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Abstract

Background: A healthy gut microbiome is critical for glucose metabolism during pregnancy. /n
vivo studies indicate that trace element affects the composition and function of the gut microbiome
and potentially leads to metabolic disorders but their relationship are largely unknown. We aimed
to investigate whether the gut microbiome plays a role in the relationship between trace element
exposure and Gestational Diabetes Mellitus (GDM).

Methods: In a prospective cohort study, blood levels of 22 trace elements and the fecal gut
microbiome composition were assessed in 837 pregnant women in the second trimester between
22 and 24 weeks of pregnancy prior to GDM diagnosis. Regression and mediation analysis were
used to explore the link between element exposure, the gut microbiome and GDM.

Results: 128 pregnant women (15.3%) were diagnosed with GDM. No individual trace elements
were found significantly associated with GDM. In contrast, the composition of the gut microbiome
was dramatically altered in women later diagnosed with GDM and characterized by lower

alpha diversity and lower abundance of co-abundance groups (CAGs) composed of genera
belonging to Ruminococcaceae and Lachnospiraceae. Rubidium (Rb) was positively associated
with alpha diversity indices while mercury (Hg) and vanadium (V) showed negative associations.
Elements including rubidium (Rb), thallium (TI), arsenic (As) and antimony (Sb) significantly
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correlated with GDM-related CAGs and mediation analysis revealed that Rb and Sb are inversely
related to GDM risk by altering abundance levels of CAGs enriched for Lachnospiraceae and
Ruminococcaceae.

Conclusion: Our study indicates that the influence of trace element exposure on certain features
of gut microbiome increases risk of GDM, which could provide a new avenue for intervening in
environmental exposure-related GDM.
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1. Introduction

The human gut microbiome plays a non-substitutable role in host nutrient, host defense
against invading pathogens, and regulating xenobiotic metabolism (Koppel and Maini
Rekdal 2017; Oliphant and Allen-Vercoe 2019). Gestational Diabetes Mellitus (GDM) is a
common pregnancy complication which manifests as a transient glucose metabolite disorder
with long lasting effects on both mothers and offspring (Ferrara 2007). The gut microbiome
plays a critical role in carbohydrate/lipid metabolism, insulin homeostasis, and inflammation
(Nielsenet al. 2003; Oliphant and Allen-Vercoe 2019; Vriezeet al. 2012) and accumulating
evidence suggests a relationship between the gut microbiome and GDM (Cortezet al. 2019;
Crusellet al. 2018; Wanget al. 2018). While previous cross-sectional studies have explored
the gut microbiome composition in patients diagnosed with GDM (Cortezet al. 2019;
Crusellet al. 2018; Wanget al. 2018), few studies characterized the gut microbiome before
GDM diagnosis.

The composition of the gut microbiome is influenced by internal factors including

genetic background, immune status, the endocrine system, and external environmental
factors (Iszattet al. 2019; Liuet al. 2019a; Xinget al. 2018). Compared to host genetics,
environmental factors including diet, drugs and anthropometric parameters are dominant

in shaping gut microbiome (Rothschildet al. 2018). Besides the environmental factors
mentioned above, trace element are commonly exposed during pregnancy and is causing
widespread concern but a comprehensive view of whether these elements affect gut
microbiome is lacking. Although /n vivo studies show that trace element exposure can have
profound effects on the gut microbiome and intestinal barrier integrity (Duanet al. 2020;
Wanget al. 2015; Zhaiet al. 2016), these studies focused on a limited number of elements
and used high dose exposures (Cattoet al. 2019; Chiet al. 2017; Dinget al. 2019; Gielda and
DiRita 2012; Liet al. 2019; Srutet al. 2019). The impact of trace element exposure on gut
microbiome and their linkage to human health outcomes remain inadequately addressed.

