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Abstract

:

Gestational diabetes mellitus (GDM) represents a heterogeneous group of hyperglycemic metabolic disorders that are associated with health outcomes for mothers and offspring. Currently, diagnosis of GDM is based on repetitive measurement of increased fasting plasma glucose (FPG) or upon results showing increased postprandial plasma glucose (PPG). Recently, it was discovered that the changes in the gut microbiome during pregnancy are associated with insulin resistance and obesity. Therefore, in this study, relevant products of gut bacteria, short-chain fatty acids (SCFA) and their derivatives were evaluated together with baseline body composition characteristics and common biochemical parameters in women with three different phenotypes of GDM, healthy pregnant and nonpregnant women. Plasma SCFA and their derivatives were derivatized, separated on reversed-phase liquid chromatography and detected by a triple-quadrupole mass spectrometer. 3-hydroxybutyrate (3-OH-BA), 4-methylvalerate (4-MVA) and isovalerate (IVA), together with selected parameters associated with baseline body composition characteristics and biochemistry, were evaluated as statistically significant. 3-OH-BA, which was increased in all three groups of women with different phenotypes of GDM, reflects a ketogenic state of GDM. In all groups of pregnant women, elevated/suppressed concentrations of 4-MVA/IVA were found. These findings show the importance of monitoring SCFA and other parameters besides glucose in women with GDM.
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1. Introduction


Worldwide, gestational diabetes mellitus (GDM) affects 2–38% of pregnant women [1]. It is associated with significant short- and long-term adverse health outcomes for mothers and children. GDM probably represents a heterogeneous group of hyperglycemic metabolic disorders. Due to two-step GDM screening, the diagnosis is either based upon repetitive measurement of increased fasting plasma glucose (FPG ≥ 5.1 mmol/L) during the first trimester, or upon the results of an oral glucose tolerance test (OGTT) in the second trimester [2]. According to the International Association of the Diabetes and Pregnancy Study Groups (IADPSG) criteria, pregnant women with repeatedly higher fasting plasma glucose (FPG ≥ 5.1 mmol/L) and those only with increased postprandial plasma glucose (PPG ≥ 10.0 mmol/L at 1 h and/or ≥8.5 mmol/L at 2 h during OGTT) in the second trimester are also diagnosed as women with GDM. Therefore, we can find different phenotypes of GDM based on these diagnostic criteria. GDM diagnosed due to higher FPG (especially in early pregnancy) seems to put women into a higher risk of metabolic and gestational complications. Those women are usually older, with familial and/or personal history of GDM, more often suffer from obesity, exhibit decreased insulin sensitivity in addition to β-cell dysfunction, and have increased risk of developing diabetes mellitus type 2 in later life [3]. They are also at greater risk of having large-for-gestational-age babies and their delivery more often ends with a caesarean section [4].



In recent years, it has been shown the composition and diversity of the gut microbiome change during pregnancy, which may also be associated with insulin resistance and obesity, and thus negatively affect the health of the mother and her offspring [5,6]. However, the cause of reduced insulin sensitivity during pregnancy is still not fully understood; recent studies have shown that glucose homeostasis [7,8], lipid metabolism [9] and the development of other diseases such as obesity, diabetes mellitus or inflammatory bowel disease (IBD) [10] are related to the activity of gut microbes. The importance of the gut microbiome for the health of the human population has been widely discussed, precisely due to the microbiome’s metabolic function that contributes to the maintenance of healthy human physiology [11]. The bacterial population, inhabiting the lumen of the human gut, is involved in the fermentation of unabsorbed fiber [12].



Among the prominent end products of anaerobic bacterial metabolism are short-chain fatty acids (SCFA), derived from carbohydrate fermentation, and branched short-chain SCFA (BSCFA), derived from protein and amino acid fermentation [13]. Since fatty acids (FA) are products of catalytic reactions, their formation is dependent on the availability of the reaction substrate, and therefore, it is possible to influence their amount by diet. Basic SCFA include acetic acid (AA, C2:0), propionic acid (PA, C3:0), butyric acid (BA, C4:0), valeric acid (VA, C5:0) and hexanoic acid (HA, C6:0), while the group of BSCFA consists of isobutyric acid (IBA), 2-methylbutyric acid (2-MBA), isovaleric acid (IVA), 3-methylvaleric acid (3-MVA) and 4-methylvaleric acid (4-MVA) [14,15,16]. These microbial products are highly present in human feces, but are also present in lower concentrations in portal, hepatic and peripheral blood, into which they are transported through intestinal epithelium [14,17,18].



