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Abstract

Purpose Infant gut microbiota which plays an important role in long-term health is mainly shaped by early life nutrition.
However, the effect of nutrients on infants gut microbiota is less researched. Here, we present a study aiming to investigate
in vitro a modified formula that is supplemented with milk fat globule membrane (MFGM) that were missing in common
formulas when compared with human milk and to assess the impact of feeding scheme on microbiota and metabolism.
Methods A total of 44 infants including 16 from breast milk feeding, 13 from common formula feeding and 15 from modi-
fied formula feeding were analyzed, and A cross-sectional sampling of fecal and urine was done at 1 month-of-age. Stool
microbiota composition was characterized using high-throughput DNA sequencing, and urinary metabolome was profiled
by nuclear magnetic resonance (NMR). In vitro growth experiment of Bifidobacterium with key components from MFGM
was performed and analyzed by both DNA and RNA.

Results Stool samples from the infants who were breastfed had a higher relative abundance of Bifidobacterium and a lower
relative abundance of Escherichia than the formula-fed infants. The stool microbiome shifts were associated with urine
metabolites changes. Three substances including lactadherin, sialic acid and phospholipid, key components of MFGM
were significantly positively correlated to Bifidobacterium of stool samples from infants, and stimulated the growth rate of
Bifidobacterium significantly by provided energy in vitro growth experiment with RNA analysis.

Conclusions These findings suggest that the key components from MFGM could improve infants’ health by modulating the
gut microbiome, and possibly supporting the growth of Bifidobacterium.

Registration Clinicaltrials.gov NCT02658500 (registered on January 20, 2016).
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Introduction

Gut microbiome’s major role in human health is being
increasingly understood and emphasized in recent years.
Various gut microbes are essential for the normal func-
tion of host immune system [1]. In adults, many disease-
oriented studies illustrated associations between nutrition
and gut microbiota or metabolites of the gut microbiota
[2-4]. In contrast, more studies are needed to understand
the structuring forces of the infant gut microbiome [5, 6].

Infants acquire gut microbiome at birth, and studies of
infant meconium suggest that bacteria are present in the
foetal gut prior to birth [7]. The infant’s gastrointestinal
microbiome gradually matures over time after birth. This
period is also recognized as a key window of immune sys-
tem development, during which immune tolerance is built
for common microbes. It has been reported that a dysbiosis
in the gut microbiome may underlie the development of
type I diabetes and allergies before 4 years old [8]. Under-
standing the structuring factors and the possible modula-
tion of the gut microbiome development in infants would
thus be vitally important for improving infant health and
preventing certain diseases, even into adulthood.

Patterns of infant feeding would impact the develop-
ment of gut microbiome [9-11]. Human milk contains
essential nutrients including protein, fat, carbohydrates
and vitamins primarily for the infants, and some of them
would be utilized by microbes. Milk fat globule membrane
(MFGM) is a unique three-layered biological membrane
surrounding the milk fat globule. There are approx 76%
protein, 7% phospholipids and 1.9% sialic acid in MFGM
with bioactivity of anti-adhesion of bacteria and viruses,
which are beneficial for the infant gut microbiome [12,
13]. In contrast, common formulas may lack those key
components with essential functions in modulating gut
microbiome, and could be accounted for the observed
differences between breast-fed and formula-fed infant’s
gut microbiome such as Bifidobacterium [14-16]. More
importantly, the health consequences associated with
feeding pattern and gut microbiome differences call for
a mechanistic investigation and potential interventions
in infants, as it has been demonstrated that formula-fed
infants have a higher tendency in developing asthma, type
I diabetes compared to those breastfed [17, 18]. However,
the effect of MFGM on Bifidobacterium which is benefi-
cial for infant health such as antiallergy and antidiabetic
activity has not been proven [19, 20].

Here, we studied a modified formula that is supple-
mented with specific proteins and fat that were from
MFGM but missing in common formulas when compared
to human milk. We hypothesize that MFGM components
could promote gut Bifidobacterium growth in infant. The
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effect of modified formula on stool microbiome was ana-
lyzed. The influence on infant metabolism was investigated
by relation analysis between stool microbiome and urine
metabolites. The mechanism was researched by in vitro
growth experiment (Supplemental Fig. 1).

