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ABSTRACT: Alterations to the gut microbiome and exposure to metals during pregnancy have been suggested to impact
inflammatory bowel disease. Nonetheless, how prenatal exposure to metals eventually results in long-term effects on the gut
microbiome, leading to subclinical intestinal inflammation, particularly during late childhood, has not been studied. It is also
unknown whether such an interactive effect drives a specific subgroup of children toward elevated susceptibility to intestinal
inflammation. We used an amalgamation of machine-learning techniques with a regression-based framework to explore if children
with distinct sets of gut microbes and certain patterns of exposure to metals during pregnancy (metal—microbial clique signature)
had a higher likelihood of intestinal inflammation, measured based on fecal calprotectin (FC) in late childhood. We obtained
samples from a well-characterized longitudinal birth cohort from Mexico City (n = 108), Mexico. In the second and third trimesters
of pregnancy, 11 metals were measured in whole blood. Gut microbial abundances and FC were measured in stool samples from
children 9—11 years of age. Elevated FC was defined as having FC above 100 ug/g of stool. We identified subgroups of children in
whom microbial and metal—microbial clique signatures were associated with elevated FC (false discovery rate (FDR) < 0.05). In
particular, we found two metal—microbial clique signatures significantly associated with elevated FC: (1) low cesium (Cs) and
copper (Cu) in the third trimester and low relative abundance of Eubacterium ventriosum (OR [95%CI]: 10.27 [3.57,29.52], FDR <
0.001) and (2) low Cu in the third trimester and high relative abundances of Roseburia inulinivorans and Ruminococcus torques (OR
[95%CI]: 7.21 [1.81,28.77], FDR < 0.05). This exploratory study demonstrates that children with specific gut microbes and specific
exposure patterns to metals during pregnancy may have higher fecal calprotectin levels in late childhood, denoting an elevated risk of
intestinal inflammation.
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Preclinical and early life environmental signatures of inflamma-
tory bowel disease (IBD), an immune-mediated disease of the
intestinal tract, are increasingly being recognized.1 Recent
literature suggests that preclinical IBD can occur at least two
years prior to IBD diagnosis and could be identified using
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subclinical inflammation markers.” Identifying preclinical
markers of IBD can help with diagnosis, treatment, and disease
monitoring.” Biomarkers of preclinical IBD include intestinal
inflammation and distinct gut microbiome perturbations.’
Raygoza Garay et al. reported that, among first-degree relatives
of individuals with Crohn’s disease (CD) (a subtype of IBD), a
microbiome risk score (MRS) based on specific taxonomic
features was predictive of subsequent CD diagnosis.* The group
also reported elevated fecal calprotectin (FC) as a marker of
subclinical intestinal inflammation preceding CD diagnosis."
Offspring of women with IBD possess distinct microbiome
features with loss of bacterial diversity and elevated FC
compared to offspring of women without IBD.>® This indicates
that programming of the gut microbiome, intestinal health, and
IBD risk in childhood may occur during the prenatal period.
However, the impact of gut microbiome signatures on
preclinical intestinal inflammation has not been well charac-
terized. Mapping these relationships is pertinent to under-
standing IBD risk factors and pathways and for prediction and
prevention.

Metal exposures during the prenatal period have been
hypothesized to be particularly important in the programming
of later gut microbiome function, intestinal inflammation, and
IBD risk.””® Transition metals (iron, zinc, copper, manganese,
molybdenum, etc.) are biologically necessary for humans as part
of the immune system and are used during inflammation to fight
infections, both by limiting bacterial access to these essential
metals and by employing metal toxicity to kill invading
bacteria.”’? This process of controlling infection through
immune-mediated metal availability and toxicity is called
nutritional immunity.'' As part of nutritional immunity,
neutrophils produce and secrete calprotectin, which serves as a
high-affinity manganese/zinc binding protein, limiting the
availability of the metals to bacteria within the gut micro-
biome.'” Metal withholding by calprotectin is likely to have a
negative impact on both commensal and pathogenic bacteria."®
Both high and low essential metal exposures have been shown to
influence the gut microbiome diversity and have been correlated
with gut inflammation. Likewise, toxic metals (e.g., mercury and
lead) have been shown to alter gut microbiome composition and
function."*™'® Moreover, a growing body of literature suggests
that prenatal metal exposures can alter the gut microbial
composition and metabolic functions later in childhood.'” This
may be partly due to prenatal programming of nutritional
immune function,'® which suggests that certain nutrients and
elemental exposure during the prenatal or perinatal period may
interact and possibly shape how the body reacts to certain
external perturbances and modifies microbial diversity."
Prenatal metal levels have also been associated with IBD risk
later in life.”” However, little is known regarding the relationship
among prenatal metal exposures, the gut microbiome, and
intestinal inflammation, especially during childhood.

Environmental studies suggest that important biochemical
interactions occur among specific bacterial taxa, varying from a
few to many bacterial species.”' Early life metal exposures may
influence these interactions.”> However, the effect of these
interactions may be more pronounced in certain subgroups of
the sample.”” Therefore, similar to the conceptual framework of
“genetic signature”, which can be present, particularly in a
specific subpopulation, we introduce the concept of a “metal—
microbial clique signature”. We define this as a signature that can
be characterized by metal concentrations and microbial
abundances, and only a certain subgroup of children with
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specific patterns of metal exposure during pregnancy and
microbial abundance above or below certain thresholds in late
childhood will have these definite signature patterns. We
hypothesize that children with specific metal-microbial
cleavage signatures will have a higher risk of preclinical intestinal
inflammation. Such a clique signature, therefore, conceptually
differs from individual and metal mixture associations, where
every individual in the sample has simultaneous exposures but
only a specific subgroup is exposed to a clique signature.
Identifying such clique signatures is technically challenging since
simultaneously searching for multiordered combinations and
estimating thresholds to create subgroups are computationally
very intensive. For example, choosing two-ordered or three-
ordered combinations from a set of 100 microbes and 11 metals
yields more than § X 10* and 2 X 10° combinations to choose
from. On top of that, there is additional complexity in finding
thresholds. Therefore, parsing through such vast combinations
is substantially challenging if classical statistical tools are used
solely. Hence, the use of machine learning techniques not only
provides a way forward but also provides a framework for
precision environmental health. In this article, we explore
whether children with certain metal—microbial clique signatures
have a higher risk of developing intestinal inflammation in late
childhood using an ensemble of machine-learning tools with a
regression-based framework.

B MATERIALS AND METHODS

Study Population

This study leverages data from the Programming Research in Obesity,
Growth, Environment, and Social Stressors (PROGRESS) cohort in
Mexico City, Mexico, an ongoing longitudinal birth cohort.”*** The
PROGRESS cohort enrolled 948 pregnant women and their offspring
and is designed to examine associations between early life environ-
mental toxicant exposures (i.e., metals) and pediatric health. Recruit-
ment started in July 2007. Pregnant women were enrolled in the
Mexican Social Security System at the beginning of the study.
Participants completed study visits in the second and third trimesters,
and mothers and offspring were followed approximately every two years
from birth to adolescence. Study visits included surveys, physical exams,
biological sample collection, and psychological and behavioral testing.
Approximately 600 mother—child pairs are actively followed by surveys,
physical exams, and psychological and behavioral assessments with
children currently 14—16 years old. Blood and urine samples were
collected when the children were 4, 6, 8, and 10 years of age (on
average). As a substudy based on this cohort, stool sampling occurred at
the study visit when children were between 8 to 11 years of age in a
convenience subsample of the cohort (n = 123); however, 108 had
complete outcome data available. Before the stool collection, all
children with a history of antibiotic usage in the past month of stool
sample collection were excluded.

