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Objective

To investigate the association of differential metabolites with small intestinal microflora and maternal outcomes in subclinical hypothyroidism (SCH) during pregnancy.



Methods

The plasma of pregnant women in the SCH group and control group was analyzed by liquid chromatography-mass spectrometry (LC-MS), obtaining differential metabolites. Then, methane and hydrogen breath tests were performed in both groups, and basic clinical data and maternal outcome information were collected. Finally, differential metabolites were analyzed for small intestinal bacterial overgrowth (SIBO) and pregnancy outcomes using Spearman correlation analysis.



Results

(1) Multivariate statistics: There were 564 different metabolites in positive ion mode and 226 different metabolites in negative ion mode. (2) The positive rate of the methane hydrogen breath test in the SCH group was higher than that in the control group (p<0.05). (3) KEGG pathway analysis revealed that differential metabolites were mainly involved in bile secretion, cholesterol metabolism, and other pathways. (4) Serum cholesterol (TC) and triglyceride (TG) levels and hypertensive disorder complicating pregnancy (HDCP) were higher in the SCH group (p<0.05), and newborn birth weight (BW) was lower than that in the control group (p<0.05). (5) SIBO was negatively correlated with glycocholic acid and BW, and positively correlated with TC. Glycocholic acid was negatively correlated with TG but positively correlated with BW. TG was positively correlated with HDCP.



Conclusion

Differential metabolites in the SCH group during pregnancy were disordered with small intestinal bacteria, which may affect pregnancy outcomes, and bile acids and cholesterol may be potential biomarkers for studying their mechanism of action.
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Introduction

Subclinical hypothyroidism (SCH) in pregnancy is the most common type of hypothyroidism in pregnancy. At present, the diagnosis of hypothyroidism in pregnancy is based mainly on the examination of serum thyroid stimulating hormone (TSH) and free thyroid hormone (FT4), which lack obvious clinical symptoms (Velasco and Taylor, 2018). Although hypothyroidism during pregnancy may cause many adverse effects, such as fetal growth restriction, placental abruption, gestational hypertension, and neurodevelopmental disorders in the offspring (Fetene et al., 2017; Mahadik et al., 2020; Gietka-Czernel and Glinicki, 2021; Han et al., 2021), relevant studies on the pathogenesis of hypothyroidism and how to affect maternal and child outcomes are still scarce. Therefore, more research is needed to explore new biomarkers regarding the mechanism of action of SCH in pregnancy.

The mechanism of thyroxine metabolism is considered an important topic in the pathogenesis of SCH. Posadas-Romero et al. (2014) found that thyroid function status affects metabolism, and disturbed hepatic lipid metabolism has been shown in SCH mice (Zhang et al., 2020), but the specific mechanisms still require further investigation. Metabolomics can simultaneously respond to the changing trends of multiple metabolites in the body through systematic data screening to find biomarkers related to the disease. At present, some studies (Lauritano et al., 2007; Zhou et al., 2014; Virili and Centanni, 2015; Yao et al., 2020) show that the intestinal flora may play a role in thyroid function and that dysregulated intestinal flora can lead to hypothyroidism. Since most nutrient absorption occurs in the small intestine, it is important to understand the characteristics of the mucosa in this intestinal region (El Aidy et al., 2013). The lactulose breath test (LBT) qualitatively evaluates bacterial growth in the small intestine, with the advantages of being noninvasive, convenient, sensitive, accurate, and reproducible (Cangemi et al., 2021). Therefore, in this study, we used LC-MS to explore the changes in metabolites in the serum of pregnant women during pregnancy, and the methane hydrogen breath test evaluated the bacterial growth of the small intestine. In addition, we associated differential metabolites with SIBO-positive conditions and pregnancy outcomes and explored how SCH during pregnancy affected pregnancy outcomes.



Subjects and Methods


Study Subjects

Pregnant women who received regular perinatal health care in the outpatient department of the Third Affiliated Hospital of Zhengzhou University and gave birth in the hospital between July 2019 and January 2020 were randomly selected. They included 30 pregnant women with SCH (SCH group) in late pregnancy and 30 healthy pregnant women (control group) in the third trimester of pregnancy who met the inclusion criteria.