Methods
Study design

We have administrated three different feeding strategies to
infants from birth to 1 month of age, including breastfeeding
(BF), common formula feeding (FF1) and modified formula
feeding (FF2), the average nutrient compositions of which
are listed in Table 1. MFGM, rich in lipids, is applied in the
modified formula, leading to higher content of phospolipid
and sfingolipid compared to breast milk. Formula-fed infants
were randomized to FF1 or FF2. Formula taken records and
the empty formula box were collected to ensure the fidelity
of the intervention.

Infant study population

The Ethics Committee of Beijing Ditan Hospital affiliated
with Capital Medical University approved all aspects of the
study (#2015-027-01), and informed consent was obtained
from all of the subjects. The procedures were in accordance
with the ethical standards. Study subjects were recruited
from Tongzhou Maternal and Child Health Hospital (Tong-
zhou, Beijing, China) and Maternal and Child Health Hos-
pital of Liuyang (Liuyang, Hunan, China).

The primary outcome measure was the relative abundance
of gut Bifidobacterium in stool samples between human milk-
fed infant and formulaOfed infant at 1 month. To demonstrate

Table 1 Composition of nutrients in breastfeeding (BF), common for-
mula feeding (FF1) and modified formula feeding (FF2)

BF FF1 FF2
Nutrients g/l g/l g/l
Total MFGM protein 0.3 Trace 0.36
Phospholipid 0.25-0.37 0.219 0.431
Sphingomyelin 0.07-0.150 Trace 0.0986
Sialic acid 0.61 0.122 0.245
Total lactoferrin 1-2 Trace 0.0493
1eG 0.7-2 Trace 0.246
Lactadherin 0.093 Trace 0.0616
Ganglioside 0.009 Trace 0.0123
Mucinl 0.73 Trace 0.0863

BF breastfeeding, FFI common formula feeding, FF2 modified for-
mula feeding
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a clinically significant difference in the relative abundance of
Bifidobacterium by 76% between two groups (i.e. from 54 to
13%) with 90% power and an alpha value of 0.05, we esti-
mated a sample size of 13 infants in each group for a total of
39 infants [14].

This report, which is a cross-sectional analysis of a single
time point, was comprised of 44 participants (16 from BF, 13
from FF1 and 15 from FF2 group) whose data passed all qual-
ity control criteria (See details below). All analyses involving
stool microbiome and urine metabolites data were restricted
to 44 individuals (Supplemental Fig. 1 and Supplemental
Table 1).

Criteria

Newborns were eligible to be included if they were: healthy
term newborns (gestational age ranges from 37 to 41 weeks)
with a birth weight range from 2500 to 4000 g appropriate for
gestational age and Apgar scores larger than 7. Infants were
excluded from the entire study if any the following exclusion
criteria were met at any time of the study: diagnosis of a sig-
nificant chronic medical condition including: HIV infection,
cancer, bone marrow or organ transplantation, blood product
administration within the last 3 months, bleeding disorder,
known congenital malformation or genetic disorder; if the par-
ent or legal guardian was unable to read and/or comprehend
Chinese; if the family moved outside of the city they lived
during the study period; if infant take antibiotics during the
research period. Feeding practices were assessed by careful
chart review and classified as exclusive formula or breast-fed
within the first month of life.

Sampling and growth data collecting

Parents were trained for fecal and urine collection when they
agreed to participate in the research. At the age of 1 month
(2 days), fecal samples were collected by parents at home
from diapers after defaecation, immediately put into the stool
collection tubes with stool DNA stabilizer (Stratec, Germany)
and stored at — 20 °C until they were transported (in dry ice,
within 24 h) to hospital. Urine was collected by parents at
home with urine collection bag which was sticked on the urid-
ing area and transferred into sterile tubes and stored at — 20 °C
until they were transported to the hospital (in dry ice, within
24 h). Then the samples were stored at — 80 °C until analyses.
Growth data including height, weight, and disease frequency
were also collected at the same time.

High-throughput sequencing of the 16S rRNA gene
of the stool microbiome

Genomic DNA was extracted from 100 mg of homogenized
fecal samples using the QIAamp Fast DNA Stool Mini Kit

(Qiagen, GmbH, Hilden, Germany) following the manufac-
turer’s protocol. PCR amplification of the V3-V4 region of
16S rRNA genes (primers 341F: CCTACGGGNGGCWGC
AG and 805R: GACTACHVGGGTATCTAATCC) was
performed with 10 ng DNA as a template, using 15 pL of
Phusion High-Fidelity PCR Master Mix (New England Bio-
labs), 0.2 pM of forward and reverse primers in a 30 pL total
reaction volume. The PCR program included 3 min at 95 °C,
25 cycles of 30 s at 95 °C and 30 s at 55 °C, and then 30 s
at 72 °C. Sequencing libraries were generated using NEB
Next Ultra DNA Library Prep Kit for Illumina (NEB, USA)
following the manufacturer’s recommendations. Ampli-
cons were sequenced using 2 X250 bp paired-end protocol
by Illumina HiSeq 2500 according to the manufacturer’s
instructions.

