& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Fengxia Yang,
Ministry of Agriculture and Rural Affairs, China

REVIEWED BY

Huai Lin,

Nankai University, China
Shoshannah Eggers,

The University of lowa, United States

*CORRESPONDENCE

Jun Qiu
qiujuntrevor@163.com

Fei Yang
yangfeilong@126.com

These authors have contributed equally to
this work

RECEIVED 19 July 2025
REVISED 06 November 2025
ACCEPTED 19 November 2025
PUBLISHED 11 December 2025

CITATION

Yan X, Qiu J, Huang RW, Peng XM, Xiang ST,
Zhao KY, Peng YL, Zhuang Y, Ma Y,

Wu MY and Yang F (2025) Association
between infants’ serum levels of 26 metals
and gut microbiota: a hospital-based
cross-sectional study in China.

Front. Microbiol. 16:1669475.

doi: 10.3389/fmicb.2025.1669475

COPYRIGHT

© 2025 Yan, Qiu, Huang, Peng, Xiang, Zhao,
Peng, Zhuang, Ma, Wu and Yang. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 11 December 2025
pol 10.3389/fmicb.2025.1669475

Association between infants’
serum levels of 26 metals and gut
microbiota: a hospital-based
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Background: This study examined the associations of toxic metals, essential metals,
and rare earth elements with infant gut microbiota at Hunan Children’s Hospital, China.
Methods: Generalized linear regression (GLR) was used to assess individual metal
associations with alpha diversity, whereas Bayesian kernel machine regression
(BKMR) and weighted quantile sum (WQS) regression were applied to evaluate
metal mixture-taxa relationships.

Results: Results showed that barium (Ba) and arsenic (As) were positively
associated with the Chaol index, whereas chromium (Cr), antimony (Sb),
tungsten (W), cobalt (Co), copper (Cu), lanthanum (La), praseodymium (Pr),
and uranium (U) showed negative associations. Six antagonistic interactions
were identified: Cr-W (p = —2.57), Cr-La (B = —3.82), Tl-As (p = —4.48), As-La
(B =—4.31), As-Pr (p = =5.85), and La-Pr (B = —2.38). Two synergistic interactions
were observed: Sb-Pr (B = 2.17) and Sb-U (B = 2.14). BKMR analysis identified Mn
as a key contributor to Burkholderia-Caballeronia-Paraburkholderia abundance
(PIP = 0.535). Metal mixture exposure was positively linked to Ralstonia
abundance, with As having the highest contribution (PIP = 0.886). Cu was the
primary driver of Clostridium_ sensu_stricto_1 abundance (PIP = 0.867), with
synergistic Mn-Cu (B = 0.797) and Ba-Cu (p = 0.720) interactions.

Discussion: These findings demonstrate that As and Cu are the most influential
metals on gut microbial alpha diversity, whereas Cu, As, and Mn significantly
influence specific microbial taxa, providing novel epidemiological evidence on
metal-gut microbiota interactions in vulnerable infants.

KEYWORDS

infants, metals mixture, MaAslin2, rare earth metals, gut microbiota

1 Introduction

Infants are colonized by microbes at birth and gradually stabilize to an adult-like
community structure after 3 years of age (Yatsunenko et al., 2012; Korpela and de Vos, 2018).
Early life microbial colonization shapes metabolism and immunity (Charbonneau et al., 2016;
Gensollen et al., 2016; Robertson et al., 2019; Donald and Finlay, 2023), and the disruption of
optimal microbial succession may contribute to lifelong and intergenerational deficits in
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growth and development (Robertson et al., 2019). Sufficient microbial
exposure is essential for proper immune development in early life
(Donald and Finlay, 2023). Dysbiosis during this period is linked to
diseases in children and adults, including autism, attention deficit
hyperactivity disorder, allergies, and asthma (Gensollen et al., 2016;
Tamburini et al., 2016; Ronan et al., 2021).

Previous studies have indicated that host genetics, prenatal
environment, and delivery mode can influence the newborn microbiome
at birth. This initial community is subsequently modulated by gestational
age and postnatal factors, such as antibiotic exposure, diet, or
environmental exposure (Tamburini et al,, 2016; Robertson et al., 2019;

/andenplas et al, 2020). Metals and metalloids cause serious
environmental pollution in China (Schmid and Xiong, 2023). These
elements exist in almost all types of environmental media (Li et al., 2022;
Peng et al., 2022). Breast milk, inhalation of air, or skin contact with
contaminated soil, air, or dust are the main ways for children to contact
metals (Li et al., 2022; Yan et al., 2022). Previous studies have investigated
the association between certain metals/metalloids and the gut microbiota
of infants (Eggers et al., 2019; Laue et al., 2020; Sitarik et al., 2020; Shen et
al,, 2022; Zeng et al, 2022; Xiang et al,, 2024), but the results are
inconsistent, and research on metal mixture exposure remains limited.
Recent studies have shown the joint effects of metal mixture exposure on
adverse pregnancy and birth outcomes (Savabicasfahani et al., 2020; Wei
et al., 2020; Howe et al., 2021; Liu et al., 2021; Hu et al., 2022; Liu J. et al.,
2022; Ovadia et al., 2023; Issah et al., 2024), suggesting that the current
research should consider scenarios of combined metal exposure rather
than focusing solely on individual metals. Furthermore, an in-depth
investigation into the effects of early life multi-metal exposure on the gut
microbiota could yield mechanistic explanations for the biological
impacts mediated by metal mixtures. Although our team previously
conducted a study on toxic metal exposure and gut microbiota in
neonates admitted to the neonatal intensive care unit (NICU) (Xiang et
al., 2024), it had several limitations, including a small sample size, narrow
scope of metals analyzed, and unexamined metal-metal interactions.
Notably, a significant knowledge gap persists regarding the relationship
between the infant gut microbiome and exposure to rare earth elements,
radioactive metals, and metal mixtures.

To address these gaps, this study systematically examined the
association between 26 metal elements (including rare earth elements
and radioactive metals) and gut microbiota in infants recruited from
a hospital in Hunan, China. By employing multiple mixture exposure
assessment methods, this study elucidates the combined effects of
metal mixtures on the gut microbiota and explores potential
interactions among metal elements. These findings provide valuable
epidemiological evidence and offer scientific insights for developing
health protection strategies for vulnerable pediatric populations.

2 Materials and methods
2.1 Study population and design

This was a hospital-based cross-sectional study conducted at Hunan
Children’s Hospital in China from 1 August 2018 to 31 October 2019.
With the approval of the Medical Ethics Committee of Hunan Children’s
Hospital (HCHL-2018-64) and written informed consent signed by their
parents, 459 newborns were recruited for this study (Xiang et al., 2024).
Maternal pregnancy and newborn characteristics were collected via
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face-to-face interviews with parents, and neonatal hospitalization data
were obtained from the medical record system. Blood samples used for
exposure assessment were collected in inert separation tubes during the
first venipuncture for admission tests. Serum was separated immediately
after collection and stored at —80 °C. The first fecal defecation after
hospitalization was collected from each infant, immediately placed on
ice, transported to the laboratory within 2 h, and stored at —80 °C until
DNA extraction. The median age of the newborns at the time of fecal
and serum sample collection was 23 and 21 days, respectively. Of the
initial 459 infants, 342 were ultimately included in this study.

2.2 Metal measurement

26 metals/metalloids were measured, including chromium (Cr),
manganese (Mn), nickel (Ni), cadmium (Cd), tin (Sn), antimony (Sb),
cesium (Cs), barium (Ba), tungsten (W), mercury (Hg), thallium (T1),
lead (Pb), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), arsenic (As),
selenium (Se), rubidium (Rb), strontium (Sr), molybdenum (Mo),
lanthanum (La), cerium (Ce), praseodymium (Pr), thorium (Th), and
uranium (U). The limits of detection (LOD) are provided in the
Supplementary Table S2. These elements were selected because of their
environmental relevance to Hunan Province’s rich mineral resources
(Chen et al,, 2023; Hu et al,, 2022; Jiang et al., 2018) and their high
detection rates in children (Liang et al., 2024; Shen et al., 2022; Tan et al.,
2022), enabling a comprehensive assessment of their effects on the gut
microbiota. Specific methodologies for metal measurements are
provided in the Supplementary materials. The concentrations of metals
below the LOD were imputed as the LOD divided by the square root of 2.

