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Abbreviations 21 

HM – human milk 22 

GA – gestational age 23 

DHM – donor human milk 24 

NEC – necrotizing enterocolitis 25 

OMM – own mother’s milk 26 

LC-QTOFMS – liquid chromatography – quadrupole time-of-flight mass spectrometry  27 
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IPA – isopropanol 28 

MTBE – methyl tert-butyl ether 29 

IS – internal standard 30 

QC – quality control 31 

OTU – operational taxonomic unit 32 

PICRUSt – Phylogenetic Investigation of Communities by Reconstruction of Unobserved 33 

States 34 

PCoA – Principal Coordinates Analysis 35 

PERMANOVA – permutational multivariate analysis of variance 36 

KEGG – Kyoto Encyclopedia of Genes and Genomes  37 

FC – fold change 38 

AMON – Annotation of Metabolite Origins via Networks 39 

KO – KEGG Orthology identifier 40 

IQR – interquartile range 41 

FDR – false discovery rate 42 

CI – confidence interval 43 

SD – standard deviation 44 

R – Pearson correlation coefficients 45 

HMO – human milk oligosaccharide  46 
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Abstract 47 

Background & Aims: Human milk is the gold standard for infant nutrition. Preterm infants 48 

whose mothers are unable to provide sufficient own mother’s milk (OMM), receive 49 

pasteurized donor human milk (DHM). We studied metabolic signatures of OMM and DHM 50 

and their effect on the interplay of the developing microbiota and infant’s metabolism. 51 

Methods: Metabolic fingerprinting of OMM and DHM as well as infant’s urine was 52 

performed using liquid chromatography - mass spectrometry and the infant’s stool 53 

microbiota was analyzed by 16S rRNA sequencing. 54 

Results: Significant differences in the galactose and starch and sucrose metabolism pathways 55 

when comparing OMM and DHM, and alterations of the steroid hormone synthesis and 56 

pyrimidine metabolism pathways in urine were observed depending on the type of feeding. 57 

Differences in the gut-microbiota composition were also identified. 58 

Conclusion: The composition of DHM differs from OMM and feeding of DHM has a 59 

significant impact on the metabolic phenotype and microbiota of preterm infants. Our data 60 

help to understand the origin of the observed changes generating new hypothesis: i) steroid 61 

hormones present in HM have a significant influence in the activity of the steroid hormone 62 

biosynthesis pathway in preterm infants; ii) the pyrimidine metabolism is modulated in 63 

preterm infants by the activity of gut-microbiota. Short- and long-term implications of the 64 

observed changes for preterm infants need to be assessed in further studies.  65 
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1. Introduction 66 

Breastfeeding is regarded as the best nutrition in the first six months of life. Apart from 67 

providing nutritional elements needed for growth, known short and long-term benefits for 68 

the infant-mother dyad are numerous [1,2]. Progress in medical interventions has allowed to 69 

increase the survival of extremely low gestational age (ELGA) newborns and early infant 70 

nutrition has become a major player in improving clinical outcomes of survivors [3]. Human 71 

Milk (HM) is recommended for preterm infants based on an array of benefits provided to 72 

this highly vulnerable population [4–11].  73 

Currently, pasteurized donor human milk (DHM) is preferred over premature infant formula 74 

for premature infants whose mothers are unable to provide an adequate supply of milk [12]. 75 

Most DHM is provided by women who have delivered at term and donate their milk in later 76 

stages of lactation from weeks to several months after delivery. In comparison to milk 77 

produced during the first weeks after delivery, milk donated in later stages of lactation is 78 

typically low in protein, fat, and other bioactive molecules [13]. The composition is further 79 

affected by the processing of expressed milk following stringent protocols applied in HM 80 

banks involving pasteurization, necessary for minimizing the potential to transmit infectious 81 

agents as well as freezing and long-term storage [14–16]. While the macronutrient 82 

composition remains relatively intact, several bioactive components, such as enzymes and 83 

immune cells are compromised or destroyed [17,18]. 84 

The use of DHM in comparison to the use of formula milk results in lower rates of weight 85 

gain, linear growth, and head growth, but it was shown that DHM might reduce the 86 

incidence of necrotizing enterocolitis (NEC) [19,20]. Beyond the assessment of clinical 87 

parameters, scientific evidence for the effects of DHM on preterm infants is scarce. Recently 88 

it was shown that despite pasteurization, DHM does not compromise the protection against 89 

oxidative stress in comparison to the use of own mother’s milk (OMM) [21]. Furthermore, 90 

the study of the composition of the developing gut-microbiome of preterm infants 91 
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depending on the type of nutrition was in the spotlight of clinical studies [22,23], as diseases 92 

such as NEC and neonatal sepsis have been linked to shifts in microbial dynamics and early 93 

gut-microbiota [24,25]. It was observed that DHM fed preterm infants showed differences in 94 

the microbial patterns as compared to OMM fed infants. However, changes in the bacterial 95 

composition between DHM and OMM fed infants were smaller than in comparison to 96 

formula fed infants [22].  97 

The metabolome represents a complex milieu of compounds of different origins, including 98 

human metabolism, the diet, xenobiotics, as well as metabolites produced by bacteria 99 

residing in the human gut that may cross the intestinal barrier and hence, it allows to 100 

untangle the relationships between diet, metabolome and health status [26]. The usefulness 101 

of metabolomics for characterizing the functional status of host-gut microbiota interactions 102 

has been repeatedly described [27,28] and comprehensive approaches seek to monitor 103 

alterations in the microbiota and host co-metabolites to identify metabolic patterns 104 

associated to changes in the microbiota functionality [29].  105 

We hypothesize that differences in the composition of pasteurized DHM in comparison to 106 