Infant urine NMR metabolites

Samples were centrifuged at 15,870 rcf for 2 min at 4 °C,
the 540 pL aqueous layer was transferred to a clean 2 mL
centrifuge tube. 60 pL 3-(trimethylsilyl)-1-propanesulfonic
acid sodium salt (DSS) standard solution (Anachro, Can-
ada) was added. Samples were mixed well before transfer to
5 mm NMR tube (Norwell, USA). Spectra were collected
using a nuclear magnetic resonance (NMR) spectroscopy
(Bruker AV III 600 MHz). The first increment of a 2D-'H,
"H-NOESY pulse sequence was utilized for the acquisi-
tion of 'H NMR data and for suppressing the solvent sig-
nal. Experiments used a 100 ms mixing time along with a
990 ms pre-saturation (~80 Hz gamma B,). Spectra were
collected at 25 °C, with a total of 128 scans over a period
of 15 min. The collected Free Induction Decay (FID) signal
was automatically zero filled and Fourier transform in Pro-
cessing module in Chenomx NMR Suite 8.1 (Chenomx Inc.,
Edmonton, Canada). The data was then carefully phased and
baseline corrected in Chenomx Processor. All the spectra
were referenced to the internal standard, DSS and analyzed
against Chenomx Compound Library. All metabolites’ con-
centration was normalized by weight across all parallel sam-
ples before used in the later on multivariable analysis.

A total of 77 metabolites concentrations and derived
measures were obtained from the NMR spectroscopy plat-
form. These metabolites cover several types of metabolite
classes, including vitamin/cofactors, organic acids, amino
acids, amino acid derivatives, ketones, nucleic acid compo-
nents, ammoniums compounds, amines, sugars, alcohols,
and amides.

In vitro growth experiment
Bacteria strain B. longum subsp. infantis DSMZ20090, pro-

vided by China General Microbiological Culture Collection
Center (CGMCC) (http://www.cgmcc.net/) was used for the
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in vitro growth experiment. B. infantis were first cultured
in TPY (Trypticase Soy-Yeast) liquid broth under anaero-
bic conditions with Anaerocult A system (Merck, Darm-
stadt, Germany) for 48 h, and then diluted to 10° cells/
mL in each media. Key MFGM components (lactadherin,
L; sialic acid, S; phospholipid, P) were provided by Arla
Foods (Denmark), and added to TPY medium alone (L, S,
P), or combining two out of three (L+S, L+P, S+P), or all
three components (L + S +P), with concentration identical to
that of BF provided in Table 1. TPY medium without addi-
tives was used as a control. All groups were grown in trip-
licate under anaerobic conditions in a modular atmosphere-
controlled system (Davidson and Hardy, Belfast, Ireland)
at 37 °C for 18 h to reach mid-exponential phase, and the
optical density at 600 nm (OD600) was determined, using a
Shimadzu UV-1280 UV-399 VIS Spectrophotometer (Shi-
madzu Corp., Kyoto, Japan) directly after inoculation as well
as after 18 h; bacterial growth was measured as changes in
OD600. After growth, tubes were centrifuged at 10,000xg
for 5 min, supernatant was removed, and the pellet was re-
suspended in 1 mL of Trizol, and the RNA was extracted and
purified using RNeasy Mini Kit (Qiagen, Hilden, Germany,
74104) following the instructions. RNA libraries were pre-
pared using a TruSeq Stranded Total Library Preparation Kit
(Illumina, USA) following the instructions. Samples were
sequenced at the Institute of Microbiology, Chinese Acad-
emy of Sciences, using 150-bp pair-end reads chemistry on
a HiSeq 2500 instrument.

Bioinformatic analysis

USEARCH [21] and VSEARCH [22] were used to quality
filter, cluster, and removing chimera of demultiplexed 16S
rRNA raw sequencing data of stool sample. The clustered
sequences at 97% similarity level were utilized to construct
operational taxonomy unit (OTU) tables and representative
sequences were classified into the respective taxonomical
level from phylum to species based on the RDP 16S rRNA
gene database [23].