2.3 DNA extraction and sequencing

16S rRNA amplicon sequencing was performed by Genesky
Biotechnologies Inc., Shanghai, China. Bacterial DNA was extracted
from fecal samples using the QIAamp DNA Stool Mini Kit according
to the manufacturer’s protocol. The concentration and purity of
genomic DNA were detected using a Nanodrop 2000 and Qubit 3.0
Spectrophotometer, and the integrity was detected by agarose gel
electrophoresis. The isolated bacterial DNA was used as a template for
amplifying the V4-V5 region of the 16S rRNA gene with the primers
515F (5-GTGCCAGCMGCCGCGG-3") and 907R (5-CCGTCAAT
TCMTTTRAGTTT-3'). Sequencing of 16S rRNA was performed on
an Illumina NovaSeq 6,000 platform to generate 2 x 250 bp paired-end
reads. Raw read sequences were processed in QIIME2, and adapter
and primer sequences were trimmed using the Cutadapt plug-in.

The DADA?2 plugin was used for quality control and identification
of amplicon sequence variations (ASVs). A pre-trained Naive Bayes
classifier trained on RDP (version 11.5) was used to obtain taxonomic
assignments of ASV representative sequences with a confidence
threshold of 0.8.

2.4 Covariates
Seven previously identified covariates associated with the gut

microbiota were included as potential confounders: sex (male/female),
antibiotic exposure (no/yes), ever breastfed (no/yes), delivery mode
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(vaginal/cesarean), birth weight (continuous), preterm (gestational
age>37 weeks is considered full term, <37 and >32 weeks is preterm,
< 32 weeks is very preterm), and age at sampling (continuous).
Generalized linear regression (GLR) models were used to estimate the
associations between individual covariates and alpha-diversity indices
(Supplementary Table S2).

2.5 Statistical analysis

The distributions of the demographic characteristics and 26 serum
metals were summarized using descriptive statistics. Population
characteristics are presented as mean (SD) for continuous variables
and number (%) for categorical variables. Correlations among metal
concentrations were tested using Spearman’s correlation analysis.

Alpha diversity was assessed using the Chaol (community
richness), Shannon and Simpson (richness and evenness), and Pielou
(evenness) indices, which were computed using the vegan package in
R. The metal concentrations were log-transformed to approximate
normality before analysis.

To determine the most predictive metals for children’s gut
microbiota alpha diversity, we applied elastic net regression (ENR),
incorporating all the measured metals. The optimal penalty parameter
(1) was selected via 10-fold cross-validation by minimizing the mean
squared error (MSE) (Liu C. et al., 2022). Additionally, GLR models
(Xiang et al., 2024) were employed to evaluate the associations
between individual metals and alpha-diversity indices, adjusting for
covariates. By combining these findings, we identified metals that
significantly influenced alpha diversity, which were then used for the
mixture effect analysis.

Beta diversity (between-subject) was assessed based on the Bray-
Curtis distance. Permutational multivariate analysis of variance
(PERMANOVA) was performed with the adonis function in the R
package “vegan” to estimate the statistical significance of the
association of individual metal concentrations to beta-diversity
(Anderson, 2017), while adjusting for the aforementioned covariates.

The multivariate analysis method (MaAsLin2) was used to
determine the relationship between metals and taxa. All taxa data
were normalized to the relative abundance before screening (Mallick
etal., 2021). To facilitate subsequent BKMR analysis, a pseudo count
(half of the lowest non-zero relative abundance value for each taxon)
was added to the zero-count data prior to normalization and log2
transformation. The analysis was conducted using default parameters.
Taxa (including phyla and families) were included for screening if they
were present in more than 10% of participants (Shen et al., 2022). Taxa
were regressed against individual metal measurements with
adjustments for the predefined set of covariates. Associations were
selected from the raw MaAsLin2 output based on individual metals
and their corresponding taxa, and statistical significance was
determined using FDR-adjusted q-values.

Bayesian kernel machine regression (BKMR) with variable
selection was implemented to model the associations between metals
and MaAsLin2-identified metal-associated genera (Bobb et al., 2014;
Laue et al., 2020; Xiang et al., 2024). The Markov chain Monte Carlo
algorithm was used to achieve 10,000 iterations of variable selection.
The importance of the variables was quantified by calculating their
posterior inclusion probabilities (PIPs). Elements selected for
inclusion in more than 50% of the iterations [PIP > 0.5] were deemed
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to be significant contributors to the variability in the outcome.
Potential metal-metal interactions identified by BKMR were further
examined by incorporating interaction terms into generalized linear
models, with significance assessed via p-values.

Weighted quantile sum (WQS) regression was employed to assess
the overall effect of metal mixtures on microbial taxa previously
identified by Maaslin2. The analysis was conducted using the R
package “gWQS,” which empirically constructs a WQS index as a
weighted sum of individual metal concentrations. The dataset was
randomly divided into a training set (40%) for weight estimation and
a validation set (60%) for statistical inference. Within the training set,
1,000 bootstrap samples were generated to robustly estimate the
weight of each metal. A positive constraint was applied to the model,
assuming a unidirectional overall mixture effect, and weights were
averaged over 100 repeated holdout validation runs to improve the
stability of the estimates. The resulting WQS index (ranging from 0 to
1) represents the combined exposure level of the metal mixture, with
metals exhibiting non-negligible weights identified as components of
concern. The final estimate was interpreted as the change in microbial
taxon abundance associated with a one-quantile increase in all metal
concentrations simultaneously (Carrico et al., 2015; Chen et al., 2022).
BKMR and WQS models were also used to evaluate the combined
effects of metals on alpha diversity. All models are adjusted for preterm
status, sex, antibiotic exposure, ever breastfed, delivery mode, birth
weight, and age at sampling.

To assess the potential effect-modifying role of preterm birth,
stratified analyses were conducted by categorizing the participants
into full-term (>37 weeks), preterm (<37 weeks), and very preterm
(<32 weeks) subgroups. The same analytical methods were applied
independently for each stratum. All statistical analyses were
performed using R 4.3.1, with multiple comparisons addressed via
Benjamini-Hochberg false discovery rate correction (significance
threshold: g < 0.1).

3 Results
3.1 Study participant characteristics

This study analyzed a cohort of 342 infants hospitalized because
of premature birth or health conditions. The cohort comprised 212
(62%) males, with a mean age of 26.50 + 22.83 days (Table 1). Most
infants (177 [51.8%]) were delivered by cesarean section, and the
average birth weight was 2339.75 + 785.96 g, with a gestational age of
34.71 + 3.36 weeks. Additionally, 196 (57.3%) were not breastfed, and
254 (74.3%) had antibiotic exposure. All metals were detected in over
75% of the samples (Supplementary Table S2).

The distributions of the
Supplementary Table S2. Several rare metals (La, Ce, Pr, and Th) were

metals are presented in

highly correlated (Spearmans correlation coefficient > 0.7;
Supplementary Figure S2).

3.2 Alpha diversity

Elastic net regression (ENR) analysis (Supplementary Figure S1)
identified Tl as the key predictor for both Shannon and Simpson
indices. For the Chaol index, Cd, Sb, Ba, W, Co, Cu, As, and U were
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TABLE 1 Characteristics of the 342 infants [N, (%) or mean (+ SD)].

Characteristics N, (%) or mean (SD)

Birth weight (g) 2339.75 (785.96)

Gestational age (week) 34.71 (3.36)

Age at sampling (day) 26.50 (22.83)
Sex
Male 212 (62%)
Female 130 (38%)
Ever breastfed
No 196 (57.3%)
Yes 46 (42.7%)

Delivery mode

Vaginal Delivery 165 (48.2%)

Cesarean 177 (51.8%)

Antibiotic exposure

No 88 (25.7%)

Yes 254 (74.3%)

selected as predictors, whereas Cs and T1 were selected as significant
predictors for the Pielou index. Notably, the effect sizes of the
predictive elements were relatively small in the ENR analysis.
However, generalized linear models (GLMs) revealed a different
pattern: (1) neither Tl nor Cs showed significant associations with
Shannon, Simpson, or Pielou indices, and (2) Cd exhibited no
significant relationship (Supplementary Table S3).

