitamin D drops
contained 0 IU (placebo) and 400 IU that were similar in taste, appearance and smell. Mothers were
instructed to administer one drop daily to their nursing infants. The investigators, patients, and health
care providers were blinded to treatment.

The onsite physician-investigators, assisted by research nurse coordinators, enrolled eligible
patients after obtaining informed consent. The consented mother-infant pairs were randomly
assigned to compare two treatment regimens of vitamin D3 supplementations: (a) high-dose maternal
supplementation with 6000 IU/day of vitamin D3 and the infant received placebo and (b) maternal

130



Nutrients 2019, 11, 1632

supplementation with 600 IU/day of vitamin D3 plus the infant receiving 400 IU/day of vitamin D3
orally. The literature suggests that 1000 IU vitamin D supplementation would increase milk vitamin D
by 80 IU/L [23,28]; therefore, high-dose 6000 IU vitamin D3 maternal supplementation was chosen to
improve maternal vitamin D status and increase milk vitamin D to a level that could meet the current
need of the nursing infant. The current recommended lactating mother vitamin D intake of 600 IU and
400 TU infant intake [9] were chosen as control. The sampling procedure was designed by a statistician
to achieve a seasonally balanced study population so that equal number of each group were enrolled
during each of the two major seasons. A random assignment conducted as a stratified block design
was computer generated to ensure equal number of mothers were randomly assigned to each of the
two treatment groups monthly. Mothers on 6000 IU/day were provided with infant vitamin D drops
with 0 IU vitamin D3, and mothers on 600 IU/day were provided with infant vitamin D drops with 400
IU vitamin D3. A secretary not involved in the project kept a list of randomization code.

2.4. Follow Up of Subjects

Research nurses assisted in the screening, enrollment, data collection and the follow up of mothers
and the infants. The research coordinators completed the questionnaires and schedule appointments
for blood draw for vitamin D and calcium homeostatic parameters, anthropometric measurement,
pill count, as well as urine and breast milk collection. A computer generated calendar served as a
reminder to contact the patients prior to their appointment. Each month, the study data manager and
the research nurses generated electronic report on patient recruitment and retention, and every effort
was made to reschedule patient for missed appointment.

2.5. Measurement of Outcome Variables

Maternal serum 25(OH)D, parathyroid hormone (PTH) and calcium were monitored at visit
1(enrollment) within 4 weeks postpartum, visit 4 (4 months postpartum after 3 months of vitamin
D supplementation), and visit seven (seven months postpartum after six months of vitamin D
supplementation). Infant serum 25(OH)D, PTH, and Ca, were also monitored at visits 1, 4 and 7.
Serum calcium and maternal urine Ca/Cr ratio detects any possible episodes of hypercalcemia and
hypercalciuria. The PTH versus vitamin D status relationship was included to compare response to
vitamin D supplementation. Maternal urine pregnancy tests were performed monthly. If the mother
was found to be pregnant, she would be informed and exit the study because of the uncertainty of the
effect of giving high-dose maternal medication to the mother during the first trimester of pregnancy.

2.6. Laboratory Methods

Maternal and infant serum 25(0OH)D and intact PTH. Total serum 25(OH)D levels were measured
in HMC chemical laboratory by direct competitive chemiluminescence immunoassay on DiaSorin
liaison platform (DiaSorin Liaison, Saluggia, VC, Italy). Serum intact PTH levels were measured also
by chemiluminescence immunoassay (Unicel DxL 600, Beckman Coulter, Inc, CA, USA) as previously
reported [12]. Vitamin D deficiency was defined a priori as serum 25(OH)D levels < 50 nmol/L [10]
and vitamin D adequacy as serum 25(OH)D 50 nmol/L or greater [9] for this study.

Maternal and infant calcium measurement. The serum concentrations of calcium and urinary
calcium and creatinine were measured in HMC Clinical Laboratory using standard analytic methods.

Breast milk vitamin D content. A 25 ml aliquot of full breast milk expression was collected at
visits 1, 4 and 7 and frozen. The milk vitamin D content was measured by the use of LC-MS/MS Mass
spectrometry techniques. Solvents were removed under a vacuum and samples were purified with the
use of 2 chemically different HPLC systems. The final quantitation of the vitamin D and 25(OH)D was
achieved by LC_MS/MS. The day-to-day inter-assay and intra-assay CVs for quantification were <
12% [29]. The milk vitamin D contents were converted to antirachitic activity (ARA) using accepted
conversion methods [29,30].
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2.7. Safety Outcome

Each mother was monitored monthly for hypercalciuria. Vitamin D metabolites, serum calcium
and urinary calcium/creatinine (Ca/Cr) ratio were monitored closely, and the results checked to detect
any values in cautionary or higher than the predetermined parameters. Vitamin D3 supplementation
was stopped if maternal serum calcium was >2.75 mmol/L and urine Ca/Cr ratio > 1 mmol/mmol [31].
Serum 25(OH)D > 95 ng/ml was defined as upper limit of serum 25(OH)D [10]. In recent studies
with high-dose vitamin D supplementation of lactating women there were no evidence of toxicity as
shown by either hypercalcemia or hypercalciuria [23,24]. Nonetheless, to ensure safety, Data Safety
Monitoring Board (including chemical pathologist, endocrinologist, and a pediatrician) monitored
reports of adverse events and compliance.

2.8. Sample Size Calculation

The primary outcome was infant serum 25(OH)D concentration at the seventh month postpartum
and the secondary outcome was percentage of infants that achieved adequate vitamin D status defined
a priori as serum 25(OH)D 50 nmol/L or greater. Based upon the data from published study [23], we
calculated a percentage of infants in each group with serum 25(OH)D levels of at least 50 nmol/L
(20 ng/ml) as successful outcome. Using these percentages as probability of a successful outcome, we
estimated that the sample size of 160 mother—infant pairs will provide 90% power to show statistical
non-inferiority (defined as <5% difference in success rate) in infants whose mothers alone were
supplemented with vitamin D compared with infants whose mothers were supplemented with 600 IU
and the infants also received oral supplementation and allowing for unexpected attrition rate which
resulted in a total of 190 mother—infant pairs with 95 mother-infant pairs per group. This sample size
also allowed us to compare maternal serum and milk vitamin D levels in between the groups over
time using appropriate statistical analysis including linear mixed model.

2.9. Statistical Analysis

All patient demographic and outcome data were entered into a Red Cap database. The primary
variables collected were maternal and infant serum 25(OH)D concentrations at visits 1, 4 and 7.
Univariate statistics were generated to examine their distribution as well as missing values and
potential outliers. We investigated the distribution of measured variables across groups to observe
if there were any differential distribution problems. Kolmogorov Smirnov test, histogram, Q-Q plot,
and box plot were used to control for normality. If variables were not normally distributed, they
were presented as medians and differences examined by non-parametric tests. Student-t test was
used to ascertain the significance of differences between mean values of two continuous variables and
confirmed by non-parametric Mann-Whitney test. Spearman’s rank correlation coefficient was used to
evaluate the strength of concordance between variables. A series of simple linear regressions were
conducted to examine the contribution of each of the potential confounder or covariate variables on
the outcome. Variables found to be significant in this analysis were included in the final model. The
model was a general linear mixed model that incorporates the repeated nature of the data as well
as potential confounder variables. Specifically, we used PROC and GENMOD with an identity link
function and generalized estimating equation approach to model the relationship between vitamin
D and the dose group while accounting for the potential confounding variables. We compared as
secondary outcome the percentage of breastfeeding infants in the two groups that achieved serum
25(OH)D levels 50 nmol/L or greater at each time point in the study using Chi-squared test.

As secondary aim, analysis of variance was conducted to test the difference in terms of milk
vitamin D content between the two maternal supplementation dose groups at the different time points.
This was followed up with pairwise tests of the groups using Tukey’s post hoc tests to adjust for the
potential multiple testing and control for other factors that may be associated with changes in vitamin
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D levels. Statistical analyses were performed using SAS 9.3 (SAS Institute Inc., Carry, NC, USA). The
level p < 0.05 was considered as the cut-off value for significance.

3. Results

Of the 420 mothers that were assessed for eligibility, 190 consented to participate and were
randomized with IRB acceptance to two treatment groups: maternal 6000 IU/day group plus infant
placebo (0 IU/day vitamin D) versus maternal 600 IU/day group plus direct infant supplementation
with 400 IU/day vitamin Dj. Sixty-two (32%) of the mothers did not continue participation after
randomization without any specific explanation but their baseline data were included in the analysis.
One hundred twenty-eight mothers (67%) continued active participation through visit 4 while 104
(55%) completed the study to visit 7 for analysis (Figure 1).

Sereen Assessed for eligibility
(n=420) 230 excluded

* Declined to participate
I * No specific reason
* Diagnosed with vitamin D
deficiency on medication

Enrolled and randomized

Enrolled (n=190) .

Unable to contact

Randomized

Allocated to 6000 IU group
(n=95)
Infant received placebo

Allocated to 600 IU group
(n=95)
Infant received 400 I vitamin D

| |— Withdrew after first visit and
randomization, no specific
Follow up Through Vlsil.il Through Visit 4 reason (62)
*EBF pairs (n=68) *EBF pairs (n=60)
| | * Discontinued exclusive
breastfeeding
Analyzed Through Visit 7 Follow up to Visit 7 * Nosamples
*EBF pairs (n=56) *EBF pairs (n=48) * Pregnancy
+ Travel
(24)

Figure 1. Flow chart of the participants throughout the study. *EBF—Exclusive Breastfeeding.

The mean age of the mothers was 29.6 years, weight was 76 kg, and BMI 29.3. There were no
significant differences in all the baseline characteristics including vitamin D status of the mothers and
infants between the two groups and breast milk vitamin D content (Tables 1 and 2). Of the mothers
and infants with available data, 83% of the mothers were vitamin D deficient (serum 25(OH)D <
50 nmol/L) and 21% had serum 25(OH)D < 25 nmol/L, which is below serum 25(OH)D considered to
be associated with osteomalacia [9]. Similarly, 82% of the infants were vitamin D deficient and 47%
had serum 25(OH)D < 25 nmol/L, values which are associated with rickets [9]. The mean percentage
of maternal body surface area (BSA) exposure outdoors of 13% with 0.32 hr/wk of sun exposure and
mean sun index score of 6.6 were low. Although the infants BSA exposure outdoors (26%) was higher
than in the mothers, the duration of sun exposure, 0.13 hr/wk, was lower. All the results indicated low
maternal and infant sunlight exposure. On univariate analysis, maternal 25(OH)D correlated with BSA
(rs = 0.2, p = 0.005) and infant 25(OH)D correlated with maternal BSA (rs = 0.19, p = 0.009) (Spearman’s
correlation).

133



Nutrients 2019, 11, 1632

Table 1. Baseline (Visit 1) characteristics and vitamin D status of exclusively breastfeeding mothers by
maternal supplementation group.

6000 IU Group 600 IU Group
Variables N** (n = 95) N+ (n = 95) p-value
Mean + SD Mean + SD

Age (years) 95 29.7+£5.0 95 29.5+4.6 0.87
Weight (Kg) 95 774+ 164 95 754 +16.4 0.40
Body Mass Index 95 294 +5.6 95 29.1+6.0 0.33
Education 95 95

e None/elementary 4 3 0.76

e High school 17 14

e College/University 74 78
Subjective health score 95 7.6 7.6 0.95
Season at enrollment (hot) % 95 50.5 95 51.6 0.88
Sun exposure behavior 95 95

e % BSA exposure outdoors 11.7+72 13.6 +12.1 0.19

e Sun exposure (h/week) 0.27 + 0.88 0.38 + 1.55 0.56

e Sun index score (% BSA x sun 454159 874349 029
exposure h/week)
Serum Ca (mmol/L) 95 2.36 + 0.08 94 2.34 £ 0.07 0.11
Urine CA/Cr ratio (mmol/mmol) 90 0.17 £ 0.15 90 0.14 £ 0.12 0.24
Serum 25(0OH)D (nmol/L) 94 351+16.3 94 35.7 +13.6 0.76
Serum PTH (pg/ml) 94 46.4 +£25.7 93 504 +25.2 0.29
Breast milk vitamin D (IU/L) 92 25.5+72.0 90 174 + 424 0.36

++ N = number of observations. No significant differences between the two groups. PTH = parathyroid hormone.

Table 2. Baseline (visit 1) characteristics and vitamin D status of exclusively breastfeeding infants by
maternal supplementation group.

6000 IU Group 600 IU Group
Variables N++ (n=95) N++ (n=95) p-value
Mean + SD Mean + SD

Weight (g) 95 3404 + 509 95 3338 + 448 0.34
Length (cm) 95 50.8 £2.9 95 50.8 £2.1 0.86
Head circumference (cm) 95 348+22 95 347+14 0.58
Sun exposure behavior

e % BSA exposure outdoors 95 25.6 +13.2 95 26.3 +16.8 0.75

e Sun exposure (h/week) 95 0.15+0.5 95 0.11 £ 0.39 0.55

* Sunindexscore (% BSAxsun g 51+18.1 95 395+ 147 0.63
exposure h/week)
Serum Ca (mmol/L) 95 2.70 £ 0.08 94 2.69 + 0.09 0.79
Serum 25(OH)D (nmol/L) 93 319 +21.7 94 29.6 £ 16.1 0.41
Serum PTH (pg/ml) 91 304 +21.4 91 31.1+218 0.84

++ N = number of observations. No significant differences were observed between the two groups.

3.1. Follow Up

3.1.1. Primary Outcome

The primary outcomes of the study were the serum 25(OH)D concentrations in both the mothers
and the infants. Following intervention, maternal and infant serum 25(OH)D increased in both groups
from baseline. The mean 25(OH)D concentrations were higher at visit 4 (88 nmol/L vs. 51 nmol/L, p
< 0.0001) and at visit 7 (98 nmol/L vs. 51 nmol/L, p < 0.0001) in mothers on 6000 IU/day than those
on 600 IU/day (Table 3). There was a higher serum 25(OH)D level in infants on direct vitamin D
supplementation of 400 IU/day plus maternal supplementation of 600 IU/day than in infants of mothers
on 6000 IU/day alone without infant supplementation (p < 0.001) at visit 4. At visit 7, serum 25(OH)D
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was slightly higher in infants on direct 400 IU/day vitamin D plus maternal 600 IU/day vitamin D
supplementation compared with infants whose mothers alone were supplemented with 6000 IU/day
vitamin Dj (p < 0.03) (Table 3).

Table 3. Comparison of serum 25(OH)D concentrations in exclusively breastfeeding mothers and
infants by group and visit.

6000 IU Group 600 IU Group
Variables Visit  N*t* (n=95) N++ (n=95) p-value
Mean + SD Mean + SD
Maternal Serum 1 94 351+16.3 94 35.7 +13.6 0.76
25(0H)D nmol/L. 4 68 883 +322 60 51.4+15.7 <0.0001 *
7 56 98.2 +36.5 48 51.7+19.8 <0.0001 *
Infant Serum 1 93 319 +21.7 94 29.6 +16.1 0.41
25(0H)D nmol/L. 4 67 81.4 +26.5 60 105.5 + 50.4 0.001 *
7 55 922 +35.5 47 109.1 +43.3 0.03*

++ N = number of observations. * Maternal serum 25(OH)D (nmol/l) and infant serum 25(OH)D (nmol/L) were
significantly different between the two groups at visit 4 and visit 7 (Two-sided T-tests).

3.1.2. Secondary Outcome

The percentage of mothers and infants that achieved serum 25(OH)D > 50 nmol/L, considered
adequate by the Institute of Medicine based on the needs of 97.5% of the healthy population for bone
health [9], were similar in the two groups at baseline; 18% in the 6000 IU group vs. 16% in the 600 IU
group (p = 0.70). However, by visit 7, there was a significantly higher percentage of mothers in 6000 IU
group with adequate vitamin D status than mothers in 600 IU group (96% vs. 52%, p < 0.0001) (Table 4).

Table 4. Categories of maternal and infant serum 25(OH)D status by visit and group.

Variables Visit 6000 IU Group [n/N (%)] 600 IU Group [n/N (%)] p-value
Maternal Serum 1 17/94 (18%) 15/94 (16%) 0.70
25(OH)D > 50 nmol/L 4 64/68 (94%) 30/60 (50%) <0.0001 *

7 54/56 (96%) 25/48 (52%) <0.0001 *
Infant Serum 1 18/93 (19%) 15/94 (16%) 0.54
25(0OH)D > 50 nmol/L 4 59/67 (88%) 53/60 (88%) 0.96
7 49/55 (89%) 43/47 (91%) 0.75

n = number of observations with serum 25(OH)D value > 50 nmol/L within the group and N is number of
observations in each group. (%) is the percentage of serum 25(OH)D > 50 nmol/L within each group. * Significant
difference between the two groups of mothers at visits 4 and 7 (Chi-squared test).