Based on many studies regarding SCFA in biological materials, their physiological amount was estimated, but it cannot be forgotten that this quantity is influenced by the composition of the bacterial population, the amount of substrate (diet), the permeability of the intestinal membrane, psychological states or epigenetics, and even analytical methodology [15,19]. However, it is not only in pregnancy that SCFA are responsible for the overall body homeostasis and the metabolism of carbohydrates and lipids [13]. SCFA as signaling molecules involved in G-protein-coupled receptor activation and histone deacetylase inhibition also play a role in immune responses in T-cell and intestinal macrophage production [10,20,21,22]. The metabolic changes associated with a woman’s pregnancy can cause intestinal dysbiosis, and thus, the development of GDM [13].



In addition to microbial SCFA, 3-hydroxybutyrate (3-OH-BA) was found to be important in the context of diabetes mellitus [23]. Diabetes with insulin absence or deficiency and with elevated levels of counterregulatory hormones results in a high blood glucose concentration with a simultaneous deficit in the cells. Cells must obtain energy from another source, which may be the breakdown of fatty acids with the simultaneous formation of ketone bodies as by-products. In diabetics, 3-OH-BA, the main representative of ketone bodies, can therefore be used as an alternative energy source for organs such as the heart, partially replacing glucose [24]. Ketogenic intervention decreases blood glucose levels and improves insulin secretion and the lipid profile of diabetic patients [25]. However, when the β-oxidation of fatty acids starts intensively (e.g., in patients with poorly controlled diabetes mellitus), ketones accumulate in the body, which can lead to dangerous diabetic ketoacidosis (DKA). The high concentration of ketone bodies, due to their acidic pH, affects the electrolyte balance and disturbs life processes, causing damage and dehydration of cells, as the organism strives to eliminate their excess in the urine [26]. In contrast, it was found that mild ketoacidosis may have beneficial effects for the organism, e.g., in the defense against insulin-induced hypoglycemia [27]. Overall, 3-OH-BA is an important biomarker to diagnose and monitor diabetic ketoacidosis [28]. A recent study reported that 2-hydroxybutyrate (2-OH-BA), a derivative of 2-ketobutyrate, can also very likely be considered as a prognostic biomarker along with 3-OH-BA in diabetic complications [29].



Determination of SCFA in biological materials allows a better understanding of their role, including outside of diabetes mellitus. Multiple analytical approaches for the detection of SCFA have been developed covering advanced chromatographic, mass spectrometric, electromigration and spectroscopic methods [16,30,31,32,33,34,35,36,37,38,39]. The most common methods combine gas chromatography (GC), or liquid chromatography (LC) coupled with mass spectrometry (MS), most often with a derivatization step, which is time consuming but provides better chromatographic behavior. In particular, GC–MS offers high sensitivity [31,32,33]. In recent years, LC–MS approaches that allow fast and efficient sample preparation and analysis were introduced [16,30,34]. Despite developments in SCFA analysis, the methods remain laborious and, therefore, SCFA determination is still not utilized in routine clinical practice.



The primary objective of this study is to distinguish the differences in plasma profiles of SCFA and their derivatives of nonpregnant, pregnant and women with different phenotypes of GDM. In comparison with other studies, a different method of classification of GDM phenotypes was applied. As part of this research, correlations between SCFA (and their derivatives) and women’s body composition characteristics, and biochemical parameters such as lipid markers, CPI (C-peptide index), FGF-19 (fibroblast growth factor-19), etc., were performed.