Inclusion Criteria

(1) The thyroid function levels of the SCH group met the diagnostic criteria in the 2017 guidelines of the American Thyroid Association for the diagnosis and management of thyroid disease during pregnancy and the postpartum (Alexander et al., 2017) and the reference-range criteria developed by the Department of Clinical Laboratory of the Third Affiliated Hospital of Zhengzhou University (11.5<FT4<22.7 pmol/L, TSH>4.0 mIU/L). The control group included pregnant women who had normal thyroid function and did not have other obstetric complications. (2) All pregnant women were in the third trimester of pregnancy.



Exclusion Criteria

The exclusion criteria were as follows: (1) patients aged <18 years, (2) patients who had gestational diabetes mellitus, (3) patients who tested positive for thyroid peroxidase antibody, (4) patients who had central hypothyroidism, (5) patients who were taking antithyroid drugs or thyroid hormone replacement, (6) subjects with special habits, such as taking yogurt or probiotic products every day, (7) patients with persistent poor defecation for >3 months (Jani and Marsicano, 2018), (8) patients with long-term use of antibiotics or drugs that regulate intestinal flora, (9) patients with a medical history of circulatory system, digestive system, etc., conditions, (10) patients who had been hospitalized for intestinal illness or had intestinal surgery, (11) patients whose clinical diagnosis was anxiety and depression (Slyepchenko et al., 2017), (12) patients who had used antidiarrheal drugs, probiotics, or antibiotics in the last 2 weeks, (13) subjects with abnormal stool examination results, and (14) patients who had severe liver and kidney disease.




Specimen Collection

All pregnant women fasted for 8-12 h before blood collection. A total of 5 mL blood from the median cubital vein was collected in ethylenediaminetetraacetic acid-coated tubes. After collection, the collection tube was gently inverted four times, wrapped in aluminum foil, and temporarily stored in a 4°C refrigerator. Blood samples were centrifuged within 2 h of sample collection in a low-temperature centrifuge at 4°C and 1600×g for 10 min. Metabolite extraction was primarily performed according to previously reported methods. In short, 100 µL samples were extracted by directly adding 300 µL of precooled methanol and acetonitrile (2:1, v/v), internal standards mix 1 (IS1) and internal standards mix 2 (IS2) were added for quality control of sample preparation. After Vortex for 1 min and incubate at -20°C for 2 h, samples were centrifuged for 20 min at 4000 rpm, and the supernatant was then transferred for vacuum freeze drying. The metabolites were resuspended in 150 µL of 50% methanol and centrifuged for 30 min at 4000 rpm, and the supernatants were transferred to autosampler vials for LC-MS analysis. A quality control (QC) sample was prepared by pooling the same volume of each sample to evaluate the reproducibility of the whole LC-MS analysis.



Data Collection

Data on age, BMI, gestational age, hypertensive disorder complicating pregnancy (HDCP), placental abruption, and serum TSH, FT4, TG, TC, LDL, and HDL levels at enrollment were collected. The neonatal Apgar scores at 1 min and 5 min, birth weight (BW), neonatal malformation, neonatal congenital methyl reduction, etc., were also collected.



LC-MS/MS Analysis


Main Instruments and Reagents

The internal standard mix (IS) contains: L-Leucine-d3,L-PHENYLALANINE (13C9, 99%),L- Tryptophan-d5,Progesterone-2,3,4-13C3.

MS-grade methanol (A454-4) and acetonitrile (A996-4) were purchased from Thermo Fisher Scientific (USA). Formic acid was purchased from DIMKA (50144-50 ml, USA) and ammonium formate (17843-250G, Honeywell Fluka, USA) was obtained from Fluka. Ultrapure water was filtered through the Milli-Q system.