All statistical analyses were performed in the statistical
computing language R [24]. For 16S rRNA data, total sum
normalization (TSS) was firstly used to normalize count data
by dividing feature read counts by the total number of reads
in each sample. Rarefaction analysis, principal coordinates
analysis (PCoA) using Bray—Curtis distance of stool micro-
biome data were performed using Phyloseq [25] with vegan
(https://cran.r-project.org/web/packages/vegan/index.html)
and ade4 [26] packages. Boxplots with significance level
were plotted using “ggpubr” package version 0.1.6 (https://
cran.r-project.org/web/packages/ggpubr/index.html). Cor-
relation of microbes and metabolites were performed using
Spearman correlation in the R package “neuropsychology”
package 0.5.0 [27], 16S rRNA abundance data were TSS
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and square root transformed. Urinary metabolites data were
log2-transformed, and the p value was corrected by false
discovery rate (FDR) (<0.01). RNA-Seq raw reads were
quality control using FastQC [28], then trimmed into clean
reads using Trim-Galore (https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/). Next, clean reads
were aligned to the reference genome (NCBI Accession ID:
GCF_000020425.1) with HISAT?2 [29], then.sam files were
converted to.bam files using SamTools [30], and an expres-
sion table was generated using featureCounts of Subread
[31]. Differential expression analysis was performed using
DESeq2 [32]. KEGG pathway annotation was performed
using clusterProfiler [33] and DOSE [34] packages in R.

Results

Feeding strategies lead to different microbiome
ininfants

We first analyzed the alpha-diversity of each group, both
Simpson index and Shannon evenness were higher in the BF
group than FF1 and FF2 (Supplemental Fig. 2), while Chao
1 index was higher in FF1 group than BF and FF2. Further
beta-diversity analysis revealed that stool microbiota of BF
group was also distinct from that of FF1 and FF2 (Supple-
mental Fig. 3). Overall, 40.28% of the total microbiota vari-
ations could be explained by the feeding scheme.

We further examined the urine metabolites, anthropomet-
ric measures as well as clinical parameters among the three
groups. In urine metabolites, 10 out of 77 tested metabo-
lites showed significant differences among the three groups
(FDR < 10%) (Fig. 1). Hippurate was significantly lower in
FF2 group than that in FF1 group but was not different sig-
nificantly from that in BF group. Creatine was significantly
lower in BF group than that in both FF2 group and FF1
group.

Among the infants’ anthropometric measures as well as
clinical parameters of infant, FF2 group and FF1 group were
significantly lower in height and weight compared to BF
both at birth and 1 month, while the growth of height and
weight and other anthropometric measures, clinical param-
eters at 1 month were not significantly different from BF
(Supplemental Table 2).

Bifidobacterium as key modulator of stool
microbiome

We then have performed further compositional analysis
of the stool microbiota from different groups, especially
at the genus level. Among all major genera (average rela-
tive abundance > 1%), Bifidobacterium was found to be the
main source of differences in infants fed different strategies.
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Fig. 1 Differential urinary metabolites of three feeding schemes. The
analysis was performed using Kruskal-Wallis test with posthoc anal-
ysis by Wilcoxon-test (0.05 level). Black dot show the result of each

The average relative abundance of Bifidobacterium for three
groups reaches 12% in our study, and 29.89%, 2.66% and
2.27% in BF, FF1 and FF2 groups, respectively (Supplemen-
tal Fig. 4). Negatively correlated with Bifidobacterium, Veil-
lonella was among the major genera that are different among
the three groups, accounting for 0.26%, 6.80% and 5.06%
in BF, FF1 and FF2 groups, respectively; and Escherichia/
Shigella accounting for 0.03%, 8.48% and 8.03% in BF, FF1
and FF2 groups, respectively.

We further performed an association analysis between
the different nutrients measured within BF, FF1 and FF2
formula and the relative abundances of the major genera,
especially Bifidobacterium (Fig. 2). Three nutrient com-
ponents, lactadherin, sialic acid and phospholipid showed
significant positive correlations to the relative abundance
of Bifidobacterium and consequently negative correlation
to that of Veillonella and Escherichia/Shigella (Figs. 2 and
3); they are the major active components within MFGM, a
complex structure surrounding milk fat globules secreted
in human and other mammals’ milk. Other components
including mucin, lactoferrin, IgG and sphingomyelins
demonstrated a negative correlation with Veillonella and
Escherichia/Shigella as well, yet they do not correlate with
Bifidobacterium. Mucin and lactoferrin are negatively cor-
related with Bacteroides as well as Clostridium, and despite

sample. BF breastfeeding, FF/ common formula feeding, FF2 modi-
fied formula feeding

they are usually key members of adult gut microbiota, in
infants their abundances are relatively low (9% and 16% on
average, respectively, Supplemental Fig. 4).

