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Abstract

Background: Human milk is the gold standard of nutrition for infants, providing both protective and essential nutrients.
Although much is known about milk from mothers giving birth to term infants, less is known about milk from mothers
giving birth to premature infants. In addition, little is known about the composition and diversity of small molecules in these
milks and how they change over the first month of lactation.

Objective: The objective was to understand how milk metabolites vary over the first month of lactation in mothers giving
birth to term and preterm infants.

Methods: "H nuclear magnetic resonance (NMR) metabolomics was used to characterize metabolites that were present
in micromolar to molar concentrations in colostrum (day 0-5 postpartum), transition milk (day 14), and mature milk (day 28)
from mothers who delivered term (n = 15) and preterm (n = 13) infants. Principal components analysis, linear mixed-
effects models (LMMs), and linear models (LMs) were used to explore the relation between infant maturity and the
postpartum day of collection of milk samples.

Results: By using a standard NMR metabolite library, 69 metabolites were identified in the milks, including 15 sugars, 23
amino acids and derivatives, 11 energy-related metabolites, 10 fatty acid-associated metabolites, 3 nucleotides and
derivatives, 2 vitamins, and 5 bacteria-associated metabolites. Many metabolite concentrations followed a similar
progression over time in both term and preterm milks, with more biological variation in metabolite concentrations in
preterm milk. However, although lacto-N-neotetraose (LMM, P=4.0 X 1075 and lysine (LM, P= 1.5 X 10~% significantly
decreased in concentration in term milk over time, they did not significantly change in preterm milk.

Conclusion: Overall, the metabolic profile of human milk is dynamic throughout the first month of lactation, with more
variability in preterm than in term milk and subtle differences in some metabolite concentrations. This trial was registered
at clinicaltrials.gov as NCT01841268. J Nutr2015;145:1698-708.
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Introduction

Human milk is recommended for infants because it provides
a number of nutritional, immunologic, gastrointestinal, and
neurodevelopmental benefits (1). Proper nutrition is particularly
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important for premature infants (gestational age <37 wk).
Unfortunately, for women giving birth to premature infants, it
can be difficult to establish and sustain a milk supply, because
mothers are separated from their infants and premature infants
<34 wk of gestation have not developed the skill to suck and
swallow. Moreover, preterm milk has been shown to differ from
term milk, with preterm milk initially higher in protein, fat, and
free amino acids and lower in calcium (2, 3). Despite the body
of literature describing the difference in composition between
preterm and term milks, few studies have focused on lower molec-
ular weight compounds; and of these, most studies focused on
characterizing lactose and oligosaccharide content. For instance,
lactose, the most abundant milk sugar, has been reported to be
lower (4, 5) or not significantly different (6, 7) in preterm milk
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compared with term milk. Total oligosaccharide and free,
oligosaccharide-bound, and protein-bound sialic acid concentra-
tions were similarly reported to be higher in preterm milk during
the first month of lactation (4, 8, 9). Several studies also found
greater variation in the concentration of human milk oligosac-
charides (HMOs)® in preterm milk than in term milk (9, 10).

It is well known that human milk decreases the incidence of
necrotizing enterocolitis (11, 12), late-onset sepsis (13), reti-
nopathy of prematurity (14, 15), metabolic syndrome later in life
(16), and rehospitalizations (17) and improves neurodevelop-
ment (17-19). Thus, for mothers unable to provide adequate
milk volume, current recommendations are to provide heat-
treated donor human milk (1). Because donor human milk is
mature milk provided by women who deliver at term, and there
are differences between term and preterm milk, a complete
understanding of the differences between milk from women
delivering term and preterm infants over time, particularly in the
first month postpartum, has clinical relevance.

In an effort to increase the body of knowledge regarding
the composition of small molecules in human milk, both as it
changes over lactation and how it is affected by infant
maturity at birth, we used targeted '"H NMR metabolomics
to analyze colostrum (milk expressed within the first week
postpartum), transition milk (14 d postpartum), and mature
milk (28 d postpartum) from mothers of 15 term and 13
preterm infants.

Methods

Participants. This was a prospective observational study in mothers
of term infants from the UC (University of California) Davis Foods
for Health Institute Lactation Study and mothers of preterm infants
of varying gestational ages whose children had been admitted to the
neonatal intensive care unit at University of California Davis Children’s
Hospital in Sacramento, California. Informed consent was obtained
before participation and milk collection procedures were performed in
accordance with the ethical standards of the responsible committee on
human experimentation. Breast milk was collected at enrollment (0-5 d)
and at 14 and 28 d postpartum by using a modified published method
(20) involving milk collection from 1 breast using a Harmony Manual
Breast pump (Medela, Inc.) as previously described (21). Although
mothers of term infants collected milk between 2 and 4 h after feeding,
for mothers of preterm infants milk was collected at the time of
expression for their infants and was not specifically associated with
infant feeding. Term milk was stored in subjects’ kitchen freezers
(typically —18°C) and preterm milk was stored in the hospital freezer at
—20°C until sample pick-up within 2 wk after collection and
subsequently transported to the laboratory on dry ice and stored at
—80°C until processing. Detailed medical, diet, and exposure histories
were obtained at enrollment and at 2 and 4 wk of age. This study was
registered at clinicaltrials.gov (NCT01841268).

Sample preparation. Milk aliquots for NMR analysis (0.4-1.0 mL)
were removed from storage at —80°C, defrosted, and prepared for NMR
analysis as previously described (21). Only those metabolites that exist
free in solution were quantified and reported herein.