Chromatographic Conditions

The samples were analyzed on a Waters 2D UPLC (Waters, USA), coupled to a Q-Exactive mass spectrometer (Thermo Fisher Scientific, USA) with a heated electrospray ionization (HESI) source and controlled by the Xcalibur 2.3 software program (Thermo Fisher Scientific, Waltham, MA). Chromatographic separation was performed on a Waters ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 mm × 100 mm, Waters, USA), and the column temperature was maintained at 45°C. The mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B) in the positive mode, and in the negative mode, the mobile phase consisted of 10 mM ammonium formate (A) and acetonitrile (B). The gradient conditions were as follows: 0-1 min, 2% B; 1-9 min, 2%-98% B; 9-12 min, 98% B; 12-12.1 min, 98% B to 2% B; and 12.1-15 min, 2% B. The flow rate was 0.35 mL/min and the injection volume was 5 μL.



Mass Spectrometry Conditions

The mass spectrometric settings for positive/negative ionization modes were as follows: spray voltage, 3.8/-3.2 kV; sheath gas flow rate, 40 arbitrary units (arb); aux gas flow rate, 10 arb; aux gas heater temperature, 350°C; capillary temperature, 320°C. The full scan range was 70 - 1050 m/z with a resolution of 70,000, and the automatic gain control (AGC) target for MS acquisitions was set to 3e6 with a maximum ion injection time of 100 ms. The top 3 precursors were selected for subsequent MSMS fragmentation with a maximum ion injection time of 50 ms and resolution of 30,000, the AGC was 1e5. The stepped normalized collision energy was set to 20, 40, and 60 eV.

In order to provide more reliable experimental results during instrument testing, the samples are randomly ordered to reduce system errors. A QC sample is interspersed for every 10 samples.




Methane Hydrogen Breath Test

The intake of foods that are prone to gas production, and rich in cellulose and carbohydrates, such as dairy products, soy products, artificially sweetened foods and beverages, alcohol-containing preparations, wheat noodles, high cellulose vegetables, etc., were prohibited within the 24 h before the test, while cooked rice, beef, baked skinless chicken, eggs, and sugar-free water were allowed. Within the 12 h before the test, subjects were only allowed to drink a small amount of boiled water. On the test day, smoking (including second-hand smoke) was prohibited, subjects should brush their teeth, stay awake and quiet, and avoid intense activities (Rezaie et al., 2017). The level of hydrogen and methane in the breath samples was measured using the BreathTracker SC (QuinTron, USA). The baseline level of hydrogen and methane in the fasting state was measured after calibration with standard gas. A total of 10 g of lactulose oral solution (Beijing Hanmi Pharmaceutical Co., Ltd.) was dissolved in about 239 ml of warm water, which was quickly consumed by the subject, and the breath of the subject was tested every 20 min for 120 min (Cohen-Mekelburg et al., 2018). The level of hydrogen and methane at each time point was measured and recorded, based on which the Time-Abundance curves for hydrogen and methane were generated.


Diagnostic Method for SIBO

The breath test results were analyzed as follows (Lee et al., 2013; 2014; Kasir et al., 2016): (1) an increase of ≥ 20 ppm from baseline in hydrogen by 90 min was considered a positive test to suggest the presence of SIBO; (2) if the methane concentration was higher than the fasting baseline value by 10 ppm within 90 min of the breath test, SIBO was considered positive; and (3) if the hydrogen and methane concentration did not reach the above values, the sum of the two was higher than the sum of the fasting baseline values of hydrogen and the methane concentration was more than 15 ppm within 90 min of the breath test, SIBO was considered positive.




Statistical Analysis

LC-MS/MS raw data (raw file) were imported into Compound Discoverer 3.1 (Thermo Fisher Scientific, USA) for data processing for peak extraction, retention time correction within and between groups, and metabolite identification, and the compound molecular weight, retention time, peak area, and identification results were exported. Later, metaX was imported for data preprocessing, and the data were corrected by the QC-RLSC method. Differential metabolites between groups were screened using a combination of multiple statistical analyses (PCA and PLS-DA) and univariate analysis [multiple of difference change (fold change, FC) and T test (Student’s t test)]. For the metabolic pathway enrichment analysis of differential metabolites based on the KEGG database, the metabolic pathway of p value <0.05 was significantly enriched for differential metabolites. This study used SPSS software version 25.0 to process the basic information of pregnant women. The normal distribution is described by the mean ± standard deviation (χ ± s), and an independent sample t test was used to compare differences between groups. Categorical variables are described as frequency, and the differences between groups were determined by the chi-squared test. Correlation analysis was performed using the Spearman analysis method.