For the infants, the percentage of infants with adequate vitamin D status (serum 25(OH)D > 50
nmol/L) in the two groups were similar at all the visits and at visit 7, the end of study, (91% in infants
on direct plus maternal supplementation vs. 89% in infants whose mothers alone were supplemented,
p = 0.75) (Table 4).

3.1.3. Serum PTH Findings

Serum PTH were evaluated to assess the PTH and vitamin D response to vitamin D
supplementation during the intervention. At visit 7, the higher PTH in mothers in 600 IU group was
associated with significantly lower serum 25(OH)D than those of mothers in 6000 IU group (51.3 vs.
39.7 pg/mL) (p < 0.003) (Table 5). There were no differences in the serum PTH levels of infants in the
two groups at any of the visit times (Table 5).
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Table 5. Comparison of maternal and infant serum calcium, PTH and maternal urine Ca/Cr ratio and

infant serum calcium and PTH by group and visit.

6000 IU Group 600 IU Group
Variables Visit ~ N*+ (n=95) N++ (n=95) p-value
Mean + SD Mean + SD
Maternal
1 95 3.36 + 0.08 94 2.33 +£0.07 0.11
Serum Ca (mmol/L) 4 68 2.35 +0.08 60 2.33 +0.08 0.26
7 58 2.34 +0.08 47 2.34 +£0.09 0.86
1 94 464 +25.7 93 504 +25.1 0.29
Serum PTH (pg/ml) 4 68 40.1+22.3 61 47.0 +20.1 0.06
7 58 39.7 £ 18.1 48 51.3 £25.6 0.003 *
. . 1 90 0.16 + 0.15 90 0.14 + 12.0 0.24
Uzg‘fngf/rgrrnff)‘o 4 66 0.24 %027 60 020+ 0.15 0.24
7 56 0.24 +0.20 49 0.19 £ 0.13 0.13
Infant
1 95 2.69 +0.08 94 2.69 +0.09 0.31
Serum Ca (mmol/L) 4 67 2.62 +0.09 60 2.64 +0.09 0.31
7 57 2.57 £0.09 48 2.54 +0.09 0.15
1 91 304 +214 91 31.1+21.8 0.84
Serum PTH (pg/ml) 4 64 20.7 £12.0 59 21.3 £13.0 0.78
7 57 26.7 +28.0 47 26.7 +13.2 0.98

++ N = number of observations. * The maternal serum PTH significantly different between the two groups

(Two-sided T-tests).

3.1.4. Breast Milk Vitamin D Content

The breast milk vitamin D content in mothers in the two groups was evaluated to compare the
effect of maternal vitamin D3 supplementation of 6000 IU/day and 600 IU/day on milk vitamin D supply
to their nursing infants. There was a very significant interaction between the milk vitamin D during the
intervention (Figure 2). The mean vitamin D content at baseline were low in both groups of mothers
(25 IU/L in 6000 IU group vs. 17.4 TU/L in 600 TU group, p = 0.36) (Table 1) and 57% of 182 lactating
mothers had values below detection of the assay. After six months of vitamin D supplementation
(visit 7), the mothers in 6000 IU group achieved higher mean vitamin D milk content of 202 + 190
compared with 26.2 + 38 in mothers in 600 IU group (p < 0.0001). The median values of milk vitamin D

are compared in Table 6 using nonparametric tests since the data was not normally distributed.
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Figure 2. Breast milk vitamin D showed significant interactions between the groups. Mothers in 6000
1U group had substantial higher mean vD milk content of 202 IU/L compared with 26 IU/L in mothers
in the 600 IU group at visit 7 (p < 0.0001).

Table 6. Comparison of breast milk vitamin D between groups at Visit 1, Visit 4, Visit 7.

6000 IU Group 600 IU Group
Variables Visit ~ N** (n =95) N*+ (n=95) p-value
Median (Range) Median (Range)
. 1 92 8.1 (8.1, 532.0) 90 8.1(8.1,379.9) 0.7657
Vitgfﬁiftgﬁlé ) 4 68 185.9 (8.1, 644.0) 60 12.1 (8.1, 70.8) <0.0001 *
7 54 143.7 (8.1, 852.5) 41 14.3 (8.1, 203.1) <0.0001 *

++ N = number of observations. * The median milk vitamin D content were significantly different between the two
groups at visits 4 and 7 (Wilcoxon Mann-Whitney Test).

3.1.5. Safety Assessment

Total serum calcium levels were similar at baseline and at visits 4 and 7 in both groups of mothers.
Similarly, the mean urine maternal calcium/creatinine ratios were similar at visits 1, 4 and 7 (Table 5)
and there were no safety concerns. Serum calcium levels in the two groups of infants were also similar
at visits 1, 4 and 7 (Table 5). The Data Safety Monitoring Board (DSMB) monitored the progress of the
study and did not identify serious adverse events that warranted stopping the study.

3.1.6. Health Outcomes

A. The mothers on 6000 IU (group 1) had a self-reported health status that was not significantly
different than those on 600 IU (group 2) at visit 4 (p = 0.95) and at visit 7 (p = 0.83).

B. The health status reported for infants of mother in group 1 was not significantly different than
those of mothers in group 2 at visit 4 (Fisher’s Exact test p = 0.83) and at visit 7 (p = 1.0).

C. Infant growth parameters, weight, length and head circumference, were also similar at baseline
and on follow up between the two groups at visits 4 and 7 (Table 7).
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Table 7. Comparison of Infant Birth Weight (g), Length (cm), and Head Circumference (cm) by Visit

and Group.
6000 IU Group 600 IU Group
Variables Visit  N*t* (n = 95) N*+ (n =95) p-value
Mean + SD Mean + SD

Weight (g) 95 3404.7 + 509.3 95 3338.6 + 448.4 0.34
Length (cm) 1 95 50.8 +2.9 95 509 +2.1 0.86
Head circumference (cm) 95 348 +22 95 347+14 0.58
Weight (g) 68 7250.9 + 849.3 62 7021.2 + 783 0.11
Length (cm) 4 68 64.3 +2.5 62 64.1+24 0.72
Head circumference (cm) 68 419+15 62 416+1.1 0.20
Weight (g) 58 8917.0 + 1085.7 49 8789.0 + 915.3 0.50
Length (cm) 7 58 70.7 +2.8 49 70.8 +3.1 0.84
Head circumference (cm) 58 448 +15 49 446+1.0 0.32

++ N = number of observations. There were no significant differences between the two groups.

4. Discussion

The high prevalence of vitamin D deficiency in the present study as early as one month postpartum
justifies the need for a modified strategy for prevention of vitamin D deficiency in mother-infant
dyads in Arab breastfeeding population possibly starting from pregnancy. The severity of vitamin D
deficiency suggests that vitamin D deficiency in mothers and infants is an unrecognized public health
problem [12] which is detrimental to mothers and their infants.

Based on the definition of vitamin D deficiency, four out of five breastfed infants in this study
had vitamin D deficiency at the first month of life, 47% had very low serum 25(OH)D level of <25
nmol/L, and over half (57%) had serum 25(OH)D lower than 30 nmol/L which is consistent with
increased risk of rickets and lower respiratory infection without vitamin D supplementation or sunlight
exposure [9,15,16]. The findings support the current reports that vitamin D deficiency in infants
continues to be a significant global public health problem in low and middle resource countries
worldwide [2,7] and warrants heightened attention. The explanations for the high prevalence of
vitamin D deficiency in the exclusively breastfeeding infants in this study include lack of sunlight
exposure shown by low mean sun index score of 4.52 compared with a mean sun index score of 68 in a
cohort of breastfeeding infants in Cincinnati in summer [18], lack of vitamin D supplementation soon
after birth due to “delay policy” of the Health Ministry of the country to supplement breastfeeding
infants with vitamin D from age 2-12 months, and maternal vitamin D deficiency. Sunshine deprivation
is common among mothers and infants in many Middle Eastern countries for cultural reasons and
vitamin D supplementation rate of infants is low as in high income countries [18,19]. Since changes in
sunlight exposure behavior may be difficult culturally, an alternative approach with high-dose maternal
vitamin D supplementation alone was evaluated to optimize maternal vitamin D and milk vitamin D
status to improve vitamin D nutrition of the nursing infant. Under research condition, the currently
recommended direct supplementation of infants with 400 IU/day plus maternal supplementation of 600
IU achieved a slightly higher mean serum 25(OH)D of 109 nmol/L after 6 months of supplementation
(visit 7) than 92 nmol/L in infants whose mothers alone were supplemented with 6000 IU/day and
the infant received no supplementation (p < 0.03). Nonetheless, the percentage of infants in the two
groups that achieved adequate serum 25(OH)D level of >50 nmol/L were similar (91% in infants
on direct 400 IU/day plus maternal supplementation of 600 IU/day vs. 89% in infants of mothers
in 6000 IU group and the infant received no supplementation (p = 0.75)) (Table 4). Furthermore,
there were no differences in serum PTH response to vitamin D supplementation in the two groups
at any of the visit times providing additional evidence of similarity in vitamin D status in response
to vitamin D supplementation in both groups of infants (Table 5). Therefore, in the present study,
maternal supplementation alone with 6000 IU/day vitamin D3 achieved adequate infant vitamin D
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status, similar to direct infant supplementation of 400 IU/day plus maternal supplementation of 600
IU/day vitamin Ds.

A recent large randomized controlled trial indicated that serum 25(OH)D of infants who had
direct vitamin D supplementation with 400 IU/day plus maternal supplementation of 400 IU/day and
infants of mothers on 6400 IU/day supplementation alone and the infant received no supplementation
were similar (108 vs. 98 nmol/L) [24] and our findings in infants are similar to theirs. It is also of
interest that mean serum 25(OH)D of 90 nmol/L had been reported among unsupplemented infants of
indigenous populations in East Africa who do not lack sunlight exposure [32], supporting a concept
that “normal infant vitamin D concentration” could be naturally higher than is currently understood.
The finding also suggests that vitamin D status could be “naturally higher” depending on sunshine
and limited sun exposure in unsupplemented infants and be a significant contributor to infant vitamin
D status.

Addressing maternal findings, the magnitude of vitamin D deficiency in the mothers was similar
to those reported from India [11] but higher than 62% in breastfeeding mothers in Mexico City and 52%
in mothers from Shanghai or 11% in a cohort of breastfeeding mothers in Cincinnati, USA [13,18]. In
addition, the serum 25(OH)D levels of 35 nmol/L in the mothers were low compared with the baseline
values of 82-90 nmol/L reported in breastfeeding mothers in a recent study from South Carolina, US [24].
Over one third of the mothers (36%) at baseline had serum 25(OH)D < 30 nmol/L which is consistent
with increased risk of osteomalacia and non-skeletal disorders in adults [9,10] and is detrimental to
the mothers, and vitamin D nutrition of their infants as referred to in earlier reports [23,24]. After 6
months of vitamin D supplementation, 6000 IU/day vitamin D3 supplementation was significantly
more effective in optimizing maternal vitamin D status than 600 IU/day. Serum 25(OH)D increased by
62 nmol/L between visit 1 and visit 7 in mothers in 6000 IU group compared with only 17.5 nmol/L
in mothers in 600 IU group (p < 0.0001). In addition, a higher proportion of mothers (96%) in 6000
IU group compared with 52% of mothers in 600 IU group achieved adequate vitamin D status at
visit 7 defined a priori as serum 25(OH)D > 50 nmol/L (p < 0.0001). PTH levels in mothers in 600 IU
group was higher than in mothers in 6000 IU group probably due to significantly lower vitamin D
status in 600 IU group following vitamin D supplementation (Table 3). In the randomized controlled
trial from the U.S. [24], maternal supplementation alone with 6400 IU/day vitamin D3 also was more
effective in elevating maternal serum 25(OH)D after 6 months of vitamin D supplementation than
maternal supplementation with 400 IU/day. In that study there was a decline of 10.5 nmol/L in the 400
IU group but a 52 nmol/L increase after 6 months supplementation in the 6400 IU group (p < 0.0001).
The increment in the serum 25(OH)D after six months of 6400 IU vitamin D supplementation is similar
to the findings in this study. Therefore, the high-dose supplementation is more effective in optimizing
maternal vitamin D status and the low dose is inadequate supplementation for high-risk, sunshine
deprived population. It is of interest that at the end of the intervention 2% of mothers in the 6400 group
and 13% in the 400 group would be considered vitamin D deficient (<50 nmol/L) in the US study [24].
In contrast, 4% of mothers in the 6000 group in the present study and almost half (48%) of those in the
600 group were considered vitamin D deficient. Part of the explanation for the difference in response
to supplementation could be related to differences in baseline vitamin D status between mothers in
this and the other study which has been shown to affect response to supplementation [25,26]. The
mean 25(OH)D level of 98 nmol/L at the end of the study in 6000 IU group is still lower than mean
25(OH)D of 135 nmol/L reported at delivery among unsupplemented traditional female Tanzanian
population in East Africa where mothers had no significant sunlight restriction as in breastfeeding
mothers in Qatar [32]. Maintaining serum 25(OH)D > 75 nmol/L has been associated with reduced risk
of non-skeletal health disorders [10] and may be of theoretical benefit to a higher number of mothers in
the 6000 IU group. If the objective of supplementation during lactation is to optimize vitamin D status
in mother-infant pairs, then effective high-dose maternal supplementation still needs to be identified
especially in high-risk population.
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Monitoring of serum calcium, Ca/Cr ratio and serum 25(OH)D in our study did not show any
significant difference between the two groups nor any serious adverse events that warrants stopping
the study. Two infants had serum 25(OH)D of 94 ng/ml, below the predetermined upper limit of
25(0OH)D without any other biochemical or clinical evidence of vitamin D toxicity. Safety parameters
in two recent studies from South Carolina, US [23,24], which included serum calcium, and urine Ca/Cr
ratios were similar in the two groups of mothers and infants, and revealed no evidence of vitamin
D toxicity.

Although it is known that low human milk vitamin D content (range 5-80 IU/L) [24,33] contributes
to the low vitamin D nutrition in unsupplemented breastfeeding infants who lack sun exposure, recent
studies indicate that maternal vitamin D supplementation of 1000 [U/day would be expected to increase
milk vitamin D content by 80 IU/L to improve vitamin D intake of nursing infants [23,28]. In the
present study, baseline milk vitamin D levels were within the lower range of previously reported
levels but 57% of the mothers in the two groups had undetectable vitamin D content and the milk
provided no vitamin D for the nursing infant. After six months of vitamin D supplementation, the
mean milk vitamin D level at visit 7 rose to a higher mean value of 202 IU/L in the 6000 IU group
(Figure 2) or a median value of 143.7 IU/L (Table 6) than in the 600 group (p < 0.0001). The efficacy of
the high-dose supplementation of 6000 IU to meet the current recommended infant vitamin D intake
was lower than predicted. The lower efficacy may also be related to the effect of limited maternal
sun exposure on breast milk vitamin D content as shown in another previous study [23]. It, however,
supports our hypothesis that mothers in 6000 IU group would improve milk vitamin D, which would
benefit her infant while mothers on 600 IU/day would only have marginal or lack milk vitamin D for
their nursing infants. The mean vitamin D content of 202 IU/L in mothers in 6000 IU group was within
the lower range of recommended vitamin D intake of 200-400 IU/day for nursing infants [24], while
the milk vitamin D content of mothers in 600 IU group was very insufficient without direct vitamin
D supplementation to meet the recommended daily intake of nursing infants, as shown in another
study [23] in which milk vitamin D was measured. A recent large RCT which compared vitamin D
status in infants of the mother who received 6400 IU/day alone with direct infant supplementation of
400 IU plus maternal supplementation of 400 IU/day also found similar vitamin D levels in the two
groups of infants but the contribution of milk vitamin D was not compared because vitamin D content
in the milk was not measured [24]. To the best of our knowledge, this would be the first study of the
effect of high-dose maternal vitamin D supplementation on serum and milk vitamin D status as part of
an alternative strategy to prevent vitamin D deficiency in infants in an Arab population with severe
magnitude of vitamin D deficiency, and which provided comparison with results of previous landmark
US studies [23,24]. Putting all the results together, 6000 IU/day maternal vitamin D supplementation
alone appeared safe, optimizes maternal vitamin D status, increased milk vitamin D intake for nursing
infants, and achieved similar adequate vitamin D status as in infants on direct 400 IU/day plus maternal
600 IU/day vitamin D supplementation.

There were no differences in the reported health status of the mothers and infants, and in the
growth parameters of the infants between the two groups on follow up.

The limitations of our study include moderately adequate sample size, but a high dropout rate
among the mothers mostly due to lack of compliance with exclusive breastfeeding and withdrawal
from follow up with no specific reasons. Because the study is conducted in Arab breastfeeding mother
and infant dyads, we only enrolled Arab mothers for this specific study. The results may be modified in
other high-risk populations because of differences in sunlight exposure behavior and dose of vitamin
D supplementation.

