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Introduction

Human milk (HM) plays a crucial role in infant health, growth,
and development, recommended for exclusive breastfeeding

Human milk metals and metalloids shape infant
microbiotat
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Background: The profile of metal(loid)s in human milk is essential for infant growth and development, yet
its impact on the development of the infant microbiota remains unclear. Elements, such as manganese,
zinc, iron or copper, play crucial roles in influencing infant health. Aim: To investigate the metal(loid)
content within human milk and its influence on the infant's gut microbiota within the first 2 months after
birth. Methods: Human milk samples and infant stool samples from 77 mother—infant dyads in the MAMI
cohort were collected at two time points: the early transitional stage and the mature stage. Metallomic
profiling of human milk was conducted using inductively coupled plasma-mass spectrometry (ICP-MS).
The infant gut microbiota was profiled through 16S rRNA amplicon sequencing and maternal—infant clini-
cal data were available. Spearman’s rank correlation coefficientsprovided insights into metal(loid)-micro-
biota relationships. Results: Independent cross-sectional analyses of mother—infant pairs at two time
points, significant variations in metal concentrations and differences in microbial abundances and diversi-
ties were observed. Notably, Bifidobacterium genus abundance was higher during the mature lactation
stage. During early lactation, we found a significant positive correlation between infant gut
Corynebacterium and human milk nickel concentrations, and negative correlations between Veillonella
spp. and antimony, and Enterobacter spp. and copper. Additionally, Simpson’s diversity was negatively
correlated with iron. In the mature lactation stage, we identified eleven significant correlations between
metals and microbiota. Notably, Klebsiella genus showed multiple negative correlations with iron, anti-
mony, and vanadium. Conclusion: Our study highlights the significance of metal(loid)—microbiota inter-
actions in early infant development, indicating that infant gut Klebsiella genus may be particularly vulner-
able to fluctuations in metal(loid) levels present in human milk, when compared to other genera. Future
research should explore these interactions at a strain level and the implications on infant health and devel-
opment. This trial was registered as NCT03552939.

position, which constitutes up to 0.5%," also raises questions
about the role of metals in influencing the infant’s
microbiota.”™*° This is due to the predictive role of the infant
gut microbiota in long-term health,"*™® and the impact of

during the first 6 months post-birth."”” While HM bioactive
components interact with gut microbiota,® HM’s mineral com-
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environmental pollutants.’* Maternal exposome during preg-
nancy can modulate HM metal composition,”>™® influenced
by solute carrier transporter expression and hormone levels
during lactation,">*° making the metal composition depen-
dent on various factors.

Metal(loids) influence microbial growth and metabolism,
resembling prebiotic and biocide effects, and play a significant
role in metallobiology.>’>* Bacteria and the innate immune
system compete for control over ions like iron, zinc, and
manganese, impacting bacterial abundance.?® Iron and zinc
are essential nutrients for specific microbes, shaping the diver-
sity and richness of microbial genera.>*** HM can dynamically
modulate the microbiota through glycoproteins like lacto-
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ferrin, which sequesters iron ions, altering bacterial
availability.>”*® By adjusting metal concentrations, HM might
adapt to infant needs, influencing bacterial survival and
microbiota modulation. Furthermore, metal ions present in
extracellular environments are readily available for incorpor-
ation into major bacterial pathways. These ions become part of
metalloproteins that play crucial roles in various metabolic
processes. For instance, metal ions such as iron, zinc, nickel,
manganese, and copper are integral to transcriptional regula-
tors like the ferric uptake regulator family, as well as enzymes
such as succinate dehydrogenase, which is involved in the tri-
carboxylic acid cycle.*”

Metal(loid)-microbiota interactions, enhancing enzyme cat-
alysis and supporting reaction stability, have potential to
modify the gut environment.>® This may influence infant
health by altering bacterial metabolism,** and metabolite pro-
duction, affecting metal bioavailability. Such variations could
mediate infant health and developmental outcomes. Metal
(loid)s may also influence bacterial virulence development via
metal-related processes.> We hypothesize that differences in
early and mature HM metal(loid) concentrations contribute to
the infant gut microbial ecosystem. Thus, we investigated the
metal(loid) content in HM and its impact on infant gut micro-
biota within the first 2 months after birth.

