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Association of maternal gut
microbiota and plasma metabolism
with congenital heart disease

in offspring: a multi-omic analysis
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Congenital heart disease (CHD) is the most common congenital disorder diagnosed in newborns.
Although lots of related studies have been published, yet the pathogenesis has not been fully
elucidated. A growing body of evidence indicates perturbations of the gut microbiota may contribute
in a significant way to the development of obesity and diabetes. Given that maternal obesity and
diabetes are well-known risk factors for CHD, maternal gut microbiota may be considered as one of the
environmental factors involved in the pathogenesis of CHD. The object of this study is to explore the
association between maternal gut microbiota and risk of congenital heart disease (CHD) in offspring,
as well as the possible mechanisms linking gut microbiota and disease risk. A case-control study was
conducted in mothers of infants with CHD (n=101) and mothers of infants without CHD (n=95). By
applying 16S rRNA gene sequencing and metabolic approaches to 196 stool and plasma samples, we
determined microbiome and metabolome profiles in mothers of infants with CHD and controls, and
their association with risk of CHD in offspring. The gut microbiome of mothers of infants with CHD was
characterized with lower alpha-diversity and distinct overall microbial composition compared with
mothers of infants without CHD. A distinct different metabolic profile was found between mothers

of infants with CHD and controls. After controlling for the possible confounders, thirty-four bacterial
genera and fifty-three plasma metabolites showed distinct abundances between the two groups.

The results of the Spearman correlation analyses revealed a great number of significant correlations
between the abundant bacterial genera and differentially expressed metabolites. In particular,

the genus Bifidobacterium and Streptococcus showed comparable moderate positive correlations
with a range of metabolites that involved in lipid metabolism pathway. Our findings suggest that
perturbations of maternal gut microbiota and plasma metabolites may be associated with risk of
CHD in offspring, and co-variation between microbiota and metabolites may play a part in the linkage
between gut microbiota and risk of CHD in offspring.

Nowadays, congenital heart disease (CHD) has emerged as the single largest cause of infant morbidity and
mortality worldwide!. Furthermore, CHD have a significant impact on child and adult morbidity*>=*. Over the
last two decades, major breakthroughs have been made in the understanding of risk factors for CHD, especially
for the identification of specific genetic abnormalities in certain CHD phenotypes. However, little information
is available about the modifiable environmental factors which may have adverse effects on fetal cardiac develop-
ment. To date, only a few known risk factors, such as maternal pregestational obesity and diabetes, have been
identified. The limited understanding of modifiable risk factors of CHD has hampered its prevention.

With the rapid development of the next generation sequencing (NGS), the gut microbiota as an environmental
factor has attracted considerable attention from scientists and clinicians. It has been well confirmed that the
gut microbiota can produce a variety of compounds that regulate the activity of the distal organs and play an
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important role in the host metabolism, nutrient absorption, and immunity. The composition of the gut micro-
biome can be readily affected by extrinsic factors such as antibiotics, diet, lifestyle, and body mass index>®, and
57% of the structural variation in gut microbiota can be attribute to diet changes’. A growing body of evidence
indicates that perturbations of the gut microbiota and its influence on metabolic and physiological functions may
contribute in a significant way to the development of human diseases such as obesity and diabetes®®. Given that
maternal obesity and diabetes prior to pregnancy are well-known risk factors for CHD'®!!, preconception mater-
nal gut microbiota may be considered as one of the environmental factors involved in the pathogenesis of CHD.

Evidences suggest that the host metabolism is regulated by its own genome and the commensal gut microbial
genome, and the host’s metabolic phenotype represents an amalgamation of human and microbial attributes'!°.
The gut microbiota interacts extensively with the host through substrate co-metabolism and metabolic exchange,
and has a co-metabolism interaction with the host. The application of the NGS technology has deepened our
knowledge about the taxonomic profile of the microbial community and its correlation with human health;
however, the identification of gut microbes which play a critical role in the modulation of the host’s metabolic
profiles, as well as their mode of action, cannot be achieved by NGS alone. An integrated approach combining
NGS and metabolomics can overcome the limitations in researches based only on genomics. System biology
approaches that combine metabolomics with other “omics” researches have the potential to provide a compre-
hensive picture of complex diseases.

As mentioned earlier, accumulating evidences demonstrate that gut microbiota has contributed to the devel-
opmental of obesity and diabetes. Given that obesity and diabetes occurred before pregnancy in women have
been confirmed as important risk factors for CHD, it is suggested that alterations in maternal gut microbiota
may be associated with the developmental of CHD in offspring. Considering that the key development phase of
heart is the third to eighth gestational weeks, a prospective preconception cohort study is the most effective way
to investigate the association between maternal gut microbiota and risk of CHD. However, it is not practicable
to conduct a preconception cohort of CHD considering its relatively low birth prevalence rate as well as the high
financial costs. Pieces of evidences suggest that at 1-year postpartum, dietary patterns and lifestyle of the parous
women, which are important external impact factors of gut microbiome, has gotten back to the status prior to
pregnancy'¥~'6. Therefore, as an alternative, a case-control study which regards 1 year after delivery of parous
women as a starting point is valuable to a certain degree for the preliminary exploration of the association of
maternal gut microbiota with CHD.

From this background, a case-control study was conducted in mothers of infants with CHD and their con-
trols. An integrated approach combining 16S rRNA gene sequencing and plasma metabolomics was applied to
analyze both the maternal gut microbiome and plasma metabolic profiles, and to explore their association with
risk of CHD in offspring.