Identification and quantification of metabolites. 'H NMR was used
to identify and quantify metabolites in human milk because of the
ease of sample preparation, its large dynamic range (can simulta-

& Abbreviations used: FUTZ, fucosyltransferase 2; HMO, human milk oligosaccharide;
LM, linear model; LMM, linear mixed-effects model; LNFP, lacto-N-fucopentaose;
LNNT, lacto-N-neotetraose; PCA, principal components analysis; 2'-FL, 2'-fucosyllactose;
3-FL, 3-fucosyllactose; 3’-GSL, 3’-galactosyllactose; 3'-SL, 3’-sialyllactose;
6'-SL, 6’-sialyllactose.

neously measure multiple metabolite concentrations in the micromolar
to molar range), and its ability to provide absolute quantitation (22).
'"H NMR spectra were acquired on a Bruker Avance 600-MHz NMR
spectrometer equipped with a SampleJet autosampler with the use of a
NOESY-presaturation pulse sequence (noesypr) at 25°C as previously
described (21, 23). All spectra were processed and metabolites identified
and quantified (24) by using a combination of the 600-MHz library from
the NMR Suite version 7.7 Profiler (Chenomx) and an in-house library of
metabolites analytically prepared as pure compounds and NMR spectra
acquired under identical conditions as previously described (21). For the
majority of compounds, the accuracy of the reported concentrations was
within 10% of the actual concentration (23), with a mean + SD precision
in measurement of 6.1% = 2.3% (21). For an annotated NMR spectrum
of human milk, the reader is referred to reference 25.

Statistical analysis. Statistical analysis was performed by using a com-
bination of Simca version 13 (Umetrics), Prism version 6.0 (GraphPad
Software), and R software version 3.1.0. Means * SDs and percentage
of the CV (%CV), which was calculated as SD/mean X 100, are reported
for each metabolite. All concentrations were log;o-transformed before
principal components analysis (PCA) or analyzed by using linear mixed-
effects models (LMMs) and linear models (LMs) as described below.

PCA was used to explore the relation between the postpartum day of
milk collection and infant maturity (term or preterm) at birth on the milk
metabolome. To further investigate whether milk metabolites were
significantly affected by infant maturity while taking into consideration
the postpartum day of milk collection, either an LMM or an LM was
used on the basis of which model had the lowest Akaike information
criterion value (best fit) for each metabolite. The Imer function (R
package “lmerTest”) was used for the LMM with postpartum lactation
day and infant maturity at birth as interacting fixed effects and milk
donor as a random effect, with the restricted maximum likelihood
estimation set to false. The resulting P values were adjusted for multiple
comparisons by the false discovery rate. In cases in which an LM was
appropriate, postpartum lactation day and infant maturity at birth were
modeled as interacting variables and the resulting P values were also
adjusted by the false discovery rate. To test the significance of secretor
status when modeling carbohydrates, secretor status [defined as a sample
containing 2’-fucosyllactose (2'-FL) above the detection threshold of
NMR] was included as a fixed effect in the LMM and LM, and if it
was determined to be significant (P < 0.05) it was included in the model
for a given sugar. Likewise, secretor status was modeled as interacting
with postpartum lactation day and infant maturity at birth only if the
interaction was determined to be significant. To determine which metab-
olites in milk significantly changed over time, the same procedure was
repeated, but infant maturity was removed from the models and the term
and preterm milks were treated independently. The term and preterm milk
metabolite means at each lactation time point were compared by using
two-tailed ¢ tests assuming unequal variance. Significant differences
were defined as P < 0.05 for all statistical tests.

Results

Self-reported participant demographic and pregnancy data are
shown in Supplemental Table 1, and infant birth characteristics
are shown in Supplemental Table 2. Metadata were not collected
from one of the mothers who delivered a preterm infant. Most
of the mothers who delivered preterm infants were aged <235 vy,
whereas the majority of mothers with term infants were aged
>25 y. Although the concentrations of several metabolites were
affected by maternal age (Supplemental Table 3), it is unknown
whether these results are biologically important or merely an
artifact of the distribution of ages in mothers giving birth to term
or preterm infants and the small number of mothers in each
arbitrarily assigned age group.

In total, 69 metabolites at 3 postpartum time points were
identified in the NMR spectra of milk from mothers giving birth
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TABLE 1 Mean term and preterm human milk carbohydrate concentrations measured over the first month of lactation by "H NMR
spectroscopy’

Day 0-5 Day 14 Day 28
Concentration, Biological Concentration, Biological Concentration, Biological

Sugars and infant maturity at birth P? mmol/L CV, % mmol/L CV, % mmol/L CV, %
2'-FL