Metal Measurement

During the second and third trimesters of pregnancy, whole blood
samples from mothers were used to measure metal concentrations. As
noted in our previous studies, in the “Trace Metals Laboratory of the
Icahn School of Medicine at Mount Sinai”, multiple metal
concentrations, including arsenic (As), copper (Cu), chromium (Cr),
cadmium (Cd), selenium (Se), antimony (Sb), lead (Pb), cesium (Cs),
zinc (Zn), manganese (Mn), and cobalt (Co), were determined using
the “Agilent 8800 ICP Triple Quad (ICP-QQQ) in MS/MS mode”.
Further, all measurements were taken in five replicates and reported as
an average, and the quality control standards were recovered at 90—
110%. For laboratory elemental analysis, quality assurance, and quality
control procedures, the following measures were undertaken: (1) initial
verification standards, (2) analyses of calibration standards in the range
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of 0.001 to SO ng/mL, and (3) continuous calibration verification
standards.”>*¢

Gut Microbiome Data Collection and Further Processing

Details on stool sample collection and subsequent analysis are
presented in our previous works.'”>>*” Briefly, at the 8—11 year visit,
stool samples were collected from the children. Samples were self-
collected by participants with help from their parents, as required.
Whole stool samples were processed and aliquoted following the FAST
protocol at the ABC Hospital in Mexico City.”® Frozen samples for
further analysis were sent to the Microbiome Translational Center at
Mount Sinai. Next, samples were processed and sequenced in two
batches, n = 73 and n = 50, depending on the time of receipt of the stool
samples. Using the NEBNext DNA Library Prep kit, shotgun
metagenomic sequencing was performed and eventually sequenced
on an Illumina HiSeq. We used Trimmomatic to trim the quality of the
sequencing reads, and human reads were removed by mapping to a
reference with bowtie2.””*° To determine microbial taxonomy at the
species/strain level, the remaining reads were processed using
MetaPhlAn2, StrainPhlAn, and HUMANN?2 to profile microbial gene
pathways.>' 3

Fecal Calprotectin Measurements

Aliquots from the same stool samples were weighed to 40 mg for fecal
calprotectin (FC) measurements using a CALPROLAB Calprotectin
enzyme-linked immunosorbent assay (ELISA) kit (Svar Calpro,
Lysaker, Norway). All procedures were performed as previously
described.® We used high FC as the outcome, defined as >100 ug/g
of stool.** Previous reviews have shown that, for children, a cutoff of
100 pg/g for fecal calprotectin provides almost 100% sensitivity and
90% specificity in detecting IBD vs non-IBD cases.” Therefore, we will
use this binary outcome for clinical relevance and an improved
interpretation of our findings.

Covariates

Covariates included in the subsequent analyses were (1) maternal
socio-economic status (SES) during pregnancy, (2) maternal body
mass index (BMI) during pregnancy, (3) maternal age at birth, (4) the
child’s age at the time of stool sample collection, (S) child sex, and last
(6) the microbiome analysis batch. Measured height and weight were
used to calculate BMI. As noted in earlier papers, “the SES during
pregnancy was assessed using the 1994 Mexican Association of
Intelligence Agencies Market and Opinion. Families were classified into
six levels based on 13 questions about household characteristics. In the
study, most families belonged to the low-middle SES category; thus, we
condensed all the six categories into three categories: low, mid, and
high”.”>*® For simplicity and due to smaller sample sizes, we kept the
covariates minimal.'”

Statistical Methods

We conducted all analyses in R (version 4.2.3). We followed a similar
analysis strategy as our previous work and reiterated details for
replication.'” For univariate analyses, we used covariate-adjusted
logistic regressions. The association estimates for metals were
presented through forest plots, whereas we used volcano plots for the
relative bacterial abundances. The metal concentrations and relative
abundances of the microbial taxa were transformed into quartiles to
ward off influences of outliers and for homogeneity in variance. The
metal concentrations below the limit of detection were therefore
assigned the lowest quartile values. Although most exposures had a
slight right skewness in their distributions, such skewness could possibly
bias the standard errors in regression analysis and therefore bias the
asymptotic normality of the p-value. To combat this, we conducted
normality-agnostic robust permutation tests (as sensitivity analyses) to
verify the p-values of the reported associations. The unadjusted p-values
were corrected by using the false discovery rate (FDR) procedure. Any
missing values in covariates were imputed using the predictive mean
matching algorithm as implemented through the MICE R package.””
The main analyses were conducted on the imputed data set. To ensure
that there is no substantial batch effect in the microbiome data
processing, first, we conducted a detailed principal component analysis
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on the f diversity metrics by batch; second, we only used those
microbial taxa that had at least 5% relative abundance in both batches;
and third, we adjusted for the batch indicator in all of our models.

The downstream analysis identifies combinations of prenatal metal
exposures and gut microbes and their thresholds, eventually creating
the metal—microbial clique signatures. As an example, consider a clique
signature of microbe X and metals Y and Z, denoted by X+/Y—/Z+,
which implies a subgroup of the sample with a higher relative
abundance of X, a lower concentration of metal Y, and a higher
concentration of metal Z. Therefore, a clique signature in this analysis is
represented as a binary variable, characterizing a specific subgroup of
children with particular patterns of prenatal metal exposures and
microbial relative abundances. We used an interpretable machine-
learning algorithm called the “repeated hold-out signed-iterated
Random Forest” (rh-SiRF) and merged it with a regression-based
inference framework, where the relative abundances of the gut
microbial taxa and prenatal metal exposures during the second and
third trimesters were treated as predictors, and elevated FC as the
outcome.** ™" Previously, after controlling for the overall environ-
mental chemical mixture effect, the rh-SiRF algorithm was used to find
highly ordered interactions among chemical exposures. The rh-SiRF
algorithm combines (1) a weighted random forest algorithm that
iteratively assigns higher weights on predictors with better discrim-
inatory performance and (2) within the forest searches for
combinations of nodes (predictors) that co-occur together in the
generated trees. Among the bootstrapped iterations and throughout the
forest, if a certain combination of predictive nodes co-occurs multiple
times, then the rh-SiRF algorithm chooses such a combination and
provides statistics to quantify the strength of its occurrence. Finally,
using a “threshold finding algorithm”, the multiordered combinations
were converted into binarized clique signatures.

The rh-SiRF model was fitted in three stages to create cliques of
metals, cliques of microbes, and cliques of metals—microbes: (1) first,
two separate models were fitted on a subset of 70% data (n = 76), one
with prenatal metal concentrations as the predictors and the other with
microbial relative abundances as the predictors. (2) Next, we extracted
the top 5% of the most commonly occurring combinations from both
models. The cutoff of 5% was chosen to obtain, at most, a total of 10
stable clique features. We chose a conservative cutoff since the higher
the cutoff, the higher the possibility of including overfitted cliques for
the next stage of modeling. (3) Lastly, we again fitted two rh-SiRF
models using the training data set (n = 76) with the top 5% most stable
metal combinations and all microbial abundances as predictors and the
other with the top 5% most stable microbial combinations and all metal
concentrations as predictors. The aim of this third step was to identify
all possible metal—microbial clique signatures of a higher order. With
the small sample size, this algorithm could not often find more than two
ordered cliques; therefore, in the third stage, we included both models
to create three-ordered clique signatures. The sole individual metal
combinations and microbial combinations were chosen from the first
stage, whereas the metal—microbial combinations were chosen from
the third stage. Each model was repeated at least S00 times with 200
bootstrap iterations, ensuring that the often occurring combinations are
not just an over fitted combination; instead, they must occur multiple
times throughout the forest to be picked up by the algorithm. Further,
each machine-learning model was fitted on a continuous log-
transformed calprotectin value to combat overfitting. In contrast, the
eventual downstream regression analyses were conducted on binarized
FC. Finally, we converted these combinations into predictive clique
signatures using a threshold-finding algorithm for the following
regression analysis stage. We used the whole data set (instead of 30%
test data for the regression analysis) because the regression estimates
would not be robust with a mere sample size of #n = 32, and none of the
asymptotic properties would kick in. Although this is not the ideal
scenario, training on 70% of the data and regression (testing) on the
whole data create some form of separation and help to instill the
asymptotics in p-values with better coverage for the 95% Cls.

https://doi.org/10.1021/envhealth.4c00125
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Table 1. Characteristics of the Study Population

variable
child sex
male, n (%)
female, n (%)
maternal SES in pregnancy
low, n (%)
mid, n (%)
high, n (%)

maternal age in years at offspring birth, mean (SD)
maternal BMI (kg/m?), in pregnancy, mean (SD)
child age in years at stool sample collection, mean (SD)
Shannon a diversity index, mean (SD)

2nd trimester Mn concentration (ug/L), mean (SD)¢
2nd trimester Cr concentration (¢g/L), mean (SD)*
3rd trimester Cs concentration (ug/L), mean (SD)°
3rd trimester Cu concentration (g/L), mean (SD)*

overall (n = 108)

62 (57.41%)
46 (42.59%)

59 (54.63%)
38 (35.19%)
11 (10.19%)
28.31 (5.65)
26.90 (4.37)
9.67 (0.88)
2.35 (0.39)
14.53 (5.43)
0.77 (1.11)
2.64 (0.85)
1621.35 (275.50)

low fecal calprotectin

(<100 pg/g)