In this study, we conducted a prospective cohort study to determine a link between trace
elements exposure, the gut microbiome and GDM. Our study provides new insights into the
relationship between exposure to trace elements, the gut microbiome composition and the
evidence for their interaction role in GDM development.
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2. Methods

2.1. Study design and population

2.2. Serum

All participants were drawn from the Mother and Child Microbiome Cohort (MCMC) Study
initiated and conducted at the affiliated hospital of Nanjing Medical University from the year
2017 to 2018. The medicine ethics committee of Nanjing Maternity and Child Health Care
Hospital approved the study. Written informed consent was obtained from each participant at
enrollment. In total, 1527 pregnant women agreed to participate and they provided informed
consent for themselves. Serum and fecal samples were obtained from pregnant women when
they registered for antenatal care during 22-24 weeks of pregnancy (averaged at 23.8 weeks
of pregnancy). Due to the design of this study, we excluded participants according to the
following criteria: (i) pregnant by artificial reproductive technology (ART), (ii) multiple
pregnancy, (iii) with pregestational diabetes mellitus, (iv) treatment with antibiotics within

3 months before sample collection, and (v) previously diagnosed of tumor or cancer. We
also excluded those diagnosed of GDM at enrollment. 64.6% of the participants provided
both blood and fecal samples. We excluded the blood samples with hemolysis (n=72). A
standardized 75-g oral glucose tolerance test (OGTT) between 24-28 weeks of pregnancy
(averaged at 25.2 weeks of pregnancy) was taken and participants without complete OGTT
results were also excluded. At the following pregnant care visits, fasting glucose levels

were detected as part of biochemistry detection. Finally, a total of 837 pregnant women
were included in this study (Fig. 1). According to GDM testing and diagnosis guidelines
recommended by Ministry of Health (MOH) of China (Zhu and Yang 2013), the women
with GDM were diagnosed by qualified doctors if one or more of the following glucose
levels were elevated: fasting = 5.1 mmol/L, 1 hour = 10.0 mmol/L, or 2 hour = 8.5 mmol/L.

Demographic information and clinical records of the study population were extracted
from the structured questionnaires and the Hospital Information Systems, respectively.
Feces and serum were frozen in =20 °C freezers immediately and stored at =80 °C until
DNA extraction and trace element measurement. Impaired Glucose Tolerance (IGT) was
diagnosed when both of the following conditions were satisfied: 1) fasting blood glucose
level < 7.0 mmol/L; and 2) 2h blood glucose level >=7.8 and <11.10 mmol/L.

elements measurement

Serum samples were digested with diluent (0.05% [v/v] Triton X-100, 0.1% [v/v] nitric
acid plus 10 mg/L internal standards including Sc, Y, In, Tbh, Bi) and were analyzed using
an iCAP Q inductively coupled plasma mass spectrometry (ICP-MS) instrument (Thermo
Scientific, Bremen, Germany) at Nanjing Medical University. Standard quality control
samples (Seronorm Trace Elements Serum L-1 (ref. 203105, Sero, Billingstad, Norway)
(one in every 20 samples) and mixed quality samples (mixed by 10% of target samples)
(one in every 10 samples) were analyzed in parallel with study samples within 17 days’
examination. The target metals included silver (Ag), arsenic (As), barium (Ba), cadmium
(Cd), cobalt (Co), cesium (Cs), copper (Cu), iron (Fe), mercury (Hg), lanthanum (La),
manganese (Mn), molybdenum (Mo), neodymium (Nd), nickel (Ni), praseodymium (Pr),
rubidium (Rb), antimony (Sb), strontium (Sr), thallium (T1), uranium (U), vanadium (V),
and zinc (Zn). The relative standard deviations (RSD) of quality control samples and mixed
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quality samples were under reference RSD (2002/657/EC) with vanadium in mixed quality
samples slightly higher than the reference. The trace element analysis protocol was adapted
from a previous report (Balcaenet al. 2014). Limits of detection (LODs) were calculated as
3 times the standard deviation of 10 consecutive measurements of the blank diluent. Values
< LOD were replaced with LOD/V2 for individual trace element with detection rates of >
80% for later analysis as continuous variables. Trace elements with detection rates <80%
(including Ba, Cd, La, Mn, Nd, Ni, Pr, and U, and their detection rates range from 5.7% to
44.9%) were not retained in this study as recommended (Johnsonet al. 2013).