T <0.01 543 = 455 84 422 290 69 359 + 283 79

PT 0.10 496 + 470 95 340 + 3.02 89 232 £ 254 109
3-FL

T <0.0001 091 = 1.05 115 119 = 1.16 98 157 =134 85

PT 0.15 099 + 077 78 121 = 0.68 56 198 +1.39 70
3’-GSL

T 0.02 0.83 = 0.26 31 0.67 = 0.30 45 051 + 0.15 30

PT 0.37 1.00 = 0.29 29 0.93 £ 033 36 0.82 = 040 49
3’-SL

T <0.0001 0.36 + 0.10 28 0.26 + 0.06 24 0.23 = 0.05 20

PT 0.10 0.36 = 0.1 30 0.29 = 0.05 19 0.28 = 0.08 30
6’-SL

T <0.001 0.82 = 024 29 0.88 = 0.22 24 058 + 0.17 29

PT 0.61 0.86 = 0.46 54 1.14 = 044 38 1.04 = 0.66 63
Fucose

T <0.001 0.23 = 0.18 78 0.14 = 0.12 81 0.12 = 0.10 86

PT 0.10 0.30 £ 027 89 0.15 £ 013 84 0.11 = 0.08 n
Galactose

T 0.24 0.01 + 0.04 49 0.07 + 0.04 56 0.07 = 0.04 57

PT 0.85 0.06 £ 0.04 65 0.06 + 0.02 40 0.07 = 0.05 70
Glucose

T <0.01 091 £ 037 4 1.10 = 0.50 45 154 + 054 35

PT 0.15 0.60 = 0.52 87 0.90 = 0.38 42 1.03 = 0.67 65
LDFT

T 0.39 025 +024 95 0.28 = 0.29 105 022 =026 118

PT 0.98 0.52 = 0.60 115 0.32 = 0.33 104 031 +0.38 120
LNFP |

T 0.08 165 = 1.35 82 1.01 = 0.86 85 0.64 = 0.60 93

PT 0.60 1.08 = 1.03 96 0.80 = 1.00 126 0.30 + 0.39 134
LNFP 1l

T 0.41 047 = 054 115 0.42 = 0.45 106 043 = 0.4 95

PT 0.02 0.40 = 0.34 84 052 =030 57 0.79 = 0.54 69
LNFP 11l

T <0.0001 042 £ 022 53 029 £ 013 45 0.26 = 0.09 34

PT 0.86 0.28 = 0.12 4 0.24 = 0.05 20 027 = 0.10 38
LNnT

T <0.0001 0.36 £ 0.16 45 021 £0.10 47 0.16 = 0.10 61

PT 0.83 0.23 = 0.16 68 0.17 = 0.09 52 0.20 + 0.08 4
LNT

T 0.80 149 = 1.39 93 1.23 = 0.88 Al 1.06 = 0.68 64

PT 0.17 0.96 + 1.03 107 1.37 =094 68 181 = 1.46 80
Lactose

T <0.001 160 = 12.8 8 170 = 9.95 6 180 = 14.6 8

PT 0.04 150 £ 16.5 " 170 + 6.69 4 170 = 126 8
Total HMOs measured

T <(0.0001 13.0 = 391 30 107 = 2.14 20 925 =191 21

PT 0.90 116 + 4.81 4 104 + 2.96 29 101 =171 17
Total neutral HMOs measured

T <(0.0001 11.8 = 4.00 34 953 £ 222 23 844 =195 23

PT 0.90 104 = 4.84 46 8.95 + 2.83 32 879 + 1.38 16
Total charged HMOs measured

T <0.0001 118 = 0.23 20 1.14 = 0.23 20 0.81 = 0.19 24

PT 0.86 1.22 =048 39 1.43 = 0.46 32 133 =071 53

" Values are means + SDs unless otherwise indicated; day 0-5, n = 15 term and n = 10 preterm; day 14, n = 14 term and n = 10 preterm; and day 28, n = 15 term and n = 6
preterm. Mean concentrations include both secretors and nonsecretors. The biological percentage CV (%CV) was calculated as SD/mean X 100. HMO, human milk
oligosaccharide; LDFT, lactodifucotetraose; LNFP, lacto-N-fucopentaose; LNNT, lacto-N-neotetraose; LNT, lacto-N-tetraose; PT, preterm; T, term; 2'-FL, 2'-fucosyllactose; 3-FL, 3-
fucosyllactose; 3'-GSL, 3'-galactosyllactose; 3'-SL, 3’-sialyllactose; 6'-SL, 6’-sialyllactose.

2 Pvalues are based on linear mixed-effects or linear models, which tested whether term or preterm milk metabolite concentrations significantly changed over the first month of
lactation.
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TABLE 2 Mean term and preterm human milk amino acid and derivative concentrations measured over the first month of lactation by
"H NMR spectroscopy’

Day 0-5 Day 14 Day 28

Amino acids and derivatives Concentration, Biological Concentration, Biological Concentration, Biological
and infant maturity at birth P? mmol/L CV, % mmol/L CV, % mmol/L CV, %
2-Aminobutyrate