The present study provided additional valuable data to inform future research in other high-risk
populations with similar population characteristics on the effective dose of daily high-dose maternal
supplementation alone as an alternative option to reduce global burden of vitamin D deficiency in
breastfeeding infants [24]. If successful, the strategy could provide data for health care providers to
show that breast milk alone could be a source of vitamin D for breastfeeding infant with appropriate
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effective maternal high-dose vitamin D supplementation alone (6000-6400 IU or more). This option to
prevent vitamin D deficiency in the breastfeeding mother—infant dyads would warrant public health
education of health care professionals and providers. It is of interest that a recent study [34] found
maternal preference for taking medication themselves as opposed to giving the vitamin D supplement
to their infants. The authors suggested that maternal supplementation alone may improve vitamin D
intake of the nursing infant in an environment where infant supplementation rate is low.

5. Conclusions

Maternal vitamin D3 supplementation alone with 6000 IU/day achieved similar adequate vitamin
D status as in infants on direct vitamin D3 supplementation of 400 IU/day plus maternal 600 IU/day
supplementation, and safely optimizes maternal vitamin D status with increase in milk vitamin D
content. It supports high-dose maternal vitamin D supplementation alone as a possible alternative
strategy to reduce the burden of global vitamin D deficiency in breastfeeding infants and their mothers
and warrants more studies on appropriate effective dose especially in high-risk populations.
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Abstract: This study determined fatty acid (FA) concentrations in maternal milk and investigated the
association between omega-3 fatty acid levels and their maternal current dietary intake (based on
three-day dietary records) and habitual dietary intake (based on intake frequency of food products).
Tested material comprised 32 samples of human milk, coming from exclusively breastfeeding women
during their first month of lactation. Milk fatty acids were analyzed as fatty acid methyl ester (FAME)
by gas chromatography using a Hewlett-Packard 6890 gas chromatograph with MS detector 5972A.
We did not observe any correlation between current dietary intake of omega-3 FAs and their
concentrations in human milk. However, we observed that the habitual intake of fatty fish affected
omega-3 FA concentrations in human milk. Kendall’s rank correlation coefficients were 0.25 (p = 0.049)
for DHA, 0.27 (p = 0.03) for EPA, and 0.28 (p = 0.02) for ALA. Beef consumption was negatively
correlated with DHA concentrations in human milk (r = —0.25; p = 0.046). These findings suggest
that current omega-3 FA intake does not translate directly into their concentration in human milk.
On the contrary, their habitual intake seems to markedly influence their milk concentration.

Keywords: human milk; omega-3 fatty acids; docosahexaenoic acid; eicosapentaenoic acid; a-linolenic
acid; dietary intake; food frequency questionnaire

1. Introduction

Human milk is universally recognized as the optimal food for infants. Many studies have shown
the role of fat in human milk as the main source of energy, selected fatty acids (FAs), crucial fat-soluble
vitamins, and key nutrients for the infant development [1-3]. Among FAs, polyunsaturated fatty acids
(PUFAs) are of principal importance. The two major classes of PUFAs are those of omega-3 and omega-6
families. Omega-3 fatty acids have a carbon—carbon double bond located in the third position from
the methyl end of the chain. There are several different omega-3 FAs, but the majority of human milk
research focuses on three: docosahexaenoic acid (DHA), a-linolenic acid (ALA), and eicosapentaenoic
acid (EPA). ALA contains 18 carbon atoms, whereas EPA and DHA are considered “long-chain” (LC)
omega-3 FAs, because EPA contains 20 carbons and DHA contains 22 [4]. Omega-3 FAs, mainly DHA,
are important components of retinal photoreceptors and brain cell membranes. Therefore, DHA is
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essential for infant visual and cognitive development [5-7]. The European Food Safety Authority
(EFSA) recommends 100 mg/day as the adequate intake of DHA for infants [8].

Fatty acids in human milk may originate either from the maternal dietary FAs, from FAs released
from maternal adipose tissue, or from de novo synthesis in maternal tissues [5]. The human fatty
acid desaturase can form only carbon—carbon double bonds located in the ninth position from the
methyl end of a fatty acid. ALA may be endogenously converted to EPA and then to DHA. Therefore,
ALA is considered an essential fatty acid, which means that it must be obtained from the diet [9,10].
However, the results of the studies show that the ability to convert ALA to DHA in humans is low,
as less than 10% of ALA is converted to DHA [11]. For that reason, DHA from the maternal diet is
a much more efficient source of DHA for neural tissue than an equivalent amount of ALA [10,12].
Therefore, consuming EPA and DHA directly from food and/or supplements is the only practical way
to increase the levels of these fatty acids in the body.

Many national health authorities [13,14], including the Polish Society for Pediatric Gastroenterology,
Hepatology, and Nutrition [15] recommend that maternal intake of DHA should be at least 200 mg
per day. Women can meet the recommendation by consuming one to two portions of fatty fish (e.g.,
salmon, sardines) per week (equivalent of 150-300 g). Although the maternal intake of DHA is crucial
for infant brain and retina development, studies carried out in the United States [16], Canada [17,18],
and Europe [19] have reported that breastfeeding women do not meet dietary recommendations.
This probably results from low fatty fish consumption [20], and is partly related to concerns of
methylmercury fish contamination [21], as well as low DHA supplements use [16-18].

The tissue levels of FAs in a woman during lactation are directly related to her reserve capacity
and the metabolic utilization of fatty acids (synthesis, oxidation and transport). Hence, the maternal
diet and metabolism of FAs of women during lactation seem to be the most important factors affecting
DHA concentration in human milk. Human milk FA composition changes continuously as dietary FAs
are rapidly transported from chylomicrons into human milk with a peak between six and 12 h after
dietary DHA intake [21,22].

To investigate the relationship between maternal diet and human milk composition, several dietary
assessment methods have been developed and evaluated. The most common are food frequency
questionnaires (FFQs) and multiple-day food records. Since food records do not rely on memory,
they have been used as a reference method to validate other dietary assessment methods. On the
other hand, day-to-day variations and seasonal variations in food consumption may decrease their
objectivity. Furthermore, individuals are not always able to recall all the foods consumed or the
specific components of the food (especially when dining out), and have difficulty in determining
accurate portion sizes and typically underreport dietary intake. This is in contrast to FFQs, which often
overestimate the intake of energy and nutrients [23]. Nonetheless, the FFQ has been suggested as an
optimal tool in estimating dietary intake of omega-3 fatty acids as it evaluates long-term diet rather
than food records [24]. Most of the FEQs available in the literature were designed to assess a wide range
of nutrients; however, they were not appropriate for dietary assessment focusing specifically on fatty
acids. Given that omega-3 FAs are contained in a particular range of foods, we used a tailored omega-3
FA FFQ. Serra-Majem et al. [25] suggested that its validity is comparable to the whole diet-based FFQs.
(0.42-0.52 versus 0.19-0.54). We hypothesize that the concentration of omega-3 fatty acids in human
milk is related to their habitual but not current intake; for this reason, in this study, we aimed to
determine FA concentrations in maternal milk and assess the association between omega-3 fatty acids
levels and their maternal dietary intake evaluated with two methods: dietary intake based on the
three-day dietary record, and intake frequency of food products (FFQ, or food frequency questionnaire).

146



Nutrients 2019, 11, 1585

2. Materials and Methods

2.1. Subjects and Study Session Design

The Ethics Committee of the Medical University of Warsaw (KB/172/115) approved the study
protocol, and all the participating women signed informed consents. A convenience sample of
exclusively breastfeeding women (n = 32) was recruited from the Holy Family Hospital in Warsaw.
Participants were enrolled during their first month of lactation (weeks two to four). Inclusion
criteria comprised: age >18 years, singleton pregnancy, and full-term delivery (gestational age
>37 weeks). Exclusion criteria were as follows: pre-existing chronic or gestational diseases, smoking
during pregnancy and/or breastfeeding, low birth weight of the newborn, and low milk supply.
The survey consisted of two parts. Firstly, we collected data about socio-demographic and other
maternal characteristics, such as: age, education level, material status, pre-pregnancy anthropometric
parameters (weight and height), and total weight gain during pregnancy. Then, we collected dietary
information involving three-day dietary record and intake frequency of food products. During the
study session, the actual body weight and height of every mother were measured using a Seca 799
measurement station and column scales (+0.1 kg/cm; Seca, Chino, CA, USA). The pre-pregnancy and
actual body mass index (BMI) was calculated as the ratio of the body weight to the height squared
(kg/m?). Interpretation of these results followed the international classification proposed by the
World Health Organization (WHO): below 18.5 kg/mz, underweight; 18.5-24.9 kg/mz, normal weight;
25.0-29.9 kg/mz, overweight; 30.0 kg/m2 and above, obese [26].

2.2. Human Milk Collection

Twenty-four-hour human milk samples (n = 32) were collected by women at home after they
had been given detailed instructions on taking, storing, and transporting samples to the Holy Family
Hospital in Warsaw. Foremilk and hindmilk samples were collected from all the participants from four
time periods (06:00-12:00, 12:00-18:00, 18:00-24:00, and 24:00-06:00) to minimize possible circadian
influences on the milk fatty acid composition. The term foremilk refers to the milk at the beginning
of a feeding, and hindmilk refers to milk at the end of a feeding, which has a higher fat content than
the milk at the beginning of that particular feeding. A total of 5 to 10 mL of foremilk and hindmilk
samples were obtained from the breast(s) from which the infant was fed. Samples were collected into
pre-labeled polypropylene containers provided to each woman. Participants were instructed to store
milk in the refrigerator (~4 °C) during the 24-h collection process. Then, milk samples were stored at
=20 °C for later analysis.

2.3. Lipid Concentration and Fatty Acid Analysis of Human Milk

Tested material comprised 32 samples of human milk. The lipid concentration in human milk
was analyzed using the Miris human milk analyzer (HMA) (Miris, Uppsala, Sweden) with a validated
protocol, as discussed in a previous study [27]. Collected milk samples for fatty acids analysis were
immediately frozen in plastic test tubes at a temperature of =20 °C and delivered to the Department of
Metabolomics (Food and Nutrition Institute, Warsaw, Poland) into thermic bags. Samples were stored
at —80 °C until analysis. Frozen samples were thawed only once at room temperature, without light.
After thawing, samples were shaken at room temperature (3-5 min) to obtain a homogeneous mixture.
Aliquots were extracted and analyzed for fatty acid (FA) composition and content.

2.3.1. Fat Extraction

Milk samples were extracted from 1 mL of sample with chloroform-methanol (2:1)
(Avantor Performance Materials S.A., Warsaw, Poland) containing 0.02% butyl-hydroxytoluene
(2,6-tert-butyl-4-methylphenol, BHT, >99.0%, GC, powder) (Sigma-Aldrich CHEMIE GmbH, CA, USA)
as an antioxidant, according to Folch et al. [28].
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2.3.2. Gas Chromatography-Mass Spectrometry Analysis

Milk fatty acids were analyzed as fatty acid methyl ester (FAME) by gas chromatography using
a Hewlett-Packard 6890 gas chromatograph with MS detector 5972 A. The methylation procedure
was as follows: organic extracts were evaporated at 40 °C in a gentle nitrogen stream, and then were
saponified with 0.5 mL of potassium hydroxide in methanol (0.5 N) (Avantor Performance Materials
S.A., Poland) for 10 min at 80 °C in an electric multiblock heater and subsequently methylated with
1 mL of hydrochloric acid in methanol (3 N) (Sigma-Aldrich CHEMIE GmbH, USA) for 15 min at
85 + 2 °C. After cooling to room temperature, fatty acid methyl esters were extracted with 1 mL of
isooctane (2,2,4 trimethylopentane) (Avantor Performance Materials S.A., Poland). One microliter of the
sample was injected into the GC column. The GC-MS analysis has been used with a split injector (1:100
ratio), injector and detector temperatures of —250 °C, and carrier gas helium (20 mL/s; the pressure of
43.4 psi). The chromatography oven was programmed to 175 °C for 40 min; thereafter, it was increased
by 5 °C per min until the temperature reached 220 °C, and was held at this temperature for 16 min.
FAMES separations were performed on a CP Sil 88 fused silica capillary column (100 m X 0.25 mm i.d.,
film thickness: 0.20 um; Agilent ] & W GC Columns, CA, USA). Peak identification was verified by
comparison with authentic standards (Supelco FAME Mix 37 Component; Sigma-Aldrich, CA, USA)
and by mass spectrometry. The obtained results were expressed as a percentage by weight (% wt/wt)
of all the fatty acids detected with a chain length between eight and 24 carbon atoms. The method
was validated and accredited by the Polish Centre of Accreditation (accreditation certificate AB 690).
Quality control was also implemented by the use of certified reference materials: BCR-163 (Beef-Pork
FAT blend; ABP cat. 3; 8 g; Sigma-Aldrich, CA, USA).

2.4. Fatty Acids Dietary Intake and Intake Frequency of Food Products

The assessment of women'’s fatty acids intake was based on a three-day dietary record. Mothers
were asked to note each food and dietary supplement they had consumed in the tree consecutive
days prior to the human milk sampling day. No dietary recommendation was given before the study;
participants were allowed to consume self-chosen diets. To verify the sizes of declared food portions,
we used the “Album of Photographs of Food Products and Dishes” developed by the National Food
and Nutrition Institute [29]. Fatty acids dietary intake was calculated using Dieta 5.0 nutritional
software (National Food and Nutrition Institute, Warsaw, Poland). Additionally, the habitual intake of
fatty acids was assessed using a FFQ containing 19 items. The FFQ provided information about the
consumption frequency of DHA sources in the last three months, such as fish, seafood, meat (poultry,
turkey, pork, beef), and eggs. We also collected information about the consumption frequency of other
fatty acids sources, including vegetable oils (e.g., canola oil, olive oil, linseed oil, coconut oil), butter,
milk and dairy products, nuts, and seeds. The response options were arranged in five categories,
from “never”, “less than once a week”, “once or twice a week”, “more than twice a week but not
every day”, to “every day”.

2.5. Statistical Analysis

Statistical analyses were performed using Statistica 12PL, Tulusa, USA and IBM Statistics 21,
New York, NY, USA. A p-value below 0.05 was adopted as statistically significant. Variables
distributions were evaluated with a Shapiro-Wilk test and descriptive statistics. Data were presented
as means and standard deviations as well as medians and interquartile ranges. Correlations
between the intake of fatty acids and fatty acids concentrations in human milk were estimated
with Pearson’s r correlation coefficient. Correlations between omega-3 fatty acids (DHA, EPA, ALA)
concentrations in human milk, and food consumption frequency were estimated with Kendall’s tau
correlation coefficients.
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3. Results

3.1. Maternal Characteristics

The mean maternal age was 30.9 + 6.5 years and most of them were primiparous (75%; n = 24).
Detailed anthropometric data are shown in Table 1. Before pregnancy and during the first month
postpartum, none of the participants was classified as being underweight (BMI <18.5 kg/m?). In both
periods of time, most of them (n = 23, 72%) had normal body mass, and 28% (n = 9) were classified as
being overweight or obese. All the participants declared high university education and high material
status. We do not observed statistically significant differences between pre-pregnancy and postpartum
BMI values (f-test was 1.13; p = 0.26).

Table 1. Characteristics of the mothers.

Characteristic Mean + SD Range
Age (years) 309 +£6.5 27-44
Height (cm) 1.66 £ 0.1 1.54-1.8
Pre-pregnancy weight (kg) 622 +11.8 44-90
Pre-pregnancy body mass index (kg/m?) 226+34 18.6-30.9
Weight gain during pregnancy (kg) 15.1+438 7-30
Weight at first month postpartum (kg) 65.5+13.2 45.6-95
Body mass index at first month postpartum (kg/mz) 23.6 £ 3.8 18.5-32.1

3.2. Fatty Acids Concentrations in Human Milk

The fatty acids profile of human milk is shown in Table 2. The relative proportion of saturated,
monounsaturated, and polyunsaturated fatty acids was 41.9 + 4.9%, 39.6 + 3.1%, and 15.1 + 3.4%,
respectively. The predominant fatty acids in human milk were oleic acid (35.4 + 3.1%), palmitic acid
(19.7 + 2.5%), and linoleic acid (11.1 + 2.6%). No significant correlation was found between DHA
concentrations, palmitic (r = —0.24; p = 0.2) and oleic (r = 0.13; p = 0.48) FAs; however, we found
correlation with linoleic acid (r = 0.44; p = 0.013). Also, a significant negative correlation was found
between DHA concentration and the omega-6:0mega-3 ratio in human milk (r = —0.45; p = 0.012).
When only the milk of mothers supplementing their diet with DHA were considered (n = 22), the mean
concentration of DHA was 0.78% of total fatty acids. The difference between the concentration of DHA
in supplementing and not supplementing mothers was not statistically significant (r = 0.29; p = 0.37).