43 (56.58%)
33 (43.42%)

43 (56.58%)
25 (32.89%)
8 (10.53%)
28.83 (5.86)
27.02 (4.42)
9.71 (0.87)
2.38 (0.37)
15.23 (5.89)
0.67 (0.89)
2.63 (0.82)

1645.94 (301.94)

elevated fecal calprotectin

(2100 pg/g)

19 (59.38%)
13 (40.63%)

16 (50.00%)
13 (40.63%)
3(9.38%)
27.09 (5.00)
26.63 (4.31)
9.59 (0.91)
2.29 (0.44)
12.88 (3.70)
1.00 (1.52)
2.66 (0.92)

1562.97 (190.85)

p-
value”

0.83

0.79

0.21
0.82
0.32
0.29
0.07
0.42
0.90
0.38

“SES, socioeconomic status; BMI, body mass index; Mn, manganese; Cr, chromium; Cs, cesium; Cu, copper. bp-values were obtained using
Fisher’s exact test or Wilcoxon rank sum test as required. “Concentrations of all metals in the second and third trimesters are provided in the
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(B) Gut microbial abundances and high fecal calprotectin level

e—{Eubacterium ventriosum)

| Faecalibacterium prausnitzii

T
I
1
1
1
1
I
1
1
1
1
I
1
I
1
1
1
1
I
1

P R

| Bacteroides stercoris| 1

1

Ruminococcus torgues‘—o

1

4 [5osebun‘a intestinalis Alistipes putredinis
1 /

———

| Anaerostipes hadrus = Ruminococcus lactaris
f 1

%
[Streptococcus salivarius) :
LY 1 R
. LSS : . N
. &, ! u
o %
o \ y
af
]
]
0.5 1.0 2.0
Odds Ratio

Association @ Negative ® Positive

Figure 1. Prenatal metal exposures, gut microbial relative abundances, and elevated fecal calprotectin level. (A) Prenatal metal exposures and odds of
high fecal calprotectin (>100 ug/g) presented through forest plots. (B) Microbial relative abundance and adjusted odds of high fecal calprotectin. Part
(A) shows the individual associations (adjusted odds ratios (OR) and 95% CI) between prenatal metal exposures at second and third trimesters and
high fecal calprotectin (>100 ug/g). The metal concentrations were transformed into quartiles for robustness. Part (B) demonstrates the OR for
associations between microbial relative abundance and elevated fecal calprotectin. The p-values and the ORs are plotted through a volcano plot. The
red horizontal line denotes the log(p-value) at 0.0S, the nominal p-value. In contrast, the black horizontal line denotes the log(p-value) at 0.002, the
multicomparison error adjusted p-value.
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Figure 2. Distribution (density plot) of fecal calprotectin (continuous and binary) over subgroups of children with (or without) metal—microbial
clique signatures. (A and B) The density plots of log-transformed calprotectin levels for subgroups of children with and without metal—microbial clique
signatures. (C and D) Similar distributions through stacked bar plots for binary calprotectin levels.

Sensitivity Analysis

We conducted multiple sensitivity analyses to ensure the robustness of
our results. First, we adjusted the regression models for the clique
signature association analyses with the Shannon a diversity index.
Second, to understand the impact of threshold choices on the
directionality of the associations while constructing the clique
signatures, we deliberately increased and decreased each threshold by
10 percentiles and refitted the models. Third, to ensure that the p-values
obtained from the main regression-based metal—microbial clique
models were robust, we conducted randomization with a permutation
test, where we randomly permuted each of the outcomes 10° times and
estimated robust p-values. Fourth, we repeated the main analysis using
continuous calprotectin values and reported the standardized and
scaled f estimates. Fifth, we repeated the main using a log-binomial
model to report relative risks instead of odds ratios. Sixth, and most
importantly, we presented the regression analysis for metal—microbial
cliques on the 30% (n = 32) test data to highlight the robustness of the
result.

B RESULTS

Table 1 shows the characteristics of the study population.
Among the 108 participants, there were more male children than
female children (57% and 43%, respectively). The average age at
stool sample collection was between 9 and 10 years; most
children belonged to the mid-to-lower SES group. The

743

distribution of prenatal metal concentrations and their
corresponding percentage above the detection limits are
presented in Table S1. The median (IQR) of FC was 43.9
(91.8) ug/g. Both the @ (measured by Shannon index) and
diversities had almost null associations with the elevated FC (a
diversity, OR = 0.91 and p-value = 0.2; f diversity, F = 1.39 and
p-value = 0.17). In Table 1, we only included the concentrations
of Mn, Cr, Cs, and Cu since these metals eventually formed
metal cliques and metal—microbial cliques in the later stage of
the analysis.

The results of the covariate-adjusted analyses for individual
prenatal metals and gut microbial relative abundance are
represented in Figure 1. The adjusted odds of elevated offspring
FC by maternal blood metal levels varied by trimester (Figure
1A). Increased relative abundance of Eubacterium ventriosum
and Faecalibacterium prausnitzii was associated with lower odds
of elevated FC (OR [95%CI]: 0.33 [0.18,0.63], p-value < 0.001
and 0.56 [0.32,0.99], p-value < 0.05, respectively), while
increased relative abundance of Ruminococcus torques was
associated with higher odds of elevated FC (OR [95%CI]:
1.15 [1.85,2.99], p-value < 0.05, Figure 1B). Only the FDR-
adjusted p-value for E. ventriosum was lower than 0.0S.

We identified multiple two- and three-component metal,
microbial, and metal—microbial clique signatures associated
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Figure 3. Metal—microbial clique signatures, odds of high fecal calprotectin, and the Spearman correlation between components of metal and
microbial cliques. (A) The associations with metal and microbial clique signatures. The top rows (red, green) denote second- and third-order metal
clique signatures, the middle rows (blue) denote microbial clique signatures, and the bottom rows (purple) denote the metal—microbe clique
signatures. The sample proportion of children for each clique is denoted within brackets. The names of the clique signatures are noted on the Y-axis of
(A). (B) The Spearman correlation between variables that constitute the clique signatures. 2T, second trimester; 3T, third trimester.

with elevated FC. However, the major metal—microbial clique
signatures consisted of (1) low concentrations (below the 70th
and 80th percentile of the sample) of Cs and Cu in the third
trimester and low relative abundance of E. ventriosum (below the
sample median) and (2) low concentration (below sample
median) of Cu in the third trimester and high relative
abundances of Roseburia inulinivorans and R. torques (both
above the 60th percentile of the sample). Figure 2 shows the
distribution of continuous log-transformed calprotectin levels
and the binary high FC level (>100 ug/g) for subgroups of
children with and without the metal-microbial clique
signatures. All the illustrative figures show that subgroups of
children with any metal—microbial clique signatures were
significantly more likely to have higher fecal calprotectin levels.

Figure 3A demonstrates associations across metal, microbes,
and metal—microbial clique signatures. As illustrated by Figure
3, the strongest associations were observed among the metal—
microbial clique signatures. We identified two subgroups of
children (29.6% and 11.1% of the sample) characterized by the
clique signatures Cs—Cu—E. ventriosum and Cu—R. inulinivor-
ans—R. torques with significantly elevated FC in late childhood
(OR [95%CI]: 1027 [3.57,29.52], p-value < 0.0001 and OR
[95%CI]: 7.21 [1.81,28.77], p-value < 0.01, respectively).
Except for the associations with metal clique signatures, all
associations with microbial and metal—microbial clique
signatures had FDR-adjusted p-values below 0.05. The Spear-
man correlation between these two clique signatures was
minimal (correlation = —0.04), indicating the detection of
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mutually exclusive subgroups. Similarly, the correlation across
variables did not play a significant role in constructing metal—
microbial clique signatures (Figure 3B).