Methods

Study design and volunteers

The present study is a double cross-sectional study involving
77 mother-infant dyads from a longitudinal prospective MAMI
cohort study.** Briefly,** participants were followed during the
period of the first two months post-birth (Fig. S1t). Maternal-
neonatal clinical parameters were collected including maternal
antibiotic exposure, BMI and weight gain during pregnancy,
mode of delivery and feeding type. All participants received
oral and written information about the study and written
consent was obtained. The study was approved by the Hospital
Ethics Committees (Hospital Universitario y Politécnico La Fe
and Hospital Clinico Universitario de Valencia), and is regis-
tered on the ClinicalTrial.gov platform, with the registration
number NCT03552939.

Human milk samples

A total number of 98 HM samples from 77 healthy women
were collected at two different lactational stages: n = 64
samples at an early transitional stage (between 7 and 15 days
postpartum), and n = 34 samples at a mature stage (between
30 and 60 days postpartum). Of these, 19 women provided
samples at both early and mature stages (Fig. S17).

HM collection followed a standardized protocol, adhering
to the recommended procedures as described previously.** In
brief, breast skin was cleaned with water and soap and the
first drops were discarded. Subsequently, milk was collected by
using a sterile pumper in sterile bottles to normalize the col-
lection among the participants. Morning collection was rec-
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ommended. Finally, HM samples were stored immediately at
—20 °C in a freezer and sent to the hospital to be stored at
—80 °C until further analysis.

Human milk metallomic profile

An aliquot of 500 pL of whole HM was used to determine the
metallomic profiles by inductively coupled plasma-mass spec-
trometry (ICP-MS) as described in Arias-Borrego et al.>® Briefly,
mineralization was carried out by using MiniXpress
polytetrafluoroethylene (PTFE) vessels. Then, 4 mL of nitric
acid and 1 mL of hydrogen peroxide (4:1, v/v) were added to
500 pL of whole HM samples. After 10 min of pre-mineraliz-
ation, the PTFE vessels were closed and introduced into a
model MARS microwave oven (CEM, Matthews, NC, USA). The
power was set at 400 W and a temperature program was
applied from room temperature to 160 °C in 15 min and held
at this temperature for 20 min.

Isotopes monitored in the ICP-MS analysis were >’Al, *'V,
53Cr, SSMn, 57Fe, 59C0, 60Ni’ 63Cuy 65Cu’ 64Zn, 66Zn, 75As, 95M0,
193Rh, 2Cd, **Cd, '*'Sb, 2°°T1, and *°®Pb with a dwell time of
0.3 s per isotope. A tuning aqueous solution of Li, Co, Y, and
Tl at 1 pg L™ was used to tune the ICP-MS system. A multi-
element calibration standard-2A solution at 10 mg L™ of Al, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Tl, and Pb was obtained
from Agilent Technologies. Moreover, stock solutions at
1000 mg L™ of Mo and Sb (Merck Millipore) were used for the
preparation of the calibration curves of these elements. Rh at
100 ng L™" was used as internal standard. Most of the analysed
elements required 4.5 mL min™" flow rate of helium. For As, a
mixture of hydrogen (2 mL min~") and oxygen (40%) was used
in the MS/MS mode. The experiments were performed in tripli-
cate. The quality control validation parameters investigated were
the limits of detection (LODs), limits of quantification (LOQs),
precision, and accuracy.>® Moreover, as only 19 HM samples and
12 infant fecal samples had complete data available for both
early and mature lactation stages, visualizations were created to
illustrate the trends of metal(loid)s from HM samples, as well as
the 10 most abundant bacteria, and alpha diversity indices in
the infant's gut (Fig. S2-S4f). To verify the accuracy of the
ICP-MS method, a milk powder certified reference material
(NIST-1849) was also analysed for the determination of elements
such as °°zn, ®*Zn, ®>Cu, **Cu, *’Fe, **Mn and *3Cr.