Results


General Clinical Data and Pregnancy Outcomes

This study enrolled 30 patients in the SCH group and 30 patients at the same stage of pregnancy in the control group. Table 1 provides the general clinical data and pregnancy outcomes of the subjects in the two groups. There was no significant difference between the two pregnancy groups in age, prepregnancy BMI, week gestation, FT4, high-density lipoprotein (HDL), Apgar scores at 1 and 5 min, placental abruption, neonatal malformations, or neonatal congenital hypothyroidism. However, the serum TSH, TC, TG, and LDL levels, newborn BW levels, and occurrence of HDCP were significantly different between the two groups (p<0.05).


Table 1 | Comparison of general clinical data between the SCH group and the control group.





Multivariate Statistical Analysis of the Metabolomics Data

Unsupervised PCA was performed on the experimental and control samples, with the first two principal components PC1 and PC2 being PC1 (7.94%) and PC2 (6.24%) in positive ion mode (Figure 1A) and PC1 (10.76%) and PC2 (6.70%) in negative ion mode (Figure 1D). In the positive-negative ion mode, most of the sample points of the two groups overlapped in the two-dimensional PCA point mode, but there were still differences in the first principal component and some anomalous points, indicating differences in experimental and control metabolism.




Figure 1 | Differential metabolites analysis for the SCH group and the control group. (A) PCA plot in positive ionic mode; (B) PLD-DA plot in positive ionic mode; (C) Volcano plot in positive ionic mode; (D) PCA plot in negative ionic mode; (E) PLD-DA plot in negative ionic mode; (F) Volcano plot in negative ionic mode.



To further validate the significant differences between the experimental and control groups, the two data groups were remodeled and analyzed using a supervised PLS-DA multivariate approach. The scores of the first two major components, PC1-PC2, obtained in positive and negative ion mode were PC1 (6.53%), PC2 (5.05%), PC1 (10.25%), and PC2 (4.42%), as shown in Figures 1B, E, respectively. In positive-negative ion mode, the sample points in the two groups were completely separated in two-dimensional PCA point mode, indicating that the metabolism between the experimental group was different from that of the control group.

By calculating the strength of the importance of variable projection significance (variable important for the projection, VIP), a VIP greater than 1 indicates that the variable has a significant effect on the discrimination of the sample categories. Conditions for differential metabolite screening:

1) The VIP of the first two principal components in the PLS-DA model ≥1, 2) FC≥1.2 or ≤0.83, and 3) p value <0.05. The volcano plots take log2 (FC) as the abscissa and log10 (P values) as the ordinate, and the final positive and negative ion patterns are shown in Figures 1C, F. Multivariate statistical analysis found a total of 564 differential metabolites in positive ionic mode, with 247 upregulated and 317 downregulated, and 226 differential metabolites in negative ionic mode, with 83 upregulated and 143 downregulated. Each dot in the figure represents one metabolite, red dots represent upregulated differential metabolites, green dots represent downregulated metabolites, and gray dots represent nondifferent metabolites.



Methane Hydrogen Breath Test Results

Table 2 shows that the SCH group had significantly higher SIBO-positive rates than the control pregnant women (p<0.05). There was no significant difference in the pure hydrogen positive rate (p> 0.05). Pure methane positivity and hydroxide positivity were statistically significant (p<0.05). The mean expiratory hydrogen abundance (Figure 2A) and mean expiratory methane abundance (Figure 2B) were significantly higher in the experimental group than in the control group.


Table 2 | The rate of SIBO positive, pure hydrogen-positive, pure methane-positive, and hydrogen-methane positive between SCH group and the control group.






Figure 2 | The time-abundance curve for hydrogen and methane. (A) The time-abundance curve for hydrogen; (B) The time-abundance curve for methane.