Table 2. Fatty acids composition (%) of human milk 1.

Fatty Acids Mean + SD Median (Interquartile Range)

Saturated fatty acids (SFA) 419 +49 42.3 (38.0-45.7)
C4:0 (butanoic acid) 0.0+0.0 0.0 (0.0-0.0)
C6:0 (caproic acid) 0.0+0.0 0.0 (0.0-0.0)
C8:0 (caprylic acid) 0.1+0.0 0.1 (0.1-0.1)
C10:0 (capric acid) 1.1+03 1.1 (1.0-1.4)
C12:0 (lauric acid) 35+1.1 3.3(2.5-4.1)
C13:0 (tridecanoic acid) 0.1+0.0 0.1 (0.0-0.1)
C14:0 (myristic acid) 95+25 9.3 (7.9-11.1)
C15:0 (pentadecanoic acid) 0.8+0.2 0.7 (0.7-0.8)

C16:0 (palmitic acid) 19.7 +25 19.9 (17.4-22.0)
C17:0 (margaric acid) 05+0.1 0.5 (0.4-0.6)
C18:0 (stearic acid) 64+15 6.0 (5.4-7.3)
C20:0 (arachidic acid) 02+0.1 0.2 (0.1-0.2)
C21:0 (henicosanoic acid) 0.0+0.0 0.0 (0.0-0.0)
C22:0 (behenic acid) 0.1+0.0 0.1 (0.1-0.1)
C23:0 (tetracosanoic acid) 0.0+0.0 0.0 (0.0-0.0)
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Table 2. Cont.

Fatty Acids Mean + SD Median (Interquartile Range)
Monounsaturated fatty acids (MUFA) 39.6 +3.1 39.0 (38.0-42.0)
C14:1 (myristoleic acid) 02+0.1 0.2 (0.2-0.3)
C15:1 (pentadecenoic acid) 0.0+0.0 0.0 (0.0-0.0)
C16:1 trans 04+0.1 0.4 (0.3-0.4)
C16:1 cis 2.6+0.5 2.6 (2.3-2.9)
C17:1 (heptadecenoic acid) 02+0.0 0.2 (0.2-0.3)
C18:1 cis (oleic acid) 354 +3.1 34.9 (33.6-37.6)
C18:1 trans (vaccenic acid) 1.2+05 1.2 (0.8-1.5)
C20:1 (gadoleic acid) 0.8+0.2 0.7 (0.7-0.9)
C22:1 (erucic acid) 02+0.1 0.1 (0.1-0.2)
C24:1 (lignoceric acid) 02+0.0 0.2 (0.1-0.2)
Polyunsaturated fatty acids (PUFA) 151 +34 15.3 (12.7-16.8)
n-3 polyunsaturated 27+09 2.6 (2.1-3.1)
C18:3 («-linolenic acid, ALA) 1.5+ 0.6 1.4 (1.0-1.8)
C20:3 (eicosatrienoic acid) 0.1+0.0 0.1 (0.0-0.1)
C20:5 (eicosapentaenoic acid, EPA) 02+0.1 0.2 (0.2-0.3)
C22:6 (docosahexaenoic acid, DHA) 0.7 +0.3 0.7 (0.5-1.0)
n-6 polyunsaturated 121+27 12.1 (10.4-13.4)
C18:2 (linoleic acid, LA) 11.1+26 11.1 (9.5-12.3)
C18:3 (y-linoleic acid) 0.1+0.0 0.1 (0.1-0.1)
C20:3 (dihomo-y-linoleic acid) 03+0.1 0.3 (0.2-0.4)
C20:4 (arachidonic acid, ARA) 05+0.1 0.5 (0.4-0.6)
Ratio
n-6:n-3 46+1.0 4.8 (4.1-5.1)
DHA:LA 2 0.1+0.0 0.1 (0.0-0.1)
ARA 3:DHA * 0.9 +04 0.7 (0.5-1.1)
LA:ALA S 81+24 7.8 (6.4-9.6)
Total fat concentration © 349 +1.0 3.5(3.04.2)

1 Data are presented as the relative proportion of each fatty acid (% of total fatty acids). 2 LA linoleic acid; > ARA
arachidonic acid; * DHA docosahexaenoic acid; > ALA a-linolenic acid. ¢ Total fat concentration is presented as
grams per 100 mL.

3.3. Fatty Acids Dietary Intake and Its Association with Concentration in Human Milk

The fatty acids dietary intake is shown in Table 3. Mean energy intake was 1752 kcal + 228.3 kcal,
which was lower than the recommended level (EER, estimated energy requirement = 2555 kcal
per day). The risk of deficient energy intake was observed in 100% of the participants. According
to the Polish nutritional standards, the recommended intake for ALA is 0.5% of total energy, which
in our participants it corresponded to 0.97 g per day. The mean dietary intake of ALA (1.5 + 0.8%
of total fatty acids) was higher than recommended levels; nevertheless, 22% of participants did not
meet the recommendation. When only dietary sources were considered, the mean intake of DHA
(243 mg + 333.5) (Table 4) reached the Polish [15] and European [13,14] recommendation of 200 mg of
DHA daily, whereas among 59% of the women, we observed insufficient DHA intake. Including taken
supplements, the percentage of deficient DHA intake decreased, and was 16%. The majority of the
participants (69%; n = 22) reported taking DHA supplements, and 10% (n = 3) of women declared
taking supplements containing DHA and EPA.

Table 5 presents correlation coefficients (Pearson’s r) between human milk fatty acids concentrations
and maternal fatty acids dietary intake, as well as maternal dietary intake together with supplementation.
We did not observe any statistically significant correlation between these factors (p > 0.05).

150



Nutrients 2019, 11, 1585

Table 3. Fatty acids content in mothers’ diet.

Fatty Acids Mean + SD (g) Median (Interquartile Range) (g)
Saturated fatty acids (SFA) 239 +103 20.9 (7.3-69.5)
C4:0 (butanoic acid) 04+03 0.5 (0-1.1)
C6:0 (caproic acid) 03+02 0.3 (0-0.8)
C8:0 (caprylic acid) 02+02 0.2 (0-1.0)
C10:0 (capric acid) 05+03 0.5 (0-1.6)
C12:0 (lauric acid) 09+09 0.7 (0.2-5.5)
C14:0 (myristic acid) 28+14 2.7 (0.7-7.9)
C15:0 (pentadecanoic acid) 03+02 0.3 (0-0.9)
C16:0 (palmitic acid) 126 £5.2 11.6 (4.5-35.0)
C17:0 (margaric acid) 02+0.1 0.2 (0-0.7)
C18:0 (stearic acid) 52+28 5.1(1.2-18.3)
C20:0 (arachidic acid 0.1+0.1 0.1 (0-0.3)
Monounsaturated fatty acids (MUFA) 247 +89 24.8 (13.2-55.0)
C14:1 (myristoleic acid) 02+02 0.2 (0-0.8)
C15:1 (pentadecenoic acid) 0.1+0.1 0.1 (0-0.2)
Cl16:1 1.3+04 1.2 (0.6-2.4)
C17:1 (heptadecenoic acid) 0.1+0.1 0.1 (0-0.5)
C18:1 (oleic and vaccenic acids) 22.1+83 21.7 (11.5-50.3)
C20:1 (gadoleic acid) 03+02 0.2 (0.1-0.9)
C22:1 (erucic acid) 03+03 0.1 (0-1.1)
Polyunsaturated fatty acids (PUFA) 1 ;%iilig s 111132(4(1492;2824?)5
C18:2 (linoleic acid, LA) 8.5+34 8.5 (4.1-21.1)
C18:3 (a-linolenic acid, ALA) 1.5+0.8 1.4 (0.5-4.3)
C20:5 (eicosapentaenoic acid, EPA) 0(?'11;0(?'225 0'(1) Eg:gg; s
(C22:6 (docosahexaenoic acid, DHA) 0?:;;21 0041((()(:18?5

® Diet + supplementation.

Table 4. Estimated daily intake of EPA and DHA from food, supplement, and food + supplement in

lactating women.

EPA (mg) DHA (mg)
Food 104.4 + 152.0 (18, 0-190) 243.3 + 333.5 (50, 37-411)
Supplement ! 29.7 +43.6 (0, 0-43) 370.6 + 465.1 (250, 8-549)

Food + supplement

134.1 + 153.9 (85, 1-215)

614.0 + 574.6 (354, 202-905)

Data are presented as means + SD (median, interquartile range). ! Participants who did not take supplements or
those who took supplements that did not contain EPA/DHA were considered as 0 mg supplement on EPA and DHA.

Table 5.
and supplementation.

Correlations between human milk fatty acids and fatty acids in the mother’s diet

Dietary Intake, Sole or Together with Supplementation

Concentration in Human Milk

SFA MUFA PUFA  ALA EPA DHA
-0.18 -0.10
1 — —

SFA 026 0.16 0.20 013 ot oaee
MUFA 2 -0.14  -004 014 0.26 0.21 0.19
PUFA 3 020 -014 020 0.01 0.08 -0.01

ALA 4 -019 009  0.04 0.32 0.20 ~0.06

0.20 -0.02

5 — —
EPA 016 005 0.05 011 e 0175
0.16 0.04

6 — — — —
DHA 024 0.18 0.04 026 5% 0945

Data are presented as Pearson’s r coefficients.; 1 GFA, Saturated fatty acids; 2 MUFA, Monounsaturated fatty acids; 3
PUFA, Polyunsaturated fatty acids; 4 ALA, -linolenic acid; 5 EPA, eicosapentaenoic acid; 6 DHA, docosahexaenoic
acid; ® Pearson’s r coefficients diet + supplementation.
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3.4. Association between Intake Frequency of Food Products and DHA Concentrations in Human Milk

Table 6 presents Kendall’s rank correlation coefficients between the intake frequency of food
products and DHA concentrations in human milk. According to the FFQ, almost half of the participants
(~47%) declared fatty fish consumption once or twice a week. On the other hand, almost 43% of the
women consumed fish less than once a week or never. Based on the three-day dietary record, the most
frequently consumed fatty fish species were salmon and mackerel, which were reported by seven (22%)
and six women (19%), respectively. Butter and milk were the most frequently used foods, which were
consumed by approximately ~44% and ~38% of participants, respectively.

Table 6. Intake frequency (%) of food products and correlations with DHA concentrations in
human milk 1.

Correlation ! with

Food Never O:J\:sauxe‘:zk Fr)vt;::eo; M(‘:\l}: (:l}(‘al::l;rzi:te B ES:;Y Concentrations in Human Milk
Week Every Day DHA 2 EPA 3 ALA*
Fatty fish (g, salmon, 4, 31.25 46.88 9.38 0.00 025% 0.27% 028*
herring)
Lean fish (e.g, cod, sole)  21.88 31.25 43.75 313 0.00 014 0.08 021
Seafood 31.25 43.75 25.17 0.00 0.00 021 013 0.19
Poultry and turkey 313 313 43.75 40.63 9.38 0.09 0.13 0.08
Pork 625 40.63 37.50 15.63 0.00 0.02 029 0.18
Beef 938 50.00 34.38 625 0.00 —0.25% ~0.14 011
Sx::gtef;f‘;ﬁ‘c‘::é:i'{s ) 6.25 12,50 37.50 18.75 25.00 0.24 -0.11 -0.10
Eggs 15.63 6.25 34.38 3438 9.38 ~0.14 ~0.06 ~0.00
Milk 31.25 15.63 938 625 37.50 0.02 0.05 0.26*
Fcrr;‘f:;ﬁgairy 37.50 28.13 21.88 1250 0.00 017 0.10 029
Cheese 25.00 28.13 15.63 1875 12.50 -0.02 -0.02 0.00
Cottage cheese 21.88 1250 43.75 15.63 625 022 0.06 017
Milk desserts 46.88 28.13 938 15.63 0.00 0.11 -0.12 -0.18
Butter 15.63 9.38 1250 18.75 43.75 ~0.14 -0.11 0.10
Canola oil 1875 28.13 21.88 25.00 625 0.09 -00 013
Olive oil 12.50 18.75 25.00 43.75 0.00 0.08 0.02 0.03
Linseed oil 62.50 15.63 938 938 313 0.01 0.10 0.30*
Coconut oil 56.25 25.00 15.63 313 0.00 -0.12 -0.07 029
Nuts and seeds 625 18.75 21.88 28.13 25.00 -0.03 0.02 0.01

1 Data are presented as Kendall’s rank correlation coefficients. * p < 0.05. 2 DHA, docosahexaenoic acid; 3 EPA,
eicosapentaenoic acid; 4 ALA, «-linolenic acid.

We found a significant positive correlation between fatty fish consumption and all the omega-3
fatty acids concentrations in human milk. Kendall’s rank correlation coefficients were 0.25 (p = 0.049)
for DHA, 0.27 (p = 0.03) for EPA, and 0.28 (p = 0.02) for ALA. The ALA content in maternal milk
was also positively correlated with the intake frequency of linseed oil (r = 0.30; p = 0.01), coconut
oil (r=0.29; p = 0.02), milk (r = 0.26; p = 0.04), and fermented dairy products (r = 0.29; p = 0.02),
whereas EPA concentration was positively correlated with intake frequency of pork (r = 0.29; p = 0.02).
Beef consumption, by contrast, was negatively correlated with DHA concentration in human milk
(r = —0.25; p = 0.046). No other significant correlations between intake frequency of food products and
DHA concentration in human milk were found.

The major food contributor of total omega-3 FAs intake was fatty fish (45%) and lean fish (17%)
(Figure 1). Seafood (mainly shrimps) (10%), poultry products (8%), and meat products (6%) also made
significant contributions to the estimated intake of omega-3 FAs. Within seafood and fish categories,
salmon was found to be the main source of all omega-3 FAs, DHA (67%), EPA (53%), and ALA (59%).
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Eggs Dairy products Others
5% 4% 5%

Meat products
6%

Poultry products
8%

Seafood
10%

Fatty fish
45%

Lean fish
17%

Figure 1. The relative contribution of food groups to total omega-3 FAs intake from the three-day
dietary record.

Food items were divided into groups based on the Dieta 5.0 nutritional software database.
Food items that contributed to less than 1% of total omega-3 FAs intake were categorized as “others”.
This included fats and vegetable oils, mixed dishes, and sauces.

4. Discussion

Our study has revealed three primary findings concerning the studied population. First,
the mother’s dietary intake of omega-3 FAs met Polish and European standards. Secondly, milk DHA
concentration averaged about 0.70% of total fatty acids, which was twofold higher than the worldwide
average (WWA) [30]. The third finding of this study is that there were no correlations between
dietary intake of omega-3 FAs measured with three-day dietary records and their concentrations
in human milk, whereas the intake frequency of food products—mainly fatty fish—was positively
correlated with the concentration of ALA, EPA, and DHA in human milk.

In our study, the average maternal dietary DHA and ALA intakes (including taken supplements) were
613 + 575 mg and 152 + 0.81 mg, respectively. For DHA, this value was threefold higher than Polish [15]
and European [13,14] recommendations (200 mg DHA per day). Our finding is not consistent with
previous studies conducted in the United States [31,32], Canada [17,33], and Europe [34], which reported
that the majority of breastfeeding women in the Alberta Pregnancy Outcomes and Nutrition (APrON)
cohort were not meeting any of the various authorities” omega-3 FAs recommendations [35]. Similarly,
in the Latvian study (Latvia and Poland are situated in the same geographic region, both countries have
access to the Baltic Sea), DHA daily intake was lower than recommended, and was only 136 + 26 mg [36].
It is widely reported that supplementation increases mother’s milk DHA concentrations [37,38], and our
results confirmed these findings. DHA concentration in the milk of mothers who supplemented their
diet with DHA was higher than in the whole group, and was 0.78% of total fatty acids. However, we did
not observe statistically significant differences between DHA concentrations in the milk of mothers who
supplemented and did not supplement their diet with DHA (r = 0.29; p = 0.37). When only dietary sources
were considered, the insufficient intake of DHA was observed among 59% of participants, whereas
including taken supplements, the percentage decreased to 16%.

Based on the three-day dietary record, we observed that the largest contributor of omega-3 FAs
intake was fatty fish, lean fish, and seafood, which was consumed once or twice a week by 47%, 44%,
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and 25% of participants, respectively. Other foods significantly contributing to total omega-3 FAs
intake were poultry, red meat (pork and beef), and eggs. These findings were consistent with other
studies [18,19], which reported that seafood, fish, poultry, meat, and eggs were the primary dietary
sources of total omega-3 FAs.