Infant gut microbiota profiling by 16S rRNA amplicon
sequencing

Infant clinical data and 16S amplicon sequences were available
from previous studies.*® In this study, a subsample corres-
ponding to the 77 healthy mother-infant pairs was selected
for the integrative analysis. In brief, total DNA was isolated
from the fecal samples as described elsewhere,’” using the
Master-Pure DNA Extraction Kit (Epicentre, Madison, WI, USA)
by following the manufacturer’s instructions with some modi-
fications including physical and enzymatic treatments. Gut
microbiota composition and diversity were determined by the
V3-V4 variable region of the 16S rRNA gene sequencing, fol-
lowing Illumina protocols. A Nextera XT Index Kit (Illumina,

Food Funct, 2024, 15,12134-12145 | 12135


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo01929f

Open Access Article. Published on 11 November 2024. Downloaded on 7/29/2025 9:19:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

CA, USA) was used for the multiplexing step and a Bioanalyzer
DNA 1000 chip (Agilent Technologies, CA, USA) was used for
checking the polymerase chain reaction (PCR) product quality.
Libraries were sequenced using a 2 x 300 bp paired-end run
(MiSeq Reagent Kit v3) on a MiSeq-Illumina platform (FISABIO
Sequencing Service, Valencia, Spain), according to the manu-
facturer’s instructions (Illumina). The original raw sequences
have been re-processed using the DADA2 bioinformatics tool,>®
and taxonomically classified using the Silva Small Subunit
rRNA Database v132.*° Relative abundances at genus levels
and alpha diversity indices, including richness (Observed,
Chaol and ACE) and diversity (Shannon, Simpson,
InvSimpson and Fisher), were calculated using the Phyloseq
package (version 4.3.1).*°

Metadata pre-processing and integration of metallomics and
16S rRNA gene sequencing

A Shapiro-Wilk test for normality on HM metal and metalloid
concentrations was conducted, and subsequently, an explora-
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tion via violin plots revealed the presence of outliers that
explained the variability of the data (Fig. 1). Then, metal and
metalloid values for concentrations were scaled using the cen-
tered log ratio. Finally, an unpaired #test was conducted to
explore differences between the lactation stages for metal and
metalloid concentrations in HM. A Spearman’s rank corre-
lation coefficient matrix was created to examine the correlation
between the HM metal and metalloid concentrations and the
infant gut microbiota, filtering bacteria using 0.001% relative
abundances. The significance of each correlation coefficient
was tested and p-values were adjusted for multiple compari-
sons using the Benjamini-Hochberg method for false discov-
ery rate (FDR). Moreover, as only 19 HM samples and 12 infant
fecal samples had complete data available for both early and
mature lactation stages, visualizations were created to illustrate
the trends of metal(loid)s from HM samples, as well as the
10 most abundant bacteria, and alpha diversity indices in the
infant’s gut (Fig. S2-S47). These figures were created using
GraphPad Prism 8 software.*!
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Fig. 1 Violin plots of metals and metalloids in human milk samples. Concentrations of metals and metalloids were measured in 98 human milk
samples. Among these, 71 samples were analysed for lead (Pb), aluminium (Al), arsenic (As), and cadmium (Cd). Values below the limits of detection

were not included in the plots (see Table 2).
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Results
Cohort descriptives

Our cohort descriptive analysis included full clinical records
from 77 mother-infant dyads. Characteristics of the cohort are
presented in Table 1, while data on HM and infant stool
samples are detailed in Table 2 and Fig. S5,T respectively. A
Shapiro-Wilk test for normality and violin plot visualization of
HM metal(loid) concentrations (Fig. 1)—including Sb, Mo, Co,
Pb, Cu, Zn, V, Fe, Cr, As, Tl, Mn, Ni, and Al—indicated non-
normality in the distributions, with Cd excluded due to its
detection in only one sample. Additionally, a longitudinal
subset of 19 HM samples and 12 infant fecal samples was
isolated for visualization of their differences and trends
(Fig. S2-S47).

This subset of pairs indicates high variability in shifts,
showing both minor variations and notable trends in changes
in metal and metalloid concentrations, as well as the micro-
biota profile, from early to mature lactation stages.