OMM have an impact on the physiological response of preterm infants at the phenotypic 107 

level, and more specifically on the host-gut microbiota metabolic interactions. The study of 108 

the composition of the gut-microbiota as well as the urinary metabolome of preterm infants 109 

exclusively consuming either DHM or OMM (i.e. ≥80% v/v of the total intake) aided by state-110 

of-the art bioinformatics tools based on metabolic networks allowed to gain insight into 111 

their response to nutrition as well as the interaction between diet, microbiome and infant’s 112 

metabolism. 113 

 114 

2. Material and Methods 115 

2.1 Study population  116 
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A prospective, observational cohort study was conducted including consecutively admitted 117 

preterm infants born at ≤32 weeks of gestation and/or birth weight ≤1500 g in the Division 118 

of Neonatology of the University and Polytechnic Hospital La Fe (Valencia, Spain) during a 12 119 

month period. Two groups were recruited according to the main feeding type accounting for 120 

≥80% v/v of the nutritional intake with either OMM or DHM after achieving full enteral 121 

nutrition (150 mL/kg/day). Inclusion and exclusion criteria are listed in Supporting material 122 

Table 1. The study protocol was approved by the Ethics Committee for Biomedical Research 123 

of the Health Research Institute La Fe (Valencia, Spain) with approval number 2014/0247. All 124 

methods were performed in accordance with the relevant guidelines and regulations and 125 

written permission was obtained from legal representatives by signing an informed consent 126 

form. 127 

The protocols of the Division of Neonatology strongly support breastfeeding. If necessary, 128 

DHM is administered under medical prescription as a supplement to preterm infants born 129 

below ≤32 weeks or ≤1500 g of birth weight. Also, in case mothers refuse to breastfeed, 130 

DHM is offered. DHM is collected, processed, and stored in milk banks. Milk bank guidelines 131 

recommend Holder pasteurization (62.5⁰C, 30 minutes) to inactivate viral and bacterial 132 

agents [15]. Both, DHM and OMM are routinely fortified with HM fortifier (PreNAN FM 85, 133 

Nestle “R”, Vevey, Switzerland), adding one gram per 25 mL of milk. The nutritional intake 134 

was prospectively monitored, but not modified for this observational study. 135 

 136 

Maternal and infant biological samples 137 

OMM (n=15) was collected one month after preterm birth. DHM (n=12) was provided by 138 

volunteers admitted after the routine screening and interview at the HM bank (Banco de 139 

Leche Materna at the Hospital Universitario y Politécnico La Fe).  140 

Mothers expressed milk using breast milk pumps following a standard operating procedure 141 

employed routinely in the hospital and the HM bank. Before extraction, hands must be 142 
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washed with soap and water and nipples are cleaned with water. The removable parts of the 143 

breast milk pump as well as the collection bottles are sterilized. Aliquots of DHM were 144 

collected after Holder pasteurization. OMM and DHM samples were agitated and 1 mL 145 

aliquots were collected in dry, 1.5 mL microcentrifuge tubes. 146 

Urine samples were collected from infants exclusively receiving DHM (n=20) or OMM (n=20) 147 

one month after birth using sterile cotton pads placed in the diaper. Cotton pads were 148 

retrieved after one hour and squeezed with a syringe. The process was repeated until a 149 

minimum volume of 1 mL was collected. Stool samples from preterm infants exclusively 150 

receiving OMM (n=18) or DHM (n=18) were collected directly from the diaper when full 151 

enteral nutrition was achieved. All samples (urine, HM, and stool) were stored at −80 ⁰C un\l 152 

analysis. 153 

 154 

2.2 Liquid chromatography – quadrupole time-of-flight mass spectrometry (LC-155 

QTOFMS) metabolomic screening of urine and HM samples 156 

Standards and reagents. Acetonitrile (CH3CN), methanol (CH3OH), and isopropanol (IPA), all 157 

LCMS grade, methyl tert-butyl ether (MTBE, reagent grade), ammonium acetate (≥98%), 158 

formic acid (HCOOH, >98%), reserpine (>99%), and leucine-encephaline (97%) were obtained 159 

from Sigma Aldrich Quimica SA (Madrid, Spain). Ultra-pure water (>18.2 MΩ) was generated 160 

using a Milli-Q Water Purification System (Merck Millipore, Darmstadt, Germany). 161 

Phenylalanine-D5 (98%) and methionine-D3 (98%) were purchased from Cambridge Isotopes 162 

Laboratory Inc. (Andover, MA, USA); caffeine-D9 (98%) was from Toronto Research 163 

Chemicals (Toronto, Ontario, Canada); (15,15,16,16,17,17,18,18,18-D9) oleic acid-D9 (>99%) 164 

was purchased from Avanti Polar Lipids (Alabaster, AL, USA) and prostaglandin F2α-D4 (≥98 %, 165 

deuterated incorporation ≥ 99%) was purchased from Cayman Chemical Company (Ann 166 

Arbor, MI, USA). 167 
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HM preparation and analysis. Parameters employed for HM fingerprinting have been 168 

described elsewhere [30]. In summary, OMM and DHM samples were subjected to a single-169 

phase extraction procedure by adding 175 µL of CH3OH followed by 175 µL of MTBE [31] and 170 

20 µL of supernatant were added to 80 µL of a CH3OH:MTBE (1:1, v/v) solution. 171 

Untargeted metabolomics analysis was carried out employing a 1290 Infinity UPLC system 172 

from Agilent Technologies equipped with a Kinetex C18 column (50 x 2.1 mm, 1.7 µm) from 173 

Phenomenex (Torrance, CA, USA) running a binary gradient with (5:1:4 IPA: CH3OH:H2O 5 174 

mM ammonium acetate, 0.1% v/v HCOOH) and (99:1 IPA:H2O 5 mM ammonium acetate, 175 

0.1% v/v formic acid) as mobile phase components. Column and autosampler were kept at 176 

55 and 4 ⁰C, respectively and the injection volume was 4 µL. For detection, an Agilent 6550 177 

iFunnel QTOF-MS system working in the ESI+ mode was used in the range between 70 and 178 

