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Studies have shown that gestational diabetes mellitus (GDM) is closely related to abnormalities in the gut microbiota, and the offspring of these women have an increased risk of diabetes. There is no direct evidence of whether bacteria in women with GDM colonize the intestinal tract of offspring and cause hyperglycemia. In this fecal microbiota transplantation (FMT), pregnant mouse model study, two groups of germ-free (GF) mice after FMT showed different colonization patterns of gut microbiota and phenotype. Compared with the control group (healthy-FMT), we found in the GDM-FMT group as a lower relative abundance of Akkermansia and Faecalibacterium; a lower content of short-chain fatty acids and naringenin in feces; an elevated blood glucose; an inflammatory factor expression (TNF-α, CXCL-15, and IL-6), and a hepatic fat deposition. In addition, the influence of the gut microbiota continued in offspring. The gut microbiota of the offspring of GDM-FMT mice was still different from that of the control group as a lower relative abundance of Akkermansia and Parvibacter; and a higher relative abundance of bacteria such as Oscillibacter, Romboutsia, and Harryflintia. In addition, the offspring of GDM-FMT mice had higher body weight and blood glucose levels than the control offspring.
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Introduction

Gestational diabetes mellitus (GDM) is defined as carbohydrate intolerance of variable severity with onset that occurs during pregnancy. In the recent years, the incidence of GDM has been increasing year by year. According to the reports, the prevalence of GDM is between 9.3 and 25.5% in the global population (Sacks et al., 2012). A survey of 13 hospitals in China in 2013 showed that the incidence of GDM had reached 17.5% (Zhu et al., 2013). Gestational diabetes mellitus has become an important pregnancy disease, as it is associated with poor fetal–maternal outcomes, including polyhydramnios, preeclampsia, shoulder dystocia, and macrosomia (Beucher et al., 2010; Ismail et al., 2011; Catalano et al., 2012; Kc et al., 2015). The vast majority of diabetic patients will return to normal blood glucose levels after delivery. Even so, the risk of developing type 2 diabetes within 10–15 years after delivery was still 40% higher than that of non-gestational diabetes mellitus (non-GDM) women (Lauenborg et al., 2004; Damm et al., 2016).

The interaction between the gut microbiota and the natural intestinal immune system is considered to be an exogenous factor that can affect susceptibility to diabetes. The relationship between gut microbiota and diabetes has been widely studied because intestinal bacteria express microbe-associated molecular patterns (MAMPs) that can activate Toll-like receptors (TLRs). In the pathogenesis of GDM, the TLRs can cause protein inflammation and activate the nuclear factor-κB (NF-κB) pathway (Xie et al., 2014). A high-fat diet could increase the abundance of lipopolysaccharide-producing (LPS-producing) bacteria in the gut to increase fat deposition, increase body fat, induce excessive fasting blood sugar, and cause inflammation (Cani et al., 2008; Caesar et al., 2015). Changes in the gut microbiota during pregnancy lead to increased production of short-chain fatty acids (SCFAs), which can inhibit the production of the proinflammatory cytokines interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) (Roelofsen et al., 2010). In addition, SCFAs can promote insulin secretion, increase the number of β-cells (Fuller et al., 2015), activate catabolic pathways (Tilg and Moschen, 2014; Paul et al., 2018), and affect the formation of the immune system of offspring (Martin et al., 2010; Romero and Korzeniewski, 2013; Gomez de Aguero et al., 2016). Therefore, changes in the composition of the intestinal microbiota will affect host metabolism and abnormal blood glucose regulation (Geurts et al., 2014).

Several studies discovered that the gut microbiota composition of women with GDM was different from that of women without GDM (Sililas et al., 2021), and this may be closely related to the pathogenesis of GDM (Koren et al., 2012; Mokkala et al., 2017; Crusell et al., 2018). Different studies have different interpretations of the abundance of gut microbiota in women with GDM and have explored many related bacteria, including bacteria that were positively [Bacteroides dorei (Wu et al., 2020), Blautia (Liu et al., 2020), Klebsiella variicola (Kuang et al., 2017), Ruminococcaceae (Mokkala et al., 2017)] and inversely [Bifidobacterium (Kuang et al., 2017), Akkermansia (Everard et al., 2013; Liu et al., 2020; Shih et al., 2020), Faecalibacterium (Tilg and Moschen, 2014)] related to GDM. These bacteria are closely related to the production of short-chain fatty acids, intestinal and peripheral tissue inflammation, glucose and lipid metabolism, and insulin resistance (Macfarlane and Macfarlane, 2003; Hansen et al., 2012).

In 2006, the United Nations Standing Committee on Nutrition proposed that the most critical period to determine the nutritional and health status of children is from pregnancy (9 months in utero) to 1–2 years after birth (1,000 days in early life), which is the most critical period to determine the nutritional and health status of a person’s life (Dora et al., 2015). Therefore, how to form a well-distributed intestinal microenvironment in the early stages of life is very important. Microorganisms in the gut have difficulty surviving outside the host. A person’s own gut microbiota colonization is mostly derived from direct transmission by others, and most come from their own mothers (Crusell et al., 2020; Selma-Royo et al., 2021). The vertical transmission and colonization of infant intestinal microbiota is a gradual process. Any interference in this process may bring adverse consequences and affect its normal colonization and development of the microbiota. In the recent years, disorders of the intestinal microbiota have been considered to be a key factor in the occurrence of chronic inflammatory diseases such as irritable bowel syndrome and inflammatory bowel disease (Rautava et al., 2012; Belkaid and Hand, 2014), respiratory diseases (Gosalbes et al., 2013), and metabolic diseases. Therefore, it is very important to form a “healthy” gut microbial community early in life.

The offspring of women with GDM have an increased risk of diabetes (Khan, 2007; Farahvar et al., 2019; Sparks et al., 2022). Does this high risk of blood sugar abnormality come from the transmission of the mother’s abnormal microbiota? Studies have shown that gestational age at birth (La Rosa et al., 2014; Cong et al., 2016), delivery methods (Jakobsson et al., 2014), different feeding styles (breast milk or formula) (Liu et al., 2019), external environment, drug use, etc. can all affect the composition of infant intestinal microbiota (Rodriguez et al., 2015; Milani et al., 2017). Therefore, the influence of multiple factors provides no direct evidence that abnormal bacteria in pregnant women with gestational diabetes can be stably transmitted to offspring. We collected fresh feces of pregnant women with GDM, used fecal microbiota transplantation (FMT) to carry out intestinal microbiota transplantation experiments on GF mice to construct GDM model mice, explored the mechanism of abnormal glucose metabolism, and observed the bacteria of the offspring mouse group composition and growth and development, with an in-depth understanding of the impact of GDM-related bacteria on offspring.



Materials and methods


Animal procedures

In this study, animal tasks were approved by the Institutional Animal Care and Use Committee of Peking University First Hospital (J201884). Moreover, C57/BL6 GF mice (8 weeks old with a body weight 23.44 ± 3.52 g) were purchased from the Institute of Medical Laboratory Animals, Chinese Academy of Medical Sciences. All mice were housed in an isolated sterile environment. Mice were placed into individual cages with a 12-h:12-h dark:light cycle, a controlled temperature of 21 ± 4°C and 50–60% humidity, and ad libitum access to food and water. Mice were weighed every 3 days, and food intake was measured.

The fecal samples of the three individuals in the GDM donor group and the three individuals in the non-GDM donor group were mixed, diluted, and packed in an anaerobic incubator (100% N2). The mixture was suspended in 10 ml of PBS buffer and vortexed at room temperature for 5 min. After incubation for an additional 5 min, the supernatant was transferred to a new tub, mixed well, and loaded into anaerobic tube (500 μl per tube) and immediately stored at −80°C (Ridaura et al., 2013). The prepared anaerobic tube containing the suspension was placed in a transfer sleeve connected to the sterile isolator, sterilized by ethylene oxide (C2H4O) for 20 min, and then transferred to the sterile isolator.

Germ-free mice were orally inoculated with 200 μl of the fecal mixture from the GDM donor and healthy donor groups. All mother mice were reared in a germ-free environment until the end of the experiment. Some mice were sacrificed on the 21st day of gestation for the detection of inflammatory factors and immunohistochemistry. Two pregnant mice in each group were reserved for the offspring mice to continue the experiment. The offspring mice were separated from the mother mice 4 weeks after delivery and placed in an SPF environment. Fresh fecal samples from each mouse were collected with tweezers, placed in a sterile 1.5-ml tube, and immediately transferred to a −80°C freezer.