HM metallomic profiles differed between lactational stages

In our independent cross-sectional analysis of mother-infant
pairs from two categorically separate time points exploring
changes in HM metallomic profiles, we observed significantly
lower concentrations of Co, Cu, Zn, Mo, and Sb in mature HM
samples compared to early HM samples (p-values <0.01)
(Table 2).

Table 1 Cohort characteristics

View Article Online
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Infant gut microbiota profile in early and mature lactational
stages

Among the most abundant genera, Bifidobacterium exhibited
the highest relative abundance in infant feces during the
mature lactation stage, along with Bacteroides and
Streptococcus genus. Conversely, Enterococcus and Klebsiella
genus showed lower relative abundances in the infant micro-
biota during the mature lactation stage (Fig. S5t). However, no
statistical differences were observed. Additionally, statistical
differences were observed in alpha diversity indices, including
Observed and Fisher indices being higher in samples from
infants in the mature lactation stage (p-values <0.05)
(Table S17).

Early lactation stage and metal-microbiota interactions

In our cross-sectional analysis, significant correlations were
identified between HM metal concentrations, infant gut micro-
biota genera, and alpha diversity indices in the infant fecal
samples (Fig. 2A). During the early lactation stage, only one
significant positive correlation was found between infant gut
Corynebacterium members and HM nickel concentrations (r ~
0.15, p-values <0.05). Additionally, negative correlations were
observed between Veillonella genus and antimony, and
Enterobacter genus and copper (r ~ —0.2, p-values <0.05).
Simpson diversity was also negatively correlated with iron (r ~
—0.2, p-values <0.05) (Fig. 2B). Furthermore, Table S31 shows
the correlations between the detected samples for Pb, Al, and

Early cross-sectional analysis
Mothers in the early

Maternal characteristics lactation stage (N = 64)

Mature cross-sectional analysis
Mothers in the mature
lactation stage (N = 34)

Longitudinal analysis
Longitudinal paired
samples (N = 19)

Gestational age (weeks)” 39 (39-40)
Pregestational BMI (kg m~2)%? 22.6 (20.5-25.1)

Weight gain over pregnancy (kg)“” 12 (9.8-14.6)
Antibiotics during pregnancy (no. of cases)
Yes 27
No 37
Antibiotics during labour” (no. of cases)
Yes 16
No 48
Not available
Delivery mode (n)
C-section 25
Vaginal 39

40 (39-41) 40 (39-41)

22.9 (20.9-24.2) 23.2 (21.7-24.9)
13 (11-15) 13 (10.5-14.5)
15 5

19 14

10 9

23 10

1

15 9

19 10

Infants in the early

Infant characteristics® lactation stage (N = 56)

Infants in the mature
lactation stage (N = 32)

Longitudinal paired
samples (N = 12)

Gender (n)

Females 31

Males 25
Breastfeeding duration” (months) 5 (0.5-6)
Weight at birth® (kg) 3.22 (3.01-3.56)

Weight at 7 days® (kg)
Weight at 15 days® (kg)
Weight at 1 month” (kg)
BMI z-score at birth

3.24 (2.95-3.6)
3.49 (3.18-3.75)
4.08 (3.74-4.54)
—0.13 (—0.62-0.6)

20 6
12 6

5.5 (4-6) 5 (4.9-6)

3.31 (3-3.43) 3.3 (3.19-3.41)
3.29 (3.96-3.57) 3.24 (2.99-3.53)
3.52 (3.16-3.81) 3.54 (3.21-3.68)
4.02 (3.72-4.61) 4.04 (3.79-4.51)
—0.21 (-0.55-0.5) —0.1 (=0.29-0.3)

Cohort characteristics for the 77 mother-infant dyads are shown in Table S1.} “Values are expressed as median (quartile 1-quartile 3).
b variables with missing data (n = 1 mother). n = 10 infants who missed the microbiota analysis.
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Table 2 Metallomics profile of HM samples
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HM early stage” (n = 64 samples)

HM mature stage” (n = 34 samples)