1700 m/z with automatic MS spectra recalibration during analysis. LC-QTOFMS data 179 

acquisition was carried out employing MassHunter Workstation (version B.07.00) from 180 

Agilent.  181 

Urine preparation and analysis. Urine samples were thawed on ice and thoroughly shaken 182 

on a Vortex® mixer during 10 s followed by centrifugation at 16 000 x g and 4 ⁰C during 10 183 

min. 50 μL of supernatant were added to 50 μL of an internal standard (IS) solution 184 

containing reserpine, phenylalanine-D5, leucine-enkephalin, caffeine-D9, and methionine-D3 185 

at 2 μM each in H2O:CH3CN (96:4, 0.1% HCOOH v/v) and transferred to a 96-well plate. A 186 

blank extract was prepared using water instead of urine and following the same procedure 187 

as described for urine samples. A pooled quality control (QC) sample was prepared by mixing 188 

5 μL of each study sample. Metabolomic analysis was carried out employing a 1290 Infinity 189 

UPLC system from Agilent Technologies (CA, USA) equipped with a UPLC BEH C18 column 190 

(100 x 2.1 mm, 1.7 µm) from Waters (Wexford, Ireland). The flow rate was set to 400 µL min-191 

1 running a binary gradient with 0.1% v/v HCOOH in H2O and 0.1% v/v HCOOH in CH3CN as 192 
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mobile phase components. All remaining analysis parameters were set as described for HM 193 

analysis. 194 

QC procedures. Before LC-QTOFMS experiments, a system suitability check was carried out 195 

by analyzing a 2 μM IS solution to ensure that the retention times, peak area and shape 196 

values and mass accuracies were within laboratory defined limits. Eight QCs were injected 197 

prior to the study samples at the beginning of the analysis batch for conditioning of the LC-198 

QTOFMS system. Data acquired during the analysis of those samples were discarded. The 199 

blank extract was injected twice, once during system conditioning and at the end of the 200 

measurement sequence to identify signals from other than biological origin and data clean-201 

up [32]. The injection order of sample extracts was randomized. The QC was injected every 5 202 

samples and twice at the beginning and end of the batch for assessment and correction of 203 

instrumental performance [33]. 204 

2.3 Microbiota analysis 205 

The analysis of the fecal microbiota composition has been described elsewhere [22]. Briefly, 206 

total fecal DNA was isolated using the MasterPure Complete DNA & RNA Purification Kit 207 

(Epicentre, Madison, WI United States) and V3-V4 region 16S rRNA libraries were sequenced 208 

using a 2×300 bp paired-end run (MiSeq Reagent kit v3) on a MiSeq-Illumina (Illumina, San 209 

Diego, USA) platform. 210 

2.4 Data processing and statistics 211 

Metabolomics data pre-processing. The pre-processing pipeline for data acquired during 212 

the analysis of HM samples has been described elsewhere [30]. For urine, centroid LC-213 

QTOFMS raw data were converted to mzXML format employing ProteoWizard [34] 214 

(http://proteowizard.sourceforge.net). The selection of parameters for peak table extraction 215 

and alignment was based on the observed variation of retention times and m/z values of ISs. 216 

XCMS software (http://metlin.scripps.edu/xcms/) [35–37] and CAMERA [38] in R 3.6.1 were 217 

employed for the generation of peak tables. For data acquired from urine samples, the 218 
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centWave method with the following settings was used for peak detection: m/z range = 70-219 

1200, ppm = 15, peakwidth = (3 and 20), snthr = 6. A minimum difference in m/z of 0.01 Da 220 

was selected for overlapping peaks. Intensity-weighted m/z values of each feature were 221 

calculated using the wMean function. Peak limits used for integration were found through 222 

descent on the Mexican hat filtered data. Peak grouping was carried out using the “density” 223 

method using mzwid = 0.015 and bw = 6. Retention time correction was carried out using 224 

the “obiwarp” method. After peak grouping, the fillPeaks method with the default 225 

parameters was applied to fill missing peak data. Automatic integration was assessed by 226 

comparison to manual integration using IS signals. A total of 40513 features were initially 227 

detected after peak detection, integration, chromatographic deconvolution, and alignment 228 

in urine samples. 229 

Further data processing and statistical analysis were carried out in MATLAB 2017b 230 

(Mathworks Inc., Natick, MA, USA) using in-house written scripts (available from the 231 

authors) and the PLS Toolbox 8.7 (Eigenvector Research Inc., Wenatchee, USA). During data 232 

pre-processing and filtering of data from urine analysis, features with an intensity < 800 AU 233 

and those with a mean peak area <9 x mean peak area in blank samples, were removed [33]. 234 

Intra-batch effect correction was performed using Quality Control-Support Vector 235 

Regression algorithm [39–41] and the LIBSVM library [42] with the following parameters: ε–236 

range = 2 to 5%; γ-range = 1 to 105; C interval = 50%. Finally, features with a %RSD in QC 237 

samples >20% after QC-SVRC were removed from the peak table. Urinary metabolic data 238 

were normalized to the creatinine concentration in each urine sample quantified by the 239 

modified Jaffe method (DetectX® urinary creatinine detection kit, Arbor Assays, Ann Arbor, 240 

MI, USA) following the manufacturer’s protocol and employing a dilution factor of 1:4 during 241 

sample preparation. 242 

Microbiota data. Sequencing data were processed using a QIIME pipeline (version 1.9.0) 243 

[43] running in R. Operational taxonomic units (OTUs) tables with 97% identity were 244 
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constructed and representative sequences were taxonomically classified based on the 245 

Greengenes 16S rRNA gene database (version 13.8). OTUs with detection frequency <20% 246 

across all samples were removed and predictive inferred functional analysis was performed 247 

using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved 248 

States (PICRUSt) approach, as described elsewhere [44]. Alpha-diversity indices (Chao1 and 249 