T <0.0001 0.005 = 0.004 84 0.009 = 0.005 62 0.011 = 0.005 47

PT 0.22 0.005 = 0.004 80 0.007 = 0.004 55 0.008 = 0.004 53
2-Hydroxybutyrate

T 0.14 0.006 = 0.003 45 0.004 = 0.001 33 0.004 = 0.001 35

PT 0.88 0.006 = 0.004 57 0.007 = 0.004* 54 0.006 = 0.002 34
Acetylcarnitine

T <0.0001 0.033 = 0.010 30 0.022 = 0.009 40 0.015 = 0.005 32

PT 0.37 0.041 = 0.017 4 0.024 = 0.010 4 0.035 = 0.022 62
Alanine

T 0.01 0.135 = 0.056 4 0.171 = 0.081 47 0213 = 0.074 35

PT 0.02 0.137 = 0123 90 0.206 = 0.092 45 0.271 = 0.109 40
Asparagine

T 0.42 0.012 = 0.007 54 0.012 = 0.007 59 0.014 = 0.007 49

PT 0.92 0.017 = 0.015 85 0.011 = 0.005 48 0.016 = 0.008 48
Aspartate

T 0.10 0.049 = 0.014 27 0.032 = 0.016 51 0.040 = 0.028 Al

PT 0.10 0.044 = 0.026 57 0.049 = 0.018* 37 0.078 = 0.038 49
Betaine

T <0.0001 0.051 = 0.011 22 0.030 = 0.006 21 0.031 = 0.006 18

PT 0.27 0.050 = 0.024 47 0.037 = 0.010 28 0.033 = 0.005 15
Carnitine

T <0.001 0.011 = 0.006 54 0.016 = 0.010 61 0.022 = 0.009 43

PT 0.85 0.017 = 0.012 68 0.019 = 0.011 60 0.017 = 0.009 50
Glutamate

T <0.001 0.747 + 0.288 39 0.929 = 0.346 37 1.30 = 0.421 32

PT 022 0.878 = 0.674 77 1.16 = 0.364 31 1.34 + 0.345 26
Glutamine

T <0.0001 0.042 + 0.095 224 0.168 + 0.186 m 0.385 = 0.279 72

PT 0.27 0.061 = 0.083 134 0.131 = 0.121 92 0.160 = 0.133* 83
Histidine

T 0.03 0.018 = 0.006 33 0.021 = 0.008 40 0.025 = 0.008 33

PT 0.16 0.020 = 0.013 67 0.021 = 0.008 36 0.028 = 0.005 19
Isoleucine

T 0.03 0.012 = 0.012 104 0.008 = 0.005 65 0.006 = 0.004 61

PT 0.72 0.020 = 0.019 96 0.011 = 0.005 48 0.016 = 0.010 59
Leucine

T 0.56 0.031 = 0.041 131 0.020 + 0.011 53 0.021 = 0.009 42

PT 0.93 0.052 = 0.060 115 0.023 = 0.009 38 0.035 = 0.016 45
Lysine

T <0.001 0.033 = 0.028 87 0.011 + 0.005 48 0.009 = 0.002 25

PT 0.30 0.066 = 0.049 74 0.030 = 0.026* 85 0.040 = 0.045 114
Methionine

T 0.12 0.009 + 0.006 66 0.007 = 0.003 40 0.006 = 0.002 29

PT 0.76 0.014 = 0.011 81 0.007 = 0.004 52 0.010 = 0.005 44
Phenylalanine

T 0.29 0.010 = 0.005 49 0.010 + 0.004 37 0.012 = 0.005 42

PT 0.23 0.013 = 0.010 75 0.011 = 0.003 27 0.017 = 0.005 32
Proline

T 0.24 0.062 = 0.078 125 0.026 = 0.016 62 0.025 = 0.009 35

PT 0.45 0.069 = 0.073 106 0.026 = 0.011 x| 0.035 = 0.025 73
Taurine

T <0.001 0.348 = 0.155 45 0.259 = 0.064 25 0.188 = 0.062 33

PT 0.42 0.323 = 0.103 32 0.286 = 0.073 25 0.261 = 0.109 42

(Continued)
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TABLE 2 Continued

Day 0-5 Day 14 Day 28

Amino acids and derivatives Concentration, Biological Concentration, Biological Concentration, Biological
and infant maturity at birth P? mmol/L CV, % mmol/L CV, % mmol/L CV, %
Threonine

T 0.27 0.065 = 0.024 37 0.065 = 0.036 55 0.083 = 0.042 51

PT 061 0.081 = 0.050 61 0.083 = 0.039 47 0.093 = 0.036 39
Tryptophan

T 0.88 0.003 = 0.006 168 0.002 = 0.002 86 0.003 = 0.002 67

PT 0.27 0.010 + 0.014 132 0.002 + 0.002 100 0.003 = 0.004 127
Tyrosine

T 0.34 0.016 = 0.012 78 0.012 = 0.006 48 0.012 = 0.005 38

PT 0.98 0.029 = 0.022 75 0.019 = 0.011 56 0.028 = 0.018 63
Urea

T 0.02 2.73 + 0.965 35 3.46 + 0987 29 361 + 0912 25

PT 0.37 2.90 + 0.838 29 356 = 1.33 37 372 125 34
Valine

T 0.01 0.032 = 0.022 67 0.032 = 0.010 31 0.043 = 0.013 31

PT 0.85 0.062 = 0.048 77 0.043 = 0.018 4 0.060 = 0.024 40

"Values are means =+ SDs unless otherwise indicated; day 0-5, n = 15 term and n = 10 preterm; day 14, n = 14 term and n = 10 preterm; and day 28, n= 15 term and n = 6
preterm. Mean concentrations include both secretors and nonsecretors. *Significant difference between mean concentrations of term and preterm milk as determined by two-
tailed t test, P < 0.05. The biological percentage CV (%CV) was calculated as SD/mean X 100. PT, preterm; T, term.

2 P values are based on linear mixed-effects or linear models, which tested whether term or preterm milk metabolite concentrations significantly changed over the first month of lactation.

to term (=37 wk gestation) and preterm (<37 wk gestation)
infants. We previously reported on 65 metabolites at day 90
postpartum in women delivering term infants (21). Here, an
additional 5 metabolites, including 3’-galactosyllactose (3'-GSL),
2-hydroxybutyrate, methionine, acetoin, and dimethyl sulfone,
are reported. Except for dimethyl sulfone, these metabolites were
in high concentrations in colostrum, decreasing over time in term
milk, which may explain why they were not quantified in our
previous study (their concentrations were below the detection
limit of the NMR at day 90). In contrast, dimethyl sulfone started
at a low concentration in colostrum and increased in concentra-
tion over the first month of lactation. Cytidine and niacinamide
were observed near the detection limit in our previous study but
were not detected here.

In total, 15 sugars (including monosaccharides, disaccha-
rides, and oligosaccharides), 23 amino acids and derivatives,
11 energy-related metabolites, 10 FA-associated metabolites,
3 nucleotides and derivatives, 2 vitamins, and 5 metabolites
related to microbial metabolism were measured (Tables 1-5).
In terms of HMOs, the neutral oligosaccharides—2’-FL, 3-
fucosyllactose (3-FL), 3’-GSL, lactodifucotetraose, lacto-N-
fucopentaose (LNFP) I, LNFP II, LNFP III, lacto-N-neotetraose
(LNnT), and lacto-N-tetraose—and the charged oligosaccharides—
3'-sialyllactose (3’-SL) and 6’ -sialyllactose (6'-SL)—were identified
and quantified in all milks. Secretor status of the mothers
was determined by the ability to detect 2’-FL (secretor) or not
(nonsecretor) in milk by using NMR spectroscopy (21, 26). In
total, 10 of 15 mothers giving birth to term infants and 10 of 13
mothers giving birth to preterm infants were classified as secretors,
which is consistent with previous estimates of predominantly
Caucasian populations (27).