Results

Characteristics of the study population. A total of 196 participants were enrolled at Hunan Children’s
Hospital, including 101 mothers of infants with CHD (MCHD) and 95 mothers of infants without CHD (MCG).
The main characteristics of the 196 subjects as well as the extrinsic host factor profiles including lifestyle and diet
were summarized in Supplementary Table 1. The distribution of ethnicity was significantly different between
mothers of infants with CHD and mothers of infants without CHD, while that of characteristics including age,
BM]I, residence was comparable between the two groups (all p>0.05). While one mother of infant with CHD
reported a history of type II diabetes, none of the others reported a history of hyperglycemia, hypertension,
hyperlipoidemia, hyperuricacidemia, phenylketonuria, or hyperhomocysteinemia. Only a small percentage of
participants reported smoking or drinking behaviors, and this percentage did not differ between mothers of
infants with CHD and the control group (all p > 0.05). The proportions of negative life events in both groups were
also consistent. With regard to diet, the intake frequencies of water products, eggs, and beans/bean products
intake were significantly different between the two groups (all p>0.05). In addition, the main characteristics
of infants of the participants were also summarized in Supplementary Table 1. Specifically, the distribution of
gender of infants was significantly different between mothers of infants with CHD and the control group with a
higher proportion of male infants in the control group (p=0.026).

Decreased alpha-diversity and altered overall microbial composition in mothers of infants
with CHD. In the present study, we compared the gut microbiota of mothers of infants with CHD with that
of mothers of infants without CHD by next-generation sequencing of the 16S rRNA gene. After sequencing and
quality filtering, a total number of 14,616,519 reads with an average length of 256.34 base pairs were obtained
corresponding to a mean of 74,574 reads per sample. A total of 2858 OTUs were clustered by reads at 97% iden-
tity. By measuring alpha diversity using the Shannon index, Chaol index, and the observed_species, we found
that mothers of infants with CHD had significantly decreased microbial diversity and evenness in comparison
with their controls (Fig. 1a—c, all p<0.05; Supplementary Fig. 1). All findings were still significant after adjust-
ing for covariates including age, BMI, ethnicity, residence, cigarette smoking, alcohol consumption, negative life
events, and dietary intake (Supplementary Table 2).

Beta diversity was calculated using both unweighted and weighted UniFrac distance matrices. The top three
components of PCoA based on unweighted UniFrac distances were plotted (Fig. 1d). PERMANOVA analysis
showed a significant difference, with respect to overall phylogenetic distance of gut microbiome composition,
between mothers of infants with CHD and the control group (p=0.001, Fig. 1d); the difference was still sta-
tistically significant after adjusting for those covariates mentioned above (p=0.001, Supplementary Table 3).
The microbial community between the two groups was also significantly different basing on weighted UniFrac
distance (p=0.001, Supplementary Fig. 2).
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Figure 1. Comparisons of gut microbial alpha-diversity and beta-diversity between mothers of infants with
CHD and mothers of infants without CHD. Compared with the controls, gut microbial diversity, as estimated
by the Shannon index (a), Chaol index (b), and the observed species (c), was significantly decreased in mothers
of infants with CHD (all p<0.05). (d) PCoA based on unweighted UniFrac distance showed that the overall gut
microbiota composition was different between mothers of infants with CHD and controls (R*=0.144, p=0.001).
CHD congenital heart disease, PCoA principal coordinates analysis.

Microbiota differentially abundant in mothers of infants with CHD versus controls. To identify
differentially abundant taxa, LEfSe analysis on the gut microbiota composition was performed. Firmicutes and
Bacteroidetes were the most dominant phylum in both mothers of infants with CHD and the control group.
Significant changes were observed at the phylum level between the two groups (Fig. 2a). At the genus level, sig-
nificant differences were observed between mothers of infants with CHD and controls (Fig. 2b). A total of 219
bacterial taxa showed distinct relative abundances between the two groups, out of which 86 taxa at the genus
level were significantly enrich in mothers of infants with CHD or the control group (LDA score > 2, Qgpg <0.05;
Supplementary Table 4). Thirty-four of these genera remained significantly different after a multivariate analysis
(MaAsLin) was performed to control the possible influence of age, BMI, ethnicity, residence, cigarette smoking,
alcohol consumption, negative life events, and dietary intake (Fig. 2c). Decreased abundance in 29 genera and
increased abundance in 5 genera were observed in mothers of infants with CHD.

Changes in the plasma metabolomic features between mothers of infants with CHD and con-
trols. To identify the plasma metabolomic features of mothers of infants with CHD, untargeted metabo-
lome profiles were generated on samples from mothers of infants with CHD and their controls by UPLC-MS.
Metabolomic profiling yielded 7260 features. In the OPLS-DA model of metabolite profiling data (Fig. 3 and
Supplementary Fig. 3), there was a significant difference in the metabolic phenotype between mothers of infants
with CHD and the control group, suggesting that a distinct metabolic profile might exist in mothers of infants
with CHD (Fig. 3a). The results of the permutation test with 200 iterations indicated the reliability of the model
(Fig. 3b). With a significance level of Qppg <0.05 for the primary composition between mothers of infants with
CHD and their controls, 58 metabolites were found to be significantly different (Supplementary Table 5 and
Supplementary Fig. 4). After controlling for covariates including age, BMI, ethnicity, residence, cigarette smok-
ing, alcohol consumption, negative life events, and dietary intake, 53 metabolites were still significantly differ-
ent between the two groups and were regarded as differentially expressed metabolites (p <0.05; Supplementary
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Figure 2. Variations of gut microbiota composition in mothers of infants with CHD. Relative proportions

of bacterial taxa at the phylum level (a) and genus level (b) were different between mothers of infants with

CHD and controls. Only those bacterial phyla and genera with a relative abundance > 1% were presented
independently, the others were merged and presented in “others”. (¢) LDA score of thirty-four differentially
abundant genera which were identified by LEfSe analysis and MaAsLin. CHD congenital heart disease, LDA line
discriminant analysis, MaAsLin Multivariate Association with Linear Models algorithm.