Metal(loid)s Detection Concentration [ng ml™] Detection Concentration [ng ml™"] p-values® LOD¢ [ng ml™"]
Al 59/64 21.62 (13.5-31.77) 5/7 53.04 (39.36-67.18) NA 1.41
\% 64/64 0.78 (0.61-0.95) 34/34 0.69 (0.54-0.79) 0.62 0.12
Cr 64/64 5.54 (4.13-6.98) 34/34 5.95 (4.45-7.52) 0.27 0.44
Mn 64/64 6.84 (5.20-8.79) 34/34 5.84 (4.91-8.75) 0.59 0.13
Fe 64/64 700.55 (561.23-1031.73) 34/34 548.8 (391.6-765.6) 0.49 0.22
Co 63/64 0.37 (0.28-0.48) 28/34 0.21 (0.15-0.28) 0.03 0.10
Ni 64/64 24.55 (13.68-44.51) 34/34 29.13 (15.89-47.23) 0.46 0.14
Cu 64/64 543.32 (468.78-651.75) 34/34 404.34 (302.52-464.58) <0.001 0.16
Zn 64/64 3417.7 (2835.2-4172.65) 34/34 2099.4 (1520.7-2808.58) 0.001 1.47
As? 32/64 2.17 (0.92-4.03) 317 7.12 (4.42-12.52) NA 0.01
Mo 64/64 9.92 (7.43-15.61) 34/34 2.18 (1.39-4.01) <0.001 0.034
cd? 1/64 0.3 0/7 <LOD NA 0.10
Sb 64/64 2.24 (1.68-2.82) 34/34 0.79 (0.54-1.29) <0.001 0.026
Tl 55/64 0.12 (0.11-0.14) 24/34 0.18 (0.09-0.22) 0.73 0.10
Pb? 11/64 0.32 (0.285-0.35) 0/7 <LOD NA 0.01

“The median concentration (interquartile range) of metal(loid) concentrations in ng mL™" or ng mg™' was calculated for 98 human milk
samples. ? Unpaired t-test at a confidence level of 95%. Analysis was not conducted for samples corresponding to the elements lead (Pb), alu-
minium (Al), arsenic (As), and cadmium (Cd). NA = not available, the values under the limits of detection precluded statistical comparison
between lactation stages. “ The limit of detection (LOD) for the quality control parameter was determined by calculating three times the standard
deviation of the procedural blank obtained from microwave digestion.? ?In total, 71 samples were analysed for Pb, Al, As, and Cd.

As. Spearman correlations were identified only for Pb, which
was moderately and negatively correlated with Shannon (r ~
—0.63, p-values <0.05), Simpson (r ~ —0.77, p-values <0.05),
and InvSimpson (r ~ —0.73, p-values <0.05) diversity indices,
but not with bacterial abundances.

Mature lactation stage and metal-microbiota interactions

The correlations between HM metal concentrations and infant
fecal microbiota observed during the mature lactation stage were
not replicated when compared to those observed during the early
stage. Notably, significant positive correlations were found
between Escherichia coli/Shigella and magnesium, as well as
Bacteroides genus and zinc (r ~ 0.2, p-values <0.05). Conversely,
negative correlations were observed between Streptococcus genus
and cobalt concentrations, and Enterococcus genus with manga-
nese and vanadium. Particularly noteworthy was the interaction
of Klebsiella genus with various metals, exhibiting significant
negative correlations with iron, antimony, and vanadium.
Furthermore, significant negative relationships were identified
between Bacteroides and Lacticaseibacillus genera and antimony,
with similar correlations observed for Acinetobacter with manga-
nese (r ~ 0.2, p-values <0.05 for all) (Fig. 2A). Additionally, infant
microbiota richness and diversity indices displayed significant
negative correlations. These included manganese and nickel with
Chaol. Specifically, only manganese exhibited a negative corre-
lation with the Chao1 index (r ~ —0.3, p-values <0.05) (Fig. 2B).