The mean concentration of DHA in human milk in our study (0.7 + 0.3% of total fatty acids) was
higher than those reported in the meta-analysis based on 106 studies published between 1986-2006
year [30]. The authors found that the WWA DHA concentration in human milk was 0.32 + 0.22% with a
wide range of 0.06% to 1.4% of total fatty acids. We observed that our result was twofold compared to the
data from Mediterranean countries, such as Italy (0.28-0.35%) [39,40], Spain (0.31-0.38) [41,42], and also
Nordic countries such as Iceland (0.30%) [43] and Denmark (0.35%) [44]. Our mean DHA concentration
in human milk was also higher than that reported by Jackson and Harris [45]. They suggested that the
target of DHA level in human milk should be 0.3% of total fatty acids, emphasizing however that the
optimal DHA level remains to be established. An approximate DHA concentration in human milk
may be achieved when DHA intake exceeds 200 mg. Brenna and Lapillonne [14] have developed a
regression analysis equation to calculate human milk DHA concentration depending on dietary DHA
intake, based on the data from Gibbson et al. [46]:

human milk DHA concentration (% of total fatty acids) = 0.72 X maternal DHA intake (g per day) + 0.20.

Inserting our mean maternal DHA intake into this equation, we obtain a value of 0.63%, which is
similar to the mean DHA concentration in human milk from our analysis (0.7%). In our study, the daily
DHA intake was significantly higher than recommended, which may explain that the target DHA level
in human milk was reached.

In our study, the mean concentration of ALA in human milk was 1.5 + 0.8%, which was higher
than those reported by Presa-Owens et al. (0.79%) [47] and Kotelzko et al. (0.81%) [48]. Some oils,
such as soybean oil and canola oil, and legumes such as soybeans contain large amounts of ALA.
Our findings suggest that women in our study consume these types of products to a greater extent
than those in other Western countries [49]. However, in our study, the ratio of LA to ALA in maternal
milk was higher than recommended (2.8:1) [50], and was 8:1. As LA and ALA compete for the same
key enzymes in long-chain polyunsaturated fatty acids (LCPUFAs) biosynthesis, and ALA has a higher
affinity than LA for 0-6-desaturase, the dietary ratio of LA:ALA is more relevant for proper LCPUFAs
production than the intake of each fatty acid individually [49]. Furthermore, there is evidence that
the DHA concentration in maternal milk has a positive correlation with the intelligence quotient of
the child, whereas LA concentration has a negative correlation. It indicates that the FA profile during
the lactation period is of particular significance [51-53]. In our study, the ratio of DHA:LA (0.1:1) was
higher than the mean ratio from 28 countries [54]. Lassek and Gaulin [54] reported that the DHA:LA
ratio at the level of ~0.04:1-0.07:1 is linked to higher cognitive test score results. It is worth noting
that in our study, the majority of women (94%, n = 30) had the DHA:LA ratio in their milk of at least
0.04:1. Further, their mean ratio of omega-6:omega-3 FAs (4.6:1) was three times lower than the value
reported by Silva et al. (14:1) [55], and nearly two times lower than that in the Latvian study (7:1) [36].
Silva et al. [52] and Nishimura et al. [56] suggested that a diet low in fish and high in vegetable oils,
mainly soybean oil, facilitated a higher omega-6:omega-3 ratio (>10:1). However, we did not observe a
significant correlation between fish or vegetable oils consumption and the omega-6:omega-3 ratio in
human milk. The EFSA recommended a 4:1 proportion for dietary omega-6:omega-3 FAs [8]. It has
been suggested that a very high omega-6:omega-3 ratio (~15:1) may promote cardiovascular diseases
and cancers [57].

We found a significant positive correlation (r = 0.25; p = 0.049) between habitual fatty fish
consumption and DHA concentration in human milk, which is consistent with results from other
studies [36,49,56,58]. A Danish observational study reported a higher proportion of DHA concentration
in the milk of mothers who consumed fish than in those who did not consume fish (0.63% compared
with 0.41%; p = 0.018) and in women who consumed fatty fish compared with those who did not
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consume fish (0.73% compared with 0.41%; p < 0.01) [59]. Contrary to these findings, Juber et al. [59]
reported that intake of fish did not correlate with mother’s milk DHA levels. The results may depend
on fish breeding (farmed or wild) and the fish species that are most commonly consumed in a specific
region. For instance, when consuming 100 g of wild salmon, the total DHA intake is lower (0.31%
of total fatty acids) compared to eating the same quantity of farmed salmon (0.88% of total fatty
acids). It is caused by the higher total fat content in farmed salmon (12.3 g/100 g) than in wild salmon
(2.07 g/100 g) [60]. In our study, the most commonly consumed fish were salmon and mackerel, but we
did not have information about breeding, so the dietary intake of DHA based on three-day dietary
record may be overestimated on underestimated in some cases. Using Dieta 5.0 nutritional software,
we based our analysis on its nutritional database, which did not have distinctions between wild
and farmed fish. However, Qiunn and Kuawa [61] concluded that an additional portion of fish (no
information about breeding) per week led to a 0.014% increase of DHA concentration in human milk.
We also observed that the DHA levels in human milk were negatively correlated (r = —0.25; p = 0.046)
with beef consumption, the fat of which consists mainly of saturated fatty acids (SFA) (~52.3 g/100 g)
and contains low amounts of PUFA (3.8 g/100 g) [62].

We noted that similarly to DHA, the ALA and EPA concentrations in human milk were also
significantly positively correlated with the frequency of fatty fish consumption (r = 0.27; p = 0.02 for
ALA and r = 0.28; p = 0.03 for EPA). ALA concentration in human milk was also positively correlated
with the frequency of consuming linseed oil, coconut oil, milk, and milk products. Milk fat consists
mainly of SFA (59.4 g/100 g) with the dominating palmitic acid (~30.6% of total FAs) [63], which was
predominant SFA in human milk in our study. However, no significant correlation between milk
consumption and palmitic acid concentration in human milk was found (r = 0.13; p = 0.29).

We did not find a correlation between dietary intake of DHA based on the three-day dietary
record and any omega-3 FAs (ALA, EPA, and DHA) concentrations in human milk. It confirmed the
results of Nishimura et al. [55], who did not observe any association between dietary EPA and DHA
intake during the postpartum period and their concentrations in human milk. However, they noted
that the dietary EPA and DHA content during the third trimester of pregnancy was directly related to
the content of these fatty acids in mature human milk. These results suggest that maternal body stocks
of fatty acids have a greater influence on breast milk fatty acid composition than the estimated dietary
intake during the postpartum period, validating previously reported results [2,64]. An additional
possible explanation would be also the increased weight gain and body fat storage observed in women
mainly during late pregnancy [65]. Fiddler et al. [66] reported that about 20% of the supplemented
0.2 g of DHA per day was secreted into milk and observed a pronounced increase in DHA content in
human milk (% of total FAs), with a peak between 6-12 h after dietary DHA intake. Although 24-h
human milk samples were collected in our study, these findings may explain the lack of correlation
between the intake of omega-3 FAs measured with the three-day dietary record and its concentration
in human milk. Further, while the synthesis of DHA from ALA may be sufficient for the healthy
breastfeeding women, some non-physiological conditions, such as non-alcoholic fatty liver, which
reduces the activity of 8-6-desaturase enzymes, could contrary affect the synthesis of DHA, decreasing
the levels of omega-3 FAs in erythrocytes and then in human milk [67]. Moreover, the endogenous
synthesis of PUFAs is mediated by genes controlling the elongation of very long chain fatty acids
protein 2 and 5 (ELOVL2 and ELOVLS5) [68]. It is also suggested that the genes encoding fatty
acids desaturases 1 and 2 (FADS1 FADS2 gene cluster) were reported to be associated with omega-3
and omega-6 FA proportions in human plasma, tissues, and milk [69]. Molté-Puigmarti et al. [69]
found that DHA proportions were lower in women homozygous for the minor allele than in women
who were homozygous for the major allele (DHA proportions in plasma phospholipids: p < 0.01;
DHA proportions in milk: p < 0.05). Contrary to our and previous citied studies, a Greek observational
study reported that human milk omega-3 PUFA content was positively correlated with maternal dietary
intakes of total PUFAs (r = 0.26; p < 0.05), inversely correlated with maternal carbohydrates intake
(r =-0.29; p < 0.05), and unrelated to maternal energy, total fat, SFA, MUFA, and protein intakes [37].
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Bravi et al. [70] carried out a systemic review searching studies investigating the impact of maternal
diet on their milk composition. Considering fatty acid profiles, most of the studies were based on
supplements intervention or assessed maternal nutritional status with a food frequency questionnaire.
As the authors concluded, the gathered results were scarce and diversified.

The time of incorporation of omega-3 FAs into plasma lipids is quite long, and similar to their
half-life. The longest time of incorporation is in adipose tissue, which is an important source of plasma
lipids. As the content of omega-3 FAs in human milk depends on its availability from the plasma [71],
dietary intake assessment methods studying habitual intake are more appropriate to exhibit the
discussed correlation. Thus, the survey based solely on a three-day dietary record, especially in this
case, does not work. This is not only because of the described omega-3 FAs kinetics, but also because
omega-3 FAs food sources (mainly fish) are not consumed every day, and whether they happen to
occur in the three-day period is a matter of chance.

The strengths of this study are the use of milk collection protocol, which enabled minimizing
possible errors in the measurement of human milk composition, and also an assessment of maternal
diet with two techniques (food frequency questionnaire and three-day dietary record). Additionally,
contrary to other authors [56], we assayed «-linolenic acid that can convert to DHA; therefore,
a correlation between dietary intake of DHA and its concentration in human milk is more reliable.
Our study has also limitations. First, there were the issues of convenience sampling and the modest
number of participants, resulting from the complex nutrition questionnaire and milk collection protocol.
Second, this study was conducted in a large city (the capital of Poland); all the participants had a
university education and high material status. Third, genetic polymorphisms that influence the use of
PUFAs from the diet have not been studied. These factors may limit the generalization of our findings
to a broader population, because the availability and consumption patterns of food products (e.g., fish
and seafood) is strongly related to the place of living and material status.

5. Conclusions

To summarize, this study shows that the women under study during breastfeeding had an
adequate intake of foods that are natural sources of omega-3 FAs (fatty fish, seafood, vegetable oils),
which resulted in a high concentration of DHA in their milk. However, it should be stressed that
we did not observe a correlation between dietary intake of omega-3 FAs and their concentrations
in human milk. On the other hand, we observed that the intake frequency of some food products
affected omega-3 FAs concentrations in human milk. Considering these findings and the highest
content of DHA in human milk being observed between 6-12 h after dietary DHA intake, a short-term
assessment of omega-3 FAs intake (based on three-day dietary record) may be unreliable. A FFQ
assessing nutritional habits in the last three months prior to the study seems to the more reliable tool,
reflecting the habitual intake of omega-3 FAs.
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Abstract: Antenatal milk anti-influenza antibodies may provide additional protection to newborns
until they are able to produce their own antibodies. To evaluate the relative abundance of milk,
we studied the antibodies specific to influenza A in feeds and gastric contents and stools from
preterm infants fed mother’s own breast milk (MBM) and donor breast milk (DBM). Feed (MBM
or DBM) and gastric contents (MBM or DBM at 1 h post-ingestion) and stool samples (MBM/DBM
at 24 h post-ingestion) were collected, respectively, from 20 preterm (26-36 weeks gestational age)
mother-infant pairs at 8-9 days and 21-22 days of postnatal age. Samples were analyzed via ELISA for
anti-HIN1 hemagglutinin (anti-H1N1 HA) and anti-H3N2 neuraminidase (anti-H3N2 NA) specificity
across immunoglobulin A (IgA), immunoglobulin M (IgM), and immunoglobulin G (IgG) isotypes.
The relative abundance of influenza A-specific IgA in feeds and gastric contents were higher in MBM
than DBM at 8-9 days of postnatal age but did not differ at 21-22 days. Anti-influenza A-specific
IgM was higher in MBM than in DBM at both postnatal times in feed and gastric samples. At both
postnatal times, anti-influenza A-specific IgG was higher in MBM than DBM but did not differ in
gastric contents. Gastric digestion reduced anti-H3N2 NA IgG from MBM at 21-22 days and from
DBM at 8-9 days of lactation, whereas other anti-influenza A antibodies were not digested at either
postnatal times. Supplementation of anti-influenza A-specific antibodies in DBM may help reduce the
risk of influenza virus infection. However, the effective antibody dose required to induce a significant
protective effect remains unknown.

Keywords: passive immunization; maternal immunoglobulins; lactation; prematurity; flu vaccine;
human milk

1. Introduction

Infants are susceptible to influenza infections and cannot be vaccinated before six months of
age [1,2]. Therefore, the Centers for Disease Control and Prevention recommends that all pregnant
women receive the inactivated influenza virus vaccine during the second or third trimester [3].
Antenatal vaccination helps protect the infant against influenza infection [4-7]. Part of that protection
stems from the vaccine-stimulated increased maternal blood influenza-specific immunoglobulin G
(IgG), which allows increased transfer of influenza-specific IgG across the placenta and leads to
increased persistence of these antibodies in the infant bloodstream post-birth [8]. In addition to the
changes in blood, antenatal vaccination increases secretion of influenza-specific antibodies into breast
milk [9]. Milk anti-influenza antibodies may provide additional protection to newborns until they
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are able to produce antibodies against the virus [9]. Regardless of whether a mother was recently
vaccinated, their breast milk typically contains some influenza-specific Ig as they were likely exposed
to the virus or vaccinated in the past [10]. These milk antibodies may be protective against influenza
infection [9].

The site of action for milk antibodies is mainly thought to be within the gastrointestinal tract,
whereas influenza A infects within the lung mucosal tissue. Thus, the relevance of human milk
antibodies to influenza protection in unclear. However, milk influenza A-specific antibodies can be
studied as a model for other milk antibodies to enteric pathogens for which the gut is their site of action.
To neutralize enteric pathogens throughout the infant gastrointestinal tract, milk antibodies must
survive the digestive protease actions. No oral supplementation studies have determined the percentage
of remaining relative abundance of anti-influenza A IgA, IgM, and IgG during infant digestion.

Inneonatal intensive care units (NICU), very preterm infants are often fed donor breast milk (DBM)
to supplement an insufficient maternal supply of mother’s own breast milk (MBM) [11,12]. Whether
MBM and DBM differ in milk anti-influenza A antibody relative abundance is unknown. DBM typical
processing includes pooling milks from different mothers, pasteurizing (Holder pasteurization, 62.5 °C
for 30 min) and freezing and thawing at least twice, which could reduce the antibody abundance. Our
previous study demonstrated that total IgA, secretory IgA (SIgA), total IgM, and IgG concentrations
were higher in MBM than DBM and higher in gastric contents (1 h post-ingestion) when preterm
infants were fed with MBM than when infants were fed DBM [13]. A previous study demonstrated
that IgA survived intact after Holder pasteurization in non-centrifuged MBM (0% loss) whereas IgG
concentration was reduced (34.3% loss) (IgM was not measured) [14]. In another study, IgA from
centrifuged MBM was reduced 22% after Holder pasteurization whereas IgM concentration was
completely destroyed [15].

The remaining relative abundance of milk antibodies specific to influenza A virus from MBM or
DBM during gastric digestion is unknown and a comparison of mother’s milk and donor milk have
not been determined. The aim of this study was to determine the difference of antenatal influenza
A-specific IgA, IgM, and IgG antibodies in MBM and DBM, and gastric contents and stools from
preterm infants. Milk anti-influenza A neutralizing antibodies can be specific to subtypes of HA or
NA [3]. In this study, we examined anti-H1IN1 HA and anti-H3N2 NA antibodies.

2. Materials and Methods
2.1. Participants and Sample Collection

2.1.1. Participants and Enrollment

This study was approved by the Institutional Review Boards of The Legacy Health and
Oregon State University (1402-2016, first approved on 05/03/17). Samples were collected from
20 premature-delivering mother-infant pairs ranging in gestational age (GA) at birth from 26 weeks
to 36 weeks (Table S1) in the NICU. Parents of all eligible infants in the NICU were approached for
participation and informed consent. Clinical data were collected for each mother-infant pair, including
GA and postnatal age for both type of feeding (see Table S1). Eligibility criteria included having an
indwelling naso/orogastric feeding tube, bolus feeding (<60 min infusion tolerated), feeding volumes of
at least four milliliter, and mothers who could produce a volume of MBM adequate for one full-volume
feed per day. Exclusion criteria included neonates with diagnoses that were incompatible with life,
gastrointestinal system anomalies, major gastrointestinal surgery, severe genitourinary anomalies and
significant metabolic, or endocrine diseases.