Further analysis (Figure 1A) indicated that Ba and As were
positively associated with the Chaol index, whereas Cr, Sb, W, Co, Cu,
La, Pr, and U showed negative associations. These associations
persisted in stratified analyses, demonstrating group-specific patterns:
U remained significantly associated with the Chaol index in full-term
infants (N =95), whereas Ba, Cu, and As showed significant
associations in very preterm infants (N = 191). Notably, Sb and As
maintained their associations with the Chaol index in the very
preterm (N = 56) (Supplementary Table S12).

The WQS regression (Figure 1B) revealed a statistically
significant association between the metal mixture and Chaol index,
identifying As and Cu as components with the strongest positive
and negative weights, respectively. This finding was further
supported by BKMR analysis (Figure 2), which, while showing no
overall mixture effect, consistently identified Sb, Cu, As, and U as
key contributors (PIP > 0.7). Additional consistency was observed
in both the elastic net and GLM-selected mixtures. All these
associations were statistically significant (Supplementary Table S10).
The combined multivariable analysis integrating BKRMR and GLMs
demonstrated significant interaction effects on the Chaol index
(Table 2). Six significant antagonistic interactions were detected,
including Cr-W (f=-2.57, 95% CI: —4.49, —0.65), Cr-La
(B=-3.82, 95% CL: —6.70, —0.94), Tl-As (B = —4.48, 95% CI:
—7.57, —1.39), As-La (B = —4.31, 95%CIL: —6.98, —1.64), As-Pr
(B = —5.85,95% CI: —9.23, —2.47), and La-Pr (§ = —2.38, 95%ClL:
—4.26, —0.50) (q-interaction<0.1). Conversely, two synergistic
interactions were identified: Sb-Pr (f = 2.17, 95% CI: 0.77, 3.58) and
Sb-U (B = 2.14, 95% CI: 0.78, 3.50) (q-interaction<0.1).
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3.3 Beta diversity

Beta diversity, as quantified by weighted Bray-Curtis dissimilarity
(Figure 1C), demonstrated a statistically significant association with
As exposure that was robust to covariate adjustment
(Supplementary Table S5). Nevertheless, the observed effect sizes were
relatively small, accounting for approximately 1.4% of the variance
(R*~ 1.4%). This association was not maintained in subsequent
stratified analyses, indicating a possible effect modification by the

stratification variables.

3.4 Taxa (phylum and genus) associations

We examined 10 phyla and 30 genera that were present in more
than 10% of the participants for associations with infant serum metal
concentrations. Cr, Mn, Cd, Ba, W, T1, Pb, Cu, As, Se, La, Pr, and Th
were significantly associated with several genera after adjusting for
covariates (Figure 3A; Supplementary Table S7).

In stratified analyses, distinct metal-microbiota associations were
observed. In the full (N=95) 3A-2;
Supplementary Table S15), Tl and U were significantly associated with

term (Figure
the phylum (Acidobacteriota). Ba, Cu, Zn, and Pr were significantly
associated with the abundances of several genera. In preterm infants
(N =191) (Figure 3A-3; Supplementary Table S16), Cs, Tl, and Se
were significantly associated with the phylum (Gemmatimonadota).
Cr, Mn, Ba, Pb, Cu, As, La, and Th were significantly associated with
several genera. In very preterm infants (N=56) (Figure 3A-4;
Supplementary Table S17), Se was significantly associated with a
phylum (Verrucomicrobiota). Sn and Sb were significantly associated
with several genera.

BKMR
Supplementary Table S9) identified Mn as a key contributor to the

analysis (Supplementary Figure S35
abundance of Burkholderia, Caballeronia, and Paraburkholderia
(PIP = 0.535). Exposure to a metal mixture (Cr, Mn, Ba, Pb, and As)
was positively associated with Ralstonia abundance, with As showing
the highest contribution (PIP = 0.886). Similarly, Cu demonstrated a
substantial contribution to Clostridium_sensu_stricto_1 abundance
(PIP = 0.867). WQS analyses (Supplementary Table S10) revealed no
significant associations between the metal mixture and the five genera
identified two
interactions affecting Clostridium_sensu_stricto_1 abundance
(Figure 3B; Table 3): Mn-Cu (§ = 0.797, 95% CI: 0.268-1.326) and
Ba-Cu (f = 0.720, 95% CI: 0.220-1.220), both with g-interaction < 0.1.

examined. Multivariable analysis synergistic

4 Discussion

This study observes associations between early life metal exposure
and infant gut microbiota colonization, which are reflected in distinct
alterations in microbial abundance and alpha diversity, although with
minimal effects on the overall community structure (beta diversity).
These associations remained significant in both the preterm and very
preterm subgroups. Analysis revealed six antagonistic metal-metal
interactions (Cr-W, Cr-La, TI-As, As-La, As-Pr, and La-Pr) alongside
two synergistic interactions (Sb-Pr and Sb-U). In the mixture analyses,
Mn was the primary contributor to Burkholderia-Caballeronia-
Paraburkholderia abundance, whereas As showed the strongest
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FIGURE 1
Associations between metal exposure and infant gut microbiota diversity metrics. All metal concentrations were In-transformed. (A) Metal-specific
associations with the Chaol index (*g < 0.1, **q < 0.05, ***q < 0.01, ****q < 0.005). (B) Weighted quantile sum (WQS) regression results for metal
mixtures and the Chaol index: B-1/B-2 show elastic net-derived positive/negative metal weights, whereas B-3/B-4 show generalized linear model-
derived weights. (C) Metal-beta diversity associations across preterm-stratified subgroups: (1) Total population, (2) Full term, (3) Preterm, and (4) Very
preterm. Analyses are adjusted for sex, antibiotic exposure, breastfeeding history, delivery mode, birth weight, and age at sampling (additional preterm
adjustment for the total population).

association with Ralstonia abundance. Cu significantly influenced
Clostridium_sensu_stricto_1 abundance, with additional synergistic
effects observed for the Mn-Cu and Ba-Cu combinations. These
findings highlight the complex relationship between metal exposure
and early gut microbiota development, underscoring the need for
further mechanistic investigations.

Essential metal elements (Zoroddu et al., 2019; Jomova et al.,
2022) are fundamental to a wide range of biological functions, with
both deficiency and excess causing diverse pathological conditions.
Among them, Mn, Fe, Co, Cu, Zn, Se, Mo, and Sr. are widely
recognized as essential elements that perform vital biological roles
(Rayman, 2000; Pajarillo et al., 2021; Huang X. Y. et al, 2022),
including serving as components/cofactors of key enzymes,
participating in electron transfer, and contributing to antioxidant
reactions, among others.