Table 5). Among those differentially expressed metabolites, 28 metabolites were increased in mothers of infants

with CHD.

Moving beyond the analysis of individuals metabolites, KEGG analysis was performed to investigate the
metabolic pathways significantly associated with the disease status of the offspring according to the differentially
expressed metabolites. Results showed that these differential metabolites were enriched 19 metabolic pathways
(Supplementary Fig. 5), out of which choline metabolism in cancer pathway was the most significantly associated

with the disease status of the offspring.

Distinct correlations between abundant bacterial genera and significant metabolites.

Multi-

omic analysis was performed using Spearman correlation coefficients to determine the correlations between the
abundant bacterial genera and differentially expressed metabolites. A total of 1,802 correlation coefficient of
microbiota-metabolites pairs were computed, out of which 747 were statistically significant (Qgpg < 0.05; Supple-
mentary Fig. 6). Under the correlation cut-off with 0.3, 42 nodes (19 genera and 23 metabolites) and 129 edges
(connections) were retained in the correlation network plot (Fig. 4). Bifidobacterium and Streptococcus showed
comparable moderate positive correlations with a range of metabolites that were significantly increased in con-
trols, including Sphingomyelin (d18:1/18:0), 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine, 1-Stearoyl-2-ole-
oyl-sn-glycerol 3-phosphocholine (SOPC), 1-Stearoyl-sn-glycerol, Acetylcarnitine, alpha-Tocopherol (Vitamin
E), and Vanillin; except for Vanillin mapped to phenylalanine metabolism pathway, the remaining six metabo-
lites were involved in lipid metabolism pathway. In addition, Lactobacillus, Anaerostipes, and Adlercreutzia also
showed moderate correlations with part of those metabolites.
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Figure 3. Alteration of metabolites between mothers of infants with CHD and controls. (a) OPLS-DA of
plasma samples from mothers of infants with CHD and controls under positive and negative ion mode (positive
ion model: R2X(cum) =0.248, R2Y(cum) =0.977, Q2(cum) = 0.752; negative ion model: R2X(cum) =0.234,
R2Y(cum)=0.949, Q2(cum) =0.683). (b) Validation of OPLS-DA model under positive and negative ion mode
(using 200 random permutations). CHD congenital heart disease, OPLS-DA orthogonal partial least squares-
discrimination analysis.
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Figure 4. Microbiota-metabolites correlation network based on Spearman’s correlation coeflicients. Each node
represents one species (circle) or metabolite (square), and two nodes are linked if the correlation was significant
(two-sided pseudo p <0.05) and more than 0.3. Lines between nodes show positive correlations (blue lines) or
negative correlations (red lines). The node size is proportional to the number of correlated metabolites.
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Discussion

In the current study, an integrated 16S rRNA sequencing and UPLC-MS based metabolomics approach was
performed to explore the possible associations between maternal gut microbiome and plasma metabolites and
risk of CHD in offspring. The results showed that mothers of infants with CHD had significantly different gut
microbiota and plasma metabolite profiles compared with their controls. Through multi-omics analyses, our
study found a number of associations between the altered gut microbiota and plasma levels of metabolites, sug-
gesting that maternal metabolic phenotype correlates with gut microbiota composition and that this might be
associated with the risk of CHD in offspring. To our knowledge, this is the first report concerning the gut micro-
biota composition and plasma metabolite profile in mothers of infants with CHD, although we are aware of the
fact that owing to the various limitations in this study, one should regard this report as a preliminary observation
in an important filed. The results of this study can provide novel clues and directions, from the perspective of
maternal gut microbiota, for further researches concerning the potential etiology and preventive target for CHD.

The gut microbiota living in the digestive tract is composed of a diverse and complex community of micro-
organisms, which have established a symbiotic relationship with humans in the course of evolution. In general,
the human gut microbiota exists as an ecosystem in which individuals interact and balance with each other to
form a stable system, and plays an important role in immunity, metabolism, and nutrition absorption. Probiot-
ics, such as Bifidobacterium and Lactobacillus, are involved in molecular crosstalk with intestinal epithelium and
affect intestinal barrier function. In this study, using 16S rRNA sequencing, the abundance of Bifidobacterium
and Lactobacillus were found to be markedly decreased in mothers of infants with CHD after controlling for
covariates; this may weaken the physiological barrier function of the gut mucosa by increasing its permeability,
and promote bacterial translocation'”. The lipopolysaccharide (LPS) released by bacterial lysis enters the blood
through the intestinal epithelium with increased permeability, and then, binds to the LPS-binding protein to
cause the inflammatory cascade reaction in the host'®. One the one hand, this chronic inflammation may cause
vascular endothelial dysfunction, increase systemic vascular resistance, and then elevate blood pressure!*2°.
Elevated blood pressure in the mother can lead to uteroplacental insufficiency that may result in compromised
blood flow to the developing fetus, which, if present in the third to eighth gestational age, may increase the risk of
cardiovascular malformations?"*%. On the other hand, the inflammatory reaction caused by gut microbiota per-
turbations can stimulate the production of inflammatory factors which may induce insulin resistance by affecting
signal transduction pathway of insulin, such as insulin receptor substrate phosphorylation®*. Given that insulin
and related signaling pathways have been proven to be key mediators of embryogenesis and early development,
maternal gut microbiota perturbations may exert a teratogenic effect through a signaling pathway regulating
insulin sensitivity**?. Furthermore, Bifidobacterium and Lactobacillus have been proposed as possible folate
producers®®?’. Evidences suggest that folate may play a role in the migration of cardiac nerve cells, which con-
tributes to the development of the embryonic heart?. When maternal folate supplementation and dietary folate
intake is insufficient, a decrease in the abundance of Bifidobacterium and Lactobacillus may result in a decrease
in maternal circulating levels of folate which may eventually affect the development of the embryonic heart.