Discussion

Our investigation unveiled significant variations in HM metal
concentration and disparities in infant gut microbiota
observed between early and mature milk lactation stages, shed-

12138 | Food Funct, 2024, 15, 12134-12145

ding light on potential relationships between individual
metals and bacterial abundances, richness, and diversity
within the first 2 months postpartum. We identified five sig-
nificant correlations during early lactation and eleven during
mature lactation. Analysis of individual metal-bacteria corre-
lations suggests that Klebsiella genus is the most susceptible
genus to metal concentrations. Moreover, variations in HM
metals could pose health risks in infants.*> We detected Pb in
15.5% of our samples from the early lactation stage, while all
samples from the mature stage were below the limit of detec-
tion (LOD). Research has shown that women exposed to metals
such as Pb throughout their lives, potentially due to factors
like residing in industrial/mining areas or smoking habits,
often exceed dietary levels established by the European Food
Safety Authorities (EFSA) by threefold and may accumulate
these metals in tissues and bones."> Subsequently, the accu-
mulated metals may be transferred to the mammary gland via
the maternal bloodstream."® Although we identified Pb in all
our samples, Freire et al. (2022)*® utilizing ICP-MS identified
Pb in only 50.6% of their samples. Heavy metals have not been
shown as being involved in any biological process in
humans.* When comparing our values with those reported in
the external literature (Table S4t), we observed that the con-
centrations are highly heterogeneous, varying significantly
between populations and across years. This variability warrants
further exploration where toxicological guidance values are not
yet defined; however, HM samples in this cohort are under
toxicological levels as per the established tolerable intakes
(Table S47).

In light of exploring potential mechanisms to explain the
observed novel metal(loid)-microbiota interactions, we turn
to the relevant literature. The most interactive genus was
Klebsiella, experiencing negative correlations with iron, anti-

This journal is © The Royal Society of Chemistry 2024
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(A) Spearman’s correlation test between HM metals and infant fecal microbiota relative abundances at early and mature lactation stages. The

correlation tests, adjusted for false discovery rate, did not yield statistically significant results (p > 0.05). Analysis included 56 dyads in the early lacta-
tion stage and 32 dyads in the mature lactation stage. Significance thresholds: *p-value <0.05|**p-value <0.01|***p-value <0.001. (B) Spearman’s
correlation test between HM metals and infant fecal microbiota alpha diversity indices at early and mature lactation stages. The correlation tests,
adjusted for false discovery rate, did not yield statistically significant results (p > 0.05). Analysis includes 56 dyads in the early lactation stage and 32
dyads in the mature lactation stage. Significance thresholds: *p-value <0.05|**p-value <0.01|***p-value <0.001.

mony, and vanadium. According to the external literature,
during pathogenic activity, Ni and Co have been identified as
substrates for yersiniabactin to chelate Fe ions,*> and
K. pneumoniae can also bind to Ni and Mn. In the context of

This journal is © The Royal Society of Chemistry 2024

health and disease, a developed human innate immune
system utilizes calprotectin to sequester these metals, limiting
the survival of pathogens.*® However, with regard to undeve-
loped innate immune systems, it remains unclear whether
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2-month-old infants can effectively control bacterial pathogen-
icity in this way. It is important to note that K. pneumoniae
strains have higher prevalence of multidrug resistance and
metal gene resistance in the context of high concentrations of
Fe (approximately 893 pg mL™).*” Our samples contained out-
liers with concentrations of iron approximately 1000-fold lower
than those in similar contexts. Therefore, these outliers
necessitate a more in-depth exploration to understand the fea-
tures of these strains.

Our exploration also uncovered a novel potential negative
relationship between Streptococcus genus with cobalt during
the mature stage, showing a decline in Streptococcus abun-
dance observed from the early to mature lactation stages.
Although possibly due to a random effect, this trend was con-
sistently reflected in the longitudinal paired sample 7, as
shown in Fig. S2 and S3.f Conversely, the literature has shown
that S. agalactiae and S. pneumoniae consistently display strong
survival mechanisms to handle metal-induced stress.**™°
Studies indicate their effective regulation of stress related
to metals, such as Zn in S. agalactiae®® and Mn in
S. pneumoniae.”® These mechanisms likely support virulence
by enhancing bacterial survival during infections.