This study employed Adonis analysis to assess the potential
influence of Mn on microbial community structure, while MaAsLin2
analysis revealed that elevated serum Mn levels correlated with
increased Clostridium_sensu_stricto_1 abundance and decreased
Burkholderia-Caballeronia-Paraburkholderia,
Ralstonia abundances. These findings align with previous reports on

Enterococcus, and

the negative association of Mn with Enterococcus (Flores Ventura et
al., 2024). However, contrasts exist regarding its inverse correlation
with the Chaol index (Flores Ventura et al.,, 2024) and its association
with
Eggerthellaceae, Akkermansiaceae, and Prevotellaceae abundances

reduced  Verrucomicrobiota,  Erysipelatoclostridiaceae,

(Shen et al., 2022). Fe exhibited no significant association with gut
microbiota diversity or specific taxa, in contrast to earlier studies that
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demonstrated its influence on pediatric gut microbial composition
(Laue et al., 2020). Co showed a negative association with the Chaol
index, aligning with findings that maternal Co-exposure reduces alpha
diversity (Zhang et al., 2025) and is consistent with inverse Co-alpha
diversity correlations in elderly populations (Zhang et al., 2023). Cu
displayed a consistent negative association with the Chaol index in
BKMR and WQS analyses, along with inverse correlations with
Finegoldia, Cutibacterium, Lactobacillus, and Clostridium_sensu_
stricto_1 abundances. Although no such associations have been
reported in infant studies (Laue et al., 2020), similar reductions in
Lactobacillus were observed in swine models (Meng et al., 2018;
Brinck et al, 2023). Zn demonstrated no significant microbiota
associations, although prior research has identified a synergistic
negative relationship between Zn and As co-exposure and
Bifidobacterium abundance in children (Laue et al., 2020). Se exhibited
inverse correlations with Staphylococcus and Thermus abundances, a
finding that was not replicated in infant populations. Mo showed no
significant microbiota associations despite the reported links in the
elderly and pregnant women (Zhang et al., 2023; Zhang et al., 2025).

In addition to essential metals, toxic metals (Cd, As, Pb, Hg, Cr,
T1, and Sb) present health risks because of their adverse biological
effects (Bist and Choudhary, 2022; Wysocki et al., 2023; Peng et al.,
2024; Zhao et al., 2025). In our study, Cd was significantly associated
with increased Acinetobacter abundance, a finding not previously
reported in humans but supported by murine models (Li et al., 2019;
He et al,, 2020). It exhibited strong positive associations with the
Chaol index and was the most influential element in the BKMR and
WQS analyses, while also affecting beta diversity. It consistently
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FIGURE 2
Associations of metal mixture exposure with the Chaol index of infant gut microbiota. (A) Overall mixture effect on the Chaol index (BKMR),
(B) individual metal effects (conditional analysis), (C) dose—response relationships of key metals, (D) metal-metal interaction analysis.

reduced Ralstonia, Enterococcus, and Burkholderia-Caballeronia-
Paraburkholderia abundances, but increased Acinetobacter, Veillonella,
Clostridium_sensu_stricto_1, Pseudomonas, and Brevundimonas.
Critically, both analytical approaches identified arsenic as a key driver
of mixture effects on Ralstonia, with most associations persisting in
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preterm infants. These results align with prior reports of As reducing
Enterococcus in infants (Laue et al.,, 2020) and altering gut microbiota
in mice (Chi et al.,, 2017). Pb was associated with lower Ralstonia, and
Burkholderia-Caballeronia-Paraburkholderia, but higher Pseudomonas
and Acinetobacter, diverging from infant studies (Eggers et al., 2019;
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TABLE 2 Metal-metal interactions (selected via single-metal GLMs) affecting the Chao index are shown as the interaction term g (95% Cl).

Cr Sb Ba w Tl Co Cu As La Pr U
B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl)
Cr —2.34(—4.41, —2.90(—5.58, —2.57(—4.49, —1.73(-3.67, —1.24(-3.36, 0.98(-0.78, 2.73) —1.95(-7.31, —3.82(—6.70, —2.56(—5.76, —1.12(-3.60,
—0.26) —0.22) —0.65) * 0.21) 0.87) 3.40) —0.94) * 0.65) 1.36)
Sb —0.29(—2.92, —0.84(—2.80, 1.54(—0.05, 3.13) —0.35(—2.09, —0.14(-2.14, —0.77 (=3.30, 1.50(—0.32,331) | 2.17(0.77,3.58) | 2.14(0.78, 3.50)
2.33) 1.13) 1.39) 1.86) 1.75) * *
Ba ~0.93(=3.02, 1.88(-0.30, 4.07) —0.25(—2.44, | 0.01(—1.80,1.81) = 0.46(—0.90, 1.81) —1.09(—3.08, ~0.68(—2.97, 2.81(0.10, 5.53)
1.17) 1.94) 0.89) 1.61)
w —1.46(-3.53, —2.16(—4.04, —0.08(—1.79, —2.00(—5.18, ~1.05(=3.15, ~1.20(=3.10, 0.19(-1.82, 2.20)
0.61) —0.28) 1.63) 1.17) 1.04) 0.70)
Tl —1.73(=3.39,  0.35(=1.55,226) @ —4.48(—7.57, —1.67(—3.66, ~0.92(—2.78, 2.17(0.30, 4.04)
—0.07) —1.39) * 0.32) 0.94)
Co 0.46(—1.44, 2.36) —0.86(—2.59, —0.73(~2.45, 0.26(—1.17,1.69) | 1.43(~0.13,2.99)
0.87) 0.99)
Cu —0.86(—2.77, 0.18(—1.80,2.17) | 0.01(=2.16,2.19) —0.91(-3.02,
1.04) 1.21)
As —4.31(—6.98, —5.85(—=9.23,  0.24(—3.81,4.30)
—1.64) * —2.47) *
La —2.38(—4.26, —0.77(=2.76,
—0.50) * 1.22)
Pr —4.31(—6.98,
1.64) *

Models are adjusted for preterm birth, sex, antibiotic exposure, ever breastfed, delivery mode, birth weight, and age at sampling. Bold*: g < 0.1.
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TABLE 3 Metal—-metal interactions (selected via single-metal MaAslin2) affecting the genus are shown as interaction term  (95% Cl).

Genus Metal:metal B (95% CI) P_value FDR_qg-Value
Mn:Ba 0.228(—0.238, 0.693) 0.338 0.406
Mn:Cu 0.797(0.268, 1.326) 0.003 0.015*
Mn:As 0.185 (—0.291, 0.661) 0.447 0.447
Clostridium_sensu_stricto_1
Ba:Cu 0.720 (0.220, 1.220) 0.005 0.015*
Ba:As 0.257 (=0.127, 0.641) 0.191 0.286
Cu:As 0.422 (=0.121, 0.965) 0.128 0256

Models are adjusted for preterm birth, sex, antibiotic exposure, ever breastfed, delivery mode, birth weight, and age at sampling. Bold*: g < 0.01.

Sitarik et al., 2020; Zeng et al., 2022). Cr was negatively correlated with
the Chaol index and reduced Lactobacillus while increasing
Burkholderia-Caballeronia-Paraburkholderia, and Ralstonia, although
these findings were not replicated in infants (Xiang et al., 2024) or
mice (Yan et al, 2023). Higher Tl levels increase Burkholderia-
Caballeronia-Paraburkholderia, a trend absent in infant studies (Xiang
etal., 2024).

Notably, the potential impacts of several rare elements (Ba, W),
rare earth elements (La, Pr), and radioactive metals (Th, U) on the gut
microbiota remain poorly characterized in existing literature. Ba was
associated with a reduced Chaol index and a lower abundance of
Enterococcus and Ralstonia, while increasing Clostridium_sensu_
stricto_I and Acinetobacter, unlike infant data (Xiang et al., 2024). W
persistently lowered the Chaol index in preterm infants and reduced
Burkholderia-Caballeronia-

Paraburkholderia, consistent with its antibacterial effects (Qin et al.,

the abundance of Finegoldia,
2025). La was associated with reductions in Acinetobacter and
increases in Methylobacterium and Methylorubrum, but increased
Burkholderia-Caballeronia-Paraburkholderia.
associated with an elevated abundance of Burkholderia-Caballeronia-

Similarly, Pr was

Paraburkholderia and reductions in Acinetobacter and Veillonella. This
Rothia, and
Sphingomonas but an increase in Burkholderia-Caballeronia-

was associated with decreased Acinetobacter,

Paraburkholderia. Our study reveals more infant microbiota
associations with these rare metals than previously reported,
addressing a critical research gap. U showed a negative association
with alpha diversity, expanding evidence on early life metal-
microbiota interactions.