2. Materials and Methods


2.1. Chemicals and Reagents


Propionic acid (PA, C3), butyric acid (BA, C4), isobutyric acid (IBA, C4), 2-hydroxybutyrate (2-OH-BA, C4), 3-hydroxybutyrate (3-OH-BA, C4), 3-hydroxyisobutyrate (3-OH-IBA, C4), valeric acid (VA, C5), isovaleric acid (IVA, C5), 3-methylvaleric acid (3-MVA, C6), 4-methylvaleric acid (4-MVA, C6), hexanoic acid (HA, C6), hexanoic acid-6,6,6-d3 (HA-d3, C6), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), O-benzylhydroxylamine hydrochloride (O-BHA), methyl tert-butyl ether (MTBE) and formic acid (FA) were supplied by Sigma-Aldrich (St. Louis, MO, USA). All of these chemicals and reagents were LC–MS grade. Acetic acid (AA, C2) and hydrochloric acid (HCl) were obtained from Mikrochem (Pezinok, Slovakia) and pyridine was purchased from Penta Chemicals (Prague, Czech Republic). LC–MS grade solvents such as methanol (MeOH), isopropanol (IPA) and water were obtained from Honeywell Riedel-de-Haën (Seelze, Germany).




2.2. Stock and Standard Solution Preparation


Primary stock solutions of SCFA standards (C2–C6), their derivatives and internal standard (IS) of HA-d3 were prepared via dissolution in water to a final concentration of 10 mmol/L and 20 µmol/L, and were stored at −20 °C.



Calibration mixtures CAL1 contained AA, PA, BA, VA, HA and 3-OH-BA and CAL2 contained isoforms IBA, IVA, 3-MVA, 4-MVA and 2-OH-BA. Primary stock solutions of these SCFA standards were diluted to the final concentration 250 µmol/L of AA, 25 µmol/L for PA, BA, VA and HA and 500 µmol/L for 3-OH-BA. Isoforms were diluted to a final concentration of 10 µmol/L IBA, IVA, 3-MVA and 4-MVA and 100 µmol/L for 2-OH-BA. Ten-point calibration curves of these mixtures were then made by double diluting.



However, as a consequence of the co-elution of 3-OH-BA with 3-OH-IBA, only one of them, specifically 3-OH-BA, was added to the CAL1 mixture since the physiological concentrations of 3-OH-IBA are negligible in plasma relative to 3-OH-BA. Due to the absence of a standard 2-MBA, its quantification was ensured by reference to IVA.



Pyridine HCl buffer, necessary for the preparation of derivatization reagents, was prepared by mixing 12.1 M HCl (0.54 mL) with pyridine (0.86 mL) and water (8.6 mL) according to the protocol of Jaochico et al. [16]. The derivatization reagents, EDC and O-BHA, were both prepared at a concentration of 0.25 mol/L in the pyridine HCl buffer.




2.3. Biological Samples


Plasma samples from patients with GDM (n = 84), non-pregnant healthy women (nonP, n = 20) and pregnant healthy women without GDM (P-nonGDM, n = 20) were collected with their consent at the University Hospital Olomouc. The control group of women P-nonGDM was in the second trimester at the point of collection of samples. All collected plasma samples were stored at −20 °C until the LC–MS analysis.



The first group of women with GDM, P-GDM-1T (n = 31), included pregnant women in the first trimester who were diagnosed with GDM based on repetitive measurement of increased FPG (≥5.1 mmol/L). Pregnant women who were diagnosed with GDM in the late 2nd and early 3rd trimesters on the basis of increased OGTT formed the P-GDM-2/3T group (n = 31), and the third group, P-GDM-2/3T-ppg (n = 22), comprised pregnant women in the late second and early third trimesters who were diagnosed with GDM on the basis of increased PPG (≥10.0 mmol/L at 1 h and/or ≥8.5 mmol/L at 2 h during OGTT).



Baseline body composition characteristics of women and their biochemical parameters were collected at 30–36 weeks of pregnancy.




2.4. Sample Preparation


Many sample preparation procedures have been developed for SCFA analysis, which differ in the use of derivatization reagent, concentration of reagents, extraction time or extraction temperature [12,16,30,34,40]. These approaches were used to optimize the sample preparation for the best efficiency. The final derivatization and the extraction were performed according to the validated protocol of Jaochico et al. and Shafaei et al. [16,30] with slight modifications. Plasma sample or calibration mixture (20 µL), in a plastic tube, was mixed with 20 µM IS (10 µL). The following derivatization step consisted of adding 0.25 M EDC (10 µL) and 0.25 M O-BHA (10 µL) to the sample. After mixing, the sample was incubated on a shaker at 500 rpm for 1 h. Subsequently, liquid–liquid extraction of the present SCFA and IS was performed by adding water (50 µL) and MTBE (400 µL) to the mixture. After mixing, the sample was centrifuged at 10,000 rpm for 10 min and eluate (200 µL) was taken into a glass vial and dried by nitrogen flow (37 °C, 15 min). After this process, the sample was dissolved in 100 µL of 50% MeOH and properly mixed. For LC–MS/MS analysis, only 0.5 µL of the sample was injected.