Shannon, richness and diversity index, respectively), Principal Coordinate Analysis (PCoA) of 250 

beta diversity based on UNIFRAC distance (phylogenetic) and permutational multivariate 251 

analysis of variance (PERMANOVA) test with 999 permutations were obtained to show the 252 

significance between-groups. 253 

Pathway analysis. Differences between OMM and DHM group were studied on the pathway 254 

level employing the “MS Peaks to Pathways” tool (version 2.0) available in MetaboAnalyst 255 

4.0 [45] using a mass accuracy of 5 ppm, the mummichog algorithm with a p-value cut-off of 256 

0.05, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) Homo Sapiens pathway 257 

library [46,47]. As an input, a four column table was generated including  m/z, RT, the p-258 

values from a t-test comparing mean values between each group and accounting for 259 

unequal variances, and fold changes (FC) calculated as the ratio of medians between groups. 260 

Metabolites included within significantly altered pathways were annotated in LC-QTOFMS 261 

data from HM samples using the output retrieved from the mummichog algorithm (‘level 3’ 262 

identification as defined by The Metabolomics Standards Initiative [48]). 263 

AMON (Annotation of Metabolite Origins via Networks) was used to integrate microbiome 264 

and metabolome data [49]. This tool produces a table indicating which compounds could be 265 

produced by the microbiome, the host, or both based on the provided lists of gut-266 

microbiome and human KEGG Orthology identifiers (KOs). AMON was used to compute 267 

enrichment of KEGG pathways in the compounds that were detected via LC-QTOFMS based 268 

on the list of annotated KEGG compound IDs provided by mummichog and were predicted 269 

to be generated either by the fecal microbiome or the host metabolism. This calculation is 270 

Jo
urn

al 
Pre-

pro
of



12 
 

performed for all KEGG pathways with at least one metabolite predicted to be produced by 271 

the input gene sets. 272 

Statistical tests. Categorical variables were compared using Pearson's chi-squared test 273 

(α=5%). Kolmogorov-Smirnov analysis was performed to test the normal distribution of the 274 

data. Continuous variables were expressed as mean ± standard deviation or medians with 275 

interquartile range (IQR) depending on underlying distributions and comparisons were 276 

carried out using the Student’s t-test (α = 5%) for data following a normal distribution or 277 

alternatively the Wilcoxon rank-sum test (α = 5%). P-values were false discovery rate (FDR)-278 

adjusted where indicated. Pearson correlation was used to assess correlations between 279 

variables. Venny 2.1.0 was used for generating the Venn diagram [50]. 280 

Data availability. Peak tables extracted from urine and HM LC-QTOFMS data are accessible 281 

via the Mendeley Data repository (https://data.mendeley.com/) under DOI: 282 

10.17632/7tb4d66z7c.1 and DOI:10.17632/fnzbxmkv83.1, respectively. Sequencing data 283 

from the preterm gut microbiota of the infants matching the individuals included in this 284 

study can be retrieved from GenBank Sequence Read Archive Database under project 285 

accession number PRJEB25948 [22]. 286 

 287 

3. Results 288 

3.1 Clinical data 289 

In this observational study, OMM samples from mothers of preterm infants (n=15) as well as 290 

DHM samples (n=12) provided by volunteers at the HM bank were analyzed. OMM samples 291 

were collected at 1 month of age. The time of sample collection of DHM samples was 292 

heterogeneous, since for each mother several aliquots were collected over time and pooled 293 

prior to pasteurization. In this study, the elapsed time between the first and last expression 294 

of a pooled DHM sample ranged between 9 and 72 days. The median value of this elapsed 295 

time was used to represent the time of collection with respect to the infants’ age. As a 296 

Jo
urn

al 
Pre-

pro
of



13 
 

result, time of collection of DHM samples ranged between 21 and 164 days after delivery 297 

with a median value of 87 days (83 IQR). With respect to GA the median (5th-95th percentile) 298 

in the OMM group was 29 (25-32) in comparison to 40 (27-41) for milk donors (DHM group). 299 

20 preterm infants exclusively receiving OMM and 20 exclusively fed with DHM were 300 

enrolled. Table 1 displays the demographic, perinatal, clinical, and analytical data of the 301 

recruited infants grouped according to the type of feeding. No statistically significant 302 

differences (p-values>0.05) were observed between the study groups. 303 

 304 

Table 1. Characteristics of the study population (infants). 305 

Parameter OMM (n=20) DHM (n=20) p-value 

Gender, n (%) 
   

- Male 14 (70) 12 (60) 0.06 

- Female 6 (30) 8 (40)  

GA median (5-95% CI) 28 (27-29) 29 (28-30) 0.06 

Antenatal steroids, n (%) 17 (85) 17 (85) 0.6 

Birth Weight (g), mean (SD) 1300 (300) 1400 (200) 0.9 

Preeclampsia, n (%) 2 (10) 5 (25) 0.2 

Chorioamnionitis, n (%) 5 (25) 2 (20) 0.2 

Mode of birth, n (%) 
   

- Vaginal 9 (45) 9 (45) 0.6 

- C-section 11 (55) 11 (55)  

Apgar 1 min, median (IQR) 8 (5-9) 8 (6-9) 0.5 

Apgar 5 min, median (IQR) 10 (8-10) 9 (8-10) 0.4 

Umbilical artery blood gases, mean (SD) 7.2 (0.3) 7.28 (0.07) 0.9 

Days of oxygen supplementation, median 

(IQR) 
0 (1.3) 0 (0) 0.2 

Respiratory distress syndrome, n (%) 8 (40) 5 (25) 0.13 

Apneic syndrome, n (%) 17 (85) 15 (75) 0.2 

Mechanical ventilation, n (%) 5 (25) 4 (20) 0.7 
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Non-invasive ventilation, n (%) 18 (90) 18 (90) 0.06 

Postnatal steroids, n (%) 1 (5) 0 (0) n.a. 