Metal exposure showed differential associations with gut
microbiota across infant groups. In preterm infants, Ba was negatively
correlated with the Chaol index, whereas Cs and Sb showed
significant associations in very preterm infants. Notably, W and Cu
were associated with the Chaol index in both the preterm and very
preterm groups, indicating the heightened sensitivity of premature
infant microbiota to metalloid/metal exposure. Full-term infants
exhibited distinct patterns, with Tl and U associated with a single
phylum versus Ba, Cu, Zn, and Pr, correlating with multiple genera.
Preterm infants demonstrated phylum-level associations with Cs, T1,
and Se, and genus-level links with Cr, Mn, Ba, Pb, Cu, As, La, and Th.
Very preterm infants showed phylum-level associations with Se and
genus-level associations with Sn and Sb. These findings may reflect
known associations between W, Ba, Cu, and As and preterm birth and
subsequent elevated metal exposure (Jiang et al., 2018; Huang et al.,
2021; Karakis et al.,, 2021; Liu C. et al., 2022). Because the gut
ecosystem in preterm infants is particularly vulnerable (Cuna et al.,
2021), these findings suggest that their microbiota may be more
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responsive to metalloid/metal effects. Further investigation is needed
to elucidate the complex relationships between metal exposure,
preterm birth, and gut microbiota development.

BKMR analyses identified Mn as a key contributor to
Burkholderia-Caballeronia-Paraburkholderia, which was positively
correlated with sodium taurocholate (STCA) and sodium
taurodeoxycholate (STDCA) and negatively correlated with bile salt
hydrolase (BSH) and hydroxysteroid dehydrogenase (HSDH) content
(Lei et al.,, 2021). It has a high contribution to Ralstonia, which has
been shown to cause infections that are sometimes serious, such as
osteomyelitis and meningitis, in hospital settings (Ryan and Adley,
2014). Cu had a high contribution to Clostridium_sensu_stricto_I,
which might be the pivotal pathogenic bacteria of polycystic ovarian
syndrome with insulin resistance (PCOS-IR) (Zhao et al., 2022).
Collectively, these metal-sensitive genera may represent key microbial
targets in gut ecosystems. However, the current understanding
remains limited and warrants further mechanistic validation through
large-scale cohort studies and experimental investigations.

Our study revealed more essential/toxic metal and infant gut
microbiota associations than previously reported, with novel
documentation of metal-metal interactions—six antagonistic (Cr-W,
Cr-La, TI-As, As-La, As-Pr, and La-Pr) and two synergistic (Sb-Pr and
Sb-U) pairs influencing microbial composition. The Mn-Cu and
Ba-Cu combinations demonstrated synergistic effects on Clostridium_
sensu_stricto_1 abundance. Notably, prior studies have reported that
Mn-Cu interactions affect WBC count (Huang C. H. et al., 2022),
spontaneous preterm birth risk (Issah et al., 2024), and grip strength
(Liang et al., 2024). Their combined effects on gut microbiota remain
undocumented in the existing literature. These interactions warrant
further investigation and validation to elucidate their underlying
mechanisms and better protect children’s health.

Microbial function prediction analysis further revealed that the
associations of key metals (Cu and As) with the gut microbiota may
involve  several core metabolic and cellular pathways
(Supplementary Figure S4), including Propanoate metabolism,
Glycosaminoglycan degradation, Pantothenate and CoA biosynthesis,
Peroxisome, One carbon pool by folate, Glycine, serine and threonine
metabolism, Lysosome, Glutathione metabolism, and Biosynthesis of
amino acids. These pathways suggest that metal exposure might
influence microbiota-host interactions by interfering with core biological
processes such as short-chain fatty acid production, cellular energy
metabolism, the antioxidant defense system (glutathione), and organelle
function. This aligns with previous research indicating that metal
exposure can affect the production of metabolites like short-chain fatty
acids and bile acids, vitamin metabolism, as well as ATP synthesis and
redox homeostasis (Bist and Choudhary, 2022; Nehzomi and Shirani,
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2024). Furthermore, alterations in Glycosaminoglycan degradation and
Lysosome pathways also imply that metals may modulate inflammatory
responses by affecting innate immune signaling pathways such as
proteoglycan/TLR2 and LPS/TLR4 (Teffera et al., 2024).

Building upon these findings regarding health risks, future
strategies could explore gut-targeted bioremediation for mitigating the
effects of metal exposure. Previous studies have indicated that the gut
microbiota and specific probiotics represent validated, effective, and
economical therapeutic strategies for alleviating heavy metal toxicity
in humans (Arun et al., 2021). Therefore, dietary supplementation
with specific probiotic species to modulate the gut microbiota could
emerge as a moderate, cost-effective, and efficient auxiliary strategy
for mitigating heavy metal pollutants in the human body, offering a
promising direction for future public health interventions.

This pioneering study investigates 26 serum metals and their
associations with gut microbiota in hospitalized infants, encompassing
both preterm and other clinical conditions. We demonstrate significant
relationships between metal exposure and gut health in this vulnerable
population, revealing novel associations between rare earth elements
(REEs) and radionuclides. Importantly, we identified the metal
interaction effects that influenced both the Chaol index and
Clostridium_sensu_stricto_1 abundance. Premature infants show a
particular susceptibility in alpha diversity and specific taxa to
metalloid/metal exposure, highlighting the fragility of their developing
gut ecosystems. However, this study had several limitations. First,
because of its cross-sectional design, it is difficult to establish a causal
relationship between metal exposure and the gut microbiome. We will
conduct causal arguments through further experiments and cohort
studies. Second, the single-center hospital-based design may have
introduced Berkson’s bias, where hospitalization is related to both
metal exposure and microbiome composition, potentially affecting the
accuracy of the association estimates and limiting generalizability.
Future validation in community-based cohorts and the use of methods
such as inverse probability weighting to address this bias are therefore
necessary. Finally, despite the inclusion of many covariates for
adjustment, the included infants did not consider the impact of
underlying diseases and environmental exposure during the prenatal
and postnatal periods.

5 Conclusion

This study identifies arsenic and copper as the metals most strongly
associated with gut microbial alpha diversity, whereas copper, arsenic,
and manganese are significantly associated with the abundance of
specific microbial taxa. By providing novel epidemiological evidence
on metal-gut microbiota interactions in vulnerable infants, our findings
suggest that pollutant exposure may critically disrupt microbiome
development, with potential long-term health implications. Further
mechanistic and population-based research is imperative to validate
these associations, elucidate the underlying biological pathways, and
assess their clinical significance for child health outcomes.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession

Frontiers in Microbiology

10.3389/fmicb.2025.1669475

number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra,
PRJNA814846.

Ethics statement

The studies involving humans were approved by Ethics Committee
of Hunan Children’s Hospital. The studies were conducted in
accordance with the local legislation and institutional requirements.
Written informed consent for participation in this study was provided
by the participants’ legal guardians/next of kin.

Author contributions

XY: Formal analysis, Methodology, Writing - original draft. JQ:
Conceptualization, Data curation, Investigation, Writing - review &
editing. RWH: Resources, Writing - review & editing. XP: Resources,
Writing - review & editing. STX: Methodology, Writing — review &
editing. KYZ: Methodology, Writing - review & editing. YLP:
Methodology, Writing - review & editing. YZ: Resources, Writing —
review & editing. YM: Resources, Writing - review & editing. MYW:
Conceptualization, Writing - review & editing. FY: Conceptualization,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported by
the National Natural Science Foundation of China (Grant No. 42407585),
the 2022 Regular Science and Technology Aid Program “Pediatric
Capacity Building in Tanzania” (Grant No. KY202204007), the Natural
Science Foundation of Hunan Province, China (Grant Nos. 2023]J30319
and 2021JJ40275), the Hunan Provincial Health Commission research
projects (Grant Nos. D202312057523 and D20230529), and the Clinical
Research Project of Hunan Children’s Hospital (Grant No. 2023CRO01).

Acknowledgments

The authors extend their sincere gratitude to all individuals who
contributed to the survey design and data collection.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1669475
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/sra

Yan et al.

intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

Anderson, M.J. (2017). “Permutational multivariate analysis of variance (PERMANOVA)”
in Wiley StatsRef: statistics reference online. eds. N. Balakrishnan, T. Colton, B. Everitt, W.
Piegorsch, E. Ruggeri and J. L. Teugels (Hoboken, NJ: John Wiley & Sons, Ltd.), 1-15.