2.1.2. Feeding and Sampling

To compare the effects of DBM and MBM, two separate feedings of DBM and MBM without
fortification were given to infants. Milk and gastric samples (2 mL) were collected on 8-9 and
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21-22 days of postnatal age (Figure 1). At both sample time periods, each infant received two of the
normal eight daily feedings as unfortified MBM or DBM on alternate days (randomized order). The
order of feeding MBM and DBM was randomized to control for any potential effect of infant day of life
on antibody digestion. The pool of DBM was acquired from two batches at Northwest Mother’s Milk
Bank. Three-liter batches were pasteurized and frozen in 50 mL doses so that only a small fraction was
thawed for each infant feeding. The power analysis based in our previous study indicated that at least
15 infants were required to compare DBM and MBM-fed infants [16].

20 preterm mother-infant pairs

{

Gastric contents collected at 30 Stool collected within
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Figure 1. Schema of study design to determine the difference of antenatal influenza-specific antibodies
in mother’s breast milk (MBM) and donor breast milk (DBM) in gastric contents and stool samples
from preterm infants.

The protocol of feeding is described in our previous study [13]. Milk (either MBM or DBM) was
fed to the infant via the nasogastric tube with a feeding pump set to deliver the entire bolus over
30-60 min. A sample of the gastric fluid was collected 30 min after the completion of the feed (1-1.5h
after feed initiation). Stool (1 g) was collected within 48 h of the gastric sampling time point and was
recovered from the diaper and scraped into a sterile jar. Stool sample collection was not specific to
DBM/MBM and thus represents stools deriving from a mixture of DBM and MBM feeding. After
collection of each sample type (feed, gastric and stool), samples were placed immediately on ice and
stored at —80 °C in the NICU. Samples were transported on dry ice to the Dallas laboratory at Oregon
State University for sample analysis.

2.2. Sample Preparation and ELISAs

Feed (MBM and DBM) and gastric samples were thawed at 4 °C, pH was determined and
samples (1 mL) were centrifuged at 3500x g for 30 min at 4 °C. The infranate was collected, separated
into aliquots (100 pL) and stored at —80 °C. Frozen stool samples (0.1 g) were diluted in 700 uL of
phosphate-buffered saline pH 7.4 (Thermo Fisher Scientific, MA, USA) with 0.05% Tween-20 (Bio-Rad
Laboratories, Irvine, CA, USA) (PBST) and 3% fraction V bovine serum albumin solution (Innovative
Research, Novi, MI, USA). Diluted stool samples were mixed by vortex for 2 min and the vials were
centrifuged at 3500% g for 20 min at 4 °C. The supernatant was collected, separated into aliquots
(100 uL) and stored at —80 °C. Sample pH and protein concentration measurements were performed
and results were published previously [13].

The spectrophotometric ELISAs were recorded with a microplate reader (Spectramax M2,
Molecular Devices, Sunnyvale, CA, USA) with two replicates of blanks, standards and samples.
Clear flat-bottom 96-well plates (Thermo Fisher Scientific, Waltham, MA, USA) were coated with
0.75 pg/mL (100 uL) of influenza A/Hong Kong/4801/2014 H3N2 neuraminidase (H3N2 NA) or
influenza A/California/07/2009 HIN1 hemagglutinin (H1IN1 HA) (Sino Biological US Inc., Wayne, PA,
USA). These antigens were chosen based on the strains present in the vaccine (Flucelvax Quadrivalent,
2017-2018 formula, Seqirus, Holly Springs, NC, USA, Table S2) that mothers received for 20172018
when samples were collected. Plates were incubated overnight at 4 °C. After incubation, plates
were washed three times with PBST. Blocking buffer (100 uL PBST with 3% fraction V bovine serum
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albumin solution) was added in all wells and incubated for 1 h at room temperature. Standards
were prepared using human serum from a female adult that received the influenza vaccine (Flucelvax
Quadrivalent, 2017-2018 formula, Seqirus, Holly Springs, NC, USA, Table S2) four months prior. Blood
was collected into six BD vacutainer serum separation tubes (SSTTM) (Becton Dickinson, Franklin
Lakes, NJ, USA), incubated at room temperature for 5 min, and centrifuged at 3900x g for 5 min.
Serum was aliquoted into several vials and stored at —80 °C until used. The relative abundance of
influenza A antibodies was derived by interpolation from the standard curve generated from human
serum with the assigned quantity of anti-influenza A antibodies expressed in ELISA units/mL (EU/mL)
(non-diluted serum (1x) = 50,000 arbitrary EU/mL). The standard curves were prepared using a dilution
series of standard human serum in blocking buffer and the final concentration covered a range from
12.5% (4000 EU/mL) to 25,600x (1.95 EU/mL). Feed (MBM or DBM) and gastric samples were diluted
10x with blocking buffer for anti-influenza IgA, IgM, and IgG measurements whereas a 2x dilution
was used for the prediluted stool samples. For each step (addition of 100 uL standards/samples
and secondary antibodies at 1 pug/mL), washing and incubation for 1 h at room temperature were
performed. The detection antibodies were goat anti-human IgA alpha-chain: horseradish peroxidase
(HRP) for anti-influenza IgA, goat anti-human IgM mu-chain:HRP for anti-influenza IgM and goat
anti-human IgG gamma-chain:HRP for anti-influenza IgG (Bio-Rad Laboratories). The substrate 3,
3’, 5, 5'-tetramethylbenzidine (Thermo Fisher Scientific) (1x, 100 pL) was added for 5 min at room
temperature followed by addition of 2 N sulfuric acid (100 uL) to stop the reaction. Optical density
was measured at 450 nm.

2.3. Pasteurization Effect on Antibodies Specific to Influenza A

To examine the effects of pasteurization directly, a breast milk sample was collected from one
mother who was vaccinated with the 2017-2018 influenza vaccine at 25 weeks of pregnancy and gave
birth at term. At 12 days of lactation, the mother pumped and collected 150 mL of milk into a sterile
plastic bag. Six 1 mL aliquots were centrifuged at 4000x g for 30 min, 4 °C and infranates were collected
(skim). Three of these aliquots were used for the control raw human milk (RHM) and 3 others were
pasteurized at 62.5 °C for 30 min, referred to as the pasteurized skimmed human milk (PSHM). Three
other 1-mL aliquots were pasteurized whole (referred to as pasteurized whole human milk, PWHM)
and centrifuged at 4000x g for 30 min at 4 °C prior to ELISA.

2.4. Statistical Analyses

Wilcoxon matched-pairs signed-rank test in GraphPad Prism software (version 8) was used to
compare relative abundance of each anti-influenza antibody isotype (EU/mL) in milk and in gastric
contents between MBM and DBM (type of feeding) within the same mother-infant pairs at 8-9 days and
21-22 days of postnatal age. Student’s t-tests were used to evaluate the effect of whether or not infants
received antibiotics in gastric and stool samples from both feeding types (MBM and DBM) (Table S3).
One-way ANOVA followed by Dunnett’s multiple comparisons test was performed to compare RHM
to PSHM and PWHM. Differences were designated significant at p < 0.05. Geometric mean relative
abundances (GMRA) of these antibodies in samples at 8-9 days and 21-22 days of postnatal age were
also calculated.

3. Results

3.1. Infant Demographics
Demographic details for the preterm-delivering mother-infant pairs are presented in Table S1.

3.2. Anti-Influenza Antibody Relative Abundance in Feeds

The relative abundance of HIN1 HA- (Figure 2) and H3N2 NA-specific IgA (Figure 2) were 3.6-
and 2-fold higher, respectively, in MBM than DBM feeds given at 8-9 days of postnatal age but did
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not differ at 21-22 days. HIN1 HA- (10- and 3-fold) and H3N2 NA-specific IgM (13- and 8-fold) were
higher in MBM than in DBM feeds given at 8-9 days and 21-22 days of postnatal age, respectively.
H1N1 HA-specific IgG was 2-fold higher in MBM than DBM feeds given at 8-9 days and 21-22 days of
postnatal age. H3N2 NA-specific IgG was 30% higher in MBM than DBM feeds given at 8-9 days but
did not differ at 21-22 days. The GMRA of each anti-influenza isotype are summarized in Table S4.
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Figure 2. Milk antibodies specific to anti-HIN1 hemagglutinin (anti-HIN1 HA) in mother’s own breast
milk (MBM) and donor breast milk (DBM) feeds, and gastric samples from preterm infants fed MBM
and DBM (26-36 wk of GA). Relative abundance of (A) anti-HIN1 HA IgA, (B) anti-HIN1 HA IgM,
and (C) anti-HIN1 HA IgG at 8-9 days of postnatal age. Relative abundance (EU/mL) of (D) anti-HIN1
HA IgA, (E) anti-HIN1 HA IgM, and (F) anti-HIN1 HA IgG at 21-22 days of postnatal age. Values are
min, max, and median, n = 20 for 8-9 days and n = 16 for 21-22 days of postnatal age. Asterisks show
statistically significant differences between variables (*** p < 0.001; ** p < 0.01) using the Wilcoxon
matched-pairs signed-rank test.

3.3. Anti-Influenza Antibody Relative Abundance in Gastric Contents

At 8-9 days of postnatal age, relative abundance of HIN1 HA- (Figure 2) and H3N2 NA-specific
IgA (Figure 2) were 4- and 7-fold higher in gastric contents from infants fed MBM than those fed DBM.
At 21-22 days, H3N2 NA-specific IgA was 4-fold higher in gastric contents after feeding MBM than
after feeding DBM but did not differ for HIN1 HA-specific IgA. HIN1 HA- and H3N2 NA-specific I[gM
were 6- and 11-fold higher in gastric contents from infants fed MBM than those fed DBM at 8-9 days.
At 21-22 days, H3N2 NA-specific IgM was 5-fold higher in MBM than DBM but did not differ for
HIN1 HA-specific IgM. HIN1 HA- and H3N2 NA-specific IgG in gastric contents did not differ after
feeding infants MBM and those fed DBM. The GMRA of each anti-influenza isotype are summarized
in Table S5.

3.4. Gastric Digestion of Anti-Influenza Antibody from MBM and DBM

Relative abundance of HIN1 HA- (Figure 1) and H3N2 NA-specific IgA and IgM (Figure 3) did
not significantly decrease from feed to gastric contents in infants fed MBM or DBM at 8-9 days or
21-22 days of postnatal age. HIN1 HA-specific IgG from MBM did not change from feed to gastric
contents at 8-9 days or 21-22 days, whereas HIN1 HA-specific IgG from DBM slightly increased
in gastric contents at 8-9 days but did not differ at 21-22 days of postnatal age. H3N2 NA-specific
IgG from DBM decreased in the gastric contents at 8-9 days but did not differ at 21-22 days. H3N2
NA-specific IgG from MBM decreased in gastric contents at 21-22 days but not at 8-9 days. The GMRA
abundances of each anti-influenza isotype are summarized in Table S6.
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Figure 3. Milk antibodies specific to anti-H3N2 neuraminidase (anti-H3N2 NA) in mother’s own breast
milk (MBM) and donor breast milk (DBM) feeds, and gastric samples from preterm infants fed MBM
and DBM (26-36 wk of GA). Relative abundance of (A) anti-H3N2 NA IgA, (B) anti-H3N2 NA IgM,
and (C) anti-H3N2 NA IgG at 8-9 d postnatal age. Relative abundance (EU/mL) of (D) anti-H3N2 NA
IgA, (E) anti-H3N2 NA IgM, and (F) anti-H3N2 NA IgG at 21-22 days of postnatal age. Values are
min, max, and median, n = 20 for 8-9 days and n = 16 for 21-22 days of postnatal age. Asterisks show
statistically significant differences between variables (*** p < 0.001; ** p < 0.01; * p < 0.05) using the
Wilcoxon matched-pairs signed-rank test.

3.5. Postnatal Age Effects on Anti-Influenza A Antibodies in Preterm Infant Stools Derived from
Mixed MBM/DBM

The relative abundance of HIN1 HA- and H3N2 NA-specific IgA, IgM and IgG in infant stools
did not differ between 8-9 days and 21-22 days of postnatal age (Table S7).

3.6. Pasteurization Effects on Human Milk Anti-Influenza A Antibodies

The anti-influenza antibodies in RHM to PWHM and PSHM were compared to determine the effect
of Holder pasteurization on them. Whole and skim breast milk were pasteurized because previous
literature reported different results with and without delipidation before pasteurization [14,15]. The
relative abundance of anti-HIN1 HA IgA, anti-H3N2 NA IgA, and anti-HIN1 HA IgG did not differ
between RHM and PWHM or PSHM (Figure 4). Anti-HIN1 HA IgM, anti-H3N2 NA IgM, and
anti-H3N2 NA IgG in RHM were 2.5-, 23-, and 2-fold higher than in PSHM. Anti-H3N2 NA IgM in
RHM was 3-fold higher than in PWHM. Anti-HIN1 HA IgM, anti-H3N2 NA IgM, and anti-H3N2 NA
IgG in PWHM were 2.5-, 7.3-, and 1.5-fold higher than PSHM but did not differ for other antibodies.
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Figure 4. Comparison of immunoglobulin relative abundance between raw human milk (RHM) and
pasteurized whole human milk (PWHM) or pasteurized skimmed human milk (PSHM) (1 = 3). Relative
abundance of anti-HIN1 HA (A) IgA, (B) IgM, (C) IgG, and of anti-H3N2 NA. (D) IgA, (E) IgM, and
(F) IgG in mother’s milk. Milk samples were from one mother who delivered one term infant at 38 wk
of GA and collected milk at 12 days of postnatal age. Asterisks show statistically significant differences
between variables (*** p < 0.001; ** p < 0.01; * p < 0.05) using one-way ANOVA followed by Dunnett’s
multiple comparisons test.

4. Discussion

This study aimed to determine whether the relative abundance of maternal milk anti-influenza A
antibodies differed between MBM and DBM and across their digestion in gastric contents and in stool
of preterm infants. Influenza A viruses vary based on their hemagglutinin (HA) and neuraminidase
(NA) subtypes; each influenza A virus has a specific combination of an HA and an NA subtype [3].
Milk anti-influenza A neutralizing antibodies can be specific to subtypes of HA or NA. In this study,
we examined anti-HIN1 HA and anti-H3N2 NA antibodies. Anti-influenza IgA level was previously
evaluated in human milk via ELISA [9]. The anti-HIN1 HA IgA relative abundance measured herein
was higher than those measured previously in term-delivering influenza-vaccinated mothers by
Schlaudecker et al. [9]. However, abundance values of milk antibodies cannot be compared with those
reported in other studies because different human serums were used to prepare the standard curve for
each anti-influenza antibody isotype. No commercial standard exists for anti-influenza IgA, IgM, and
IgG; therefore, determining absolute concentrations was not possible in this study. This research is the
first to determine the anti-influenza A IgM and IgG relative abundance in breast milk.

Anti-influenza A HIN1 HA and H3N2 NA IgA in MBM were higher than in DBM during the first
week of postnatal age for both feeds and gastric contents from preterm infants but did not differ during
the third week for either feed or gastric contents. Neither anti-influenza A HIN1 HA nor H3N2 NA IgA
was reduced by pasteurization of whole or skim breast milk. Therefore, we speculate that high relative
abundance of anti-influenza IgA in MBM is related to early GA and early postnatal age of infants
when mothers delivered prematurely. DBM is donated from mothers delivering mostly term infants
and milk is usually collected later than three months of lactation, which could have different milk
antibody levels compared with those from preterm-delivering mothers at early lactation times. Our
recent clinical study demonstrated that antibody concentrations (total IgA and SIgA) were higher in
MBM than DBM in feeds and gastric samples (1 h post-feeding) from preterm infants [13]. A previous
study found that IgA concentration in preterm milk was higher than in term milk from 3 to 15 days of
lactation time [17]. Total IgA concentration in colostrum from preterm-delivering mothers was higher
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than colostrum (1-3 days of lactation time) from term-delivering mothers in several studies [17-19].
However, our previous study showed that total IgA did not differ between preterm milk and term
milk from 6 days to 28 days of lactation time [16]. No study has previously evaluated the difference
in relative abundance of milk anti-influenza IgA antibodies between preterm- and term-delivering
mothers or between early and late lactation time. Our results suggest that the provision of passive
immune protection with milk anti-influenza A IgA was highest when infants are fed MBM during
their first week of postnatal age.