Intraperitoneal glucose tolerance test and enzyme-linked immunosorbent assay test

Mice were fasted for 6 h and then given an intraperitoneal injection of glucose (2-g/kg body weight). The tail blood was collected at 0H, 0.5H, 1.5H, and 2H after injection, and blood glucose concentrations were measured with an Accu-Check glucometer (Roche, Germany, H87950). We sacrificed the mice on the 20th day of gestation to collect plasma. The concentrations of TNF-α, CXCL-15, and IL-6 in plasma were measured with an enzyme-linked immunosorbent assay hypersensitivity kit provided by JingLai Biotechnology Co., Ltd. according to the manufacturer’s instructions.



16S rRNA gene sequencing

The DNA was extracted with a QIAamp PowerFecal DNA kit (Qiagen, Hilden, Germany) following the manufacturer’s protocols, and the V3–V4 region of the 16S rRNA gene was amplified by polymerase chain reaction (PCR) with the forward primer 5′TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTA CGGGNGGCWGCAG3′ and reverse primer 5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG ACTACHVGGGTATCTAATCC3′. The PCR products were sequenced on an Illumina HiSeq 2500 platform, and fast length adjustment of short reads (FLASH) was used to merge paired-end reads from the sequencing results (Magoc and Salzberg, 2011). Low-quality reads were filtered by the quality filter in the FASTX Toolkit 0.0.14. The analyzed data retained only high-quality (Q ≥ 25) reads with a base ratio greater than or equal to 90%, and chimeric reads were removed by USEARCH 64-bit v.8.0.1517. The number of reads for each sample was normalized based on the smallest sized sample by random subtraction. Operational taxonomic units (OTUs) were aligned by the UCLUST algorithm with 97% identity and taxonomically classified using the SILVA 16S rRNA database v.128. Alpha and beta diversities were generated in quantitative insights into microbial ecology.



Untargeted metabolomics assays and quality control

Stool samples were quickly frozen in liquid nitrogen after collection and stored at −80°C until analysis. The metabolomics analysis was performed on a UHPLC system (1290 infinity LC, Agilent Technologies) coupled with quadrupole time-of-flight (AB Sciex TripleTOF 6600). An ACQUITY UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm, waters) was utilized for chromatographic separation.

A total of six quality control samples were tested during the experiment. Pooled quality control (QC) samples (generated by taking an equal aliquot of all the samples included in the experiment) were run at the beginning of the sample queue for column conditioning and every ten injections thereafter to assess inconsistencies that are particularly evident in large batch acquisitions in terms of retention time drifts and variation in ion intensity over time.



Metabolomics data preprocessing and analysis

The raw MS data (wiff.scan files) were converted to MzXML files using ProteoWizard MSConvert before importing into freely available XCMS software. More details are described in the supplemental materials. Seven-fold cross-validation and response permutation testing were used to evaluate the robustness of the model. The variable importance in the projection (VIP) value of each variable in the OPLS-DA model was calculated to indicate its contribution to the classification. Moreover, VIP > 1 and p < 0.05 were used to screen significantly changed metabolites. Pearson’s correlation analysis was performed to determine the correlation between the two variables. Fold changes were computed as the ratio of peak area between the two groups.



Statistical analysis

The processed data were analyzed by the R 4.2.0 program. The beta diversity was visualized by two-dimensional principal coordinates analysis (PCoA) of weighted and unweighted UniFrac distance matrices, and statistical comparisons of groups were performed with the non-parametric MANOVA methods using the Adonis function in vegan R package. Orthogonal partial least-squares discriminant analysis (OPLS−DA) were performed using R program ade4 package and mixOmics package, respectively. To identify distinct taxonomic bacterial biomarkers, the linear discriminant analysis effect size (LefSE) was used, and the linear discriminant analysis (LDA) log score cutoff value was determined to be 2 (Segata et al., 2011). Image construction was performed in GraphPad Prism 7 and the R software package. Mann−Whitney tests were performed to test the significance of differences between groups for Intraperitoneal glucose tolerance test (IPGTT), TNF-α, CXCL-15, IL-6, FD4, weight, food intake, etc. Adjusted p-values were obtained using Benjamini–Hochberg correction. Comparisons of different timepoints were performed by repeated measures ANOVA followed by Benjamini−Hochberg correction. Adjusted p < 0.05 being considered statistically significant.



Using FMT to construct a GDM mouse model

We used the two mixed feces used in the past to continue this study, which were derived from three gestational diabetes mellitus patients (GDM donor) and three healthy pregnant women (healthy donor) for germ-free mouse fecal microbiota transplantation. For detailed information, please refer to the article published in 2020 (Liu et al., 2020). Figure 1A shows the clustering difference between the two fecal mix samples and donor feces (p < 0.001). The microbial structures of healthy pregnant women and women with GDM were significantly different. The relative abundance of Akkermansia in healthy donors was significantly higher than that in GDM donors (Figure 1B, p < 0.01), which is basically consistent with the conclusions of our previously published articles and other related studies (Everard et al., 2013; Tilg and Moschen, 2014; Liu et al., 2020).
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FIGURE 1
Gestational diabetes mellitus mouse model construction. (A) PCoA at the genus level based on Bray−Curtis distance is shown along the first two principal coordinate (PC) axes. Individual samples are represented by blue (healthy pregnancy) and red (GDM), and different stages are represented by triangles (mixed sample) and points (donor sample). (B) The bacterial relative abundance of bacteria at the genus level. The data are shown as the median and interquartile range. (C) Schematic diagram of the gestational diabetes mellitus mouse model. Number 2 mice in the GDM-FMT group were died naturally for unknown reasons. Numbers 5, 6, 11, 14, 15, 17, and 18 mice were not conceived. **P < 0.01.


We selected 20 germ-free female mice to feed on a high-fat diet for 1 week and randomly divided the mice into two groups (10 mice in each group). These two groups of germ-free mice were inoculated by oral gavage of the fecal mixture from the GDM donor and healthy donor, which were used as the experimental group and the control group, respectively. After the FMT mice were reared for 1 week, we recorded the weight of the mice, performed IPGTT, and collected the mouse feces as the basic data of the mice before pregnancy (prepregnancy, Pre). Subsequently, 10 germ-free male mice were mated with female mice for 5 days at a male-to-female ratio of 1:2, and vaginal plug formation in female mice was monitored daily to determine the pregnancy time. The feces of the mice at different pregnancy periods (T1, D4–D6; T2, D11−D13; T3, D18–D20) were collected, and indicators such as feed intake, body weight, IPGTT test, and blood inflammatory factor expression were recorded at the same time. After screening out the data of non-pregnant mice and mice that died naturally, we finally obtained the complete data of seven pregnant mice in the experimental group (GDM-FMT) and five pregnant mice in the control group (healthy-FMT) (Figure 1C).




Results


The two groups of mice showed different characteristics of gut microbiota

We performed 16S rRNA gene sequencing analysis on the feces of mice collected at different gestational stages. A total of 3,039,319 reads were obtained by sequencing, and the average number of reads per sample was 63,319. The sample-wise distribution of the reads and the average number of reads per group (stage) are as follows, GDM-FMT-Pre: total 472,014, average 67,431; GDM-FMT-T1: total 416,254, average 59,465; GDM-FMT-T2: total 404,310, average 57,759; GDM-FMT-T3: total 425,410, average 60,773; healthy-FMT-Pre: total 309,764, average 61,953; healthy-FMT-T1: total 338,860, average 67,772; healthy-FMT-T2: total 350,629, average 70,126; healthy-FMT-T3: total 322,078, average 644,156 (Supplementary Table 1).

We first observed the colonization of intestinal microbiota in two groups of female mice after FMT. The OPLS-DA analysis found that the microbiota characteristics of the two groups of mice tended to be consistent with the donor bacteria (Figure 2A); moreover, the microbiota clusters of the two groups of mice showed significant differences by PCoA analysis (weighted and unweighted) (Supplementary Figure 1). Analysis of the top-five bacteria with relative abundance found that Akkermansia in the healthy-FMT group was significantly higher than that of the GDM-FMT group (p = 0.05), which was also consistent with the microbiota characteristics of donor bacteria (Figures 2B,C).
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FIGURE 2
Fecal microbiota transplantation affects the structure of the mouse gut microecology. (A) Orthogonal partial least-squares discriminant analysis at the genus level is shown along the first two variate axes. Individual samples are represented by blue (GDM-group) and red (healthy-group), and the two donor data are marked separately in the figure. (B) The bacterial relative abundance of bacteria at the genus level. (C) The bacterial relative abundance at the genus level after FMT. (D,E) The line graph shows the relative abundance of Akkermansia and Faecalibacterium bacteria between the two groups at different stages. Individual samples are represented by blue lines (healthy-FMT) and red lines (GDM-FMT). The data are shown as the median and interquartile range. *p < 0.05.