Arun, K. B., Madhavan, A., Sindhu, R., Emmanual, S., Binod, P., Pugazhendhi, A.,
etal. (2021). Probiotics and gut microbiome - prospects and challenges in remediating
heavy metal toxicity. J. Hazard. Mater. 420:126676. doi: 10.1016/j.jhazmat.2021.126676

Bist, P, and Choudhary, S. (2022). Impact of heavy metal toxicity on the gut
microbiota and its relationship with metabolites and future probiotics strategy: a review.
Biol. Trace Elem. Res. 200, 5328-5350. doi: 10.1007/s12011-021-03092-4

Bobb, J. E, Valeri, L., Claus Henn, B., Christiani, D. C., Wright, R. O., Mazumdar, M.,
et al. (2014). Bayesian kernel machine regression for estimating the health effects of
multi-pollutant mixtures. Biostatistics 16, 493-508. doi: 10.1093/biostatistics/kxu058

Brinck, J. E., Lassen, S. B., Forouzandeh, A., Pan, T., Wang, Y.-Z., Monteiro, A., et al.
(2023). Impacts of dietary copper on the swine gut microbiome and antibiotic resistome.
Sci. Total Environ. 857:159609. doi: 10.1016/j.scitotenv.2022.159609

Carrico, C., Gennings, C., Wheeler, D. C, and Factor-Litvak, P. (2015).
Characterization of weighted quantile sum regression for highly correlated data in a risk
analysis setting. J. Agric. Biol. Environ. Stat. 20, 100-120. doi: 10.1007/
s13253-014-0180-3

Charbonneau, M. R., O'donnell, D., Blanton, L. V., Totten, S. M., Davis, J. C.,
Barratt, M. J., et al. (2016). Sialylated milk oligosaccharides promote microbiota-
dependent growth in models of infant undernutrition. Cell 164, 859-871. doi: 10.1016/j.
cell.2016.01.024

Chen, Q., Xiao, R., Zhou, C., Xu, Y., Wen, Y., Jiang, K., et al. (2023). Prospecting
potential and direction of strategic mineral resources in Hunan Province. Land Res.s
Herald 20, 28-36.

Chen, L., Zhao, Y,, Liu, E, Chen, H., Tan, T., Yao, P, et al. (2022). Biological aging
mediates the associations between urinary metals and osteoarthritis among U.S. adults.
BMC Med. 20:207. doi: 10.1186/512916-022-02403-3

Chi, L., Bian, X., Gao, B., Tu, P, Ru, H., and Lu, K. (2017). The effects of an
environmentally relevant level of arsenic on the gut microbiome and its functional
metagenome. Toxicol. Sci. 160, 193-204. doi: 10.1093/toxsci/kfx174

Cuna, A., Morowitz, M. J., Ahmed, I, Umar, S., and Sampath, V. (2021). Dynamics of
the preterm gut microbiome in health and disease. Am. J. Physiol. Gastrointest. Liver
Physiol. 320, G411-g419. doi: 10.1152/ajpgi.00399.2020

Donald, K., and Finlay, B. B. (2023). Early-life interactions between the microbiota
and immune system: impact on immune system development and atopic disease. Nat.
Rev. Immunol. 23, 735-748. doi: 10.1038/s41577-023-00874-w

Eggers, S., Safdar, N., Sethi, A. K., Suen, G., Peppard, P. E., Kates, A. E,, et al. (2019).
Urinary lead concentration and composition of the adult gut microbiota in a cross-
sectional population-based sample. Environ. Int. 133:105122. doi: 10.1016/j.
envint.2019.105122

Flores Ventura, E., Bernabeu, M., Callejon-Leblic, B., Cabrera-Rubio, R., Yeruva, L.,
Estafi-Capell, J., et al. (2024). Human milk metals and metalloids shape infant
microbiota. Food Funct. 15, 12134-12145. doi: 10.1039/D4FO01929F

Gensollen, T., Iyer, S. S., Kasper, D. L., and Blumberg, R. S. (2016). How colonization
by microbiota in early life shapes the immune system. Science 352, 539-544. doi:
10.1126/science.aad9378

He, X., Qi, Z., Hou, H., Qian, L., Gao, J., and Zhang, X.-X. (2020). Structural and
functional alterations of gut microbiome in mice induced by chronic cadmium exposure.
Chemosphere 246:125747. doi: 10.1016/j.chemosphere.2019.125747

Howe, C. G., Claus Henn, B., Farzan, S. E, Habre, R., Eckel, S. P, Grubbs, B. H., et al.
(2021). Prenatal metal mixtures and fetal size in mid-pregnancy in the MADRES study.
Environ. Res. 196:110388. doi: 10.1016/j.envres.2020.110388

Hu, ], Papandonatos, G. D., Zheng, T., Braun, J. M., Zhang, B., Liu, W,, et al. (2022).
Prenatal metal mixture exposure and birth weight: a two-stage analysis in two prospective
cohort studies. Eco Environ. Health 1, 165-171. doi: 10.1016/j.eehl.2022.09.001

Frontiers in Microbiology

11

10.3389/fmicb.2025.1669475

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1669475
full#supplementary-material

Huang, C. H., Hsieh, C. Y., Wang, C. W,, Tu, H. P, Chen, S. C., Hung, C. H,, et al.
(2022). Associations and interactions between heavy metals with white blood cell and
eosinophil count. Int. J. Med. Sci. 19, 331-337. doi: 10.7150/ijms.68945

Huang, X. Y., Hu, D. W,, and Zhao, E. J. (2022). Molybdenum: more than an essential
element. J. Exp. Bot. 73, 1766-1774. doi: 10.1093/jxb/erab534

Huang, H., Wei, Y., Xia, Y., Wei, L., Chen, X., Zhang, R,, et al. (2021). Child marriage,
maternal serum metal exposure, and risk of preterm birth in rural Bangladesh: evidence
from mediation analysis. J. Expo. Sci. Environ. Epidemiol. 31, 571-580. doi: 10.1038/
541370-021-00319-3

Issah, I, Duah, M. S., Arko-Mensah, J., Bawua, S. A., Agyekum, T. P, and
Fobil, J. N. (2024). Exposure to metal mixtures and adverse pregnancy and birth
outcomes: a systematic review. Sci. Total Environ. 908:168380. doi: 10.1016/j.
scitotenv.2023.168380

Jiang, Y., Xia, W,, Zhang, B., Pan, X., Liu, W,, Jin, S., et al. (2018). Predictors of thallium
exposure and its relation with preterm birth. Environ. Pollut. 233, 971-976. doi:
10.1016/j.envpol.2017.09.080

Jomova, K., Makova, M., Alomar, S. Y., Alwasel, S. H., Nepovimova, E., Kuca, K., et al.
(2022). Essential metals in health and disease. Chem. Biol. Interact. 367:110173. doi:
10.1016/j.¢bi.2022.110173

Karakis, I., Landau, D., Gat, R., Shemesh, N., Tirosh, O., Yitshak-Sade, M., et al. (2021).
Maternal metal concentration during gestation and pediatric morbidity in children: an
exploratory analysis. Environ. Health Prev. Med. 26:40. doi: 10.1186/s12199-021-00963-z

Korpela, K., and De Vos, W. M. (2018). Early life colonization of the human gut: microbes
matter everywhere. Curr. Opin. Microbiol. 44, 70-78. doi: 10.1016/j.mib.2018.06.003

Laue, H. E., Moroishi, Y., Jackson, B. P, Palys, T. J., Madan, J. C., and Karagas, M. R.
(2020). Nutrient-toxic element mixtures and the early postnatal gut microbiome in a
United States longitudinal birth cohort. Environ. Int. 138:105613. doi: 10.1016/j.
envint.2020.105613

Lei, S., Liu, L., Ding, L., Zhang, Y., and Zeng, H. (2021). Lotus seed resistant starch
affects the conversion of sodium taurocholate by regulating the intestinal microbiota.
Int. J. Biol. Macromol. 186, 227-236. doi: 10.1016/j.ijbiomac.2021.07.031