The sensitivity analyses illustrated the robustness of the main
results. Associations remained consistent after further adjust-
ment for the Shannon a diversity index. We conducted two
additional sensitivity analyses, where each threshold of the
clique signature components was separately (1) increased and
(2) decreased by 10 percentiles; however, the directionalities of
all the major remained unchanged (Figures S1A and S1B). The
permutated randomization-based p-values for the metal—
microbial clique signatures remained as low as the model-
based asymptotic p-values (p-value < 10°). There were less than
5% missing values in a few covariates, and results did not alter
significantly when the analysis was repeated in the nonimputed
data set. The results for the associations with continuous
calprotectin values are presented in Figure S2. The directionality
of the associations remains unaltered, with the associations for
metal—microbial cliques remaining significant. We also
presented relative risk estimates instead of odds ratio for Figure
3A in Figure S3. Lastly and most importantly, we presented the
regression analysis for metal—microbial cliques on the 30% (n =
32) test data (Figure S4). As expected, the directionality of the
associations for metal—microbial clique associations remains
unaltered (with one of them remaining statistically significant),
while due to the small sample size, the 95% Cls are very broad.
Therefore, this validates that the associations observed from the
whole data analysis are not merely due to overfitting.
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B DISCUSSION

Using a novel machine-learning approach, this pilot analysis
investigated the effect of maternal metal exposure during
pregnancy and the offspring’s fecal microbiome on elevated
intestinal inflammation in late childhood. We demonstrated that
interactions among bacterial taxa in childhood and specific
metals during pregnancy are associated with an elevated FC in
otherwise healthy children. Our findings indicate that early life
exposure to metals and their consequent interaction with the gut
microbiome could intricately shape children’s biological
programming of gastrointestinal inflammatory processes. The
use of an ensemble machine-learning approach allowed us to
uncover previously unknown interactions among prenatal metal
exposures, offspring fecal microbial features, and their effect on
intestinal inflammation in children. To the best of our
knowledge, this is the first study to report on microbial and
metal—microbial interactions leading to subclinical intestinal
inflammation. We also delineate specific clique signatures
identifying children with higher susceptibility to worsening
intestinal inflammation, highlighting the potential for prediction
and prevention opportunities in late childhood. Our approach
provides a framework for a precision environmental health
approach.

The bacterial taxa that are of importance highlighted in our
study have previously been associated with IBD risk. Specifically,
E. ventriosum and F. prausnitzii have shown inverse associations
with IBD and MRS,’ respectively, while R. torques have been
linked to MRS, a known predictor of CD onset.” These findings
are consistent with perturbations observed in a multiomic
analysis of 132 individuals."' Together, these data suggest that
specific combinations of bacterial taxa may play a role in
intestinal inflammation and IBD risk, and our findings highlight
that when present as clique signatures, specific combinations of
taxa may lead to intestinal inflammation as early as childhood.
Using gut microbiome taxonomic features and fecal calprotectin
may also help predict future risks of IBD, thereby developing a
framework for prediction and prevention.

Additionally, maternal metal levels during pregnancy and
their relation to inflammation and IBD remain unclear. A pilot
study analyzing deciduous teeth indicated higher metal
absorption levels (Cu, Zn, Cr, and Pb) among IBD cases
compared to controls during different early life periods.”’ While
these specific metals have been linked to IBD, further
investigation is warranted to elucidate their role, specifically
their long-term effect on childhood. Moreover, our findings of
Cu and Cs concentrations align with previous evidence
associated with inflammatory responses. Human and rodent
models suggest that Cu-induced inflammation is associated with
conditions such as osteoarthritis, pulmonary lesions, oxidative
stress, and apoptosis.”' ~* Cs toxicity has been linked to the
disruption of homeostasis inflammatory mediators, neuro-
inflammatory responses in rats, nephritis, and rheumatoid
arthritis, " ~*¢

Low levels of Cu or its deficiency can lead to chronic
inflammation and oxidative stress.” However, not much is
known about exposure to low levels of Cs. In our data, individual
concentrations of Cs and Cu during pregnancy and elevated
fecal calprotectin levels were not significantly associated;
however, the interactive cliques of these metals (at low levels)
with microbes showed strong associations with elevated fecal
calprotectin. Note that prenatal exposures to metals have
previously been reported to have nonlinear effects on health
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outcomes.”® Therefore, such observations raise the plausibility
of nonlinear synergistic interactions between Cu and Cs (only at
low levels), which might affect the microbial diversity of certain
bacteria. There is a lack of such interactions reported in the
current literature, particularly for inflammation, but future work
should investigate the mechanistic underpinnings.

Furthermore, it is well-known that metals are omnipresent
elements found extensively in the environment. Upon entry into
the body, they can be absorbed through the gastrointestinal tract
and transported to various organs and tissues. Environmental
epidemiological studies indicate that metals can influence the
composition of the gut microbiome and are associated with
alterations in it, affecting microbial metabolic profile, gut barrier
integrity, and immune dysregulation, which are associated with
gastrointestinal disorders like IBD.**>* Furthermore, multiple
animal studies showed an association between dietary levels of
Cu and inflammatory response through alteration of gut
microbial compositions.”® Therefore, exploring the interactive
chemistry between metals, microbes, and their synthesis effects
is essential, given the limited epidemiological studies investigat-
ing their association with child health outcomes.

A metal or metal-microbial clique signature signifies a
specific affinity between metal exposures and distinct gut
microbial signatures. Our prior investigations have illustrated
the complex nature of these affinity clique signatures, showing
unique combinations of metals and microbial abundances
capable of exerting notable influences on pediatric health
outcomes. For example, in our previous research using an
innovative statistical method, Microbial and Chemical Exposure
Analysis (MiCxA), we identified a two-taxa microbial clique
signature featuring Bifidobacterium adolescentis and Ruminococ-
cus callidus and a three-taxa clique signature that included
Prevotella clara during late childhood, associated with lead
exposure.'” Similarly, we identified a metal—microbial clique
signature characterized by high Zn levels in the second trimester,
low Co levels in the third trimester, and an increased abundance
of specific bacteria, such as Bacteroides fragilis. This precise
metal—microbial clique signature was linked to elevated
depression scores in school-aged children.”” These findings
emphasize the importance of these associations in disentangling
how metal exposures can influence gut microbiota composition,
accentuating the complex interactions between metal and
microbes and thus potentially contributing to a spectrum of
child health and well-being outcomes.

Strengths of our study include the use of a longitudinal birth
cohort of healthy children with regular follow-up and the
availability of relevant clinical data and biological samples. We
used objective omics and biomarker measurement techniques
and applied a state-of-the-art interpretable machine learning
algorithm to identify metal—microbial clique signatures, which
are novel and unbiased approaches. Our study also has
limitations. Our study sample size is relatively small; however,
we note a signal with a high strength of association and biological
plausibility. We have conducted a cross-sectional analysis of the
gut microbiome and FC due to access to stool samples at a one-
time point, and there is a lack of IBD outcomes in the study
participants. Although diet is an important component that
affects microbial diversity,”* we did not adjust our analyses for
maternal and child diet or their dietary history due to a lack of
data. Although maternal IBD status can influence child IBD and
alter their gut microbial diversity,” we also did not adjust for
maternal IBD status or calprotectin level due to the lack of such
data in the present cohort. However, these data on subclinical
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features of intestinal inflammation provide important mecha-
nistic insights. Certainly, replication in larger cohorts with a
greater sample size would be an important next step toward
prediction and prevention strategies in IBD. Early detection and
a deeper mechanistic understanding of IBD in children reduced
the risk of developing more severe conditions and associated
extensive morbidity.

B CONCLUSIONS

In conclusion, we demonstrate that children with specific
exposure patterns to metals during pregnancy and gut microbial
signatures have a higher likelihood of subclinical intestinal
inflammation. Using an interpretable machine-learning techni-
que, we provide a framework for a precision environmental
health approach that identifies children with a higher
susceptibility to worsened intestinal inflammation. Future
research is necessary to fully understand the mechanistic
insights and create an exposome-based precision health
initiative.

B ASSOCIATED CONTENT
Data Availability Statement

Metagenomic data are publicly available at https://www.ncbi.
nlm.nih.gov/sra/PRJNA975184. All other data are available
upon request to robert.wright@mssm.edu. Details on the rh-
SiRF algorithm and Illustrative codes (with examples) are
provided on GitHub (https:/ /github.com/vishalmidya/MiCA-
Microbial-Co-occurrence-Analysis/blob/main/MiCA-vignette.
md).

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/envhealth.4c00125.