In the present study, metabolic phenotypes revealed significant differences between mothers of infants with
CHD and the control group, suggesting that maternal metabolic changes may be associated with risk of CHD
in offspring. Especially, the plasma level of sphingomyelin observed in our study was significantly decreased in
mothers of infants with CHD as compared with their controls, even after controlling for covariates. Similar result
was presented in the study performed by Bahado-Singh et al.?’. Through metabolomic analyses performed in
pregnant women between 11 weeks’ and 14 weeks’ gestation, Bahado-Singh et al. found a significant reduction
in sphingomyelin and acylcarnitine levels in pregnant women with CHD babies?. Existing evidence has proved
that sphingomyelin contributed to the development of insulin resistance by modifying the insulin signaling
pathway®. Based on this, we hypothesize that sphingomyelin may affect embryonic cardiovascular development
via modification of the insulin signaling pathway; this need to be confirmed by further animal and human studies.

Through multi-omics analyses, a number of associations between the altered gut microbiota and plasma
metabolites was found in this study. Basing on the Spearman correlation analyses, we found that the genera
Bifidobacterium and Streptococcus were positively associated with six metabolites that were involved in lipid
metabolism. The previous study reported that maternal lipid metabolism disturbance within 11 and 14 gesta-
tional weeks was associated with the development of CHD in offspring®. Therefore, it is possible that changes
in the abundance of those genera, which were found to be associated with lipid metabolism in this study, may
affect the fetal cardiovascular development by affecting maternal lipid metabolism. Furthermore, Sphingomyelin
(d18:1/18:0), one of those six metabolites positively associated with Bifidobacterium and Streptococcus, was also
enriched in sphingolipid signaling pathway that was proved to be related with insulin resistance. Considering the
possible relationship between Bifidobacterium and insulin resistance as discussed earlier, we believe that Bifido-
bacterium may play an important role in the association of maternal gut microbiota with risk of CHD in offspring.

An important limitation, which must be noted and existed in our study, was the application of case—control
study design; it may be uncapable to identify the real relationship between maternal gut microbiota and risk
of CHD in offspring as well as the relevant mechanisms, given that the key development phase of CHD is the
third to eighth weeks during pregnancy. Based on the available evidences on gut microbiota and its impact fac-
tors, the view that maternal gut microbiota after 1 year postpartum has back to the status prior to pregnancy to
a certain extent is reasonable. Therefore, as a preliminary exploration of the association between maternal gut
microbiota and risk of CHD in offspring, the present case—control study is valuable. In this study, efforts were
made to minimize the influence of confounding factors on the association, including the application of a series
of strict selection criteria to screen participants and controlling for covariates in the process of statistical analysis,
which can help to support the reliability of our results.
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A further limitation of the present study is the heterogeneity of the case population by lumping mothers of
infants with all CHDs in analysis. Among those infants with CHD, 87 had more than one distinct CHDs (e.g.,
ventricular septal defect with mitral insufficiency). Therefore, we cannot assess the association for specific defects.
Further studies concerning the association between maternal gut microbiota and specific defects can help to
provide more information about the disease. In addition, this study is a hospital-based case-control study, the
participants recruited from the hospital according to our strict selection criteria may be different from mothers
of infants with CHD randomly chosen from a community. This limitation may introduce admission rate bias,
which limits the generalizability of our findings.

Taken together, our findings show that mothers of infants with CHD have different gut microbiota com-
position and metabolic profiles as compared with mothers of infants without CHD, and represents an initial
and critical step towards understanding the relationship between maternal gut microbiome and risk of CHD
in offspring. Future studies are needed to address several interesting questions in this exciting filed. Firstly, it
needs to be determined whether there is a causal link between any changes in maternal gut microbiota as well
as its associated metabolites and the development of CHD in offspring. Considering that each subtype of CHD
may not have the same pathological mechanism, analyses performed in specific defects like isolated ventricular
septal defect will make more sense. If causality is determined, the identification of key functional bacteria taxa
and related mechanisms is also needed; this may be beneficial for further research on the prevention of CHD.
As we said at the beginning, a prospective preconception cohort study is the most effective way to address these
questions. Taken into account the relatively low birth prevalence of CHD, and, thereby, high financial costs, it
must be a long and arduous process.

In conclusion, 16S rRNA sequencing and metabolomics were combined in this study to explore the associa-
tion between alterations in maternal gut microbiota and plasma metabolites and risk of CHD in offspring. The
sequencing revealed that the gut microbiome composition was significantly different in mothers of infants with
CHD as compared with their controls, whereas the results of metabolomics showed that many plasma metabo-
lites involved in diverse metabolic pathways were significantly different between the two groups. In additional,
correlation analysis identified a number of correlations between altered bacteria genera and plasma metabolites.
Overall, these data suggesting that perturbations of maternal gut microbiota and plasma metabolites may be
associated with risk of CHD in offspring, and co-variation between microbiota and metabolites may play a part
in the linkage between gut microbiota and risk of CHD in offspring. These findings may provide new insights
for revealing the novel potential etiology of CHD, understanding the role of maternal gut microbiota in CHD
in offspring, and modulating gut microbiota as a therapeutic target.