Linear discriminant analysis effect size compared the microbial relative abundance of the two groups in different gestational periods and found that Akkermansia (Pre), Eubacterium eligens group (Pre and T2), Fusicatenibacter (Pre), Christensenellaceae R_7 group(T1), and Faecalibacterium (Pre, T2, and T3) had higher relative abundances in the healthy-FMT group than that in GDM-group (Supplementary Figures S2A and S2D). These bacteria have been shown to be closely related to gestational diabetes (Liu et al., 2020) or anti-inflammatory (Valdez-Palomares et al., 2021). The line graph shows the relative abundance of Akkermansia, Faecalibacterium, E. eligens group, and Fusicatenibacter between the two groups. The results showed that the relative abundance of the above bacteria in the healthy-FMT group were higher than that in the control group in nearly four stages (Figures 2D,E and Supplementary Figures 2E,F). In summary, we successfully reshaped gut microecology through FMT in germ-free mice.



Gestational diabetes mellitus-fecal microbiota transplantation mice had low gut short-chain fatty acids

We selected mouse feces (D12) for metabolomics analysis, frightened the mice to excrete fresh feces, and collected 10 (5 in each group) fresh fecal specimens (GDM-FMT: Nos.1, 4, 7, 8, and 10; healthy-FMT: Nos.12, 13, 16, 19, and 20). The combined test results show that organic acids and derivatives (23.848%) and lipids and lipid-like molecules (20.681%) in the metabolites of the intestinal microbiota account for the largest proportion, reflecting the functional characteristics of the gut microbiota (Figure 3A). Metabolite heatmap showing the characteristics of the metabolic clustering of the two groups of bacteria. Butanoic acid (p = 0.031, fold changes = 2.25), naringenin (p = 0.007, fold changes = 2.21), 4-methylbenzyl alcohol (p = 0.050, fold changes = 1.54), and aldosterone (p = 0.031, fold changes = 1.39) in the healthy-FMT group were significantly higher than those in the experimental group (GDM-FMT group) (Figure 3B and Supplementary Table 2). Surprisingly, naringenin had a strong positive correlation with pinocembrin (r = 0.90), butanoic acid (r = 0.88), and propanoic acid (r = 0.93) (Figure 3C). The comparison of fecal metabolomics between the two groups shows that both short-chain fatty acids and naringenin play an important role in blood glucose metabolism.
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FIGURE 3
High-resolution non-target metabolomics report. (A) The proportion of the number of identified metabolites in each chemical classification. The blocks of different colors in the figure express different chemical classification attribution items, and the percentage represents the percentage of the number of metabolites in the chemical classification attribution entry to the number of all identified metabolites. Metabolites without chemical classification are defined as undefined. (B) Significantly different metabolite hierarchical clustering heatmap. Each row represents a differential metabolite, and each column represents a set of samples. Red represents upregulation and blue represents downregulation. Metabolites with similar expression patterns gather under the same cluster on the left. (C) The dots in the figure represent significantly different metabolites. The size of the dot is related to the degree of connectivity. The greater the degree, the larger the dot. The color of the line represents correlation, red represents positive correlation, and blue represents negative correlation. The thickness of the line represents the absolute value of the correlation coefficient. The thicker the line, the greater the correlation.




Impaired glucose tolerance in gestational diabetes mellitus-fecal microbiota transplantation group mice

Observing the weight gain of the two groups at different gestational ages, no significant difference was found (Figure 4A). However, interestingly, the average feed intake of mice in pregnancy (D0–D6, D7–D12, and D18–D20) was compared, and the food intake of GDM-FMT mice was found to be significantly higher than that of the healthy-FMT group (Figure 4B). To study glucose metabolism during pregnancy, the IPGTT test was performed on mice before mating (D0), 12 days of pregnancy (D12), and 18 days of pregnancy (D18). The 1H and 2H blood glucose levels of the mice in the GDM-FMT group on D12 and D18 were higher than those of the control group (p < 0.05) (Figures 4C–E).
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FIGURE 4
Phenotypic differences between the two groups of mice. (A) The line chart shows the body weight of the two groups in different periods. (B) The barplot shows the weight gain of the two groups in different time periods. (C,E) The line chart shows the results of the IPGTT in different periods. (F–H) The scatter plot shows the levels of inflammatory factors (TNF-α, CXCL15, and IL 6) in the plasma of the two groups. The data are shown as the median and interquartile range. (I) The scatter plot shows the levels of FD4 in the plasma of the two groups. (J) The HE staining diagram of liver cells, microscope 400x field of view. *p < 0.05; **P < 0.01.


The previous studies have shown that GDM is closely related to chronic non-specific inflammation in peripheral blood (Zhu et al., 2013; Mrizak et al., 2014; Xie et al., 2014). To answer whether the GDM-FMT model mice also activated the related inflammatory response, we tested the inflammatory indicators in the plasma of 21-day gestation (D21) mice and found that TNF-α, CXCL 15, and IL6 were expressed in the plasma of GDM-FMT higher than healthy-FMT group (Figure 4F–H, all p < 0.05, fold changes = 2.07, 5.96, and 3.90, respectively). In addition, the results of the small intestine permeability test using FD4 suggested that the intestinal permeability of mice in the GDM-FMT group was higher than that of the control group (Figure 4I, p = 0.0053, fold changes = 1.23). In addition, we found macrovesicular steatosis was the main type of liver steatosis in GDM-FMT mice, which was more diffuse, involving more parenchymal cells than the control group with scattered little fat droplets. The proportion of hepatic steatosis of GDM-FMT mice was larger than that in the control group(p = 0.007), suggesting gut microbiota affects hepatic carbohydrate and lipid metabolism as confirmed by previous studies (Kolodziejczyk et al., 2019; Figure 4J; Supplementary Figures 3, 4). We did not observe more differences between the two groups in the spleen, kidney, and small intestine tissues stained by HE (Supplementary Figure 3). The summary of the current results showed that gut microbial imbalance in the GDM-FMT group guides the activation of inflammatory factors, impairs the barrier function of the small intestine, and leads to impaired glucose tolerance in pregnant mice.



Abnormal blood glucose metabolism in the offspring of gestational diabetes mellitus-fecal microbiota transplantation group mice

The previous studies have shown that the offspring of women with GDM have an increased risk of diabetes (Khan, 2007; Farahvar et al., 2019; Sparks et al., 2022). Colonization of the neonatal microbiota is most affected by the mother’s microbiota (Jakobsson et al., 2014; La Rosa et al., 2014; Cong et al., 2016; Liu et al., 2019). To study the structural characteristics of the gut microecology of the offspring, we randomly selected four pregnant mice (two in each group) to give birth naturally (marked as GDM-FMT-P2 and healthy-FMT-P2). Four weeks postpartum, the pups were separated from the mothers, and female, and male mice were kept separately for eight weeks with a high-fat diet in an SPF environment. The experimental group gave birth to 15 mice (2 died naturally), and the experimental data of 13 mice (7 female mice and 6 male mice) were obtained. The control group gave birth to 11 pups (3 died naturally) and finally obtained experimental data from 8 mice (6 female mice and 2 male mice). The above five mice died naturally within 1 week after delivery (Figure 5A).
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FIGURE 5
Construction of offspring mouse model and phenotypic characteristics. (A) Schematic diagram of the offspring mouse model. (B) Scatter plot showing the weight of offspring at different ages. (C) The line chart shows the results of the 12-week-old IPGTT. (D) PCoA at the genus level based on Bray−Curtis distance is shown along the first two principal coordinate (PC) axes with Adonis p-values. (E) Through LDA analysis, the LDA scores of the microbial groups with significant effects in different groups are counted, showing the biomarker with significant differences, and the length of the histogram represents the impact of significantly different species. The healthy FMT-P2 group with a positive LDA score is shown in green. The GDM-FMT-P2 group with a negative LDA score is shown in red (cutoff value ≥ 2; p < 0.05). The numbers and letters in front of the bacteria represent classifying organisms markers: D_1: represents “Phylum,” D_2: represents “Class,” D_3: represents “Order,” D_4: represents “Family,” D_5: represents “Genus.” *p < 0.05.