Term and preterm milk metabolites change over the
course of lactation. To examine correlations in milk metab-
olites between term and preterm milk, PCA was performed
(Figure 1). A clear progression along principal component
1 (which explains 20% of the variance) was observed from the
right-hand side of the plot to the left-hand side of the plot and
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could be explained by the day of collection. Samples of
colostrum (collected between 0 and 5 d postpartum) were
clustered primarily on the right side of the plot, whereas samples
collected at 28 d postpartum were clustered on the left side of the
plot (Figure 1A). The larger distribution of the first time point
likely reflects the fact that this sample was not collected on a
specific day, whereas the other samples were taken precisely
on postpartum days 14 and 28. Preterm milk followed the
same trend as term milk but with more variation (Figure 1B).
Although PCA revealed no significant difference in clustering
between milk from mothers giving birth to term and mothers
giving birth to preterm infants, preterm milk samples clustered less
at all time points (Figure 1C). The second principal component,
principal component 2 (which explains 13% of the variance),
revealed differences in secretor status, with secretors in the lower
half of the plot and nonsecretors in the upper half of the plot
(Figure 1D).

Changes in milk carbohydrate concentrations over time.
In term milk, clear trends in carbohydrate concentration over
time were observed, with some sugars increasing (lactose, 3-
FL, and glucose) and others decreasing (2'-FL, 3'-GSL, 3'-SL,
6’'-SL, LNFP III, fucose, as well as total (z = 11), neutral (n =
9), and charged (n = 2) oligosaccharides) in concentration
over time (Table 1). In preterm milk, most sugars did not
significantly change over time (Table 1), except for lactose,
which increased. For example, LNFP III significantly de-
creased over time in term milk (LMM, P = 1.0 X 10™%) but
did not significantly change in preterm milk (LM, P = 0.86)
(Figure 2A). LNnT in milk was significantly affected by infant
maturity at birth (LMM, P = 3.5 X 10™2), postpartum day of
lactation (LMM, P = 1.5 X 10~3), and secretor status (LMM,
P =2.5 X 107%); however, none of the LMM interaction terms
were significant (Figure 2B).

The composition of preterm milk has been reported to be
more variable than term milk (10). To assess whether milk
carbohydrate concentrations were consistent with this trend,
we calculated the % CV for all of the sugars including the total



TABLE 3 Mean term and preterm human milk FA-associated metabolite concentrations measured over the first month of lactation by

"H NMR spectroscopy’

Day 0-5 Day 14 Day 28

FA-associated metabolites Concentration, Biological Concentration, Biological Concentration, Biological
and infant maturity at birth P? mmol/L CV, % mmol/L CV, % mmol/L CV, %
Acetate

T 012 0.019 = 0.010 49 0.021 = 0.014 69 0.015 = 0.010 67

PT 0.24 0.016 =+ 0.004 23 0.015 =+ 0.009 65 0.035 = 0.022 62
Azelate

T <0.0001 0.018 = 0.017 97 0.065 = 0.052 80 0.071 = 0.064 90

PT 0.04 0.008 + 0.010 125 0.033 + 0.043 132 0.059 =+ 0.044 74
Butyrate

T <0.0001 0.010 = 0.011 110 0.022 = 0.018 83 0.046 = 0.039 84

PT 0.04 0.006 =+ 0.006 97 0.016 * 0.013 85 0.056 =+ 0.059 105
Caprate

T <0.001 0.007 = 0.004 60 0.019 = 0.010 50 0.026 = 0.021 81

PT 0.18 0.008 =+ 0.007 83 0.025 + 0.025 100 0.033 + 0.026 79
Caprylate

T <0.0001 0.023 = 0.017 74 0.057 = 0.032 56 0.100 = 0.081 82

PT 0.04 0.024 + 0.036 151 0.077 + 0.084 110 0.212 + 0.203 96
Choline

T <0.01 0.106 = 0.061 57 0.079 = 0.043 55 0.070 = 0.028 4

PT 0.93 0.141 + 0.084 60 0.105 =+ 0.067 64 0.138 = 0.103 75
Ethanolamine

T <0.01 0.035 = 0.013 38 0.070 = 0.017 24 0.057 = 0.016 27

PT 0.27 0.047 + 0.017 37 0.058 =+ 0.025 43 0.071 = 0.024 34
Glycero-3-phosphocholine

T <0.001 0.210 = 0.193 92 0.587 = 0.158 27 0512 = 0.164 32

PT 0.04 0.149 + 0.137 92 0.522 + 0.332 63 0.506 = 0.217 43
myo-Inositol

T <0.0001 1.59 + 0.413 26 0.916 = 0.267 29 0.972 + 0.227 23

PT 0.24 1.42 + 0.789 56 1.01 = 0.319 32 0.800 = 0.195 24
Phosphacholine

T 0.14 0.626 = 0.337 54 0.697 + 0.128 18 0.714 = 0129 18

PT 0.22 0.432 + 0.203 47 0.705 + 0.188 27 0.682 + 0.371 54

" Values are means + SDs unless otherwise indicated; day 0-5, n = 15 term and n = 10 preterm; day 14, n = 14 term and n = 10 preterm; and day 28, n = 15 term and n = 6
preterm. Mean concentrations include both secretors and nonsecretors. The biological percentage CV (%CV) was calculated as SD/mean X 100. PT, preterm; T, term.
2P values are based on linear mixed-effects or linear models, which tested whether term or preterm milk metabolite concentrations significantly changed over the first month of

lactation.

(sum of the 11 measured oligosaccharides), neutral (sum of
the 9 neutral oligosaccharides), and charged (sum of the 2
neutral oligosaccharides) oligosaccharides (Table 1). All of
the individual sugars in this study were highly variable in
concentration in term and preterm milk, with the exception of
lactose, which had a % CV between 4% and 11% in both at
each time point. For term and preterm milk, the %CV of
the combined total oligosaccharide concentration decreased
as lactation progressed (colostrum: 30% in term, 41% in
preterm; transition milk: 20% in term, 29% in preterm;
mature milk: 21% in term, 17% in preterm). The combined
neutral oligosaccharide concentrations, which constituted 9
of the 11 total measured oligosaccharides, followed the same
trend. The charged oligosaccharides (represented by 3’-SL
and 6’'-SL) varied considerably in preterm milk at all time
points (colostrum: 20% in term, 39% in preterm; transition
milk: 20% in term, 32% in preterm; mature milk: 24% in
term, 53% in preterm). Indeed, overall, the %CV of milk
carbohydrates was higher in preterm milk.