Antibiotics therapy, n (%)    

- Pre/intra-partum 20 (100) 20 (100) 1.0 

- Post-partum 8 (40) 7 (35) 0.6 

Necrotizing enterocolitis, n (%) 0 (0) 1 (5) n.a. 

Bronchopulmonary dysplasia, n (%) 1 (5) 1 (5) 0.6 

Persistent ductus arteriosus, n (%) 9 (45) 3 (15) 0.10 

Intra-periventricular hemmorhage ≥grade 2 

(Papile’s classification [51]), n (%) 
6 (30) 0 (0) n.a. 

Note: CI = confidence interval; SD = standard deviation; IQR = interquartile range; categorical 306 

variables were compared using Pearson's chi-squared test (α=0.05). Kolmogorov-Smirnov 307 

analysis was performed to test the normal distribution of the data. Continuous variables were 308 

expressed as mean ± standard deviation or medians with interquartile range depending on 309 

underlying distributions and comparisons were carried out using the Student’s t-test (α = 5%) 310 

for data following a normal distribution or alternatively the Wilcoxon rank-sum test (α = 5%). 311 

 312 

3.2 Metabolomic analysis of HM samples 313 

Metabolic fingerprints of OMM and DHM consumed by the preterm infants included in this 314 

study were acquired employing an LC-QTOFMS platform retrieving a total of 7109 metabolic 315 

features after peak detection, deconvolution, integration, alignment, within-batch effect 316 

correction, and clean-up. For 1034 features (14.6%), significant differences in mean values of 317 

OMM and DHM groups (t-test, p-value<0.05) were found and for 21 and 199 features 318 

log2(FC) < -1 and > 1, respectively, were detected. Metabolic network analysis was employed 319 

for a functional interpretation of the acquired metabolic profiles within relevant networks 320 

using the mummichog algorithm [52]. Pathway analysis detected 13 pathways with more 321 

than two significantly changing metabolites (see Table 2). Significant differences between 322 

DHM and OMM groups were found for galactose and starch and sucrose metabolism 323 

(gamma p-value < 0.05). 324 
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 325 

Table 2. Altered pathways in DHM vs. OMM. 326 

Pathway name 

Hits 

(all) 

Hits 

(sig) 

p-

value 

gamma 

p-value 

Galactose metabolism 5 5 0.0004 0.007 

Starch and sucrose metabolism 4 4 0.002 0.03 

Fructose and mannose metabolism 7 4 0.04 0.2 

Tyrosine metabolism 4 3 0.03 0.2 

Amino sugar and nucleotide sugar metabolism 5 3 0.07 0.3 

Linoleic acid metabolism 6 3 0.12 0.4 

Glycolysis / Gluconeogenesis 2 2 0.05 0.4 

Ascorbate and aldarate metabolism 2 2 0.05 0.4 

Neomycin, kanamycin and gentamicin 

biosynthesis 2 2 0.05 0.4 

Inositol phosphate metabolism 2 2 0.05 0.4 

Phosphatidylinositol signaling system 2 2 0.05 0.4 

Lysine degradation 3 2 0.12 0.5 

Biosynthesis of unsaturated fatty acids 14 4 0.4 0.6 

Note: P-values from Fisher’s exact t-test (p-value) and adjusted for permutations (gamma p-value); all detected 327 

pathways with at least 2 significantly altered features are reported. 328 

 329 

3.3 Preterm gut-microbiota 330 

Gut-microbiota profiles differed between DHM and OMM groups as shown in Figure 1. 331 

Significant differences in beta diversity were detected (PCoA, PERMANOVA P-value = 0.04), 332 

although alpha diversity indexes were not different between groups. Significantly higher 333 

abundances of Staphylococcaceae (Staphylococcus genus) and Pasteurellaceae members 334 

(Wilkoxon rank-sum test, p-value<0.05) were observed in the DHM group, but differences 335 

did not remain significant after FDR correction. Likewise, functional prediction of KEGG 336 
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pathways identified changes in ten metabolic pathways (p-values < 0.05) that were non-337 

significant after FDR correction. 338 

 339 

 340 

Figure 1. Gut-microbiota profile of preterm infants exclusively receiving OMM and DHM. 341 

PCoA scores plot representing beta diversity relationships (top, left), alpha diversity 342 

(Shannon index) and richness (Chao1 index) (top, middle), functional predictions of KEGG 343 

pathways with significant differences between groups (top, right), and relative abundances 344 

at the family (bottom, left) and genus levels (bottom, right). OMM= light blue and DHM= 345 

orange. 346 

 347 

3.4 Metabolomic analysis of urine samples 348 

Urinary metabolic fingerprints of preterm infants exclusively receiving DHM vs. OMM were 349 

recorded employing an LC-QTOFMS platform. Initial pre-processing of data identified 10450 350 

metabolic features after feature extraction and pre-processing. In this study, 849 features 351 

(8.1% of the total) showed significantly different mean values between both groups (t-test, 352 
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p-value<0.05) with 21 and 343 features showing log2(FC) of < -1 and > 1, respectively, when 353 

comparing DHM and OMM groups. A list of the detected metabolic pathways with at least 354 

two significantly altered metabolic features is shown in Table 3. From the 32 detected 355 

pathways, only the steroid hormone biosynthesis pathway and pyrimidine metabolism were 356 

found to be significantly altered in urine samples from preterm infants consuming DHM as 357 

compared to OMM (gamma p-value < 0.05). 358 

 359 

Table 3. Altered pathways in urine samples from preterm infants consuming DHM vs. 360 