Methods

Ethics statement. The study was approved by the Ethics Committee of Xiangya School of Public Health
Central South University (No. XYGW-2018-36) and performed according to the Declaration of Helsinki. The
design and purpose of the current study were clearly described in the research protocol; the protocol was reg-
istered at the Chinese Clinical Trial Registry with registration number ChiCTR1800018492 and is available at
http://www.chictr.org.cn/listbycreater.aspx. All participants provided written informed consent before complet-
ing an enrollment questionnaire as well as providing biological samples.

Study design and subjects. A hospital-based case-control design was used. Cases and controls were
recruited from mothers of children who were 1 year of age or older and presented in Hunan Children’s Hospital
during March 2018 and February 2019 in Hunan, China.

In this study, CHD was defined as a severe structural abnormality in the heart or intrathoracic great vessels
that are possibly or actually of functional significance®'. All CHD cases were diagnosed by pediatric cardiologists
through routine examination, heart auscultation, and echocardiography, with some diagnoses further confirmed
through cardiac surgery or catheterization during the period. The confirmed cases were classified according to
the International Classification of Diseases-10 (ICD-10). Mothers whose children were diagnosed with CHD
without other congenital diseases were chosen as cases, and mothers (from the same hospital) whose children had
neither CHD nor other congenital disease were chosen as controls. Any participants who met any of the following
criteria were excluded from this study: (1) multiple pregnancies; (2) unable to cooperate with the investigation
due to mental illness or extreme emotional instability; (3) woman whose child had any congenital disease other
than CHD, or tumour; (4) any congenital diseases or family history of congenital disease; (5) parous woman who
was lactating; (6) any suspected or confirmed immunosuppression or immunodeficiency (acquired or primary)
including human immunodeficiency virus infection; (6) any history of gastrointestinal tumor or currently suf-
fering from any cancer/tumor; (7) any gastrointestinal diseases or non-gastrointestinal acute disease at the time
of enrollment; (8) oral or intravenous antibiotics within the last 6 weeks; (9) use of insulin or corticosteroids at
the time of enrollment; (10) long-term treatment with non-steroidal anti-inflammatory drugs, such as aspirin;
(11) commercial probiotics or prebiotics consumed within the last 2 weeks; (12) parous woman who did not
provide blood or stool sample, or complete the questionnaire.

Sample and information collection. Overall, the study comprised analyses of microbial DNA isolated
from fecal samples and metabolites in plasma samples of 196 parous women: 101 mothers of infants with CHD
(cases) and 95 mothers of infants with CHD (controls). Peripheral venous blood was collected in the morning
the day after enrollment and placed immediately after collection at 4 °C. Each woman was given a fecal sampler
and provided detailed instructions for sample collection. Fecal samples freshly collected from each woman were
placed immediately at — 18 °C. All samples were transported to the laboratory within 12 h and stored at —80 °C
until processing. In addition, information related to maternal socio-demographic characteristics, diet, lifestyles,
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disease and health conditions, medication and dietary supplement use were captured in a detailed questionnaire
completed by each participant upon enrollment and further confirmed by consulting their Maternal and Child
Health Manual and medical records. Information on the baby’s gender, age, and final diagnosis was collected by
medical records at Hunan Children’s Hospital.

DNA extraction, sequencing, and data processing. Bacterial DNA was extracted from a total of 196
frozen fecal samples using the standardization CTAB (cetyl trimethylammonium bromide) method as previ-
ously described?. Isolated bacterial DNA was then used as a template for the amplification of the V4 region of
16S rRNA gene using the 515F/806R primer for PCR*. A sequencing library of the V4 region was generated
using TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, USA) following manufacturer’s reccommenda-
tions. For PCR products, Illumina-based sequencing was carried out on an Illumina HiSeq2500 platform (Illu-
mina Inc., San Diego, CA, USA) using the pair-end 250 bp protocol.

De-multiplexing 16S rRNA gene sequences and quality control were performed using the open-source bio-
informatics pipeline Quantitative Insights into Microbial Ecology (QIIME) version 1.9.1%. Filtered sequences
were clustered into operational taxonomic units (OTUs) based on 97% identity using UPARSE version 7.0.1001%>.
Representative sequences for each OTU were subjected to the SILVA132 database using the Mother software
package to determine the phylogeny with a bootstrap cut-off of 80%, and built into a phylogenetic tree using
MUSCLE version 3.8.3%%. The sequences of all samples were downsized to 44,234 to match the difference in
sequencing depth.

Alpha- and beta-diversity analyses were performed using QIIME version 1.9.1%, basing on a normalized
OTU table. Alpha-diversity, within sample diversity, was calculated using Shannon index, Chaol index, and the
observed species®. Statistical significance of alpha-diversity between the case and control groups was analyzed
with the linear regression analysis which was performed in SPSS 24.0 (IBM, New York, USA). Beta-diversity,
between sample diversity, was calculated with unweighted and weighted UniFrac distance matrices and visual-
ized using the score plot of the principal coordinate analysis (PCoA)***!. Multifactorial permutational analysis
of variance (PERMANOVA) (Adonis function, vegan package, R) of the UniFrac distance was used to test the
association of infant's CHD status with the microbiome beta-diversity while adjusting for covariates and multiple
hypothesis testing. The line discriminant analysis (LDA) of effect size (LEfSe) was used to estimate the effect of the
abundance of each microbiota taxa on the difference effect, and to identify microbiota taxa that have significant
differences in their demarcation*. False discovery rate (FDR) was calculated according to Benjamini-Hochberg,
FDR-corrected p-value was denoted as Qgpy and was used for multiple test corrections. Taxa that showed an
LDA score>2 at a Qppy <0.05 were selected for further analysis. Multivariate Association with Linear Models
(MaAslin) was applied for association testing of the metadata versus the abundance of the differential bacterial
taxa identified in the LEfSe analysis, to deconfound the effects of covariates. Both the LEfSe and MaAslin were
accessed online from http://huttenhower.sph.harvard.edu/galaxy with default parameters. For linear regression
analysis, PERMANOVA, and MaAslin, age, BMI, ethnicity, residence, cigarette smoking, alcohol consumption,
negative life events, and dietary intake were used as covariates.