Our samples revealed that Bifidobacterium genus had
exhibited the highest change in relative abundance, being
higher in feces of infants during the mature lactation stage.
Interestingly, the literature reports that Zn and Fe can enhance
the activity of the metal-dependent phosphoesterase enzyme
of B. adolescentis.>® Furthermore, B. longum and B. lactis can
effectively remove Cd, Cu, Zn, As, and Pb from the media,>*>®
and the growth of B. bifidum var. pennsylvanicus can be facili-
tated by Fe, Mn, Zn, and Cu.”’ Conversely, our samples
demonstrated higher concentrations of Bifidobacterium in the
mature stage, despite significantly lower levels of copper (Cu)
and zinc (Zn) in the mature stage samples.

Additionally, our correlation analysis showed new poten-
tial metal-Bacteroides interactions with zinc and antimony.
The genus Bacteroides, in particular, has demonstrated
specific growth requirements, highlighting distinctions
among various organic and metal-organic compounds.®®
Investigations have elucidated metal-binding sites in the
structure of metallo-lactamases, potentially utilized by Fe, Ni,
Cu, Mn, Co, and Zn, thereby enhancing enzymatic activity
and contributing to antibiotic resistance, particularly in the
case of B. fragilis.>®* ®" Moreover, B. ovatus has been shown to
exhibit a metal-dependent glycosyltransferase featuring
metal-binding sites for Mg and Mn, augmenting its ability to
metabolize human milk oligosaccharides.®*®® Furthermore,
other species such as B. thetaiotaomicron and B. distasonis
possess Fe- and Mn-containing superoxide dismutase, fortify-
ing their survival capabilities.® On the other hand, although
research has shown potential interactions with the genus
Stenotrophomonas, correlations with metals were not identi-
fied. The literature has extensively studied S. maltophilia,
revealing that metallo-enzymes are essential for survival.”*>
This includes metallo-beta-lactamase, where Zn is required,
and other divalent metals such as Cd and Cu can replace Zn
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as ligands, indicating an increased potential for the bacteria
to survive beta-lactam antibiotics.®"®” The same species has
also demonstrated siderophore-mediated metal chelation,
responding to Cd-induced toxicity with an exopolysaccharide
reaction.®® Nevertheless, S. maltophilia has exhibited mecha-
nisms to overcome metal toxicity derived from Cu(un) and
Co(u), such as detoxifying Cd into CdS and reducing oxya-
nions to nontoxic elemental ions.®*®” The prolonged exposure
to high levels of Cd can enhance the production of lipopolysac-
charide, resulting in a shift in bacterial abundance and the gut
metabolite environment, including a reduction in butyrate
production.®®

Additionally, previous studies have demonstrated metal tox-
icity in Escherichia coli when Cd and As ions non-specifically
insert into different enzymes, such as molybdoenzymes. This
inhibition is also observed for Mo, V, and Cu.*® Consistent
with these observations, Cd and As (>1 ng mL™") have been
shown to inhibit the growth of E. coli. However, at lower con-
centrations of Cd and As, bacterial growth remains unaffected,
while antibiotic resistance is increased.”® Further research has
explored that Co, Ni, and Fe are related to high pathogenicity
islands that secrete yersiniabactin in uropathogenic E. coli’*
and extraintestinal E. coli.”® Mn, Co and Cu have been impli-
cated in catalytic enzymes,”””®> and Mn, Fe, Co, Cu, Zn, Cd,
and Pb have been identified to increase E. coli’s chances of
survival in response to antibiotics.”’> Also, Fe and Zn are
associated with enterotoxigenic E. coli pathogenesis,”®”” and
Pb may influence mitochondrial apoptosis.”® While research
has shown that E. coli can interact with environmental metals
and increase virulence factors, our study observed a decrease
in the Escherichia/Shigella genus from the early to mature lacta-
tion stage, with a significant but weak correlation with
manganese.