We performed 16S rRNA gene sequencing analysis of pup feces. Four mice feces failed to establish the fecal bacteria library, and finally the fecal sequencing information of 17 mice (10 belonged to the GDM-FMT-P2 group and 7 belonged to the healthy-FMT-P2 group) was obtained. A total of 5,058,586 reads were obtained by sequencing, and the average number of reads per sample was 297,564. The sample-wise distribution of the reads and the average number of reads per group are as follows, GDM-FMT-P2: total 2,887,020, average 288702; healthy-FMT-P2: total 2,171,566, average 310,224 (Supplementary Table 1).

Our results suggest that there was no significant difference in the weight of 4-week-old pups between the two groups (p > 0.05). However, at 12 weeks of age, the weight of GDM-FMT pups was significantly higher than that of healthy-FMT pups (p < 0.05) (Figure 5B). More importantly, the results of the 12-week-old IPGTT showed that the 0.5 and 1-h blood glucose levels in the GMD-FMT-P2 group were higher than those in the healthy-FMT-P2 group (Figure 5C). Comparing the analysis of the gut microbiota of the two groups of offspring, significant differences in bacterial clustering were found (Figure 5D). The LefSe results showed that the relative abundances of Akkermansia, Parvibacter, Ruminococcus torques, Catenibacterium, and Candidatus Stoquefichus in the offspring of the healthy-FMT-P2 group were higher than those in the offspring of the GDM-FMT-P2 group. In addition, Anaeroplasma, Eubacterium_brachy group, Eubacterium_xylanophilum group, Lachnospiraceae UCG 006, Ruminiclostridium 5, Ruminococcaceae UCG_003, Oscillibacter, Lachnoclostridium, Ruminococcaceae UCG_009, Turicibacter, Bacteroides, Ruminococcaceae UCG_013, Enterorhabdus, Lachnospiraceae NK4A136 group, Globicatella, Enterococcus, Desulfovibrio, Anaerovorax, DNF00809, Harryflintia, and Romboutsia had higher relative abundances in the GDM-FMT-P2 group (Figure 5E). Therefore, the above results indicate that maternal intestinal microecology directly affects the intestinal microenvironment and the growth and development of offspring.




Discussion

In this FMT pregnancy mouse model study, the transplantation of fecal microbiota to GF mice showed different gut microbiota colonization patterns, and elevated blood glucose was induced in GF pregnancy mice receiving GDM microbiota. The influence of the gut microbiota continued on the offspring of mice and was also reflected in the increase in blood glucose and food intake in the experimental group. Akkermansia and Faecalibacterium were significantly lower in GDM-FMT mice than in the control group, which may be related to the content of short-chain fatty acids and naringenin in feces.


The state of pregnancy overturns the current gut microbial environment

The structure of the gut microbiota of mice changes dramatically before and during pregnancy. Our article published in 2021 introduced the changes in the intestinal microbiota of healthy women during pregnancy (early trimester, second trimester, and third trimester) and 6 weeks postpartum and found great changes in the gut microbiota during pregnancy and postpartum (Qin et al., 2021). In this experiment, we found that the mice had significant changes after pregnancy compared with before pregnancy, indicating that only the state of pregnancy (excluding the influencing factors of dietary changes and lifestyle during pregnancy) may be enough to change the intestinal microbial environment drastically. Moreover, the relative abundance of Akkermansia bacteria in all pregnant mice was significantly increased, indicating that a certain mechanism of pregnant individuals can promote the colonization and growth of Akkermansia bacteria, and this promotion has been more clearly demonstrated in healthy pregnant individuals. However, our results also showed that the Faecalibacterium bacteria did not have the above changes.

In our previous article (Liu et al., 2020), we found that GDM patients have intestinal microecology changed, the relative abundance of Akkermansia bacteria decreased, and the relative abundance of Blautia and Faecalibacterium increased. Akkermansia bacteria play an extremely important anti-inflammatory and hypoglycemic role during pregnancy. However, we found that Faecalibacterium had three periods of increased relative abundance in the healthy FMT group (Pre, T2, and T3). Our previous research suggests that the relative abundance of Faecalibacterium in GDM was higher than that in healthy controls in the second trimester. Reviewing the literature, Faecalibacterium is a butyrate producer with anti-inflammatory effects and has been shown previously to be reduced in the third trimester of healthy women compared to earlier pregnancy (Sokol et al., 2008; Koren et al., 2012; Crusell et al., 2018).



Metabolic characteristics of the gut microbiota

We performed metabolomics analysis on the feces of the two groups of pregnant mice and found that the levels of butyric acid and naringenin in the GDM-FMT group were significantly reduced. Butanoic acid is a kind of SCFAs that mainly includes acetic acid, propionic acid, and butanoic acid. Most SCFAs are the final product of bacterial fermentation. Short-chain fatty acids are important players in the interaction between the host and gut microbiota (Tsvetikova and Koshel, 2020) and have a variety of functions to maintain human health; for example, as a special nutrient supply and energy production component of the intestinal epithelium (Chen et al., 2017), SCFAs protect the intestinal mucosal barrier, reduce the level of inflammation in the body (Yang et al., 2020), and enhance gastrointestinal motility and function (Manichanh et al., 2012).

Naringenin is a citrus flavonoid that possesses a variety of biological activities. Studies have shown that naringenin has anti-bacterial (Rauha et al., 2000; Zeng et al., 2018), anti-inflammatory (Bodet et al., 2008; Yang et al., 2021), and scavenging free radicals and anti-oxidant effects (Yu et al., 2005; Rashmi et al., 2018). In non-gestational tissues, naringenin and apigenin inhibit proinflammatory mediators such as PGE2, cyclooxygenase-2 (COX-2) and TNF-α and suppress NF-Kb (Nicholas et al., 2007; Park et al., 2012). Researchers at the University of Melbourne treated the placenta, fetal membranes and myometrium with curcumin, naringenin and apigenin in the presence of lipopolysaccharide (LPS) or interleukin (IL)-1β. In the placental and fetal membranes, all treatments significantly reduced LPS-stimulated release and gene expression of the proinflammatory cytokines IL-6 and IL-8. In myometrial cells, all treatments attenuated IL-1β-induced COX-2 expression, release of PGE2 and PGF2α and expression and activity of MMP-9. Naringenin significantly attenuated IL-1β-induced IL-6 and IL-8 mRNA expression and release, and there was no effect on curcumin and apigenin (Lim et al., 2013). In addition, we found that naringenin has a strong positive correlation with pinocembrin [also proven to have anti-inflammatory effects (Sala et al., 2003; Wang et al., 2013; Poblocka-Olech et al., 2019)], butanoic acid and propanoic acid.

The content of naringenin in the intestinal of the two groups of mice consuming the same diet was significantly different, which may be the consequence of the effect of the gut microecology. Naringinase is an enzyme that has a wide occurrence in nature. Many natural glycosides(citrus flavonoids), including naringin, rutin, quercitrin, hesperidin, diosgene, and terphenyl glycosides, contain terminal α-rhamnose and β-glucose can act as substrates of naringinase. In humans, naringinase is found in the liver and rapidly metabolizes naringin into naringenin (Ribeiro, 2011). Therefore, we believe that the difference in intestinal naringenin content may be related to gut microecology and the biological activity of naringinase, which requires more in-depth research. Understanding the relationship between them may be important for clinical intervention in the intestinal microecology of pregnant women with gestational diabetes.



Effect of offspring mouse gut microbiota colonization, growth, and developmental changes

In this study, we studied the characteristics of bacterial colonization in offspring mice. We reared the offspring in a sterile environment until 4-weeks old and then divided them into SPF environments. After the offspring had constructed their own gut microbiota, we compared the two groups of gut bacteria and found that in healthy-FMT offspring, the relative abundance of Akkermansia bacteria, Parvibacter, and Ruminococcus torques group was significantly higher than that in the GDM-FMT group. These bacteria have been shown to be closely associated with blood sugar, anti-inflammatory and lipid metabolism (Song et al., 2019; Wu et al., 2022), and produce extracellular glycosidases (Hoskins et al., 1985). In contrast, Romboutsia, Lachnospiraceae UCG 006, Oscillibacter, Lachnoclostridium, and Harryflintia were more abundant in the intestines of GDM-FMT offspring mice. The differences in the microbiota of the offspring mice are reflected in their growth and development. Our research found that the weight gain and blood sugar levels of GDM offspring mice were higher than those of the control group. This shows that the colonization and future growth and development of the offspring’s intestinal microbiota are closely related to the intestinal microbiota of the mother.