Changes in milk amino acid and derivative concentrations
over time. Many of the amino acids and their derivatives changed

in concentration during the first month of lactation (Table 2). In
term milk, 2-aminobutyrate, alanine, carnitine, glutamate, gluta-
mine, histidine, urea, and valine increased over time. In contrast,
most preterm milk amino acids and derivatives did not signifi-
cantly increase over time (Table 2), except for alanine. Glutamine
concentrations in colostrum were similar between term and
preterm samples, but by 4 wk the concentration in term milk was
significantly higher than in preterm milk (P = 2.2 X 10~?) (Figure
3A). Acetylcarnitine, betaine, isoleucine, lysine, and taurine all
decreased in term milk, and in all cases these metabolites did not
significantly change in preterm milk (Table 2). Lysine was the
only amino acid that was significantly affected by infant maturity
at birth (LM: infant maturity P = 6.7 X 1073, postpartum day of
lactation P = 1.0 X 10™*) (Figure 3B). However, the interaction
between postpartum day of lactation and infant maturity at birth
was not significant (LM, P = 0.97).

All of the amino acids and derivatives exhibited high
biological variability with the exception of betaine, where the
%CV remained at <25% at all time points in term milk. In
preterm milk, this metabolite had high biological variability in
colostrum (47%) but by 28 d postpartum became less variable
(28%CV in transition milk and 15%CV in mature milk).

Premature and term human milk metabolomes 1703



TABLE 4 Mean term and preterm human milk energy metabolite concentrations measured over the first month of lactation by 'H

NMR spectroscopy’

Day 0-5 Day 14 Day 28

Energy metabolites and Concentration, Biological Concentration, Biological Concentration, Biological
infant maturity at birth P? mmol/L CV, % mmol/L CV, % mmol/L CV, %
2-Oxoglutarate

T <0.001 0.042 = 0.014 35 0.035 = 0.012 33 0.028 = 0.008 30

PT 0.44 0.046 + 0.013 29 0.049 = 0.022 45 0.067 = 0.035* 52
Acetone

T 0.03 0.005 = 0.003 61 0.006 = 0.003 49 0.007 = 0.004 63

PT 0.92 0.004 =+ 0.002 44 0.004 = 0.002 40 0.004 = 0.001* 14
cis-Aconitate

T 0.09 0.003 = 0.001 48 0.003 = 0.001 39 0.003 = 0.002 50

PT 0.85 0.005 =+ 0.004 87 0.003 = 0.001 39 0.003 = 0.001 27
Citrate

T 0.90 374 =157 42 3.58 + 0.985 28 321 +0.825 26

PT 0.96 307 £1.17 38 342 + 0993 29 2.86 + 0.463 16
Creatine

T <0.001 0.079 * 0.032 4 0.056 = 0.011 19 0.048 = 0.015 31

PT 0.06 0.095 + 0.038 40 0.063 = 0.025 39 0.062 = 0.034 55
Creatine phosphate

T 0.02 0.029 + 0.018 61 0.036 = 0.012 33 0.043 = 0.014 33

PT 0.36 0.021 + 0.012 56 0.029 = 0.008 29 0.029 = 0.014 50
Creatinine

T 0.14 0.041 = 0.009 22 0.047 = 0.006 13 0.045 = 0.007 14

PT 0.85 0.035 + 0.009 25 0.037 = 0.009* 24 0.036 = 0.008* 22
Fumarate

T <0.0001 0.006 = 0.003 43 0.003 = 0.002 62 0.003 = 0.002 69

PT 0.83 0.005 =+ 0.003 55 0.006 = 0.004 72 0.006 = 0.004 77
Lactate

T <0.001 0.280 + 0.237 84 0.104 + 0.072 69 0.071 + 0.038 53

PT 0.85 0.271 + 0.193 Ul 0.156 = 0.123 79 0.200 = 0.078** 39
Pyruvate

T <0.001 0.012 + 0.009 79 0.004 = 0.004 88 0.003 = 0.003 87

PT 0.66 0.018 + 0.021 117 0.008 = 0.009 110 0.012 = 0.007* 61
Succinate

T 093 0.012 = 0.004 29 0.010 + 0.002 23 0.013 = 0.004 30

PT 0.45 0.013 + 0.007 51 0.012 = 0.004 32 0.016 = 0.004 25

"Values are means + SDs unless otherwise indicated; day 0-5, n = 15 term and n = 10 preterm; day 14, n = 14 term and n = 10 preterm; and day 28, n = 15 term and n = 6
preterm. Mean concentrations include both secretors and nonsecretors. ***Significant differences between mean concentrations of term and preterm milk as determined by
two-tailed t test: *P < 0.05, **P < 0.001. The biological percentage CV (%CV) was calculated as SD/mean X 100. PT, preterm; T, term.

2 Pvalues are based on linear mixed-effects or linear models, which tested whether term or preterm milk metabolite concentrations significantly changed over the first month of

lactation.