Table S1, table for prenatal metal concentrations; Figure
S1, increasing and decreasing each threshold by 10
percentiles; Figure S2, associations with continuous
calprotectin values; Figure S3, estimated relative risks;
and Figure S4, metal—microbial clique association on test
data (PDF)

B AUTHOR INFORMATION
Corresponding Author

Vishal Midya — Department of Environmental Medicine and
Climate Science, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States;

orcid.org/0000-0002-6643-5176; Email: vishal. midya@
mssm.edu

Authors

Manasi Agrawal — The Dr. Henry D. Janowitz Division of
Gastroenterology, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States; Center for
Molecular Prediction of Inflammatory Bowel Disease
(PREDICT), Department of Clinical Medicine, Aalborg
University, Copenhagen 9220, Denmark

Jamil M. Lane — Department of Environmental Medicine and
Climate Science, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States

Chris Gennings — Department of Environmental Medicine and
Climate Science, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States

Leonid Tarassishin — Department of Genetics and Genomic
Sciences, Icahn School of Medicine, New York 10029-6574,
New York, United States

Libni A. Torres-Olascoaga — Center for Research on Nutrition
and Health, National Institute of Public Health, Cuernavaca
62508, Mexico

Joseph Eggers — Department of Immunology and
Immunotherapy, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States; Department
of Epidemiology, University of Iowa College of Public Health,
Towa City 52242 Iowa, United States

Jill K. Gregory — Instructional Technology Group, Icahn School
of Medicine at Mount Sinai, New York 10029-6574, New
York, United States

Mellissa Picker — Department of Genetics and Genomic
Sciences, Icahn School of Medicine, New York 10029-6574,
New York, United States

Inga Peter — Department of Genetics and Genomic Sciences,
Icahn School of Medicine, New York 10029-6574, New York,
United States

Jeremiah J. Faith — Department of Immunology and
Immunotherapy and Department of Genetics and Genomic
Sciences, Icahn School of Medicine at Mount Sinai, New York
10029-6574, New York, United States

Manish Arora — Department of Environmental Medicine and
Climate Science, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States

Martha M. Téllez-Rojo — Center for Research on Nutrition and
Health, National Institute of Public Health, Cuernavaca
62508, Mexico

Robert O. Wright — Department of Environmental Medicine
and Climate Science, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States

Jean-Frederic Colombel — The Dr. Henry D. Janowitz Division
of Gastroenterology, Icahn School of Medicine at Mount Sinai,
New York 10029-6574, New York, United States

Shoshannah Eggers — Department of Epidemiology, University
of Iowa College of Public Health, Iowa City 52242 Iowa,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/envhealth.4c00125

Author Contributions
V.M. and M. Agrawal contributed equally to this work.
Funding

V.M, C.G,, and R.O.W. are supported by the National Institute

of Environmental Health Sciences (P30ES023515). M. Agrawal
is supported by the National Institute of Diabetes and Digestive
and Kidney Diseases (K23DK129762-03) and the National
Institute of General Medical Sciences (R25GM143298). S.E. is
supported by the National Institute of Environmental Health
Sciences (ROOES032884). RO.W., LAT.-O., and M.M.T.-R.
are supported by the National Institute of Environmental Health
Sciences (P30ES023515 and RO1ES013744). M. Arora and

V.M. are supported by the National Institute of Environmental

Health Sciences (U2CES030859 and R35ES030435).

Notes

Protocols for the main PROGRESS study and its ancillary
microbiome study were reviewed and approved by the

Institutional Review Board at the Icahn School of Medicine at
Mount Sinai (STUDY-12-00751A, STUDY—21-00242) and all

https://doi.org/10.1021/envhealth.4c00125
Environ. Health 2024, 2, 739—749


https://www.ncbi.nlm.nih.gov/sra/PRJNA975184
https://www.ncbi.nlm.nih.gov/sra/PRJNA975184
mailto:robert.wright@mssm.edu
https://github.com/vishalmidya/MiCA-Microbial-Co-occurrence-Analysis/blob/main/MiCA-vignette.md
https://github.com/vishalmidya/MiCA-Microbial-Co-occurrence-Analysis/blob/main/MiCA-vignette.md
https://github.com/vishalmidya/MiCA-Microbial-Co-occurrence-Analysis/blob/main/MiCA-vignette.md
https://pubs.acs.org/doi/10.1021/envhealth.4c00125?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00125/suppl_file/eh4c00125_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vishal+Midya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6643-5176
https://orcid.org/0000-0002-6643-5176
mailto:vishal.midya@mssm.edu
mailto:vishal.midya@mssm.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manasi+Agrawal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jamil+M.+Lane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chris+Gennings"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonid+Tarassishin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Libni+A.+Torres-Olascoaga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+Eggers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jill+K.+Gregory"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mellissa+Picker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inga+Peter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremiah+J.+Faith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manish+Arora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martha+M.+Te%CC%81llez-Rojo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+O.+Wright"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Frederic+Colombel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shoshannah+Eggers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00125?ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

three committees (Research, Ethics in Research, and Biosafety)
included at the National Institute of Public Health in
Cuernavaca, Mexico.

The authors declare the following competing financial
interest(s): The corresponding author confirms on behalf of
all authors that there have been no involvements that might raise
the question of bias in the work reported or in the conclusions,
implications, or opinions stated. V.M., C.G,,L.T.,, L AT.-O,, J.E,,
MP, JKG, LP, MMM.T.-R, ROW, and S.E. report no
conflicts of interest. M. Agrawal has consulted for Douglas
Pharmaceuticals. J.J.F. is on the Scientific Advisory Board of
Vedanta Biosciences. M. Arora is an employee and equity holder
of Linus Biotechnology Inc., a start-up company of Mount Sinai
Health System that develops tools for the detection of autism
spectrum disorder and related conditions. J.-F.C. reports
receiving research grants from AbbVie, Janssen Pharmaceuticals
and Takeda; receiving payment for lectures from AbbVie,
Amgen, Allergan Inc., Ferring Pharmaceuticals, Shire, and
Takeda; receiving consulting fees from AbbVie, Amgen, Arena
Pharmaceuticals, Boehringer Ingelheim, Bristol Myers Squibb,
Celgene Corporation, Eli Lilly, Ferring Pharmaceuticals,
Galmed Research, Glaxo Smith Kline, Geneva, Iterative Scopes,
Janssen Pharmaceuticals, Kaleido Biosciences, Landos, Otsuka,
Pfizer, Prometheus, Sanofi, Takeda, TiGenix; and holding stock
options in Intestinal Biotech Development.

B ACKNOWLEDGMENTS

The authors would like to acknowledge the entire PROGRESS
study team, particularly Lourdes Schnaas (senior psychologist),
as well as the participants. We would also like to thank the
Microbiome Translational Center at the Icahn School of
Medicine at Mount Sinai. Additionally, this work was supported
in part through the computational and data resources and staff
expertise provided by Scientific Computing and Data at the
Icahn School of Medicine at Mount Sinai and supported by the
Clinical and Translational Science Awards (CTSA) Grant
UL1TR004419 from the National Center for Advancing
Translational Sciences. Research reported in this publication
was also supported by the Office of Research Infrastructure of
the National Institutes of Health under Awards S100D026880
and S100D030463. The content is solely the responsibility of
the authors and does not necessarily represent the official views
of the National Institutes of Health.

B REFERENCES

(1) Turpin, W.; Dong, M.; Sasson, G.; Raygoza Garay, J. A.; Espin-
Garcia, O.; Lee, S.-H.; Neustaeter, A.; Smith, M. L; Leibovitzh, H,;
Guttman, D. S.; Goethel, A,; Griffiths, A. M.; Huynh, H. Q.; Dieleman,
L. A,; Panaccione, R.; Steinhart, A. H.; Silverberg, M. S.; Aumais, G.;
Jacobson, K.; Mack, D.; Murthy, S. K; Marshall, J. K.; Bernstein, C. N,;
Abreu, M. T.; Moayyedi, P.; Paterson, A. D.; Xu, W,; Croitoru, K.
Mediterranean-Like Dietary Pattern Associations With Gut Micro-
biome Composition and Subclinical Gastrointestinal Inflammation.
Gastroenterology 2022, 163 (3), 685—698.

(2) Rudbaek, J. J.; Agrawal, M.; Torres, J.; Mehandru, S.; Colombel, J.-
F.; Jess, T. Deciphering the Different Phases of Preclinical
Inflammatory Bowel Disease. Nat. Rev. Gastroenterol Hepatol 2024,
21 (2), 86—100.

(3) Wagatsuma, K; Yokoyama, Y.; Nakase, H. Role of Biomarkers in
the Diagnosis and Treatment of Inflammatory Bowel Disease. Life
(Basel) 2021, 11 (12), 1375.