2.3. DNA extraction and 16s rRNA gene sequencing

Total bacterial DNA was obtained from 180~220 mg of fecal in a sterile environment
using QlAamp Fast DNA Stool Mini Kit (QIAGEN, Germany). The variable regions

3 and 4 (V3-V4) of the 16S rRNA gene was amplified and then sequenced using

a MiSeq platform (Illumina Inc., San Diego, USA). Amplification of the VV3-V4

region used the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3") and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). The reaction was performed under the following
conditions: 94 °C for 2 minutes, 30 cycles of 20 seconds at 94 °C, 20 seconds at 60 °C,
30 seconds at 72 °C, and a final step of 10 minutes at 72 °C. Nanodrop 2000 was used
to measure DNA concentration and quantify the purity. 1% agarose gel electrophoresis
was used to determine DNA integrity. Amplications were sequenced on an Illumina Miseq
PE250 platform.

2.4. Sequencing data analysis

Sequence quality control was conducted with QIIME2-2019.1. The dada2 plugin was used
to denoise sequences and amplicon sequence variants (ASVs) were obtained at 100%
sequence homology, which method improves distinctive taxonomic classification at single-
nucleotide accuracy. All representative reads were classified to the lowest taxonomic rank
by the Silva database. Alpha diversity (Shannon index, Simpson and Observed OTUSs) were
calculated with QIIME2 with all the samples rarefied to the lowest sequence depth 28288.
High-dimensional microbiome biomarkers at the family level were identified by LDA Effect
Size (LEfSE) (logarithmic LDA scores >3.0).

2.5. Microbiome co-abundance groups (CAGs) network

The top 100 most abundant genera (with relative abundance of 98.7%) were used to
construct co-abundance groups. Their Kendall correlation was calculated by the function
“cor”. Their correlation was visualized by hierarchical Ward clustering with a Spearman
correlation distance metric to define co-abundant group with the “Made4” package. The
appropriate number of clustering was selected based on significance testing among each
group of the original Kendall correlation matrix using “adonis” function in “\egan”
package. The number of significant differences with pairwise adonis test was chosen as

the best clustering number. The sum of relative abundance belongs to the same CAG was
calculated as the expression levels of this CAG. Spearman correlation of the genera in CAGs
was visualized by Cytoscape 3.7.1 software.
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2.6. Statistical analysis

We examine associations between elements exposure and GDM-related outcomes by general
linear regression with adjusting for previous reported GDM-related covariates including
maternal age, parity, pre-pregnant BMI and educational levels.

To explore trace elements that have effects on gut microbiome, we used linear regression
adjusted for maternal age, parity, pre-pregnant BMI and educational levels. To explore the
indirect effect of elements on GDM by gut microbiome, we conducted mediation analysis
using Hayes PROCESS macro in SPSS 22.0. Alpha diversity indices, log-transformed
relative expression levels of GDM-related CAGs were potential mediators. A Bootstrap
process for 5000 times was conducted in each analysis. We used PICRUSt2 plugin (version
2.0.3-b) in QIIME2 to predict metagenome functions (Douglas GM 2019). MetaCyc
pathways differently abundant between GDM and Non-GDM groups were identified by
Welch’s test with FDR correction.

All statistical analysis was conducted in R software and SPSS 22.0. A two-tailed P value
<0.05 was defined as statistically significant.

3. Results

3.1. Characteristics of the study population

To explore the possibility of the contribution of element exposure to GDM through
modulating the gut microbiome, we conducted a population-based prospective cohort study
in 1527 pregnant women. Between 22 and 24 weeks of gestation, the serum levels of