2.5. LC-MS/MS Conditions


Separations were performed on an Exion LC system (Sciex, Framingham, MA, USA) in combination with a QTRAP 6500 mass spectrometer (Sciex, Framingham, MA, USA). A Luna Omega Polar C18 column (1.6 µm, 100 × 2.1 mm, Phenomenex, Torrance, CA, USA) was used for the LC separation, which was performed while using mobile phase A containing 0.5% FA in water and mobile phase B including MeOH with IPA at a 9:1 ratio. A gradient elution was set as follows, with a flow rate of 300 µL/min and a column temperature of 45 °C (Figure S1): 0–5 min—40%→70% B; 5–5.5 min—70%→95% B; 5.5–6.5 min—95% B; 6.5–6.6 min—95%→40% B; 6.6–8.5 min—40% B. The autosampler was maintained at 5 °C during the analyses. The sample injection rate was 0.5 µL. The LC–MS/MS chromatogram of SCFA, their derivatives and IS in the highest level of CAL1 and CAL2 mixtures is shown in Figure S2 and the plasma profile of SCFA and others is shown in Figure S3.



The detection of SCFA and their derivatives was achieved in the positive MRM mode using electrospray ionisation. The optimized ion source parameters were set as follows: ion source gas 1 and 2 50 arb, curtain gas 45 arb, ion-spray voltage 5.5 kV and temperature 450 °C. MS/MS conditions from the protocols by Zeng and Cao [12] and Jaochico et al. [16] were optimized and final MS/MS parameters are shown in Table S1.




2.6. Data Treatment and Statistical Analysis


Data from analysis of women’s plasma were processed by Sciex OS (Sciex, version 1.6.1, Framingham, MA, USA). The obtained concentrations after logarithmic transformation, and other parameters such as the baseline body composition characteristics and biochemical parameters, were submitted to the Shapiro–Wilk test. All measurement parameters passed the normality test. To determine the differences between all groups, a parametric ANOVA test was performed. Post hoc multiple comparisons were performed according to the Holm–Sidak test (α = 0.05). An adjusted p-value of <0.05 or lower was considered statistically significant.



To define the correlation between SCFA and their derivatives with selected routine biomarkers and body composition characteristics, a parametric Pearson correlation test was performed. The critical value of the Pearson correlation coefficient was based on the number of samples in each group with statistical significance α = 0.05 [41]. The fold change value, expressed as the median ratio of the given parameters, was visualized by heatmap. All tests and graphical outputs were performed using GraphPad (version 9.0, San Diego, CA, USA).





3. Results


3.1. Analytical Characteristics of the LC-MS/MS Method


The LC–MS/MS method, including sample preparation and analysis conditions, was applied according to the validated protocols of Jaochico et al. and Shafaei et al. [16,30]. The upper limit of quantification (ULOQ), linearity, LOD (S/N > 3) and LOQ (S/N > 10) for each analyte were determined, as shown in Table S2. The range of calibration curves was set to cover both the physiological and pathological values of the analytes. Linearity, achieved by linear regression analysis using a 1/x weighting factor, is expressed by the coefficient of determination (R2 > 0.97). The quantitation of 2-MBA was ensured by relating it to IVA.




3.2. General Characteristics of the Participants


The total number of participants was 124; these were divided into three groups of patients according to the phenotype of GDM (P–GDM–1T, P–GDM–2/3T or P–GDM–2/3T–ppg) and two control groups (nonP or P–nonGDM).



Women with indicated GDM (P–GDM–1T, P–GDM–2/3T or P–GDM–2/3T–ppg), representing 67.74% of the total number of participants, were older (median: 31, 32, 33 y) than women in both control groups (P–nonGDM and nonP) (median: 30, 28 years) constituting 32.26% of the study population. The baseline body composition characteristics are summarized in Table S3, the biochemical parameters in Table S4 and the concentrations of SCFA and their derivatives in Table S5. The distribution of SCFA and their derivatives for all studied groups is shown by box plots in Figure 1 and Figure S4 and the distribution of baseline body composition characteristics and biochemical parameters is collected in Figure 2 and Figure S5.