The above analysis results are based on the relevant data of 21 offspring mice. These pups were derived from only four parent mice (two in each group), making the observed differences between offspring likely due to mothers between random variability or cage effects. During the experiment, we took various measures to make the data more reflective of the actual situation: (1) Performed the experiments in a sterile environment; (2) After successful pregnancy, all pregnant mice were kept in single cages; (3) Randomly selected mother mice for delivery.




Conclusion

Here, we designed this experiment to investigate in-depth the effect of gut microbiota in humans with GDM on blood glucose in pregnant mice and their impact on colonization of the microbiota of offspring. Mice are fertilized after FMT to simulate human pregnancy. Various abnormalities occurred in pregnant mice in the GDM-FMT group compared with the control group: a lower bacterial relative abundance of Akkermansia and Faecalibacterium in the gut, elevated blood glucose, high expression of inflammatory factors, and liver fat deposition. The offspring mice of this group were also had higher blood glucose levels (Figure 6). Based on the above results, we believe that the disturbance of gut microbiota in mother mice affects the development of the offspring, which provides a stronger basis and higher expectations for the intervention necessity and methods of the gut microbiota in pregnant women.


[image: image]

FIGURE 6
Schematic diagram of GDM gut microecological characteristics.


There are some shortcomings in this study. (1) Feed intake is affected by the number of fetuses in pregnant mice. It is generally believed that the nutritional intake and weight gain of multiple pregnancies are higher than that of singleton pregnancies. Feed intake is affected by the number of female mouse embryos, but we are missing this part of the data. (2) Despite our efforts to reduce between-group differences, the observed differences between offspring may still be affected by random variability between mothers or cage effects, so further experiments are warranted to validate the above results.



Data availability statement

Data that support the findings of this study are available under BioProject ID PRJNA836862. https://www.ncbi.nlm.nih.gov/bioproject/PRJNA836862.



Ethics statement

The animal study was reviewed and approved by Peking University Hospital Laboratory Animal Welfare Ethics Review Committee. Written informed consent was obtained from the owners for the participation of their animals in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

SQ designed and performed the experiments and wrote the original draft. HY conceptualized and supervised the experiments. YW, SW, and BN conducted data analysis. HY conducted a writing review. All authors contributed to the article, approved the submitted version, and have read and agreed to the published version of the manuscript.



Funding

This research was supported by the National Natural Science Foundation of China (81671483), National Key Technologies R&D Program (2021YFC2700700), Scientific Research Seed Fund of Hospital Peking University First (2020SF06), and Beijing Natural Science Foundation (7171011 and S150002).



Acknowledgments

We thank the Institute of Laboratory Animal Sciences, Chinese Academy of Medical Sciences, for providing us with germ-free mice and breeding environments.



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.870422/full#supplementary-material



References

Belkaid, Y., and Hand, T. W. (2014). Role of the microbiota in immunity and inflammation. Cell 157, 121–141.

Beucher, G., Viaris de Lesegno, B., and Dreyfus, M. (2010). Maternal outcome of gestational diabetes mellitus. Diabetes Metab. 36, 522–537.

Bodet, C., La, V. D., Epifano, F., and Grenier, D. (2008). Naringenin has anti-inflammatory properties in macrophage and ex vivo human whole-blood models. J. Periodontal. Res. 43, 400–407. doi: 10.1111/j.1600-0765.2007.01055.x

Caesar, R., Tremaroli, V., Kovatcheva-Datchary, P., Cani, P. D., and Backhed, F. (2015). Crosstalk between Gut Microbiota and Dietary Lipids Aggravates WAT Inflammation through TLR Signaling. Cell Metab. 22, 658–668. doi: 10.1016/j.cmet.2015.07.026

Cani, P. D., Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A. M., Delzenne, N. M., et al. (2008). Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 57, 1470–1481. doi: 10.2337/db07-1403

Catalano, P. M., McIntyre, H. D., Cruickshank, J. K., McCance, D. R., Dyer, A. R., Metzger, B. E., et al. (2012). The hyperglycemia and adverse pregnancy outcome study: associations of GDM and obesity with pregnancy outcomes. Diabetes Care 35, 780–786.

Chen, T., Kim, C. Y., Kaur, A., Lamothe, L., Shaikh, M., Keshavarzian, A., et al. (2017). Dietary fibre-based SCFA mixtures promote both protection and repair of intestinal epithelial barrier function in a Caco-2 cell model. Food Funct. 8, 1166–1173. doi: 10.1039/c6fo01532h

Cong, X., Xu, W., Janton, S., Henderson, W. A., Matson, A., McGrath, J. M., et al. (2016). Gut Microbiome Developmental Patterns in Early Life of Preterm Infants: Impacts of Feeding and Gender. PLoS One 11:e0152751. doi: 10.1371/journal.pone.0152751

Crusell, M. K. W., Hansen, T. H., Nielsen, T., Allin, K. H., Ruhlemann, M. C., Damm, P., et al. (2018). Gestational diabetes is associated with change in the gut microbiota composition in third trimester of pregnancy and postpartum. Microbiome 6:89. doi: 10.1186/s40168-018-0472-x

Crusell, M. K. W., Hansen, T. H., Nielsen, T., Allin, K. H., Ruhlemann, M. C., Damm, P., et al. (2020). Comparative Studies of the Gut Microbiota in the Offspring of Mothers With and Without Gestational Diabetes. Front. Cell. Infect. Microbiol. 10:536282. doi: 10.3389/fcimb.2020.536282

Damm, P., Houshmand-Oeregaard, A., Kelstrup, L., Lauenborg, J., Mathiesen, E. R., and Clausen, T. D. (2016). Gestational diabetes mellitus and long-term consequences for mother and offspring: a view from Denmark. Diabetologia 59, 1396–1399. doi: 10.1007/s00125-016-3985-5

Dora, C., Haines, A., Balbus, J., Fletcher, E., Adair-Rohani, H., Alabaster, G., et al. (2015). Indicators linking health and sustainability in the post-2015 development agenda. Lancet 385, 380–391.

Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B., et al. (2013). Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad. Sci. U.S.A. 110, 9066–9071. doi: 10.1073/pnas.1219451110

Farahvar, S., Walfisch, A., and Sheiner, E. (2019). Gestational diabetes risk factors and long-term consequences for both mother and offspring: a literature review. Expert. Rev. Endocrinol. Metab. 14, 63–74.

Fuller, M., Priyadarshini, M., Gibbons, S. M., Angueira, A. R., Brodsky, M., Hayes, M. G., et al. (2015). The short-chain fatty acid receptor, FFA2, contributes to gestational glucose homeostasis. Am. J. Physiol. Endocrinol. Metab. 309:E840–E851.

Geurts, L., Neyrinck, A. M., Delzenne, N. M., Knauf, C., and Cani, P. D. (2014). Gut microbiota controls adipose tissue expansion, gut barrier and glucose metabolism: novel insights into molecular targets and interventions using prebiotics. Benef. Microbes 5, 3–17. doi: 10.3920/BM2012.0065

Gomez de Aguero, M., Ganal-Vonarburg, S. C., Fuhrer, T., Rupp, S., Uchimura, Y., et al. (2016). The maternal microbiota drives early postnatal innate immune development. Science 351, 1296–1302. doi: 10.1126/science.aad2571

Gosalbes, M. J., Llop, S., Valles, Y., Moya, A., Ballester, F., and Francino, M. P. (2013). Meconium microbiota types dominated by lactic acid or enteric bacteria are differentially associated with maternal eczema and respiratory problems in infants. Clin. Exp. Allergy 43, 198–211. doi: 10.1111/cea.12063

Hansen, C. H., Krych, L., Nielsen, D. S., Vogensen, F. K., Hansen, L. H., Sorensen, S. J., et al. (2012). Early life treatment with vancomycin propagates Akkermansia muciniphila and reduces diabetes incidence in the NOD mouse. Diabetologia 55, 2285–2294. doi: 10.1007/s00125-012-2564-7

Hoskins, L. C., Agustines, M., McKee, W. B., Boulding, E. T., Kriaris, M., and Niedermeyer, G. (1985). Mucin degradation in human colon ecosystems. Isolation and properties of fecal strains that degrade ABH blood group antigens and oligosaccharides from mucin glycoproteins. J. Clin. Invest. 75, 944–953. doi: 10.1172/JCI111795

Ismail, N. A., Aris, N. M., Mahdy, Z. A., Ahmad, S., Naim, N. M., Siraj, H. H., et al. (2011). Gestational diabetes mellitus in primigravidae: a mild disease. Acta Med. 54, 21–24.