(4) Raygoza Garay, J. A.; Turpin, W.; Lee, S.-H.; Smith, M. L; Goethel,
A.; Griffiths, A. M.; Moayyedi, P.; Espin-Garcia, O.; Abreu, M.; Aumais,
G. L,; Bernstein, C. N,; Biron, I. A.; Cino, M.; Deslandres, C.; Dotan, L;

747

El-Matary, W.; Feagan, B.; Guttman, D. S.; Huynh, H.; Dieleman, L. A.;
Hyams, J. S.; Jacobson, K; Mack, D.; Marshall, J. K; Otley, A,;
Panaccione, R.; Ropeleski, M.,; Silverberg, M. S.; Steinhart, A. H;
Turner, D.; Yerushalmi, B.; Paterson, A. D.; Xu, W.; Croitoru, K. Gut
Microbiome Composition Is Associated With Future Onset of Crohn’s
Disease in Healthy First-Degree Relatives. Gastroenterology 2023, 165
(3), 670—681.

(5) Torres, J; Hu, J.; Seki, A,; Eisele, C; Nair, N,; Huang, R;
Tarassishin, L.; Jharap, B.; Cote-Daigneault, J.; Mao, Q.; Mogno, L;
Britton, G. J; Uzzan, M.; Chen, C.-L; Kornbluth, A.; George, J;
Legnani, P.; Maser, E.; Loudon, H.; Stone, J.; Dubinsky, M.; Faith, J. J.;
Clemente, J. C.; Mehandruy, S.; Colombel, J.-F.; Peter, L. Infants Born to
Mothers with IBD Present with Altered Gut Microbiome That
Transfers Abnormalities of the Adaptive Immune System to Germ-
Free Mice. Gut 2020, 69 (1), 42—S51.

(6) Kim, E. S.; Tarassishin, L.; Eisele, C.; Barre, A.; Nair, N.; Rendon,
A.; Hawkins, K; Debebe, A.; White, S.; Thjemee, A. Longitudinal
Changes in Fecal Calprotectin Levels among Pregnant Women with
and without Inflammatory Bowel Disease and Their Babies. Gastro-
enterology 2021, 160 (4), 1118—1130.

(7) Gonzalez-Dominguez, A.; Millin-Martinez, M.; Dominguez-
Riscart, J.; Mateos, R. M.; Lechuga-Sancho, A. M.; Gonzilez-
Dominguez, R. Altered Metal Homeostasis Associates with Inflamma-
tion, Oxidative Stress, Impaired Glucose Metabolism, and Dyslipidemia
in the Crosstalk between Childhood Obesity and Insulin Resistance.
Antioxidants (Basel) 2022, 11 (12), 2439.

(8) Yamamoto, T.; Nakahigashi, M.; Umegae, S.; Kitagawa, T.;
Matsumoto, K. Impact of Elemental Diet on Mucosal Inflammation in
Patients with Active Crohn’s Disease: Cytokine Production and
Endoscopic and Histological Findings. Inflammatory Bowel Diseases
20085, 11 (6), 580—588.

(9) Deriu, E.; Liu, J. Z.; Pezeshki, M.; Edwards, R. A.; Ochoa, R. J.;
Contreras, H.; Libby, S.J.; Fang, F. C.; Raffatellu, M. Probiotic Bacteria
Reduce Salmonella Typhimurium Intestinal Colonization by Compet-
ing for Iron. Cell Host Microbe 2013, 14 (1), 26—37.

(10) Botella, H.; Peyron, P.; Levillain, F.; Poincloux, R.; Poquet, Y.;
Brandli, I; Wang, C.; Tailleux, L.; Tilleul, S.; Charriere, G. M.; Waddell,
S. J; Foti, M.; Lugo-Villarino, G.; Gao, Q.; Maridonneau-Parini, I;
Butcher, P. D.; Castagnoli, P. R.; Gicquel, B,; de Chastellier, C.;
Neyrolles, O. Mycobacterial p(1)-Type ATPases Mediate Resistance to
Zinc Poisoning in Human Macrophages. Cell Host Microbe 2011, 10
(3), 248-259.

(11) Hood, M. 1; Skaar, E. P. Nutritional Immunity: Transition
Metals at the Pathogen-Host Interface. Nat. Rev. Microbiol 2012, 10
(8), 525.

(12) Kehl-Fie, T. E; Chitayat, S.; Hood, M. L; Damo, S.; Restrepo, N.;
Garcia, C.; Munro, K. A,; Chazin, W. J; Skaar, E. P. Nutrient Metal
Sequestration by Calprotectin Inhibits Bacterial Superoxide Defense,
Enhancing Neutrophil Killing of Staphylococcus Aureus. Cell Host
Microbe 2011, 10 (2), 158—164.

(13) Zhu, W.; Spiga, L.; Winter, S. Transition Metals and Host-
Microbe Interactions in the Inflamed Intestine. Biometals 2019, 32 (3),
369—384.

(14) Eggers, S.; Safdar, N.; Sethi, A. K.; Suen, G.; Peppard, P. E.; Kates,
A. E,; Skarlupka, J. H.; Kanarek, M.; Malecki, K. M. C. Urinary Lead
Concentration and Composition of the Adult Gut Microbiota in a
Cross-Sectional Population-Based Sample. Environ. Int. 2019, 133,
No. 105122.

(15) Gao, B,; Chi, L.; Mahbub, R;; Bian, X; Tu, P.; Ru, H,; Ly, K.
Multi-Omics Reveals That Lead Exposure Disturbs Gut Microbiome
Development, Key Metabolites, and Metabolic Pathways. Chem. Res.
Toxicol. 2017, 30 (4), 996—1005.

(16) Laue, H. E.; Moroishi, Y.; Jackson, B. P.; Palys, T.]J.; Madan, J. C.;
Karagas, M. R. Nutrient-Toxic Element Mixtures and the Early
Postnatal Gut Microbiome in a United States Longitudinal Birth
Cohort. Environ. Int. 2020, 138, No. 105613.

(17) Midya, V.; Lane, J. M.; Gennings, C.; Torres-Olascoaga, L. A.;
Gregory, J. K.; Wright, R. O.; Arora, M.; Téllez-Rojo, M. M.; Eggers, S.
Prenatal Lead Exposure Is Associated with Reduced Abundance of

https://doi.org/10.1021/envhealth.4c00125
Environ. Health 2024, 2, 739—749


https://doi.org/10.1053/j.gastro.2022.05.037
https://doi.org/10.1053/j.gastro.2022.05.037
https://doi.org/10.1038/s41575-023-00854-4
https://doi.org/10.1038/s41575-023-00854-4
https://doi.org/10.3390/life11121375
https://doi.org/10.3390/life11121375
https://doi.org/10.1053/j.gastro.2023.05.032
https://doi.org/10.1053/j.gastro.2023.05.032
https://doi.org/10.1053/j.gastro.2023.05.032
https://doi.org/10.1136/gutjnl-2018-317855
https://doi.org/10.1136/gutjnl-2018-317855
https://doi.org/10.1136/gutjnl-2018-317855
https://doi.org/10.1136/gutjnl-2018-317855
https://doi.org/10.1053/j.gastro.2020.11.050.
https://doi.org/10.1053/j.gastro.2020.11.050.
https://doi.org/10.1053/j.gastro.2020.11.050.
https://doi.org/10.3390/antiox11122439
https://doi.org/10.3390/antiox11122439
https://doi.org/10.3390/antiox11122439
https://doi.org/10.1097/01.MIB.0000161307.58327.96
https://doi.org/10.1097/01.MIB.0000161307.58327.96
https://doi.org/10.1097/01.MIB.0000161307.58327.96
https://doi.org/10.1016/j.chom.2013.06.007
https://doi.org/10.1016/j.chom.2013.06.007
https://doi.org/10.1016/j.chom.2013.06.007
https://doi.org/10.1016/j.chom.2011.08.006
https://doi.org/10.1016/j.chom.2011.08.006
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1016/j.chom.2011.07.004
https://doi.org/10.1016/j.chom.2011.07.004
https://doi.org/10.1016/j.chom.2011.07.004
https://doi.org/10.1007/s10534-019-00182-8
https://doi.org/10.1007/s10534-019-00182-8
https://doi.org/10.1016/j.envint.2019.105122
https://doi.org/10.1016/j.envint.2019.105122
https://doi.org/10.1016/j.envint.2019.105122
https://doi.org/10.1021/acs.chemrestox.6b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.6b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2020.105613
https://doi.org/10.1016/j.envint.2020.105613
https://doi.org/10.1016/j.envint.2020.105613
https://doi.org/10.1021/acs.est.3c04346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Beneficial Gut Microbial Cliques in Late Childhood: An Investigation
Using Microbial Co-Occurrence Analysis (MiCA). Environ. Sci.
Technol. 2023, 57, 16800.