Untargeted metabolomics analysis and data processing. Ultra-high-performance liquid chroma-
tography-mass spectrometry (UPLC-MS)-based metabolic profiling of plasma samples was performed on an
Agilent 1290 Infinity UPLC system (Agilent, Santa-Clara, California, USA) coupled with a Triple TOF 5600
Micromass system (AB SCIEX, Framingham, MA, USA) in both positive and negative ionization modes.

Plasma samples stored at — 80 °C were gradually thawed at 4 °C and 100 pL aliquots were mixed with 400 uL
of cold methanol/acetonitrile (1:1, v/v). The mixture was vortexed for 1 min, placed at —20 °C for 10 min, and
centrifuged for 20 min (14,000 g, 4 °C). The supernatant was dried in a vacuum centrifuge. For the MC analysis,
the samples were re-dissolved in 100 pL acetonitrile/water (1:1, v/v)**. Quality control (QC) samples were pre-
pared by mixing all the samples equally as a pooled sample, and then analyzed together with the other samples.
Regular intervals to insert a QC sample (every 20 samples) throughout the analytical process provide a set of
data from which stability and repeatability can be assessed.

Chromatographic analysis was performed using an Agilent UPLC system. Chromatographic separation was
run on ACQUITY BEH Amide 1.7 pm (2.1x100 mm) columns for both negative and positive models. The
injection volume was 2.0 uL and the column temperature was set at 25 °C. The following gradients were used for
separation: 95% B over 0-1 min, 95-65% B over 1-14 min, 40% B for 2 min, 40-95% B over 18-18.1 min, and
18.1-23 min holding at 95% at a flow rate of 0.3 mL/min, where B is acetonitrile and A is an aqueous solution
containing ammonium acetate (25 mL) and ammonia (25 mL).

After separation by UPLC, mass spectrometry was performed using a Triple TOF 5600 mass spectrometer
equipped with an electrospray ionization (ESI) source operating in either negative or positive ion mode. ESI
source conditions were set as follows: nebulizer gas (ion source gas 1), 60 psi; auxiliary heating gas (ion source
gas 2), 60 psi; curtain gas, 30 psi; source temperature, 600 °C; ion spray voltage floating, + 5500 V. The MS/MS
spectra were detected using information-based acquisition (IDA) which was an artificial intelligence-based
product ion scan mode. The parameters for IDA were set as following: decluttering potential, + 60 V; collision
energy, 35+ 15 eV; exclude isotopes within 4 Da, candidate ions monitor per cycle: 6.

The UPLC-Q-TOF/MS raw data were converted to mzXML files using Proteo Wizard tool and then processed
using XCMS software for peak alignment to obtain a peak list containing the m/z, retention time, and peak area
of each sample. For peak picking, the following settings were used: centWave m/z=25 ppm, peakwidth=c (10,
60), prefilter = c (10, 100). By using m/z and retention time pairs as identifiers for each ion, we obtained the ion
intensity of each peak and generated a matrix containing sample names, arbitrarily specified peak index (reten-
tion time-m/z pairs), and ion intensities. After ion features were extracted, only the variables having more than
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2/3 of the nonzero measurement values in all samples were kept for subsequent analysis. After being normalized
based on peak areas, the positive and negative data were combined into a data set and imported into SIMCA-P
14.1 software (Umetrics, Umea, Sweden) for multivariate statistical analysis.

A supervised orthogonal partial least squares-discrimination analysis (OPLS-DA) model was used to show
statistical differences and identify differentially expressed metabolites in mothers of infants with CHD relative to
the controls, and this model was validated by a permutation test with 200 iterations**. The variable importance
for the projection (VIP) value of each variable in the OPLS-DA model was calculated to indicate its contribution
to the classification. The differentially expressed metabolites were recognized by using two-tailed Student’s t-test
and multivariable linear regression. The model adjusted for potential confounders including age, BMI, ethnicity,
residence, cigarette smoking, alcohol consumption, negative life events, and dietary intake. P-value was adjusted
for multiple comparisons with the FDR algorithm according to Benjamini-Hochberg. Metabolite structural iden-
tification was performed by accurate matching of mass number (<25 ppm) and matching of second-stage spectra
with the laboratory self-built database. All metabolites were identified to level 1 according to the Metabolomics
Standards Initiative (MSI)*. Based on the differentially expressed metabolites, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis (http://www.genome.jp/kegg/) was conducted to investigate the metabolomic
pathways associated with the disease status of the offspring®. The enrichment level of each metabolomic pathway
was calculated by Fisher’s exact test, and a p-value < 0.05 was regarded as statistically significant.

Spearman multi-omic correlation analysis. Spearman correlation between the relative abundance of
genera and the level of plasma metabolites was analyzed using R software. We only performed the correlation in
those genera and metabolites which were found to be statistically significant between groups while controlling
for potential confounders as mentioned above (p <0.05), and then, presented the results by heatmap (for all cor-
relations) and network plot (for correlations with absolute value above 0.3).