Anti-influenza A HIN1 HA and H3N2 NA IgM in MBM were higher than in DBM during the
first and third week of postnatal age in both feeds and in infant gastric samples. Among isotypes,
anti-influenza IgM relative abundance differed most between DBM and MBM. Anti-HIN1 HA IgM was
reduced when skim milk was pasteurized but not when whole breast milk was pasteurized. On the
other hand, anti-H3N2 NA IgM was decreased by pasteurizing whole and skim milk. We hypothesize
that the lower relative abundance of anti-influenza A IgM in DBM compared with MBM was due to
the pasteurization of pooled donor milk after fat loss during freezing and thawing. The reduction
of anti-influenza IgM was not likely due to the difference of GA or lactation time between MBM
(preterm-delivering mothers) and DBM (term-delivering mothers). Anti-influenza IgM did not change
across lactation time (1 weeks to 3 weeks) in milk from preterm-delivering mothers. Our recent
clinical study demonstrated that total IgM concentration was higher in MBM than DBM in feeds
and gastric samples (1 h post-feeding) from preterm infants [13]. Previous studies showed that IgM
concentration in preterm-delivering mothers was lower than [16], higher than [17] or similar to [20,21]
term-delivering mothers, suggesting a high variability of IgM concentration between mothers. A strong
variation of anti-H3N2 NA IgM in MBM from preterm-delivering mothers (0 EU/mL to 4301 EU/mL at
1 week; 0-900 EU/mL at 3 weeks) was observed, which could be due to the time of vaccination during
pregnancy and the mother’s immune response to the vaccine.

Anti-HIN1 HA IgG was higher in MBM than in DBM fed during the first and third week of
postnatal age. Pasteurization did not affect anti-H1N1 HA IgG in whole or skim breast milk. The higher
relative abundance of anti-H1N1 HA IgG in MBM could be due to the difference of GA and lactation
time between preterm-delivering mothers and term-delivering mothers (DBM). Anti-influenza A HIN1
HA and H3N2 NA IgG did not differ in gastric contents of infants fed MBM and DBM either at 1 week
or 3 weeks of postnatal age. Interestingly, anti-H3N2 NA IgG was higher in MBM than in DBM during
the first week but did not differ at third week of MBM lactation. Anti-H3N2 NA IgG relative abundance
in skimmed milk but not whole milk was reduced by pasteurization. We speculate that anti-H3N2 NA
IgG was low in DBM due to the time of lactation. Our recent clinical study demonstrated that total
IgG concentration was higher in MBM than DBM in feed and gastric samples (1 h post-feeding) from
preterm infants [13].

Gastric digestion reduced anti-H3N2 NA IgG from MBM at 21-22 days and from DBM at 8-9 days
of postnatal age, but the other anti-influenza A antibodies were not digested in the gastric contents of
preterm infants. A slight increase of anti-H3N2 NA IgG from DBM in gastric contents at 8-9 days of
postnatal age was observed, which could be due to contamination of the gastric contents with residual
from previous feeds based on MBM.

All influenza A antibodies most likely resisted preterm infant overall digestion to some extent as
all were detected in stools 24 h post-feeding. Antibodies detected in stool samples could derive from
the MBM and/or DBM feeding or potentially be generated by the infant. Anti-HIN1 and anti-H3N2
antibodies in stool samples did not differ between the first and third week of postnatal age.

Five infants among twenty received antibiotics (Table S1). Provision of antibiotics could change
the microbiome and alter the survival of maternal influenza antibodies to the stool. However, no
differences were detected in their survival in the gastric contents and stools between infants with and
without antibiotics (Table S3).

Schlaudecker et al. [9] demonstrated that anti-influenza IgA level in breast milk correlated inversely
with frequency of respiratory illness with fever in term infants. The authors hypothesized that orally
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ingested milk antibodies may contribute to immune protection within airways against respiratory
infections [9]. However, this high protection effect could also be due to the high anti-influenza antibody
concentration (IgG) in mother’s blood that was transmitted to the infant across the placenta.

The function of milk anti-influenza antibodies may be to neutralize viruses in breast milk or in the
gastrointestinal or respiratory tracts. Small amounts of breast milk can reach the infant respiratory
tract as a result of regurgitation and inhalation of breast milk during and after feeding [22]. Therefore,
milk influenza-specific antibodies may reach the respiratory tract through regurgitation and inhalation
of breast milk and protect the mucosa of the respiratory tract against influenza A viruses, as previously
hypothesized for milk anti-respiratory syncytial virus-specific Ig [23]. Nutritional intervention studies
are needed to confirm whether the milk antibodies specific to influenza A can contribute to protection
against respiratory pathogens.

Milk antibodies may also interact with immune cells within the infant intestinal lumen to protect
against pathogens. Maternal milk-derived SIgA2 and IgA2 (but not IgA1, IgG or IgM) can adhere to the
apical surfaces of mice intestinal M cells and be transported across the epithelial cell layer [24]. IgA1
has a heavily O-glycosylated hinge region, whereas the smaller IgA2 hinge region is not glycosylated.
The investigators speculated that the extended hinge of IgA1 may interfere with binding to the M
cell receptor [24]. A hypothetical IgA receptor on M cells could mediate the delivery of SIgA2 from
the intestinal lumen to the mucosa-associated lymphoid tissues. SIgA2-antigen complexes absorbed
across M cells could be sampled by subepithelial B lymphocytes and dendritic cells [25]. Indeed, SIgA
was detected on the apical surface of M cells in the infant ileum, suggesting that they may be able to
endocytose SIgA. Therefore, milk anti-influenza antibodies complexed with influenza antigens could
hypothetically be absorbed by M cells, sampled by leukocytes and lead to altered mucosal immune
response in the respiratory tract.

A limitation in our study was the absence of information on vaccination (vaccinated or not and
dates) from recruited mothers in order to demonstrate a positive correlation between vaccinated
mothers and anti-influenza antibody level in breast milk. However, this association was already
demonstrated in previous a study for anti-influenza IgA in breast milk [9].

Another study limitation is that too few subjects were included to detect many differences between
MBM and DBM feeds and gastric contents when grouped by GA (26-27 weeks, 30-31 weeks, and
35-36 weeks).

5. Conclusions

The present study suggests that passive immunization with milk anti-influenza A IgA may have
been highest when infants were fed MBM rather than DBM during the first week of postnatal age.
Anti-influenza A IgM was higher in MBM than in DBM during the first and third week of postnatal
age in both type of samples (feeds and gastric samples). Anti-influenza IgM differed most between
DBM and MBM, likely due to its sensitivity to pasteurization. Anti-influenza IgG relative abundance
was higher in MBM than DBM feeds but did not differ in gastric contents at first and third week of
postnatal age. Passive immune protection with maternal anti-influenza antibodies from MBM may
provide infant protection. Milk antibodies could neutralize viruses within the mammary gland, in
the infant mouth and after entering their respiratory system. Supplementing DBM with additional
influenza A-specific antibodies could benefit infants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/7/1567/s1,
Table S1. Demographics of preterm-delivering mother-infant pairs sampled for MBM and DBM feeds, gastric
contents (1-h postprandial time) and stools (24-h post-feeding); Table S2. Description of influenza vaccine
(Flucelvax Quadrivalent 2017-2018 Formula) given to mothers during pregnancy; Table S3. Statistical results
(p-values) for Student’s t-tests comparing antibody concentration between infants that received antibiotics (1 = 5 at
8-9 days and n = 5 at 21-22 days of postnatal age) and infants that did not receive antibiotics (1 = 15 at 8-9 days and
n =11 at 21-22 days) in gastric and stool samples. G, gastric contents; S, stool; Table S4. GMRA of anti-influenza A
IgA, IgM and IgG (HIN1 HA and H3N2 NA) in MBM and DBM at 8-9 days and for 21-22 days of postnatal age.
MBM samples were from 20 preterm-delivering mothers (26-36 wk of GA). P-values were calculated using the
Wilcoxon matched-pairs signed-rank test; Table S5. GMRA of anti-influenza IgA, IgM, and IgG (HIN1 HA and
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H3N2 NA) in gastric contents fed MBM and DBM feeds. Gastric contents from infants fed MBM or DBM were
from 20 mother-preterm pairs (26-36 wk of GA at 8-9 days and for 21-22 days of postnatal age. p-values were
calculated using the Wilcoxon matched-pairs signed-rank test; Table S6. p-value for the difference between MBM
and gastric MBM or between DBM and gastric DBM on anti-influenza IgA, IgM, and IgG reactivities (HIN1 HA
and H3N2 NA). Feed and gastric samples were from 20 mother-preterm pairs (26-36 wk of GA). p-values were
calculated using the Wilcoxon matched-pairs signed-rank test; Table S7. GMRA for anti-influenza IgA, IgM and
IgG antibodies (HIN1 HA and H3N2 NA) in stools from preterm infants. Stool samples were from 20 preterm
infants at 26-36 wk of GA. p-values were calculated using the Wilcoxon matched-pairs signed-rank test between
8-9 days and 21-22 days of postnatal age.
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Abstract: Background: Mother’s own milk is the optimal source of nutrients and provides numerous
health advantages for mothers and infants. As they have supplementary nutritional needs, very
preterm infants may require fortification of human milk (HM). Addressing HM composition and
variations is essential to optimize HM fortification strategies for these vulnerable infants. Aims:
To analyze and compare macronutrient composition in HM of mothers lactating very preterm (PT)
(28 0/7 to 32 6/7 weeks of gestational age, GA) and term (T) infants (37 0/7 to 41 6/7 weeks of GA)
over time, both at similar postnatal and postmenstrual ages, and to investigate other potential factors
of variations. Methods: Milk samples from 27 mothers of the PT infants and 34 mothers of the T
infants were collected longitudinally at 12 points in time during four months for the PT HM and
eight points in time during two months for the T HM. Macronutrient composition (proteins, fat, and
lactose) and energy were measured using a mid-infrared milk analyzer, corrected by bicinchoninic
acid (BCA) assay for total protein content. Results: Analysis of 500 HM samples revealed large inter-
and intra-subject variations in both groups. Proteins decreased from birth to four months in the
PT and the T HM without significant differences at any postnatal time point, while it was lower
around term equivalent age in PT HM. Lactose content remained stable and comparable over time.
The PT HM contained significantly more fat and tended to be more caloric in the first two weeks
of lactation, while the T HM revealed higher fat and higher energy content later during lactation
(three to eight weeks). In both groups, male gender was associated with more fat and energy content.
The gender association was stronger in the PT group, and it remained significant after adjustments.
Conclusion: Longitudinal measurements of macronutrients compositions of the PT and the T HM
showed only small differences at similar postnatal stages in our population. However, numerous
differences exist at similar postmenstrual ages. Male gender seems to be associated with a higher
content in fat, especially in the PT HM. This study provides original information on macronutrient
composition and variations of HM, which is important to consider for the optimization of nutrition
and growth of PT infants.

Keywords: human milk; preterm; term; neonate; infant; macronutrients; protein; fat; lactose; nutrition
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1. Introduction

Human milk (HM) is a highly complex, dynamic and species-specific system that incorporates
numerous nutritional and bioactive elements. Despite progress in analytical technologies enabling the
growth of data over the past decade, HM composition remains only partially elucidated [1-4]. Recent
studies revealed countless inter- and intra-individual factors influencing HM composition, such as
maternal, circadian, pregnancy, delivery, infantile, chronological and environmental variables [5-9].
Among these factors, temporal changes of HM composition before and after term equivalent time
are of particular interest considering the critical challenges of preterm (PT) infants’ nutrition and the
critical importance of HM for this vulnerable population [10,11].

As for healthy term (T) babies, breastfeeding provides numerous health advantages for PT infants
and their mothers, and is thus strongly recommended [12-16]. In addition, for very PT at risk neonates,
mother’s own milk appears particularly protective against several severe complications, such as
necrotizing enterocolitis, sepsis, bronchopulmonary dysplasia, retinopathy of prematurity, and reduces
duration of hospital stay or incidence of rehospitalizations [17-20]. Furthermore, it may improve brain
growth and the development of these fragile infants [21-24].

Despite these crucial protective effects, HM may not fully meet some specific additional
nutritional requirements of very PT infants to avoid growth flattening, nutritional deficits, and
related complications [25-27]. Therefore, human milk fortification is often recommended in very
PT neonates, however controversies exist and optimal, feasible fortification strategies remain to be
identified [11,16]. Nevertheless, even with the development of HM fortification practices, growth
failure remains frequent in neonatal intensive care units (NICUs), affecting up to half of very low
birthweight neonates [28].

In this context, we need to have better knowledge and understanding of HM composition and its
variations, and especially temporal changes, in order to enhance nutritional enteral strategies, mainly
human milk fortification and/or formula complements according to the situation [11]. Currently, studies
on HM composition after very PT delivery remain scarce and are mostly based on cross-sectional
studies. Only a few studies have longitudinally measured the trajectory of HM composition and its
time variations in both T and PT infants, and the data remain controversial [10].

In this prospective cohort study, we aimed: (i) to quantify macronutrient composition in very PT
and T HM over time; (ii) to compare macronutrient composition between PT and T milk, at similar
lactation stages (postnatal ages) and gestational stages (postmenstrual ages); and (iii) to investigate
other factors potentially associated with macronutrient variations in HM.

2. Materials and Methods

2.1. Study Design, Subjects, and Setting

This study was a part of a prospective, monocentric, cohort study aiming to analyze various
components of HM over time and to compare their contents in the PT HM versus the T HM. We
previously published the study design and the description of the population in detail [29].

The study was conducted between October 2013 and July 2014 at the University Hospital of
Lausanne, Switzerland. Eligible mothers were those older than 18 years of age, intending to breastfeed
their offspring, and who delivered either (i) very prematurely (PT group), from 28 0/7 to 32 6/7 weeks
of gestational age (GA) or (ii) at term (T group), between 37 0/7 to 41 6/7 weeks of GA.

Exclusion criteria included any counter-indication to breastfeeding, maternal diabetes (type I or II)
before pregnancy, alcohol or drug consumption, and insufficient French language skills.

The mothers who were included in the study were followed until postnatal week 16 for the PT
group, and week 8 for the T group, or until lactation discontinuation (whichever came first).
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2.2. Data Collection

The main clinical and sociodemographic maternal and neonatal characteristics were prospectively
collected. All data were recorded in electronic case report forms in a dedicated database.

2.3. Milk Sampling and Processing

Sequential, iterative samples of milk were collected according to the following schedule, illustrated
in Figure 1:

(i) Preterm group: 1-10 mL of milk was collected at the end of the 1st week, then weekly for the
first 8 weeks, then every 2 weeks for an additional 8 weeks; this corresponded thus to a maximum of
12 samples during the 16 weeks.

(i) Term group: 10 mL of milk were collected weekly for 8 weeks, starting at the end of week 1.
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Figure 1. Milk sampling schedule (reprinted from Garcia-Rodenas et al. 2018, with permission
from Elsevier).

Standardized milk sampling relied on a single sampling of a single breast in the morning
(first morning expression). Milk samples were expressed between 6-12 a.m., using an electric breast
pump (Symphony®, Medela, Baar, Switzerland). After the breast was entirely emptied, the milk was
homogenized and an aliquot of maximum 10 mL of milk (1-10 mL for the first two time points in the
PT group) was collected. Each sample aliquot was immediately transferred to dedicated freezing tubes
(15 mL polypropylene tubes, Falcon™, Fisher Scientific, Reinach, Switzerland), and stored at —18 °C in
the home freezer for a maximum of 1 week until frozen transfer to the hospital. At the hospital, samples
were temporarily kept at —80 °C and then transferred to the Nestlé Research Centre (NRC, Lausanne,
Switzerland). The frozen milk samples were thawed for splitting into 15 aliquots and stored at —80 °C
until analysis of macronutrient and other HM components (reported in independent publications).

2.4. Measurement of HM Macronutrient Composition

The macronutrient content (total protein, fat, and carbohydrate, i.e., lactose) and energy density
were measured using a human milk analyzer (MIRIS AB, Uppsala, Sweden) based on mid-infrared
transmission spectroscopy (www.mirissolutions.com). One mL of each milk sample was thawed and
warmed to 40 °C in a water bath. Prior to the measurement, each sample was homogenized using
the MIRIS sonicator to avoid protein aggregation and lipid phase separation. A daily calibration
check (MIRIS check solution) was performed according to the manufacturer’s recommendations.
Macronutrient quantities were measured in a single run and the energy content was calculated
automatically by the MIRIS instrument (protein 4.4 kcal/g, carbohydrate 4 kcal/g, fat 9 kcal/g) [30].

We used a MIRIS measure validation process that had been previously published [31]. As in other
literature reports, this validation showed that the MIRIS was not accurate enough for the measurement
of total protein in human milk as compared with the Kjeldahl reference method (AOAC International,
method number 991.22), while no differences were observed for fat and carbohydrate content as
compared with the corresponding reference methods. To address this issue, we used colorimetric
bicinchoninic acid (BCA, ThermoFisher Scientific) assay, which produced accurate human milk protein
values as compared with those obtained with the reference Kjeldahl method. In order to include this
more accurate protein information in the energy density value of the human milk samples, energy
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density was recalculated for each milk sample using the same formula as the MIRIS instrument: Energy
(kcal/L) = protein (g/L) x 4.4 + fat (g/L) X 9.25 + carbohydrate (g/L) x 4.

2.5. Statistics

The paucity of quantitative data on the macronutrient content in the PT HM precluded a proper
power calculation in this exploratory study. The study size was initially set at # = 20 subjects per group
(preterm and term infant mothers) according to the estimated recruitment feasibility at the study center
within a one-year period.