(18) Montalvo-Martinez, L.; Cruz-Carrillo, G.; Maldonado-Ruiz, R.;
Trujillo-Villarreal, L. A.; Garza-Villarreal, E. A.; Camacho-Morales, A.
Prenatal Programing of Motivated Behaviors: Can Innate Immunity
Prime Behavior? Neural Regen Res. 2023, 18 (2), 280—283.

(19) Cunningham-Rundles, S.; Lin, H.; Ho-Lin, D.; Dnistrian, A;
Cassileth, B. R.; Perlman, J. M. Role of Nutrients in the Development of
Neonatal Immune Response. Nutr Rev. 2009, 67, S152—S163.

(20) Nair, N.; Austin, C.; Curtin, P.; Gouveia, C.; Arora, M.; Torres, J.;
Colombel, J.-F.; Peter, I. Association Between Early-Life Exposures and
Inflammatory Bowel Diseases, Based on Analyses of Deciduous Teeth.
Gastroenterology 2020, 159 (1), 383—38S.

(21) Doloman, A.; Boeren, S.; Miller, C. D.; Sousa, D. Z. Stimulating
Effect of Trichococcus Flocculiformis on a Coculture of Syntropho-
monas Wolfei and Methanospirillum Hungatei. Appl. Environ. Micro-
biol. 2022, 88 (13), No. e0039122.

(22) Midya, V.; Nagdeo, K.; Lane, J. M.; Torres-Olascoaga, L. A,;
Torres-Calapiz, M.; Gennings, C.; Horton, M. K.; Téllez-Rojo, M. M.;
Wright, R. O.; Arora, M.; Eggers, S. Prenatal Metal Exposures and
Childhood Gut Microbial Signatures Are Associated with Depression
Score in Late Childhood. Science of The Total Environment 2024, 916,
No. 170361.

(23) The Programming Research in Obesity, GRowth, Environment and
Social Stress (PROGRESS) Cohort. National Institute of Environmental
Health Sciences. https://www.niehs.nih.gov/research/supported/
epidemiology/maintaining-cohorts/grantees/progress (accessed
2024-01-29).

(24) Claus Henn, B.; Ettinger, A. S.; Schwartz, ].; Téllez-Rojo, M. M;
Lamadrid-Figueroa, H.; Herndndez-Avila, M.; Schnaas, L.;
Amarasiriwardena, C.; Bellinger, D. C.; Hu, H.; Wright, R. O. Early
Postnatal Blood Manganese Levels and Children’s Neurodevelopment.
Epidemiology 2010, 21 (4), 433—439.

(25) Heiss, J. A; Téllez-Rojo, M. M.; Estrada-Gutiérrez, G.; Schnaas,
L.; Amarasiriwardena, C.; Baccarelli, A. A.; Wright, R. O,; Just, A. C.
Prenatal Lead Exposure and Cord Blood DNA Methylation in
PROGRESS: An Epigenome-Wide Association Study. Environ. Epigenet
2020, 6 (1), No. dvaa014.

(26) Zota, A. R;; Ettinger, A. S.; Bouchard, M.; Amarasiriwardena, C.
J.; Schwartz, J.; Hu, H,; Wright, R. O. Maternal Blood Manganese
Levels and Infant Birth Weight. Epidemiology 2009, 20 (3), 367—373.

(27) Eggers, S.; Midya, V.; Bixby, M;; Gennings, C.; Torres-
Olascoaga, L. A.; Walker, R. W.; Wright, R. O.; Arora, M.; Téllez-
Rojo, M. M. Prenatal Lead Exposure Is Negatively Associated with the
Gut Microbiome in Childhood. Frontiers in Microbiology 2023, 14, n/a.

(28) Romano, K. A.; Dill-McFarland, K. A.; Kasahara, K.; Kerby, R. L.;
Vivas, E. I; Amador-Noguez, D.; Herd, P.; Rey, F. E. Fecal Aliquot
Straw Technique (FAST) Allows for Easy and Reproducible
Subsampling: Assessing Interpersonal Variation in Trimethylamine-
N-Oxide (TMAOQO) Accumulation. Microbiome 2018, 6 (1), 91.

(29) Bolger, A. M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible
Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30 (15),
2114-2120.

(30) Langmead, B.; Salzberg, S. L. Fast Gapped-Read Alignment with
Bowtie 2. Nat. Methods 2012, 9 (4), 357—359.

(31) Truong, D. T.; Franzosa, E. A; Tickle, T. L; Scholz, M,;
Weingart, G.; Pasolli, E.; Tett, A,; Huttenhower, C,; Segata, N.
MetaPhlAn2 for Enhanced Metagenomic Taxonomic Profiling. Nat.
Methods 2015, 12 (10), 902—903.

(32) Truong, D. T.; Tett, A.; Pasolli, E.; Huttenhower, C.; Segata, N.
Microbial Strain-Level Population Structure and Genetic Diversity
from Metagenomes. Genome Res. 2017, 27 (4), 626—638.

(33) Franzosa, E. A.;; Mclver, L. J.; Rahnavard, G.; Thompson, L. R ;
Schirmer, M.; Weingart, G.; Lipson, K. S.; Knight, R.; Caporaso, J. G.;
Segata, N.; Huttenhower, C. Species-Level Functional Profiling of
Metagenomes and Metatranscriptomes. Nat. Methods 2018, 15 (11),
962—-968.

748

(34) Waugh, N.; Cummins, E.; Royle, P.; Kandala, N.-B.; Shyangdan,
D.; Arasaradnam, R.; Clar, C.; Johnston, R. Faecal Calprotectin Testing
for Differentiating amongst Inflammatory and Non-Inflammatory
Bowel Diseases: Systematic Review and Economic Evaluation. Health
technology assessment (Winchester, England) 2013, 17 (55), xv—xix.

(35) von Roon, A. C.; Karamountzos, L.; Purkayastha, S.; Reese, G. E.;
Darzi, A. W,; Teare, J. P.,; Paraskeva, P.; Tekkis, P. P. Diagnostic
Precision of Fecal Calprotectin for Inflammatory Bowel Disease and
Colorectal Malignancy. Am ] Gastroenterology 2007, 102 (4), 803.

(36) Sanders, A. P,; Gennings, C.; Tamayo-Ortiz, M.; Mistry, S.;
Pantic, I; Martinez, M.; Estrada-Gutierrez, G.; Espejel-Nuiiez, A,;
Olascoaga, L. T.; Wright, R. O.; Téllez-Rojo, M. M.; Arora, M.; Austin,
C. Prenatal and Early Childhood Critical Windows for the Association
of Nephrotoxic Metal and Metalloid Mixtures with Kidney Function.
Environ. Int. 2022, 166, No. 107361.

(37) Van Buuren, S. Multiple Imputation of Discrete and Continuous
Data by Fully Conditional Specification. Statistical methods in medical
research 2007, 16 (3), 219—242.

(38) Basu, S.; Kumbier, K.; Brown, J. B.; Yu, B. Iterative Random
Forests to Discover Predictive and Stable High-Order Interactions.
Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (8), 1943—1948.

(39) Midya, V.; Alcala, C. S.; Rechtman, E.; Gregory, J. K.; Kannan, K;
Hertz-Picciotto, L; Teitelbaum, S. L.; Gennings, C.; Rosa, M. J.; Valvi,
D. Machine Learning Assisted Discovery of Interactions between
Pesticides, Phthalates, Phenols, and Trace Elements in Child
Neurodevelopment. Environ. Sci. Technol. 2023, 57, 18139.

(40) Midya, V.; Gennings, C. Detecting Shape-Based Interactions
among Environmental Chemicals Using an Ensemble of Exposure-
Mixture Regression and Interpretable Machine Learning Tools.
Statistics in Biosciences 2023, 16, 395—4135.

(41) Bo, S.; Durazzo, M.; Gambino, R.; Berutti, C.; Milanesio, N.;
Caropreso, A.; Gentile, L.; Cassader, M.; Cavallo-Perin, P.; Pagano, G.
Associations of Dietary and Serum Copper with Inflammation,
Oxidative Stress, and Metabolic Variables in Adults. J. Nutr. 2008,
138 (2), 305-310.

(42) Jian, Z.; Guo, H,; Liu, H.; Cui, H; Fang, J.; Zuo, Z.; Deng, J.; Li,
Y.; Wang, X,; Zhao, L. Oxidative Stress, Apoptosis and Inflammatory
Responses Involved in Copper-Induced Pulmonary Toxicity in Mice.
Aging (Albany NY) 2020, 12 (17), 16867—16886.