Li, X., Brejnrod, A. D., Ernst, M., Ryker, M., Herschend, J., Olsen, N. M. C,, et al.
(2019). Heavy metal exposure causes changes in the metabolic health-associated gut
microbiome and metabolites. Environ. Int. 126, 454-467. doi: 10.1016/j.
envint.2019.02.048

Li, X,, Fan, L., Wang, X,, Yang, Y., Zhu, Y., Han, X,, et al. (2022). Characteristics,
distribution, and children exposure assessment of 13 metals in household dust in China:
a big data pilot study. Indoor Air 32:e12943. doi: 10.1111/ina.12943

Liang, Y. J., Rong, J. H., Wang, X. X,, Cai, J. S., Qin, L. D,, Liu, Q. M,, et al. (2024).
Correlation between combined urinary metal exposure and grip strength under three
statistical models: a cross-sectional study in rural Guangxi. Biomed. Environ. Sci. 37,
3-18. doi: 10.3967/bes2024.002

Liu, C., Huang, L., Huang, S., Wei, L., Cao, D., Zan, G,, et al. (2022). Association of
both prenatal and early childhood multiple metals exposure with neurodevelopment in
infant: a prospective cohort study. Environ. Res. 205:112450. doi: 10.1016/j.
envres.2021.112450

Liu, J., Ruan, E, Cao, S., Li, Y., Xu, S., and Xia, W. (2022). Associations between
prenatal multiple metal exposure and preterm birth: comparison of four statistical
models. Chemosphere 289:133015. doi: 10.1016/j.chemosphere.2021.133015

Liu, L., Wang, L., Ni, W, Pan, Y,, Chen, Y., Xie, Q, et al. (2021). Rare earth elements
in umbilical cord and risk for orofacial clefts. Ecotoxicol. Environ. Saf. 207:111284. doi:
10.1016/j.ecoenv.2020.111284

Mallick, H., Rahnavard, A., Mciver, L. J., Ma, S., Zhang, Y., Nguyen, L. H,, et al. (2021).
Multivariable association discovery in population-scale meta-omics studies. PLoS
Comput. Biol. 17:€1009442. doi: 10.1371/journal.pcbi.1009442

Meng, X. L., Li, S., Qin, C. B., Zhu, Z. X., Hu, W. P, Yang, L. P, et al. (2018). Intestinal
microbiota and lipid metabolism responses in the common carp (Cyprinus carpio L.)

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1669475
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1669475/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1669475/full#supplementary-material
https://doi.org/10.1016/j.jhazmat.2021.126676
https://doi.org/10.1007/s12011-021-03092-4
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1016/j.scitotenv.2022.159609
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1016/j.cell.2016.01.024
https://doi.org/10.1016/j.cell.2016.01.024
https://doi.org/10.1186/s12916-022-02403-3
https://doi.org/10.1093/toxsci/kfx174
https://doi.org/10.1152/ajpgi.00399.2020
https://doi.org/10.1038/s41577-023-00874-w
https://doi.org/10.1016/j.envint.2019.105122
https://doi.org/10.1016/j.envint.2019.105122
https://doi.org/10.1039/D4FO01929F
https://doi.org/10.1126/science.aad9378
https://doi.org/10.1016/j.chemosphere.2019.125747
https://doi.org/10.1016/j.envres.2020.110388
https://doi.org/10.1016/j.eehl.2022.09.001
https://doi.org/10.7150/ijms.68945
https://doi.org/10.1093/jxb/erab534
https://doi.org/10.1038/s41370-021-00319-3
https://doi.org/10.1038/s41370-021-00319-3
https://doi.org/10.1016/j.scitotenv.2023.168380
https://doi.org/10.1016/j.scitotenv.2023.168380
https://doi.org/10.1016/j.envpol.2017.09.080
https://doi.org/10.1016/j.cbi.2022.110173
https://doi.org/10.1186/s12199-021-00963-z
https://doi.org/10.1016/j.mib.2018.06.003
https://doi.org/10.1016/j.envint.2020.105613
https://doi.org/10.1016/j.envint.2020.105613
https://doi.org/10.1016/j.ijbiomac.2021.07.031
https://doi.org/10.1016/j.envint.2019.02.048
https://doi.org/10.1016/j.envint.2019.02.048
https://doi.org/10.1111/ina.12943
https://doi.org/10.3967/bes2024.002
https://doi.org/10.1016/j.envres.2021.112450
https://doi.org/10.1016/j.envres.2021.112450
https://doi.org/10.1016/j.chemosphere.2021.133015
https://doi.org/10.1016/j.ecoenv.2020.111284
https://doi.org/10.1371/journal.pcbi.1009442

Yan et al.

following copper exposure. Ecotoxicol. Environ. Saf. 160, 257-264. doi: 10.1016/j.
ecoenv.2018.05.050

Nehzomi, Z. S., and Shirani, K. (2024). The gut microbiota: a key player in cadmium
toxicity - implications for disease, interventions, and combined toxicant exposures. J.
Trace Elem. Med. Biol. 88:127570. doi: 10.1016/j.jtemb.2024.127570

Ovadia, Y. S, Dror, I, Liberty, G., Gavra-Shlissel, H., Anteby, E. Y., Fox, S., et al.
(2023). Amniotic fluid rubidium concentration association with newborn birthweight:
a maternal-neonatal pilot study. Am. J. Obstet. Gynecol. MFM 5:101149. doi: 10.1016/j.
ajogmf.2023.101149

Pajarillo, E. B., Lee, E., and Kang, D. K. (2021). Trace metals and animal health:
interplay of the gut microbiota with iron, manganese, zinc, and copper. Anim. Nutr. 7,
750-761. doi: 10.1016/j.aninu.2021.03.005

Peng, Z., Liao, Y., Yang, W,, and Liu, L. (2024). Metal(loid)-gut microbiota interactions
and microbiota-related protective strategies: a review. Environ. Int. 192:109017. doi:
10.1016/j.envint.2024.109017

Peng, J.-Y., Zhang, S., Han, Y., Bate, B., Ke, H., and Chen, Y. (2022). Soil heavy metal
pollution of industrial legacies in China and health risk assessment. Sci. Total Environ.
816:151632. doi: 10.1016/j.scitotenv.2021.151632

Qin, Y,, Wang, Z., Chen, H., Nie, G., and Zhao, R. (2025). Oral nanoparticle therapy
for inflammatory bowel disease by Paneth cell regulation and mucus layer remodeling.
Matter 8:102084. doi: 10.1016/j.matt.2025.102084

Rayman, M. P. (2000). The importance of selenium to human health. Lancet 356,
233-241. doi: 10.1016/S0140-6736(00)02490-9

Robertson, R. C., Manges, A. R., Finlay, B. B., and Prendergast, A. J. (2019). The
human microbiome and child growth - first 1000 days and beyond. Trends Microbiol.
27,131-147. doi: 10.1016/j.tim.2018.09.008

Ronan, V., Yeasin, R., and Claud, E. C. (2021). Childhood development and the
microbiome-the intestinal microbiota in maintenance of health and development of
disease during childhood development. Gastroenterology 160, 495-506. doi: 10.1053/j.
gastro.2020.08.065

Ryan, M. P, and Adley, C. C. (2014). Ralstonia spp.: emerging global opportunistic
pathogens. Eur. J. Clin. Microbiol. Infect. Dis. 33, 291-304. doi: 10.1007/
510096-013-1975-9

Savabieasfahani, M., Basher Ahamadani, E,, and Mahdavi Damghani, A. (2020). Living
near an active U.S. military base in Iraq is associated with significantly higher hair
thorium and increased likelihood of congenital anomalies in infants and children.
Environ. Pollut. 256:113070. doi: 10.1016/j.envpol.2019.113070

Schmid, R., and Xiong, X. (2023). China’s environmental solutions. Appl. Microbiol.
Biotechnol. 107, 987-1002. doi: 10.1007/s00253-022-12340-z

Shen, Y, Laue, H. E., Shrubsole, M. J., Wu, H., Bloomquist, T. R., Larouche, A, et al.
(2022). Associations of childhood and perinatal blood metals with children’s gut
microbiomes in a Canadian gestation cohort. Environ. Health Perspect. 130:17007. doi:
10.1289/EHP9674

Sitarik, A. R., Arora, M., Austin, C,, Bielak, L. E, Eggers, S., Johnson, C. C,, et al.
(2020). Fetal and early postnatal lead exposure measured in teeth associates with infant
gut microbiota. Environ. Int. 144:106062. doi: 10.1016/j.envint.2020.106062

Tamburini, S., Shen, N., Wu, H. C., and Clemente, J. C. (2016). The microbiome in
early life: implications for health outcomes. Nat. Med. 22, 713-722. doi: 10.1038/nm.4142

Frontiers in Microbiology

12

10.3389/fmicb.2025.1669475

Tan, S., Yang, Y., Chen, Z., Zhao, L., Yang, Z., Dai, H., et al. (2022). Evaluation of
Essential and Toxic Elements in the Blood of 0-14-Year-Old Children in Hunan, China
From 2013 to 2019: A Retrospective Analysis. Front Public Health, 10:739880.