The temporal changes of macronutrient contents were compared in the PT and T HM at
equivalent infant (1) postpartum ages and (2) postmenstrual ages. For both comparisons, mixed
linear models were used to estimate the differences between preterm and term infants. The models
used age (either postpartum or postmenstrual), term/preterm status, and interaction between age and
term/preterm status. Within subject variability was accounted for by declaring the subject ID as a
random effect. Contrast estimates of the model were calculated by comparing the PT and T HM groups
at each time point. No imputation method was applied for missing data (both in between visits and
loss to follow up) as the method used does not require a complete dataset. A conventional two-sided
5% error rate was used without adjusting for multiplicity as this exploratory trial is for hypothesis
generation purposes.

Similar methods were used to analyze the effects of gender and delivery mode and their interaction
with age (both postpartum and postmenstrual and also both in the PT and the T populations together
and separately). Statistical analyses were done using SAS 9.3 (SAS Institute, Cary, North Carolina,
USA) and R 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria; https://www.R-project.org).

2.6. Ethics

The study was approved by the local Ethical Board (Commission cantonal d’éthique de la recherche
sur I'étre humain du Canton de Vaud) (Protocol 69/13, clinical study 11.39.NRC; April 9, 2013).
Maternal written consent was obtained. The study was registered at ClinicalTrials.gov with the
identifier NCT02052245.

3. Results

3.1. Study Population

The detailed study flow chart and study population description has been published elsewhere [29].
They are presented in the supplementary material (see Figure S1 and Table S1).

Sixty-one mothers were included in the study: 27 mothers of 33 PT neonates, and 34 mothers of
34 T neonates. In the PT group, 25/27 mothers (93%) completed the study (one neonatal death, one
withdrawal). In the T group, 28/34 mothers (82.4%) completed the study (one maternal illness, two
withdrawals, three early breastfeeding disruption). In all, we collected 500 HM samples (280 PT and
220 T samples).

Mothers of the two groups were comparable in age (mean + SD: 32.4 + 5.6 years in the PT group,
versus 31.2 + 4.2 years in the T group, p = 0.3173) and body mass index before pregnancy and at
delivery. The mean + SD gestational age and birthweight of the PT and T neonates differed as expected
(30.8 + 1.4 weeks versus 39.5 + 1.0 weeks, p < 0.0001, and 1421 + 373 g versus 3278 + 354 g, p < 0.0001),
and more PT neonates were born by caesarean section (63% versus 23%, p = 0.0019). The sex ratio was
similar in the two groups (54% versus 53% of males, p = 0.8952).

3.2. HM Macronutrient Composition

Overall, we noticed a substantial intra- and inter-individual variability in data for all
macronutrients, indicating a large heterogeneity between macronutrient content for milk samples.
Maximal/minimal ratios reached up to 16 for fat, 5.4 for protein, 4.1 for energy, and 3.4 for lactose content.
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Detailed numerical values of each macronutrient according to postnatal age (A) and postmenstrual age
(B) are reported in the corresponding supplemental Tables.

3.2.1. Total Protein

The values of total protein content in the PT and T HM according to postnatal age are depicted in
Figure 2A. The total protein content gradually decreases from birth to four months, from (mean + SD)
2.2+ 0.3 g/100 mL to 1.5 + 0.5 g/100 mL in preterm and from 2.5 + 0.8 g/100 mL to 1.7 + 0.3 g/100 mL in
T HM, without significant differences between the PT and T groups at any point in time.

Figure 2B shows the total protein content in the PT and T HM according to postmenstrual age.
There were significant differences (p < 0.005) at gestational ages of 38—40 and 42 weeks, with T HM
containing higher amounts of protein. These differences peaked at 39 weeks with T values up to
1.7 times higher than PT values. Later postmenstrual ages (>43 weeks) did not show any significant
differences in protein content.
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Figure 2. Total protein content in the preterm (PT) and the term (T) human milk (HM) according to
postnatal age (A) and postmenstrual age (B). Box plots represent medians with 25th and 75th percentile,
minimal-maximal range, and outliers (values >4.5 are excluded from the graph). Statistically significant
p-values are indicated in the graph.

3.2.2. Total Fat

The mean values for total fat content in the PT and T HM slightly increase in early lactation
and then remain constant over time (Figure 3A). As compared to the T HM, the PT HM contained
significantly more fat (mean + SD, 2.8 + 1.1 g/100 mL in PT HM versus 2.1 + 1.0 g/100 mL in T HM;
p = 0.04) in the first week of lactation, but less in the later stages of lactation (week three to eight).

100 10.0
A : B
Cipreterm O preterm
= mterm = mterm
E p<005 E P<005 p<0.05
8 75— 87s 2 —
< 3 ' :
2 2 .
8 50, 8 50 ‘ |
H s ‘ L P il
g ‘ g I e
o o } H } T |
225 : 2 25 ‘ I |
B \ 3 ARRRE | I
T I
1 2 3 4 5 6 7 8 10 12 14 16 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Postnatal age (weeks) Postmenstrual age (weeks)

Figure 3. Total fat content in PT and T HM according to postnatal age (A) and postmenstrual age
(B). Box plots represent medians with 25th and 75th percentile, minimal-maximal range, and outliers.
Statistically significant p-values are indicated in the graph.
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When comparing the fat content according to postmenstrual age (Figure 3B), two significant
differences were observed for gestational age of 42 and 47 weeks, respectively, with higher fat content
at week 42 and lower fat content at week 47 in the PT HM as compared to the T HM.

3.2.3. Total Lactose

The mean values for lactose content remained stable over postnatal time in both groups with
a consistent, but not significant, higher content in the PT versus the T HM (mean + SD over all
lactation stages: 5.9 + 0.2 g/100 mL versus 5.8 + 0.1 g/100 mL) (Figure 4A). A significant difference was
observed at week 7 with the PT HM containing higher amounts of lactose (6.1 + 0.5 g/100 mL versus
5.6 +£0.9 g/100 mL, p = 0.0233).

When comparing lactose contents according to gestational age (Figure 4B), significant variations
were found for week 45 and 47, where lactose content was lower in the PT HM than in the T HM.
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Figure 4. Total lactose content in the PT and T HM according to postpartum age (A) and postmenstrual
age (B). Box plots represent medians with 25th and 75th percentile, minimal-maximal range, and
outliers. Statistically significant p-values are indicated in the graph.

3.2.4. Energy Density

The mean + SD values for energy density tended to be higher in the PT HM (58.7 + 10.2 kcal/100 mL
versus 53.1 + 8.8 kcal/100 mL; p = 0.08) in the first week of lactation, whereas in weeks three to eight
postpartum, energy density in the T HM was higher (Figure 5A).

When comparing the energy density according to postmenstrual age (Figure 5B), there were
punctual variations between the PT and T HM, but trajectory over lactation remained relatively constant.
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Figure 5. Calculated energy density in the PT and T HM according to postpartum age (A) and
postmenstrual age (B). Box plots represent medians with 25th and 75th percentile, minimal-maximal
range, and outliers. Statistically significant p-values are indicated in the graph.
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3.2.5. Other Factors Influencing HM Macronutrient Composition

The composition of macronutrients was also compared over time in the population and in
each T and PT subgroup separately, according to infant gender or mode of delivery (see Figures in
supplementary material).

Milk of mothers with male infants was consistently higher in fat and energy as compared to milk
of mothers with female infants, reaching statistical significance at postnatal weeks five and seven
(estimated differences of 0.89 g/100 mL and 1.07 g/100 mL of fat, respectively). The difference at five
weeks was more pronounced in the PT group (estimated difference of 1.04 g/100 mL) and the difference
at seven weeks was more pronounced for the T group (1.58 g/100 mL). There was also a trend of
increased content of total protein in milk for male as compared to female infants in both the T and the
PT groups, but the differences were not significant. We did not observe a gender difference for lactose
content. Regarding the mode of delivery, it was not associated with consistent nor significant changes
in HM macronutrients contents in our population.

A mixed linear model, taking into account the variables T or PT, postpartum age, interaction
between T/PT and postpartum age, gender, and mode of delivery, was assessed in order to have an
indication of which variables affect macronutrient concentration. It was observed that in general, the
postpartum age has a significant effect on the macronutrient concentration of milk. Carbohydrate
content was significantly higher for premature infants globally (all time points combined) while
differences in proteins, energy, and fat depended on the postpartum age. Energy and fat concentration
were significantly affected by the gender of the infant.

4. Discussion

This study provides substantial longitudinal data on the macronutrient compositions of 500 HM
samples from 61 mothers delivering either very prematurely (1 = 27) or at term (n = 34), during a
time period of up to 16 and eight weeks for a PT and a T group, respectively. The original milk
sampling design enabled the comparison of the PT and T HM composition not only at similar postnatal
ages, corresponding to similar maternal lactation stages, but also at similar postmenstrual ages,
corresponding to a similar infant developmental stage.

In this cohort, HM iterative macronutrients analysis showed notably: (i) large inter- and
intra-subject variations, most marked for fat content; (ii) little differences between the PT and T
HM at similar postnatal ages/lactation stages, while there were more significant differences between
the PT and T HM at similar postmenstrual ages/developmental stages; (iii) an overall decrease in total
protein content over time, whereas lactose, fat, and energy density remained stable; and (iv) some
gender differences in HM composition, as HM dedicated to male infants tended to be richer in fat
and energy.

First, we have emphasis on the magnitude of the variations observed in our cohort. Differences
between minimal and maximal measurements reached up to more than 10 times for fat. These
variations are more important, on the whole, than those reported in other studies [10,11,32]. Extreme
values were verified and confirmed. An effect of milk preservation or homogenization is unlikely, as
the procedure was standardized [33]. An impact of the method of collection (first morning one single
breast, rather than 24 h two breasts collections) is possible [5]. Nevertheless, these results confirm
and underline how much a unique “standard” HM composition basis of calculation cannot fit all
individual situations, and that more accurate alternatives for estimations of nutritional intake are
required, notably for fortification issues [34].

Among factors of variations, temporal changes in HM macronutrient composition have been
previously reported [10,35-37]. The study plan allowed us to investigate the HM composition changes
according to both postnatal and gestational ages, related to adaptive and developmental stages,
respectively. Interestingly, in our study, macronutrient composition changes were overall more
pronounced according to postnatal time than to gestational age, which is in line with other recent
observations [38]. Consequently, there were fewer differences between the PT and the T HM at similar
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postnatal ages, than at similar gestational ages. Its final implication, however, remains to be further
explored. This finding should also be considered regarding the definition of nutritional needs of the
PT infants and establishment of fortification targets.

Concerning the protein composition, the observed trajectory in our cohort follows a progressive
decrease, which is consistent with previous observations [10,35,39]. Our protein values align well with
published results for the first four weeks of lactation, and then seem to remain slightly higher than
reported values (week 6 to 12) [10,37]. Unlike most existing data, we did not find a higher protein
content in the PT HM than in the T HM, and there were no significant differences in the PT and T HM
protein contents at any point. By contrast, the longitudinal trajectory of the protein content according
to postmenstrual age revealed some significant differences between PT and T HM, which culminate
between weeks 38 and 42. This implies that a preterm breastfed infant arriving at term equivalent age
receives lower amounts of protein as compared with a breastfed term infant.

Concerning the fat composition, the changes of the PT and T HM contents follow a very similar
trajectory as described previously, with an initial slight increase in fat content from week one to week
two, followed by a constant level over the remaining lactation period. Initially at week one, the PT HM
contained a higher fat content, and then, until the end of the sampling period, the T HM contained
slightly higher fat levels, which also effectively matches published data [10].

Concerning the lactose content, we observed stable concentrations over time with a trend of
higher content in the PT versus T HM. Our results are in line with most of the previous reported
data, although some studies described an increase in lactose concentration during the first month of
lactation [10,35,39]. As lactose constitutes the major energy source among total carbohydrates, it is an
acceptable proxy for digestible carbohydrates [35].

Finally, the energy density was not directly measured in our study, but it was calculated and
corrected for adjusted protein content for each milk sample, using the formula published by Polberg and
Lonnerdal [30]. Overall, values of our cohort tended to be generally slightly lower than those reported
in the literature [10,35,39]. The single morning HM sampling procedure could have contributed to this
observation, as fat content has been reported to be higher in the evening [5].

Besides these temporal factors of variations, we also investigated the influence of other factors,
such as gender and mode of delivery. We noticed that HM for male infants was more concentrated in
fat and energy as compared with female infants. This was observed both in the T and PT group, but it
was more marked in the PT group. A multivariate analysis confirmed that the infant’s male gender was
significantly and independently associated with higher concentrations of fat and energy in HM. So far,
this phenomenon of “sex bias” milk synthesis, possibly already partly conditioned in utero, has mainly
been studied and discussed in other mammals, such as cows, horses, monkeys, and hamsters [40,41].
In humans, by contrast, only a small number of studies have reported a possible gender specificity
of the HM composition. In 2010, Powe et al. observed an increase in energy value of 25% for male
infants of well-fed American women [42]. In a study conducted in Singapore, Thakkar et al. found
similar differences in term newborns (energy + 24% and fat + 39% for boys), with a lipid profile
that also varied by gender [43]. More recently, in a term delivering population of mothers living in
Seoul, Hahn also observed an increased energy density in HM for male infants, related to a higher
carbohydrates content. By contrast, Quinn et al. did not observe any gender difference in the milk of
103 Filipino women [7,44]. Interaction with environmental and/or nutritional conditions is possible,
as suggested by Fujita et al. [45]. According to an evolutionary perspective, these authors hypothesize
that economically disadvantaged mothers produce richer milk for girls, while well-nourished women
produce richer milk for boys [45]. According to BMI indicators, our population was rather well
nourished [29]. The reasons for these observed differences remain unclear. One can hypothesize
that, due to their different growth trajectories and hormonal environment, male and female infants
may have different energy requirements. The implications of such differences, if confirmed, could be
important. On the other hand, the effect of delivery mode reported by Dizdar et al. was not verified
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in our population [8]. However, due to the relatively limited number of subjects and the important
variability of data, these results should be interpreted cautiously.

This work has some limitations to consider: (i) as mentioned above, the method of sampling
(first milk of the morning rather than pooled over 24 h) could have increased the measured variations,
especially for lipids; (ii) variations in milk volumes, that may have also contributed to the important
variability observed, were not recorded and thus could not be taken into account; (iii) the method
of measuring macronutrients (MIRIS ©) is a method whose reliability is open to criticism [46].
We attempted to enhance its accuracy through validation methods and protein correction strategy [31];
(iv) finally, the small number of patients in each group limited the power of the study, and allowed only
a limited number of associated factors to be analyzed. However, the influence of other factors, such as
intrauterine growth restriction, twinning, antenatal steroids, smoking, and maternal comorbidities, for
example, also deserves to be further investigated.

Despite this, our results emphasize that, although pragmatic, a unique definition of a “standard”
nutritional composition of HM, as traditionally applied, can be insufficient and inaccurate for the
nutritionally vulnerable infants, such as preterm infants [47]. These infants may require more
individualized nutritional approaches, such as “targeted” fortification based on regular measurements
of HM composition, or “adjusted” fortification according to serum urea values [11,30,48]. However, so
far, targeted approaches remain challenging and expensive in daily care practices, without enthusiastic
durable results on growth or development. Thus, future research should aim to develop optimized,
efficient and feasible fortification strategies. Recent progresses in bioengineering should help in these
issues [49]. Importantly, studies should also investigate other maternal and infant factors interacting
with HM composition, including offspring gender.

Meanwhile, it would be good to consider changing the way nutritional intakes are calculated
for clinical or research purposes. Currently, when direct measurements of HM composition are not
available, a unique HM composition is generally assumed. However, it would be preferable to use
a model that adjusts the assumed composition according to the T/PT status and/or postnatal age as
recently proposed by an expert group [34].

5. Conclusions

Macronutrient composition and energy density in human milk change over time, with important
inter- and intra- individual variations. The original design of this longitudinal study allowed us to
compare term and preterm mother milk composition both at similar postnatal stages, corresponding
to similar adaptive stages after birth, and at similar gestational ages, corresponding to similar
developmental stages after conception. This original approach revealed that differences between the
PT and T HM were more preponderant at equivalent gestational ages, especially around term, than at
equivalent postpartum lactation stages. Moreover, our results suggest a possible gender adaptation of
HM, with a more caloric milk for male infants. This is also a rather novel and compelling issue that
deserves additional research.

Accordingly, there is definitely not one, but a multitude of human milk compositions and
breastfeeding appears to be a powerful preventive and personalized medicine. Whereas HM use
is strongly encouraged in preterm as well as in term infants, there is a need to further explore HM
composition and variations to assess whether more individualized nutritional approaches may help in
optimizing growth and development of more vulnerable infants.
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