3.3. Differences in the Plasma SCFA and Their Derivatives


The SCFA derivatives 3-OH-BA, IVA and 4-MVA showed statistically important differences between the studied groups (Figure 1). According to Figure 1 and Table S6, it is obvious that statistical significance was achieved for 3-OH-BA by comparing the P–GDM–2/3T–ppg group with the nonP group (p = 0.0025), the P–nonGDM group (p = 0.0001) and the P–GDM–1T group (p = 0.0402). In contrast, for IVA, statistical significance was obtained between the nonP and P–nonGDM groups (p = 0.0386) and between the nonP and P–GDM–2/3T groups (p = 0.0005). Statistically significant differences were also found in elevated concentrations of 4-MVA across all groups of pregnant women, especially the nonP group (p = < 0.0001). Although AA, PA, BA, VA and HA did not achieve statistically important differences across all measured groups, systematic trends can be observed, particularly in decreased concentrations of AA and increased concentrations of 2-MBA in all pregnant groups. Similarly to 3-OH-BA, 2-OH-BA shows an increasing trend within the pregnant groups. The results are shown in Figure S4 and Table S6.




3.4. Differences in the Baseline Body Composition Characteristics and Biochemical Parameters in All Measurement Groups


Statistically significant differences were found for 12 parameters, as shown in Figure 2 and Table S7. Other parameters without statistical significance are depicted in Figure S5. For the majority of parameters, increasing trends can be seen.




3.5. Pearson Correlations between All Measurement Parameters


The correlations between all measurement parameters across all groups are depicted in the Pearson correlation heat map in Figure 3. The values of these correlation coefficients are shown in Figure S6. The correlations for each group are shown separately in Figures S7–S11.



3.5.1. Correlations between SCFA (and Their Derivatives) and Parameters of Baseline Body Composition Characteristics and Biochemical Markers


Across all measurement groups (Figure 3 and Figure S6), there were weak positive and negative correlations that were found to be statistically significant (r > 0.196). In particular, 4-MVA exhibited weak positive correlations with BMI, waist, heart rate, cholesterol, triglycerides, LDL cholesterol and non-HDL cholesterol (r = 0.22–0.32). Similarly, 3-OH-BA also showed weak correlations with age, BMI, heart rate and triglycerides (r = 0.21–0.30), and 2-OH-BA and 2-MBA with age (r = 0.29 and 0.22). 2-MBA was weakly positively correlated with SBP (r = 0.20).



Contrary to this, IVA showed weak negative correlations with waist, heart rate, cholesterol, LDL cholesterol and non-HDL cholesterol (r = −0.21–−0.26). 3-OH-BA was negatively correlated with height (r = −0.28), AA and PA with DBP (r = −0.21 and −0.29), BA with HbA1c (r = −0.23) and 4-MVA with CPI (r = −0.21).




3.5.2. Correlations between SCFA and Their Derivatives


Between SCFA themselves, there were found a few strong, moderate and weak correlations with statistical significance. Strong positive correlations were observed between AA and PA (r = 0.73), 3-OH-BA and 2-OH-BA (r = 0.63) and AA and IBA (r = 0.61), while moderate positive correlations were found between BA and AA, PA and VA (r = 0.42–0.47) and between 3-OH-BA and 2-MBA (r = 0.59) and PA and IBA (r = 0.56). In addition, many other weak positive correlations were observed. On the contrary, moderate and weak negative correlations were obtained between 3-OH-BA and 2-MBA with IBA (r = −0.24 and −0.50).





3.6. Biomarkers Associated with the Development of GDM


To calculate the relative changes associated with the development of GDM, the fold change values, compared to both control groups, are depicted by heatmap in Figure 4. Across all three groups of women with GDM, there was a gradual increase in blood triglycerides and 3-OH-BA concentrations relative to both control groups. However, the opposite tendency can be observed for CPI and FGF-19, whose reduced concentration in the blood of women with GDM increased with each trimester in relation to controls, whether in the nonP and P–nonGDM group. However, compared to the control groups, the values of these biomarkers were still reduced.