Statistical analyses. The statistical analysis was performed in SPSS 24.0 (IBM, New York, USA). The results
were presented as a mean value (standard error, SD) for continuous variables, or as a proportion for categorical
variables. The t-test was used for continuous variables and the chi-square test for categorical variables to identify
significant differences between the case and control groups. A value of p <0.05 was considered as significant.

Definitions. The definitions of important items including gut microbiota, metabolomics, and 16 S rRNA
gene sequencing were shown in Supplementary File 1.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

Received: 13 February 2020; Accepted: 22 February 2021
Published online: 05 March 2021

References

1. Bernier, P. L., Stefanescu, A., Samoukovic, G. & Tchervenkov, C. I. The challenge of congenital heart disease worldwide: Epide-
miologic and demographic facts. Semin. Thorac. Cardiovasc. Surg. Pediatr. Card Surg. Annu. 13, 26-34 (2010).

2. Gurvitz, M. Z. et al. Changes in hospitalization patterns among patients with congenital heart disease during the transition from
adolescence to adulthood. J. Am. Coll. Cardiol. 49, 875-882 (2007).

3. Marelli, A. J., Mackie, A. S., Ionescu-Ittu, R., Rahme, E. & Pilote, L. Congenital heart disease in the general population: Changing
prevalence and age distribution. Circulation 115, 163-172 (2007).

4. Wang, T. et al. Congenital heart disease and risk of cardiovascular disease: A meta-analysis of cohort studies. J. Am. Heart Assoc.
8, 012030 (2019).

5. Schmidt, T. S. B., Raes, J. & Bork, P. The human gut microbiome: From association to modulation. Cell 172, 1198-1215 (2018).

6. Sonnenburg, J. L. & Backhed, F. Diet-microbiota interactions as moderators of human metabolism. Nature 535, 56-64 (2016).

7. Zhang, C. et al. Interactions between gut microbiota, host genetics and diet relevant to development of metabolic syndromes in
mice. ISME J. 4,232-241 (2010).

8. Gholizadeh, P. et al. Microbial balance in the intestinal microbiota and its association with diabetes, obesity and allergic disease.
Microb. Pathog. 127, 48-55 (2019).

9. Qin, J. et al. A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 490, 55-60 (2012).

10. Zheng, Z. et al. Increased maternal body mass index is associated with congenital heart defects: An updated meta-analysis of
observational studies. Int. J. Cardiol. 273, 112-120 (2018).

11. Hoang, T. T., Marengo, L. K., Mitchell, L. E., Canfield, M. A. & Agopian, A. J. Original findings and updated meta-analysis for the
association between maternal diabetes and risk for congenital heart disease phenotypes. Am. J. Epidemiol. 186, 118-128 (2017).

12. Nicholson, J. K., Holmes, E. & Wilson, I. D. Gut microorganisms, mammalian metabolism and personalized health care. Nat. Rev.
Microbiol. 3, 431-438 (2005).

13. Nicholson, J. K. et al. Host-gut microbiota metabolic interactions. Science 336, 1262-1267 (2012).

14. Cuco, G. et al. Dietary patterns and associated lifestyles in preconception, pregnancy and postpartum. Eur. J. Clin. Nutr. 60, 364-371
(2006).

15. Devine, C. M., Bove, C. E & Olson, C. M. Continuity and change in women’s weight orientations and lifestyle practices through
pregnancy and the postpartum period: The influence of life course trajectories and transitional events. Soc. Sci. Med. 50, 567-582
(2000).

16. van Driel, L. M. et al. The maternal nutritional status at one year after delivery is comparable with the preconception period. Reprod.
Sci. 16, 239a-239a (2009).

17. Lam, Y. Y. ef al. Increased gut permeability and microbiota change associate with mesenteric fat inflammation and metabolic
dysfunction in diet-induced obese mice. PLoS ONE 7, €34233 (2012).

18. Aron-Wisnewsky, J., Gaborit, B., Dutour, A. & Clement, K. Gut microbiota and non-alcoholic fatty liver disease: New insights.
Clin. Microbiol. Infect. 19, 338-348 (2013).

Scientific Reports |

(2021) 12:5339 | https://doi.org/10.1038/s41598-021-84901-7 nature portfolio


http://www.genome.jp/kegg/

www.nature.com/scientificreports/

19. Gomez-Guzman, M. et al. Antihypertensive effects of probiotics lactobacillus strains in spontaneously hypertensive rats. Mol.
Nutr. Food Res. 59, 2326-2336 (2015).

20. Wang, Y., Mo, S. & Li, Y. Advances in research on the mechanism of intestinal flora involved in metabolic syndrome. Chin. J. Obes.
Metab. Dis. 4, 168-172 (2018).

21. Clark, E. B. Pathogenetic mechanisms of congenital cardiovascular malformations revisited. Semin. Perinatol. 20, 465-472 (1996).

22. Caton, A. R. et al. Antihypertensive medication use during pregnancy and the risk of cardiovascular malformations. Hypertension
54, 63-70 (2009).

23. Cani, P. D. et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 56, 1761-1772 (2007).

24. Wilkin, T. J. Is autoimmunity or insulin resistance the primary driver of type 1 diabetes?. Curr. Diab. Rep. 13, 651-656 (2013).

25. Bowman, C. ], Streck, R. D. & Chapin, R. E. Maternal-placental insulin-like growth factor (igf) signaling and its importance to
normal embryo-fetal development. Birth Defects Res. B Dev. Reprod. Toxicol. 89, 339-349 (2010).

26. Pompei, A. et al. Folate production by bifidobacteria as a potential probiotic property. Appl. Environ. Microbiol. 73, 179-185 (2007).