Jakobsson, H. E., Abrahamsson, T. R., Jenmalm, M. C., Harris, K., Quince, C., Jernberg, C., et al. (2014). Decreased gut microbiota diversity, delayed Bacteroidetes colonisation and reduced Th1 responses in infants delivered by caesarean section. Gut 63, 559–566. doi: 10.1136/gutjnl-2012-303249

Kc, K., Shakya, S., and Zhang, H. (2015). Gestational diabetes mellitus and macrosomia: a literature review. Ann. Nutr. Metab. 66, 14–20.

Khan, N. A. (2007). Role of lipids and fatty acids in macrosomic offspring of diabetic pregnancy. Cell Biochem. Biophys. 48, 79–88.

Kolodziejczyk, A. A., Zheng, D., Shibolet, O., and Elinav, E. (2019). The role of the microbiome in NAFLD and NASH. EMBO Mol. Med. 11:e9302.

Koren, O., Goodrich, J. K., Cullender, T. C., Spor, A., Laitinen, K., Backhed, H. K., et al. (2012). Host remodeling of the gut microbiome and metabolic changes during pregnancy. Cell 150, 470–480.

Kuang, Y. S., Lu, J. H., Li, S. H., Li, J. H., Yuan, M. Y., He, J. R., et al. (2017). Connections between the human gut microbiome and gestational diabetes mellitus. Gigascience 6, 1–12.

La Rosa, P. S., Warner, B. B., Zhou, Y., Weinstock, G. M., Sodergren, E., Hall-Moore, C. M., et al. (2014). Patterned progression of bacterial populations in the premature infant gut. Proc. Natl. Acad. Sci. U.S.A. 111, 12522–12527.

Lauenborg, J., Hansen, T., Jensen, D. M., Vestergaard, H., Molsted-Pedersen, L., Hornnes, P., et al. (2004). Increasing incidence of diabetes after gestational diabetes: a long-term follow-up in a Danish population. Diabetes Care 27, 1194–1199. doi: 10.2337/diacare.27.5.1194

Lim, R., Barker, G., Wall, C. A., and Lappas, M. (2013). Dietary phytophenols curcumin, naringenin and apigenin reduce infection-induced inflammatory and contractile pathways in human placenta, foetal membranes and myometrium. Mol. Hum. Reprod. 19, 451–462. doi: 10.1093/molehr/gat015

Liu, Y., Qin, S., Feng, Y., Song, Y., Lv, N., Liu, F., et al. (2020). Perturbations of gut microbiota in gestational diabetes mellitus patients induce hyperglycemia in germ-free mice. J. Dev. Orig. Health Dis. 11, 580–588. doi: 10.1017/S2040174420000768

Liu, Y., Qin, S., Song, Y., Feng, Y., Lv, N., Xue, Y., et al. (2019). The Perturbation of Infant Gut Microbiota Caused by Cesarean Delivery Is Partially Restored by Exclusive Breastfeeding. Front. Microbiol. 10:598. doi: 10.3389/fmicb.2019.00598

Macfarlane, S., and Macfarlane, G. T. (2003). Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 62, 67–72.

Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

Manichanh, C., Borruel, N., Casellas, F., and Guarner, F. (2012). The gut microbiota in IBD. Nat. Rev. Gastroenterol. Hepatol. 9, 599–608.

Martin, R., Nauta, A. J., Ben Amor, K., Knippels, L. M., Knol, J., and Garssen, J. (2010). Early life: gut microbiota and immune development in infancy. Benef. Microbes 1, 367–382.

Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony, J., et al. (2017). The First Microbial Colonizers of the Human Gut: Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiol. Mol. Biol. Rev. 81:e36–e17.

Mokkala, K., Houttu, N., Vahlberg, T., Munukka, E., Ronnemaa, T., and Laitinen, K. (2017). Gut microbiota aberrations precede diagnosis of gestational diabetes mellitus. Acta Diabetol. 54, 1147–1149. doi: 10.1007/s00592-017-1056-0

Mrizak, I., Grissa, O., Henault, B., Fekih, M., Bouslema, A., Boumaiza, I., et al. (2014). Placental infiltration of inflammatory markers in gestational diabetic women. Gen. Physiol. Biophys. 33, 169–176. doi: 10.4149/gpb_2013075

Nicholas, C., Batra, S., Vargo, M. A., Voss, O. H., Gavrilin, M. A., Wewers, M. D., et al. (2007). Apigenin blocks lipopolysaccharide-induced lethality in vivo and proinflammatory cytokines expression by inactivating NF-kappaB through the suppression of p65 phosphorylation. J. Immunol. 179, 7121–7127. doi: 10.4049/jimmunol.179.10.7121

Park, H. Y., Kim, G. Y., and Choi, Y. H. (2012). Naringenin attenuates the release of pro-inflammatory mediators from lipopolysaccharide-stimulated BV2 microglia by inactivating nuclear factor-kappaB and inhibiting mitogen-activated protein kinases. Int. J. Mol. Med. 30, 204–210. doi: 10.3892/ijmm.2012.979

Paul, H. A., Collins, K. H., Bomhof, M. R., Vogel, H. J., and Reimer, R. A. (2018). Potential Impact of Metabolic and Gut Microbial Response to Pregnancy and Lactation in Lean and Diet-Induced Obese Rats on Offspring Obesity Risk. Mol. Nutr. Food Res. 62:1700820. doi: 10.1002/mnfr.201700820

Poblocka-Olech, L., Inkielewicz-Stepniak, I., and Krauze-Baranowska, M. (2019). Anti-inflammatory and antioxidative effects of the buds from different species of Populus in human gingival fibroblast cells: Role of bioflavanones. Phytomedicine 56, 1–9. doi: 10.1016/j.phymed.2018.08.015

Qin, S., Liu, Y., Wang, S., Ma, J., and Yang, H. (2021). Distribution characteristics of intestinal microbiota during pregnancy and postpartum in healthy women. J. Matern. Fetal. Neonatal. Med. 35, 2915–2922. doi: 10.1080/14767058.2020.1812571

Rashmi, R., Bojan Magesh, S., Mohanram Ramkumar, K., Suryanarayanan, S., and Venkata SubbaRao, M. (2018). Antioxidant Potential of Naringenin Helps to Protect Liver Tissue from Streptozotocin-Induced Damage. Rep. Biochem. Mol. Biol. 7, 76–84.

Rauha, J. P., Remes, S., Heinonen, M., Hopia, A., Kahkonen, M., Kujala, T., et al. (2000). Antimicrobial effects of Finnish plant extracts containing flavonoids and other phenolic compounds. Int. J. Food Microbiol. 56, 3–12. doi: 10.1016/s0168-1605(00)00218-x

Rautava, S., Luoto, R., Salminen, S., and Isolauri, E. (2012). Microbial contact during pregnancy, intestinal colonization and human disease. Nat. Rev. Gastroenterol. Hepatol. 9, 565–576.

Ribeiro, M. H. (2011). Naringinases: occurrence, characteristics, and applications. Appl. Microbiol. Biotechnol. 90, 1883–1895. doi: 10.1007/s00253-011-3176-8

Ridaura, V. K., Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L., et al. (2013). Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 341:1241214. doi: 10.1126/science.1241214

Rodriguez, J. M., Murphy, K., Stanton, C., Ross, R. P., Kober, O. I., Juge, N., et al. (2015). The composition of the gut microbiota throughout life, with an emphasis on early life. Microb. Ecol. Health Dis. 26:26050.

Roelofsen, H., Priebe, M. G., and Vonk, R. J. (2010). The interaction of short-chain fatty acids with adipose tissue: relevance for prevention of type 2 diabetes. Benef. Microbes 1, 433–437. doi: 10.3920/BM2010.0028

Romero, R., and Korzeniewski, S. J. (2013). Are infants born by elective cesarean delivery without labor at risk for developing immune disorders later in life? Am. J. Obstet. Gynecol. 208, 243–246. doi: 10.1016/j.ajog.2012.12.026

Sacks, D. A., Hadden, D. R., Maresh, M., Deerochanawong, C., Dyer, A. R., Metzger, B. E., et al. (2012). Frequency of gestational diabetes mellitus at collaborating centers based on IADPSG consensus panel-recommended criteria: the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study. Diabetes Care 35, 526–528. doi: 10.2337/dc11-1641

Sala, A., Recio, M. C., Schinella, G. R., Manez, S., Giner, R. M., Cerda-Nicolas, M., et al. (2003). Assessment of the anti-inflammatory activity and free radical scavenger activity of tiliroside. Eur. J. Pharmacol. 461, 53–61. doi: 10.1016/s0014-2999(02)02953-9

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60.