Lastly, we investigated the potential sources of differen-
tial metabolites within the infants’ urine by performing an
association analysis of stool microbiota members to that of
metabolites (Supplemental Table 3). In total, 40 correlations,
including 24 positive correlations and 16 negative correla-
tions were found with a FDR of 10%. Of all metabolites
with significant differences among the three groups, creatine
and benzoate showed a positive correlation with Veillonella.
None of any metabolites were found to significantly cor-
relate with both Bifidobacterium and Escherichia/Shigella.
Benzoate was positively correlated with Veillonella, as well
as other short-chain fatty acids (e.g., propionate).

MFGM components stimulates Bifidobacterium
growth in vitro

Since the concentrations of lactadherin, sialic acid and
phospholipid are correlated within human milk as well
as in modified formula, it is yet difficult to elucidate the
effects of the three components simply from infants’ stool
microbiota data. Moreover, the effect of three components
in modified formula on infant stool microbiota is not yet

@ Springer
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Fig.2 Association analysis and

heatmap visualization of nutri-
ents measured within formula
and the relative abundances of
the gut microbial genera. The
red and blue color demonstrated
a significant positive and nega-
tive association between the
nutrients and the microbiome,
respectively
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clear. To investigate whether the Bifidobacterium enrich-
ment effect comes from single components or rather a
combination and the effect of three components in FF2
formula, we have used one Bifidobacterium longum subsp.
infantis strain isolated from infant fecal samples, and
tested its growth on simple TPY (Trypticase Soy-Yeast
extract) liquid medium versus addition of one, two or all
three components, of which the concentrations reflect
those in FF2 formula, each with three technical replicates.
After 18 h of anaerobic growth under the same tempera-
ture (37 °C), bacterial growth was measured with OD600
absorption (with blank medium as background). Interest-
ingly, the only medium with all three added showed sig-
nificantly higher bacterial cell density compared to the
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control medium while adding one or two components did
not lead to a significant increase in cell density (Fig. 4).
Finally, to investigate the potential mechanism under-
lying the Bifidobacterium enrichment under MFGM com-
ponents, we isolated total RNA from strains grown in a
simple medium of triplicate as well as medium with all
three components added, and carried out transcriptome
analysis with RNA-Seq on Illumina HiSeq. Data were
analyzed with Hisat2 using B. infantis reference genome
sequences, and differential genes were defined as adjusted
p <0.05 in paired ¢ tests. This analysis revealed 74 genes
that were differentially expressed between the two culture
conditions, and top enriched genes with all three compo-
nents included 2-hydroxyacid dehydrogenase (gene2390),
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4-hydroxy-tetrahydrodipicolinate synthase (gene2170), and
ABC transporter ATP-binding protein (gene2468) (Fig. 5).
A gene enrichment analysis revealed that glyoxylate and
dicarboxylate metabolism pathway (p =0.0001) is among
the top enriched pathways in Bifidobacterium with MFGM
components (Supplemental Fig. 5).

Discussion

Diet is known to be a potent and persistent modifier of the
microbiota in both adults and children [35, 36] and breast-
feeding is one of the main factors shaping infants’ gut
microbiota [37]. Previous studies showed that breastfeed-
ing versus non-breastfeeding significantly influenced the gut
microbiome [38, 39]. Digestion and metabolism of nutrients
are likely influenced by the intestinal microbiome [37], and
there is a well-established connection between breast feed-
ing and lower risk for childhood and adult-onset obesity
possibly mediated in part by the microbiome in early life
[40]. Compared with formula-fed infants, breastfed infants
showed an impact on several gut microbes, such as Escheri-
chia coli, Veillonella dispar and Ruminococcus gnavus as
well as Klebsiella, known to be pro-inflammatory or oppor-
tunistic pathogens, and Bifidobacterium longum, who plays
an important role in maintaining a healthy gut environment
especially in infants, as reported by previous studies [11,

Content of nutrient component (g/L)

35]. In most of the cases, no significant alpha-diversity was
found between breast- and formula-fed infants [10]. Some
cases found that the alpha-diversity of gut mirobiota of
breast-fed infant was higher than that of formula-fend infants
[10]. This might be due to the components of infant formula.