22 trace elements were measured by ICP-MS and the gut microbiome composition was
measured by 16s rRNA sequencing of fecal samples (Fig. 1A). Screening for GDM was
performed between 24 and 28 weeks of gestation using a 75-g 2-hour OGTT test and
between 28 weeks of gestation and delivery using fasting glucose levels. After exclusion

of women with multiple pregnancies, those who conceived using assisted reproductive
technologies or with certain pre-existing conditions, 837 pregnant women with information
of both serum trace elements and gut microbiome composition were enrolled in this study
and were followed up (Fig. 1B). A total of 15.3% of the study population was diagnosed
with GDM (N=128; Fig. 1B). Maternal age was significantly different between Non-GDM
and GDM groups. Pregnant women 30 years and older were at significantly higher risk

of GDM (p<0.001; Supplementary material Table S1). Women with GDM also had higher
triglycerides (TG; p=0.009), hemoglobin A1C (p<0.001) and fasting blood glucose levels
(p<0.001) (Supplementary material Table S1). Parity, education level, maternal pre-pregnant
BMI and BMI at enrollment were not different between GDM and Non-GDM groups
(Supplementary material Table S1).

3.2. Distribution of trace elements in the cohort

We measured 22 trace elements in serum between 22 and 24 weeks of gestation and

their distribution is summarized in Supplementary material Table S2. Eleven of the 22
trace elements were also measured in pregnant Chinese women enrolled in the China
Nutrition and Health Survey 2010-2012 (Liuet al. 2017). Compared to the reference levels,
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we observed similar levels in this survey. We then filtered the trace elements to only

include those that were detected in at least 80% of samples (N=14; Supplementary material
Table S2) and treated each element as a continuous variable for downstream association
analysis. Correlation analysis among these 14 trace elements showed correlations ranging
from —0.33 to 0.57. Significant positive correlations were found between rubidium and
cesium (Spearman’s rho 0.57), zinc and cobalt (Spearman’s rho 0.45) and rubidium and iron
(Spearman’s rho 0.44) while a negative correlation was observed between vanadium and
molybdenum (Spearman’s rho —0.33) (Supplementary material Figure S1).

3.3. Associations between trace elements and GDM

3.4.

The generalized linear regression model was used to test the association of elements
exposure with GDM, Impaired Glucose Tolerance (IGT) and blood glucose levels. None of
the 14 elements were significantly associated with GDM and IGT (Supplementary material
Table S3). Ag was found to be significantly positively associated with OGTT at Oh glucose
levels (Supplementary material Table S3), while Co, Cs, and V were found negatively
associated with blood glucose levels (Supplementary material Table S3).

Links between the gut microbiome composition and GDM

The gut microbiome plays an important role in human health and imbalance of the gut
microbiome is involved in development of disease. We next determined the association

of the gut microbiome composition at 22-24 weeks of gestation with GDM diagnosed

after 24 weeks of gestation. Regression analysis, after adjusting for maternal age, parity, pre-
pregnant BMI and educational levels, showed that the alpha-diversity indices of Shannon
and Observed OTUs were significantly associated with GDM (Supplementary material
Table S4). The gut microbiome of both the GDM and Non-GDM groups were dominated

by taxa belongs to Firmicutes (meanzSD relative abundance, GDM: 71.5%=+15.2%; Non-
GDM: 73.2%+13.9%), Bacteroidetes (GDM: 17.7%+15.6%; Non-GDM: 14.6%+13.0%),
Actinobacteria (GDM: 4.9%+7.0%; Non-GDM: 6.1%7.4%), and Proteobacteria (GDM:
5.7%z8.0%; Non-GDM: 5.5%+8.3%). GDM patients had a relative lower abundance

of Actinobacteriacompared with Non-GDMs (Mann-Whitney U test, P value<0.05). At

the family level, we found the abundances of Acidaminococcaceae was significantly

higher while the abundances of Ruminococcaceae, Bifidobacteriaceae, Christensenellaceae,
Erysipelotrichaceae, Peptostreptococcaceae, and Eggerthellaceae were significantly lower in
pregnant women later diagnosed with GDM compared to Non-GDM (Fig. 2B).