27. Kleerebezem, M. & Vaughan, E. E. Probiotic and gut lactobacilli and bifidobacteria: Molecular approaches to study diversity and
activity. Annu. Rev. Microbiol. 63, 269-290 (2009).

28. Tang, L. S., Wlodarczyk, B. J., Santillano, D. R., Miranda, R. C. & Finnell, R. H. Developmental consequences of abnormal folate
transport during murine heart morphogenesis. Birth Defects Res. A Clin. Mol. Teratol. 70, 449-458 (2004).

29. Bahado-Singh, R. O. et al. Metabolomic prediction of fetal congenital heart defect in the first trimester. Am. J. Obstet. Gynecol.
211, 240 (2014).

30. Ilan, Y. Compounds of the sphingomyelin-ceramide-glycosphingolipid pathways as secondary messenger molecules: New targets
for novel therapies for fatty liver disease and insulin resistance. Am. J. Physiol. Gastrointest. Liver Physiol. 310, G1102-1117 (2016).

31. Mitchell, S. C., Korones, S. B. & Berendes, H. W. Congenital heart disease in 56,109 births Incidence and natural history. Circula-
tion 43, 323-332 (1971).

32. Lutz, K. A,, Wang, W., Zdepski, A. & Michael, T. P. Isolation and analysis of high quality nuclear DNA with reduced organellar
DNA for plant genome sequencing and resequencing. BMC Biotechnol. 11, 54 (2011).

33. Sonnenburg, E. D. et al. Diet-induced extinctions in the gut microbiota compound over generations. Nature 529, 212-215 (2016).

34. Caporaso, J. G. et al. Qiime allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335-336 (2010).

35. Edgar, R. C. Uparse: Highly accurate otu sequences from microbial amplicon reads. Nat. Methods 10, 996 (2013).

36. Quast, C. et al. The silva ribosomal rna gene database project: Improved data processing and web-based tools. Nucleic Acids Res.
41, D590-D596 (2013).

37. Edgar, R. C. Muscle: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792-1797
(2004).

38. Kemp, P. E. & Aller, J. Y. Bacterial diversity in aquatic and other environments: What 16s rdna libraries can tell us. FEMS Microbiol.
Ecol. 47,161-177 (2004).

39. Navas-Molina, J. A. et al. Advancing our understanding of the human microbiome using giime. Methods Enzymol. 531, 371-444
(2013).

40. Lozupone, C. & Knight, R. Unifrac: A new phylogenetic method for comparing microbial communities. Appl. Environ. Microbiol.
71, 8228-8235 (2005).

41. Yatsunenko, T. et al. Human gut microbiome viewed across age and geography. Nature 486, 222-227 (2012).

42. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60 (2011).

43. Leon, Z., Garcia-Canaveras, J. C., Donato, M. T. & Lahoz, A. Mammalian cell metabolomics: Experimental design and sample
preparation. Electrophoresis 34, 2762-2775 (2013).

44. Trygg, J. & Wold, S. Orthogonal projections to latent structures (o-pls). J. Chemometr. 16, 119-128 (2002).

45. Salek, R. M., Steinbeck, C., Viant, M. R., Goodacre, R. & Dunn, W. B. The role of reporting standards for metabolite annotation
and identification in metabolomic studies. Gigascience. 2, 13 (2013).

46. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30 (2000).

Acknowledgements
The authors would like to thank all colleagues working in Maternal and Child Health Promotion and Birth
Defect Prevention Group.

Author contributions

T.T.W,, L.Z.C., PH., T.B.Y. and J.B.Q. contributed to the conception or design of the work. TT.W.,. PH., TB.Y,,
SM.Z,.LJ.Z., LT.C., ZW.Y., and L.L. contributed to the acquisition, analysis, or interpretation of data for the
work. T.T.W. and L.Z.C. drafted the manuscript. T.T.W. and J.B.Q. critically revised the manuscript. All gave final
approval and agree to be accountable for all aspects of work ensuring integrity and accuracy.

Funding

The study was funded by National Natural Science Foundation of China (Grant number: 82073653, 81973137,
and 81803313), China Postdoctoral Science Foundation (Grant number: 2020M682644), Hunan Provincial Key
Research and Development Program (Grant number: 20185K2062, 20185SK2063), Hunan Provincial Science
and Technology Talent Support Project (Grant number: 2020T]J-N07), Natural Science Foundation of Hunan
Province (Grant number: 2018]J2551), and Open Project from NHC Key Laboratory of Birth Defect for Research
and Prevention (Grant number: KF2020006).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-84901-7.

Correspondence and requests for materials should be addressed to J.Q.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports|  (2021) 11:5339 | https://doi.org/10.1038/s41598-021-84901-7 nature portfolio


https://doi.org/10.1038/s41598-021-84901-7
https://doi.org/10.1038/s41598-021-84901-7
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:5339 | https://doi.org/10.1038/s41598-021-84901-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Association of maternal gut microbiota and plasma metabolism with congenital heart disease in offspring: a multi-omic analysis
	Results
	Characteristics of the study population. 
	Decreased alpha-diversity and altered overall microbial composition in mothers of infants with CHD. 
	Microbiota differentially abundant in mothers of infants with CHD versus controls. 
	Changes in the plasma metabolomic features between mothers of infants with CHD and controls. 
	Distinct correlations between abundant bacterial genera and significant metabolites. 

	Discussion
	Methods
	Ethics statement. 
	Study design and subjects. 
	Sample and information collection. 
	DNA extraction, sequencing, and data processing. 
	Untargeted metabolomics analysis and data processing. 
	Spearman multi-omic correlation analysis. 
	Statistical analyses. 
	Definitions. 

	References
	Acknowledgements