The reduced plasma concentration of 2-OH-BA of women with GDM relative to the nonP group gradually increased with each trimester, whereas the reduced concentration of IBA and IVA relative to the nonP group decreased even more with trimester. 2-MBA was decreased in women with GDM relative to the P–nonGDM group and elevated relative to the nonP group. It was the most reduced in the P–GDM–2/3T group of all three groups of GDM patients, whereas it was the most elevated in the P–GDM–2/3T–ppg group. It is likely that the most prognostic marker of GDM would be 4-MVA, whose blood level was increased up to 4.33-fold for a group of P–GDM–2/3T–ppg when compared to the nonP group (Table S8).





4. Discussion


In this study, the association of selected SCFA and their derivatives with GDM of different phenotypes was investigated. There are many risk factors for the development of GDM, with advanced maternal age being one of them [1]. In our cohort, women with GDM were older than both groups of controls (Table S3).



Statistically significant differences in the markers of women’s body composition such as weight, BMI, waist and heart rate were found, as well as differences in the biochemical parameters, which included cholesterol, triglycerides, LDL cholesterol, non-HDL cholesterol, glucose, C-peptide, CPI and AFABP (Figure 2). These clinical parameters can be predictive markers for GDM, but they may not be sufficient.



Currently, in the diagnosis of GDM, treatment strategies to prevent the occurrence of the disease are being introduced. It has been found that, when medical therapy for achieving good glycemic control is initiated, blood glucose is reduced, but not other parameters such as the already known key parameters of GDM, lipids, cholesterol or amino acids [1,42]. In our study, glucose showed a gradual downward trend in three groups of women with GDM; on the contrary, cholesterol, triglycerides, LDL cholesterol and non-HDL cholesterol were increased across groups of women with GDM (Figure 2). Triglycerides, which contribute to total blood cholesterol, were elevated 3.03-fold in the P-GDM-2/3T-ppg group compared to the nonP group (Table S8). The dysfunctional fat metabolism is responsible for changes in triglyceride levels [43]. It turns out that, in addition to glucose, lipid levels should also be monitored [44].



In clinical practice, the most common markers of insulin resistance are HOMA and QUICKI, which are based on insulin levels [45]. However, the insulin therapy that some women with GDM in our study underwent may modify insulin levels, and thus, render these markers inaccurate. Therefore, CPI, a marker that also monitors insulin resistance, but relates to C-peptide, was chosen for our study. Indeed, CPI is independent of exogenous insulin administration [46,47].



An equally interesting marker is FGF-19, which is a protein associated with carbohydrate and lipid metabolism as it stimulates glucose uptake in fat cells [48,49,50]. In 2013, Wang and his colleagues [50] found that FGF-19 levels are reduced in patients with GDM and that FGF-19 is closely related to insulin resistance. In our study, both of these markers, CPI and FGF-19, were most reduced in the P–GDM–1T group (Table S8). This may be related to the fact this group of women with the most expressed insulin resistance was diagnosed only in the first trimester. These markers reflect an abnormal metabolic state.



GDM was shown to be related to changes in the microflora of the female gut, which causes subsequent qualitative and quantitative alterations in the SCFA profile of women [13]. Regarding significant differences in plasma levels of SCFA and their derivatives, it is worth mentioning 3-OH-BA, which was significantly increased in the P–GDM–2/3T–ppg group, i.e., in women at the turn of the second and third trimester (Figure 1). 3-OH-BA was the most increased in the P–GDM–2/3T–ppg group among all three GDM groups, with a 2.86-fold increase relative to the P–nonGDM group (Table S8). This confirms that 3-OH-BA is a diagnostically important marker of ketone bodies; for example, it functions as a prognostic biomarker for predicting the onset of glycaemic alterations, which is used to monitor DKA. A slight increase in ketone bodies does not necessarily indicate the worst outcome; on the contrary, a high increase in ketone bodies can lead to life-threatening DKA. Therefore, monitoring ketone bodies during pregnancy is essential for the health of both the foetus and the woman [28,29].