Teffera, M., Veith, A. C., Ronnekleiv-Kelly, S., Bradfield, C. A., Nikodemova, M.,
Tussing-Humpbhreys, L., et al. (2024). Diverse mechanisms by which chemical pollutant
exposure alters gut microbiota metabolism and inflammation. Environ. Int. 190:108805.
doi: 10.1016/j.envint.2024.108805

Vandenplas, Y., Carnielli, V. P, Ksiazyk, J., Luna, M. S., Migacheva, N,
Mosselmans, J. M., et al. (2020). Factors affecting early-life intestinal microbiota
development. Nutrition 78:110812. doi: 10.1016/j.nut.2020.110812

Wei, J., Wang, C., Yin, S., Pi, X, Jin, L., Li, Z., et al. (2020). Concentrations of rare earth
elements in maternal serum during pregnancy and risk for fetal neural tube defects.
Environ. Int. 137:105542. doi: 10.1016/j.envint.2020.105542

Wysocki, R., Rodrigues, J. I, Litwin, L, and Tamés, M. J. (2023). Mechanisms of
genotoxicity and proteotoxicity induced by the metalloids arsenic and antimony. Cell.
Mol. Life Sci. 80:342. doi: 10.1007/s00018-023-04992-5

Xiang, S. T., Zhou, C., Zhao, K., Ma, Y., Huang, R, Peng, Y,, et al. (2024). Association of
metals with early postnatal gut microbiota among infants admitted to the neonatal intensive
care unit. Int. J. Hyg. Environ. Health 261:114410. doi: 10.1016/j.ijheh.2024.114410

Yan, M., Niu, C,, Li, X., Wang, F, Jiang, S., Li, K,, et al. (2022). Heavy metal levels in
milk and dairy products and health risk assessment: a systematic review of studies in
China. Sci. Total Environ. 851:158161. doi: 10.1016/j.scitotenv.2022.158161

Yan, T, Xu, Y., Zhu, Y, Jiang, P, Zhang, Z., Li, L., et al. (2023). Chromium exposure
altered metabolome and microbiome-associated with neurotoxicity in zebrafish. J. Appl.
Toxicol. 43, 1026-1038. doi: 10.1002/jat.4440

Yatsunenko, T., Rey, F. E., Manary, M. J., Trehan, I, Dominguez-Bello, M. G.,
Contreras, M., et al. (2012). Human gut microbiome viewed across age and geography.
Nature 486, 222-227. doi: 10.1038/nature11053

Zeng, X., Zeng, Z., Wang, Q., Liang, W., Guo, Y., and Huo, X. (2022). Alterations of
the gut microbiota and metabolomics in children with e-waste lead exposure. J. Hazard.
Mater. 434:8842. doi: 10.1016/j.jhazmat.2022.128842

Zhang, J., Wang, Y., Chen, G., Wang, H., Sun, L., Zhang, D., et al. (2023). The
associations between multiple essential metal(loid)s and gut microbiota
in Chinese community-dwelling older adults. Nutrients 15:1137. doi: 10.3390/
nul5051137

Zhang, Y., Yang, X., Dong, C., Zhang, M., Guan, Q., Chang, H., et al. (2025).
Trace element exposure during pregnancy has a persistent influence on perinatal
gut microbiota in mother-infant dyads. Environ. Sci. Technol. 59, 7820-7834. doi:
10.1021/acs.est.4c11640

Zhao, H., Chen, R., Zheng, D., Xiong, E, Jia, E, Liu, J., et al. (2022). Modified Banxia
Xiexin decoction ameliorates polycystic ovarian syndrome with insulin resistance by
regulating intestinal microbiota. Front. Cell. Infect. Microbiol. 12:854796. doi: 10.3389/
fcimb.2022.854796

Zhao, K., Yang, E, Wu, M,, Pan, X, Xiang, S., Tang, Y., et al. (2025). Association of
thallium exposure in early life with gut microbiota in neonates. Environ. Pollut.
370:125876. doi: 10.1016/j.envpol.2025.125876

Zoroddu, M. A., Aaseth, J., Crisponi, G., Medici, S., Peana, M., and Nurchi, V. M.
(2019). The essential metals for humans: a brief overview. J. Inorg. Biochem. 195,
120-129. doi: 10.1016/j.jinorgbio.2019.03.013

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1669475
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ecoenv.2018.05.050
https://doi.org/10.1016/j.ecoenv.2018.05.050
https://doi.org/10.1016/j.jtemb.2024.127570
https://doi.org/10.1016/j.ajogmf.2023.101149
https://doi.org/10.1016/j.ajogmf.2023.101149
https://doi.org/10.1016/j.aninu.2021.03.005
https://doi.org/10.1016/j.envint.2024.109017
https://doi.org/10.1016/j.scitotenv.2021.151632
https://doi.org/10.1016/j.matt.2025.102084
https://doi.org/10.1016/S0140-6736(00)02490-9
https://doi.org/10.1016/j.tim.2018.09.008
https://doi.org/10.1053/j.gastro.2020.08.065
https://doi.org/10.1053/j.gastro.2020.08.065
https://doi.org/10.1007/s10096-013-1975-9
https://doi.org/10.1007/s10096-013-1975-9
https://doi.org/10.1016/j.envpol.2019.113070
https://doi.org/10.1007/s00253-022-12340-z
https://doi.org/10.1289/EHP9674
https://doi.org/10.1016/j.envint.2020.106062
https://doi.org/10.1038/nm.4142
https://doi.org/10.1016/j.envint.2024.108805
https://doi.org/10.1016/j.nut.2020.110812
https://doi.org/10.1016/j.envint.2020.105542
https://doi.org/10.1007/s00018-023-04992-5
https://doi.org/10.1016/j.ijheh.2024.114410
https://doi.org/10.1016/j.scitotenv.2022.158161
https://doi.org/10.1002/jat.4440
https://doi.org/10.1038/nature11053
https://doi.org/10.1016/j.jhazmat.2022.128842
https://doi.org/10.3390/nu15051137
https://doi.org/10.3390/nu15051137
https://doi.org/10.1021/acs.est.4c11640
https://doi.org/10.3389/fcimb.2022.854796
https://doi.org/10.3389/fcimb.2022.854796
https://doi.org/10.1016/j.envpol.2025.125876
https://doi.org/10.1016/j.jinorgbio.2019.03.013

	Association between infants’ serum levels of 26 metals and gut microbiota: a hospital-based cross-sectional study in China
	1 Introduction
	2 Materials and methods
	2.1 Study population and design
	2.2 Metal measurement
	2.3 DNA extraction and sequencing
	2.4 Covariates
	2.5 Statistical analysis

	3 Results
	3.1 Study participant characteristics
	3.2 Alpha diversity
	3.3 Beta diversity
	3.4 Taxa (phylum and genus) associations

	4 Discussion
	5 Conclusion

	Acknowledgments
	References