Selma-Royo, M., Garcia-Mantrana, I., Calatayud, M., Parra-Llorca, A., Martinez-Costa, C., and Collado, M. C. (2021). Maternal diet during pregnancy and intestinal markers are associated with early gut microbiota. Eur. J. Nutr. 60, 1429–1442.

Shih, C. T., Yeh, Y. T., Lin, C. C., Yang, L. Y., and Chiang, C. P. (2020). Akkermansia muciniphila is Negatively Correlated with Hemoglobin A1c in Refractory Diabetes. Microorganisms 8:1360. doi: 10.3390/microorganisms8091360

Sililas, P., Huang, L., Thonusin, C., Luewan, S., Chattipakorn, N., Chattipakorn, S., et al. (2021). Association between Gut Microbiota and Development of Gestational Diabetes Mellitus. Microorganisms 9:1686.

Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermudez-Humaran, L. G., Gratadoux, J. J., et al. (2008). Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients. Proc. Natl. Acad. Sci. U.S.A. 105, 16731–16736.

Song, X., Zhong, L., Lyu, N., Liu, F., Li, B., Hao, Y., et al. (2019). Inulin Can Alleviate Metabolism Disorders in ob/ob Mice by Partially Restoring Leptin-related Pathways Mediated by Gut Microbiota. Genomics Proteomics Bioinform. 17, 64–75. doi: 10.1016/j.gpb.2019.03.001

Sparks, J. R., Ghildayal, N., Hivert, M. F., and Redman, L. M. (2022). Lifestyle interventions in pregnancy targeting GDM prevention: looking ahead to precision medicine. Diabetologia [Epub ahead of print]. doi: 10.1007/s00125-022-05658-w

Tilg, H., and Moschen, A. R. (2014). Microbiota and diabetes: an evolving relationship. Gut 63, 1513–1521.

Tsvetikova, S. A., and Koshel, E. I. (2020). Microbiota and cancer: host cellular mechanisms activated by gut microbial metabolites. Int. J. Med. Microbiol. 310:151425.

Valdez-Palomares, F., Nambo-Venegas, R., Uribe-Garcia, J., Mendoza-Vargas, A., Granados-Portillo, O., Meraz-Cruz, N., et al. (2021). Intestinal microbiota fingerprint in subjects with irritable bowel syndrome responders to a low FODMAP diet. Food Funct. 12, 3206–3218. doi: 10.1039/d0fo03162c

Wang, K., Ping, S., Huang, S., Hu, L., Xuan, H., Zhang, C., et al. (2013). Molecular mechanisms underlying the in vitro anti-inflammatory effects of a flavonoid-rich ethanol extract from chinese propolis (poplar type). Evid. Based Complement. Alternat. Med. 2013:127672. doi: 10.1155/2013/127672

Wu, L.-X., Liu, X., Hu, R.-K., Chen, Y.-X., Xiao, M., Liu, B., et al. (2022). Prebiotic Agrocybe cylindracea crude polysaccharides combined with Lactobacillus rhamnosus GG postpone aging-related oxidative stress in mice. Food Funct. 13, 1218–1231. doi: 10.1039/d1fo02079j

Wu, Y., Bible, P. W., Long, S., Ming, W. K., Ding, W., Long, Y., et al. (2020). Metagenomic analysis reveals gestational diabetes mellitus-related microbial regulators of glucose tolerance. Acta Diabetol. 57, 569–581. doi: 10.1007/s00592-019-01434-2

Xie, B. G., Jin, S., and Zhu, W. J. (2014). Expression of toll-like receptor 4 in maternal monocytes of patients with gestational diabetes mellitus. Exp. Ther. Med. 7, 236–240. doi: 10.3892/etm.2013.1360

Yang, J., Liu, L., Li, M., Huang, X., Yang, H., and Li, K. (2021). Naringenin inhibits proinflammatory cytokine production in macrophages through inducing MT1G to suppress the activation of NFkappaB. Mol. Immunol. 137, 155–162. doi: 10.1016/j.molimm.2021.07.003

Yang, W., Yu, T., Huang, X., Bilotta, A. J., Xu, L., Lu, Y., et al. (2020). Intestinal microbiota-derived short-chain fatty acids regulation of immune cell IL-22 production and gut immunity. Nat. Commun. 11:4457. doi: 10.1038/s41467-020-18262-6

Yu, J., Wang, L., Walzem, R. L., Miller, E. G., Pike, L. M., and Patil, B. S. (2005). Antioxidant activity of citrus limonoids, flavonoids, and coumarins. J. Agric. Food Chem. 53, 2009–2014.

Zeng, W., Jin, L., Zhang, F., Zhang, C., and Liang, W. (2018). Naringenin as a potential immunomodulator in therapeutics. Pharmacol. Res. 135, 122–126.

Zhu, W. W., Yang, H. X., Wei, Y. M., Yan, J., Wang, Z. L., Li, X. L., et al. (2013). Evaluation of the value of fasting plasma glucose in the first prenatal visit to diagnose gestational diabetes mellitus in china. Diabetes Care 36, 586–590.



OPS/images/fmicb-13-870422-g002.jpg
* I R

Prepregnancy

m
5

> I

PLSDA
3
i
" } X-var?iate 1: 14% expl var} 1
100% e —
— i =
90%
80%
70%
60%
50%
40%
30% I
20% I
o 1 == =
& & % © ) ‘v Q
& ° DO R S
K
& Q\"%& Healthy-FMT
Akkermansia
*
1.0-
@
e
3 05 *
: -
=
o)
©
2
= 0.0 I
L)
[}
(14 ~A—~ GDM-FMT
~@~— Healthy-FMT

-0.5 I | | |
Pre T T2 T3

—a— ® GDM-FMT
—
% Akkermansia=
i
Legend °
(o] GDM Parabacteroides=
-
® Healthy
Escherichia-Shigella—
Bacteroides=
o]
T T T T 1
-0.2 0.0 0.2 0.4 0.6 0.8
Relative abundance

D_4__Ruminococcaceae; D_S__uncultured
w D_4__Lachnospiraceae; D_5__Roseburia
®m D_4__Porphyromonadaceae; D_5__Coprobacter
m D_4__Enterobacteriaceae; D_S5__ Klebsiella
m D_4__ Peptostreptococcaceae; D_S__Peptoclostridium
m D_4_ Bifidobacteriaceae; D_5__Bifidobacterium
mD_4_ Lachnospiraceae; D_5__ Blautia
mD_4_ Prevotellaceae; D_S__Prevotella 9
B D_4__ Lachnospiraceae; Other
®m D_4__Ruminococcaceae; D_S__Faecalibacterium
m D_4__ Porphyromonadaceae; D_5__Parabacteroides
w D_4__Rikenellaceae; D_5__Alistipes
= D_4_ Verrucomicrobiaceae; D_5__Akkermansia
®m D_4__ Bacteroidaceae; D_S5__Bacteroides

m D_4__ Enterobacteriaceae; D_S5__Escherichia-Shigella

Faecalibacterium

~4&— GDM-FMT
~@— Healthy-FMT

LFCIEE S R
GDM-FMT
E
0.006-
Q
O
S 0.004-
©
=
-
S 0.002-
Q
2
©
= 0.000
14
-0.002

I I 1 I
Pre T1 T2 T3





OPS/images/fmicb-13-870422-g003.jpg
Superclass

Organic acids and derivatives 23.848%

Lipids and lipid-like molecules 20.681%
Organoheterocyclic compounds 14.108%

Undefined 12.465%

Benzenoids 11.583%

Organic oxygen compounds 6.814%
Phenylpropanoids and polyketides 5.21%

Organic nitrogen compounds 2.285%

Alkaloids and derivatives 0.882%

Nucleosides, nucleotides, and analogues 0.681%
"Nucleosides, nucleotides, and analogues" 0.601%
Lignans, neolignans and related compounds 0.361%
Organosulfur compounds 0.2%

Homogeneous non-metal compounds 0.08%
Hydrocarbon derivatives 0.04%

Organic 1,3-dipolar compounds 0.04%
Organometallic compounds 0.04%
Organophosphorus compounds 0.04%
Phenylpropanoids and polyketides/Alkaloids and derivatives 0.04%

Butanoic acid 2

Narln?