OMM. 361 

Pathway name Hits (all) Hits (sig) p-value 

gamma p-

value 

Steroid hormone biosynthesis 96 43 4E-09 1.1E-08 

Pyrimidine metabolism 24 10 0.013 0.04 

Alanine, aspartate and glutamate metabolism 22 9 0.02 0.06 

Glyoxylate and dicarboxylate metabolism 8 5 0.011 0.06 

Nitrogen metabolism 7 4 0.04 0.2 

Metabolism of xenobiotics by cytochrome P450 36 11 0.10 0.2 

Linoleic acid metabolism 4 3 0.03 0.2 

D-Glutamine and D-glutamate metabolism 10 4 0.13 0.3 

Retinol metabolism 8 3 0.2 0.5 

Arginine biosynthesis 13 4 0.3 0.5 

Arachidonic acid metabolism 13 4 0.3 0.5 

Drug metabolism - other enzymes 9 3 0.3 0.6 

Biosynthesis of unsaturated fatty acids 4 2 0.2 0.6 

Cysteine and methionine metabolism 22 5 0.5 0.7 

Phenylalanine metabolism 34 7 0.6 0.7 

Aminoacyl-tRNA biosynthesis 40 8 0.6 0.7 

Phenylalanine, tyrosine and tryptophan biosynthesis 18 4 0.5 0.7 

Butanoate metabolism 6 2 0.4 0.7 
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Valine, leucine and isoleucine degradation 14 3 0.6 0.8 

Drug metabolism - cytochrome P450 29 5 0.7 0.9 

Ubiquinone and other terpenoid-quinone biosynthesis 10 2 0.6 0.9 

Tryptophan metabolism 66 11 0.8 0.9 

Vitamin B6 metabolism 11 2 0.7 0.9 

Pantothenate and CoA biosynthesis 11 2 0.7 0.9 

Glycine, serine and threonine metabolism 12 2 0.7 0.9 

Histidine metabolism 20 3 0.8 0.9 

Purine metabolism 49 7 0.9 1.0 

Folate biosynthesis 15 2 0.8 1.0 

Tyrosine metabolism 64 9 0.9 1.0 

Porphyrin and chlorophyll metabolism 16 2 0.9 1.0 

Lysine degradation 18 2 0.9 1.0 

Arginine and proline metabolism 38 2 1.0 1.0 

Note: P-values from Fisher’s exact t-test (p-value) and adjusted for permutations (gamma p-value); all 362 

detected pathways with at least 2 significantly altered features are reported. 363 

 364 

Using the results of the mummichog algorithm, 331 features were tentatively assigned to 365 

steroid hormones belonging to the steroid hormone synthesis pathway (KEGG map00140). 366 

Between group comparison of their intensities (i.e. OMM vs DHM) showed that 19 features 367 

(see Supporting material Table 2) had significantly different mean values (FDR-adjusted p-368 

value<0.05) and |log2(FC)| >1 (see Figure 2, left). Remarkably, for all 19 features, higher 369 

intensities were detected in the OMM group as compared to the DHM group (see Figure 2, 370 

right). This result confirms the alteration of the steroid hormone synthesis pathway detected 371 

by pathway analysis in newborns receiving DHM vs. OMM. 372 

Likewise, 101 (1.0%) features were tentatively annotated as metabolites included in the 373 

pyrimidine metabolism pathway. However, none of these features showed significant 374 

differences in their mean intensities (FDR-adjusted p-value<0.05) and |log2(FC)| >1. This 375 

indicates that alteration of pyrimidine metabolism is less evident than observed for the 376 
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steroid hormone biosynthesis pathway, which agrees with the gamma p-values reported in 377 

Table 3 of 1.1E-08 vs. 0.04, respectively. 378 

 379 

  380 

Figure 2. Steroid hormone signals with different relative signal intensities 381 

found in urine samples from preterm infants exclusively receiving OMM 382 

or DHM. 383 

3.5 Integrative analysis of data from metabolomics and microbiota profiling 384 

Integrative analysis of omics data was performed to elucidate the origin of observed 385 

pathway alterations in urine samples. The HM peak table was searched for metabolites of 386 

the steroid hormone biosynthesis pathway using tentative mummichog annotations. 73 387 

unique features were assigned and out of those, 10 features (see Supporting material Table 388 

3) showed significant differences in mean values and |log2(FC)| >1 (see Figure 3, left). Again, 389 

consistently higher intensities were detected in the OMM group as compared to the DHM 390 

group (see Figure 3, right). 391 
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 392 

Figure 3. Steroid hormone signals with different relative signal intensities 393 

found in OMM and DHM samples consumed by preterm infants. 394 

 395 

Figure 4 represents Pearson correlation coefficients (R) calculated between metabolic 396 

features annotated as steroid hormones in HM and urine. In HM samples, steroid hormone 397 

levels typically showed strong correlations with a median R=0.9 (0.6-1.0 5th-95th percentile), 398 

whereas moderate correlation were found within urine samples (R=0.5, 0.2-1.0 5th-95th 399 

percentile) as well as between urine and HM steroid levels (R=0.38, 0.06-0.6 5th-95th 400 

percentile). Conversely, microbiota relative abundances overall did show weak correlations 401 

among them (R=-0.1, -0.2-0.7 5th-95th percentile) as well as with HM and urine steroid levels 402 

(R=0.0, -0.3-0.6 5th-95th percentile and R=0.0, -0.3-0.4 5th-95th percentile, respectively). 403 

However, some specific microbiota (i.e. Blautia, Unclassified Lachnospiraceae, and 404 

Enterobacter) were consistently correlated with steroid hormones in HM (R=0.6, 0.6-0.6 5th-405 

95th percentile). 406 

Figure 5 depicts the steroid hormone biosynthesis pathway in which the altered metabolites 407 

annotated in urine and HM were highlighted for better visualization. It can be observed that 408 

metabolites found in HM and in urine were at close pathway distances. For example, 409 
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pregnenolone was altered in HM samples, while direct downstream metabolites (i.e. 21-410 

hydroxy-pregnenolone, 7α-hydroxy-pregnenolone, progesterone, 17α-hydroxy-411 

pregnenolone) were altered in urine samples between DHM and OMM groups. 412 

 413 

 414 

Figure 4. Correlation coefficients of steroid hormones in urine and HM samples as well as 415 

microbiota profiles (genus level). 416 

 417 
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 418 

Figure 5. Altered metabolites of the steroid hormone biosynthesis pathway detected in HM 419 