To identify differences in microbiota structure between groups, we clustered the top 100
most abundant genera according to their co-abundance correlations (Fig. 2C). Seven co-
abundance groups (CAGs) were obtained and CAG1, CAG2 and CAG?7, were differently
expressed between GDM and Non-GDM groups (Fig. 2D; Supplementary material Table
S4). CAGs depleted in GDM group (CAG2 and CAG7) were mainly composed of
genera from Ruminococcaceae and Lachnospiraceae (Fig. 2E), which were also found in
participants with impaired glucose tolerance (IGT) where glucose levels are in between
normal and diabetic (Supplementary material Fig. S2).
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3.5. Influence of elements exposure on gut microbiome compaosition

Although no significant association was found between element exposure and GDM,

the microbiota structure was dramatically different in GDM group compared to the Non-
GDM group. It has been reported that environmental chemical and element exposure

can disrupt the gut microbiome and are linked to diseases (Liuet al. 2019a; Zhanget al.
2017). We next investigated the relationship between element exposure and gut microbiome
alteration in GDM group. We found that the serum levels of Rb was significantly positively
correlated with alpha diversity, whereas Hg and V exposure were inversely correlated with
diversity indices (Fig. 3A). The three GDM-associated CAGs were positively correlated
with rubidium (Rb), thallium (TI), arsenic (As), and antimony (Sb) (Fig. 3B). Serum
rubidium levels were positively correlated with CAG2, arsenic and thallium with CAG1 and
antimony with CAG7. These findings suggest that element exposure significantly disturbed
the composition of gut microbiome, and this alteration might induce the development of
GDM. The strong correlation between elements exposure and gut microbiome and strong
association between gut microbiome and GDM led us to hypothesize that there were indirect
effects of elements on GDM by modulating gut microbiome. To test this hypothesis, we
conducted mediation analysis. We found that rubidium exposure inversely affected GDM by
altering CAG2. Similarly, antimony inversely affected GDM by altering CAG7 (Fig. 3C).
Both CAG2 and CAG?7 are largely enriched for bacterial families Ruminococcaceae and
Lachnospiraceae. These results suggest that the contribution of trace elements exposure to
GDM through influencing gut microbiome.

3.6. Functional alterations in the GDM gut microbiome

Finally, we explored the biological functions of the CAGs that were significantly associated
with GDM using PICRUSt2. In this analysis, the amplicon sequence variants are used to
predict the abundance of gene families and MetaCyc pathways. We found that complex

and simple carbohydrate utilization pathways were enrich in the GDM group (Fig. 4A).
D-galacturonate degradation was enriched in GDM vs Non-GDM groups. D-galacturonate is
found in cell walls of plants and is the main monomeric constituent of pectin and is degraded
into D-glyceraldehyde-3-phosphate and pyruvate. All these indicate an increased utilization
of glucose as energy source in participants later diagnosed of GDM (Hasainet al. 2020).
These pathways were significantly correlated with CAG7 abundance (Fig. 4B). Cell wall
and envelope biosynthesis pathways including peptidoglycan biosynthesis and phospholipid
biosynthesis were enriched in the Non-GDM group (Fig. 4A) and strongly correlated with
CAG2 and CAG?7 abundance (Fig. 4B), which suggests that the GDM protective effects of
Rb and Sb are mediated by increased activity of these metabolic pathways.

4. Discussion

In this study, we conducted a comprehensive analysis of the relationship between elements,
gut microbiome and GDM, and provided strong evidence that gut microbiome plays an
important role in the environmental exposure-related health. Our study revealed a strong link
between element exposure and the composition of the gut microbiome and between the gut
microbiota composition and GDM, and further showed that the influence of trace element
exposure on certain features of gut microbiome can modulate GDM risk. Our findings
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 8

suggest gut microbiome intervention could be an effective method to reduce the risk of
elements exposure induced GDM.

The relationship between elements exposure and GDM has been explored in many
epidemiological studies (Ettingeret al. 2009; Rawalet al. 2017; Shapiroet al. 2015; Wuet

al. 2018; Xinget al. 2018) and some associations have been indicated. However, due to
differences in study design, population and exposure biomarkers, our study did not find any
individual trace element significantly associated with GDM.