While we identified potential metal-Corynebacterium
relationships, particularly with nickel during early lactation
stages, the existing literature suggests more probable inter-
actions between metals and Corynebacterium. Previous
research has predominantly focused on the interaction of
C. diphtheriae with divalent metal ions, including Mn(u), Co(11),
Ni(u), Fe(u), and Zn(u). This interaction serves to shield the
bacteria from oxidative damage, while modulating the activity
of diphtheria toxin repressor (DtxR).”>®® Furthermore,
C. glutamicum has been shown to interact with Ni, Mn, and Co
to modulate metal efflux®* and to regulate ZIP family ion
transporters.®

Finally, alpha diversity indices were negatively correlated in
both lactation stages with HM metal(loids). However, Shen
et al. (2022)* did not find significant associations between
childhood and perinatal blood metals and alpha diversity, and
although we found significant correlations between alpha
diversity and individual metals, research in children did not
demonstrate an influence of metal concentrations on gut
microbial diversity.®® Nevertheless, in line with our findings, a
study among adults showed that long-term exposure to mul-
tiple metals, including As, Cd, Cu, Pb, and Zn in metal-pol-
luted areas, was associated with increased alpha diversity.®”

This journal is © The Royal Society of Chemistry 2024
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Our findings might have been time-dependent rather than
concentration-dependent.

Limitations and future directions

During our study, despite it being a longitudinal birth
cohort, due to the high variability in breastfeeding duration
and practices, we compared samples in a cross-sectional
manner at two time points, namely HM from early and
mature lactation stages, with only a limited number of
women (N = 19) providing samples at both time points. This
longitudinal sample size was small considering the different
variables that may influence outcomes (secretor status, mode
of delivery, infant sex, and also, maternal nutritional status,
among others). This study adopts two independent cross-sec-
tional approaches, complemented by longitudinal visualiza-
tion of paired data available at two time points, to investigate
metal-microbiota interactions during the first two months
post-birth. The study utilizes ICP-MS for metallomic profiling
and 16S rRNA sequencing for microbiota analysis. It ident-
ifies potential relationships via correlational
approaches and holds clinical relevance by offering insights
into how metal variations in HM may influence infant gut
microbiota establishment. To achieve a better understanding
of metal-microbiota interactions, metagenomic sequencing,
short-chain fatty production, carbohydrate utilisation and
other capabilities should be put to the test with different
metal-ion and metal-organic compound concentrations.
Most interesting is the mechanism by which some strains
respond to high environmental concentrations of metals can
lead to the expression of efflux systems to remove the cations
from cells and these mechanisms are also attached to anti-
biotic resistance genes. Thus, higher exposure to metals
might be increasing the expression of antibiotic resistance
genes,®®® contributing to a global health issue. Future
research needs to consider whole genomes and the complex-
ity of the microbiota. Although a larger sample size would
improve generalizability and statistical power, where corre-
lations lost significance after FDR adjustments, external val-
idity is still needed to extrapolate and build predictable
models. More detailed maternal information, such as diet
and environmental exposure, would improve contextual
understanding of observed HM metallomic variations. An
additional limitation of this study is the inability to consider
potential covariates due to the available data. These covari-
ates include the absorption and utilization of elements by the
infants, as well as the specific forms of the elements, such as
isotopic composition, electronic or oxidation state, and mole-
cular structure. Moreover, 80% of the women in this cohort
were secretors (functional or non-functional variants of the
FUT2 gene),”® but the sample size was insufficient to
compare secretors and non-secretors. Further research could
explore the influence of metalloids on strain functionality in
the mother-infant context. Extended follow-up periods may
provide insights into this aspect, including potential impacts
on infant health and development. Finally, strain specificity
is also a factor to consider in future research, where some

novel

This journal is © The Royal Society of Chemistry 2024
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studies have reported the capability of different strains from
the same species interacting differently with metals.

Conclusions

Our investigation into the metal(loid) content within HM and
its influence on the infant’s gut microbiota within the first two
months after birth has revealed dynamic changes in metallo-
mic profiles. Our findings suggest the plausibility of Klebsiella
genus as the most susceptible genus to changes due to metal
(loid) fluctuations in human milk, shedding light on potential
microbial responses to environmental exposure. Furthermore,
our study contributes new insights into potential relationships
between metals and the gut microbiota. Addressing existing
knowledge gaps, further research is warranted to delve into the
mechanistic aspects of these potential interactions and their
long-term implications on gut microbiota and infant well-
being. Future studies should extend their focus to organo-
metallic derivatives to provide a comprehensive understanding
of metal-microbiota interactions and their impact on infant
health.
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