(blue), urine (yellow), or both (green). 420 

 421 

To explore whether the pathway alteration detected in urine samples could be caused by 422 

the activity of the gut-microbiome, an integrative approach (AMON) for the analysis of the 423 

gut-microbiome and metabolome data via networks was employed. This tool allows to gain 424 

insight on the metabolite origins, i.e. to determine the degree to which annotated 425 

compounds in the urinary metabolome of preterm infants may have been produced by 426 
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bacteria present in fecal samples, the host, either, or neither. From 80 OTUs detected in 427 

fecal samples, PICRUSt predicted 6909 unique KOs. For representing the human gene 428 

content, the KEGG list of KOs in the human (Homo sapiens) genome was used. Altogether, 429 

from the 13019 predicted KOs to be present in the gut microbiome and the human host, and 430 

with the information available in KEGG, it was predicted that these KOs produce 3746 431 

compounds via 5463 reactions. 432 

The employed metabolomics assay detected 10450 metabolic features in urine samples 433 

from preterm infants. In total, 869 unique metabolites could be annotated by using the 434 

mummichog algorithm in the data set. Of these, 765 were predicted to be produced by 435 

enzymes in either human only or human and stool bacterial genomes while none of the 436 

detected metabolites was exclusively attributed to the gene products of intestinal 437 

microbiota (see Figure 6a). The remaining 104 metabolites were not predicted to be from 438 

the human or the gut-microbiome either. 439 

The enrichment of pathways that can be produced by each input KO is tested relative to the 440 

full set of all compounds in that pathway for the detected human and bacterial metabolites. 441 

In total, the calculation was performed for 217 KEGG pathways that had at least one 442 

metabolite predicted to be produced by the provided gene sets. For 127 and 98 pathways, 443 

FDR adjusted p-values <0.05 and <0.01, respectively, were found in human and/or microbial 444 

metabolism (Figure 6b). Clearly, the impact on the steroid hormone biosynthesis pathway 445 

can be ascribed to human metabolism rather than the microbiome with adjusted p-values of 446 

0.0005 and 1.0, respectively. In case of pyrimidine metabolism, adjusted p-values of 0.0005 447 

and 7x10-8 were obtained for host and microbiota, respectively. Hence, metabolites from the 448 

pyrimidine metabolism pathway are influenced by both, host and microbiome, although the 449 

impact was much more pronounced in case of bacterial metabolism. The metabolite origin 450 

within the pyrimidine metabolism pathway was further visualized in Figure 7. 451 
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  452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

Figure 6. Metabolic interactions of host-gut microbiota in preterm infants. Metabolites 467 

predicted to be produced by the gut-microbiome and the host as well as measured 468 

compounds (LC-QTOFMS) (a) and heatmap showing the adjusted p-values associated with a 469 

a) b) 
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pathway enrichment analysis of KEGG pathways in compounds that were detected via 470 

untargeted LC-QTOFMS analysis of urine samples and were predicted to be generated by 471 

members of the fecal microbiota or the human host (b) Note: only pathways with adjusted 472 

p-values<0.01 in host and/or microbiome are shown to enhance visibility. 473 

 474 

 475 

Figure 7. Pyrimidine metabolism map (KEGG map00240) colored by putative origin of 476 

compounds (circles), and presence of the reaction (rectangles). Note: yellow indicates 477 

human origin, green indicates human or bacteria origin, and red outlined compounds that 478 

were detected by LC-QTOFMS. 479 

 480 

4. Discussion 481 

This study assesses the impact of the administration of DHM in comparison to OMM on the 482 

microbiome profiles and metabolic fingerprints of preterm infants during the NICU stay. The 483 

comparison of the HM metabolome from DHM and OMM revealed differences in two 484 

pathways related to carbohydrate metabolism (see Table 2). The total carbohydrate 485 
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concentration is higher in milk from mothers of preterm infants in comparison to full-term 486 

milk [53] and specifically lactose and human milk oligosaccharides (HMOs) have been found 487 

at significantly higher concentrations in preterm milk. In this study, DHM was mainly 488 

provided by mothers of term infants and therefore the observed alterations of metabolic 489 

pathways related to carbohydrates are consistent with results reported in the literature [53]. 490 

Furthermore, although HM carbohydrate contents, including the most abundant 491 

carbohydrate lactose and HMOs and glycosaminglycans, are not significantly reduced by 492 

Holder pasteurization [54–56], a significant decrease of lactose contents was reported under 493 

conditions of frozen storage of pasteurized milk at -20°C [54]. Observed differences in 494 

carbohydrate metabolism might be especially relevant, as it has been reported that 495 

bioactive factors contained in HM, such as non-digestible HMOs, could possibly modulate 496 

the composition of microbial communities in the gut, selecting for beneficial bacteria, and 497 

are emerging as early mediators in the relationship between the development of the gut-498 

microbiome in early life and clinical outcomes [23]. When assessing the composition of the 499 

gut-microbiome of preterm infants exclusively fed DHM in comparison to OMM (see Figure 500 

1), we observed subtle differences. 501 

The impact of the changing milk composition and microbiome on the preterm infant was 502 

measured through the study of the urinary metabolome. Our results have unraveled the 503 

presence of significant differences in the metabolome (see Table 3) that may exert an 504 

influence upon specific aspects of preterm physiology of yet unknown short-and-long-term 505 

consequences. Specifically, we detected the alteration of the steroid hormone biosynthesis 506 

pathway and the pyrimidine metabolism in preterm infants exclusively receiving DHM in 507 

comparison to OMM. 508 

Milk-borne hormones including glucocorticoids are postulated to play a role in the 509 

proliferation and differentiation of the intestinal epithelium and vertical transmission of 510 

glucocorticoids via HM has been described [57]. Hence, the possibility of attributing the 511 
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changes in the preterm infant’s metabolism to differences in the composition of DHM and 512 