We found that the composition of the gut microbiome was an important factor for GDM
development. After adjusting for maternal age, parity, pre-pregnant BMI and educational
levels, alpha diversity indices were significantly negatively associated with GDM and blood
glucose levels. Lower alpha diversity levels were found in participants later diagnosed of
GDM, which was also observed in previous cross-sectional studies (Crusellet al. 2018;
Kuanget al. 2017). We analyzed microbiome biomarkers of GDM at the family level.
Ruminococcaceae, the most dominant family in the gut of the Hadza hunter-gatherers
with a foraging lifestyle (Schnorret al. 2014), was found the most depleted in the GDM
group and this bacterial family was reportedly associated with the onset of obesity and
metabolic syndrome (Lippertet al. 2017). However, in a small size study of 15 GDM and
60 Non-GDM with fecal samples collected at the first trimester, Ruminococcaceae was
found to increase the risk of GDM (Mokkalaet al. 2017). As all the participants in the
previous study are overweight and obese women, the conflict result might come from
lifestyle change after pregnant. More researches regarding gut microbiota preceding GDM
diagnosis are warranted to clarity the contradiction. We also investigated the gut microbiome
by co-abundance groups which are highly correlated and work as functional groups.

Three CAGs were found associated with GDM development. Among them, CAGs of low
abundance in GDM participants were mainly composed of genera from Ruminococcaceae
and Lachnospiraceae. Their members are previously found play a key role in degrading
complex polysaccharides into short-chain fatty acids and their depletion is correlated with
metabolic diseases (Biddle A. 2013; Chavez-Carbajalet al. 2019).

Although no association was found between element exposure and GDM, the alteration of
gut microbiome composition before GDM diagnosis and the potential interaction between
elements and microbiome inspired us to explore if the altered gut microbiome was
influenced by elemental exposure. Until now, the effects of elemental exposure on the gut
microbiome are rarely analyzed in prospective studies and there is still sparse information
about the association of environmental exposure and the structure of the gut microbiome. We
measured maternal elements exposure and gut microbiome composition during the second
trimester. VV and Hg were found to be negatively associated with alpha diversity indices.
No study reported association of Hg or V exposure and alpha diversity during pregnancy,
but some in vivo studies found decreased alpha diversity after Hg and V treatment (Liuet
al. 2019b; Wanget al. 2012), which could result from inducing oxidative stress (Denget
al. 2012) and damaging gut lining (Bernhoft 2012; Riceet al. 2014; Summerset al. 1993).
Rb was found positively associated with alpha diversity indices in our study. This element
is a possible essential trace element for human and its metabolism is closely related to
that of potassium (Perez-Vizcainoet al. 1993). Although the effect of rubidium on the gut

Environ Int. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 9

microbiome is unknown, food additives like potassium sorbate and acesulfame potassium
are found to alter the structure of the gut microbiome (Frankenfeldet al. 2015; Penget al.
2019). In this study, we considered the gut microbiome as co-functional groups and found
that microbial families Ruminococcaceae, and Lachnospiraceae play a role in mediating the
effect of rubinium and antimony element exposure on GDM development. Exposure to Rb
and Sb were positively correlated with Ruminococcaceae, and Lachnospiraceae, which in
turn were lower in the GDM group. A previous cohort study showed also that antimony was
negatively associated with incident diabetes (Yuanet al. 2018). In contrast, a cross-sectional
NHANES study showed that higher urine antimony was associated with elevated diabetes
prevalence in US adults (Menkeet al. 2016). The mediation effect of Ruminococcaceae, and
Lachnospiraceae on Rb and Sb related GDM is not reported before.

This study focused on the complex relationship between environmental trace element
exposure and the gut microbiome and their effect on GDM. On the one hand, trace elements
might directly affect the gut microbiome composition and their metabolic function. On

the other hand, the gut microbiome could be involved in the absorption and metabolic
transformation of trace elements (Van de Wieleet al. 2010). Either path could lead to a
change in disease risk. In our study, elements were found to affect gut microbes associated
with GDM, which could be one of the mechanisms by which trace element exposure
contributes to GDM development. However, the detailed mechanisms remain unknown and
need to be further explored.