Pathways Analyses

Using metabolic pathway enrichment analysis of differential metabolites based on the KEGG database, the metabolic pathway with a p value <0.05 was significantly enriched for differential metabolites, and bubble plots of pathways with significantly enriched differential metabolites are shown in Figure 3. Differential metabolites involve multiple pathways, mainly bile secretion, cholesterol metabolism, primary bile acid synthesis, etc.




Figure 3 | KEGG enrichment scatter plot. (A) KEGG enrichment scatter plot in positive ionic mode; (B) KEGG enrichment scatter plot in negative ionic mode.





Correlation Analysis of SIBO With Metabolites and Clinical Data

The differential metabolite glycocholic acid, the most divergent pathway in the KEGG metabolic pathway, was selected for correlation analysis with SIBO and clinical data, as shown in Table 3. SIBO was negatively correlated with glycocholic acid levels, BMI, and BW and positively associated with TSH and TC levels. Glycocholic acid was negatively correlated with TSH and TG levels but positively correlated with BW. TG was positively correlated with HDCP.


Table 3 | Correlation analysis of SIBO with metabolites and clinical data.






Discussion

Thyroid disease is the second largest endocrine disease after diabetes in pregnant women, and subclinical hypothyroidism during pregnancy has the highest incidence of thyroid disease. The intestinal flora is considered to be the largest endocrine organ in the human body, directly participating in a variety of metabolic processes of the body and affecting the function of the thyroid and other organs (Virili and Centanni, 2017; Li et al., 2021). Most current studies use 16S rRNA technology to detect the intestinal microbiota characteristics of diseases, and research on the correlation between them is scarce. In this study, metabolomics combined with the methane hydrogen breath test was used to evaluate the metabolism of hypothyroidism during pregnancy and the occurrence of SIBO.

Metabolic multiple statistical analysis found 564 differential metabolites in the experimental and control pregnant women in the positive ion mode and 226 in the negative ion mode. In both positive and negative ion patterns, we found decreased bile acid levels in the experimental group compared with control pregnant women, and a negative association with TSH by glycocholic acid. Wu et al. (2005) and Song et al. (2016) have similarly found TSH to be an important regulator of BA homeostasis, with decreased bile acid levels in hypothyroidism patients. Therefore, we consider its possible mechanism as follows: (1) Alternative pathways such as sulfidation and glucuronidation in the liver may function in thyroid hormone metabolism in peripheral tissues, and these combinations can ester phenolic hydroxyl groups with sulfate or glucuronate, which increases the water solubility of iodothyronine, resulting in elevated bile and kidney clearance and reduced intestinal absorption. (2) TSH can inhibit the activity of cholesterol 7 α-hydroxylase (CYP7A1) through the TSH receptor (TSHR) in the liver, leading to reduced bile acid (BA) levels.

In this study, the SIBO-positive rate was higher in the experimental group than in the control pregnant women. When SIBO occurs, abnormal bacteria in the small intestine metabolize carbohydrates that produce hydrogen, methane, and carbon dioxide, transported by passive diffusion to lung capillaries and discharged from the body, whose contents can be detected by chromatography (Dabritz et al., 2014). However, our study found no significant difference in the incidence of SIBO by hydrogen abundance alone. Therefore, the addition of methane and methane with hydrogen is more accurate for assessing the incidence of SIBO in pregnant women. Of course, the reason why there is no obvious difference between hydrogen may be that hydrogen in the gut is consumed to produce methane and H2S gases. However, the line chart of this experiment still shows the abundance of hydrogen and methane in the exhaled gas in the experimental group compared with the control group, and TSH was positively associated with SIBO. This shows that small intestinal bacteria are disordered in pregnant women during pregnancy and that the abnormal growth of bacteria produces hydrogen and methane in the small intestine.