OMM was explored. Metabolites of the steroid hormone biosynthesis pathway were found 513 

to decrease in infants consuming DHM (Figure 2) and the same trend was observed in DHM 514 

as compared to OMM (Figure 3) while no differences in antenatal or postnatal steroid 515 

administration were found between infants receiving DHM or OMM. Of note, changes in the 516 

hormonal environment in the mother giving birth preterm or term could explain the 517 

differences found [57,58]. However, further studies addressing this specific issue are 518 

needed. Interestingly, in our study, some of the metabolites that showed significantly 519 

different concentrations between DHM and OMM were direct precursors of metabolites 520 

altered in urine samples (see Figure 5). It has been observed that HM glucocorticoid 521 

hormone levels follow the diurnal rhythm of maternal hypothalamus-pituitary-adrenal axis 522 

activity reflected in diurnal changes [58]. DHM is processed in batches as a pool from HM 523 

aliquots collected on different days and the collection time may vary between HM aliquots. 524 

Furthermore, administered DHM was subjected to Holder pasteurization. There is 525 

controversy about the stability of hormones during heat treatment [58–61] and 526 

comprehensive studies covering metabolites from the steroid hormone biosynthesis 527 

pathway are lacking. 528 

We also explored the possibility of gut-microbiota to contribute to the observed changes in 529 

steroid hormone biosynthesis pathway in preterm infants fed with DHM vs. OMM. HM 530 

glucocorticoids might modify the intestinal microbiome and intestinal bacteria can 531 

metabolize steroid hormones and are possibly involved in metabolizing endogenous 532 

glucocorticoids [57,62]. In this study overall, weak correlations were observed within 533 

microbiota as well as between microbiota and HM and urine steroids. However, some 534 

specific microbiota, i.e. Blautia, Unclassified Lachnospiraceae, and Enterobacter, showed 535 

moderate, but consistent correlations (R=0.6) across altered HM steroids between DHM and 536 
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OMM groups (Figure 4). Yet, relative abundances of these microbiota did not correlate with 537 

urine steroids. 538 

The urinary metabolome gives a snapshot of the metabolic state of the preterm infant at 539 

one month of age. In addition, through the detection of bacterial (co-)metabolites it might 540 

mirror the activity of the gut-microbiota. To decipher the origin of observed metabolites, we 541 

applied a network-based approach. In our study, the majority of detected metabolites could 542 

be produced by both, host and gut-microbiota and none of the detected metabolites was 543 

exclusively assigned to bacteria. Pathway enrichment analysis of KEGG pathways in detected 544 

compounds indicates that alterations in the steroid hormone biosynthesis pathway are not 545 

related to bacterial metabolism (adjusted p-value = 1), but significantly affected by human 546 

metabolism (adjusted p-value = 5 x 10-4). This supports the hypothesis that changes between 547 

steroid levels in DHM and OMM might cause these changes observed in preterm infants. 548 

However, pyrimidine metabolism, the second pathway altered in the urinary metabolome of 549 

preterm infants, is significantly affected by both, bacterial and host metabolism (adjusted p-550 

values of 7 x 10-8 and 5 x 10-4, respectively) and hence, the metabolites of this pathway seem 551 

to be strongly influenced by the activity of the gut-microbiome. Pyrimidine metabolism 552 

could be the link between ingestion of OMM and improved neurodevelopmental outcome at 553 

later stages, as it is tightly related to brain growth and metabolism. Cytidine and uridine act 554 

as precursors of the cytidine triphosphate used in the biosynthetic pathway of 555 

phosphatidylcholine and phosphatidylethanolamine via the Kennedy cycle [63]. Brain growth 556 

and exponential establishment of synaptic connections are essential in the neonatal period. 557 

The study has some limitations. This is a pilot study and hence, the number of subjects 558 

included is limited requiring the validation of the reported findings in follow-up studies. 559 

However, the aim here was to test the feasibility of the study design and to provide a 560 

knowledge base for future studies. DHM samples were different from OMM in terms of GA 561 

as well as collection time. However, this resembles the characteristics of HM provided by 562 
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HM banks. Furthermore, the metabolism of HM-specific compounds is not well-covered in 563 

KEGG pathways. Finally, AMON does not account for co-metabolism between the host and 564 

microbes which might be a limitation when combined with metabolomics data from urine 565 

samples, as many metabolites need to be transformed by human metabolism prior to their 566 

excretion. 567 

In summary, this is, to the best of our knowledge, the first time that the interplay between 568 

DHM, preterm infant and the gut-microbiome has been comprehensively assessed. The 569 

results obtained indicated differences between DHM from a HM bank and OMM samples 570 

from mothers of preterm infants related to carbohydrate metabolism. Preterm infants 571 

exclusively receiving either DHM or OMM showed a clear alteration in urinary steroid 572 

hormone levels and the alteration of the pyrimidine metabolism between groups was 573 

detected. Our data help to understand the origin of the observed changes generating new 574 

hypothesis: i) steroid hormones present in HM have a significant influence in the activity of 575 

the steroid hormone biosynthesis pathway in preterm infants, either directly or through the 576 

modification of gut-microbiota; ii) the pyrimidine metabolism is modulated in preterm 577 

infants by the activity of gut-microbiota. Future studies making use of targeted approaches 578 

for the validation of the changes highlighted by pathway analysis are required, specifically 579 

focusing on the quantification of metabolites from the steroid hormone biosynthesis 580 

pathway in urine and HM and assessment of carbohydrate metabolism in HM. In addition, 581 

short- and long-term consequences of the observed changes in the neonatal period need to 582 

be evaluated. Finally, the findings of this study are of practical relevance as they might 583 

trigger alternative strategies for improving neonatal nutrition based on modifying the 584 

properties of DHM through the changes of guideline for DHM collection, targeted 585 

fortification and HM processing and storage. 586 
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