In addition to 3-OH-BA, our results showed a statistically significant difference in terms of decreased concentrations of IVA for the P–GDM–2/3T group compared to the nonP group (Figure 1). The impact of IVA on the host metabolism is still not fully studied and understood [51], but its association with the fermentation of branched amino acids was described [13]. Elevated IVA, IBA and 4-MVA could indicate increased proteolytic fermentation, which is also related to increases in metabolites that are harmful to the body, such as ammonia, phenols or hydrogen sulfide. These are clinically associated with intestinal disorders and cancer. Therefore, it is beneficial to have a diet that is rich in carbohydrates, as saccharolytic fermentation is responsible for the production of AA, PA and BA, whose anti-obesogenic, antioxidant and anticancer benefits are important for health [52]. Farup and Valeur [52] noted that in morbidly obese people, the concentration of IVA, and also of IBA and 4-MVA, increased after weight reduction surgery. This implies that the individual profiles of SCFA derivatives, depending on the weight and our results, show that women’s plasma IVA levels decrease with pregnancy (Figure 4), which could be related to weight gain.



However, this was not the case for the 4-MVA level, which increased with pregnancy up to 4.33-fold in the P–GDM–2/3T–ppg group compared to the nonP group (Table S8). Not much is known about 4-MVA, but it was reported that it may have its origin in the leucine biosynthesis pathway [53,54]. Given that the increase in concentrations of 4-MVA was not observed relative to the P–nonGDM group, it can be said that GDM is not closely related to increased 4-MVA formation, but with pregnancy itself, via the disruption of microbial flora [55,56].



Microbial alterations in the gut microbiome may be related to the development of inflammation in the intestine, which is characteristic of IBDs [57]. During the development of their method, Jaochico et al. [16] found that plasma concentrations of 2-MBA increased in patients with IBD, and since there are no studies that address plasma 2-MBA levels in GDM patients, we included it in our study. The SCFA profile of the GDM patients in our study showed the changes described above; therefore, one would expect that the change would also perhaps be reflected in the 2-MBA levels. Figure 4 shows that the 2-MBA concentrations in GDM patients increased up to 2.96-fold (Table S8) compared to the nonP group. In contrast, 2-MBA levels were reduced in GDM patients relative to the P–nonGDM group (Figure 4). This suggests that 2-MBA is not associated with GDM but with pregnancy itself, during which changes in the woman’s gut microbiome are likely to occur.



A study by Jaworska et al. [58] showed that the amount of SCFA in plasma is due not only to how much the bacteria produce, but also to intestinal permeability. Its increase can be a symptom of intestinal malfunction, which is characteristic not only of diabetes mellitus, obesity and hypertension, but also of IBD. Thus, we can assume that women with GDM may have varying intestinal permeability depending on the type of diabetes mellitus.




5. Conclusions


Our results showed different plasma levels of 3-OH-BA, 4-MVA and IVA in women with GDM, healthy pregnant women and non-pregnant women. 3-OH-BA reflected the ketogenic state of GDM, where a gradual increase in its concentration was observed within the different phenotypes of GDM. Levels of 4-MVA were elevated in all pregnant women, while IVA levels were decreased. Differences were also observed in baseline body composition characteristics and biochemical parameters. CPI and FGF-19 were most reduced in the P–GDM–1T group, probably because women have the most developed insulin resistance. Elevated concentrations of triacylglycerides and cholesterols in all three groups of women, with different phenotypes of GDM, were observed. These findings suggest the importance of monitoring not only glucose, but also SCFA, baseline body composition characteristics and biochemistry parameters. To further understand the changes in women with GDM, analysis of the stool microbiome and its correlation with plasma SCFA levels is planned.
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Figure 1. Distribution of derivatives of SCFA for all groups of non-pregnant (blue) and pregnant (red) women with statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 2. Distribution of baseline body composition characteristics and biochemical parameters for all groups of non-pregnant (blue) and pregnant (red) women with statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Abbreviations: AFABP, adipocyte fatty acid-binding protein. 
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Figure 3. Pearson correlation (n = 124) of SCFA and their derivatives with baseline body composition characteristics and biochemical biomarkers for all groups. Critical value of significance is r > 0.196. Correlations above the critical value are highlighted with +/− signs. Abbreviations: BMI, body-mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin. 
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Figure 4. Heat map of fold-change values between the groups of women with GDM and controls. 
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