Changes in other milk metabolite concentrations over
time. FAs and associated metabolites changed in concentra-
tion over time in term and preterm milk, with more significant
changes in term milk and high degrees of biological variability
overall (Table 3). Energy-related molecules were stable over
time and similar between term and preterm milk except for
2-oxoglutarate (P = 3.8 X 1072), acetone (P = 1.3 X 1072),
lactate (P = 8.6 X 107%), and pyruvate (P = 3.4 X 1072),
which were higher in preterm milk at day 28, and creatinine,
which was higher in term milk at day 14 (P = 6.0 X 107%) and
day 28 (P = 1.4 X 107 ?) (Table 4). Human milk nucleotides
were similar between term and preterm milk, except for
hypoxanthine, which was higher in term milk at day 0-5 (P =
1.1 X 1072) and AMP, which was higher in term milk at day
14 (P = 3.0 X 1072). Finally, the microbial associated
metabolite concentrations were similar in the milks, with
the exception of dimethyl sulfone, which was significantly
lower in preterm milk at day 14 (P = 6.4 X 10~?) and day 28
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(P =2.3 X 1073) (Table 5). Methanol was also significantly
lower in preterm milk at day 0-5 (P = 2.7 X 1072).

Discussion

The chemical makeup of human milk changes during the course
of lactation but particularly in the first month postpartum when
breast tissue matures. Colostrum is the first milk produced by the
mother and is rich in immunologic compounds and growth
factors (28-30). As the mammary epithelial cells begin to form
tight junctions, lactose and citrate increase in concentration
(31), whereas total protein and sodium decrease (30) and
transition milk is produced. This progression varies among
women but usually occurs within a few days postpartum. By 4-6
wk, milk is considered fully mature and its composition does
not fluctuate as much as in the first month postpartum (32).
Consistent with other findings (4, 32, 33), we observed that



TABLE 5 Mean term and preterm human milk nucleotide and derivatives, vitamin, and bacteria-associated metabolite concentrations
measured over the first month of lactation by "H NMR spectroscopy’

Day 0-5 Day 14 Day 28
Other metabolites and infant Concentration, Biological Concentration, Biological Concentration, Biological
maturity at birth P? wmol/L CV, % wmol/L CV, % mol/L CV, %
Nucleotides and derivatives
AMP
T 0.01 21+29 136 44 + 41 93 54 +39 72
PT 0.30 ADL 250 16 = 1.5% 96 28 + 36 126
Hypoxanthine
T 0.48 35*+15 42 27 13 47 29 +09 30
PT 0.29 22 07 33 3014 48 3114 45
Uridine
T 0.07 6.4 6.3 98 3 51 36 40
PT 0.85 80 =78 98 6 81 7.1 2 60
Vitamins
Ascorbate
T 0.92 191 + 995 52 162 + 60.8 38 180 + 59.7 33
PT 0.95 174 = 116 67 196 = 117 60 139 = 654 47
Pantothenate
T 0.12 12278 64 164 =94 58 153 £52 34
PT 0.20 75 =41 54 123 +£70 57 137 =87 63
Bacteria-associated metabolites
Acetoin
T 0.62 ADL 82 ADL 103 06 + 05 85
PT 0.04 ADL 60 ADL 134 28 35 126
Dimethyl sulfone
T <0.0001 47 = 21 44 69 +32 46 101 £ 6.2 62
PT 0.95 3817 44 36 £ 1.7%* 48 39 + 16%* 4
Formate
T 011 171 £ 115 67 119 +44 37 115 +60 52
PT 0.82 120 £53 45 91+ 40 45 114 +£65 57
Hippurate
T <0.01 320 + 378 118 123 =107 88 97 +75 78
PT 0.20 21.0 + 281 134 88 + 6.2 70 108 + 143 132
Methanol
T 0.05 237 127 53 129 =49 38 147 + 8.1 55
PT 0.20 127 = 9.3* 73 125 +74 59 108 + 6.8 63

"Values are means *+ SDs unless otherwise indicated; day 0-5, n = 15 term and n = 10 preterm; day 14, n = 14 term and n = 10 preterm; and day 28, n = 15 term and n = 6
preterm. Mean concentrations include both secretors and nonsecretors. ***Significant differences between mean concentrations of term and preterm milk as determined by
two-tailed t test: *P < 0.05, **P < 0.001. The biological percentage CV (%CV) was calculated as SD/mean X 100. ADL, at the detection limit; PT, preterm; T, term.

2 P values are based on linear mixed-effects or linear models, which tested whether term or preterm milk metabolite concentrations significantly changed over the first month of lactation.

lactose concentrations increased in both term and preterm milk
over the first month of lactation, with low biological %CV.
Indeed, lactose is an important osmolyte that is highly regulated
(34), and the small % CV observed in this study and our previous
study (21) supports this observation. No significant difference in
the lactose concentration between term and preterm milk was
observed in this study, which is also consistent with previous
findings (6, 7).

In addition to providing nutrients for the growing infant,
human milk also supplies prebiotics in the form of HMOs.
These structurally diverse compounds are a conspicuously
abundant component of human milk. Indeed, HMOs are the
third most abundant component in human milk after lactose
and fat (35) and act as prebiotics for commensal bacteria.
HMOs contain a common lactose core decorated with combina-
tions of glucose, galactose, N-acetylglucosamine, fucose, and
sialic acid (36, 37). A group of HMOs that contain a-1,2 fucosyl
linkages, which include 2'-FL, are produced through the action of
the fucosyltransferase 2 (FUT2) gene. Mutations in both FUT2

alleles render an individual unable to create these linkages,
and these individuals are referred to as “nonsecretors.” Those
individuals who are heterozygotes or who lack any of the
common FUT2 mutations readily create these linkages in surface
and secreted molecules and are named “secretors” (38). Because
the infant gut lacks glycosidases to catabolize HMOs, these
molecules are indigestible and survive intact through the upper
digestive tract (39) and thus are able to serve as a food source for
specific commensal bacteria in the distal small bowel and colon
(40-42), and potentially protect the infant from enteric patho-
gens by acting as decoys (43).