In this study, we studied a modified formula that is par-
tially replenished with specific protein and fat components
that were missing in common formulas when compared with
human milk. Three nutrient components added in the modi-
fied formula were positively related to Bifidobacterium and
really enriched Bifidobacterium in vitro experiment.

Adding three nutrient components, lactadherin,
sialic acid and phospholipid shifts stool microbiome
of three feeding strategies

Assessment of association between major genera of stool
microbiome and nutrition components revealed that those
three nutrient components, lactadherin, sialic acid and phos-
pholipid were significantly and positively correlated with
Bifidobacterium and negatively correlated with Veillonella
and Escherichia/Shigella. MFGM components were reported
to resist several pathogens in vitro, such as Campylobacter
Jjejuni, Salmonella enteriditis, and Listeria monocytogenes
[41], and also protect against pathogens in vivo, such as L.
monocytogenes. Addition of MFGM in formula also showed
many beneficial effects, such as leading to a microbiome
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more similar to that of mother’s milk-fed rat, protecting
against C. difficile toxins [13]. MFGM also modulates
microbiota in mouse studies, but no effect on Bifidobacte-
rium is mentioned [13].

In this study, it was shown that Bifidobacterium was
stimulated in vitro by the combination of lactadherin, sialic
acid and phospholipid. Thus, the combination of lactadherin,
sialic acid and phospholipid is required for the enrichment
of Bifidobacterium. Three components may also enrich
Bifidobacterium of infant. In-depth RNA-Seq sequencing
showed that 2-hydroxyacid dehydrogenase, 4-hydroxy-tet-
rahydrodipicolinate synthase, ABC transporter ATP-binding
protein genes were differentially expressed in the existence
of these three components. These differentially expressed
genes were significantly enriched in glyoxylate and dicarbo-
xylate metabolism pathway. This pathway belongs to energy
and carbohydrate metabolism, both of which are critical for
the tricarboxylic acid cycle (TCA cycle), and therefore, it
could be a potential mechanism for stimulating the growth
of Bifidobacterium [42]. It might be those components that
provide energy specifically towards Bifidobacterium. How-
ever, the abundance of Bifidobacterium in FF2 group was not

@ Springer

higher than that of FF1 group. A possible reason could be
interactions between MFGM and other components of FF2.

Change of microbiota correlated with metabolites
and health

Urine contains metabolic breakdown products from various
sources, such as foods, drinks, and microbial by-products
[43]. Metabolites, which were affected by gut microbiota,
are directly associated with health conditions and disease
phenotypes [44].

Hippurate content in three group increased as
BF <FF2 < FF1. The difference was significant between BF
and FF1, FF2 and FF1 but not between FF2 and BF (Fig. 1).
Hippurate is synthetized by the liver and kidney with glycine
and benzoic acid. Benzoic acid is a metabolite produced by
intestinal bacteria from aromatic compounds of diet [45].
Therefore, hippurate, together with Trimethylamine N-oxide,
acetate and formate, were generally accepted as metabolites
sourced from the gut microbiome [46]. It could be deduced
that FF2 alters the microbiome regarding hippureate in a
way that it becomes more similar to that of breastfed infants.
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Creatine content in three groups increased as
BF < FF2 < FF1. The difference was not significant
between FF2 and FF1 but significant between FF2 and BF
as well as FF1 and BF. Creatine is an amino acid deriva-
tive participated in cellular energy production, which is
known as an anti-inflammation agent [47] and can improve
maintenance of ATP content and reduce oxidative stress
[48]. Creatine was positively associated with Veillonella
(the correlation coefficient was 0.48) in this study. Veil-
lonella, which was 0.26%, 6.80% and 5.06% in BF, FF1,
FF2, respectively, participated in the modulation of linked
pathways including short-chain fatty acids production
[49]. It is resident of oral cavity, genito-urinary, respira-
tory, and intestinal tracts of humans, and can cause severe
human infections such as endocarditis, osteomyelitis, and
prosthetic joint infection [50]. Lower content of creatine
and Veillonella demonstrate better health status in BF and
FF2 group.

Taken together, this study suggests that the key compo-
nents from MFGM could improve infants’ health by modu-
lating the gut microbiome, and possibly supporting the
growth of Bifidobacterium. These results offer a first step
in changing formula for the good of children. Our follow-on
studies will expand the number of recruits from more areas,
potentially follow the infants for a longer time, and employ
metagenomic sequencing to further profile the metabolic
functions.
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