(43) Ma, J.; Xie, Y.; Zhou, Y.; Wang, D.; Cao, L.; Zhou, M.; Wang, X;
Wang, B,; Chen, W. Urinary Copper, Systemic Inflammation, and
Blood Lipid Profiles: Wuhan-Zhuhai Cohort Study. Environ. Pollut.
2020, 267, No. 115647.

(44) Lestaevel, P.; Grandcolas, L.; Paquet, F.; Voisin, P.; Aigueperse,
J.; Gourmelon, P. Neuro-Inflammatory Response in Rats Chronically
Exposed to (137)Cesium. Neurotoxicology 2008, 29 (2), 343—348.

(45) Jung, H.Y.; Kwon, H. J.; Hahn, K. R;; Yoo, D. Y.; Kim, W.; Kim, J.
W.; Kim, Y. J.; Yoon, Y. S.; Kim, D. W.; Hwang, I. K. Dendropanax
Morbifera Léveille Extract Ameliorates Cesium-Induced Inflammation
in the Kidney and Decreases Antioxidant Enzyme Levels in the
Hippocampus. Mol. Cell. Toxicol. 2018, 14 (2), 193—199.

(46) Al-Hakeim, H. K.; Moustafa, S. R.; Jasem, K. M. Serum Cesium,
Rhenium, and Rubidium in Rheumatoid Arthritis Patients. Biol. Trace
Elem Res. 2019, 189 (2), 379—386.

(47) DiNicolantonio, J. J.; Mangan, D.; O’Keefe, J. H. Copper
Deficiency May Be a Leading Cause of Ischaemic Heart Disease. Open
Heart 2018, 5 (2), No. e000784.

(48) Wy, Z.; Cao, H;; Wang, X.; Miao, C.; Li, H.; Sun, B.; Gao, H.; Liu,
W.; Li, W,; Zhu, Y. Associations between Maternal Blood Metal
Concentrations during the First Trimester and Spontaneous Preterm
Birth: A Nested Case-Control Study. Environmental Sciences Europe
2024, 36 (1), 82.

(49) Duan, H,; Yu, L.; Tian, F,; Zhai, Q; Fan, L.; Chen, W. Gut
Microbiota: A Target for Heavy Metal Toxicity and a Probiotic
Protective Strategy. Sci. Total Environ. 2020, 742, No. 140429.

(50) Bist, P.; Choudhary, S. Impact of Heavy Metal Toxicity on the
Gut Microbiota and Its Relationship with Metabolites and Future
Probiotics Strategy: A Review. Biol. Trace Elem Res. 2022, 200 (12),
5328-5350.

https://doi.org/10.1021/envhealth.4c00125
Environ. Health 2024, 2, 739—749


https://doi.org/10.1021/acs.est.3c04346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c04346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4103/1673-5374.346475
https://doi.org/10.4103/1673-5374.346475
https://doi.org/10.1111/j.1753-4887.2009.00236.x
https://doi.org/10.1111/j.1753-4887.2009.00236.x
https://doi.org/10.1053/j.gastro.2020.03.040
https://doi.org/10.1053/j.gastro.2020.03.040
https://doi.org/10.1128/aem.00391-22
https://doi.org/10.1128/aem.00391-22
https://doi.org/10.1128/aem.00391-22
https://doi.org/10.1016/j.scitotenv.2024.170361
https://doi.org/10.1016/j.scitotenv.2024.170361
https://doi.org/10.1016/j.scitotenv.2024.170361
https://www.niehs.nih.gov/research/supported/epidemiology/maintaining-cohorts/grantees/progress
https://www.niehs.nih.gov/research/supported/epidemiology/maintaining-cohorts/grantees/progress
https://doi.org/10.1097/EDE.0b013e3181df8e52
https://doi.org/10.1097/EDE.0b013e3181df8e52
https://doi.org/10.1093/eep/dvaa014
https://doi.org/10.1093/eep/dvaa014
https://doi.org/10.1097/EDE.0b013e31819b93c0
https://doi.org/10.1097/EDE.0b013e31819b93c0
https://doi.org/10.3389/fmicb.2023.1193919
https://doi.org/10.3389/fmicb.2023.1193919
https://doi.org/10.1186/s40168-018-0458-8
https://doi.org/10.1186/s40168-018-0458-8
https://doi.org/10.1186/s40168-018-0458-8
https://doi.org/10.1186/s40168-018-0458-8
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1101/gr.216242.116
https://doi.org/10.1101/gr.216242.116
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.3310/hta17550
https://doi.org/10.3310/hta17550
https://doi.org/10.3310/hta17550
https://doi.org/10.1111/j.1572-0241.2007.01126.x
https://doi.org/10.1111/j.1572-0241.2007.01126.x
https://doi.org/10.1111/j.1572-0241.2007.01126.x
https://doi.org/10.1016/j.envint.2022.107361
https://doi.org/10.1016/j.envint.2022.107361
https://doi.org/10.1177/0962280206074463
https://doi.org/10.1177/0962280206074463
https://doi.org/10.1073/pnas.1711236115
https://doi.org/10.1073/pnas.1711236115
https://doi.org/10.1021/acs.est.3c00848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c00848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c00848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12561-023-09405-6
https://doi.org/10.1007/s12561-023-09405-6
https://doi.org/10.1007/s12561-023-09405-6
https://doi.org/10.1093/jn/138.2.305
https://doi.org/10.1093/jn/138.2.305
https://doi.org/10.18632/aging.103585
https://doi.org/10.18632/aging.103585
https://doi.org/10.1016/j.envpol.2020.115647
https://doi.org/10.1016/j.envpol.2020.115647
https://doi.org/10.1016/j.neuro.2008.01.001
https://doi.org/10.1016/j.neuro.2008.01.001
https://doi.org/10.1007/s13273-018-0021-5
https://doi.org/10.1007/s13273-018-0021-5
https://doi.org/10.1007/s13273-018-0021-5
https://doi.org/10.1007/s13273-018-0021-5
https://doi.org/10.1007/s12011-018-1497-5
https://doi.org/10.1007/s12011-018-1497-5
https://doi.org/10.1136/openhrt-2018-000784
https://doi.org/10.1136/openhrt-2018-000784
https://doi.org/10.1186/s12302-024-00904-x
https://doi.org/10.1186/s12302-024-00904-x
https://doi.org/10.1186/s12302-024-00904-x
https://doi.org/10.1016/j.scitotenv.2020.140429
https://doi.org/10.1016/j.scitotenv.2020.140429
https://doi.org/10.1016/j.scitotenv.2020.140429
https://doi.org/10.1007/s12011-021-03092-4
https://doi.org/10.1007/s12011-021-03092-4
https://doi.org/10.1007/s12011-021-03092-4
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

(51) Yu, L.; Yu, Y; Yin, R.; Duan, H.; Qu, D.; Tian, F.; Narbad, A,;
Chen, W,; Zhai, Q. Dose-Dependent Effects of Lead Induced Gut
Injuries: An in Vitro and in Vivo Study. Chemosphere 2021, 266,
No. 129130.

(52) Ghosh, S.; Nukavarapu, S. P.; Jala, V. R. Effects of Heavy Metals
on Gut Barrier Integrity and Gut Microbiota. Microbiota and Host 2024,
2 (1), No. €230015.

(53) Zhang, F.; Zheng, W.; Guo, R.; Yao, W. Effect of Dietary Copper
Level on the Gut Microbiota and Its Correlation with Serum
Inflammatory Cytokines in Sprague-Dawley Rats. J. Microbiol. 2017,
55(9), 694—702.

(54) David, L. A.; Maurice, C. F.; Carmody, R. N.; Gootenberg, D. B.;
Button, J. E; Wolfe, B. E; Ling, A. V,; Devlin, A. S,; Varma, Y,;
Fischbach, M. A,; Biddinger, S. B.; Dutton, R. J.; Turnbaugh, P. J. Diet
Rapidly and Reproducibly Alters the Human Gut Microbiome. Nature
2014, 505 (7484), 559—563.

749

https://doi.org/10.1021/envhealth.4c00125
Environ. Health 2024, 2, 739—749


https://doi.org/10.1016/j.chemosphere.2020.129130
https://doi.org/10.1016/j.chemosphere.2020.129130
https://doi.org/10.1530/MAH-23-0015
https://doi.org/10.1530/MAH-23-0015
https://doi.org/10.1007/s12275-017-6627-9
https://doi.org/10.1007/s12275-017-6627-9
https://doi.org/10.1007/s12275-017-6627-9
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/nature12820
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