The concentrations of many of the HMOs measured in this
study were dynamic during the first 28 d postpartum in both
term and preterm milk. Given the small number of nonsecretors
in this study and because only 1 preterm milk sample was
collected at day 28 from a nonsecretor, meaningful results
regarding differences in term and preterm milk on the basis of
secretor status could not be drawn. Nonetheless, most of the
HMOs in term milk decreased over time, consistent with

Premature and term human milk metabolomes 1705
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component; PCA, principal components analysis; PT, preterm; T, term.

findings in other studies (33, 44-50). 3-FL was the only HMO to
increase during the first 28 d of lactation in both milks and was
previously reported to increase in term milk over time (48-50).
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FIGURE 2 Human milk oligosaccharides that significantly differ in
concentration between term and preterm milk. Values are means =
SEMs. (A) LNFP IlI. Pvalues represent the significance of postpartum
day of lactation on LNFP Ill concentration by using an LMM (term) or
an LM (preterm). (B) LNNnT. P values represent the significance of
postpartum day of lactation on LNnT concentration by using an LMM
(term) or an LM (preterm). For term milk, the LNnT concentration was
also influenced by maturity of the infant at birth (LMM, P = 3.5 X
1072) and secretor status (LMM, P = 2.5 X 107°), but none of the
interaction terms were significant. For both LNFP [l and LNnT: milk
collected on postpartum day 0-5, n = 15 term and n = 10 preterm;
milk collected on postpartum day 14, n = 14 term and n = 10 preterm;
and milk collected on postpartum day 28, n = 15 term and n = 6
preterm. LM, linear model; LMM, linear mixed-effects model; LNFP,
lacto-N-fucopentaose; LNNT, lacto-N-neotetraose.

LNFP III and LNnT were less abundant in preterm colostrum
than in term colostrum, but by day 28, they approached similar
mean concentrations in term and preterm milks. The core
N-acetylglucosamine of the tetrasaccharide LNnT may be
fucosylated through an «-1,3 linkage to form LNFP III (48),
which may explain the similar trend of these oligosaccharides
over time. LNnT was previously shown to decrease in term
milk over the first 3 mo of lactation (47, 48), and although it is
not one of the most abundant HMOs, it is consumed by
bifidobacteria (42). The total measured HMOs in this study
were highly consistent in term and preterm mature milks,
which is in agreement with our previous study in which we
observed the conservation of total HMO concentration in
term milk at day 90 postpartum (21). Taken together, these
results suggest that oligosaccharide production is highly
regulated within the mammary gland. Interestingly, total
charged oligosaccharide concentrations, which were domi-
nated by 6'-SL, did not vary greatly throughout the first
month of lactation in term milk, because the %CV ranged
from 20% to 24%. However, in preterm milk, these oligo-
saccharides had higher biological variability, particularly in
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FIGURE 3 Human milk amino acids that differ significantly in
concentration between term and preterm milk. Values are means =
SEMs. (A) Glutamine. P values represent the significance of postpar-
tum day of lactation on glutamine concentration by using an LMM
(term) or an LM (preterm). (B) Lysine. P values represent the
significance of postpartum day of lactation on lysine concentration
by using an LMM (term) or an LM (preterm). Lysine concentration is
also influenced by the maturity of the infant (P = 6.7 X 1079
*Significant difference in mean concentration between term and
preterm milk at a specific time point, P < 0.05. For both glutamine
and lysine: milk collected on postpartum day 0-5, n = 15 term and
n =10 preterm; milk collected on postpartum day 14, n = 14 term
and n = 10 preterm; and milk collected on postpartum day 28, n =
15 term and n = 6 preterm. LM, linear model; LMM, linear mixed-
effects model.

mature milk (53%CV), suggesting that sialylation may not be
as tightly regulated at 1 mo postpartum in mothers who
deliver preterm infants.

Free amino acids comprise 8-22% of nonprotein nitrogen and
5-10% of total amino acids in human milk (51-53). They are an
important nitrogen source for the growing infant and are more
readily absorbed than protein-derived amino acids (54). In a
systematic review of the literature, Zhang et al. (55) found that
many of the free amino acids in term human milk decrease in
concentration during the first 2 mo of lactation, whereas glutamine
and glutamate increase. We determined that in addition to
glutamine and glutamate, histidine and valine also increased
significantly in term milk, as did alanine in both term and preterm
milk over the first month of lactation. Interestingly, glutamine
concentrations were similar in term and preterm colostrum but
became significantly higher in term milk at 1 mo. Glutamine was
previously reported to be higher in term transitional milk (55). This
amino acid provides fuel for rapidly dividing cells such as
enterocytes and immune cells and promotes the differentiation
and proliferation of intestinal epithelial cells in combination with
nucleotides. A recent meta-analysis of 11 clinical trials of glutamine
supplementation in premature infants did not show significant
benefits in reduction in mortality or morbidity or improvement in
neurodevelopmental outcome; however, enteral administration of
glutamine did reduce invasive infections and shorten the time to

full enteral feedings (56). Unbound lysine, an essential amino acid,
was found to be higher in preterm milk at all time points. Zhang
etal. (55) also found free lysine to be higher in transitional preterm
milk. Lysine is necessary for protein synthesis and its deficiency has
been found to cause weight loss in neonates (57).

Premature infants have a higher risk of neonatal death,
infection, and neurodevelopmental delays than do term infants.
Human milk improves the health outcome for preterm infants
(1); however, most studies to date have only compared mother’s
own preterm milk with formula. The increased use of donor
human milk (generally heat-treated mature term milk) for
premature infants underscores the need to consider differences
between term and preterm milk and how milk changes over
time. Here, 69 metabolites were described in term and preterm
human milk over the first 28 d of lactation with the use of 'H
NMR spectroscopy. We found that the term and preterm human
milk metabolomes are dynamic throughout the first month of
lactation, with subtle differences in the concentrations of a few
carbohydrates and amino acids and more biological variation in
preterm human milk. Future studies aimed at understanding the
consequences of these differences will be valuable.
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