5. Conclusions

Our prospective cohort study determined a link between elemental exposure, the gut
microbiome composition and the development of GDM. We identified microbiome
components that could serve as mediators of element exposure effects on GDM indicating
that the influence of trace element exposure on certain features of gut microbiome increases
risk of GDM. The gut microbiome could be a new avenue for intervening in environmental
exposure-related GDM. Prospective studies of larger sample sizes are warranted to further
explore the causal relationship and mechanism between them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The link between element exposure, the gut microbiome and GDM were
assessed.

Gut microbiome is dramatically altered before GDM diagnosis.
Trace elements are closely related to gut microbiome composition.

Rubidium (Rb) and antimony (Sb) are inversely related to GDM risk by

altering abundance levels of GDM-related co-abundance groups (CAGS).
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Exclusion criteria:

n=1527

L 4
Candidates for
this study

(n=1442) -‘

i 2
Individuals with both
stool and serum

samples (n=912) .‘

Assisted Reproductive Technology (n=30)
Multiple pregnancy (n=21)

Diabetes diagnosed before pregnancy (n=7)
Antibiotic < 3 month before stool collection (n=13)
Previous diagnosis of cancer or tumor (n=14)

GLU 25.1 mmol/L at enroliment (n=31)
No serum or stool samples (n=499)

Blood sample hemolysis (n=72)
Incomplete OGTT results (n=3)

Complete bio-samples
and OGTT data (n=837)

GDM based on OGTT
results (n=85)

Non-GDM based on
OGTT results (n=752)

]
GDM at follow-up
pregnancy
care (n=43)

Non-GDM at
follow-up pregnancy
care (n=709)

v v
GDM group
(n=128)

v
Non-GDM group
(n=709)

(A) Pregnant women were recruited at the first administration between 22 and 24 weeks of
gestation (averaged at 23.8 weeks of gestation), at which time blood and stool samples were
collected. Oral glucose tolerance test was carried out between 24 and 28 weeks of gestation
(averaged at 25.2 weeks of gestation). Fasting glucose levels were also measured in the
following pregnant care visit. The link between trace elements exposure, gut microbiome,
and GDM was determined. (B) Flowchart of the population included in our final analysis.
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Fig. 2. Gut microbiota structure was dramatically altered before GDM diagnosis.
(A) Mean relative abundance of the most abundant phyla and families in the cohort

population gut microbiome. (B) LEfSE analysis to find gut microbiome biomarkers between
groups at the family level. (C) Heatmap showing Kendall correlations between top 100 most
abundant genera clustered by the Spearman correlation coefficient and hierarchical Ward
clustering. (D) CAGs abundance between Non-GDM and GDM groups by Mann-Whitney
U test. (E) Genera level network diagram showing the enrichments of the genera in the
different groups based on significantly changed CAGs. Node size indicates the mean relative
abundance of each genus. Lines indicate significant Spearman association between nodes
with FDR corrected P-value less than 0.01. Orange indicates positive association and blue
indicates negative association. * indicates P-value <0.05.
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Fig. 3. Correlations between serum trace element exposure and gut microbiome composition.
(A) Linear regression of per unit increase of trace elements and alpha diversity indices.

Models were adjusted for maternal age, parity, pre-pregnant BMI and educational levels. (B)
Spearman correlation of trace elements exposure and relative abundance of GDM-related
CAGs. (C) Mediating effects of alpha-diversity, CAG2 and CAG7 on GDM by rubidium
(Rb) and antimony (Sb). * indicates P-value <0.05.
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Fig. 4. Functional analysis of CAGs associated with GDM.

(A) PICRUSI2 analysis results of predicted functional pathways of the CAGs that were
significantly associated with GDM. Two-sided Welch’s t-test and FDR correction were
used to identify the differentially abundant MetaCyc pathways (P < 0.05). (B) Spearman
correlations of the differentially abundant MetaCyc pathways and CAGs between GDM and

Non-GDM groups. * indicates P-value <0.05.
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