hbeenzyI alcohol

Aldost K
Phos hocreatlne
Cis—8,11,14—eicosatrienoic acid

L= erythro sphinganine-1-phosphate
Leukotriene 4 0
Hydroxyprolin

2~ Deoxyrlbose5 phosphate

DL-threonine

Codelne
D-erythro- lmldazolylglycerol phosphate
N-acetylneuraminic aci
Ophthalmate roup
1 alpha téydroxyestrone
GDM-FMT

~_ Beta-—estr
Healthy-FMT

Folinic acid

Paxill

15-ketofluprostenol
acid

5~(2~(furan-3~yl)ethyl]-8a~(hydroxymethy#<5.6-gimethyl~3.4 46\ y Reserpic acid
olate

Hydrocortisone

~hemisuccinate

1-palmitoyl-2- =sn-glydero-3yphospho-(1'-rac-glycerol)
4V
L e

mﬂmlylglyoerol phosphate

en-3,17.beta.-diol 17-glucosiduronate

bmnyi‘larmgemn

r'

1,3,5(10)-estra
. ~lysophosph lIdIC aCI

= i @’ —

Cz A

rahydrogambogic acid

Hexose + c13h2102

/

anoic acid Superclass

ethyl esfer

Lipids and lipid-like molecules
Organic acids and derivatives
Organic oxygen compounds
Organoheterocyclic compounds
Phenylpropanoids and polyketides
Undefined

osterone

Mundulone Soyasaponin ii





OPS/images/fmicb-13-870422-g001.jpg
A

PCoA of Bray-Curtis distance

0.2

LiuY,Qin S, etal.

0.0- ¢

This article
e

Axis.2 [22%)]

-0.2-

0.2

PY p<0.001
R2=0.2186
Liu Y, Qin S, et al. Group
e A
This article A ® GDM
A o ® Health
Stage
® Donor
A Mix
@
®
0.0 0.2

Axis.1 [31.6%]

o {7

Germ Free Mice
n=20, ¢

_ GDM-Donor FMT
n=10

___ Healthy-Donor FMT _
n=10

_— B ® GDM-donor
oribacter +
. m Healthy-donor
I
Butyricimonas
&
-
%% Akkermansia
[
} L |
Faecalibacterium +
—e—
H Q ) Q Q \)
,Q'Q QQ QQ Qt\ Q Q‘} Qq'

After one week

-~ add & mice

Relative abundance

GDM-FMT Group
n=7 (No.1,3,4,7,8,9, 10)

Healthy-FMT Group
— n=5 (No.12, 13,16, 19, 20)





OPS/images/fmicb-13-870422-g006.jpg
D~ e

[GDM-FMT ] > [Offspring ]

[ \

* Akk ] g
SIS * Akkermansia, Parvibacter W
* Faecalibacterium
\ e Oscillibacter, Romboutsia, f
Harryflintia
 Short-chain fatty acids * b /
* Naringenin _—

\.

* Chronic low-grade inflammation

* Intestinal permeability of the small
intestine

S ¥

. { Hyperglycemia f}

* Fat deposits






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/nav.xhtml




Contents





		Cover



		Gut microbiota in women with gestational diabetes mellitus has potential impact on metabolism in pregnant mice and their offspring



		Introduction



		Materials and methods



		Animal procedures



		Intraperitoneal glucose tolerance test and enzyme-linked immunosorbent assay test



		16S rRNA gene sequencing



		Untargeted metabolomics assays and quality control



		Metabolomics data preprocessing and analysis



		Statistical analysis



		Using FMT to construct a GDM mouse model







		Results



		The two groups of mice showed different characteristics of gut microbiota



		Gestational diabetes mellitus-fecal microbiota transplantation mice had low gut short-chain fatty acids



		Impaired glucose tolerance in gestational diabetes mellitus-fecal microbiota transplantation group mice



		Abnormal blood glucose metabolism in the offspring of gestational diabetes mellitus-fecal microbiota transplantation group mice







		Discussion



		The state of pregnancy overturns the current gut microbial environment



		Metabolic characteristics of the gut microbiota



		Effect of offspring mouse gut microbiota colonization, growth, and developmental changes







		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fmicb-13-870422-g004.jpg
2.0

S
0
2 & o SCI
£ " o ¥
2 i o
0 - -« El -
0 5 ° Tl “%
=
L 2 I T T T
= = T N 9 o @9
o 32 > = 2 F B W
4 5 oI — (jw/Bn) uonenuasuo) yqa4
‘o '
< o
(04 I T T 4 =
(=} (=} (=} o o
[ ¢ T oun ot
<z INoww
Q. I
o \
9 = ‘|T <
o, 4
(04 0
I T T T T ! [ = ! ! ! !
wn < ™ N - o w W m m o
(6) @xejul pasy abesany
. ~le (qw/bd)uonesyuasuon
g T
() =
L 2
M - —
3 &S oﬁ
© I T T i M - * 7l
K= s 8 & ¢ ° O
)l R ) _. .
7/1oww O

o o

o o

0 <
(qwy/Bd)uonesyuasuon

+ 3
—t

159 -a GDM-FMT
-o- Healthy-FMT
-5 1 | 1
DO D6 D12
D
Pre
-o- Healthy-FMT
0.5 1.0 1.5 2.0
G
TNF-a
* -—
600~ 800
200~ 200

AOI wn o I
o
sabe)s Juasayip ul | S e = S
(6) ureb jJybiapp A .w = (qwyBd)uonenuasuorn
/10ww





OPS/images/fmicb-13-870422-g005.jpg
Weight (g)

P1-07

P1-10

©x2 (Natural death 1)
d%3

Ox6
d'x4 (Natural death 1)

GDM-FMT-P2
(n=13) « Body Weight

« OGTT

P1-16

P1-20

A
®

eT -

?x5 (Natural death 2)
d'x2 (Natural death 1)

O3
3x1

Healthy-FMT-P2 |* Faeces
(n=8)

Yo

mmol/L

~4~ GDM-FMT-P2

GDM-FMT-P2

Healthy-FMT-P2 -o- Healthy-FMT-P2

PC2 (17.17%)

Sy

0.04

1 P=0.003

T T 0

o

| | |
0.5 1.0 1.5 2.0

PCoA - PC1vs PC2

-o- GDM-FMT-P2
-4 Healthy-FMT-P2

R2=0.28931

-0.50 -0.25

0.25
PC1 (55.75%)

-4

Bm GDM-FMT-P2 mmm Healthy-FMT-P2

D3 V]

D_5_ Candid
D_5]

D_5__ Ruminocodg

errucomicrobiales

D 5_ Akkermansia

_[Verrucomicrobiae
1| Verrucomicrobia

__|Akkermansiaceae

D_5_ Parvibacter
jlatusStoquefichus
| Catenibacterium

cus_torquesgroup

D_5__uncultured

-

0

D_5_GCA_90006
D_4__Anaeroplasr
D_3_ Anaeroplasr
D_2_ Mollicutes

D_1_ Tenericutes
D_5__ Anaeroplasr
D_5__ Eubacteriu
D_5__ Eubacteriu
D_4_ Clostridiales
D_5__Lachnospira
D_5__Ruminiclost
D_4__FamilyXIll

D_5__Ruminococd

D_5_ Oscillibactef

D_5__Lachnoclost
D_5__Ruminococg
D_5_ Turicibacter
D_4_Bacteroidac|
D_5_ Bacteroides
D_5__uncultured

D_5_ Ruminococg
D_4_Eggerthellaq
D_2_ Coriobacterf
D_3_ Coriobacterf
D_5__Enterorhabg

D_4 Aerococcace

D_5_ Lachnospira
D_1_ Actinobacte
D_5__ Globicatella
D_4__Enterococcg
D_5__Enterococcy
D_5__uncultured
D_5_ Desulfovibri
D_5_ Anaerovoraj
D_5__uncultured
D_5__DNF00809
D_5_ Harryflintia
D_4_ Lachnospira
D_5_ Romboutsia
D_4_Peptostrepts
D_2_ Clostridia
D_3_ Clostridiales

6575
hataceae

natales

ha
m_brachygroup
m_xylanophilumgrg
vadinBB60group
ceaeUCG_006

fidium5

laceaeUCG_003

ridium
laceaeUCG_009

pae

laceaeUCG_013
feae

ia

ales

lus

ae
ceaeNK4A136grou

ria

ceae

S

D

K

ceae

pCOCCaceae

D

2

LDA SCORE (log 10)





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Gut microbiota in women with
gestational diabetes mellitus has
potential impact on metabolism

in pregnant mice and their
offspring












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