Using KEGG metabolic pathway analysis of differential metabolites, we found that the two pathways of bile acid secretion and cholesterol metabolism were most significantly different in both positive and negative ion modes, and both pathways contained glycocholic acid, taurochenodeoxycholic acid, and glycochenodeoxycholate. We found that SIBO was negatively correlated with glycocholic acid. Intestinal bacteria are considered the largest endocrine organ in the body. Animal experiments (Swann et al., 2011) indicate significant differences in the composition of bile acids and the gene expression profiles involved in bile acid synthesis, binding, and reabsorption in sterile mice and mice with normal flora. Disruption of the gut flora reduces the number of bacteria producing secondary bile acids and reduces the levels of secondary bile acids (cholic acid and deoxycholic acid) (Ge et al., 2018). In addition, bile acids also have certain bacterial toxicity. In addition to inhibiting methanogens, they can inhibit other hydrogen-consuming bacteria, which can affect the growth rate of bacteria and change the levels of genes related to intestinal bacteria involved in lipid and amino acid metabolism. Thus, the interaction of bile acids with the gut flora may contribute to the metabolic disorder of SCH in pregnancy.

Regarding pregnancy outcome, our study found the following: (1) The incidence of gestational hypertension was higher in the experimental group and had a positive association with TG levels. In the clinical data analysis, we found that cholesterol and triglyceride levels in the women in the experimental group were significantly higher than those in the control pregnant women. Delitala et al. (2020) and Zhou et al. (2020) found the same results. The decrease in bile acid levels in pregnant women in the SCH group during pregnancy may increase triglyceride levels by raising the expression of sterol response element binding protein 1c in the liver and lipid accumulation in blood vessels, leading to atherosclerosis and inducing hypertension. (2) Neonatal birth weight can be affected by a variety of factors. The BW in the SCH group was significantly lower than that in the control group and was negatively associated with SIBO. When SIBO occurs, the gut flora is disordered, and small intestinal epithelial cells (IECs) are disrupted, thereby affecting individual absorption of carbohydrates, proteins, and lipids, and increasing nutrient competition by the presence of bacteria (Quigley and Quera, 2006). Fetuses acquire nutrients from the maternal blood so that microbial-induced bacterial components or metabolites can be effectively transferred to the fetus within the mother. (3) BW was positively correlated with bile acid. (Song et al., 2021) also found the same results. Bile acids, an essential metabolic molecule for dietary lipids and the absorption and metabolism of lipid-soluble vitamins, can bind to receptors (FXR and TGR5) to stimulate GLP-1 and PYY secretion (Sonne et al., 2014; Xie et al., 2021), affecting energy intake and absorption. Therefore, bile acids may affect gastrin secretion through FXR and TGR5 receptors, affecting energy absorption in pregnant women and in turn affecting neonatal birth weight.

Due to the difficulty of obtaining samples, previous studies usually conducted 16S rRNA sequencing to assess intestinal microflora characteristics without exploring pure small intestinal bacterial characteristics. In this experiment, the methane hydrogen breath test was used to evaluate the small intestinal flora of pregnant women with hypothyroidism, and the correlation between the occurrence of SIBO in the methane hydrogen breath test of pregnant women with subclinical hypothyroidism and the differential metabolites obtained by metabolomics was analyzed. The relationship between SCH during pregnancy and small intestinal bacteria and metabolism was preliminarily discussed to provide ideas for the study of the specific mechanism between SCH during pregnancy and intestinal bacteria and metabolism. However, this study also has limitations, namely, a small sample size, the enrolled pregnant women have certain regional limitations, and their different diets may have some impact on the experiment.

In conclusion, this study explored the correlation between the metabolism of SCH during pregnancy and intestinal flora through discussing the differences in metabolite levels and SIBO incidence between SCH and normal pregnant women and revealed that TSH may reduce bile acid levels through alternative ways or by binding with TSHR in the liver. Bile acids can affect the body’s lipid metabolism by increasing the expression of sterol response element binding protein 1c in the liver, increasing the triglyceride level, reducing the conversion of cholesterol to bile acids and increasing the cholesterol level, which may increase the risk of pregnant women suffering from hypertensive disorder complicating pregnancy. Due to the bacterial toxicity of bile acid, inhibiting methanogens, leading to the occurrence of SIBO, affects the absorption of nutrients and may then affect the newborn birth weight. Therefore, bile acids and cholesterol may be new biomarkers for studying the mechanisms of subclinical hypothyroidism during pregnancy, which in turn can improve pregnancy outcome.
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